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a b s t r a c t 

Adequate treatment of pain arising from spinal surgery is a major clinical challenge. Opioids are the main- 

stay 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 de- 

livery systems to provide postoperative pain relief. However, these formulations are limited by rapid dif- 

fusion out of the surgical site. To overcome this limitation, we synthesized ring-shaped hydrogels incor- 

porating 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. Ad- 

ditionally, 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 ma- 

trix 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. 

Statement of significance 

Currently, postoperative pain following spinal surgery is mainly treated with opioids. However, the use 

of opioids is associated with several side effects including addiction. Here we developed robust and cy- 

tocompatible gelatin hydrogels, prepared via riboflavin-mediated photocrosslinking, that can withstand 

orthopedic implantation. The implantability was confirmed in cadaveric instrumented spinal surgery. Fur- 

ther, hydrogels were loaded with bupivacaine crystals to provide sustained release beyond 72 hours in 

vitro . The use of crystallized bupivacaine decreased cytotoxicity compared to bupivacaine HCl. The present 

formulation can aid in enabling opioid-free analgesia following instrumented spinal surgery. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Spinal surgery ranks amongst the most painful interventions 

verall, and adequate analgesic treatment remains a major clini- 

al challenge [ 1 , 2 ]. Systemic medications, such as opioids, fulfil a 

entral role in the treatment of postoperative pain following spinal 

urgery, but come at the cost of significant side effects, such as 

onstipation, drowsiness and respiratory depression [ 3 , 4 ]. Further- 
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ore, the use of opioids is associated with the risk of development 

f opioid dependence or addiction [ 5 , 6 ]. Despite opioid use, high

ain scores and inadequate postoperative pain relief are reported 

n the majority of patients [ 2 , 7 , 8 ]. The delicate balance between

pioid efficacy and side effects displays a clear unmet need for al- 

ernative, opioid-free analgesics. 

As postoperative pain is a local problem, specifically targeting 

he surgical site would eliminate most of the side effects of sys- 

emically administered analgesics. Local anesthetics (LA), such as 

idocaine and bupivacaine, are well-suited to combat local pain, 

ut are hampered by a short duration of action [ 9 , 10 ]. To over-

ome this limitation, various delivery systems for local anesthet- 

cs have been developed [10] . These systems involve mainly the 

elivery of local anesthetics via microparticles, liposomes and in- 

ectable polymer solutions [11] . For example, the incorporation of 

upivacaine into polymeric microparticles based on poly (lactic- co - 

lycolic acid) (PLGA) improved the duration of action in compari- 

on to bupivacaine solutions [12] . Similarly, encapsulation of local 

nesthetics into liposomes resulted in slow drug release and pro- 

onged duration of the anesthetic effect [13] . Further, preclinical 

tudies confirmed the improvement of bupivacaine safety profile 

fter encapsulation into liposomes [14] . Recently, the incorporation 

f bupivacaine with meloxicam into a Biochronomer® polymer re- 

uced postoperative pain for 72 hours [15] . Similar results were 

btained when using a resorbable bupivacaine-impregnated col- 

agen matrix (Xaracoll, Innocoll Pharmaceuticals) for the manage- 

ent of postoperative pain [16] . The use of these delivery systems 

an greatly improve the efficacy and duration of bupivacaine. How- 

ver, all formulations are limited by a high initial burst release and 

apid diffusion from the surgical site, thus giving limited analgesic 

ffect beyond 24 hours [ 15 , 17–19 ]. Further, some formulations have 

egradation times well beyond the window of drug release leading 

o particle debris present at the injection site for weeks [ 20 , 21 ].

oreover, increased myotoxicity of bupivacaine when combined 

ith polymeric microparticles compared to 0.5% bupivacaine HCl 

olution has been reported [20] . 

Hydrogels provide a unique approach for the delivery of LA 

t specific sites, with improved efficacy and potential to reduce 

ystemic toxicity. Indeed, they generally exhibit excellent tissue 

ompatibility and tunable drug release profile, mechanical prop- 

rties and degradation rate [ 22 , 23 ]. Surgical interventions pro- 

ide an opportunity for administration of hydrogels by implan- 

ation, mitigating the need for injectability of the hydrogel for- 

ulation. For optimal performance in patients undergoing spinal 

urgery, a hydrogel that can simultaneously withstand high com- 

ression and shear forces during implantation is needed ( Fig. 1 A). 

o this end, we developed a hydrogel formulation for sustained re- 

ease of bupivacaine based on a dual crosslinked hydrogel, that en- 

bles rapid recovery from repeated applications of high strain and 

hear. The proposed hydrogel system consists mainly of gelatin- 

yramine, gelatin functionalized with tyramine moieties (GTA) [24] . 

elatin was selected as it is a natural polymer obtained by hy- 

rolysis of collagen, and gelatin hydrogels have been used fre- 

uently in drug delivery as they are well-tolerated in various tis- 

ues [ 25 , 26 ]. Further, gelatin contains carboxylic and amino groups 

hat can be used for its functionalization. Its molecular structure 

nd specific amino acid sequence make it susceptible to enzymatic 

egradation, ensuring rapid clearance from the surgical site [27] . 

n this study, hydrogels were prepared by combining GTA with 

xidized β-cyclodextrin (oB-CD) and photo-crosslinked using ri- 

oflavin (RB, vitamin B2)/ sodium persulfate (SPS), and exposure 

o visible light ( Fig. 1 B) [28] . The riboflavin/SPS photoinitiating sys- 

em crosslinks two tyramine moieties into di-tyramine adducts. 

urthermore, tyramine moieties can form inclusion complexes 

hrough interaction with the hydrophobic cavity of β-cyclodextrin, 

hilst oxidized groups on beta-cyclodextrin allowed for the cou- 
146 
ling to amine groups on gelatin via imine bond formation 

29–31] . 

