Bioactive Materials 6 (2021) 4065-4072

o %

ELSEVIER

journal homepage: www.sciencedirect.com/journal/bioactive-materials

KeAi
Contents lists available at ScienceDirect

Bioactive
Materials

Bioactive Materials

Check for

Light-induced dynamic RGD pattern for sequential modulation of e

macrophage phenotypes

Yilun Luo?, Xiaowen Zheng?, Peiqi Yuan?, Xingyao Ye?, Lie Ma ™

@ MOE Key Laboratory of Macromolecular Synthesis and Functionalization, Department of Polymer Science and Engineering, Zhejiang University, Hangzhou, 310027,

China

ARTICLE INFO

Keywords:
Light-responsive
Dynamic RGD pattern
Macrophage phenotype
Immune response
Tissue repair

ABSTRACT

Due to the critical roles of macrophage in immune response and tissue repair, harnessing macrophage pheno-
types dynamically to match the tissue healing process on demand attracted many attentions. Although there have
developed many advanced platforms with dynamic features for cell manipulation, few studies have designed a
dynamic chemical pattern to sequentially polarize macrophage phenotypes and meet the immune requirements
at various tissue repair stages. Here, we propose a novel strategy for spatiotemporal manipulation of macrophage
phenotypes by a UV-induced dynamic Arg-Gly-Asp (RGD) pattern. By employing a photo-patterning technique
and the specific interaction between cyclodextrin (CD) and azobenzene-RGD (Azo-RGD), we prepared a poly-
ethylene glycol-dithiol/polyethylene glycol-norbornene (PEG-SH/PEG-Nor) hydrogel with dynamic RGD-
patterned surface. After irradiation with 365-nm UV light, the homogeneous RGD surface was transformed to
the RGD-patterned surface which induced morphological transformation of macrophages from round to elon-
gated and subsequent phenotypic transition from pro-inflammation to anti-inflammation. The mechanism of
phenotypic polarization induced by RGD pattern was proved to be related to Rho-associated protein kinase 2
(ROCK2). Sequential modulation of macrophage phenotypes by the dynamic RGD-patterned surface provides a

remote and non-invasive strategy to manipulate immune reactions and achieve optimized healing outcomes.

1. Introduction

Microenvironments of the human body provide dynamic biophysical
and biochemical cues that regulate cell fate and organ development [1,
2]. To better understand the dynamic interactions between cells and
microenvironments to reveal the intrinsic roles of these regulating cues,
advanced platforms with dynamic features, such as surface topography
[3], functional ligands [4-6], and stiffness [7-9] have attracted much
attention [10,11].

Immune responses play a crucial role in tissue repair and regenera-
tion. Designing biomaterials to precisely regulate immune responses and
proactively facilitate tissue repair remains as a significant challenge [12,
13]. As one of the most important innate immune cell types, macro-
phages with diverse phenotypes direct inflammatory reactions to match
the requirements of various repair stages [14,15]. In a normal healing
process, at early phase M1 macrophages can activate essential inflam-
matory response. However, chronic activation of M1 macrophages leads
to tissue destruction [16-19] and severe foreign body reaction [20-22],
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which is detrimental to hinder tissue repair and regeneration. Therefore,
many studies have focused on development of biomaterials with
anti-inflammatory properties [23,24]. However, it is widely accepted
that the balance of macrophages with pro- and anti-inflammatory phe-
notypes plays a crucial role in facilitating tissue repair. Therefore, it is
necessary to design a platform that dynamically regulates the transition
of macrophage phenotypes [25].

Biomaterials with dynamic biochemical or biophysical cues,
including cytokines [26-28], adhesion ligands [29], and topography [3,
30] have been designed to sequentially modulate macrophage pheno-
types by exogenous stimuli such as magnetic fields [4], near-infrared
light [3], and chemical agents [31]. We recently fabricated a “sand-
wich” cell culture platform with NIR-responsive dynamic stiffness as
well to modulate macrophage phenotypes sequentially [9]. However,
most strategies are limited to a uniform surface that over-simplifies
mimicking the native extracellular matrix (ECM) and does not meet
the requirements for microenvironment spatial complexity [2]. We
recently demonstrated that NIR-induced microgroove formation on a
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Scheme 1. Schematic of the UV-induced dynamic RGD pattern to sequentially modulate macrophage phenotypes. Under irradiation of 365 nm UV light, the ho-
mogeneous RGD surface was transformed to a surface with RGD pattern, which induced morphological transformation of macrophages from round to elongated and

subsequent phenotypic transition from pro-inflammation to anti-inflammation.

shape memory film can sequentially modulate macrophages phenotypes
from M1 to M2 [3]. Furthermore, compared with a physical micro-
groove, programmable features of chemical patterns possess excellent
ability to mimic the complex native ECM.

