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Abstract

Various cell sheets have been used as effective and useful cellular tissues in tissue engineering and
regenerative therapy. Poly(N-isopropylacrylamide) [PNIPAAm]-modified surfaces have been
investigated for effective cell sheet preparation. In this study, the effective PNIPAAm graft density and
chain length of PNIPAAm brushes for various cell types were investigated. The PNIPAAm brush-grafted
glass was prepared via silanization and subsequent atom transfer radical polymerization (ATRP). The
density of the PNIPAAm brushes was modulated by changing the ATRP initiator and co-adsorber
composition, while the PNIPAAm brush length was modulated by changing the monomer concentration
in the ATRP. The hydrophilicity of the PNIPAAm brushes increased with increasing PNIPAAm brush
length because long PNIPAAm brushes tended to hydrate. Fibronectin adsorption increased with
decreasing PNIPAAm brush concentration because the exposed hydrophobic co-adsorber in the dilute
PNIPA Am brush enhanced the adhesion of fibronectin. The cell-sheet fabrication ability was investigated
using six types of PNIPAAm brushes. An endothelial cell sheet was fabricated using a dense, short
PNIPAAm brush. NIH/3T3 sheets can be fabricated using three types of PNIPAAm brushes: dense-long
PNIPAAm brushes, moderately density-short PNIPAAm brushes, and dilute-long PNIPAAm brushes.
MDCK cell sheets could not be prepared using the PNIPAAm brushes. A549 cell sheets were prepared
using a dense-short PNIPA Am brush and moderately short PNIPAAm brushes. These results indicate that
the optimal PNIPAAm brush conditions for cell sheet preparation vary depending on cell type. Thus,

modulation of PNIPA Am brush density and length is an effective approach for preparing target cell sheets.

Keywords: Thermoresponsive polymer, Polymer brush, Cell sheet, ATRP, Brush density
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1. Introduction

In recent decades, tissue engineering and regenerative medicine have been investigated as
effective therapies for intractable disease.!-> In particular, cell sheets have been investigated as functional
cellular tissues and regenerative medicines. Cell sheets, which are monolayer cellular tissue,®® have an
extracellular matrix (ECM) basal surface and can be easily transplanted into host tissue because the ECM
acts as a cell adhesive glue.” 10 Thus, transplantation of cell sheets has been used as an effective cell
transplantation therapy.’-> !1-14 Additionally, dense cellular tissue can be fabricated by stacking cell
sheets, !5 and has been investigated for various tissue engineering applications.!®-18

Cell sheets are prepared using a thermoresponsive polymer, poly(/N-isopropylacrylamide)
[PNIPAAm-modified culture dish].® PNIPAAm is a thermoresponsive polymer whose
hydrophobicity changes with external temperature, which is attributed to hydration and
dehydration.!®- 20 Using the PNIPAAm property, various types of biomedical applications have
been investigated, including drug delivery systems,?!-26 biosensors,?’-3? bioanalysis and diagnostic
devices,?!-3® bioseparation systems,3>*-47 and tissue culture substrates.® 4333 In the application of
the thermoresponsive cell culture substrate, PNIPAAm is modified on the cell culture substrate.
Cells are seeded to the PNIPA Am-modified culture dish at 37°C. At this temperature, PNIPAAmM
becomes dehydrated and hydrophobic, leading to cell adhesion to the PNIPA Am-modified dish.
The adhered cells proliferate after incubation for 4-5 days, and the cells reach confluence. When
the temperature is reduced to 20°C, the PNIPAAm becomes hydrated and hydrophilic. The
adhered monolayer cells (cell sheet) detach from the PNIPAAm dish because the adhered
monolayer cells cannot adhere to hydrophilic PNIPAAm.

PNIPAAm-modified cell culture dishes have been investigated using various types of polymer

modification methods.*% 338 Widely used PNIPAAm-modified dishes are prepared with electron-beam
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(EB) irradiation, 3° where in a thin layer of PNIPAAm hydrogel is modified on the culture dish. The
PNIPAAm modification method is suitable for large-scale production. However, precise control of the
thickness of the PNIPAAm layer is difficult. To control the thickness of the grafted PNIPAAm layer on
the dish, living radical polymerizations such as atom transfer radical polymerization (ATRP) and
reversible addition-fragmentation chain transfer (RAFT) polymerization have been introduced.%-% These
living radical polymerizations can precisely control the polymer length, leading to the modulation of the
PNIPAAm layer thickness and PNIPAAm amount on the dish. In particular, ATRP is suitable for
modulating PNIPAAm brush density and chain length. The initiator density on the graft substrate can be
modulated by changing the composition of the initiator-modified silane coupling reagent and co-adsorber
silane coupling reagent in the silane coupling reaction.®> Additionally, brush length can be modulated by
changing the monomer concentration.®® Thus, PNIPAAm brushes prepared with ATRP are an effective
substrate because brush density and chain lengths can be modulated.

Cell adhesion and detachment on PNIPA Am-modified interfaces are significantly influenced by
the adsorption of extracellular matrix (ECM), such as fibronectin on PNIPAAm-modified interfaces,
because the ECM mediates cell adhesion.? ¢ During cell adhesion on the PNIPAAm-modified interface,
ECM adheres on the interfaces, and cells adhere on the substrate using the pre-adsorbed ECM. In addition,
cell detachment from the PNIPAAm-modified interface is induces by desorption of ECM from
PNIPAAm-modified interfaces. Thus, ECM adsorption on PNIPAAm-modified interfaces significantly
influences cells adhesion and detachment. A previous report indicated that PNIPAAm brush density
influences the protein adsorption, because the dilute PNIPAAm brush exposes the graft interface, such as
the hydrophobic silane layer, leading to enhanced adsorption of ECM.%! Moreover, the PNIPAAm brush
length effects ECM adsorption.®® Long PNIPAAm brushes also exhibit lower fibronectin adsorption

compared with that of short PNIPAAm brushes, which is attributed to the relatively hydrophilic property
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of long PNIPAAm brushes. Therefore, PNIPAAm brush density and chain length influence ECM
adsorption/desorption, cell adhesion/detachment, and cell sheet fabrication/detachment properties.

