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Abstract

Although the development of three-dimensional (3D) printing technology is growing
rapidly inthe biomedicalfield, it remains a challenge to achieve arbitrary 3D structures
with high resolution and high efficiency. Protein hydrogels fabricated by two-
photon polymerization (TPP) have excellent mechanical properties, high precision,
and 3D architecture. However, a large number of the amino acid group in bovine
serum albumin (BSA) would be consumed when the protein-based hydrogels use
dyes of free radical type Il photoinitiators. In this study, we use glycidyl methacrylate
(GMA) to modify BSA molecules to obtain a series of BSA-GMA materials, allowing
the protein material to be two-photon polymerized with a water-soluble free
radical type | photoinitiator. The precisely controllable 3D structure of the BSA-GMA
hydrogel was fabricated by adjusting the concentration of the precursor solution,
the degree of methacrylation, and the processing parameters of the TPP technique.
Importantly, BSA-GMA materials are free of acidic hazardous substances. Meanwhile,
the water-soluble initiator lithium phenyl (2,4,6-trimethylbenzoyl) phosphite (LAP)
allows TPP on the vinyl group of the GMA chain and thus without consuming its
amino acid group. The as-prepared BSA-GMA hydrogel structure exhibits excellent
autofluorescence imaging, pH responsiveness, and biocompatibility, which would
provide new avenues for potential applications in tissue engineering and biomedical
fields to meet specific biological requirements.

Keywords: Two-photon polymerization; Bovine serum albumin; Hydrogel; Free
radical type | initiator; Biocompatible scaffold

1. Introduction

The rapid development of three-dimensional (3D) printing technology has attracted
increasing attention in the field of tissue engineering"*.. The optical crosslinking
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system and the optimized functional biomaterials are
crucial for light-based 3D printing. To better meet the
different needs of scale and precision of synthetic 3D
scaffolds, various microfabrication techniques have
been developed to construct 3D hydrogels, such as
stereolithography®!, soft lithography!®”), digital light
projection®, electrospinning®'?, and bioprinting!"').
However, it is still a challenge to prepare arbitrarily
shaped 3D structures with high resolution and high
efficiency. Two-photon polymerization (TPP) as a
femtosecond laser direct writing technique allows the
rapid polymerization of transparent polymer solutions
into arbitrary, high-resolution 3D microstructures,
which has been widely used in micro and nano
photonics!"*, microfluidics!", tissue engineering!'*'*),
and drug delivery!!>2l,

Hydrogel, a kind of advanced material that mimics the
extracellular matrix (ECM) in vivo, has been extensively
investigated for biomedical applications due to its
hydrophilicity and potential biocompatibility?' . In the
study of hydrogel scaffold materials, natural polymeric
materials  (collagen®?),  sodium alginate [SA]®¥,
chitosan®!, hyaluronic acid®’, bovine serum albumin
[BSA], etc.) have attracted much attention due to their
higher biocompatibility, better flexibility, low toxicity,
and greater biodegradability compared to polymeric
hydrogels®'*.  Among them, BSA is a monomeric
protein with 583 amino acids and a molecular weight
of about 66 kDa, which is highly abundant in plasma at
a concentration of about 30-50 mg mL"' and is a non-
synthetic and easily available biocompatible material.
Furthermore, BSA is a promising scaffold for tissue
engineering, regenerative medicine, and drug delivery
systems because of its stability, responsiveness to pH and
temperature, and ability to gel at low concentrations*~.
Albumin-based biomaterials can control the delivery of
therapeutic drugs and act as functional biological scaffolds
in drug delivery applications®?”.. Albumin is also used
to treat blood loss, burns, and shock due to its clinically
established biocompatibility ~profile for therapeutic
applications®**!, Numerous studies have demonstrated
that negatively charged groups such as carboxyl, hydroxyl,
and sulfonic acid groups on the surface of BSA can
induce the chondrogenic differentiation of bone marrow
mesenchymal stem cells (BMSCs), and promote the
adhesion of chondrocytes on the pore surface and the

formation of new cartilage(**?).

However, most protein hydrogels are usually not strong
enough to be used as scaffolds because the structure of
the protein is mainly maintained by primary-level amide
bonds and higher-level non-covalent bonds. Therefore,
methods including thermal gelation!*!, glutaraldehyde™",

or disulfide bond crosslinking!* have been reported to
modify BSA. However, hydrogels prepared by thermal
gelation have poor mechanical properties and are readily
soluble in biological fluids. The chemical crosslinking
techniques have significant drawbacks in preparing
biomaterials with tailored mechanical properties to match
different medical applications. Two-photon polymerized
protein hydrogels are widely used for tissue engineering
and drug delivery because of their excellent mechanical
properties and precisely controlled morphology!#2*4],
TPP usually requires the use of photoinitiators to induce
the crosslinking of proteins, which are classified as free
radical type I and free radical type II initiators™®+l.
The crosslinking of dye molecules (free radical type II
initiators) with proteins involves two photooxidation
mechanisms. The first one is to excite the dye molecule
to extract hydrogen from the protein molecule to induce
protein crosslinking. This mechanism facilitates the
crosslinking of proteins containing ketones, phenols,
amines, or hydroquinones amino acid residues. The
second is that the singlet oxygen continues to react with
oxidizable amino acid residues to produce an electron-
deficient protein that may react with an amino acid
residue of another protein to form a covalent bond®.
Protein crosslinking is usually favored for tryptophan,
tyrosine, or histidine residues as well as amino acid
residues containing olefins, diolefins, aromatics, and
heterocyclic groups. Therefore, pure BSA can be two-
photon polymerized using a type II photoinitiator like
Bengal Red, but it consumes a large amount of amino
acid groups on BSAP!.,

