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Abstract

Cell therapy using mesenchymal stem cells (MSCs) is used as effective regenerative therapy.
Cell therapy requires effective cell separation without cell modification and cellular activity reduction.
In this study, we developed a temperature-modulated mesenchymal stem cell separation column. A
temperature-responsive cationic block copolymer, poly(N,N-dimethylaminopropylacrylamide)-b-
poly(N-isopropylacrylamide)(PDMAPA Am-b-PNIPAAm) brush with various cationic copolymer
compositions, was grafted on silica beads through two steps of atom transfer radical polymerization.
Using the packed beads, the elution behavior of the MSCs was observed. At 37°C, the MSCs were
adsorbed on the column through both hydrophobic and electrostatic interactions with the PNIPAAm and
PDMAPAAmM segments of the copolymer brush, respectively. By reducing the temperature to 4°C, the
adsorbed MSCs were eluted from the column by reducing the hydrophobic and electrostatic interactions
attributed to the hydration and extension of the PNIPAAm segment of the block copolymer brush. From
the temperature-modulated adsorption and elution behavior of MSCs, a suitable DMAPAAmM
composition in block copolymer brush was determined. Using the column, a mixture of MSC and
BM-CD34" cells was separated by simply changing the column temperature. The column purified the
MSCs from the purity of 47.7% to 78.2% through a temperature change from 37°C to 4°C. Additionally,
cellular activity of MSCs was maintained through the column separation step. Overall, the obtained
results showed that the developed column can be useful for MSC separation without cell modification

and cellular activity reduction.

Keywords: Thermoresponsive polymer, Cell separation, Polymer brush, Temperature-responsive

chromatography, Stem cell
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1. Introduction

Regenerative therapy by transplanting cell suspensions or cellular tissues to patients has become
among the effective cures for intractable diseases.'® Especially, regenerative therapy using
mesenchymal stem cells (MSCs) has been attracting attention as effective cell therapy.”” MSCs secretes
various types of cytokines, leading to improve function of damaged tissues.!%!> Further, MSCs could be
used in various types of stem cell based gene therapies.'® !

In such kinds of therapy, cell separation is an essential protocol for the preparation of cell suspensions
or the fabrication of cellular tissues, as MSCs are mixed with other types of cells in human body tissues.
To date, various types of cell separation techniques have been developed.'®?” Among them, cell
separation methods that include the modification of fluorescent-labeled antibodies or magnetic beads to
cell surfaces have been widely used as precise cell separation techniques. However, the cell surface
modification in separation techniques can reduce the intrinsic properties of cells, thus reducing their
therapeutic effect. Therefore, cell separation techniques without the modification of cell surfaces are
significantly required for cell therapy applications.

Recently, cell separation using poly(N-isopropylacrylamide)(PNIPAAm) has been investigated as a
cell separation technique that does not entail the modification of cell surfaces.?®* PNIPAAm exhibited a
temperature-dependent hydrophilic/hydrophobic property change attributed to hydration and
dehydration, and PNIPAAm exhibited extension and shrinking. The unique property of PNIPAAm was
utilized in various types of biomedical applications, such as temperature-modulated drug delivery

systems,*>® PNIPAAm-conjugated proteins with temperature-modulated protein function changes, !

42-46

biosensors, bioimaging system responses with external temperature changes, chromatographic

47-49

separation systems using the all-aqueous mobile phase, and cell culture substrates for fabricating

cellular tissues.’®>* In the cell separation systems that use PNIPAAm, cells are attached to
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PNIPAAm-modified glass surfaces at 37°C, as the modified PNIPAAm on the glass become
hydrophobic, and the cells tend to be attached to the PNIPAAm surface. By reducing the temperature to
20°C, the attached cells are detached from the surfaces, as the modified PNIPAAm become hydrophilic
due to hydration, and cells cannot attach to hydrophilic surfaces.

The differences in the attachment and detachment properties of the cells were utilized for cell
separation. For example, a mixture of myoblast and endothelial cells was separated using
PNIPAAm-modified surfaces.? To increase the selectivity in the cell attachment, the ionic PNIPAAm
copolymer-modified surfaces were investigated. For example, using the PNIPAAm copolymers with the
anionic groups, smooth muscle cells were separated from the endothelial cells.’® Additionally, selective
adhesion and detachment of MSCs were performed using cationic PNIPAAm copolymer.*® 37 In addition,
micro/nano-imprinted substrates grafted with PNIPAAm was utilized to increase the difference in the
cell adhesion properties among the fibroblasts, endothelial cells, and smooth muscle cells, leading to cell
separation selectivity.>> These separation techniques separate cells by changing the temperature without
modifying the cells. However, they use PNIPAAm copolymer-modified flat glass substrates or polymer
film substrates, which have limited surface area for cell attachment, leading to a limited amount of cell
separation.