Cyclodextrins ( α-, β- and γ -) are cone-shaped molecules exten- 

ively used in drug delivery, with β-cyclodextrin being the most 

ften used [10] . Their main advantage is the capability to encapsu- 

ate drugs in the hydrophobic interior, while the hydrophilic exte- 

ior ensures water-solubility [ 32 , 33 ]. This inclusion complex forma- 

ion can lead to increased solubility, and prolonged release of hy- 

rophobic drugs [ 24 , 34 ]. In a hydrogel, cyclodextrins can also pro-

ide a means to achieve dynamic crosslinks via interactions with 

uitable moieties on a polymer backbone. Next to self-healing be- 

avior, the inclusion complexes allow for dissipation of energy and 

hus enhance the mechanical properties of the hydrogel [31] . 

Here, we designed a hydrogel to be co-implanted with pedicle 

crews during instrumented spinal surgery. We hypothesized that 

hese combined crosslink methods could provide the hydrogel with 

echanical properties that ensure adequate resistance to the or- 

hopedic implantation procedure, while the biodegradable hydro- 

el precursor could lead to swift degradation and removal from the 

urgical site [ 34 , 35 ]. We first evaluated the physical and mechani-

al properties of the designed hydrogel system. 

Next, we investigated whether the proposed hydrogel system 

ould act as a cytocompatible sustained-release formulation for lo- 

al delivery of bupivacaine following spinal surgery. 

. Material and methods 

.1. Synthesis of gelatin-tyramine 

Gelatin-tyramine (GTA) was synthesized as previously reported 

24] . Briefly, gelatin (type A, porcine skin, Sigma-Aldrich) was dis- 

olved in 2-( N -morpholino)ethanesulfonic acid buffer (MES, Sigma- 

ldrich, 50 mM, pH 4.75) at a concentration of 1.67 wt.% and re- 

cted with tyramine HCl (Sigma-Aldrich) in a 4:1 ratio of [Tyra- 

ine]:[COOH]. The reaction was performed in presence of 1- 

thyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, 

igma-Aldrich) and N -hydroxysuccinimide (NHS, Sigma-Aldrich) in 

 2:1 ratio at 45 °C overnight. The reaction mixture was then dia- 

yzed (MWCO 14 kDa cellulose dialysis membrane, Sigma-Aldrich) 

gainst deionized water for 72 hours and subsequently lyophilized. 

ield of the reaction following dialysis and freeze drying was 77.3% 

 ±6.9%). 

The degree of functionalization (DoF) was determined by mea- 

uring the absorbance at 275 nm of 0.1 wt.% gelatin and GTA 

olutions. Absorbance was interpolated on a tyramine HCl stan- 

ard curve and corrected for the absorbance of non-functionalized 

elatin. The degree of functionalization was expressed as a per- 

entage of the available COOH groups in gelatin (79 mmol/ 100 g) 

36] . 

.2. Synthesis of oxidized β-cyclodextrin (oB-CD) 

β-cyclodextrin (B-CD, Sigma-Aldrich) was oxidized by modify- 

ng a previously described procedure [24] . B-CD was suspended 

n MilliQ-water followed by addition of sodium periodate (NaIO 4 , 

igma-Aldrich) in [NaIO 4 ]:[B-CD] molar ratios up to 4:1, and stirred 

t room temperature. Aliquots of the reaction mixture were taken 

t predetermined time points to assess the degree of oxidation as 

 function of time. The reaction was quenched by adding glycerol 

n a 1:1 molar ratio with sodium periodate. The solution was then 

ialyzed (MWCO 0.5 kDa, VWR) against MilliQ-water in the dark 

t room temperature for 48 hours. Water was replaced six times 

aily. The purified solution was then lyophilized to obtain oxi- 

ized β-cyclodextrin (oB-CD). Proton Nuclear Magnetic Resonance 

 

1 H NMR) in DMSO-d6 was used to confirm presence of aldehyde 
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Fig. 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 (NaIO 4 ). 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 visible light with 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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roups and quantify the oxidation degree as previously described 

30] . Yield following dialysis and freeze drying was 55.8% ( ±5.2%). 

.3. Affinity assay by 1 H NMR of bupivacaine and tyramine for B-CD 

To assess affinity of bupivacaine for the cavity of B-CD, a double 

eciprocal Benesi-Hildebrand plot was constructed using increasing 

oncentrations of bupivacaine (1-8 mM) or tyramine (1-10 mM) in 

 2 O (Sigma-Aldrich), while the B-CD concentration was kept con- 

tant at 11 mM. Samples were analyzed using 1 H-NMR (400 mHz, 

ruker, Leiderdorp, NL) and an association constant (K a ) was cal- 

ulated [ 37 , 38 ]. �δmax was calculated as (1/intercept), after which 

he K a was calculated as (1/(slope ∗�δmax ). 

.4. Preparation of GTA hydrogels 

Stock solutions of GTA, oB-CD, riboflavin 5’-monophosphate 

odium salt (RB, Sigma-Aldrich) and sodium persulfate (SPS, 

igma-Aldrich) in deionized water were freshly prepared. Hydro- 

els were then formed by casting a pre-gel solution of various 

omposition in cylindrical (8 mm diameter x 2 mm height) or ring- 

haped (internal diameter 6 mm, external diameter 18 mm, height 

 mm) molds and exposed to visible light (40 0-70 0 nm) for 30 

inutes. Light intensity at mold level was 60 mW/cm 

2 . Hydrogels 

ere hydrated during the photo-crosslinking process to account 

or evaporation due to heat generated from the lamp. Following 

rosslinking, gels were washed in excess PBS to remove any unre- 

cted reagents. 
147 
.5. Sol fraction and equilibrium swelling of GTA hydrogels 

After synthesis, hydrogels were dried in an oven at 37 °C ( m d1 )

nd then incubated in phosphate-buffered saline (PBS, pH 7.4) 

t 37 °C until equilibrium swelling. After 24 hours, the swollen 

eight was recorded ( m s ) and the gels were again dried ( m d2 ).

welling ratio was calculated as ( m s – m d2 ) / m d2 . The sol fraction,

epresenting the non-crosslinked mass fraction in the polymer net- 

ork, was calculated as ( m d1 – m d2 ) / m d1 . 