In this study, a series of BSA molecules modified
by glycidyl methacrylate (GMA) were synthesized by
grafting methacrylate groups to the amine-containing
sidegroups of BSA, which enables the TPP capability using
free radical type I photoinitiators. Generally, GMA opens
the ring via an epoxide mechanism, and the reaction is
stable without acidic by-products. The BSA modified by
GMA (BSA-GMA) can interact with free radical type I
initiators other than dyes to crosslink without consuming
amino acid groups, and the TPP ability of BSA-GMA
hydrogels can also be tailored by changing the degree
and location of methacrylation. We have evaluated the
degree of methacrylation on BSA modified by various
amounts of GMA, as well as the TPP performance and
3D printing capabilities of BSA-GMA with different
concentrations and degrees of methacrylation.
Furthermore, we have demonstrated that the as-prepared
BSA-GMA hydrogels have autofluorescence, pH-
responsive characteristics, and good biocompatibility.
The proposed synthesis strategy and the protocol for
TPP of 3D bioinspired microstructures would provide
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Table 1. BSA and GMA ratios for modification experiments

nlysim/ Doy, My, gy, Vera Methacrylation
(g) (mmol) (mmol) (uL) degree (%)

1:1 5 4.45 4.45 577.5 15

1:1.5 5 4.45 6.68 865 35

1:2 5 4.45 8.90 1155 52

guidance to the development of functional materials for
tissue engineering and biomedical fields.

2. Materials and methods

2.1. Materials

BSA, Hoechst 33342, dialysis membrane, and TESCA
buffer (50 mM TES [C.H NOS], 0.36 mM CaCl,, pH
7.4) were purchased from Solarbio (Beijing, China).
GMA and rose bengal (RB) were acquired from Sigma
Aldrich (St. Louis, Missouri, MO, USA). Phosphate-
buffered solution (PBS; pH = 7.4) was purchased from
Leagene Biotechnology Co., Ltd, (Beijing, China). Rabbit
articular chondrocytes and rabbit articular chondrocytes
complete culture medium were acquired from Procell
Life Science&Technology Co., Ltd (Wuhan, China).
Mito-Tracker Deep Red and propidium iodide (PI) were
purchased from Invitrogen, Ltd. (UK). LAP was acquired
from TCI Development Co., Ltd (Shanghai, China).

2.2, Synthesis of BSA-GMA

BSA (5 g) was dissolved in 25 mL PBS and stirred for half
an hour at room temperature until completely dissolved.
The mature BSA protein with a molecular weight of about
66.5 kDa contains 583 amino acids, of which 59 are lysines
according to the manual for BSA.

=(my,, X 59)/M,, @

n .
lysine

As shown in Table 1, BSA-GMA was synthesized by adding
577.5, 865, and 1155 uL of GMA solution dropwise to the BSA
solution, and the reaction was carried out at room temperature
for 5 days. The solution was diluted five-fold with PBS and
stirred for 30 min to terminate the reaction. The solution
was dialyzed with deionized water for 5 days using a 12-14
kDa cut-oft dialysis membrane. Finally, the methacrylated
BSA solution was freeze-dried. The freeze-dried BSA-GMA
powders were stored at -20°C for further use.

2.3. Molecule structure characterization

by '"H-NMR/FT-IR

The powders of BSA and BSA-GMA synthesized with
different lysine/GMA molar ratios of 1:1, 1:1.5, and 1:2 were
measured by Fourier transform infrared spectrometer (FT-
IR) to evaluate the graft of GMA onto BSA. The samples
for FT-IR characterization were prepared by grinding

Table 2. Main components of the as-prepared photoresist
precursors

Sample  BSA-GMA (mg, wt%) LAP (mg, wt%) H,O (uL)
R,D,, 125.8 (20 wt%) 3.14 (0.5wt%) 500
R,D, 2143 (30 wt%) 3.62(05wt%) 500
R,D,, 336.2 (40 Wt%) 4.2 (0.5 wt%) 500
R,D,. 3362 (40 wt%) 42(0.5wt%) 500
R,D,. 3362 (40 wt%) 4.2 (0.5 wt%) 500

the powders with potassium bromide (KBr), while GMA
was coated on the surface of the KBr slice. Proton nuclear
magnetic resonance (‘H-NMR) characterization was used
to further determine the degree of methacrylation by a
Bruker DPX FT-NMR spectrometer (9.4 T) at 400 MHz.
BSA (50 mg) and each BSA-GMA were dissolved in 550
uL Deuterium oxide (D,0) and characterized by 'H-NMR,
respectively. The degree of methacrylation was defined by
the percentage of the signal of the methacrylate group at 6
= 5.7 and § = 6.1 ppm versus the proton signal generated
by the aromatic amino acids at 6.6-7.4 ppm in BSA-GMA.
%Degree of methacrylation = (A;_._+A;_  )/A,_, x 100

(1I)

§=6.1

2.4, Preparation of hydrogel precursor solution

First, freeze-dried BSA-GMA powder with 52%
methacrylation degree and 0.5 wt% photoinitiator LAP
were dissolved in ultrapure water to form precursor
solutions of 20 wt% BSA-GMA (52%), 30 wt% BSA-GMA
(52%), and 40 wt% BSA-GMA (52%). Then, the BSA-GMA
powders with 15% and 35% methacrylation degree and
0.5 wt% of photoinitiator LAP were added in ultrapure
water to form 40 wt% BSA-GMA (15%) and 40 wt% BSA-
GMA (35%) precursor solutions. Table 2 shows the main
components of the as-prepared photoresist precursors. The
hydrogels are defined by the weight ratio (R) and degree
of methacrylation (D) and abbreviated as R, D, , R, D_,
R,D., R, D and R D, respectively. The precursor
solutions were fully stirred in a dark room and stored in a
refrigerator at 4°C.