To overcome the above-mentioned problem, in this study, we developed a thermoresponsive cell
separation column using PNIPAAm cationic block copolymer brush-modified beads as packing
materials. Silica beads grafted with a block copolymer brush composed of cationic bottom segments and
thermoresponsive upper segments were prepared through two steps of surface-initiated atom transfer
radical polymerization (ATRP). The cationic segment composition of the modified block copolymer
brush was determined by observing the temperature-dependent cell elution behavior of the column.

Using the beads packing column, the temperature-modulated separation of the MSCs from the bone
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marrow cells was simply performed by changing the temperature while maintaining the cellular activity

without the modification of the cell surfaces.

2. Materials and Methods

2.1 Materials

N-isopropylacrylamide (NIPAAm) and N, N-dimethylaminopropylacrylamide (DMAPAAm) were
provided by KJ Chemicals (Tokyo, Japan), and NIPAAm was recrystallized from n-hexane. DMAPAAmM
was purified by distillation. Tris(2-aminoethyl)amine, formaldehyde, formic acid, sodium hydroxide,
dichloromethane, magnesium sulfate, hydrochloride, acetone, 2-propanol, and copper (I) chloride were
obtained from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). a-chloro-p-xylene was
obtained from Tokyo Chemical Industries (Tokyo, Japan), and ([Chloromethyl]phenylethyl)
trimethoxysilane ~ (CPTMS) was  obtained from  Gelest (Morrisville, PA, USA).
Tris[(2-dimethylamino)ethyl]amine (MesTREN) was synthesized from TREN.>® Silica beads (Wakosil®
C-200, pore diameter: 6 nm, surface area: 475 m?/g) were obtained from Fujifilm Wako Pure Chemical
Corporation (Osaka, Japan). Porous silica beads were used in the present study because they are
primarily used in sample preparation in chromatography and modification condition can be easily
determined from the previous reports.>>®? Extract-Clean empty column was obtained from Systech
(Tokyo, Japan), and MSC were obtained from the JCRB cell bank (Osaka, Japan) and Promocell
(Heidelberg, Germany). Bone marrow CD34" Cells (BM-CD34") and normal human dermal fibroblasts
(NHDF) were obtained from Lonza (Basel, Switzerland), and Jurkat was obtained from the ATCC cell
bank (Manassas, VA, USA). Cell culture media were obtained from Thermo Fisher Scientific (Waltham,

MA, USA).

2.2 Preparation of the thermoresponsive cationic block copolymer brush
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A thermoresponsive cationic block copolymer brush with various DMAPAAm compositions was
prepared using two steps of ATRP (Fig. 1A). Silica beads (64-210 um) were sieved to the fractions of
75-106 pm, 106—150 pm, and 150-210 um using sieves with 106-um and 150-um meshes. Then, 50 g
of the sieved beads of each fraction were washed with hydrochloride at 90°C for 3 h. Then, the beads
were filtrated, rinsed with pure water, and then with acetone, respectively. Afterward, they were dried at

150°C for 7 h using a drying vacuum oven (DP200, Yamato, Tokyo).
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Fig. 1. Schematic illustration of: (A) the preparation of the thermoresponsive cationic copolymer brush as a
column packing material. (B) column separation of a mesenchymal stem cell using the beads packed column.
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An ATRP initiator, CPTMS, was immobilized through a silane coupling reaction (Fig. 1A). The
beads (10g) were put in a 500-mL flask and humidified at a relative humidity of 60% for 3 h by flowing
humidified nitrogen gas in the flask. Then, CPTMS (12.4 mL, 0.05 mol) was dissolved into 300 mL of
toluene, and the CPTMS solution was poured into the flask. The silane coupling reaction was
subsequently started at 25°C for 16 h with continuous stirring. After the reaction, the silica beads were
filtered and rinsed with acetone. Then, they were dried at 110°C for 3 h using the drying vacuum oven.

