Materials Today Bio 28 (2024) 101193

Contents lists available at ScienceDirect =i
materialstoday

_ _ BIO
Materials Today Bio ;

journal homepage: www.journals.elsevier.com/materials-today-bio

materilstoday

ELSEVIER

Silk films with distinct surface topography modulate plasma membrane
curvature to polarize macrophages

a,b a,b

Doudou Hu®"”, Tiandong Li ™", Haixu Bian“, Haiyu Liu®, Pengwei Wang“, Yeyuan Wang“,

. a,*
Jingchen Sun ®
& Subtropical Sericulture and Mulberry Resources Protection and Safety Engineering Research Center, College of Animal Science, South China Agricultural University,

Guangzhou, Guangdong, 510642, China
b State Key Laboratory of Quality Research in Chinese Medicine, Institute of Chinese Medical Sciences, University of Macau, Taipa, Macau SAR, 999078, China

ARTICLE INFO ABSTRACT

Keywords: The physical properties of a biomaterial play a vital role in modulating macrophage polarization. However,
Silk fibroin discerning the specific effects of individual parameters can be intricate due to their interdependencies, limiting
Film the mechanism underlying a specific parameter on the polarization of macrophages. Here, we engineered silk
PM;;?ZP;}EES fibroin (SF) films with tunable surface roughness while maintaining similar physical properties by combining

casting and salting out techniques. We demonstrate that increased surface roughness in SF films promotes M2-
like macrophage polarization, characterized by enhanced secretion of anti-inflammatory cytokines. Tran-
scriptomic analysis unveils the modulation of genes associated with extracellular matrix-cell interactions,
highlighting the role of surface topography in regulating cellular processes. Mechanistically, we show that
surface roughness induces macrophage membrane curvature, facilitating integrin av endocytosis and thereby
inhibiting the integrin-NF-kB signaling pathway. In vivo implantation assays corroborate that rough SF films
substantially mitigate early inflammatory responses. This work establishes a direct link between surface
roughness and intracellular signaling in macrophages, adding to our understanding of the biomaterial surface
effect at the material-cell interface and bringing insights into material design.

Surface topology

1. Introduction

Macrophages play a crucial role in tissue injury and repair, exerting
significant influence on wound healing dynamics [1]. These immune
cells possess remarkable plasticity, enabling them to dynamically
respond and adapt to diverse physiological and pathological tissue mi-
croenvironments. Typically, macrophages can transition between
pro-inflammatory (M1) and anti-inflammatory (M2) phenotypes in
response to various microenvironmental cues [2].

In the last decade, biomaterial properties have been recognized as
important modulators of macrophage response and subsequent tissue
regeneration. A body of studies has highlighted surface topography,
wettability, substrate stiffness, and material components as key factors
influencing macrophage polarization [3-6]. Regarding surface topog-
raphy, roughness is one of the typical physical properties of bio-
materials. Numerous investigations have been conducted to explore the
impact of surface roughness on macrophage polarization. However,
several challenges persist in this area.
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Firstly, no consensus has been reached on this issue. While the ma-
jority of studies support the notion that hydrophilic and rough surfaces
induce anti-inflammatory macrophages [7-15], some hold divergent
perspectives [16-19], and some report no direct relationship [20]. One
plausible explanation for this inconsistency lies in the inherent inter-
dependence of various material properties. Altering one parameter of a
biomaterial often results in concomitant changes in other properties,
complicating the investigation of the specific effects of individual fac-
tors. For example, modifications in surface topography often influence
other physicochemical properties of a biomaterial, such as wettability,
porosity, stiffness, composition, etc [13,14,16,21-23].

Secondly, the mechanism of surface roughness on macrophage po-
larization remains elusive. Although some insights have been shed on
this issue, including the involvement of Wnt signaling [24,25]. auto-
phagy pathway [11], oxidative stress regulation [26], and FAK-MAPK
signaling [27], direct evidence linking surface properties and macro-
phage phenotype is still lacking. For instance, titanium surfaces with
varying roughness and hydrophobicity have been shown to regulate
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macrophage polarization via Wnt signaling [24,25]. However, the spe-
cific mechanism by which surface roughness activates this signaling
pathway is unknown. Currently, a gap exists between biomaterial sur-
face properties and the intracellular events governing macrophage po-
larization. Therefore, it is imperative to uncover direct insights into how
the surface roughness of a biomaterial triggers macrophage polarization
pathways.

Silk fibroin (SF), a natural protein derived from the silkworm Bombyx
mori, is a promising biopolymer widely explored in tissue engineering
and drug delivery [28,29]. Early comparative studies have revealed that
SF-based biomaterials elicited weaker inflammatory responses than
other natural and synthetic materials [30,31], showing their good
biocompatibility. Moreover, it has been reported recently that SF itself
and its degradation products can polarize pro-inflammatory macro-
phages into an anti-inflammatory phenotype [32]. Nevertheless, when
fabricated into a biomaterial, the immune response of SF-based bio-
materials not only depends on SF itself but also the physical [22,33] and
chemical [34,35] properties of these biomaterials. In this study, to
address the mechanism underlying surface roughness on macrophage
behaviors, we fabricated SF films with tunable roughness while main-
taining similar physical properties. We assessed macrophage polariza-
tion on different SF films and explored the underlying mechanisms. It
was shown that SF films with varying degrees of roughness were pre-
pared by the combination of casting and salting out techniques. SF film
with high roughness promoted M2-like macrophages whereas low
roughness favored M1-like macrophages. Furthermore, we identified the
expression differences of integrin av and its downstream signaling
pathways between macrophages cultured on the two SF films. Mean-
while, we observed that the surface roughness of SF films influenced the
plasma membrane curvature of macrophages, thereby modulating the
endocytosis of integrin av (Scheme 1).

