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Abstract
The immune response after implantation of a biomaterial may shorten the functional life of the implant, depending on the
degree of the response. In this study, we used a polyacrylamide-alginate (PAAm-Alg) hydrogel, which has been previously
characterized as a biocompatible material and shown to enhance regeneration of cartilage in vivo, along with a graphite-
enhanced hydrogel (PAAm-Alg-G) as a non-biocompatible counterpart, to evaluate macrophage attachment and polarization
to pro- or anti-inflammatory phenotypes. The performance of each biomaterial in the presence of fibroblasts and chondrocytes
was validated by an in vitro model which demonstrated modulation of the foreign-body response. A blend of 5% gelatin
methacryloyl and 0.1% methacrylated hyaluronic acid was optimized to mimic the extracellular matrix (ECM) and support
cell viability, proliferation, migration, and functionality at an initial concentration of 3.25 × 105 cells/mL. The PAAm-Alg-G
hydrogel localized in the simulated ECM showed cytotoxic and genotoxic effects for both fibroblasts and chondrocytes,
while exhibiting a proliferative effect on macrophages with elevated immune response. The M1/M2 ratio was 0.73 for
PAAm-Alg hydrogel but 2.64 for PAAm-Alg-G, leading to significant M1 dominance (p < 0.0001), as expected, on day
13. Moreover, loading PAAm-Alg hydrogel with transforming growth factor beta-3 (TGF-β3) resulted in a slightly more
balanced M1/M2 ratio of 0.87 (p > 0.05). The interleukin-6 (IL-6) concentration secreted in the presence of PAAm-Alg
hydrogel (4.58 pg/mL) significantly decreased (p < 0.0001) on day 13, while the increase (p < 0.0001) in interleukin-10 (IL-
10) concentration (120.73 pg/mL) confirmed the switch from a pro-inflammatory to an anti-inflammatory response. Predicting
immune responses by developing a simplistic yet powerful three-dimensional in vitro model provides advantages in preparing
for clinical use of biomaterials.
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Introduction

The utilization of biomaterials to improve the physiological
function of diseased or damaged tissues through replace-
ment or regeneration is imperative in many fields such as
tissue engineering, drug delivery, and medical implantation
[1]. Implantable biomaterials vary functionally based on the
specific application and care is taken in designing materi-
als that meet the desired requirements, due to the complex
nature of the human body [2]. In addition, biocompatibility
is of the utmost importance when ensuring that no negative
reactions are triggered in the body when a biomaterial is
implanted [3]. Polymeric hydrogels are among the most pre-
ferred implantable biomaterials in many applications such
as heart valves, vascular grafts, hip/knee joints, menisci, and
tendons/ligaments [4]. Hydrogels, which can absorb large
amounts of water and biological fluids, mimic natural liv-
ing tissues more than many other biomaterials due to their
high water content, porosity, soft structure, and stability
[5]. Despite the significant progress in understanding and
using hydrogels, problems can still be encountered with the
immune system during and after implantation [6]. The inter-
action of the biomaterial with the host environment begins
soon after implantation and is generally recognized as for-
eign by the immune system [7]; immunological responses
are triggered and the periphery of the biomaterial is cov-
ered with serum proteins, mucosal secretions, microbiota,
and extracellular fluids [8]. With this coating, the biomate-
rial surface becomes susceptible to microbial and cellular
adhesions, and macrophages, fibroblasts, and foreign-body
giant cells attempt to phagocytize the biomaterial to iso-
late it from the host tissue [9]. Activation of the defense
mechanism may cause excessive responses that may in turn,
undesirably damage the host tissues. Macrophages can be
phenotypically polarized by the microenvironmental stimuli
surrounding them. Depending on the duration and severity
of the immune response developed by macrophages against
the post-implantation biomaterial, it can either cause tis-
sue repair and regeneration or tissue damage and fibrosis.
The first step of the immune response is characterized by
recruitment of pro-inflammatory macrophages to the tis-
sue–biomaterial interface [10]. Notably, recent studies have
shown that macrophages, which have significant plasticity
and distinct functional groups, may be induced dynami-
cally into the classically activated pro-inflammatory (M1)
or alternatively activated anti-inflammatory (M2) pheno-
types due to their profiles (i.e., phagocytosis and cytokine
release) [11]. For instance, M1 macrophages, with their
highly phagocytic nature and ability to produce surface
markers (i.e., C–C chemokine receptor type 7 and cluster
of differentiation 80 (CD80)) as well as pro-inflammatory
cytokines (interleukin (IL)-1β, IL-6, and tumor necrosis
factor (TNF)-α), maintain early innate damage responses

[12]. In contrast, M2 macrophages, which have a repara-
tive function in late-stage resolution of inflammation and
repairment, secrete anti-inflammatory cytokines (i.e., IL-
1RA, IL-10, transforming growth factor (TGF)-β1) along
with surface markers (i.e., CD163 and CD206) [13]. Over-
all, both M1- and M2-type macrophages play a role in
regulating inflammation in response to implantable bio-
materials [14]. Polarization to the M1 or M2 phenotype
is a key mechanism in the tissue-healing process and is
important for the selection of biomaterials. Therefore, pre-
determination and control of immune responses against
biomaterials is of paramount importance in biomaterial
design [15].

However, the lack of suitable methods for conducting
a comprehensive risk assessment of implantable bioma-
terials results in failures in clinical application. Recently,
pre-implantation of diagnostic technologies has been studied
with the aim of selecting the most suitable biomaterials for
potential implantable devices. The findings should lead to a
significant improvement in risk assessment and reduce post-
implantation complications [16]. Researchers have focused
on developing methods to monitor, measure, and control the
immune response activated by macrophages subsequent to
implantation. For instance, an in vitro assay characterizing
the dynamic inflammatory response of human monocyte-
derivedmacrophages to biomaterialswas developed and cou-
pledwith quasi-mechanistic analysis in silico [17]. Themajor
emphasis has been on determination of the host’s immune
response to the implanted biomaterial prior to implantation
and development ofmethods to understand how this response
can be utilized to design and fabricate successful implantable
biomaterials [18]. Various in vivo and in vitro models have
been developed to investigate the immune response to bioma-
terials [19, 20]. In vitromodels, which have beenwidely used
for determination of immune response, were created by seed-
ing immune cells on the surface of biomaterials [21–23]; this
limited recapitulation of host-biomaterial interactions [24].
Alternatively, three-dimensional (3D) models have been
adopted that better mimicked in vivo conditions with respect
to fundamental biological properties of cells such as via-
bility, morphology, proliferation, differentiation, response to
stimuli, gene expression, and cell–cell and cell–extracellular
matrix communication [25]. As the immune response against
biomaterials in the tissues occurs in a spatiotemporal man-
ner, working with an effective in vitro 3D model can provide
physiologically relevant results. In this study, we developed
an in vitro 3D model to determine the immune response to
implantable hydrogel-based biomaterials that can be used in
cartilage-damage repair. The model was designed to assess
specific biologicalmechanismsof host responsewith particu-
lar emphasis on cytotoxicity, genotoxicity, cell proliferation,
cytokine release, and macrophage polarization.We also used
two hydrogels to validate our in vitromodel; one of themwas
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a biocompatible polyacrylamide-alginate hydrogel (PAAm-
Alg), whereas a graphite-enhanced version (PAAm-Alg-G)
was deliberately included to introduce a non-biocompatible
hydrogel to the model.

