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GENERAL INTRODUCTION

Nociception and pain
Every day, thousands of surgical interventions are performed worldwide. Almost all of 
the patients undergoing these surgeries will experience some degree of postoperative 
pain.1,2 Despite everyone knowing what pain is, it can be difficult to describe, quantify 
and / or standardize pain. Pain is defined by the International Association for the Study 
of Pain (IASP) as “An unpleasant sensory and emotional experience associated with, 
or resembling that associated with, actual or potential tissue damage”.3 Nociception on 
the other hand, is defined as “the neural process of encoding noxious stimuli”.3 These 
stimuli are picked up by a nociceptor, which is a high-threshold sensory receptor located 
in the peripheral somatosensory nervous system. The noxious stimulus is converted to 
an action potential, which is conducted by sensory nerve fibers towards the dorsal horn 
in the spinal cord. Nociceptive signals are sent towards the thalamus and subsequently 
to the sensory cortex, undergoing modulation throughout the central nervous system. 
Modulation serves as the translation from a noxious stimulus to pain. It incorporates the 
social, biological and psychological factors that influence pain perception.3,4 Upon arrival 
of the modulated noxious stimulus in the sensory cortex, patients experience pain and 
may change or adjust their behavior accordingly. The IASP further states that pain is 
a personal experience and is influenced by social, biological and psychological factors, 
and that pain is different to nociception. Although pain usually serves an adaptive role, 
it may have adverse effects on function and social and psychological well-being of the 
patient. If a patient were to fracture a bone, loading that bone would increase the pain 
experienced. Increased pain will then lead to the patient decreasing the load on the 
affected bone, decreasing pain and accelerating the regenerative process. Pain is thus 
part of a negative feedback loop and has an important protective function.

Notwithstanding the difficulties in quantifying pain, it is generally accepted that pain 
negatively affects the perceived quality of life through multiple mechanisms. This also 
holds true for postoperative pain.5 To a certain degree, postoperative pain can be 
useful to guide a patient’s level of activity, but unbearable postoperative pain serves no 
physiological role and can slow the recovery process. Early ambulation after orthopedic 
surgery is linked to better postoperative outcomes.6 However, both severe postoperative 
pain and excessive analgesic treatment, leading to drowsiness or motor-blocks that 
accompany sensory blocks, can inhibit early ambulation.7 In addition, severe acute 
postoperative pain can precede the development of chronic pain through a series of 
neuroplastic and maladaptive processes, clouding the adequate perception of future 
pain.8,9 Taken together, it would be desirable to control, rather than eliminate, acute 
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postoperative pain. However, safe and effective postoperative pain management remains 
challenging.10

Postoperative analgesia: A contemporary clinical challenge
Postoperative pain management is a major determinant of surgical outcomes and patient 
satisfaction.11 Patients experiencing insufficiently controlled postoperative pain take longer 
to start mobilizing after surgery and are discharged home later. Furthermore, they are 
more likely to develop complications such as decubitus and respiratory/urinary tract 
infections. In general, patients with insufficiently controlled postoperative pain are less 
satisfied with surgical treatment, negatively influencing their perceived quality of life. 
In contrast, optimal analgesia following skeletal surgery can lead to an early discharge 
home.6,7 These patients have lower risks of developing complications after interventions. 
Skeletal surgery, and spine surgery in particular, ranks amongst the most painful 
interventions overall. In fact, three out of the seven most painful surgical interventions are 
performed on the spinal column.12 In the aging population, the prevalence of degenerative 
spine disease grows concomitantly. Therefore, instrumented spinal surgery is a frequently 
and increasingly performed procedure.13 In the United States alone, 450.000 procedures 
are performed annually.14 Severe postoperative pain is reported by nearly all patients, 
leading to a large population whose perceived quality of life is at risk.15,16 Moreover, the 
severity of acute pain is one of the major predictors for the development of chronic 
pain.9 The reason why skeletal surgery is so painful remains unclear. Exploratory 
animal experiments point towards the characteristics of bone innervation as potential 
explanation, revealing a high density of sensory nerve fibers in skeletal tissues.17–20 More 
specifically, subanalysis was performed in bone marrow, cortical bone and periosteum, a 
thin layer of tough connective tissue enveloping bone. As the highest innervation density 
was found in the periosteum, it might be a major contributor to postoperative pain. The 
periosteum has important mechanosensory functions to detect bone loading.21 In the 
example of a fractured bone, the periosteum would experience excessive stretching 
following fractured bone loading, leading to nociception that urges the patient to decrease 
the load on the affected bone. Conversely, it could also be an attractive new target for 
analgesic therapies, as it is easily accessible during surgery.

Currently, postoperative skeletal pain is treated using a multimodal analgesic regime that 
includes non-steroidal anti-inflammatory drugs and acetaminophen, but mostly relies on 
potent opioids. Opioids are effective analgesic drugs, but come with serious potential side 
effects. The balance between analgesic effect and side effects in patients undergoing 
spine surgery has not been studied. However, it is important to understand the benefits 
and costs of opioid use in spine surgery, as the use of opioids has considerable impact 
not only on the individual patient, but also on hospitals and society.
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Opioid Crisis
Opioids have been used for the treatment of pain since the beginning of history, when the 
opium poppy plant (Papaver somniferum) was cultivated in Mesopotamia around 3400 BC. 
Its sap was named opion by the ancient Greeks, from which opium and opioids now derive 
their name. In 1805, the principal alkaloid in opium was isolated by Friedrich Sertürner. 
He named it morphium (now morphine), after the Greek god of dreams Morpheus.22 
Hippocrates recognized the analgesic potential of opium, but was also convinced that 
it should be used sparingly.23 Indeed, the analgesic effect of opioids is undisputed, but 
so are their side effects.24 Common opioid-related adverse drug events (ORADEs) are 
decreased consciousness (somniferum translates to ‘bringing sleep’), nausea, dizziness, 
reduction of gastrointestinal motility and ileus, respiratory suppression and, in the longer 
term, dependence and addiction. These side effects, in turn, can delay mobilization 
after surgery and prolong the time to discharge, mirroring the adverse events due to 
postoperative pain.24 Synthetic opioid use as analgesics has been increasing since the 
1990’s.25 Due to large-scale marketing campaigns, opioids became more easily accessible, 
were prescribed more frequently and large numbers of patients started using (and 
misusing) opioids for acute and chronic pain relief.26,27 The damaging addictive potential 
of opioids only became evident later. In the year 2019 almost 50.000 Americans died 
from opioid overdose, and 1.7 million suffered from prescription opioid-substance use 
disorders. Opioid-related deaths have increased over 400% since 1999.28 It is estimated 
that one in four patients on prescribed opioids for chronic pain misuses opioids, and one 
in ten develops an opioid use disorder.29 Alarmingly, approximately one in twenty people 
misusing opioids starts using heroin, and, conversely, the majority of people using heroin 
first misused prescription opioids.30,31

The risk of developing ORADEs is especially relevant for patients suffering from 
musculoskeletal disease, as orthopedic surgeons are amongst the caregivers who most 
frequently prescribe opioids. Despite opioid use, the majority of patients still experiences 
insufficiently controlled postoperative pain.1,2 However, simply increasing the dose is not 
always an option. A delicate balance between analgesia and side effects seems present 
in modern-day multimodal analgesic regimes.32 The substance that provides analgesia is 
the same that induces harmful effects at higher doses. As Paracelsus put it: ‘Sola dosis 

facit venenum’.33 The addictive potential and high incidence of ORADEs after opioid use, 
combined with insufficient pain relief demonstrate a clear unmet clinical need for better 
analgesic treatment with an improved balance between analgesic effects and side effects.
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Figure 1. Nociceptive signal conduction and targets for analgesia.

Reducing opioid consumption
Opioids act at the level of the central nervous system, which they reach directly through 
intrathecal administration or via the circulation after oral or parenteral administration. 
However, the circulation distributes opioids systemically. As opioid receptors are also 
present in other anatomical locations, e.g., the gastrointestinal tract, ORADEs, including 
constipation and ileus occur. Opioid receptors in brain regions involved in breathing 
explain respiratory depression as side effect of opioids. The nociceptive pathway provides 
several targets for signal inhibition or modulation beyond opioid receptors. Locoregional 
analgesic treatment acts on the nerves that conduct nociceptive signals to the central 
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nervous system. Its use could prevent the occurrence of serious systemic side effects 
without compromising on analgesic efficacy.

Local anesthetics, such as lidocaine and bupivacaine are increasingly being used to speed 
up recovery after various orthopedic interventions, such as total knee replacement. 
Moreover, a number of exploratory studies have applied local anesthetics directly 
onto the previously discussed periosteum, with favorable results.34,35 Their well-known 
safety profile makes local anesthetics attractive candidates for use in postoperative 
analgesic treatment. However, their duration of effect is relatively short (up to eight 
hours for bupivacaine) in relation to the multiple days of severe pain after musculoskeletal 
surgery.16,36 The challenge is therefore to extend the duration of effect of current local 
anesthetics. In an effort to extend pain relief after surgery, continuous wound infusion 
(CWI) has been tested in a variety of interventions.37 This technique employs a cannula 
dwelling in the surgical wound, over which local anesthetics are continually infused. 
Despite the practical downsides of a patient being continuously connected to a cannula 
and external pump, and uncertainties about the increased risk of infection, the efficacy of 
CWI shows that sustained presence of local anesthetics in the surgical site can improve 
the postoperative pain experience.

To obtain sustained local drug levels without the use of an externally connected cannula, 
various drug delivery formulations incorporating local anesthetics have been developed 
in the past decade (figure 2).38 

Figure 2. Variety of local anesthetic sustained release formulations. The formulations are 
split up into injectables and implantables. Drug molecules are represented by the small silver 
spheres.

Bupivacaine is most frequently selected as the active agent in such formulations, as it has 
the longest duration of action of all amide-type local anesthetics. Examples of sustained 
delivery formulations include injectables, such as hydrogels, polymer solutions, liposome 
emulsions and microparticle or -capsule suspensions. In addition, multiple implantable 
formulations have been developed, which can vary greatly in shape and size, including 
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monolithic synthetic polymer constructs, porous collagen meshes and hydrogels.39–42 
For example, liposomal bupivacaine, (Exparel, Pacira) which obtained FDA approval for 
single-dose infiltration to produce postsurgical local analgesia, has been tested for various 
interventions including hemorrhoidectomy, inguinal hernia repair, bunionectomy and total 
knee arthroplasty.43–45 Additionally, a collagen mesh loaded with bupivacaine for use in 
incisional wounds (Xaracoll, Innocoll) has been approved for use in open inguinal hernia 
repair by the FDA.46 Each of these formulations suffers from its own shortcomings; 
solutions and dispersions of local anesthetics can leak from wounds, or can be rapidly 
absorbed and diffuse away in multiple directions from the target site. Liposomes readily 
fuse with cell membranes, which might explain the limited duration of effect of liposomal 
bupivacaine. In clinical practice, the duration of analgesic effects is limited to 24 hours 
and the effectiveness of liposome formulations has not been demonstrated in spinal 
surgery.47 Macroscopic implants can interfere with wound healing when interposed 
between tissues, are prone to fibrous encapsulation, and leave debris at the surgical 
site that can persist for months.41 Moreover, all formulations encapsulate bupivacaine at 
concentrations higher than clinically used. The local tissue effects of such concentrations 
have not extensively been studied. The main challenge is to find a solution that locally 
releases local anesthetics and stays at the target site for a clinically relevant duration, 
after which it is absorbed by the body.

Clearance from the surgical site can be influenced by selecting an appropriate 
biodegradable material in the delivery formulation. Biodegradability is an important 
requirement, as later surgical removal of the formulation following drug release is 
undesirable. In addition, extensive degradation time leads to accumulation of degradation 
products at the implantation site.41. Degradation rates vary greatly between materials. 
Biopolymers, such as chitosan, hyaluronic acid and gelatin are derived from natural sources 
and are generally well-tolerated and degraded by the body. Synthetic polymers, such as 
polycaprolactone and poly-lactic-co-glycolic acid, have the advantage that they can be 
synthesized in a highly controlled fashion. However, application of synthetic polymers for 
local anesthetic release can lead to toxic tissue effects or extensive host reactions.41,48 
Moreover, synthetic polymers degrade at a much slower rate in the body, if degradable at 
all.49 Examples of formulations constructed from polymers are microspheres, monolithic 
macroscopic implants, injectable liquid polymers and hydrogels.42 The versatility and 
tunability of hydrogels makes them attractive candidates for use in drug delivery.

Hydrogels for drug delivery
Hydrogels are three-dimensional hydrophilic polymer networks that are chemically 
or physically crosslinked, and provide a means for spatial and temporal control over 
the release of various therapeutic agents.50–52 They can be formed in almost any size 
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and shape. An important feature of hydrogels is the high water-absorption capacity 
which allows water-soluble drug loading. Desirable features for local anesthetic delivery 
formulations, such as hydrogels, include a simple method of administration, a favorable 
ratio of sensory and motor blockade, a prolonged duration of action, absence of (or 
extremely low) systemic toxicity, acceptable local tissue response and biodegradability.42  
A specific requirement for effective application in musculoskeletal applications (e.g., 
in orthopedic/trauma surgery) is a high degree of mechanical robustness to be able 
to withstand co-implantation with metallic implants. To fulfil these requirements, both 
the material choice and cross-link chemistry used are important. Selecting the right 
combination of materials and cross-linking agents allows tuning of drug release rates, 
hydrogel mechanical properties, degradation rates, and determines the chemicals that can 
leach from the hydrogel. Moreover, varying cross-link density and polymer concentration 
allows tuning of mechanical and drug-releasing properties.53 

Increased cross-link density or polymer concentration both decrease the mesh size of 
the hydrogel, which is the linear distance between two adjacent cross-links. The mesh 
size can, based on its size relative to the therapeutic agent, lead to steric hindrance 
in diffusion processes. This way, drug release rates can be influenced. When the 
therapeutic agent is larger than the mesh size, it relies on the hydrogel’s swelling or 
degradation of the matrix for its release.53 Conversely, smaller mesh sizes inhibit influx 
of degrading enzymes into the hydrogel, slowing down the hydrogel degradation rate. 
Hydrogels can be administered to the target site via injection, or implantation. Their 
tunability, degradability, and biocompatibility make hydrogels attractive for use as local 
anesthetic delivery formulation. However, considerable mechanical resilience is required 
for successful application in the orthopedic/trauma environment, where large forces and 
non-yielding materials are at play. As of yet, no hydrogels that are robust, biocompatible 
and biodegradable are available for use as a local anesthetic delivery formulation.

Aims and thesis outline
The goal of the work included in this thesis is to gain insight in the severity and etiology 
of bone pain, and to develop a novel solution for the improved management of pain 
following skeletal surgery. Its specific aims are:

1) to understand the origins and severity of postoperative skeletal pain;
2) to assess the safety of a local anesthetic (bupivacaine) when applied in high 

concentrations in tissues of interest;
3) to develop a clinically relevant hydrogel formulation for sustained local release of 

bupivacaine for use in musculoskeletal surgery; and
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4) to provide directions for clinical trials, assessing safety and feasibility of the hydrogel 
for sustained local release of bupivacaine.

The relation of the various chapters in this thesis to the research aims, and the research 
questions they try to answer are described in more detail below. Chapters 1, 2 and 
3 correspond to specific research aim 1: to understand the origins and severity of 
(postoperative) bone pain.

In Chapter 1, pain experienced and opioids consumed by patients following instrumented 
spinal surgery are studied in a retrospective cohort design. The balance between 
beneficial and side effects of opioids is critically assessed, to answer the question:

 What is the prevalence and severity of postoperative pain, consumption of opioids 

and occurrence of opioid-related side effects in a spine surgery patient cohort?

Chapter 2 aims to better understand the severity of bone pain via immunohistochemical 
analysis of the sensory innervation of human bone. Fiber types and density, as well as the 
effect of sex and age were studied for each bone location and compartment, providing 
an answer to the questions:

 Can bone innervation density provide an explanation of the severity of bone pain? 

How are nerve fibers distributed across the various bone compartments?

Chapter 3 reviews the etiology and underlying pathways leading to the sensation of bone 
pain. Four mechanistic causes of bone pain are identified and suggestions for future 
targets to alleviate bone pain are provided, to form an answer to:

 What are the main underlying pathways leading to the sensation of bone pain?

Chapters 4, 5 and 6 provide insight in specific aim 2: To assess the safety and efficacy 
of bupivacaine when applied in high concentrations in musculoskeletal tissues.

In Chapter 4, the toxic effect of bupivacaine in musculoskeletal applications is reviewed 
from multiple perspectives on the translational path. The effects of clinically used 
concentrations of bupivacaine on relevant tissues are appraised from in vitro experiments, 
via animal testing, to clinical situations. A paucity of literature on toxic effects of 
bupivacaine concentrations higher than used clinically is identified.
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 What are the effects of bupivacaine on musculoskeletal tissue types, and how do in 

vitro toxic effects translate to clinical findings?

In Chapter 5, the in vivo toxicity of bupivacaine at increasing concentrations is tested in 
a rat model for skeletal surgery and compared to the clinically used bupivacaine solution. 
Histological assessment of the administration site is performed to answer the question:

 What are the local tissue effects of high bupivacaine concentrations when applied in 

instrumented skeletal surgery?

Chapter 6 explores the concentrations of local anesthetics needed to obtain analgesia 
at the surgical site. Freshly excised human and ovine nervous tissue was placed in 
an electrophysiological setup able to generate action potentials in the sensory nerve 
fibers. Local anesthetics were then applied in increasing concentrations to achieve action 
potential amplitude reduction or extinction, raising the question:

 Which concentration of local anesthetic is needed to obtain analgesia at the 

musculoskeletal surgical site?

Chapters 7, 8 and 9 correspond to specific aim 3: to develop a clinically relevant hydrogel 
formulation for sustained local release of bupivacaine.

In Chapter 7, the development of a robust hydrogel for sustained local release of 
bupivacaine for use in instrumented spinal surgery is described. Its feasibility as a drug 
delivery formulation for orthopedic applications is assessed and optimized in vitro. This 
chapter studies the research questions:

 What are requirements for feasible application of a bupivacaine sustained delivery 

hydrogel formulation in spinal surgery? Does the hydrogel fulfill these requirements in 

vitro?

In Chapter 8, the hydrogel developed in Chapter 7 is applied in a sheep model for 
instrumented spinal surgery. The in vivo mechanical performance and rate of drug release 
of the hydrogel, as well as wound and plasma drug levels resulting from drug release are 
quantified. Moreover, the in vivo degradation of hydrogels and subsequent local foreign 
body response is studied. This chapter provides an answer to:
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 Does the previously developed hydrogel formulation provide sustained release of 

bupivacaine in vivo? Are the hydrogel and incorporated drug dose safe, and is the hydrogel 

biodegradable?

Chapter 9 describes the toxicological assessment of the bupivacaine sustained release 
hydrogel formulation in sheep as developed in Chapter 7 and tested in Chapter 8, 
according to Good Laboratory Practice (GLP) guidelines. Following a 6- or 56-day 
follow-up, histological analysis of implant sites containing a clinical control (screw-only), 
placebo (screw and hydrogel) and treatment (screw and bupivacaine-loaded hydrogel) 
was performed. Pharmacokinetic properties of the hydrogel formulation were compared 
to reference use of bupivacaine hydrochloride infiltration. This study provides insight in 
the local tissue response elicited by the hydrogel material and the drug-loaded hydrogel 
in comparison to the clinical reference situation.

 What are the local and systemic toxicological effects of the bupivacaine sustained 

release hydrogel formulation compared to the clinical reference situation of screw 

implantation?

Chapter 10 addresses specific aim 4: To provide directions for clinical trials, assessing 
safety and feasibility of the hydrogel for sustained local release of bupivacaine. The 
chapter consists of a clinical trial protocol for a phase 1B study, which will answer the 
research question:

 What are the safety and preliminary efficacy of the bupivacaine-loaded hydrogel in 

the spine surgery target population?
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PART I

The origins and severity of 
postoperative skeletal pain





CHAPTER 1

Balancing postoperative pain relief with 
the risk of developing ORADEs in patients 
undergoing major spine surgery

D. Oostinga, J.G. Steverink, J.F.M. van Dijk, A.J.M. van Wijck, J.J. Verlaan

Submitted
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ABSTRACT

Study design: Ambispective cohort study

Objectives: Patients undergoing major spine surgery often experience severe 
postoperative pain, which negatively affects postoperative recovery. Although opioids 
are effective in reducing postoperative pain, opioid-related adverse drug events (ORADEs) 
are common and have been associated with worse patient outcomes. The objective of this 
study was to report on daily practice regarding postoperative pain severity, and opioid 
use with its potential side effects after surgical stabilization of the spine.

Methods: An ambispective cohort study was conducted, including a single-center 
subcohort of patients enrolled in the Pain Out Study (NCT02083835), undergoing surgical 
stabilization of the spine. Indications for surgery included spinal trauma, metastatic 
spinal disease or degenerative spinal disease. Demographic data, surgical details, and 
preoperative analgesics use were prospectively collected as Pain Out study data. Pain 
scores, postoperative analgesics use, the incidence of ORADEs, and patient outcomes 
were retrospectively collected from electronic medical records. Opioid dosages were 
converted into oral morphine milligram equivalents (MME). ORADEs were classified as 
mild, moderate, or severe based on potential harm for patients.

Results: A total of 64 patients were included for analysis. All patients required opioids 
during hospitalization, and the median postoperative opioid use was 73.50 oral MME 
per 24 hours (IQR, 37.5-140.25). On the first postoperative day patients reported pain 
scores of NRS 5 in rest (IQR, 3-6) and NRS 6.5 with movement (IQR, 5-8). During 
hospitalization, 60 patients (93.8%) developed adverse events most likely caused by 
opioid use. Thirty-six patients (56.3%) developed mild ORADEs (e.g. constipation), 50 
patients (78.1%) developed moderate ORADEs (e.g. confusion), and 17 patients (28.3%) 
developed severe ORADEs (e.g. acute respiratory depression). The median time needed 
before independent mobilization was 48 hours (IQR, 24-72), and the median length of 
hospital stay was 7 days (IQR, 4-9).

Conclusions: Patients who undergo major spine surgery experience moderate to severe 
postoperative pain and use high doses of opioids and various other analgesics. The high 
incidence of postoperative ORADEs illustrates the delicate balance between sufficient 
pain relief and risk of developing ORADEs. Implementation of opioid-sparing strategies 
and opioid-replacing techniques might aid in improving postoperative recovery.
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1. INTRODUCTION

The prevalence of musculoskeletal diseases is increasing, with low back problems as 
the leading cause of disabled life years54. Spinal diseases and trauma can lead to spinal 
instability, spinal cord or cauda equina compression, and neurological deficits, often 
necessitating surgical intervention55,56. Although spinal stabilization (sometimes combined 
with decompression of neural tissues) can be a successful treatment for spinal injury 
or disease, patients frequently report severe and difficult to control postoperative pain, 
despite state of the art analgesic therapy12,57. Moreover, postoperative pain is associated 
with delayed postoperative ambulation, prolonged hospitalization, development of 
chronic postoperative pain, decreased quality of life, and increased risks of pulmonary, 
cardiac, gastrointestinal and renal complications9,11,15,58–63. In fact, the combination of 
severe postoperative pain and spine surgery is a major predictor for the development of 
chronic postoperative pain64. Adequate pain management is therefore imperative in the 
postoperative care following major spine surgery.

Currently, opioids fulfill a central role in multimodal pain treatment protocols following 
major spine surgery. Although these analgesics are effective in reducing acute 
postoperative pain, its utilization might induce potentially harmful opioid-related adverse 
drug events (ORADEs). The severity of ORADEs ranges from mild pruritus to acute 
respiratory depression requiring antidote administration65–74. Patients suffering from 
ORADEs have higher risks of prolonged postoperative recovery and hospital stay, as 
well as higher rates of 30-day readmission and inpatient mortality24,75,76. In addition, 
preoperative use of opioids increases the risk for developing ORADEs after surgery76,77. 
The high occurrence rates of ORADEs following orthopedic surgery puts many patients 
at risk of prolonged recovery and mortality78. In The Netherlands, opioid prescription 
increased 24% from 2013 to 2017, and is believed to increase further in the coming 
years79. The expanded prescription of opioids has led to a simultaneous increase in the 
number of opioid overdose hospital admissions, addictions, and overdose deaths79. In the 
United States, increased opioid prescriptions created an epidemic of opioid misuse and 
opioid-related deaths80–83. These examples illustrate the growing medical and societal 
concerns regarding hospital-based opioid use84.

The objective of this study was to report on daily practice regarding postoperative pain 
severity, and opioid use with its potential side effects after surgical stabilization of the 
spine. This study might provide insights in the trade-off between sufficient postoperative 
pain relief and the risk of developing ORADEs; a dilemma that patients and their surgeons 
are facing in daily medical practice.

1
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2. METHODS

2.1 Patient population
This ambispective study was conducted a single tertiary spine center. A subcohort of 
eligible patients was included from the Pain Out study, a European project aiming to 
improve the quality of postoperative pain management after surgery (clinicaltrials.gov; 
NCT02083835). The original follow-up of only one day postoperatively from the Pain-Out 
study was extended to include the entire duration of hospital stay by review of patient 
records. Adult patients who suffered from spinal trauma, metastatic spinal disease or 
degenerative spinal disease requiring surgical stabilization of the spine were considered 
eligible. Inclusion of patients in the Pain Out study and this study was performed between 
January 2018 and March 2019. During this period, surgical stabilization of the spine was 
performed, and patients were subsequently hospitalized in the ward where the Pain 
Out questionnaire was presented. If patients were unable to fill out the questionnaire 
independently (e.g., due to severe illness), they were not considered eligible for inclusion. 
Additional data (as described in the next section) were retrospectively collected between 
August 2019 and November 2019. The local institutional ethical review board approved the 
research protocol (number 17/253) and all patients provided written informed consent.

2.2 Data collection
Prospectively collected data for the Pain Out study database, including demographics, 
surgical indication, surgical details and preoperative analgesics consumption, were used in 
this study. Intraoperative analgesics administration, pain scores, postoperative analgesics 
use, the incidence of ORADEs, and patient outcomes including length of hospital stay 
and time to mobilization were retrospectively collected from electronic medical records. 
Retrospective data were retrieved for the duration of hospital stay starting at the day 
of surgery (annotated as day 0). As follow-up data beyond the first postoperative day 
required access to patient records, only the portion of patients from the Pain-OUT study 
treated in our tertiary center was included

2.3 Pain scores
Pain severity was quantified using the numeric rating scale (NRS), which is an eleven-
point scale for patient self-reporting of pain in rest and with movement (0 indicates no 
pain, 10 indicates worst imaginable pain)85,86. Pain scores were collected and recorded 
in electronic medical files on a daily basis by the nursing staff during clinical rounds.

2.4 Pain treatment protocol
All patients received a multimodal pain treatment regime postoperatively based on 
the World Health Organization analgesic ladder and local institutional guidelines87. 
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This protocol included a PCA pump with opioids (e.g. morphine) if necessary, oral (e.g. 
oxycodone) or transdermal opioids (e.g. fentanyl patch), a non-steroid anti-inflammatory 
drug (NSAID) (e.g. celecoxib), and acetaminophen. Additional dosages of opioids (e.g., the 
amount of bolus on PCA) were either prescribed by the APS (Acute Pain Service) team, or 
the treating physician. Oral and transdermal opioids were not prescribed when patients 
were using a PCA pump. After discontinuation of the PCA pump patients were rotated to 
oral or transdermal opioids. In the case of neuropathic pain, patients were also prescribed 
antidepressants (e.g., amitriptyline) or anticonvulsants (e.g., gabapentin). Furthermore, 
NMDA-receptor antagonists (e.g., esketamine) and invasive analgesia techniques (e.g., 
epidural analgesia) were applied when high levels of postoperative pain were anticipated, 
or if pain was insufficiently managed. When patients reported pain scores of NRS ≥ 4, 
the analgesic dosage was increased or a more potent type of analgesic prescribed (i.e., a 
PCA pump with IV morphine instead of oral oxycodone) after consultation of a physician 
or a nurse practitioner. If patients considered pain to be bearable, regardless of pain 
score, no changes in pain treatment regimens were made.

2.5 Oral morphine milligram equivalents
Opioid doses were converted into oral morphine milligram equivalents (MME) to calculate 
a comparable daily median dosage for each patient. The following conversion factors were 
used: oral oxycodone (mg)*1.5; IV morphine/piritramide/oxycodone (mg)*3; IV sufentanil 
(µg)*1000; fentanyl skin patch (µg)*2.588.

2.6 Opioid-related adverse drug events
ORADEs were defined as the occurrence of adverse events most likely caused by opioid 
use78. ORADEs were classified as mild, moderate, or severe based on potential harm 
for patients as previously described24. Mild ORADEs included constipation and pruritis. 
Moderate ORADEs included nausea, accidental fall, confusion, and urinary retention. 
Severe ORADEs included sedation, acute respiratory depression (including the need for 
antidote administration), and severe gastro-intestinal adverse events (e.g., ileus).

2.7 Statistical analysis
Given the descriptive goal of this study, mainly descriptive statistics were used (mean 
and standard deviation (SD) or median and interquartile range (IQR) for continuous 
variables, absolute number and frequency for categorical variables). Data were assessed 
for normality by eye and Shapiro-Wilk testing. The Spearman’s rank-order correlation 
coefficient was calculated to assess the relationship between opioid use and the 
development of ORADEs. Kruskal-Wallis testing was used to assess subgroup differences 
between indication groups. The percent change in pain scores between postoperative day 
one and the day of discharge was calculated. No missing data were observed. The sample 
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size was not precalculated; all eligible patients during the study period were included. A 
p-value <0.05 was considered significant. Statistical analyses were performed using IBM 
SPSS statistics version 26.0 (IBM Corporation, Armonk, NY, USA) and RStudio version 
1.2.5033 (RStudio Inc., Boston, MA, USA).

3. RESULTS

3.1 Demographics and surgical details
A total of 64 patients who underwent surgical stabilization of the spine were included for 
analysis. Baseline characteristics of the study population are listed in Table 1. The mean 
age was 54.5 years (SD±16.5), and 34 patients were female (53.1%). Most patients had a 
degenerative condition (n=25 (39.1%)) requiring spinal stabilization, followed by patients 
who suffered from traumatic injury (n=21 (32.8%)), and patients suffering from metastatic 
spinal disease (n=18 (28.1%)). Thirty-one patients (48.4%) used opioids preoperatively. 
This group included 10 patients (32.3%) with a degenerative condition, 10 trauma patients 
(32.3%), and 11 patients (35.4%) with metastatic spinal disease.

Surgical stabilization of the spine was performed with an open posterior approach in 
39 patients (60.9%) and a percutaneous posterior approach in 25 patients (39.1%). 
Surgery on the thoracolumbar spine was most often performed (n=20 (31.3%)), and in 
most patients (n=22 (34.4%)) four spinal levels were bridged. The mean total operating 
time was 189.8 minutes (SD±101.9), and the mean intraoperative blood loss was 367.3 
milliliters (SD±412.7). Intraoperatively, a median of 72.5 oral MME (IQR, 55.6-105) were 
administered.

Table 1. Baseline values. SD, standard deviation; BMI, body-mass index; VBS, vertebral body 
stenting; NRS, numeric rating scale.

Characteristic Value
Age at surgery, mean (±SD) (years) 54.5 (±16.5)
Gender, n (%)

Female 34 (53.1%)
BMI, mean (±SD) (kg/m2) 26.5 (±5.1)
Surgical indication, n (%)

Trauma 21 (32.8%)
Degenerative 25 (39.1%)
Metastatic 18 (28.1%)

Surgical treatment, n (%)
Open fixation 10 (15.6%)
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Table 1. Continued.

Characteristic Value
Open refixation 11 (17.2%)
Open fixation + decompression 18 (28.1%)
Open fixation + VBS 3 (4.7%)
Percutaneous fixation 10 (15.6%)
Percutaneous fixation + VBS 12 (18.8%)

Treated level, n (%)
Cervical 4 (6.3%)
Cervicothoracic 5 (7.8%)
Thoracic 13 (20.3%)
Thoracolumbar 20 (31.3%)
Lumbar 15 (23.4%)
Lumbosacral 3 (4.7%)
Thoracolumbosacral 4 (6.3%)

Pedicle screws, n (%)
2 1 (1.6%)
4 22 (34.4%)
6 5 (7.8%)
8 22 (34.4%)
10 5 (7.8%)
12 4 (6.3%)
>12 5 (7.8%)

Instrumented vertebrae, n (%)
1 1 (1.6%)
2 21 (32.8%)
3 5 (7.8%)
4 22 (34.4%)
5 5 (7.8%)
6 5 (7.8%)
>6 5 (7.8%)

Operating time, mean (±SD) (min) 189.8 (±101.9)
Intraoperative blood loss, mean (±SD) (mL) 367.3 (±412.7)

3.2 Pain scores, opioid use and ORADEs
On the first day after surgery patients reported median pain scores of NRS 5 in rest (IQR, 
3-6) and NRS 6.5 with movement (IQR, 5-8) (Figure 1, overall), and opioid use was 73.50 
oral MME per 24 hours (IQR, 37.5-140.25) (Figure 2, overall). Subgroup pain scores and 
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opioid use were comparable between indication groups (i.e., degenerative, metastatic 
and trauma), and are displayed in figure 1 and 2. Forty patients (62.5%) reported pain 
scores of NRS ≥ 4 in rest on postoperative day one leading to the initiation of additional 
analgesic treatment.

During the postoperative hospital stay, median pain scores were NRS 4 in rest (IQR, 3-6) 
and NRS 6 with movement (IQR, 4-7) (Figure 1, overall). All patients used opioids, and 
the median dosage was 75.0 oral MME per 24 hours (IQR, 37.5-129.4) (Figure 2, overall). 
Sixty-three patients (98.4%) used oral or transdermal opioids, and in 47 patients (73.4%) 
IV opioids were prescribed. Thirteen patients (20.3%) were readmitted to the recovery 
room to receive a new loading dosage of IV opioids.

Patients who were prescribed opioids preoperatively used a median dosage of 82.5 oral 
MME per 24 hours (IQR, 45.0-175.5) after surgery. Postoperative opioid use by patients 
who did not use opioids before surgery was a median dosage of 60.0 oral MME per 24 
hours (IQR, 37.50-97.50).

During the postoperative hospitalization period, 60 patients (93.8%) developed adverse 
events most likely caused by opioid use (Table 2). Of this group, 36 patients (56.3%) 
suffered from at least one mild ORADE, 50 patients (78.1%) from at least one moderate 
ORADE, and 17 patients (26.6%) from at least one severe ORADE. The most common 
adverse events were mild and moderate gastro-intestinal ORADEs, including constipation 
(54.7%) and nausea (56.3%). Acute respiratory depression was the most frequently 
reported (15.6%) severe ORADE, and four patients (6.3%) necessitated an antidote (e.g., 
naloxone) to antagonize intoxication. One patient suffered from a paralytic ileus requiring 
treatment. ORADEs are further specified in supplementary Table 1. Spearman’s rho was 
0.434 (p<0.001) indicating a moderate positive correlation between opioid use and the 
development of ORADEs89.

Table 2. Opioid-Related Adverse Drug Events.

Overall
(n=64)

Degenerative 
(n=25)

Metastatic 
(n=18)

Trauma 
(n=21)

Any ORADE, n (%) 60 (94%) 24 (96%) 16 (89%) 20 (95%)
Any mild ORADE, n (%) 36 (56%) 14 (56%) 11 (61%) 11 (52%)
Any moderate ORADE, n (%) 50 (78%) 221 (84%) 13 (72%) 16 (76%)
Any severe ORADE, n (%) 17 (27%) 5 (20%) 5 (28%) 7 (33%)
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At discharge, patients reported median pain scores of NRS 4 in rest (IQR, 2-6), and NRS 
5 with movement (IQR, 4-7). In 33 cases (51.6%) a pain score of NRS ≥ 4 in rest was 
reported at the time of discharge. A total of 54 patients (84.4%) were prescribed opioids 
at discharge.

Figure 1. Boxplots displaying pain scores (NRS) in rest (top) and with movement (bottom) on 
postoperative day 1 (blue), during hospitalization (red), and at discharge (green). Pain scores 
are displayed for the overall group and the subgroups. The boxes indicate the median, and 
the whiskers indicate the interquartile range (IQR).

3.3 Postoperative recovery outcomes
The median time needed before patients were able to mobilize independently from bed 
to chair was 48 hours (IQR, 24-72). Patients were hospitalized for a median of 7 days 
(IQR, 4-9) after surgery. Subgroup time to mobilization and postoperative admittance 
were similar between indication groups, as assessed by Kruskal-Wallis testing.

1
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Pain scores reported at discharge were compared with pain scores reported at the 
first day after surgery. This comparison demonstrated that in 35 patients (54.7%) pain 
scores in rest had decreased at discharge, while in 11 patients (17.2%) and in 18 patients 
(28.1%) pain scores were similar or had increased, respectively (Table 3). The similar 
comparison of pain scores with movement showed that in 33 patients (51.6%) pain scores 
had decreased at discharge, but in 18 patients (28.1%) and in 13 patients (20.3%) pain 
scores were similar or had increased, respectively.

Figure 2. Boxplots displaying opioid use (oral MME (mg)) on postoperative day 1 (blue), 
duringhospitalization (red), and at discharge (green). Opioid use is displayed for the overall 
group and the subgroups. The boxes indicate the median, and the whiskers indicate the in-
terquartile range (IQR).

Table 3. Percent change in pain scores at discharge compared to postoperative day 1. NRS, 
numeric rating scale; POD, postoperative day.

Percent change compared to POD 1 NRS in rest, n (%) NRS with movement, n (%)
Reduction > 50% 17 (27%) 9 (14%)
Reduction < 50% 18 (28%) 24 (38%)
No change 11 (17%) 18 (28%)
Increase < 50% 8 (13%) 10 (16%)
Increase > 50% 10 (16%) 3 (5%)
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4. DISCUSSION

The objectives of this study were to evaluate postoperative pain severity, analgesics use 
(with a focus on opioids), and the incidence of adverse events likely caused by opioid 
use (i.e., ORADEs) in patients who underwent surgical stabilization of the spine. Patients 
experienced moderate to severe pain during the postoperative hospitalization period. 
Despite the use of high doses of opioids and various other analgesics (e.g., NSAID, 
NMDA-receptor antagonist) through both parenteral and enteral administration routes, 
postoperative pain had not declined at discharge from the hospital for a large group of 
patients. Several patients had to be readmitted to the recovery room to receive a new 
loading dose of IV opioids on top of their regular pain treatment to achieve adequate pain 
control. We illustrated that ORADEs are common in patients after surgical stabilization of 
the spine. Almost all patients suffered from ORADEs, and most patients were affected by 
multiple ORADEs. As a consequence, patients frequently suffer from both inadequately 
managed pain and the adverse events associated with opioid use.

Opioids are the cornerstone of current postoperative pain management, yet patients 
are, sometimes severely, affected by the adverse events associated with opioid use. 
In particular, patients suffering from ORADEs have an increased likelihood of inpatient 
mortality, prolonged length of hospital stay, higher cost of hospitalization, and higher 
readmission rates24,75,90. As opioid consumption is generally higher in the United States 
compared to the Netherlands, the adverse events associated with opioids could have even 
more impact on patients in such countries91. In the present study we did not investigate 
a causal relationship between opioid use and the development of ORADEs due to a 
lack of information on the timing of ORADEs relative to the administration of opioids. 
The monitored adverse events could have been caused by the surgical procedure (e.g., 
paralytic ileus is a known complication after spine surgery), or administration of general 
anesthesia, and not directly because of opioid use92. This possible downside might have 
increased the heterogeneity of the study population. Nevertheless, the reported adverse 
events are described as being an ORADE in the literature with similar incidences as found 
in this study78,93. Assuming that adverse events are frequently caused by opioids, one may 
advocate opioid reduction to try to lower the incidence of ORADEs. However, reducing the 
use of opioids could lead to an even larger portion of patients experiencing insufficiently 
controlled pain, which in turn also increases the risk for prolonged hospital stay and 
readmissions but, potentially at least, with fewer ORADEs9,11,15,62. Previous research has 
shown that patients would rather experience more pain, than suffer from ORADEs93,94. 
Although classified in this study as a moderate ORADE, patients were willing to give up 
most pain relief to prevent experiencing nausea and vomiting93. This tradeoff illustrates 
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the challenge and unmet clinical need of adequately treating postoperative pain while 
preventing the development of ORADEs.

Reducing the use of opioids while adequality treating pain requires analgesic interventions 
able to substitute the analgesic effects of opioids. Examples of such interventions are 
opioid-sparing and opioid-replacing techniques, in which opioids are combined with or 
substituted by alternative analgesics, respectively95–98. Examples of rising opioid-replacing 
techniques are the (continuous) infusion of local anesthetics into the surgical field, and 
locoregional blocks such as the erector spinae plane (ESP) block. Continuous wound 
infiltration has proven to be effective in reducing postoperative pain in total knee and 
total hip replacement, and might be suitable for surgical stabilization of the spine as 
well99–101. Although a novel technique, ESP blocks have shown reduction of pain and 
opioid consumption following instrumented spine surgery102,103. Utilization of opioid-
replacing techniques and opioid-sparing strategies as part of multimodal pain treatment 
regimens may reduce the frequency and/or impact of ORADEs, and could help shorten 
length of hospital stay and reduce readmission rates, which will eventually increase 
patient satisfaction and decrease overall costs90,104. Future studies should focus on the 
timing of implementation and feasibility of opioid-sparing strategies and opioid-replacing 
techniques.

The present study has several limitations. Similar to previous literature, in the descriptive 
analysis it was assumed that documented adverse events were most likely caused by opioid 
use78. However, causality between opioid use and development of ORADEs could not be 
established as the documented ORADEs were not linked to a hospitalization day. Hence, 
it was not possible to determine if adverse events were a consequence of opioid use or 
due to other causes. Ascribing all adverse events to opioid use might have overestimated 
the frequency of ORADEs. On the other hand, due the retrospective nature of this study 
in which data were obtained from medical records, not all ORADEs may have been 
recorded. Common mild and moderate adverse drug events, such as nausea, pruritus, 
and constipation, were possibly not identified as ORADEs, lowering their incidence.93 
Secondly, the small sample size of this study did not allow for comprehensive statistical 
analysis. However, given the explorative goal of this study, a descriptive approach was 
used rather than a sample size calculation. Moreover, the study population underwent 
spinal stabilization for a variety of indications such as degenerative or metastatic spinal 
disease, or spinal trauma. Pain is a multidimensional phenomenon that is influenced not 
only by the extent of tissue damage, but also by patient expectations, coping strategies 
and many other factors.105,106 The underlying disease of the patients might influence their 
psychological well-being and so influence their pain perception, leading to differences 
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between the patients included106,107. To this end, NRS scores were displayed separately 
per indication group.

Lastly, this study was conducted in a single academic medical center limiting the 
generalizability of the results to other hospitals and health care systems. However, given 
the general trend that patients frequently report severe postoperative pain after major 
spine surgery, and require high doses of opioids, the results from this study might be 
translatable to other hospitals offering similar healthcare.

5. CONCLUSIONS

This study demonstrated that patients who undergo surgical stabilization of the spine 
experience moderate to severe postoperative pain despite the use of high doses of opioids 
supplemented with various other analgesics. Almost all patients suffered from opioid-
related adverse drugs events, illustrating the delicate balance between sufficient pain 
relief and risk of developing these events. The results of this study stress the necessity 
for more research on implementation of opioid-sparing strategies and opioid-replacing 
techniques as integral parts of multimodal pain treatment regimens following major 
spine surgery.

Supplementary table 1. Specification of Opioid-Related Drug Events.

ORADE Classification Overall
(n=64)

Degenerative 
(n=25)

Metastatic 
(n=18)

Trauma 
(n=21)

Constipation Mild 35 (55%) 14 (56%) 11 (61%) 10 (48%)
Pruritus Mild 9 (14%) 5 (20%) 1 (6%) 3 (14%)
Accidental fall Moderate 6 (9%) 3 (12%) 2 (11%) 1 (5%)
Confusion Moderate 16 (25%) 9 (36%) 5 (28%) 2 (10%)
Nausea Moderate 36 (56%) 18 (72%) 9 (50%) 9 (43%)
Urinary retention Moderate 22 (34%) 6 (24%) 6 (33%) 10 (48%)
Acute respiratory 
depression

Severe 10 (16%) 5 (20%) 2 (11%) 3 (14%)

Sedation Severe 8 (13%) 2 (8%) 3 (17%) 3 (14%)
Severe gastro-
intestional events

Severe 1 (2%) 0 (0%) 0 (0%) 1 (5%)

1
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ABSTRACT

Skeletal diseases and their surgical treatment induce severe pain. The innervation 
density of bone potentially explains the severe pain reported. Animal studies concluded 
that sensory myelinated A∂-fibers and unmyelinated C-fibers are mainly responsible 
for conducting bone pain, and that the innervation density of these nerve fibers was 
highest in periosteum. However, literature regarding sensory innervation of human bone 
is scarce. This observational study aimed to quantify sensory nerve fiber density in 
periosteum, cortical bone, and bone marrow of axial and appendicular human bones 
using immunohistochemistry and confocal microscopy. Multivariate Poisson regression 
analysis demonstrated that the total number of sensory and sympathetic nerve fibers was 
highest in periosteum, followed by bone marrow, and cortical bone for all bones studied. 
Bone from thoracic vertebral bodies contained most sensory nerve fibers, followed by 
the upper extremity, lower extremity, and parietal neurocranium. The number of nerve 
fibers declined with age and did not differ between male and female specimens. Sensory 
nerve fibers were organized as a branched network throughout the periosteum. The 
current results provide an explanation for the severe pain accompanying skeletal disease, 
fracture, or surgery. Further, the results could provide more insight into mechanisms that 
generate and maintain skeletal pain and might aid in developing new treatment strategies.



37

Sensory innervation of human bone

1. INTRODUCTION

Musculoskeletal diseases are highly prevalent in the general population and are a leading 
cause of disability among patients and medical costs every year.108–113 Diseases affecting 
bone and their (surgical) treatment can lead to considerable pain.12 Bone pain negatively 
affects mobility, inhibits rehabilitation, and can lead to long-term disabilities.55,56,114–118 The 
complex underlying mechanisms and multiple possible etiologies of bone pain, make this 
pain difficult to attenuate.20,119,120

A deeper understanding of sensory innervation of human bones could aid in improved 
treatment of bone pain. Recent reports have shown innervation density to correlate 
with the presence of pain, for example regarding intervertebral disc innervation in low 
back pain.121,122 However, literature on human bone innervation is scarce. Some early 
reports on human bone innervation exist, but these studies did not yet have access to 
current advanced imaging techniques.123,124 Previous studies in rodents demonstrated 
that periosteum, cortical bone and bone marrow are all innervated with afferent sensory 
nerve fibers and post-ganglionic sympathetic neurons.17,18,125–128 The main function of 
sensory nerve fibers is conduction of sensory stimuli from the bone, however, together 
with sympathetic fibers, they also play a role in bone healing and remodeling.129–136 
Several mammalian studies identified two important types of sensory nerve fibers 
performing these functions: myelinated A∂-fibers and smaller diameter, unmyelinated 
C-fibers.18,126,137–140 A∂-fibers are mainly responsible for conducting sharp, localized pain, 
while C-fibers transmit dull, diffuse pain.19 Earlier mammalian studies concluded that 
innervation density of sensory nerve fibers is highest in the periosteum, followed by 
bone marrow and cortical bone.17,126 The periosteum is therefore suggested to be a major 
contributor to pain arising from musculoskeletal diseases, but data in humans are lacking.

The aim of the present study was to quantitatively explore the number and distribution 
of A∂-fibers, C-fibers, and sympathetic fibers in axial and appendicular human bones 
using immunohistochemistry, and fluorescent and confocal microscopy. Furthermore, this 
study set out to assess the distribution of nerve fibers between different bone-related 
compartments (i.e. periosteum, bone marrow, and cortical bone), between different 
anatomical locations (i.e. neurocranium, thoracic spine, upper extremity and lower 
extremity), and between genders. Lastly, the effect of age on bone innervation in the 
elderly population included in this study was determined.

2
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2. METHODS

2.1 Tissue Collection
In order to represent the human skeleton as completely as possible, experiments were 
performed on available anatomical specimens from parietal bones of the neurocranium, 
thoracic vertebral bodies, midshaft humeri, midshaft radii, midshaft femora, and midshaft 
tibiae. Of all bones, a cross-section containing periosteum, cortical bone and bone marrow 
was retrieved (figure 1). To prevent interference of joint disease in innervation density, 
midshaft portions of long bones were used.141,142 No approval was needed from the 
medical research ethics committee for this study. Tissues were collected from bodies 
that entered the department of anatomy of our institution through a donation program. 
These persons provided written consent during life, that allowed the use of their entire 
bodies for educational and research purposes and therefore, samples were collected 
based on availability.

Bodies were previously fixated in 4% formaldehyde for varying durations (6 months – 4 
years). Age and sex of the bodies was known. From the long bones, 0.5 cm transversal 
sections of the diaphysis were gently cut using a saw (Dremel 3000, Racine, WI, USA), 
and from the thoracic vertebrae 0.5 cm sagittal sections of the vertebral body. Sections 
measuring 1x1cm from the parietal bone of the neurocranium were obtained using a 
saw. The anatomical specimens were stored until further processing in 4% buffered 
formaldehyde to preserve tissue characteristics and prevent decay.