Various cell sheets have been investigated for various applications. Endothelial cell sheets
are used to enhance vascularization.®® Fibroblast cell sheets are used for the treatment of lung air
leaks.!% % MDCK cell sheets have been investigated as kidney cell sheets and could be applied to
kidney tissue engineering.'% 70 Cancer cell sheets can be used as in vivo or in vitro cancer tissue
models.”!-7* These cells have different adhesive and detachment properties. Furthermore, previous
studies have investigated the relationship between PNIPA Am brush length and cell adhesion using various
cell types.” The results show that PNIPAAm brush length influences cell adhesion, and that the optimal
PNIPAAm brush length differs among cell types. Thus, the most suitable PNIPAAm structure also
differs among cell types.

In this study, we investigated suitable PNIPAAm brush configurations, such as brush
density and length, for each type of cell sheet preparation. PNIPA Am brushes of various densities
and lengths were prepared using ATRP. Various cell sheets were prepared using the prepared

PNIPAAmM brushes.

2. Materials and Methods

2.1 Preparation of thermoresponsive polymer brushes with various chain length and densities
Thermoresponsive polymer brushes with various chain lengths and densities were
prepared via a silane coupling reaction and subsequent ATRP (Figure 1). All reagents are
described in the supplementary information. Cover glasses (24 x 50 mm) were placed in a glass
holder. Glass surfaces were cleaned using a plasma cleaner (PX-1000; Samco, Kyoto, Japan).

Cleaned cover glass containing a glass holder was placed in a 500 mL separable flask. Humidified
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nitrogen was poured into the flask, and the glass in the flask was incubated at 60% relative
humidity and 25°C for 1 h. Then, two types of silane coupling reagents,
(chloromethyl)phenylethyl-trimethoxysilane (CPTMS) and phenethyltrimethoxysilane (PETMS),
were dissolved in the toluene in a molar ratio (CPTMS:PETMYS) of 100:0, 50:50, or 25:75 in order
to modulate ATRP initiator density. Typically, in the case of the 50:50 ratio, CPTMS (1.59 mL)
and PETMS (1.81 mL) were dissolved in 292 mL of toluene. The prepared reaction solution was
poured into a flask that had a cover glass. The silanization reaction was conducted at 25°C for 18
h. After the reaction, cover glasses were rinsed with toluene, methanol, water, and acetone, and
then dried in a drying oven at 110°C for 4 h. The prepared cover glasses with various initiator
densities were named 1100, 150, and 125 based on the CPTMS molar ratio in the silanization

reaction.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm01705f

Page 7 of 35

Open Access Article. Published on 14 February 2025. Downloaded on 2/22/2025 5:21:33 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Biomaterials Science
View Article Online

DOI: 10.1039/D4BM01705F

Unmodlﬁed%glass CPTMS:25%

/ CPTMS:50% ., PETMS:75%
CPTMS:100% | PETMS:50%
150

1100 125

“ L R R
100% initiator 50% initiator 25% initiator
NIPAAM l NIPAAM N MPAAm
Dense PNIPAAm brush Mediun PNIPAAmM brush Dilute PNIPAAmM brush
1100-PN-25 150-PN-250 125-PN-250
37°C e » - — i " ., 37C

TES

o *
Short PNIPAAmM brush™

150-PN-500 125-PN-500
37°C 37°C

Long PNIPAAm brush Long PNIPAAmM brush

(B) Preparation of endotheiial cell sheet
7c 23" 5 37°C

' éeding
Preparation of fibroblast sheet
G 37°C

Seeding Adhereing and proliferation ~ Reachingconfluenc

Preparation of ‘r’enal tubular epithelial cell sheet
P &

Seeding Adhereing and proliferation Reaching confluence Cell'sheet recovery

Figure 1 Schematic illustrations of the (A) preparation of PNIPAAm brushes with various densities and
chain lengths, and (B) preparation of various types of cell sheet with PNIPAAm brushes. CPTMS,
(chloromethyl)phenylethyl-trimethoxysilane; PETMS, phenethyltrimethoxysilane; PNIPAAm, poly(/N-
isopropylacrylamide); NIPAAm, N-isopropylacrylamide.
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PNIPAAm brushes were prepared via ATRP using initiator-modified glasses of various
densities. Two types of N-isopropylacrylamide (NIPAAm) solutions were prepared to modulate
the PNIPAAm brush length by changing the monomer concentration during ATRP: NIPAAm
(12.7 g, 113 mmol) was dissolved in 2-propanol (450 mL), resulting in a 250 mM NIPAAm
solution; and NIPAAm (25.4 g, 225 mmol) was dissolved in 2-propanol (450 mL), resulting in a
250 mM NIPA Am solution. The NIPAAm solution was deoxygenated using nitrogen gas bubbling
for 2 h. Then, CuCl (294 mg, 3.00 mmol), CuCl, (45.8 mg, 300 umol), and MecTREN (766 mg,
3.30 mmol) were dissolved in NIPA Am solution under nitrogen gas. The ATRP initiator-modified
glasses were placed in a glass holder, which was placed in a separable flask. The glass contained
a separable flask, and the ATRP reaction solution was placed in a glove box. The oxygen in the
glove box was removed by vacuuming and flushing with nitrogen gas thrice. The ATRP solution
was poured into a separate flask. ATRP was conducted at 25°C for 16 h. After the reaction, the
glass was rinsed with acetone, methanol, and 50 mM aqueous EDTA. The glass was dried at 50°C
for 3 h in a drying oven. The prepared PNIPA Am brush-modified glasses are denoted as 1100-PN-

X, I50-PN-X, and I125-PN-X, where X is the NIPAAm monomer concentration.