Experimental methods

Materials

We purchased gelatin from porcine skin (G2500-500G),
methacrylic anhydride (276,685), 2-hydroxy-4’-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure2959)
(410,896-10G), Dulbecco’s modified Eagle’s medium–high
glucose (D6546), DMEM-F12 (D6421), RPMI-1640
(R8758), dialysis tubing cellulose membrane (D965),
lipopolysaccharide (LPS) from Escherichia coli O111:B4
(L2630-10MG), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) (M5655-5X1G), Hoechst
33,258 (B2883), and 4,6-diamidino-2-phenylindole (DAPI)
(D9542) from Sigma-Aldrich (Dorset, UK). We purchased
anti-CD80 antibody [16-10A1](ab106162), anti-mannose
receptor antibody [15–2](ab8918), Alexa Fluor 488
conjugated-goat anti-armenian hamster IgG H&L antibody
(ab173003), Alexa Fluor 594 conjugated-goat anti-mouse
IgG H&L antibody (ab150116), and hyaluronic acid sodium
salt (HA) (ab143634) from Abcam (Massachusetts, USA.
A LEGEND MAX™ mouse IL-6 ELISA kit (431,307)
and LEGEND MAX™ mouse IL-10 ELISA kit (431,417)
were purchased from Biolegend (California, USA). Red
CellTracker™ CMTPX (C34552) and green CellTracker™
CMFDA (C7025) were purchased from Thermo Fisher
Scientific (Massachusetts, USA). TGF-β3 (Human Cell-
Exp™ TGF-β3) was purchased from Biovision (California,
USA), PBS (phosphate buffer saline) Ca2+-/Mg2+-free
(L1825) was purchased from Merck (Darmstadt, Germany);
collagenase (17,018–029) from Gibco (Newyork, USA); an
OxiSelect™ Comet Assay Kit (3-Well Slides) (STA-351)
from Cell Biolabs (Massachusetts, USA); and a Live/Dead®
kit (L3224) from Invitrogen (Massachusetts, USA).

Synthesis of gelatin methacryloyl (GelMA)
andmethacrylated hyaluronic acid (MeHA)

GelMA and MeHA were synthesized as the first step in
developing the in vitro 3D model. For GelMA synthesis,
we dissolved 10 g of type A gelatin from porcine skin in
100-mL PBS at 50 °C; 8 mL of methacrylic anhydride was
added dropwise and stirred for 3 h at 50 °C. TheGelMA solu-
tion was diluted with 100 mL of PBS preheated to 50 °C to
stop the reaction and dialyzed using 12–14 kDa cutoff dial-
ysis membranes (MWCO 12–14.000) to remove the toxic
unreacted molecules at 40 °C for at least 5 days in distilled

water. Then, the purified solution was diluted with 200mL of
ultrapure water, and the pHwas adjusted to 7.4 using sodium
bicarbonate (NaHCO3). The solutionwasfiltered using a vac-
uum filtration cup with 0.22-μm pores (Millipore), frozen at
–80 °C, and lyophilized. For MeHA synthesis, 100 mg of
hyaluronic acid sodium salt was dissolved in 30 mL of ultra-
purewater at room temperature (RT) overnight and 750μLof
methacrylic anhydridewas addeddropwise. The reactionwas
carried out at 4 °C overnight by maintaining the pH between
8 and 9. After a fourfold dilution with ultrapure water, the
MeHA solution was dialyzed using 12–14 kDa cutoff dial-
ysis membranes at 4 °C for at 3 days in distilled water. The
pH was adjusted to 7.4 and lyophilized. Both solutions were
stored in the dark at 4 °C.

Characterization of GelMA andMeHA

We scanned the attenuated total reflection Fourier-transform
infrared spectroscopy (ATR FTIR) spectra of gelatin,
lyophilized GelMA, HA, and lyophilized MeHA with the
PerkinElmer Spectrum 100 instrument at wavelengths of
600–4000 cm−1. ATR-FTIR was used to qualitatively evalu-
ate the degree of methacryloyl substitution of the gelatin and
hyaluronic acid.

Synthesis of hydrogels and biocompatibility

PAAm-Alg hydrogel containing 14% total polymer was
prepared as described in our previous publication [26],
while PAAm-Alg-G hydrogel was prepared with the addi-
tion of 1.5% graphite. Both were sterilized with ultraviolet
(UV) light for 2 h. For TGF-β3-loaded PAAm-Alg hydro-
gel (PAAm-AlgTGF-β3) preparation, we added TGF-β3 to the
PAAm-Alg pre-solution simultaneously with the crosslink-
ing agents, resulting in a final concentration of 15 ng of
TGF-β3 per 0.55 g of hydrogel. In order to evaluate the bio-
compatibility of hydrogels, we performed MTT and agar
diffusion tests to assess cytotoxicity. We used the Comet
assay, also known as single-cell gel electrophoresis, to pro-
vide data on genotoxicity.

