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ndent bioglue using photo-
crosslinkable benzophenone moiety†

Yue Shi,a Xuelian Tao,b Ping Du,b Paul Pasic,c Lars Esser,c Hsien-Yeh Chen, d

Helmut Thissen c and Peng-Yuan Wang *a

Surface coating technology is broadly demanded across various fields, including marine and biomedical

materials; therefore, a facile and versatile approach is desired. This study proposed an attractive surface

coating strategy using photo-crosslinkable benzophenone (BP) moiety for biomaterials application. BP-

containing “bioglue” polymer can effectively crosslink with all kinds of surfaces and biomolecules. Upon

exposure to ultraviolet (UV) light, free radical reaction from the BP glue facilitates the immobilization of

diverse molecules onto different substrates in a straightforward and user-friendly manner. Through

either one-step, mixing the bioglue with targeted biomolecules, or two-step methods, pre-coating the

bioglue and then adding targeted biomolecules, polyacrylic acid (PAA), cyclic RGD-containing peptides,

and proteins (gelatin, collagen, and fibronectin) were successfully immobilized on substrates. After drying

the bioglue, targeted biomolecules can still be immobilized on the surfaces preserving their bioactivity.

Cell culture on biomolecule-immobilized surfaces using NIH 3T3 fibroblasts and human bone marrow

stem cells (hBMSCs) showed significant improvement of cell adhesion and activity compared to the

unmodified control in serum-free media after 24 hours. Furthermore, hBMSCs on the fibronectin-

immobilized surface showed an increased calcium deposition after 21 days of osteogenic differentiation,

suggesting that the immobilized fibronectin is highly bioactive. Given the straightforward protocol and

substrate-independent bioglue, the proposed coating strategy is promising in broad-range fields.
1. Introduction

Surface coatings are crucial to a wide range of biomedical
applications, including implants, sensors, and biomedical
devices, which require biological functions at the biointerfaces.
Functionalizing surfaces using substrate-independent coating
methods has garnered increasing attention in both laboratory
and industrial settings. Several techniques have been developed
so far, such as polyphenol-based coatings, aminomalononitrile
(AMN)-based coatings, plasma-based coatings,1 and chemical
vapor deposition (CVD)-based coatings.2,3

Polydopamine (PDA) is the classic polyphenol-based mate-
rial inspired by mussel's adhesion.4 PDA-based coating is
a straightforward, one-pot polymerization process.5 The strong
adhesion properties and chemical versatility have rendered PDA
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a powerful “glue” in diverse elds, including energy, environ-
mental, catalytic, and biomedical applications.6,7 PDA serves not
only as a mediator for biomolecule coatings on the nanoscale
but also as a self-assembled polymer for fabricating nano-
particles and capsules.8,9 PDA-modied coatings have been used
in tissue engineering, bioimaging, biosensing, drug delivery,
photothermal therapy, antimicrobial coatings, etc.10,11 In the
meantime, other polyphenol materials such as poly(tannic
acid), poly(norepinephrine), poly(gallic acid) shows similar
potentials as adhesives and applications in optical materials,
sensors, and biomedical materials.12–14

Hydrogen cyanide (HCN)-derived polymers such as AMN have
been studied for decades in prebiotic chemistry; however, HCN-
based coating was only discovered in 2015.15 AMN-based coatings
have several advantages, such as ease-to-produce and biocompati-
bility, making them a favorable material in biomedical applica-
tions.16,17 By choosing different co-polymers, AMN-based coatings
has shown versatile properties, including antifouling, antibacte-
rial,18 low foreign body reaction (FBR)19 and improving osteogenic
differentiation of human mesenchymal stem cells (hMSCs).20

Chemical vapor deposition (CVD) and plasma polymeriza-
tion offer solvent-free options on a wide range of substrates.21 In
these cases, thin lms can be formed on substrates via gas-
phase precursor reactions initiated by either temperature (e.g.,
CVD) or additional energy (e.g., plasma). Both techniques are
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the experiment design: utilizing a glue polymer for robust immobilization of targeted functional groups onto
diverse substrates. Two methods were applied in this study. The mixing method involves blending the target polymer with the glue polymer
before coating process. The secondmethod, referred to as the ‘two-stepmethod,’ entails the initial formation of an adhesive layer using the glue
polymer, followed by the deposition of the target polymer film on top. After UV exposure, the crosslinking reaction induced by the glue polymer
can immobilize targeted functional groups onto the substrates.
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widely used in modern industries covering electronics, surface
modication, and biomedical applications.