Figure 1. A cross-section of a radius stained with hematoxylin and eosin (H&E) displays the 
three bone-related compartments: bone marrow/trabecular bone (A), cortical bone (B) and 
periosteum (C) (50x magnification). The bone marrow consists of hematopoietic stem cells and 
adipose tissue (asterisk). In the cortical bone, Haversian canals run parallel to the longitudinal 
axis of the bone as part of an osteon and contain blood vessels and/or nerve fibers (arrow). 
The periosteum is a thin sheath of connective tissue that surrounds the outer surface of the 
cortical bone and consists of a cellular rich layer and a fibrous layer.
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2.2 Tissue Processing
The collected anatomical specimens were decalcified using 0.5M ethylenediaminetetraacetic 
acid (EDTA). Every seven days the decalcification progress was radiographically monitored 
using a µ-CT scanner (PerkinElmer Quantum FX, Waltham, MA, USA). After each cycle of 
seven days, anatomical specimens were again fixated with 4% formaldehyde overnight, 
and placed in fresh EDTA the next day. Upon complete decalcification, anatomical 
specimens were stored in 15% sucrose in 0.1M phosphate-buffered saline (PBS) (pH 
7.4) at 4 ºC for further processing.

Anatomical specimens were dehydrated in graded ethanol series, cleared in xylene and 
embedded in paraffin. 5 mm thick sections were cut and mounted on clean, positively 
charged microscopic slides (VWR Premium Printer Slides, Radnor, PA, USA). Cross-sections 
were dried overnight at room temperature (RT), placed for five hours on a 60 ºC plate, 
and subsequently incubated at 60 ºC overnight to improve microscopic slide attachment.

2.3 Immunohistochemistry on bone cross-sections
With immunohistochemistry, distinctive molecular markers can be used to label and 
visualize specific sensory and sympathetic nerve fibers. A∂-fibers were labeled with 
anti-neurofilament 200 kD (NF-200) antibodies (Developmental Studies Hybridoma Bank, 
Iowa City, IA, USA). NF-200 is an intermediate filament part of the cytoskeleton of A∂-
fibers.140,143 C-fibers express calcitonin gene-related peptide (CGRP), a neurotransmitter 
involved in nociception and nerve injury, and were labeled with anti-CGRP (Sigma-Aldrich, 
St. Louis, MO, USA).140,144,145 Anti-tyrosine hydroxylase (TH) antibodies (Pel-Freez, Rogers, 
AR, USA), an enzyme part of the catecholamine synthesis, were used to label sympathetic 
fibers.146 Anti-Protein gene product 9.5 (PGP9.5) (Dako, Carpinteria, CA, USA) antibodies 
were used as a pan-neuronal marker.147–149 As positive controls, a human vagus nerve for 
NF-200, CGRP, PGP9.5 antibodies, and a human sympathetic trunk for TH and PGP9.5 
antibodies were used. Primary antibodies were omitted in the negative controls. Details of 
the primary antibodies, including references to antibody characterization, are presented 
in Table 1.

Bone cross-sections were deparaffinized in xylene (3 x 5 minutes), stepwise hydrated in 
an ethanol gradient (3 x 5 minutes in 100% and in 96%, 3 min in 80%, 70%, and 50%), 
and subsequently washed in de-ionized water. For antigen retrieval, cross-sections were 
incubated in 0.01M citrate buffer (pH 6.0) for five minutes at RT. Samples were then 
transferred to an 80 ºC citrate buffer for 40 minutes, and subsequently cooled down to 
RT. Bone cross-sections were rinsed with wash buffer (0.05M tris-buffered saline (TBS) 
(pH 7.6) and 0.05% Tween), and blocked with 5% normal human serum (NHS) (Jackson 
ImmunoResearch, West Grove, PA, USA) in 0.05M TBS (pH 7.6) for ten minutes at RT. The 
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blocking buffer was removed, and primary antibodies were added in TBS with 3% bovine 
serum albumin (BSA) (GERBU Biotechnik GmbH, Heidelberg, BW, DE), and incubated 
overnight at 4 ºC, except for the PGP9.5 antibodies, which were applied for 48 hours.

Table 1. Background information on primary and secondary antibodies

Primary / 
secondary 
antibody

Immunogen Manufacturer, species 
raised in, mono/
polyclonal, catalogue 
and lot number

Dilution Reference

PGP9.5 Purified PGP9.5 
isolated from bovine 
brain

Dako, rabbit, polyclonal, 
Cat# Z5116, Lot# 20043529

Cross-
sections: 
1:2000
Whole-
mount: 
1:100

Manufacturer’s 
information
(Bernal Sierra et 
al., 2017)150

(Cleypool et al., 
2020)151

(Rots et al., 
2019)152

NF-200 Semi-purified 
neurofilament 200 
kD from rat brain 
homogenate

Developmental Studies 
Hybridoma Bank (DSHB), 
mouse, monoclonal, Cat# 
RT97

Cross-
sections: 
1:1000

Manufacturer’s 
information
(Haskins et al., 
2017)153

(Lawson et al., 
1993)154

(Viehöfer et al., 
2015)155

CGRP Purified rat α-CGRP 
peptide. The epitope 
recognized by the 
antibody resides 
within the C-terminal 
ten amino acids of 
rat α-CGRP

Sigma-Aldrich, mouse, 
monoclonal, Cat# C7113, 
Lot# 106M4836V

Cross-
sections: 
1:500

Manufacturer’s 
information
(Yen et al., 
2006)156

TH SDS-denatured rat 
tyrosine hydroxylase 
purified from 
pheochromocytoma

Pel-Freez, rabbit, 
polyclonal, Cat# P40101, 
Lot# AJO319O

Cross-
sections: 
1:500
Whole-
mount: 
1:100

Manufacturer’s 
information
(Cleypool et al., 
2020)151

(Rots et al., 
2019)152

BrightVision 
Poly-AP 
Anti-rabbit

ImmunoLogic (VWR), goat, 
Cat# VWRKDPVM110AP, 
Lot# 191217

Used for 
cross-
sections

BrightVision 
Poly-AP 
Anti-mouse

ImmunoLogic (VWR), goat, 
Cat# VWRKDPVR110AP, 
Lot# 251018

Used for 
cross-
sections

Alexa Fluor 
594 Goat 
Anti-rabbit
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After incubation in primary antiserum, bone cross-sections were washed with wash 
buffer, followed by incubation in secondary antibodies for 30 minutes at RT. BrightVision 
Poly AP-anti-Rabbit (ImmunoLogic VWR, Amsterdam, NH, NL) was used for TH and PGP 
9.5 antibodies, and Poly AP-anti-Mouse for NF-200 and CGRP antibodies. Bone cross-
sections were then rinsed with wash buffer, followed by 10 minutes incubation in Liquid 
Permanent Red (LPR) (Dako, Carpinteria, CA, USA). LPR was washed away with TBS 
and de-ionized water. To obtain sufficient contrast for tissue examinations, bone cross-
sections were counterstained with hematoxylin. Finally, a cover slip with Entellan (Merck 
KGaA, Darmstadt, HE, DE) was applied, and bone cross-sections were air dried for 12 
hours at RT before imaging.

2.4 Immunohistochemistry on whole-mount preparations of periosteum
Whole-mount preparations of periosteum were harvested from midshaft radii. Excess 
muscle was removed using a carbon steel surgical blade No. 20 (Swan-Morton, Sheffield, 
YSS, ENG). Sharpey’s fibers were gently cut, and periosteum was taken off the bone by 
careful elevation. The periosteum was constantly irrigated with TBS during dissection to 
prevent tissue dehydration. Whole-mount samples were then frozen and thawed twice in 
TBS, and washed in whole-mount wash buffer (0.05M TBS (pH 7.6) and 0.1% Saponin). 
Subsequently, whole-mount samples were incubated for 90 minutes at 37 ºC in blocking 
solution containing 5% NHS and whole-mount wash buffer. Primary antibodies TH and 
PGP9.5 were applied for 12 hours and 48 hours, respectively, in whole-mount wash 
buffer with 3% BSA at RT. Primary antiserum was aspirated and whole-mount samples 
were rinsed with whole-mount wash buffer. Alexa Fluor 594 goat anti-rabbit secondary 
antibodies (Jackson ImmunoResearch, West Grove, PA, USA) were applied for 30 minutes 
at RT in whole-mount wash buffer. BSA (3%) was added to minimize non-specific binding. 
Finally, samples were washed with whole-mount wash buffer, covered with FluorSave 
(Sigma-Aldrich, St. Louis, MO, USA), and dried for 12 hours at RT before imaging.

2.5 Microscopy and nerve fiber quantification
High-power field (HPF, 400x magnification) images of bone cross-sections were captured 
with a Leica DM6 B (Wetzlar, HE, DE) fluorescent microscope using LAS X imaging 
software. A 400x magnification (311 x 233 mm in dimension) was used to distinguish 
between individual axons. The I3 filter cube (excitation range: blue, excitation filter: 
BP 450 - 490 nm, dichromatic mirror: 510 nm, and suppression filter: LP 515 nm) was 
set. Three HPFs were obtained per bone compartment per histology slide. The imaging 
location was chosen so that each set of three HPFs would adequately resemble the overall 
bone-related compartment. Fluorescent images of bone cross-sections were analyzed, 
and nerve fibers were quantified manually in ImageJ (NIH, Bethesda, MD, USA) by 
two observers (J.S. and D.O.). A fiber was counted if it was identifiable as a vividly 
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fluorescent solid, solitary, round (in case of transverse cross-section) or elongated (in 
case of longitudinal cross-section) structure. No minimal dimensions were pre-specified. 
In case one fiber yielded more than one cross-section due to a sinuous course, this was 
counted as a single fiber. Mean fiber count of the three HPFs and of both observations 
was used for analysis. Brightness and contrast were adjusted to enhance image quality, 
no other image corrections or filters were used.

For whole-mount preparations of periosteum, images were captured with a ZEISS LSM 
800 (Oberkochen, BW, DE) laser confocal microscope using a 5x objective, a 180 µm 
pinhole and ZEN imaging software. A 594 nm excitation beam was used, and emission 
was detected using a 620 nm emission filter. Z-stacks were generated to allow for three-
dimensional assessment of nerve fiber distribution through the full-thickness periosteum 
using a 25 µm step size. Acquired images of whole-mount preparations were displayed as 
a maximal intensity projection in ImageJ. Background was subtracted using the Subtract 
Background function in ImageJ, and brightness and contrast were adjusted in Adobe 
Photoshop (Adobe Systems Incorporated, San Jose, CA, USA).

2.6 Statistical analysis
Data was subsequently analyzed in RStudio version 1.2.5033 (RStudio Inc., Boston, 
MA, USA). Data distribution was checked for normality graphically, using Q-Q plots, and 
confirmed using Shapiro-Wilk testing. Spearman’s Rho and an Intra-Class Correlation 
coefficient for absolute agreement were calculated to assess inter-observer variation. 
Comparisons were performed using a Kruskal-Wallis test and a post hoc Wilcoxon rank-
sum test. P-values were corrected for multiple testing with a Bonferroni correction. A 
multivariate regression was performed using a generalized linear model with Poisson 
residuals and a log link function allowing for identification of interaction effects between 
variables. Residuals were checked for normality using Q-Q plots. If interaction effects 
were statistically significant, the effect was embedded into the generalized linear model. 
Variables studied were age, gender, bone-related compartment (i.e. periosteum, bone 
marrow, and cortical bone), immunohistochemical staining, anatomical location, and 
nerve fiber count. As nerve fiber count functioned as the outcome variable, ten unique 
interaction effects were possible and thus analyzed. Data were presented as median 
number of nerve fibers with interquartile range (IQR). Results from the multivariate 
regression were reported as incident rate ratios (IRR) calculated from Poisson coefficients 
(ePoisson coefficient), and represent a multiplicative factor. In addition, estimated marginal 
means (EMM) with standard error (SE) were presented. The level of significance was 
set at p<0.05.
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3. RESULTS

3.1 Demographics of collected tissue
A total of 54 anatomical specimens were harvested from 29 human fixated cadavers. 
Four parietal bones (7%), six thoracic vertebrae (11%), five midshaft humeri (9%), seven 
midshaft radii (13%), 17 midshaft femora (32%), and 15 midshaft tibiae (28%) were 
available and studied after harvesting. Sixteen (55%) cadavers were female, and overall 
mean age was 84.0±8.2 years (range 66-99). Anatomical specimen characteristics are 
displayed in Table 2. Complete decalcification of anatomical specimens was achieved after 
a maximum of 23 days. A total of 3 NF-200, 5 CGRP, 4 TH, and 1 PGP9.5-stained bone 
cross-sections failed during the immunohistochemical staining process and were thus 
discarded, despite protocol changes to improve microscopic slide attachment.

Table 2. Bone sample characteristics.

Characteristics Value
Gender, n (%)
Female 16 (55%)
Male 13 (45%)
Age, mean (SD) (years) 84.0 (±8.2)
Bones, n (%) N=54
Neurocranium 4 (7%)
Thoracic vertebra 6 (11%)
Midshaft humerus 5 (9%)
Midshaft radius 7 (13%)
Midshaft femur 17 (32%)
Midshaft tibia 15 (28%)

3.2 Innervation of the periosteum, cortical bone, and bone marrow
Overall, periosteum contained most nerve fibers, as compared to bone marrow, and 
cortical bone (Figure 2). The amount of A∂-fibers was largest in the periosteum (median 
7 (IQR 4-12) fibers/HPF; p<0.001 vs. cortical bone, p<0.001 vs. bone marrow), followed 
by bone marrow (2 (1-4) fibers/HPF; p<0.001 vs. cortical bone), and cortical bone (0 
(0-1) fibers/HPF) (Figure 2A1-A3, 2E). The number of C-fibers in periosteum was higher 
(6 (3-10) fibers/HPF; p<0.001 vs. cortical bone, p=0.075 vs. bone marrow), compared 
with bone marrow (5 (2.75-8) fibers/HPF; p<0.001 vs. cortical bone), and cortical bone 
(1 (1-2) fibers/HPF) (Figure 2B1-B3, 2E). The number of sympathetic nerve fibers was 
greatest in periosteum (9 (6-13) fibers/HPF; p<0.001 vs. cortical bone, p<0.001 vs. bone 
marrow), followed by bone marrow (5 (3-9) fibers/HPF; p<0.001 vs. cortical bone), and 
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cortical bone (2 (1-4) fibers/HPF) (Figure 2C1-C3, 2E). PGP9.5-positive nerve fibers were 
mostly present in periosteum (9 (6-16.2) fibers/HPF; p<0.001 vs. cortical bone, p<0.001 
vs. bone marrow), followed by bone marrow (3 (2-5.75) fibers/HPF; p<0.001 vs. cortical 
bone), and cortical bone (1 (1-3) fibers/HPF) (Figure 2D1-D3, 2E). Spearman’s Rho was 
0.890 and the intra-class correlation coefficient for absolute agreement was 0.851 (0.751-
0.904), indicating good to excellent agreement between observers.89,157
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Figure 2. Fluorescent images showing NF-200-positive myelinated A∂-fibers (A, A1-A3), 
CGRP-positive unmyelinated C-fibers (B, B1-B3), TH-positive sympathetic nerve fibers (C, C1-
C3), and PGP9.5-positive nerve fibers (D, D1-D3) in red. In periosteum and bone marrow, 
sensory nerve fibers were organized in large bundles (A1, A3, B1, B3), or were branched off 
as single nerve fibers (A3, D1). TH-positive sympathetic nerve fibers were co-localized with 
blood vessels (C1, C3). Cortical bone only contained sensory and sympathetic nerve fibers 
in Haversian canals (C2, D2), but not every canal was innervated (A2). Immunohistochemical 
stains were quantified and presented as median (IQR) number of nerve fibers per HPF for 
periosteum (light blue), cortical bone (marine blue), and bone marrow (dark blue) (E). Fiber 
counts from all locations were combined. For every immunohistochemical staining, periosteum 
contained most nerve fibers, followed by the bone marrow, and cortical bone.
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3.3 Nerve fiber distribution in bone-related compartments
The periosteum and bone marrow cavity were innervated with large bundles of multiple 
sensory nerve fibers, while in the cortical bone only single fibers confined to Haversian 
canals were observed (Figure 2A1, 2A3, 2B1, 2D2, 3A-B). Sympathetic fibers were also 
present in all three bone-related compartments, but always co-localized with blood vessels 
(Figure 2C1-C3). Confocal images of periosteal whole-mount samples were prepared 
to allow assessment of coherence between nerve fibers, and illustrated that PGP9.5-
positive nerve fibers (pan-neuronal marker) formed a branched network throughout 
the periosteum (Figure 3A-B). Periosteal whole-mount preparations confirmed the 
co-localization of sympathetic fibers and blood vessels, and indirectly illustrated the 
abundancy of blood vessels in the periosteum (Figure 3C).

Differences between A∂-fibers, C-fibers, and sympathetic nerve fibers within bone-related 
compartments were analyzed. See previous section and Figure 2E for median nerve fiber 
count. In periosteum, no difference between the number of A∂-fibers and C-fibers was 
observed (p=0.71). However, the number of C-fibers was significantly higher compared 
to the amount of A∂-fibers in cortical bone, and bone marrow (both p<0.001). Nerve 
fiber count for sympathetic nerve fibers was significantly higher compared with C-fibers 
in periosteum (p<0.001). This difference was not observed in bone marrow or cortical 
bone (p=1.000 and p=0.59, respectively). The number of sympathetic nerve fibers was 
significantly higher compared with A∂-fibers in cortical bone (p<0.001), bone marrow 
(p<0.001), and in periosteum (p=0.043). These results indicate that in bone marrow and 
cortical bone, C-fibers are slightly more abundant than A∂-fibers, while in periosteum 
both C-fibers and A∂-fibers are present to the same extent. In addition, sympathetic 
fibers are large in number in every bone-related compartment.

Figure 3. Confocal images of whole-mount preparations of periosteum from a radius (female, 
83 years) demonstrating PGP9.5-positive nerve fibers (A-B), and TH-positive sympathetic nerve 
fibers (C) in white. PGP9.5-positive nerve fibers were organized in a branched network through-
out the periosteum. TH-positive sympathetic nerve fibers were co-localized with blood vessels, 
which indirectly showed the abundancy of blood vessels in the periosteum.
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3.4 Multivariate regression
Possible effects of bone-related compartment, gender, age, anatomical location, and 
immunohistochemical staining on nerve fiber count were analyzed using a Poisson 
multivariate regression with interaction effects. Interaction tables and estimated marginal 
means (EMM) are provided in the supplementary information. The multivariate regression 
model was based on 1836 individual nerve fiber counts. In the elderly individuals studied 
(age range 66 – 99 years), the number of nerve fibers significantly declined per year of 
age (IRR=0.985, p<0.001), especially in the periosteum (Table 3, S1). No overall effect of 
sex on innervation density was present (male N = 738 counts, female N = 1098 counts, 
IRR=1.016, p=0.881), however the interaction effect between gender and anatomical 
location demonstrated higher nerve fiber counts for lower extremity bones of females 
(Table 3, S3, S8). The overall number of C-fibers was significantly lower compared to 
PGP9.5-positive nerve fibers (IRR=0.650, p=0.003) (Table 3, S2). No differences were 
observed in the number of A∂-fibers (IRR=1.225, p=0.132) and sympathetic nerve 
fibers (IRR=1.052, p=0.704) compared to PGP9.5-positive nerve fibers (Table 3). The 
thoracic spine (IRR=2.513, p<0.001), upper extremity (IRR=1.595, p<0.001), and lower 
extremity (IRR=1.540, p<0.001) contained significantly more nerve fibers compared to 
neurocranium (Table 3, S5, S8, Figure 4). Nerve fiber count was significantly lower for 
bone marrow compared to periosteum (IRR=0.189, p<0.001), and lowest for cortical 
bone compared to periosteum (IRR=0.094, p<0.001). The low number of nerve fibers in 
cortical bone was mainly visible in female bones and lower extremity (Table S4, S7, S8).
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4. DISCUSSION

The present study set out to study the sensory innervation of human bone. The 
results demonstrate that the highest sensory innervation density can be found in the 
periosteum, followed by bone marrow and cortical bone. Of the locations studied, the 
thoracic vertebra received most sensory innervation. The neurocranium received the 
least sensory innervation. Innervation density decreased with age. In the present study, 
relative differences in innervation between periosteum, cortical bone and bone marrow 
were smaller compared to earlier mammalian studies.17,126 One study reported a ratio of 
summed A∂-fibers and C-fibers between periosteum, bone marrow and cortical bone 
of 100:2:0.1, while in the current study a ratio of 100:54:8 was found.126 The use of a 
different species and calculations based on medians instead of means might partially 
account for these differences. Remarkably, not all osteons were innervated, which partially 
explained the low number of both sensory and sympathetic nerve fibers in cortical bone 
as presented in section 3.3 (Figure 2A2). The number and distribution of sensory nerve 
fibers varied between different anatomical locations (i.e. neurocranium, thoracic spine, 
upper, and lower extremity). Possibly, skeletal injury in more densely innervated locations 
is more painful than in locations receiving less sensory innervation. Previous reports have 
shown correlations between innervation of the intervertebral disc and severity of low 
back pain. However, a causal relationship between innervation density and pain severity 
cannot be established, as tissue injury (inflicting pain) and the subsequent inflammatory 
processes have been shown to lead to hyperinnervation.158 Gerbershagen et al. studied 
pain scores on the first postoperative day for any type of surgery. The top ten of most 
painful interventions included seven skeletal surgeries, of which three were in the spinal 
column.12 Although pain is a multidimensional phenomenon and not necessarily equal to 
sensory innervation density, the high nerve fiber count in thoracic spine as demonstrated 
in the current study reflects these clinical findings, supporting a correlation between 
innervation density and pain severity.

We demonstrated that sensory nerve fibers in periosteum were organized in a network 
of large bundles or were branched off as single nerve fibers forming a net-like structure. 
The typical symptom of a bone fracture is acute, stabbing pain localized near or at the 
fracture site.159 Mechanical distortion of the periosteum might help explain the severe pain 
experienced by these patients. In addition, skeletal pain can be caused by pathology in 
the bone marrow (e.g. in bone tumors), and is typically described as a dull and aching 
pain.20,133,160,161 In the present study we demonstrated that the number of C-fibers was 
slightly higher compared to the number of A∂-fibers in bone marrow. This finding is in 
line with the clinical picture of patients experiencing different types of pain in different 
types of pathology. The here presented data may provide new treatment targets for 
these various types of pain arising from skeletal pathology.
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Figure 4. The median number (IQR) of CGRP-positive unmyelinated C-fibers, NF-200-positive 
myelinated A∂-fibers, TH-positive sympathetic nerve fibers, and PGP9.5-positive nerve fibers 
separately displayed for the neurocranium, thoracic vertebra, upper extremity, and lower 
extremity. Compared to the neurocranium, the number of nerve fibers was higher in all three 
anatomical locations, especially in the thoracic vertebra. Skeleton adjusted from sciepro/shut-
terstock.com, used under license of Shutterstock.com.
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A strength of this study was the use of four immunohistochemical stains to visualize A∂-
fibers, C-fibers, and sympathetic fibers. Subsequently, we were able to draw conclusions 
about their relative number in different bone-related compartments. It should be noted 
that the total volume of bone marrow is greater than cortical bone and periosteum.17 
Therefore, the absolute number of sensory and sympathetic nerve fibers might be higher 
in bone marrow. Use of multivariate regression enabled us to draw conclusions on the 
complete data set. For example, to analyze the effect of gender on bone innervation, all 
1836 observations were taken into account. Another strong element of the present study 
was the use of bones from multiple anatomical locations, to adequately represent human 
axial and appendicular innervation. The use of bones from both men and women of ages 
ranging from 66 to 99 were used to account for potential differences in bone innervation 
based on sex or age. Our findings demonstrated no overall differences in innervation 
between female and male bones. Collecting all four bone sites studied from the same 
individual would have provided paired samples and thus might have further strengthened 
our conclusions, but was not possible due to incompleteness of the skeletal material 
available. Furthermore, experiments were performed on macroscopically healthy bones, 
making the results relevant to the general population. As mentioned, average donor age 
was relatively high (84±8.2 years) and ranged from 66 until 99 years. We found that the 
number of sensory and sympathetic nerve fibers declined with age, which is consistent 
with a previous animal study.127 Nevertheless, a wider age range of subjects is necessary 
to determine whether our findings are applicable for a younger population. A drawback of 
using anonymous human cadavers, is that the cause of death and its possible effects on 
bone innervation remains unknown. Previous studies on human innervation have reported 
on the effects of osteoarthritis and degenerative disc disease on bone innervation. To 
avoid influence of joint diseases on nerve fiber density, we collected samples from 
midshaft regions of bone only.141,142 CGRP-positive fibers have been reported to have a 
punctuated morphology, while the NF200 signal has a continuous morphology. To avoid 
overestimation of CGRP-positive fibers due to their morphology, bone cross-sections 
were used for nerve fiber quantification. As nerve fibers run parallel to the longitudinal 
axis of long bones, risks of overcounting are minimized. Another possible limitation is 
the increased EDTA bone decalcification time when compared to previously conducted 
mammalian studies (>3 weeks vs. 2 weeks).17,126,127 The extended decalcification was 
necessary to demineralize cortical bone, which is thicker in humans than in rodents. 
Literature described that EDTA negatively affects the antigenicity of A∂-fibers, C-fibers, 
and sympathetic fibers.17,127 This might have resulted in a lower nerve fiber count in 
the present study and thus underestimation of overall innervation density, although 
this is expected to equally affect all bone compartments and thus does not necessarily 
impact the here presented ratios. Contradictory reports on the effect of formaldehyde on 
immunoreactivity of tissue exist.162,163 The specimens have been fixated in formaldehyde 
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for various amounts of time, which might have led to variation in immunoreactivity. Our 
and others’ experience is that no large differences regarding immunoreactivity between 
fresh-frozen samples and formaldehyde-fixated samples were present.163 Fourth, since 
PGP9.5 is a pan-neuronal marker, the number of PGP9.5-positive nerve fibers should 
theoretically equal the sum of A∂-fibers, C-fibers, and sympathetic fibers. However, in the 
present study we found that the sum of A∂-fibers, C-fibers, and sympathetic fibers was 
approximately 4 times the number of PGP9.5-positive nerve fibers in bone marrow. For 
periosteum and cortical bone, similar computations resulted in a factorial difference of 
about 2.4 and 3, respectively. This finding was remarkable as previous studies reported 
adequate specificity of the immunohistochemical markers used, and showed a lack of 
other sensory nerve fibers innervating the bone such as Aβ-fibers.137,150,152–154,156 Although 
CGRP has been used as a marker for non-myelinated fibers in similar experiments,17,164 
other studies have shown CGRP to be expressed by A∂-fibers.165 Further, calculations with 
median nerve fiber counts and usage of separate microscopic slides for each neuronal 
marker might have contributed to this discrepancy. These factors might explain the 
observation that the sum of A∂-fibers, C-fibers, and sympathetic fibers exceeded PGP9.5 
fiber count and highlights the need for a more specific C-fiber marker. However, as these 
limitations were present in all bones and bone compartments, the authors suggest that 
these phenomena do not affect the overall trends observed in this study nor the final 
conclusions.

5. CONCLUSION

To our knowledge, the present study is the first to demonstrate the sensory innervation 
in the human axial and appendicular skeleton. The current results provide an explanation 
for the severe pain experienced by patients suffering from musculoskeletal diseases or 
following skeletal surgery. The number of sensory and sympathetic nerve fibers was 
highest in periosteum, followed by bone marrow and cortical bone. Of all locations 
studied, bone from thoracic vertebral bodies was most densely innervated. In the 
periosteum, sensory nerve fibers were organized in a net-like structure that may allow 
for detection of mechanical distortion such as experienced during traumatic events. The 
number of nerve fibers declined with age. Since the periosteum is the most densely 
innervated bone-related compartment in human bones, treatment strategies that locally 
target the periosteum might aid in attenuating pain after skeletal surgery. Future studies 
are needed to understand how bone diseases affect density, sensitivity, and morphology 
of sensory and sympathetic nerve fibers.
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7 SUPPLEMENTARY DATA

Interaction tables from the multivariate regression are presented below. The interaction 
terms are displayed as Poisson coefficient (IRR). The incident rate ratios (IRR) represent 
a multiplicative factor. The estimated marginal means (EMM) are presented below and 
display the mean (SE) number of nerve fibers.

Table S1. Interaction term between age and bone-related compartment

Bone-related compartment
Periosteum Cortical bone Bone marrow

Age 9,30 (0,188) 1,76 (0,078) 4,95 (0,131)

Table S2. Interaction term between gender and immunohistochemical stain

Immunohistochemical staining
TH PGP9.5 NF-200 CGRP TH

Gender Male 4,67 (0,186) 2,61 (0,147) 4,31 (0,184) 6,63 (0,259)
Female 5,10 (0,196) 2,95 (0,149) 4,14 (0,189) 5,63 (0,206)

Table S3. Interaction term between gender and anatomical location

Anatomical location
Neurocranium Thoracic spine Upper extremity Lower extremity

Gender Male 3,63 (0,268) 5,99 (0,257) 4,93 (0,177) 3,25 (0,097)
Female 3,04 (0,225) 5,49 (0,252) 4,72 (0,157) 4,46 (0,094)

2
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Table S4. Interaction term between gender and bone-related compartment

Bone-related compartment
Periosteum Cortical bone Bone marrow

Gender Male 8,81 (0,252) 1,89 (0,109) 4,83 (0,179)
Female 9,81 (0,262) 1,63 (0,093) 5,07 (0,176)

Table S5. Interaction term between immunohistochemical stain and anatomical location

Anatomical location
Neurocranium Thoracic spine Upper extremity Lower extremity

Staining PGP9.5 3,21 (0,294) 7,58 (0,375) 4,66 (0,207) 5,01 (0,147)
NF-200 2,93 (0,309) 2,66 (0,219) 3,41 (0,181) 2,24 (0,101)
CGRP 3,05 (0,335) 5,48 (0,317) 4,93 (0,228) 3,85 (0,129)
TH 4,24 (0,405) 9,75 (0,432) 6,93 (0,272) 4,86 (0,139)

Table S6. Interaction term between immunohistochemical stain and bone-related 
compartment

Bone-related compartment
Periosteum Cortical bone Bone marrow

Staining PGP9.5 11,85 (0,370) 2,07 (0,132) 4,75 (0,208)
NF-200 9,22 (0,339) 0,72 (0,076) 3,21 (0,174)
CGRP 6,57 (0,277) 2,00 (0,137) 5,72 (0,252)
TH 10,41 (0,364) 3,19 (0,182) 6,87 (0,278)

Table S7. Interaction term between anatomical location and bone-related compartment

Bone-related compartment
Periosteum Cortical bone Bone marrow

Location Neurocranium 6,30 (0,410) 1,51 (0,194) 3,83 (0,316)
Thoracic vertebra 12,10 (0,429) 2,19 (0,168) 7,11 (0,321)
Upper extremity 10,74 (0,284) 1,98 (0,120) 5,29 (0,198)
Lower extremity 9,12 (0,169) 1,45 (0,067) 4,16 (0,112)
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Table S8. Estimated marginal means (SE)

Anatomical location IHC stain Gender Periosteum Cortical bone Bone marrow
Neuro-cranium PGP9.5 Male 6,362 (0,7088) 1,540 (0,2558) 3,042 (0,3937)

Female 6,759 (0,7376) 1,274 (0,2168) 3,046 (0,3924)
NF-200 Male 8,269 (1,0220) 0,889 (0,1761) 3,453 (0,4976)

Female 8,821 (0,9300) 0,738 (0,1423) 3,472 (0,4521)
CGRP Male 4,414 (0,5605) 1,892 (0,3179) 4,592 (0,5836)

Female 3,985 (0,5667) 1,330 (0,2467) 3,908 (0,5625)
TH Male 7,033 (0,8836) 3,112 (0,5116) 5,594 (0,7384)

Female 5,630 (0,6478) 1,939 (0,3158) 4,221 (0,5216)
Thoracic spine PGP9.5 Male 16,280 (0,9566) 2,840 (0,2981) 7,253 (0,5363)

Female 18,914 (1,1594) 2,568 (0,2801) 7,942 (0,5976)
NF-200 Male 7,917 (0,6923) 0,613 (0,0938) 3,081 (0,3177)

Female 9,235 (0,7766) 0,557 (0,0856) 3,387 (0,3380)
CGRP Male 8,493 (0,6130) 2,623 (0,2862) 8,233 (0,6169)

Female 8,384 (0,6449) 2,016 (0,2326) 7,660 (0,6023)
TH Male 17,381 (0,9945) 5,542 (0,5145) 12,883 (0,8325)

Female 15,214 (0,9732) 3,777 (0,3802) 10,629 (0,7437)
Upper extremity PGP9.5 Male 10,065 (0,5603) 1,909 (0,1851) 3,790 (0,2732)

Female 11,900 (0,6083) 1,757 (0,1645)  4,223 (0,2827)
NF-200 Male 10,732 (0,5833) 0,904 (0,1136) 3,529 (0,2644)

Female 12,740 (0,6885) 0,835 (0,1047) 3,949 (0,2894)
CGRP Male 8,003 (0,5099) 2,688 (0,2586) 6,556 (0,4513)

Female 8,039 (0,4681) 2,102 (0,1955) 6,208 (0,3907)
TH Male 12,540 (0,6902) 4,348 (0,3709) 7,855 (0,5042)

Female 11,170 (0,5745) 3,015 (0,2521) 6,595 (0,3968)
Lower extremity PGP9.5 Male 10,044 (0,4186) 1,642 (0,1375) 3,549 (0,2088)

Female 17,201 (0,4947) 2,189 (0,1484) 5,729 (0,2538)
NF-200 Male 6,258 (0,3154) 0,454 (0,0559) 1,931 (0,1377)

Female 10,760 (0,3902) 0,608 (0,0677) 3,130 (0,1776)
CGRP Male 5,547 (0,2898) 1,606 (0,1404) 4,265 (0,2522)

Female 8,072 (0,3235) 1,819 (0,1332) 5,850 (0,2648)
TH Male 8,032 (0,3577) 2,400 (0,1849) 4,722 (0,2599)

Female 10,364 (0,3615) 2,411 (0,1537) 5,743 (0,2498)
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ABSTRACT

Skeletal pathologies are often accompanied by bone pain, which has negative effects 
on the quality of life and functional status of patients. Bone pain can be caused by a 
wide variety of injuries and diseases including (poorly healed) fractures, bone cancer, 
osteoarthritis and also iatrogenic by skeletal interventions. Orthopedic interventions are 
considered to be the most painful surgical procedures overall. Two major groups of 
medication currently used to attenuate bone pain are NSAIDs and opioids. However, these 
systemic drugs frequently introduce adverse events, emphasizing the need for alternative 
therapies, which are directed at the pathophysiological mechanisms underlying bone 
pain. The periosteum, cortical bone and bone marrow are mainly innervated by sensory 
A-delta fibers and C-fibers. These fibers are mostly present in the periosteum rendering 
this structure most sensitive to nociceptive stimuli. A-delta fibers and C-fibers can be 
activated upon mechanical distortion, acidic environment and increased intramedullary 
pressure. After activation, these fibers can be sensitized by inflammatory mediators, 
phosphorylation of acid-sensing ion channels and cytokine receptors, or by upregulation 
of transcription factors. This can result in a change of pain perception such that normally 
non-noxious stimuli are now perceived as noxious. Pathological conditions in the bone 
can produce neurotrophic factors, which bind to receptors on A-delta fibers and C-fibers. 
These fibers then start to sprout and increase the innervation density of the bone, 
making them more sensitive to nociceptive stimuli. In addition, repetitive painful stimuli 
cause neurochemical and electrophysiological alterations in afferent sensory neurons in 
the spinal cord, which leads to central sensitization and can contribute to chronic bone 
pain. Understanding the pathophysiological mechanisms underlying bone pain in different 
skeletal injuries and diseases is important for the development of alternative, targeted 
pain treatments. These pain mechanism-based alternatives have the potential to improve 
the quality of life of patients suffering from bone pain without introducing undesirable 
systemic effects.
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1. INTRODUCTION

Skeletal diseases accompanied by pain are highly prevalent and have an extensive 
impact on physical ability, quality of life and medical costs56,109,111,166. One of the most 
reported outcomes caused by bone pain is physical dysfunction, which has secondary 
effects including decreased mobility, bone mass loss, muscle mass loss and reduction 
in cognitive and cardiovascular health, all of which lower quality of life114–116. Due to 
these negative effects, skeletal pathologies and their associated pain are considered a 
major health burden. This burden is expected to increase as the average life expectancy 
rises and the world population grows56,109,111. In addition, risk factors such as decreased 
physical activity, sedentary behavior and obesity become more prevalent167. All these 
factors can reduce musculoskeletal health, thereby increasing the risk of developing 
skeletal pathologies with associated pain167,168. Examples of skeletal conditions leading 
to bone pain include inflammation, trauma, infection, autoimmune diseases, cancer, 
genetic disorders and degenerative diseases56,109,111. More specific, 60% – 84% of the 
patients with skeletal metastatic disease experience severe bone pain169. These patients 
report persistent background pain and breakthrough pain, which is poorly managed 
by current medications170. Not only patients with bone cancer experience pain, 9,6% 
of men and 18,0% of women older than 60 years worldwide suffer from bone pain 
caused by symptomatic osteoarthritis112. In addition, up to 30% of postmenopausal 
Caucasian women in the USA have osteoporosis, increasing the risk of painful osteoporotic 
fractures56. These fractures are associated with reduced functional status and more 
nursing home and rehabilitation hospital admissions171,172. Thus, skeletal pathologies and 
the risk of developing pain will continue to put an increasing medical and economic load 
on both individuals and society.

One of the treatment options for skeletal conditions is surgery, however, this type of 
treatment regularly causes more pain in the short term12. A cohort study that analyzed 
and ranked postoperative pain after different types of surgery, reported that out of 
40 procedures with the highest pain scores, 22 were orthopedic or traumatologic 
interventions12. The results from this study suggest that surgery to the musculoskeletal 
apparatus is very painful, which is not only associated with postoperative discomfort, 
but also with increased risks for postoperative complications (e.g. pneumonia and 
thrombosis) and chronic pain afterwards9,173. In current practice, postoperative pain 
treatment strategies after musculoskeletal interventions are often inadequate and leave 
room for improvement.

Nowadays, acute, recurrent and chronic bone pain is mainly attenuated with non-steroid 
anti-inflammatory drugs (NSAIDs) and opioids174. However, the choice for this class of 
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analgesics is based on the assumption that bone pain pathophysiology is broadly similar 
to mechanisms that cause pain in other tissues. In addition, short-term use (< 3 months) 
of NSAIDS can generate nausea, dyspepsia and pyrosis and short-term use of opioids 
can induce nausea, constipation, urinary retention, cognitive impairment and respiratory 
distress66,175–178. Long term use (> 3 months) of NSAIDs can induce liver, renal and 
gastrointestinal toxicity and long term use of opioids is correlated with a decreased 
prospect of returning to work, risk of addiction and renal toxicity66,175–178. Furthermore, 
the use of NSAIDs and opioids in the treatment of skeletal pain could complicate the 
treatment of the underlying bone pathology, as these drugs might interfere with bone 
remodeling and healing179,180. These problems suggest a need for different treatment 
strategies aiming more at the pathophysiological mechanisms that generate and maintain 
skeletal pain. Before such mechanism-based alternatives can be developed, a thorough 
understanding of the pathophysiology of bone pain is necessary.

In this review, pathophysiological mechanisms of bone pain are discussed in terms of 
the different types of afferent sensory nerve fibers that innervate the periosteum, bone 
marrow and cortical bone. These fibers are responsible for the initial sensation of bone 
pain and the quality of this pain (i.e. sharp pain and dull pain). The activation and 
organization of afferent sensory nerve fibers able to detect mechanical distortion, acid 
and pressure is described with respect to their critical role in disease and injury of 
the bone. The mechanism of peripheral sensitization of afferent sensory nerve fibers 
caused by inflammatory cytokines, the phosphorylation of ion channels and receptors 
and by transcriptional changes is evaluated and the induction of sprouting of sensory 
neurons due to pathological conditions is also described. This review finally concludes 
with explaining molecular processes that are involved in central sensitization, which plays 
a role in chronic bone pain.

2. TYPES OF SENSORY NERVE FIBERS

Bone pain can be perceived if the periosteum, cortical bone or bone marrow are 
disturbed, injured or affected by pathological processes17. For example, patients with 
a fracture involving the cortical bone and periosteum, often experience a sharp and 
localized pain, while patients with a bone marrow tumor experience a constantly present 
dull pain, which increases as the disease progresses159,169. The latter group of patients also 
describe breakthrough pain, which is less dull and more intense, like the pain caused by 
a fracture170. These findings suggest that the type of pain (i.e. sharp, diffuse or dull) is 
predominantly determined by the type of pathology located in the bone. Furthermore, 
this indicates that afferent sensory nerve fibers, which are sensitive for nociceptive 



61

Review of bone pain

information, innervate all structural compartments of the bone (i.e. bone marrow cavity, 
cortical bone and periosteum).

Several studies reported a diversity of afferent sensory nerve fibers in the bone, 
each with its own conduction velocity, neurotransmitters, receptor characterizations, 
innervation pattern and function17,18,137–139. A rat model with fracture-induced bone pain 
showed that nociceptive information is largely conducted by A-delta fibers and C-fibers140. 
Studies performed on femora of mice and humeri of cats revealed that there is little 
innervation of other afferent sensory nerve fibers, such as A-alpha fibers and A-beta 
fibers18,126,137,139. Both A-delta fibers and C-fibers exhibit specific characteristics. A-delta 
fibers are myelinated and express tropomyosin receptor kinase A (TrkA), which is a 
nerve growth factor (NGF) receptor and neurofilament 200 kDa (NF200), an intermediate 
neurofilament part of the cytoskeleton18,126. C-fibers are not myelinated and express TrkA, 
substance P (SP), which is a neurotransmitter involved in nociceptive transport from the 
peripheral nervous system to the central nervous system, and calcitonin gene-related 
peptide (CGRP), a peptide playing a role in nociception and nerve injury18,126. Both C-fibers 
and A-delta fibers innervate the bone marrow cavity, cortical bone and periosteum18.

The periosteum covers most of the bone surface with the exception of the articular 
surface in joints. It consists of an outer fibrous layer, which contains fibroblasts, and an 
inner cambium layer, which consists of progenitor cells that mature into osteoblasts during 
bone remodeling or fracture healing125,181,182. A-delta fibers and C-fibers are mostly located 
(> 90%) in the cambium layer and are organized as a mesh network125,140. Therefore, 
these fibers are capable of detecting mechanical disturbance, such as stretching or 
pressure, which can be caused by a fracture. The cortical bone is innervated by A-delta 
fibers and C-fibers that run through Haversian and Volkmann canals together with blood 
vessels17. In the bone marrow these fibers also colocalize with blood vessels17. Castañeda-
Corral et al. performed a study on the mouse femur and showed that the ratio of relative 
densities of the sum of A-delta fibers and C-fibers in the periosteum, bone marrow and 
cortical bone is 100, 2 and 0.1, respectively (with 100 set as reference and measured 
as length of A-delta fibers and C-fibers per volume tissue)126. This indicates that the 
periosteum is innervated by the highest number of A-delta fibers and C-fibers and is 
therefore most sensitive to nociceptive stimuli. Literature on sensory innervation of 
human bone is limited. Sayilekshmy et al. reported that the sensory innervation of human 
bone was highest in cortical pores, followed by periosteum and bone marrow, but did 
not separately identify A-delta and C-fibers129. Furthermore, the tissue was obtained 
from patients suffering from hyperparathyroidism and therefore these results might not 
translate to the healthy population.
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Although it is clear that C-fibers and A-delta fibers process nociceptive stimuli from the 
periosteum, cortical bone and bone marrow, Bataille et al. suggested that the skeleton 
is also innervated by cholinergic and adrenergic sympathetic fibers of the autonomic 
nervous system130. Indeed, several mouse and rat studies showed that sympathetic 
fibers play a role in bone remodeling and skeletal pain130–132,134. These fibers are also 
involved in vasodilation, vasoconstriction, macrophage infiltration and bone progenitor cell 
function130,131. Taken together, these studies present that sympathetic fibers are involved 
in skeletal health and might contribute to the progression of skeletal disease. However, to 
what extent sympathetic fibers interact with A-delta fibers and C-fibers, thereby effecting 
skeletal disease progression and pain, is unknown.

In summation, A-delta fibers and C-fibers are the most important sensory fibers that 
innervate the periosteum, cortical bone and bone marrow and conduct most nociceptive 
information. Therefore, this review will continue with how these fibers play a role in four 
pathophysiological mechanisms that underlie bone pain.

3. MECHANISMS UNDERLYING BONE PAIN

3.1 Activation of A-delta fibers and C-fibers
Normally, A-delta fibers and C-fibers are silent and only activated upon noxious stimulation 
including mechanical distortion, local acidosis or an increase in intramedullary pressure 
(Figure 1). For example, A-delta fibers process nociceptive stimuli such as a pinch or a 
prick, but also noxious stimuli caused by mechanical deformation, such as a fracture. 
These stimuli are processed from the bone to the dorsal horn of the spinal cord and to 
particular regions of the brain resulting in a sensation of pain183.

Mechanical distortion is well-studied in mouse models with fracture-induced bone 
pain (Figure 1, A). These models showed that myelinated A-delta fibers have a higher 
conduction velocity (10 – 20 m/s, measured in rats) compared to non-myelinated C-fibers 
(1 m/s, measured in rats)139,143,184. This characteristic can be attributed to their difference in 
myelinization. Due to the high conduction velocity of A-delta fibers, it is thought that they 
are involved in the acute sensation of sharp pain, which occurs after a fracture139,159. This 
pain is short lasting and restricted to a small surface area159. Mechanosensitive A-delta 
fibers and C-fibers continue to discharge after a fracture, until they are spatially relocated 
into their original position159,185. Martin et al. demonstrated that A-delta and C-fibers 
fibers are organized as a mesh network in the periosteum of mice125. Such a network is 
optimally positioned to detect stretching of the periosteum. Relocating the fractured bone 
with an external cast or interval rod reduces mechanical distortion (i.e. stretching of the 
periosteum) and, consequently, reduces the discharge frequency of A-delta fibers and 
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thereby the associated pain. After stabilization, a duller or burning pain is perceived, which 
lasts longer and is conducted by non-myelinated C-fibers, as their conduction velocity is 
lower compared to A-delta fibers139,159. Furthermore, within hours of the initial fracture, 
the dull pain conducted by C-fibers is probably maintained by inflammatory mediators 
released from osteoblasts, osteoclasts and immune cells creating an inflammatory soup 
near the fracture site184,186. These factors include bradykinin, prostaglandin E2, serotonin, 
TNF-a, colony stimulating factors, NGF and protease-activated receptor 2187–190. This 
implies that the generation of pain after a fracture is a dynamic process of mechanical 
and chemical stimuli.

While bone pain caused by trauma (i.e. a bone fracture) is initiated by the mechanical 
distortion of mechanosensitive A-delta fibers and C-fibers, in diseases with increased 
bone turnover or multiple myeloma, osteoclasts can create a local acidosis, which also 
activates these sensory fibers (Figure 1, B)191–196. Studies performed on mice and rats 
demonstrated that A-delta fibers and C-fibers in the bone express acid-sensing ion 
channels, including acid-sensing ion channel-1 (ASIC1) and ASIC3196–199. In addition, a 
rat study showed the expression of the transient receptor potential vanilloid receptor-1 
(TrpV1) on A-delta fibers and C-fibers, which is also an acid-sensing ion channel200. These 
ion channels are activated when the pH drops to approximately 4 locally201. The acidic 
environment is created by overactivity of osteoclasts. These cells have a critical role in the 
regulation of skeletal mass and are responsible for bone resorption. Osteoclasts produce 
protons after resorbing bone, thereby lowering the pH and activating acid-sensing ion 
channels on A-delta fibers and C-fibers, which results in bone pain. A commonly used 
therapy in the treatment of bone cancer, osteogenesis imperfecta and osteoporosis, are 
bisphosphonates194,195,202,203. Bisphosphonates inhibit osteoclast activity and consequently 
reduce bone resorption, thereby raising the pH and relieving bone pain194,195,202,203. Thus, 
similar to stabilizing a fracture, activation of A-delta fibers and C-fibers can be reduced 
by normalizing the pH.
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Figure 1. A schematic overview of the activation of A-delta fibers (dashed blue lines, my-
elinated) and C-fibers (blue lines, non-myelinated). (A) A-delta fibers are activated due to 
mechanical distortion (e.g. a fracture) and conduct sharp and localized pain. C-fibers are also 
activated upon mechanical distortion and process a more dull and deeper pain. In addition, 
due to mechanical distortion, osteoblasts, osteoclasts and immune cells produce inflammatory 
mediators (purple dots), such as bradykinin and prostaglandin E2. This also activates C-fibers, 
thereby maintaining the dull pain. (B) Acid-sensing ion channels on A-delta fibers and C-fibers 
are activated due to a local acidosis created by an abundancy of protons (red dots), which are 
produced by overactive osteoclasts in skeletal diseases (e.g. multiple myeloma). This results 
in dull bone pain. (C) An increase in medullary pressure activates the mechanoreceptors on 
A-delta fibers and C-fibers, thereby causing pain. (D) Sprouting of A-delta fibers and C-fibers 
is promoted after secretion of NGF and glial cell line-derived neurotrophic factor (green dots) 
by immune cells, tumor cells and stromal cells due to pathology in the bone (e.g. bone marrow 
tumor). Sprouting of sensory neurons results in a higher innervation density localized near the 
pathology site, which makes the bone highly sensitive to mechanical distortion. Abbreviations: 
DRG, dorsal root ganglion.