2.2 Characterization of thermoresponsive polymer brushes

The prepared PNIPAAm brushes were characterized using X-ray photoelectron spectroscopy
(XPS), attenuated total reflection Fourier transform infrared spectroscopy (ATR/FTIR), contact angle
measurements, and fibronectin adsorption observations.

Surface elemental analyses of the prepared PNIPAAm brushes were conducted using XPS
(Quantera SXM, Physical Electronics, Chanhassen, MN, USA). Excitation X-rays were produced

from a monochromatic AlKa,;, source. XPS analysis with small take off angle can detect the
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outermost layer of PNIPA Am brush-grafted glass substrate, whereas XPS analysis with large take
off angle tends to detect the deep layer of PNIPA Am brush-grafted substrate, leading to the detect
of basal glass.”® 77 Thus, we measured XPS with a small take off angle 15° for the detection of the
outermost layer of PNIPAAm brush-grafted glass substrate. Deconvolution of the Cls peak was
conducted to determine the composition of the carbon chemical bonds.

The amount of PNIPAAm on glass surfaces was estimated using ATR/FTIR. The FTIR spectrum
of the PNIPAAm brush-grafted glass was obtained using an FTIR spectrometer (PerkinElmer, Waltham,
MA, USA). The ratio of the peak intensities (I;550/I1009) Was obtained because the peak at 1650 cm™! was
attributed to the carbonyl group of the PNIPAAm amide group and the peak at 1000 cm! was attributed
to the Si—O of the basal glass. A calibration curve for determining the amount of PNIPAAm was obtained
as follows. A predetermined amount of PNIPAAm was dissolved in 2-propanol, and the solution was cast
on glass. The 2-propanol was evaporated in a draft chamber. FTIR spectra of the prepared PNIPAAm cast
glasses were obtained. The relationship between the amount of PNIPAAm cast onto the glass and the peak
intensity ratio was plotted, resulting in a calibration curve between the peak intensity ratio (I1650/11000) and
the amount of PNIPAAm. The three FTIR measurements of PNIPAAm brush-modified glass substrates
were conducted, and the amount of PNIPAAm was estimated using the peak intensity ratio. The amount
of PNIPAAm was obtained by averaging three measurements.

The wettability of the PNIPAAm brushes was observed using contact angle measurements
obtained using the captive-bubble method with a contact angle meter (DSA100S, KRUSS, Hamburg,
Germany). PNIPAAm brushes were immersed in water at 20°C and 37°C. An air bubble (0.5 puL) was
placed on the PNIPAAm brush in the water. The water contact angle was determined by subtracting the

contact angle of the gas phase from 180°.
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To evaluate the cell adhesion properties of the prepared PNIPAAm brushes, fibronectin adsorption
behavior on the prepared PNIPAAm brushes was observed because fibronectin is an ECM that contributes
to cell adhesion. Rhodamine-labelled fibronectin was used to observe fibronectin adsorption by
fluorescence microscopy. Rhodamine-labeled fibronectin solution was prepared using phosphate-buffered
saline (PBS) at a concentration of 5 pg/mL. The solution (2 mL) was placed on the PNIPAAm brush-
grafted glass surfaces, then incubated at 37°C for 2 h. Then, the fibronectin solution was removed from
the PNIPAAm brush-grafted glass, and the PNIPAAm brush-grafted glass was rinsed with PBS three
times. The PNIPAAm brushes were observed under a fluorescence microscope (ECLIPSE TE2000-U;
Nikon, Tokyo, Japan). The obtained image was analyzed by ImageJ (NIH, Bethesda, MD, USA) and the
fluorescent intensity ratio of the PNIPAAm brushes were estimated as the fluorescence intensity of 1100

was 1.0.

2.3 Cell sheet fabrication using prepared PNIPAAm brushes

The cell sheet fabrication performance of the prepared PNIPAAm brushes was investigated using
four cell types: endothelial, NIH/3T3, MDCK, and A549 cells. Culture methods for these cells are
described in the supplementary information.

First, temperature-dependent endothelial cell adhesion and detachment behavior were observed
because the endothelial cells were used for the evaluation of various types of PNIPAAm-modified cell
culture dishes.>® 0- 62 The PNIPAAm brush-grafted glasses were cut into pieces of 25 x 24 mm. The cut
glass was then rinsed with 70% ethanol and dried on a clean bench. The glass was then fixed onto
polystyrene dishes with grease. Endothelial cells were seeded onto PNIPAAm brush-grafted dishes at a
seeding density of 2.0 x 10 cells/cm?. Then, the endothelial cells on PNIPAAm brush-grafted

glasses were incubated at 37°C for 24 h in a CO, incubator under 5% CO,. During incubation, the

10
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endothelial cells on the PNIPAAm brushes were observed at predetermined times using a
microscope (ECLIPSE TE2000-U). Then, PNIPAAm brush-grafted glass was moved to a CO,
incubator, which was set at 20°C, and incubated for 4 h. During incubation, the endothelial cells
on the PNIPAAm brushes were observed at predetermined times using a microscope (ECLIPSE
TE2000-U).