However, the abovementioned methods also have their own
disadvantages. For instance, solution-based coatings require
additional steps for termination and by-product removal, while
vapor-based coatings need equipment and have challenges for
complex shapes. This study proposed a straightforward coating
methodology employing a “glue polymer”, incorporating UV
light-curable motifs (i.e., benzophenone groups) within
a biocompatible poly t-butyl acrylate backbone. This polymer is
designed to immobilize various biomolecules onto different
types of substrates readily. While traditional methods may
require adjustment for each type of substrate or polymer, the
involvement of this polymer offers a simple and consistent
approach to coating diverse molecules onto various substrates.

This versatile method is substrate-independent and allows
surface coating in the air. The “glue polymer” can be combined
with other compounds, such as polymers containing targeted
functional groups, to co-deposit on the substrate or serve as an
adhesive layer facilitating the immobilization of targeted poly-
mers (Scheme 1). The novelty of this coating methodology lies
in its operational simplicity and broad applicability to various
substrates and polymers. It requires no sophisticated equip-
ment or reaction conditions yet enables the functionalization of
a wide range of polymers onto different substrates using the
same method.

In this proof-of-concept study, polyacrylic acid (PAA) poly-
mer, cyclic RGD-containing peptides, and proteins (gelatin,
collagen, and bronectin) were immobilized using the “glue
© 2024 The Author(s). Published by the Royal Society of Chemistry
polymer”. The stability and biofunctions of the coatings were
analyzed using surface characterization and mammalian cell
cultures. This study provides a new option for surface coating
and benets biomaterials and tissue engineering.
2. Results
2.1. The BP glue polymer

The “glue polymer”, t-butyl acrylate/N-benzophenone acrylate,
(poly(BA95–BPA5)) copolymers, was synthesized using the
reversible addition–fragmentation chain transfer (RAFT) poly-
merization, a well-controlled process that is known for its ability
to render narrow polydispersity (Scheme 2). The obtained “glue
polymer” had a Mn of ca. 25 100 and Mw/Mn of 1.23. The
component composition ratio calculated based on the 1H NMR
spectrum (Fig. S1†) showed 5.2% BPA in the copolymer, which
aligned well with the initial monomer feeding ratios (t-BA : BPA
95 : 5 molar ratio). To test the ability of the BP “glue polymer”
for surface coating on different substrates, polystyrene (PS),
glass slides, and Ti substrates, representing polymer, inorganic,
and metal substrates, were tested.

Water contact angle (WCA) measurement and X-ray photo-
electron spectroscopy (XPS) were used to characterize the
modied surfaces. The surface wettability of different
substrates was almost the same aer coating (WCA ∼ 88°,
Fig. 1A). High-resolution C 1s scan and a wide scan showed
nearly identical spectrum and similar chemical compositions
(Fig. 1B and C). The curve tting analysis showed good agree-
ment between the measured and calculated data (Fig. 1D).
RSC Adv., 2024, 14, 12966–12976 | 12967
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Fig. 1 (A) Water contact angle (WCA) measurements of different substrates (glass, PS and Ti) with or without BP coating (without UV exposure).
(B) High-resolution spectrum of substrates with BP coating (without UV exposure) (black line: glass substrate; blue line: Ti alloy; green line: PS).
(C) XPS wide scan for BP polymer coated on glass, PS, and Ti. (D) XPS high-resolution C 1s scan for BP polymer coated glass. For curve fitting of
the XPS C 1s high-resolution scans, a 5-component model was applied, where C1 was assigned to C–C and C–H; C2 was assigned to C–N and
C–COO (secondary shifts associated with acid and ester groups); C3 was assigned to C–N and C–O; C4 was assigned to R–C]O, O–C–O, and
N(H)–C]O and C5 was assigned to O–C]O.

Scheme 2 RAFT copolymerization of BA and BPA.
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These results indicate that the “glue polymer” was successfully
coated on the different substrates.

