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Dynamic regulation of cell-extracellular matrix (ECM)-material interactions is crucial for various biomedical
applications. In this study, a light-activated molecular switch for the modulation of cell attachment/detachment
behaviors was established on monolayer graphene (Gr)/n-type Silicon substrates (Gr/Si). Initiated by light
illumination at the Gr/Si interface, pre-adsorbed proteins (bovine serum albumin, ECM proteins collagen-1, and
fibronectin) underwent protonation to achieve negative charge transfer to Gr films (n-doping) through =-r in-
teractions. This n-doping process stimulated the conformational switches of ECM proteins. The structural al-
terations in these ECM interactors significantly reduced the specificity of the cell surface receptor-ligand
interaction (e.g., integrin recognition), leading to dynamic regulation of cell adhesion and eventual cell
detachment. RNA-sequencing results revealed that the detached bone marrow mesenchymal stromal cell sheets
from the Gr/Si system manifested regulated immunoregulatory properties and enhanced osteogenic differenti-
ation, implying their potential application in bone tissue regeneration. This work not only provides a fast and
feasible method for controllable cells/cell sheets harvesting but also gives new insights into the understanding of
cell-ECM-material communications.

1. Introduction fates, thereby holding profound potential in many biomedical applica-

tions, ranging from cell-based therapy and immunotherapy to tissue

Cells continually sense and respond to physicochemical cues in the
extracellular environment via specific sensors when in contact with
materials [1-3]. Cellular adhesion is the initial yet crucial step,
considering it transduces external physicochemical signals into cells
through the anchoring site to the cellular receptor [4]. Dynamically
regulating cell adhesion behaviors is critical to direct cell behaviors and

engineering [5-8]. To date, switchable control strategies by shifting the
surface properties “on” or “off” with external stimuli have attracted
considerable attention in control over cell adhesion [9-13]. Among
them, light-responsive surfaces are most preferred owing to their high
spatiotemporal precision [13-16].

Photo-switching approaches involving photosensitive molecules

Abbreviations: graphene, Gr; silicon, Si; extracellular matrix, ECM; bone marrow mesenchymal stem cells, BMSCs; fibronectin, Fn; bovine serum albumin, BSA;

collagen-1, Col-1.
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undergoing degradation, isomerization reactions, and photothermal
responses triggered by UV or NIR light have been validated as viable
options by which cell adhesion and release can be controlled on demand
[2,10,13,16]. Although promising, these systems exert functions indi-
rectly by eliciting changes in exogenous chemical molecules rather than
directly modulating behaviors of extracellular matrix (ECM) proteins.
This is mainly attributed to the fact that ECM signals are complicated to
be activated and controlled on purpose [17]. Nevertheless, the chemical
residuals, high light power, as well as photothermal effects in these
photo-switchable systems would generate opposite effects on detached
cells and thus limit their subsequent phenotypes [10,18,19]. Given these
considerations, a noninvasive light source along with a light-responsive
substrate is desirable for mediating the behaviors of cell adhesion pro-
tein families without giving extra rise to local changes (pH, temperature,
etc.).

Our previous work provided a strategy for visible light-regulated cell
detachment based on Si(p/n) (silicon substrate with p/n junction) [20].
Due to its biologically friendly nature, visible light has proven to be an
ideal option. Without introducing additional chemical molecules, the
photogenerated electrons accumulated on the surface exerted repulsive
forces on the ECM proteins, thereby leading to efficient cellular
detachment [20]. Surface charge properties are reported to intensively
affect protein adsorption behaviors, such as their composition, distri-
bution, and conformations, by which cell behaviors are dynamically
regulated [21-25]. As the protein itself possesses variously charged
residues [26], a candidate surface that is not only sensitive to the charge
variation through specific interactions when the protein is adsorbed but
also offers dynamic regulation of such interactions by visible light illu-
mination, could be potentially applicable in the dynamic regulation of
cell adhesion behaviors. In this case, Graphene/n-Si (Gr/Si) substrates
are prioritized owing to the three merits: To begin, the Schottky junction
formed between Gr and n-Si allows the substrates to absorb visible light
and generate holes accumulation in the Gr layer, resulting in tuned
surface charge properties [27]; Secondly, due to the zero bandgap, Gr
carrier densities could be easily modulated via surface adsorption (like
organic molecules and protein), exhibiting n-type and p-type doping
[28]; Lastly, the intrinsically hydrophobic nature of Gr endows it with
the ability to interact with proteins through noncovalent binding
(hydrogen bond or n-n stacking interactions) [29-31]. The latter of
which could facilitate charge transfer between protein and Gr without
impacting the Gr structure and further the light response of Gr/Si,
thereby providing favorable regulation of protein-material interactions
[32-34]. In addition, our previous study demonstrated that appropriate
light-induced charge accumulation on the Gr/Si surface could enhance
osteogenic differentiation of bone marrow mesenchymal stem cells
(BMSCs), which further the potential applications of Gr/Si in biomedical
fields like bone regeneration [35].

Taking these advantages of Gr/Si, herein, by regulating the confor-
mations of ECM proteins through special interactions of protein-Gr/Si by
visible light illumination, a facile yet versatile strategy for controlling
cell adhesion/detachment behaviors noninvasively was given. The
mechanism underlying how ECM proteins interacted with Gr/Si upon
light illumination was studied by experimental analysis and molecular
dynamics (MD) simulation [35]. The properties of single cells/cell sheets
harvested with visible light illumination were further investigated.

