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Abstract

Cartilage damage typically starts at its surface, either due to wear or trauma.

Treatment of these superficial defects is important in preventing degradation and

osteoarthritis. Biomaterials currently used for deep cartilage defects lack appro-

priate properties for this application. Therefore, we investigated photo‐crosslinked

gelatin methacryloyl (gelMA) as a candidate for treatment of surface defects. It

allows for liquid application, filling of surface defects and forming a protective layer

after UV‐crosslinking, thereby keeping therapeutic cells in place. gelMA and photo‐
initiator lithium phenyl‐2,4,6‐trimethyl‐benzoylphosphinate (Li‐TPO) concentration

were optimized for application as a carrier to create a favorable environment for

human articular chondrocytes (hAC). Primary hAC were used in passages 3 and 5,

encapsulated into two different gelMA concentrations (7.5 wt% (soft) and 10 wt%

(stiff)) and cultivated for 3 weeks with TGF‐β3 (0, 1 and 10 ng/mL). Higher TGF‐β3

concentrations induced spherical cell morphology independent of gelMA stiffness,

while low TGF‐β3 concentrations only induced rounded morphology in stiff gelMA.

Gene expression did not vary across gel stiffnesses. As a functional model gelMA

was loaded with two different cell types (hAC and/or human adipose‐derived stem

cells [ASC/TERT1]) and applied to human osteochondral osteoarthritic plugs. GelMA

attached to the cartilage, smoothened the surface and retained cells in place.

Resistance against shear forces was tested using a tribometer, simulating normal

human gait and revealing maintained cell viability. In conclusion gelMA is a versatile,

biocompatible material with good bonding capabilities to cartilage matrix, allowing

sealing and smoothening of superficial cartilage defects while simultaneously

delivering therapeutic cells for tissue regeneration.
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1 | INTRODUCTION

Regeneration of articular cartilage has been a major focus of regen-

erative medicine and tissue engineering over the past decades. Artic-

ular cartilage is a load‐bearing tissue (Bhosale&Richardson, 2008), and

is often damaged due to injury or wear as aging proceeds. It has a

limited self‐healing capability, as chondrocytes are not able to migrate

from their surrounding matrix in sufficient numbers to repair the

defect (Akkiraju & Nohe, 2015; Sophia Fox et al., 2009). The isolation

from adjacent tissues (e.g., bone marrow, synovial membrane) and lack

of vascularization does not allow sufficient ingrowth of regenerative

cells (e.g., stem cells) (Zhang et al., 2009).

Deep traumatic defects in an otherwise healthy knee joint have

multiple treatment options mainly based on the implantation of cells

sometimes supported by scaffold biomaterials (e.g., microfracture,

[matrix‐associated] autologous chondrocyte implantation) (Brittberg

et al., 1994; Enea et al., 2012; Hunziker et al., 2015). The intact sur-

rounding cartilage protects from load and allows stabilization and

fixation of the biomaterials. In contrast, damage as a consequence of

erosion (e.g., osteoarthritis (OA)) and some traumata result in a defect

too shallow to shield the implanted biomaterial from load, thereby

preventing the use of scaffold materials routinely used in clinics.

Treatment approaches which rely on injection of cell suspensions

(e.g., intra‐articular stem cell injection) have shown some improve-

ment in long‐term clinical studies in osteoarthritic patients. However,

they still lead to incomplete recovery and often late deterioration

(Garza et al., 2020; Migliorini et al., 2020; Song et al., 2018). One of

the reasons for this sub‐optimal outcome might be the lack of cell

engraftment, either by not adhering or by not being protected from

the mechanical forces inside the joint. Indeed, only a fraction of cells

were seen to remain in the defect in animal studies after the intra‐
articular injection of stem cells (Muñoz‐Criado et al., 2017; Toupet

et al., 2013). Therefore the concept of protecting cells with a

biomaterial, also serving as a delivery vehicle to the superficial de-

fects, is of growing interest. This biomaterial needs to withstand

loads and shear forces, while promoting differentiation of therapeutic

cells and production of their own matrix. In principle, hydrogels are

potential candidates, as they can be arthroscopically applied,

smoothly fill the rough defects, be polymerized at the defect (e.g., by

temperature change, UV‐crosslinking). In addition, they can even be

loaded with therapeutics for an initial boost in differentiation (Koh

et al., 2020). However, hydrogels used so far do not sufficiently

satisfy these conditions. Alginate, a natural biomaterial frequently

used in cartilage research (Häuselmann et al., 1996; Lee et al., 2003),

is not suitable for intra‐articular application and cannot be degraded

by cells to be replaced by new matrix. Fibrin, often used as a tissue

glue and for cell encapsulation (Fürsatz et al., 2021; Perka

et al., 2000; Salam et al., 2018), can be easily applied but bears low

mechanical stability and degrades rapidly.

In contrast, gelatin derived from collagen ‐ a principal constituent

of cartilage tissue ‐ exhibits many beneficial properties arising from its

chemical structure. Similar to fibrin or collagen, the polymer structure

of gelatin includes necessary cell‐binding motifs (e.g., Arginine‐
Glycine‐Aspartate [RGD]), allowing for cell adhesion (Van Hoorick

et al., 2019). It further provides cleavage‐sequences for matrix met-

alloproteinases rendering the hydrogel biodegradable. Notably, the

material is biocompatible, inexpensive, and can be easily modified (Yue

et al., 2017). However, as gelatin is soluble at a physiological temper-

ature of 37°C, it needs to be modified and/or cross‐linked using func-

tional groups such as methacrylamide, acrylamide, or norbornene to

ensure stability at body temperature (Van Hoorick et al., 2019). Of

those, methacrylamide‐modified gelatin methacryloyl (gelMA) is most

interesting, as it is more stable and biocompatible than, for example,

acrylamide and less prone to premature crosslinking than, for example,

norbornene, in addition to being photo‐crosslinkable. This property

renders the material tuneable in its rheological properties by con-

trolling the degree of substitution (DS) (i.e., degree of methacrylation),

polymer concentration, photoinitiator, and irradiation conditions (Van

Den Bulcke et al., 2000; Van Hoorick et al., 2015). GelMA allows for

injection and in situ (photo‐)polymerization, which is highly beneficial

and contributes to ease of use when clinically applied. Our recent work

showed that gelMA supports long‐term cell culture and differentiation

of adipose‐derived stromal/stem cell microspheroids produced from

immortalized human cells (Žigon‐Branc et al., 2019).

While gelMA has been evaluated for the use in cartilage regen-

eration, many studies rely on the use of cell lines (Zhou et al., 2018),

animal derived cells (L. Han et al., 2017; M.‐E. Han et al., 2017;

Mouser, 2018; Wang et al., 2021) or very young donors (Boere

et al., 2014) thus making them less applicable for translational

research. Other studies using human chondrocyte sources (Brown

et al., 2017; Gu et al., 2020) often focus on material characterization

and only superficially describe effects on the cellular level. Also com-

parisons of differentiation capacity gelMA embedded cells to cul-

ture systems routinely used to assess the differentiation potential of

cells (e.g., pellet culture), which is especially important for older human

donors and later passages is seldomly shown. Furthermore little is

known about the use of cell‐laden gelMA for the treatment of super-

ficial cartilage damage, for example, found in osteoarthrosis (OA).