The endothelial cell sheets were prepared as follows. The PNIPAAm brush-grafted glass
was cut into 25 x 24 mm pieces, and the cut glass was sterilized with 70% ethanol. The glass
substrate was fixed in a polystyrene dish with grease. Endothelial cells were seeded onto
PNIPAAm brush-grafted glass dishes at a seeding density of 2.0 x 103 cells/cm?. The dishes were
incubated at 37°C for 5 days in a CO; incubator under 5% CQO,. After the endothelial cells reached
confluence, the dishes were incubated at 20°C for 20 min.

NIH/3T3, MDCK, and A549 cell sheets were prepared using the same procedures except
that incubation was set at 37°C and 20°C. When cell adhesion and proliferation were low,
incubation at 37°C was prolonged. Additionally, when the cell sheet detachment was slow,

incubation at 20°C was prolonged.

3. Results and Discussion
3.1 Characterization of PNIPAAm brushes

Prepared PNIPAAm brushes were characterized using XPS, ATR/FTIR, contact angle
measurement, and fibronectin adsorption.

The surface elemental compositions of the prepared initiator-modified glass and PNIPAAm
brushes were investigated using XPS (Table 1). The carbon compositions of the initiator-modified

surfaces decreased in the following order: 125 > 150 > 1100. This was probably due to the difference in the

11
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molecular sizes of CPTMS and PETMS. The molecular weights of CPTMS and PETMS were 274.82 and

226.34, respectively. Thus, during the reaction with CPTMS alone, the number of molecules per unit area

was less than that during the reaction with CPTMS and PETMS because the molecular size of CPTMS

was larger than that of PETMS. Thus, the carbon coverage of the surface followed this order: 1100 > 150

> [25. The chlorine composition of the initiator-modified glasses was small (0.4—0.8), which was because

CPTMS contains only one chlorine atom in its molecule, making it difficult to detect chlorine via XPS.

Table 1 Elemental analyses of PNIPAAm brushes through X-ray photoelectron spectroscopy at a take-off angle of

15°
Atom (%) Cls peak deconvolution (%)
Code ¥ o -0, CO,CN, CH
: ratio =L, T, VTN, X,
C N 0 Si Cl coo N_C=0 C_Cl C_C, C=C
1100 43.6 - 359 157 0.8 - 1 <1 10 89
150 44.0 1.8 383 148 04 - 3 5 15 77
125 52.1 - 299 14.1 0.7 - <1 2 11 87
I1100-PN250 595 63 214 128 - 0.11 <1 10 14 76
150-PN250 674 9.1 177 5.8 - 0.14 <1 12 16 72
125-PN250 64.0 8.8 193 6.9 - 0.14 <1 12 18 69
Calcd of
PNIPAAM b 75.0 125 125 0 0 0.17
Calcd of
CPTMS 70.6 0 17.6 588 5.88 -
Calcd of
PETMS b 73.3 0 20.0 6.67 0 -
Calcd of glass 667 333 )

b)

a) Named based on initiator composition in the silane coupling reaction and NIPAAm concentration in ATRP. b)
Theoretical atomic compositions of PNIPAAm, CPTMS, PETMS, and glass.

12
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The PNIPAAm brush surfaces 1100-PN250, I50-PN250, and 125-PN250 exhibited larger carbon
and nitrogen contents than did the initiator-modified surfaces 1100, 150, and 125. This is because the carbon
and nitrogen atoms of the grafted PNIPAAm on the glass were detected using XPS. In contrast, the silicon
and oxygen contents of the PNIPAAm brushes were lower than those of the initiator-modified glasses.
This is because the Si and O of the basal glass of the PNIPAAm brush-grafted glass were difficult to detect
using the grafted PNIPAAm brush layer on the glass.

In the deconvolution of the Cls peaks, a larger C=0 bond was observed in the PNPAAm brushes
than that in the initiator-modified surfaces. This was because the carbonyl bond of PNIPA Am was detected,
whereas CPTMS and PETMS did not have a carbonyl bond.

The amount of grafted PNIPAAm on the glass was investigated using ATR/FTIR (Table 2). A
larger amount of PNIPAAm was observed on the PN-500 surfaces prepared using the 500 mM NIPAAm
solution compared with that on the PN-200 surfaces prepared using the 250 mM NIPAAm solution. This
is because a high concentration of NIPAAm enhances the polymerization reaction in ATRP, leading to a

larger amount of PNIPAAm on the glass at higher concentrations.

Table 2 ATR/FTIR characterization of PNIPAAm brushes

Code Initiator Monomer concentration Amount of grafted
(CPTMS):PETMS (mmol/L) PNIPAAm (pg/cm?)?

1100-PN250 250 091 +0.16
100:0

1100-PN500 500 1.65+0.21

150-PN250 250 1.30+0.17
50:50

150-PN500 500 1.56 £0.25

125-PN250 250 0.83+0.42
25:75

125-PN500 500 0.85+0.11

a) Amount of grafted PNIPAAm was obtained from the peak intensity ratio (I;450/11000) of PNIPAAm brush-
grafted glass substrate. Data are expressed as the mean =+ standard deviation of three separate ATR/FTIR
measurements.
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A comparison of 1100-PN500, 150-PN500, and 125-PN500 showed that the PNIPAAm content
decreased in the order of 1100-PN500 > 150-PN500 > 125-PN500. This is because the initiator density
decreased in the order of 1100 > 150 > 125.