PDMAPAAm was modified on the silica beads through the first ATRP. The amount of
PDMAPAAmM on the silica beads was modulated by the amount of the DMAPAAmM monomers in the
ATRP reaction from 0.103 mmol to 4.10 mmol. In the case of the polymerization of 0.103 mmol of
DMAPAAmM, DMAPAAm (15.9 mg, 0.103 mmol) were dissolved in 40 mL of 2-propanol in a 100-mL
flask. The solution was deoxygenated by argon gas bubbling for 20 min. CuCl (26.22 mg, 0.26 mmol)
and MesTREN (68.00 mg, 0.30 mmol) were dissolved in the solution under an argon gas atmosphere.
Then, the flask was sealed and placed in a glove bag. CPTMS immobilized silica beads (3.0 g) were put
into a 50-mL glass vessel, which was then placed in the same glove bag. The oxygen in the glove bag
was removed by repeated vacuuming and argon gas flowing three times. Then, the ATRP reaction
solution was poured into the silica beads in the glass vessel, and a-chloro-p-xylene (1.75 puL, 1.32 x 10
mol) was added to the reaction solution. The glass vessel was sealed in the glove bag, and the reaction
proceeded at 25°C for 1 h with continuous shaking. After the reaction, the silica beads were filtered and
rinsed with acetone, and the beads were dried at 50°C for 3 h using the drying vacuum oven.

PDMAPAAm-b-PNIPA Am-grafted silica beads were prepared through the second ATRP reaction
for the block copolymerization of NIPAAm from the PDMAPA Am-grafted silica beads. NIPAAm (4.60
g, 40.7 mmol) were dissolved in 40 mL of 2-propanol in a 100-mL flask, and the solution was

deoxygenated by argon gas bubbling for 20 min. CuCl (26.22 mg, 0.26 mmol) and MesTREN (68.00 mg,
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0.30 mmol) were dissolved in the solution under an argon gas atmosphere. Then, the flask was sealed
and placed in a glove bag. PDMAPAAm-grafted silica beads (2.8 g) were put in a 50-mL glass vessel,
which was then placed in the same glove bag. The oxygen in the glove bag was removed by repeated
vacuuming and argon gas flowing three times. Then, the ATRP reaction solution was poured into the
silica beads in the glass vessel, and a-chloro-p-xylene (1.75 uL, 1.32 x 10° mol) was added to the
reaction solution. The glass vessel was sealed in the glove bag, and the reaction proceeded at 25°C for
16 h with continuous shaking. After the reaction, the silica beads were filtered and rinsed with acetone,
and the beads were washed with a mixture solution of 50 mM EDTA and methanol (1:1) with
sonification. Then, the beads were filtered, rinsed with pure water, and dried at 50°C for 3 h using the
drying vacuum oven.

For comparison, PNIPAAm homopolymer modified silica beads were prepared through the same
ATRP procedure as the second ATRP, except that the CPTMS-modified beads were used in place of the
PDMAPAAm-modified beads.

The prepared beads were named as PD X -b-PN, where X is the molar percentage of

DMAPAAmM to NIPAAm in the ATRP reaction.

2.3 Characterization of the thermoresponsive cationic block copolymer brush

The prepared polymer-modified silica beads were  characterized using a
Carbon/Hydrogen/Nitrogen (CHN) elemental analysis, attenuated total reflection/Fourier-transform
infrared spectroscopy (ATR/FTIR), and field emission scanning electron microscopy (FE-SEM).

The carbon composition of the prepared beads was measured using a CHN elemental analyzer

(PE2400, PerkinElmer, Waltham, MA, USA). The amount of initiators and polymers on the silica beads



Page 9 of 28 Biomaterials Science

was estimated through the carbon composition of the beads, and the amount of the immobilized

initiators on the silica beads was estimated as follows.

%Cy
%Cy(calcd)x(1—%Cp/%Cr(calcd)) xS’

(1)

where %C7 is the increase in the carbon percentage of the initiator-modified beads through the
silane coupling reaction, %C; (calcd) is the calculated percentage of carbon in the CPTMS, and S is the
surface area of the beads (475 m?/g). The amount of PDMAPAAm was obtained using the following

equation.

%Cp
%Cp(calcd)X(1-%Cp/%Cp (calcd)—%C;/%Ci(calcd)) XS’

2

where %Cp is the increase in the percentage of carbon in the PDMAPAAm-modified beads
through the first ATRP, and %Cp (calcd) is the calculated percentage of carbon in DMAPAAm. The

amount of the modified PNIPAAm segment through the second ATRP was estimated as follows.

%Cy
%Cn(calcd)X(1-%Cy/%Cn (calcd)—%Cp/%Cp (calcd)—%Cy /%Ci(calcd)) xS’

3)

where %Cl is the increase in the percentage of carbon in the PDMAPA Am-b-PNIPA Am-modified
beads through the second ATRP, and %Cw (calcd) is the calculated percentage of carbon in NIPAAm.
The amount of modified block copolymers was obtained by summing the amounts of PDMAPAAm (eq
(2)) and PNIPAAm (eq (3)).
The polymer modification of the silica beads on each ATRP was confirmed by ATR/FTIR using a
FTIR-4700 (JASCO, Tokyo, Japan).
The surface morphology of the beads was observed by FE-SEM using an S-4700 (Hitachi High

Technologies, Tokyo, Japan).

