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ABSTRACT: Prevention of postsurgery infection and promotion
of biointegration are the key factors to achieve long-term success in
orthopedic implants. Localized delivery of antibiotics and bioactive
molecules by the implant surface serves as a promising approach
toward these goals. However, previously reported methods for
surface functionalization of the titanium alloy implants to load
bioactive ingredients suﬀer from time-consuming complex
processes and lack of long-term stability. Here, we present the
design and characterization of an adhesive, osteoconductive, and
antimicrobial hydrogel coating for Ti implants. To form this multifunctional hydrogel, a photo-cross-linkable gelatin-based
hydrogel was modiﬁed with catechol motifs to enhance adhesion to Ti surfaces and thus promote coating stability. To induce
antimicrobial and osteoconductive properties, a short cationic antimicrobial peptide (AMP) and synthetic silicate nanoparticles
(SNs) were introduced into the hydrogel formulation. The controlled release of AMP loaded in the hydrogel demonstrated
excellent antimicrobial activity to prevent bioﬁlm formation. Moreover, the addition of SNs to the hydrogel formulation
enhanced osteogenesis when cultured with human mesenchymal stem cells, suggesting the potential to promote new bone
formation in the surrounding tissues. Considering the unique features of our implant hydrogel coating, including high adhesion,
antimicrobial capability, and the ability to induce osteogenesis, it is believed that our design provides a useful alternative method
for bone implant surface modiﬁcation and functionalization.
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1. INTRODUCTION
Orthopedic implants based on Ti or Ti alloys have been
extensively used in clinics due to their superior mechanical
characteristics and biocompatibility.1−3 However, the long-term
usage of implants is often compromised due to persistent
postsurgical infections, which are challenging to treat and could
eventually lead to replacement of the prostheses.4,5 Controlled
localized delivery of certain antibiotics loaded in the coating
layer of the implants has been proposed as a promising strategy
to prevent implant-associated infections and failure. Several
diﬀerent methods have been reported to introduce antibiotics
on the surface of the implants. For example, silver nanoparticles
© 2017 American Chemical Society

have been loaded on implant surfaces to provide antimicrobial
activities.6,7 Moreover, a short cationic antimicrobial peptide
(AMP) known as HHC-36 has also been investigated as an
antimicrobial component for Ti implant surface modiﬁcation,
due to its wide-spectrum antimicrobial activity against common
Gram-positive and Gram-negative bacteria with enhanced
eﬃcacy compared to traditional antibiotics.8−11 However,
these reported methods are generally time-consuming and
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onto the implant surfaces.30 Antimicrobial drugs and other
bioactive ingredients can be physically loaded into this hydrogel
to achieve controlled delivery after surgery. We proposed to use
gelatin methacryloyl (GelMA), which has been popularized in
the ﬁeld of tissue engineering and regenerative medicine,16,32−34 as a regenerative hydrogel material. Further
functionalization of GelMA hydrogels with catechol motifs
can enhance the binding aﬃnity with Ti surfaces. To introduce
antimicrobial activity, we selected the AMP to be loaded into
the hydrogel with controlled release capability.8−11 Moreover,
we added osteoconductive silicate nanoparticles (SNs),
commercially available as Laponite nanosilicates, into the
hydrogel formulation to promote bone healing. These synthetic
Laponite SNs are anionic nanoplates with a diameter around 30
nm and a thickness of 1 nm. Upon degradation, the released
nontoxic byproducts, such as magnesium ions, lithium ions, and
orthosilicic acid, have been identiﬁed with various bioactivities.35−37 Therefore, it has been reported that this type of SNs
can promote osteogenic diﬀerentiation of human mesenchymal
stem cells (hMSCs), even in the absence of growth factors.35−37
By applying this multifunctional hydrogel coating on bone
implants, it is expected that the resulting coated implants could
show enhanced adhesion due to the strong binding interactions
between catechol motifs and Ti surfaces, and present potent
antimicrobial activity due to the incorporation of AMP. This
coating layer should exhibit enhanced cell adhesion due to the
existence of RGD motifs in the gelatin backbone, and improved
osteogenesis because of the presence of SNs. Compared to
conventional growth factors [e.g., bone morphogenetic protein
2 (BMP-2)], SNs have much higher biostability and lower
cost.37 AMP HHC-36 has presented potent antimicrobial
activity with low resistance, along with no side eﬀect of
inhibited bone formation; these make HHC-36 very attractive
for implants where osteointegration is critical.8,10,11 In this
study, we expect that the combination of SNs, HHC-36, and
catechol-modiﬁed GelMA will lead to the easy production of a
multifunctional implant surface with unique antimicrobial,
osteogenic, and adhesive properties. In vitro physical characterization and adhesion tests were performed to validate the
strong binding between the hydrogel coating and the Ti
implant surface. In addition, the antimicrobial activity and
cytotoxicity of the coating hydrogel, as well as the induction of
hMSCs toward osteogenic diﬀerentiation, were tested in vitro.

require complex multistep procedures to achieve surface
modiﬁcation and drug loading.6,9,10,12,13
Another important requirement for successful long-term
bone implant is the proper osteointegration between the
implant and the surrounding tissues.14 Although it has been
demonstrated that cells can adhere and spread on Ti substrates
with a TiO2 layer, Ti metals are generally considered bioinert.
As a result, introduction of bioactive molecules on Ti surfaces
has been explored to enhance cell functions, to direct new
tissue formation, and to promote biointegration.15,16 Previously,
many diﬀerent bioactive ingredients have been used for the
surface modiﬁcation of Ti implants to promote tissue
integration and healing. For example, the introduction of ArgGly-Asp (RGD) short peptide could enhance adhesion and
function of osteoblasts.17 Besides, the immobilization of
inorganic nanoparticles,15 growth factors,15,18 and microRNAloaded nanocapsules19 has been shown to enhance bone
regeneration.
For clinical applications, it would be ideal to achieve the
surface modiﬁcation of Ti implants by simple procedures, for
example, spraying a drug-loaded solution onto the implant
immediately before the surgery, which can form a coating layer
strongly binding to the implant in situ with enhanced coating
stability. It is also preferred to be able to simultaneously load
multiple bioactive components with diﬀerent physical characteristics (such as peptides and inorganic nanoparticles) on Ti
surfaces within a single modiﬁcation step. This will allow
feasible introduction of diﬀerent functions (e.g., antimicrobial
activities, motifs for cell adhesion, growth factors to direct cell
diﬀerentiation) and subsequent optimization of potential
synergetic positive eﬀects from each component. Up to now,
it is still quite challenging to achieve these goals.
Chemically cross-linked hydrogels could serve as the matrix
for the surface modiﬁcation, given their insolubility to resist
washing away by body ﬂuids. In particular, photo-cross-linkable
hydrogels provide the option to ﬁrst spray the prepolymer
solution onto the implants, followed by in situ photo-crosslinking to cure the coating layer.12,20,21 However, to achieve
long-term stability, hydrogels should possess strong adhesion to
Ti surfaces, especially under wet environments. Inspired by the
unusual ability of mussels to adhere to essentially any surfaces
under water, extensive studies in the past few decades suggest
that the presence of catechol motifs contributes to improved
adhesion.22,23 Since then, mussel-inspired biomaterials have
been extensively studied for various applications, including
developing a general coating strategy,24 designing strong
adhesives under wet conditions,25,26 and fabricating hybrid
composite nanoparticles,27 among many others.28−30 In
particular, mussel-inspired hydrogels have been demonstrated
to possess unique properties, such as being highly adhesive, selfhealing, pollutant absorbing, and antifouling.30 Especially, in the
case of surface modiﬁcation of inorganic Ti implants, the
unique strong and reversible coordination bonds between Ti
atoms and the catechol motifs could further enhance the
binding strength.23 Recently, catechol-containing synthetic
polymers have been demonstrated to form adhesive coating
layers on metal substrates following simple spin-coating
techniques,31 which can be used as load-bearing glues at the
metal−plastic interfaces.
To combine the desirable features, such as easy application,
antimicrobial activity, and regenerative capability, we propose
to develop a mussel-inspired, adhesive, and biocompatible
hydrogel coating that can be cross-linked in situ after spraying