In many studies dealing with polymer brushes prepared through ATRP, an unbound initiator was
added in the reaction solution of ATRP, and the prepared polymer in the reaction solution from the
unbound initiator was used for the estimation of the grafted polymer.”®-80 However, in this study, we did
not used an unbound initiator in the reaction for the estimation of chain length, because the unbound
initiator would adsorb on the ATRP initiator-modified surface through hydrophobic interaction,
preventing initiation and propagation from the modified initiator surface. In addition, sacrificial initiator
in the reaction solution consumes the monomer in the reaction solution, which is not suitable for the
industrial production of PNIPA Am brushes. From previous reports on the relationship between PNIPAAm
brush length and amount of PNIPAAm using the unbound initiator’® and the graft density of PNIPAAm
on silica beads prepared under similar ATRP conditions,®> we estimated PNIPAAm brush length and
density of the prepared PNIPAAm brushes (Table S1).

The wettability of the prepared PNIPAAm brushes was investigated by measuring their
contact angles (Table 3). The measured contact angles exhibited small measurement error, as
shown by the small standard deviation. The initiator-modified surfaces exhibited hydrophobic
properties (large contact angle) compared with those of the PNIPAAm brush-modified surfaces.
This was attributed to the hydrophobic properties of the phenyl groups of CPTMS and PETMS
and the relatively hydrophilic properties of the grafted PNIPAAm. PNIPAAm brushes exhibited
temperature-dependent hydrophobicity change because PNIPAAm brushes become hydrophobic
and hydrophilic at 37°C and 20°C, respectively. This is because PNIPAAm hydrates and

dehydrates at high and low temperatures, respectively. A larger amount of PNIPA Am-grafted
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brush (PN-500) exhibited relatively high hydrophobicity compared with that of a small amount of

PNIPAAm (PN-250). This was because the long PNIPAAm brush tended to hydrate more than

the short PNIPA Am brush. Previous reports have indicated that the hydrophobicity of PNIPAAmM

brushes increases with PNIPAAm brush length.0- 61 81,82

Table 3 Contact angle measurements of PNIPAAm brushes

brushes increases with the length of the PNIPAAm brush because the hydration of PNIPAAm

Contact angle

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 14 February 2025. Downloaded on 2/22/2025 5:21:33 AM.

Initiator Monome.r
Code (CPTMS):PETMS concentration 37°C 20°C
(mmol/L) Degree cosd Degree cosd

1100 - 664+13 040+0.02 658+0.6 0.41+0.01
1100-PN250 100:0 250 587+2.0 0.52+0.03 479+1.6  0.67+0.02
1100-PN500 500 552+14 0.57+0.02 51.7+0.7 0.62+0.01
150 - 652+26 042+0.04 67.0£3.8 0.39+0.06
I50-PN250 50:50 250 573+28 0.54+0.04 479+1.6 0.67+0.02
150-PN500 500 495+23 0.65+0.03 495+0.8  0.65+0.01
125 - 67.0+13 0.39+0.02 652+19 042+0.03
125-PN250 25:75 250 53.8+22 0.59+0.03 487+1.5  0.66+0.02
125-PN500 500 53.8+22 0.59+0.03 509+22  0.63+0.03

|
bl

15

a) Data are expressed as the mean + standard deviation of six measurements.
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To investigate the protein adsorption properties of the prepared PNIPAAm brushes,
rhodamine-labelled fibronectin adsorption was investigated (Figure 2). Fibronectin is one of the
proteins that contribute to cell adhesion of extracellular matrices.?3 Thus, fibronectin adsorption
on PNIPA Am brushes reflects the cell adhesion properties. Fluorescent images of the fibronectin-
adsorbed PNIPA Am brushes were observed using a fluorescent microscope. Previous reports have
suggested that amount of the fluorescent protein can be determined by the fluorescent intensity of
the images.34-86 Thus, the fluorescent intensity ratio was obtained using fluorescent image analysis
of adsorbed PNIPA Am brushes. The quantum yield of rhodamine may be affected by the density
of rhodamine. Rhodamine was conjugated to fibronectin, and the rhodamine conjugated
fibronectin was adsorbed on the PNIPAAm brush-grafted surfaces. Thus, rhodamine density on
the surface was not sufficiently high to affect quantum yield.

The initiator-modified surface (I1100) exhibited large adsorption of fibronectin compared
with that of the PNIPA Am brushes. This is because the strong hydrophobicity of CPTMS induces
significant adsorption of fibronectin (Figure 2D and F). For the PNIPAAm brushes, larger
fibronectin adsorption was observed in the order of 125-PN-250, I50-PN-250, and 1100-PN-250
(Figure 2A—C and F). This is because the low-density PNIPAAm brush, 125-PN-250, exposed
PETMS at the graft interface, whereas the dense PNIPAAm brush, 1100-PN-250, did not.
Exposure to PETMS enhances fibronectin adsorption Thus, fibronectin adsorption was enhanced
by decreasing the amount of PNIPAAm brushes. These results indicated that dilute PNIPAAm
brushes have increased cell adhesion activity, which can be attributed to enhanced ECM

adsorption.
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(A) 1100-PN-250 (B)150-PN-250 (C)125-PN-250 (F) Luminance ratio

(D) 1100 (E) 100-PN-250 (PBS)

Figure 2 Fibronectin absorption on prepared PNIPA Am brushes. (A)—(E) Fluorescent microscopic images
of rhodamine-labelled fibronectin absorbed to PNIPAAm brush surfaces at 37°C. Scale bar: 100 um. (F)
Luminance ratio of fibronectin-adsorbed PNIPAAm brushes.

1.2

Endothelial cell adhesion on PNIPAAm brushes
The cell adhesion properties of the prepared PNIPAAm brushes were investigated by observing

temperature-dependent endothelial cell adhesion behaviors (Figure 3).
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Figure 3 Endothelial cell adhesion and detachment profile on PNIPA Am brushes.