Cytotoxicity

In accordance with “ISO 10993–12: Sample preparation and
referencematerials” standards [27],we transferred the hydro-
gels into sterile 50-mL falcon tubes at the recommended ratio
of hydrogel surface area/medium volume (3 cm2/mL) and
incubated them inDMEMF12mediumcontaining 0.1%gen-
tamicin and 1% sodium bicarbonate at 37 °C with 5% CO2

for 72 h to produce conditioned hydrogel extracts. Based
on ISO 10993–5: Tests for in vitrocytotoxicity standards
(ISO 10993–5:2012), we performed an MTT assay to eval-
uate the effects of PAAm-Alg and PAAm-Alg-G hydrogel
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extracts on the cell viability of chondrogenic cells derived
from mouse teratocarcinoma cells (ATDC5), mouse con-
nective tissue fibroblasts (L929), and mouse macrophages
(Raw264.7) (ATCC, Virginia, USA). Cells were seeded in
96-well plates (1× 104 cells/well) and incubated overnight at
37 °C and 5% CO2. Subsequently, the medium was removed
and hydrogel extract diluted in the fresh medium at ratios of
1, 1/2, 1/4, 1/8, or 1/16 was added at to each well (100 μL).
Cells treated with only growth medium and cells treated with
dimethyl sulfoxide (DMSO) were considered to be the pos-
itive and negative controls, respectively. After 24, 48, and
72 h of incubation, supernatants were removed, 10% MTT
solution (diluted in medium from 5mg/mL of stock solution,
M5655, Sigma-Aldrich) was added to each well (100 μL),
and thewells were incubated for 3 h at 37 °C. Then,MTTwas
removed and DMSO was added to each well. We measured
the absorbance with a microplate reader at 570 nm (BioTek,
Korea) and calculated cell viability (%)withGraphPad Prism
8.3.0.

An agar diffusion test was also performed as an indi-
rect contact test, in accordance with ISO 10993–5: Tests
for in vitrocytotoxicity standards. For this test, ATDC5 and
L929 cells were seeded in 6-well plates (3 × 105 cells/well).
When 80%–90% occupancy was achieved, the medium was
removed and replaced with agar medium (3 mL/well). The
agar medium was prepared by mixing autoclaved sterile 1%
low-melting-point agar and DMEM F12 medium containing
5% FBS and %1 NaHCO3 at a ratio of 50:50 at 35–37 °C.
Once the agar medium solidified, we placed sterile hydrogels
in the middle of the agar surface and incubated them for 72 h
at 37 °C. After incubation, the hydrogel and agar were care-
fully removed and Live/Dead® staining was performed. A
solution of 2-μM calcein acetoxymethyl ester (Calcein AM)
and 4-μM ethidium homodimer-1 (EthD-1) prepared in PBS
was applied directly to the cells at 1 mL/well and incubated
for 45 min at room temperature in the dark. Excess dye was
then washed off with PBS and the cells were visualized with
fluorescence microscopy (Zeiss, Axio Vert.A1, Germany).

Genotoxicity

We performed an alkaline comet assay to evaluate the
potential DNA damage induced by the PAAm-Alg and
PAAm-Alg-G hydrogels, with the OxiSelect™Comet Assay
Kit (STA-351, Cell Biolabs). Briefly, ATDC5, L929, and
Raw264.7 cells were seeded onto 24-well plates at a density
of 3 × 105 cells/well and incubated overnight. Cells were
treated with a 1/1 concentration of hydrogel extract/growth
medium as positive control and H2O2/Mitomycin C (MitC)
as negative control. After 72 h of incubation, live cells
were removed from the culture plate by trypsinization and
centrifuged 2 times in PBS. The low-gelling-temperature
agarose (1% w/v) and the cell suspension (105 cells/mL)

were mixed at a ratio of 10:1 at 37 °C, then 80 μL of the
mixture was spread well over each OxiSelect™ Comet slide.
The slides were kept on a metal tray on ice at 4 °C for
15 min to allow agarose gelation. After that, the slides (in the
slide carrier apparatus) were incubated in 250 mL of alkaline
lysis buffer solution (pH:10) for 2 h at 4 °C and in alkaline
solution for 30 min at 4 °C. Then, the cell-agarose-laden
slides were placed in a COMPAC-50 electrophoresis tank
filled with fresh alkaline electrophoresis solution, and elec-
trophoresis was carried out in constant mode, programmed at
21V and 700mA for 30min. After electrophoresis, the slides
were neutralized in distilled water 3 times each for 2 min at
4 °C, and washed in 70% EtOH solution for 5 min. About
100μL ofVista Green fluorescent dye (prepared in TE buffer
solution at a rate of 1/10,000) was added to each well of the
dried slides and incubated for 20 min at RT. Finally, we visu-
alized cell nuclei under a fluorescence microscope (Zeiss,
Axio Vert.A1, Germany) with a 40 × objective magnifica-
tion and performed comet analysis in the ImageJ program
with 20 cells per sample. The percentages of DNA in the
comet tail and the olive tail moment (OTM) were used as a
measure of the amount of DNA damage, and were analyzed
in GraphPad Prism 8.3.0.

Fabrication and optimization of in vitro 3Dmodel
with GelMA-MeHA

To assess the immune response induced by hydrogels, we
developed an in vitro 3D model with GelMA-MeHA reca-
pitulating the ECM. First, hydrogel PAAm-Alg or PAAm-
Alg-G was placed into 48-well plates. ATDC5, L929, and
Raw264.7 cells were trypsinized and counted, and these
three cell types were resuspended together in sterile GelMA-
MeHA prepolymer solution at concentrations of 1.5 × 105,
1.5 × 105, and 0.25 × 105 cells/mL, respectively. Subse-
quently, 700 μL of the solution-cell mixture was transferred
to the well to completely cover the hydrogels previously
placed and photopolymerized using UV light (Omnicure
S2000, Lumen Dynamics, Canada) at 800 mW, 8 cm, and
30 s to form the in vitro 3D GelMA-MeHA model, in
which three types of cell-loaded GelMA-MeHA matrices
were placed around the PAAm-Alg or PAAm-Alg-G hydro-
gels. The cells were homogeneously suspended around the
hydrogels in the matrix. With regard to the experimental set,
LPS-free medium or 1 μg/mL of LPS-containing medium
was added to the photocrosslinked3DGelMA-MeHAmodel.
Then, the 3D model was incubated at 37 °C and 5% CO2

for up to 13 days and the original cell culture medium
was replaced every other day. The viability, migration, and
immune response of the cells were assessed at predetermined
time points (days 1, 4, 7, 10, and 13).

To optimize the 3Dmodel, we evaluated different GelMA
concentrations (5%, 10%, 15% w/v) and different total cell
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concentrations (1.625 × 105 cells/mL, 3.25 × 105 cells/mL,
6.5 × 105 cells/mL), as well as inclusion of HA (0.1% w/v)
in GelMA (5% w/v) with Live/Dead® analysis.

Immune response induced by hydrogels

Assessment of cell viability

The PAAm-Alg and PAAm-Alg-G hydrogels were loaded
into the matrix and the effects on cell viability were assessed
at predetermined time points using a LIVE/DEAD™ viabil-
ity/cytotoxicity assay kit in the 3D GelMA-MeHA in vitro
model. After removing the medium, we washed each well
with PBS (1X) 3 times and stained itwithCalceinAM(2μM)
and EthD-1 (4μM) for 90 min at 37 °C. Excess dye was then
washed 3 times with PBS and cells were observed with flu-
orescence microscopy (Zeiss, Axio Vert.A1).