2. MATERIALS AND METHODS
2.1. Materials. Type-A gelatin from porcine skin (300 bloom),
methacrylic anhydride (94%), 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959, 98%), bovine serum
albumin (BSA, 98%), dimethyl sulfoxide (DMSO, 99%), succinic
anhydride (99%), triethylamine (99%), 2-(N-morpholino)ethanesulfonic acid hemisodium salt (MES, 98%), ammonium
hydroxide (28%−30%), acetic acid (99.7%), N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride (EDC, 98%), N-hydroxysuccinimide (NHS, 98%), dopamine hydrochloride (98%), hydrochloric acid (36.5%), Triton X-100 (BioXtra), deuterium oxide (D2O,
99.9% in D), sodium hydroxide (NaOH, 98%), β-glycerol phosphate
(99%), L-ascorbic acid (99%), Alizarin Red S (certiﬁed by the
Biological Stain Commission), and dexamethasone (97%) were
purchased from Sigma-Aldrich (St. Louis, MO). Type II collagenase
was purchased from Worthington Biochemical Cor. (Lakewood, NJ).
Paraformaldehyde (16% aqueous solution) was obtained from EMS
(Hatﬁeld, PA). AMP HHC-36 was purchased from CPC Scientiﬁc
(Sunnyvale, CA).
Fetal bovine serum (FBS), Live/Dead Viability/Cytotoxicity Kit,
PrestoBlue Cell Viability Reagent, Alexa Fluor 594−phalloidin, 4′,611429
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diamidino-2-phenylindole (DAPI), α minimum essential medium (αMEM), phosphate-buﬀered saline (PBS), 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES buﬀer, 25 mM, pH 7.4),
trypsin−ethylenediaminetetraacetic acid (trypsin−EDTA), L-glutamine, and antibiotics (penicillin/streptomycin) were purchased from
Thermo Fisher Scientiﬁc (Waltham, MA). hMSCs (PT-2501) and
Poietics MSCGM BulletKit were purchased from Lonza (Basel,
Switzerland). Pseudomonas aeruginosa (P. aeruginosa, ATCC
H1001:luxCDABE), Escherichia coli (E. coli, ATCC 252922), Staphylococcus aureus (S. aureus, ATCC 25923), Staphylococcus epidermidis
(S. epidermidis, ATCC 12228) bacteria, Basal Medium 2 (BM2), and
Mueller Hinton Broth (MHB) were obtained from ATCC (Manassas,
VA).
2.2. Synthesis of GelMA-COOH. GelMA with a high degree of
functionalization (∼90%) was prepared according to the previously
reported procedure.34,38 Puriﬁed GelMA (2.0 g) was then fully
dissolved in 40 mL of PBS at 50 °C with magnetic stirring, followed by
the addition of triethylamine (1.0 mL) and a solution of succinic
anhydride (1.0 g) dissolved in 20 mL of dimethyl sulfoxide (DMSO).
The resulting mixture was stirred overnight at 50 °C, diluted with 100
mL of PBS, neutralized by 0.1 M HCl, and dialyzed against deionized
water using 3.5 kDa cutoﬀ dialysis tubing for 1 week at room
temperature to remove the impurities. The solution was lyophilized to
generate GelMA-COOH as a white foam (typical yield ∼ 80%).
2.3. Synthesis and Characterization of GelMA-DOPA. To
conjugate with the catechol motifs, GelMA-COOH (1.0 g) was
dissolved in 10 mL of MES buﬀer (50 mM, pH 5). The solution was
degassed by bubbling N2 for 15 min, followed by the addition of EDC
(0.20 g), NHS (0.30 g), and dopamine hydrochloride (0.20 g). Under
the protection of N2, the resulting mixture was stirred overnight at 25
°C. The solution was dialyzed against 0.01 M HCl in deionized water
using 3.5 kDa cutoﬀ dialysis tubing for 4 days, neutralized by 0.01 M
NaOH, and lyophilized to generate GelMA-DOPA polymer as a white
foam (typical yield ∼ 70%). The proton nuclear magnetic resonance
(1H NMR) spectrum was used to conﬁrm the successful conjugation
of the catechol motifs to GelMA. The degree of catechol motif
functionalization was determined using UV spectrophotometry.
2.3.1. 1H NMR Tests. 1H NMR spectra of GelMA, GelMA-COOH,
and GelMA-DOPA polymers were obtained in D2O (99.9% D,
Cambridge Isotope Laboratories, Inc., Tewksbury, MA) at a
concentration of 2% (w/v) using a Varian Mercury 300 MHz NMR
spectrometer. All 1H NMR spectra were referenced to the peak of
residual proton impurities in D2O at δ = 4.75 ppm. The NMR data
were processed using ACDLABS 12.0 software (Academic Edition).
2.3.2. Determination of Catechol Content by UV Spectrophotometry. A series of dopamine hydrochloride solutions in deionized
water were prepared with concentrations ranging from 0.05 to 0.5 mM
as the standard solutions to obtain the working curve. The synthesized
GelMA-DOPA polymer was dissolved in 50 mM MES buﬀer at 2.0
mg/mL to prepare the sample solutions. UV−vis absorption spectra of
the solutions were measured between 200 and 400 nm. Absorbance
values at 280 nm were plotted against concentrations of dopamine
hydrochloride solutions to set up the working curve. Absorbance of
the sample solution at 280 nm was compared to the working curve to
calculate the content of catechol motifs.
2.4. UV Cross-Linking and Characterization of GelMA-DOPA
Hydrogels. GelMA-DOPA polymer was dissolved in PBS at diﬀerent
concentrations [5−20% (w/v)]. Irgacure 2959 was added to the
solution at 0.5% (w/v) as the photoinitiator. Photo-cross-linked
GelMA-DOPA hydrogels were formed by pipetting a certain amount
of the prepolymer solution into the desired mold or on the surface of
glass slides and exposing it to 6.9 mW/cm2 UV light (360−480 nm)
for 60 s. Composite hydrogels with the addition of SNs and/or AMP
were fabricated similarly with solutions containing both the photoinitiator [0.5% (w/v)] and the additives at desired concentrations.
2.4.1. Swelling Analysis. Swelling ratios of GelMA-DOPA hydrogels were evaluated at 37 °C in PBS following previously reported
procedures.39 To prepare GelMA-DOPA hydrogels for swelling ratio
tests, 50 μL of prepolymer solution was ﬁrst transferred into a custommade polydimethylsiloxane (PDMS) mold with a diameter of 8 mm