The short, dense PNIPAAm brush, 1100-PN-250, exhibited endothelial adhesion after incubation
at 37°C for 24 h. Then, at a reduced temperature of 20°C, endothelial cells detached from the 1100-PN-
250 brush. This is because of PNIPAAm dehydration and hydration at 37°C and 20°C, respectively.
Endothelial cells adhered to the PNIPA Am brush at 37°C because PNIPAAm dehydrated at 37°C, and the
hydrophobicity of the dehydrated PNIPAAm brush was suitable for adhesion of endothelial cells. On the
contrary, PNIPAAm hydrates and becomes hydrophilic at 20°C, and endothelial cells do not tend to adhere
to the PNIPAAm brush.

In contrast, the long, dense PNIPAAm brush, [100-PN-500, was scarcely adhered to by
endothelial cells after incubation at 37°C for 24 h. This is because of the relatively hydrophilic
properties of long PNIPAAm brushes. Previous reports have indicated that long PNIPAAm

brushes tend to be hydrophilic because PNIPAAm mobility increases with increasing length,
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leading to enhanced hydration.®®- 81> 82 The hydrophilic property of the long PNIPAAm brush
resulted in low ECM adsorption, leading to cell-repulsive properties even at high temperatures.
These results indicate that long PNIPAAm brushes are not suitable for endothelial adhesion at
37°C.

The short, moderate-density PNIPAAm brush (I50-PN-250) exhibited endothelial cell adhesion.
The adhesion ratio of the endothelial cells was relatively low compared with that of 1100-PN-250. This
was probably due to the relatively long PNIPAAm chain of I50-PN-250 compared with that of 1100-PN-
250. A previous report indicated that a dilute PNIPA Am brush using 50% initiator density had a relatively
long PNIPAAm length (19,600) compared with that of a dense PNIPAAm brush using 100% initiator
density (11,300).% Thus, 150-PN-250 has a relatively long PNIPAAm chain, leading to lower cell
adhesion compared with that of 1100-PN-250.

I50-PN-500 exhibited a low cell adhesion ratio owing to its hydrophilic properties. The
long PNIPAAm brushes tended to hydrate because of the increased mobility of PNIPAAm,
leading to the low cell adhesion of I50-PN-500.

At 37°C, 125-PN-250 and 125-PN-500 exhibited a high endothelial cell adhesion rate. This
is because the PNIPAAm densities of 125-PN-250 and 125-PN-500 were low, and hydrophobic
PETMS was exposed at the graft interfaces, which enhanced ECM adsorption and subsequent cell
adhesion. A previous report indicated that a dilute PNIPAAm brush prepared using PETMS
exhibited strong hydrophobicity compared with that of a dense PNIPAAm brush, resulting in
strong hydrophobic interaction with steroids.?” Likewise, PETMS in dilute PNIPAAm brushes,
125-PN-250 and 125-PN-500, induced ECM adsorption and subsequent endothelial cell adhesion
at 37°C. At a reduced temperature of 20°C, 125-PN-250 scarcely demonstrated detachment of

endothelial cells, and a small ratio of cell detachment was observed in I125-PN-250.
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Using the I100-PN-250 brush, an endothelial cell sheet was prepared (Figure 4).
Endothelial cells were seeded to the 1100-PN-250 brush and incubated at 37°C for 5 days. The
cells proliferated on the PNIPAAm brushes and reached confluence (Figure 4A). At a reduced
temperature of 20°C, the endothelial cell sheets were detached from the 1100-PN-250 brush
(Figure 4B and C). This characteristic is attributed to the temperature-dependent change in the
hydrophobicity of the PNIPAAm brush. At 37°C, PNIPAAm brushes became hydrophobic, and
endothelial cells could adhere to them. These endothelial cells proliferated and reached
confluence. At a reduced temperature of 20°C, the PNIPAAm brushes hydrated, and the adhered

confluent cells detached.

(A) 37°C, 5 day (B) 20°C, 15 min (C) 20°C, 20 min
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-;_ :
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Figure 4 Morphologies of endothelial cells on PNIPAAm brush surfaces (1100-PN-250) at (a) 37°C after
5 days incubation (scale bar: 100 pm), (b) 20°C after 15 min incubation (scale bar: 100 um), and (c) 20°C
after 20 min incubation (scale bar: 1 cm).

Endothelial cells adhered, proliferated, and reached confluence on the dilute PNIPAAm
brushes (125-PN-250 and 125-PN-500). However, the endothelial cell sheets could not be detached
from the PNIPAAm brushes at 20°C, because the strong hydrophobic PETMS in the dilute
PNIPAAm brushes maintained the adsorption of ECM and cell adhesion, even in the presence of
PNIPAAm hydration.

Endothelial cells adhered to the moderate-density PNIPA Am brushes (I50-PN-250 and 150-

PN-500). However, endothelial cells did not proliferate until confluence. This was attributed to
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the relatively long PNIPAAm brushes, [150-PN-250 and I50-PN-500, which were relatively
hydrophilic. Thus, endothelial cells tended to detach, did not proliferate, and did not reach
confluence.

Viability of the cell sheet should be maintained for effective therapy using the recovered
cell sheet. Previous reports indicated that recovered cells from PNIPAAm brushes exhibited
viability after temperature reduction.®3-°! Thus, the viability of recovered cell sheets from

PNIPAAm brushes is maintained after temperature reduction.

Various types of cell sheet preparation with PNIPAAm brushes

PNIPAAm brushes were investigated for cell sheet fabrication for various cell types.
NIH/3T3 cell sheets were prepared using six types of PNIPAAm brushes (Figure 5). NIH/3T3
cells adhered and proliferated at 37°C for 4 days on 1100-PN-250. At a reduced temperature of
20°C, the cell sheet was not detached. This is probably because NIH/3T3 cells have strong
adhesion properties, leading to adhesion even in hydrated PNIPA Am brushes.

