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Abstract

Soft tissue integration of medical implants is important to prevent bacterial infection and implant
failure. A bioadhesive that forms firm binding between the implant and the surrounding tissue and
facilitates the wound-healing process will be a great tool to establish the desired tissue-implant
integration. In this project, we introduce a novel method that can be used to enhance integration
between any implant material and any tissue using an enzyme-crosslinked gelatin hydrogel
combined with polydopamine (PDA) coating. PDA coating was shown to enhance the binding
between the gelatin hydrogel and three model implant materials — aluminum, poly(methyl
methacrylate) (PMMA) and titanium. When combined with the gelatin hydrogel, pig cornea tissue
adhered more strongly to the PDA coated surfaces than to the uncoated surfaces. The enzyme-
crosslinked gelatin hydrogel was non-cytotoxic to human dermal fibroblasts and it also allowed
the cells to adhere and proliferate. Altogether, the results indicate that the combination of PDA
coating with gelatin hydrogel can be used to enhance the integration of various medical implants.
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1. INTRODUCTION

Medical implants have been the only viable option for the patients who underwent
irreversible loss of tissues or organs. One of the main causes of implant failure is poor
biointegration. Biointegration refers to a seamless interconnection between a medical
implant and recipient tissues, and is usually associated with strong adhesion at their
interfacel. Biointegration has been considered mostly for the implants in hard bone tissues
such as in orthopedic and dental implants, for which it is more popularly termed,
osseointegration2. However, biointegration with soft tissues is equally important and the lack
of it can result in many detrimental clinical consequences. For instance, when dental
implants do not integrate with the gum tissue (gingiva), it allows bacterial infection, which
can cause serious dental health issues including peri-implantitis3. Another example that
highlights the importance of soft tissue biointegration is found in artificial cornea. The
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current polymeric artificial corneas (keratoprosthesis, or KPro) do not integrate with the
surrounding cornea tissue, creating a portal for bacteria into the vitreous humor, which leads
to irreversible retinal blindness. Therefore, the patients who undergo KPro procedures have
to take life-long prophylactic antibiotics?.

Various surface chemistries have been explored to improve the tissue-material interface for
enhanced biointegration. Common surface chemistries that are found in the literature are
modifying the implant surface with extracellular matrix (ECM)-derived molecules such as
collagen and fibronectin 57, cell adhesive peptides®-10 or inorganic materials!1-13,
However, most surface chemistries developed thus far have had limited success in achieving
the desired tissue-implant integration 14-17. Moreover, most of these immobilization
methods are material-specific.

One alternative approach to improve biointegration is to apply a biodegradable adhesive at
the tissue-implant interface, which can initially bind the tissue with the implant and serve as
a temporary matrix to facilitate the wound-healing process at the tissue-material interface.
However, the requirement of biocompatibility and biodegradability significantly reduces the
choices of the bioadhesives and finding an adhesive that forms stable bonds both with tissues
and with implant surfaces is very challenging.

In this research, we propose a novel method to improve biointegration of medical implants
by gelatin hydrogel crosslinked with microbial transglutaminase (mTG), combined with

polydopamine (PDA) coating of the implant surface. This method is not material- or tissue-
specific, and can be applied to all types of medical implants and all types of human tissues.

We used gelatin hydrogels as an adhesive to attach a tissue to material surfaces. Gelatin is a
protein derived from collagen and has been widely used as a biocompatible and
biodegradable material to interface human tissues'8-20, When mixed with mTG, gelatin not
only crosslinks to form a hydrogel, but also can form covalent bonds with proteins of tissues
because mTG catalyzes amide bond formation between glutamine and lysine residues,
which gelatin and tissue proteins have in abundance?!. However, gelatin hydrogel alone does
not have good adhesion to the implant surfaces?2.