Therefore this study examines the suitability of gelMA for

chondrocyte differentiation, cartilage regeneration and temporal

reconstitution of the gliding surface of superficially damaged carti-

lage. Specifically, we investigated the viability and extracellular ma-

trix generation potential (on mRNA and protein level) of human

articular chondrocytes (hAC) within gelMA and in comparison to
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standard pellet culture. The performance on the damaged cartilage

surface was assessed on human osteoarthritic cartilage as an ex vivo

model under simulated human gait.

2 | METHODS

2.1 | Chondrocyte isolation procedure and cell
culture

With written informed consent and approval of the local (Medical

University of Vienna; approval number 2127/2017) ethical board

hAC were isolated from femoral heads of three donors (male, age:

51–66) undergoing joint‐replacement surgery due to trauma. Pieces

of macroscopically intact cartilage were cut from the bone and

washed in phosphate‐buffered saline 1X (PBS, Sigma) containing

10 µg/mL amphotericin B (Gibco) and 0.5 mg/mL gentamicin (Gibco)

for 30 min. Subsequently, the pieces were digested for another

30 min in 1 mg/mL hyaluronidase solution (Sigma) and for 1 h in

1 mg/mL pronase solution (Gibco). Then, the cartilage was digested

for 3 days in a mixture of enzymes containing 200 U/mL collagenase

II (Gibco) and 1 U/mL papain (Sigma) in Dulbecco's Modified Eagle

Medium ‐ High Glucose (DMEM‐HG; Gibco). The isolated cells were

expanded as passage 0 in chondrogenic proliferation medium (CM)

under standard cell culture conditions (37°C, 5% CO2, humidified

atmosphere). This medium contained Dulbecco's Modified Eagle

Medium ‐ High Glucose (DMEM‐HG) (Gibco) supplemented with 10%

newborn calf serum (NBCS; Gibco), 2 mM L‐glutamine (Sigma), 2 µg/

mL amphotericin B, 100 µg/mL gentamicin, 50 µg/mL L‐ascorbic acid

2‐phosphate (Sigma), 10 mM HEPES (Corning) and 5 µg/mL insulin

(Sigma). Medium was exchanged twice a week. Cells were passaged

using Trypsin‐EDTA (0.05%, Gibco) at a confluence of 90% and used

for encapsulation in passages 3 and 5 (P3 and P5).

2.2 | gelMA preparation

Gelatin methacryloyl was produced as described previously (Ovsia-

nikov et al., 2011; Van Den Bulcke et al., 2000; Van Hoorick

et al., 2018). Briefly, gelMA was synthesized using gelatin‐type‐B
from bovine skin as a starting material. To obtain photosensitive

material, the amine side groups were chemically substituted with

methacrylamide groups through reaction with 1 equivalent meth-

acrylic anhydride yielding a DS of 60%. Purification occurred via

dialysis exploiting a cut‐off of 12,000–14,000 Da, followed by isola-

tion through lyophilization.

For encapsulation experiments, the photoinitiator lithium

phenyl‐2,4,6‐trimethyl‐benzoylphosphinate (Li‐TPO) was used. It was

synthesized as described in literature (Majima et al., 1991; Markovic

et al., 2015).

The precursor solution was prepared by dissolving gelMA in CM

at 37°C with occasional vortexing. The photoinitiator, dissolved in

PBS, was added to yield a final concentration of 0.3, 0.6, or 1.2 mM.

Experiments containing the light‐sensitive photoinitiator were per-

formed protected from light.

2.3 | Phototoxicity of Li‐TPO

In order to evaluate the optimal biocompatible concentration photo-

toxicity testing of the photoinitiator Li‐TPO was performed on hAC. Li‐
TPO concentration was selected as the highest possible concentration

that is not harmful to the cells, yet allows for the highest stiffness and

fastest crosslinking of gelMA. Human articular chondrocytes in P3

were seeded in two 96‐well plates at a cell density of 7000 cells per

well and incubated at 37°C overnight. The next day, medium was

removed and the cells were exposed to 100 µL/well of 1.2 mM, 0.6 and

0.3 mM Li‐TPO dissolved in CM (n = 8). Cells in control wells received

either CM without Li‐TPO (positive control) or CM with 50% Dime-

thylsulfoxide (DMSO, negative control; Sigma). One plate was exposed

toultraviolet (UV) light in aUV‐chamber (UV‐A, 365nm,25mW/cm2 in

a Lite‐Box G136, NK‐OPTIK, at room temperature) for 10 min to

activate the photoinitiator while at the same time the second plate was

incubated in the dark at room temperature. Hence, one plate repre-

sents the photo‐toxicity effect that the irradiated photoinitiator has on

the cells and the second plate shows the effects that the inactive

photointiator might have on the cells by itself.

Thereafter, both plates were incubated for 2 h at standard cell

culture conditions and then the solutions of all wells were exchanged

with fresh CM. After 24 h of cell resting period, Presto Blue Meta-

bolic Viability Reagent (Life Technologies) was used to determine the

metabolic activity and therefore the degree of phototoxicity. The

reagent was diluted 1:10 in CM and 100 µL were added per well.

After 1 h of incubation the fluorescence was measured using a plate

reader (Synergy H1 BioTek, excitation 560 nm, emission 590 nm).

Background fluorescence was corrected according to sample blank,

which contained Presto Blue reagent in CM. Cell metabolism of

control cells (no Li‐TPO; no UV) was defined as 100% cell viability

and other conditions where normalized to this control to calculate

individual viability for each condition.

2.4 | Photorheology

To characterize the photo‐crosslinking characteristics and visco-

elastic properties of gelMA, oscillatory shear measurements were

performed with aqueous solutions of gelMA with 5%, 7.5%, 10% as

well as 12.5% (w/w) of gelMA (in the presence of 0.6 mM Li‐TPO as

photo‐initiator) by means of a photorheometer (MCR 302 WESP,

Anton Paar) with a light source of 320–500 nm wavelength and an

intensity of 6 mW cm−2 (Omnicure) (Gorsche et al., 2017). The

samples were assayed using a parallel plate geometry setup, where

60 µL of gelMA precursor solution was loaded between the plates

with a gap of 50 µm. Paraffin oil was applied at the edges to prevent

drying of the gelMA film during measurements. A frequency of 10 Hz

and a strain of 10% was applied via the parallel plates (d = 25 mm) at
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37°C. The parameters were determined to be within the viscoelastic

range of gelMA. The temperature was set at 37°C. Each sample was

equilibrated for 20 s before the light source was turned on. Storage‐
(G0) and loss moduli (G″) were recorded in second intervals.

2.5 | Photo‐encapsulation of human articular
chondrocytes

Human articular chondrocytes from three human donors were encap-

sulated at P3 and P5 in 7.5% and 10% (w/w) gelMA in the presence of

0.6 mM Li‐TPO via UV‐crosslinking. The cells were harvested, counted

and suspended in different pre‐warmed gelMA (i.e., 37°C) precursor

solutions. A cell density of 0.2� 106 cells per 30 µL gelMA scaffold was

used. The scaffolds were formed using chambered coverglass (Grace

Bio‐Labs CultureWellTM) with 6 mm diameter and 1 mm depth. These

silicon masks were put on a glass slide positioned on a heating plate (at

37°C) and the cell‐loaded gelMA solution was dispensed to each well.