2.4 Cell elution from the beads packed column
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The column was prepared by packing the beads into an empty solid-phase extraction column
(inner diameter: 0.9 mm, length: 65 mm, total volume: 1.5 mL). A filter with 50 um mesh was placed in
the column, and the prepared beads (300 mg) were added afterward. A small amount of a mixture
solvent of water: methanol = 1:1 was added to damp the packed beads. Then, the filter was placed on the
packed beads in the column. The packed column was rinsed with a mixture solvent of water: methanol =
1:1, ethanol, and pure water.

The cells were cultured using the cell culture medium in Table S1. Before loading the cell
suspension to the column, 5 mL of the cell culture medium, which were warmed at 37°C, were flowed
through the column. Then, 1 mL of cell suspension (5.0 x 10° cells/mL) was passed by a cell strainer,
and the cell suspension was introduced to the column at a flow rate of 1 mL/min using a syringe pump
(YSP-202, YMC, Kyoto, Japan) while maintaining the column temperature at 37°C using a column
temperature controller (Senshu Scientific, Tokyo, Japan). The eluted fraction from the column was
defined as “Load.” Then, the cell culture medium (1 mL) was flowed to the column at 37°C at a flow
rate of 1 mL/min so as to rinse the nonadsorbed cells from the column. The flowing process was
performed two times. Each eluted fraction was defined as “Wash.” Then, the column was cooled at 4°C,
and 1 mL of the cell culture medium, which was cooled at 4°C, was flowed into the column using a
syringe pump at a flow rate of 9 mL/min. The flowing process was performed three times. Each eluted
fraction was defined as “Elute,” and the amount of cells in each fraction was measured using a cell
viability analyzer (Vi-CELL XR, Beckman Coulter, Pasadena, CA, USA). The cell recovery ratio was
obtained through the ratio of eluted cells to loaded cells.

A cell separation experiment was performed using a similar procedure. A mixture of MSC and
BM-CD34" was prepared by mixing each cell suspension with a cell density of 5.0 x 10° cells/mL. The

cell suspension (1 mL) was flowed into the column at 37°C at a flow rate of 1 mL/min, and the eluted

10
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fraction was defined as “Load” fraction. Then, the cell culture medium (1 mL) was flowed into the
column at 37°C at a flow rate of 1 mL/min, and this process was repeated four times. Each eluted
fraction was mixed, and the mixed fraction was defined as “Wash.” Then, 1 mL of the cooled cell culture
medium was flowed into the column, and the adsorbed cells were eluted. Elution was then performed
five times. The eluted fraction was mixed, and the mixed fraction was defined as “Elute.” The cell
composition of each fraction was measured through flow cytometry with the modification of the MSCs
with CD73-PE antibodies.

The cell viability of the eluted fraction was observed using a trypan blue exclusion test with a
cell viability analyzer (Vi-CELL XR). The viability of cells before the column loading were also
observed as control.

The cell proliferation ability of the recovered MSC from the column was investigated by
culturing the cells in a 24-well cell culture plate with a predetermined culture period of four days. Then,
the cells were recovered with trypsin and were counted using a cell viability analyzer (Vi-CELL XR).
The cells before the column loading were cultured and used as control.

The differentiation ability of the recovered MSCs from the column was evaluated using
osteogenic and adipogenic differentiations. The osteogenic differentiation of the MSCs was performed
by culturing with an osteogenic differentiation medium for 9 days, where the medium was replaced
every four days. The osteogenic differentiation was confirmed through alizarin red staining. The
adipogenic differentiation of the MSCs was performed by culturing with an adipogenic differentiation
medium for 12 days, where the medium was replaced every four days. The adipogenic differentiation

was confirmed by oil red O staining.