Recently, it was demonstrated that a patterned surface induces po-
larization of macrophages toward the anti-inflammatory phenotype [30,
32-34]. The orientation and alignment of human foreskin fibroblasts
were also precisely controlled on micropatterned TiO2 nanodots film
[35]. The elongation and polarization of macrophages have been
modulated by fibronectin-patterned substrate [32]. Nevertheless, un-
timely spatial confinement of macrophages by a patterned surface would
suppress initiation of the healing process. Therefore, it is important to
fabricate a surface with a tunable chemical pattern to dynamically direct
the phenotypes of macrophages. Photo-patterning technology that
changes the properties of a surface monolith with spatial control has
been widely applied to construct patterned surface platforms for cell
manipulation [36-39]. However, no study has designed a dynamic
chemical pattern to sequentially polarize macrophage phenotypes and
meet the immune requirements at various regeneration stages.

Here, we designed a polyethylene glycol (PEG)-based hydrogel
substrate with a UV-induced dynamic RGD-patterned surface, which can
modulate the morphological transformation and sequential polarization
of macrophages on demand to realize a balance of macrophages with
pro- and anti-inflammatory phenotypes (Scheme 1). The biocompatible
hydrogel substrate was fabricated using eight-arm PEG-norbornene
(PEG-Nor) and PEG-dithiol (PEG-SH) through a biorthogonal reaction
between the thiol and norbornene groups. By employing a photo-
patterning technique and the specific interaction between cyclodextrin
(CD) and azobenzene (Azo), we prepared a PEG-based hydrogel sub-
strate with a dynamic RGD-patterned surface. After irradiation with
365-nm UV light, the homogeneous RGD surface was transformed to a
surface with patterned RGD, which induced morphological trans-
formation of macrophages from round to elongated and subsequent
phenotypic transition from pro-inflammation to anti-inflammation.
Sequential modulation of macrophage phenotypes by the dynamic
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RGD-patterned surface provides a remote and non-invasive strategy to
manipulate immune reactions and achieve optimized healing outcomes.

2. Experimental sections
2.1. Fabrication of the PEG-SH/PEG-Nor hydrogel

Eight-arm PEG norbornene (PEG-Nor) (20000 Da, JenKem Tech-
nology, Beijing, China), PEG dithiol (PEG-SH) (3400 Da, eight equiv.,
Ponsure Biological, Shanghai, China), and 0.05 wt% lithium phenyl
(2,4,6-trimethylbenzoyl) phosphinate (LAP, Aladdin, Shanghai, China)
were dissolved in phosphate-buffered saline (PBS; 15% w/v). Precursor
solutions were passed through a 0.22-pm filter for sterilization. The
precursor solution was transferred to a 10 x 10 x 0.5 mm? silicone
mold, covered with olefin-functionalized glass, and irradiated by 365-
nm UV light (60 mW/cm?) for 260 s. The PEG-SH/PEG-Nor hydrogel
was removed from the silicon mold and placed in 2 mL PBS for swelling
overnight before photopatterning.

2.2. Fabrication of the RGD pattern

The RGD pattern on PEG-SH/PEG-Nor hydrogel surfaces was created
via a thiol-ene click reaction between SH-RGD (Cys-Gly-Arg-Gly-Asp-
Ser, Top-peptide Biotech, Shanghai, China) and the norbornene group.
Fluorescein  isothiocyanate-Gly-Gly-Arg-Gly-Asp-Cys  (Top-peptide
Biotech) was used for pattern visualization. After 50 pL of an RGD/PBS
solution (1 mM with 0.05 wt% LAP) was added to the hydrogel, the
hydrogel was exposed to UV light (365 nm, Aligner MA6-BSA, Karl Suss,
Germany) for 45 s with a photomask, washed with PBS (pH 7.4) more
than five times, and then immersed in PBS (pH 7.4) for 6 h.