The second pathophysiological mechanism underlying bone pain is peripheral sensitization. 
This mechanism is triggered by lowering of the resting membrane potential closer to 
the depolarization threshold and by the upregulation of ion channels. The result is that 
A-delta fibers and C-fibers become highly sensitive to nociceptive stimuli. Sensitization 
of A-delta fibers and C-fibers is caused by three different pathways (Figure 2). The first 
pathway involves sensitization by inflammatory mediators secreted during bone injury135. 
As mentioned before, A-delta fibers and C-fibers can be activated by inflammatory 
mediators, which are produced in response to bone fracture. In addition to this finding, 
several studies showed that C-fibers and A-delta fibers located in the periosteum, cortical 
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bone and bone marrow can be sensitized by similar mediators184,204–207. The application of 
histamine, serotonin, bradykinin and prostaglandin E2 caused an easier depolarization 
of the mechanosensitive A-delta fibers and C-fibers184. This suggests that these fibers 
can be sensitized during inflammatory diseases or even due to inflammatory mediators 
released by hematopoietic stem cells located in the bone marrow, thereby lowering the 
threshold for discharge in reaction to a mechanical stimulus.

The second pathway inducing sensitization is the phosphorylation of ion channels and 
receptors located on A-delta fibers and C-fibers. In particular, NGF plays a major role in 
this mechanism. Similar to inflammatory cytokines, NGF is released by immune cells after 
bone injury or by tumor cells and subsequently binds to nociceptors that exhibit TrkA, 
which both A-delta fibers and C-fibers do126,135,208. This results in the phosphorylation of 
ion channels and receptors135,209–211. Especially, binding of NGF causes phosphorylation 
the TrpV1 and ASIC3 ion channels, making A-delta fibers and C-fibers more sensitive to 
pH alterations209–211. This finding can be related to the first pathophysiological mechanism 
of bone pain, involving the activation of A-delta fibers and C-fibers due to an acidic 
environment (section 3.1). The discharge frequency of A-delta fibers and C-fibers might 
increase if NGF release is combined with a local acidosis. In addition, NGF also causes 
phosphorylation of bradykinin-receptors (BR) and prostaglandin E2-receptors (PR), 
making A-delta fibers and C-fibers more sensitive to these cytokines210,212. Therefore, 
a high local concentration of NGF causes an increased sensitivity of A-delta fibers and 
C-fibers in response to protons released by osteoclasts and in response to bradykinin and 
prostaglandin E2 released during inflammation. In line with this finding, a study performed 
in humans showed that treatment with NGF induces sensitization of nociceptors in the 
skin, thereby increasing the signaling of noxious stimuli to the brain213. This suggests that 
blocking NGF might be a novel target for treating bone pain.

The third pathway that induces sensitization of A-delta fibers and C-fibers is an increase 
in transcription of genes involved in nociception. A study performed in rats showed 
that after binding of NGF to TrkA, NGF and TrkA form a complex, which is transported 
into the nucleus of A-delta fibers and C-fibers214. In the nucleus, this complex alters the 
activity of transcriptional factors such that genes involved in the processing of nociceptive 
stimuli are more frequently transcribed208,212,215–219. In particular, these genes encode for 
neurotransmitters including SP, CGRP, brain-derived neurotrophic factor (BDNF) and 
sodium and calcium channels208,212,215–219. Higher concentrations of the aforementioned 
factors cause a change in membrane potentials of A-delta fibers and C-fibers resulting in 
easier depolarizations and an increased sensitivity to painful stimuli. Remarkably, a study 
performed in humans showed that after intracutaneous injection of NGF, the increase of 
transcription factors involved in mechanical nociception is not likely to normalize in short 
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term (i.e. weeks)213. This might help explain the long-lasting duration of pain syndromes, 
which are sometimes developed after bone pathology.

For clarity, the three aforementioned pathways have been described separately, but in 
reality, are interconnected rather than self-contained. In bone pathology they form a 
dynamic pathophysiological mechanism sensitizing A-delta fibers and C-fibers, thereby 
modulating pain.

Figure 2. A schematic overview of the three pathways involved in sensitization of A-delta 
fibers and C-fibers presented in one sensory nerve. The first pathway involves the release of 
inflammatory mediators (purple box) after bone injury. These mediators can sensitize A-del-
ta fibers and C-fibers when they are excessively present. The second pathway includes the 
phosphorylation of ASIC3 and TrpV1 due to binding of NGF (green triangle) on TrkA. This 
results in an increased sensitivity to pH alterations. In addition, binding of NGF on TrkA also 
causes phosphorylation of bradykinin-receptors (BR) and prostaglandin-receptors (PR), making 
A-delta fibers and C-fibers more sensitive to these cytokines. The third pathway involves the 
increase in transcription of genes that play a role in nociception. Binding of NGF to TrkA re-
sults in a TrkA-NGF-complex, which is retrogradely transported into the nucleus of a sensory 
neuron. In the nucleus, this complex increases the activity of transcription factors, such that 
neurotransmitters involved in nociception are more frequently transcribed. Notably, the three 
aforementioned pathways are not self-contained, but rather interconnected and mutually in-
fluenced after skeletal injury.

3.3 Sprouting of A-delta fibers and C-fibers
The third pathophysiological mechanism contributing to the maintenance of bone pain is 
the new formation of A-delta fibers and C-fibers, termed nerve sprouting (Figure 1, D). 
This phenomenon also occurs in physiological conditions, for example during fracture 
healing220–223. In this case, callus formation is accompanied by nerve sprouting, making 
the fracture site more sensitive to mechanical loading preventing excessive use of the 
fractured bone until it is sufficiently healed. Fracture-induced pain models in mice and 
rats showed that after callus resorption and fracture healing, newly formed A-delta fibers 
and C-fibers are withdrawn and innervation of the bone returned to normal220–222. Another 
physiological example is the new formation of bone by an increase in mechanical load (i.e. 
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Wolff’s law). Mechanical signals upregulate the expression of NGF in osteoblasts, which 
causes activation and sprouting of sensory nerves that exhibit TrkA224. Subsequently, this 
leads to the release of osteogenic factors that modulate bone formation224.

On the contrary, in pathological conditions such as osteosarcoma, non-fused fractures, 
degenerated vertebral discs and osteoarthritis, newly formed A-delta fibers and C-fibers 
have a deviant morphology and a different organization, and the innervation density of 
these fibers is higher in the bone marrow cavity, cortical bone and periosteum compared 
to healthy bone129,132,134,141,225–229. Human, mouse and rat studies reported that immune 
cells, stromal cells and tumor cells produce chemical mediators (including endothelin, 
epidermal growth factor, glial cell line-derived neurotrophic factor, vascular endothelial 
growth factor, TNF-a, and NGF), causing activation, sensitization and sprouting of sensory 
neurons132,134,141,225–229. Newly formed A-delta fibers and C-fibers remain to exist resulting in 
a highly innervated periosteum, cortical bone or bone marrow132,134,225–228. Consequently, 
mechanical stimuli which are not perceived as painful under physiological conditions, 
are now experienced as noxious. This means that mechanical disturbances are easily 
detected, because the bone is now weaker due to underlying pathology and is more 
innervated due to sprouting.

Tumor cells located in the bone marrow are able to secrete chemical mediators such 
as NGF, inducing pathological growth of A-delta fibers and C-fibers into the direction of 
the tumor160,225,226,228,230. Together with tumor (in-)growth itself, tumor cells can damage 
sensory neurons (e.g. due to an ischemic tumor microenvironment) causing subsequent 
pain that might lead to chronic neuropathic pain states, suggesting that skeletal pain 
can have a neuropathic component. These findings, in combination with the effects 
of NGF in peripheral sensitization, highlight anti-NGF as an interesting new agent for 
the treatment of bone pain. Indeed, a mouse model of bone cancer pain showed that 
administration of anti-NGF reduced skeletal pain by approximately 40% - 60%228. Similar 
results were obtained in two mouse models of fracture pain231,232. Furthermore, a clinical 
trial demonstrated that pain resulting from osteoarthritis in the knee can be relieved 
by 45% - 60% after treatment with anti-NGF233. Unfortunately, such treatment induced 
significant amounts of adverse effects including hypoesthesia, hyperesthesia, paresthesia, 
headaches, arthralgia, peripheral edema, upper respiratory tract infections and increased 
risks of rapidly progressive osteoarthritis233,234. Therefore, before anti-NGF treatment in 
humans can be used safely, more research is necessary.

Thus, novel A-delta fibers and C-fibers formed by sprouting increase the innervation of 
the periosteum, cortical bone and bone marrow, thereby increasing the sensitivity to 
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mechanical stimuli. This phenomenon can be considered as the third pathophysiological 
mechanism underlying bone pain.

3.4 Central sensitization
The fourth pathophysiological mechanism playing a modulating role in bone pain is central 
sensitization (Figure 3). Similar to afferent sensory neurons in the periphery, central 
sensitization is caused by lowering of resting membrane potentials such that sensory 
neurons depolarize more easily in response to mechanical stimuli. More specific, after 
applying repetitive noxious stimuli to the bone, pain transmitting neurons in the dorsal 
horn become sensitized, thereby amplifying the perception and intensity of pain208,235–241. 
Clinical manifestations of central sensitization include hyperalgesia (the amplification 
of painful stimuli), allodynia (the perception of pain following non-noxious stimuli) and 
temporal summation of pain (increased perception of pain to repetitive stimuli).

Several studies demonstrated central sensitization using the expression of c-Fos in 
afferent sensory neurons in a rat208,235,236,240. C-Fos is a proto-oncogene that is expressed 
when neurons repetitively discharge after processing multiple noxious stimuli and can 
therefore be used as a marker for neuronal activity. These studies showed that, after 
applying noxious mechanical stimuli to the bone, the expression of c-Fos increases in the 
ipsilateral dorsal horn208,235,236,240. Strikingly, after applying such painful stimuli, innoxious 
mechanical stimuli also induced an increase in c-Fos expression236,241. This implicates that 
the resting membrane potential of pain transmitting neurons in central nervous system 
shifts more closely to the depolarization threshold. Such electrophysiological change is 
observed in animals with bone cancer pain, fracture pain or pain caused by inflammatory 
diseases208,236,238,239,241,242.

While c-Fos expression demonstrates electrophysiological changes in the central 
nervous system due to persistent bone pain, two neurochemical changes also play an 
important role in facilitating central sensitization. The first process is the upregulation of 
dynorphin208,236,241. Dynorphin is a class of opioid peptides, which has multiple downstream 
effects, but in particular is involved as a modulator of pain response (i.e. causes neural 
excitation)243. Lai et al. performed an in vitro study in sensory neurons of the dorsal horn 
demonstrating that dynorphin activates the bradykinin-receptor244. This results in an 
increase in calcium influx via voltage-sensitive calcium channels causing hyperalgesia244. 
In addition, a rat study showed that allodynia induced by dynorphin is mediated by the 
N-methyl-D-aspartic-receptor (NMDA-R)243. Several studies demonstrated that dynorphin 
is upregulated in the dorsal horn of the spinal cord in mice with osteosarcoma208,236,241. 
The pain caused by the tumor cells is persistently processed to the spinal cord resulting 
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in central sensitization. However, to what extend dynorphin regulates central sensitization 
and acts on the NMDA-R, needs to be studied more extensively.

The second neurochemical process which facilitates central sensitization as a result from 
nociceptive stimulation of bone is microglial activation and astrocyte hypertrophy in 
the spinal cord236,241,245. Several studies demonstrated that purinergic receptors (P2X-R) 
displayed on microglia are upregulated after repetitive noxious stimulation246–250. These 
receptors can bind adenosine triphosphate (ATP), which is released from afferent sensory 
neurons upon activation246–250. Binding of ATP to P2X-R results in the production of 
BDNF, a neurotrophic factor involved in short-term promotion of pain sensitivity249–252. 
Consequently, BDNF binds to a variety of receptors on afferent sensory neurons in the 
spinal cord, thereby lowering the resting membrane potential such that these neurons 
become sensitized251. This results in hyperalgesia, allodynia and temporal summation.

Thus, electrophysiological and neurochemical changes induced by different (molecular) 
pathways cause sensitization of the central nervous system. These alterations can 
influence the perception of pain and therefore might be involved in patients with chronic 
bone pain.

Figure 3. A schematic overview of the involved factors in central sensitization presented in 
one sensory nerve. Repetitive processing of noxious stimuli originating from the bone cause 
sensory nerve fibers in the spinal cord to undergo electrophysiological and neurochemical 
changes. This results in central sensitization, which amplifies and intensifies the perception of 
bone pain. One important neurochemical change is the upregulation of dynorphin activating 
the NMDA-R and the bradykinin-receptor (BR), thereby increasing the calcium (Ca2+) influx in 
sensory neurons, resulting in hyperalgesia. The second neurochemical change is the upreg-
ulation of P2X-Rs. These receptors can bind ATP, resulting in the production of BDNF, which 
subsequently binds to a variety of receptors on sensory neurons in the spinal cord, resulting 
in central sensitization.

3



70

Chapter 3

4. FUTURE DIRECTIONS

Bone pain affects millions of individuals suffering from skeletal pathology worldwide and 
has a negative effect on quality of life. In the last decade, more research on skeletal 
pathologies has been performed in order to increase knowledge in the mechanisms 
that generate, facilitate and modulate bone pain. This review discusses the fibers that 
innervate the skeleton and describes four pathophysiological mechanisms underlying 
bone pain. These mechanisms include activation of A-delta fibers and C-fibers due to 
mechanical distortion, a local acidosis or an increase in medullary pressure. Activation can 
lead to sensitization by inflammatory mediators, by phosphorylation of acid-sensing ion 
channels and cytokine receptors, or by upregulation of transcription factors. Neurotrophic 
factors induce sprouting of A-delta fibers and C-fibers. These newly formed fibers have a 
deviant morphology, thereby increasing the sensitivity for noxious stimuli exerted on the 
bone. Neurochemical and electrophysiological changes in the dorsal horn of the spinal 
cord can lead to central sensitization, which might, partially, be the cause of chronic 
bone pain.

The identification of multiple key processes involved in skeletal health and disease can 
be considered successful, however, a full understanding of the whole concept of bone 
pain remains problematic. In particular, the interaction between sympathetic fibers and 
afferent sensory nerve fibers in the bone should be studied further in order to grasp how 
these fibers influence skeletal disease progression and pain. Furthermore, the described 
pathophysiological mechanisms are not self-contained, it is more likely that they are 
interconnected, suggesting that the generation and continuation of bone pain is a dynamic 
process. Lastly, some of the molecules involved in peripheral and central sensitization are 
well studied, however there are several studies proposing additional molecular pathways 
that have not yet been validated. Combining the individual mechanisms and further 
elucidating additional molecular pathways for a comprehensive understanding of bone 
pain form the basis for developing pain mechanism-based therapies.

Several studies attempted to block specific molecular mechanisms to attenuate bone 
pain. For example, blocking NGF reduces peripheral sensitization and nerve sprouting, 
resulting in a reduction of bone pain. Whether anti-NGF can be successfully used in 
humans depends on how the reported side effects can be eliminated or minimized. 
Other novel therapies involve the blocking of NMDA-receptors and P2X-receptors. These 
interventions reduce central sensitization and consequently reduce hyperalgesia, allodynia 
and temporal summation of pain. Another way would be to intensify the research of 
local therapies instead of systemic therapies to avoid side effects and still effectively 
attenuate bone pain.
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A strong element of this review is the step-by-step explanation of different 
pathophysiological mechanisms underlying bone pain. This approach resulted in a clear 
overview of the involved dynamic processes. The neuropathic component of bone pain 
is not in-depth described in this review. Clinical studies show analgesic effects of anti-
neuropathic drugs following skeletal surgery. However, insufficient experimental data exist 
on the contribution of a neuropathic component to bone pain and the mode of action of 
anti-neuropathic drugs in attenuating bone pain. Further research might clarify the role 
of a neuropathic component in generating and maintaining bone pain.

In conclusion, this review highlights the dynamic concepts of bone pain and the need 
for mechanism-based therapies to treat bone pain and improve the functional status of 
patients. 3
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ABSTRACT

The recent societal debate on opioid use in treating postoperative pain has sparked the 
development of long-acting, opioid-free analgesic alternatives, often using the amino-
amide local anesthetic bupivacaine as active pharmaceutical ingredient. A potential 
application is musculoskeletal surgeries, as these interventions rank amongst the most 
painful overall. Current literature showed that bupivacaine induced dose-dependent 
myo-, chondro-, and neurotoxicity, as well as delayed osteogenesis and disturbed wound 
healing in vitro. These observations did not translate to animal and clinical research, 
where toxic phenomena were seldom reported. An exception was bupivacaine-induced 
chondrotoxicity, which can mainly occur during continuous joint infusion.

To decrease opioid consumption and provide sustained pain relief following musculoskeletal 
surgery, new strategies incorporating high concentrations of bupivacaine in drug delivery 
carriers are currently being developed. Local toxicity of these high concentrations is an 
area of further research. This review appraises relevant in vitro, animal and clinical studies 
on musculoskeletal local toxicity of bupivacaine.
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INTRODUCTION

Musculoskeletal surgeries rank amongst the most painful surgical interventions overall 
12. The debilitating effects of postoperative pain include delayed mobilization and 
complications, such as pneumonia and decubitus, which in turn can lead to increased 
hospital stay and re-admissions 11. Pain resulting from musculoskeletal surgery is usually 
treated with multimodal pain regimens in which opioids often fulfill an important role. 
Opioids have, however, well-known side effects such as nausea, respiratory depression 
and drowsiness, and can lead to dependence and addiction. Of all patients enrolling in 
opioid-abuse treatment programs, almost half were first exposed to opioids through 
prescription from their physician 253,254. Currently, an estimated two million American 
citizens are addicted to prescription pain killers, such as opioids 255. The risks of 
dependence and abuse are especially relevant for patients undergoing musculoskeletal 
surgery 27. Despite administration of opioids, poorly controlled postoperative pain is 
reported by 75% of patients 11. Therefore, the interest in alternative pain treatments 
not displaying the systemic side effects of current opioid-based regimes is increasing. 
The use of local anesthetics (LAs) has the potential to accelerate postoperative recovery 
and reduce opioid consumption in musculoskeletal surgery. To this end, bupivacaine is 
especially popular as it displays the longest duration of action of all LAs (up to 8 hours) 
256. In comparison, the effects of lidocaine last up to two hours in soft tissue 257. Because 
of its extensive clinical use and the highest potency compared to other long-acting amino-
amide LAs such as ropivacaine and levobupivacaine, this review focuses on bupivacaine 
258. However, eight hours of analgesia is likely insufficient for postoperative pain control 
and therefore novel formulations aim to further extend the duration of action of LAs. 
In fact, bupivacaine is the main LA that has been incorporated in recent opioid-free 
inventions for postsurgical pain relief 39,259–262.

Recent studies have expressed concerns regarding the local toxic effects of bupivacaine 
infiltration when used for musculoskeletal applications. This review aims to assess i) the 
in vitro, in vivo and clinical effects of bupivacaine on various musculoskeletal tissues, cell 
types and relevant environments (including cartilage, bone, muscle, nerves, intervertebral 
disc, and surgical wounds) and ii) and the clinical translatability and real-world relevance 
of these effects. Furthermore, recent approaches and developments to decrease the 
toxic profile and increase the duration of action of bupivacaine are discussed. Studies 
providing data on in vitro, animal model or clinical local toxicity of bupivacaine were 
manually selected. References of selected papers were checked for relevant literature. 
In addition, separate searches were performed for studies comparing free bupivacaine 
with novel formulations of bupivacaine (e.g., liposomal bupivacaine). Articles published 
in languages other than English and case reports were excluded from review. Studies 
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describing systemic toxicity following administration of bupivacaine were outside the 
scope of this review. This literature review did not require an ethical board approval 
because no patients or patient data were involved in the review, and only publicly 
available data was used.

Bupivacaine
After its discovery in 1957, bupivacaine (1-Butyl-N-(2,6-dimethylphenyl)-2-
piperidinecarboxamide) has become one of the most widely and frequently used LAs, 
and is listed as a World Health Organization Essential Drug 263,264. Bupivacaine belongs 
to the class of amino-amide LAs, exerting their anesthetic action through binding to 
the intracellular portion of voltage-gated sodium channels, more specifically the alpha 
subunit. By inhibiting sodium influx into axons, depolarization and, therefore, pain signal 
transduction is inhibited 264. Examples of LA application in musculoskeletal surgery are 
local infiltration anesthesia (LIA) after total hip and total knee arthroplasty (THA and 
TKA, respectively). These local applications are associated with low rates of systemic 
toxicity and adverse effects, providing a favorable comparison with opioids 265–268. Besides 
therapeutic applications, LA infiltrations also serve as diagnostic tool in a variety of joint 
disorders, such as hip or shoulder osteoarthritis 269.

The class of amino-amide LAs has been derived from amino-ester LAs, such as cocaine. 
All amino-amide LAs have a similar molecular structure, with an aromatic lipophilic portion 
linked with an amide-containing intermediate chain to an amine hydrophilic portion 270. 
Bupivacaine has the longest duration of action (up to 8 hours) of all amino-amide LAs 
due to its butyl group attached to the tertiary amine. The lipophilic butyl group allows for 
easy membrane-crossing resulting in high anesthetic potency and prolonged duration of 
action. In plasma, 95% of bupivacaine is protein-bound, mainly to albumin. Bupivacaine 
is metabolized in the liver by conjugation with glucuronic acid and excreted renally 271. 
Elimination half-life is approximately 2.7 hours in adults and 8.1 hours in neonates 272. The 
recommended maximum doses are 2 mg/kg body weight or a maximum of 400 mg per 
day. The dose can be increased to 2,5 mg/kg body weight with addition of epinephrine, 
by virtue of decreased systemic uptake resulting from local vasoconstriction 273. The 
left-isomer-only formulation of bupivacaine, levobupivacaine, is commercially available 
separately and has been associated with decreased systemic toxicity, predominantly 
cardiotoxicity 258. In in vitro studies, the concentration of bupivacaine is often reported 
in mM or uM. To help comparison between studies presented in this review, it should 
be noted that a clinically used concentration of 0.5% Bupivacaine HCl solution equals a 
molarity of 15.4 mM. Bupivacaine HCl solutions are registered for use in spinal, epidural, 
regional or local infiltrative anesthesia. In all cases the solution is administered by 
injection.



79

Review of bupivacaine musculoskeletal toxicity

Figure 1. Bupivacaine structure formula.

Effects of Bupivacaine on Skeletal Muscle
In musculoskeletal surgery, exposing osseous structure(s) often requires cutting through 
or releasing muscle tissue. Muscle recovery after surgery is of paramount importance, 
since it essential for wound healing, and facilitates quick mobilization and uneventful 
return to preoperative function.

It is known that LAs are myotoxic in vitro. Bupivacaine is reported to lead to 60-100% 
in vitro myocyte toxicity in concentrations >1 mM (i.e. in clinically used concentrations) 
274. Previous studies have described histopathological changes at the injection site of 
LAs 275–278. Within minutes, hypercontraction of fiber bundles and myofibrils occurs. 
Within hours, a degenerative phase is observed, with disruption and condensation of 
myofilaments, lytic degeneration of the sarcoplasmic reticulum and mitochondria, and 
pathologic condensation of chromatin, which are signs of early necrosis and apoptosis. 
The sarcolemmal structure remains intact, potentially indicating that fiber degeneration 
occurs mainly intracellularly and does not affect the macroscopic structure of the muscle. 
This degenerative phase lasts for 24-48 hours, after which phagocyte infiltration of the 
application site occurs. Debris is cleared without damage to basal laminae and satellite 
cells. As these cells remain largely intact, complete muscular regeneration can occur 
within three to four weeks.

It is hypothesized that the myotoxic effects of bupivacaine are induced by calcium influx 
in muscle cells. This is supported by the finding that bupivacaine in concentrations >>1 
mM leads to activation of the Ca-release channel-ryanodine receptor in the sarcoplasmic 
reticulum 275,279. Interestingly, levobupivacaine has been shown to have stronger effects on 
Ca-uptake in muscle cells compared with racemic bupivacaine, theoretically potentiating 
its myotoxicity 279,280. Another factor that might play a key role in myotoxicity is pH. 
Indeed, the free base form of LAs reaching the sarcoplasmic reticulum is thought to be 
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responsible for myocyte injury. At higher pH (i.e. closer to and beyond the drug’s pKa), 
the free base fraction increases, potentiating bupivacaine’s capacity to damage muscle 281.

Bupivacaine displays considerable myotoxicity in vitro, leading to apoptosis and (myo-)
necrosis (Figure 2) 282–284. Bupivacaine-induced myotoxicity is dose and time dependent 
285, with the myotoxic effects being reversible within three weeks 286. Animal models 
have been established to study muscle damage using bupivacaine as an agent to 
induce myotoxicity 287. A recent systematic review summarized the in vivo myotoxicity of 
bupivacaine and its effect on muscle recovery. Myotoxicity was defined as the presence 
of (a combination of) muscle weakness or paralysis, or enzymatic changes indicative 
of muscle damage (e.g., elevated creatine phosphokinase serum levels). Muscle tissue 
recovery time was defined as regeneration of muscle fibers, normalization of myofibil 
diameters, and resolution of inflammation and was doubled after LA administration (up to 
30 days, versus normal regeneration time of 14 days) 274,288. Full recovery to preoperative 
function was reported in 21 studies, partial recovery in 17 studies and minimal recovery 
in four studies 274. Notably, myotoxicity also occurred after administration of liposomal 
bupivacaine 274,289. The authors remarked that myotoxicity was correlated with increased 
concentrations of and exposure time to bupivacaine. The occurrence of myotoxicity can 
be explained by the fact that liposomal bupivacaine uses relatively high bupivacaine 
concentrations and sustained release leads to increased exposure time.
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Figure 2. Light microscopy images of LA-induced myotoxicity. (A) Skeletal muscle two days 
after 0.9% saline injection, showing connective tissue (CT) between normal muscle fibers (MC) 
(20x magnification, insert 40x). (B) Skeletal muscle two days after 0.5% bupivacaine injection, 
showing degenerative (DA) and inflammatory areas (IA) alternated with MC (20x magnifica-
tion). (C) Skeletal muscle two days after 0.5% ropivacaine injection, also displaying DA and 
IA (20x magnification). (D) Skeletal muscle two days after 0.5% levobupivacaine injection, 
showing incidental IA and blood vessels (BV) between MC (20x magnification). Öz Gergin et 
al. Comparison of the Myotoxic Effects of Levobupivacaine, Bupivacaine, and Ropivacaine: An 
Electron Microscopic Study. Ultrastructural Pathology, May 2015. Reprinted by permission of 
the publisher (Taylor & Francis Ltd)284

Clinically, effects of muscle damage appear negligible except in muscles of the eye, where 
temporary diplopia after local anesthesia has been reported 290. Continuous infusion of 
LAs after rotator cuff surgical repair did not lead to worse clinical outcomes. The authors 
concluded that myotoxicity may be reversible or is not severe enough to affect tissue 
healing and postoperative outcomes 291. In orthopedic surgery about 0.14% of patients 
experienced clinical symptoms of LA-induced myotoxicity, which included significant 
loss of muscle contraction force and tenderness of the operated extremity. Recovery 
times ranged from four days up to one year 274. However, clinical symptoms of muscle 
damage after LA infiltration are prone to be under-reported. Pain and dysfunction after 
injections administered for post-surgical analgesia can easily be attributed to- or masked 
by postsurgical pain 281. Furthermore, a variable degree of damage to muscle (and the 
associated elevated serum creatine phosphokinase levels) will be caused by muscle 
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dissection during the surgical intervention, complicating isolation of myotoxicity induced 
specifically by bupivacaine.

Effects of Bupivacaine on Articular Cartilage
Bupivacaine ranks amongst the most chondrotoxic LAs 292. Levobupivacaine (the 
S-enantiomer of bupivacaine) induces similar chondrotoxicity when compared to racemic 
bupivacaine, with some studies also reporting increased in vitro chondrocyte mortality 
after one hour of exposure to levobupivacaine, when compared to the racemic mixture 
293,294. The cytotoxicity of LAs might be due to lipophilicity rather than stereoisomers, 
possibly explaining these differences 295. The in vitro chondrotoxicity has been thoroughly 
reviewed and is dependent on exposure time, dose and concentration, and occurs 
at clinically used concentrations 292,296–298. Interestingly, osteoarthritic joints appear 
more susceptible to LA-induced damage compared with joints with healthy cartilage. 
Management of osteoarthritis-associated pain with LA injections can, therefore, lead to 
increased cartilage damage, potentially resulting in more pain 296. Exposure of cultured 
chondrocytes to LAs in in vitro studies is often limited to one hour 296. As the elimination 
half-life of bupivacaine is approximately 2.7 hours, the limited in vitro exposure time could 
hamper translatability of laboratory findings to the clinic 272.

The chondrotoxic effects of bupivacaine solutions and liposomal bupivacaine were 
studied in a porcine model. The bupivacaine solution (0.5% w/v) was injected in the 
stifle joint, leading to significant chondrocyte death in vivo (33% nonviable cells), 
when assessing full-thickness cartilage biopsies with live/dead staining one week after 
administration 299. The use of liposomal bupivacaine formulation (1.3% w/v) resulted in 
a higher chondrocyte viability when compared to bupivacaine HCl (6.2% nonviable cells 
for liposomal bupivacaine vs 33% nonviable cells for bupivacaine HCl) and was therefore 
considered safer for intra-articular use. However, histological changes regarding surface 
integrity, fibrillation and chondrocyte viability did not show significant differences between 
bupivacaine solutions and liposomal bupivacaine formulation one week after injection in 
a porcine model. The synovial membrane was not assessed 299.

In another study, the long-term effects of bupivacaine during 48 hours of continuous 
infusion were studied in a rabbit shoulder model 300. No macroscopic or radiological 
differences were observed between infused glenohumeral joints and controls after three 
months. Cartilage metabolism assessed with sulfate uptake increased after bupivacaine 
infusion, potentially indicating a regenerative response. No difference in cell density, 
percentage of live cells, macroscopic or radiographic changes were observed. Therefore, 
in the model used, articular cartilage has the potential to recover from chondrotoxic 
effects induced by bupivacaine. However, other animal studies conclude that chondrocyte 
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homeostasis does not fully recover following intra-articular bupivacaine administration. 
Rats received a 0.5% bupivacaine injection into the stifle joint. The contralateral joint 
received 0.9% saline with the same volume. Cartilage was assessed histologically after 1, 
4, 12 weeks and 6 months. Bupivacaine did not lead to damage to the chondral surface, 
or superficial chondrocyte viability up to 12 weeks after injection. After six months, 
chondrocyte density had significantly decreased when compared with the control joint, 
despite cell viability remaining constant 301.

Clinically, chondrolysis following a single intra-articular LA administration has seldom been 
reported. This phenomenon is characterized by increasing pain and stiffness in the treated 
joint, with radiological signs of cartilage breakdown and reduced joint space width. A 2015 
systematic review discussed reports of four clinical cases. The rate of chondrolysis when 
studying continuous infusion was considerably higher compared with single injections, 
and 97.7% (163 out of 167) of chondrolysis cases reported occurred after continuous 
infusion and the majority of cases occurred in the glenohumeral joint. It should be noted 
that in most studies adrenaline was co-administered with bupivacaine 302.

Effects of Bupivacaine on the Intervertebral Disc
Bupivacaine is a commonly used LA for both diagnosis and treatment of discogenic 
back pain. However, various in vitro studies have shown toxic effects of bupivacaine on 
intervertebral disc (IVD) cells. Bupivacaine appears to lead to both concentration- and 
exposure time-dependent necrosis and apoptosis of IVD cells, and decreased matrix 
synthesis 303–308.

As with osteoarthritic synovial joints, attempts to relieve pain from degenerative disc 
disease using LAs could lead to an increase of symptoms due to the cytotoxic effects of 
these LAs. Interestingly, these findings only partially correlate with data from in vivo and 
clinical studies. For instance, increased rates of apoptosis were observed seven days after 
bupivacaine (0.5%) injection into intervertebral discs of a rabbit model when compared 
to saline controls, which are in agreement with previuos in vitro studies 309,310. However, 
no significant differences in IVD degeneration as scored on MRI, histological scoring 
using safranin-O staining, or amount of viable IVD cells between saline and bupivacaine 
injection were observed after 6 and 12 months. The main cause of damage appeared to 
be insertion of the needle into the annulus fibrosus 309. When comparing bupivacaine-
treated (discography or disc-block, both single injection) IVDs with control discs five years 
after treatment, no significant radiological differences were observed between groups 
regarding disc height, pain, disability scores or range of motion 311. Accelerated disc 
degeneration 10 years after discography has been reported, but this study did not specify 
the injection fluid used 312. Therefore, the observed degeneration following diagnostic or 
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therapeutic disc injections appears to be induced mainly by damage caused by insertion 
of the needle and/or by the use of a contrast agent 309,313. A potential explanation for 
the discrepancies between in vitro and in vivo or clinical observations might be cell 
proliferation reported in vivo after bupivacaine injection into the IVD, which is potentially 
associated with a regenerative response 314.

Effects of Bupivacaine on Bone Repair / Regeneration
Bone (re)generation and formation are essential processes in the recovery period 
following musculoskeletal interventions. Impaired bone healing can have severe clinical 
consequences, such as mal- or non-union of fractures or reduced osteointegration of 
implants. Lucchinetti et al. reported a dose-dependent reduction of mineralized matrix 
deposition by MSCs during LA exposure, with bupivacaine being the most inhibitory. 
At bupivacaine concentrations of 250 uM (= 0.008%) no osteogenesis was observed 
in vitro 315. These findings are in contrast to studies in animal models assessing bone 
healing in the presence of bupivacaine. Fourteen and thirty-five days after hematoma 
infiltration with 0.25% bupivacaine following a closed diaphysis fracture in rat femora, 
no difference in callus composition, bone tensile strength or histological appearance was 
observed between bupivacaine-treated and control groups 316,317. Similar results were 
reported in dogs for 0.5% bupivacaine infiltration 318. Clinical studies describing effects 
of bupivacaine on bone healing is limited. Results of the few studies available seem to 
agree with findings from the animal studies mentioned. A retrospective cohort study 
assessing feasibility of hematoma block following femoral fracture in 35 children did not 
report delayed bone healing 319. The effect of liposomal bupivacaine (120 mg) on bone 
healing was assessed on X-ray images taken 4-6 weeks after bunionectomy. None of the 
158 patients showed evidence of impaired bone healing. However, whether the surgery 
included any correction osteotomy was not specified. In the case of bunionectomy only, 
no bone fragments would have to fuse 320.

Effects of Bupivacaine on Wound Healing
Wound healing is an important regenerative process following surgery. Various drugs 
are known to be associated with delayed or disturbed wound healing 321. In an in vitro 
wound healing scratch assay, MSCs were cultured using medium supplemented with 20 
ng/mL TNF-alpha and exposed to bupivacaine 100 uM (=0.00325%). Following three and 
six hours of bupivacaine exposure, delayed migration of MSCs and delayed repopulation 
of the in vitro defect size compared with controls were observed 315. Population doubling 
time increased significantly from 40 hours to 93 hours at these concentrations. At higher 
concentrations of bupivacaine, a decrease in cell count was observed. This phenomenon 
was accompanied by LDH release, a marker for cytotoxicity and increased membrane 
permeability 315. However, in a rat model of wound healing, no differences regarding 
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amount of collagen fibers, wound tensile strength and inflammatory parameters were 
observed between the intervention and control group after 14 days, indicating that 
bupivacaine did not negatively affect wound healing 322. Similar studies have been 
performed in mice 323. After three days, no differences regarding wound surface, re-
epithelialization or neutrophil numbers were observed compared to controls in both 
the healthy and impaired healing groups. In contrast to results from the rat model, a 
non-significant trend towards decreased collagen accumulation in wounds following LA 
administration was found in mice. However, this study did not objectify wound tensile 
strength and used a shorter follow-up period (3 vs 14 days) 322,323.

Furthermore, results of clinical studies showed no significant differences in wound healing 
or scar formation in later phases when using liposome bupivacaine or conventional 
bupivacaine HCl. Overall, satisfactory wound healing in both interventional groups was 
reported across various surgical models 324. A randomized clinical trial reported no wound 
healing complications of bupivacaine infiltration compared to control group in human 
breast surgery 325.

Effects of Bupivacaine on Neural Tissue
The musculoskeletal system, especially the spinal column, is in close relationship with 
the central and peripheral nervous system. To obtain anesthesia during orthopedic 
interventions, administering regional or spinal blocks with bupivacaine are common in 
the perioperative pain management.

Bupivacaine can lead to significant neuronal cell death in vitro. In experiment using human 
SH-SY5Y neuroblastoma cells, a concentration-dependent decrease in cell viability after 
exposure to various LAs was observed in 10 minutes. Bupivacaine had the highest toxic 
potency of all LAs included in the study. Cell death was primarily due to necrosis, but 
bupivacaine also led to apoptosis when concentration or exposure time increased 326. 
These results are in agreement with other reports 327.

In vivo, the effect of intraneural injection of both plain bupivacaine solution and liposomal 
bupivacaine was studied at clinically used concentrations in a porcine model. No persistent 
neurological deficits were observed 12 hours after treatment. The sciatic nerve was 
excised two weeks after injection and assessed for histological nerve injury. Immune 
cell count, cytokine mRNA and axonal density did not differ significantly in both groups 
when compared to controls 328. In rabbits, bupivacaine led to moderate neurotoxicity 
(regarding CSF glutamate concentrations and vacuolation of the dorsal funiculus) of the 
spinal cord one week after intrathecal administration. However, the LA concentrations 
used in the study were higher than those used clinically 329.

4
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From a clinical perspective, persisting neurological damage from LAs is rare, with risks 
of neurological injury after peripheral nerve blocks estimated to be around 0.04% 330. 
The risk of lasting damage is lower in central nerve blocks (i.e. spinal and epidural 
applications), with estimates between 1 and 4 in 100.000 cases 331. The incidence of 
anesthesia-related neurologic complications varies, however, both over time and between 
studies 331,332. For example, neurological deficits have been reported in 3-5% of patients 
two weeks after undergoing a brachial plexus block. After 4 weeks, 0.4% of patients still 
experienced deficits 333. These numbers, apart from being at risk for publication bias, 
might overestimate the actual damage done by LAs, as injection pressure, needle trauma 
and patient positioning during surgery can also account for (persisting) neurological 
damage 331.

Recent Developments
To both extend duration of action and minimize toxicity, alternative formulations of 
bupivacaine have been developed. Examples are liposomal formulations and biodegradable 
polymer matrices, with liposome bupivacaine being the only formulation to have reached 
market approval presently 39,259–262. A hydrogel formulation of bupivacaine, liposome 
bupivacaine and a conventional bupivacaine solution have been tested in vivo in direct 
comparison 262. Following plantar incision, rats were administered 0.1 mL near the sciatic 
nerve of either liposome bupivacaine (13,3 mg/mL), hydrogel matrix containing bupivacaine 
HCl (105 mg/mL), or the hydrogel matrix without any bupivacaine. An irritant rank score 
was calculated based on histological analysis, grading the presence of inflammatory cells, 
fibroblasts, neovascularization, fibrosis, necrosis, hemorrhage, and tissue ingrowth into 
the material. Mechanical pain sensitivity threshold was tested using Von Frey ligaments. 
Rats treated with the bupivacaine-containing hydrogel matrix tolerated higher mechanical 
forces on the injured paw compared to the liposomal bupivacaine group and the empty 
hydrogel matrix group. However, this group also displayed the highest irritant ranking 
scores after 5 (moderate score) and 42 (slight score) days. The empty hydrogel matrix 
also displayed moderate and slight irritant rank scores at 5 and 42 days, respectively, 
indicating local toxic effects of the matrix itself. It is pointed out that only the cumulative 
score was reported, preventing evaluation of specific local effects on inflammation, 
vascularization, necrosis and other factors. Furthermore, not only the concentration but 
also the cumulative dose of bupivacaine differed between the intervention and control 
group, hampering their comparability. No clinical trials of the hydrogel bupivacaine 
formulation are available yet. Liposomal bupivacaine formulations have been tested 
clinically; however, the analgesic advantages compared with plain bupivacaine solutions 
appear limited 334. In vivo, the myotoxic effects of liposomal bupivacaine (13,3 mg/mL 
bupivacaine HCl) were comparable to 5 mg/mL plain bupivacaine HCl solution after 5 
days, and significantly less than a 13,3 mg/mL plain bupivacaine HCl solution. However, 
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the degree of inflammation after two weeks was comparable between the 13,3 mg/mL 
bupivacaine HCl solution and liposomal bupivacaine 289.

CONCLUSIONS AND OUTLOOK

Bupivacaine is extensively used in (surgical) treatment of musculoskeletal diseases since 
its discovery in 1957. In bone regeneration, muscle repair, nerve damage, wound healing, 
and intervertebral disc damage, the in vitro effects of bupivacaine point towards an 
inhibitory effect, even at concentrations lower and exposure times shorter than those 
used clinically. Racemic mixtures of bupivacaine enantiomers and levobupivacaine lead 
to similar degrees of in vitro toxicity. However, in both animal and clinical studies, these 
effects are rarely reproduced and, if they are, appear largely reversible. In IVD, neural 
and muscle applications, the local toxic effects of bupivacaine displayed reversibility, albeit 
delayed compared to controls. Clinically observed adverse events following local toxicity 
of bupivacaine have seldom been reported. The local toxic effects of bupivacaine, when 
used as perioperative anesthetic, may have minimal impact compared to the extensive 
tissue damage and systemic response elicited by the surgery itself. Bupivacaine seems 
to induce chondrotoxicity in vitro and up to a certain extent also in in vivo and in clinical 
studies. Therefore, the use of bupivacaine in synovial joints might best be avoided. 
Recently developed liposomal and polymer matrix formulations of bupivacaine provide a 
longer duration of action, but with similar degrees of local toxicity. This leaves an unmet 
need for a LA-formulation that increases the duration of pain blockage without increasing 
local toxicity. As described in this review, the in vitro toxic effects of bupivacaine are 
rare in in vivo studies. Interestingly, if adverse effects are observed in vivo or clinically, 
they appear to be reversible. A possible explanation for the discrepancies observed 
between in vitro and in vivo data might be the models used to study in vitro toxicity 
of bupivacaine. Indeed, most of the in vitro tests are performed in two-dimensional 
cell cultures, which are not representative of the complex architecture and systemic 
absorption and metabolism of the human body. Furthermore, the inflammatory, high-
perfusion, regenerative phase taking place after both bupivacaine injection and surgery 
is overlooked in vitro. In summary, this review revealed that current literature report low 
levels of bupivacaine local toxicity in clinically used concentrations for the majority of 
musculoskeletal applications.
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ABSTRACT
Purpose: Various sustained-release formulations incorporate high bupivacaine 
concentrations but data on local toxicity is lacking. This study explores local toxic effects 
of highly concentrated (5%) bupivacaine compared to clinically used concentrations in 

vivo following skeletal surgery, to assess the safety of sustained-release formulations 
with high bupivacaine concentrations.

Methods: Sixteen rats underwent surgery, in which screws with catheters affixed were 
implanted in the spine or femur in a factorial experimental design, allowing single-shot or 
continuous 72h local administration of 0.5%, 2.5% or 5.0% bupivacaine hydrochloride. 
During the 30-day follow-up, animal weight was recorded and blood samples were 
obtained. Implantation sites underwent histopathological scoring for muscle damage, 
inflammation, necrosis, periosteal reaction/thickening and osteoblast activity. Effects of 
bupivacaine concentration, administration mode and implantation site on local toxicity 
scores were analyzed.

Results: Chi-squared tests for score frequencies revealed a concentration-dependent 
decrease in osteoblast count. Moreover, spinal screw implantation led to significantly more 
muscle fibrosis but less bone damage than femoral screw implantation, reflecting the 
more invasive muscle dissection and shorter drilling times related to the spinal procedure. 
No differences between bupivacaine administration modes regarding histological scoring 
or body weight changes were observed. Weight increased, while CK levels and leukocyte 
counts decreased significantly during follow-up, reflecting postoperative recovery. 
No significant differences in weight, leukocyte count and CK were found between 
interventional groups.

Conclusion: This pilot study found limited concentration-dependent local tissue effects 
of bupivacaine solutions concentrated up to 5.0% following musculoskeletal surgery in 
the rat study population.
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INTRODUCTION

Musculoskeletal surgeries are perceived as exceptionally painful (4). Currently, 
postoperative pain is treated with multimodal analgesic protocols that aims to achieve 
synergistic effects between analgesics by targeting multiple pain pathways.(13) 
Frequently used analgesics in multimodal protocols include acetaminophen, non-steroidal 
anti-inflammatory drugs, local anesthetics and alpha-2-antagonists. Still, opioids fulfil a 
prominent role in analgesia after musculoskeletal surgery. Major drawbacks of opioid use 
are the frequency of adverse events and risk of dependence or addiction (14). Opioid use 
and abuse are current societal challenges, with various (inter-)national initiatives being 
undertaken to limit opioid-related morbidity and mortality (19). Despite treatment with 
opioids, poorly controlled postoperative pain is reported in up to 75% of patients (12). 
The limited efficacy of postoperative analgesia and drawbacks of opioids leave a clear 
unmet need for effective and safe pain treatment following skeletal surgery.

Because sensory nerve fibers are abundant in skeletal tissue, local anesthetics have the 
potential to decrease opioid consumption following skeletal surgery as part of multimodal 
analgesic protocols (26). With up to eight hours of analgesia, bupivacaine provides the 
longest duration of action of all local anesthetics (1). However, eight hours of analgesia 
is insufficient for most (skeletal) surgeries, driving the development of various new 
sustained-release formulations of bupivacaine (21). An advantage of local bupivacaine 
sustained-release formulations is their relatively high drug concentration at the target site, 
while systemic levels stay low (21). However, multiple in vitro studies report concentration-
dependent cytotoxicity of musculoskeletal cell types following bupivacaine exposure (24). 
For example, bupivacaine at subclinical concentrations induces concentration-dependent 
decreases in mesenchymal stem cell proliferation, osteogenesis and wound healing in 

vitro, three important processes for successful recovery after musculoskeletal surgery 
(18). The translatability of bupivacaine in vitro toxicity to the in vivo situation has recently 
been reviewed (24).

Clinically, bupivacaine is used in concentrations up to 0.5% (5 mg/mL), but novel 
bupivacaine sustained-release formulations use concentrations ranging from 1.33% 
to 10.5% (9,10). Such high concentrations are necessary to provide a sufficient dose 
of local anesthetic for extended durations of analgesia within manageable volumes. 
One such sustained-release formulation for use in skeletal surgery is currently under 
development by the authors, for co-implantation with screws (25). However, local toxic 
effects of bupivacaine concentrations higher than used clinically are largely unknown, 
and knowledge of these effects is essential to understand the safety of bupivacaine 
sustained-release formulations (29). To provide insight in the in vivo local toxicity of 
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highly concentrated bupivacaine, this study infused high bupivacaine concentrations in a 
rat model following musculoskeletal surgery. We hypothesized that bupivacaine induced 
concentration-dependent toxic effects in musculoskeletal tissue after surgery.

2. METHODS

2.1 Animals
National Animal Experiments Ethical Committee approval (AVD1150020197225) was 
obtained before the experiments. Study design and results were reported according to 
the ARRIVE guideline. Male Wistar rats (Envigo, HsdCpb:WU, 8 weeks old and weighing 
250 g upon arrival) were used because of their extensive use in toxicology studies 
and bupivacaine pharmacokinetics comparable with humans (2,16). Upon arrival, rats 
were randomly picked from the box upon delivery to receive an ear-marking or not. A 
predefined schedule was in place to dictate the cage number and ear-marking of a rat, 
based on the sequence of picking. In each cage, a rat without ear-mark (blank) and a 
rat with a left ear-mark (left) were placed. The cages were numbered, resulting in animal 
codes in the format [cage number]-[blank OR left]. Using an online random sequence 
generator (www.randomizer.org), animal codes were matched to a treatment (consisting 
of administration method, administration location and bupivacaine concentration, e.g., 
D25S: Dosedump – 25mg/mL - Spine). Rats were housed in pairs in standard cages with 
cage enrichment, a 12-hour light/dark cycle and air conditioning at 23±2°C with 60% 
humidity. Cages were cleaned at weekly intervals. Standard rodent chow and water 
were provided ad libitum. Animals were allowed one week of acclimatization prior to 
surgery, with daily handling by the researchers to reduce handling-related stress during 
experimental procedures. Pre-operative weights were recorded. Following surgery, 
animals were housed in solitary cages for 72 hours to avoid conflicts between animals, 
damage to the catheter and wound healing problems. After 72 hours, the catheter was 
cut at skin level to allow subcutaneous retraction of the catheter and healing of the skin. 
After the catheter was cut, the rats were housed in pairs again. Each individual rat served 
as experimental unit.