3. Results and discussion

11
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3.1 Characterization of the thermoresponsive cationic block copolymer brush on the silica beads
PDMAPAAmM-b-PNIPAAm brush-modified beads were prepared through two steps of
surface-initiated ATRP. The prepared beads were characterized using a CHN elemental analysis to
estimate the amount of the immobilized initiators and polymers on the silica beads (Table 1). A higher
carbon composition was observed on the initiator-immobilized silica beads than on the unmodified silica
beads, as the CPTMS was immobilized on the silica beads through the silane coupling reaction. The
amount of immobilized CPTMS was 2.99 umol/m?, which is almost the same as the silanol group
density on the silica beads surface.%® These results indicate that most of the silanol groups on the silica
beads were used for the coupling reaction with CPTMS. The carbon and nitrogen compositions of the
PDMAPAAm-modified silica beads (PDO0.25, PD0.5, PDI, and PD10) exhibited a higher carbon
composition compared with the initiator-immobilized silica beads, indicating that PDMAPAAm were
modified in the first step of the ATRP reaction. The amount of the modified PDMAPAAm increased
with the increase in the DMAPAAmM monomers in the first ATRP reaction, as this increase enhanced the
polymerization rate, leading to an increase in the amount of the modified PDMAPAAm on the silica
beads. Higher = carbon  and  nitrogen  compositions  were  observed on  the
PDMAPAAmM-b-PNIPAAm-modified silica beads compared with the PDMAPAAm-modified silica
beads, indicating that the second ATRP reaction successfully grafted PNIPAAm segments on
PDMAPAAmM. The amount of modified block copolymers, PDMAPAAm-b-PNIPAAm, was relatively
small compared with the previously reported polymer brush-modified silica beads due to the small pore
diameter of the beads (6 nm).%* % In the previous study, silica beads with a pore diameter of 30 nm were
used. Thus, the polymers were grafted inside the pores of the beads through surface-initiated
polymerization.®® ¢ However, the pore diameter of the silica beads in this study is small. Thus, effective

copolymer grafting inside the pores was not performed, whereas a copolymer modification on the outer

12
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surfaces of the beads was performed, leading to a relatively smaller grafted amount of copolymers on
the silica beads. However, in this study, the copolymer-grafted silica beads were used as packing
materials of the cell separation column. Thus, copolymer modification inside the pores was not required

as the cells cannot enter inside them.

Table 1. Characterization of the prepared thermoresponsive cationic block copolymer-modified beads.

Elemental composition (%) » Immobilized Grafted
Code? initiator polymer
C H N (umol/m?) © (mg/m?) ©

Unmodified silica beads 0.21 +£0.03 0.64+0.31 0.04 £0.03

Initiator-immobilized

silica beads 12.19+£0.16 0.67 +0.04 0.02 +£0.01 2.99

PN 16.75 £ 0.82 1.47+0.17 1.40 = 0.08 0.208
PDO0.25 12.51 £0.07 0.92 +£0.06 0.42 +0.00 0.014
PDNO0.25-b-PN 17.68 +£0.33 1.69 + 0.06 1.60 + 0.02 0.257
PDO0.5 12.89+0.16 0.94+0.11 0.39+0.02 0.030
PDO.5-b-PN 17.05 +0.34 1.46 +0.05 1.43 £ 0.04 0.225
PDI 13.00 +0.09 0.93 +0.09 0.44 +0.02 0.035
PD1-b-PN 17.46 £0.07 1.45+0.05 1.39 +0.03 0.247
PDI10 14.33 £0.15 1.05+0.03 1.02 +0.01 0.096
PD10-b-PN 18.39+0.77 1.68+0.13 1.89+£0.07 0.299

a) The code of the prepared thermoresponsive copolymer brush-modified beads was determined as “PDX-5-PN”,
where X is the molar percentage of DMAPAAm to that of NIPAAm in ATRP. b) Determined by the CHN elemental
analysis. c) Estimated using the carbon composition.

13
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Polymer modification through ATRP was also confirmed by observing the FTIR spectrum (Fig.
2). Two additional peaks were observed at approximately 1550 and 1645 cm™' on the
PNIPAAm-modified, PDMAPAAm-modified, and PDMAPAAm-b-PNIPAAm-modified beads. These
peaks were attributed to the C=O stretching and N-H bending vibrations of the amide group of
DMAPAAmM and NIPAAm. Thus, these results indicate that polymer modification was successfully
performed through ATRP.

SEM observations of the prepared silica beads were performed after each reaction step to
confirm the morphology of the silica beads (Fig. 3). The silica beads maintained their spherical
morphology after the silane coupling reaction and the first and second ATRP reactions. These results

indicate that the reaction steps did not deform the silica beads.

@ (i)
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Fig. 2. Fourier-transform infrared spectroscopy (FTIR) spectra of the prepared beads. (A) Unmodified silica beads
(5 mm), (B) initiator-modified silica beads, (C) PNIPAAm-modified beads (PN), (D) PDMAPAAm-modified
silica beads (PDO0.5), and (E) PDMAPAAm-b-PNIPAAm-modified beads (PD0.5-h-PN). The lines (i) and (ii)
represent the peaks attributed to the C=0 stretching and N-H bending vibrations, respectively.

14
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(A) (D)

(B)

Fig. 3. Field emission scanning electron microscopy (FE-SEM) images of the prepared beads. (A) Unmodified
beads, (B) initiator-modified beads, (C) PNIPAAm-modified beads (PN), (D) PDMAPAAm-modified silica beads
(PDO.5), and (E) PDMAPAAmM-b-PNIPA Am-modified beads (PD0.5-6-PN). Scale bars: 50 pm.