2.5.TPP microfabrication of BSA-GMA hydrogels

In the fabrication experiment, a home-built laser
direct writing optical setup was used to fabricate 3D
microstructures of BSA-GMA hydrogels (Figure S1
in Supplementary File). A near-infrared Ti: sapphire
femtosecond laser beam with a central wavelength of
780 nm, a pulse width of 80 fs, and a repetition rate of
80 MHz was used. The laser beam was tightly focused into
the photoresist by an oil immersion objective lens (60x,
numerical aperture 1.42, Olympus). Before the fabrication
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processing, the BSA-GMA precursor solution was dropped
between two coverslips placed on an XYZ positioning
stage. The photoresist was scanned by a femtosecond laser
beam in 3D by a computer-controlled XYZ motorized
stage (Physik Instrumente). After the fabrication, the
unpolymerized BSA-GMA solution was washed with
deionized water, and the desired 3D microstructure
can be achieved. Scanning electron microscope (SEM)
images were characterized by a field emission scanning
electron microscope (FESEM, Hitachi S-4800). Confocal
fluorescence images were recorded by a laser scanning
confocal fluorescence microscope (A1 MP, Nikon).

2.6. Optical characterization of precursors and
microstructures of BSA and BSA-GMA

UV-Vis absorption spectra were characterized
by a Shimadzu UV-2550 spectrophotometer. The
concentration of initiator in the initiator solution was
8.55 x 107 g mL"'. The BSA-GMA aqueous solution
was prepared from BSA-GMA powder with 52% degree
of methacrylation and 40 wt% concentration without
initiator as a control, as well as the solutions of R, D,
R,D., R,D., R,D,,, and R, D,  containing 0.5 wt%
initiators. Infrared spectra of GMA, precursor solution,
and microstructure of BSA+RB, as well as precursor
solution and microstructure of BSA-GMA were
performed with a Fourier transform infrared micro-
spectrometer (Vertex 70 Micro and Hyperion 1000-2000)
in the range of 600 to 4000 cm’. Raman spectra and
images were measured by a Raman-11 microscopy using
a 532-nm laser as the excitation source in line scanning
mode.

2.7. Zeta potential and isoelectric point of BSA and
BSA-GMA with different methacrylation degrees

The electrical properties were characterized using a
Zetasizer (Nano ZS90, Malvern, UK) under different
pH conditions. Sodium phosphate dibasic-Citric acid
(Na,HPO,-CA) buffer solutions were prepared at pH
2.66, 3.15, 3.45, 3.79, 4.07, 4.52, 4.96, 5.22, 6.09, 6.97, and
8.16, respectively. BSA and BSA-GMA were dissolved in
Na,HPO,-CA buffer solutions at different pH values at a
concentration of 10 ug mL", and the zeta potential values
of various samples were measured. The isoelectric point is
the pH value at a zeta potential of 0 mV. The isoelectric
point of the material is obtained by a linear fitting to two
pH values across 0 mV.

2.8. pH response experiment

First, 7 x 7 x 2 um® sized hydrogel cubes were polymerized
by the TPP technique. Afterward, 200 pL of different pH
solutions were dropped onto coverslips containing the
hydrogel structures at room temperature, and the pH
response process was recorded under a microscope with

a CCD DS-Ri2 (Nikon, Japan) and a 50x objective lens
(N.A. = 0.8). pH response experiments were performed
with pH 2, pH 5, PBS (pH 7.4), and pH 11 solutions, in
which the solutions of different pH were prepared with
concentrated HCIl and NaOH.

2.9. Evaluation of cell viability in BSA-GMA
hydrogels

3D microscaffolds of R, D, R, D., R, D_, R, D, and
R, D, were prepared in each coverslip by the TPP technique.
Before cell culture, the cell scaffolds were sterilized with
75% ethanol and ultraviolet (UV) light for 1 h, respectively.
Rabbit articular chondrocytes were cocultured with five cell
scaffolds using chondrocyte-specific medium, and incubated
in a humidified incubator at 37°C and 5% CO, for 72 h. The
medium was changed every other day. The mitochondria
of living cells were stained with Mito-Tracker Deep Red
for 20 min, and then, the nuclei of living cells were stained
with Hoechst 33342 for 10 min. Dead cell nuclei were then
stained with PI for 10 min. The fluorescence images were
observed using confocal fluorescence microscope with a
20x objective lens. The excitation wavelengths were 640,
561, 488, and 405 nm, respectively.

3. Results and discussion

In this work, GMA was used to modify BSA to obtain a
series of BSA-GMA materials, which can not only be two-
photon polymerized using water-soluble radical type I
photoinitiators without depleting the amino acid groups
of the protein, but can also be adjusted according to the
degree of methacrylation to tune the TPP capability.
Moreover, the polymerized BSA-GMA hydrogel structure
exhibited autofluorescence, pH response, and excellent
biocompatibility.