Then the silicon maskwas coveredwith a second glass slide. To achieve

a physical crosslinking, the gelMA samples were cooled down on ice for

30 s. Then the gelMAscaffoldswere chemically crosslinked usingUV‐A
light at 365 nm with an intensity of 25 mW/cm2 for 10 min. The cross‐
linkedsamplesweretransferredto48‐wellplatesandwashed inCMfor

30 min. Then, chondrogenic differentiation medium (CDM), containing

different amounts of transforming growth factor‐β3 (TGF‐ß3; Lonza)

was added (0, 1, or 10 ng/mL). Chondrogenic differentiation medium

consisted of DMEM‐HG supplemented with 100 U/mL penicillin/

streptomycin (Sigma), 2 mM L‐glutamin, 0.05 mM L‐ascorbic acid 2‐
phosphate, 5 µg/mL human serum albumin (Sigma), 2.5 µg/mL linoleic

acid (Sigma), 5mg/mL insulin and transferrin and5ng/mL selenous acid

provided as ITS premix (Gibco), 100 nM dexamethasone (Sigma) and

0ng, 1 ng, or 10ng of TGF‐ß3.GelMAscaffoldswere cultured in 280µL

of CDM, which was exchanged twice a week with freshly prepared

medium. The scaffolds were cultured for 3 weeks.

In addition to gelMA embedded samples, standard pellet cultures

were included as controls. HAC were suspended in CDM with different

amountsofTGF‐ß3(0,1,or10ng/mL)and0.2�106cells in280µLCDM

were transferred to 1.5 mL screw‐capped polypropylene tubes (Corn-

ing). Cells were centrifuged down at 280 x g for 5 min. The screw‐caps

were subsequently slightly loosened to allow air exchange, and tubes

were placed into the incubator. Compact pellets formed overnight and

were treated the same way as experimental gelMA samples. After

5 days, the cell pellets were transferred to 96‐U‐bottom well plates.

2.5.1 | Live dead staining

Prior to performing live‐dead staining, gelMA scaffolds were washed

3 times in PBS. The staining solution was applied, containing 0.6 µM

propidium iodide (Life Technologies) and 0.4 mM calcein‐AM (Life

Technologies) in PBS. These were incubated for 30 min at standard

cell culture conditions and then washed again in PBS. Stained sam-

ples were transferred to 35 mm imaging dishes with glass bottom

(ibidi) and imaged in PBS. Three dimensional (3D) images were

generated from z‐stacks taken at excitation/emission sets of 488/

530 nm (green fluorescence of live cells) and 530/580 nm (red

fluorescence of dead cells) with the laser scanning microscope

(LSM700, Zeiss), with scanning a range of 400 µm.

2.5.2 | RNA isolation and quantitative reverse
transcriptase polymerase chain reaction

After 21 days of culture, samples of the differentiation experiment

were harvested and RNA was isolated. To ensure a sufficient RNA

yield, three cell‐loaded gelMA scaffolds were pooled. The cell‐loaded

gelMA scaffolds were shock frozen in liquid nitrogen and afterward

grinded within the microcentrifuge tube using a micropestle. 900 µL

of Quiazol Lysis Reagent (Quiagen) were added to the tube. RNA was

isolated using RNeasy Plus Universal Mini Kit (Quiagen) following

manufacturer's instructions. For control pellets, three pellets were

pooled. Pellets were incubated overnight in Quiazol Lysis Reagent

prior to RNA isolation. For all samples, the yield and purity of RNA

were evaluated using a NanoDrop 2000c photometer (Thermo Sci-

entific). RNA samples were purified using AccuRT Genomic DNA

Removal Kit (abm) and 700 ng per sample were used to synthesize

cDNA using 5X All‐In‐One RT MasterMix (abm).

Quantitative reverse transcriptase polymerase chain reaction

(qRT‐PCR) was performed in duplicates using SsoAdvanced Universal

SYBR® Green Supermix (BioRAD) and primermixes also obtained from

BioRAD. To analyze the status of redifferentiation, the following genes

were investigated: collagen type I, α‐1 (COL1A1, qHsaCED0043248),

collagen type II, α‐1 (COL2A1, qHsaCED0001057), aggrecan (ACAN,

qHsaCID0008122), versican (VCAN, qHsaCID0023082). β‐2‐micro-

globulin (B2M, qHsaCID0015347)wasused as housekeeping gene. The

qRT‐PCR analysis was carried out on a CFX 96 Connect Real‐Time

System (BioRAD) and the cycling program was set as follows: poly-

merase activation and initial denaturation (30 s at 95°C) followed by

repeated denaturation (15 s at 95°C) and annealing/extension (15 s at

60°C) for a total of 40 cycles. The melt‐curve analysis followed by

increasing the temperature from 65°C to 95°C (0.5°C increment for

5 s/step).

The ΔΔCt method was used for analysis and data was processed

using CFX Manager Version 3.1 (BioRad). Ct values of samples were

normalized to the housekeeping gene and referenced to time point 0,

which represents the day of encapsulation (RNA harvested from 2D

monolayer cell culture before encapsulation). For calculations of

differentiation indices, ratios of COL2/COL1 and ACAN/VCAN were

calculated. Therefore, the geometric means of three biological rep-

licates (2−ΔΔCt) were used.

2.5.3 | Histology

After 21 days in culture, pellets and gelMA scaffolds were washed in

PBS and fixed for 24 h in 4% formalin (Roth). Then, samples were
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washed in PBS several times for 1 h and dehydrated starting with

50% ethanol following a series of increasing ethanol concentration

and final embedding in paraffin using Tissue Tek VIP (Sakura). Sam-

ples were cut to obtain sections of 4 µm thickness. Sections were

deparaffinized and stained with Alcian blue (0.3% at pH = 2.5) to

determine the presence of glycosaminoglycans (GAG) and with

collagen type II antibodies (Thermo Fisher Scientific, clone 6B3) for

presence of collagen type II. For immuno‐staining BLOXALL (Vector

Labs) was used as a blocking reagent for endogenous peroxides and

alkaline phosphatase, followed by antigen retrieval using pepsin

(pH = 2). Subsequently, sections were incubated with a 1:100 dilution

of primary antibody for 1 h at room temperature, followed by

BrightVision Poly‐HRP (VWR) as secondary antibody. For detection

NovaRed (Vector Labs) was used. Nuclear counterstaining was per-

formed using Mayer's hematoxylin.