1100-PN-500 also exhibited NIH/3T3 cell adhesion and proliferation at 37°C. After 4 days
of incubation with proliferation of NIH/3T3 cells, the NIH/3T3 cells reached confluency. This
tendency differs from that of endothelial cells, which did not adhere to 1100-PN-500 because of
the relatively hydrophilic nature of the longer PNIPAAm brushes. In contrast, the NIH/3T3 cells
adhered to I100-PN-500 because of the strong adhesion properties of NIH/3T3 cells. At a reduced
temperature of 20°C, the NIH/3T3 cell sheet detached from the 1100-PN-500 brushes. These
results indicate that NIH/3T3 cell sheets can be prepared using the 1100-PN-500 brush.

On the moderate density PNIPAAm brush with short PNIPAAm chain length, I150-PN-

250 exhibited NIH/3T3 cell adhesion at 37°C. After 4 days of incubation, the NIH/3T3 cells
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reached confluency. At a reduced temperature of 20°C, the NIH/3T3 cell sheet was recovered
from [50-PN-250. These results indicate that 150-PN-250 is suitable for NIH/3T3 cell sheet

preparation, similar to I100-PN-500.

22


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm01705f

Page 23 of 35 Biomaterials Science

View Article Online
DOI: 10.1039/D4BM01705F

(A-1) 37°C, 4 day (A-2) 20°C, 60 min

=
=
“?
=
e
=
S
=

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

150-PN-500

(E-2) 20°C, 60 min

Open Access Article. Published on 14 February 2025. Downloaded on 2/22/2025 5:21:33 AM.

(cc)

125-PN-500

Figure 5 Morphologies of NIH/3T3 on PNIPAAm brush surfaces. (A) 1100-PN-250, (B) 1100-PN-500,
(C) I50-PN-250, (D) I50-PN-500, (E) 125-PN-250, and (F) I25-PN-500. Incubation at 37°C and
subsequent incubation at 20°C. Scale bars: 100 um (=1 and —2) and 10 mm (-3)
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On 150-PN-500, NIH/3T3 cells did not adhere at 37°C owing to the hydrophobicity of
[50-PN-500, which was attributed to its relatively long PNIPAAm chains.

[25-PN-250 exhibited NIH/3T3 adhesion and proliferation at 37°C. NIH/3T3 cells
reached confluence after 4 days of incubation. However, the NIH/3T3 sheet was not detached from
[25-PN-250 at a reduced temperature of 20°C. This is because the strong hydrophobicity of the
PETMS exposed on the 125-PN-250 interfaces retained the adhesion of NIH/3T3 through the
adsorbed ECM even during the hydration of PNIPAAm.

The 125-PN-500 adhered to NIH/3T3 cells at 37°C, leading to proliferation and
confluency after 4 days. The NIH/3T3 cell sheet detached from the I25-PN-500 after the
temperature was changed to 20°C. This is because the relatively long PNIPA Am brush of I125-PN-
500 could demonstrate detachment of the NIH/3T3 cell sheet compared with that of 125-PN-250.
These results indicate that NIH/3T3 cell sheets can be prepared using the three types of PNIPAAmM
brushes: 1100-PN-500, I50-PN-250, and 125-PN-500.

MDCK cell sheets were prepared using the prepared PNIPAAm brushes (Figure 6). 1100-
PN-250, I25-PN-250, and I125-PN-500 exhibited MDCK cell adhesion, proliferation, and
confluence at 37°C (Figure 6A-1, E-1, F-1). However, after changing the temperature to 20°C, the
MDCK cell sheet did not detach because the hydration of the PNIPA Am brush was not sufficient.
In contrast, MDCK cells did not adhere to I50-PN-500 because the hydrophobic properties of the
PNIPAAm brush were not sufficient, even in the dehydrated state of PNIPA Am. Furthermore, the
MDCK cells adhered to 1100-PN-500 and 150-PN-250 in an aggregated form. However, MDCK
cells became confluent even after 8 days of incubation at 37°C (Figure 6B-1, C-1). The strong
intercellular adhesion of MDCK cells prevented cell proliferation on the highly hydrophilic

surface, which was difficult for cells to adhere to.
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Figure 6 Morphologies of MDCK on PNIPAAm brush surfaces. (A) 1100-PN-250, (B) I[100-PN-500, (C)
[50-PN-250, (D) I50-PN-500, (E) 125-PN-250, and (F) 125-PN-500. Incubation at 37°C and subsequent
incubation at 20°C. Scale bars:100 um in (—1) and (—2).
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These results indicate that it is difficult to prepare MDCK cell sheets using PNIPAAm
brushes because MDCK cells do not adhere or proliferate on the relatively hydrophobic brush, or
adhere but do not detach from the relatively hydrophobic PNIPAAm brush at 20°C.

A549 cell sheet preparation was investigated using the prepared PNIPAAm brushes (Figure 7).
A549 cells adhered and proliferated on 1100-PN-500 and I50-PN-250 at 37°C. After 4 days of incubation,
the A549 cells reached confluence (Figure 7B-1 and C-1). At a reduced temperature of 20°C, the A549
cell sheet was successfully recovered (Figure 7B-3 and C-3). However, a defect was observed at the edge
of the A549 cell sheet prepared using 1100-PN-500, probably because the cell—cell junctions of A549 cells
were relatively weak.