Tracking of cell proliferation

To evaluate time-lapse cell proliferation around hydrogels
in the 3D GelMA-MeHA in vitro model, we stained L929,
Raw 264.7, and ATDC5 cells with three differently colored
fluorescent dyes, respectively: Red CellTracker™ CMTPX
(15 μM), Green CellTracker™ CMFDA (25 μM), and
Hoechst 33,258 (15μM). Stainingwas carried out for 45min
at 37 °C with 5% CO2. We then added the cells to the
GelMA-MeHA solution. The labeled cells were imaged with
fluorescence microscopy (Zeiss, Axio Vert.A1) at predeter-
mined time points. Cell counts were then analyzed with the
ImageJ program.

Analyses of cytokines

For pro-inflammatory and anti-inflammatory cytokine anal-
yses, we collected the supernatants from the 3D cultures at
predetermined time points. We quantified the IL-6 and IL-10
concentrations in the supernatants using mouse IL-6 and IL-
10 ELISA kits, according to the manufacturer’s instructions.
Data were analyzed with GraphPad Prism 8.3.0.

Assessment of macrophage polarization

ToassessM1andM2macrophage phenotypes,weperformed
immunocytochemical analyses at predetermined time points.
Cells were harvested individually from the 3D model using
collagenase solution (100 U/mL) prepared by dissolving col-
lagenase in PBS (1X) for 1 h at 37 °C, seeding it in a
48-well plate, and incubating it overnight. Next, the cells
were fixed with paraformaldehyde (4% w/v) for 30 min at
4 °C and permeabilized with Triton X-100 (0.1% v/v) for
15 min at RT. For blocking, the cells were incubated in
bovine serum albumin (BSA) (1% w/v) solution in PBS

(1X) at RT for 1 h and incubated overnight at 4 °C with
anti-CD80 (Armenian hamster monoclonal antibody, 1:80
dilution) and anti-mannose receptor CD206 (mouse mon-
oclonal antibody, 1:100 dilution) primary antibodies (M1
and M2 markers) in Tris-buffered saline containing Triton
X-100 (0.025% v/v) and BSA (3% w/v). On the following
day, the cells were washed with PBS (1X) and incubated
with Alexa Fluor 488 conjugated-goat anti-Armenian ham-
ster (1:200 dilution) and Alexa Fluor 594 conjugated-goat
anti-mouse (1:200 dilution) secondary antibodies (for CD80
and CD206, respectively) for 1 h at RT. Subsequently, we
stained the nuclei for 15 min using DAPI (1.5 μg/μL) and
imaged the cells usingmicroscopy (Zeiss,AxioVert.A1,Ger-
many). We used ImageJ to quantify CD80 and CD206 and
then calculated the M1/M2 expression ratios.

Statistical analyses

Comet assay data were statistically analyzed with one-way
analysis of variance (ANOVA), followed by Dunnett’s mul-
tiple comparison test; the ELISA results were analyzed with
two-wayANOVA, followed by Tukey’s multiple comparison
test in GraphPad Prism 8.3.0 program, considering p < 0.05
as statistically significant with a ± 95% confidence inter-
val. Data are presented as the means ± standard errors for
the comet assay (n = 20), while data are presented as the
means ± standard deviations for analyses of cytokines
(n = 2). To indicate degree of significance, ns: p > 0.05,
*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001
were used.

Results and discussion

Synthesis and characterization of GelMA andMeHA

GelMA and MeHA were synthesized, to mimic the natu-
ral ECM and support the viability and functionality of cells.
The reaction of gelatin and hyaluronic acid with methacrylic
anhydride was confirmed with FTIR. GelMA is a semi-
synthetic polymer formed by the addition of methacryloyl
groups to the amine-containing side groups of gelatin [28].
The amide bands of GelMA show different vibrational states
of the peptide bond. The FTIR result of GelMAwith peaks at
1243, 1540, 1645, 3063, and 3295 cm–1 is shown in Fig. S1a
(Supplementary Information). Compared to pure gelatin, the
overall FTIR spectrum of GelMA exhibited a shift toward
higher wavelengths as a feature of methacryloyl reactions.
The amino group of gelatin was converted to the amide group
in GelMA. The FTIR results obtained are consistent with
the literature and show that GelMA was successfully syn-
thesized [29]. HA containing primary hydroxyl groups was
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reacted with methacrylic anhydride to add methacrylate pen-
dant groups. The FTIR spectra of MeHA and HA are shown
in Fig. S1b. The family of vibrational bands extending from
1450 to 1700 cm–1 results from the overlap of the amide
peaks with the carboxylate stretch bands of HA. A weak
band appeared due to carbon–hydrogen (C-H) stretching
around 2922 cm–1. A broad infrared signal observed around
3000–3600 cm–1 was defined as a stretching peak due to
the oxygen-hydrogen (O–H) and nitrogen–hydrogen (N–H)
groups involved in hydrogen bonding. C–O–C stretchingwas
confirmed by the peaks found at 667 and 1028 cm–1. MeHA
showed new peaks attributable to the C = O groups added at
1731 cm–1 and the C = C groups added at 1643 cm–1. Other
characteristic FTIR peaks of HA in the formation of MeHA
were preserved after the reaction. FTIR results showed that
the sodium salt of hyaluronic acid reacted with methacrylic
anhydride [30, 31].

Preparation of hydrogels and biocompatibility
assays

Our idea was to investigate the interaction between the
host environment and both a biocompatible and a non-
biocompatible material in order to determine the accuracy
and consistency of the 3D co-culture model. PAAm-Alg
hydrogel was used as a biocompatible material, and was syn-
thesized and fully characterized in our previous study [26].
Meanwhile, to achieve non-biocompatiblity, we added 1.5%
graphite to PAAm-Alg, thus creating PAAm-Alg-G hydro-
gel. We performed MTT, agar diffusion, and comet assays
to assess cytotoxicity and genotoxicity. For the MTT assay,
different dilution ratios (1, 1/2, 1/4, 1/8, 1/16 v/v) of hydrogel
extracts were prepared with the growth medium to determine
cytotoxicity on L929, ATDC5, and Raw264.7 cells at 72 h.
The extraction medium needed to be diluted to protect cells
against osmotic shock caused by substances released into the
culturemedium and provide in vivo-like conditions, in which
these substances could be tolerated by the body’s circulatory
system [32]. In our previous study, we showed with MTT
and agar diffusion assays at 72 h that PAAm-Alg hydro-
gels exerted no cytotoxic effect on L929 or ATDC5 cells
[19]. Nevertheless, in this study, the presence of graphite in
the PAAm-Alg-G hydrogels resulted in a cytotoxic effect for
bothL929 (1 and1/2 ratios of extract) andATDC5 (1, 1/2, and
1/4 ratios of extract) cells (< 70% cell viability), while lead-
ing to proliferation of Raw264.7 cells (≥ 100% cell viability
for 1/4, 1/8, and 1/16 ratios of extract) at 72 h (Fig. S2a). Liu
et al. reported that implanted graphite films could not inte-
grate with new bone tissue even after four weeks because cell
viability and adhesion were not supported; these processes
normally benefit from cell proliferation and osteogenic dif-
ferentiation [33]. Furthermore, Live/Dead® images of an
agar diffusion test qualitatively supported the cytotoxicity