2.2 Surgery
All rats received enrofloxacin (5 mg/kg), carprofen (5 mg/kg) and morphine (2.5 mg/
kg) subcutaneously pre-operatively. To broaden generalizability, both a spinal and long 
bone (femur) application were performed. For spinal applications, rats were placed 
prone on a prewarmed surgery table under general anesthesia (17). The iliac crest and 
spinous processes were identified and a midline incision was performed 1 cm cranially 
from the iliac crest. The paraspinal musculature was dissected laterally to expose the 
transverse processes of L4-5. A 0.8 mm hole was drilled in the transverse process and a 
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stainless-steel screw (1*5 mm), attached via a poly(e-caprolactone) connecting piece to 
a polyurethane (PU) catheter (internal diameter 0.6 mm, UNO, Zevenaar, Netherlands) 
was inserted, so that the catheter opening faced the bone surface (Fig. 1). Sterile saline 
solution was dripped next to the hole during drilling for cooling. The dead volume of 
catheters was pre-filled with the appropriate bupivacaine solution to ensure infusion 
of precise volumes. The catheter was tunneled subcutaneously towards an exit-point 
between the shoulders and fixed to the skin with a suture. Bupivacaine infusion was 
initiated after confirmed absence of motor deficits (i.e., following observed movement 
of tail and paws).

For femoral applications, rats were positioned laterally on the surgery table (5). A 
longitudinal incision was performed lateral to the femur. The vastus lateralis muscle was 
separated from the femur by blunt dissection. A 0.8 mm hole was drilled in the femoral 
shaft and a stainless-steel screw attached to a catheter was inserted. The catheter was 
tunneled as in the spinal application.

Figure. 1 Schematic representation of experimental setup. Screws with a catheter attached 
were implanted in either the spine or femur. Catheters were then tunneled subcutaneously 
(dotted line) and exited between the shoulders. A pump was connected to the catheter to 
allow controlled infusion of bupivacaine solutions. Representative MicroCT images for the two 
surgical locations are shown.

5
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2.3 Test Substance
Clinically used bupivacaine HCl 0.5% was obtained from Aurobindo Pharma (Baarn, 
Netherlands). Bupivacaine HCl powder was obtained from Siegfried (Evionnaz, Switzerland) 
and dissolved at 2.5% and 5.0% by a licensed veterinary pharmacy (Utrecht University, 
Netherlands). Bupivacaine solutions were delivered through the catheter to the surgical 
site. Potential adsorption of bupivacaine onto the inner lining of the catheter was tested 
by immersing 5 cm of catheter into a 5.0% bupivacaine solution for 72h at 37°C. Following 
rinsing to wash away any non-adsorbed drug, bupivacaine content was determined 
using a previously described UPLC method and expressed as mg drug absorbed per cm 
of catheter (23). Catheters were attached to a gas chromatography syringe and pump, 
allowing precise infusion rates. Applying a factorial experimental design, rats underwent 
either spinal or femoral surgery and received 40 mL of bupivacaine 0.5% (clinically used 
control), 2.5%, or 5.0%, equating to 0.67, 3.3 and 6.7 mg/kg bodyweight, respectively. 
The bupivacaine solution was infused within a 10-second window (simulating dose-
dumping) or in a sustained fashion (initial 50% of the total volume in the first 2 hours, 
followed by linear infusion of the remaining 50% over 70 hours), simulating burst release 
as displayed by various bupivacaine sustained-release formulations (21). This design 
yielded 12 combinations (Table 1). For every combination, a single rat was allocated. In 
case of termination of the experiment due to circumstances unrelated to the allocated 
treatment (e.g., technical failure, surgical complications), additional rats were available to 
repeat these treatments. To quantify correlations between each independent parameter 
(i.e., concentration, implantation site and infusion profile) and dependent parameters 
(i.e., histology scores, weight, leukocytes, CK), rats from the respective independent 
parameter subcategories were pooled.

2.4 Evaluation of Well-Being
Following surgery, animals were inspected for physical attributes such as appearance, 
wound healing and general condition. Well-being was scored daily by experienced 
caretakers. Weight was measured at predetermined intervals. Animals received carprofen 
and enrofloxacin (5 mg/kg) once daily until 72 hours after surgery. When the clinical 
condition of an animal caused concern, a veterinarian was consulted and action was taken 
(and documented) and/or monitoring was adjusted according to dictating circumstances.

2.5 Systemic Toxicity: Blood and Serum Analysis
Blood was sampled from the tail vein at 1, 2, 4, 24 and 72 hours, 11, 18 and 30 days 
after surgery, and a volume of 100-200mL was collected. Leukocyte counts as a marker 
for inflammation, and CK levels as a marker for muscle damage were quantified by a 
blinded veterinary diagnostic laboratory. Bupivacaine serum levels were measured using 
a commercially available ELISA kit (DEIA-XYL46, Creative Diagnostics, NY, USA).
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2.6 Local Toxicity: Histological Analysis
Animals were euthanized 30 days after surgery by CO2 asphyxiation. Gross necropsy 
was performed according to Registry of Industrial Toxicology Animal data (RITA) and 
North American Control Animal Database (NACAD) guidelines (20). Screw positioning 
and surrounding bone quality were imaged directly following euthanasia using computed 
tomography imaging (MicroCT: Quantum FX, Perkin Elmer, MA, USA). Implantation sites 
were then resected en bloc and stored in 4% buffered formaldehyde. To prevent metal 
oxidation, screws were removed prior to sample decalcification yet after tissue fixation. 
Thereafter, samples were decalcified (Rapid Decalcifying Solution, Klinipath, Netherlands) 
and embedded in paraffin. 4 mm sections were stained using hematoxylin (Haemaluin, 
Fisher Scientific, MA, USA) & eosin (Eosine G(Y), Merck, Germany) stain. Three to five 
sections were assessed per animal in two locations: at the level of the screw head and 
in the surgical trajectory. For every animal, two sections containing either the screw hole 
or trajectory, and visually most extensive damage were scored in a semi-quantitative 
fashion by a blinded board-certified pathologist using standardized terminology (3). A 
Nikon Eclipse E900 microscope was used for imaging. All slides were screened for relevant 
tissue processes and cell types to be included for scoring. Next, the range in which 
these processes took place was determined on an ordinal scale (0 = absent, 1 = mild, 
2 = moderate, 3 = severe). Included categories for scoring were: bone damage, fibrosis, 
presence of histiocytes, inflammation, necrosis, osteoblasts and periosteal reaction. 
Muscle tissue was separately scored for atrophy, calcifications, fibrosis, necrosis and 
inflammation.

2.7 Statistical Analysis
As this study aimed to provide a proof-of-principle of bupivacaine-induced toxicity after 
musculoskeletal surgery, no sample size calculations were performed. Statistical analysis 
was performed using Rstudio (Boston, USA). Data normality was assessed using Q-Q plots 
and a Shapiro-Wilk test. All continuous parameters were reported as means ± SD. Effect 
of bupivacaine concentration on local toxicity scores was analyzed using Chi-squared 
tests, comparing the frequency of category scores (0-3) between groups. In case of 
significance, Chi-squared tests were combined with a Bonferroni post-hoc test to correct 
for multiple comparisons. Effects of infusion profile and implantation site on local toxicity 
scores were analyzed using Chi-squared tests. Sensitivity analyses were performed by 
employing multivariable ordinal logistic regression analysis (supplementary information). 
Weight, CK and leukocyte counts were analyzed as dependent parameters using 
mixed-effects models. Time since surgery, infusion profile, bupivacaine concentration, 
implantation site and any interactions between these factors were used as fixed effects, 
while also incorporating a random intercept for each individual rat and a random slope 
for time since surgery per individual rat. To determine significance, p <0.05 was used.

5
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3. RESULTS

3.1 Evaluation of Well-Being and Complications
Sixteen rats underwent surgery. One rat (L5F) died shortly after surgery because of 
excessive blood loss following femoral drilling and was replaced. Taking into account 
the blood loss during surgery and evident hypovolemic shock (e.g., pallor), the death 
was considered unrelated to drug exposure and the treatment was therefore repeated 
in another rat. All other animals recovered without incidents from surgery. In one 
rat (L25F), the catheter broke after 8h of infusion, necessitating a reiteration of the 
experiment to ensure adequate bupivacaine exposure. Following surgery and bupivacaine 
administration, rat D50F displayed abnormal behavior: gagging, drooling, rhonchi, and 
tachypnea. The rat received atropine (0.1 mg/kg) treatment and recovered the day after 
surgery. Because a potential relationship between dose dumping of a high concentration 
of bupivacaine and these symptoms could not be excluded, the 5.0% bupivacaine dose-
dump scenario for both a spinal and femoral administration were repeated in two rats 
(D50F and D50S). Repeat rats receiving the 5.0% bupivacaine dose-dump scenario did 
not undergo histological analysis. MicroCT imaging did not display signs of impaired bone 
healing in any rat (e.g., radiolucent areas around the screws). Furthermore, all screws 
were tightly anchored in the bone upon post-mortem retrieval. During gross examination 
following termination, petechia in the thymus were reported in two rats (L5S and L50S).

3.2 Histological Analysis of Local Toxicity
Cartilaginous new bone formation around the screw, fibrosis, presence of histiocytes, 
periosteal thickening and varying degrees of inflammation were evident after femoral 
implantation (Fig. 2A). Following spinal implantation, periosteal reaction, muscle fibrosis, 
muscle atrophy, and presence of histiocytes were reported (Fig. 2B).
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Figure 2. Representative histology images. A) Hematoxylin and eosin staining of a femoral 
implantation site with cartilaginous new bone formation in the screw trajectory (A1), fibrous 
capsule formation around the screw head (A2) and periosteal thickening (A3). B) Hematoxylin 
and eosin staining of a spinal implantation site with fibrous capsule formation around the screw 
head (B1), abundant osteoblasts lining the cortex (B2) and muscle fibrosis (B3).

Individual rat histology scores are displayed in Table 1. Preparation of histology 
slides failed in rat D5S, as the tissue had been damaged during resection and was 
no longer suitable for sectioning. Necrosis was absent in all of the samples studied. 
Fibrosis, histiocyte infiltration, inflammation, muscle atrophy, muscle calcification, 
muscle inflammation and periosteal reaction scores were not significantly influenced by 
bupivacaine concentration, administration site or administration profile (Fig. 3). Increasing 
bupivacaine concentration led to a significant decrease in osteoblast count (p = 0.045). 
Bonferroni post-hoc analysis revealed that the significant difference existed between the 
clinically used 0.5% concentration and the 5.0% concentration. A significant increase 
in bone damage (p = 0.004) and decrease in muscle fibrosis (p = 0.015) was observed 
when comparing femur with spine. Multivariable sensitivity analysis confirmed these 
findings (supplementary).

5
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Figure 3. Bar charts displaying the frequency of histology scores per histological parameter as 
a function of A) bupivacaine concentration administered (wt%), B) bupivacaine administration 
profile (SUS – Sustained administration, DD – Dose Dump administration) and C) administra-
tion site (spine and femur). P-values obtained from Chi-squared tests are displayed. In case 
of a significant Chi-squared test and comparison between >2 groups, a post-hoc Bonferroni 
testing was performed.

3.3 Secondary Outcomes
Body weight was used as indicator for general animal well-being (27). Following an 
expected initial decrease after surgery, weight increased steadily during postoperative 
recovery (Fig. 4). Rats undergoing dose-dump administration experienced a steeper 
decrease in postoperative weight, but recovered as fast as rats receiving continuous 
infusion. Postoperative leukocyte counts and CK levels are shown in Fig. S1 and Fig. S2, 
respectively. No delayed or disturbed wound healing was observed in any interventional 
group. Bupivacaine adsorption per cm of PU catheter was 2.5 ± 0.7 mg, when 
administering 5.0% bupivacaine. As 1 cm of catheter (diameter 0.6 mm) had a volume 
of 2.8 mm3, 14 cm of catheter contained 40 mL bupivacaine infused. This led to a potential 
loss of bupivacaine of 2.5 mg/cm * 14 cm = 35 mg. Taking the small adsorption values 
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into account (35 mg on a total dose 2000 mg in the 5.0% bupivacaine group), this effect 
was presumed minimal.

Figure 4. Body weight changes in rats undergoing surgery and infusion of bupivacaine. Median 
body weight and interquartile range (IQR) are shown. (i) Weight changes over time in rats 
receiving bupivacaine infusion in a dose-dump or sustained fashion. (ii) Weight changes over 
time in rats undergoing spinal or femoral catheter implantation and bupivacaine infusion. (iii) 
Weight changes over time in rats receiving infusion of 0.5%, 2.5%, or 5.0% bupivacaine HCl 
solution. T=0 marks preoperative weight.

Mixed-effect model analysis yielded no significant effects of implantation site, infusion 
profile or bupivacaine concentration on CK levels or leukocyte counts. Analysis of relations 
between fixed-effects displayed a positive interaction between time since surgery and 
weight (regression coefficient 0.91, p = 0.012) and negative interactions between time 
since surgery and CK (regression coefficient -16.354, p <0.001) and time since surgery 
and leukocyte counts (regression coefficient -0.52, p = 0.001). Dose-dump bupivacaine 
administration led to serum concentrations ranging from below the assay detection 
limit of 5 ng/mL (when 0.5% bupivacaine was infused) to 170 ng/mL (infusion of 5.0% 
bupivacaine). All values were an order of magnitude below known systemic toxic values 
(11,15). Bupivacaine serum levels following sustained administration were below the 
detection limit of the ELISA kit, regardless of the infused concentration. Gross examination 
following euthanasia revealed petechiae in the thymus in two rats. This finding can 
be explained by the employed euthanasia method (CO2 asphyxiation), as presence of 
intrathoracic petechiae has been linked to asphyxiation in previous studies (7).
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Table 1. Treatment allocation, and histology subcategory scores for individual rats. 0 = None, 
1 = Mild, 2 = Moderate, 3 = Severe, x = unable to score. Histology failed in one rat (rat 8 – 
D5S). DD = dose-dump administration, SUS = sustained administration.
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DISCUSSION

This study explored the local toxicity of highly concentrated bupivacaine in a skeletal 
surgery rat model, using the current clinical maximum concentration of 0.5% as a control. 
Bupivacaine is a frequently used local anesthetic in skeletal surgery, and has recently 
been applied in novel extended-release formulations at concentrations considerably 
higher than used in clinical practice (6,10). By employing a factorial design, the present 
study investigated the interaction between the administered concentration, implantation 
site and infusion profile. In line with in vitro reports on concentration-dependent inhibition 
of osteogenesis by bupivacaine, increasing bupivacaine concentrations significantly 
decreased osteoblast counts 30 days after spinal or femoral surgery (18). However, no 
corresponding change in bone damage was found. Moreover, CT-imaging and screw 
explantation suggested undisturbed bone healing. No concentration-dependent muscle 
damage was observed, corresponding to previous animal studies showing regeneration 
of bupivacaine-induced muscle damage after three weeks (30). Significantly more bone 
damage was observed in rats that underwent femoral surgery compared with spinal 
surgery. Likely, longer drilling times and subsequent heat generation in the much thicker 
cortex of the femur can explain this difference. In contrast, significantly more muscle 
fibrosis was observed in spinal surgery compared with the femur. This can be attributed to 
the more invasive nature of the spinal procedure: the paraspinal musculature was sharply 
dissected to expose the transverse processes, while blunt preparation between layers of 
the lateral vastus muscle was sufficient to obtain exposure of the femur. No significant 
differences between sustained and dose-dump administration were observed for any 
histological parameter. Altogether these findings agree with previous studies on 0.25% 
and 0.5% bupivacaine, indicating that the reported in vitro toxicity of bupivacaine does 
not translate to in vivo situations, where regenerative processes can take place (8,24). 
This conclusion now appears to be extendable to higher concentrations of bupivacaine.

No significant effects of bupivacaine concentration, implantation location or infusion 
profile on weight, CK or leukocyte counts were present in the mixed-effects model. 
Weight, CK and leukocyte counts correlated with the elapsed time since surgery, reflecting 
uncomplicated postoperative recovery. Despite the small study population and group 
size, the factorial experimental design allowed for exclusion of large effects of highly 
concentrated bupivacaine on skeletal local toxicity following surgery because of the 
inherent hidden replication, averaging the results over the levels of the other factors (22). 
Moreover, multivariable sensitivity analysis yielded results equal to univariable analysis 
(supplementary). Univariate analyses were retained for clarity and readability. Reported 
bone healing rate in rats would have allowed assessment of effects of bupivacaine 
concentrations on bone healing, if present (28). As all rats underwent surgery to receive 
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bupivacaine infusion, the present results regarding the local toxicity of highly concentrated 
bupivacaine cannot simply be extrapolated to a non-surgical population. The addition of 
a control group receiving surgery but not bupivacaine would have further strengthened 
the conclusion that any local toxicity induced by bupivacaine is minor compared with the 
tissue damage through surgery, and its absence is a limitation of this study.

In conclusion, this preclinical study underlines the potential of newly developed sustained-
release formulations of bupivacaine, as no major concentration-dependent local toxicity 
of high bupivacaine HCl concentrations was found following musculoskeletal surgery in 
the rat study population.

SUPPLEMENTARY INFORMATION – SENSITIVITY ANALYSIS

Following parametric testing of histology outcomes, a sensitivity analysis was performed 
by employing multivariable ordinal logistic regression analysis, setting histology 
subcategory as dependent variable and infusion profile (dose-dump vs sustained), 
bupivacaine concentration (0.5% vs 2.5% vs 5.0%) and implantation site (spine vs femur) 
as independent variables. For all statistical analysis, p < 0.05 was used to determine 
significance.

Multivariable logistic regression analysis revealed a significant effect of administration 
site on the severity of muscle fibrosis, corresponding to Chi squared test outcomes in 
the manuscript. Further, a significant effect of bupivacaine concentration on the severity 
of muscle atrophy was present. The significant effect of bupivacaine concentration on 
osteoblast count found in Chi squared testing was not reproduced in multivariable testing. 
No analysis for necrosis was performed. No other significant effects of concentration or 
infusion profile were observed in the multivariable logistic regression models.
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Figure S1. Leukocyte counts (in millions per mL) after surgery. T=0 marks the day of surgery. 
A) Leukocyte counts grouped by bupivacaine concentration. B) Leukocyte counts grouped by 
administration location. C) Leukocyte counts grouped by administration profile. The horizontal 
black bars represent the normal limits provided by the laboratory.

Figure S2. Creatine Kinase (CK) levels (in units per L) after surgery. T=0 marks the day of 
surgery. A) CK levels grouped by bupivacaine concentration. B) CK levels grouped by admin-
istration location. C) CK levels grouped by administration profile. The horizontal black bars 
represent the normal limits provided by the laboratory.
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ABSTRACT

Patients undergoing instrumented spinal surgery frequently suffer from severe 
postoperative pain. Recent histological studies point towards the periosteum as a 
structure that receives dense sensory innervation and is inevitably damaged during 
skeletal surgery. Exploratory clinical studies have demonstrated the susceptibility of 
periosteum to the application of local anesthetics, significantly decreasing the perception 
of pain after sternotomy. We hypothesized that the periosteum is a major contributor to 
postoperative pain, which can be treated using local anesthetics. Local anesthetics inhibit 
action potential conduction in nerve fibers by blocking of voltage-gated sodium channels. 
However, the concentration needed to inhibit action potential conduction is unknown. This 
study describes the development and optimization of an ex vivo neurophysiological setup 
to quantify conduction properties of mammalian innervated tissues. Then, bupivacaine 
is applied in varying concentrations to study its effect on action potential conduction. A 
reversible bupivacaine-induced block of sheep femoral nerve could be obtained. However, 
we were not able to record stable measurements in sheep, nor human periosteum. 
Various suggestions for further optimization of the setup are provided. The results of 
this exploratory study can contribute to a better understanding of the neurophysiological 
basis and potential treatment of skeletal pain.
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1. INTRODUCTION

Severe skeletal pain is a frequently reported symptom by patient suffering from skeletal 
diseases or following skeletal surgery 12. This pain severely impacts functional status 
of these patients 56,114–116,159. To decrease the sensation of pain, multiple targets can be 
identified for application of analgesic drugs 6,7. Each target is susceptible to a certain 
type of drug, depending on its mode of action. Systemic analgesics, such as morphine, 
act centrally by blocking mu-opioid receptors in the central nervous system 67. However, 
opioid receptors are also present in brain structures associated with respiration. Blocking 
these receptors can lead to adverse events, such as respiratory depression, associated 
with the use of opioids 357.

Regional and local analgesic treatment does not alter pain perception, but rather the 
conduction of nociceptive stimuli to the central nervous system. Local anesthetics (LA) 
of the amino-amide type are a class of drugs blocking the conduction of sensory action 
potentials 358,359. The mechanism of action of LAs, such as lidocaine and bupivacaine, 
involves blocking of sodium influx through voltage-gated sodium channels 360,361. This 
inhibits any action potential from being conducted through the network of sensory 
fibers, thereby theoretically eliminating nociception for the duration of action of the 
respective LA 362. The pKa of bupivacaine is 8.1 and this means, following the Henderson-
Hasselbalch equation that the ionized and non-ionized fraction are equal at a pH of 
8.1. Only the non-ionized fraction can cross the phospholipid bilayer of mammalian 
cells and exert its anesthetic action inside the neuron. The anesthetic potential of local 
anesthetics hence depends on environmental pH 281,363. All sensory nerves are susceptible 
to bupivacaine. Sensory nerves can be classified based on their diameter, myelinization 
and conduction velocity. Erlanger and Gasser have classified nerve fibers into various 
categories based on these characteristics in 1937, resulting in A-, B- and C-fibers 364. 
The susceptibility to LA-induced blockage of conduction is different for each category 
361. This phenomenon, termed differential activity, has been studied in nervous tissue 
obtained from various animal species, including rat, cat, rabbit and giant squid 361,362,365–367. 
These studies reported that large fast-conducting fibers can be blocked with a lower LA 
concentration compared to smaller slow-conducting fibers 361,362,365. This suggests that A∂-
fibers (conduction velocity ~20 m/s) are more sensitive to the action of LAs compared to 
C-fibers (conduction velocity ~1 m/s), as A∂-fibers are myelinated and their diameters are 
1-5 µm, and 0.2-1.5 µm, respectively 137,139. For example, Gissen et al. found bupivacaine 
concentrations leading to a 50% action potential amplitude reduction to be four times 
higher in C-fibers, compared to A-fibers (0.201 vs 0.048 mM, respectively, pH 7.4) 361. For 
clinical reference, a 288 mg/L solution of bupivacaine equates to 1 mM, far lower than the 
concentrations at which bupivacaine is commercially available (2.5, 5.0 and 7.5 mg/mL).

6
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The density of sensory innervation is particularly high in mammalian osseous structures, 
providing an explanation for the severe pain experienced after skeletal surgery 17,336. In 
particular, A∂-fibers and C-fibers are the types of sensory nerve fibers that predominantly 
conduct noxious stimuli from the bone 17,137. The highest innervation densities are reported 
in the periosteum 17,126,336. Its dense sensory innervation makes the periosteum a logical 
target for analgesic therapy. During skeletal surgery, the periosteum is easily accessible 
for the application of local anesthetics following muscle dissection. In fact, clinical studies 
have shown potential for the use of LAs in treating periosteum-derived postsurgical 
pain 34,35. To this end, bupivacaine solutions are infiltrated into musculoskeletal tissues. 
However, bupivacaine can induce concentration-dependent toxicity in a variety of 
musculoskeletal tissue types 339. Ideally, the bupivacaine dose and concentration 
administered is sufficient to block action potential conduction but too low to induce toxic 
effects is applied to nervous tissues. Which dose or concentration is sufficient to obtain 
analgesia in periosteum is as of yet unknown. For an improved understanding of nervous 
tissue conduction properties and susceptibility to LA treatment, an ex vivo set-up is 
desirable. Ex-vivo setups provide a means to isolated studying of nociceptive stimulation in 
various sensory fiber types, in their original anatomical configuration. Further, it removes 
the effects of nociceptive signal conduction and subsequent modulation that results in the 
sensation of pain in the central nervous system, as occurs in animal studies. To this end, 
an electrophysiological setup was developed, based on previously reported experiments 
361,362. The present pilot study focuses on the experimental ex vivo setup and design 
of protocols to examine conduction properties of mammalian nervous tissue, and the 
potential of LAs to inhibit conduction in these tissues. This might provide valuable input 
on the pathophysiology and treatment of skeletal pain.
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2. METHODS

2.1 Tissue collection and processing
This study used tissue samples from both human patients and cadaveric sheep. All 
human patients have given prior broad informed consent for anonymized use of excised 
tissue after surgery. Sheep cadavers were available from prior animal experiments at the 
Shared Animal Laboratory (GDL) in Utrecht and no prior ethical approval was necessary. 
None of the sheep included were exposed to systemic treatments or treatments at the 
site of tissue harvest during the animal experiments. Samples of periosteum (3x1 cm) 
and samples of femoral nerves (3 cm length) were collected from cadaveric sheep and 
stored in PBS immediately after harvesting. To prevent interference of joint disease in 
measurements, periosteum samples were taken from midshaft sections of femur and 
tibia. Measurements were always performed within 4 hours after the death of the animal.

Human periosteum was harvested from femoral necks that were explanted during total 
hip replacement surgery. All patients consented to anonymous use of surgical waste 
tissue for research purposes. Immediately after surgery, the femoral neck was collected, 
and surgical damage to the periosteum was assessed visually. If the periosteum was 
substantially damaged due to surgery, the femoral neck was discarded. Before the 
periosteum was taken off, excess fat, muscle and ligaments were removed using a 
scissor and a surgical blade No. 20 (Swann-Morton, Sheffield, UK). Approximately 3x1 cm 
of periosteum was taken off by gentle scraping using the surgical blade. The collected 
periosteum was hydrated in body-stimulating fluid (Liley solution), and measurements 
were performed as soon as possible, but always within 4 hours after femoral neck 
explantation. Liley solution (used for the lateral compartments and as a control before 
drug perfusion) consisted of NaCl, 136.8 mM; KCl, 5.0 mM; CaCl2, 2.0 mM; MgCl2, 1.0 mM; 
C6H12O6, 11.0 mM; and HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 
2.53 mM. The pH was adjusted to 7.4 with the use of NaOH, 0.1 M 361,362.

2.2 Experimental setup: periosteal chamber
The periosteal chamber was made of polydimethylsiloxane (PDMS) (Farnell, Leeds, UK), 
and consisted of three communicating compartments (Figure 2). Chamber design was 
based on previous experiments by Wildsmith et al., and Gissen et al.361,362 The dimensions 
of the periosteal chamber were 70x30x15 mm (LxWxH). The dimensions of the two 
lateral compartments (stimulating and recording) were 20x20x7.5 mm, and those of 
the central compartment were 10x20x7.5 mm. The lid contained perfusion ports for 
all compartments, and two septa of 3 mm wide, which were used to ensure electrical 
isolation between compartments (Figure 1). The two lateral compartments acted as baths 
and contained Liley solution, while the middle compartment could be perfused with drug 
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solution. Platinum-wired stimulating and recording electrodes were fixed in the two lateral 
compartment walls to ensure consistent positioning between measurements (Figure 1). 
The stimulating electrodes were placed 2 mm apart and the recording electrodes were 
situated 5 mm aside. In one lateral compartment corner a reference electrode (part of 
the recording electrodes) was placed to avoid interference with measurements.

Figure 1. The upper image displays a schematic representation of the experimental setup. The 
middle chamber contains nervous tissue, which is situated across the three compartments. The 
stimulating electrodes are placed in the right lateral compartment and connected to a pulse 
generator. The recording electrodes are placed in the left lateral compartment and connected 
to a recorder. The reference electrode (purple) is placed in the corner of the left lateral com-
partment. The bottom image displays the lid with the two septa. The locations of the electrodes 
were altered until a conduction signal with a maximum peak-to-peak amplitude was obtained.

2.3 Experimental setup: electrical system
The electrical stimulus was repeated once every second (1 Hz), the duration was set 
at 0.1 ms (pulse width), and the stimulus intensity was set at 10 mA. The stimulus 
voltage generated by a stimulus isolator (ADInstruments, Sydney, NSW, AU) was 10 V. 
Measurements were recorded with the Neuro Amp EX (ADInstruments), and displayed 
with LabChart 7 Pro (ADInstruments) (Figure 2). Any electrical signal arising at the 
recording electrodes was led into the recorder, and then transmitted into the PowerLab 
(ADInstruments) data acquisition device, which was connected to a computer (Figure 2). 
The electrical stimulus from the stimulator was both sent to the stimulating electrodes 
and to the data acquisition device to couple the stimulated signal with the recorded signal 
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(Figure 3). Data was subsequently visualized as the mean and standard deviation (SD) of 
10 measurements using Rstudio.

Figure 2. The electrical setup containing a computer equipped with LabChart (A), a pulse 
generator (B), recorder (C), and data acquisition hardware (D). The stimulating electrodes 
(red and black) were connected to the pulse generator, and the recording electrodes were 
connected to the recorder.

Figure 3. A schematic overview of the electrical circuit used in the experimental setup. Lab-
Chart was programmed to generate pulses using the data acquisition hardware (PowerLab) 
and pulse generator (Stimulus Isolator). The electrical pulse was sent to the tissue, and back 
to the data acquisition hardware and LabChart. The recorder (Neuro Amp) measured any 
electrical signal at the other end of the tissue, which was sent to the data acquisition hardware 
and visualized in LabChart.

6
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3. RESULTS

3.1 Ex vivo conduction measurements
First, three control measurements were performed as a reference for the tissue 
measurements. The first control was a measurement on an empty tissue chamber to 
test for signal absence and visualize the amount of noise. The second control was a 
measurement on the tissue chamber with all three compartments filled with PBS solution. 
This measurement was used to obtain reference values in the event of compartment 
leakage. The third control was a measurement on the tissue chamber with all three 
compartments filled with bupivacaine HCl solution. This measurement was used to 
visualize the conduction signal in bupivacaine HCl. After the quick control measurements, 
the nervous tissue (periosteum or nerve) was positioned across the three compartments, 
and the two septa and outer walls of the middle chamber were sealed with paraffin 
jelly (Vaseline, Unilever, London, UK). The measurement settings were tuned based on 
the electrical properties of A∂-fibers and C-fibers, as these nerve fibers are the most 
abundant nerve fibers in the periosteum.17,336

The first measurement on nervous tissue was with all three compartments filled with 
simulated body fluid. During these measurements it was tried to deduce an action potential 
from the nervous tissue conduction curve. Hereafter, fluid from the middle compartment 
was aspirated and substituted with a 0.5% bupivacaine HCl solution (Aurobindo, Baarn, 
Netherlands). Measurements were performed for at least 10 min, corresponding to the 
clinical onset of action of bupivacaine. Hereafter, all three compartments were drained 
again, and the nervous tissue was discarded.

3.2 Control measurements
Before electrical measurements were performed on nervous tissue, first three control 
measurements were carried out. The first control consisted of PBS only in all three 
chambers, which yielded a stable signal without peaks observed, apart from the stimulus 
artefact at T=0 with a mean peak-to-peak amplitude of 13 uV (Figure 4A). The second 
control consisted of empty chambers. A noisy signal was obtained, with a stimulus 
artefact at t=0. The peak-to-peak amplitude was 90 uV (Figure 4B). The last control 
consisted of all three chambers filled with bupivacaine HCl solution at 25 mg/mL. Similar 
to readings in PBS- and air-filled chambers, a noisy signal was obtained. The peak-to-
peak amplitude of the stimulus artefact was 26 uV, which was slightly higher than the 
amplitude in PBS (Figure 4C). All measurements on sheep tissue (periosteum and nerve) 
were performed in PBS, while measurements on human periosteum were performed in 
Liley solution. Liley solution demonstrated an approximate amplitude of 300 mV. Control 
readings for Liley solution are shown in Figure S1.
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Figure 4. Control electrophysiology readings in PBS only (A), air only (B) and bupivacaine HCl 
solution, 25 mg/mL (C). Noisy signals with varying amplitudes of the stimulus artefact (the 
peak right after t = 0) are obtained.

3.3 Sheep femoral nerve measurements
Mammalian large nerves have been used in similar setups before 139,361,368. For proof-of-
concept, and to determine if the current setup was able to detect presence and absence 
of nervous conduction similar to previous literature, measurements were first performed 
on sheep femoral nerves. Following control measurements, a section of sheep femoral 
nerve stretching three centimeters was placed into the electrical setup. Both ends of the 
nerve section were located in the peripheral chambers. Chambers were isolated from 
neighboring chambers using paraffine jelly. First, all chambers were filled with PBS and a 
stable baseline measurement was obtained (Figure 5A). PBS in the central compartment 
was aspirated and replaced by a 50 mg/mL bupivacaine HCl solution. Measurements were 
obtained after 5 and 25 minutes (Figure 5B and 5C). After 25 minutes of incubation in 
bupivacaine solution, the solution was again aspirated and replaced by PBS to wash out 
bupivacaine. Measurements were recorded 30 seconds and 3 minutes after replacement 
with PBS (Figure 5D and 5E). Baseline readings displayed a peak after 5-6 milliseconds 
with an amplitude of approx. 10 uV compared to baseline. This peak disappeared after 
the application of bupivacaine HCl. Following 3 minutes of bupivacaine washout with 
PBS, the peak reappeared.

6
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Figure 5. Readings from a sheep femoral nerve in the absence and presence of bupivacaine. 
First, a baseline reading was obtained (A), displaying a sloped peak at t = 5-6 ms. The nerve 
was then exposed to bupivacaine 50 mg/mL and incubated for 5 minutes. A second signal was 
obtained (B), in which the sloped peak at 5-6 ms disappeared. A similar signal was obtained 
after 25 minutes of bupivacaine exposure (C). Bupivacaine in the central chamber was then 
replaced by PBS and readings were obtained after 30 second s (D) and 3 minutes (E). In 
readings after 3 minutes, the slope at 5-6 ms reappeared.
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3.4 Human periosteal measurements
To generate stable conduction, the periosteum was situated across the three 
compartments in Liley solution. The location of the stimulating and recording electrodes 
was changed until the peak-to-peak amplitude and morphology of the conduction 
signal were stable (Figure 6). First, the stimulating electrodes were placed in close 
proximity of the periosteum (Figure 6A). However, placing the electrodes in contact 
with the periosteum resulted in a higher peak-to-peak amplitude, and additional peaks 
that might resemble action potentials (Figure 6B). In the other lateral compartments, 
the recording electrodes were placed in close proximity to the periosteum, but not in 
contact with the tissue. The stable conduction signal had negative and a positive peak 
with a peak-to-peak amplitude of approximately 30 mV (Figure 6). Upon reaching a 
stable conduction signal, Liley solution from the middle compartment was drained, and 
bupivacaine was applied to the periosteum. The peak-to-peak amplitude of the conduction 
signal immediately changed to approximately 45 mV, which was higher compared to the 
conduction signal measured in the control period (Figure 6 and Figure 7A), potentially 
attributable to leakage. Most measurements did not demonstrate any decrease in peak-to-
peak amplitude of the conduction signal. However, one measurement showed a decline in 
peak-to-peak amplitude from approximately 45 mV to baseline levels within two minutes 
after addition of bupivacaine to the central compartment (Figure 7). Measurements on 
sheep periosteum were performed in PBS. Multiple sections of tissue were analyzed, but 
a stable reference signal was not achieved. A representative signal derived from sheep 
periosteum is shown in Figure S2.

Figure 6. LabChart graphs representing the conduction of periosteum in Liley solution. The 
peak-to-peak amplitude was stable around 30 mV (A). When the stimulating electrodes were 
placed in contact with the periosteum, the amplitude was higher (B). The noise did not change 
compared to the measurement with an empty periosteal chamber.

6
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Figure 7. LabChart graphs illustrating conduction after application of bupivacaine on perioste-
um. The peak-to-peak amplitude of the conduction signal first slightly increased with respect to 
the control (A). After this, the conduction amplitude slowly decreased until only noise remained 
visible (B-E), as presented in (F).

4. DISCUSSION

Action potential versus conduction
Bupivacaine provides analgesia by blocking the generation and conduction of action 
potentials in sensory nerve fibers. To better understand the bupivacaine concentrations 
necessary for inhibition of nociception in nervous tissue, an ex vivo electrophysiological 
setup was developed. With the present experimental setup, we were able to measure 
conduction in sheep femoral nerve and sheep and human periosteum tissues. This 
provided some insight in the conduction properties of the tissue; however, we were 
unable to deduce an action potential in most measurements. To confirm the feasibility of 
the developed setup and ability to detect the presence and absence of action potentials, 
measurements were first performed on sheep femoral nerves that were exposed to 
excessive concentrations of bupivacaine up to 50 mg/mL (Figure 5). A peak following 5-6 
ms after the stimulus artefact was observed, which displayed a bupivacaine-dependent 
reduction in amplitude. Moreover, the block appeared reversible, as peaks reappeared 
after a bupivacaine wash-out period. The time between stimulus artefact and peak 
equates to a conduction velocity of 6 m/s, which is in the lower part of the range for 
A∂-fibers 369. of As the bupivacaine concentration used was orders of magnitude in 
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excess of effective concentrations in previous literature (50 mg/mL or 0.17 M vs 0.2 mM, 
respectively), elimination of action potential conduction was expected 361. In human 
periosteum, one measurement (Figure 7B) displayed various sequentially occurring peaks, 
possibly representing differences in conduction velocity between A∂-fibers and C-fibers. 
Conduction velocity could be a potential reason for the challenging distinction between 
action potentials and the partly overlapping conduction signal. Since the conduction 
velocity of A∂-fibers is 6-20 m/s, and the periosteum approximately 3 cm in length, an 
action potential could reach the recording electrodes as rapidly as in 1.5 ms 137,139,369. 
The conduction signal was measured after approximately 1 ms, which might have 
overlapped an action potential. Furthermore, the conduction velocity of action potentials 
in C-fibers were ~ 1 m/s, and therefore might have reached the recording electrodes 
after 30 ms.137,139 This was outside the recording time, indicating that an action potential 
from C-fibers might have been missed. Therefore, replicable measurements with post-
processing to distinguish an action potential from conduction are necessary. In addition, 
recording time should be extended, and noise should be suppressed by averaging the 
measurements.

The lack of stable action potential generation in human periosteum could be related 
to the presence of disease. The used human periosteum was probably affected by 
pathology, because the hip from which the periosteum was harvested was replaced 
in severe cases of osteoarthritis. In addition, a recent study in patients with primary 
hyperparathyroidism reported that sensory innervation density above bone remodeling 
surfaces (e.g., the growth of osteophytes in osteoarthritis) was increased.129 Therefore, 
the sensory innervation in used periosteum might be different from healthy periosteum, 
which could have affected the conduction properties. Further studies are needed to study 
how pathology affects the innervation and conduction of action potentials in periosteum. 
However, generating a stable signal in sheep periosteum free of any pathology was 
equally challenging. A possible explanation is the direction of nerve fibers in the periosteal 
tissue. In a nerve such as the femoral nerve, axons run perpendicular from and to the 
innervated body part. However, in periosteum, the nerve fibers are organized in a mesh-
like structure with no clear directionality.336 Moreover, the presence of nerve fiber endings 
in the periosteum could lead to ‘dead ends’ for stimuli applied to the upstream part of 
that nerve fiber. A better understanding of the orientation of fibers within the periosteum, 
and subsequently optimizing the orientation of the periosteum in the experimental setup 
could enable the generation of stable signals.

Future protocol optimization steps
In addition to the improvements described above, other protocol optimization steps are 
also necessary. First, temperature should be regulated around body temperature (37ºC) 
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to optimally simulate an in vivo environment. The dynamics of sodium channels in sensory 
neurons are very dependent on local temperature and the amount of used simulated 
body fluid and bupivacaine370. Fluctuations in temperature will affect the sodium influx 
in sensory neurons, and subsequently the conduction and/or action potential amplitude. 
Therefore, temperature should be tightly regulated during experiments and during 
transportation. The experimental setup can be adjusted by incubating the periosteal 
chamber or by placing it on a hot plate, which allows for temperature control. Another 
factor that should be controlled is pH, which can be used to modify the non-ionized 
fraction of bupivacaine and thereby potentiate the drug.

Second, the recorder must perform a minimum number of measurements every second 
to record an action potential. This so-called sample frequency can be adjusted for the 
action potential duration of A∂-fibers (~ 1 ms), and C-fibers (~ 2 ms)371. Based on the 
action potential duration of A∂-fibers and a minimum of ten sample points per action 
potential, the minimal sample frequency must be set at 10.000 samples/s to obtain a 
curve. To smoothen this curve, the sample frequency can be increased to the maximum, 
which was 200.000 samples/s for LabChart. Additional measurements with the highest 
sample frequency have to be performed.

Third, osteophytes made it in the current experiment sometimes challenging to harvest 
the periosteum, as these osteophytes grew over the femoral neck. A possible solution for 
this problem is to use electrical stimulation without removal of the periosteum. This would 
require an experimental setup that can be attached to the femoral neck with electrodes 
gentle placed on the periosteum. Advantages of such device include earlier measurements 
after explantation, and no hurdles during periosteum removal. However, this method 
might make distinction of periosteal conduction from conduction by surrounding tissues 
more challenging. Another possibility to study the effects of LAs on sensory nerves is the 
use of an increased intramedullary pressure instead of electrical stimulation. This method 
was described by Nencini et al. in which they increased the intramedullary pressure, 
and applied LAs to determine the minimal concentration to block action potentials133,372. 
Future studies are needed to study the effects of other LAs (e.g., lidocaine) on periosteum 
conduction properties.

5. CONCLUSION

The present pilot study demonstrated that sheep femoral nerve conducted a stable 
electrical signal in body-simulating fluid (PBS), which was suppressed following application 
of bupivacaine. However, obtaining similar readings from sheep or human periosteum 
remained challenging. Therefore, multiple optimization steps were suggested including 
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tissue placement in the setup, temperature regulation, noise suppression, sample 
frequency adjustments, and data post-processing. The presented experimental setup 
and current pilot study can aid in understanding some of the conduction properties of 
and nociception in nervous tissues.
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ABSTRACT

Adequate treatment of pain arising from spinal surgery is a major clinical challenge. 
Opioids are the mainstay of current treatment methods, but the frequency and severity 
of their side effects display a clear need for opioid-free analgesia. Local anesthetics have 
been encapsulated into sustained-release drug delivery systems to provide postoperative 
pain relief. However, these formulations are limited by rapid diffusion out of the surgical 
site. To overcome this limitation, we synthesized ring-shaped hydrogels incorporating 
bupivacaine, designed to be co-implanted with pedicle screws during spinal surgery. 
Hydrogels were prepared by riboflavin-mediated crosslinking of gelatin functionalized 
with tyramine moieties. Additionally, oxidized β-cyclodextrin was introduced into the 
hydrogel formulation to form dynamic bonds with tyramine functionalities, which enables 
self-healing behavior and resistance to shear. Feasibility of hydrogel implantation 
combined with pedicle screws was qualitatively assessed in cadaveric sheep as a model 
for instrumented spinal surgery. The in-situ crystallization of bupivacaine within the 
hydrogel matrix provided a moderate burst decrease and sustained release that exceeded 
72 hours in vitro. The use of bupivacaine crystals decreased drug-induced cytotoxicity 
in vitro compared to bupivacaine HCl. Thus, the presented robust hydrogel formulation 
provides promising properties to enable the stationary release of non-opioid analgesics 
following spinal surgery.
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1. INTRODUCTION

Spinal surgery ranks amongst the most painful interventions overall, and adequate 
analgesic treatment remains a major clinical challenge12,373. Systemic medications, such 
as opioids, fulfil a central role in the treatment of postoperative pain following spinal 
surgery, but come at the cost of significant side effects, such as constipation, drowsiness 
and respiratory depression 76,357. Furthermore, the use of opioids is associated with the 
risk of development of opioid dependence or addiction 253,254. Despite opioid use, high pain 
scores and inadequate postoperative pain relief are reported in the majority of patients 
11,15,373. The delicate balance between opioid efficacy and side effects displays a clear 
unmet need for alternative, opioid-free analgesics.

As postoperative pain is a local problem, specifically targeting the surgical site would 
eliminate most of the side effects of systemically administered analgesics. Local anesthetics 
(LA), such as lidocaine and bupivacaine, are well-suited to combat local pain, but are 
hampered by a short duration of action 42,374. To overcome this limitation, various delivery 
systems for local anesthetics have been developed 42. These systems involve mainly the 
delivery of local anesthetics via microparticles, liposomes and injectable polymer solutions 
375. For example, the incorporation of bupivacaine into polymeric microparticles based 
on poly (lactic-co-glycolic acid) (PLGA) improved the duration of action in comparison 
to bupivacaine solutions 376. Similarly, encapsulation of local anesthetics into liposomes 
resulted in slow drug release and prolonged duration of the anesthetic effect 377. 
Further, preclinical studies confirmed the improvement of bupivacaine safety profile 
after encapsulation into liposomes 378. Recently, the incorporation of bupivacaine with 
meloxicam into a Biochronomer® polymer reduced postoperative pain for 72 hours 260. 
Similar results were obtained when using a resorbable bupivacaine-impregnated collagen 
matrix (Xaracoll, Innocoll Pharmaceuticals) for the management of postoperative pain 
337. The use of these delivery systems can greatly improve the efficacy and duration of 
bupivacaine. However, all formulations are limited by a high initial burst release and 
rapid diffusion from the surgical site, thus giving limited analgesic effect beyond 24 
hours 40,260,289,320. Further, some formulations have degradation times well beyond the 
window of drug release leading to particle debris present at the injection site for weeks 
379,380. Moreover, increased myotoxicity of bupivacaine when combined with polymeric 
microparticles compared to 0.5% bupivacaine HCl solution has been reported 379.

Hydrogels provide a unique approach for the delivery of LA at specific sites, with 
improved efficacy and potential to reduce systemic toxicity. Indeed, they generally exhibit 
excellent tissue compatibility and tunable drug release profile, mechanical properties and 
degradation rate 51,52. Surgical interventions provide an opportunity for administration of 
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hydrogels by implantation, mitigating the need for injectability of the hydrogel formulation. 
For optimal performance in patients undergoing spinal surgery, a hydrogel that can 
simultaneously withstand high compression and shear forces during implantation is 
needed (Fig. 1A). To this end, we developed a hydrogel formulation for sustained release 
of bupivacaine based on a dual crosslinked hydrogel, that enables rapid recovery from 
repeated applications of high strain and shear. The proposed hydrogel system consists 
mainly of gelatin-tyramine: gelatin functionalized with tyramine moieties (GTA) 381. Gelatin 
was selected as it is a natural polymer obtained by hydrolysis of collagen, and gelatin 
hydrogels have been used frequently in drug delivery as they are well-tolerated in various 
tissues 50,382. Further, gelatin contains carboxylic and amino groups that can be used for 
its functionalization. Its molecular structure and specific amino acid sequence make it 
susceptible to enzymatic degradation, ensuring rapid clearance from the surgical site 383. 
In this study, hydrogels were prepared by combining GTA with oxidized β-cyclodextrin (oB-
CD) and photo-crosslinked using riboflavin (RB, vitamin B2)/ sodium persulfate (SPS), and 
exposure to visible light (Fig. 1B) 384. The riboflavin/SPS photoinitiating system crosslinks 
two tyramine moieties into di-tyramine adducts. Furthermore, tyramine moieties can form 
inclusion complexes through interaction with the hydrophobic cavity of β-cyclodextrin, 
whilst oxidized groups on beta-cyclodextrin allowed for the coupling to amine groups on 
gelatin via imine bond formation 385–387.

Cyclodextrins (α-, β- and γ-) are cone-shaped molecules extensively used in drug delivery, 
with β-cyclodextrin being the most often used 42. Their main advantage is the capability 
to encapsulate drugs in the hydrophobic interior, while the hydrophilic exterior ensures 
water-solubility 388,389. This inclusion complex formation can lead to increased solubility, 
and prolonged release of hydrophobic drugs 381,390. In a hydrogel, cyclodextrins can also 
provide a means to achieve dynamic crosslinks via interactions with suitable moieties 
on a polymer backbone. Next to self-healing behavior, the inclusion complexes allow for 
dissipation of energy and thus enhance the mechanical properties of the hydrogel 387.

Here, we designed a hydrogel to be co-implanted with pedicle screws during instrumented 
spinal surgery. We hypothesized that these combined crosslink methods could provide the 
hydrogel with mechanical properties that ensure adequate resistance to the orthopedic 
implantation procedure, while the biodegradable hydrogel precursor could lead to swift 
degradation and removal from the surgical site 390,391. We first evaluated the physical and 
mechanical properties of the designed hydrogel system.

Next, we investigated whether the proposed hydrogel system could act as a cytocompatible 
sustained-release formulation for local delivery of bupivacaine following spinal surgery.
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2. MATERIAL AND METHODS

2.1 Synthesis of Gelatin-tyramine
Gelatin-tyramine (GTA) was synthesized as previously reported 381. Briefly, gelatin (type 
A, porcine skin, Sigma-Aldrich) was dissolved in 2-(N-morpholino)ethanesulfonic acid 
buffer (MES, Sigma-Aldrich, 50 mM, pH 4.75) at a concentration of 1.67 wt.% and reacted 
with tyramine HCl (Sigma-Aldrich) in a 4:1 ratio of [Tyramine]:[COOH]. The reaction was 
performed in presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 
(EDC, Sigma-Aldrich) and N-hydroxysuccinimide (NHS, Sigma-Aldrich) in a 2:1 ratio 
at 45°C overnight. The reaction mixture was then dialyzed (MWCO 14 kDa cellulose 
dialysis membrane, Sigma-Aldrich) against deionized water for 72 hours and subsequently 
lyophilized. Yield of the reaction following dialysis and freeze drying was 77.3% (±6.9%).