2. Experimental section
2.1. Preparation and characterization of graphene/silicon substrates

The graphene/silicon (Gr/Si) substrates were fabricated as described
previously [27]. N-type Si (0.05 Q cm< resistivity<0.1 @ cm, 300 pm
thick, <100>) wafers and glass were used as the substrates to fabricate
the Gr/Si substrates. Briefly, the Si wafers were ultrasonically cleaned in
deionized water and diluted HF solution (1:50, v-v) for several min to
remove the native oxide, and dried in Ny for further utilization. The
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commercially available monolayer Gr (Nanjing XFNANO Materials Tech
Co., Ltd) was firstly cut into squares (10 mm x 10 mm), then spin-coated
with the polymethyl methacrylate (PMMA) at 6000 rpm for 60 s, fol-
lowed by curing at 90 °C for 5 min. After that, the Cu foil on the backside
of Gr was etched away using an ammonium persulfate aqueous solution
(1 M). The resulting Gr films were rinsed with deionized water several
times, then transferred onto the as-prepared Si or glass substrates, and
finally soaked in acetone to remove the PMMA. All samples were ul-
trasonically cleaned in deionized water for several min for further cell
experiments. The surface topography features of the samples were
detected by atomic force microscopy (AFM, NTEGRA Spectra, NTMDT).
The water contact angles (WCA) were measured using a contact angle
meter (Dataphysics, OCA20). X-ray photoelectron spectroscopy (XPS,
Kratos AXIS Ultra DLD, Al Ka, 1486.6 eV) and Raman spectroscopy were
carried out to estimate the quality of graphene. To analyze the photo-
voltaic characteristics of the samples, patterned Au electrodes were
deposited on the surface of Gr, and the InGa eutectic alloys were
spin-coated for the back contacts. The characteristics of Gr/Si were
measured by a Keithley 2400 source meter under standard test condi-
tions (AM 1.5, T = 300 K, and p = 100).

2.2. Protein adsorption behaviors

XPS with an Al Ka source (1486.6 eV) was used to investigate the
evolution of protein status adsorbed on the Gr/Si surface before and
after visible light illumination. C1s at 284.6 eV was used for calibration.
Detailed N1s and Cls were carried out with a step of 0.1 eV. Bovine
serum albumin (BSA), collagen-1 (Col-1), and fibronectin (Fn) were used
as model proteins. Attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR, Thermo Fisher, Nicolet 5700) was
used to measure the conformational changes of protein adsorbed. Micro-
Raman spectroscopy was performed to measure the doping process be-
tween adsorbed proteins and Gr/Si using a confocal Raman microscope
equipped with a 532 nm laser. (LabRAM HR Evolution, Horiba Co.,
Ltd.).

2.3. MD simulation

The Gr sheet was constructed by the graphene online creation server
[36]. The electric field (corresponding to different photovoltages)
exerted on the system was calculated from the Gouy-Chapman-Stern
(GCS) model [20,37]. The initial structures of BSA and FN-IIlg_1( were
taken from Protein Data Bank entries 4F5S® and 1FNF [38,39]. respec-
tively, followed by 50 ns equilibration. BSA was considered as a trian-
gular prism with 5 orientations, and FN-Illg ;¢ was treated as a cuboid
with 6 orientations due to the geometric irregularity. Each orientation of
BSA and FN-Illg ;¢ was placed at a distance of 1.0 nm from the Gr sheet
along the z-direction. Then, different configurations were equilibrated
by 200 ns MD to select the most stable conformation of BSA or FN-IIg 1
on the Gr surface. After that, an electric field with 0.12 V/nm (corre-
sponding to 0.40 V voltage) in the z-direction was subsequently applied
to all systems to study the conformational changes of protein adsorbed.
All simulations were performed with GROMACS 5.0.4 package [40]
using the AMBER99SB-ILDN force field [41]. The bond lengths were
constrained by the LINCS algorithm [42] and periodic boundary con-
ditions were applied in all directions. The cut-off of van der Waals
interaction was 1.2 nm. The particle mesh Ewald (PME) summation [43]
was used to calculate the long-range electrostatic interaction with a
truncation distance of 1.2 nm. The simulated box measuring 13.34 x
13.44 x 12.00 nm®, was solvated and neutralized by 0.15 mol/L NaCl
solution. All simulations were carried out in the NVT with a time step of
2 fs. The temperature was controlled at 298 K by the modified Berendsen
thermostat coupling method. The electric field (corresponding to light
illumination) exerted on the system was calculated from the
Gouy-Chapman-Stern (GCS) model [20,37].
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2.4. Cell culture

MC3T3-E1 cells were cultured in alpha minimum essential media
(a-MEM) supplemented with 10% fetal bovine serum (FBS, Gibco),
10000 mg/mL penicillin, and 10000 mg/mL streptomycin (Gibco), 1%
MEM nonessential amino acids (Gibco), and 1% sodium pyruvate
(Gibco) in a humidified atmosphere of 5% CO, at 37 °C. After reaching
confluency, the cells were harvested using 0.25% trypsin/EDTA (Gibco)
for the next experiments. Rat bone marrow mesenchymal stromal cells
(rBMSCs) were isolated from the bone marrow of femurs and tibias of
three-week-old male Sprague-Dawley rats according to a protocol
approved by the Institutional Animal Care and Use Committee of Zhe-
jiang University, Hangzhou, China. Then, they were cultured in Dul-
becco’s modified Eagle’s medium (Gibico) containing 10% fetal bovine
serum (Gibco), 0.272 g/L r-glutamine (Sigma), and 1% antibiotic solu-
tion (penicillin and streptomycin (Gibco)). BMSCs were used between
the third and fifth passage. The cells were cultured on Gr/Si surface at
different densities according to various experiments: 5 x 10* cells/cm?
for single cell detachment assay or 1 x 10° cells/cm? for cell sheets
related experiments.