2.6 | Cartilage specimen preparation for sealing
tests

Full‐depth osteochondral plugs of OA cartilage of 10 mm diameter

were harvested from human femoral heads. To obtain a uniform

height, the initial plugs were shortened using a table saw, yielding a

length of ∼8 mm. The OA plugs were coated with 10% gelMA

containing: (1) hAC‐DiO (hAC were labeled green with Vybrant DiO

cell‐labeling solution [ThermoFisher Scientific] prior encapsulation,

according to manufacturer's instructions) (P1), (2) hTERT immor-

talized human adipose‐derived mesenchymal stem cells (MSC)

(ASC/TERT1, Evercyte) transduced with green fluorescent protein

(GFP) as explained elsewhere (Knezevic et al., 2017), and (3) a co‐
culture (1:1) of hAC‐DiO (green) and mCherry (red fluorescent

protein) transduced ASC/TERT1 (red) (Knezevic et al., 2017).

Therefore, freshly isolated primary hAC, were used after 5 days of

monolayer‐culture. ASC/TERT1‐GFP and ASC/TERT1‐mCherry

were expanded in Endothelial Cell Growth Medium‐2 (EGM‐2,

Lonza). Co‐cultures were cultured in Hennig's medium containing

DMEM‐HG supplemented with 100 U/mL penicillin/streptomycin,

2 mM L‐glutamine, 5 mg/mL insulin and transferrin and 5 ng/mL

selenous acid provided as ITS premix, 0.17 mM ascorbic acid‐2‐
phosphate, 1 mM sodium pyruvate (Gibco), 0.35 mM L‐proline

(Sigma), 1.25 mg/mL bovine serum albumine (BSA; Sigma) and

0.1 µM dexamethasone (Nürnberger et al., 2019). A cell density of

0.4 � 106 per 30 µL was used.

For coating, the plugs were placed into custom‐built silicon

molds. The surface was dried with a sterile paper towel and the liquid

cell‐loaded gelMA precursor solution was applied. A transparent

plastic coverslip was put atop, to overcome capillary forces of the

mold walls, and the precursor was crosslinked for 10 min with UV

light. The plastic coverslip was peeled off afterward and samples

were submerged in the respective medium: hAC in CM, ASC/TERT1

in EGM‐2, and co‐cultured cells in Hennig's medium supplemented

with 1 ng/mL TGF‐ß3 and 1 ng/mL human BMP‐6 (R&D Systems).

After 30 min, medium was exchanged and samples were cultured

overnight. On the next day, cells were stained with ethidium‐
homodimer‐1 (Life Technologies) to visualize dead cells. Plug sam-

ples were cut in half, to observe the sealing effect of gelMA and

cellular distribution and Z‐stack images of cross‐sections were taken

using confocal microscopy (LSM700, Zeiss).

2.7 | Mechanical stress tests

A mechanical stress test, simulating the mechanics of human gait

within the knee joint, was performed using a tribometer (SRV®

test rig (tribometer), Optimol Instruments Prüftechnik) (Göçerler

et al., 2019). Osteochondral plugs coated with cell‐loaded gelMA

containing hAC‐DiO (0.4 � 106 cells per 30 µL) were used for

testing. After coating as described above, the cartilage portion of

the 10 mm plugs was cut using an 8 mm biopsy punch, to remove

excess tissue/gel and yield sharp edges. Samples were exposed to

mechanical stress using the SRV® test rig (see Figure 6e), in which

two samples were loaded against each other. Each plug was placed

in one sample holder and the liquid cup was filled with DMEM‐HG

supplemented with 10% NBCS. The upper and lower sample holder

were assembled by placing the two specimen on top of each other.

To equilibrate the samples, they were pre‐loaded within about 1 s

with a normal force of 50 N for 30 min at 37°C (external heating

of the liquid cup). Following this phase, the normal load was

increased to 180 N within about 1 s. The normal load of 180 N

corresponds to a nominal contact pressure of ∼3.5 MPa, which

simulated human gait (Patil et al., 2014; Yoon et al., 2018).

Thereafter, the samples were linear oscillating against each other

for �0.5 mm (1 mm peak to peak, respectively 2 mm per cycle, in

total 600 mm sliding path) at a constant relative velocity of 1 mm/

sec for 10 min. Then the load was decreased within about 2 s to

about 1 N (unloading) for 10 min to stimulate reabsorption of fluid

into the system, without losing the contact completely. Loading

and unloading were repeated for two more repetitions. All mea-

surements were performed at 37°C (external heating of liquid cup)

and the tangential force (resistance to the linear oscillating

movement) in the contact zone was monitored continuously over

time to calculate the coefficient of friction (per definition:

tangential force divided by normal load).

To evaluate, if the encapsulated hAC‐DiO survived the me-

chanical stress, samples were stained with ethidium homodimer‐1
immediately after the measurement. Samples were afterward fixed

with 4% paraformaldehyde overnight, washed with PBS and analyzed

via confocal‐microscopy as described above.

2.8 | Statistical analysis

Data were analyzed with IBM SPSS Statistics 24. The normal distri-

bution of data was confirmed using the Shapiro‐Wilk test and Q‐Q‐
Plots. The Levene test verified the equality of variances in the

samples.
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To analyze whether the photoinitiator (with or without activa-

tion by UV light) had adverse effects on the metabolic activity of

hAC, one‐way analysis of variance (ANOVA) was performed. For

post‐hoc comparison a two‐sided many‐to‐one Dunnet‐test was used

to compare all groups against the control group without UV irradi-

ation (‐UV).

Gene expression of COL2 for passage 3 was analyzed using a

mixed model ANOVA: The different culture conditions (10%, 7.5%

gelMA and pellet culture) and the different growth factor concen-

trations (0, 1 or 10 ng/mL TGF‐ß3) were considered repeated mea-

sures variables and the donor was considered the between group

variable. p < 0.05 was considered statistically significant.

3 | RESULTS

We investigated the feasibility of a photo‐crosslinkable hydrogel

gelMA for use in cartilage tissue engineering. Specifically, we evalu-

ated its cytocompatibility, mechanical properties, and feasibility as

environment for chondrocyte redifferentiation. Furthermore, we

investigated its applicability on cartilage surfaces and performance

under mechanical stress in vitro.

3.1 | Phototoxicity of Li‐TPO

In order to assess the optimal concentration of the photoinitiator for

gel crosslinking and cell encapsulation, phototoxicity testing was per-

formedbyexposinghAC in2Dculture to different concentrationsof Li‐
TPO (0.3, 0.6, and 1.2 mM) with and without UV irradiation (Figure 1),

and assessing cell metabolism, indirectly reflecting cell survival and

toxicity. Concentrations of 0.3 and 0.6 mM Li‐TPO did not adversely

affect cell metabolic activity compared to untreated control samples,

independent of UV light exposure. However, the highest tested con-

centration (1.2 mM) reduced metabolic activity to 88% (without UV)

and 72% for hAC exposed to UV (p < 0.001). Overall, 0.6 mM Li‐TPO

was the highest photoinitiator concentration, without adverse ef-

fects on cell metabolism activity, while also enabling efficient cross-

linking and was therefore used in all further experiments.

3.2 | Photorheology

The crosslinking dynamics and viscoelastic properties of gelMA were

analyzed via oscillatory shear rheology measurements during curing of

the hydrogel. Storage‐ (G0) and loss‐moduli (G″) were measured as the

material responds to the irradiation over a curing time of 10 min

(Figure 2). Immediately upon UV irradiation, gelMA began to crosslink.