2.3. Fabrication of the dynamic RGD pattern

Hydrogels with the RGD pattern were coated with a solution of
mono-(6-mercapto-6-deoxy)-p-cyclodextrin (SH--CD, Zhiyuan Biotech,
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Shandong, China) (1 mM with 0.05 wt% LAP), irradiated by UV light
(365 nm, 60 mW/cm?) for 45 s, and then washed as described above.
The hydrogels were then placed in a 1 mM azobenzene-Gly-Arg-Gly-Asp-
Ser (Azo-GRGDS, Top-peptide Biotech, Shanghai, China) solution for 24
h with gently shaking at 25 °C. Then, the hydrogels were washed with
PBS thoroughly and immersed in PBS for 24 h with PBS replacement
three times to obtain the hydrogel with the dynamic RGD pattern.
Azobenzene-Arg-Gly-Asp-Lys-fluorescein isothiocyanate (Top-peptide
Biotech, Shanghai, China) was used for pattern visualization. The
pattern on the hydrogels was visualized under a fluorescence micro-
scope (IX81, Olympus, Japan).

2.4. Cell Isolation and culture

C57BL/6 mice (3-5 weeks old, male, Zhejiang Academy of Medical
Sciences) were sacrificed to isolate bone marrow-derived macrophages
(BMDMs) as reported previously [3] under all relevant ethical regula-
tions after approval by the Animal Ethics Committee of Zhejiang
Academy of Medical Sciences. Cells were cultured at 37 °C with 5% CO»
on tissue culture plates in RPMI 1640 medium containing 10% fetal
bovine serum (FBS, Gibco, USA). To induce macrophage differentiation,
macrophage colony-stimulating factor (20 ng/mL, Novoprotein,
Shanghai, China) was added to the medium. The medium was replaced
every 2 days. After culture for 3-5 days, BMDMs were collected by
trypsinization and seeded on the hydrogels at a density of 100,000
cells/cm?. To assess the purity of isolated macrophages, BMDMs were
labeled with allophycocyanin-conjugated F4/80 (1:50, eBioscience,
USA). The corresponding isotype control was used as recommended by
the manufacturer.

2.5. Phenotypic analysis of BMDMs

Immunofluorescence staining was used to assess the phenotypic shift
of the isolated macrophages. BMDMs were cultured in RPMI 1640 me-
dium containing 10% FBS, 100 ng/mL lipopolysaccharide (LPS, Sigma-
Aldrich, China), and 10 ng/mL interferon-y (IFN-y, PeproTech, USA) or
RPMI 1640 medium containing 10% FBS and 20 ng/mL interleukin-4
(IL-4, R&D Systems, USA) for 12 h. Then, the cells were fixed in meth-
anol for 15 min at 37 °C, permeabilized with 0.5% (v/v) Triton X-100
(Sigma-Aldrich) for 10 min at 4 °C, and then blocked with 3% (w/v)
bovine serum albumin (BSA, Beyotime Biotechnology, Hangzhou,
China) for 60 min at 37 °C. Cells were stained with a fluorescein
isothiocyanate-labeled antibody against inducible nitric oxide synthase
(iNOS, 1:50, BD Pharmingen, USA) and PE-labeled antibody against
arginase-1 (Arg-1, 1:50, Santa Cruz Biotechnology, USA), washed three
times with PBS, and then incubated with DAPI (1:500, Sigma-Aldrich)
for 15 min at room temperature. The cells were then imaged under
the IX81 fluorescence microscope.

2.6. Cell morphology tracking

BMDMs were seeded on unpatterned (U), patterned (P), or dynami-
cally patterned (D) hydrogels at a density of 100,000 cells/cm?. After
culture for 24 h, the cells were exposed to UV light (365 nm, 50 mW/
cm?) for 60 s and the medium was replaced with fresh RPMI 1640 me-
dium containing 10% FBS. BMDMs were stained with PKH-26 (Sigma-
Aldrich, China) in accordance with the manufacturer’s instructions and
observed at various time points under the fluorescence microscope to
track the cell morphological transformation process. Elongation of
BMDMs on the hydrogels surfaces was quantitatively analyzed by
cellular aspect ratios defined as the longest length divided by the
shortest length across the nuclei. Data were analyzed statistically by
Image Pro Plus software (Media Cybernetics, USA). More detailed
morphologies at several representative time points (8, 16, 24, 32, 40,
and 56 h) were further investigated by staining the cytoskeleton and
focal adhesions. BMDMs were fixed with 4% paraformaldehyde (PFA)
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for 15 min at 37 °C, permeabilized with 0.5% (v/v) Triton X-100 for 10
min at 4 °C, and then blocked with 3% (w/v) BSA for 60 min at 37 °C.
Cells were incubated with primary antibodies against vinculin (1:400,
R&D Systems) and rhodamine-labeled phalloidin (1:200, Thermo Fisher
Scientific, USA) for 12 h at 4 °C. After rinsing in PBS three times, the cells
were stained with FITC-labeled goat-anti-mouse IgG (1:2000, Immu-
noway, China) at room temperature for 2 h and then stained with DAPI
(1:1000, Sigma-Aldrich, USA) at room temperature for 15 min. Cells
were washed three times with PBS and imaged under a confocal mi-
croscope (LSM-510, Zeiss, Germany).