2.5. Cell detachment assay

After culturing MC3T3-E1 cells on the substrates for 24 h, they were
examined for visible light-controlled release. Visible light (50 mW/cm?)
was illuminated on the samples for 0, 3, 5, and 10 min, respectively, and
the substrates were gently rinsed with phosphate-buffered saline (PBS)
thrice to remove the detached cells. Then, it was measured with 4'-6-
diamidino-2'-phenylindole (DAPI, 2 pg mL ! in PBS) staining to monitor
the cell release. To examine the selective detachment of adhered cells,
graphene films with smaller areas were transferred onto the Si surface.
The same cell detachment assay was performed on such Gr/Si substrates.
And the local cell detachment was measured by fluorescence staining
with DAPI and calcein-AM. After culturing MC3T3-E1 cells for 5 days,
the cells were confluent. Then, they were illuminated with visible light
(50 mW/cmz) for 10 min to release from the substrate. BMISCs cell sheets
could also be harvested by the same light treatments.

2.6. Characterization of harvested cells/cell sheets

After single-cell detachment, the released MC3T3-E1 cells were
collected and incubated with Annexin V-fluorescein isothiocyanate
(FITC, 0.1 mg/mL) and propidium iodide (PI; 0.5 mg/mL) for cell
viability analysis. To analyze the re-adhesive properties of the detached
cells, they were collected and re-seeded on the new culture plates. After
culturing for 24 h, cells were fixed and washed with PBS, then per-
meabilized with 0.1% Triton X100, and blocked in PBS solution with
2.5% BSA (Sigma) and 10% FBS (Gibco) for 60 min at room tempera-
ture. The mouse anti-vinculin antibody (Abcam) was used for the pri-
mary antibody. The fluorescent dye, FITC-488 conjugated phalloidin,
was used for cytoskeleton staining. The secondary antibody was Alexa
Fluor-conjugated secondary antibody, and the nuclei were stained with
DAPI. The cells were observed by confocal laser scanning microscopy
(Nikon A1 Ti, Tokyo, Japan). Trypsinized cells were used as the control.

As for the harvested cell sheets, their viability was assessed with live/
dead staining. Briefly, after washing with PBS thrice, the calcein-AM and
PI dyes were added to the detached cell sheets and incubated for 15 min
at 37 °C. Finally, the cells were imaged using a fluorescence microscope.
To observe the cell-cell connection, Alexa Fluor 488 anti-pan cadherin
antibody (Abcam) was used for immunostaining the detached cell
sheets. The cytoskeleton of cell sheets before and after release was
stained with FITC-488 conjugated phalloidin. The samples were imaged
by a confocal laser scanning microscopy (Nikon Al Ti, Tokyo, Japan).
The integrin and retention of ECM proteins in detached cell sheets,
including integrin-p1, Col-1, Fn, and laminin (LN) were measured by
immunostaining. Their primary antibodies were goat anti-integrin-f1
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(Invitrogen), mouse anti-Col-1 antibody (Abcam), rabbit anti-LN anti-
body (Abcam), and mouse anti-FN antibody (Abcam). The secondary
antibodies were FITC 488-conjugated donkey anti-goat, Alexa Fluor
488-conjugated goat anti-mouse and Alexa Fluor 594-conjugated
donkey anti-rabbit (Jacson Immuno Research, Inc.). The nucleus was
stained with DAPL. Finally, the samples were visualized by confocal laser
scanning microscopy (Nikon A1R/A1).

The alkaline phosphatase (ALP) activity of harvested cell sheets was
measured using an ALP activity assay according to the manufacturer’s
procedure (Wako, Japan). ALP color development kit (Beyotime, China)
was used to stain the ALP product. The expression levels of osteogenic
differentiation-related genes of MC3T3-E1 were measured using real-
time polymerase chain reaction (RT-PCR). After cell sheet detachment,
RNA was extracted by the TRIzol reagent. Then, the RT-PCR analysis
was performed on a Roche LightCycler 480 system with an SYBR Green I
matermix. The expression levels of target genes were normalized to that
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primers
were tabulated in table S7. Cell sheets cultured on PS plates were used as
the control. To measure the migration properties of harvested cell
sheets, the fragments of detached cell sheets were reseeded onto a new
24-well plate and cultured for 1 day, 3 days, and 5 days. At the designed
time point, the outgrowth of cells from fragments was detected using
cytoskeleton and vinculin staining.