2. Results

2.1. Surface roughness varies among SF films with similar physical
parameters

SF films with different surface roughness were prepared by casting
and post-treatment. Initially, we obtained two SF films by modulating
the drying time of the casting SF solutions. Compared with traditional SF
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films prepared by fast air-drying (termed as PF film), the one prepared
by slow drying method (PS film) had a totally different surface
morphology. The PF film was visually transparent whereas the PS film
was translucent (Fig. S1). Then, we used ammonium sulfate or methanol
to separately soak the two SF films, yielding salt-treated films (YF and YS
films), and methanol-treated ones (MF and MS films). The surface
morphology of the six SF films was observed by scanning electron mi-
croscope (SEM) (Fig. 1a, Fig. S2). The surface of the PF film was flat with
barely observable structures, even at a high magnification. Conversely,
the surface of PS film showed an irregular fluctuation at a sub-
micrometer scale. Following salting out or methanol treatment, the
morphology of the resulting SF films differed in nuance. Furthermore,
the surface topography of SF films obtained by different techniques was
characterized by atomic force microscopical (AFM). Markedly, slow air-
drying induced SF films to transform from a flat surface to a rough
surface. Salting out decreased the roughness of the YS film while
methanol led to an MS film with a high roughness (Fig. 1b). The surface
roughness of the SF films was quantified by three different roughness
values including root-mean-square height data (Rq), mean roughness
(Ra), and Z-range (Fig. 1c—e). All three roughness values displayed the
same trend, with the smallest roughness values for the PF film and the
highest roughness for the PS film, respectively. Salting out and methanol
treatment can differentially change the roughness of SF films.

The wettability of SF films was shown in Fig. 2a and b. Except that
the water contact angle value of the PF film was about 30°, the values of
the rest of the SF films were increased from 41° to 68°. Nevertheless, all
of the SF films can be considered to be hydrophilic as the contact angle
values are below 90°. We next investigated the water insolubility of the
SF films. Soaking the PF film in phosphate-buffered saline (PBS) for 24 h
resulted in about 20 % weight loss, while 4.3-9.3 % weight loss was
observed in the rest of the SF films (Fig. 2c). It suggests that fast-dried PF
film can hardly maintain its morphology in physiological fluids. In
contrast, slowly-dried PS film and post-treated films were enabled to
resist dissolution. Then, the mechanical properties of SF films were
determined in wet conditions (Fig. 2d—f). In terms of tensile modulus,
the films of PS, YF, and YS were similar, the modulus of which was lower
than methanol-treated films. To explore the structural changes by
different treatments, FTIR spectra were collected from the SF films
(Fig. 2g). It showed that the amide I band of PF film was centered around
1658 cm ™, indicating the characteristic of random coil and a-helices. In
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Scheme 1. Preparation and screening of SF films with different surface roughness and the potential mechanism of roughness on macrophage polarization. Part of the

scheme is created by BioRender.
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Fig. 1. The surface roughness of the SF films can be tuned. (a) Scanning electron microscope (SEM) images of SF films in a dry state. Scale bar, 1 pm. (b) Atomic
force microscopical (AFM) images of the SF films. Scale bar, 1 pm. (c—e) Roughness values (Rq (c), Ra (d), and Z range (e)) of the SF films. Data are expressed as mean

+ SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with Tukey post-hoc test. ns, not significant. PF: as cast fast drying film, PS: as cast slow drying
film, YF: salting out-treated fast drying film, YS: salting out-treated slow drying film, MF: methanol-soaked fast drying film, MS: methanol-soaked slow drying film.

contrast, the peak of the amide I band of PS was shifted to around 1637
em™}, corresponding to p-sheets. It implied that compared with fast
drying, slow drying casting enabled a conformation transition of SF from
a-helices to B-sheets. To further characterize the secondary structure of
SF films, the amide I band was deconvoluted to determine the fraction of
the p-sheets. The relative ratios of different secondary structures of the
SF films were estimated from the amide I region (Fig. 2h, S3). PS, YF, YS,
and MF films all experienced a transition from a-helices to p-sheets,
indicating the transition from an amorphous state to a crystallite. These
data show that the wettability and mechanical properties of PS, YF, and

YS films kept similar following different treatments. Together, the sur-
face roughness of the three SF films can be decoupled from other
physical features following casting and salting out.

2.2. SF films with tunable roughness differentially polarize macrophages

Cellular viability of two cell lines (RAW 264.7 and L929) on SF films
was first investigated. Compared with the tissue culture plate (TCP), no
significant differences in cell viability were observed on all five SF films,
no matter for RAW 264.7 (Fig. S4a) and 1929 cells (Fig. S4b). It indicates



D. Hu et al.

Materials Today Bio 28 (2024) 101193

a b _ c ns
100 Hydrophobic 90 40 "
PF YF MF ~
5 & 30
E=) ®
5 3 5o
s E % ns
PS YS MS £ )] |—| ,—|
(]
a - 8 = 104 ]
o_
PF PS YF YS MF MS PF PS YF YS MF MS
d e f *
127 *% 0.05- ns ns . 307
© © X | r
o d | =
= ] | S 0.04- T x ** w
® 0.8 < 2 20-
=} -
3 . 5 0.03 * g ns \
= 2 ns I c
£ % 0.02- o
o 0.4 © '_I = 10
= = =X
2 2 0.01 c
@ o L)
= [ w
0.0- 0.00- 0-
PS YF YS MF MS PS YF YS MF MS PS YF YS MF MS