The gel point, where G’/G″ equals 1, defining the transformation of a

materials liquid to solid state,was reachedwithin20 s, except for5wt%

gelMA,whichneeded40 s.After3min about70%andafter 5min about

80% of the final G’ (measured after 10 min) was attained except for 5%.

Formulations containing 5% gelMA developed inferior mechanical

properties with only 0.204 kPa (�9.2 � 10−3 kPa) storage modulus at

the end of the measurements after 10 min, compared to the other

gelMA concentrations (7.5%, 10%, 12.5%). G0 for the other gelMA

concentrations showed values of 1.7 kPa (�0.000 kPa) for 7.5%gelMA,

4.5 kPa (�0.240 kPa) for 10%gelMAand 10.5 kPa (�0.212�10−3 kPa)

for 12.5% gelMA. As we found that the mechanical stability of 5%

gelMA was inferior and that the viscosity of 12.5% gelMA was too high

for efficient handling with cells, 7.5% and 10% gelMA were chosen for

further encapsulation studies.

3.3 | Encapsulation of human articular
chondrocytes

Primary hAC from three different donors were propagated in 2D‐
culture until P2 or P4 prior to encapsulation in 7.5% (further in the

text referred to as soft) or 10% (further in the text referred to as

stiff) gelMA, and cultivated (P3 and P5) for another three weeks in

medium containing 0, 1 or 10 ng/mL TGF‐ß3. Chondrocytes were

then analyzed for viability, morphology, gene expression profile, and

synthesized matrix (glyco‐)proteins. Samples were compared to

controls, that is, pellet cultures, which also contained hAC from the

three donors.

3.3.1 | Live/dead staining

To assess viability and morphology of hAC within gelMA after three

weeks of encapsulation, cells were analyzed using live‐dead staining.

F I G U R E 1 Metabolic activity of human articular chondrocytes
(P3) exposed to different concentrations of lithium phenyl‐2,4,6‐
trimethyl‐benzoylphosphinate (Li‐TPO) with and without exposure
to UV light. Metabolic activity was measured by resazurin‐based
Presto Blue staining after 2 h of Li‐TPO exposure followed by 24

h of incubation. Presto Blue fluorescence of cells treated with
different Li‐TPO concentrations is shown as mean percentage
� standard deviation compared to control (no Li‐TPO). n = 8 for
each group. * highlights significant differences (p < 0.001)

compared to control ‐UV. There was no difference between the
0.6 mM Li‐TPO and control groups. (Dimethylsulfoxide
[DMSO] = negative control, n = 3)
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HAC were highly viable in all investigated gelMA formulations and

only few dead cells were detected.

HAC cultured in medium containing 10 ng/mL TGF‐ß3 were

homogeneously distributed and had similar morphology regardless of

the gelMA stiffnesses. Cells had either the typical round shape found

in native cartilage or were polygonal with small cell processes.

However, the stiffness of gelMA did affect the cultivation of hAC in

the absence of TGF‐ß3 (Figure 3) and 1 ng/mL TGF‐ß3 (data not

shown). In both growth factor conditions, the spindle‐shaped, elon-

gated cell morphology typical for the fibroblast phenotype pre-

dominated in the soft (7.5%) gelMA, whereas in the stiff condition a

round cell shape was more prevalent.

3.3.2 | qRT‐PCR

Gene expression of chondrogenic differentiation markers (COL1,

COL2, ACAN, VCAN) obtained from P3 and P5 hAC encapsulated

within gelMA revealed a redifferentiation pattern similar to pellet

cultures, which served as a control. For analysis of the overall effect

of hydrogel stiffness/culture system and TGF‐β3 concentrations, a

mixed model ANOVA was performed using two different donors (1

and 3, the two most different donors chosen due to model

complexity) as a random factor.

In general, when comparing gelMA scaffolds to pellet cultures a

comparable state of differentiation could be achieved. When

analyzing COL2 gene expression on the overall level, a significant

TGF‐β3 dose dependent upregulation (p = 0.003), which was similar

in all pellet culture and both gelMA stiffnesses (especially when using

10 ng/mL TGF‐β3), could be observed. This behavior was present in

both donors and was consistent until P5, however the total amount

of upregulation varied between donors. At lower growth factor

concentrations differences between systems (gelMA vs. pellet cul-

ture) became more apparent. Medium without TGF‐ß3 (0 ng/mL)

yielded low COL2 expression. While in most pellet culture samples a

slightly increased differentiation could be observed (in comparison to

gelMA), in some cases equal or lower expression (Donor 1 P3, 7.5%

gelMA; Donor 1 P5, 10% gelMA; Donor 3 P5, 10% gelMA vs. pellet

culture) was found. The most significant differences between gelMA

F I G U R E 2 Rheological measurements of 5%, 7.5%, 10%, and 12.5% wt% gelatin methacryloyl (gelMA) with 0.6 mM lithium phenyl‐2,4,6‐
trimethyl‐benzoylphosphinate. Storage‐(G0) and loss‐moduli (G″) were monitored during oscillatory time sweep over 10 min (n = 2) of UV‐
irradiation using a photorheometer at 37°C. UV irradiation started after 20 s of measurement. G0 and G″ are shown as the mean of two
measurements. Storage modulus of 12.5% gelMA resulted in highest stiffness (10.5 kPa) followed by 10% (4.5 kPa), 7.5% (1.7 kPa), and 5%
(0.204 kPa)

F I G U R E 3 Cell morphology of human articular chondrocytes
P3 after 3 weeks of encapsulation in soft (7.5%) and stiff (10%)

gelatin methacryloyl (gelMA) with and without TGF‐ß3. Without
TGF‐ß3, cell morphology was highly heterogenous in both soft as
well as stiff gelMA. Although spindle‐shaped (arrow heads) and

round cells were found in both stiffnesses, the round cell
morphology (chondrocyte like) was favored in the stiffer gelMA,
whereas the spindle‐like morphology (fibroblast like) was dominant

in the softer gelMA. In the 10 ng TGF‐ß3 group both stiffnesses
contained a rather homogenous cell population of roundish or
polygonal cells with little cell processes. Scale bar: 50 µm [Colour

figure can be viewed at wileyonlinelibrary.com]
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and pellet culture were observed when using 1 ng/mL TGF‐β3.

Except for Donor 1 (where the expression was similar) pellet culture

was showing stronger COL2 expression than both gelMA concen-

trations. The differences described here were not significant when

only looking at hydrogel stiffness/culture (p = 0.058), but showed

significant differences when allowing for factor interaction between

gel stiffness/culture system (gelMA, pellet culture), growth factor and

donor (p = 0.007) in a mixed model ANOVA.