The degree of functionalization (DoF) was determined by measuring the absorbance at 
275 nm of 0.1 wt.% gelatin and GTA solutions. Absorbance was interpolated on a tyramine 
HCl standard curve and corrected for the absorbance of non-functionalized gelatin. The 
degree of functionalization was expressed as a percentage of the available COOH groups 
in gelatin (79 mmol/ 100 g) 392.

2.2 Synthesis of oxidized β-cyclodextrin (oB-CD)
β-cyclodextrin (B-CD, Sigma-Aldrich) was oxidized by modifying a previously described 
procedure 381. B-CD was suspended in MilliQ-water followed by addition of sodium 
periodate (NaIO4, Sigma-Aldrich) in [NaIO4]:[B-CD] molar ratios up to 4:1, and stirred at 
room temperature. Aliquots of the reaction mixture were taken at predetermined time 
points to assess the degree of oxidation as a function of time. The reaction was quenched 
by adding glycerol in a 1:1 molar ratio with sodium periodate. The solution was then 
dialyzed (MWCO 0.5 kDa, VWR) against MilliQ-water in the dark at room temperature for 
48 hours. Water was replaced six times daily. The purified solution was then lyophilized 
to obtain oxidized β-cyclodextrin (oB-CD). Proton Nuclear Magnetic Resonance (1H NMR) 
in DMSO-d6 was used to confirm presence of aldehyde groups and quantify the oxidation 
degree as previously described 386. Yield following dialysis and freeze drying was 55.8% 
(±5.2%).

2.3 Affinity assay by 1H NMR of bupivacaine and tyramine for B-CD
To assess affinity of bupivacaine for the cavity of B-CD, a double reciprocal Benesi-
Hildebrand plot was constructed using increasing concentrations of bupivacaine (1-8 mM) 
or tyramine (1-10 mM) in D2O (Sigma-Aldrich), while the B-CD concentration was kept 
constant at 11 mM. Samples were analyzed using 1H-NMR (400 mHz, Bruker, Leiderdorp, 
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NL) and an association constant (Ka) was calculated 393,394. Ddmax was calculated as (1/
intercept), after which the Ka was calculated as (1/(slope*Ddmax).

2.4 Preparation of GTA Hydrogels
Stock solutions of GTA, oB-CD, riboflavin 5’-monophosphate sodium salt (RB, Sigma-
Aldrich) and sodium persulfate (SPS, Sigma-Aldrich) in deionized water were freshly 
prepared. Hydrogels were then formed by casting a pre-gel solution of various composition 
in cylindrical (8 mm diameter x 2 mm height) or ring-shaped (internal diameter 6 mm, 
external diameter 18 mm, height 6 mm) molds and exposed to visible light (400-700 nm) 
for 30 minutes. Light intensity at mold level was 60 mW/cm2. Hydrogels were hydrated 
during the photo-crosslinking process to account for evaporation due to heat generated 
from the lamp. Following crosslinking, gels were washed in excess PBS to remove any 
unreacted reagents.

2.5 Sol fraction and equilibrium swelling of GTA hydrogels
After synthesis, hydrogels were dried in an oven at 37°C (md1) and then incubated in 
phosphate-buffered saline (PBS, pH 7.4) at 37°C until equilibrium swelling. After 24 hours, 
the swollen weight was recorded (ms) and the gels were again dried (md2). Swelling ratio 
was calculated as (ms – md2) / md2. The sol fraction, representing the non-crosslinked 
mass fraction in the polymer network, was calculated as (md1 – md2) / md1.

2.6 Scanning Electron Microscopy
Hydrogel microstructure was assessed using Scanning Electron Microscopy (SEM, 
Phenom, Fisher Scientific). Disc-shaped hydrogels were prepared as discussed in section 
2.3. After swelling in PBS, hydrogels were flash-frozen in liquid nitrogen. The internal 
hydrogel structure was exposed by cryofracture, followed by lyophilization. Hydrogels 
were then fixed on SEM stubs using carbon tape. Following 6 nm gold-sputter coating, 
imaging was performed.

2.7 Mechanical Analysis
Compression modulus of GTA hydrogels was determined using Dynamic Mechanical 
Analysis (DMA, Q800, TA Instruments, Etten-Leur, NL). A ramp-force protocol was set, 
increasing force up to 18 N at a rate of 3 N/min. All DMA measurements were performed at 
room temperature. A stress-strain curve was generated for samples and the coefficient in 
the linear viscoelastic (LVE) range was retrieved, representing the compression modulus.

2.8 Rheological Analysis
Rheological measurements were carried out using a rheometer (Discovery HR-2, TA 
instruments, Etten-Leur, NL) with a 20 mm parallel plate geometry at RT. Amplitude 
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sweeps were performed at a frequency of 1 Hz and shear strain from 0.1% to 100%. 
Frequency sweeps were performed at a strain of 1% and frequency range from 0.1 Hz to 
100 Hz. Cyclic strain-recovery was performed by exposing gels to alternating intervals of 
low strain (2 minutes, 1% strain) and high strain (1 minute, 100% strain). G’ and G” were 
recorded to assess viscoelastic behavior of hydrogels. Mesh size calculations based on the 
rubber elasticity theory were performed using the experimentally determined rheology 
data according to the following formula 395,396:

Where G’ is the storage modulus (Pa), NA is the Avogadro constant, R is the molar gas 
constant and T is the temperature.

2.9 Drug loading and in vitro release
Following washing of crosslinked gels, samples were dried and incubated in a bupivacaine 
HCl solution at 37°C. In a next step, hydrogels were treated with 0.1 M NaHCO3 (pH 8.5) 
containing glycerol to induce in situ alkaline crystallization of bupivacaine. Ring-shaped 
hydrogel loaded with bupivacaine HCl and crystallized bupivacaine were tested for release 
in 0.01 M citrate buffer (pH 6) at 37°C. At time points of interest up to 168 hours, aliquots 
were collected and replaced with the same volume of fresh buffer. After 168 hours the 
hydrogels were incubated in 0.15% collagenase II solution in 0.01 M citrate buffer (pH 
6) until they had completely degraded to determine total drug content.397

Bupivacaine content of samples was analyzed using HPLC (Prominence LC20A, Shimadzu 
Corp, Kyoto, Japan) with Waters Acquity HSS T3 1.8 mm column, 100 mm (Waters 
Chromatography, Etten-Leur, NL). Mobile phase A and B consisted of 10 mM ammonium 
formate (pH 2.4) and acetonitrile, formic acid and water in 96:0.2:5 ratio, respectively, 
utilizing a previously described method 347. Absorbance was measured at 262 nm. A 
standard ranging from 5 mg - 5 mg/mL bupivacaine HCl in 0.01 M citrate buffer (pH 6) 
was used to convert sample absorbance to concentration.

2.10. In vitro cytocompatibility
Cytocompatibility of hydrogels (50 mL volume) and drug-loaded hydrogels (50 mL 
volume) was tested using a direct-contact method. NIH3T3 mouse fibroblasts and 
human mesenchymal stem cells (hMSCs) were seeded at a density of 8000 cells/ well 
in a 24-wells plate. Cells were cultured up to 80% confluence in a humidified incubator 
set at 37°C with 5% CO2 using Alpha-Minimum Essential Medium (Alpha-MEM, Gibco, 
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Fisher Scientific) supplemented with 10% fetal bovine serum (FBS), 1% ascorbic acid 
and 1% penicillin-streptomycin. Medium was replaced every three days. Hydrogels discs 
were placed on top of the cells. The control group consisted of cells exposed only to 
culture medium. After 24 and 48 hours of exposure, cell metabolism was quantified 
using an Alamar Blue assay. Fluorescence was measured using a Fluoroskan Ascent plate 
reader (ThermoFisher Scientific) with excitation and emission set at 544 and 570 nm, 
respectively. Cell viability was assessed using a Live/Dead assay (Invitrogen), staining 
live cells green with Calcein acetoxymethyl ester (AM) and dead cells red with ethidium 
homodimer. A stock solution of 2 mM Calcein AM and 4 mM Ethidium homodimer in PBS 
was prepared. Upon reaching the desired duration of cell exposure to gels, gels and 
culture medium were removed and cells were washed with PBS. Live/Dead staining stock 
solution was added to the wells and incubated at 37°C for 30 minutes prior to imaging. 
Live cell counts were normalized to controls. Imaging was performed using an inverted 
fluorescence microscope (Olympus BX51, Olympus, Germany). Hydrogels were tested 
in quintuplicate unless stated otherwise. Three images were taken for each sample 
to accurately represent cell compatibility. Images were analyzed using ImageJ (NIH, 
Bethesda, Maryland, USA). All groups were compared to control.

2.11 In vitro degradation assay
To assess hydrolytic degradation, the dry mass of disk-shaped hydrogel samples was 
recorded, after which hydrogels were submerged in 1 mL of PBS containing 0,01% sodium 
azide to prevent microbiological growth. In the enzymatic degradation assay, hydrogels 
were submerged in collagenase II at 2 EU/mL (Worthington Biochemical Corp) in PBS with 
0,01% sodium azide at 37°C to simulate surgical wound enzyme concentrations 398–400. 
The collagenase solution was replaced every three days to maintain constant enzymatic 
activity. In both the enzymatic and hydrolytic degradation assay, gels were collected at 
predetermined times and the remaining dry mass was recorded. Mass loss was expressed 
as (remaining mass/ original mass) * 100.

2.12 Ex vivo implantation
Fresh cadaveric female sheep specimens (age 5-7 years) were obtained for ex vivo 
implantation of twenty ring-shaped hydrogels by a board-certified spine surgeon (JJV). 
Sheep surgery was performed in the prone position. A midline incision was performed 
over the spinous processes, paraspinal muscles were dissected and moved laterally to 
allow for a clear view of lamina, spinous- and transverse processes. A hole was drilled 
into the pedicle of the lumbar vertebrae. Next, the ring-shaped hydrogel was mounted 
on a polyaxial pedicle screw and the screw was tightened according to clinical practice. 
Mechanical performance of the ring was assessed macroscopically. Specific attention was 
paid to cracks in- or rupturing of the hydrogel. If no damage was observed, the screw 
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was overtightened and ring performance was scored again. Rings were then explanted 
and again assessed for signs of failure.

2.13 Statistical Analysis
All statistical analysis was performed using Prism 8.0 (GraphPad Software Inc, San Diego, 
CA, USA). All data are presented as mean ± standard deviation. Data was analyzed using 
a one-way (or two-way when necessary) analysis of variance (ANOVA) combined with 
Tukey’s honestly significant difference to correct for multiple comparisons. A significance 
level of p <0.05 was used.

Figure 1. Schematic illustration of hydrogel preparation and implantation. A Scheme of forces 
acting on the hydrogel during co-implantation with a pedicle screw. B (i) Functionalization of 
gelatin carboxyl groups with tyramine moieties via EDC/NHS mediated coupling and amide bond 
formation; (ii) oxidation of B-CD secondary hydroxyl groups to aldehyde groups in presence 
of sodium periodate (NaIO4). For the sake of clarity only few of the primary and secondary 
hydroxyl groups of B-CD are shown in the schematic; (iii) hydrogel formation achieved by 
mixing GTA with oB-CD, in presence of riboflavin and sodium persulfate and exposure to visi-
ble light with of Schiff-base formation between oB-CD and amine groups present on GTA and 
tyramine-tyramine photo-crosslinking. The cyclodextrin cavity can form inclusion complexes 
with both tyramine (high affinity, thick arrow) and bupivacaine (low affinity, thin arrow).
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3. RESULTS AND DISCUSSION

3.1 Synthesis of Gelatin-Tyramine and Oxidized Beta-Cyclodextrin

Tyramine functionalized gelatin (GTA) was obtained by carbodiimide-mediated coupling of 
tyramine to the carboxylic groups present on the gelatin backbone (Fig. 1B). The coupling 
reaction involves the formation of an amine-reactive N-hydroxysuccinimide (NHS) ester 
which is susceptible to hydrolysis 401. Performing the reaction at low temperature (e.g. 
4°C) minimizes hydrolysis, increasing the half-life of the active NHS ester and thereby 
the efficiency of the coupling reaction 401,402. Because gelatin is soluble at temperatures 
above 37°C, the coupling reaction cannot be conducted at low temperature. To assess 
the effect of reaction temperature and time on the degree of functionalization (DoF), the 
coupling reaction was conducted at three different temperatures, namely 37°C, 45 °C and 
55°C. For each temperature, the degree of functionalization was determined at 8 hours 
and 24 hours of reaction. The amount of tyramine conjugated to gelatin was quantified 
by measuring the absorbance at 275 nm, as previously described 381. The DoF of the 
hydrogels resulting from reactions performed in the temperature range 37-55°C did not 
significantly differ between temperatures and between 8 and 24 hours of reaction (Fig. 
2A). Carboxylic groups are present in gelatin type A at a concentration of 780-800 mmol 
per gram 392. A 4:1 excess of tyramine was added during the reaction. Based on these 
results, the coupling reaction temperature was then set to 45°C and the time to 8 hours, 
resulting in a degree of functionalization of 22.3% (±1.4%) of the carboxylic groups of 
gelatin, which equals to 176 mmol tyramine / g GTA.



135

Development of a hydrogel for sustained bupivacaine release

Figure 2. Effect of reaction time and temperature on the synthesis of the hydrogel’s precur-
sors. A Effect of reaction time and temperature on the EDC-mediated coupling of tyramine to 
gelatin carboxylic groups, using a [tyramine HCl]:[COOH] ratio of 4:1, [EDC]:[NHS] ratio of 2:1 
and gelatin at 1.67%. A single reaction per temperature was performed. B Effect of [NaIO4]:[B-
CD] ratio and reaction time on the degree of oxidation degree of B-CD at 25°C. Three reactions 
per ratio were performed. C Effect of temperature on the degree of oxidation of B-CD, using 
a [NaIO4]:[B-CD] ratio of 2:1 and reaction time of 1 hour. A single reaction per temperature 
was performed. D Benesi Hildebrand plot quantifying the association constant (Ka) interaction 
between B-CD and tyramine or bupivacaine in DMSO determined from 1H NMR spectra. B-CD 
concentrations were kept constant at 11 mM and combined with increasing bupivacaine con-
centrations (1-8 mM) or tyramine concentrations (1-10 mM).

Oxidized B-CD (oB-CD) was prepared using sodium periodate (NaIO4), which induces the 
cleavage of vicinal glycols leading to the formation of dialdehyde functionalities. (Fig. 
1B-ii). The extent of oxidation was monitored for up to 3 hours using a [NaIO4]:[B-CD] 
ratio of 2:1 and 4:1, and quantified using 1H NMR (Fig. 2B and Fig. S1). The aldehyde 
content displayed a fast increase when using a [NaIO4]:[B-CD] ratio of 4:1, especially 
after 1 hour of reaction. A similar curve shape was observed when using a ratio of 2:1, 
though the aldehyde content was lower in comparison to the one obtained with the ratio 
4:1. Because the 2:1 ratio yielded a slower increase in degree of oxidation and a lower 
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final aldehyde content and thus better control over the reaction, this ratio was selected 
for further investigations.

To evaluate the effect of temperature on the oxidation degree, the reaction was monitored 
for 1 hour in a temperature range from 15°C to 35°C (Fig. 2C). When the reaction was 
conducted at room temperature and at a [NaIO4]:[B-CD] ratio of 2:1, the oxidation 
degree was 23.7% (±1.5%), as measured by NMR (Fig. S1). This oxidation degree was 
chosen to provide sufficient water solubility of oB-CD, while simultaneously allowing a 
large number of oB-CD molecules to be attached to gelatin chains through Schiff base 
formation between the amino groups on gelatin and aldehyde functionalities on oB-CD. 
This way, the main function of oB-CD was to provide additional elasticity to the network 
via guest-host complexation with tyramine moieties grafted on gelatin (Fig. 1B).

3.2 Preparation and characterization of GTA / oB-CD hydrogels
As shown in Figure 1, dual-crosslinked hydrogels were prepared by mixing GTA with 
oB-CD and crosslinked via exposure to visible light, using riboflavin (RB) and sodium 
persulfate (SPS) as photoinitiating system. Under the influence of visible light, riboflavin 
and sodium persulfate induce the formation of di-tyramine crosslinks between tyramine 
moieties grafted onto the gelatin backbone 384. The exposure of riboflavin to visible 
light induces photo-excitation of riboflavin, which promotes the formation of tyrosyl 
radicals from the grafted tyramine moieties and tyrosine residues present on the gelatin 
backbone. Di-tyramine bonds are then obtained by the coupling of two adjacent tyrosyl 
radicals 403. In addition, imine bonds formed through Schiff base reaction between 
the aldehyde groups on oB-CD with primary amines groups on gelatin, and inclusion 
complexes formed between the oB-CD cavity and tyramine moieties grafted on the gelatin 
backbone directly after mixing of stock solutions. Concentration-dependent additional 
cross-linking by oB-CD was confirmed with dynamic mechanical analysis.

The formation of inclusion complexes of B-CD with a variety of guest molecules (including 
tyramine) has been previously investigated by 1H NMR spectroscopy 404. Different values 
of association constants have been reported in the literature for inclusion complexes 
between B-CD and bupivacaine. The stability of the formed complex depends highly on 
the pH and the temperature used, and values obtained by different techniques are difficult 
to compare (e.g. HPLC vs NMR) 404,405. Further, the stability of the complex depends on 
the type of substituents on the cyclodextrin core. For example, sulphobuthylether-B-CD 
forms a more stable complex with bupivacaine compared to B-CD and bupivacaine 406. The 
experiment in our study was performed on B-CD and not oB-CD, as it was hypothesized 
that aldehyde groups on oB-CD would already have reacted with amine groups present 
on gelatin at the time of bupivacaine loading.
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To assess the stability of complex formed between bupivacaine with B-CD and of tyramine 
with B-CD, their inclusion into the B-CD cavity was investigated by NMR spectroscopy 
(Fig. S2 and S3). The association constant (Ka) was 0.55 x 10-3 M-1 for bupivacaine/ B-CD 
and 1.54 x 10-3 M-1 for tyramine/ B-CD, as determined using a Benesi-Hildebrand plot 
(Fig. 2D)385. As the Ka of tyramine exceeds the bupivacaine Ka almost three-fold, little 
competition between tyramine and bupivacaine for the B-CD cavity is expected.

Swelling ratio and sol fraction were determined to understand the effect of the hydrogel 
composition on its physical properties. The swelling ratio is a measure of the amount 
of water a hydrogel can uptake, expressed as a ratio to the hydrogel’s dry weight 
and is predominantly determined by the crosslinking density of the polymer network. 
Other factors influencing swelling ratio are temperature, pH, ionic strength of swelling 
medium and the presence of hydrophilic or hydrophobic groups 407. With diffusion-based 
drug loading, the swelling ratio directly influences the amount of drug the hydrogel 
can encapsulate. We therefore aimed for a crosslinking density that leads to a robust 
hydrogel but allows for sufficient uptake of solubilized drug. Firstly, the effect of GTA 
concentration on hydrogel properties was investigated (Fig. 3A-i). To evaluate the effect 
of GTA concentration, hydrogels were prepared by fixing the concentration of RB and 
SPS to 2 mM and 20 mM, respectively, and the irradiation time to 30 min. The swelling 
ratio was significantly lower for hydrogels with a GTA content of 20 wt.% compared to 
samples with GTA 15 wt.%. No significant difference was observed for hydrogels with a 
GTA content between 5 and 15 wt.%. Next, we determined the sol fraction of hydrogels 
with a GTA content from 5 to 20 wt.%, as a measure of the non-crosslinked portion of 
the polymer mass 408. Increasing GTA concentration from 5 to 20 wt.% led to significantly 
lower sol fractions and slightly lower swelling ratio (Fig. 3A-i and 3A-ii). Based on these 
results, for further experiments GTA concentration was set at 20 wt.% as it
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Figure 3. Characterization of swelling behavior and sol fraction of GTA/oB-CD hydrogels. A 
Effect of GTA concentration (wt.%) on swelling ratio (i) and sol fraction (ii) of 100 μL disc-
shaped hydrogels (N=6). Hydrogels did not contain oB-CD, irradiation time was set to 30 
minutes, SPS concentration at 20 mM and RB at 2 mM. B Effect of oB-CD concentration 
(wt.%) on swelling ratio (i) and sol fraction (ii) of 100 μL disc-shaped hydrogels at fixed GTA 
concentrations of 20 wt.%, RB 2 mM and SPS 20 mM, irradiation time 30 min. C Effect of SPS 
concentration on swelling ratio of disc-shaped hydrogels containing 20% GTA, 4% oB-CD and 
2 mM RB. Gels were irradiated for 30 minutes. D Effect of irradiation time on hydrogel swelling 
ratio in disc-shaped hydrogels containing 20% GTA, 4% oB-CD, 20 mM SPS and 2 mM RB. 
N = 4-6 for all compositions. Data was analyzed using one-way ANOVA, paired with Tukey’s 
test. * p < 0.05, ** p < 0.01, *** p < 0.001.
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displayed low swelling ratio and sol fraction, indicating a more efficient crosslinking 
compared to the other formulations. To study the effect of oB-CD concentration on the 
swelling ratio, hydrogels with increasing concentrations of oB-CD up to 6 wt.% were 
investigated. Increasing the oB-CD concentration led to a decrease in swelling ratio, 
likely due to the formation of additional crosslinks between oB-CD and GTA (Fig. 3B-i). A 
significant decrease in swelling ratio was observed for hydrogels with an oB-CD content 
up to 4 wt.%. Samples containing 4 wt.% and 6 wt.% oB-CD did not exhibit any significant 
difference in swelling ratio, while the sol fraction significantly increased for oB-CD content 
from 0-6 wt.%, suggesting a potential saturation of the hydrogel network with oB-CD 
and subsequent washout of excess oB-CD, resulting in increased sol fraction. (Fig. 3B-
ii). Based on the data from swelling ratio and sol fraction, the oB-CD concentration was 
therefore fixed at 4 wt.%. In a similar fashion, the influence of SPS concentration on gel 
formation was evaluated. In the absence of SPS, no gels were formed. Increasing the 
SPS concentration from 10 mM to 40 mM led to significant decreases in swelling ratio 
(Fig. 3C), as previously described for silk fibroin hydrogels photo-crosslinked using RB/
SPS in presence of visible light 384. Swelling ratio of hydrogels containing 20 mM and 40 
mM SPS did not display any significant difference (Fig. 3C). To minimize SPS content yet 
allowing efficient crosslinking, SPS concentration was therefore fixed at 20 mM. Self-
standing hydrogels could be formed following exposure to visible light for 5 minutes. 
While hydrogels were formed within 5 minutes of irradiation, increasing the irradiation 
time led to significant decreases in swelling ratio, suggesting that a longer reaction time 
is required to achieve a complete crosslinking. After 30 minutes of irradiation, no more 
changes in the swelling ratio were observed (Fig. 3D) and therefore the irradiation time 
was fixed at 30 minutes for future experiments. These data show that the current photo-
crosslinking system allows temporal control of crosslinking, in contrast to systems using 
enzyme-mediated crosslinking that starts upon mixing hydrogel ingredients together 381. 
RB concentration was fixed at 2 mM based on previous investigations 384. To confirm that 
this concentration gives the best results with SPS at 20mM and an irradiation time of 30 
minutes, hydrogels were prepared by varying RB from 1-4 mM. No significant changes in 
either swelling ratio or sol fraction were observed when using RB concentrations of 1 mM, 
2 mM and 4 mM (Fig. S4). These results show that GTA, oB-CD and SPS concentration as 
well as irradiation time are important determinants in the network formation. Riboflavin 
concentration did not affect the crosslinking efficiency in the ranges investigated.

3.3 Shear and compressive mechanical properties of GTA / oB-CD hydrogels
Implantation of the hydrogel with a pedicle screw onto a vertebra exerts considerable 
compressive and shear strain on the hydrogel especially at final tightening of the screw 
(Fig. 1B). To assess the ability of the GTA / oB-CD hydrogel to withstand shear and 
compression forces during implantation, we assessed its mechanical properties. The 
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compressive modulus determined by dynamic mechanical analysis was affected by the 
oB-CD content and irradiation time (Fig. 4A-i) The compressive modulus increased from 
375 kPa (± 57) to 621 kPa (± 226) with increasing oB-CD content (i.e., between 0 wt.% 
and 6 wt.%, p < 0.05). Furthermore, as irradiation time is an important determinant in 
network formation, its effect on compression modulus was tested by varying the exposure 
time to visible light from 5 to 30 minutes (Fig. 4A-ii) while maintaining the oB-CD content 
at 4 wt.%. Samples prepared by using an irradiation time of 5 min displayed the lowest 
compressive modulus (168 kPa ± 30), which is in agreement with the swelling ratio, 
as shown in Fig. 3D. Samples photo-crosslinked for 10, 20 and 30 minutes exhibited a 
linear increase of compressive modulus from 328 kPa (± 29) to 552 kPa (± 138). The 
compressive moduli of these hydrogels are considerably higher than other gelatin-based 
hydrogels, such as gelatin-methacryloyl (GelMA) hydrogels. Indeed, the compressive 
modulus of GelMA hydrogels varied between 2 kPa for a gelatin content of 5 wt.% up to 
180 kPa for hydrogels containing 30 wt.% GelMA, depending on crosslinking agent and 
degree of substitution 409,410. This difference is likely due to the mechanism of hydrogel 
formation, which in the case of GelMA hydrogels occurs via chain growth polymerization of 
the methacryloyl groups 409. GTA hydrogels are crosslinked by the formation of dityramine 
bonds, which lead to a tighter network in comparison to GelMA hydrogels 384,386. In 
addition, the present GTA hydrogel contains B-CD which is connected to the gelatin chains 
via Schiff base formation and guest-host interactions.
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Figure 4. Mechanical characterization of GTA/oB-CD hydrogels, and investigation of hydrolytic 
and enzymatic degradation. A Effects of (i) oB-CD concentration (30 minutes of irradiation) 
and (ii) irradiation time (gels containing 4% oB-CD) on compression modulus of disc-shaped 
hydrogels containing 20% GTA, 20 mM SPS and 2 mM RB. B Strain sweep of hydrogels con-
taining 20% GTA and 4% oB-CD hydrogels. A representative sample taken from N=3 is shown. 
C Rheological properties of hydrogels containing 20% GTA, 4% oB-CD hydrogels during cyclic 
strain-recovery. Average result of N=5 is shown, standard deviations have been removed for 
clarity. D Effect of oB-CD content on (i) hydrolytic and (ii) enzymatic degradation. 50 μL disc-
shaped hydrogels were incubated in PBS or collagenase II 2 EU/mL solution for hydrolytic and 
enzymatic degradation, respectively. Gels contained 20% GTA, 20 mM SPS, 2 mM RB, 0-4% 
oB-CD and were irradiated for 30 minutes. * p < 0.05, ** p < 0.01.

Next, rheological measurements were conducted to investigate the viscoelasticity of 
the GTA/oB-CD hydrogels. Strain sweep of GTA/ oB-CD hydrogels displayed a quite 
broad linear viscoelastic region (LVE) with network breakdown at high strains (Fig. 4B). 
Further, the shear modulus increased with increasing content of oB-CD in the network; 

7



142

Chapter 7

however, oB-CD content did not impact the amplitude at which the network collapsed 
(Fig. S5). To assess the recovery of material properties following network breakdown at 
high strain (100 %), GTA/ oB-CD hydrogels were subjected to shear strain cycles of high 
(100%) and low (1%) strain (Fig. 4C). At low strain, GTA/ oB-CD hydrogels containing 4% 
oB-CD exhibited a typical gel behavior with the elastic modulus higher than the viscous 
modulus (G’ > G”). In the next cycle, when hydrogels were subjected to a high shear 
(100%), the elastic modulus decreased from 480 Pa to 1.8 Pa, indicating a transition 
from a solid-like to a viscous-like behavior. After decreasing the strain to its initial value, 
a rapid and complete recovery of G’ to the initial levels was observed and it did not 
change over several cycles. This behavior can be attributed to the combination of the 
permanent photo-crosslinking with the reversible imine bonds and guest-host interactions, 
which together contribute to the formation of a strong and self-recovering matrix. We 
deem these properties desirable for the successful implantation of the hydrogel during 
musculoskeletal surgery.

3.4 Enzymatic and Hydrolytic Degradation
The use of naturally-derived polymers as drug delivery carriers allow shorter in vivo 
degradation time following drug release, a distinct advantage compared to longer 
degradation times observed when using synthetic polymers such as poly(lactic-co-
glycolic) acid and poly(caprolactone) to prepare drug delivery formulations 49,411. Gelatin 
can undergo hydrolytic degradation, proceeding via the cleavage of amide bonds. 
Furthermore, its Pro – X – Gly – Pro (where X is a neutral amino acid) sequences 
make gelatin susceptible to enzymatic degradation. These sequences can be cleaved by 
matrix metalloproteinases, such as collagenase II, naturally present in the body 412. To 
simulate physiological conditions, hydrolytic degradation was investigated by incubation 
of GTA/oB-CD hydrogels in PBS buffer (pH 7.4) at 37°C. The hydrolytic degradation was 
monitored by measuring hydrogels’ remaining mass at fixed time points over a period of 
42 days. As expected, no decrease in hydrogel weight was observed at the physiological 
conditions used. This resistance of gelatin hydrogels to hydrolytic degradation is in 
agreement with previously described hydrogels and likely due to the stability of peptide 
bonds at physiological conditions 413. The rate of hydrolytic degradation did not differ 
between hydrogels with and without 4% oB-CD (Fig. 4C-i). As gelatin is susceptible to 
enzymatic degradation, this was studied at 37°C in a simulated body fluid containing 
physiological levels of collagenase II (PBS, collagenase II 2 EU/mL) 398. Hydrogels that 
did not contain oB-CD were completely degraded in four days, whereas in presence of 
oB-CD the degradation time increased to eleven days (Fig. 4C-ii). This extended duration 
of degradation may be due to the presence of bulky oB-CD moieties that might hinder the 
diffusion of the enzyme within the hydrogel and the accessibility of the enzyme-cleavable 
sequences in the gelatin chains 414. With a molecular weight for collagenase of approx. 
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130 kDa, the molecule’s radius is estimated to be at least 3 nm 397,415. As a result, the 
enzyme will first cleave the outer gelatin chains, slowly reaching the inner part of the 
hydrogels leading to a complete degradation. Indeed, calculations based on the rubber 
elasticity theory showed that the presence of oB-CD leads to a decrease in mesh size, 
with mesh size of 11.1 ± 0.8 nm and 8.1 ± 1.2 nm for hydrogels without oB-CD and with 
6% oB-CD, respectively.

3.5 Sustained release of bupivacaine from GTA / oB-CD hydrogels
Following implantation during surgery, the hydrogel was designed to deliver the local 
anesthetic bupivacaine in a sustained manner. Drug loading was performed by immersing 
ring-shaped hydrogels in a bupivacaine HCl solution (50 mg/mL) for 24 hours at 37°C. 
The release profile of bupivacaine from the GTA/oB-CD gels was monitored for 168 
hours and displayed a considerable initial burst followed by a fast release beyond 24 
hours (Fig. 5A). Decreasing an initial burst of LA from sustained release formulations is 
a major developmental challenge 42. Indeed, burst release might lead to sudden high 
local or serum levels of bupivacaine, putting patients at risk of adverse effects 379. 
Conversely, initial burst release inherently decreases the amount of drug available in 
the hydrogel to provide analgesia after the burst release has been washed out. To 
decrease this initial burst and achieve a sustained release of bupivacaine, drug crystals 
were formed inside the hydrogel matrix by pH-induced drug crystallization. This way, 
crystal dissolution would act as an additional rate-limiting step in the diffusion of the 
drug from the hydrogel. Previous studies showed that pH-induced drug crystallization 
enable high drug loading and prolonged release 416. To induce in-situ drug crystals 
formation, hydrogels were first incubated in a solution of bupivacaine HCl, followed by 
incubation in a sodium bicarbonate/ glycerol mixture for 2 hours at 37°C. Prior to crystal 
formation, bupivacaine HCl content per ring was 55.5 ± 2.9 mg. Following alkaline-
promoted crystallization, hydrogels contained a bupivacaine dose of 49.8 ± 3.5 mg. The 
release profile of hydrogels containing crystallized bupivacaine was characterized by a 
moderate decrease in initial burst release as compared to bupivacaine HCl (p <0.05). The 
bupivacaine alkaline crystallization procedure led to a formulation with a burst release of 
66.7 ± 12.9% of total dose after 8 hours, compared to 90.0 ± 4.1% of total dose released 
from hydrogels containing bupivacaine HCl. Release from hydrogels containing crystallized 
bupivacaine was significantly slower compared to hydrogel containing bupivacaine HCl 
up to 48 hours after initial drug release. After 168 hours of release, hydrogels were 
collected and the residual bupivacaine content was determined. Hydrogels subjected 
to in situ crystallization had 2.6 ± 2.5% of total drug content left in the matrix (Fig. 
5A). No bupivacaine was left in hydrogels containing bupivacaine HCl beyond 24 hours, 
demonstrating the beneficial effect of bupivacaine crystals in slowing down release. 
Although hydrogels containing crystallized bupivacaine had only 11% of total dose left 
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after 24 hours, we believe this concentration might be anesthetically effective as the 
analgesic effect will likely depend on local concentration and clearance of bupivacaine. As 
pedicle screws and thus hydrogels will be closely surrounded by muscle tissue following 
surgery, literature on bupivacaine clearance from muscle might be indicative of in vivo 
performance. Indeed, in a previous study performed by McDonald et al. muscle tissue 
concentrations were quantified using microdialysis in rats following administration of 
bupivacaine HCl infiltration or a bupivacaine microparticle formulation. Despite the in vitro 
release of the microparticles being limited to 30 hours, tissue concentrations equaling 
those obtained shortly after bupivacaine HCl infiltration were obtained until four days 
after administration.417 Moreover, bupivacaine elimination half-life from swine skeletal 
muscle was reported to be 82 minutes.418 Further, in clinical practice, instrumented 
spinal surgery always involves implantation of four or more pedicle screws which enables 
the implantation of at least four hydrogels. Taken together, implantation of multiple 
hydrogel rings, as well as limited local clearance rates that possibly lead to accumulation 
of bupivacaine at the surgical site, could both increase the likelihood of analgesic effect 
beyond 24 hours.

Further, to assess the effect of bupivacaine crystals on stiffness, the mechanical properties 
of hydrogels containing bupivacaine crystals and bupivacaine HCl were investigated by 
dynamic mechanical analysis. The presence of bupivacaine crystals did not significantly 
affect the compression modulus of the hydrogel (Fig. 5B). Because bupivacaine is 
crystallized after the network formation, there is no interference with the crosslinking. 
As a consequence, bupivacaine crystals can only grow within the space available in the 
hydrogel matrix. The presence of bupivacaine crystals inside the porous structure of the 
hydrogel was confirmed using SEM (Fig. 5C).
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Figure 5. Bupivacaine release from GTA/oB-CD hydrogels. A Release of bupivacaine HCl and 
bupivacaine crystals from ring-shaped hydrogels. Release is plotted as the percentage of total 
bupivacaine content in the hydrogels. Total bupivacaine content was determined by hydrogel 
degradation after 168 hours of release. Data are presented as mean (N=5) with standard 
deviation as error bars. Data was analyzed using an independent samples t-test at each time 
point. B Effect of bupivacaine crystals on compression modulus. Data was analyzed using 
an independent-samples T-test (p > 0.05). C Scanning electron microscope (SEM) images of 
hydrogels with and without bupivacaine crystals (scale bar 100 mm).

3.6 Cytocompatibility of GTA Hydrogels for sustained bupivacaine release
To determine the cytocompatibility of the developed hydrogel formulation, the metabolic 
activity and viability were determined by culturing human mesenchymal stromal cells 
(MSCs) and NIH3T3 fibroblasts in presence of GTA hydrogels for 48 hours. MSCs and 
fibroblasts were selected, as fibroblasts and differentiated MSCs make up the majority 
of cells present in the orthopedic wound 338. Indeed, following implantation, the hydrogel 
for LA delivery comes into contact with various tissues such as bone, muscle, tendon, 
ligament and fascia. As shown in Fig. 6A, cell metabolic activity was quantified using 
an Alamar Blue assay on cells cultured in contact with hydrogels contained increasing 
concentrations of oB-CD. Metabolic activity was quantified after 24 and 48 hours of 
culture. Significant differences were observed in MSCs and fibroblast metabolic activity 
compared to controls (Fig. 6A). In all groups exposed to hydrogels, cell metabolism 
increased compared to controls after 48 hours of culture. This effect could be due to 
the presence of RB, as RB has been linked to increased cell proliferation 419. Moreover, 
RB deficiency has been associated with DNA and protein oxidative damage in liver cells, 
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inhibiting cell mitosis 420. Furthermore, the effect of glycerol and sodium bicarbonate on 
cell metabolism was investigated, as both were used during drug crystallization. As shown 
in Figure 6A, the presence of glycerol inside the hydrogels did not affect cell metabolism.

Cell viability was assessed using a Live-Dead assay. MSCs and NIH3T3 fibroblasts were 
seeded in a well plate and cultured in presence of hydrogels. Hydrogel compositions 
tested contained increasing concentrations of oB-CD with and without glycerol. No 
significant differences regarding cell viability were observed in NIH3T3 fibroblasts (Fig. 
6B-i and Fig. S6) exposed to different concentrations of oB-CD or the presence of glycerol. 
In the case of MSCs, significant differences in cell viability were observed when compared 
to control monolayers exposed to culture medium only (Fig. 6B-ii and Fig. S6).
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Figure 6. Metabolic activity and viability of MSCs and fibroblasts. A Metabolic activity of 
NIH3T3 fibroblasts (i) and MSCs (ii) determined by Alamar Blue assay after 24 and 48 hours 
of exposure to GTA hydrogels, with (Gly+) or without (Gly-) glycerol, and containing increasing 
concentrations of oB-CD (0-4 wt.%). All values have been normalized to controls. B Live/Dead 
assay of NIH3T3 fibroblasts (i) and MSCs (ii) after 48 hours of exposure to hydrogels with (Gly+) 
or without (Gly-) glycerol, and containing increasing concentrations of oB-CD (0-4%). Viability 
is expressed as live cell count normalized to control wells. Controls consisted of monolayer 
cells exposed to culture medium only in all cases. Data are presented as mean (n=4) with 
standard deviation. Data was analyzed using one-way ANOVA. All groups were compared to 
controls. * p < 0.05.

Next, we evaluated the cytocompatibility of hydrogels loaded with bupivacaine HCl and 
bupivacaine crystals (Fig. 7). NIH3T3 fibroblasts and MSCs were seeded in well plates 
and cultured for 24 hours in the presence of hydrogels. Exposing cells to hydrogels 
containing bupivacaine HCl and bupivacaine crystals caused a significant decrease in 
viability compared to controls. Hydrogels loaded with crystallized bupivacaine performed 
significantly better than hydrogels loaded with bupivacaine HCl, when culturing NIH3T3 
fibroblasts for 24 hours (Fig. 7B and 7C). To understand whether this effect was due to 
slower release of bupivacaine from the hydrogels, or to neutralization of acidic bupivacaine 
following crystal formation, a Live/Dead assay was performed. NIH3T3 fibroblasts and 
MSCs were cultured in growth medium supplemented with i) bupivacaine HCl (1 mM in 
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DMSO); ii) bupivacaine crystals (1 mM in DMSO and iii) the equivalent volume of DMSO 
used for culture i) and ii) for 24 hours (Fig. 7D-i+ii and Fig. S7). After 24 hours, the 
decrease in cell viability was most extensive in monolayers exposed to bupivacaine HCl 
dissolved in DMSO, followed by bupivacaine crystals (dissolved in DMSO) and DMSO only. 
This indicates that cell death induced by bupivacaine HCl is mainly due to the acidic pH. 
Cells were then further cultured in fresh medium for 48 hours, after which both MSCs 
and fibroblasts showed recovery following exposure to bupivacaine crystals. In the case 
of bupivacaine HCl, fibroblasts recovered better than MSCs. Overall, these results show 
that bupivacaine crystallization enable a sustained release with moderately decreased 
initial burst and improved cytocompatibility when compared to bupivacaine HCl. These 
properties might reduce the known myotoxic effects of bupivacaine.339
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Figure 7. Cytocompatibility of GTA/oB-CD hydrogels containing bupivacaine. A Live/Dead 
assay of MSCs and NIH3T3 fibroblasts following 24 hours of exposure to gels loaded with 
bupivacaine crystals (Cx) or bupivacaine HCl. All values have been normalized to control live 
cell count. B Representative fluorescent microscope images of live/dead staining of MSCs and 
NIH3T3 fibroblasts, after 24 hours of exposure to gels loaded with bupivacaine crystals (Cx) 
or bupivacaine HCl (scale bar 200 mm). C Live/Dead assay of MSCs (i) and NIH3T3 fibroblasts 
(ii) after 24 hours of exposure to culture medium containing 1 mM bupivacaine HCl in DMSO, 
1 mM bupivacaine crystals (Cx) in DMSO, and equivalent volumes of DMSO in culture medium. 
72 hours cells were exposed to solutions for 24 hours, followed by 48 hours of recovery. All 
values have been normalized to control live cell count. Controls consisted of monolayer cells 
exposed to culture medium only in all cases. Data are presented as mean (n=5) with standard 
deviation as error bars. Statistical analysis was performed using a one-way ANOVA. All groups 
were compared to controls. * p < 0.05.
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3.7 Ex vivo implantation
To qualitatively assess the suitability of GTA/oB-CD hydrogels for use in instrumented 
spinal surgery, bupivacaine-loaded hydrogel rings were co-implanted with polyaxial 
pedicle screws in fresh cadaveric sheep. The ring-shaped hydrogels were resistant to the 
forces encountered during implantation, as 19 out of 20 hydrogel rings could be implanted 
successfully and without any macroscopic sign of damage (e.g., cracks, discoloration, 
tears) (Fig. 8). The design and composition of the hydrogel ring did not interfere with 
surgical workflow or finding the optimal screw trajectory. Due to its elasticity, the hydrogel 
could adapt its shape to the surgical environment. Following overtightening of screws, 
the rings displayed further radial expansion to accommodate the polyaxial screw head. It 
should be noted that none of the sheep displayed signs of spinal disease. The presence 
of anatomical malformations, such as scoliosis or fracture in the human patient, might 
complicate implantation of the screw and subsequently the hydrogel rings.

Figure 8. Ex vivo implantability of ring-shaped hydrogel. Hydrogel rings were mounted on a 
5*40 mm polyaxial pedicle screw (left). Hydrogel rings being implanted in a sheep spinal column 
(center). Fully inserted pedicle screw and hydrogel ring. The hydrogel ring radially expands and 
adapts is shape to the bone surface upon tightening of the screw (right).

4. CONCLUSIONS

In summary, our study demonstrates that a GTA/oB-CD photo-crosslinked hydrogel could 
be a very promising system for the sustained delivery of bupivacaine for pain relief 
following instrumented spinal surgery. The combination of the riboflavin-mediated photo-
crosslinking with the simultaneous Schiff base formation and guest-host interactions 
provided a tunable hydrogel displaying self-healing properties, capable of withstanding 
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co-implantation with pedicle screws and providing sustained release for 72 hours. The 
GTA/oB-CD hydrogel containing in situ crystallized bupivacaine is cytocompatible and 
following release, the hydrogel is susceptible to enzymatic degradation. The moderate 
decrease in burst release and use of crystallized bupivacaine led to decreased cytotoxicity 
compared to bupivacaine HCl. This novel photo-crosslinked gelatin-based hydrogel has 
the potential to reduce opioid consumption following spinal surgery, and provide localized, 
sustained release of analgesics. In future, the use of this hydrogel formulation can be 
extended towards other implantation sites and/ or encapsulated drugs.
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SUPPLEMENTARY DATA

Figure S1. 1H-NMR Spectra of non-oxidized (top) and oxidized B-cyclodextrin (bottom), used 
to determine degree of oxidation in DMSO.
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Figure S2. 1H-NMR spectra of bupivacaine HCl (8 mM), beta-cyclodextrin (11 mM) and be-
ta-cyclodextrin and bupivacaine HCl. All spectra were obtained in D2O.
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Figure S3. 1H-NMR spectra of tyramine HCl (10 mM), beta-cyclodextrin (11 mM) and beta-cy-
clodextrin and tyramine HCl. All spectra were obtained in D2O.
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Figure S4. Effect of riboflavin concentration on (i) swelling ratio and (ii) sol fraction for hy-
drogels (100 μL) containing 20% GTA, 20 mM SPS, 0% oB-CD and irradiated for 30 minutes.

Figure S5. A Amplitude sweep of hydrogels containing 20% GTA, 20 mM SPS, 2 mM RB and 
0-6% oB-CD. Representative samples are shown, N=3 for all groups. B Amplitude sweep of 
hydrogels containing 20% GTA, 20 mM SPS, 2 mM RB and 0-4% oB-CD and glycerol. Repre-
sentative samples are shown, N=3 for all groups.
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Figure S6. Representative fluorescent microscopy images of Live-Dead assay of MSCs and 
NIH3T3 fibroblasts following 48h of exposure to i) culture medium (control); ii) hydrogels 
(100μL)- with 20% GTA, 20 mM SPS, 2 mM RB and 0% oB-CD without glycerol (oB-CD 0% / 
Gly-); iii) 0% oB-CD with glycerol (oB-CD 0% / Gly+); iv)2% oB-CD with glycerol (oB-CD 2% / 
Gly +); v) and 4% oB-CD with glycerol (oB-CD 4% / Gly+) in culture medium. Scale bar 200 μm.

Figure S7. Representative fluorescent microscopy images of Live-Dead assay of MSCs and 
NIH3T3 fibroblasts after 24 hours of exposure to i) culture medium; ii) culture medium sup-
plemented with i) DMSO; iii) 1 mM crystallized bupivacaine in DMSO; iv) 1 mM bupivacaine 
HCl in DMSO. 72h cells were exposed to conditions I,ii, iii and iv for 24h, followed by 48h of 
recovery. Scale bar 200 μm.
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ABSTRACT

Instrumented spinal surgery is a frequently performed and painful intervention, with 
severe pain lasting often for three days. Opioids are the cornerstone of treatment of 
postoperative pain, but can induce severe side effects, dependence and addiction. 
Novel local anesthetic applications, such as erector spinae plane blocks, and sustained 
release formulations have the potential to decrease opioid consumption without analgesic 
compromise, but have limited efficacy beyond 24 hours. A mismatch in duration of pain 
and duration of non-opioid analgesia is thus present in spine surgery. This study assesses 
the feasibility of a robust hydrogel for three days of sustained and stationary bupivacaine 
delivery, designed for co-implantation with pedicle screws, in a sheep model for spinal 
surgery.

Fifteen sheep received six hydrogel rings loaded with bupivacaine mounted on pedicle 
screws (total dose 220 mg). Wound and systemic drug levels, hydrogel degradation 
and histological response were assessed. Moreover, in vivo drug release was correlated 
to in vitro release (IVIVC). Rings stayed in place after surgery and displayed a first-
order release profile in vivo over 72 hours, with excellent IVIVC. Ring intactness after 
implantation did not affect release. Bupivacaine wound fluid levels exceeded plasma levels 
2300-fold, and plasma bupivacaine levels were well below toxic thresholds through 168 
hours. Histological analysis of implant sites revealed a conventional foreign-body response 
that subsided during follow-up. Hydrogels degraded completely in 9 months. The present 
hydrogel has the potential to provide safe, localized and sustained analgesia following 
instrumented spinal surgery.
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1. INTRODUCTION

A large and increasing number of spine surgeries is performed each year, with over 
400.000 spinal fusions in the United States alone in 2014.14 Severe postoperative pain 
is often experienced for three days or more, and inadequate postoperative pain control 
is reported by up to 75% of patients.15,36 Moreover, spinal surgery ranks amongst the 
most painful interventions overall, despite the use of potent systemic analgesics.12,15 
Postoperative pain has been shown to decrease surgical outcomes and quality of life, 
and increase the risk of developing chronic pain, thus posing a major health burden 
for patients undergoing spine surgery.9,11,15,373 To treat acute and prevent chronic pain, 
opioids are the mainstay of current analgesic treatment following spinal surgery.65 Opioids 
can, however, lead to a plethora of adverse effects with considerable morbidity and 
mortality.335 In addition, opioid use is associated with the development of dependence 
and addiction, to such a degree that national campaigns are organized to combat the 
so-called ‘opioid crisis’.84 Clinical practice increasingly focuses on enhancing recovery 
after surgery (ERAS) by optimizing all stages of the perioperative process. This includes 
improving preoperative patient fitness, minimizing surgical stress, multimodal analgesia 
and rapid mobilization.6,7,421 However, recovery after spine surgery is hampered by pain 
and opioid consumption. Thus, a non-opioid alternative to effectively treat acute pain 
following instrumented spinal surgery is needed.

