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Cell therapy using mesenchymal stem cells (MSCs) is used as effective regenerative treatment. 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 tempera-
ture-responsive cationic block copolymer, poly(N,N-dimethylaminopropylacrylamide)-b-poly(N-iso-
propylacrylamide)(PDMAPAAmM-b-PNIPAAM) brush with various cationic copolymer compositions, was
grafted onto silica beads via two-step atom transfer radical polymerization. Using the packed beads, the
elution behavior of the MSCs was observed. At 37 °C, the MSCs were adsorbed onto the column via both
hydrophobic and electrostatic interactions with the PNIPAAm and PDMAPAAmM segments of the copoly-
mer 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 exten-
sion of the PNIPAAmM segment of the block copolymer brush. From the temperature-modulated adsorp-
tion and elution behavior of MSCs, a suitable DMAPAAmM composition of the block copolymer brush was
determined. Using the column, a mixture of MSC and BM-CD34™ cells was separated by simply changing

Received 7th May 2021, the column temperature. The column was used to purify the MSCs, with purities of 78.2%, via a tempera-
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ture change from 37 °C to 4 °C. Additionally, the cellular activity of the MSCs was retained throughout the
column separation step. Overall, the obtained results show that the developed column is useful for MSC
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1. Introduction

Regenerative therapy by transplanting cell suspensions or cel-
lular tissues into patients has become among the most
effective cures for intractable diseases.' ® In particular, regen-
erative therapy using mesenchymal stem cells (MSCs) has been
attracting attention as an effective type of cell therapy.” > MSCs
secrete various types of cytokines, leading to improve the func-
tion of damaged tissues.'®"®> Furthermore, MSCs can be used
in various types of stem cell based gene therapies."'®"”

In such types of therapy, cell separation is an essential pro-
tocol for the preparation of cell suspensions or the fabrication
of cellular tissues, as MSCs are mixed with other types of cells
in human bodily tissues. To date, various types of cell separ-
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separation without cell modification and cellular activity reduction.

ation techniques have been developed.’®>” Among these, cell
separation methods that include the modification of fluo-
rescent-labeled antibodies or magnetic beads to cell surfaces
have been widely used as precise cell separation techniques.
However, the cell surface modification in separation tech-
niques can reduce the intrinsic properties of cells, thus redu-
cing their therapeutic effect. Therefore, cell separation tech-
niques without the modification of cell surfaces are signifi-
cantly for use in cell therapy applications.

Recently, cell separation using poly(N-isopropylacrylamide)
(PNIPAAm) has been investigated as a technique that does not
entail the modification of cell surfaces.”® ! PNIPAAm exhibits
a temperature-dependent hydrophilic/hydrophobic property
change attributed to hydration and dehydration, and
PNIPAAm exhibits extension and shrinking. These unique pro-
perties of PNIPAAm are utilized in various types of biomedical
applications, such as temperature-modulated drug delivery
systems,***® PNIPAAm-conjugated proteins with temperature-
modulated protein function changes,***' biosensing, bio-
imaging system responses with external temperature

This journal is © The Royal Society of Chemistry 2021
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changes,***°

chromatographic separation systems using an
all-aqueous mobile phase,’”*° and cell culture substrates for
fabricating cellular tissues. In the cell separation systems
that use PNIPAAm, cells are attached to PNIPAAm-modified
glass surfaces at 37 °C, as the modified PNIPAAm on the glass
becomes hydrophobic, and the cells tend to attach to the
PNIPAAm surface. By reducing the temperature to 20 °C, the
attached cells are detached from the surfaces, as the modified
PNIPAAmM becomes hydrophilic due to hydration, and the cells
cannot attach to hydrophilic surfaces.

The differences in the attachment and detachment pro-
perties of the cells have been utilized for cell separation. For
example, a mixture of myoblast and endothelial cells was sep-
arated using PNIPAAm-modified surfaces.”® To increase the
selectivity in the cell attachment, ionic PNIPAAm copolymer-
modified surfaces were investigated. For example, using
PNIPAAmM copolymers with anionic groups, smooth muscle
cells were separated from the endothelial cells.>® Additionally,
selective adhesion and detachment of the MSCs was per-
formed using cationic PNIPAAm copolymer.>®®” In addition,
micro/nano-imprinted substrates grafted with PNIPAAm were
utilized to increase the difference in the cell adhesion pro-
perties among the fibroblasts, endothelial cells, and smooth
muscle cells, leading to cell separation selectivity.>> These sep-
aration techniques can be used to 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 areas 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 via two-step
surface-initiated atom transfer radical polymerization (ATRP).
The cationic segment composition of the modified block copo-
lymer brush was determined by observing the temperature-
dependent cell elution behavior of the column. Using the bead
packing column, the temperature-modulated separation of the
MSCs from the bone marrow cells was simply performed by
changing the temperature while maintaining the cellular
activity without modification of the cell surfaces.