1100-PN-250, 125-PN-250, and 125-PN-500 exhibited A549 adhesion and proliferation, reaching
confluency after 4 days of incubation at 37°C. However, the A549 cell sheet was not detached at a reduced
temperature of 20°C. This is because the hydrophilicity of I100-PN-250, 125-PN-250, and 125-PN-500 at
20°C is not adequate for the detachment of the A549 cell sheet. The EC sheet detached from 1100-PN-250
at 20°C. Thus, A549 adhesion on I100-PN-250 was strong compared with that of EC, indicating that A549
cells have strong cell adhesivity compared with that of EC. A549 cells did not adhere to, or proliferate on
I50-PN-500, even at 37°C, because the hydrophobic properties of the I50-PN-500 were insufficient for
the continuous adhesion and proliferation of A549 cells.

These results indicate that A549 cell sheets can be prepared using 1100-PN-500 and 150-PN-250

brushes. However, such cell sheets are fragile, probably because of weak cell—cell junctions.
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Figure 7 Morphologies of A549 on PNIPAAm brush surfaces. (A) 1100-PN-250, (B) 1100-PN-500, (C)
[50-PN-250, (D) I50-PN-500, (E) 125-PN-250, and (F) 125-PN-500. Incubation at 37°C and subsequent
incubation at 20°C. Scale bars: 100 um in (=1 and —2) and 10 mm.
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The four types of cell sheets prepared using the prepared PNIPAAm brushes are summarized in

Table 4.

Table 4 Adhesion and detachment behavior of various cell types and cell sheet harvests on PNIPAAm
brush surfaces

EC NIH/3T3 MDCK A549
Cell Cell Cell Cell
Code 37°C 20°C sheet 37°C  20°C sheet 37°C  20°C sheet 37°C 20°C sheet
preparat preparat preparat preparat
ion ion ion ion
1100-PN-250 A D P A A NP A A NP A A NP
[100-PN-500 NA - NP A D P A /NC - NP A D P
[50-PN-250 NA - NP A D P A/NC - NP A D P
I50-PN-500 NA - NP NA - NP NA - NP NA - NP
125-PN-250 A A NP A A NP A A NP A A NP
125-PN-500 A A NP A D P A A NP A A NP

A: Adhered, NA: Not adhered, D: Detached, P: Prepared, NP: Not prepared, NC: Not confluent.

The cell sheet preparation performance varied with cell type, and with PNIPAAm brush density
and length. Endothelial cell sheets were prepared using 1100-PN-250. The three types of PNIPAAm
brushes (I100-PN-500, 150-PN-250, and I50-PN-500) did not demonstrate adherence of endothelial cells
because of the relatively hydrophilic nature of the PNIPAAm brush, which was attributed to the relatively
long PNIPAAm chain. In contrast, endothelial cells adhered to dilute PNIPAAm brushes at 37°C.
However, the endothelial cells did not detach, which was attributed to the strong hydrophobicity of the
exposed PETMS.

NIH/3T3 cell sheets were prepared using three types of PNIPAAm brushes: 1100-PN-500, 150-
PN-250, and 125-PN-500. Owing to the relatively good adhesive properties of NIH/3T3 cells, NIH/3T3
cell sheets could be prepared using various types of PNIPAAm brushes, whereas endothelial cell sheets

could be prepared using only one type of PNIPAAm brush: 1100-PN-250.
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In contrast, MDCK cell sheets could not be prepared using any of the six types of PNIPAAm
brush. Previous reports have indicated that PNIPAAm-modified cell culture dishes prepared using EB
irradiation can be used to prepare MDCK cell sheets. Thus, PNIPAAm-modified dish-prepared EB
irradiation is more suitable than are PNIPAAm brushes for preparing MDCK cell sheets.

AS549 cell sheets were prepared using two types of PNIPAAm brush: 1100-PN-500 and 150-PN-
250. The prepared A549 cell sheets had a fragile structure attributed to weak cell—cell junctions.

These results demonstrate that the cell adhesion and cell sheet detachment properties of PNIPAAm
brushes can be modulated by changing the PNIPAAm graft density and chain length. The appropriate
PNIPA Am brush conditions for the cell sheet preparation varied depending on cell type. Thus, modulation

of PNIPAAm brush density and length is an effective approach for preparing target cell sheets.

4. Conclusions

We investigated the cell sheet preparation performance of PNIPAAm brushes with various
densities and chain lengths using four types of cells. PNIPAAm brush-grafted glasses were prepared by
silanization and subsequent ATRP. The density of the PNIPAAm brushes was modulated by changing the
initiator composition, and the PNIPAAm brush length was modulated by changing the monomer
concentration in the ATRP. The hydrophilicity of the PNIPAAm brushes increased with increasing
PNIPAAm brush length because the long PNIPAAm brushes tended to hydrate. Fibronectin adsorption
increased with a decrease in the number of PNIPAAm brushes. This is because the exposed hydrophobic
PETMS in the dilute PNIPAAm brush enhanced the adhesion of fibronectin. The cell-sheet fabrication
ability was investigated using six types of PNIPAAm brush. The endothelial cell sheet was fabricated
using only a dense, short PNIPAAm brush. NIH/3T3 sheets were fabricated using three types of

PNIPAAm brush: a dense and long PNIPAAm brush, moderate-density and short PNIPAAm brush, and
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dilute and long PNIPAAm brush. MDCK cell sheets could not be prepared using the PNIPAAm brushes.
A549 cell sheets were prepared using a dense and short PNIPAAm brush and moderately short PNIPAAm
brush. These results indicate that the optimal PNIPAAm brush conditions for cell sheet preparation vary
depending on cell type. Thus, modulation of PNIPAAm brush density and length is an effective approach

for preparing target cell sheets.
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