Local anesthetics such as bupivacaine are a safe and popular option to provide local pain 
relief, and have been applied in spinal surgery to establish regional blocks.102,422 A recently 
popularized technique is the erector spinae plane (ESP) block for spinal surgery, in which 
the dorsal rami of the spinal root are anesthesized using local anesthetics. While effective 
in decreasing postoperative pain, its effective duration of up to 24 hours does not match 
the duration of severe postoperative pain.36,103,423,424 Local anesthetics lack the adverse 
effects of opioids, but are limited in duration of action. In an effort to extend analgesia 
with local anesthetics, continuous infusion in the wound or near nerves has been tested 
in various surgical applications. Although this technique comes with several downsides 
such as the permanent connection of the patient to a pump and uncertainty around the 
risk of infection, its efficacy highlights the potential of local anesthetics in treatment 
of acute postoperative pain.37,425 Therefore, multiple sustained-release formulations 
of local anesthetics have been developed, mainly incorporating bupivacaine as active 
pharmaceutical agent. Bupivacaine is listed as WHO essential drug and has been used 
clinically for over 30 years.271 Examples of sustained-release formulations are injectable 
polymer-, microparticle- and liposome formulations of bupivacaine, of which some have 
reached clinical testing or market approval.42 Liposome bupivacaine (Exparel®) enabled 
24-hour pain relief compared to placebo following bunionectomy surgery and high doses 
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of liposome bupivacaine were effective in decreasing pain after total knee arthroplasty 
when compared to bupivacaine HCl infiltration.320,426 Further, a bupivacaine-impregnated 
collagen matrix (Xaracoll®) provided reduction in pain intensity and opioid consumption 
up to 48 hours in open inguinal hernia repair.427 However, many systems are hampered by 
high initial burst release, limiting duration of action and leading to correspondingly high 
bupivacaine plasma levels, which puts patients at risk of local anesthetic systemic toxicity.

In previous work, we have described the development of a robust hydrogel designed 
for co-implantation with pedicle screws during spinal surgery and demonstrated its ex 

vivo implantability.428 This hydrogel provided sustained release of bupivacaine in vitro 
up to 72 hours by alkaline crystallization of the active pharmaceutical ingredient. The 
biodegradable materials displayed excellent cytocompatibility. Here, we report in vivo 
release and degradation results of an improved version of this hydrogel, using a slightly 
modified approach in raw material functionalization. Further, we describe the in vitro-in 

vivo correlation of release kinetics.

2. MATERIALS AND METHODS

2.1 Hydrogel preparation
Commercially available gelatin (type A from porcine skin; low endotoxin content) 
derivatized with 3,4-hydroxyphenylpropionic acid, referred to as GelTyr, with high (HMW) 
and low molecular weight (LMW) was used for hydrogel synthesis. Ring-shaped hydrogels 
were prepared as described previously.428 In short, GelTyr was dissolved in water for 
injection (WFI) at 45°C. Riboflavin-5-monophosphate (RB) and sodium persulfate (SPS) 
stock solutions were prepared in WFI. Oxidized beta-cyclodextrin (oB-CD) was prepared 
as described previously to obtain an oxidation degree of ± 23% and dissolved at 20 wt% 
in WFI.428 Stock-solutions were then mixed to obtain a pre-gel solution of 20% GelTyr, 2 
mM RB, 20 mM SPS and 4% oB-CD, transferred in ring-shaped molds and irradiated with 
high-intensity visible white light (400-700 nm) for 30 minutes (figure 1B). The resulting 
hydrogels were washed to remove any remaining reagents. To load bupivacaine, the 
hydrogels were submerged in a 5 wt.% bupivacaine HCl solution followed by incubation 
in sodium bicarbonate buffer/ glycerol (0.1 M, pH 8.5) to induce alkaline crystallization 
of bupivacaine inside the hydrogels. The bupivacaine loaded hydrogels were then dip 
coated with poly(lactic-co-glycolic) acid (PLGA, 50:50 ratio) dissolved in acetone at 20 
wt.% so that the domed surface of the ring-shaped hydrogel was coated, whilst the flat 
bone-contact surface remained uncoated. The flat bottom surface of the hydrogel rings, 
in contact with the bone during surgery, was not coated to allow diffusion of bupivacaine 
from that surface to the bone. In total, three types of hydrogel rings were prepared using 
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HMW and LMW gelatin: 1) LMW-GelTyr coated; 2) HMW-GelTyr, uncoated; 3) HMW-GelTyr 
coated.

Following preparation, hydrogels were sterilized using Gamma-sterilization. To assess 
endotoxin content of sterilized hydrogels, a quantitative LAL-assay for lipopolysaccharides 
was performed according to the instruction of the manufacturer (Toxinsensor, Genscript 
Biotech, Leiden, Netherlands).

2.1 In vitro release
In vitro release was tested by submerging hydrogels in 20 mL of 0.01 M citrate buffer 
(pH 6.0) and incubation at 37°C on a shaker plate. At predetermined time points, a 1 mL 
sample was taken and replaced with 1 mL of fresh buffer. After 168 hours of release, 
samples were transferred to a 0.1% formic acid in WFI solution at 45°C to extract any 
remaining bupivacaine in the hydrogel. Bupivacaine concentration in the samples taken 
was quantified using high-performance liquid chromatography (HPLC) and a cumulative 
release curve was constructed. Mobile phases consisted of 0.1% formic acid in water 
and 0.1% formic acid in acetonitrile, and an Agilent Zorbax RRHD column (particle size 
1.8 um, internal diameter 2.1 mm, length 100 mm) was used.

2.2 In vitro degradation
To study the rate of hydrogel degradation in vitro, three hydrogel rings per type were 
incubated in 20 mL of collagenase II solution in a simulated body fluid (phosphate-
buffered saline, pH 7.4) at 37°C on a shaker plate. Enzymatic activity of the solution was 
2 EU*mL-1 to correspond to in vivo conditions.400 The solution was replaced every three 
days to maintain enzymatic activity levels. Degradation was monitored visually until the 
rings had disappeared.

2.3 Animal studies
Approval of the local ethical committee was obtained before the start of animal 
experiments. Animal experiments were performed according to the ARRIVE 2.0 guideline. 
The sheep (Swifter ewes, mean preoperative weight 77.6 ± 10.1 (range 56-104) kg, age 
5.8 ± 1.1 years) was selected as animal model as body weight, circulating volume and 
spinal anatomy are similar to humans.429 Sheep were housed in groups of 5 and allowed 
1 week of acclimatization following their arrival at the test facility. After surgery, sheep 
were housed separately to prevent wound healing complications and conflicts. Animals 
had unlimited access to hay and water. A 12-hour light-dark cycle was maintained and 
animal welfare was monitored daily.

8
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2.4 Spinal Surgery and Hydrogel Implantation for Release
Twenty-one sheep underwent surgery, in which hydrogel rings were co-implanted with 
pedicle screws. Each sheep contained 2 rings of each type, leading to six hydrogel rings 
implanted per sheep. Ring placement on the spine was randomized using the www.
randomized.org online randomization tool and is illustrated in figure 1A. Surgery was 
supervised by an experienced spine surgeon (JJV). Sheep were placed in prone position 
on a heated operation table and received general anesthesia. The dorsal skin was shaved 
and disinfected using povidone iodine from the pelvis to the thoracolumbar junction. After 
sterile draping of the surgical field, a midline incision was performed and the fascia was 
opened. The erector spinae muscle was dissected laterally to expose facet joints and 
the medial part of transverse processes. The facet joints were partly removed using an 
osteotome to allow access to the pedicle screw entry point. A single lumbar level was 
skipped between instrumented levels (L2-4-6) to reduce interference of adjacent hydrogel 
rings regarding release (figure 1A). A 5 mm hole was drilled through the cortex of the 
transverse process and into the pedicle and vertebral body. Subsequently, the rings were 
mounted on polyaxial pedicle screws (6 * 30 mm, figure 1C) and both were implanted 
(figure 1D). Screws were tightened until the screw head touched the bony surface and 
its polyaxial movement decreased. The mechanical performance of the hydrogel ring 
was assessed by two observers (figure 1E). Following implantation of all six screws and 
rings, the wound was flushed with 500 mL of pre-warmed 0.9% NaCl solution to simulate 
rinsing a surgical wound as is regular practice in spine surgery to prevent surgical site 
infections. Completion of implantation of the last screw was recorded as t=0. The fascia, 
subcutaneous tissue, and skin were sutured in layers to close the wound. Sheep were 
terminated at five different time points after implantation (4, 8, 24, 48, 72 hours). For 
each time point, three randomly assigned sheep were available.



165

In vivo feasibility of a hydrogel for sustained bupivacaine release

Figure 1. Experimental setup. A) Implantation scheme of the various ring compositions tested 
on the spine, bilaterally at alternating levels. B) Schematic representation of the cross-linking 
mechanisms involved in forming the hydrogel. 3,4-HPPA: 3,4-hydroxyphenylpropionic acid. C) 
The hydrogel ring containing bupivacaine mounted on a polyaxial pedicle screw. D) Six hydro-
gel rings co-implanted with pedicle screws in an ovine model for spinal surgery. E) Close-up 
of an implanted hydrogel ring, displaying deformability upon tightening of the pedicle screw.

2.5 Animal Follow-Up and In Vivo Release
Blood was sampled at t = 0.5, 1, 2, 4, 8, 24, 48 and 72 hours after the last ring and 
screw were implanted in the five longest-surviving sheep (48 and 72 hours survival, table 
S1). Blood was centrifuged for 10 min at 3000 rpm, the supernatant plasma aspirated 
and frozen at -20°C. At termination, samples of deep (i.e., close to the screws) and 
superficial (i.e., in the subcutaneous compartment) wound fluid were obtained in selected 
sheep and centrifuged (table S1). The supernatant was collected and frozen at -20°C. 
Analysis of plasma and wound fluid bupivacaine levels was performed by Ardena B.V. 
(Assen, Netherlands). Sheep terminated after 4 hours were kept under general anesthesia 
between surgery and termination to reduce animal discomfort. Following termination 
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at fixed time points, hydrogel rings were explanted and the residual bupivacaine dose 
was determined by HPLC. Drug was extracted in 0.1% FA and protein precipitation was 
done by mixing with pure ethanol in 2:1 ethanol: sample ratio. The residual dose in 
explanted rings was expressed as a percentage of the initial ring dose, as determined 
per composition during the in vitro release testing. Percentual release curves were then 
obtained by plotting (100% - % left at t = X).

2.6 In Vivo Assessment of Hydrogel Degradation
To assess in vivo degradation, hydrogel rings were implanted according to the surgical 
procedure above in six sheep. Sheep received 8 or 4 hydrogel rings in alternating 
fashion, to assess the effect of cumulative dose on bupivacaine plasma levels. Plasma 
samples were obtained t = 1, 4, 8, 20, 24, 32, 48, 72, 96, 120, 144 and 168 hours after 
the last ring and screw were implanted. An iterative approach was taken (figure S1). 
Hydrogel degradation was assessed by explantation after 28, 56, 168, 252 and 336 
days of implantation if hydrogels were present at the previous time point. Remaining 
hydrogels were then dried, the dry mass was obtained and compared to the initial dry 
hydrogel mass (without bupivacaine crystals and glycerol). During ring explantation, tissue 
biopsies were obtained from the direct vicinity of the pedicle screw and hydrogel. Tissue 
underwent fixation in 4% formaldehyde followed by paraffin embedding and slicing to 
obtain 4 um thick histology slides. Next, hematoxylin & eosin staining was performed to 
allow qualitative evaluation of local tissue response by a board-certified pathologist (MD).

2.7 Statistical Analysis
All statistical analysis was performed in Rstudio (Boston, MA, USA). All continuous 
variables were reported as mean ± standard deviation. In vitro drug release was fitted 
to various kinetic models (zero-order, first-order, Higuchi, Korsmeyer-Peppas) to determine 
the mechanism of drug dissolution. R2 values and release constants k were obtained from 
every model.430,431 Hydrogels were retrieved from the sheep after predetermined periods 
of implantation, and drug residues were analyzed using a multivariable linear regression 
model, setting drug residue as dependent variable and ring type, implantation location, 
the square root of follow-up time, sheep mobility and ring intactness upon implantation as 
independent variables. Further, an interaction term between ring type and the square root 
of follow-up time was added to reduce the effect of start dose on release and improve 
the model fit. Residuals were saved and Q-Q plots were generated to assess normality.

In vitro – in vivo correlation was performed by Pearson correlation and linear regression. 
Pearson in vitro – in vivo correlation coefficients were obtained for each composition 
tested. Next, the in vivo release was plotted as function of the in vitro release at identical 
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time points (4, 8, 24, 48 and 72 hours). Linear regression was performed and an R2 value 
was obtained.

3. RESULTS

3.1 Hydrogel preparation
Sixty hydrogels of each type were successfully prepared by photocross-linking, 
inducing covalent dityrosine bond formation between Phenol groups of the grafted 
3,4-hydroxyphenylpropionic acid on GelTyr. In parallel, aldehyde moieties present on 
oB-CD formed Schiff-bases with the amine groups present on GelTyr. Phenol groups 
then could form an inclusion complex with the oB-CD cavity, leading to a third method 
of cross-linking (figure 1B). In the previous report, carboxyl (-COOH) groups present in 
gelatin were functionalized with tyramine using EDC/NHS chemistry. EDC activation of 
-COOH groups allowed reacting to amino (-NH2) groups on tyramine, but could also yield 
intramolecular crosslinks between the -NH2 and -COOH groups present on gelatin. In the 
present study, -NH2 groups present on gelatin were with 3,4-hydroxyphenylpropionic 
acid.432,433 The improved method of functionalization provides better control of the 
reaction, easier and scalable purification and yields fewer side products compared to 
EDC-mediated functionalization.

Bupivacaine dose in hydrogels was quantified using HPLC. Doses per ring were 43.3 ± 
2.03 mg for LMW-GelTyr coated, 41.5 ± 1.22 mg for HMW-GelTyr uncoated and 32.0 ± 
1.47 mg for HMW-GelTyr coated. To allow application of kinetic models on in vitro release 
profiles, as well in vitro-in vivo correlation of release behavior, the in vitro release kinetics 
were determined at physiological conditions. In vitro, hydrogels displayed sustained 
release of bupivacaine up to 96 hours. After 168h, hydrogels had released 76.4 ± 3.6% 
(LMW-GelTyr coated), 89.6 ± 0.4% (HMW-GelTyr coated) and 85.0 ± 2.0% (HMW-GelTyr 
uncoated) of total bupivacaine dose. In vitro drug release curves were then fitted to 
various kinetic models for drug release (zero-order, first-order, Higuchi and Korsmeyer-
Peppas) using previously described methods to elucidate the driving mechanisms behind 
drug release.430,431 High R2 values were obtained for all models except zero-order (table 
1). The best-fitting model differed between the hydrogel compositions used. n exponent 
values from Korsmeyer-Peppas models ranged between 0.88 and 1.06 for the various 
compositions tested.

To prevent inflammatory responses once implanted, hydrogel rings were sterilized using 
gamma sterilization and their endotoxin content was quantified. Endotoxin content of 
sterilized hydrogel rings was 1.2 ± 0.1 EU per ring on average. To qualitatively study 
the robustness of the rings, hydrogels were implanted on an anatomical vertebra model 
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(lumbar spine, sawbones.com, Malmö, Sweden) with a 6*30 mm pedicle screw. The screw 
was tightened until the screw head touched the material surface and lost its polyaxial 
freedom of movement and rings were macroscopically assessed for damage. All rings 
successfully underwent ex vivo implantation. After 28 days of incubation in enzymatic 
degradation solution, all hydrogels had degraded in vitro.

Table 2. Fits of kinetic models for in vitro release.

Kinetic model  LMW-GelTyr 
uncoated

HMW-GelTyr 
coated

LMW-GelTyr 
coated

Zero-order

x = time
y = drug released (mg)

R2 0,852 0,872 0,877
y = a*x ± b 0,84*x + 

13,64
0,96*x + 

11,02
0,80*x + 9,97

k (=a) 0,84 0,96 0,80
First-order

x = time
y = log % remaining

R2 0,955 0,980 0,969
y = a*x ± b -0,0084*x + 

1,94
-0,0109*x + 

1,97
-0,0075*x + 

1,98
k (=a*ln(10)) 0,019 0,025 0,017

Higuchi

x = sqrt time
y = % drug released

R2 0,969 0,970 0,975
y = a*x ± b 9,01*x + 

0,006
10,19*x - 

4,09
8,54*x - 2,69

k = a 9,01 10,19 8,54
Korsmeyer-Peppas

x = log time
y = log % released

R2 0,989 0,968 0,971
y = a*x ± b 0,88*x + 0,61 1,06*x + 0,37 0,94*x + 0,43
k (= eb) 1,84 1,44 1,54
n exponent 0,88 1,06 0,94

3.2 Sheep Spinal Surgery
Hydrogel rings were successfully implanted in all 21 sheep. Fifteen sheep, used to 
determine in vivo release, received a mean total bupivacaine dose of (((41.5 ± 1.22) + 
(32.0 ± 1.47) + (43.3 ± 2.03))*2 =) 233.6 ± 3.94 mg or 234/77.6 = 3 mg*kg-1. Absence 
of macroscopic damage was achieved in 85 out of 90 hydrogels following implantation. 
Five rings developed a radial tear (four rings of LMW-GelTyr coated and one ring of HMW-
GelTyr coated). The remaining six sheep, used to study hydrogel degradation, received 
a dose of either 145.6 mg (4 rings) or 299.6 mg (8 rings). Seventeen out of 21 sheep 
were able to walk shortly after surgery. Three sheep were kept under general anesthesia 
until termination after 4 hours and thus did not walk. One sheep displayed immediate 
and complete paraplegia. Spinal cord injury by pedicle screws breaching the spinal canal 
was confirmed upon obduction. All other sheep recovered from surgery uneventfully. No 
wound healing complications were observed.
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3.3 In vivo release
Upon retrieval of hydrogel rings from the sheep, the residual dose was determined 
and a release curve was constructed based on six hydrogel rings per composition per 
time point, implanted across three sheep per time point. Hydrogels displayed sustained 
release of bupivacaine during 72 hours (figure 2). Release was characterized by an 
initial burst release, which was most pronounced in the HMW-GelTyr non-coated group. 
LMW-GelTyr coated displayed the most linear release profile of the compositions tested. 
Multivariable regression analysis (table 2) displayed a significantly slower release in LMW-
GelTyr coated rings compared to the reference HMW-GelTyr non-coated rings (regression 
coefficient 7.65, p = 0.0025). No significant difference between HMW-GelTyr coated and 
HMW-GelTyr non-coated rings was present (p = 0.1114). As expected, follow-up time 
after implantation was a significant predictor for drug release from hydrogels (regression 
coefficient -4.329, p < 0.001), indicating longer follow-up leads to decreased residual 
drug. When incorporating the interaction term between ring type and follow-up time, no 
significant differences between release of various ring types became apparent, indicating 
an effect of starting dose on absolute release. The presence of tears in the hydrogel 
rings after implantation did not affect release in vivo (p = 0.206). Four sheep remained 
immobile after surgery, but sheep immobility was not a significant predictor for drug 
release (p = 0.144). No significant effect of implantation location on drug release was 
present (p = 0.35 – 0.97 for the various locations). In case percentual release was used 
as outcome (thus correcting for dose differences between rings), release of HMW-GelTyr 
coated and LMW-GelTyr coated rings was significantly slower compared to LMW-GelTyr 
uncoated rings (regression coefficient -13.77 (p = 0.0347) and regression coefficient 
-13.61 (p = 0.0378), respectively). These differences can be explained by the presence 
of the coating, effectively decreasing the diffusion surface of the ring.

Figure 2. In vivo drug release from bupivacaine-loaded hydrogel rings. A) Release of bupi-
vacaine expressed as a percentage of starting dose. B) Release of bupivacaine expressed as 
absolute amount (mg). C) Residual bupivacaine in hydrogel rings at explantation. All data is 
reported as mean ± SD (N=6 per time point).
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Table 3. Multivariable linear regression of drug release.

Multiple R2 = 0.8921 Ring residual drug 
(mg)

Ring percentage 
released

Variable Category Coeff. p Coeff. p

Intercept 40.804 <0.001 0.8397 0.9121
Ring type HMW-GelTyr uncoated Ref Ref

HMW-GelTyr coated -3.89 0.133 -13.77 0.0347
LMW-GelTyr coated 7.55 0.004 -13.61 0.0378

Mechanical 
performance

Broken during implant Ref Ref

Intact during implant -2.56 0.206 6.59 0.1925
Mobility Immobile Ref Ref

Mobile -1.48 0.144 3.76 0.1388
Time Follow-up (square root) -4.34 <0.001 10.46 <0.001
Implantation 
location

Bottom-left Ref Ref

Bottom-right -0.66 0.674 1.88 0.631
Middle-left -1.13 0.469 3.01 0.440
Middle-right -1.49 0.348 3.39 0.392
Top-left -0.27 0.867 0.66 0.869
Top-right -0.05 0.974 0.64 0.869

Interaction 
ring type – 
Follow-up

HMW-GelTyr coated 0.38 0.403 1.89 0.100
LMW-GelTyr coated -0.60 0.190 0.93 0.413

3.4 Plasma and Wound Fluid Analysis
Bupivacaine plasma levels were determined in selected sheep at timepoints 0.5, 1, 2, 
4, 8, 24, 48 and 72 hours. Plasma levels gradually rose to a level of 70.1 ± 37.9 ng*mL-1 
in 24 hours and remained relatively stable until 72 hours (figure 3A). Wound fluid was 
sampled at t=4, 8, 24, 48 and 72 hours at termination in selected sheep (figure 3B). On 
average, deep wound fluid concentrations were a factor 2298 ± 784 higher than plasma 
concentrations across time points, while superficial wound concentrations were 525 ± 343 
times higher. This indicates a high local concentration with low systemic loads, reducing 
risk of systemic side effects. The pH of superficial wound fluid was 7.43 after 4h (R1-5) 
and 7.87 after 72 hours (R1-2), while pH of deep wound fluid was 7.40 after 4 hours 
and 8.04 after 72 hours, respectively. In the sheep used to study hydrogel degradation, 
bupivacaine plasma levels were determined up to 168 hours, at which the drug was still 
present. A dose-dependent increase in AUClast was observed (7869 ± 1798 ng* h*mL-1 
for 8 rings versus 3345 ± 933 ng*h*mL-1 for 4 rings). Cmax and Tmax were 84.3 ± 14.9 
ng*mL-1 at 32 hours and 35.2 ± 10.3 ng*mL-1 at 24 hours for sheep receiving 8 and 4 
rings, respectively. The highest Cmax value recorded in the study was 130.0 ng * mL-1.
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Figure 3. Bupivacaine plasma and wound fluid levels obtained in sheep. A) Semi-log plot of 
bupivacaine plasma and corresponding deep and superficial wound fluid levels in sheep that 
underwent explantation of hydrogels at predetermined intervals. B) Bupivacaine plasma levels 
in sheep used to study hydrogel degradation. The sheep received 4 or 8 rings (N=3 sheep 
each). Data is presented as mean ± SD.

3.5 In vivo hydrogel degradation
To study the in vivo degradation of the hydrogel material, hydrogel rings were explanted 
at various predetermined intervals after surgery according to the decision tree in figure 
S1. The residual dry mass of hydrogel rings was obtained and expressed as a percentage 
of starting dry mass. Results of the in vivo degradation study are displayed in figure 4. 
Hydrogels degraded over the course of approximately 9 months, which was confirmed 
after 336 days of implantation. 8
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Figure 4. Hydrogel degradation in vivo. Hydrogel mass remaining following explantation was 
measured at various time points after surgery, as a measure for degradation.

Tissue samples obtained from the implantation site during explantation displayed a foreign 
body response with fibrous capsule formation (figure 5). Formation of fibrous tissue by 
active fibroblasts, neovascularization, brown pigmentation compatible with hemosiderin 
following prior hemorrhage and birefractive foreign body material resembling the hydrogel 
were observed after 28 days of implantation. Some muscles fibers were atrophic yet 
vital and no immune cell infiltrate was present. After 56 days, hemosiderin and hydrogel 
material fragments were encapsulated by multinuclear giant cells. Extensive active 
fibrosis, rich in fibroblasts was present in all samples. Some macrophages were present 
as well as areas of atrophic and fibrotic muscle fibers. 168 days after surgery, some giant 
cells together with fibrosis low in fibroblasts was reported. No clear neovascularization, 
inflammation or immune cell infiltration was seen. After 252 days, histology consisted of 
atrophic muscle tissue with interposed mucoid degeneration and fibrosis. Hemosiderin 
was encapsulated in multinuclear giant cells located in extensive areas of fibrosis and 
incidental neovascularization. 336 days after implantation, atrophic muscle fibers and 
fibrosis with low fibroblast counts was present, indicating a subsiding foreign body 
response.434
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Figure 5. Hematoxylin and eosin staining of implant sites. Samples were obtained at 28, 56, 
168, 252 and 336 days after implantation. Per time point, two tissue overviews (top and third 
row) and respective details (second and fourth row) are provided.

3.6 Release In vitro – In vivo correlation
Pearson correlation was performed between in vitro and in vivo percentual release at 
similar time points. The Pearson’s correlation coefficient was 0.996 for HMW-GelTyr 
uncoated, 0.998 for HMW-GelTyr coated and 0.994 for LMW-GelTyr coated (p < 0.001 
for all compositions). Further, linear regression was performed, setting in vivo release 
as dependent and in vitro release as independent variable. R2 values were > 0.99 for 
all compositions (p < 0.001). The regression coefficient or slope (a in y = ax + b) was 
between 1.12 and 1.22, indicating that in vivo release of bupivacaine from the hydrogel 
is 12-22% faster compared to in vitro (figure 6).

8
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Figure 6. In vitro-in vivo correlation of release. A) plots displaying in vivo and in vitro drug 
release from the three compositions tested. B) Plots displaying results from linear regression 
analysis of in vitro versus in vivo release.

4. DISCUSSION

Providing adequate pain treatment following spinal surgery remains a major clinical 
challenge. Current opioid-based regimes come with a delicate balance between analgesic 
effect and side effects. Recent developments in the use of local anesthetics, such as 
ESP blocks and sustained-release formulations, emphasize the potential of LAs in spine 
surgery but are limited in duration of action.36,40,103 To provide a non-opioid alternative that 
effectively and efficiently provides pain relief following instrumented spinal surgery, this 
study investigated a robust yet deformable ring-shaped hydrogel for sustained and local 
release of local anesthetic after co-implantation with pedicle screws. This drug delivery 
formulation was constructed from gelatin functionalized with a tyrosine derivative that 
allowed photo-crosslinking with the biocompatible photo-initiator riboflavin.428 Bupivacaine 
crystals were incorporated as active pharmaceutical ingredient. Upon implantation in a 
sheep model for spinal surgery, the hydrogels could handle co-implantation with pedicle 
screws without breaking, provided sustained release of bupivacaine for 72 hours, 
displayed in vivo degradability, and elicited limited local tissue response.
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A strength of this study was the experimental setup, that allowed for precise measuring 
of residual drug in hydrogels and did not rely solely on plasma levels to estimate local 
release. Explantation of hydrogels further allowed bupivacaine quantification in wound 
fluids from deep and superficial surgical compartments, giving a better sense of the 
concentration of analgesic present at relevant sites. The orders-of-magnitude differences 
between local wound fluid and systemic bupivacaine concentrations underline the 
localized nature of this novel treatment. As the highest Cmax recorded was 130 ng*mL-1, 
the observed plasma levels stayed well below reported toxic thresholds, even when taking 
into account the faster elimination of bupivacaine in sheep compared to humans.435,436 
Moreover, time to Cmax (Tmax) was considerably longer compared to conventional 
administration routes of bupivacaine, namely 24-32 hours in the present experiment 
versus 30 minutes following infiltration by injection.437 In comparison, a bupivacaine-
loaded collagen mesh (Xaracoll, Innocoll) used for analgesia following abdominal 
hysterectomy yielded a median Tmax of 12 hours in humans.39 Liposome bupivacaine 
(Exparel, Pacira) has been tested in multiple clinical indications such as inguinal hernia 
repair, total knee arthroplasty and bunionectomy, leading to median Tmax of 12, 24 and 
2 hours, respectively. With comparable doses to the present experiment, the obtained 
Cmax of liposome bupivacaine were considerably higher: 360 ng*mL-1 for a dose of 266 
mg following inguinal hernia repair or total knee arthroplasty.43–45 Administration of 400 
mg of a polymeric injectable formulation of bupivacaine and meloxicam, a non-steroid 
anti-inflammatory drug (HTX-011, Heron Therapeutics) following total knee arthroplasty 
yielded a Cmax of approximately 550 ng*mL-1 after 24 hours, although exact data were 
not provided.438 The delay in Tmax of the current formulation compared to conventional 
bupivacaine administration modes indicates the presence of absorption rate-limited 
elimination, or flip-flop kinetics.439 As elimination half-life in humans is approximately 
twice as long as in sheep (162 versus 72 minutes), a higher Cmax and sustained presence of 
bupivacaine in human plasma is anticipated.437,440 As plasma levels were the result of three 
different ring types implanted in a single sheep, no plasma bupivacaine concentrations 
could be retrieved for individual ring types. Cmax values will likely be slightly higher in case 
of implantation of six fastest-releasing compositions (i.e., non-coated). In vivo release 
displayed excellent correlation to in vitro release results, facilitating prediction of the 
effects of formulation modification on in vivo release characteristics without necessitating 
additional animal testing.

Kinetic models were fitted to the in vitro release data, with good model fits for non-
zero order models (R2 >0.95). The Korsmeyer-Peppas kinetic model yielded n exponent 
values of 0.88-1.06, indicating polymer swelling to be a dominant mechanism in drug 

8
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release.431 Indeed, as the hydrogels are implanted in a dried state and subsequently 
uptake release medium, the pores inside the hydrogel matrix will enlarge, facilitating the 
transport of drug out of the hydrogel matrix. Considering the high R2 values obtained 
when fitting experimental data to both Higuchi and first-order models, drug release is 
likely a combination of polymer swelling, crystal dissolution and subsequent diffusion of 
drug from a monolithic matrix. Lastly, although no repeated measures in individual sheep 
could be obtained, the mean fraction released increased at each consecutive time point, 
indicating reliable release behavior across individuals.

The main limitation of this study is the lack of pain quantification. Various models to 
quantify pain in sheep exist.441 However, as these models frequently rely on left-right 
differences, application following spinal surgery in the present study was not considered 
feasible. As frequent blood sampling was performed during the experiment, heart rate 
measurements and behavioral scores were deemed insufficiently specific and unreliable 
to measure only postoperative pain in sheep. Co-implantation of the hydrogel and pedicle 
screw ensures the presence of bupivacaine in an anatomical location similar to ESP blocks, 
which reduce postoperative pain through 24 hours.103 Although the analgesic effects of 
bupivacaine are undisputed, the exact local concentration needed to obtain pain relief 
in the present application is unknown. Previous work has demonstrated the abundant 
presence of A-delta and C-fibers in various bone compartments.120,336 Ex vivo studies 
performed on rabbit sciatic nerves reported bupivacaine concentrations of 0.048 mM and 
0.201 mM to be sufficient for a 50% reduction of action potential in myelinated A-delta 
and unmyelinated C-fibers, respectively.361 For comparability, wound fluid concentrations 
of up to 0.72 mM were found in the present experiment. As the nerve sheath was removed 
from rabbit sciatic nerves but peri- and endoneurium were still present, the concentration 
needed to provide action potential reduction in individual nerve fibers in musculoskeletal 
tissue is likely to be lower than the values reported by Gissen et al. However, phenomena 
such as local wound pH (according to the Henderson-Hasselbalch equation, the ionized 
fraction of drug increases at lower pH, decreasing its capacity to cross cell membranes) 
could influence the degree of local anesthesia provided. Indeed, bupivacaine has been 
reported to be less effective at lower pH and in inflamed environments.363

Burst release of bupivacaine from hydrogels was most pronounced in the uncoated 
composition, likely due to the larger diffusion surface available in the absence of a partial 
coating. However, the differences in bupivacaine dose between hydrogel ring types limited 
the assessment of effect of molecular weight and presence of a coating on release, as 
differences in release based on dose could not be ruled out.



177

In vivo feasibility of a hydrogel for sustained bupivacaine release

Biocompatibility is defined by the FDA as “the ability of a material to perform with an 
appropriate host response in a specific situation”.442,443 As such, the present hydrogel 
adhered to this definition. It performed as expected, releasing bupivacaine over a period of 
72 hours. After drug release, the hydrogel elicited a host response resembling a standard 
foreign body reaction associated with inert materials which subsided over the course 
of 12 months. Fibrous capsule formation, macrophage infiltration, neovascularization 
and presence of multinuclear giant cells was observed after 28, 56, 168, 252 and 336 
days, corresponding well to the later stages of foreign body response described in 
previous literature.434,444–446 No evident lymphocyte immune response was noted. In vivo 
degradation was studied from 28 days onwards but, unexpectedly, far exceeded the in 

vitro degradation time of 28 days. Hydrogel rings had degraded after approximately 9 
months in vivo. Upon macroscopic examination and histopathological analysis, fibrous 
capsule formation around the combined ring and screw was observed. Possibly, the 
presence of this capsule decreased contact between wound fluids and the hydrogel, 
slowing down the degradation of the hydrogel ring. In the current experimental setup, the 
foreign body response elicited is a product of both titanium pedicle screw and hydrogel 
implantation and differentiating between their isolated effects is not possible. Moreover, 
the severity of foreign body response has been linked to the degree of tissue damage 
done during surgical implantation. As spinal surgery is a highly invasive procedure, the 
intervention itself might increase the foreign body response directed against the screw-
ring complex.446

CONCLUSION

In conclusion, a robust hydrogel-based drug delivery formulation for sustained release 
of bupivacaine was designed for co-implantation with pedicle screws. Bupivacaine 
release from hydrogel rings was sustained for 72 hours in vivo, correlated well to in 

vitro release and led to high wound and low systemic concentrations. The hydrogel 
formulation displayed biodegradability and elicited a conventional foreign body response. 
This formulation has the potential to improve postoperative analgesia and enhance 
postoperative recovery following spinal surgery.

8
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Figure S1. Decision tree to study in vivo degradation of the bupivacaine-loaded hydrogel. 
The presence or absence of the hydrogel ring in a prior sheep determined the survival time 
of the subsequent sheep.
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ABSTRACT

Introduction: Effective postoperative analgesia is an area of active research. Both pain 
and side-effects of analgesic medication inhibit rapid postoperative recovery of patients 
undergoing instrumented spine surgery. A focus shift towards localized treatments, 
employing local anesthetics to minimize the need for systemic analgesics such as 
opioids is taking place. However, a mismatch between the three-day duration of severe 
postoperative pain and duration of local anesthetic action is present. Emerging techniques 
including locoregional nerve blocks and the various sustained-release formulations of 
local anesthetics in development are promising, but their effects are limited beyond 
12-24 hours. An implantable sustained local anesthetic release formulation that is 
stationary at the target site could be a feasible treatment method for patients undergoing 
instrumented spine surgery. This GLP-compliant study tests the local and systemic safety 
of a bupivacaine-loaded hydrogel, designed for co-implantation with pedicle screws, in 
a sheep model for spine surgery.

Methods: Bupivacaine crystals were encapsulated in ring-shaped gelatin hydrogel 
matrices. Eight sheep underwent implantation of A) eight pedicle-screws only, eight sheep 
received B) eight pedicle screws and hydrogels without drug (E-matrix), and another 
eight sheep received C) eight pedicle screws with drug-loaded hydrogels (B-matrix, 
cumulative dose 256 mg bupivacaine). All sheep underwent plasma sampling for drug 
levels and systemic safety parameters. The duration of follow-up was 6 days for two 
sheep per group, and 56 days for six sheep per group, after which histological analysis 
of implant sites and systemic organs was performed. Host reaction was scored according 
to the ISO10993-6:2016(E) standard. Additionally, six sheep underwent subcutaneous 
(SC) infiltration of bupivacaine HCl (dose 133 mg bupivacaine) to allow comparison of 
pharmacokinetic parameters such as maximum plasma concentration (Cmax), time to 
Cmax (Tmax), area under the drug plasma curve (AUC), and elimination half-life (T1/2) 
between bupivacaine infiltration and B-matrix implantation.

Results: All sheep recovered from surgery uneventfully. Cmax was 138.3±68.5 ng/mL 
obtained after 1 hour (median Tmax) in group D, and 50.4±24.5 ng/mL obtained after 
28 hours (median Tmax) in the B-matrix group (C). T1/2 was 6.5 times higher in group C 
compared with D (67.6±15.6 versus 10.7±5.5 hours, respectively). Histological analysis 
revealed no differences in total host reaction on bone or muscle level between the three 
surgical groups. Further, blood chemistry, hematological values, and histopathology of 
systemic organs were comparable between groups.
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Conclusions: A bupivacaine-loaded ring-shaped hydrogel was designed for co-
implantation with pedicle screws, to provide several days of analgesia at the source of 
pain after instrumented spine surgery. Both B-matrix and E-matrix were well-tolerated 
in sheep and did not induce additional tissue damage compared with controls. Following 
administration of B-matrices, lower systemic bupivacaine concentrations were observed 
compared with SC bupivacaine infiltration. The results indicate both local and systemic 
safety of the bupivacaine-loaded hydrogel when used in instrumented spine surgery.

9
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1. INTRODUCTION

Every day, thousands of spinal surgical interventions are performed.14 Because of positive 
effects on patient well-being and increasing healthcare demands, acceleration of the 
postoperative recovery process is receiving growing attention.6,421 However, both pain 
and side effects of analgesic treatment affect the majority of patients undergoing spine 
surgery, and inhibit swift hospital discharge.12,65,78,447,448 Severe postoperative pain typically 
lasts for three days after spine surgery, and can significantly influence surgical outcomes 
and patient satisfaction.11,16,36,65 Insufficiently controlled postoperative pain following 
skeletal surgery is a prevalent clinical problem, putting patients at risk of developing 
chronic postoperative pain.10,15,64 Currently, treatment of postoperative pain heavily relies 
on opioids.65 The systemic administration of opioids can provide effective analgesia, yet 
exposes not only the intended target site but also other tissues to the drug. This can 
lead to side effects such as constipation, ileus, respiratory depression and drowsiness.24 
Moreover, patients consuming opioids are at risk of dependence and addiction.254 The 
rapid increase in opioid consumption over the past 25 years and concomitant increase 
in opioid-related deaths illustrate the magnitude of these risks.25–29 The existence of 
insufficiently controlled postoperative pain despite opioid use and the prevalence of 
opioid-related side effects highlight an unmet clinical need for improved analgesia after 
skeletal surgery.

Various solutions are in development to provide non-opioid analgesia after surgery, 
and thus reduce the risk of opioid-related side effects. Wound infiltration with local 
anesthetics is an effective technique to locally inhibit nociception by blocking action 
potential conduction, thereby preventing the downstream sensation of pain.37 However, 
the duration of action of local anesthetics is limited. An increased duration of analgesia 
and decreased opioid consumption are obtained when employing regional blocks, 
such as the erector spinae plane (ESP) block.102,103,424 Still, these techniques are limited 
by the duration of action. Systems to continuously infuse local anesthetics into the 
surgical wound are commercially available (ON-Q Pain Busterâ, B. Braun, Germany) but 
require specialized personnel, possibly removal at a later hospital visit and necessitate 
a constant connection of the patient to the system, disabling patient mobility.337 Also 
in ESP block, continuous infusion can be used but with similar downsides and risk of 
cannula dislodgment.449

To provide non-opioid sustained analgesia and overcome the drawbacks of short 
durations of action and cannulas, we have recently reported on a ring-shaped local 
anesthetic delivery formulation for co-implantation with pedicle screws during spine 
surgery.428 The concept of a ring-shaped, implantable drug delivery formulation yields 
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several requirements for successful clinical application: i) The formulation should be 
able to encapsulate and slowly release local anesthetics in sufficient doses to provide 
analgesia for the duration of severe pain following spine surgery;36,65 ii) the formulation 
should be robust enough to withstand orthopedic implantation, yet deformable enough 
to not interfere with optimal screw positioning and screw head polyaxiality; and iii) the 
formulation should be composed of a biocompatible and biodegradable material, to 
prevent local toxic effects or excessive immune system activation that could compromise 
postoperative recovery.42

The present formulation encapsulates bupivacaine in a hydrogel matrix and is designed 
to work with polyaxial, angular-stable pedicle screws, which are connected with rods 
following implantation. Polyaxial screw heads can angulate and rotate freely after 
implantation, for which some space under the screw head is required. Angular-stable 
screws have good purchase in the bone without complete insertion, preventing pressure 
of the screw head on bone and periosteal blood vessels with subsequent necrosis.450 The 
space under the screw head would allow the placement of a deformable hydrogel ring if it 
does not compromise screw placement. It is therefore essential that the hydrogel ring is 
robust enough to remain intact during implantation, but flexible enough to allow optimal 
screw placement and screw head polyaxiality. The active pharmaceutical ingredient 
bupivacaine inhibits action potential conduction by blocking voltage-gated sodium 
channels in sensory neurons, shown to be abundantly present in bony tissues.120,336,358

In this study, a sheep model for instrumented spine surgery is employed to quantify 
the systemic pharmacokinetics of the bupivacaine-loaded hydrogel, and compare with 
bupivacaine HCl subcutaneous infiltration. In addition, the local and systemic toxicity 
of both the empty hydrogel matrix (E-matrix) and drug-loaded hydrogel (B-matrix) co-
implanted with pedicle screws are investigated by histological comparison with the pedicle 
screw-only clinical reference situation.

9
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2. MATERIALS AND METHODS

2.1 Material preparation
Bupivacaine-loaded hydrogel rings (B-matrix) were prepared as described previously.428 
Commercially available gelatin functionalized with a tyrosine derivative (GelTyr), type 
A from porcine skin, was mixed with oxidized beta-cyclodextrin and photocross-linked 
in the presence of riboflavin-5-monophosphate and sodium persulfate to obtain the 
hydrogel matrix. Matrices were then washed, dried and subsequently incubated in 
bupivacaine solution for drug loading. Following drug loading, matrices were again dried 
and incubated in a 30% (v/v) glycerol in sodium bicarbonate 0.1 M solution at pH 8.5 
to induce bupivacaine crystal formation. After a third drying step, the domed surface 
of matrices was dip-coated by partial submersion in a 20% (w/v) poly(lactic-co-glycolic 
acid) solution in ethyl acetate. Excipient hydrogel matrix rings (E-matrix) were prepared 
in a similar manner, with the exception that the drug-loading step was omitted from 
production. Two batches of E-matrix (batches 28 and 29) and B-matrix (batches 30 and 
31) were manufactured. Both E-matrix and B-matrix were packed in aluminum pouches 
and underwent ≥25 kGy gamma sterilization (STERIS, Ede, Netherlands). Bacterial 
endotoxin content per unit was quantified using Ph. Eur. Method 2.6.14.451

2.2 Quantification of bupivacaine dose and in vitro release
Bupivacaine dose was extracted from B-matrix samples of both batches (N=3) by 24-hour 
incubation of B-matrix in 0.1% formic acid solution at 45°C. This solution was subsequently 
analyzed using HPLC to obtain the bupivacaine dose per unit. In vitro drug release was 
studied by submerging B-matrix (N=5 per batch) in 20 mL of 0.01M citrate buffer pH 6.0 
at 37°C under continuous agitation.428 The solution was replaced at predetermined time 
points, after which residual drug was extracted by 24 hours of incubation in 20 mL of 
0.1% formic acid solution at 45°C. At each time point, the bupivacaine concentration was 
quantified using HPLC and used to construct a cumulative release curve.

2.3 Animals
Ethical approval was obtained from the local ethical committee prior to the start of the 
experiment (dossier number EC MxCl 2021-176), and the experiment and its reporting 
adhered to the ARRIVE guidelines. All procedures were performed in a GLP-licensed 
animal facility (Medanex Clinics, Diest, Belgium). All eligible animals underwent parasite 
monitoring by fecal egg count testing, blood analysis and clinical assessment of health 
prior to inclusion. Upon arrival at the test facility, animals were allowed a 14-day 
acclimatization period before the experiment. Before surgery or bupivacaine infiltration, 
animals were housed in groups. After the procedure, the animals were be individually 
housed in a small pen, allowing auditory, visual and olfactory contact with other sheep 
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in the same room. Straw bedding was provided in all housings. Moreover, hay and water 
were available ad libitum except in case of preoperative fasting. All included animals 
received a temperature chip.

Twenty-four Swifter ewes with a mean preoperative weight of 75.2 ± 7.5 kg and age 
of 3.5 ± 0.9 years underwent surgical implantation of eight pedicle screws, described 
in more detail below. Sheep were randomly assigned to either of the three following 
groups: pedicle screws-only (A), pedicle screws equipped with E-matrix (B), or pedicle 
screws equipped with B-matrix (C). Prior to surgery, six sheep underwent subcutaneous 
infiltration of 30 mL bupivacaine HCl 0.5 w/v %, accumulating to a total dose of 150 
mg (group D), serving as positive control (Aurobindo Pharma B.V., Baarn, Netherlands). 
Following 96 hours of plasma samples to quantify bupivacaine levels, a two-week 
cool-down period to ensure absence of bupivacaine in the plasma and another health 
assessment, the six sheep were re-used for the surgical part of the experiment. The 
experimental design is displayed in Figure 1.

Figure 1. Experimental design and sampling scheme of the animal study.

9
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2.4 Surgical Intervention
Surgery was performed according to a previously described procedure. In short, general 
anesthesia was induced using detomidine 0.04 mg/kg IV and propofol 2-5 mg/kg IV. 
Rocuronium bromide 0.05 mg/kg was administered IV for muscle relaxation. Antibiotic 
prophylaxis consisted of amoxycillin 1g / clavulanic acid 100 mg IV. Perioperative analgesia 
was provided by IV buprenorphine (6 ug/kg) and meloxicam (0.5 mg/kg). Blood loss and 
vital parameters were monitored during surgery. The sheep were positioned in the ventral 
recumbency position and a midline incision was performed through skin, subcutaneous 
fat and fascia. The posterior spinal muscles were then dissected laterally to expose the 
spinous processes, lamina, facet joints and medial part of the transverse process of L1-L6. 
Bilaterally in vertebra L2 until L5, 5 mm wide holes were drilled in a 45-degree transversal 
angle where the transverse process meets the lamina. These holes provided access to the 
pedicles. Following probing of drilling trajectories to ensure integrity of the medial wall, 
pedicle screws and, if applicable, test items were inserted. Tightening of the last screw 
was marked as t = 0. Sheep randomized in group A received eight pedicle screws. Sheep 
in group B received eight pedicle screws and the same number of E-matrices. Sheep in 
group C received eight pedicle screws and eight B-matrix, equating to a total dose of 
305 mg bupivacaine HCl. In case E-matrices or B-matrices dislodged from their intended 
location under the screw head, they were replaced. After implantation, the wound was 
rinsed with 500 mL 0.9% NaCl and closed in layers.

2.5 Animal Follow-up
Following SC infiltration of 150 mg bupivacaine HCl, plasma samples were retrieved at 
predetermined time points up to 96 hours after administration. Sheep were assessed 
daily for the occurrence of adverse events. In case of blood values within normal ranges, 
sheep that underwent SC infiltration were included in the surgical groups. After surgery, 
sheep were monitored daily for clinical well-being, body weight and the occurrence of 
adverse events and underwent plasma sampling to quantify systemic bupivacaine levels. 
PK samples were taken 0, 1, 4, 8, 20, 24, 32, 48, 72, 96, and 144 hours post-implantation 
for all animals included in group C (where 0 hours is the time point when the last screw 
has been placed). Additional PK sampling was performed at 192, 240, 288, 312, 336 
and 360 hours post-implantation for animals with a planned survival time of 56 days. 
Animals included in group A and B underwent a single PK plasma sampling after 24 hours 
of follow-up. Plasma samples were analyzed for bupivacaine content by a GLP-licensed 
facility (Ardena, Assen, Netherlands) and pharmacokinetic data was analyzed by a GLP-
accredited contract research organization (DGr Pharma, Oudenbosch, Netherlands) using 
WinNonLin software. In addition, hematology, biochemistry and coagulation parameters 
were quantified pre-inclusion as well as 6 and 56 days after infiltration or implantation. 
When the clinical condition of an animal caused concern, a veterinarian was consulted 
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and action was taken (and documented) and/or monitoring was adjusted according to 
dictating circumstances. In groups A, B and C, two sheep per group were terminated after 
6 days of follow-up. The remaining six sheep per group were terminated after 56 days 
of follow-up. Necropsy and macroscopic examination of the surgical site and specified 
organs was performed directly after termination and any abnormalities were documented.

2.6 Histological analysis
In each sheep, two randomly selected screw implantation locations were sent for 
histopathological processing and analysis by a GLP-licensed contract pathologist (Anapath 
Services GmbH, Liestal, Switzerland). Two of the four instrumented vertebrae were 
resected en bloc with adjacent muscle attached and intact dorsal fascia. Vertebral 
levels were fixated in 4% buffered formaldehyde and further trimmed down under 
fluoroscope guidance after 7 days to improve fixative penetration, resulting in a final slice 
thickness of ± 2 cm. After thorough fixation, samples were trimmed in the transversal 
plane and embedded in poly(methyl methacrylate) resin, sawed by a diamond band 
saw in transversal sample direction (transversal cut through the E-matrix or B-matrix 
but longitudinal cut through the pedicle screw). Embedded samples were then ground 
and polished to a final thickness of approximately 40-60 µm and stained with Paragon 
(toluidine blue and basic fuchsin).