and a depth of 1 mm. A glass coverslip was used to cover the mold
before irradiation by UV light for 60 s. Hydrogel samples [5−20% (w/
v)] were removed from the mold and coverslip, soaked in PBS, and
incubated at 37 °C for 24 h to reach the equilibrium swelling state.
The swollen hydrogel samples were weighed and then lyophilized to
record their dry weights. The swelling ratios of hydrogel samples of 5−
20% (w/v) concentrations were then calculated as the ratio of the
mass increase after swelling to the mass of dried samples.
2.4.2. In Vitro Degradation Tests. Hydrogel samples for
degradation tests were prepared in a manner similar to that for
swelling ratio measurements. The as-prepared samples were soaked in
PBS at 37 °C for 24 h to reach the equilibrium swelling state and then
were weighed to record their initial masses. The GelMA-DOPA
hydrogel samples of 5−20% (w/v) concentrations were kept in type II
collagenase PBS solutions (2 U/mL) at 37 °C with mild shaking, and
the remaining masses were regularly recorded at diﬀerent time points
(days 7, 14, and 21) to track the degradation kinetics.
2.5. Mechanical Characterizations. 2.5.1. Compression Tests.
Cylindrical cross-linked samples were prepared (10 mm in diameter, 2
mm in height) and incubated at 37 °C in PBS for 24 h. The GelMADOPA hydrogel samples of 5−20% (w/v) concentrations were then
compressed at a rate of 1 mm/min using an Instron 5542 mechanical
tester. Compressive moduli of the samples were determined as the
slope in the linear region corresponding to 0−10% strain.
2.5.2. Lap Shear Tests. The adhesive properties of hydrogels were
analyzed using an ASTM standard lap shear test (F2255-05) with
modiﬁcations. Brieﬂy, 20 μL of the prepolymer solution was applied to
a glass slide pretreated with 3-(trimethoxysilyl)propyl methacrylate
(TMSPMA). A Ti slide or a second TMSPMA-treated glass slide was
put into contact with the hydrogel to result in an overlapping
(adhesive bonded) area of around 2.0 × 2.0 cm2. After UV light
irradiation for 60 s (6.9 mW/cm2), the samples were immersed in PBS
for 2 h and then immediately strained under wet conditions until
failure in a lap shear setup using an Instron 5542 mechanical tester
equipped with a 100 N load cell at a cross-head speed of 1.3 mm/min.
To examine the hydrogel residue on Ti substrates after breaking, a
rhodamine dye was added to the prepolymer solution as a ﬂuorescent
indicator.
2.6. In Vitro Cell Culture. hMSCs were cultured in a 5% CO2
humidiﬁed incubator at 37 °C in normal growth media (Poietics
MSCGM BulletKit). Only cells before passage 5 were used for all the
experiments. The osteoconductive medium was supplemented with βglycerol phosphate and L-ascorbic acid, and the osteoinductive
medium was supplemented with β-glycerol phosphate, ascorbic acid,
and dexamethasone to induce osteogenic diﬀerentiation of hMSCs.
The cells were passaged approximately 1 time per week and the culture
medium was changed every 2 days. The cells were trypsinized,
resuspended, and seeded on hydrogel-coated Ti slides placed in a 24well plate at a density of 50 000 cells per well.
2.6.1. Cell Viability. Cell viability was determined using a live/dead
assay kit following the manufacturer’s instructions. Brieﬂy, the cells
were stained with calcein AM (0.5 μL/mL) and ethidium homodimer1 (EthD-1, 2 μL/mL) in PBS for live and dead cells, respectively. The
cells were incubated at 37 °C for 20 min and thoroughly washed with
PBS three times. The stained cells were imaged using an inverted
ﬂuorescence microscope (Nikon TE 2000-U, Nikon instruments Inc.).
The numbers of live and dead cells were counted using ImageJ
software from at least three images from diﬀerent areas of three
samples for each experimental condition. Cell viability was calculated
as the number of live cells divided by the total cell number.
2.6.2. Cell Adhesion, Proliferation, and Spreading. 4′,6Diamidino-2-phenylindole (DAPI) and Alexa Fluor 594−phalloidin
were used to stain the cells to investigate the attachment and spreading
of cells on the hydrogel surfaces. Cells seeded on diﬀerent substrates
were ﬁxed in 4% (v/v) paraformaldehyde for 30 min, followed by
treatment with a 0.1% (w/v) Triton X-100 solution in PBS for 20 min
to increase permeability and with a 1% (w/v) BSA solution in PBS for
1 h to block nonspeciﬁc binding sites. The cells were then incubated in
a 1:40 dilution of Alexa Fluor 594−phalloidin in 0.1% (w/v) BSA for
45 min to stain the actin cytoskeleton and then incubated at 37 °C in a
11430
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Figure 1. Synthesis and molecular characterization of the catechol-functionalized GelMA-DOPA hydrogel. (a) Schematic illustration of the
formation of a highly adhesive, multifunctional hydrogel coating on Ti surfaces: (i) GelMA was modiﬁed with dopamine to introduce the catechol
motifs that bind strongly to Ti and (ii) the hydrogel prepolymer solution was then mixed with the bioactive AMP and SNs, sprayed onto implant
surface, and photocured in situ to form an antimicrobial and osteoinductive hydrogel coating layer. (b) Synthetic scheme of dopamine-containing
GelMA (GelMA-DOPA). (c) Formation of a cross-linked network with dangling dopamine motifs upon UV exposure in the presence of a
photoinitiator. (d) 1H NMR spectra of GelMA, GelMA-COOH, and GelMA-DOPA. Comparison indicated the appearance of additional resonance
peaks in the aromatic region of the GelMA-DOPA spectrum, which can be assigned to the DOPA motifs. (e) UV−vis absorption spectra of GelMACOOH, dopamine hydrochloride, and GelMA-DOPA. Appearance of the peak centered at 280 nm indicated successful conjugation of the DOPA
motifs.
value at 405 nm of the solutions was recorded using a microplate
reader.
2.7. Release Proﬁle of AMP HHC-36. In vitro release proﬁle of
AMP loaded within 20% (w/v) GelMA-DOPA hydrogels was obtained
by using ultraviolet−visible (UV−vis) spectroscopy. The absorptions
at 280 nm, known as the characteristic absorption peak for tryptophan
residues, were recorded to monitor the concentration of released AMP
in solutions. The hydrogel specimens were prepared in triplicate by
coating on a Ti substrate and then immersed in 1 mL of PBS in a glass
vial with rotation at 37 °C. At designed time points, 500 μL of the
solution was removed from the vial with fresh PBS replenishing the
volume. Absorptions at 280 nm of the sample solutions were measured
to determine the cumulative release ratio of AMP. A series of standard
solutions of AMP in the concentration range from 1 to 128 μg/mL in
deionized water were prepared to obtain the working curve.
Quantiﬁcation of AMP concentration was then calculated on the
basis of the external standard curve method. The release experiment
was performed using GelMA-DOPA hydrogel samples without AMP
loads as the blank control to eliminate the possible inﬂuence from
degraded hydrogel fragments.