To enhance adhesion between the gelatin hydrogel and the implant surface, PDA surface
chemistry was employed. PDA forms a stable film virtually on all surfaces, including metals,
metal oxides and polymers, as dopamine polymerizes at high pH23. Once PDA coating is
formed, any amine- or thiol-containing molecules can be covalently immobilized on PDA-
coated surfaces through Michael-type addition?4. Therefore, when gelatin hydrogel is
applied on PDA-coated implant surface, the primary amines of gelatin will form covalent
bonds with PDA, establishing a firm adhesion between gelatin and implant surface. Since
PDA can form on virtually any material surfaces and covalently bind to gelatin, and mTG
can crosslink gelatin with the proteins from any tissues, this method in theory can be used to
attach any implant materials to any tissues (Figure 1).
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MATERIALS AND METHODS

Materials

Gelatin (Type 1, from bovine and porcine bones), dopamine hydrochloride, Trizma base
were purchased from Sigma-Aldrich (St. Louis, MO). Microbial transglutaminase (mTG)
was purchased from Ajinomoto (Fort Lee, NJ). Dulbecco’s Modified Eagle’s Medium
(DMEM), fetal bovine serum (FBS), penicillin/streptomycin and alamarBlue were
purchased from Invitrogen (Frederick, MD). Phosphate Buffer Saline (PBS) was purchased
from Fisher Scientific (Hampton, NH). Aluminum stubs (1/2°” slotted head, 1/8’” pin) were
obtained from Ted Pella (Redding, CA). Poly(methyl methacrylate) (PMMA) and Titanium
stubs (0.1cm thickness and 1.2cm in diameter) were purchased from JG Machine Company
Inc (Wilmington, MA).

2.2. Gelatin hydrogel formation and rheological characterization

Gelatin was dissolved in neutral phosphate buffered saline (PBS) at 40°C to make 20% w/v
solution. Microbial transglutaminase (mTG) at 20% w/v concentration was mixed with
gelatin at 1:1 ratio to make 10% gelatin and 10% mTG solution. To make 10% gelatin and
4% mTG, gelatin and mTG was mixed at 1:0.4 ratio and PBS was added to adjust the
concentration of gelatin to 10%. The crosslinking was done at 37°C in a humidified
chamber. The gelatin hydrogel was then characterized with a rheometer (TA Instruments AR
550). A plane geometry of 2cm in diameter was used. A stress sweep was first performed to
identify the linear viscoelasticity regime. For the time sweep, an oscillatory stress of 2 Pa at
10 rad/s was applied at 37°C.

2.3. Polydopamine coating and surface characterizations

Materials used in this project were aluminum, titanium and poly(methyl methacrylate)
(PMMA). The polydopamine (PDA) coating was formed through a polymerization reaction
of dopamine in 10 mM Tris buffer (pH 8.5) overnight under constant shaking. After PDA
coating, the materials were thoroughly washed with DI water and air-dried.

The surface chemistry was characterized by Kratos Axis Ultra spectrometer (Kratos
Analytical, Manchester, United Kingdom) equipped with a monochromatized Al Ka source.

2.4. Gelatin hydrogel-mediated adhesion test between the two identical material surfaces

A small volume of gelatin hydrogel (~30uL) was applied between the two surfaces. The
surfaces were either coated with PDA or left uncoated. Once the gelatin hydrogel was cured
at 37°C in a humidified chamber, the surfaces that were fixed at both ends were pulled in
opposite direction using a mechanical tester (Instron) at the rate of 10 mm/min. The forces
required to separate the surfaces were measured.

2.5. Tissue adhesion test

Fresh pig corneas were used to test the tissue-material adhesion. The pig corneas were
extracted from the freshly obtained pig eyeballs using surgical scissors and a razor blade.
The dissected pig cornea was placed on top of the material that was covered with gelatin and
mTG mixture (volume = 50 pL). Both unmodified and PDA-coated surfaces were tested.
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The assembly was cured at 37°C in a hydrated environment overnight. For the force
measurements, the free end of the cornea was fixed by tightening the grips of the mechanical
tester against the cornea. Force was measured as a function of displacement at the rate of 10
mm/min.