RNA-seq and data analysis. RNA-seq was performed according to a
previous study [44]. Briefly, the total RNA was extracted from the
rBMSCs cell sheets harvested from Gr/Si before and after light illumi-
nation, and cells cultured on PS plates using TRIzol reagent (n = 3). The
reverse transcription was performed using SuperScript II reverse tran-
scriptase (Invitrogen). Double-strand ¢cDNA was conducted using NEB-
Next mRNA second strand synthesis kit (NEB), and double-strand DNA
was cleaned with AMPure XP beads (Beckman Coulter). The sequencing
library was constructed with high-quality RNA samples using Nextera
XT kit (Illumina, San Diego, CA)) and sequenced on the Illumina X-Ten
platform. Hisat2 (https://ccb.jhu.edu/software/hisat2/index.shtml)
software was used to map the Sequence reads with the default param-
eter, and HTSeq was used for genes read (https://htseq.readthedocs.io/
en/release 0.11.1/). DESeq2 was applied to identify differentially
expressed genes [45]. Differentially expressed genes (DEGs) were cho-
sen as foldchange of greater than 2 and padjst value of less than 0.05.
Gene ontology analysis was performed using DAVID and REVIGO (https:
//david.nciferf.gov; http://revigo.irb.hr/).

2.7. Statistical analysis

All data were expressed as mean =+ standard deviation (n = 3). Sta-
tistical analysis was determined via Student’s t-test and one-way
ANOVA. Values of *p < 0.05 was considered statistically significant.

3. Results and discussion
3.1. Photoelectrical properties of Gr/Si substrates

With the polymethyl methacrylate-assisted wet transfer method,
chemical vapor deposition-grown monolayer Gr films were coated
conformally onto the n-Si substrates [35,46]. Fig. 1a showed the Raman
spectrum of Gr on n-Si substrates. The negligible defect-related D band
at around 1350 cm™! as well as the sharp and symmetric 2D band of
Gr/Si substrate indicated the monolayer Gr film of high quality [47,48].
The atomic force microscopy (AFM) image of Gr/Si revealed the typical
wrinkled topography of Gr (inset) [49]. Furthermore, WCA results
illustrated the hydrophobic nature of Gr on the Si substrate (Fig. 1b)
[50]. These characteristics indicated the successful transfer of the Gr
film onto the n-Si wafer, resulting in a Schottky junction at the Gr/Si
interface. Afterward, the photovoltaic properties of Gr/Si were evalu-
ated. The open-circuit voltage (Voc) of the Gr/Si substrate was 0.396 V,
exposing the effects of heterojunction of Gr/Si (Fig. 1c and Fig. S1). This
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Fig. 1. Photoelectrical properties of Gr/Si substrate. (a) Raman spectrum of Gr/Si substrate. Inset: AFM image of Gr/Si surface, scale bars are 1 pm; Water contact
angles of Gr/Si substrate and bare Si wafer; (c) I-V characteristic of Gr/Si substrate showing its photovoltaic effects. Inset: schematics of the light-induced charge
separation of Gr/Si; (d) Band energy diagram of Gr/Si Schottky junction upon light illumination.

junction formed at the interface between Gr and n-Si produced a built-in
field and separated the photo-generated carriers [27]. With high trans-
parency and carrier mobility, the Gr film atop n-Si allowed visible light
transmission and was favorable to charge separation and hole transport
[51]. As a result, photo-generated holes were diffused across the junc-
tion and swept to the Gr side, conferring positive charge accumulation in
the Gr film (Fig. 1c inset and 1d) [34]. When the light intensity was
increased above 50 mW/cmz, the Voc of Gr/Si was saturated [35],
suggesting that the photovoltaic effects were maximized in agreement
with our previous work [20]. Though light-induced charge accumula-
tion on Gr/Si surface, it nearly did not affect the WCA of the Gr/Si
surface (Fig. S2). Herein, a visible light-responsive platform with
tunable surface charge properties was fabricated.

3.2. Light-induced charge transfer from adsorbed protein to Gr/Si via
photovoltaic interface

The cell-material interactions were driven by the evolution of the
pre-adsorbed protein [20,52], which could be modulated by surface
charge [23]. Thus, considering the light-induced charge accumulation
properties of Gr/Si, experimental analysis and MD simulation were
subsequently conducted to provide insights into the mechanism under-
lying the interaction between protein and Gr/Si surface with light illu-
mination. Taking into account that BSA was the most abundant protein
in the serum, it was selected as one of the model proteins to simplify the
protein model [20,53]. The chemical status of BSA adsorbed on Gr/Si
before and following light illumination was monitored by X-ray photo-
electron spectroscopy (XPS) (Fig. 2a—f). Before light illumination,
evident adsorption of BSA on the Gr/Si surface (Gr/Si-BSA) was
confirmed, as indicated by the emergence of nitrogen signal (Fig. 2a), an
increase in the nitrogen-to-carbon (N/C) ratio (Fig. 2b), and the pres-
ence of chemical functional groups (carbon/nitrogen-containing
groups) (Fig. 2c and d). After illuminating with light, decreases in ni-
trogen peak and N/C ratio were observed on light-illuminated samples
(Gr/Si-BSA-Light), suggesting a relatively lower amount of BSA
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adsorbed (Fig. 2e and f). In Cls spectra (Fig. 2e), the content of initial
peaks of Gr/Si-BSA-Light samples showed great changes. Notably, new
protonated NH3 groups (content: 8.9%) emerged on Gr/Si-BSA-Light
samples (Fig. 2f), with the peak representative of unprotonated -NH,
being increased by 3.8% and deprotonated -NH decreased by 12.7%.
This observation evinced that light illumination could give rise to amino
protonation for adsorbed residues of BSA on Gr/Si.