0.1% (w/v) DAPI solution in PBS for 10 min to stain the cell nuclei.
After each staining step, the samples were carefully washed with PBS
three times before visualizing with a Nikon TE 2000-U microscope.
ImageJ software was used to count the number of DAPI-stained nuclei.
2.6.3. PCR Experiments. PCR experiments were performed to
quantify the expression of genes related to osteogenesis. For
quantitative PCR (qPCR) experiments, SYBR Green Real-Time
PCR Master Mixes (Thermo Fisher Scientiﬁc) and primers obtained
from Integrated DNA Technologies (IDT, Coralville, IA) were used
[see Table S1 in the Supporting Information (SI)].
2.6.4. Alizarin Red S Staining. Cells were ﬁxed with 10% formalin
for 20 min and then thoroughly washed with PBS and deionized (DI)
water, before the addition of a 2% (w/v) solution of Alizarin Red S
with pH 4.2. After 10 min of incubation at 37 °C, the samples were
washed with DI water for microscope imaging. To quantify the
coloration after staining, 10% (v/v) acetic acid was added to the cells
and incubated overnight. After that, the resulting mixture was
centrifuged for 15 min at 20 000g and the supernatant was collected
and neutralized with 10% (v/v) ammonium hydroxide. The absorption
11431
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2.8. Antimicrobial Activity Tests. Antimicrobial activity of the
AMP-loaded GelMA-DOPA hydrogels was tested against both Grampositive (S. aureus and S. epidermidis) and Gram-negative (P.
aeruginosa and E. coli) bacteria in the mid-logarithmic phase of
growth. The bacterial suspensions were resuspended using MHB to
reach a ﬁnal cell density of 106 colony-forming units (cfu)/mL. To
perform the survival assay, 400 μL of the bacterial suspensions were
dropped onto three bare Ti plates, three GelMA-DOPA-coated Ti
plates, and three GelMA-DOPA-coated Ti plates loaded with AMP (1
mg/mL), respectively, followed by rinsing with distilled water. After 4
and 24 h of incubation with P. aeruginosa, E. coli, S. aureus, and S.
epidermidis bacterial suspensions, samples were taken and inoculated
on nutrient agar plates and incubated overnight at 37 °C. Bacterial
survival rates were assessed by counting the number of cfu. The
antimicrobial activity of hydrogel samples was also conﬁrmed by
scanning electron microscopy (SEM) imaging of samples incubated
with 106 cfu/mL of the selected bacteria overnight at 37 °C. SEM
images were obtained using a FEI/Philips XL30 FEG ESEM
instrument (15 kV). The substrate without an AMP-loaded GelMADOPA coating layer was used as control.
2.9. Statistical Analysis. For comparison, experimental data were
processed using one-way ANOVA followed by Bonferroni’s posthoc
test (GraphPad Prism 5.02) software. Error bars represented the mean
± standard deviation (SD) of measurements (*p < 0.05, **p < 0.01,
and ***p < 0.001).

coupling reaction that were not observed in the spectra of
either GelMA (black line) or GelMA-COOH (red line). These
peaks are characteristic of the catechol motifs according to
previous reports.50,51 However, comparison of the Fourier
transform infrared (FT-IR) spectra among GelMA, GelMACOOH, and GelMA-DOPA did not result in identiﬁable
diﬀerences to reﬂect the introduction of the DOPA motifs
(Figure S1, SI). This is probably due to the fact that the
chemical modiﬁcation did not add new functional groups that
have characteristic infrared (IR) absorption peaks. In addition,
there was a strong peak centered at 280 nm in the UV−vis
absorption spectrum of GelMA-DOPA,52 as shown in Figure 1e
(blue line). By comparing with the spectra of dopamine
hydrochloride and the precursor GelMA-COOH, it is clear that
this absorption peak appeared due to the presence of the
catechol motifs in GelMA-DOPA. To quantitatively determine
the content of catechol motifs, the absorption values at 280 nm
(A280) of a series of dopamine hydrochloride solutions with
diﬀerent concentrations ranging from 0 to 1 mmol/mL were
measured and plotted to obtain a working curve. By assuming
that the conjugated catechol motifs have an identical molar
extinction coeﬃcient with the free small molecules, the content
of catechol groups in GelMA-DOPA was determined as 0.5
mmol/g. This value suggested roughly 5 catechol groups per
100 amino acid residues in the backbone.
The catechol-modiﬁed photo-cross-linkable GelMA-DOPA
polymer was used to design sprayable antimicrobial and
osteoinductive hydrogel coatings for implants. To introduce
more functions, two additional components, namely AMP and
SNs, were added to GelMA-DOPA macromers to improve the
antimicrobial and osteoinductive properties. It has been shown
that the release of AMP from the hydrogel coating provides the
antimicrobial activity53,54 and that exposure of hMSCs to the
SNs is known to induce osteogenic diﬀerentiation of hMSCs, as
reported in previous publications.37,55,56
3.2. Physical and Adhesion Characterizations of the
Engineered Hydrogels. We characterized the physical
properties of GelMA-DOPA hydrogels with diﬀerent formulations in terms of compressive modulus, swelling ratio, and
degradation behavior. As shown in Figure 2a, the compression
test illustrated an expected positive correlation between
GelMA-DOPA concentrations and the compressive moduli of
the resulting hydrogels, ranging from 8.0 ± 1.7 kPa for 5% (w/
v) GelMA-DOPA hydrogels to 120 ± 12 kPa for 20% (w/v)
hydrogels. The tunable compressive moduli of GelMA-DOPA
hydrogels provide the basis for ﬁne-tuning the properties of the
hydrogel coating matrix, since it has been known that hydrogel
surfaces with diﬀerent compressive moduli could aﬀect the
morphology, proliferation, and diﬀerentiation of stem cells.57,58
Addition of SNs (100 μg/mL) and AMPs (1.0 mg/mL) at
the relevant concentrations did not show signiﬁcant inﬂuence
on the compressive moduli of the 20% (w/v) GelMA-DOPA
hydrogels (Figure 2b), which could be attributed to the low
loading concentrations. These concentrations were determined
from previous reports,10,37,56 which have been shown to be the
optimized concentrations of functional additives. We further
analyzed the swelling ratios of GelMA-DOPA hydrogels
fabricated from prepolymers of diﬀerent concentrations (Figure
2c), which indicated water absorption capacity. As expected, a
reverse relationship between swelling ratio and prepolymer
concentration was identiﬁed, ranging from 16.3 ± 1.5 for 5%
(w/v) GelMA-DOPA hydrogels to 5.5 ± 0.4 for 20% (w/v)
hydrogels. When mixed with diﬀerent additives, the swelling