.6. Scanning electron microscopy 

Hydrogel microstructure was assessed using Scanning Electron 

icroscopy (SEM, Phenom, Fisher Scientific). Disc-shaped hydro- 

els were prepared as discussed in Section 2.3 . After swelling 

n PBS, hydrogels were flash-frozen in liquid nitrogen. The inter- 

al hydrogel structure was exposed by cryofracture, followed by 

yophilization. Hydrogels were then fixed on SEM stubs using car- 

on tape. Following 6 nm gold-sputter coating, imaging was per- 

ormed. 

.7. Mechanical analysis 

Compression modulus of GTA hydrogels was determined using 

ynamic Mechanical Analysis (DMA, Q800, TA Instruments, Etten- 

eur, NL). A ramp-force protocol was set, increasing force up to 18 

 at a rate of 3 N/min. All DMA measurements were performed 

t room temperature. A stress-strain curve was generated for sam- 
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les and the coefficient in the linear viscoelastic (LVE) range was 

etrieved, representing the compression modulus. 

.8. Rheological analysis 

Rheological measurements were carried out using a rheometer 

Discovery HR-2, TA instruments, Etten-Leur, NL) with a 20 mm 

arallel plate geometry at RT. Amplitude sweeps were performed 

t a frequency of 1 Hz and shear strain from 0.1% to 100%. Fre-

uency sweeps were performed at a strain of 1% and frequency 

ange from 0.1 Hz to 100 Hz. Cyclic strain-recovery was performed 

y exposing gels to alternating intervals of low strain (2 minutes, 

% strain) and high strain (1 minute, 100% strain). G’ and G” were 

ecorded to assess viscoelastic behavior of hydrogels. Mesh size 

alculations based on the rubber elasticity theory were performed 

sing the experimentally determined rheology data according to 

he following formula [ 39 , 40 ]: 

esh size ξ = 

(
G 

′ × N A 

R × T 

)− 1 
3 

here G’ is the storage modulus (Pa), N A is the Avogadro constant, 

 is the molar gas constant and T is the temperature. 

.9. Drug loading and in vitro release 

Following washing of crosslinked gels, samples were dried and 

ncubated in a bupivacaine HCl solution at 37 °C. In a next step, 

ydrogels were treated with 0.1 M NaHCO 3 (pH 8.5) containing 

lycerol to induce in situ alkaline crystallization of bupivacaine. 

ing-shaped hydrogel loaded with bupivacaine HCl and crystallized 

upivacaine were tested for release in 0.01 M citrate buffer (pH 6) 

t 37 °C. At time points of interest up to 168 hours, aliquots were

ollected and replaced with the same volume of fresh buffer. Af- 

er 168 hours the hydrogels were incubated in 0.15% collagenase II 

olution in 0.01 M citrate buffer (pH 6) until they had completely 

egraded to determine total drug content [41] . 

Bupivacaine content of samples was analyzed using HPLC 

Prominence LC20A, Shimadzu Corp, Kyoto, Japan) with Waters Ac- 

uity HSS T3 1.8 μm column, 100 mm (Waters Chromatography, 

tten-Leur, NL). Mobile phase A and B consisted of 10 mM ammo- 

ium formate (pH 2.4) and acetonitrile, formic acid and water in 

6:0.2:5 ratio (UV-vis detection at 262 nm), respectively, utilizing 

 previously described method [42] . . A standard ranging from 5 

g - 5 mg/mL bupivacaine HCl in 0.01 M citrate buffer (pH 6) was

sed to convert sample absorbance to concentration. 

.10. In vitro cytocompatibility 

Cytocompatibility of hydrogels (50 μL volume) and drug- 

oaded hydrogels (50 μL volume) was tested using a direct-contact 

ethod. NIH3T3 mouse fibroblasts and human mesenchymal stem 

ells (hMSCs) were seeded at a density of 80 0 0 cells/ well in a

4-wells plate. Cells were cultured up to 80% confluence in a hu- 

idified incubator set at 37 °C with 5% CO 2 using Alpha-Minimum 

ssential Medium (Alpha-MEM, Gibco, Fisher Scientific) supple- 

ented with 10% fetal bovine serum (FBS), 1% ascorbic acid and 

% penicillin-streptomycin. Medium was replaced every three days. 

ydrogels discs were placed on top of the cells. The control group 

onsisted of cells exposed only to culture medium. After 24 and 48 

ours of exposure, cell metabolism was quantified using an Alamar 

lue assay. Fluorescence was measured using a Fluoroskan Ascent 

late reader (ThermoFisher Scientific) with excitation and emission 

et at 544 and 570 nm, respectively. Cell viability was assessed us- 

ng a Live/Dead assay (Invitrogen), staining live cells green with 

alcein acetoxymethyl ester (AM) and dead cells red with ethid- 

um homodimer. A stock solution of 2 μM Calcein AM and 4 μM 
148 
thidium homodimer in PBS was prepared. Upon reaching the de- 

ired duration of cell exposure to gels, gels and culture medium 

ere removed and cells were washed with PBS. Live/Dead stain- 

ng stock solution was added to the wells and incubated at 37 

C for 30 minutes prior to imaging. Live cell counts were normal- 

zed to controls. Imaging was performed using an inverted fluores- 

ence microscope (Olympus BX51, Olympus, Germany). Hydrogels 

ere tested in quintuplicate unless stated otherwise. Three images 

ere taken for each sample to accurately represent cell compatibil- 

ty. Images were analyzed using ImageJ (NIH, Bethesda, Maryland, 

SA). All groups were compared to control. 

.11. In vitro degradation assay 

To assess hydrolytic degradation, the dry mass of disk-shaped 

ydrogel samples was recorded, after which hydrogels were sub- 

erged in 1 mL of PBS containing 0,01% sodium azide to prevent 

icrobiological growth. In the enzymatic degradation assay, hydro- 

els were submerged in collagenase II at 2 EU/mL (Worthington 

iochemical Corp) in PBS with 0,01% sodium azide at 37 °C to sim- 

late surgical wound enzyme concentrations [43–45] . The collage- 

ase solution was replaced every three days to maintain constant 

nzymatic activity. In both the enzymatic and hydrolytic degrada- 

ion assay, gels were collected at predetermined times and the re- 

aining dry mass was recorded. Mass loss was expressed as (re- 

aining mass/ original mass) ∗ 100. 