Previous studies have described that protein molecules underwent
protonation or deprotonation to act as electron donors or acceptors on
the Gr/Si surface to tune p- or n-type doping of Gr/Si [28,31,54]. It
implied that electrons from negatively charged residues of BSA mole-
cules diffused to Gr/Si via the photovoltaic interface (Schottky junction)
[28,54]. The charge transfer doping properties afforded by BSA mole-
cules on the Gr/Si surface were further studied by Raman spectroscopy.
As displayed in Fig. 2g, the G band peak frequencies of Gr/Si-BSA and
Gr/Si-BSA-Light were determined to be 1574 cm™! and 1567 cm™?,
downshifted by 13 and 19 cm~! from that of bare Gr/Si (1587 cm’l),
inferring that n-type doping of Gr was caused by BSA adsorption and
further enhanced with light illumination [28,31,55]. [56,57]. When
using ECM protein, Fn as a model protein, the G band peak of Gr/Si-Fn
was shifted from 1588 cm™! to 1578 cm™! (Gr/Si-Fn-Light) after light
illumination (Fig. 2h), which was consistent with the BSA results. Such
effects were further validated by the decreased ratio in the intensities of
the 2D and G bands (I(2D)/I(G)) (Fig. S3). Its downshifting could be
ascribed to the electron transfer from protein molecules to Gr/Si by n-n
interactions [28,58,59]. However, BSA and Fn adsorbed on the
non-light-responsive Gr/Glass substrates did not show a similar
light-regulated electron-doping process to Gr/Si substrate (Fig. S4).
Thus, charge transfer from protein molecules to the Gr/Si could be
modulated by light illumination [34], and this light-regulated doping
process may further disrupt secondary structures of protein and
concurrently induce conformation changes in protein (Fig. 2i) [60,61].
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Fig. 2. Light-induced charge transfer from adsorbed protein to monolayer Gr via Gr/Si photovoltaic interface (Schottky junction). (a) and (b) are XPS survey spectra
and N/C ratio of bare Gr/Si, Gr/Si-BSA, and Gr/Si-BSA-Light surfaces; (c—f) are Cls and N1s high-resolution spectra of Gr/Si-BSA and Gr/Si-BSA-Light surfaces,
respectively. Notably, the content of C—0 and C-O were reduced by 5.7% and 6.3%, respectively, and that of the electron-rich groups, C-OH/C-N, was increased by
7.1% after light illumination; (g) and (h) are Raman spectra of BSA-Gr/Si and Fn-Gr/Si substrates before and after light illumination comapred with bare Gr/Si
substrate; Inset was the amplified spectra showing the changes of G band position; (i) Illustration showing protein-Gr/Si interactions regulated by light illumination.
With light illumination, negative charges transferred from protein to Gr/Si substrate, resulting in changes in their original adsorption status and Gr band structure.

3.3. Light-induced charge transfer drives conformational changes of
adsorbed protein on Gr/Si

To evaluate light-induced conformational changes of the protein
adsorbed on Gr/Si, Fourier transform infrared spectroscopy (FTIR) was
carried out. Secondary structures of BSA, Col-1, and Fn adsorbed on the
Gr/Si surface modulated with light illumination were calculated by
deconvoluted curve-fitting of the amide I band (Fig. 3a-f, Fig. S5-57)
[62]. In the case of BSA and Fn adsorption (Fig. 3a-f), apparent peak
shifting (Fig. S5 and S6) was detected with light illumination, clearly
indicating the variation in secondary structure stimulated by light
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illumination. After calculation analysis, a-helix (35.2%) and p-sheet
(32.2%) were found to be the predominant secondary structure of BSA
adsorbed on Gr/Si before light illumination (Fig. 3c), while both con-
tents considerably decreased, and the unordered structure p-turn
(55.3%) and random coil (20.4%) became the primary contents after
light illumination. It is worthwhile pointing out that the WCA of
Gr/Si-BSA was slightly elevated following light illumination, indicating
more hydrophobic residues were exposed (Fig. S8). These results sug-
gested that light illumination could induce a conformational transition
of BSA adsorbed on Gr/Si from an ordered to an unordered structure.
Similar trends in conformational variation were further demonstrated



X. Wang et al. Bioactive Materials 22 (2023) 168-179

a Gr/Si-BSA b Gr/Si-BSA-Light C
S % Secondary
- 7 Gr/Si-BSA  Gr/Si-BSA-Light
. '5“ structure (%) EAEEOR GHSERna
P a-helix 352 15.3
0 X
:'“'. “‘” }"‘ B-sheet 32.2 9.0
3 ‘.{""(,"\‘ B-turn 20.4 55.3
SN N Teao% Random coil 12.2 204
1700 1680 1660 1640 1620 1600 1700 1680 1660 1640 1620 1600
Wavenumber (cm™) Wavenumber (cm™)
d Gr/Si-Fn @  Gr/Si-Fn-Light i
Secondary

structure (%) Gr/Si-Fn  Gr/Si-Fn-Light

» o-helix 18.3 14.0

, P-sheet 30.5 20.6
v %
_{:l HYRTRN ‘\:/ VL ,"\ ‘\v\_ p-turn 21.8 21.7
L Y LU 9
B AN AT (‘\ Random coil 29.4 3.7
1700 1680 1660 1640 1620 1600 1700 1680 1660 1640 1620 1600
Wavenumber (cm™) Wavenumber (cm™)

Fn-111, : 0 V (0 mW/em?) Fn-111, : 0.40 V (50 mW/cm?)