Additionally, the spinal cords of each animal at implantation site, at thoracic and cervical 
sites and the tissue samples collected from the spleen, liver, kidneys, lungs, heart, 
aorta, brain, local lymph nodes (lumbar aortic and medial iliac), sciatic nerve, eyes 
and skin above implantation site were trimmed and processed by paraffin embedding 
according to the ISO 10993-11:2016 standard with minor modifications. The spinal cord 
from implantation sites was trimmed and embedded at three different levels whereas 
the spinal cords at thoracic and cervical sites was processed and embedded at one level 
only. The heart was processed following a special five-block scheme. The brain was 
trimmed following the Bolon’s scheme (seven-block scheme). The blocks were sectioned 
at an approximate thickness of 2-4 µm and stained with hematoxylin and eosin (HE). 
The slides were quality controlled before being transferred to the study pathologist 
for histopathological evaluation. An adapted scoring system, described by ISO 10993-
6:2016(E), was applied as shown in supplementary table S1 and S2.452 The ISO 
standard defines a score difference between 0.0 to 2.9 as no or minimal host reaction, 
3.0 to 8.9 slight host reaction, 9.0 to 15.0 as moderate host reaction and ≥ 15.1 as severe 
host reaction compared to a reference material. Host reaction was scored both at the 
muscle and bone level. In addition, device osseointegration, bone resorption and implant 
degradation at the implant site were evaluated (supplementary table S3).
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2.8 Statistical Analysis
All clinical and histopathological data were collected in Excel (Microsoft Corp, Redmond, 
WA, USA). All data were reported as mean and standard deviation. Analysis of variance 
was used to compare clinical outcomes between surgical groups, with post-hoc Tukey’s 
test in case of significance. Histological toxicity scores were calculated and analyzed as 
recommended in the ISO10993-6:2016(E) standards.452 Statistical analysis was performed 
using Rstudio version 4.1.2 (Boston, MA, USA).

3. RESULTS AND DISCUSSION

3.1 Characteristics of test items
Two batches of B-matrix and E-matrix hydrogel rings were produced. Due to the 
similarities in the preparation process, the presence of drug was the only distinguishing 
factor between B-matrix and E-matrix. B-matrix batch 30 contained a dose of 39.7 ± 
2.81 mg and B-matrix batch 31 a dose of 24.5 ± 3.17 mg bupivacaine base. In vitro 
drug release was similar for both batches, displaying a first-order release profile over 72 
hours (Figure 2). We have previously shown that obtained in vitro curves correspond 
well to release in vivo (chapter 8). Endotoxin content was below the detection limit of 
10 EU per matrix.

Figure 2. In vitro release curves of both B-matrix batches used in the animal study. The 
batches show a near-identical first-order release profile over the course of 72 hours.
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3.2 Animals
The sheep was selected as animal model, as spinal anatomy, body weight and circulating 
volume are comparable to humans.453–459 In addition, the pharmacokinetic properties of 
bupivacaine in sheep are well-established.460,461 Postoperative recovery was uncomplicated 
in most animals. No significant differences regarding blood loss (p = 0.487) and duration 
of surgery (p = 0.311) were found between groups. A single animal (animal B4) displayed 
peroneal nerve paralysis directly after surgery. As the clinical situation did not improve, 
the animal was removed from the study after three days and replaced. Necropsy 
revealed a large hematoma between the m. peroneus tertius and m. exterior digitorum 
longus, and large necrotic and hemorrhagic areas in both m. peroneus tertius and m. 
exterior digitorum longus. The peripheral part of the peroneal nerve exhibited pink-red 
discoloration, while the proximal peroneal nerve, sciatic nerve and surgical site did not 
display abnormalities. The findings were considered most likely due to positioning on the 
surgery table in combination with a high body weight (91.3 kg). Based on these findings, 
animal position was changed to ventral recumbency with hind legs extended caudally and 
hanging from the surgery table for all further surgeries. No signs of pain were reported 
in any sheep after 2 weeks of follow-up and body weight was stable in all groups. All 
sheep developed subcutaneous seroma near the surgical wound, which subsided over the 
course of 2 weeks. Seroma is a commonly reported finding in cattle undergoing surgery, 
in case of significant space in the subcutaneous compartment after surgery.462 Four 
minor AEs occurred in group A (three transient neurological symptoms and one wound 
infection), six minor (four transient neurological symptoms, one fever and one disturbed 
wound healing) and one major (persisting neurological deficits, as described above) AEs 
in group B and three minor AEs in group C (two transient neurological symptoms and 
one disturbed wound healing). The cases of disturbed wound healing were empirically 
treated with antibiotics. The incidence of surgical site infection in the present study is 
within range of the incidence reported in the literature.463

3.3 Hematology & Clinical Chemistry
To assess overall well-being of animals, and to allow detection of inflammatory processes, 
blood sampling for quantification of hematological and chemical parameters was 
performed at baseline and 6 and 56 days after surgery. Outcomes of specific interest 
were muscle damage markers (CK, LDH and AST) and bone damage markers (Calcium), 
as toxic effects of bupivacaine on muscle and bone tissue have been reported in vitro and 
in vivo.339 Moreover, as implant infection is a feared potential complication in orthopedic 
surgery, various innate and adaptive immune system cells were quantified.464 These 
included leukocyte, monocyte, neutrophil and lymphocyte counts. As was expected 
following a surgical intervention with extensive muscle dissection, muscle damage 
markers significantly increased 6 days after surgery and returned to near-baseline levels 
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after 56 days of implantation, with similar trends observed in all surgical groups (Figure 
3A-C). Serum calcium levels were stable throughout the follow-up period (Figure 3D). 
Similar trends were observed for immune cells (Figure 3E-H). Leukocyte, monocyte and 
neutrophil counts showed increases after 6 days of follow-up compared to preoperatively 
in all groups. These values returned to near-baseline after 56 days of follow-up. Animal B2 
was found to have elevated circulating neutrophils after 56 days, without further clinical 
symptoms. Necropsy revealed a 1-cm abscess in the lumbar region 9 cm laterally from the 
instrumented vertebrae, possibly explaining the neutrophil counts. No connection between 
the abscess and the surgical site was present. Further, elevated lymphocyte counts were 
found in animal B1 after 56 days in the absence of clinical signs of inflammation. Muscle 
necrosis around pedicle screws was found in this animal which could explain the elevated 
lymphocytes.465 However, muscle necrosis was found in many animals in the absence of 
lymphocytosis, complicating any correlation.



193

Preclinical safety of a hydrogel for sustained bupivacaine release

Figure 3. Plots displaying hematology and clinical chemistry parameters during post-operative 
follow-up up to 56 days, split out per surgical group (A – pedicle screws only, B – screws and 
E-matrix, C – screws and B-matrix). Clinical chemistry parameters include A) creatine kinase, B) 
lactate dehydrogenase, C) Aspartate aminotransferase and D) calcium. Hematology parameters 
include E) Total leukocyte count, F) monocytes, G) neutrophils and H) lymphocytes.
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3.4 Bupivacaine plasma levels
This study evaluated the local and systemic toxicity of B-matrix and excipient matrix 
according to the principles of Good Laboratory Practice (GLP). GLP is a prerequisite of 
regulatory authorities such as FDA and EMA in Investigational New Drug Applications 
(NDA).466 To reduce duplication of toxicity testing in animals, the FDA 505(b)2 pathway 
can be used during NDA.467 In short, this pathway allows the applicant to build on 
existing knowledge of approved drugs, for example when developing a new strength, 
formulation or administration mode for that approved drug. By directly comparing 
the new drug product with a registered use of the reference product, the reference 
product safety characteristics can be extrapolated, or ‘bridged’ to the new application. 
In this study, plasma was sampled in sheep included in group C and D, to determine 
the pharmacokinetics of B-matrix and bridge with a registered indication for use of 
bupivacaine HCl solution. In group A and B, a single plasma sample per animal was 
obtained 24 hours after surgery to confirm the absence of systemic bupivacaine. All 
such samples contained bupivacaine below the limit of quantification (1.00 ng/mL). The 
pharmacokinetic results of groups C and D are visualized in Figure 4 and summarized 
in Table 1.

Table 1. Summarized bupivacaine pharmacokinetic parameters for experimental groups C 
and D.

Group C Cmax
ng/mL

Cmax DN
ng/mL

AUClast
ng.h/mL

AUClast DN
ng.h/mL

AUCinf
ng.h/mL

AUCinf DN 
ng.h/mL

t1/2
h

N 8 8 6 6 7 7 7
Mean 50.43 0.1653 6499 21.31 6287 20.61 67.61

SD 24.51 0.0804 3849 12.62 3741 12.27 15.59
CV% 48.6 48.6 59.2 59.2 59.5 59.5 23.1

Group D Cmax
ng/mL

Cmax DN
ng/mL

AUClast
ng.h/mL

AUClast DN
ng.h/mL

AUCinf
ng.h/mL

AUCinf DN 
ng.h/mL

t1/2
h

N 6 6 6 6 4 4 4
Mean 138.3 0.9219 1334 8.891 975.7 6.505 10.69

SD 68.5 0.4569 760 5.065 231.1 1.540 5.48
CV% 49.6 49.6 57.0 57.0 23.7 23.7 51.3

Mean Cmax in group C was 50.4 ± 24.5 ng/mL, compared to 138.3 ± 68.5 ng/mL in group 
D (p < 0.01). The highest Cmax recorded was 104 ng/mL in group C, and 240 ng/mL in 
group D. All Cmax values were thus well below known systemic safety thresholds. In group 
C, all animals reached this Cmax at the first sampling timepoint, 1 hour after surgery (tmax). 
This likely indicates that the actual Cmax has occurred within one hour after SC infiltration. 
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Indeed, 30 minutes is reported as tmax for SC bupivacaine infiltration, meaning that the 
Cmax values in this study are likely underestimations.437 Underestimating the Cmax of SC 
infiltration hampers precise comparison of bupivacaine administration via B-matrix versus 

infiltration and is a shortcoming of the present study. Due to the occurrence of a plateau 
in plasma levels in group C, underestimation of Cmax is far less likely in this group. In group 
D, median tmax was 28 (range 8-72 hours).

Figure 4.  Plots displaying plasma bupivacaine levels in experimental groups C (implantation 
of 8 B-matrix) and D (subcutaneous infiltration of bupivacaine HCl). A) Mean plasma curves 
for groups C and D. B) Log-linear plot of individual plasma curves, emphasizing the log-linear 
elimination phase in both groups.

The elimination half-life t1/2 was 67.6 ± 15.6 hours in group C, and 10.7 ± 5.5 hours in 
group D (p < 0.01). This significant decrease in elimination indicates the presence of 
absorption rate-limited elimination, or flip-flop kinetics.439 Slow systemic absorption of 
drugs is a desirable characteristic of a sustained-release formulation, as it indicates the 
sustained and concentrated presence of drugs at the target site. Bupivacaine was still 
present in concentrations <5 ng/mL in three out of six surviving sheep after 15 days.

Appreciating the differences in dose between groups C and D (305 mg vs 150 mg), the 
dose-normalized area-under-the-curve extrapolated to infinity (AUC¥) values were 20.6 
± 12.3 and 6.5 ± 1.5 ng*h*mL-1 for groups C and D (p = 0.053), respectively. Even when 
taking into account the potential underestimation of Cmax in group D and its resulting 
underestimation of AUC, the borderline-significant difference is considerable. AUC is 
defined by (dose * bioavailability / clearance). As bupivacaine clearance is independent 
of administration mode, it follows that a difference in dose-normalized AUC is the result 
of increased bioavailability in arm C compared to arm D. A potential explanation for lower 
bioavailability could be the formation of a subcutaneous bupivacaine depot in case of 
SC administration, as the log P value of bupivacaine (3.41) indicates its lipophilicity.468,469 
This locally absorbed fraction of the dose would not appear in the systemic circulation, 
leading to a lower AUC.
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3.4 Histopathology of implant site
To study and quantify the tissue effects of both E-matrix and B-matrix in the surgical 
wound, implantation sites containing a pedicle screw and test item were macro- and 
microscopically analyzed and compared to the clinical reference situation (i.e., pedicle 
screw-only). Host reaction was scored according to ISO-standards at both the bone and 
muscle level. Macroscopically, all samples showed areas of soft tissue focal necrosis and 
sclerosis around the implant site, which were histologically correlated with necrosis and 
fibrosis (Figure 5). Atrophy of the longissimus muscle was present in almost all cases. 
The incidence and severity of the macroscopic/histological correlated lesions was similar 
among the groups, and thus deemed associated with the surgical intervention rather than 
the presence of B-matrix or E-matrix. All microscopic samples contained a screw inserted 
into the vertebral body through the pedicle. In groups B and C, the E-matrix or B-matrix 
were present as black, acellular material. All samples across the groups showed equal 
histopathological findings at the implantation site, with interindividual variation in severity.

Figure 5. Representative macroscopic pathology of the implantation sites, after 56 days of 
follow-up for group A (image A), B (image B) and C (image C). Vertebral levels are marked by 
saw cuts I, II, III, and IIII on the cranial face. The side of the vertebra sent for microscopical 
analysis is marked by a hole.

After six days, the host reaction at muscle level was characterized by a minor inflammatory 
infiltrate associated with muscle dissection and screw insertion. The muscle around 
the screws displayed variable degrees of myofibers necrosis and inflammation which 
was often associated with multifocal hemorrhages. The bone tissue at the implantation 
site displayed an inflammatory infiltrate at the bone-screw interface, the presence of 
multifocal hemorrhages and bone fragments sloughed into the bone-screw interface 
after 6 days. No bone formation, nor osseointegration was detected in any groups at 
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this time point (Table 4). Employing the criteria stated in ISO 10993-6:2016(E), no to 
minimal differences in total host reaction score existed between groups after six days.452

Table 2. Total summarized scores per group from host reaction at muscle level.

MUSCLE 6 days 56 days
Group A

(control)
B

(E-matrix)
C

(B-matrix)
A

(control)
B

(E-matrix)
C

(B-matrix)
# Animals 2 2 2 6 6 6
# Samples evaluated 4 4 4 12 12 12
Sum total host reaction 79 68 71 258 234 234
Average total host reaction 19.8 17.0 17.8 21.5 19.5 19.5
PMN cells 2.0 1.3 1.5 1.2 1.0 1.1
Lymphocytes 1.8 1.3 1.3 1.6 1.3 1.6
Plasma cells 0.0 0.0 0.0 0.3 0.1 0.5
Macrophages 1.5 1.3 1.3 1.7 1.7 1.3
Giant cells 0.0 0.0 0.0 0.7 0.3 0.5
Necrosis 3.5 3.5 3.8 2.0 2.1 1.6
Subtotal 1 17.5 14.5 15.5 14.5 12.7 13.2
Neovascular-ization 0.0 0.0 0.0 1.8 2.0 1.9
Hemosiderin 0.0 0.0 0.0 1.0 1.2 1.1
Fibrosis 0.0 0.0 0.0 3.5 3.4 2.8
Hemorrhage 2.3 2.5 2.3 0.7 0.3 0.5
Subtotal 2 2.3 2.5 2.3 7.0 6.8 6.3

Table 3. Total summarized scores per group from host reaction at bone level.

BONE 6 days 56 days
Group A

(control)
B

(E-matrix)
C

(B-matrix)
A

(control)
B

(E-matrix)
C

(B-matrix)
# Animals 2 2 2 6 6 6
# Samples evaluated 4 4 4 12 12 12
Sum total host reaction 49 39 43 163 109 129
Average total host reaction 12.3 9.8 10.8 13.6 9.1 10.8
PMN cells 1.8 1.5 1.3 1.2 0.8 0.8
Lymphocytes 1.8 1.3 1.5 1.4 1.3 1.4
Plasma cells 0.0 0.0 0.0 0.6 0.1 0.0
Macrophages 1.5 1.0 1.3 1.3 1.1 1.3
Giant cells 0.0 0.0 0.0 0.3 0.0 0.2
Necrosis 0.0 0.0 0.0 0.3 0.0 0.0
Subtotal 1 10.0 7.5 8.0 10.0 6.5 7.3
Neovascular-ization 0.0 0.0 0.0 1.4 0.9 0.9
Hemosiderin 0.0 0.0 0.0 0.3 0.3 0.6
Fibrosis 0.0 0.0 0.0 1.6 1.1 1.3
Hemorrhage 2.3 2.3 2.8 0.3 0.3 0.6
Subtotal 2 2.3 2.3 2.8 3.6 2.6 3.4
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After 56 days, the host reaction at muscle level evolved to an inflammatory reaction, 
consisting mainly of macrophages, incidental giant cells and lymphocytes. The findings 
are in accordance with reports on different hydrogel formulations encapsulating 
bupivacaine for sustained release.470 Heffernan et al. encapsulated bupivacaine in a 
synthetic poly(N-isopropylacrylamide-co-dimethylbutyrolactone acrylamide-co-Jeffamine 
M-1000 acrylamide) hydrogel at 4 wt%, a drug concentration 8-fold higher than currently 
used in clinic. The gel was administered to a pig incisional wound and histological analysis 
was performed after 14 and 49 days. Resembling the histological features in this study, 
an inflammatory response, characterized by infiltration macrophages and multinuclear 
giant cells, as well as the formation of fibrous granulation tissue were observed. In the 
present study, the hydrogel is gelatin-based. Especially hydrogels from natural polymers 
are generally well-tolerated by the body, as both the polymer molecular structure and 
hydrogel consistency closely mimic the surrounding tissues.391,471,472 In addition, the 
muscle around the screws showed myofiber necrosis and fibrovascular granulation 
tissue compatible with wound healing, as well as multifocal presence of hemosiderin and 
scattered hemorrhages at this time point. At the bone level, minor inflammatory infiltrates 
with a low degree of neovascularization and fibrosis were observed. Hemosiderin and 
scattered hemorrhages were present, as well as new bone formation towards the screw 
that multifocally attached to the screw surface (osseointegration) (Table 4). Minor bone 
resorption was observed in case of direct contact between bone and pedicle screw or 
ring. No to minimal differences in total host reaction score between groups were present. 
In accordance with previous animal studies, no additional toxic effects of bupivacaine 
compared to only an excipient hydrogel were observed.262 Encapsulation of bupivacaine 
as crystals, instead of as the hydrochloride salt, has been demonstrated to decrease in 

vitro toxicity, which can provide further explanation for the minimal differences between 
B-matrix and E-matrix local toxicity.428 Necrosis decreased between 6 and 56 days, at 
which time it was least severe in the B-matrix group. In contrast, bone formation at the 
implant bed was minimally superior in the B-matrix group, while osseointegration was 
similar. Bone resorption values were similar between 6 and 56 days in all groups. When 
higher grades of bone resorption were observed, the screw was found to be inserted 
deeper into the bone, making a mechanical origin for bone resorption likely. 
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Figure 6. Representative histology images of the implant site. A Local host response follow-
ing implantation of pedicle screws-only, pedicle screws and excipient or pedicle screws and 
B-matrix after 6 and 56 days of follow-up. All groups display areas of muscle loss, necrosis 
and hemorrhage after six days (*). After 56 days, replacement of muscle loss / necrosis by 
granulation tissue is observed (star). Groups B and C present the E-matrix and B-matrix, re-
spectively (arrow). B Extensive areas of muscle necrosis, 6 days after implantation. E Close-up 
of B, showing “ghost” myofiber cells. C Replacement of muscle damage by an inflammato-
ry infiltrate, admixed with fibroblastic proliferation and neovascularization. F Close-up of C, 
showing granulation tissue characterized by fibrosis and a low number of inflammatory cells. 
D New bone growth is indicated by the darker magenta stain, and osseointegration of the 
screw is observed after 56 days. G Grade 1 bone resorption is observed in the vicinity of the 
screw head (circle).
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3.5 Histopathology of systemic organs
To assess systemic effects of the E-matrix or B-matrix, systemic organs were sampled 
for histological analysis according to the ISO 10993-11:2016 standard, annex F with 
minor modifications.473 Macroscopic findings across the groups included pleural adhesions, 
calcified liver and lung lesions, white spotted kidneys, abomasal lesions and intra-
abdominal hydatid cysts, all compatible with earlier parasitic or bacterial infection.474–477 In 
addition, urolithiasis was present in several sheep. All are common findings in farm-derived 
laboratory animals and without clinical relevance. None of the systemic macroscopic 
findings recorded during necropsy could be attributed to the E-matrix or B-matrix. 
Microscopically, the lumbar and iliac lymph nodes displayed multifocal hemosiderin 
deposits and congestion with similar incidence and severity between groups. The skin 
directly above the surgical site was histologically characterized by a minor inflammatory 
infiltrate of mixed cells, most likely associated with the postoperative cutaneous healing 
process.478 Minimal inflammatory infiltrates expanding into the Virchow-Robin space were 
reported in one animal from both the screw-only and E-matrix group at thoracic and 
cervical level, respectively. A mild unilateral chronic mononuclear neuritis at the dorsal 
nerve root was observed at lumbar level in one sheep from the E-matrix-group and one 
from the B-matrix group.

4. CONCLUSION

B-matrix provided sustained and low bupivacaine plasma levels compared to the reference 
subcutaneous bupivacaine infiltration. All plasma levels in this study remained well below 
toxic thresholds. B-matrix and its excipient material were well-tolerated, and all animals 
recovered uneventfully from surgery. As tested under GLP, there were none to minimal 
histological differences in the average total host reaction score at muscle and bone 
levels among the groups. Therefore, the host reaction at muscle and bone levels were 
considered associated with the implantation of the screw and non-related to the B-matrix 
or E-matrix. There were no signs of systemic toxicity that could be attributed to B-matrix 
or E-matrix. The current findings facilitate clinical testing of B-matrix for safe and effective 
use in instrumented spine surgery.
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INTRODUCTION

This thesis has focused on better understanding acute postoperative skeletal pain, and 
the subsequent development of a hydrogel for sustained bupivacaine release (BR-003) 
after instrumented spine surgery to treat this pain. To reach the ultimate goal of improved 
postoperative recovery through decreased pain and decreased opioid consumption in 
patients undergoing spine surgery, BR-003 should become available for clinical use 
through marketing authorization by regulatory authorities. A prerequisite for marketing 
authorisation is the demonstration of safety and efficacy in phase I, II and III clinical 
trials.479 In parallel, reliable and reproducible manufacturing of the investigational product 
BR-003 adhering to the principles of Good Manufacturing Practice (GMP) is mandatory. 
The principles of GMP are enforced by regulatory authorities and aim to ensure a 
consistently high quality of pharmaceutical products, and prevent harm from occurring 
to the end user.480

Building on the knowledge regarding preclinical safety of the hydrogel obtained in 
previous chapters, the next step towards clinical implementation is the conduct of a 
phase Ib clinical trial to investigate its safety and preliminary efficacy. The administration 
mode of BR-003 (co-implantation with pedicle screws) rules out the inclusion of healthy 
volunteers in clinical trials, and thus the study population encompasses only patients 
suffering from spinal disease that warrants surgical intervention. To protect study patients 
and ensure the quality of the phase Ib clinical trial, ethical and regulatory approval are 
required prior to patient inclusion. The study protocol presented in this chapter aims to 
obtain this approval. The protocol is the result of a joint effort involving spine surgeons, 
anesthesiologists, research nurses, regulatory as well as pharmacokinetic and statistical 
consultants, and also incorporates advice from the European Medicine Agency.

Considerations for the design of the trial were the selection of end-points to define clinical 
safety, variations in surgical technique, surgical implants, cumulative dose as a result of 
the number of BR-003 implanted and the selection of a surgical indication that would 
make up the first cohort of patients treated with BR-003. The active pharmaceutical 
ingredient (API) bupivacaine has been used clinically for over 40 years, and data on 
bupivacaine safety was employed to guide the trial design. The goal was to set up a trial 
with sufficient precision to accurately study safety with a limited number of patients, 
while maximizing the generalizability of results to the overall degenerative surgical spinal 
population.

The strong relation between maximum plasma concentration (Cmax) and the occurrence 
of Local Anesthetic Systemic Toxicity (LAST) substantiated the choice of Cmax as primary 
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outcome parameter for safety. The present shift towards minimally invasive surgical 
techniques, as opposed to open implantation of pedicle screws, is represented in the 
study protocol by inclusion of both techniques. As each hospital typically specializes in 
a single approach and number of fused levels, inclusion of single- and two-level fusion 
surgeries through open and percutaneous approach necessitates the selection of multiple 
hospitals. A typical clinical trial to investigate safety of a new drug would involve a form 
of dose-escalation. As BR-003 is available in a single dosage strength, dose-escalation in 
the present clinical trial is realized through the administration of an increasing number of 
BR-003, equivalent to the number of pedicle screws implanted (four in the first cohort, six 
in the second cohort). While both cohorts stay within the recommended dosage limits for 
bupivacaine per 24 hours, the dosage in the second cohort exceeds the recommended 
maximum single dose. The trial will only proceed to the second cohort in case the safety 
and safety margin obtained in cohort 1 is deemed sufficient. Patients suffering from 
degenerative spinal disease, undergoing surgical implantation of four or six pedicle screws 
were selected as the population for the present clinical trial. The degenerative population 
allows precise and isolated assessment of BR-003 safety, related events and preliminary 
efficacy, in contrast to patients suffering from concomitant homeostasis-altering local or 
systemic disease (e.g., malignant and infectious processes or polytrauma). The rationale 
for in- and exclusion criteria is further explained in the study protocol.

Once ethical and regulatory approval for the clinical trial have been obtained, patient 
inclusion can commence. The investigators at participating sites will train their personnel 
to ensure adequate conduction of the clinical trial, and patients will be informed on 
the risks associated with trial participation. Patients have to provide written informed 
consent to participate in the clinical trial, and will undergo screening for eligibility prior 
to undergoing surgery. During surgery, every pedicle screw is co-implanted with a 
BR-003 unit. Patients will then be monitored for well-being, drug plasma concentrations, 
occurrence of adverse events, presence of pain and recovery rate, in order to study the 
safety and preliminary efficacy of BR-003. Following completion of the first cohort, the 
data obtained are assessed by an independent Data Safety Monitoring Board (DSMB) 
and a decision is made on the continuation of the trial with the second cohort. In case 
of adequate safety in cohorts 1 and 2, the collected preliminary data on efficacy can be 
employed to estimate an adequate sample size for a phase II clinical trial to study efficacy 
of BR-003 in treating pain following instrumented spine surgery.

Study title: A phaSE Ib study to iNvestigaTe the phaRmacokinetics and safetY of 
BR-003 in patients undergoing spinal fusion surgery (SENTRY)

Study design: An open-label, phase Ib, multi-center, 2-cohort interventional study
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Number of patients: 6 + 6 (total 12)

Indication/study population
Patients planned for open or percutaneous posterior spinal stabilisation with 4 or 6 
pedicle screws with a diameter of 5 to 7.5 mm (inclusive), with or without concomitant 
posterolateral fusion, vertebral augmentation, intervertebral body fusion devices, 
osteotomies, and posterior decompression.

Product(s) and administration
BR-003 is an investigational product (IP) presented as an Implantation Matrix (IM) co-
implanted with a pedicle screw and providing sustained release of bupivacaine to manage 
acute postoperative pain, following spinal fusion surgery.

Participating study sites
Elisabeth Twee-Steden Ziekenhuis, Tilburg, Netherlands

Orthopädie Sonnenhof, Inselspital, Bern, Switzerland

Study rationale
The management of postoperative pain after instrumented spine surgery continues to be 
a major challenge.12,57 Despite the advent of multimodal analgesia, nearly every patient 
requires systemic opioids in the first few days after surgery, causing substantial toxicity 
whilst often providing insufficient pain relief.67,78,93 Local anaesthetics have long been 
recognised as promising, non-opioid alternatives for the treatment of postoperative pain, 
although their effectiveness is limited by a short duration of action. Despite recent efforts 
to prolong and potentiate the effects of local anaesthetics, a clear unmet medical and 
societal need remains for even longer lasting, localised, non-opioid pain treatments.42,93,94

This study aims to assess the Pharmacokinetic (PK)-parameters and safety of treatment 
with BR-003 in humans. BR-003 is a pliable, ring-shaped, biocompatible hydrogel that 
contains 37 mg bupivacaine base, equivalent to 44 mg of bupivacaine HCl, a well-known 
and approved local anaesthetic. Attached to the shanks of regular polyaxial pedicle 
screws, BR-003 is co-implanted with each screw without affecting the existing surgical 
workflow. After placement, BR-003 provides a targeted, sustained release of bupivacaine 
for at least three days before dissolving within approximately 36 weeks (based on studies 
in a large animal model).
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Study set-up
The study consists of 2 cohorts with 12 patients in total, according to the scheme below:

Surgical 
technique

Number of 
patients (n)

Instrumented 
levels

# 
Screws

# 
BR-003

Cumulative 
bupivacaine 
base dose 
(bupivacaine HCl 
equiv.)

Cohort 
I

Open 3 1 level fusion 4 4 148 mg (176 mg)
Percutaneous 3 1 level fusion 4 4 148 mg (176 mg)

Cohort 
II

Open 3 2 level fusion 6 6 222 mg (264 mg)
Percutaneous 3 2 level fusion 6 6 222 mg (264 mg)

In cohort I, six patients undergoing single-level fusion will be included, with 4 pedicle 
screws and 4 BR-003s with a dose of 37 mg per BR-003. They will receive a cumulative 
dose of 148 mg bupivacaine. Three patients planned for a percutaneous single-level 
fusion will be included, as well as three patients planned for an open single-level fusion.

Single-level fusion is selected as the first procedure, since this procedure is frequently 
performed and utilizes a maximum of 4 pedicle screws. This way, the maximum dose of 
bupivacaine administered stays within the known tolerated dose of 175 mg, as specified 
in the summary of product characteristics (SmPC) of Marcaine.481 In case the resulting 
systemic bupivacaine concentrations are well below known safety thresholds and BR-003-
related adverse events remain absent, the study will proceed to cohort II.435,436

In cohort II, six patients undergoing a 2-level fusion will be included, with 6 pedicle screws 
and 6 BR-003s with a dose of 37 mg per BR-003. They will receive a cumulative dose 
of 222 mg bupivacaine base. Three patients planned for a percutaneous 2 level fusion 
will be included, as well as three patients planned for an open 2 level fusion. Together, 
patients receiving 4 screws and patients receiving 6 screws make up approximately 75% 
of the population undergoing spinal fusion at the participating study sites.

The dose administered to patients in cohort II exceeds the recommended maximum single 
dose of Marcaine as stated in the SmPC. However, it remains below the recommended 
maximum cumulative dose in 24 hours, which is 400 mg.481 The Marcaine SmPC states that 
a single dose can be repeated up to every three to four hours. Previous animal studies 
have shown that BR-003 releases 25% of its dose in the first four hours after surgery. In 
case of a cumulative dose of 222 mg bupivacaine base, 25% dose release after 4 hours 
equates to 62.5 mg of bupivacaine HCl released. The release thus does not exceed the 
maximum dose recommended per four hours.
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Details about the visits and assessments can be found in section 2 ‘Study assessment 
schedule’.

Patients who complete the study will be invited to enter a follow up study, which consists 
of one additional follow up visit approximately 1 year after the surgery. This will be 
described in a separate protocol and patients will be asked to sign a separate Informed 
Consent Form (ICF) for the follow up study.

Objectives and Endpoints

Objectives Endpoints
Primary
Confirm that the Cmax of BR-003 when co-
implanted with pedicle screws onto the 
spine, stays below the known toxic threshold 
of 2000 ng/mL435,436

Maximum plasma concentration (Cmax) of BR-003

Secondary
To evaluate additional pharmacokinetic 
parameters of BR-003 when co-implanted 
with pedicle screws onto the spine

Time to maximum plasma concentration (Tmax)
Area under the curve (AUC)
Terminal half-life (T½)

Assess the safety of BR-003 when co-
implanted with pedicle screws onto the spine

Incidence, classification and grading of Adverse 
Events (AEs)
Clinical laboratory results (blood chemistry)
Electrocardiogram (ECG) data
Wound healing
Vital signs, neurological assessment
Radiological assessment

Exploratory
Collect efficacy parameters of BR-003 when 
co-implanted with pedicle screws onto the 
spine

Pain as assessed by:
Numeric Rating Scale (NRS) pain scores
International Pain Out (IPO) questionnaire482

Mobilisation as assessed by:
Functional Ambulation Categories (FAC) scores
Energy expenditure in Metabolic equivalent of task 
(MET) as measured by triaxial accelerometry
Activity types as measured by triaxial accelerometry

Opioid use as assessed by:
Opioid consumption in Morphine milligram equivalent 
(MME)
Time to first rescue medication

Convalescence as assessed by:
Length of hospital stay
Discharge location

Gastrointestinal function as assessed by:
Oral intake
Defecation frequency

10
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Rationale for selected endpoints
The maximum plasma concentration (Cmax) value of bupivacaine is the main determinant of 
the occurrence of local anaesthetic systemic toxicity (LAST), a condition that is difficult to 
treat and leads to major cardiovascular and neurological symptoms.265,266,435,436 It was thus 
selected as the primary outcome measure for assessment of the safety of a sustained 
bupivacaine release formulation. To most accurately determine the Cmax, plasma is 
sampled at multiple time points. Previous animal studies have shown the occurrence of a 
plateau in bupivacaine plasma levels containing the Cmax between 8 and 48 hours. Plasma 
sampling is thus intensified in this time window to increase the probability of sampling at 
Cmax. Further plasma sampling is undertaken to study the pharmacokinetics of BR-003, 
quantified by the time to Cmax (tmax), area-under-the-curve (AUC, a measure for total drug 
exposure) and elimination half-life (t1/2), all functioning as secondary outcome measures.

In addition, various other secondary endpoints are studied. The possible adverse events 
of bupivacaine are well-described and will be recorded. All adverse events are recorded as 
defined in the Common Terminology Criteria for Adverse Events (CTCAE). The investigator 
will grade the severity of the AEs. The severity (mild, moderate, severe, life-threatening 
and death) is documented according to the CTCAE criteria version 5.0 (grade 1 = mild, 
grade 2 = moderate, grade 3 = severe, grade 4 = life-threatening and 5 = death)70.

At plasma concentrations over 2000 ng/mL, bupivacaine is known to induce cardio- 
and neurotoxicity, leading to bradycardia, hypotension, paraesthesia, vertigo and 
convulsions.435,436 To detect bupivacaine-induced cardiotoxicity, vital signs are tracked and 
electrocardiography is performed. The occurrence of bupivacaine-induced neurotoxicity 
is monitored by recording of vital signs and neurological function. Blood chemistry is 
employed to monitor the effect of BR-003 implantation on body homeostasis and the 
function of systemic organs. The possible effects of BR-003 on tissue regeneration are 
studied by wound healing assessment for soft tissues and radiological assessment for 
bony tissues.

To obtain insight in the potential efficacy of BR-003 for providing analgesia after 
instrumented spine surgery, various exploratory efficacy outcome parameters are 
collected. These parameters include pain measurements, employing numeric rating 
scales (NRS) and the International Pain Outcomes (IPO) questionnaire to quantify the 
severity and perception of postoperative pain.482 Moreover, postoperative recovery 
is studied by mobilisation outcomes such as Functional Ambulation Categories (FAC) 
scores, accelerometer readings for activity type and energy expenditure and by the 
convalescence outcomes of length of hospital stay and discharge location. As the delicate 
balance between analgesia and side effects of current pain treatment is a major incentive 
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to develop new non-opioid treatments, the effects of BR-003 administration on opioid 
consumption, time to rescue medication and the occurrence of gastro-intestinal side-
effects of opioids are quantified. It is emphasized that all these outcomes are exploratory 
and do not provide proof for the presence or absence of analgesic effect due to the lack of 
a control group. However, the outcomes can and will be used for sample size calculations 
for future efficacy trials.

In- and exclusion criteria
To be eligible for inclusion, patients have to fulfil the following inclusion criteria:

1. Males and females aged between 18 years and 80 years (inclusive).
2. Planned for open or percutaneous posterior spinal stabilisation with 4 (for cohort I), 

or 6 (for cohort II) pedicle screws with a diameter of 5 to 7.5 mm (inclusive) with or 
without concomitant posterolateral fusion, vertebral augmentation, intervertebral 
body fusion devices, osteotomies, and posterior decompression. Only primary 
instrumented spinal surgery cases can be included.

3. Willing and able to comply with the protocol for the duration of the study.
4. Capable of giving written informed consent prior to any study-related procedure 

not part of the standard practice, with the understanding that the consent may be 
withdrawn by the patient at any time without prejudice to his/her (post-)surgery care.

5. Females are eligible only if not currently pregnant, nursing, or planning to become 
pregnant during the study or within 9 months after study drug administration. 
Female patients must be surgically sterile, at least 2 years menopausal, or using an 
acceptable method of birth control. Women of child- bearing potential (WOCBP), 
must have a documented negative pregnancy test within 24 hours before surgery.

Patients fulfilling one or more of the following criteria are not eligible for participation 
in the study:

1. Concomitant anterior/lateral procedures (e.g., anteriorly placed vertebral cage, 
anterior plating, ALIF/XLIF).

2. Use of ilium screws or (additional) pedicle screws with a size < 5 mm or > 7.5 mm.
3. Indication for surgery being:

a. Active or previous (para)spinal infection
b. Metastatic, malignant or benign tumours of the spine
c. Fracture/other traumatic injury

4. Known high risk of surgical complications (e.g., patients having previously undergone 
more than 2 (non-instrumented) spinal surgeries at the index level)

5. Planned use of a surgical drain

10
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6. Planned use of an epidural catheter
7. Planned use of local amino-amide or amino-ester anaesthetics within 5 days prior 

to the scheduled surgery (10 days in case of slow-release products), perioperatively 
and postoperatively for the length of the study

8. Has a pre-existing concurrent acute or chronic painful physical/restrictive condition 
expected to require analgesic treatment in the postoperative period for pain 
that is not strictly related to the surgical indication and which may confound the 
postoperative assessments.

9. Disrupted pain perception according to the treating physician
10. Has a medical condition such that, in the opinion of the Investigator, participating 

in the study would pose a health risk to the patient or confound the postoperative 
assessments. Conditions may include, but are not limited to, any of the following:
a. History of allergic reactions to bupivacaine or excipients or BR-003, or if the study 

drug is otherwise contra-indicated
b. ASA-classification > 3
c. Have clinically significant renal or hepatic abnormalities (defined as an AST or ALT 

> 3x upper limit of normal (ULN), creatinine > 2x ULN)
d. History of clinically significant cardiac abnormality such as myocardial infarction 

within 6 months prior to study participation, NYHA class III or IV, or clinically 
significant abnormalities on ECG

e. History of coronary artery bypass graft surgery within 12 months prior to study 
participation

11. Uncontrolled anxiety, schizophrenia, or other psychiatric disorder that, in the opinion 
of the Investigator, could interfere with study assessments or compliance

12. History of, suspected, or known addiction to or abuse of illicit drug(s), prescription 
medicine(s), or alcohol

13. Has a body mass index (BMI) > 39 kg/m2 or patients with a weight below 50 kg
14. As per patient history and/or medical records, has active infection or is currently 

undergoing treatment for Hepatitis B, Hepatitis C, or human immunodeficiency virus 
(HIV)

15. Participation in another interventional study

Alternative populations evaluated for inclusion were patients suffering from deformities 
(such as scoliosis and kyphosis), trauma, infection or malignant disease. However, these 
populations were deemed unsuitable for the following reasons:

• Scoliosis or kyphosis without underlying malignant, infectious or traumatic cause 
most frequently occurs in children and adolescents. A first clinical safety study in 
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children was considered undesirable. Deformation secondary to degenerative disease 
is covered in the included patient population;

• Hospital admission of spinal trauma patients cannot be scheduled or planned, 
and these patients often require acute medical care. This complicates obtaining 
informed consent and rigorous screening of patients prior to inclusion. Further, 
patients undergoing non-elective surgical interventions are already at risk of worse 
postoperative outcomes. Lastly, trauma patients frequently suffer from concomitant 
injuries, complicating the study of the isolated safety effects of BR-003.

• Patients suffering from infectious or malignant spinal disease have local and 
systemic alterations in homeostasis. Although BR-003 is not expected to interfere 
with infectious or malignant processes, their occurrence complicates the study of 
isolated safety effects of BR-003, and interactions between BR-003 implantation and 
infectious or malignant processes cannot be excluded beforehand. The safety and 
feasibility of BR-003 in patients suffering from spinal infectious or malignant disease 
is a topic of future clinical studies.

• To assess long-term safety of BR-003, patients can consent to inclusion in a long-
term safety cohort. This cohort provides valuable data on the long-term effects of 
BR-003 implantation and comprises a hospital visit one year after surgery. However, 
the limited life expectancy of patients suffering from malignant disease will likely 
have a large impact on the number of patients available for long-term follow-up in 
this cohort.

Sample Size considerations
A total of 12 treated patients (N=12) are planned in this study:

• Cohort I will consist of 6 patients in total, 3 patients per group (open/percutaneous) 
treated with 4 BR-003s (148 mg bupivacaine base in total)

• Cohort II will consist of 6 patients in total, 3 patients per group (open/percutaneous) 
treated with 6 BR-003s (222 mg bupivacaine base in total)

Assuming a Cmax of approximately 100 ng/mL for a 222 mg dose in humans (twice of 
what was observed at a comparable dose in sheep) with a standard deviation of 50 ng/
mL, sample size calculations show that when the sample size is 3 patients per group the 
observed 95% confidence interval width (distance from the limit) will not exceed 188.5 
ng/mL and will therefore remain well below the toxic threshold of 2000 ng/mL, with a 
90% power.435,436 The planned number of 12 is well above the required number of patients 
for sufficient statistical power, even if standard deviations are larger.
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Statistical Analysis
Study population, demographics, safety, PK and efficacy parameters will be analysed 
using descriptive statistics only.

Nature and extent of the burden and risks associated with participation, 
benefit, and group relatedness
All enrolled patients will undergo elective lumbar spine surgery for a degenerative 
condition and will be treated with a multimodal analgesia protocol in line with evidence 
based best practices. These surgical procedures and administered medications carry a 
certain risk profile that is discussed beforehand by the treating physician/spine surgeon. 
During and after surgery, patients will be monitored for vital functions but also for items 
related to patient (dis)comfort and perceived changes in well-being in relation to the 
reason for the surgery. These monitoring activities will also be used to complete most of 
the activities related to the current study. For the activities required for the current study 
that cannot be completed during routine examinations, the patient burden and associated 
risks is considered low and acceptable. The additional assessments are multiple ECG 
recordings, frequent blood sampling for PK, 3 blood chemistry samples, wearing an 
accelerometer on one leg from surgery until day 14 and completing one questionnaire 
about pain management.

By participating in the current study, the patient is exposed to risks associated with 
bupivacaine and the novel excipient (functionalised gelatin). These can be further 
divided into local and systemic effects, all of which were studied in a large animal model 
(sheep) for instrumented spine surgery. The overall risk of local or systemic toxicity for 
bupivacaine and the novel excipient is estimated as low:

• The systemic effects of bupivacaine were studied by repeated plasma sampling 
following BR-003 implantation. In all sheep, drug plasma levels remained orders of 
magnitude below known toxic thresholds despite administrating higher doses than 
used in the current study.

• The local effects of sustained high bupivacaine levels in the surgical wound 
were histologically analysed after 6 and 56 days of follow-up. Surgical site toxicity 
scores and osseointegration for pedicle screw + BR-003 were similar compared to 
implantation of pedicle screw-only controls. In addition, overall incidence of wound 
healing disturbance was low and equally distributed over the groups.

• The systemic effects of the novel excipient were characterised by histopathological 
analysis of 35 tissues from 12 organs per animal. No differences between sheep 
exposed to BR-003 or novel excipient and control sheep were found in any organ. 
In addition, all sheep recovered uneventfully after surgery.
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• The local effects of presence of the novel excipient in the surgical wound were 
histologically analysed after 6 and 56 days of follow-up. Surgical site toxicity scores 
and osseointegration for pedicle screw + novel excipient were similar compared 
to implantation of pedicle screw-only controls. Overall incidence of wound healing 
disturbance was low and equally distributed over the groups.

The potential benefits for patients enrolled in the current study are related to the beneficial 
effects of reduced acute postoperative pain and the associated decrease in consumption 
of opioid analgesics. It is known from the literature that patients who experience less 
pain and use fewer opioids after surgery will mobilise sooner, can be discharged earlier, 
suffer fewer AEs, and score higher on several patient reported outcome measures.

Safety overview
An independent Data Safety Monitoring Board (DSMB) will oversee the safety. The DSMB 
consists of a spine surgeon, a clinical pharmacologist and a statistician.

Safety review after cohort I:

To ensure the safety of the patients in this study, an independent DSMB will assess the 
reports of all (S)AEs, all clinically relevant lab changes as assessed by the investigators, 
PK results, abnormal ECG results and abnormal neurological assessment outcomes, after 
the 6 patients in the first cohort have finished the study. The DSMB will review data to 
monitor the safety of the study medication and make recommendations to continue with 
cohort II, to amend cohort II, or to stop the study.

Safety review of individual patients:

The DSMB will also be involved in case an unexpected serious adverse drug reaction or 
death occurs in the study. In case the unexpected serious adverse drug reaction can be 
found on a predefined list of frequently observed AEs after instrumented spine surgery 
or systemic opioid use (see appendix 4), this does not immediately lead to (temporary) 
suspension of the recruitment. Rather, the incidence of these AEs will be assessed on an 
aggregate level after each cohort. In case an unexpected serious adverse drug reaction 
not found on this list or death occurs, the recruitment will be suspended, the PK samples 
of the patient will be analysed ad hoc and shared with the DSMB, together with other 
safety data of this patient. The members of the DSMB will review the available data and 
will be asked to make recommendations to continue with the recruitment, to amend the 
study, or to stop the study.
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Protocol for a first-in-human clinical trial
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SUMMARY

Pain after musculoskeletal surgery poses a heavy burden not only on the patient, but also 
on hospitals and society. Postoperative pain itself, as well as the side effects and addictive 
potential of opioids used for its treatment can lower the quality of life of patients, lead to 
increased duration of treatment and thereby tremendously increase healthcare costs. This 
thesis attempts to better understand the origins of postoperative skeletal pain, quantify 
its severity and provide directions for its improved treatment. The following paragraphs 
summarize the main findings of the work conducted.

The first aim of this thesis was to understand the origins and severity of postoperative 
skeletal pain, and effectiveness of current opioid-based treatment. This aim was 
addressed from multiple perspectives, i.e., a cohort study in patient undergoing spine 
surgery, an immunohistochemical study analyzing bone innervation patterns and a review 
of the literature on bone pain. Chapter 2 described the current clinical practice in 
patients undergoing spine surgery regarding postoperative pain and its treatment. All 
64 patients included required opioids during hospitalization, yet reported moderate to 
severe pain after major spine surgery. Thirteen patients suffered from such a degree of 
insufficiently controlled pain that re-admission to the recovery room and administrating of 
a new IV opioid loading dose was necessary. The majority of the 64 patients developed 
moderate opioid-related adverse drug events (ORADEs), such as nausea. Moreover, 
severe ORADEs, such as acute respiratory depression were reported in 17 patients. To 
understand the severity of postoperative skeletal pain, an immunohistochemical study 
quantifying bone sensory innervation was performed on cadaveric human bone samples 
from various anatomical locations in Chapter 3. The highest sensory innervation density 
was found in the periosteum, followed by bone marrow and cortical bone. In addition, 
the anatomical location receiving most sensory innervation was the thoracic spine. 
Innervation density was similar between genders and decreased with age. Exploring 
the mechanisms that subsequently convert skeletal nociception to bone pain, Chapter 
4 consists of a review of the literature. This chapter identified four pathways involved 
in the generation and maintenance of bone pain. These pathways were the activation, 
sensitization and sprouting of sensory nerve fibers (predominantly A-delta and C-type) 
as well as central sensitization. Nerve fibers could be activated through mechanical and 
acidic stimuli. Local neurotrophic factors play a role in peripheral sensitization and nerve 
sprouting. The intensity of nociceptive signals conducted from bone to brain via sensory 
nerves can be amplified through central sensitization.

The high incidence of postoperative ORADEs illustrated the delicate balance between 
analgesic and side effects of current postoperative pain treatment. The severity of pain 
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following skeletal surgery can be explained by dense sensory innervation of osseous 
structures and especially the periosteum, and the subsequent activation of downstream 
pathways. Its dense innervation identified the periosteum as a potential target for 
postoperative analgesia.

The second aim was to assess the safety and efficacy of a non-opioid anesthetic 
(bupivacaine) when applied in high concentrations in musculoskeletal tissues that, when 
damaged, induce the pain studied in the first aim. Bupivacaine was selected, as it is 
capable of inhibiting action potential conduction in the sensory nerve types present in 
bone, and has the longest duration of action of all local anesthetics. The second aim was 
again approached from three perspectives, by reviewing the literature on bupivacaine 
toxicity, an animal study investigating toxicity of highly concentrated bupivacaine and the 
development of an electrophysiological setup to quantify bupivacaine action in nervous 
tissues.