of PAAm-Alg-G hydrogels against L929 and ATDC5 cells,
compared to a positive control group at 72 h (Fig. S2b).
The agar layer was used as a barrier and the potential indi-
rect toxic effects of substances leached from hydrogels were
determined [34].

In addition, we evaluated the genotoxicity of PAAm-
Alg and PAAm-Alg-G hydrogels on L929, ATDC5, and
Raw264.7 cells by comet assay (also known as single-cell
gel electrophoresis assay) at 72 h (Fig. 1). Comet assay is
a rapid, efficient, and highly sensitive fluorescence micro-
scopic method used for the detection of potential DNA
damage at the cellular level [35]. In the comet structure,
the intact DNA is termed the “head” and the damaged DNA
trace is termed the “tail.” DNA damage is determined by
measuring the displacement between the head and the result-
ing tail. The ratio of the amount of DNA in the tail to the
head region is proportional to the initial DNA damage, and
damaged DNA migrates more than intact DNA, producing
a “comet tail” shape. The “olive tail moment” and “DNA in
the comet tail (%)” are the two most common parameters
for analyzing comet test results. The olive tail moment is
an appropriate index of induced DNA damage, taking into
consideration both the migration of genetic material and the
relative amount of DNA in the tail [36]. When the comet
images were examined, we did not observe tail formation
in the positive control group, which is treated only with the
growth medium. As expected, we saw long tail formations in
the negative control groups (MitC and H2O2 treatment) with
prominent genotoxic effects in L929, ATDC5, andRaw264.7
cells. Also, the PAAm-Alg-G hydrogel, which had shown
to exert cytotoxic effect on cells, caused more damage to
the DNA and a comet tail shape was observed as a result
of increased migration of damaged DNA, compared to the
PAAm-Alg hydrogel (Fig. 1a).

We then analyzed the comet images with ImageJ, and cal-
culated the olive tail moment and DNA percentage in the
comet tails of 20 cell nuclei from each experimental group in
GraphPad, which enabled us to perform statistical analyses
(Fig. 1b). In the results forDNAin comet tails, thePAAm-Alg
hydrogel group showed statistically non-significant differ-
ences (p > 0.05) for all cell lines, whereas the PAAm-Alg-G-
and H2O2/MitC-treated negative control groups showed sig-
nificant differences (p < 0.0001 for L929 and ATDC5 cells,
p < 0.01 for Raw264.7 cells) compared to the non-treated
positive control group. In the olive-tail-moment analysis, we
detected a genotoxic effect only for PAAm-Alg-G hydro-
gel. The outcomes supported the cytotoxicity results and
showed that DNA damage was closely related to graphite
content. In summary, the results of all biocompatibility assays
revealed the non-toxicity of PAAm-Alg hydrogel and toxic-
ity of PAAm-Alg-G hydrogel.

123



Bio-Design and Manufacturing (2022) 5:465–480 471

Fig. 1 Comet assay of PAAm-Alg and PAAm-Alg-G hydrogel extracts on L929, ATDC5, and Raw264.7 cells at 72 h (growth medium is pc-positive
control and H2O2/MitC is negative control). a Florescence images and bDNA in the comet tail (%) and olive tail moment results. One-wayANOVA,
Dunnett’s multiple comparison test ns: p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

Fabrication and optimization of in vitro 3Dmodel
with GelMA-MeHA

We used GelMA-MeHA, which provides a good level of
ECM mimicry, to create a 3D in vitro model that was phys-
iologically similar to cartilage tissue [37]. We also used
chondrocytes in the articular cartilage alongside fibroblasts
and macrophage cells in the surrounding synovial tissue
(these are known to mediate the immune response) in order
to create an immunologically similar cellular microenvi-
ronment. Innate immune cells are commonly used to pro-
mote post-implantation healing by activating macrophages
to generate regenerative cues in the immune response,
for example, through macrophage polarization from an
inflammatory (M1) phenotype to a reparative/regenerative
(M2) phenotype [38]. Fibroblasts are innate immune cells
that sense pathogens and harmful molecules in the envi-
ronment by expressing innate immune receptors such as
toll-like receptors, responding by secreting cytokines and
chemokines [39]. Chondrocytes, like fibroblasts, partici-
pate in the immune response by presenting antigens to
macrophages and dendritic cells, indirectly affecting the

polarization of macrophages [40]. In order to assess the
immune response against biomaterials, it is important that
the selected cell lines be able to proliferate, migrate, and per-
form their functions, supported by high cell viability in a 3D
model that mimics the tissue where the biomaterial will be
implanted. We found that cells at a concentration of 1.3 ×
106 cells/mL in 5%, 10%, and 15% GelMAmaintained high
cell viability (Fig. S3a). Live/Dead® analyses demonstrated
that the developed 3D model created favorable adhesion and
a suitable 3D environment for the cells. As the GelMA con-
centration was increased, cell imaging became unclear, and
therefore instead of 10% or 15% GelMA concentrations, we
chose a 5% GelMA concentration at which cells could be
clearly imaged and monitored. The initial cell concentration
was also optimized to allow monitoring of cell prolifera-
tion for 13 days. Accordingly, we selected a concentration
of 3.25 × 105 cells/mL for development of our 3D model
(Fig. S3b). As a next step, we incorporated HA into GelMA
hydrogel via UV photopolymerization to increase the speci-
ficity ofGelMAand generate a tissue-specific 3Dbiomimetic
model, recapitulating in vivo conditions due to the abun-
dance of HA in the articular cartilage and synovial fluid and
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contributing to cell proliferation, migration, andmorphogen-
esis [41]. To enrich HA concentration in the 3D model, we
added 0.1% (w/v) MeHA, taking into account the preferred
HA injection doses for treatment of osteoarthritis [42, 43].
Live/Dead® results showed that the addition of 0.1%MeHA
to 5% (w/v) GelMA further promoted cell viability, prolifer-
ation, and attachment (Fig. S3c). The GelMA-MeHA in vitro
3D co-culturemodel provided a conducive adhesion and pro-
liferation environment for cells.