The consumption of BPA in the polymer was observed using
a UV-vis spectrometer. The copolymer was cast on a quartz
cuvette. Aer drying at room temperature, the coating was UV
irradiated for 40, 80, 120, 160, and 180 s, respectively. The peak
of BPA around 260 nm was signicantly dropped aer UV
irradiation (Fig. 2A). The spectrum between the 160 s and 180 s
12968 | RSC Adv., 2024, 14, 12966–12976
exposure times were nearly identical, indicating that an irradi-
ation time of 160 s is sufficient to consume the benzophenone
(BP) moieties in the copolymers. WCA measurements before
and aer UV crosslinking revealed that the coating aer 160 s
irradiation was sufficiently crosslinked to resist ethanol
washing (Fig. 2B).

We further characterized the coatings using the Fourier
transform infrared spectroscopy (FTIR). The peaks at 1107 cm−1
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) WCAmeasurements of a glass substrate coated with BP polymer before and after ethanol wash. (B) UV vis spectrum of BP polymer film
with different UV exposure times. (C) FTIR spectrum of BP polymer before (grey line) and after (red line) UV exposure (Ti substrate). Two peaks
indicated by the blue arrow were located at 1130 nm and 1023 nm.
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and 1029 cm−1 appeared aer UV irradiation, indicating the
generation of C–O and the polymerization of BP groups
(Fig. 2C). BP groups were known to form a singlet state, which
rapidly undergoes intersystem crossing to yield the triplet by UV
excitation. Then, free radicals would be generated via the
abstraction of hydrogen donors, resulting in a ketyl radical and
aliphatic carbon-centred radical. The free radicals can then
initiate the crosslink of the coating.22 The peaks at 2800–
3000 cm−1 (2973 cm−1, 2920 cm−1 and 2863 cm−1) were the C–H
stretching from either CH3 of tert-butyl and CH2 of the polymer
backbone (Fig. 2C). The peak at 1721 cm−1 is the vibration of
ester C]O–O. The bands at 1645 cm−1 ascribed to BP's
distinctive ketonic C]O group.23 The peaks at 1524, 1456, and
840 cm−1 corresponded to C–C aromatic stretch (in the ring),
C–H bending, and ring puckering, respectively.24
2.2. Surface functionalization with polyacrylic acid (PAA)

Functionalized surfaces can be generated by simply mixing BP
polymer with another functional polymer, such as polyacrylic
acid (PAA) (Fig. 3A). A short UV exposure time would be required
© 2024 The Author(s). Published by the Royal Society of Chemistry
to increase the ratio of functional groups. For example, pure BP
polymer requires 160 s of exposure time, while 20% and 50%
PAA require 120 s, and 80% PAA requires only 60 s exposure
time (Fig. S2†). FTIR data showed that pure PAA polymer has
peaks in 2832–3000, 1709, 1450, 1239, 1169, 915, 801, and
615 cm−1 (Fig. 3B). Similarly, the bands between 2832–
3000 cm−1 were due to the C–H stretching of the polymer
backbone. The peaks at 1450 and 1407 cm−1 were assigned to
the deformation of CH2 and OH, respectively. The bands
between 1110 and 1300 cm−1 were contributed by CO stretching
and –OH bending vibration. The peak at 615 cm−1 was due to
the C]O deformation vibration.25 Peak shown at 1709 cm−1

was due to stretching of the carboxylic acid group. In all BP/PAA
coatings, FTIR showed distinctive peaks at 840 cm−1 of BP and
615/801 cm−1 of PAA, indicating a successful crosslinking.

Next, the bioactivity of PAA in the BP/PAA coatings was
examined. A scratch was created on the coating, followed by
reacting the surface with uorescent amine (NH2) via EDC/NHS.
In the 20% and 50% BP/PAA coatings, a more apparent
boundary can be seen on the 50% sample, indicating the
RSC Adv., 2024, 14, 12966–12976 | 12969
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Fig. 3 (A) Schematic drawing of functionalizing surface with carboxylic acid and their further reaction with FITC tag. (B) FTIR spectrum of
different BP–PAA polymer coatings after UV exposure. Black line: pure BP; red line: 20% PAA + 80% BP; blue line: 50% PAA + 50% BP; green line:
80% PAA + 20% BP; purple line: pure PAA. (B) UV-vis spectrum of different BP–PAA polymer coatings before (solid lines) and after (dotted lines)
UV exposure. (C) Representative images and relative fluorescent intensity on FITC-modified BP–PAA coatings.