Across the literature, toxic effects of bupivacaine were reported in bone, muscle and 
neural tissue, articular cartilage and the intervertebral disc in vitro. These effects 
were reviewed in Chapter 5. Bupivacaine delayed osteogenesis and wound healing in 

vitro. However, all reported effects were shown to be reversible in animal and clinical 
studies, with the exception of chondrotoxicity. Chondrotoxicity following bupivacaine 
administration is reported clinically, likely because of the limited regenerative capacity of 
articular cartilage. A similar absence of regenerative capacity in the in vitro setting likely 
limits the translation of laboratory findings to real-world toxicity. The musculoskeletal 
toxicity of bupivacaine reported in literature was limited to clinically used concentrations 
of 0.5% bupivacaine. However, multiple sustained-release formulations are currently in 
development that use more concentrated bupivacaine to extend the duration of high 
local drug levels. To assess the local toxic effects of high bupivacaine concentrations, a 
rat model for skeletal surgery was used in Chapter 6. Rats underwent spinal or femoral 
implantation of a cannula attached to a screw, to allow bolus administration or sustained 
infusion of bupivacaine in three concentrations (0.5%, 2.5% and 5.0%) at the surgical 
site. Following uneventful recovery of all animals, histological analysis of implant sites was 
performed after 28 days. Significant differences in local toxicity scores existed between 
spine and femoral surgery, but not between bupivacaine concentrations. To study which 
bupivacaine concentrations are effective in nervous tissue and surgically damaged 
periosteum, Chapter 7 described the development of an electrophysiological setup 
using freshly excised sheep femoral nerves and periosteum. The electrophysiological 
setup served as a proof-of-concept that bupivacaine action could be quantified in fresh 
nervous tissue, but further improvements, such as temperature control and aligning 



228

Summary, General Discussion and Dutch Summary

stimulation direction and fiber orientation, are necessary to allow determination of a 
minimum inhibitory bupivacaine concentration for periosteal sensory fibers.

The findings indicate the absence of major toxic effects of bupivacaine in musculoskeletal 
surgery for both conventionally clinically used and experimental higher concentrations, 
and susceptibility of periosteum to bupivacaine-induced inhibition of action potentials.

The third aim builds on the knowledge obtained from the first and second aim, which 
were to understand the severity and etiology of bone pain and assessment of the safety 
and efficacy of bupivacaine for its treatment. The third aim concerns the development of 
a clinically relevant hydrogel-based bupivacaine sustained release formulation for use in 
musculoskeletal surgery. Chapter 7 described the development and in vitro optimization 
of a ring-shaped hydrogel, capable of withstanding co-implantation with pedicle screws. 
The hydrogel displayed tunable mechanical properties and drug-releasing behavior. 
Drug release was sustained for 72 hours in vitro. The material was biodegradable and 
cytocompatible. Moreover, encapsulation of bupivacaine in the hydrogel as crystals 
decreased the cytotoxic effects of bupivacaine itself. Employing the hydrogel developed 
in chapter 7, the in vivo drug releasing properties, biocompatibility and -degradability 
were assessed in a sheep model for spinal surgery in Chapter 8. Implantation of up to 8 
hydrogel rings yielded sustained but low bupivacaine plasma levels, with correspondingly 
high surgical site levels for 72 hours. Drug release was quantified by hydrogel explantation 
and followed a first-order kinetic profile. Hydrogels elicited a mild local foreign body 
response and degraded in situ within approximately 9 months. In Chapter 9, a first step 
towards clinical implantation of the bupivacaine-loaded hydrogel ring from chapters 7 
and 8 is taken. To facilitate future endorsement of clinical trial protocols, a toxicokinetic 
bridging study was performed in sheep according to Good Laboratory Practice (GLP). GLP 
is a set of rules to ensure the consistency, reliability, reproducibility, quality and integrity 
of study data and studied products for future use in human health applications, and GLP 
compliance is a prerequisite for marketing authorization from regulatory authorities. 
Sheep received either 8 pedicle screws without hydrogel, 8 pedicle screws combined 
with unloaded hydrogels, or 8 pedicle screws with bupivacaine-loaded hydrogels. Plasma 
bupivacaine levels remained tenfold below toxic thresholds, and were sustained for a 
longer period compared to subcutaneous infiltration of bupivacaine. Upon histological 
evaluation, local tissue reaction and screw osseointegration were found similar between 
groups.

Taken together, the results indicate biocompatibility, biodegradability, large systemic 
safety margins and extended drug release of the bupivacaine-loaded hydrogels in vivo.
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The final aim of this thesis was to provide directions for a clinical trial, assessing safety 
and feasibility of the bupivacaine-loaded hydrogel for use in instrumented spine surgery. 
In Chapter 10, a protocol for a phase 1B dose-escalating clinical trial was presented, 
in which female and male adult patients suffering from degenerative spinal disease 
and scheduled for open or percutaneous instrumented spine surgery are included. The 
patients will receive 4 or 6 hydrogel rings, to be co-implanted with a corresponding 
number of pedicle screws. The primary outcome of the study is systemic safety of the 
bupivacaine hydrogel formulation as defined by the Cmax value. In addition, the occurrence 
of adverse events, analgesic consumption, postoperative pain outcomes and mobility 
outcomes are recorded to obtain preliminary data on efficacy.
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GENERAL DISCUSSION

The research in this thesis has increased our knowledge on the etiology and severity 
of postoperative skeletal pain, and has provided a new direction in treatment of this 
pain. The next paragraphs discuss the findings in light of current literature, and identify 
remaining challenges in the optimal treatment of postoperative skeletal pain.

The Unmet Clinical Need
Severe pain after skeletal surgery is frequently reported, especially after spine surgery.12 
Moreover, bone surgery and its resulting postoperative pain are significant predictors of 
the development of chronic postoperative pain.64 Adequate treatment of pain after skeletal 
surgery is thus of vital importance for patients in the short and long term. In our cohort 
study in patients undergoing instrumented spine surgery (Chapter 2), the majority of 
patients reported severe pain despite considerable opioid consumption. Pain despite 
opioid use could indicate undertreatment, but it depends on who is asked. Whereas 
in clinical practice analgesics are prescribed when pain scores exceed 3 out of 10, the 
majority of patients only desire opioids when pain scores exceed 8 for fear of opioid-
related adverse drug events (ORADEs).85 ORADEs are common and potentially severe. 
In agreement with previous literature, Chapter 2 found a high incidence of ORADEs, 
pointing towards a skewed risk-benefit ratio in current analgesic treatment.78,93,94 In fact, 
studies have shown that patients would rather experience less pain relief than suffer 
from ORADEs, such as nausea and vomiting. An improved balance between pain relief 
and side effects from pain medication is desired by both patients and physicians.93,94 The 
results of this study and previous reports in literature identify a clear unmet need for 
drugs effective at the target site, while not disturbing systemic homeostasis (Figure 1). 
Although the patient cohort originated from a single Dutch tertiary center, the findings 
can likely be extrapolated to other Western countries as opioid consumption is at least 
similar and frequently higher, especially in the United States.91
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Figure 1. Morpheus, the god of dreams and namesake of morphine, is woken by the arrival 
of Iris, the goddess of the rainbow and divine messenger. This thesis similarly serves as a 
wake-up call  for opioid use after spine surgery. Morpheus et Iris, Pierre-Narcisse Guérin, 1811. 
Collection of the Hermitage, St. Petersburg, Russia.

Target for Postoperative Analgesia
A next step is to identify the target site for analgesia after skeletal surgery. The results 
from the immunohistochemical study performed in Chapter 3 are a potential explanation 
for the severe pain arising from skeletal surgery. High densities of sensory nerve fibers 
were found in osseous tissue, especially in the periosteum. The periosteum is inevitably 
damaged during instrumented skeletal surgery. Notably, the thoracic vertebra was the 
most densely innervated bone studied, an observation that matches the painful nature of 
spinal procedures reported clinically.12 The results of this study are in line with previous 
animal research, which identified the periosteum as the most densely innervated bone 
compartment.17–19,126 However, the innervation ratio between periosteum, bone marrow 
and cortex found in animal studies was far greater than we observed in humans (100 : 2 
: 0.5 vs 100 : 54 : 8). However, the use of a different species and calculations based on 
medians instead of means can partially account for these differences. The predominant 
sensory nerve fibers found in bony tissues were of the A-delta and C-type. In Chapter 
4, multiple interrelated mechanisms leading to the generation and maintenance of bone 
pain were identified. These pathways were the activation, sensitization and sprouting of 
sensory nerve fibers (predominantly A-delta and C-type), as well as central sensitization. 
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The previously identified A-delta and C-fibers thus play a major role in three of the four 
pathways described. Although innervation density is not necessarily equal to potential 
magnitude of pain, it does allow larger orders of nociception.

A Mechanism-Based Approach
The identified mechanisms not only explain the severity of bone pain, but also provide 
targets for treatment of pain after skeletal surgery and aid in selecting feasible analgesic 
drug classes. For example, considerable progress in the skeletal application of drugs 
inhibiting nerve sprouting, such as the anti-nerve growth factor antibody tanezumab, 
has been made.233 Ketamine is used in the treatment of acute pain to decrease central 
sensitization.484 However, of the mechanisms described in Chapter 4, activation of nerve 
fibers most likely precedes activation of all other pathways. Prevention of peripheral 
nerve fiber activation thus probably inhibits activation of downstream mechanism. Local 
anesthetics, such as lidocaine and bupivacaine, are common pharmaceutical agents used 
to prevent local action potential generation and conduction in sensory nerve fibers.360 
Administration of bupivacaine in the surgical wound would thus treat skeletal pain at 
its origin, both from an upstream-downstream mechanistic and a peripheral-central 
sensory perspective. Previous research has shown that the fiber types present in bone-
related structures are susceptible to local anesthetics, and have known concentration-
dependent sensitivities to bupivacaine-mitigated blocks of action potential generation 
and conduction.361,485,486 The analgesic effect of bupivacaine is well-known from years of 
clinical use. However, no exact local concentration needed to obtain analgesia is reported. 
In addition, the concentration needed might vary considerably between regional large 
nerve-blocks (such as femoral blocks) and local blocking of sensory nerve fiber endings. 
The axons in large nerves are still surrounded by endo-, peri- and epineurium, through 
which bupivacaine first has to diffuse before reaching its target site on the intracellular 
membrane of the axon. The concentration of bupivacaine needed locally is thus likely 
lower than the concentration needed for a regional block. These differences were 
further explored in Chapter 7. Lastly, regional blocks often provide not only sensory, 
but also motor inhibition, which can impede the accuracy of postoperative neurological 
examination, as well as delay mobilization.487,488

Safety of Local Anesthetics in Skeletal Surgery
Before administering high concentrations of bupivacaine, its safety is to be assessed. 
In musculoskeletal tissue types, toxic local effects of bupivacaine are reported in vitro 

already at subclinical concentrations, but these findings do not translate well to an in vivo 

setting (Chapter 5). Likely, the complexity of an organism, with local drug clearance 
and regenerative capacity contributes to the absence of severe toxic bupivacaine effects 
in vivo. In one tissue type, articular cartilage, in vivo toxic effects of bupivacaine were 
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reported of similar magnitude to in vitro effects.297,489 Articular cartilage has a known 
limited healing capacity in vivo, as observed in diseases such as focal cartilage defects 
and osteoarthritis.490,491 The absence of chondrocyte regenerative capacity in the in vitro 

as well as in vivo setting, likely accounts for the similarities found regarding bupivacaine 
chondrotoxicity between these settings.

Having learned that current in vitro models are not representative for bupivacaine toxicity, 
Chapter 6 studied the tissue effects of highly concentrated bupivacaine in an in vivo 
rodent model for skeletal surgery. No concentration-dependent toxicity of bupivacaine 
was observed following spinal or femoral screw implantation with concomitant local 
bupivacaine infusion. Any differences found between histological toxicity scores in animals 
were attributable to the surgical intervention. While major tissue effects of concentrated 
bupivacaine were absent after 28 days, these findings cannot simply be extended to a 
non-surgical population. Any toxic effects of high bupivacaine concentrations might be 
more pronounced in the absence of major tissue damage resulting from surgery.

Despite the absence of major toxic effects, patient drug exposure should be limited to 
the minimum dose of drug needed to obtain a satisfactory effect. The minimum effective 
concentration for inhibition of regional and local nociceptive signals was studied in a 
neurophysiological setup, using patient- and animal-derived neural tissues (Chapter 7). 
The setup was designed based on previous electrophysiological reports, and adapted 
to accommodate periosteum.361 While this chapter proved the feasibility of bupivacaine-
mediated inhibition of nociceptive conduction in large nerves and periosteum, several 
challenges still remain to be fulfilled before solid conclusions can be drawn from this 
setup. Controlling temperature, a better understanding of fiber orientation and distinction 
between readings from different fiber types would benefit reproducibility and render 
more robust results. Patient-derived tissue was sampled from osteoarthritic femoral necks 
following total hip arthroplasty. As disease has been shown to impact innervation density, 
different concentrations or doses of local anesthetic could be necessary in affected 
tissue.129 The required dose of local anesthetic in absence and presence of disease, is 
therefore an interesting and relevant direction for future research.

Efficacy of Local Anesthetics in Skeletal Surgery
Chapter 7 provides ex vivo clues for the feasibility of musculoskeletal applications of 
bupivacaine. Further clinical substantiation of bupivacaine’s feasibility in spine surgery 
is provided by an emerging technique named the erector spinae plane (ESP) block.103 
The ESP block concerns an ultrasound-guided injection of local anesthetic solution in 
the erector spinae fascia near the lateral tip of the transverse process, in order to block 
the posterior rami of spinal nerves that innervate dorsal structures. Typically, a single 
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dose of 50-75 mg bupivacaine is administered, but continuous infusion has also been 
used. Both approaches have their respective disadvantages; either a short duration of 
action, or attachment of a cannula to the patient which can dislodge, and which hampers 
mobility.337,449 Significant decreases in pain scores and opioid consumption following ESP 
blocks in spine surgery have been reported up to 24 hours.103,423,424 Although promising, 
a mismatch between the duration of ESP block and the duration of severe postoperative 
pain remains present.36 As ESP blocks are unilateral procedures, the block has to be 
repeated contralaterally in the event of bilaterally instrumented spinal surgery. Further, 
the fascia allows craniocaudal transport of local anesthetic solutions. Especially in open 
surgical approaches, the intervention directly disrupts the recently deposited reservoir of 
bupivacaine if administered pre-operatively, making appropriate postoperative localization 
of bupivacaine solutions uncertain.

Taken together, the discussed literature indicates that bupivacaine can be effective in 
treating postoperative skeletal pain. However, severe pain after skeletal surgery typically 
lasts for a few days before subsiding to an acceptable level.36 As the duration of pain 
exceeds the duration of action of bupivacaine, sufficient drug that slowly becomes 
available should thus be present at the target site for a sustained effect to avoid repeated 
administration. Moreover, as space in the surgical site is limited, high doses of drug should 
be administered in a limited volume, necessitating an increase in drug concentration. The 
need for a compact and concentrated local anesthetic reservoir, activated by a single 
administration and providing sustained analgesia is highlighted by the sheer number of 
drug release formulations developed in this field.42 Finding the right formulation and mode 
of administration for each indication is key. The need for implantation of a drug release 
formulation is a no-go in many applications, but can be a strength in certain uses, such 
as instrumented spine surgery. The tissue damage and resulting pain induced by surgical 
implantation of a drug release formulation for analgesia would obviously counteract its 
goal of providing pain relief. However, tissue damage is already an inevitable byproduct 
of instrumented spine surgery, and the implantation of surgical hardware, rather than 
the drug release formulation, warrants the surgical intervention.

Local Treatment of a Local Problem
Instrumented spine surgery thus provides a window of opportunity for the implantation 
of a drug release formulation, providing sustained and stationary bupivacaine release 
(Chapter 8). Such a formulation would provide extended analgesia without a cannula, 
thus eliminating the respective disadvantages of ESP blocks administered by either 
infiltration of continuous infusion, can easily be applied bilaterally and ensures adequate 
positioning of the drug reservoir.37 To this end, the present thesis described the 
development of a sustained-release formulation of bupivacaine, specifically designed 
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for co-implantation with pedicle screws. The similarity in anatomical location of ESP 
block administration and pedicle screw placement in instrumented spinal surgery 
suggest potential effectiveness of a bupivacaine reservoir near pedicle screws. Patients 
undergoing spine surgery are a logical first population for application of this sustained 
release formulation because of a large unmet clinical need, as indicated by high rates of 
opioid consumption and contradicting high pain scores. For successful application of a 
bupivacaine delivery formulation in instrumented spine surgery, some conditions should 
be met: 1) Drug release / analgesia for a clinically meaningful period of time, 2) from a 
biocompatible and biodegradable carrier, 3) able to withstand orthopedic implantation, 
and 4) implantation does not interfere with surgical workflow.42 These requirements are 
discussed in more detail below.

Firstly, the duration of analgesia should better match the duration of severe pain. 
Although the target duration of analgesia depends on the application, it should exceed 
the duration of action of a standard local anesthetic solution. In addition, the delivery 
formulation should lead to a high sensory : motor block ratio.42 The occurrence of motor 
block is undesirable because it could complicate postoperative neurological assessment, 
as deficits induced by surgery that would warrant surgical re-intervention cannot rapidly 
be distinguished from bupivacaine-related deficits.492 Matching the reported duration of 
severe pain after spine surgery, this thesis considered three days of analgesia a clinically 
meaningful improvement on current best practice.36,65,103

Another requirement for the delivery formulation is biocompatibility, defined by the 
FDA as “the ability of a material to perform with an appropriate host response in a 
specific situation”.442,443 Although biocompatibility is dependent on anatomical location, 
the combined carrier and drug should be biocompatible, i.e., elicit an acceptable local 
inflammatory response, and not lead to systemic toxicity.42,48 Other local anesthetic 
delivery formulations frequently incorporate high drug doses to ensure sufficiently 
high local drug levels for extended periods of time.324 However, such high doses put 
patients at risk of both local and systemic toxicity induced by local anesthetics. Indeed, 
rapid initial, or excessive “burst release”, not only leads to a waste of drug payload 
but can have harmful consequences. For example, higher release rates of bupivacaine 
have been described to cause more muscle injury.379 When absorbed into the systemic 
circulation, spikes in bupivacaine plasma concentration can put patients at risk of Local 
Anesthetic Systemic Toxicity (LAST), a condition that is difficult to treat and leads to 
major cardiovascular and neurological symptoms.265,266 In order to prevent burst release, 
formulation parameters that dictate release kinetics can be adjusted, such as surface-to-
volume ratio, the type of excipient or polymer network density.48,51 Systemic absorption 
can be limited by, for example, the addition of vasoconstrictor drugs such as noradrenalin. 
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This in turn maintains a high local concentration, increasing risks of local toxicity.48 In fact, 
market authorization application of a local anesthetic release formulation was withdrawn 
as a result of local tissue injury in both humans and animals.48,493

While the interplay between drug and carrier influences biocompatibility of the 
formulation, biocompatibility and -degradability is also a requirement for the carrier 
material itself.48 Hydrogels are a class of drug carrier that is generally well-tolerated in 
the body. Their porous structure and thus their mechanical properties are tunable by 
controlling cross-linking. In addition, their porosity allows drug-loading with subsequent 
diffusion-dependent release. Moreover, hydrogels closely mimic tissue consistency 
due to their high water content, likely contributing to biocompatibility. The design of 
hydrogels can allow in situ degradation through enzymatic, hydrolytic or environmental 
pathways.51,53 However, challenges still exist for the successful application of hydrogels 
in drug delivery. First, many hydrogel systems exhibit low tensile strength, potentially 
resulting in fragmentation and subsequent premature disappearance from the target 
site. Second, hydrophobic drug loading can be problematic, leading to encapsulation 
of low doses. Third, small-molecule drugs can rapidly diffuse out due to the hydrogel’s 
high water content and porosity, limiting the gel’s potential for sustained release.51,53 
Larger-molecule drugs, or aggregates of small-molecule drugs, generally exhibit a slower 
release as the mesh size of the hydrogels is smaller than the drug diameter. Such drugs 
are then released from the hydrogel through network degradation, swelling or mechanical 
hydrogel deformation.53

Meeting the Requirements
In this thesis, a biocompatible and degradable carrier was selected in the form of a 
gelatin-based hydrogel, with the goal to minimize local tissue response and enable in 

situ biodegradation.50 Gelatin is a commonly used polymer for hydrogel systems due 
to its mild tissue response and susceptibility to enzymatic degradation.50,471 To make 
the carrier material resistant to implantation, gelatin was functionalized with phenol-
containing moieties. This enabled covalent cross-linking of polymer chains under the 
influence of riboflavin and light, a biocompatible and controllable photocross-linking 
system. Similar hydrogel systems have been described before, but relied on enzymatic 
cross-linking. Horseradish peroxidase was employed to induce phenol-phenol cross-links 
between gelatin chains that were functionalized with tyramine.386 Enzymatic cross-linking 
implies that hydrogel formation starts directly after mixing of polymer solutions and 
enzyme, limiting the time available to process the liquid pre-gel. Although applications 
exist in which rapid gelation is useful, it is not suitable for the formation of many individual 
gels from a single pre-gel solution. The increased temporal control of photocross-linking 
compared to enzymatic cross-linking is a distinct advantage of the system used in this 
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thesis. Although the obtained covalent bonds following photocross-linking constitute the 
main mechanism of hydrogel formation, inclusion complex formation was added as a 
second method of cross-linking to improve hydrogel recovery following the mechanical 
stress endured at implantation. The cavity of oxidized beta-cyclodextrin, attached to 
gelatin chains, can host phenolic moieties in a non-covalent manner and so enhances the 
mechanical properties.387 In addition, the cyclodextrin cavity could host small-molecule 
drugs including bupivacaine.390,494 The resulting hydrogel stiffness could be tuned in the 
range of 100-600 kPa. Although such values have been described before in literature, 
high stiffness often also leads to a brittle gel.495 In contrast, the present hydrogel system 
displayed shear-thinning properties enhanced by the presence of guest-host interaction 
between phenolic moieties on gelatin and the cyclodextrin cavity, allowing network 
interruption and reformation during implantation.387

Following implantation, the hydrogel should slowly release the encapsulated bupivacaine. 
According to the rubber elasticity theory, mesh size is approximately 10 nm in the hydrogel 
composition (chapter 8).53,396 In contrast, the diameter of a bupivacaine molecule is 
approximately a factor 10 lower, and steric hindrance of diffusion will thus be limited.496 
However, increasing cross-linking density to decrease mesh size is undesirable, as this 
renders very stiff yet brittle hydrogels.495 To overcome the problem of rapid release, 
bupivacaine was crystallized in situ by alkaline precipitation, effectively increasing drug 
size and making crystal dissolution the rate-limiting step.416 Moreover, this technique 
employs local drug solubility to control maximum local drug concentrations, countering 
the previously raised concern of excessively high local concentrations that induce toxic 
effects.48 The effect of crystallization on rate of drug release is discussed in chapter 8. 
Control of crystal size would allow further tunability of release rates, as crystal dissolution 
is dependent on the crystal’s surface-to-volume ratio. Pilot experiments revealed pH-
dependent increases in crystals size, which constitutes a promising direction of future 
research to optimize drug release rates.416 The methods and feasibility of alkaline 
precipitation of local anesthetic HCl formulations rendering the free base have been 
reported by others, e.g. for ropivacaine, bupivacaine and mepivacaine.497,498 The increased 
non-ionized fraction of local anesthetic available following alkaline precipitation was 
postulated to enhance efficacy, as the non-ionized fraction readily crosses phospholipid 
bilayer membranes.264 However, one study reported significant inflammation following 
the application of ropivacaine base crystals.497 Encapsulation of local anesthetic crystals 
in a biocompatible hydrogel, requiring crystal dissolution for release, could overcome 
such reactive inflammation.

Three-day release was first optimized in vitro and subsequently confirmed in a sheep 
model for spine surgery (Chapter 9). The rationale for selecting the sheep as animal 
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model is explained in the next paragraph. The experimental setup employed in this 
chapter allowed for precise assessment of in vitro-in vivo correlation (IVIVC) of drug 
release, as hydrogels could be explanted. Whereas most IVIVCs rely on deconvolution 
of plasma curves to estimate the local absorption of drug administration, now a point-
by-point correlation could be obtained. The use of a scaling factor allows the prediction 
of in vivo release from in vitro curves, which are more easily obtained. A good IVIVC can 
accelerate formulation development by predicting in vivo behavior and omitting the need 
to perform in vivo bioequivalence studies in case of minor formulation modifications.499,500 
However, studies validating the predictive performance of the obtained IVIVC still have 
to be undertaken before the IVIVC is accepted by authorities as a surrogate for in vivo 

testing.501 Moreover, the currently utilized explantation approach can obviously not be 
followed in the case of clinical studies, in which one would have to resort to methods 
employing deconvolution to estimate local release. For oral dosage forms, the FDA 
requires human data for regulatory consideration of an IVIVC and provides guidelines 
on its establishment.502 Guidance and standardization for non-oral extended release-
products is still lacking.

From the Stables to the Clinic
Another way in which IVIVC can expedite formulation development, is establishment 
of a link between in vitro release and in vivo pharmacokinetic (PK) parameters such 
as Cmax and AUC. Combining the IVIVC with a PK model would allow the determination 
of such links. Hypothetically, such a model would be able to predict the in vivo safety 
of a drug delivery formulation from its in vitro release profile. The IVIVC presented in 
Chapter 9 predicts the formulation’s in vivo release profile, after which the released 
(or Liberated drug) is systemically Absorbed, Distributed, Metabolized and Eliminated 
(LADME). The processes included in LADME can be viewed as communication rates 
between physiological compartments such as the administration site (in this case the 
surgical wound), systemic circulation, high-perfusion (liver, gut) and low-perfusion tissues 
(fat, skeletal muscle) (Figure 2). The parallel occurrence of all these processes results 
in the drug plasma curves, the compartment most accessible for sampling. The systemic 
pharmacokinetics of bupivacaine are known for various species including sheep and 
humans, leaving the systemic absorption rate to be deduced from the plasma curves 
obtained in animal studies.503
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Figure 2. Graphical representation of the LADME pharmacokinetic processes taking place 
following ring implantation and the associated physiological compartments, as can be used 
in PK models.

As bupivacaine exerts its anesthetic action locally and bupivacaine-induced adverse 
events are mainly linked to high systemic concentrations, high concentrations at the 
target surgical site and low circulating drug concentrations are desirable.266,435,436 The 
animal study undertaken in Chapter 9 has shown that implantation of six bupivacaine-
loaded hydrogels resulted in high local and low systemic drug concentrations. The foreign 
body response elicited by the combined implantation of pedicle screw and hydrogel 
was comparable to implantation of only a pedicle screw, indicating biocompatibility 
of the delivery formulation.434,445 In addition, hydrogels degraded over the course of 9 
months following implantation. As in vivo degradation of gelatin hydrogels is dependent 
on cross-linking density, our high-modulus hydrogel was expected to degrade rather 
slowly.504 Considerable differences in degradation rate in vivo was observed compared to 
enzymatic degradation at simulated physiological conditions in vitro.398,400 These enzymes 
are abundantly present in early tissue-remodeling phases following surgery, but decrease 
in concentration during the healing process.398,399 The combined effects of the relatively 
large size of the hydrogel, the regeneration rate of surgical injury and concomitant 
events of physiological enzyme concentration and fibrous capsule formation (limiting 
the enzymes’ access to the hydrogel) decrease likely explain the difference between 
degeneration rates in vitro and in vivo.
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The Ovine Spine
The sheep was selected as large animal model for spine surgery, as sheep compare well 
to humans regarding weight, circulating volume and gross spinal anatomy.429 Moreover, 
the PK properties of bupivacaine in sheep have been well-established, although the sheep 
as an animal model to study safety and feasibility has some drawbacks.440 Despite the 
maximum bupivacaine plasma concentrations being well below systemic safety thresholds 
in sheep, these findings cannot be simply extrapolated to humans. This also holds true for 
application of the sheep-derived IVIVC in the human situation, as bupivacaine clearance 
is twice as fast in sheep compared to humans.437 This does not mean that maximum 
plasma concentrations will be twice as high in humans, as the data in sheep indicate 
the presence of absorption-rate limited elimination (ARLE).439 In the event of ARLE, 
the maximum plasma concentration mainly depends on the rate of systemic uptake 
from the administration site, and thus the comparability of a sheep spinal wound to a 
human spinal wound. PK modelling could therefore aid in the prediction of safety when 
translating to humans, and is an interesting direction for future research. This would 
involve optimization of the model using data obtained in sheep, followed by substitution 
of sheep pharmacokinetic parameter values for human-derived values available in the 
literature. As a model is by definition a simplified representation of the truth, which 
is subsequently used to extrapolate safety data, the modeler should acknowledge its 
limitations. However, various methods to minimize the error of scaling exist and increasing 
knowledge on PK models becomes available.503 To quote statistician George Box: “All 
models are wrong, but some are useful.”505
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Figure 3. Bupivacaine equilibrium across the cellular phospholipid membrane. The Hen-
derson-Hasselbalch equation dictates the ionized drug fraction as function of pH. Only the 
non-ionized fraction of bupivacaine crosses the membrane. Once intracellular, only the ionized 
fraction can bind to the sodium channel. Extracellular pH varies between 6.9 and 7.6, while 
intracellular pH ranges from 7.0 to 7.4.

Will the concept work?
So far, the pharmacokinetics (i.e., what the body does to the drug) have been discussed, 
but for estimations of analgesic efficacy of the hydrogel, the focus should shift to 
pharmacodynamics (i.e., what the drug does to the body), which includes the therapeutic 
effect of the drug. Pain was not quantified in the animal studies in this thesis, as limited 
methods for pain quantification in sheep are available and often rely on laterality (e.g., 
comparing weight bearing on left versus right leg). Laterality methods are not applicable 
in the case of spine surgery, complicating the assessment of analgesic effect of the 
hydrogel rings.441 As an alternative, the bupivacaine concentration in the wound was 
measured. Implantation of six bupivacaine-loaded hydrogel rings led to wound bupivacaine 
concentrations of up to approximately 200 μg/mL or 720 μM. Previous neurophysiological 
studies on single sensory neurons reported use-dependent blocks at concentrations 
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above 30 μM and complete absence of action potential conduction above 300 μM at a pH 
of 7.4.485,486 Wound pH varied between 6.9 and 7.6 in the animal studies performed. pH 
is an important parameter for the efficacy of bupivacaine, as it regulates bupivacaine’s 
ability to enter neurons (Figure 3). The Henderson-Hasselbalch equation dictates that at 
a pH of 8.1, 50% of bupivacaine molecules are non-ionized and thereby able to cross the 
phospholipid bilayer to exert their intracellular action. Once intracellular, only the ionized 
fraction can inhibit action potential generation by blocking voltage-dependent sodium 
channels. Equilibria are constantly restored following diffusion of molecules according to 
Le Chatelier’s principle, which states that a change in concentration results a predictable 
opposing change in the system to achieve a new equilibrium state. Despite the wound 
concentrations being above inhibitory thresholds, remaining questions are which part of 
the bupivacaine is actually quantified in the wound fluid, how large the intracellular non-
quantified fraction is, and which part of the total bupivacaine dose is actually effective. In 
the event of acidic surgical wound conditions, a smaller fraction of the total bupivacaine 
dose is effective.506 Events increasing wound pH, such as infection, would enhance the 
membrane-crossing potential of bupivacaine.507 Coming back to the question in the title 
of this paragraph: The local concentrations should be sufficient to inhibit nociception. 
The next paragraph will explore how inhibition of nociception ultimately translates to the 
sensation of pain.

The Multidimensional Phenomenon that is Pain
As already discussed in the introduction of this thesis, nociception is the neural process 
of encoding noxious stimuli, a process influenced by the presence of bupivacaine. Pain 
is defined as “an unpleasant sensory and emotional experience associated with, or 
resembling that associated with, actual or potential tissue damage”. Pain is characterized 
as a personal experience that is influenced by social, biological and psychological factors 
and not equal to nociception.3 Only a weak link exists between pain and extent of tissue 
injury.508 Numerous examples exist in literature where supposedly limited nociception 
generates the sensation of severe pain, and vice versa.509 The ultimate test for the 
presence of analgesic effect is a randomized clinical trial, in which the bupivacaine-loaded 
hydrogel is compared to a placebo intervention and pain scores, analgesic consumption 
and mobilization are quantified. A protocol for a clinical trial is provided in Chapter 10.

Clinical trials studying pain bring various challenges, due to the interrelated efficacy 
outcome measures of pain, analgesic consumption and patient mobilization.510 Assuming 
effect of the hydrogel, a subsequent decrease in analgesic consumption might keep 
pain scores at a similar level, or similar analgesic consumption can lead to lower pain 
scores. Lower pain scores could motivate a patient to mobilize earlier, but pain scores 
are generally higher during mobilization. “Efficacy” of the bupivacaine-loaded hydrogel 
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could thus be a combined effect on pain scores, analgesic consumption and time to 
mobilization. As minor improvements on each individual outcome could yield a large 
cumulative effect on the postoperative recovery process, multiple endpoints or even 
compound scores are thus preferred in clinical pain trials. This approach further requires 
strict standardization of analgesics consumption and patient stratification, which both 
can be difficult to implement in daily clinical practice.510

The ambitions of decreased analgesic consumption, earlier mobilization and adequately 
managed pain reflected in the efficacy outcomes coincide with the principles of the 
Enhanced Recovery After Surgery (ERAS) philosophy.6,421 ERAS, as the name suggests, 
aims to create the optimal environment for rapid postoperative recovery by optimizing 
the preoperative, perioperative and postoperative processes. Nutrition, wound care, 
analgesia and mobilization are optimized. The analgesia provided is multimodal and aims 
to reduce opioid consumption, thereby preventing ORADEs. The present bupivacaine-
loaded hydrogel could fit well within this philosophy.

Concluding remarks and outlook
The aim of this thesis was to provide insight in the etiology and severity of postoperative 
skeletal pain, as well as identify shortcomings in the current treatment of this pain and 
provide directions for its future treatment. A bupivacaine-loaded hydrogel, suitable for 
co-implantation with pedicle screws to provide sustained non-opioid pain relief following 
spine surgery, was developed that fulfills many of the requirements for a successful 
drug delivery formulation. Building on the proof of the formulation’s in vivo safety and 
feasibility, this thesis concludes with the outlines of a clinical trial to study its safety and 
preliminary efficacy in a real-world setting.

But it does not end there. Future perspectives include the application of the aforementioned 
bupivacaine-loaded hydrogel in other anatomical locations and surgical indications, such 
as arthroplasty or soft-tissue surgeries, and loading the same hydrogel composition 
with different therapeutic agents. In this way, the hydrogel system could function as a 
platform for multiple applications, which would significantly expand the potential and 
implications of the presented results. Its tunability, versatility, proven biocompatibility and 
-degradability, and IVIVC can considerably accelerate the development process of such 
new applications. Local treatment of local medical conditions, with a high ratio between 
desired and side effects, can greatly benefit our patients.
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NEDERLANDSE SAMENVATTING

Pijn na skeletoperaties is een last voor de patiënt, maar ook voor het ziekenhuis en de 
samenleving. De pijn en bijwerkingen van medicijnen om de pijn te stillen verlagen de 
kwaliteit van leven, verlengen de behandelduur en verhogen zo de gezondheidskosten. Dit 
proefschrift probeert het ontstaan van pijn na skeletoperaties beter te begrijpen, de ernst 
van pijn te kwantificeren en richting te bieden voor toekomstige behandelmogelijkheden. 
De volgende paragrafen vatten de voornaamste bevindingen uit dit proefschrift samen.

Het eerste doel van dit proefschrift was om het ontstaan en de ernst van pijn na 
skeletoperaties, en de effectiviteit van de huidige op opiaten gebaseerde behandeling 
te begrijpen. Dit doel werd van meerdere kanten benaderd, namelijk een cohortstudie 
met patiënten die wervelkolomchirurgie ondergaan, een immunohistochemische studie 
naar botinnervatiepatronen en een review van de literatuur over skeletpijn. Hoofdstuk 
2 beschrijft de huidige stand van zaken wat betreft pijn en pijnstilling voor patiënten die 
wervelkolomchirurgie ondergaan. Alle 64 patiënten waren opiaatbehoeftig tijdens opname, 
maar ervoeren ondanks de opiaten toch matige tot ernstige pijn na wervelkolomchirurgie. 
Bij dertien patiënten was de pijn zodanig ongecontroleerd dat zij op de opnieuw op de 
verkoeverkamer werden opgenomen, voor een intraveneuze oplaaddosis opiaten. Het 
merendeel van de patiënten ontwikkelde matig-ernstige opiaat gerelateerde bijwerkingen, 
zoals misselijkheid. Daarnaast ontwikkelden 17 patiënten ernstige bijwerkingen zoals 
onderdrukking van de ademhaling. Om de ernst van skeletpijn na operatie beter te 
begrijpen, is in Hoofdstuk 3 een immunohistochemische studie naar de dichtheid 
van sensorische zenuwen in verschillende menselijke botten en botcompartimenten 
verricht. De hoogste dichtheid van sensorische zenuwen werd gevonden in het botvlies 
of periost, gevolgd door het beenmerg en de cortex. Het dichtst geïnnerveerde bot was 
de borstwervel. De dichtheid van vezels was vergelijkbaar tussen mannen en vrouwen, en 
nam af naarmate donoren ouder werden. Deze zenuwvezels zijn in staat tot nociceptie: 
het registreren van mogelijk schadelijke externe stimuli. Om te begrijpen hoe nociceptie 
kan leiden tot de gewaarwording van pijn, is in Hoofdstuk 4 een review van de literatuur 
over skeletpijn verricht. Dit hoofdstuk beschrijft vier biologische routes die betrokken 
zijn in het ontstaan en het onderhoud van skeletpijn. Deze routes zijn de activatie, de 
sensitisatie en de nieuwvorming van perifere sensorische vezels (met name van de types 
A-delta en C), en centrale sensitisatie. Zenuwvezels kunnen worden geactiveerd door 
mechanische of chemische stimuli. Lokale zenuwgroeifactoren spelen een rol in zowel 
perifere sensitisatie als zenuwnieuwvorming. De intensiteit van nociceptie kan gedurende 
de geleiding door gevoelszenuwen van bot naar brein worden versterkt door centrale 
sensitisatie.
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Het vaak voorkomen van opiaat-gerelateerde bijwerkingen bij suboptimale pijnstilling 
toont een kwetsbare balans tussen werking en bijwerking van huidige pijnbestrijding. De 
ernst van de pijn na skeletoperaties kan worden verklaard door het dichte zenuwnetwerk 
in de onvermijdelijk beschadigde botstructuren, met name het botvlies. De vervolgens 
geactiveerde biologische routes kunnen de pijn moduleren. De zenuwdichtheid van het 
botvlies maakt het een mogelijk doelwit voor preciezere pijnstilling na operatie.

Het tweede doel van dit proefschrift was het analyseren van de veiligheid en 
werkzaamheid van een geconcentreerde oplossing van een non-opioïde pijnstiller 
(bupivacaïne) bij toepassing in musculoskeletale weefsels, die bij chirurgische 
beschadiging leiden tot de pijn besproken onder het eerste doel. Bupivacaïne werd als 
medicijn gekozen, omdat het in staat is om de geleiding van actiepotentialen in relevante 
types van gevoelszenuwen te blokkeren, de langste werkingsduur van alle amino-amide 
lokale anesthetica heeft en wereldwijd gebruikt wordt. Ook het tweede doel van dit 
proefschrift werd vanuit meerdere perspectieven onderzocht, door de literatuur over 
de weefseleffecten van bupivacaïne te bestuderen, een dierstudie naar de schadelijke 
weefseleffecten van hoge bupivacaïneconcentraties tijdens en na skeletoperatie te 
verrichten, en een elektrofysiologische onderzoeksopstelling te ontwikkelen om de actie 
van bupivacaïne in geïnnerveerde weefsels te bestuderen.

Verspreid in de literatuur werden schadelijke effecten van bupivacaïne op bot-, spier-, 
zenuw-, kraakbeen- en tussenwervelschijfweefsel gevonden in laboratoriumopstellingen. 
Daarnaast remde bupivacaïne botvorming en wondgenezing in het laboratorium. 
Deze effecten worden beschreven in Hoofdstuk 5. Echter, met uitzondering van 
kraakbeenschade werden de effecten niet gevonden in dierstudies en klinische studies, 
of waren ze omkeerbaar. Kraakbeenschade na toediening van bupivacaïne werd 
ook in patiënten beschreven, waarschijnlijk door de beperkte regeneratiecapaciteit 
van gewrichtskraakbeen. Een vergelijkbaar gebrek aan regeneratiecapaciteit in het 
laboratorium leidt waarschijnlijk tot beperkte translatie van toxische effecten naar dieren 
en mensen. Hierbij moet worden opgemerkt dat alle studies bupivacaïne-concentraties tot 
0.5% gebruikten, terwijl momenteel bupivacaïne-formuleringen voor vertraagde afgifte 
worden ontwikkeld met hogere concentraties. In Hoofdstuk 6 wordt de rat gebruikt 
als model om de schadelijke lokale effecten van hoge concentraties bupivacaïne bij 
skeletoperaties te meten. De ratten ondergingen implantatie van een schroef en canule 
in de wervelkolom of het bovenbeen. Door de canule kon een bupivacaïne-oplossing in 
verschillende concentraties (0.5%, 2.5% of 5.0%) gegeven worden als bolus of continue 
infusie. Na een ongecompliceerd postoperatief beloop van 28 dagen in alle dieren werd 
de implantatielocatie histologisch onderzocht. Statistisch significante verschillen in scores 
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voor lokale schade, passend bij de meer invasieve wervelchirurgie, bestonden tussen 
implantatie op de wervel en het bovenbeen, maar niet tussen bupivacaïne-concentraties.

Om te onderzoeken welke bupivacaïne-concentraties effectief zijn in het blokkeren 
van actiepotentialen in chirurgisch beschadigd zenuwweefsel en botvlies, beschrijft 
Hoofdstuk 7 de ontwikkeling van een elektrofysiologische onderzoeksopstelling, waarbij 
vers afgenomen zenuwen en botvlies uit schapen kunnen worden geanalyseerd. Hoewel 
de opstelling aantoonde dat de actie van bupivacaïne gemeten kon worden in vers 
afgenomen zenuwweefsel, zijn nog diverse optimalisatieslagen (zoals temperatuurcontrole 
en het uitlijnen van stimulusrichting en zenuwvezel oriëntatie) nodig voordat een minimaal 
effectieve concentratie van bupivacaïne in botvlies vastgesteld kan worden.

Samen wijzen deze bevindingen op de afwezigheid van grote schadelijke effecten van 
zowel conventionele als hogere concentraties bupivacaïne bij toepassing in skeletchirurgie, 
en onderschrijven ze de gevoeligheid van het botvlies voor blokkade van actiepotentialen 
door bupivacaïne.

Het derde doel van dit proefschrift borduurt voort op de kennis behaald onder de 
eerdere twee doelen, namelijk het begrijpen van het ontstaan en de ernst van skeletpijn 
na operatie, en het bestuderen van de veiligheid en effectiviteit van bupivacaïne ter 
behandeling van skeletpijn. Het derde doel betreft het ontwikkelen van een klinisch 
relevante vertraagde-afgifte formulering van bupivacaïne, gebaseerd op een hydrogel 
en ter gebruik in skeletchirurgie. Hoofdstuk 7 beschrijft de ontwikkeling van een 
ringvormige hydrogel in het laboratorium die in staat is om rondom een pedikelschroef 
geïmplanteerd te worden tijdens wervelkolomchirurgie. De mechanische eigenschappen 
en medicijnafgifte van de hydrogel konden naar behoefte worden afgestemd en 
geoptimaliseerd. De medicijnafgifte duurde minstens 72 uur in het laboratorium, daarmee 
de duur van ernstige pijn na skeletchirurgie evenarend. Het materiaal van de hydrogel was 
biocompatibel en biologisch afbreekbaar. Bovendien leidde het laden van de ringvormige 
hydrogel met bupivacaïne in gekristalliseerde vorm tot een afname van de schadelijke 
effecten ten opzichte van niet-gekristalliseerde bupivacaïne in celkweken. Hoofdstuk 
8 neemt de hydrogel uit hoofdstuk 7, en bestudeert zijn eigenschappen op het gebied 
van mechanica, medicijnafgifte, biocompatibiliteit en afbreekbaarheid in schapen als 
model voor wervelkolomchirurgie. Implantatie van tot 8 ringvormige hydrogels leverde 
aanhoudend lage bupivacaïne plasmaconcentraties op, met tegelijkertijd hoge lokale 
concentraties in de chirurgische wond gedurende 72 uur na operatie. Medicijnafgifte uit 
de hydrogels volgde eerste-orde kinetiek. De hydrogels leidden tot een milde vreemd-
lichaam reactie en werden in 9 maanden ter plaatse afgebroken door het lichaam. In 
Hoofdstuk 9 neemt de hydrogel uit hoofdstukken 7 en 8 een eerste stap naar de kliniek. 
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Om goedkeuring van toekomstige aanvragen voor klinische studies te faciliteren, werd 
de hydrogel in een toxicokinetische bridging studie volgens de principes van “Good 
Laboratory Practice” (GLP) getest in het schapenmodel voor wervelkolomchirurgie. GLP 
is een systeem van regelgeving wat als doel heeft om de consistentie, betrouwbaarheid, 
reproduceerbaarheid, kwaliteit en integriteit van de experimentele data te waarborgen. 
Voldoen aan GLP is een vereiste voor goedkeuring van medicinale producten door 
regulatoire autoriteiten. Een directe vergelijking in deze studie met een reeds 
goedgekeurde toepassing van bupivacaïne, maakt het mogelijk om bestaande data over 
veiligheid van bupivacaïne over te nemen voor een nieuwe toepassing. In deze studie 
ondergingen schapen de implantatie van ofwel 8 pedikelschroeven zonder hydrogel, of 8 
pedikelschroeven met een medicijnvrije hydrogel, of implantatie van 8 pedikelschroeven 
met een bupivacaïne-geladen hydrogel. Bupivacaïne concentraties in het bloed bleven een 
factor 10 onder bekende schadelijke limieten, en hielden langer aan dan na subcutane 
infiltratie van bupivacaïne. Histologische evaluatie van de implantatielocatie toonde een 
vergelijkbaar beeld voor alle drie de groepen.

Samengenomen wijzen de resultaten op biocompatibiliteit, biologische afbreekbaarheid, 
een grote systemische veiligheidsmarge en verlengde medicijnafgifte van de met 
bupivacaïne geladen ringvormige hydrogels in een diermodel voor wervelkolomchirurgie.

Het laatste doel van dit proefschrift was het bieden van toekomstige behandelrichtingen 
voor pijn na skeletoperatie. Daarom wordt in Hoofdstuk 10 een studieprotocol voor 
een fase 1b klinische trial met dosisescalatie gepresenteerd, waarin mannen en vrouwen 
die ingepland zijn voor open of percutane pedikelschroefplaatsing wegens degeneratie 
van de wervelkolom worden geïncludeerd. De patiënten zullen 4 of 6 pedikelschroeven 
ontvangen met een gelijk aantal ringvormige hydrogels. De primaire uitkomstmaat van de 
studie is de systemische veiligheid van de bupivacaïne-hydrogelformulering, gemeten als 
de maximale concentratie Cmax in het bloed. Bovendien worden het aantal adverse events 

(nadelige gebeurtenissen tijdens de studie), hoeveelheid benodigde pijnstilling, de ernst 
van de pijn na operatie en mobilisatie gemeten om data over veiligheid te verkrijgen en 
de mogelijke effectiviteit te verkennen.

Conclusies en vooruitzichten
Het doel van dit proefschrift was om inzicht te bieden in het ontstaan en de ernst van pijn 
na skeletoperaties, het identificeren van tekortkomingen in de huidige pijnbehandeling 
en richting te bieden voor toekomstige pijnbehandelingen. Het proefschrift beschrijft de 
ontwikkeling van een met bupivacaïne geladen ringvormige hydrogel, geschikt voor co-
implantatie met pedikelschroeven om zo langdurige, lokale en opiaatvrije pijnstilling na 
wervelkolomchirurgie te bewerkstelligen. Voortbouwend op de aangetoonde veiligheid 
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en haalbaarheid van de hydrogel in het schaapmodel voor wervelkolomchirurgie, besluit 
dit proefschrift met een protocol voor een studie om de veiligheid en vroege effectiviteit 
te testen in de klinische praktijk.

Maar dat is niet het eindstation. Toekomstige richtingen voor onderzoek zijn bijvoorbeeld 
het toepassen van deze met bupivacaïne geladen hydrogel op andere anatomische locaties 
of chirurgische indicaties zoals gewrichtsvervanging of weke delenchirurgie, of dezelfde 
hydrogel laden met een ander medicijn zoals een antibioticum of botgroei-stimulator. Zo 
kan de hydrogel functioneren als een platform voor verschillende toepassingen en de 
impact van de in dit proefschrift getoonde resultaten verder uitbreiden. De mogelijkheid 
tot aanpassing van verschillende eigenschappen door verandering van de samenstelling 
kan de ontwikkeling van nieuwe toepassingen significant versnellen. Een grote ratio 
tussen gewenste en ongewenste medicijneffecten, door lokale behandeling van ziekten, 
is een concept waar een grote en diverse groep patiënten van kan profiteren.
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