Amide Il h

ﬁ

i

r T T T T T 5 T 1
2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm™)

Secondary structure (%)
N
o
1

HN PF Em PS BN YF BN YS =@ MF mm MS

B
o
1

w
o
1

=N
o
1

o
|

a-helix B-sheet B-turn Random caoll

Fig. 2. Other physical properties of SF films remained similar following various treatments. (a,b) The contact angle of the SF films. (c) Weight loss of the SF
films immersed in phosphate-buffered saline (PBS) for 24 h. (d-f) Mechanical properties of the SF films determined in wet conditions. (d) Tensile modulus, (e) Tensile
strength, (f) Elongation at break. Data are expressed as mean + SD (n = 5). (g) FTIR spectra of the SF films in a dry state. (h) The secondary structure percentage of
the SF films calculated by deconvolution of the FTIR spectra. *p < 0.05, **p < 0.01, one-way ANOVA with Tukey post-hoc test. ns: not significant. PF: as cast fast

drying film, PS: as cast slow drying film, YF: salting out-treated fast drying film,
methanol-soaked slow drying film.

that these SF films can support cellular proliferation without inducing
significant cytotoxicity. Next, the polarization state of RAW 264.7 cells
grown on SF films was determined. iNOS and Arg1l were used as M1 and
M2 macrophage markers, respectively. Typical M1-or M2-polarized
macrophages can be induced by lipopolysaccharide (LPS) or IL4+IL13
treatment, respectively (Fig. 3a). Then, the expression levels of iNOS and
Argl of RAW 264.7 cells on SF films were detected by western blot and
immunofluorescence (Fig. 3b-f). Both results showed that the PS film
induced the up-regulation of Argl while the YS film induced the up-
regulation of iNOS. Similarly, the levels of CD80 and CD206, two
cellular surface markers for M1 and M2 phenotype, were analyzed by
flow cytometry (Fig. S5). Furthermore, pro-inflammatory (TNF-o, IL-6)
and anti-inflammatory (IL-10, TGF-B) cytokines secreted by RAW
264.7 cells on SF films were quantified by ELISA (Fig. 3e-h). The level of
TNF-a and IL-6 in YS-treated cells was 11.7-fold and 5.7-fold than the
level in PS film-treated cells, respectively. In contrast, IL-10 and TGF-p
levels were the highest in macrophages grown on the PS film. Mean-
while, the gene expression of these cytokines was also determined
(Fig. S6). Together, the data indicates that the PS film with high

YS: salting out-treated slow drying film, MF: methanol-soaked fast drying film, MS:

roughness induced M2-like macrophages, whereas the YS film with low
roughness induced M1-like macrophages.

To understand how the SF films induce differential macrophage
polarization, the total mRNA expression of RAW 264.7 cells cultured on
the SF films was analyzed by RNA sequencing. First, we compared
sample differences by principal component analysis (PCA) (Fig. 4a).
Following LPS or IL4+IL13 treatment, M1 and M2 macrophages shifted
away from the TCP group in different indirections, respectively. It
indicated that M1 and M2 macrophages have distinct transcriptomic
profiles. Macrophages on SF films also displayed different profiles.
Specifically, YS, YF, and MF film-cultured cells were clustering closely.
PS and MS film-treated macrophages were shifting away from both M1
and M2. As shown in Fig. S7, the volcano plots showed 1168 up-
regulated and 2247 down-regulated genes (TCP versus M1), 231 up-
regulated and 260 down-regulated genes (TCP versus M2). Compared
with TCP, the five SF films all induced a wide range of gene expression
differences in macrophages. Since the PS film with high roughness
polarized macrophages to M2-like and the YS film with low roughness
polarized to M1l-like, we chosen the two SF films for further
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Fig. 3. Differential macrophage polarization modulated by different SF films. (a) Western blot images of iNOS and Arg1 expression of RAW 264.7 cells induced
by lipopolysaccharide (LPS) and IL-4+IL-13 (20 ng/mL) for 24 h. (b) Western blot images of iNOS and Argl expression of RAW 264.7 cells on SF films for 24 h. (c,d)
Immunofluorescent images of iNOS (c) and Argl (d) expression of RAW 264.7 cells on the SF films for 24 h. Scale bar, 50 pm. (e, f) Mean fluorescence intensity of
iNOS (e) and Argl (f). (g-j) Cytokine levels secreted by RAW 264.7 cells induced by different SF films. (g) TNF-a, (h) IL-6, (i) IL-10, (j) TGF-B. Data are expressed as
mean + SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed student’s t-test. nd, not detected. PS: as cast slow drying film, YF: salting out-treated fast drying
film, YS: salting out-treated slow drying film, MF: methanol-soaked fast drying film, MS: methanol-soaked slow drying film.
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Fig. 4. Transcript sequence analysis of macrophage gene expression on the SF films. (a) Principal component analysis (PCA) of samples from macrophages with
different treatments. (b) KEGG analysis of different signaling pathways between PS and YS films. (c) The heatmap of differential genes involved in ECM-receptor
interactions. TCP: tissue culture plate. M1: LPS-treated RAW 264.7 cells. M2: IL4+IL13-treated RAW 264.7 cells. PS: as cast slow drying film, YF: salting out-

treated fast drying film, YS: salting out-treated slow drying film, MF: methanol-soaked fast drying film, MS: methanol-soaked slow drying film.