Fig. 4 (A) Schematic drawing of gelatin immobilization method. UV vis spectrum of different BP–gelatin polymer coatings with different UV
exposure times. (B) 20% gelatin + 80% BP; (C) 50% gelatin + 50% BP; (D) 80% gelatin + 20% BP. (E) FTIR spectrum of different BP–gelatin polymer
coatings after UV exposure. Black line: pure BP; red line: 20% gelatin + 80% BP; blue line: 50% gelatin + 50% BP; green line: 80% gelatin + 20% BP;
purple line: pure gelatin.

12970 | RSC Adv., 2024, 14, 12966–12976 © 2024 The Author(s). Published by the Royal Society of Chemistry
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existing BP/PAA coatings (Fig. 3C). In the 80% PAA coating,
delamination was found aer sonication. It noted that the BP
polymer's reactive points were insufficient. Pure PAA coating
control didn't show a uorescent signal due to its high solu-
bility in water (Fig. 3C).
2.3. Surface functionalization with proteins

Protein-functionalized surfaces can be generated using either
one-step (mixing BP with the bioactive molecules) or two-step
(sequential coating BP polymer and then the bioactive mole-
cules) methods. For example, gelatin was used in the one-step
method. Gelatin was mixed with BP at different ratios
(gelatin: 0, 20, 50, 80, and 100%) in solution, and then the
mixture was cast on the surfaces (Fig. 4A). A short UV exposure
was required for an increased gelatin ratio within the BP/gelatin
coating (Fig. 4B–D). FTIR spectrum showed that pure gelatin
displayed characteristic peaks at 1637, 1531, and 1239 cm−1,
corresponding to amide-I, amide-II, and amide-III, respectively
(Fig. 4E).26 In the one-step method, the characteristic peaks of
Fig. 5 Representative fluorescent images (A) and cell viability measurem
control at day 1 and day 4 with complete culture medium. Representativ
cell culture on different BP–gelatin coated surfaces with serum-free cu

© 2024 The Author(s). Published by the Royal Society of Chemistry
BP and gelatin co-appeared in the spectrum. In the spectrum of
20%, 50% and 80% gelatin, BP polymer peaks located at 840
and 1720 cm−1 appeared with decreased intensity, aligning well
with increasing gelatin amount.

Surface bioactivity was evaluated using a cell adhesion
study. The pure BP polymer coatings had excellent biocom-
patibility compared to the tissue culture glass substrate (Fig. 5A
and B). To assess the bioactivity of gelatin in the BP/gelatin
coatings without interference from adhesive proteins in
serum, a 24-hour cell adhesion test was conducted in a serum-
free DMEM medium. In the DMEM, NIH 3T3 broblasts
appeared round-shaped morphology on the glass and BP
coating; at the same time, cells were spread out on the BP/
gelatin coatings (Fig. 5C). Cell density and activity on the 50%
BP/gelatin coating was the highest compared to other surfaces,
indicating that an optimal gelatin concentration was found
(Fig. 5C). To be noted, cell adhesion was dropped on the BP/
gelatin coating (gelatin > 80%) and pure gelatin coating
(100%), indicating that gelatin cannot be maintained on the
surfaces without enough BP polymer.
ent (B) of NIH 3T3 fibroblast culture on BP-coated surfaces and glass
e fluorescent images (C) and cell viability measurement (D) of NIH 3T3
lture medium.
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Fig. 6 (A) Schematic drawing of the two-step method for immobilizing bioactive molecules. (B) FTIR spectrum of different bioactive molecule
modified surfaces after UV exposure. Black line: pure BP; red line: RGD-coated surface; blue line: collagen-coated surface; green line: gelatin-
coated surface. Representative fluorescent images (C) and cell viability measurements (D) of NIH 3T3 cells cultured on RGD, collagen, and
gelatin-modified surfaces in a serum-free medium after 24 hours. (E) Representative bright-field images showing ARS staining of calcium
deposition after 21 days of hBMSC differentiation culture.
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In the two-step method, pure BP polymer was rst coated on
the surface. Aer drying, a second layer of bioactive molecules
(RGD, collagen, or gelatin) was then cast on the BP lm and
crosslinked using UV light (Fig. 6A). Since the underneath BP
polymer coating retains reactive BP groups, it can chemically
bond to the biomolecule cast above. FTIR spectrum conrmed
these bioactive polymers attached aer washing (Fig. 6B). To
evaluate the physical adsorption and UV-crosslinking of
proteins within the BP/protein lms, NIH 3T3 broblasts were
cultured on different surfaces with or without UV exposure
using serum-free medium. The results showed that UV exposure
facilitated cell adhesion without serum, indicating more
bioactive molecules on the surfaces (Fig. 6C and D).