.12. Ex vivo implantation 

Fresh cadaveric female sheep specimens (age 5-7 years) were 

btained for ex vivo implantation of twenty ring-shaped hydrogels 

y a board-certified spine surgeon (JJV). Sheep surgery was per- 

ormed in the prone position. A midline incision was performed 

ver the spinous processes, paraspinal muscles were dissected and 

oved laterally to allow for a clear view of lamina, spinous- and 

ransverse processes. A hole was drilled into the pedicle of the 

umbar vertebrae. Next, the ring-shaped hydrogel was mounted on 

 polyaxial pedicle screw and the screw was tightened according to 

linical practice. Mechanical performance of the ring was assessed 

acroscopically. Specific attention was paid to cracks in- or rup- 

uring of the hydrogel. If no damage was observed, the screw was 

vertightened and ring performance was scored again. Rings were 

hen explanted and again assessed for signs of failure. 

.13. Statistical analysis 

All statistical analysis was performed using Prism 8.0 (GraphPad 

oftware Inc, San Diego, CA, USA). All data are presented as mean 

standard deviation. Data was analyzed using a one-way (or two- 

ay when necessary) analysis of variance (ANOVA) combined with 

ukey’s honestly significant difference to correct for multiple com- 

arisons. A significance level of p < 0.05 was used. 

. Results and discussion 

.1. Synthesis of gelatin-tyramine and oxidized beta-cyclodextrin 

Tyramine functionalized gelatin (GTA) was obtained by 

arbodiimide-mediated coupling of tyramine to the carboxylic 

roups present on the gelatin backbone ( Fig. 1 B). The cou- 

ling reaction involves the formation of an amine-reactive 

 -hydroxysuccinimide (NHS) ester which is susceptible to hy- 

rolysis [46] . Performing the reaction at low temperature ( e.g . 

 °C) minimizes hydrolysis, increasing the half-life of the active 

HS ester and thereby the efficiency of the coupling reaction 

 46 , 47 ]. Because gelatin is soluble at temperatures above 37 °C, 
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Fig. 2. Effect of reaction time and temperature on the synthesis of the hydrogel’s precursors. 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 [NaIO 4 ]:[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 [NaIO 4 ]:[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 (K a ) interaction between B-CD and tyramine or bupivacaine in DMSO determined from 

1 H NMR spectra. B-CD 

concentrations were kept constant at 11 mM and combined with increasing bupivacaine concentrations (1-8 mM) or tyramine concentrations (1-10 mM). 
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he coupling reaction cannot be conducted at low temperature. To 

ssess the effect of reaction temperature and time on the degree 

f functionalization (DoF), the coupling reaction was conducted at 

hree different temperatures, namely 37 °C, 45 °C and 55 °C. For 

ach temperature, the degree of functionalization was determined 

t 8 hours and 24 hours of reaction. The amount of tyramine 

onjugated to gelatin was quantified by measuring the absorbance 

t 275 nm, as previously described [24] . The DoF of the hydrogels 

esulting from reactions performed in the temperature range 

7-55 °C did not significantly differ between temperatures and 

etween 8 and 24 hours of reaction ( Fig. 2 A). Carboxylic groups 

re present in gelatin type A at a concentration of 780-800 μmol 

er gram [36] . A 4:1 excess of tyramine was added during the 

eaction. Based on these results, the coupling reaction temper- 

ture was then set to 45 °C and the time to 8 hours, resulting

n a degree of functionalization of 22.3% ( ±1.4%) of the car- 

oxylic groups of gelatin, which equals to 176 μmol tyramine / g 

TA. 

Oxidized B-CD (oB-CD) was prepared using sodium periodate 

NaIO 4 ), which induces the cleavage of vicinal glycols leading to 

he formation of dialdehyde functionalities. ( Fig. 1 B-ii). The extent 

f oxidation was monitored for up to 3 hours using a [NaIO 4 ]:[B- 

D] ratio of 2:1 and 4:1, and quantified using 1 H NMR ( Fig. 2 B

nd Fig. S1). The aldehyde content displayed a fast increase when 
149 
sing a [NaIO 4 ]:[B-CD] ratio of 4:1, especially after 1 hour of reac- 

ion. A similar curve shape was observed when using a ratio of 2:1, 

hough the aldehyde content was lower in comparison to the one 

btained with the ratio 4:1. Because the 2:1 ratio yielded a slower 

ncrease in degree of oxidation and a lower final aldehyde content 

nd thus better control over the reaction, this ratio was selected 

or further investigations. 

To evaluate the effect of temperature on the oxidation degree, 

he reaction was monitored for 1 hour in a temperature range 

rom 15 °C to 35 °C ( Fig. 2 C). When the reaction was conducted

t room temperature and at a [NaIO 4 ]:[B-CD] ratio of 2:1, the ox- 

dation degree was 23.7% ( ±1.5%), as measured by NMR (Fig. S1). 

his oxidation degree was chosen to provide sufficient water sol- 

bility of oB-CD, while simultaneously allowing a large number of 

B-CD molecules to be attached to gelatin chains through Schiff

ase formation between the amino groups on gelatin and aldehyde 

unctionalities on oB-CD. This way, the main function of oB-CD was 

o provide additional elasticity to the network via guest-host com- 

lexation with tyramine moieties grafted on gelatin ( Fig. 1 B). 

.2. Preparation and characterization of GTA / oB-CD hydrogels 

As shown in Figure 1 , dual-crosslinked hydrogels were prepared 

y mixing GTA with oB-CD and crosslinked via exposure to visible 
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ight, using riboflavin (RB) and sodium persulfate (SPS) as photoini- 

iating system. Under the influence of visible light, riboflavin and 

odium persulfate induce the formation of di-tyramine crosslinks 

etween tyramine moieties grafted onto the gelatin backbone [28] . 

he exposure of riboflavin to visible light induces photo-excitation 

f riboflavin, which promotes the formation of tyrosyl radicals 

rom the grafted tyramine moieties and tyrosine residues present 

n the gelatin backbone. Di-tyramine bonds are then obtained 

y the coupling of two adjacent tyrosyl radicals [48] . In addi- 

ion, imine bonds formed through Schiff base reaction between 

he aldehyde groups on oB-CD with primary amines groups on 

elatin, and inclusion complexes formed between the oB-CD cavity 

nd tyramine moieties grafted on the gelatin backbone directly af- 

er mixing of stock solutions. Concentration-dependent additional 

ross-linking by oB-CD was confirmed with dynamic mechanical 

nalysis. 