transcriptome analysis. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) was performed to analyze the underlying signaling pathways.
The top enriched up-KEGG pathways were shown in Fig. 4b. Compared
with the PS film, the YS film-cultured macrophages displayed more
inflammatory-related pathways. The data is in accordance with film-
induced macrophage polarization. Given the differences in surface to-
pology between PS and YS films, we analyzed the extracellular matrix
(ECM)-cell interaction-related gene expressions. These differential gene
expressions on ECM-receptor interaction were shown in the resulting
heatmap (Fig. 4c). We noted that integrin avp3 was up-regulated in M1
macrophages and down-regulated in M2 macrophages. Meanwhile, the
expression of Itgav and Itgh3 was up-regulated in YS film-treated mac-
rophages and down-regulated in PS film-treated macrophages. As
integrin-based molecular complexes act as sensors to transmit extra-
cellular environment signals, including physical and chemical properties
of natural ECM or artificial substrates, to the intracellular modules, we
focused on integrin receptors to investigate the mechanism of surface
roughness on macrophage polarization.

2.3. Surface roughness increases plasma membrane curvature-mediated
signaling to polarize macrophages

To confirm the expression difference in the protein level, avf3
expression in RAW 264.7 cells on PS and YS films was determined. The
av expression in YS film-treated macrophages was indeed higher than PS
film-treated counterparts (Fig. 5a). Meanwhile, the cellular distribution
of av integrin by immunofluorescence confirmed these results (Fig. 5b
and c). It suggested that the PS film with a rough surface can decrease
the level of av integrin, compared with the YS film of a relatively smooth

surface. We then examined the protein expression of focal adhesion ki-
nase (FAK) and nuclear factor-kappa B (NF-kB), two essential down-
stream signaling molecules, in macrophages on the PS and YS films. As
shown in Fig. 5d-f, the expression level of phosphorylated-FAK in YS-
treated cells was slightly higher than that in PS-treated cells (p =
0.0583). Meanwhile, phosphorylated-NF—«B in YS-treated cells also
increased (p < 0.05). To explore the association between surface
roughness and integrin av expression, we hypothesized that surface
roughness may manipulate integrin av expression through plasma
membrane curvature. To observe the macrophage-SF film interface, we
employed a thin-section transmission electron microscope (TEM) to
investigate the sections of PS/YS SF films and RAW 264.7 cells on these
films. As shown in Fig. 5g, the PS film exhibited more curved surfaces
than the YS film. When macrophages were cultured on the two films,
cells could adhere to the films and adapt to the distinct surfaces
(Fig. 5h). The curvature of the plasma membrane increased with the
roughness of the SF films (Fig. 5i).

It is reported that the formation of positive membrane curvature of a
cell can promote cellular endocytosis [36-38]. Therefore, we asked if
increased membrane curvature in the PS film could lead to lysosomal
degradation of integrin av. By comparing TEM images of the cell-film
interface, clear endocytic pits can be visualized in PS film-cultured
macrophages instead of YS film-treated cells (Fig. S8). Also, the num-
ber and mass of lysosomes in macrophages cultured on the PS film were
markedly higher than the YS film (Fig. S9), implying the improved
degradation capability in macrophages on the PS film. Furthermore, we
assessed the colocalization of integrin av with the endolysosomal sys-
tem. It is revealed by immunofluorescence that the green fluorescence
signal of integrin av overlapped with the red fluorescence signal of



D. Hu et al. Materials Today Bio 28 (2024) 101193

a d e §
PS  YS PS YS gy P o
PS  YS z 5
Integrin av 130k0a K s = o T prAK 119KDa gm g
GHDD 55 kDa & 3

0.0

GAPDH ESSTSSe] caroH 36kDa o0

0
w
<
w

PS YS

(1]

-
o
=]

Mean fluorescence
intensity (a.u.)
-
o [~
o =]

Merge Merge

- Lysosome - Lysosome a0
85w av integrin 8’5 307 — avintegrin T os
§ S0l i gk § 2w 1o 3 ’
42 M\w hil M g2 || \‘, h Ss
52w ” ‘\"q‘g 4 \vw‘ 52 J M Ul | I Y
Sg S8 [ M, e
e o = 4 lU_’ 0.2
o 5 10 . Silk film
Distance (pm Dlstance m 2 00
(pm) b ) o Low roughness

PS YS
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expressed as mean + SD (n = 3). *p < 0.05, **p < 0.01, two-tailed student’s t-test. PS: as cast slow drying film, YS: salting out-treated slow drying film.
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lysosomes in PS film-treated macrophages (Fig. 5j and k). Taken
together, the data suggests more integrin av were trafficked into the
endolysosomal system for degradation in PS film-cultured macrophages.
Therefore, we revealed a preliminary mechanism for surface
roughness-induced M2 macrophage polarization (Fig. 51). On the rough
PS film, macrophages deform the plasma membranes to adapt to the film
surface. Thus, the membrane curvature elicits the endocytosis of integ-
rin av and subsequent lysosomal degradation. This upstream molecular
event led to the inhibition of phosphorylation of NF-kB, which could be
resulted from the down-regulation of p-FAK.