2.7. Analysis of the BMDM phenotype

BMDMs were seeded on unpatterned, patterned, or dynamically
patterned hydrogels in a 12-well plate at a density of 100,000 cells/cm?.
After culture for 24 h, the cells were exposed to UV light (365 nm, 50
mW/cm?) for 60 s, the medium was replaced with fresh RPMI 1640
medium containing 10% FBS, and the cells were cultured for 24 h.
BMDM phenotypic transformations were analyzed by immunofluores-
cence and enzyme-linked immunosorbent assays (ELISAs). Cells with or
without UV irradiation were stained for iNOS and Arg-1 as described
above. After collecting the culture supernatants of cells, BMDM
phenotype-related cytokines, including tumor necrosis factor alpha
(TNF-a), interleukin-1f (IL-1p), IL-10, and transforming growth factor-
beta (TGF-f1), were analyzed using ELISA kits (Boster, Wuhan, China)
in accordance with the manufacturer’s instructions.

2.8. Analysis of the phenotypic modulation mechanism

BMDMs were seeded on the hydrogel with dynamic RGD in RPMI
1640 medium containing 10% FBS with or without Y27632 (50 pM,
Abcam, Shanghai, China). Cells with or without UV irradiation were
stained for iNOS and Arg-1 as described above. Cells were fixed with 4%
PFA for 15 min at 37 °C, permeabilized with 0.5% (v/v) Triton X-100 for
10 min at 4 °C, and then blocked with 3% (w/v) BSA for 60 min at 37 °C.
Cells were incubated with primary antibodies against ROCK2 (1:150,
Abcam) for 12 h at 4 °C. After rinsing in PBS three times, cells were
stained with FITC-labeled goat-anti-mouse IgG (1:2000) at room tem-
perature for 2 h and then stained with DAPI (1:1000) at room temper-
ature for 15 min.

2.9. Statistical analysis

At least three independent experiments were carried out to obtain
reproducible data if not specifically stated. Data were analyzed with
Origin software (MicroCal, USA). Data are expressed as the mean +
standard deviation. Significant differences were assessed by the two-
tailed Student’s t-test for two groups or one-way ANOVA for three or
more groups using SPSS (SPSS Inc., Chicago, IL, USA). A p-value of less
than 0.05 was considered statistically significant.

3. Results and discussions
3.1. UV-induced dynamic RGD pattern formation

Because of the effective anti-fouling and biocompatibility of PEG
[401, a PEG-based hydrogel was adopted in this study to provide a base
substrate that prevented non-specific adhesion of cells. PEG hydrogels
modified with RGD in specific areas by photopatterning were fabricated
to realize area-selective cell adhesion [41]. To visualize patterned re-
gions, we used RGD-FITC to fabricate patterned hydrogels. Using pho-
tomasks with different widths and spacings, we obtained RGD strip
patterns with a tunable width and spacing, including a 10-pm width and
10-pm spacing (10/10), 10-pm width and 20-pm spacing (10/20),
20-pm width and 20-pm spacing (20/20), and 20-pm width and 40-pm
spacing (20/40) (Fig. S1). p-CD and trans-azobenzene spontaneously
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Fig. 1. a) Schematic of the fabrication process of the UV-induced dynamic RGD pattern. b) Fluorescence images and the corresponding intensity profiles of primary
RGD pattern, homogenous RGD, and reformed RGD patterns. Scale bar represents 60 pm.