The formation of inclusion complexes of B-CD with a variety of 

uest molecules (including tyramine) has been previously investi- 

ated by 1 H NMR spectroscopy [49] . Different values of association 

onstants have been reported in the literature for inclusion com- 

lexes between B-CD and bupivacaine. The stability of the formed 

omplex depends highly on the pH and the temperature used, 

nd values obtained by different techniques are difficult to com- 

are ( e.g. HPLC vs NMR) [ 49 , 50 ]. Further, the stability of the com-

lex depends on the type of substituents on the cyclodextrin core. 

or example, sulphobuthylether-B-CD forms a more stable complex 

ith bupivacaine compared to B-CD and bupivacaine [51] . The ex- 

eriment in our study was performed on B-CD and not oB-CD, as 

t was hypothesized that aldehyde groups on oB-CD would already 

ave reacted with amine groups present on gelatin at the time of 

upivacaine loading. 

To assess the stability of complex formed between bupivacaine 

ith B-CD and of tyramine with B-CD, their inclusion into the B- 

D cavity was investigated by NMR spectroscopy (Fig. S2 and S3). 

he association constant (K a ) was 0.55 × 10 −3 M 

−1 for bupiva- 

aine/ B-CD and 1.54 × 10 −3 M 

−1 for tyramine/ B-CD, as deter- 

ined using a Benesi-Hildebrand plot ( Fig. 2 D)[29]. As the Ka of 

yramine exceeds the bupivacaine Ka almost three-fold, little com- 

etition between tyramine and bupivacaine for the B-CD cavity is 

xpected. 

Swelling ratio and sol fraction were determined to understand 

he effect of the hydrogel composition on its physical properties. 

he swelling ratio is a measure of the amount of water a hydrogel 

an uptake, expressed as a ratio to the hydrogel’s dry weight and is 

redominantly determined by the crosslinking density of the poly- 

er network. Other factors influencing swelling ratio are temper- 

ture, pH, ionic strength of swelling medium and the presence of 

ydrophilic or hydrophobic groups [52] . With diffusion-based drug 

oading, the swelling ratio directly influences the amount of drug 

he hydrogel can encapsulate. We therefore aimed for a crosslink- 

ng density that leads to a robust hydrogel but allows for sufficient 

ptake of solubilized drug. Firstly, the effect of GTA concentration 

n hydrogel properties was investigated ( Fig. 3 A-i). To evaluate the 

ffect of GTA concentration, hydrogels were prepared by fixing the 

oncentration of RB and SPS to 2 mM and 20 mM, respectively, and 

he irradiation time to 30 min. The swelling ratio was significantly 

ower for hydrogels with a GTA content of 20 wt.% compared to 

amples with GTA 15 wt.%. No significant difference was observed 

or hydrogels with a GTA content between 5 and 15 wt.%. Next, 

e determined the sol fraction of hydrogels with a GTA content 

rom 5 to 20 wt.%, as a measure of the non-crosslinked portion 

f the polymer mass [53] . Increasing GTA concentration from 5 to 

0 wt.% led to significantly lower sol fractions and slightly lower 

welling ratio ( Fig. 3 A-i and 3 A-ii). Based on these results, for fur-

her experiments GTA concentration was set at 20 wt.% as it dis- 

layed low swelling ratio and sol fraction, indicating a more effi- 
150 
ient crosslinking compared to the other formulations. To study the 

ffect of oB-CD concentration on the swelling ratio, hydrogels with 

ncreasing concentrations of oB-CD up to 6 wt.% were investigated. 

ncreasing the oB-CD concentration led to a decrease in swelling 

atio, likely due to the formation of additional crosslinks between 

B-CD and GTA ( Fig. 3 B-i). A significant decrease in swelling ratio 

as observed for hydrogels with an oB-CD content up to 4 wt.%. 

amples containing 4 wt.% and 6 wt.% oB-CD did not exhibit any 

ignificant difference in swelling ratio, while the sol fraction sig- 

ificantly increased for oB-CD content from 0-6 wt.%, suggesting a 

otential saturation of the hydrogel network with oB-CD and sub- 

equent washout of excess oB-CD, resulting in increased sol frac- 

ion. ( Fig. 3 B-ii). Based on the data from swelling ratio and sol 

raction, the oB-CD concentration was therefore fixed at 4 wt.%. In 

 similar fashion, the influence of SPS concentration on gel forma- 

ion was evaluated. In the absence of SPS, no gels were formed. 

ncreasing the SPS concentration from 10 mM to 40 mM led to 

ignificant decreases in swelling ratio ( Fig. 3 C), as previously de- 

cribed for silk fibroin hydrogels photo-crosslinked using RB/SPS in 

resence of visible light [28] . Swelling ratio of hydrogels containing 

0 mM and 40 mM SPS did not display any significant difference 

 Fig. 3 C). To minimize SPS content yet allowing efficient crosslink- 

ng, SPS concentration was therefore fixed at 20 mM. Self-standing 

ydrogels could be formed following exposure to visible light for 

 minutes. While hydrogels were formed within 5 minutes of irra- 

iation, increasing the irradiation time led to significant decreases 

n swelling ratio, suggesting that a longer reaction time is required 

o achieve a complete crosslinking. After 30 minutes of irradiation, 

o more changes in the swelling ratio were observed ( Fig. 3 D) and

herefore the irradiation time was fixed at 30 minutes for future 

xperiments. These data show that the current photo-crosslinking 

ystem allows temporal control of crosslinking, in contrast to sys- 

ems using enzyme-mediated crosslinking that starts upon mixing 

ydrogel ingredients together [24] . RB concentration was fixed at 

 mM based on previous investigations [28] . To confirm that this 

oncentration gives the best results with SPS at 20mM and an ir- 

adiation time of 30 minutes, hydrogels were prepared by varying 

B from 1-4 mM. No significant changes in either swelling ratio or 

ol fraction were observed when using RB concentrations of 1 mM, 

 mM and 4 mM (Fig. S4). These results show that GTA, oB-CD and 

PS concentration as well as irradiation time are important deter- 

inants in the network formation. Riboflavin concentration did not 

ffect the crosslinking efficiency in the ranges investigated. 