3.2 Cell elution behavior using the beads packed column

The prepared beads were packed into a syringe-type column. The cell elution behavior was
observed using MSCs. At first, the proper bead size was investigated using two types of bead fractions
as packing materials of the column. Two types of PNIPAAm-modified silica beads with diameters of
106—-150 and 150-210 pm were used as packing materials, and the elution behavior of the MSCs was
observed (Fig. 4). Both columns exhibited temperature-dependent cell elution. A larger cell elution was
observed in the elute fraction at 4°C compared with the load and wash fractions at 37°C because of the
temperature-modulated cell adsorption and desorption, which are attributed to the hydrophobicity

change of PNIPAAm. On the wash and elute fractions at 37°C, the bead surface became hydrophobic

15
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due to the dehydration of the modified PNIPAAm, leading to cell adsorption on the beads. On the

contrary, at 4°C, the PNIPAAm on the beads became hydrophilic, and the adsorbed cells were detached

from the bead surface, leading to the elution of the cells from the column. A larger elution was observed

on the 150-210-um beads packed column compared with the 106—150-um beads packed column, which

is due to the gaps between the cells among the packed beads in the column. The cells were flowed

through the gaps of the packed beads in the column. In the case of the 106—150-um beads packed

column, the gaps were not adequate for flowing cells. Thus, a quite low cell elution ratio was observed

on the 106-150-um beads packed column. These results indicate that 150-210-um beads are more

suitable for packing column materials than 106—150-um beads.

(A)
30

25

20

15

Recovery (%)
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®106-150 um
® 150-210 um
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1 2 1 2 3
37°C 4°C

(B)
100

*%
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Fig. 4. Elution behavior of the mesenchymal stem cells from the columns using two types of beads
grafted with PNIPAAm (n = 3). (A) Elution behavior of each fraction. (B) Total recovery ratio of the
MSCs from the column. (*: P <0.05; **: P <0.01; and n.s.: not significant).
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To investigate the proper cationic composition of the modified copolymers, the MSC elution
behavior was observed on the columns with various PDMAPAAm compositions (Fig. 5). On all the
columns, MSCs were adsorbed at 37°C and eluted at 4°C because the temperature-responsive property
of the PDMAPAmM-b-PNIPAAm brush on the silica beads changes. At 37°C, the upper PNIPAAm
segment in the block copolymer became hydrophobic due to dehydration, leading to the adsorption of
MSCs on the copolymer. Also, the upper PNIPAAm segment was shrunk, and the cationic bottom
PDMAPAAm layer was exposed, leading to enhanced cell adsorption through the electrostatic
interaction attributed to the negatively charged property of MSCs, whose zeta potential was -24.5 mV
(Table S2). These factors enhanced the cell adsorption on the copolymer brush at 37°C. On the contrary,
at 4°C, the PNIPAAm segment in the block copolymer became hydrophilic due to hydration. Also, the
PNIPAAm segment was extended, leading to the prevention of electrostatic interactions between the
bottom PDMAPAAm segment of the block copolymer and the cells. These factors led to the detachment
of the MSCs from the copolymer brush.

The previous report indicated that PDMAPAm-H-PNIPAAm brush-modified glass substrate can
perform temperature-modulated selective adhesion and detachment of umbilical cord derived MSCs
(UC-MSCs).”” UC-MSCs interact with PDMAPAAm-b-PNIPAAm brush grafted glass cover slips at
37°C because of the electrostatic interaction between MSCs and bottom PDMAPAAm segment.
Additionally, PNIPAAm segment in block copolymer brush becomes hydrophobic, leading to enhance
adhesion of MSCs on copolymer brush. By reducing temperature, the PNIPAAm segment in the block
copolymer brush hydrate and extend, leading to the selective detachment of UC-MSCs.*’ In the present
study, bone marrow derived MSCs also adsorb to PDMAPAAm-b-PNIPAAm brush on silica beads in

the same manner, although there is a difference between bone marrow derived MSCs and UC-MSCs.

17
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At 37°C, during the load and wash fractions, the MSC adsorption was enhanced with the
increase in the PDMAPAAmM composition on the beads. In addition, at 4°C, in the elute fractions, the
recovery ratio decreased with the increase in the PDMAPAAmM composition due to the enhanced
electrostatic interaction between the MSCs and copolymer brush. Thus, the electrostatic interaction
between the cationic PDMAPAAm segment and MSC increased with the increase in the PDMAPAAmM
amount in the copolymer segment. Among all the columns, PD0.5-b-PN exhibited effective MSC

adsorption at 37°C and elution at 4°C.