9-10°

Fig. 3. Light-induced charge transfer drives conformational changes of adsorbed protein on Gr/Si surface. (a-b) FTIR absorbance in the amide I band for Gr/Si-BSA
and Gr/Si-BSA-Light surfaces. Deconvoluted peaks representative of secondary structures for BSA were shown below both curves; (c¢) The relative contents of
secondary structures of BSA for both surfaces; (d-e) FTIR spectra of Fn adsorbed on Gr/Si before and after light illumination; (f) Secondary structures of Fn adsorbed
on Gr/Si before and after light illumination. (g-h) Conformations of BSA and Fn-Illg.;o adsorbed on Gr surface with 0 V and 0.40 V voltage after 200 ns MD

simulation. Red and blue represented the acidic residues and basic residues of BSA molecules that interacted with Gr, respectively. Two more acidic residues of BSA,
Asp279, and Glu548, were found to interact with Gr closely with 0.40 V voltage.
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by Col-1 and Fn adsorbed on Gr/Si modulated with light illumination
(Fig. 3d-f, Fig. S6, and S7). While, these proteins adsorbed on non-active
Gr/Glass did not exhibit light-induced changes in secondary structures
(Fig. S9), which further consolidated the light-mediated protein
adsorption behaviors on Gr/Si surface. Although great conformational
changes of proteins on Gr/Si happened, the corresponding adsorption
amounts of BSA, Col-1 and Fn, respectively, showed little decrements by
light treatment (Fig. S10), also suggesting light illumination determined
the protein conformational changes on Gr/Si surface.

Regardless of serum protein BSA or ECM proteins (Col-1 and Fn),
they may undergo protonation to donate charge to Gr/Si through n-n
interactions (Fig. 2) [34,54], resulting in their conformational changes
(Fig. 3a-f, Fig S5-S8). This implied that other ECM proteins may also
possess similar light-regulated adsorption behaviors on Gr/Si.

To elucidate these light-regulated protein adsorption behaviors at
the molecular level, MD simulations were further performed (Fig. 3g and
h) [20]. To corroborate the above experimental analysis, BSA was first
used as the model protein [63]. After 200 ns MD simulation, binding
states 2 and 4 of BSA on Gr were found to have relatively stable con-
formations, with the latter having a relatively higher van der Waals
interaction energy (E,pw) and was considered the preferred conforma-
tion (Fig. 3g, S11, and Table S2). After applying a 0.40 V voltage (light
intensity, 50 mW/cm?) to the system, the optimal conformation of BSA
was shifted to state 2, which contained 11 acidic and 5 basic adsorbed
residues intimately interacting with Gr and showed greater affinity
adsorption compared with state 4 (Fig. 3g, Sllc, Table S3, and
Table S4). This indicated optimal conformations of BSA adsorbed on Gr
showed significant differences with various voltages, in line with the
experimental results in Fig. 3a-c. Besides, the content of hydrophobic
residues that closely interacted with Gr was directly exposed outwardly
(measured at 0.8 nm from Gr surface) for state 2 and increased from 24%
to 26% and 26%-30% with a 0.40 V voltage, respectively, which is
consistent with Fig. S8. Such increment could enhance n-stacking in-
teractions between Gr and BSA due to the hydrophobic nature of Gr [55,
64]. As the voltage exerted attractive and repulsive forces on acidic and
basic residues, respectively, the van der Waals interaction between BSA
and Gr should be the driving force for the conformational changes of
BSA (Table S3 and S4) [65-67].

Available conformations of Fn have been recognized to play a key
role in harnessing cell adhesion behaviors via controlled binding with
the integrin family [68]. Therefore, the behavior of Fn molecules on
Gr/Si surfaces with differing voltages is crucial for elucidating
light-regulated cell-material interactions. Next, the Fn-Illg.;9 domain
with integrin-binding motif (RGD) and synergy site (PHSRN) was
selected as the model to investigate in MD simulation (Fig. 3h) [69,70].
After 200 ns MD simulation, Fn-Illg 1 could be stably adsorbed on the Gr
surface with adequate RGD exposure and a proper distance of 3.6 nm
between the RGD and PHSRN (Fig. S12, Table S5). When a 0.40 V
voltage was applied, though the initially adsorbed residues were unal-
tered, their interactions with Gr and the original conformation did,
leading to a loss in overall stability (Table S6, Table S7, Video S1). RGD
motif was likely to be hidden inside the protein due to the formation of
ion pairs between Arg in RGD and Glu residues (Video S1). The distance
between RGD and PHSRN was reduced to 3.1 nm, which may also show
an opposite effect on cell adhesion [71]. These conformational changes
should mainly originate from the van der Waals interaction between
protein and Gr [67], which was weakened with the 0.40 V voltage.
Appropriate conformation of Fn with satisfactory exposure of RGD and a
~3.5 nm distance between RGD and PHSRN could maximize its recog-
nition by integrin and thus facilitate cell adhesion [72]. The confor-
mation alterations of Fn-Illg.19 on Gr with a 0.4 V voltage could adjust
the full binding between integrin and RGD to partial binding, subse-
quently affecting cell adhesion [73]. MD simulation further demon-
strated that conformational protein changes occurred on the Gr/Si
surface in a light-regulated fashion.
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3.4. Light-induced controlled cell detachment from Gr/Si surface