2.4. SF films with distinct surface roughness regulate the inflammatory
response in vivo

To explore the in vivo macrophage polarization effect induced by
surface roughness, the inflammatory response of the PS and YS films was
investigated in a subcutaneous implantation mice model. We evaluated
the skin tissues surrounding PS and YS films post-implantation for 3 days
and 7 days. As revealed by hematoxylin-eosin (H&E) staining, a sub-
stance of inflammatory cells was distributed at the interface between
tissue and YS film on day 3. In contrast, less infiltration of inflammatory
cells can be observed with PS film-implanted tissue (Fig. 6a), as a
significantly lower density of inflammatory cells was quantified in the
PS group (p < 0.05) (Fig. 6b). Accompanied by inflammatory cellular
infiltration, a dense fibrin layer deposited surrounded the YS film.
However, the PS film induced less fibrin deposition (Fig. 6a), as shown
by smaller fibrous capsule thickness and area (p < 0.05) (Fig. 6¢ and d).
On day 7, the differences in the infiltration of inflammatory cells and
fibrous capsule formation between the PS film and the YS film dis-
appeared (p > 0.05) (Fig. 6e-g). Meanwhile, we characterized the dis-
tribution of F4/80+ macrophages infiltrated around the SF films (Fig. 6h
and i), which was in agreement with the H&E analysis. Next, we eval-
uated the phenotype of macrophages infiltrated around the SF films by
immunofluorescence staining. On day 3, Argl+ macrophages infiltrated
around the PS film. Instead, iNOS+ macrophages dominated around the
YS film. On day 7, however, both Argl+ and iNOS+ macrophages can be
observed around the PS and YS films (Fig. 6j and k). These results
indicated that the PS film with high roughness induced a weaker in-
flammatory response than the YS film with low roughness at the early
stage of implantation.

3. Discussion

Over the last decade, a plethora of reports have demonstrated that
the physical properties of a medical material have a huge influence on
the polarization state of macrophages. Nevertheless, it is difficult to
reach a consensus on the effect of a specific physical parameter on po-
larization direction. In this study, we employed several techniques to
prepare and screen SF films with distinct surface roughness while
keeping other physical properties invariable. To prepare water-insoluble
SF films, slow-drying casting was employed to induce p-sheet structures
in SF molecules. The resulting PS films exhibited marked surface
nanostructures, which are similar to the structure of an SF film in a
previous report [39]. Compared with traditional fast-drying casting, the
slow-drying technique prolongs the water-SF molecule interaction,
facilitating the transformation of water-soluble o-helix to insoluble
B-sheets [40]. To some extent, this technique is like water vapor
annealing, a typical post-treatment method to increase the
water-insolubility of SF films [41]. Besides water annealing, exposure to
organic solvents such as alcohols is another conventional way to
construct water-stable SF films. Although the treatment of methanol
markedly decreased the roughness of MF films, the mechanical prop-
erties of MF films also changed.

Salting out is often used to strengthen the mechanical properties of
hydrogels [42,43]. We explored the possibility of salt soaking as a tool to
tune the surface roughness of SF films. It turned out that this approach
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can modify the roughness of SF films in the nanoscale, despite no notable
changes in mechanical properties. From soluble PF film to insoluble YF
film, (NH4)2SO4-induced conformational transition of SF molecules may
play a dominant role in increasing the surface roughness of YF film. On
the other hand, compared with the PS film, the YS film showed a
declined surface roughness. As both NHZ and SO3~ are strongly cos-
motropic ions in the Hofmeister series, they can also actively interact
with negatively-charged carboxyl and positively-charged amino groups
in SF molecules. The interactions could be one of the possible reasons for
declined roughness in YS films [44,45].

Besides surface roughness, surface properties of a biomaterial also
cover surface charge, surface chirality, and so on [3]. As the chemical
components of these SF films barely altered, the surface charge and
chirality of the SF films by different treatments are expected to be stable.

We revealed that rough SF film PS can skew macrophages into M2-
like phenotype while less rough SF film YS skews them in the opposite
direction. This finding is in accordance with previous reports supporting
that hydrophilic and rough surfaces promote anti-inflammatory differ-
entiation of macrophages [8,10-15,24,25,46,47]. Given the important
roles integrins play in sensing and transmitting outside signals, we
screened integrin avp3 via transcriptome analysis as a target molecule to
explore the mechanism of surface roughness on manipulation of
macrophage polarization. The integrin av expression in RAW 264.7 cells
declined on the PS film while elevated on the YS film at both tran-
scriptional and protein levels. Meanwhile, the downstream signaling
molecules including p-FAK and p-NF-«xB were activated with elevated av
expression in YS film-treated macrophages. The data can be supported
by the fact that avf3-integrin signaling can active NF-kxB-mediated in-
flammatory responses [48-51] and blocking avp3 can inhibit the
phosphorylation of NF-kB [52,53]. Similarly, the inhibition of
avp3-FAK-NF-xB signaling can be observed in M2-polarized macro-
phages cultured on modified titanium surfaces [23,54]. However, the
expression of avp3 was up-regulated in M2-polarized macrophages
induced by L-chiral nanoparticle-modified hydrogels [55]. This
discrepancy implies that there may exist other signal molecules initi-
ating macrophage polarization.