3.1. BSA-GMA preparation and characterization

BSA has low toxicity, high biocompatibility, and good
flexibility, and can be easily polymerized into hydrogels,
showing a wide range of applications in various fields. BSA
consumes a large number of amino acid residues via TPP
based on a dye-amine system. Many of these amino acid
residues are important for cells, which are essential for cell
attachment to protein scaffolds. Thus, we modified BSA by
GMA so that the TPP reaction only occurs at the double
bond on the GMA chain without consuming amino acid
groups with type I initiators. This overcomes the limitation
of consuming amino acids using free radical type II
initiators in TPP of BSA (Figure 1). The BSA-GMA was
synthesized by replacing the primary amines of BSA with
GMA (Figure 1A). GMA reacts with the primary amine
(-NH,) of the lysine residue of BSA via an epoxide ring-
opening mechanism without acidic by-products®. GMA
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Figure 1. BSA-GMA as pre-hydrogel as well as FT-IR spectra and "H-NMR spectra of unsubstituted BSA and BSA-GMA with different degrees of
methacrylation. (A) Modification of BSA with GMA. BSA is covalently immobilized with GMA, which is a donor of the vinyl double bond as a two-photon
crosslinking site. (B) BSA powder was dissolved in PBS at pH 7.4, and GMA was added dropwise to this solution after half an hour and reacted at room
temperature for 5 days. It was dialyzed in distilled water for 3 days to remove the salt and then freeze-dried. A precursor solution was prepared by adding LAP
to the BSA-GMA solution. (C) FT-IR spectra of GMA, unsubstituted BSA, and BSA-GMA with different degrees of methylation. In FT-IR spectra, amide I
(1639 cm™), amide II (1512 cm™), and amide III (1234 cm™) in BSA were found, as well as spectra related to GMA, such as at 951 and 1165 cm’,
-CH, wagging stretching of methacrylate vinyl. (D) '"H-NMR spectra of unsubstituted BSA and BSA-GMA with different degrees of methylation. The
modification of lysine residues in BSA was confirmed with increasing GMA, with a gradual decrease in lysine signal at § = 2.9 ppm, an increase in
methacrylate vinyl signal at § = 6.2-5.9 and 5.8-5.5 ppm, and an increase in methyl signal at § = 1.8 ppm.

can increase the reaction with amino groups, and two GMA peaks in FT-IR (Figure 1C). BSA-GMA powders were
molecules can react with one free amino group. GMA can named according to the molar ratio of lysine and GMA
also increase the amount of vinyl methacrylate by reacting in the reaction. The variations of the BSA-GMA peaks
with the hydroxyl and carboxyl groups in BSA through an were determined by comparing the peaks of pure BSA and
esterification mechanism, thus maximizing the crosslink GMA. The spectra of pure BSA and all Lys: GMA samples
density of BSA-GMA hydrogels”®*. To optimize the ratio of showed protein-related amide I, II, and III peaks at 1658,
BSA-GMA hydrogels, BSA-GMA was fabricated by adding 1539, and 1246 cm}, respectively. The IR spectra of GMA
GMA with lysine group ratios of 1:1, 1:1.5, and 1:2 into showed strong -CH, swing and stretching vibrations of
the BSA solution, respectively (Figure 1B). A series of BSA- vinyl at 1168 and 945 cm™. The changes detected in the
GMA powders were synthesized by the methacrylation BSA-GMA specimens compared to the BSA were at 1168
reaction, followed by dialysis and freeze-drying. LAP has and 945 cm’, representing the -CH, wagging stretching
good water solubility, good biocompatibility, and a two- of vinyl in GMA. These peaks increase gradually with
photon absorption (TPA) of 0.16 GM at 800 nm, which is the increase of the GMA ratios. To further quantify
promising for TPP initiator®***. Therefore, we chose LAP the degree of methacrylation of BSA-GMA under each
as the type I initiator for this study. condition, it was characterized '"H-NMR spectroscopy
(Figure 1D). Specifically, the characteristic resonances of

The modification of GMA on BSA was confirmed by methacrylic acid vinyl groups (8 = 6.1 and 5.7 ppm) and
the identification of GMA-related peaks and BSA-related GMA methyl (8§ = 1.8 ppm) appeared after the addition of
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Figure 2. BSA-GMA TPP mechanism. (A) Schematic diagram of BSA-GMA polymerization mechanism. (B) UV-Vis absorption spectra of LAP solution,

BSA-GMA solution and BSA-GMA precursor solution. (C) TPP laser threshold power as a function of scanning speed for the photoresist
FT-IR micro-spectroscopy spectra of BSA+RB precursor and microstructure by TPP. (E) FT-IR micro-spectroscopy spectra of R, D

R40D35 (D)

D5, precursor and

microstructure by TPP. (F) Raman spectra of R, D, precursor and microstructure by TPP.

GMA, and the integration of these peaks increased with
the increase of the amount of GMA. The lysine methylene
signal at § = 2.9 ppm gradually decreased with increasing
GMA content, indicating the changes in lysine residues
in BSA. The degree of methacrylation was calculated by
dividing the area under the double peaks of 6 = 5.7 and
§ = 6.1 ppm (methacrylate groups) by the area under the
peak of § = 7.0 ppm (aromatic groups)©®!. The degrees of
methacrylation for Lys: GMA = 1:1, Lys: GMA = 1:1.5, and
Lys: GMA = 1:2 were determined as 15%, 35%, and 52%,
respectively (Figure S2 in Supplementary File). 'H-NMR
analysis showed that the degree of methacrylation was the
highest for Lys: GMA = 1:2. The amount of methacrylate
increased in proportion to the volume of GMA used in the
synthesis reaction, while the lysine content decreased with
the increasing volume of GMA. It is demonstrated that
epoxide ring opening on GMA and nucleophilic addition
of lysine depends on the amount of GMA. GMA has been
successfully grafted onto BSA as demonstrated by FT-IR
and 'H-NMR. The degree of methacrylation in this study
is synthesized in the range of 15% to 52%.