As Donor 3 (P3) responded the strongest to differentiation

stimuli this donor's data is presented as an example of gene

expression changes after re‐differentiation, compared to the hAC de‐
differentiated state at the time‐point of encapsulation (Table 1 and

Figure 4; data from other donors is available in Section 1.2 in Sup-

porting Information S1). Changes in gene expression were similar

between gelMA and pellet culture, especially when 10 ng/mL TGF‐β3

was added, resulting in a strong upregulation of COL2 (7.5%:

1.9 � 105, 10%: 2.1 � 105 and pellet culture: 0.9 � 105) and to a

lesser extent also COL1 (7.5%: 20.5, 10%: 39.0 and pellet culture:

34.5), ACAN (7.5%: 64.1, 10%: 128.8 and pellet culture: 53.2) and

VCAN (7.5%: 3.1, 10%: 4.2 and pellet culture: 3.0). Interestingly, at

1 ng/mL TGF‐β3 pellet culture (P3) not only showed stronger gene

expression in all analyzed genes compared to gelMA, but also

stronger expression of COL2 and ACAN than using 10 ng/mL TGF‐β3

(pellet culture). Cultures without additional growth factors showed

only minimal upregulation of COL2 in gelMA (7.5%: 2.4 fold and 10%:

1.3 fold) and slightly higher upregulation in pellet culture of P3

(131.5). COL1, ACAN and VCAN were slightly downregulated in most

cases. When no growth factor was added, differentiation indices

followed this trend with low but positive differentiation (COL2/COL1:

7.5%: 3.5, 10%: 2.4 and pellet culture: 426.1; ACAN/VCAN: 7.5%: 0.6,

10%: 0.8 and pellet culture: 2.6), and increasing differentiation with

1 ng/mL (COL2/COL1: 7.5%: 225.9, 10%: 212.1 and pellet culture:

6.3 � 103; ACAN/VCAN: 7.5%: 3.9, 10%: 6.8 and pellet culture: 34.0)

and 10 ng/mL (COL2/COL1: 7.5%: 11.4 � 103, 10%: 5.5 � 103 and

pellet culture: 2.3 � 103; ACAN/VCAN: 7.5%: 19.3, 10%: 31.3 and

pellet culture: 17.1) TGF‐β3 concentrations, with the exception of

1 ng/mL TGF‐β3 in pellet culture showing the strongest differentia-

tion of all conditions.

Weakly responding donors (presented in Section 1.2 in Sup-

porting Information S1) generally followed the same differentiation

trend of TGF‐β3 dose‐dependent increase (mentioned above), but

showed significantly lower expression levels for all analyzed genes.

This observation was especially true for ACAN and VCAN where (in

low growth factor) media a reduced expression (compared to day

0 levels) was visible.

3.3.3 | Histology

Gelatin methacryloyl encapsulated hAC and pellet culture were his-

tologically analyzed after 21 days in culture and sections were

stained with Alcian blue to verify the presence of GAG and antibodies

against collagen type II.

Histological stainings reflected the results obtained in qRT‐PCR

showing mostly no differences between hydrogel stiffnesses. In one

donor (Donor 2), however, the stiff hydrogel stained slightly stronger

(Sections 1.3.5 and 1.3.6 in Supporting Information S1). Nevertheless,

changes in TGF‐β3 concentration showed far stronger effects. Cul-

tures exposed to 0 ng/mL TGF‐β3 were negative for both GAG and

collagen type II irrespective of culture type. Using 1 ng/mL, TGF‐β3

both pellet culture and gelMA cultures showed increased GAG

deposition, but no collagen type II deposition in most cases. Only hAC

from Donor 3 exhibited some collagen type II in pellet culture (Sec-

tions 1.3.1 and 1.3.2 in Supporting Information S1) and in individual

cells embedded in gelMA. However, in P5 this effect was weaker in

pellet culture and wholly absent in gelMA. When 10 ng/mL TGF‐β3

T A B L E 1 Relative changes in gene expression (fold) after 3 weeks of hAC encapsulated in gelMA or pellet culture compared to day 0 (=
time point of encapsulation) for the chosen Donor 3 P3

gelMA
concentration

/culture model

TGF‐β3

concentration COL2 COL1

Differentiation
index

(COL2/COl1) ACAN VCAN

Differentiation
index

(ACAN/VCAN)

7.5% 0 ng/mL 2.4 0.8 3.5 0.7 0.7 0.6

1 ng/mL 1.9 � 103 10.9 225.9 2.9 0.7 3.9

10 ng/mL 1.9 � 105 20.5 11.4 � 103 64.1 3.1 19.3

10% 0 ng/mL 1.3 0.5 2.4 0.4 0.6 0.8

1 ng/mL 2.8 � 103 14.1 212.1 8.1 1.2 6.8

10 ng/mL 2.1 � 105 39.0 5.5 � 103 128.8 4.2 31.3

Pellet culture 0 ng/mL 131.5 0,3 426.1 1.3 0.5 2.6

1 ng/mL 1.9 � 105 32.8 6.3 � 103 63.2 2.0 34.0

10 ng/mL 0.9 � 105 34.5 2.3 � 103 53.2 3.0 17.1

Abbreviations: ACAN, aggrecan; COL1, collagen type I; COL2, collagen type II; gelMA, Gelatin methacryloyl; hAC, human articular chondrocytes; VCAN,

versican.
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was used to stimulate differentiation, all donors exhibited enhanced

GAG and collagen type II expression, though the intensity was highly

donor dependant. Interestingly, while in qRT‐PCR the pellet culture

of Donor 3 showed similar expression of COL2 as other donors, and

was the only donor to show collagen type II expression at 1 ng/mL in

histological sections, in pellet culture it showed reduced collagen

type II protein expression. In contrast, histological analysis of gelMA

cultures showed the highest collagen type II and GAG expression in

Donor 3 hAC. This is consistent with qRT‐PCR data where Donor 3

showed much higher COL2 expression in gelMA cultures than other

donors.

While both, gelMA and pellet cultures (in all three donors),

showed similar response patterns to different TGF‐β3 concentrations

(regarding staining intensity) the structure and distribution of cells

F I G U R E 4 Gene expression of chondrogenic markers expressed by human articular chondrocytes (hAC) (Donor 3) encapsulated in gelatin
methacryloyl (gelMA) and cultivated under different conditions for 21 days. Cells encapsulated in P3 or P5 in either soft (7.5%) or stiff (10%)
gelMA and cultivated in 0, 1 or 10 ng/mL TGF‐ß3. As a control, hAC were cultured in pellet culture. Differentiation indices calculated from

COL2/COL1 and aggrecan (ACAN)/versican (VCAN) are shown. Culture in 10 ng/mL TGF‐ß3 showed upregulation of all genes. Cells cultured
within gelMA with 10 ng/mL TGF‐ß3 showed similar differentiation indices when compared to control (pellet culture). Culture within lower
concentrations yielded in lower gene expression of gelMA in comparison to pellet culture. In P5 a similar potential to re‐differentiate

chondrocytes was found as in P3
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and matrix differed strongly. In pellet culture the differentiation

could be observed in smaller patches and cells were packed together

rather densely, only slightly separated by the secreted extracellular

matrix. In contrast, in gelMA single cells or small clusters (2–4 cells)

were separated by the hydrogel, resembling the structure found in

native cartilage, and exhibited staining surrounding the cells. In case

of strongly differentiating cells (Donor 3, Figure 5; 10 ng/mL TGF‐β3)

GAG and collagen type II were not only found in the immediate cell

surroundings, but were deposited into the initial hydrogel.