The effective bindings of integrin-f1 to ECM proteins, like alp1 to
collagen and a5f1 to fibronectin, play a role in mediating cell adhesion
[74]. In our system, light-regulated efficient charge transfer from ECM
proteins to Gr/Si induced conformational changes in the protein
adsorbed (Figs. 2 and 3) [34,54,55,75]. In this process, the specific
recognition between ECM proteins (such as Fn, not limited) and integ-
rins (cell adhesion receptor) may be affected (Fig. 3), thus affecting cell
adhesion behaviors [20-25]. Regarding its applications, the ability of
Gr/Si for regulating cell detachment behaviors with visible light illu-
mination was investigated (Fig. 4). Firstly, visible light-controlled sin-
gle-cell detachment on Gr/Si was assessed. Schematics in Fig. 4a depict
this process. Before light illumination, MC3T3-E1 preosteoblasts were
cultured on Gr/Si surface as a model. Considering the maximized vari-
ation of surface charge regulated with light illumination, together with
the results of our previous work, an intensity of 50 mW/cm? was chosen
for cell detachment. As the illumination time increased, more cells were
released from the Gr/Si surface (Fig. S13a). After being illuminated for
10 min, over 90% of cells were detached from Gr/Si, while for the
negative control n-Si, no significant detachment was noted (Fig. S13a
and 4b). Meanwhile, the monolayer Gr film on insulated glass substrates
without heterojunction could not be used as a cell retrieval platform
with light illumination (Fig. S14), further confirming the above postu-
lation. Retained cell survival and re-attachability were observed for
light-detached cells compared with those digested with trypsin, show-
casing the non-cytotoxicity of the Gr/Si system (Fig. 4c and d). Next,
light-regulated cell adhesion behaviors were further demonstrated by
the spatial control of cell detachment from Gr/Si with light illumination
(Fig. S13b and S13c). As predicted, few cells were observed in the
middle region (Gr/Si) while the majority were left on the edges of the
substrate (bare n-Si), portraying its potential for patterned cell har-
vesting in the future.

Secondly, the light-activated molecular switch system was built to
induce whole MC3T3-E1 sheet detachment (Fig. 4e and S15). The
resultant cell sheets showed satisfactory cell viability, well-maintained
cell-to-cell connection (positive E-cadherin expression), and ECM pro-
teins (cell-adhesive glycoproteins laminin and Col-1) (Fig. 4f). After
being re-cultured on another 24-well plate, cellular outgrowths from the
cell sheet fragments exhibited a spreading morphology and maintained
migratory capability from the detached sheets (Fig. S16). Additionally,
light-harvested MC3T3-E1 cell sheets improved alkaline phosphatase
(ALP) activity as a significant early marker of osteogenic differentiation
rather than cells cultured on a conventional 24-well plate under the
same cultivation conditions (Fig. 4g and h). Real-time polymerase chain
reaction (RT-PCR) results displayed identical trends for the expression
levels of early markers (ALP and Runx-2) (Fig. 4i). This enhanced
osteogenic differentiation of light-harvested cell sheets should be
attributed to the contribution of the stiff and large area of Gr film, which
was reported to be favorable for cell adhesion, proliferation, and oste-
ogenic differentiation [76,77].

In addition to MC3T3-E1 cells, detached living rat bone marrow
mesenchymal stromal cells (rBMSCs) sheets were similarly harvested,
demonstrating the repeatability of this Gr/Si system (Fig. S17). To
validate the light-induced charge transfer from ECM protein to Gr/Si,
the chemical status of the recycled Gr/Si surface was examined
(Fig. S18). Protonated NHs+ groups were observed on the recycled Gr/
Si substrates after light-detached MC3T3-E1 and rBMSCs cell sheets,
confirming the above light-driven doping process. Moreover, the upre-
gulated integrin-p1 expression in rBMSCs cell sheets was also observed
after detachment compared with undetached cell sheets on Gr/Si
(Fig. S19). Both changes in integrin-p1 and ECM proteins (Figs. 2-3) in
cell sheets may together contribute to light-induced cell detachments.

To elucidate cellular response to cultivation/detachment by the
photovoltaic Gr/Si surface on the transcriptomic scale, RNA sequencing
(RNA-seq) was performed to analyze differential gene expression of
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rBMSCs harvested from the PS plate and Gr/Si system before and after
light treatment (Supplementary file 1, Fig. 5). Principal component
analysis (PCA) revealed a clear separation between cells cultured on Gr/
Si and the PS plate when projected on the first two principal compo-
nents, while cell sheets on Gr/Si treated before and after light-induced
cell detachment were closer to each other (Fig. 5a). Meanwhile, only
15 differentially expressed genes were identified from rBMSCs cell
sheets detached from Gr/Si, compared with the undetached cell sheets
on Gr/Si (Fig. S20). When compared with cells on the PS plate, 1079
DEGs, including 676 upregulated and 420 downregulated ones, were
identified from cell sheets detached from Gr/Si with light illumination
(Fig. 5b and c). These results indicated Gr/Si surface rather than light
treatment contributed to the gene expression pattern alterations of
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BMSCs. Gene ontology (GO) analysis determined that bone remodeling,
cell-substrate adhesion, macrophage activation as well as wound
healing-associated genes were over-represented in the light-harvested
cell sheets (Fig. 5d), suggesting their potential application in wound
healing and bone regeneration. Enrichment of GO terms related to
macrophage activation and downstream effect in response to
interleukin-1 in light-harvested BMSCs (Fig. 5e) imply that Gr/Si surface
may show a positive effect on the immunoregulatory property of BMSCs
[78]. Enriched KEGG pathways as the notch and PI3K-Akt signaling
pathways and focal adhesion were reported to promote rBMSC osteo-
genesis (Fig. 5f) [79,80]. Moreover, we compared the osteogenic gene
expression patterns in rBMSCs cell sheets culturing on Gr/Si and de-
tached from Gr/Si in a light-regulated manner (Fig. S21), and the results