3.2. TPP mechanism of BSA-GMA hydrogel

The modified BSA-GMA can be used in TPP with type I
photoinitiators other than type II photoinitiators. The TPP
mechanism of BSA-GMA was verified by comparing the

optical properties of the precursor and microstructure
(Figure 2). Figure 2A is a schematic diagram of the
hypothesized crosslinking network for the TPP of BSA-
GMA hydrogels. The photoinitiator LAP in the BSA-
GMA precursor solution absorbed two photons under the
femtosecond laser irradiation at 780 nm, which triggered
the opening of the double bond of vinyl on GMA for
free radical polymerization and formed a polymerization
network. The UV absorption spectra of the photoinitiator
LAP solution, the aqueous BSA-GMA solution, and the
BSA-GMA hydrogel precursor solution were analyzed
by UV-Vis absorption spectroscopy (Figure 2B). The
absorption peak of the LAP solution was at 370 nm, and
the addition of BSA-GMA resulted in a slight red shift of
the BSA-GMA precursor solution with the absorption peak
at 378 nm, while the pure BSA-GMA solution showed no
absorption at 378 nm. All solutions showed no absorption
at 780 nm, which demonstrates that the polymerization of
BSA-GMA with a type I initiator at 780 nm is not a single-
photon polymerization. The laser threshold power of BSA-
GMA has a power-law relationship with the scanning
speed and can be used to determine the mechanism of
the polymerization reaction™’). When the laser writing
speed is below 50 um s, P, is significantly higher than
the mathematical fitted value (straight dashed line). It is
because the rate of free radical generation in TPP hydrogels
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is higher than the rate of oxygen diffusion into the exposed
volume, independent of the exposure time and the laser
writing speed at the lower laser writing speed®®. Thus,
only the data at high scanning speeds were chosen for the
fitting. For the higher scanning speeds (V, > 50 um s™),

P, oc Cx VIV (11D)

where N is the non-linear exponent of the photoinitiator
and C is a constant related to the fabrication performance
of the photoresist. We investigated the relationship between
the laser threshold power and the scanning speed using
the R, D__photoresist as an example. The N value obtained
from Figure 2C is 2.3, which is close to the two-photon
absorption coefficient. The TPP mechanisms of BSA and
BSA-GMA were studied by FT-IR micro-spectroscopy and
Raman, respectively. Figure 2D shows the FT-IR spectra
of the BSA+RB precursor solution and the microstructure
by TPP. The broad absorption peak at 3311 cm™ is the
characteristic peak of BSA with significantly decreasing
peak intensity after polymerization, which is the stretching
vibration of the amino (single bond -NH,) group and the
hydroxyl (O-H) group. Amide I, amide II, and amide III
show peaks at 1660, 1540, and 1249 cm™, respectively. The
intensity of the peak of amide II decreased and that of
amide III increased. Moreover, strong C-O-C peaks have
been observed at 831 and 1081 cm™, which are thought to
be the oxidation of some phenolic hydroxyl groups on BSA
tyrosine residues by the excited state of RB and coupling
with other amino acid residues to form C-O-C bonds. The
decrease in the intensity of the amino acid peak and the
appearance of the C-O-C peak suggests that the TPP in
the BSA+RB system consumes a large number of amino
acid residues. These amino acid residues are essential for
cell attachment to protein scaffolds, so the depletion of
primary amino groups and carboxylate groups can affect
the biocompatibility of the scaffold****!.

In contrast, TPP of BSA-GMA using a radical I type
photoinitiator occurs only on the GMA chain and does not
consume amino acid groups. Figure 2E shows the FT-IR
micro-spectroscopy spectra of GMA, BSA-GMA precursor
solution, and the microstructure by TPP. The broad
absorption peak exhibited at 3417 cm™ is the characteristic
peak of BSA, which is the stretching vibration of N-H
and O-H bonds. Amide I, amide II, and amide III show
peaks at 1656, 1542, and 1245 cm’!, respectively. Most of
the FT-IR micro-spectroscopy peaks were retained after
the TPP, and the characteristic peak wagging C=CH, of
GMA was at 942 cm™, which was significantly weakened
after polymerization. This result indicates that the C=C
bond in BSA-GMA is initiated by a radical type I initiator
under a femtosecond laser to achieve TPP. Figure 2F shows
the Raman spectral analysis of GMA, R, D, precursor,