.3. Shear and compressive mechanical properties of GTA / oB-CD 

ydrogels 

Implantation of the hydrogel with a pedicle screw onto a verte- 

ra exerts considerable compressive and shear strain on the hydro- 

el especially at final tightening of the screw ( Fig. 1 B). To assess

he ability of the GTA / oB-CD hydrogel to withstand shear and 

ompression forces during implantation, we assessed its mechan- 

cal properties. The compressive modulus determined by dynamic 

echanical analysis was affected by the oB-CD content and irradi- 

tion time ( Fig. 4 A-i) The compressive modulus increased from 375 

Pa ( ± 57) to 621 kPa ( ± 226) with increasing oB-CD content ( i.e., 

etween 0 wt.% and 6 wt.%, p < 0.05). Furthermore, as irradiation 

ime is an important determinant in network formation, its effect 

n compression modulus was tested by varying the exposure time 

o visible light from 5 to 30 minutes ( Fig. 4 A-ii) while maintaining

he oB-CD content at 4 wt.%. Samples prepared by using an irradia- 

ion time of 5 min displayed the lowest compressive modulus (168 

Pa ± 30), which is in agreement with the swelling ratio, as shown 

n Fig. 3 D. Samples photo-crosslinked for 10, 20 and 30 minutes 

xhibited a linear increase of compressive modulus from 328 kPa 

 ± 29) to 552 kPa ( ± 138). The compressive moduli of these hy- 



J.G. Steverink, F.R. van Tol, B.J. Oosterman et al. Acta Biomaterialia 146 (2022) 145–158 

Fig. 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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rogels are considerably higher than other gelatin-based hydrogels, 

uch as gelatin-methacryloyl (GelMA) hydrogels. Indeed, the com- 

ressive modulus of GelMA hydrogels varied between 2 kPa for a 

elatin content of 5 wt.% up to 180 kPa for hydrogels containing 30 

t.% GelMA, depending on crosslinking agent and degree of substi- 

ution [ 54 , 55 ]. This difference is likely due to the mechanism of hy-

rogel formation, which in the case of GelMA hydrogels occurs via 

hain growth polymerization of the methacryloyl groups [54] . GTA 

ydrogels are crosslinked by the formation of dityramine bonds, 

hich lead to a tighter network in comparison to GelMA hydro- 
151 
els [ 28 , 30 ]. In addition, the present GTA hydrogel contains B-CD 

hich is connected to the gelatin chains via Schiff base formation 

nd guest-host interactions. 

Next, rheological measurements were conducted to investigate 

he viscoelasticity of the GTA/oB-CD hydrogels. Strain sweep of 

TA/ oB-CD hydrogels displayed a quite broad linear viscoelastic 

egion (LVE) with network breakdown at high strains ( Fig. 4 B). Fur- 

her, the shear modulus increased with increasing content of oB- 

D in the network; however, oB-CD content did not impact the 

mplitude at which the network collapsed (Fig. S5). To assess the 
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Fig. 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 containing 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. 
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ecovery of material properties following network breakdown at 

igh strain (100 %), GTA/ oB-CD hydrogels were subjected to shear 

train cycles of high (100%) and low (1%) strain ( Fig. 4 C). At low

train, GTA/ oB-CD hydrogels containing 4% oB-CD exhibited a typ- 

cal gel behavior with the elastic modulus higher than the vis- 

ous modulus (G’ > G”). In the next cycle, when hydrogels were 

ubjected to a high shear (100%), the elastic modulus decreased 

rom 480 Pa to 1.8 Pa, indicating a transition from a solid-like 

o a viscous-like behavior. After decreasing the strain to its ini- 

ial value, a rapid and complete recovery of G’ to the initial lev- 

ls was observed and it did not change over several cycles. This 

ehavior can be attributed to the combination of the permanent 

hoto-crosslinking with the reversible imine bonds and guest-host 

nteractions, which together contribute to the formation of a strong 

nd self-recovering matrix. We deem these properties desirable for 

he successful implantation of the hydrogel during musculoskeletal 

urgery. 
152 
.4. Enzymatic and hydrolytic degradation 

The use of naturally-derived polymers as drug delivery car- 

iers allow shorter in vivo degradation time following drug re- 

ease, a distinct advantage compared to longer degradation times 

bserved when using synthetic polymers such as poly(lactic-co- 

lycolic) acid and poly(caprolactone) to prepare drug delivery for- 

ulations [ 56 , 57 ]. Gelatin can undergo hydrolytic degradation, pro- 

eeding via the cleavage of amide bonds. Furthermore, its Pro –

 – Gly – Pro (where X is a neutral amino acid) sequences make 

elatin susceptible to enzymatic degradation. These sequences can 

e cleaved by matrix metalloproteinases, such as collagenase II, 

aturally present in the body [58] . To simulate physiological con- 

itions, hydrolytic degradation was investigated by incubation of 

TA/oB-CD hydrogels in PBS buffer (pH 7.4) at 37 °C. The hy- 

rolytic degradation was monitored by measuring hydrogels’ re- 

aining mass at fixed time points over a period of 42 days. As ex- 
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Fig. 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 μm). 
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ected, no decrease in hydrogel weight was observed at the physi- 

logical conditions used. This resistance of gelatin hydrogels to hy- 

rolytic degradation is in agreement with previously described hy- 

rogels and likely due to the stability of peptide bonds at physio- 

ogical conditions [59] . The rate of hydrolytic degradation did not 

iffer between hydrogels with and without 4% oB-CD ( Fig. 4 C-i). 