® PN = PD0.25-b-PN = PDO0.5-b-PN

80 ® PDO.5-b-PN  ® PD1.0-b-PN
701 |
60 §
£50F —— i
> n.s. i
0401 — |
Qo :
® 30F :
(e :
20+ !

e

0

Load + Wash Elute
37°C 4°C

ol

Fig. 5. Recovery ratio of the mesenchymal stem cells from the columns using various cationic
copolymer composition-modified silica beads as packing materials (n=3). (*: P < 0.05 and n.s.: not
significant).

The viability of the eluted MSCs from the various PDMAPAAmM composition columns was
observed using a trypan blue exclusion test (Fig. 6). The viability of the eluted MSC decreased with the

increase in the PDMAPAAm composition. Especially, PD1.0-6-PN and PD10-b-PN exhibited low

18



Page 19 of 28 Biomaterials Science

viability. Cationic property of the copolymer-modified beads would lead to interaction with cell
membrane proteins, and change three-dimensional structure of cell surface membrane proteins. Thus, the
strong cationic property, such as PD1.0-b-PN and PD10-b-PN, disrupted the cell membrane, leading to
eluted MSCs with low viability. On the contrary, PD0.25-b-PN and PD0.5-b6-PN exhibited remaining
cell viability, indicating that the relatively weak cationic property of the beads remained the structure of
cell membrane. Thus, the PDMAPAAmM composition was suitable below PD1.0-b-PN. The cell adhesion
behaviors of the eluted MSCs from PN and PDO0.5-b6-PN on the tissue culture polystyrene dish were
observed (Fig. S1). The MSCs from the eluted column exhibited a similar cell adhesion behavior to that
before column loading. These results show that PN and PDO0.5-6-PN maintained cell activity when
passing through the column.

Considering the elution behavior of MSCs from the column and cell viability, the suitable

column for the temperature-modulated MSC adsorption and detachment is PD0.5-5-PN.

m Before loading ® After elution

100

B (o)} (o]
o o o

Viability (%)

N
o

PN PD0.25  PDO0.5 PD1.0  PD10
-b-PN -b-PN -b-PN -b-PN

Fig. 6. Cell viability of the mesenchymal stem cells before loading and after elution from the columns with
various cationic compositions of the copolymer.
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Using the PDO0.5-5-PN column, the elution behaviors of BM-CD34", NHDF, and Jurkat were
observed and then compared with those of the MSCs (Fig. 7). BM-CD34" was derived from the bone
marrow and then used as a model of contaminant cells in the bone marrow with the MSCs. NHDF was
used as a model of adhesive cells, and Jurkat was used as a model of floating cells. The zeta potential of
these cells was measured (Table S2). BM-CD34" and Jurkat exhibited large cell elution at 37°C,
indicating that cells were not adsorbed on the block copolymer brush at 37°C. On the contrary, MSCs
were adsorbed on the copolymer brush at 37°C, leading to the small elution of the MSCs at 37°C. This is
probably due to the difference in the negative charge among the cells. The zeta potentials of BM-CD34"
and Jurkat were —6.70 and —2.5, respectively. On the contrary, the zeta potential of the MSCs was —24.5
mV. Thus, the MSCs were adsorbed on the copolymer brush through relatively strong electrostatic
interaction compared with BM-CD34" and Jurkat. NHDF exhibited a low elution ratio at both 37°C and
4°C, which is probably because of the NHDF intrinsic adhesive property. NHDF exhibited strong
adhesive properties on the PNIPAAm-modified interfaces compared with the other types of cells.* 337

The properties would cause strong adsorption of NHDF on the column at both 37°C and 4°C.

20



Page 21 of 28 Biomaterials Science
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Fig. 7. Cell recovery ratio through the PD0.5-b-PN column using a (A) mesenchymal stem cell, (B) BM-CD34",
(C) fibroblast, and (D) Jurkat.