2.6. Cytotoxicity test

Human dermal fibroblasts (hDFs), representing the resident cells of soft tissues, were
cultured in a 24-well plate with Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The cells
of low passage number (< 5) were used for all studies. Once the cells reached 70%
confluence, sterile gelatin and mTG solutions were mixed in a transwell insert to form a
hydrogel (volume =200 pL, 2 hour incubation at 37°C), which were then inserted in the
wells of a 24-well plate in which hDFs were cultured. Timewise cell proliferation in the
presence of mTG-crosslinked gelatin hydrogel was measured by almarBlue at day 1, day 4
and day 7. The fluorescence at 600 nm (excitation at 560nm) was measured and compared
with the negative samples containing no cells. The proliferation was normalized to the group
that was not exposed to the hydrogels at each time point.

After fixing the cells in 4% formaldehyde in PBS for 15 minutes, TUNEL assay was
performed to visualize the occurrence of apoptotic cells, using Click-it® TUNEL assay from
Life Technologies (Carlsbad, CA). This assay utilizes the binding of dUTP to fragmented
DNA strands, followed by the addition of a azide-labeled fluorophore, allowing fluorescence
microscope-based detection of apoptotic cells.

2.7. Cell adhesion test

Gelatin hydrogels (400uL) were formed in the wells of a 24-well plate by mixing sterile
gelatin and mTG solutions. The gelatin hydrogels were cured for 2 hours under 37°C. hDFs
were then seeded on each well at 3.5x103 cells/cm?2. hDFs were allowed to grow for 7 days.
Cell images were taken to observe adhesion and proliferation on the hydrogel surfaces. The
cells were fixed in 4% formaldehyde in phosphate buffered saline (PBS) for 15 minutes, and
stained with rhodamine-phalloidin (to stain actin cytoskeleton) and DAPI (to stain cell
nuclei). Fluorescence microscope images were taken using EVOS FL Imaging System
(Thermofisher, Waltham, MA).

2.8. Statistics

The data are presented as means + standard deviation unless stated otherwise. The statistical
significance of two sample groups was assessed by student-t test. For the statistical
significance among multiple sample groups, ANOVA was performed followed by Tukey’s
post hoc test using Origin 8.1.

3. RESULTS and DISCUSSIONS

3.1

Rheological Characterization of Gelatin Hydrogel

The gelation kinetics and viscoelastic properties of mTG-crosslinked gelatin hydrogel were
characterized by rheometer. A time-sweep of the gelatin hydrogel (10% wi/v) formation was
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recorded using two different mTG concentrations (4% w/v mTG, and 10% w/v mTG). In
both cases, the elastic modulus (G”) was always higher than the viscous modulus (G’”)
within minutes after mTG was added to the gelatin solution (Figure 2). When 10% (w/v)
mTG was mixed with 10% gelatin, the gelation completed within 10 minutes, whereas it
took more than 30 minutes when 10% gelatin was crosslinked with 4% mTG. The viscous
moduli for both mTG concentrations were similar. Quick gelation time is desired during the
implantation surgeries. 10% mTG also resulted in more rigid hydrogels. Therefore, 10%
gelatin/10% mTG hydrogel was used in the later experiments.

3.2. Characterization of PDA surface chemistry

PDA coating was achieved by immersing the test materials in a dopamine-containing
alkaline buffer overnight. Aluminum (Al), poly(methyl methacrylate) (PMMA) and titanium
(Ti) were chosen as model implant materials to demonstrate the universality of this method.
The formation of uniform PDA coating on all surfaces was confirmed by two observations
using X-ray photoelectron spectroscopy (XPS). First is the disappearance of the
characteristic elemental peaks from XPS. From the survey and high-resolution spectra,
aluminum and titanium peaks disappeared after the PDA coating (Figure 3A, Figure S1-S3).
There were no characteristic elemental peaks for PMMA because dopamine and PDA all
contained C, O and H (and additional N). Instead, we monitored the disappearance of the
peaks at 288.5 eV in the high resolution spectra for C1s which exists only in PMMA. The
successful formation of PDA film on all three material surfaces was also confirmed by the
appearance of the identical C1s peaks (Figure 3B-D).