Currently, Wnt signaling [24,25] and autophagy pathway [11] have
been proposed to explain the mechanism of increased surface roughness
on M2-like macrophage polarization. However, the direct association
between surface roughness and cellular signaling needs to be estab-
lished. In the present study, we tried to connect material properties and
signaling pathways from the perspective of membrane curvature. The
membrane curvature is the spatial deformation or bending of plasma or
organelle membranes, which plays a vital role in many cellular pro-
cesses, including membrane trafficking, vesicle formation and fusion,
and intracellular signaling [56,57]. When cells are cultured on sub-
strates with nanostructures, the plasma membrane deforms and adheres
to the substrates, generating a surface-induced membrane curvature at
the cell-material interface [58]. In this study, the macrophages on SF
films with different surface roughness showed divergent membrane
curvatures. These observations are in good agreement with previous
reports [36,37,59]. In addition, a highly positively-curved membrane of
a living cell prefers endocytosis by recruiting endocytosis-related pro-
teins [37,59,60]. Our data suggests the enhanced endocytosis of integrin
av in macrophages on the SF film with high roughness. Given autophagy
is a lysosome-mediated degradative system [61] and the effect of
autophagy on M2 polarization [62], we reason that curvature-mediated
endocytosis and autophagy pathway may underlie the M2-polarized
macrophages on rough SF films.

Despite the promising findings, this study has several limitations.
First, due to the diversity of the Bin-Amphiphysin-Rvs (BAR) domain
protein family which is responsible for sensing membrane curvatures,
the effect of BAR domains on roughness-mediated endocytosis needs
further evaluation. Secondly, as SF-based biomaterials are considered
biodegradable, long-term implantation-induced in vivo biodegradation
of the SF films will alter the surface roughness of these films. Thus, the
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Fig. 6. Inflammatory response and macrophage distribution around SF films with distinct surface roughness in vivo. (a) Representative images of H&E
staining of tissues surrounding PS and YS films after subcutaneously implanted in mice for 3 and 7 days. The black dotted lines and red dotted lines represent SF films
and fibrous capsules, respectively. Scale bar, 200 pm. (b) Quantification of the infiltration of inflammatory cells with surface roughness on day 3 by H&E staining. (c,
d) Quantification of the variation in fibrous capsule with surface roughness on day 3 by H&E staining. (e) Quantification of the infiltration of inflammatory cells with
surface roughness on day 7 by H&E staining. (f, g) Quantification of the variation in fibrous capsule with surface roughness at day 7 by H&E staining. (h) Repre-
sentative immunochemistry images by staining F4/80 positive macrophages on days 3 and 7. (i) Quantitative analysis of F4/80 positive macrophages on day 3 and 7.
(j) Representative images of immunofluorescent staining of Argl+ and iNOS+ macrophages on day 3 and 7. Scale bar, 200 pm. (k) Quantitative analysis of fluo-
rescence intensity by immunofluorescent staining on day 3 and 7. Data are expressed as mean + SD (n = 3). *p < 0.05, two-tailed student’s t-test. ns, not significant.

<

dynamic topological changes of SF films induced by in vivo degradation
should be investigated in the following study.

4. Conclusions

In conclusion, our work reveals the mechanism of surface roughness
on macrophage polarization. We obtained SF films with tunable
roughness and stable other physical parameters via slow-drying casting
and salting out techniques. SF film with high roughness induced mac-
rophages to differentiate to M2-like phenotype. In contrast, macro-
phages on less rough SF film acted in an M1-like phenotype. When
implanted in mice, rough SF film effectively mitigates early inflamma-
tory responses. Mechanically, the rough surface of SF film enabled a
positively-curved membrane of macrophages, promoting the internali-
zation and degradation of integrin av and thus inhibiting the integ-
rin-NF—«B signaling pathway. While SF film with low roughness
activates the integrin-NF—xB signaling pathway. Our work facilitates a
better understanding of the biomaterial-macrophage interface and SF
films with tunable roughness can have a potential application in the
regulation of inflammatory diseases.

5. Materials and methods
5.1. Chemicals

Silk cocoons of the silkworm Bombyx mori were given as gifts from
Xinda Silk Co., Ltd (Guangdong, China). All chemicals and reagents were
of analytical grade and used without further purification. Methanol was
purchased from Sinopharm Chemical Reagents Co. Ltd., China. Ammo-
nium sulfate ((NH4)2SO4), Sodium carbonate (NayCOs3) and lithium
bromide (LiBr) were purchased from Energy Chemical Co., Ltd.
(Shanghai, China). Macrophage cell line RAW 264.7 was purchased
from the National Collection of Authenticated Cell Cultures, China.
Mouse fibroblast-like cells (1.929) were kindly provided by the Institute
of Applied Bioresource Research, Zhejiang University. IL4 and IL13 were
purchased from PeproTech, Inc. Rabbit anti-iNOS antibody (#13120)
and Alexa Fluor™ 488-conjugated goat anti-IgG secondary antibody
(A11008) were purchased from Cell Signaling Technology. Inc. and
Thermo Fisher Scientific, Inc., respectively. Lipopolysaccharide (LPS),
rabbit anti-Argl antibody (AF1381), rabbit anti-Phospho-NF-xB p65
(Ser536) antibody (AN371), rabbit anti-NF-kB p65 antibody (AF1234),
rabbit anti-Phospho-FAK (Tyr397) antibody (AF1960), rabbit anti-FAK
antibody (AF1108), Lyso-Tacker red (C1046), and Actin-Tracker
Green-488 (C2201S) were purchased from Beyotime Biotech. Inc.
ELISA kits (TNF-a, IL-6, IL-10, TGF-§3) were purchased from Elabscience,
Inc. Integrin Alpha V Polyclonal antibody (27096-1-AP) was purchased
from Proteintech Group, Inc. PE-conjugated anti-mouse CD206
(141705) and PE-conjugated anti-mouse CD80 (50-201-4699) anti-
bodies were purchased from Biolegend, Inc, and Tonbo Biosciences, Inc,
respectively.