form host-guest complexes. Azobenzene undergoes trans to cis isomeri-
zation under UV irradiation and the size mismatch between cis--
azobenzene and the B-CD guest disassembles host-guest complexes
[42-45]. Photo-switched host-guest system had incomparable superi-
orities of concise incorporation, convenient control, reversibility, and
quick response [46]. UV-triggered disassembly of $-CD and Azo-RGD
was used in this study to form the RGD pattern. The UV-vis absorp-
tion spectra of Azo-RGD in PBS under irradiation by UV and visible light
are shown in Fig. S2. With the increase in UV exposure time, the ab-
sorption bands at 325 nm declined remarkably and reached a
photo-stationary state after 30 s of irradiation (Fig. S2a). These obser-
vations indicated that Azo-RGD underwent UV-triggered disassembly
from CD/Azo-RGD complexes and almost complete disassembly was
yielded after 30 s of treatment.

The UV-induced dynamic RGD pattern was prepared as described in
Fig. 1a. An RGD pattern was fabricated by the thiol-ene click reaction
between SH-RGD and surface norbornene groups of PEG-SH/PEG-Nor
hydrogel. Then, SH-B-CD was conjugated with double bonds to fill the
remaining sites and assembled with Azo-RGD via host-guest recognition.
Consequently, a surface with homogeneous RGD was observed. After UV
irradiation, the RGD pattern was reformed by release of the assembled
Azo-RGD (Fig. 1b). As shown in Fig. S3, being irradiated by UV for 30 s,
no clear RGD pattern was formed. When the irradiation time increased
to 60 s and more, the surfaces with clear RGD patterns were obtained.

3.2. Morphological transition of BMDM:s induced by the dynamic RGD
pattern

BMDMs with an F4/80-positive rate of 96.8% were used in the
experiment (Fig. S4a) and their phenotypic shift was demonstrated by
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immunofluorescence staining of iNOS/Arginase-1 (Fig. S4b). After
stimulation with 100 ng/mL lipopolysaccharide (LPS) and 10 ng/mL
interferon-y (IFN-y), BMDMs expressed a high level of iNOS and showed
a proinflammatory phenotype. After treatment with 20 ng/mL IL-4,
BMDMs expressed a high level of Arg-1, which indicated an anti-
inflammatory phenotype. CCK8 assays were performed to evaluate the
effect of UV irradiation time on BMDM viability (Fig. S5). With the in-
crease of UV irradiation time, the viabilities of BMDMSs were decreased
gradually. Considering the effect of UV irradiation time on pattern for-
mation, UV irradiation time of 60 s was adopted to trigger reformation
of the RGD pattern and to induce BMDM phenotypic transition in further
experiments.

To assess the effect of UV-induced Azo-RGD disassembly on cell
adhesion, BMDMs were cultured on an unpatterned hydrogel, that is, a
hydrogel with a homogenous RGD surface formed by assembly of -CD
and Azo-RGD. As shown in Fig. S6, modification with $-CD did not affect
the anti-adhesion effect of the PEG-based hydrogel. However, with as-
sembly of Azo-RGD, the hydrogel surface showed good promotion of
BMDM adhesion. More importantly, BMDMs were efficiently detached
from the hydrogel after UV irradiation.

As shown in Fig. S7, PKH-26-stained BMDMs (red) showed a het-
erogeneous cell distribution on patterned hydrogels. Most BMDMs had
adhered to the green strips, that is, the RGD-modified areas. For all
patterned hydrogels, the selective adhesion rates were higher than 90%.
BMDMs on the 10/20 patterned hydrogel had a higher elongation factor
than those on the other hydrogels, which indicated a stronger induction
effect on BMDM morphology transition. Immunostaining showed that
BMDMs on the 10/20 patterned hydrogel expressed a considerably
higher level of Arg-1 but a lower level of iNOS than the other groups,
which indicated an anti-inflammatory phenotype (Fig. S8). Therefore,
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Fig. 2. Dynamic RGD pattern directs elongation of BMDMs. a) Elongation factors of BMDMs cultured on unpatterned (U), patterned (P), and dynamically patterned
(D) RGD substrates. The morphologies of BMDMs were observed at several time points by PKH-26 staining under a fluorescence microscope. A minimum of five
images were analyzed for each time point. b) CLSM images of BMDMs with immunofluorescence staining of actin (red), vinculin (green), and nuclei (blue). BMDMs
were cultured on unpatterned (U), patterned (P), and dynamically patterned (D) RGD substrates for 8, 16, 24, 32, 40, and 56 h. UV irradiation was performed at 24 h.
The gray stripe represents the RGD region. Scale bars represent 50 pm and the inset scale bars represent 20 pm.

the hydrogel with the 10/20 pattern was adopted in further
experiments.