3.4 | Sealing of OA osteochondral plugs

In order to test the performance of gelMAas a sealant for OA cartilage,

osteochondral plugs of OA cartilage with superficial damage and tissue

loss were used as a model. The surface of plugs was coated with a cell‐
loaded gelMA (10%) to fill ridges and furrows, replacing the lost tissue

and recover its smooth surface. GelMA was loaded with hAC (DiO‐
labeled) and ASC/TERT1‐GFP, which were used as a more easily

available model for primary ASC (which present a suitable alternative

cell source for cartilage regeneration (Bielli et al., 2016; Erickson

et al., 2002)). It was possible to create a layer of gelMA, infiltrating the

superficial irregularities of the cartilage matrix, thereby replacing the

degraded tissue (Figure 6). GelMA adhered well to the cartilage matrix

and formed a stable layer containing cells with spherical morphology.

To analyze cell viability, mono‐cultures of hAC and ASC/TERT1 were

stained with ethidium homodimer‐1, visualizing the nucleus of dead

cells in red (Figure 6a,b). In both cell types, few dead cells could be

observed, demonstrating that encapsulation and application proced-

ures are cytocompatible. DiO labeled hAC and ASC/TERT1 were

applied to the osteochondral plugs (Figure 6c,d) to validate the possi-

bility of embedded cultures. Cross‐sectional imaging showed a ho-

mogeneous distribution of both cell‐types within the coating layer.

3.5 | Mechanical stress tests

To test the behavior of cell‐loaded gelMA under mechanical stress,

we used a tribometer to simulate the sliding movement in a tribo-

logical loaded contact during human gait by rubbing OA‐
osteochondral plugs coated with cell‐laden gelMA against each

other (Figure 6e) (Göçerler et al., 2019). We found that, after me-

chanical simulation of human gait with 3.5 MPa and 1 mm/sec, the

gelMA layers of both samples (upper and lower part) stayed intact

(Figure 6f,g). To see if gelMA protected the cells from the applied

mechanical stress, samples were stained for viability (Figure 6h).

Thenormal loadand tangential force (to calculate the coefficient of

friction) was monitored every second over the course of the mea-

surement. After initial decrease from 0.016 to 0.006 during the first

load‐and‐movement cycle, the coefficient of friction settled at a value

of 0.006 with a standard deviation of �6.5 � 10−4 (mean value of all

monitored values in the second and third repetition of loading). Due to

the contact geometry and the elasticity of the samples, it has to be

pointed out that the measured tangential force is a combination of

friction force and a force to overcome the elastic material deformation,

especially during the running‐in after the first loading.

F I G U R E 5 Alcian blue and collagen type II
stainings of human articular chondrocytes

(hAC) (P3, Donor 3) encapsulated in soft (7.5%)
and stiff (10%) gelatin methacryloyl (gelMA)
after 21 days in culture containing different

concentrations of TGF‐ß3 (0, 1 and 10 ng/mL).
Culture with 0 ng/mL and 1 ng/mL TGF‐ß3
displayed a lack of collagen type II staining.
Glycosaminoglycans staining was absent in

0 ng/mL TGF‐β3 cultures but showed slight
staining at 1 ng/mL TGF‐β3. HAC cultures
within 10 ng/mL TGF‐ß3 both stainings clearly

showed positive cells. The staining was located
in close proximity to the cells and within the
gelMA matrix. Scale bar: 100 µm [Colour figure

can be viewed at wileyonlinelibrary.com]
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F I G U R E 6 Superficially damaged osteoarthritis (OA) cartilage coated with cell‐loaded gelatin methacryloyl (gelMA) (10%) after 1 day of
cultivation and after simulation of human gait. (a) gelMA loaded with human articular chondrocytes (hAC) (DiO, green) and stained for dead

cells (ethidium homodimer 1; red) on cartilage (autofluorescence; blue). (b) gelMA loaded with ASC/TERT1‐GFP (GFP‐transduced; green) and
stained for dead cells (ethidium homodimer 1; red) (c) Overview and (d) detail of co‐culture of hAC (green) and ASC/TERT1‐mCherry (red).
Scale bar: (a–c) 500 µm and (d) 100 µm. (e) Schematic of the experimental setup for the mechanical simulation of human gait. Osteoarthritic

specimens were coated with cell loaded (hAC‐DiO) gelMA (10%) and exposed to mechanical stress to simulate human gait. The gelMA layer
stayed intact in both specimens: (f) lower specimen of the measurement, (g) upper specimen. (h) Live/Dead staining of a cross‐section of the
lower specimen showing living cells (green), dead cells (red) and cartilage (blue). Scale bar: 500 µm [Colour figure can be viewed at

wileyonlinelibrary.com]
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4 | DISCUSSION

Cartilage is a tissue with a low intrinsic regeneration potential. So far

the most frequently used treatment modalities are unsuitable for su-

perficial cartilage defects, as present, for example, in OA. The main

problem is the fixation of the cells and/or scaffolds in shallow defects.

This is especially hard for sponge‐like or fibrous materials (Alves da

Silva et al., 2010), as the material ideally needs to adhere to the defect

and fill small crevasses. Other materials, using physical crosslinking (e.

g., acid‐soluble collagen) produce hydrogels, which are able to fill such

defects (Chen et al., 2013), but need high protein concentrations to

reach comparable stiffnesses, and need cooling to prevent premature

gelation. Therefore, innovative solutions are needed to overcome

these problems. There are many different materials currently in

development for the treatment of cartilage defects,with only a fraction

fulfilling the necessary characteristics for the treatment of superficial

cartilage defects (Wei et al., 2021). Here we investigate the potential

use of a photo‐polymerizable gelMA hydrogel as a bio‐compatible,

biodegradable and injectable hydrogel for cartilage regeneration

appearing especially promising for this application. Due to its charac-

teristics such as a short gelation time (2–10 min) and adhesiveness to

damaged tissue (Assmann et al., 2017), it allows for easy and accurate

administration of therapeutic cells. Due to the covalent bonds created

by photo‐crosslinking, gelMA exhibits superior stability and mechani-

cal properties compared to physically crosslinked (e.g., by ions or hy-

drophobicity) hydrogels (Liu et al., 2017). Furthermore, while being

biodegradable, its stability is higher than many other covalently cross‐
linked hydrogels frequently used in clinics (e.g., fibrin), which often

degrade within a few weeks (Wolbank et al., 2015). Even though

functionalized fibrins have improved material characteristics for

cartilage repair (Almeida et al., 2016), degradation behavior is still not

ideal without additional crosslinking. The stability of gelMA allows for

more extended protection of delivered cells from harmful external

influences. Additionally, it is an important factor for cartilage regen-

eration, as hydrogels should initially support tissue formation and

differentiation and later degrade at anappropriate rate so that the cells

can simultaneously produce their own matrix and re‐establish normal

function. This balance is not possible for hydrogels such as alginate,

which is not degradable in its unmodified form and therefore unsuit-

able for this kind of use. Modification of these materials (Park &

Lee, 2014) and use of biodegradable synthetic materials reduce some

of these issues, however concerns about degradation products remain

when thinking about clinical application.