s gelatin is susceptible to enzymatic degradation, this was stud- 

ed at 37 °C in a simulated body fluid containing physiological lev- 

ls of collagenase II (PBS, collagenase II 2 EU/mL) [43] . Hydrogels 

hat did not contain oB-CD were completely degraded in four days, 

hereas in presence of oB-CD the degradation time increased to 

leven days ( Fig. 4 C-ii). This extended duration of degradation may 

e due to the presence of bulky oB-CD moieties that might hin- 

er the diffusion of the enzyme within the hydrogel and the ac- 

essibility of the enzyme-cleavable sequences in the gelatin chains 

60] . With a molecular weight for collagenase of approx. 130 kDa, 

he molecule’s radius is estimated to be at least 3 nm [ 41 , 61 ].

s a result, the enzyme will first cleave the outer gelatin chains, 

lowly reaching the inner part of the hydrogels leading to a com- 

lete degradation. Indeed, calculations based on the rubber elastic- 

ty theory showed that the presence of oB-CD leads to a decrease 

n mesh size, with mesh size of 11.1 ± 0.8 nm and 8.1 ± 1.2 nm 

or hydrogels without oB-CD and with 6% oB-CD, respectively. 

.5. Sustained release of bupivacaine from GTA / oB-CD hydrogels 

Following implantation during surgery, the hydrogel was de- 

igned to deliver the local anesthetic bupivacaine in a sustained 

anner. Drug loading was performed by immersing ring-shaped 

ydrogels in a bupivacaine HCl solution (50 mg/mL) for 24 hours 

t 37 °C. The release profile of bupivacaine from the GTA/oB-CD 

els was monitored for 168 hours and displayed a considerable 

nitial burst followed by a fast release beyond 24 hours ( Fig. 5 A).
153 
ecreasing an initial burst of LA from sustained release formula- 

ions is a major developmental challenge [10] . Indeed, burst release 

ight lead to sudden high local or serum levels of bupivacaine, 

utting patients at risk of adverse effects [20] . Conversely, initial 

urst release inherently decreases the amount of drug available in 

he hydrogel to provide analgesia after the burst release has been 

ashed out. To decrease this initial burst and achieve a sustained 

elease of bupivacaine, drug crystals were formed inside the hy- 

rogel matrix by pH-induced drug crystallization. This way, crystal 

issolution would act as an additional rate-limiting step in the dif- 

usion of the drug from the hydrogel. Previous studies showed that 

H-induced drug crystallization enable high drug loading and pro- 

onged release [62] . To induce in-situ drug crystals formation, hy- 

rogels were first incubated in a solution of bupivacaine HCl, fol- 

owed by incubation in a sodium bicarbonate/ glycerol mixture for 

 hours at 37 °C. Prior to crystal formation, bupivacaine HCl content 

er ring was 55.5 ± 2.9 mg. Following alkaline-promoted crystal- 

ization, hydrogels contained a bupivacaine dose of 49.8 ± 3.5 mg. 

he release profile of hydrogels containing crystallized bupivacaine 

as characterized by a moderate decrease in initial burst release 

s compared to bupivacaine HCl ( p < 0.05). The bupivacaine al- 

aline crystallization procedure led to a formulation with a burst 

elease of 66.7 ± 12.9% of total dose after 8 hours, compared to 

0.0 ± 4.1% of total dose released from hydrogels containing bupi- 

acaine HCl. Release from hydrogels containing crystallized bupi- 

acaine was significantly slower compared to hydrogel containing 

upivacaine HCl up to 48 hours after initial drug release. After 168 

ours of release, hydrogels were collected and the residual bupiva- 

aine content was determined. Hydrogels subjected to in situ crys- 

allization had 2.6 ± 2.5% of total drug content left in the matrix 

 Fig. 5 A). No bupivacaine was left in hydrogels containing bupi- 

acaine HCl beyond 24 hours, demonstrating the beneficial effect 

f bupivacaine crystals in slowing down release. Although hydro- 
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Fig. 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. 
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els containing crystallized bupivacaine had only 11% of total dose 

eft after 24 hours, we believe this concentration might be anes- 

hetically effective as the analgesic effect will likely depend on lo- 

al concentration and clearance of bupivacaine. As pedicle screws 

nd thus hydrogels will be closely surrounded by muscle tissue 

ollowing surgery, literature on bupivacaine clearance from muscle 

ight be indicative of in vivo performance. Indeed, in a previous 

tudy performed by McDonald et al. muscle tissue concentrations 

ere quantified using microdialysis in rats following administra- 

ion of bupivacaine HCl infiltration or a bupivacaine microparticle 

ormulation. Despite the in vitro release of the microparticles being 

imited to 30 hours, tissue concentrations equaling those obtained 

hortly after bupivacaine HCl infiltration were obtained until four 

ays after administration [63] . Moreover, bupivacaine elimination 

alf-life from swine skeletal muscle was reported to be 82 min- 

tes [64] .Further, in clinical practice, instrumented spinal surgery 

lways involves implantation of four or more pedicle screws which 

nables the implantation of at least four hydrogels. Taken together, 

mplantation of multiple hydrogel rings, as well as limited local 

learance rates that possibly lead to accumulation of bupivacaine 

t the surgical site, could both increase the likelihood of analgesic 

ffect beyond 24 hours. 

Further, to assess the effect of bupivacaine crystals on stiffness, 

he mechanical properties of hydrogels containing bupivacaine 

rystals and bupivacaine HCl were investigated by dynamic me- 

hanical analysis. The presence of bupivacaine crystals did not sig- 

ificantly affect the compression modulus of the hydrogel ( Fig. 5 B). 
f

154 
ecause bupivacaine is crystallized after the network formation, 

here is no interference with the crosslinking. As a consequence, 

upivacaine crystals can only grow within the space available in 

he hydrogel matrix. The presence of bupivacaine crystals inside 

he porous structure of the hydrogel was confirmed using SEM 

 Fig. 5 C). 