Immune responses induced by various hydrogels

We then evaluated the immune responses to biocompat-
ible (PAAm-Alg) and non-biocompatible (PAAm-Alg-G)
hydrogels to be implanted in an inflammatory or healthy envi-
ronment in the body, using our 3D in vitro GelMA-MeHA
model (Fig. 2a).

Assessment of cell viability and proliferation

Cell viability and proliferation were assessed in the absence
and presence of LPS, the membrane component of gram-
negative bacteria, which creates a pro-inflammatory envi-
ronment by polarizing macrophages to the M1 phenotype
[44]. Using Live/Dead® analyses, we investigated the cyto-
toxic effects of PAAm-Alg and PAAm-Alg-G hydrogels on
L929,ATDC5, andRaw264.7 cells in the 3Dculturemodel in
terms of cell viability. In the presence of PAAm-Alg hydrogel
and the absence of LPS, the cells exhibited morphologically
adherent, large and elongated cell bodies, and easily adapted
to the microenvironment by cell–cell interactions and cell
proliferation [45] (Fig. 2b). From day 1, the number of dead
cells was considerably lower than the number of live cells
and the number of viable cells increased continuously over
a period of 13 days. At the same time, the cells exhibited
homogeneous distribution. In the presence of PAAm-Alg-G
hydrogel, cell proliferation was less, more dead cells were
observed, and as expected the cells did not show morpho-
logical spread (Fig. 2c), due to cytotoxicity and genotoxicity
[42].

Cell morphology and proliferation were negatively
affected for both hydrogels upon LPS stimulation, yield-
ing morphologically rounded cell bodies with short cell
extensions. Less cell proliferation in a pro-inflammatory
environment compared to LPS– can be attributed to the fact
that LPS stresses the cells by its endotoxic nature as the cul-
ture time is prolonged [46]. Overall, the results showed that
PAAm-Alg hydrogel exerted no cytotoxic effect, whereas the
addition of 1.5% graphite altered cell viability and morphol-
ogy in the 3D culture model. We also evaluated proliferation
of L929, ATDC5, and Raw264.7 cells located in GelMA-
MeHA around PAAm-Alg and PAAm-Alg-G hydrogels in
the 3D model in both the absence and presence of LPS.

Chondrocytes proliferated 2.7-fold less in the presence of
PAAm-Alg-G hydrogel than in the presence of PAAm-Alg.
(Figs. 3 and S4). Zakrzewska et al. reported that graphite
reduced cell viability, proliferation, and adhesion, also argu-
ing that the observed cytotoxic effect of graphite might be
due to the presence of highly reactive overhanging carbon
bonds on its surface [47].

Interestingly, it has been shown that this effect is cell-
type-dependent, and the possible mechanism of toxicity is
oxidative stress [48], which causes harmful effects at the
cellular level such as cell membrane peroxidation, protein
denaturation, and DNA strand breakage [49]. In line with
this, chondrocytes, which are shown to undergo the most
DNA damage and have the lowest cell viability in the pres-
ence of PAAm-Alg-G based on the biocompatibility results
of the current study, exhibited less cell proliferation. Fibrob-
lasts (red), macrophages (green), and chondrocytes (blue)
were observed to proliferate from day to day in the presence
of PAAm-Alg hydrogels, with a homogeneous proliferation
pattern (Fig. 3a), whereas cell proliferation of macrophages
toward PAAm-Alg-G hydrogels was 1.5-fold higher than
toward PAAm-Alg hydrogels (Fig. 3b). Co-proliferation of
fibroblasts and macrophages might indicate the phenomenon
that prevents integration of the biomaterial after implan-
tation due to delayed tissue healing and fibrous capsule
formation [50]. Because of the pro-inflammatory environ-
ment induced by LPS, proliferation of macrophages against
PAAm-Alg hydrogel was increased by continuous stimula-
tion. The macrophages proliferate and migrate toward the
biomaterial under pro-inflammatory conditions by increasing
their phagocytic abilities, which enables the removal of cell
debris andnon-biocompatible biomaterials [51]. Indeed, con-
tinuous proliferation of macrophages in LPS+ as opposed to
LPS– validated the mimicry of the pro-inflammatory envi-
ronment. In both the presence and absence of LPS in the
PAAm-Alg-G group, the cells were mostly clustered around
the hydrogel, with higher proliferation of macrophages. In
particular, responses in LPS– were similar to responses to
the PAAm-Alg hydrogel in LPS + , suggesting a prolonged
pro-inflammatory environment created by implantation of
a non-biocompatible material such as graphite-enhanced
PAAm-Alg [52].

Analysis of cytokines and assessment of macrophage
polarization

Since prolonged M1 polarization causes tissue and bio-
material damage due to degradation, and excessive M2
polarization leads to fibrous capsule formation, the use of
biomaterials that modulate macrophage polarization toward
a more balanced M1/M2 or slightly M2-weighted pheno-
type is recommended [53]. As expected, in qualitative and
quantitative analyses of macrophages (Figs. 4 and S4), the
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Fig. 2 Evaluation of the effect of hydrogels in the 3D model of cell viability. a Schematics depicting PAAm-Alg and PAAm-Alg-G hydrogel-based
3DGelMA-MeHAmodels. Images of Live and Dead analyses of the 3Dmodel containing b PAAm-Alg and c PAAm-Alg-G hydrogels. Fluorescent
green represents live cells and fluorescent red represents dead cells

M1 profile was predominant (indicated by the M1 surface
marker CD80 in green), due to the presence of a contin-
uous pro-inflammatory environment at all times in LPS +
in which stained cells surrounded the PAAm-Alg hydro-
gel (the M1/M2 ratio was significantly dominant on days
7, 10, and 13, p < 0.0001). In LPS–, the immune response
to trigger wound healing started with the predominance of
the M1 profile against the PAAm-Alg hydrogel from day
1 to day 4, whereas the M2 profile (indicated by the M2
surface marker CD206 in red) became significantly more
dominant (p < 0.0001) on day 7, and then, the M1 and M2
profiles came to a slightly (p < 0.01) M2-weighted balance
on day 13 with an M1/M2 ratio of 0.73. Incorporation of
cytokines and growth factors such as IL-4, IL-10, and TGF-
β3 to hydrogels is reported to adjust immune cell functions