5.2. Preparation and purification of SF aqueous solution

In brief, B. mori cocoons were boiled for 1 h in an aqueous solution of
0.02 M NapCOs3 and then rinsed thoroughly with pure water. After
drying, the extracted silk fibroin was dissolved in 9.3 M LiBr solution at
60 °C for 4 h. This solution was dialyzed against deionized water using a
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dialysis cassette (MWCO 3500 Da) for 3 days to remove salts. The so-
lution was optically clear after dialysis and was centrifuged to remove
the small amounts of silk aggregates. The final concentration of the SF
aqueous solution was 8 % (w/v), which was determined by weighing the
residual solid from a known volume of solution after drying at 60 °C.

5.3. Preparation of SF films

The resulting SF solutions were cast onto Petri dishes to obtain SF
films by drying them at room temperature in a fume hood. Fast-dried
films (PF) and slowly-dried SF films (PS) were obtained by modulating
the airflow speed in the fume hood. Then, these SF films were exposed to
(NH4)2S04 (2 M) aqueous solution or 80 % (w/v) methanol for 48 h or
24 h, respectively. The resulting films, including fast-dried films treated
with (NH4)2SO4 (YF), fast-dried films treated with methanol (MF),
slowly-dried films treated with (NH4)2SO4 (YS), and slowly-dried films
treated with methanol (MS), were washed and dried for use.

Spectrophotometry was employed to detect the possible (NH4)2SO4
and methanol residues. (NH4)2SO4 was determined by barium chromate
spectrophotometry [63]. A standard curve has been obtained as y =
0.0001x+0.0686 (R? = 0.9125), where y is the OD value at 420 nm and
x is the concentration of ammonium sulfate (x = 0-264 pg/mL). The
concentration of (NH4)2SO4 in the leaching solution was calculated to be
4.8 + 0.56 pg/mL. Treatment of (NH4)2SO4 at 50 pg/mL does not induce
iNOS expression in RAW264.7 cells (data not shown). Methanol was
detected by the chromotropic acid method [64]. A standard curve has
been obtained as y = 0.0007x-+0.0972 (R2 = 0.9294), in which y is OD
value at 570 nm and x is the concentration of methanol (x = 0-600
ng/mL). No methanol can be detected.

5.4. Characterization of SF films

Surface morphology. The surface morphology of SF films was
observed by scanning electron microscopy (SEM) (Zeiss, Germany) and
atomic force microscopy (AFM) (Dimension Icon, Bruker, US). Solubility
test. SF films were cut into squares (10 x 10 mm). The samples were
weighed (W1) and immersed in PBS for incubation at 37 °C for 24 h.
Then, the samples were harvested and transferred to an oven before
weighing the dried films (W2). The leaching loss percentage was
calculated according to Eq. (1).

w=W2/W1 x 100% (@D)]

Water contact angle measurement. The hydrophobic or hydrophilic
characteristics of different SF films were determined by an automatic
contact angle meter (Dataphysics, OCA20, Germany). Photographs were
taken after the droplet had settled on the surface (time >15 s) for further
analysis. Mechanical test. The tensile properties of different SF films
were measured on a universal testing machine (UTM4204, Suns, China)
at 25 °C and a relative humidity of 60 %. The SF films were cut into 30 x
10 mm strips and soaked in PBS before testing. The strain rate was set at
5 mm/min. The stress-strain curves for the samples were obtained from
the recorded load-deformation curves. The Young’s modulus, ultimate
tensile strength and strain to failure were the average of 5 measure-
ments. Fourier Transform Infrared Spectroscopy (FTIR). FTIR spectra of
the SF films were obtained with an FTIR spectrometer (VERTEX 70,
Bruker, US) in the range 4000-400 cm~ L. Before the measurement, KBr
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pellets were prepared by mixing SF films and KBr in the mass ratio of
1:100 (w/w).

5.5. Cell culture

RAW 264.7 and mouse fibroblast-like cells (1.929) cells were cultured
in high glucose DMEM supplemented with 10 % FBS and 1 % penicillin/
streptomycin at 37 °C in the presence of 5 % COa.

5.6. Cell counting kit-8 (CCK8) assay

Cell proliferation on the SF films was detected by CCK8 assay. SF
films were cut into circular pieces with diameters of 6.4 mm, which were
then soaked in PBS for UV irradiation. SF films were placed genteelly in
the 96-well plate, with the front side of the films upward. Cell suspen-
sions of RAW 264.7 and 1929 (5 x 103/well) were seeded onto the SF
films and incubated for 24 h. Then, cell proliferation was evaluated
according to the manufacturer’s protocol.

5.7. Western blot

SF films were cut into circular pieces with diameters of 35 mm, and
soaked in PBS for UV irradiation before transferring to a 6-well plate.
RAW 264.7 cells were seeded in the SF film-coated plate and incubated
for 24 h. Tissue culture plate (TCP), LPS (500 ng/mL), and IL4+IL13 (20
ng/mL) without film coating were used as controls. Then, cells were
harvested from the SF films for western blotting. Total protein from the
cells was extracted and the content was measured by a BCA protein assay
kit. The proteins were separated on an SDS-PAGE gel, transferred to a
poly (vinylidene difluoride) (PVDF) membrane, and incubated with
primary antibodies against iNOS, Argl, o-tubulin at 4 °C overnight.
Then, the PVDF membrane was incubated with a secondary antibody
and visualized with an electrochemiluminescence detection reagent.