3. RESULTS AND DISCUSSION
3.1. Preparation of Photo-Cross-Linkable GelMADOPA. Derived from partial hydrolysis of collagen, gelatin
has been widely used in tissue engineering applications, due to
its biocompatibility, biodegradability, and low cost.20,40−44
During the past few years, our group has popularized the use
of a photo-cross-linkable gelatin derivative, GelMA, for various
biomedical applications.33,34,45−47 Due to the existence of RGD
sequences along the gelatin backbone, GelMA hydrogels were
found to support cell attachment and spreading.15,45 To
develop a sprayable coating material, adhesion properties to
both implant and tissue surfaces are critical. In recent years,
inspired by natural adhesives secreted by mussel species,22,24,28,48,49 the mechanism of adhesion improvement by
introduction of catechol motifs has been widely applied to
design adhesives with strong binding properties to diverse
surfaces, in particular wet surfaces.22 Here, we propose to
chemically conjugate GelMA polymer with dopamine (DOPA)
to introduce catechol motifs and synthesize GelMA-DOPA,
which could combine the regenerative properties of GelMAbased hydrogels with enhanced adhesion properties of the
catechol motifs (Figure 1a).
GelMA-DOPA was prepared from GelMA via a two-step
procedure, as shown in Figure 1b. First, GelMA was reacted
with an excess amount of succinic anhydride to fully convert all
the remaining reactive amine groups to carboxylic groups. The
resulting GelMA-COOH intermediate was then allowed to
react with dopamine hydrochloride via the EDC/NHSmediated coupling reaction (Figure 1b). The resulting mixture
was then puriﬁed by dialysis against deionized water and ﬁnally
lyophilized to obtain a white solid. Similar to GelMA, the
product GelMA-DOPA can also be cross-linked to form
hydrogels by UV light exposure in the presence of a
photoinitiator, as shown in Figure 1c.
1
H NMR data of GelMA, GelMA-COOH, and GelMADOPA were obtained in D2O to conﬁrm the successful
conjugation of the catechol motifs. As shown in Figure 1d, in
the 1H NMR spectrum of GelMA-DOPA (blue line), additional
peaks in the aromatic region appeared after the EDC/NHS
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Figure 2f, the addition of AMP and SNs to 20% (w/v) GelMADOPA hydrogels did not bring about signiﬁcant changes in
degradation rates, suggesting the possible controlled release of
bioactive loadings from the hydrogel for up to several weeks.
Considering the working conditions of implants, achieving
improved adhesion properties to Ti surfaces under wet
environments is critical to the success of a multifunctional
hydrogel coating on Ti implants. Therefore, we performed lap
shear tests under swollen conditions of the hydrogel to
characterize the in vitro adhesion properties of modiﬁed
GelMA-DOPA based on the modiﬁed ASTM standard F225505 (Figure 3a). As shown in Figure 3b, we observed enhanced
lap shear strengths along with increasing GelMA-DOPA
concentrations, which ranged from 19.6 ± 1.9 kPa for 5%
(w/v) GelMA-DOPA hydrogels to 60.7 ± 8.9 kPa for 20% (w/
v) GelMA-DOPA hydrogels (Figures 3b), likely due to an
increased DOPA motif content at higher prepolymer
concentrations. When compared to pristine GelMA and
GelMA-COOH hydrogels at the same 20% (w/v) concentration (Figure 3c), it was revealed that the adhesion strengths
of GelMA-DOPA hydrogels (60.7 ± 8.9 kPa) were signiﬁcantly
higher than those of GelMA or GelMA-COOH hydrogels (15.2
± 3.0 and 16.4 ± 0.3 kPa, respectively). The almost 4-fold
increase in lap shear adhesion strength of GelMA-DOPA
hydrogel under wet conditions could be attributed to the strong
binding interactions between the catechol motifs in GelMADOPA hydrogels, which largely improved coating stability on
Ti surfaces.23
The lap shear tests provided quantitative data to reﬂect the
adhesion increase due to the introduction of catechol motifs to
the hydrogel, but these values could not show the possibly
diﬀerent failure modes from the samples. To further understand
the failure mode of hydrogel adhesives in lap shear tests, we
investigated the surface morphology of the Ti substrates after
adhesion failure. To qualitatively assess the amount of hydrogel
residue on Ti substrates after adhesion failure in the lap shear
tests, we mixed a rhodamine dye with the prepolymer solutions
to serve as a ﬂuorescent indicator. After the lap shear tests, we
checked the Ti substrates under a ﬂuorescence microscope. As
shown in Figure 3di, the Ti surface coated with GelMA-DOPA
was found to be still covered with dye-doped hydrogels, as
compared with those coated with GelMA or GelMA-COOH.
These results indicated that the failure mechanism of GelMADOPA hydrogel in lap shear tests is a cohesive failure due to
the relatively low mechanical stiﬀness of the hydrogel. In
contrast, for GelMA or GelMA-COOH, the breaking of
adhesion is via adhesive failure due to the poor adhesion
capability of the hydrogel layer to Ti surfaces. This comparison
highlighted the feasibility of introducing catechol motifs to
enhance hydrogel−metal adhesion.31
We also used SEM to observe the morphological diﬀerences
of the Ti substrates after lap shear tests with diﬀerent hydrogels.
As shown in Figure 3dii,iii, both vertical and lateral SEM images
of the Ti substrates clearly showed the rough surface of GelMADOPA-coated Ti plates with residue hydrogel coating due to
the strong binding ability of this hydrogel. On the other hand,
SEM images of GelMA- and GelMA-COOH-coated Ti
substrates were relatively smooth with little hydrogel residue
after lap shear tests. These results conﬁrmed the diﬀerent
failure mechanisms of mussel-inspired GelMA-DOPA hydrogels and pristine GelMA without catechol motifs. Since
unmodiﬁed Ti substrates were used in these tests, the increased
adhesion with increasing GelMA-DOPA prepolymer concen-