To investigate the cell separation efficiency of the column, the elution behavior of the mixture of
MSCs and BM-CD34" was observed using the PDO0.5-5-PN column (Fig. 8). The same amounts of
MSCs and BM-CD34" were mixed together, and a mixed cell suspension was introduced to the column.
At 37°C, the load and wash fractions contained a large composition of BM-CD34" and barely contained
MSCs, as the electrostatic interaction between the copolymer and BM-CD34" was relatively low
compared with that of the MSCs. By reducing the temperature to 4°C, the elute fraction contained a
large composition of MSCs, as the adsorbed MSCs on the copolymer brush were detached due to the
hydration and extension of the PNIPAAm segment of the copolymer after lowering the temperature,
leading to the elution of the MSCs from the column. This result indicates that the developed
PDO0.5-6-PN column separated the MSCs and other contaminant cells in the bone marrow by simply

changing the column temperature. The purity of the MSCs is approximately 80%, which is not relatively
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high compared to that of the purification of MSCs through fluorescent activated cell sorting (FACS) and

magnetic activated cell sorting (MACS). However, the developed temperature-responsive cell separation

column can purify the MSCs without modifying cell surfaces, which is advantage for the utilization of

purified MSCs for cell transplantation therapy. This is because the cell modification process such as

FACS or MACS would rescue cell’s intrinsic property leading to reduced cell therapeutic effect after

transplantation.
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Fig. 8. Cell separation using the PDO0.5-5-PN column by applying the mixture of MSC and CD-34". (A)
Representative data of the flow cytometry analysis of each fraction. (A-1) MSC, (A-2) BM-CD34", (A-3) cell
mixture of MSC and BM-CD34", (A-4) load fraction at 37°C, (A-5) wash fraction at 37°C, and (A-6) elute
fraction at 4°C. (B) Cell composition of each fraction through the PD0.5-6-PN column.
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The cell proliferation and differentiation of the recovered MSCs from the column were observed
(Fig. S2 and Fig. 9) to investigate their cellular activities. The recovered MSCs from the PD0.5-b-PN
column in the elute fraction were seeded and cultured on the cell culture dish, and the cell number at the
predetermined culture period was observed. The recovered MSCs from the column exhibited a similar
proliferation ability to that without column loading (Fig. S2). Also, the differentiation ability of the
recovered MSCs from the column was investigated through osteogenic and adipogenic differentiations
of the MSCs (Fig. 9). The recovered MSCs from the PD0.5-b-PN column in the elute fraction were
differentiated by culturing with the osteogenic and adipogenic differentiation mediums. The alizarin red
S staining in the osteogenic-differentiated MSCs indicated that the recovered MSCs were differentiated
to osteoblast as similar as control MSCs, which were not passed through the column (Fig. 9). In addition,
osteocalcin was observed in MSCs after osteogenic differentiation (Fig. S3). Additionally, the oil red O
staining in the adipogenic-differentiated MSCs exhibited similar adipogenic differentiation to the control
MSCs, which were not passed through the column. These results indicate that the recovered MSCs from

the column maintained proliferation and differentiation abilities.
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Fig. 9. Evaluation of the differentiation potency of the recovered cells by (A) the osteogenic differentiation of the
mesenchymal stem cells with the staining alizarin red S and (B) the adipogenic differentiation of the MSCs with
oil red O staining. Scale bar: 100 pm

Overall, the developed thermoresponsive cationic block copolymer brush-modified beads packed
column in this study could modulate MSC adsorption and elution by changing the surface
hydrophobicity of beads and the electrostatic interactions between copolymers and cells. Using these
properties, MSCs can be simply separated by changing the temperature while maintaining cellular
activities, such as viability, proliferation ability, etc. Thus, the developed columns in this study can be

useful cell separation tools for MSCs.

4. Conclusions

In this study, we developed temperature-modulated MSC separation columns using
thermoresponsive cationic block copolymer brush-modified beads as packing materials. A
thermoresponsive cationic block copolymer, PDMAPAAm-b-PNIPAAm brush, was prepared on silica
beads through a two-step ATRP reaction. At 37°C, the copolymer brush-modified beads packed column

exhibited MSC adsorption through a hydrophobic interaction between the upper PNIPAAm segment in
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the copolymer brush and the cells. In addition, the exposed bottom cationic DMAPAAm segment with
the shrinking of the PNIPAAm segment enhanced the MSC adsorption, as the MSCs were negatively
charged. The proper amount of PDMAPAAm in the copolymer was determined by changing the
composition of the PDMAPAAm segment in the copolymer brush. The PD0.5-b-PN brush exhibited
effective temperature-modulated MSC adsorption and desorption while maintaining cell viability. Using
the PD0.5-b-PN column, the separation of MSCs and the BM-CD34" cells was performed. At 37°C,
most of the BM-CD34" cells were eluted from the column, whereas the MSCs were adsorbed on the
column.

By reducing the temperature to 4°C, the adsorbed MSCs were eluted from the column. The
differences in the cell adsorption properties on the column at each temperature led to the
temperature-modulated separation of the MSCs. In addition, the recovered MSCs from the column
maintained proliferation and differentiation abilities. Thus, the developed column in this study can be a
useful MSC separation tool, as the MSCs could be simply separated by changing the temperature while

maintaining the cellular activity without modifying the cell surfaces.
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