X. Wang et al.

Bioactive Materials 22 (2023) 168-179

20 o Downregulated Upregulated
n=420 . n=676
>
2
ZE 10
X 7SO
= o e °°\
8N ey
-9 N\ ]
~e.
-10
® :
-10 0 10 20 { : ( 3 Y
; . -10 -5 0 5 10
PC1-66% variance Log, fold change
d GO (upregulated genes) € GO (downregulated genes) f KEGG (upregulated genes)
tive regulation of cell migration fch signaling pathway
pulation of actin cytoskeleton
onse to hypoxia receptor interaction
A vound healing : :
. ot Akt signaling pathwa
BEedial  signaling pathway lular matrix organization ¢ gp Y
bstrate adhesion
adhesion
[y|responsc
0 5 0 5 10 15 0 1 2 3 4 5 6
-log10 (padj) -log10 (padj) -log10 (padj)
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sheets cultured on Gr/Si system.

showed no significant difference in gene expressions between them. We
have also examined the osteogenic gene expression patterns of rBMSCs
cell sheets on Gr/Si (before detachment) and PS (Fig. S22). Upregulated
osteogenic genes were found in rBMSCs cell sheets on Gr/Si surface than
PS, further consolidating that Gr film rather than light treatment
contributed to the promoted osteogenic properties of rBMSCs cell sheets.
Taken together, rBMSCs or MC3T3-E1 cell sheets cultured and harvested
from Gr/Si surfaces may retain higher osteogenic potential, making
them ideal for bone tissue regeneration in the future.

Considering the above results, the mechanism for light-induced cell
detachment from the Gr/Si surface could be (Fig. 6): upon light illu-
mination, electrons in Gr were energetically transferred to the Si side

due to the existence of the built-in field (Fig. 1), leading to holes retained
in the Gr side to achieve positive charge accumulation, thereby ECM
protein molecules atop Gr underwent protonation to provide negative
charges for Gr by n-n interactions (Figs. 2 and 3); this charge transfer
could further induce conformational changes of the ECM protein
adsorbed (Fig. 3), which would, in turn, facilitate the charge transfer
process; this process also influences the expression of integrin-p1 in cell
sheets (Fig. S19); both changes in ECM proteins and integrin-p1 in cells
together weaken the binding sites between Fn (like RGD) and integrin
(a5B1, not limited) [81], and eventually induce cell detachment (Figs. 4
and 5).

Substrate stiffness differentially regulates cell differentiation, and

7
7
]
]
\

Visible light
illumination

Fig. 6. Schematic illustration showing light-harnessed charge transfer from ECM protein to Gr/Si via the photovoltaic interface for efficient cell detachment.
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MSCs on stiff substrates abet osteogenesis [76,77,82]. Stiff and
large-area graphene surfaces in our system contribute to the osteo-
genesis of rBMSCs, which own great potential in bone tissue engineer-
ing. However, compared with tunable extracellular matrix (e.g.
adaptable hydrogel), the Gr/Si interface may be not adaptable for cells
toward adipogenesis and chondrogenesis [83]. Although magnetic
field-mediated nanoplate and nano-assembly by tuning the binding of
integrin to RGDs could promote focal adhesion, mechanotransduction,
and differentiation of stem cells in a reversible manner [84,85], the
off-target effects and low reproducibility of “nano-magnetic particles”
remain challenging [86]. In this regard, the Gr/Si system owned a
simple and homogeneous surface, capable of large-scale production of
reproducible photovoltaic substrates for biomedical applications.

On the other hand, remarkable works have been made in
azobenzene-based cis-trans photo-isomerizable design and synthesis,
depending on the chemical modification of its structure [13,87,88].
Nevertheless, the introduction of free chemicals may have an additional
effect on protein conformation and cellular responses as well [89]. To
diminish such risk, in this Gr/Si system, visible light illumination
regulated charge transfer from ECM proteins to Gr/Si could directly
mediate the interaction between cell surface receptor-RGD/PHSRN
ligand and integrin-f1 [90]. The entire process enables safe and
controllable cell detachment. Moreover, compared with previously
developed Si(p/n) system which regulated cell adhesion by
light-induced electron accumulation [20], the positively charged surface
in Gr/Si system varyingly interacts with cells, further providing an
effective pathway to tailor the cellular responses.

4. Conclusion

Visible light-controlled cell adhesion/detachment based on Gr/Si has
been achieved by regulating the dynamic protein-Gr interactions. Upon
light illumination, positive charge accumulated and promoted charge
transfer between the surface and ECM protein molecules, resulting in
conformational changes in the proteins. Such dynamic regulation
through light illumination showed opposite effects on the stable cell
adhesion states and eventually realized noninvasive cell detachment.
This fundamental work not only provides a method for dynamically
regulating cell adhesion behaviors but also shows promising potential
for developing more powerful tools in tissue engineering and
regeneration.
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