Figure 2. Physical characterizations of GelMA-DOPA hydrogels
loaded with diﬀerent additives. (a) Compressive moduli of GelMADOPA hydrogels at diﬀerent prepolymer concentrations. (b)
Compressive moduli of GelMA-DOPA hydrogels of 20% (w/v)
prepolymer concentrations with AMP and/or SN additives. (c) Mass
swelling of GelMA-DOPA hydrogels at diﬀerent prepolymer
concentrations. (d) Mass swelling of GelMA-DOPA hydrogels of
20% (w/v) prepolymer concentrations with AMP and/or SN
additives. (e) In vitro degradation proﬁles of GelMA-DOPA hydrogels
formed at diﬀerent prepolymer concentrations. (f) Degradation
proﬁles of diﬀerent hydrogel compositions of 20% prepolymer
concentration (*p < 0.05).

ratio of 20% (w/v) GelMA-DOPA hydrogels did not change
signiﬁcantly, which fell in a narrow range of around 4.5 times
(Figure 2d). The relatively low swelling ratio can limit the
amount of water penetration and the degree of volume change
upon implantation, which is beneﬁcial for applications as a
hydrogel coating layer to metal implants.
To evaluate the degradation kinetics, GelMA-DOPA hydrogel samples were incubated in PBS solutions with collagenase
(2 U/mL) at 37 °C and the remaining masses were monitored
at diﬀerent time points. As shown in Figure 2e,f, the
degradation rates were faster for hydrogels fabricated from
lower hydrogel concentrations. For 20% (w/v) GelMA-DOPA
hydrogels, the remaining mass was 60−70% at day 21. In
contrast, GelMA-DOPA hydrogels made from 5%−15% (w/v)
prepolymer concentrations totally disappeared within 1−3
weeks. To serve as the hydrogel coating layer for Ti implants, a
stability of hydrogels of up to several weeks or longer is an
important parameter to ensure that the delivery of loaded
components will cover the short-term (several weeks) recovery
range after surgery. From these results, we selected the 20%
(w/v) hydrogels to investigate the eﬀects of bioactive
component addition on the degradation kinetics. As shown in
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Figure 3. Adhesion properties of GelMA-DOPA hydrogels to a Ti surface. (a) Schematic illustration of the experimental setup for testing the lap
shear strength. (b) Lap shear strengths of GelMA-DOPA hydrogels of diﬀerent prepolymer concentrations. (c) Comparison of lap shear strengths
obtained from GelMA, GelMA-COOH, and GelMA-DOPA hydrogels of 20% (w/v) prepolymer concentration (*p < 0.05). (d) Evaluation of Ti
surfaces coated with diﬀerent hydrogels after adhesion breaking in lap shear tests: (i) representative ﬂuorescent images of Ti surfaces coated with
hydrogels mixed with a rhodamine dye and representative SEM images of titanium surfaces from (ii) vertical and (iii) lateral views.

(hydrogel breaking), lower mechanical strengths lead to lower
lap shear strengths. Therefore, the hydrogel with lower stiﬀness
exhibited lower shear adhesion. Our results provide understanding toward the rationale design of hydrogel coatings with
better performances.
3.3. Release Proﬁle of AMP from GelMA-DOPA
Hydrogels. To incorporate antimicrobial activity to the
sprayable and photo-cross-linkable hydrogel coating material,
a broad-spectrum AMP HHC-36 was added in the prepolymer
solution. The AMP HHC-36 has a sequence of KRWWKWWRR and has previously been loaded in calcium phosphate
and vertically aligned TiO2 nanotube coatings on Ti surfaces to
inhibit microbe growth.8−11 It was demonstrated that these
positively charged short peptides could show high binding
aﬃnity toward the negatively charged bacteria membrane
through electrostatic interactions, thus promoting the targeting
and antimicrobial capability.62 Importantly, the HHC-36
peptide showed no inhibition of new bone formation, making
it suitable as an additive for loading on Ti implants where
osteointegration after implantation is important.8,10,11 To