3.3. Enhanced Adhesion between Implant Surfaces by PDA coating and gelatin hydrogel

One of the main hypotheses of this research is that PDA coating will enhance adhesion
between gelatin hydrogel and the PDA-coated implant surface due to the covalent bond
formation between the primary amines of gelatin and quinones of PDA coating. In order to
test this hypothesis, we measured the adhesion strength between two material surfaces
attached through a gelatin hydrogel (Figure 4A). When the gelatin hydrogel was fully cured
with mTG between uncoated surfaces or PDA-coated surfaces, the tensile force to
completely separate the surfaces was measured using a mechanical tester. Gelatin hydrogel
had relatively weak adhesion strength to the uncoated material surfaces, with the rupture
tensile stress ranging from 18 to 48 kPa, because the interactions between hydrogel and the
surface were purely physical. However, when PDA coating was added to the surface, the
adhesion between the gelatin hydrogel and the implant surfaces significantly increased for
all three materials tested (Figure 4B). The increased adhesion is attributed to the covalent
bond formation between the quinones of PDA coating and the lysine and arginine residues
of gelatin hydrogel. The gelatin hydrogel was formed in a PBS at pH 7.4, which favors the
formation of quinones and covalent attachment of amines.

After the adhesion test, it was observed that the gelatin hydrogel remained only on one of
the two surfaces for uncoated materials (Figure 4C), whereas the hydrogel was found on
both sides for the PDA-coated materials (Figure 4D). The area that was covered by hydrogel
after the adhesion test quantitatively confirms this fact (Figure S4). These results indicate
that the weakest link of the adhesion was the hydrogel-material interface for the uncoated
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materials whereas it was the cohesion of the hydrogel for the PDA-coated materials, which
further supports our hypothesis that covalent bonds form between the PDA coating and the
gelatin hydrogel. The formation of covalent bond formation between PDA coating and
gelatin hydrogel is consistent with the previously published work2>. The trend was identical
for aluminum, PMMA and titanium, and there was no significant difference among the
PDA-coated groups (p > 0.05). It was due to the universal nature of PDA coating. As long as
the adhesion between hydrogel and surface is weaker than the cohesion within the hydrogel,
PDA coating will enhance the binding between hydrogel and the surface. PDA coating has
been utilized to covalently immobilize proteins, peptides and other biological
macromolecules26-28, However, to the best of our knowledge, this is the first report that
demonstrated the mechanical stability of the binding between PDA coating and hydrogels.

3.4. Tissue Adhesion Test

To test if mTG-crosslinked gelatin combined with PDA coating enhances adhesion between
an implant surface and a tissue, adhesion between porcine cornea tissues and the model
implant materials was measured. A freshly collected porcine cornea was placed on a test
material through the mixture of gelatin and mTG (Figure 5A). Three things happened at the
interface: (1) gelatin and cornea were crosslinked by mTG, (2) gelatin itself was crosslinked
by mTG and formed a hydrogel, and (3) gelatin hydrogel adhered to the material surface
either through physical binding (for uncoated materials) or a covalent bond (for PDA-coated
materials). Once gelatin was fully cured overnight, the cornea and the material were
mounted on a mechanical tester, and were pulled until the material and the tissue were
completely separated as the force was measured. Unlike the previous material-material
detachment, the tissue-material detachment process took place over a long displacement
because of the stretching of the tissues during the measurement. As the tissue was pulled
from the material surface, the force increased until the rupture began to take place (Figure
5B). The tensile adhesive strength was calculated by dividing the maximum tensile force by
the contact area between the tissue and the material. Just as in the previous material-material
adhesion test, addition of PDA coating significantly enhanced the adhesion between the
tissue and the material surface for all three materials (Figure 5C), with the tensile strength
ranging between 40 — 58 kPa. Although there were differences in the measured stresses
among the PDA-coated groups, likely due to the slight sample-to-sample variations of the
cornea tissue structures, there was no statistical significance of the differences (p > 0.05).
Consistently, the weakest link during the measurement was the hydrogel-material interface
for the uncoated surfaces and the cohesion of the hydrogel for the PDA-coated surfaces.