The long-term bioactivity of immobilized proteins with BP/
protein lms was evaluated using bronectin (FN) and
12972 | RSC Adv., 2024, 14, 12966–12976
osteogenic differentiation of human bone marrow stem cells
(hBMSCs).27,28 Aer a 21-day culture under osteogenic differ-
entiation conditions, the highest amount of calcium was
produced on the BP/FN lm with UV exposure, indicating that
the combination of BP polymer and UV crosslinking is neces-
sary (Fig. 6E). The proposed surface coating strategies are
benecial for cell culture and differentiation on biomaterials.
3. Discussion

It has been widely recognized that surface functionalization of
a material is crucial in biomaterials and tissue engineering.
Substrate-independent coating techniques have gained
considerable interest in clinical settings due to their ease of use
in coating materials that are otherwise difficult to modify or
© 2024 The Author(s). Published by the Royal Society of Chemistry
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require complex reaction steps.29–31 This study proposes
a substrate-independent method using a benzophenone (BP)-
containing “glue polymer” and UV-crosslinking. This “glue
polymer” is versatile and can be used in one- or two-step coat-
ings. More importantly, the “glue polymer” coatings can be
stored in a dry state, which is easy to store and ship. The
subsequent UV exposure initiates rapid crosslinking reactions
to bind the targeted biomolecules with the surfaces. The
bioactivity of the targeted molecules did not harm in either
protocol.

This study explores broader applications of BP in biological
elds, while BP has been applied in medicine and chemistry
(e.g., photo-initiators).32–34 Borgolte et al. synthesized chitosan
derivatives substituted with BP groups as antibacterial coatings
for polyether ether ketone (PEEK) substrates.35 Following
a similar design concept, Yoshikawa et al. embedded BP in
a polymer backbone incorporating a low fouling motif and cell
adhesive peptide. The resulting coating showed substrate-
independent behaviors and antifouling against bacteria.36

Since BP groups were embedded into the polymer backbone,
altering coating properties will require synthesizing new poly-
mers. Moreover, BP molecules can be physically adsorbed onto
polydimethylsiloxane (PDMS) surfaces to act as initiators for
subsequent crosslinking or graing. In this setup, surface
properties can be modied with different monomers, such as
acrylamide, hydroxyethyl methacrylate, and sulfobetaine
methacrylate.37,38 However, the degree of physical adsorption
varied on different substrates, potentially leading to inconsis-
tent coatings.

The current method employs BP-containing polymer as
a “bioglue”, imparting greater stability across different
substrates. Targeted molecules can be immobilized onto
surfaces without pre-modications. Additionally, this approach
offers the advantages of simplicity in operation and a wide
range of candidate polymers, from synthetic polymers to
proteins. It does not require specialized equipment with
complex parameters, as in plasma polymerization, nor does it
need complete submersion of the coated objects. The extensive
candidates allow for selecting desired functional groups for
immobilization. Water-soluble polymers can be “glued” on the
BP-coated surface using the two-step method, wherein BP
polymer was dried on the substrates rst. Conversely, the mix-
ing method can be adopted if the targeted molecules are only
soluble in organic solvents.

The proposed method is an alternative to surface function-
alization. The core idea behind this coating technique is the
“glue polymer” capable of bonding to a wide range of
substrates, ensuring their independence and linking desired
functional groups. The BP polymer synthesized serves as a proof
of concept, demonstrating how this concept could be applied in
biomedical elds.

4. Conclusion

A new substrate-independent coating method employing
a benzophenone (BP)-containing “glue polymer” was proposed.
This method can be applied to various materials, including
© 2024 The Author(s). Published by the Royal Society of Chemistry
glass, PS, and Ti substrates. The “glue polymer” allows efficient
UV crosslinking with various biomolecules, including peptides
and proteins. Through subsequent cell culture experiments, the
sustained bioactivity of these biomolecules was conrmed. This
study demonstrates that the proposed method is a versatile and
substrate-independent approach. Due to its simplicity, we
believe this innovative approach holds signicant promise for
surface modication in biomedical applications.