[54]. In the current study, TGF-β3, known to promote polar-
ization of inflammatory M1 macrophages to reparative M2
macrophages [46], was added to the PAAm-Alg hydrogel.
TGF-β3-loaded PAAm-Alg hydrogel (PAAm-AlgTGF-β3) led
to enhanced activation of the immune response, resulting in
numerically higher M1 to M2 polarization (Fig. 4a). M2
proliferation was observed to increase with the presence
of PAAm-AlgTGF-β3 hydrogels in comparison with PAAm-
Alg, resulting in a more balanced M1/M2 ratio closer to
1 at the end of day 10 with an M1/M2 ratio of 0.86
(significant, p < 0.05) and day 13 with a ratio of 0.87 (non-
significant,p>0.05) (Fig. 4b). The results showeda transition
from inflammation to the healing phase, which may be
associated with successful repair of damaged tissue and con-
structive tissue remodeling. Not only the chemical, but also
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Fig. 3 Evaluation of cell proliferation within the 3Dmodel around a PAAm-Al and b PAAm-Alg-G hydrogels after CellTracker fluorescent staining.
L929 cells are shown in red, Raw264.7 cells in green, and ATDC5 cells in blue

the physical properties of hydrogels, such as stiffness, sur-
face morphology, hydrophobicity, and degradation rate are
reported to affect immune response [55]. PAAm-Alg hydro-
gel has a compressionmodulus of 38.81± 2.1 kPa. Sridharan
et al. reported that hydrogels of different stiffnesses with low
compressive moduli in the range of 11 and 88 kPa, yield
a reduced pro-inflammatory response as opposed to a com-
pressive modulus of 323 kPa [56].

Another interesting factor is that a higher anti-
inflammatory response is reported to occur when the surface
of polymer-based materials is hydrophobic [57]. Indeed,
PAAm-Alg hydrogel is hydrophobic, and the hydropho-
bicity is increased by loading TGF-β3 [26]. On the other
hand, the addition of graphite to PAAm-Alg hydrogel caused
consistent M1 polarization; the M1/M2 ratio was always
greater than 1.4 and significantly dominant on days 7, 10,
and 13, p < 0.0001. This is similar to the case of LPS + ,
where theM1/M2 ratio was significantly dominant on days 4
(p < 0.0001), 7 (p < 0.0001), 10 (p < 0.0001), and 13
(p < 0.05). Consistent with our results, Cerqueira et al.
showed that non-biocompatible biomaterials increased M1
polarization, while M2 polarization did not changed much
[58]. In addition, in various non-healing conditions such as
chronic wounds, insufficiently activated pro-inflammatory
M1macrophages have not been observed to be polarized to a
reparative M2 phenotype, and thus the likely key mechanism
in the tissue healing process is the M1 to M2 phenotypic
transition [59]. Long-term polarization of M1 in which
polarization to M2 fails indicates the presence of chronic

inflammation, which in turn damages the native host tissue
and prevents constructive tissue regeneration [60].

We quantitatively determined the release of pro-
inflammatory cytokine IL-6 and anti-inflammatory cytokine
IL-10 in the 3D model. The inflammatory response was pro-
moted by secretion of IL-6 pro-inflammatory cytokines from
the cells from day 1 (11.67 pg/mL) to day 7 (18.12 pg/mL)
against PAAm-Alg hydrogels in LPS– (Fig. 5a), and we
initiated the cascade required for the healing phase [61].
The pro-inflammatory phase is known to begin immediately
after the wound is formed and usually lasts one week [62].
After this period, macrophages polarize from a destructive
inflammatory M1 phenotype to a constitutive regenerative
M2 phenotype [38]. As M1 macrophages are polarized to
M2 macrophages with the release of profibrotic factors, the
IL-6 level decreases and the IL-10 level increases [63], a
phenomenon which was also observed in the 3Dmodel when
the responses to PAAm-Alg and PAAm-AlgTGF-β3 hydrogels
were assessed. Incorporation of TGF-β3 resulted in more
cytokine expressions in the microenvironment due to both
macrophage and chondrocyte proliferation; the cytokine con-
centrations around PAAm-AlgTGF-β3 hydrogels were much
higher compared to those around hydrogels under both
healthy conditions (15-fold more on day 13) and inflamma-
tory conditions (threefold more on day 13). TGF-β isoforms
are pleiotropic cytokines found in the bone-cartilage matrix
and are involved in a variety of biological functions including
cell proliferation, migration, and differentiation; and fibro-
sis, tissue homeostasis, and immune response, with both
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Fig. 4 Evaluation of macrophage polarization. a Macrophage polarization over 13 days against hydrogels within the 3D model. Nuclei of
ATDC5, L929, and Raw264.7 cells are shown in blue, the M1 surface marker CD80 is green, and the M2 surface marker CD206 is red.
b M1/M2 ratio induced by hydrogels over 13 days. Two-way ANOVA, Tukey multiple comparison test (n = 2 independent experiments).
Error bars represent standard deviations (ns: p > 0.05, *: p < 0.05, **: p < 0.01, ****: p < 0.0001)
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Fig. 5 ELISA results; concentrations of a IL-6 and b IL-10 cytokines in the supernatant of the 3D model containing PAAm-Alg, PAAm-AlgTGF-β3,
and PAAm-Alg-G hydrogels. Two-way ANOVA, Tukey multiple comparison test (n = 2 independent experiments). Error bars represent standard
deviations (ns: p > 0.05, ****: p < 0.0001)

pro-inflammatory and anti-inflammatory effects, depending
upon specific immune contexts such as cytokine concen-
tration, treatment time, tissue microenvironment, cellular
target, and cytokine synergy [64]. While TGF-β1 and TGF-
β2 are associated with fibrotic (scar-forming) healing in
adult mammal wounds, TGF-β3 is associated with early
regenerative (scar-free) healing in fetal mammal wounds.
It induces less COL1A1 and myofibroblast-specific marker
ACTA2 transcription, and greater MMP1 [65–67]. Besides
its high anti-inflammatory effect, TGF-β3 mediates pro-
inflammatory phase in the first stage of the early healing
process by releasing high concentrations of inflammatory
cytokines such as IL-6. This occurs as a result of the pro-
liferation of immune cells, similar to highly homolog (86%)
TGF-β1 [66, 67]. From this point on, treatment time and
concentration are the determinants for the pro-inflammatory
effects of TGF-β3. In a previous study, when the cytokine
profile induced in cervical epithelial cells by TGF-β3 was
examined with Luminex microbead and ELISA analysis,
researchers noted an up-to-13-fold increase in IL-6 con-
centration (pg/105 cells, after incubation for 12 h, with
supernatants collected at 24 h) with increasing TGF-β3 con-
centrations (0.5, 5, 50 ng/mL), compared to the untreated
control; they also found other TGF-β isoforms [68]. The high
IL-6 level of the pro-inflammatory response in the first days
of the early scar-free healing process induced by TGF-β3
should not be perceived negatively, as this can be associated
with chondrocyte proliferation and differentiation in 3D cul-
ture, as well as with immune response [69]. We found that