Although only cornea tissues were tested in this research, the same approach can be applied
to any tissues such as skin and bone tissues, because all tissues contain proteins and can be

crosslinked with gelatin through mTG as long as the tissue proteins contain either lysine or
glutamine?®.

In this study, the mechanical tests were performed one day after the material and tissue were
assembled in a non-sterile environment. The viability of the tissue cells was not
characterized. Therefore, long-term effects of the initial adhesion on the eventual
biointegration should be tested in a more controlled environment. However, short-term
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studies have been widely used to test tissue adhesives??, and it is well known that the initial
fixation between the implant and the surrounding tissue is a major determinant of the long-
term biointegration39, Once the initial adhesion is established, the host cells can migrate
through the hydrogel and deposit the native ECM at the implant-tissue interface further
enhancing long-term biointegration. In case of implant-tissue detachment, the adhesion can
be easily restored by the addition of gelatin and mTG, because the detachment will most
likely be within the gelatin hydrogel itself.

3.5. Cytotoxicity and cell adhesion

Both gelatin and mTG are natural biodegradable materials and have been used in many
applications for tissue engineering 31-33, We tested the cytotoxicity of gelatin and mTG
mixture at two different mTG concentrations (4 and 10%) using human dermal fibroblasts
(hDFs). hDFs were cultured in 24 well plates, and the gelatin was crosslinked by mTG in
transwell inserts (Figure 6A). The cells were exposed to the crosslinked hydrogels through
the transwell inserts and the cellular proliferation was measured by the alamarBlue assay on
days 1, 4 and 7 (Figure 6B). Regardless of the concentration of mTG (4% and 10%) as
crosslinking agent for gelatin hydrogels, the proliferation of hDFs was unaffected
throughout the duration of the study, indicating that the mTG-crosslinked gelatin hydrogels
or the unreacted mTG was not cytotoxic.

After the proliferation assay was completed, the TUNEL assay was performed to visualize
the presence of apoptotic cells (Figure 7). None of the groups that were tested (no hydrogel,
10% gelatin/4% mTG, 10% gelatin/10% mTG) showed any indication of apoptosis. Since
the gelation is completed within the first hour, this seven-day study results indicate that
gelatin crosslinking by mTG will have minimal toxicity to the host when implanted.

Another component of the system is PDA coating. PDA coating has been found to make
various material surfaces more biocompatible34. For example, PDA-coating has been found
to enhance cell adhesion and proliferation for human corneal epithelial cells and human
corneal fibroblasts on PMMA surfaces®®.

For the method described in this article to be clinically relevant, the gelatin hydrogel should
not only be non-cytotoxic but also facilitate cell adhesion and proliferation for the optimal
tissue-material integration. hDFs were seeded directly on mTG-crosslinked gelatin
hydrogels (Figure 8A). After 7 days of culture, hDFs were fixed and stained with
rhodamine-phallodin and DAPI, which stains actin cytoskeleton and cell nuclei, respectively.
The fluorescent images showed that the cells cultured on gelatin hydrogels adhered and
proliferated as well as on the tissue culture polystyrene (TCPS) surface (Figure 8B, C),
which is the first step of biointegration. Since gelatin hydrogel is biodegradable, the host
cells such as fibroblasts can migrate through the action of various gelatinases (e.g. MMP-2,
MMP-9)36 and secrete the native ECM, accomplishing biointegration.

In the current method, adhesion between the hydrogel and the implant surface mainly
depends on the strength of the hydrogel. We utilized unmodified gelatin due to its low price
and the ease of chemistry. Alternative methods can be easily applied to further enhance the
mechanical property of the hydrogel. For example, silk hydrogels, which are known to have
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much higher tensile strength, can be used instead of, or in combination with gelatin
hydrogels37:38. Utilizing an interpenetrating network (IPN) with a different hydrogel is
another option3°,

Another important factor is the stability of the PDA coating. In a short-term, we showed here
that PDA coating is mechanically stable and withstands high external forces. The long-term
stability of PDA coating is well-documented in the literature?®-42, although it remains to be
seen if PDA coating can withstand the same level of external forces in vivo.