To track the dynamics of morphological transformation, the elon-
gation factors of BMDMs cultured on unpatterned (U), patterned (P),
and dynamically patterned (D) hydrogels were analyzed statistically
(Fig. 2a). The results showed that BMDMs on U had a constant and
relatively low elongation factor (~1.3) before and after UV irradiation,
which indicated no effect of the surface or UV irradiation on cell
morphological elongation. Conversely, cells on P elongated immedi-
ately, the highest elongation factor of which was obtained after culture
for 20 h (approximately 4). No effect of UV irradiation was observed on
their elongation factor. BMDMs on D had a similar elongation factor
(~1.3) as those on U before UV exposure. After UV exposure, the cells
elongated gradually over time and reached the highest elongation
(approximately 4) at 48 h.

More detailed morphologies at several representative time points (8,
16, 24, 32, 40, and 56 h) were investigated by staining the cytoskeleton
and focal adhesions (Fig. 2b). On U, BMDMs were round and contractile
with low vinculin expression. Conversely, macrophages on P had an
elongated morphology, predominant actin formation, and increased
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vinculin expression. BMDMs cultured on D displayed a round
morphology similar to those cultured on U before UV irradiation. After
UV irradiation, BMDMs with elongated morphology were observed.

3.3. Sequential regulation of BMDM phenotypes by the dynamic RGD
pattern

Immunostaining and ELISAs were used to analyze sequential polar-
ization of BMDMs by the dynamic RGD pattern. The phenotype-related
cytokine expression levels of BMDMs on unpatterned and patterned
hydrogels were investigated to verify the culture time for effective
phenotype transformation. As shown in Fig. S9, the TNF-a level of
BMDMs on U was higher than that of BMDMs on P at each time point,
but not significant. However, the IL-10 expression level of BMDMs was
significantly higher than that of BMDMs on U when the culture time was
longer than 24 h, which indicated that RGD pattern-induced phenotypic
transformation might require at least 24 h of culture. Therefore, to
investigate the sequential polarization effect of the dynamic RGD
pattern, BMDMs were precultured on D for 24 h and then further
cultured for 24 h after UV exposure for 60 s. BMDMs on D without UV
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Fig. 3. UV-induced dynamic RGD pattern sequentially regulates BMDM phenotypes. a) Fluorescence images of BMDMs stained for iNOS (green), Arg-1 (red), and
nuclei (blue) after culture on the dynamic RGD pattern for 48 h with or without UV irradiation. UV irradiation was performed at 24 h. Scale bar represents 100 pm. b)
Corresponding statistical analysis of the numbers of iNOS™ or Arg-1" cells. c) Corresponding secreted levels of TNF-a, IL-1p, IL-10, and TGF-p1 determined by ELISAs.
All experiments were carried out at least three times independently and analyzed using Origin software (MicroCal, USA). Data are expressed as the mean + standard
deviation. Significant differences were assessed by the two-tailed Student’s t-test for two groups or one-way ANOVA for three or more groups using SPSS (SPSS Inc.,

Chicago, IL, USA). *p < 0.05, **p < 0.01, ***p < 0.001.