in the inflammatory response to PAAm-AlgTGF-β3 hydro-
gel, the maximum IL-6 level (168.89 pg/mL) was reached
within the first 24 h (p < 0.0001). During the following
13 days, IL-6 levels (168.89, 136.25, 121.97, 92.24, and
64.34 pg/mL) decreased, whereas IL-10 levels (88.37, 82.10,
110.77, 147.58 and 176.52 pg/mL) increased (p < 0.0001).

As for the PAAm-Alg hydrogel, a significant decrease
(p < 0.0001) in IL-6 concentration (from 18.12 pg/mL to
4.58 pg/mL) was observed from day 7 to day 13. These data
suggested that the transition to the anti-inflammatory phase
was achieved, and the healing process started, at the end of
day 7. In our previous study, new surface tissue (69.99%
and 72.45%) and new cartilage tissue (77.77% and 81.48%)
were formed by an in vivo cartilage defect model after
implantation of PAAm-Alg and PAAm-AlgTGF-β3 hydro-
gels, respectively [26]. The increased IL-10 concentration at
the implantation site of the biomaterial reduces the expres-
sion of pro-inflammatory cytokines and inhibits proliferation
of macrophages, thus suppressing the immune response
induced by the biomaterial [70]. Indeed, a significant increase
(p < 0.0001) in IL-10 was noted at day 13, which was
even enhanced from 120.73 pg/mL in PAAm-Alg hydro-
gel to 176.52 pg/mL in PAAm-AlgTGF-β3 (Fig. 5b). On the
other hand, IL-6 concentration increased for 13 days in
LPS + for both hydrogel types, while IL-10 concentration
decreased (p < 0.0001). In addition to macrophages, pro-
inflammatory conditions stimulate the secretion ofmore IL-6
from chondrocytes in articular cartilage, promoting greater
cellular crosstalkwith fibroblasts and leading to higher secre-

123



Bio-Design and Manufacturing (2022) 5:465–480 477

tion of IL-6 into the synovial fluid [71]. IL-6 was also
secreted continuously against PAAm-Alg-G hydrogel for
13 days in LPS–. This was consistent with the results of
macrophage analysis, which showed dominant M1 polariza-
tion, whereas secretion of IL-10 was 3.5-fold lower than in
PAAm-Alg hydrogel. Pro-inflammatory cytokine IL-6 secre-
tion against PAAm-Alg-G hydrogel was expected to increase
over 13days,while the anti-inflammatory cytokine IL-10was
expected to decrease. However, the concentration of IL-10
secreted against PAAm-Alg-G hydrogel was higher in LPS
+ than in LPS– or PAAm-Alg LPS + . Uncomplicated M1
macrophages produce the pro-inflammatory cytokines IL-6,
TNF-α, and IL-1β, while M2 macrophages are divided into
four subtypes, M2a, M2b, M2c, and M2d, and also secrete a
wider variety of cytokines [72]. TheM2d phenotype involved
in tumor growth and angiogenesis is not relevant to this study.
M2a macrophages, often defined as alternatively activated
wound-healing macrophages, secrete important factors for
tissue repair, andM2c macrophages (also known as acquired
deactivation macrophages) contribute to tissue repair and
exhibit potent anti-inflammatory activity [73]. Interestingly,
M2b regulatory macrophages are predominantly involved in
prolonged or chronic inflammation scenarios [74]. Unlike
M2a and M2c macrophages, M2b macrophages, which do
not produce an ECM, have the capacity to secrete both pro-
inflammatory cytokines such as IL-6, TNF-α, and IL-1β, and
anti-inflammatory cytokines such as IL-10. The mannose-
receptor CD206 is expressed on M2a and M2c macrophage
surfaces, but not onM2bmacrophages [75]. In addition,M2b
is induced by LPS, unlike the M2a and M2c subtypes of M2
macrophages [76]. Clearly, M2b is biochemically and func-
tionally different fromM2a–M2cmacrophages. The increase
in both IL-6 and IL-10 concentrations in LPS + and LPS–
against PAAm-Alg-G hydrogel suggested the presence of
M2b macrophages. In addition, higher concentrations of IL-
6 and IL-10 were obtained in LPS + compared to LPS–,
which is consistent with the knowledge that M2b was stim-
ulated by LPS. Despite high secretion of IL-10, the absence
of the CD206 marker indicated the presence of M2b regula-
torymacrophages, but not ofM2a andM2cmacrophages that
would promote wound healing. Novak et al. found that dur-
ing the process of tissue repair, the amount of IL-6 decreased,
whereas the amount of CD206 increased [77]. Likewise,
in the time-dependent immune response results of the cur-
rent study, we observed a decrease in IL-6 and an increase
in CD206 for PAAm-Alg and PAAm-AlgTGF-β3 hydrogels.
Overall, the developed 3D model was suitable for predict-
ing immune responses to various biomaterials. Unlike the
non-biocompatible PAAm-Alg-G hydrogel, both PAAm-Alg
and PAAm-AlgTGF-β3 hydrogels promoted healing; thus, the
utilization of these hydrogels in future clinical studies may
reveal promising results.

Conclusions

In this study, GelMA-MeHA provided a favorable envi-
ronment for culturing chondrocytes, fibroblasts, and
macrophages to mimic cellular heterogeneity and allow
assessment of immune responses to implantable hydrogels
in our 3D in vitro model. The results showed that TGF-β3
loading polarized the immune response against PAAm-Alg
hydrogel to a more balanced M1/M2 ratio. The addition of
graphite (which has been shown to be toxic to cells) to the
hydrogel polarized the macrophages to a predominantly M1
profile and provided a pro-inflammatory environment that
compromised tissue healing, as did the use of LPS. By test-
ing both biocompatible and non-biocompatible hydrogels,
wewere able to validate our 3D in vitromodel, andwebelieve
it may serve as an alternative to animal experiments by reca-
pitulating in vivo inflammatory states and permitting immune
responses to biomaterials to be readily tested in preclinical
studies.
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