5. Experimental section
5.1. Materials

t-Butyl acrylate, AIBN, ethyl acetate, methanol, polyacrylic acid
(PAA), hexauoroisopropanol paraformaldehyde, Triton-100, b-
glycerophosphate, dexamethasone and ascorbic acid were
purchased from Sigma and used as received without further
purication. Gelatin (from porcine skin) were purchased from
Milliporesigma. Collagen IV (mice) were purchased from
Corning. N-Benzophenone acrylate (BPA) and BM1432 (RAFT
agent) were donated from Paul Pasic. FITC–RGD with amine as
the end group was purchased from BioMATIK (Lot#: P130801,
Taiwan). Dulbecco's modied Eagle medium (DMEM), fetal
bovine serum (FBS), MEM-a medium (PM150421), penicillin
and streptomycin solution were all purchased from Gibico.
CCK-8 kits were purchased from Dojindo Molecular Technolo-
gies. cRGD were purchased from Qyaobio, China. Fibronectin
was purchased from Stem Cell Technology.

5.2. BP polymer synthesis

Copolymerization of BPA and BA (poly(BA95–BPA5)). 5BPA–
BA: 3 g t-butyl acrylate (BA, 3 g, 24 mmol), N-benzophenone
acrylate (BPA, 305 mg, 0.12 mmol), RAFT reagent BM1432
(48 mg, 0.12 mmol) and AIBN (1.9 mg, 0.01 mmol) were
prepared in a N2 purged glove box. Then, they were dissolved in
20 mL N2 purged ethyl acetate and continued to purge for 10
minutes within the glove box. The reaction was carried out at
70 °C for 20 h. The polymer was precipitated into a methanol/
water (30/70 volume ratio) mixture and dried in a vacuum.
The number-average molecular weight (Mn) and polydispersity
(Mw/Mn) were measured by gel permeation chromatography
(GPC) using a Shimadzu Chromatography System (LC-24AD)
with Ultrahydrogel 2000 and 120 columns connected in series.
The molar ratio of BPA and HPA in the copolymer was deter-
mined by 1H NMR.

5.3. Coating preparation

For pre-mixed coatings: BP polymers were pre-mixed with either
PAA (in acetic acid) or gelatin (in hexauoroisopropanol) at
a pre-determined ratio and diluted to a nal solution containing
2 wt% of polymer solutes. These solutions were spin-coated on
different substrates (2700 rpm for 25 s), including cover glass, Ti
alloy and PS pallet.

For the post-coating method, BP–RGD coating is an example.
2 wt% of BP polymer in toluene was spin-coated on a substrate
(2700 rpm for 25 s) rst. 100 mL (0.01 mg mL−1) cRGD water
solution was dropped onto the surface and restrained in a Ø
RSC Adv., 2024, 14, 12966–12976 | 12973
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1 cm area with a silicon O ring. Aer drying overnight, the
surface was crosslinked and washed with 1% Twin-20 form 16 h
under gentle shaking to remove the physically attached cRGD.
The samples were then washed thoroughly with MQ water
before further use. For BP–gelatin and BP–collagen coatings,
0.1 mg mL−1 coating solution (in MQ water) was used instead,
followed by the same drying, crosslinking and washing
processes (without Twin-20 washing). Crosslinking method:
coatings were crosslinked under a portable UV lamp (Yihua
Lighting Company, China) containing UV-A, UV-B and UV-C for
a predetermined time. The distance between the lamp and the
crosslinking surface remains 10 cm for all experiments.
5.4. Coating characterization

UV-vis spectrum. 10 mL polymer solution was casted on one
side of a 3 mL quartz cuvette (Agilent Technology) and allowed
to dry overnight in the dark. UV-vis spectrum spectra were
recorded in Cary 60 UV-vis spectrophotometer at a nominal
resolution of 2 nm with 600 nm min−1 scan rate. All measure-
ments were performed at room temperature.