and microstructure by TPP, which also demonstrates the
two-bond opening of vinyl on GMA during two-photon
crosslinking. The =CH, bending vibration, C=C stretching
vibration, and C=0 stretching vibration of GMA in Raman
spectroscopy were reported as 1425, 1644, and 1732 cm™,
respectively®!. Before the polymerization, BSA-GMA
has Raman peaks of 1410 cm™ as an in-plane deformation
vibration of =CH,on GMA, 1643 cm ™" asa C=Cdoublebond
stretching with the C=0 peak of amide I of BSA forming
a double peak, and 1720 cm™ as a C=0 vibration peak on
the GMA chain. After TPP, most of the Raman peaks were
still preserved. However, the Raman intensity of some
peaks decreased or disappeared. The Raman intensity at
1409 cm™* (the deformation of =CH, in the face) decreased
after TPP, and the disappearance of the peak at 1643 cm'
changed from a double peak to a single peak. These results
suggest that the C=C bond in BSA-GMA was depleted. The
intensity of the C=0 peak at 1720 cm™ was also weakened,
which was thought to be the disappearance of the C=C
double bond leading to the loss of the conjugated system.
The analyses of UV-Vis absorption spectra, FT-IR micro-
spectroscopy, and Raman spectra demonstrate that the
BSA-GMA precursor solution with LAP as photoinitiator
under the femtosecond laser at a wavelength of 780 nm is
a TPP process, and the site of polymerization is the vinyl
group on the GMA chain without consuming other amino
acid residues.

3.3 TPP properties of BSA-GMA hydrogels

The hydrogel precursor solution contains the BSA-GMA
as the monomer and the LAP as the photoinitiator.
Many parameters could affect the quality of BSA-GMA
hydrogels, including laser power as well as the degree of
methacrylation and the concentration of BSA-GMA. To
fabricate highly precise and stable protein microstructures
under appropriate conditions, the TPP properties of BSA-
GMA precursor solutions with different concentrations and
different degrees of methacrylation were first investigated.
The fabrication performance of the BSA-GMA hydrogel
systems was evaluated by laser threshold power, fabrication
resolution, and 3D fabrication capability.

To determine the laser threshold power and the line
width of different BSA-GMA hydrogels, the relationship
between line width and laser scanning power was
investigated at a constant scanning speed of 10 pm s’
When the scanning speed was set as a constant, the higher
the starting efficiency of the photoinitiator, the lower
the polymerization threshold. Figure 3 shows the TPP
properties of the R, D_, R, D_, R, D , R D.,and R, D_
hydrogel systems, and the TPP laser threshold powers of
13.6, 12.3, 18.0, 13.3, and 5.6 mW, respectively. When the
power is below the threshold, the obtained hydrogel line
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Figure 3. The effect of BSA-GMA concentration, methacrylation degree, and laser power on BSA-GMA polymerization line. SEM images of the

polymerization lines of (A) R, D, (B) R, D,,, (C) R, D,, (D) R, D, and (E) R, D_.. (F) AFM image of R, D

oD, polymerization line. (G) The effect of laser

power on the line width of BSA-GMA with different concentrations and degrees of methacrylation.

structures were incomplete. Figure 3A-C shows SEM images
of the polymerization lines for different concentrations of
BSA-GMA, with the threshold power decreasing from
13.6 to 5.6 mW as the BSA-GMA concentration increases
from 20 wt% to 40 wt%. As the degree of methacrylation
increased from 15% to 52%, the threshold power

decreased from 18 to 5.6 mW (Figure 3C-E). Figure S3
(Supplementary File) shows the line structure obtained
by TPP with 30 wt% BSA as monomer and 0.5 wt% LAP
as initiator. The TPP process of the BSA+LAP system
only occurs at the laser power range of 20-23.7 mW. The
TPP ability of the pure BSA system was poor compared
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R20D52 R30D52

.....

Figure 4. SEM images of arbitrary 3D structures of BSA-GMA hydrogels with different contents and degrees of methacrylation processed by TPP. (A) SEM
images of four-pointed star structures of BSA-GMA hydrogels. Scale bar: 5 um. (B) SEM images of woodpile structures of BSA-GMA hydrogels. Scale bar:
5 pum. (C) SEM images of hollow cage construction of BSA-GMA hydrogels. Scale bar: 1 um.

Table 3. TPP parameters for 3D structures

Sample Four-pointed star Woodpile structures Hollow cage

R,D,, P=172mW,V =110 um/s P=159mW,V =10 um/s P =37.0mW, V =22 um/s
RsDD52 P=142mW,V =110 um/s P=17.7mW,V = 10 um/s P=11.0mW, V =22 um/s
R,D,. P=8.1mW, V=110 um/s P=13.9mW,V =50 um/s P =129 mW,V =88 um/s
R,D,, P=6.1mW,V =110 um/s P=13.9mW,V =50 um/s P =128 mW,V =22 um/s
R,D,, P=6.0mW,V =110 um/s P=43mW,V =10 um/s P=5mW,V =22 um/s

to the BSA-GMA system. The minimum resolution of the
line width decreases with decreasing concentration and
methacrylation degree, from 362 nm for R, D, to 250 nm
forR, D, and 199 nmforR, D ..Figure 3F shows the atomic
force microscopy (AFM) image of the R, D, line structure,
and the line height is 107 nm. The data of the BSA-GMA
system are summarized in Figure 3G to thoroughly study
the relationship between line width and polymerization
power. The polymerization threshold power decreases with
increasing concentration and degree of methacrylation,
and the line width increases linearly with increasing power.
The trend is similar for R,D.R,D.R D, and R,D.,,
while R, D_, shows an abrupt change, and the line width
varies more with increasing power. BSA-GMA has better
TPP ability with free radical type I photoinitiator compared
with pure BSA. The TPP characteristics of BSA-GMA can
be adjusted according to the degree of methacrylation
and the concentration of BSA-GMA, where the degree of
methacrylation has a more obvious effect on the TPP.