trations was related to the higher content of catechol motifs,
which provided stronger adhesion. This is diﬀerent from other
studies where surface topology factors or surface energy
diﬀerences of the Ti substrate play a role in improved adhesion
properties.59 It is also suggested that the adhesion properties of
catechol-containing hydrogels to Ti surfaces might be further
improved by increasing the cohesive strengths of the matrix
hydrogels by known strategies, such as formulating hybrid
hydrogels60 or interpenetrated hydrogel networks.61
From these results, it was revealed that, in general, the
swelling ratio was inversely correlated with GelMA-DOPA
prepolymer concentrations, while compressive modulus and lap
shear strength were positively correlated with prepolymer
concentrations. Lower prepolymer concentrations typically
resulted in lower cross-linking density and formation of
hydrogels with lower mechanical properties. This is consistent
with previous studies on GelMA hydrogels where the modulus
was reduced over 10-fold when the polymer concentration
decreased from 20% (w/v) to 5% (w/v).34 For GelMA-DOPA
samples, since the adhesion failure model is cohesive failure
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monitor the release proﬁle of AMP HHC-36 from the crosslinked GelMA-DOPA hydrogel, 1 mg/mL AMP was mixed
with 20% (w/v) GelMA-DOPA prepolymer solutions containing 0.5% (w/v) photoinitiator.8,10 To achieve this, 20 μL of the
mixed solution was drop-coated on a glass slide and cured
under 6.9 mW/cm2 UV light (360−480 nm) for 60 s to form
the cross-linked hydrogel coating layer. The prepared samples
were incubated at 37 °C in PBS. The amount of AMP released
from GelMA-DOPA hydrogel was determined by measuring
the absorption at 280 nm (Figure S2a, SI). Pristine GelMADOPA hydrogel samples with no AMP loading were used as
the blank control.
A burst release of AMP was observed to reach a cumulative
release of 37% within the ﬁrst 24 h after incubation (Figure
S2b, SI). After that, a relatively steady release of AMP was
observed for the next 20 days of incubation, resulting in an
increase of cumulative release to roughly 90%. Previous reports
on the release of AMP loaded in a calcium phosphate coating or
TiO2 nanotubes indicated much faster release kinetics, which
reached the maximum cumulative release amount within a few
hours.8,10 Steady sustained release of the antimicrobial
components could be achieved from a multilayered coating
that combined three layers of TiO2 nanotubes, calcium
phosphate, and a phospholipid ﬁlm but required a complicated
fabrication process.10 Due to the lack of conjugation between
AMP and the hydrogel matrix, we reason that the release
mechanism was diﬀusion-controlled. Indeed, the release of
AMP was accelerated in the presence of collagenase (Figure
S2b, SI). The prolonged release of AMP from the GelMADOPA hydrogel coating layer is believed to be a critical
criterion to achieve protection against implant-associated
infections for the ﬁrst few weeks after surgery. Moreover, in
cases where long-term delivery of AMP is required, this
material design also allows easy surface immobilization of
AMPs through copolymerization during the photo-crosslinking. Therefore, we believe that our approach provides a
suitable method for controlled release of AMP from Ti implant
surfaces.
3.4. Antimicrobial Activity of AMP-Loaded GelMADOPA Hydrogels. The antimicrobial capability of the released
AMP was ﬁrst tested using the cfu assay. Two experimental
groups, GelMA-DOPA−AMP and GelMA-DOPA−AMP−SN,
were tested with blank GelMA-DOPA hydrogels as the control.
Both representative Gram-positive bacteria (S. aureus and S.
epidermidis) and Gram-negative bacteria (P. aeruginosa and E.
coli) were used to assess the antimicrobial activity of the AMPloaded hydrogels by the cfu counting method.10 After 4 and 24
h of incubation, the cfu values were measured and compared to
the initial dose. For all four diﬀerent bacteria used in the test,
the control samples showed signiﬁcant increases of cfu values
during incubation, as expected. In contrast, AMP-loaded
hydrogels demonstrated excellent antimicrobial activity, since
signiﬁcant reduction (several orders of magnitude) in cfu values
was observed at 4 h and complete elimination of bacteria was
noted at 24 h (Figure 4a−d). The bactericidal eﬀect was most
profound against S. epidermidis, which showed the lowest cfu
value after 4 h. Moreover, the antimicrobial activity was not
signiﬁcantly inﬂuenced by the addition of SNs. Considering the
high initial numbers of bacteria (∼106−108 cfu/mL), it is
suggested that the loading of AMP in the GelMA-DOPA
hydrogel coating will be eﬃcient in clinical circumstances,
where the actual numbers of bacteria encountered could be
much lower.6

Figure 4. Antimicrobial activity of GelMA-DOPA hydrogels at 20%
(w/v) prepolymer concentration with AMP and/or SN additives.
Bacteria colony count experiments against diﬀerent bacteria: (a) S.
aureus, (b) S. epidermidis, (c) P. aeruginosa, and (d) E. coli, seeded on
diﬀerent hydrogel formulations at 20% (w/v) concentration. Changes
in cfu at 4 and 24 h after incubation were taken as the measure of
antimicrobial ability. Error bars in parts a−d are too small to present
proportionally in the panels. (e) AMP released from GelMA-DOPA−
AMP−SN samples demonstrated eﬃcient antimicrobial ability to kill
the tested bacteria, S. aureus, S. epidermidis, P. aeruginosa, and E. coli.
Compared to GelMA-DOPA−SN samples without AMP loading, no
live bacteria were observed on the GelMA-DOPA−AMP−SN samples
after 24 h culture (green, live bacteria; red, dead bacteria; scale bar,
100 μm). (f) SEM images showing surfaces of GelMA-DOPA−SN and
GelMA-DOPA−AMP−SN hydrogels incubated overnight with S.
aureus, S. epidermidis, P. aeruginosa, and E. coli. Very few bacteria were
observed on the AMP-loaded samples (scale bar, 5 μm).

The antimicrobial activity was also evaluated by staining the
bacteria using a live/dead assay. Four diﬀerent bacteria were
seeded on the surface of hydrogel coatings and cultured for 24
h before staining. The viability of the bacteria was monitored by
measuring their membrane integrity. The green-ﬂuorescent
nucleic acid dye is able to penetrate the cell membrane of both
healthy and dead bacteria cells, while the red-ﬂuorescent
propidium iodide dye penetrates only damaged membranes and
quenches the green ﬂuorescence in dead cells.63 As a result, this
staining can provide direct, visualized identiﬁcation and
diﬀerentiation between living and dead bacteria cells. As
shown in Figure 4e, bacteria cultured with GelMA-DOPA−
AMP−SN hydrogels were found to have very low viability after
24 h, in contrast with the results from the GelMA-DOPA−SN
formulation, which showed high cell viability for all four species
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of bacteria. Similarly, the assay results for bacteria cultured on
GelMA-DOPA−AMP and GelMA-DOPA hydrogels also
showed low viability and high viability, respectively (Figure
S3a, SI). Therefore, the signiﬁcant changes in bacteria viability
were thus attributed to the release of AMP from the hydrogels.
Inhibition of bioﬁlm formation is also a critical requirement
to prevent implant-associated infections, since bacteria attached
to bioﬁlms demonstrate enhanced resistance to antibiotics.4
SEM images of the control GelMA-DOPA−SN (Figure 4f, top
panels) and GelMA-DOPA (Figure S3b, top panels, SI)
hydrogel surfaces with seeded bacteria showed that the bacteria
could adhere to the surface and form cell aggregates with
diﬀerent morphologies after 48 h of incubation. Under similar
conditions, however, only very few bacteria were able to adhere
to the GelMA-DOPA−AMP−SN (Figure 4f, bottom panels)
and GelMA-DOPA−AMP (Figure S3b, bottom panels, SI)
hydrogel surfaces, thus preventing bioﬁlm formation over the
surface. The ability of AMP-loading GelMA-DOPA hydrogels
to prevent bioﬁlm formation is an important aspect in clinical
applications, where the removal of bioﬁlm after its buildup is
almost impossible.64 From the results of controlled release tests
of AMP from the hydrogel coating and the antimicrobial
activity tests, it was conﬁrmed that the AMP-loaded GelMADOPA hydrogels were able to reduce bacterial growth and
accumulation on the Ti implants, which is promising to address
infection-associated implant failures.
3.5. Cytotoxicity Tests of GelMA-DOPA Hydrogels.
Cytotoxicity of the implant-coating hydrogels was evaluated by
2D culture of hMSCs on hydrogel surfaces with diﬀerent
formulations. Since the hydrogel coating formulation is based
on a gelatin derivative, it is expected that cells could adhere to
the hydrogel coating surface and show spreading morphology
due to the existence of cell-adhesive motifs in the gelatin
backbone.34,45,65 The cells were seeded on the hydrogel
surfaces and cultured for 7 days. Cell viability was examined
by the live/dead staining at days 1, 3, and 7 of culture. As
shown in Figures 5a,c and S4a (SI), in general, high viability
(>90%) of the cells was observed for all the experimental
conditions, suggesting that this implant coating hydrogel was
cytocompatible. Moreover, the addition of AMP and SNs in the
hydrogel at the doping concentrations did not reduce the high
cytocompatibility of the GelMA-DOPA-based hydrogels, which
is consistent with previous results.9,10,37,56
The ability of the hydrogel surface to support cell spreading
was validated by the staining of f-actin ﬁlaments and nuclei of
the cells [Figures 5b and S4b (SI)]. In addition, quantiﬁcation
of the number of cell nuclei in a unit surface area (Figure 5d)
indicated that hMSCs seeded on the hydrogel surfaces were
able to proliferate along with increasing culture time. From
counting the nuclei per unit area, the cell density of hMSCs
seeded on various GelMA-DOPA hydrogels increased almost 5fold at day 7 compared with that at day 1. These results
conﬁrmed that the presence of cell-binding motifs when using
gelatin-based materials could support cell spreading and cellular
growth in vitro.34
We also used the Prestoblue assay to monitor the metabolic
activity of the seeded cells. The corrected absorbance diﬀerence
of the assay solution between 570 and 600 nm after culturing
with cells for 2 h was an indicator of the total metabolic activity
of cells. As shown in Figure 5e, from day 1 to day 7, over a 3fold increase in absorbance diﬀerence was detected, reinforcing
the conclusion that the hydrogel formulations were not
cytotoxic to hMSCs in in vitro cell culture.