X-ray photoelectron spectroscopy (XPS). XPS was performed
on ESCALAB 250Xi spectrometer (Thermo Fisher Scientic Inc.),
equipped with a monochromatized Al Ka source at a power of
150 W (15 kV), a hemispherical analyzer operating in the xed
analyzer transmission mode, and the standard aperture with an
analysis area of 0.5 mm × 0.5 mm. The total pressure, in the
order of 10−10 mbar, was maintained in the main vacuum
chamber during analysis. Survey spectra were acquired at 100 eV
pass energy, and high-resolution C 1s, N 1s and O 1s spectra were
obtained at pass energy of 20 eV. Data were processed with
Thermo Avantage soware. All elements present were identied
from survey spectra. The atomic concentrations of the detected
elements were calculated using integral peak intensities and the
sensitivity factors supplied by the manufacturer. All spectra were
calibrated according to C 1s located at 284.8 eV. For curve tting
of the XPS C 1s high-resolution scans, a 5-component model was
applied, where C1 was assigned to C–C, C–H and C–S; C2 was
assigned to C–Br, C–N and C–COO (secondary shis associated
with acid and ester groups); C3 was assigned toC–N andC–O; C4
was assigned to R–C]O, O–C–O and N(H)–C]O and C5 was
assigned to O–C]O.

Water contact angle. The static contact angle of the surfaces
was calculated and measured using the sessile drop method
with a 3 mL water droplet on a DataPhysics Instrument (OCA20)
at ambient temperature using MQ water.

Fourier transfer infrared spectroscopy (FTIR) measurements
were performed on a Nicolet 6700 ATR-FTIR spectrometer using
XT-KBr™ beam splitters with a SMART SAGA attachment and
a grazing angle of 80°. Spectra were recorded at 4 cm−1 reso-
lution of 128 scans with a spectral range of 4000–500 cm−1.

Cell culture. NIH 3T3 broblasts and human fetal bone
marrow stem cells (BMSCs) were used in this study. NIH 3T3
cells were cultivated in complete culture media (composed of
Dulbecco's modied Eagle medium (DMEM) containing 10%
FBS, 100 units per mL penicillin and 100 mg per mL strepto-
mycin (antibiotics)) at 37 °C using a 5% CO2 incubator for
12974 | RSC Adv., 2024, 14, 12966–12976
maintenance and passaged once cell density reached 80–90%
conuency. hBMSCs were maintained in growth media (GM,
MEM-a medium (PM150421) supplemented with 10% FBS and
100 units per mL penicillin and 100 mg per mL streptomycin)
and used before passage 10. For biocompatibility culture,
samples were placed at the bottom of a 24-well plate and ster-
ilized by soaking in 75% ethanol for 30 min and dried in
a biosafety cabinet overnight. NIH 3T3 cells were seeded onto
the samples at a density of 5000 cells per well in 0.8 mL of
complete culture media for a predetermined time. In the cell
adhesive assay, samples were sterilized by soaking in 1000 units
per mL penicillin and 1 mg per mL streptomycin at room
temperature for 16 h and then washed with sterile PBS thor-
oughly before cell seeding. NIH 3T3 cells were seeded at the
density of 10 000 cells per well in 0.5 mL DMEM media (the
serum-free medium without the addition of FBS) with 100 units
per mL penicillin and 100 mg per mL streptomycin for 24 h.

Cell attachment measurement. Cell viability was investi-
gated using a Cell Counting Kit-8 assay (CCK-8, Dojindo
Molecular Technologies). For uorescence imaging, cells were
xed using 4% paraformaldehyde for 10 min at room temper-
ature aer being carefully washed in sterile PBS and then per-
meabilized with 0.2% Triton X-100 for another 10 min. Cell
skeleton staining was performed by incubating cells with
phalloidin (Alexa Fluor 488, Thermosher; 1 : 200) for 30 min at
room temperature and rinsing with PBS. Images were taken
under a uorescent microscope (Olympus CKX53).

Osteogenesis differentiation. For long-term cell culture,
BMSCs were seeded at near-conuent densities (20 000 cells per
cm2). Once the cell density reached about 90%, the mediumwas
changed to an osteogenic medium and further incubated. The
osteogenic supplements included a growth medium containing
10 mM b-glycerophosphate, (Sigma-Aldrich, G9422-10G),
10−7 M dexamethasone (Sigma-Aldrich, D8893-1MG), and 50
mg per mL L-ascorbic acid (Sigma-Aldrich, A8960-5G).

Alizarin red S (ARS) staining. Aer 21 days of differentiation,
the cells were washed twice with PBS, xed with 4% para-
formaldehyde for 10 minutes, and incubated with 0.1% alizarin
red S solution for 30 minutes. The deposition of calcium
phosphate was indicated by red staining.
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