5.8. Immunofluorescence assay and flow cytometry

To visualize the expression of polarization markers of RAW 264.7
cells, the cells grown on different SF films (10 x 10 mm) were fixed in 4
% paraformaldehyde for 10 min, permeabilized with 0.1 % Triton X-100
for 5 min and blocked with 1 % BSA for 30 min. Following washing with
PBS, the cells on SF films were incubated overnight at 4 °C with the
primary antibody against iNOS, Argl, integrin av. Then, the cells were
incubated with Alexa Fluor™ 488-conjugated secondary antibody at
room temperature and stained with Hoechst 33342. The SF films were
placed on the slides and sealed with 60 % glycerin before imaging by
CLSM. To label lysosomes, cells were incubated first with Lyso-Tracker
Red at 37 °C for 30 min before fixation. For flow cytometry, RAW
264.7 cells were grown on SF films with a density of 2 x 10°/well.
Following 24 h, cells on SF films were harvested and incubated with PE-
CD80 or PE-CD206 at 4 °C for 15 min. Then, the cells were washed and
analyzed by flow cytometry.

5.9. Enzyme-linked immunosorbent assay (ELISA) and RT-qPCR

SF films were cut into circular pieces with diameters of 35 mm, and
soaked in PBS for UV irradiation before transferring to a 6-well plate. SF
films were incubated with fresh DMEM at 37 °C overnight followed by
RAW 264.7 cell seeding. Then, RAW 264.7 cells were incubated on the
SF films for 24 h before harvesting the supernatant. The supernatant was
used for cytokine measurement (TNF-o, IL-6, IL-10, and TGF-p), ac-
cording to the manufacturer’s protocols (Elabscience, China). To
determine the gene expression of these cytokines, real-time quantitative
polymerase chain reaction (RT-qPCR) was performed. The total RNA
was extracted from SF film-treated RAW 264.7 cells. Reverse tran-
scription was performed from the total RNA using PrimeScript™ RT
Master Mix (RR047A). The primers used in this section are listed in
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Table S1.
5.10. RNA sequencing

The total RNA samples from RAW 264.7 cells were extracted from
cells cultured on SF films. RNA sequencing was performed by Gene
Denovo Biotechnology Co., Ltd (Guangzhou, China). All data analysis
was performed by Omicsmart Cloud Platform (www.omicsmart.com).
The screening threshold for the differentially expressed genes (DEGs)
was set to absolute fold change >2, Q value < 0.05, and false discovery
rate (FDR) below 0.1. The differentially expressed genes were mapped to
Gene Ontology (GO) terms in the Gene Ontology database and subjected
to pathway enrichment analysis.

5.11. Transmission electron microscope (TEM) for the interface of SF
films and cells

RAW 264.7 cells cultured on the SF films were prepared for thin-
section TEM by fixing in 2.5 % glutaraldehyde in PBS (pH 7.4),
rinsing four times in PBS, and staining in 1 % osmium tetroxide in PBS
and 1 % uranyl acetate in double distilled water overnight. Then the
samples were rinsed four times in double distilled water. Cells were
dehydrated in 30, 50, 70, 85, 95, and 100 % ice-cold ethanol and
infiltrated in Spurr resin. The resin was polymerized in a 70 °C oven for
24 h, and 70 nm sections were cut with an ultramicrotome (UC7, Leica).
The specimen sections were poststained with 2 % uranyl acetate and
alkaline lead citrate and imaged in TEM of Model Talos L120C (Thermo
Fisher Scientific).

5.12. In vivo subcutaneous implantation

C57BL/6 female mice aged 8 weeks were obtained from Bestest
Biotechnology Co., Ltd (Zhuhai, China). All the procedures of the ex-
periments were approved by South China Agricultural University and
conducted regarding the guidelines of laboratory animal care and use
(Application number: 2023B154). Three replicates for each type of SF
film were implanted into mice. Before surgery, anesthesia was induced.
The dorsal surface of each mouse was shaved, sterilized with betadine
solution, and washed with sterile PBS. About a 10 mm incision was made
in the skin to form subcutaneous pockets. Before implantation, SF films
with a diameter of 6.5 mm were sterilized with 75 % ethanol. Then, the
films were inserted into the incisions. After implantation, the incisions
were closed with wound clips. Mice were monitored until recovery from
anesthesia and housed for 3 and 7 days.

5.13. Histological analysis, macrophage immunochemistry and
immunofluorescence

After each time point, mice were sacrificed and the SF film samples
together with the surrounding tissue were excised and collected. The
samples were fixed in 4 % paraformaldehyde overnight and embedded
in paraffin wax. Sections of each sample at 3-5 pm thickness were cut
and mounted onto slides. The sections were stained with hematoxylin
and eosin (H&E) to evaluate the fibrotic capsule and inflammatory cell
infiltration around SF films. The macrophage infiltration at the implant
surface was detected via immunochemistry staining of macrophage
marker F4/80. The macrophage phenotype was detected by immuno-
fluorescence staining. M1 and M2 macrophages were marked by iNOS
and Argl. H&E images and immunochemistry images were obtained by
light microscopy, while immunofluorescence images were obtained by
fluorescence microscopy. Image J software was utilized for quantifica-
tion analysis.

5.14. Statistical analysis

Data were reported as mean =+ standard deviation (SD). All statistical
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comparisons and nonlinear regressions were performed in Prism 8.3
(GraphPad Software, Inc.). One-way analysis of variance (ANOVA) or
student’s t-test was used to compare data from more than two groups. p-
value <0.05 was considered to be statistically significant.
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