.6. Cytocompatibility of GTA Hydrogels for sustained bupivacaine 

elease 

To determine the cytocompatibility of the developed hydro- 

el formulation, the metabolic activity and viability were deter- 

ined by culturing human mesenchymal stromal cells (MSCs) and 

IH3T3 fibroblasts in presence of GTA hydrogels for 48 hours. 

SCs and fibroblasts were selected, as fibroblasts and differenti- 

ted MSCs make up the majority of cells present in the ortho- 

edic wound [65] . Indeed, following implantation, the hydrogel 

or LA delivery comes into contact with various tissues such as 

one, muscle, tendon, ligament and fascia. As shown in Fig. 6 A, 

ell metabolic activity was quantified using an Alamar Blue as- 

ay on cells cultured in contact with hydrogels contained increas- 

ng concentrations of oB-CD. Metabolic activity was quantified af- 

er 24 and 48 hours of culture. Significant differences were ob- 

erved in MSCs and fibroblast metabolic activity compared to con- 

rols ( Fig. 6 A). In all groups exposed to hydrogels, cell metabolism 

ncreased compared to controls after 48 hours of culture. This ef- 

ect could be due to the presence of RB, as RB has been linked 
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Fig. 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 μm). 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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Fig. 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). 
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o increased cell proliferation [66] . Moreover, RB deficiency has 

een associated with DNA and protein oxidative damage in liver 

ells, inhibiting cell mitosis [67] . Furthermore, the effect of glycerol 

nd sodium bicarbonate on cell metabolism was investigated, as 

oth were used during drug crystallization. As shown in Figure 6 A, 

he presence of glycerol inside the hydrogels did not affect cell 

etabolism. 

Cell viability was assessed using a Live-Dead assay. MSCs and 

IH3T3 fibroblasts were seeded in a well plate and cultured in 

resence of hydrogels. Hydrogel compositions tested contained in- 

reasing concentrations of oB-CD with and without glycerol. No 

ignificant differences regarding cell viability were observed in 

IH3T3 fibroblasts ( Fig. 6 B-i and Fig. S6) exposed to different con- 

entrations of oB-CD or the presence of glycerol. In the case of 

SCs, significant differences in cell viability were observed when 

ompared to control monolayers exposed to culture medium only 

 Fig. 6 B-ii and Fig. S6). 

Next, we evaluated the cytocompatibility of hydrogels loaded 

ith bupivacaine HCl and bupivacaine crystals ( Fig. 7 ). NIH3T3 fi- 

roblasts and MSCs were seeded in well plates and cultured for 

4 hours in the presence of hydrogels. Exposing cells to hydro- 

els containing bupivacaine HCl and bupivacaine crystals caused 

 significant decrease in viability compared to controls. Hydrogels 

oaded with crystallized bupivacaine performed significantly bet- 

er than hydrogels loaded with bupivacaine HCl, when culturing 

IH3T3 fibroblasts for 24 hours ( Fig. 7 B and 7 C). To understand

hether this effect was due to slower release of bupivacaine from 

he hydrogels, or to neutralization of acidic bupivacaine follow- 

ng crystal formation, a Live/Dead assay was performed. NIH3T3 

broblasts and MSCs were cultured in growth medium supple- 

ented with i) bupivacaine HCl (1 mM in DMSO); ii) bupiva- 

aine crystals (1 mM in DMSO and iii) the equivalent volume of 

MSO used for culture i) and ii) for 24 hours ( Fig. 7 D-i + ii and

ig. S7). After 24 hours, the decrease in cell viability was most 

xtensive in monolayers exposed to bupivacaine HCl dissolved in 

MSO, followed by bupivacaine crystals (dissolved in DMSO) and 

MSO only. This indicates that cell death induced by bupivacaine 

Cl is mainly due to the acidic pH. Cells were then further cul- 

ured in fresh medium for 48 hours, after which both MSCs and fi- 

roblasts showed recovery following exposure to bupivacaine crys- 

als. In the case of bupivacaine HCl, fibroblasts recovered better 
b

156 
han MSCs. Overall, these results show that bupivacaine crystalliza- 

ion enable a sustained release with moderately decreased initial 

urst and improved cytocompatibility when compared to bupiva- 

aine HCl. These properties might reduce the known myotoxic ef- 

ects of bupivacaine. [68] 

.7. Ex vivo implantation 

To qualitatively assess the suitability of GTA/oB-CD hydrogels 

or use in instrumented spinal surgery, bupivacaine-loaded hydro- 

el rings were co-implanted with polyaxial pedicle screws in fresh 

adaveric sheep. The ring-shaped hydrogels were resistant to the 

orces encountered during implantation, as 19 out of 20 hydrogel 

ings could be implanted successfully and without any macroscopic 

ign of damage ( e.g., cracks, discoloration, tears) ( Fig. 8 ). The de-

ign and composition of the hydrogel ring did not interfere with 

urgical workflow or finding the optimal screw trajectory. Due to 

ts elasticity, the hydrogel could adapt its shape to the surgical en- 

ironment. Following overtightening of screws, the rings displayed 

urther radial expansion to accommodate the polyaxial screw head. 

t should be noted that none of the sheep displayed signs of spinal 

isease. The presence of anatomical malformations, such as scolio- 

is or fracture in the human patient, might complicate implanta- 

ion of the screw and subsequently the hydrogel rings. 

. Conclusions 

In summary, our study demonstrates that a GTA/oB-CD photo- 

rosslinked hydrogel could be a very promising system for the 

ustained delivery of bupivacaine for pain relief following instru- 

ented spinal surgery. The combination of the riboflavin-mediated 

hoto-crosslinking with the simultaneous Schiff base formation 

nd guest-host interactions provided a tunable hydrogel displaying 

elf-healing properties, capable of withstanding co-implantation 

ith pedicle screws and providing sustained release for 72 hours. 

he GTA/oB-CD hydrogel containing in situ crystallized bupivacaine 

s cytocompatible and following release, the hydrogel is susceptible 

o enzymatic degradation. The moderate decrease in burst release 

nd use of crystallized bupivacaine led to decreased cytotoxicity 

ompared to bupivacaine HCl. This novel photo-crosslinked gelatin- 

ased hydrogel has the potential to reduce opioid consumption fol- 
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