4. CONCLUSION

The biointegration of medical implants is important to prevent bacterial infection and
implant failure. This project proposes a method of combining an mTG-crosslinked gelatin
hydrogel and PDA coating to increase the adhesion between any type of implants and any
type of tissues. PDA coating can form on virtually all materials, and mTG-crosslinked
gelatin can form covalent bonds with both PDA and any tissues. When applied to aluminum,
titanium, and PMMA, three widely used materials as medical implants, PDA coating
combined with gelatin hydrogel significantly increased the adhesion between the implant
surface and pig cornea tissues. The mTG-crosslinked gelatin hydrogels were not cytotoxic to
hDFs and enabled their adhesion and proliferation. This novel method can be applied to the
interface of various medical implants and human tissues for enhanced biointegration.
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Figure 1. Schematic illustration of the use of gelatin adhesive and PDA-coating to enhance

biointegration of medical implant.

mTG ‘glues’ gelatin-tissue interface by transamidation between glutamine and lysine
residues. The quinone groups from the PDA coating forms covalent bonds with the amine

groups of gelatin through Michael-type addition.
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Figure 2.

(A) G’ (storage modulus) and (B) G’ (loss modulus) as a function of time for mTG-
crosslinked gelatin hydrogels. Red and blue markers represent the mixture of 10%
gelatin/10% mTG and 10% gelatin/4% mTG, respectively.
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Figure 3. Confirmation of PDA coating by XPS.
(A) Substrate characteristic XPS signals before and after PDA coating. Al 2p (73 eV), Cls

(CO-0 bond, 288.5 eV) and Ti2p (455 eV) signals were used for comparisons. (B)-(D) C 1s
peaks of PDA-coated surfaces. (B) Aluminum, (C) PMMA, (D) titanium.
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Figure 4. The adhesion strength between two surfaces glued by gelatin hydrogel (10% w/v
gelatin and 10% w/v mTG).

(A) The gelatin hydrogel was applied between two material surfaces and the force that
separated the surface completely was measured. (B) PDA coating enhanced the adhesion
between the two surfaces. * p < 0.05, ** p < 0.01 (n = 4). When separated, the gelatin
hydrogel was found only on one side of the surface when the surfaces were not coated with
PDA (C) but for PDA-coated surfaces, the gelatin adhesive was found on both sides (D).
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Figure 5. The adhesion strength between a material surface and a corneatissue glued by a
gelatin hydrogel.
(A) The hydrogel was applied between a material and a porcine cornea, and the force was

measured as the two were separated. (B) A representative force-extension curve for PDA-
coated (red) and noncoated surface (blue). (C) PDA coating enhanced the adhesion between
the tissue and the material. * p < 0.05, **p<0.01, (n = 4).
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Figure®6.

(A) hDFs were cultured while gelatin was crosslinked by mTG. (B) alamarblue proliferation
assay. Gelation of gelatin by mTG did not affect hDF proliferation. The data were
normalized to the proliferation of hDFs with no exposure to gelatin hydrogels (n = 4).
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Figure7.
Apoptosis assay. The hDFs cultured in 24 well plates were exposed to no hydrogels, 10%

gelatin/4% mTG hydrogels and 10% gelatin/10% mTG hydrogels through the transwell
inserts over 7 days. Cell nuclei were stained blue with DAPI, apoptotic cells were stained
green with TUNEL assay and actin cytoskeleton was stained red with rhodamine-labeled
phalloidin. The positive control was generated by treating the no-hydrogel samples with
DNase I. The composite images were generated by merging all three channels (blue, green,
red) using imageJ.
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Figure 8.
(A) hDFs were cultured directly on the surface of the gelatin hydrogel or on the tissue

culture polystyrene (TCPS). (B) hDFs adhered and proliferated on the gelatin hydrogel (B)
as well as on TCPS (C). Blue = cell nuclei, red = actin cytoskeleton. Scale bar = 400 um.
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