To get the actual accuracy and 3D microstructure
capability of this photoresist system in TPP, the optimal

3D structure of each hydrogel system was obtained by
adjusting the processing parameters. We simulated the
printing of arbitrary shapes from 2D to complex 3D as
an example of a two-photon polymerized BSA-GMA
hydrogel (Figure 4). Table 3 shows the laser processing
parameters for the fabrication of 3D structures for each
hydrogel system. As the concentration and the degree of
methacrylation increased, less laser power was required.
Figure 4A shows the four-pointed star structures that
illustrate the ability of the BSA-GMA hydrogel to
process sharp patterns with TPP. The BSA-GMA with
concentrations of 20 wt% and 30 wt% used high laser
power, but only a shallow height of hydrogel structure was
obtained. In contrast, the polymerization power of the three
samples with different degrees of methacrylation, R, D,
R, D,,, and R, D, , decreased with increasing degrees of
methacrylation, and the 3D structures were clear without
significant differences. All five BSA-GMA woodpile
structures shrunk at a small degree, among which R, D,
R, D, and R, D.. had low heights without obvious lays
(Figure 4B). The woodpile structures of R, D, and R, D,
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Figure 5. Confocal fluorescence images and SEM images of the autofluorescent BSA-GMA structures. (A) Fluorescence images of five BSA-GMA structures
were collected by confocal fluorescence microscopy with a 488 nm laser. Scale bar: 5 um. (B) SEM images of the BSA-GMA structures. Scale bar: 5 pm. (C)
Oblique view of the SEM images of the BSA-GMA structures. Scale bar: 5 um.

with high concentration and high methacrylation degree
had higher heights and clearer layers compared with the
first three structures. Figure 4C shows a more complex
hollow cage structure. Several photoresist systems except
R, D,, could maintain 3D structure, but R, D, _and R, D,
had no hole structure on the surface. The holes of the
hollow cage structure of R, D,, and R, D,, were obvious,
among which R, D, had the complete structure, the best
simulation, and the least deformability at the smallest
polymerization power of 5 mW. These results showed
that three types of 3D structures ranging from simple
to complex were prepared by TPP: a four-pointed star, a
wooden pile, and a hollow cage, with the R, D, system
having the best ability to polymerize 3D structures by
TPP. The as-prepared hydrogels not only exhibit the TPP
fabrication capability, but also enrich the 3D hydrogels

with desirable structural configuration.

3.4 Characteristics of BSA-GMA hydrogels

BSA exhibits an intrinsic autofluorescence (excitation/
emission at 279 nm/348 nm) attributed to two tryptophan
residues. Moreover, the crosslinked BSA hydrogels show
fluorescence at the excitation wavelengths of 470 and
595 nm, respectively’®”. We prepared five BSA-GMA
hydrogel woodpile structures by femtosecond Ilaser,
and the two-photon polymerized BSA-GMA hydrogels
exhibited autofluorescence, which could be observed
by confocal fluorescence microscopy using 488 nm
(Figure 5). As shown in Figure 5A, all five BSA-GMA
hydrogels with different concentrations and different

degrees of methacrylation exhibited autofluorescence
characteristics. Figure 5B and C shows the SEM images
and oblique views of SEM images of the five BSA-GMA
woodpile structures, respectively. As shown in the oblique
view of SEM, the high concentration and high degree of
methacrylation of BSA-GMA can create 3D structures
with high height demand. The autofluorescence of BSA-
GMA hydrogels can play a critical role in drug delivery
and tissue engineering.

Proteins have the ability to change shape in response to
external pH stimuli due to a large number of carboxylic acid
groups and amino groups'®*’. The electrical properties
of BSA and BSA-GMA samples with 15%, 35%, and 52%
methacrylation degree (abbreviated as D, D,, and D,,)
were measured by zeta potential at different pH values,
and the isoelectric points were determined. As shown in
Figure 6A, the zeta potential values of both BSA and BSA-
GMA samples of D.D,, and D 0 gradually decreased with
the increase of pH. As BSA is an amphoteric electrolyte,
the isoelectric point of BSA is determined by the amino
group (basic group) and the carboxyl group (acidic group)
on the side chain of amino acid residues. Figure 6B shows
the isoelectric points of BSA, D, D,, and D,,. The results
show that the isoelectric point of BSA-GMA is slightly
higher than that of BSA and increases with the increase
of methacrylation degree. Two hydroxyl groups in GMA
chain can be grafted on one lysine group, resulting in more
negatively charged groups and the consequent increase in
the isoelectric point. Moreover, one amino group can bring
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Figure 6. pH-responsive properties of BSA-GMA hydrogel. (A) Zeta potentials of BSA and BSA-GMA with different degrees of methacrylation (D

DSS’

15>

and D,,) at different pH values. (B) Isoelectric points of BSA and BSA-GMA with different degrees of methacrylation. (C) Bright-field images of square
hydrogel microstructures at different pH values. Scale bar: 5 pm. (D) Effect of different concentrations on the degree of swelling of BSA-GMA hydrogels.
(E) Effect of different methylation levels on the degree of swelling of BSA-GMA hydrogels. (F) pH response mechanism of BSA-GMA hydrogels.