Within this study we investigated the differentiation capacity of

hAC (P3 and P5), which was slightly reduced in P5 when embedded in

both formulations of gelMA (soft: 7.5% and stiff: 10%) as well as in

the biomaterial‐free culture form of pellet culture (i.e., a standard

way of culturing for redifferentiation assays). Generally, differentia-

tion of hAC in gelMA and pellet culture was determined by the

growth factor concentration and little influenced by the culture

system. Without addition of growth factors almost no rediffer-

entiation could be achieved, with slightly better performance of

pellet culture and stiff gelMA in comparison to soft gelMA hydrogels

in some of the donor cells and passages. Even though sufficiently stiff

gels have previously shown to also induce differentiation without the

addition of growth factors (Allen et al., 2012), these results were

achieved with non‐human cells, which have a higher redifferentiation

potential due to species or age. Nevertheless, even under these

conditions significantly higher differentiation was achieved in syn-

ergy with TGF‐β (Allen et al., 2012). As we used cells from older

human donors (51–66 years old) the effect of gel stiffness was likely

not sufficient to induce re‐differentiation by itself. However, what we

did observe is that without additional growth factors stiff gelMA was

able to induce a rounded cell morphology, which is closer to the

physiological morphology of differentiated chondrocytes, which has

previously been shown for other types hydrogels (Li et al., 2016).

When adding growth factors to the medium, the differentiation

of hAC in gelMA and pellet culture was significantly enhanced. A

concentration of 10 ng/mL TGF‐β3 was used as a stimulus to analyze

the maximal differentiation potential of donor cells. With this high

dose, gelMA embedded cells showed similar or even upregulated

gene expression of chondrogenic markers (COL2, ACAN) than pellet

culture, while histological stainings revealed the deposition of matrix

into the hydrogel (Donor 3). Due to the material density it was mainly

located in the circumference of chondrocytes, which leads to a

chondron‐like appearance. The pericellular deposition exhibited in

gelMA was similar to what has been previously described for dense

fibrin and alginate (Almqvist, 2001; Bachmann et al., 2020). Due to

the lower degradation rate of gelMA compared to fibrin, in the long

run, cells would have more time to replace the scaffold while it is

degraded which might be favorable for defect regeneration. How-

ever, higher cell numbers might be necessary if deposition zones

cannot grow large enough to fully overlap. As TGF‐β3 is a potent

stimulus for chondrogenic differentiation, it might mask possible

positive differentiation effects of the embedding hydrogel. Therefore,

a concentration of 1 ng/mL TGF‐β3 was tested in order to give cells

growth factor stimulus without masking other effects, a problem

which has been previously described, for example, for the influence

of mechanical stimulation (Li et al., 2010). Indeed, within this group

the donor variability was observable with gelMA embedded donor

cells performing similar (Donor 1 P3) or slightly better (Donor 1 P5)

than pellet culture or significantly worse (Donors 2 and 3). The dif-

ferentiation effect of the two hydrogel stiffnesses was comparable.

Generally, in comparison to the gelMA groups, the pellet culture

promoted increased chondrogenic differentiation, which might be

related to the closer proximity of cells, influencing each other by

paracrine (Grassel et al., 2010; Li et al., 2010; Takigawa et al., 1997) and

cell‐cell contact (Tsuchiya et al., 2004) stimulation, which have both

been previously shown to stimulate differentiation. Despite that,

donor variability was high and especially observable with the addition

of low growth factor concentration. Differences were mainly found in

the total increase in gene expression, but did not show differences

between cultivation systems (gelMA vs. pellet culture). Passage num-

ber (P3 vs. P5) only marginally influenced the behavior of the chon-

drocytes within gelMA and pellet culture for both, low and high doses

of growth factors. Chondrogenic differentiation was consistent
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between P3 and P5, showing that also after expansion over the critical

passage number of 5 (Kang et al., 2007) chondrocyte re‐differentiation

was possible, both in gelMA and in pellet culture. However, in the

clinical setting, the appropriate growth factor condition might not be

present, especially in inflammatory conditions such as OA. For such

conditions co‐embedding of growth factors or anti‐inflammatory

therapeutics, which has been previously achieved (Gnavi et al., 2014;

Moshaverinia et al., 2015; Yamamoto et al., 1999), might be a suc-

cessful strategy when using a gelMA hydrogel as a delivery system.

Another clinically relevant option for cartilage damage repair is

the use of autologous MSC alone or in co‐culture as they have a

chondrogenic potential and can be more easily obtained, for example,

from fat tissue. Likewise the amount of hAC needed for clinical in-

terventions may be reduced, also enabling 1‐step procedures,

thereby alleviating the need for a second surgery. This aspect, in

combination with an overall reduction in amount of cells (due to a

direct application to the site of interest and alleviation of cell‐loss of

non‐adhering cells when applied to the joint cavity in suspension),

could greatly improve the treatment of diseases such as OA.

Furthermore, as MSC are known to have immuno‐modulatory ef-

fects, they might counteract inflammation, and therefore positively

influence cartilage regeneration, in OA defects (van Buul et al., 2012).

Additionally some studies suggest a positive effect on differentiation

capacity in co‐cultures between hAC and MSC (Dahlin et al., 2014;

Hildner et al., 2009; Tsuchiya et al., 2004).

In OA non‐cell based treatments such as hyaluronic acid

(Bowman et al., 2018) or cell‐based therapies (Burdick et al., 2016)

are frequently applied by an intraarticular injection. This application

has resulted in varying degrees of success which is likely caused by

low amounts or transient availability of non‐cellular therapeutics

and/or cells reaching the region of defect, or being maintained there.

It has been shown that for cell based therapy in many cases less than

5% of initially applied cells are retained at the site of injection

(Burdick et al., 2016). The use of gelMA might alleviate these prob-

lems by keeping cells at the defect site, while protecting the cells and

smoothening the joint surface, while still being applicable endo-

scopically, thereby preventing further damage. In this study this was

tested using an osteochondral plug model (obtained from OA pa-

tients) and simulation of the strain during normal human gait using a

tribometer. The results show that the hydrogel was stable on the

underlying cartilage when mimicking the conditions within a healthy

joint (coefficient of friction of 0.005 – 0.023) (Charnley, 1960), the

cells were evenly distributed (mixture of hAC and ASC/TERT1) and

remained viable under the applied mechanical stress.

5 | CONCLUSIONS

In conclusion, gelMA is a promising hydrogel for cartilage regenera-

tion as it combines easy application of cells into defect areas and

protection against harmful influences, while allowing for efficient

(re‐)differentiation of hAC. Due to its characteristics, it is possible to

fill surface roughness or replace larger superficial tissue loss, for

example, in OA defects, thereby making it a promising tool for the

clinical treatment of OA.

5.1 | Limitations of the study

This study is limited by the high donor variability of primary human

chondrocytes, which on the other hand is also advantageous, as it

reflects the real clinical situation. The limited number of samples was

due to limited donor availability and long cultivation time necessary

to generate high passage chondrocytes (especially from older do-

nors). Additionally, due to the low reproducibility of the measure-

ments obtained with the available setup for mechanical testing,

samples were therefore mainly analyzed for cell viability and

intactness/attachment of the hydrogel.
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