irradiation were used as the control. iNOS and Arg-1 expression in
BMDMs cultured on D before and after UV irradiation was investigated
by immunostaining (Fig. 3a). The numbers of iNOS™ and Arg-1" cells
with and without UV irradiation were statistically analyzed using Image
Pro Plus (Fig. 3b). There were more iNOS™ cells observed on D without
UV exposure. Conversely, more Arg-1" cells were observed after UV
exposure. The phenotypes of BMDMs were further analyzed by ELISAs
(Fig. 3c). After stimulation with LPS/IFN-y, BMDMs expressed high
levels of TNF-a and IL-1B, which were the control for M1 macrophages.
IL-4-treated macrophages with high levels of IL-10 and TGF-$1 were
used as the control for M2 macrophages [47]. As shown in Fig. 3c, there
was no significant difference in TNF-o expression regardless of the
hydrogel substrate and UV exposure. However, IL-1p expression of
BMDMs on U, P, and D was increased by UV irradiation. Furthermore,
with or without UV exposure, there were no significant differences in
TNF-a, IL-10, or TGF-f1 expression on U except for IL-1f.
Anti-inflammatory cytokine IL-10 expression was enhanced on P, similar
to that of the M2 control. Fig. S8 shows that macrophages on P expressed
a high level of Arg-1, which confirmed that the chemical pattern pro-
moted a shift in phenotype. Without UV irradiation, macrophages on U
and D secreted similarly low levels of IL-10, whereas UV-irradiated
macrophages on D expressed significantly higher levels of IL-10 and
were similar to the M2 control. Interestingly, ArgIL-1 OMTGF-p1™ M
and M2a (a subtype of M2 macrophages) shared a similar upregulation
of IL-10, TGF-p1, and Arg-1, and M2a has been demonstrated to be
essential in the proliferative phase of wound healing [25,48,49]. These
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findings supported that the UV-induced dynamic pattern formation
modulated macrophage polarization from M1 to M2. Traditionally
defined classical M1 and M2 macrophages are induced by cytokines.
However, the bipolar definition is oversimplified and there are no
distinct categories between M1 and M2 types [50]. Many additional
subtypes of macrophages have been defined in some studies [25].
Therefore, polarization degrees of M1- or M2-like qualities should be
different under chemical and physical stimulations. Consequently,
pattern induction might not be exactly the same as cytokine induction.

3.4. Investigation of the phenotypic modulation mechanism

To explore the mechanism of phenotypic polarization induced by the
chemical pattern, macrophages were stained for Rho-associated protein
kinase 2 (ROCK2) [51,52]. ROCK is a crucial regulator of actin cyto-
skeletal organization and cell-adhesive junctions. The ROCK2 isoform
mediates polarization of macrophages, which is considered a molecular
switch of macrophage polarization [6,29,53]. As shown in Fig. 4a,
BMDMs on P and D with UV irradiation expressed significantly high
levels of ROCK2. While, the results in Fig. 4b shows that BMDMs on D
with UV irradiation and Y27632 (a ROCK inhibitor) ROCK inhibition
expressed higher iNOS levels and lower Arg-1 levels compared with
those on D with UV irradiation. Moreover, the cytoskeletal construction
of BMDMs was also investigated (Fig. 4b). Notably, BMDMs on D with
UV irradiation and ROCK inhibition had a reduced adherent cell area
and elongation (Fig. 4c). In summary, these findings illustrated that
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Fig. 4. Dynamic RGD pattern-regulated phenotypic transition of BMDMs is related to high expression levels of the cytoskeleton-related signal ROCK. a) Immuno-
fluorescence images of BMDMs stained for ROCK2 (green) and nuclei (blue) after culture on unpatterned (U), patterned (P), and dynamically patterned (D) RGD
substrates for 48 h with or without UV irradiation. UV irradiation was performed at 24 h. Scale bar represents 50 pm. b) Fluorescence images and corresponding
statistical results of BMDMs immunostained for iNOS (green), Arg-1 (red), and nuclei (blue). Scale bar represents 100 pm. c) Fluorescence images of BMDMs
immunostained for actin (red) and nuclei (blue), and the corresponding statistical results of the adhesion area and elongation factor of BMDM:s. Cells were cultured on
the dynamic RGD pattern for 24 h with or without UV irradiation. UV irradiation was performed at 16 h. BMDMs under UV irradiation were also treated with ROCK

inhibitor Y27632. Scale bar represents 50 pm *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed Student’s t-test).

modulation of macrophage adhesion and polarization by the RGD
pattern was related to ROCK2.

4. Conclusions

We fabricated the PEG-based hydrogels with UV-induced dynamic
RGD-pattern. Under UV exposure, Azo-RGD was isomerized and
released from B-CD, which rapidly converted the homogeneous surface
to an RGD-patterned surface. Subsequently, macrophages detached from
non-adhesive regions, adhered on the adhesive regions, and elongated
along the RGD pattern. The RGD pattern induced a morphological shift
of macrophages from round to elongated and modulated phenotypic
transformation. The elongation factor of macrophages before UV irra-
diation was maintained at 1.3 and increased sharply to about 4 after UV
irradiation. The morphological transformation converted macrophages
from iNOS'IL-10° (pro-inflammation) to Arg-l*lL-thi (anti-inflam-
mation) and influence ROCK2 signaling. The precise spatiotemporal
manipulation of macrophage phenotypes induced by the dynamic RGD
pattern offers a novel strategy to promote regenerative immune pro-
cesses and provides a new platform for immunomodulatory
biomaterials.
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