in two hydroxyl groups. The isoelectric points of BSA, D,
D,., and D., were not significantly different at 4.62, 4.74,
4.79, and 4.85, respectively. Thus, the modified BSA-GMA
still maintained the pH-responsive properties of BSA, while
the degree of swelling of the microscopic square structure
was adjusted by varying the concentration and the degree
of methacrylation of BSA-GMA (Figure 6C). The degree
of swelling was slightly higher for the highly concentrated
BSA-GMA polymerized cube R, D,, compared to R, D, ..
For BSA-GMA with different methacrylic acid degrees, the
lower the methacrylic acid degree, the greater the swelling.
Consequently, the effect of methacrylic acid degree on
swelling was greater than that on concentration. The pH
responsiveness of the microstructure was determined by
its swelling percentage. The response trends of BSA-GMA
hydrogels with different concentrations and methacrylation
levels were the same for different pH solutions. Those at
pH 2 and pH 11 showed a large swelling, and pH 5 was
the inflection point for the swelling of BSA-GMA with
the smallest swelling (Figure 6D and E). The swelling
ratesof R, D, ,R, D, ,R, D_,R, D, ,and R, D . increased
from 2.41%, 4.16%, 5.28%, 13.25%, and 20.12% for pH 5
solution to 11.96%, 28.38%, 40.67%, 78.78%, and 95.08%

for pH 11 solution, respectively. Figure 6F shows the pH
response mechanism of BSA-GMA. The isoelectric point
of BSA-GMA with different degrees of methacrylation was
all in the range of 4.7 to 4.9, so the surface of BSA-GMA is
not charged at pH = 5. At pH > 5, the ionization of aspartic
acid and glutamic acid makes the surface of BSA-GMA
negatively charged. At pH < 5, the protonation of arginine,
histidine, and lysine makes the surface positively charged.
The swelling of the hydrogel is due to the repulsive force
generated by the electrostatic interaction between the
amino acids in BSA-GMA. The greater swelling at higher
concentrations may be attributed to the greater repulsive
force arising from the higher number of negatively charged
carboxyl groups or positively charged amino groups in
the BSA-GMA microstructure. The higher degree of
methacrylation resulted in a greater crosslink density
for BSA-GMA photo-crosslinking, which hindered the
swelling of the BSA-GMA microstructure. BSA-GMA
retains the pH-responsive properties of BSA, and the
degree of pH swelling can be adjusted by the degree
of methacrylic acidity. The greatest degree of swelling
was observed for R, D, at high concentration and low
methacrylation degree.
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Figure 7. Confocal fluorescence microscopy images of chondrocytes on five hydrogel scaffolds (R, D,,, R, D, R, D,,, R, D.,and R, D ,). The excitation

wavelengths for the nuclei (Hoechst), cellular scaffold, dead cells (PI), and mitochondria (Mito-Tracker Deep Red) were 405, 488, 561, and 640 nm,
respectively. Scale bar: 50 pm.

BSA-GMA hydrogels can also be used as cell scaffolds, laser channel showed a small number of dead cells and a
and the biocompatibility of the scaffolds is important. uniform distribution of living cells.
Therefore, cell scaffolds with 150 pm? woodpile structure
were prepared with precursor solutions of R, D, R, D, , The 3D images and 3D optical sections of living/dead
R,D., R, D,, and R, D,.. Chondrocytes were cultured cells also visually show that the cells are evenly distributed
on these five scaffolds in vitro for 3 days. Cell cytotoxicity and well spread on the scaffold (Figure 8). The distribution
analysis was used to differentiate between living and of living and dead cells on each scaffold can be seen in the
dead cells. The nuclei of dead cells were stained with PI 3D optical sections of each single channel (Figure S4 in
(A, = 561 nm), while the nuclei and mitochondria of living Supplementary File). There was no significant difference
cells were stained with Hoechst (\ = 405 nm) and Mito- in the proliferation of chondrocytes, good chondrocyte
Tracker Deep Red (A = 640 nm). The confocal fluorescence adhesion, and low numbers of dead cells in all five different

images show that chondrocytes were evenly distributed hydrogels, indicating that BSA-GMA hydrogel has good
and maintained high cell viability in the five hydrogels cytocompatibility for chondrocytes. These results suggest
(Figure 7). The confocal fluorescence microscopy of each that BSA-GMA as a biocompatible hydrogel is well-suited
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Figure 8. 3D images of confocal fluorescence microscopy of the stained chondrocytes on five hydrogel scaffolds (R

D_,R. D_,R D_,R D ,andR D ).
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(A) 3D images of confocal fluorescence microscopy of living/dead stained chondrocytes on five hydrogel scaffolds. (B) Overlay of the 3D optical section of
living cells stained by Hoechst, PI, and Mito-Tracker Deep Red on five hydrogel scaffolds.

for the 3D culture of living cells and could be used as a
cellular scaffold for subsequent cartilage repair studies.

4, Conclusion

In summary, we demonstrate that GMA-modified BSA
(BSA-GMA) can enable the TPP of BSA-GMA in the
aqueous phase with the radical type I photoinitiator of
LAP. The as-prepared BSA-GMA reduces the consumption
of a large number of amino acids during TPP compared to
pure BSA. The TPP capability can be regulated by adjusting
the degree of methacrylation and concentration. The 3D
BSA-GMA hydrogel structures with fine configuration,
autofluorescence, pH response, and biocompatibility
have been fabricated by femtosecond laser direct writing
technique. The chondrocytes attach and grow well on the
scaffold since the surface of BSA is negatively charged
and similar to the cartilage growth environment in a
physiological environment (pH 7.4). Benefiting from the
unique optical property and biocompatibility, BSA-GMA
hydrogels have good prospects for various biomedical
applications. Subsequent research will be directed toward
the application of BSA-GMA hydrogels for drug release
and cartilage repair.
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