Figure 5. In vitro cytotoxicity of diﬀerent hydrogel formulations at
20% (w/v) prepolymer concentration. (a) Representative live/dead
staining images of hMSCs seeded on the surface of GelMA-DOPA−
AMP−SN hydrogels on days 1 and 7 (scale bar, 200 μm). (b)
Representative microscopic images of hMSCs seeded on the surface of
GelMA-DOPA−AMP−SN hydrogels with staining for f-actin/cell
nuclei on days 1 and 7 (scale bar, 50 μm). (c) Quantiﬁcation of cell
viabilities at 1, 3, and 7 days after cell seeding on diﬀerent hydrogel
surfaces. (d) Quantiﬁcation of cell densities measured as the number
of DAPI-stained nuclei per unit area at 1, 3, and 7 days after cell
seeding on diﬀerent hydrogel surfaces. (e) Corrected absorbance
diﬀerence between 570 and 600 nm obtained from the Prestoblue
assay at 1, 3, and 7 days after cell culture (*p < 0.05).

3.6. Enhanced Osteogenesis of hMSCs. It has been
reported that the SNs could induce osteogenic diﬀerentiation of
stem cells including hMSCs, even in the absence of any external
osteoinductive factors.37,56 As a result, when SNs are loaded in
the spray formulation for implants, it is expected that the eﬀects
of osteogenesis induction could be used to improve integration
with the surrounding tissues and enhance new bone
formation.7,15,66,67 To validate this assumption, hMSCs seeded
on diﬀerent hydrogel surfaces were cultured in an osteogenic
medium (100 nM dexamethasone, 10 mM β-glycerol
phosphate, and 50 μg/mL ascorbic acid). The expressions of
several representative osteogenic biomarkers were monitored
using qPCR, such as the early osteogenic marker alkaline
phosphatase (ALP), osteo-related proteins osteocalcin (OCN)
and osteopontin (OPN), and Runt-related transcription factor
2 (RUNX2), which is a member of the RUNX transcription
factor family and expressed in mineralized tissues.68,69
Upregulation of these biomarkers is correlated with enhanced
osteogenic diﬀerentiation of hMSCs. As shown in Figure 6,
qPCR results suggested that, when loaded with SNs,
signiﬁcantly enhanced expressions of ALP, OCN, OPN, and
RUNX2 were observed at day 28. Moreover, the levels of
protein expression did not signiﬁcantly diﬀer by introduction of
AMP in the hydrogels, which is consistent with previous studies
on AMP, making it suitable for the design of a multifunctional
implant-coating hydrogel.8
The degree of mineralization of hMSCs cultured on hydrogel
surfaces was analyzed by using Alizarin Red S staining for the
inorganic calcium deposition,37 which is a characteristic
indicator of the formation of bonelike structures as a result of
osteogenic diﬀerentiation (Figure 7a). Compared to hydrogels
without SN loadings, hMSCs cultured in the presence of SNs
showed signiﬁcantly enhanced production of extracellular
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conjugating catechol motifs to GelMA via EDC/NHS
chemistry to improve the adhesion of the hydrogel coating to
Ti surfaces. After spray-coating onto the implant surface, photocross-linking was used to readily form the hydrogel coating.
Enhanced adhesion of the hydrogel to Ti surfaces was observed
as a result of the catechol motifs. Moreover, two additional
active components, AMP HHC-36 and SNs, were loaded into
the prepolymer solution to introduce the antimicrobial activity
and the ability to induce osteogenesis. Prolonged release of
AMP from the hydrogel was monitored to last for 21 days,
which eﬃciently ablated four diﬀerent species of representative
bacteria and thus prevented the formation of bioﬁlms on the
surfaces. In addition, the hydrogel formulations were found to
be compatible with hMSCs and able to support cell adhesion,
spreading, and proliferation in 2D culture models. Importantly,
hMSCs cultured on SN-loaded hydrogels demonstrated
enhanced osteogenic diﬀerentiation, as conﬁrmed by upregulated expressions of several osteo-related biomarkers revealed
by qPCR and increased extracellular matrix mineralization
revealed by the Alizarin Red S staining. These in vitro results
suggested that this GelMA-DOPA-based implant spray can
provide a promising alternative method to design a multifunctional hydrogel coating for Ti implants with sought after
properties, including supporting cell adhesion, spreading and
growth; preventing implant-associated infections; and enhancing implant integration with surrounding tissues by promoting
osteogenesis of stem cells.

Figure 6. Eﬀects of GelMA-DOPA hydrogels loaded with AMP and/
or SN additives at 20% (w/v) prepolymer concentration on osteogenic
diﬀerentiation of hMSCs. Enhanced osteogenesis was measured by
qPCR quantiﬁcation of relative mRNA expressions of osteogenic
biomarkers: (a) ALP, (b) OCN, (c) OPN, and (d) RUNX2 at day 28
after incubation (*p < 0.05).
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4. CONCLUSION
In this study, we reported the design and evaluation of a
mussel-inspired multifunctional coating hydrogel for Ti implants to prevent infection and to promote osteogenesis of
hMSCs. First, GelMA-DOPA was prepared by chemically
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