50-54

2. Materials and methods
2.1 Materials

N-Isopropylacrylamide (NIPAAm) and N,N-dimethylamino-
propylacrylamide (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, di-
chloromethane, magnesium sulfate, hydrochloride, acetone,
2-propanol, and copper(i) chloride were obtained from Fujifilm

This journal is © The Royal Society of Chemistry 2021
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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 primar-
ily used in sample preparation in chromatography and their
modification conditions were easily determined from previous
reports.’*®* An Extract-clean empty column was obtained
from Systech (Tokyo, Japan), and MSCs were obtained from
the JCRB cell bank (Osaka, Japan) and Promocell (Heidelberg,
Germany). Bone marrow CD34" cells (BM-CD34") and normal
human dermal fibroblasts (NHDFs) 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

A thermoresponsive cationic block copolymer brush with
various DMAPAAm compositions was prepared using two-step
ATRP (Fig. 1A). Silica beads (64-210 pm) were sieved to the
fractions of 75-106 pm, 106-150 pm, and 150-210 pm using
sieves with 106 and 150 pm 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 filtered, 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).

An ATRP initiator, CPTMS, was immobilized via a silane
coupling reaction (Fig. 1A). The beads (10 g) 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 in a vacuum oven.

PDMAPAAmM was modified on the silica beads via the first
ATRP process. The amount of PDMAPAAm on the silica beads
was modulated by the amount of the DMAPAAm monomer in
the ATRP reaction from 0.103 to 4.10 mmol. In the case of the
polymerization of 0.103 mmol of DMAPAAm, DMAPAAmM
(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
Me,TREN (68.00 mg, 0.30 mmol) were dissolved in the solu-
tion 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 cycling between a vacuum and argon gas three
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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 MSCs using the bead packed column.

times. Then, the ATRP reaction solution was poured onto the
silica beads in the glass vessel, and a-chloro-p-xylene (1.75 pL,
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 in a vacuum oven.
PDMAPAAm-h-PNIPAAm-grafted silica beads were prepared
via the second ATRP reaction for the block copolymerization of
NIPAAm from the PDMAPAAm-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, 0.30 mmol) were dissolved in the solu-
tion under argon gas. 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 cycling

7056 | Biomater. Sci, 2021, 9, 7054-7064

between a vacuum argon gas three times. Then, the ATRP reac-
tion solution was poured onto the silica beads in the glass
vessel, and a-chloro-p-xylene (1.75 pL, 1.32 x 107> 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 fil-
tered, rinsed with pure water, and dried at 50 °C for 3 h in a
vacuum oven.

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

The prepared beads were named as PDX-b-PN, where X is
the molar percentage of DMAPAAm to NIPAAm in the ATRP
reaction.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D1BM00708D

Open Access Article. Published on 07 July 2021. Downloaded on 10/17/2025 9:13:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

2.3 Characterization of the thermoresponsive cationic block
copolymer brush

The prepared polymer-modified silica beads were character-
ized via carbon/hydrogen/nitrogen (CHN) elemental analysis,
attenuated total reflection/Fourier-transform infrared spec-
troscopy (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 initiator and
polymer on the silica beads was estimated from the carbon
composition of the beads, and the amount of the immobilized
initiator on the silica beads was estimated as follows:

%)CI
%Ci(caled) x (1 — %Cr/%Cr(caled)) x S’

(1)

where %C; is the increase in the carbon percentage of the
initiator-modified beads through the silane coupling reaction,
%C; (caled) is the calculated percentage of carbon in the
CPTMS, and S is the surface area of the beads (475 m* g™").
The amount of PDMAPAAmM was obtained using the following
equation:

S @
%Cp(caled) x (1 — %Cp/%Cp(caled) — %Cr/%Cy(caled)) x S’

where %Cp, is the increase in the percentage of carbon in the
PDMAPAAm-modified beads after the first ATRP process, and
%Cp (caled) is the calculated percentage of carbon in
DMAPAAm. The amount of the modified PNIPAAm segments
after the second ATRP process was estimated as follows:

%Cn
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column was rinsed with a solvent mixture of water : methanol
=1:1, ethanol, and pure water.

The cells were cultured using the cell culture medium
shown in Table S1.f Before loading the cell suspension onto
the column, 5 mL of the cell culture medium, which was
warmed at 37 °C, was flowed through the column. Then, 1 mL
of cell suspension (5.0 x 10> cells per mL) was passed through
a cell strainer, and the cell suspension was introduced onto
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 the “Load.” Then, the cell culture
medium (1 mL) was flowed through 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 the “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 the “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 from the ratio of eluted cells to
loaded cells.

A cell separation experiment was performed using a similar
procedure. A mixture of MSCs and BM-CD34" cells was pre-
pared by mixing each cell suspension at a cell density of 5.0 x
10° cells per mL. The cell suspension (1 mL) was flowed
through the column at 37 °C at a flow rate of 1 mL min~", and

%Cn(caled) x (1 — %Cn/%Cn(caled) — %Cp/%Cp(caled) — %Cr/%Cy(caled)) x S’

where %Cy is the increase in the percentage of carbon in the
PDMAPAAmM-H-PNIPAAm-modified beads after the second
ATRP process, and %Cy (caled) is the calculated percentage of
carbon in NIPAAm. The amount of modified block copolymer
was obtained by summing the amounts of PDMAPAAm (eqn
(2)) and PNIPAAm (eqn (3)).

The polymer modification of the silica beads after each
ATRP process was confirmed by ATR/FTIR using a FTIR-4700
spectrometer (JASCO, Tokyo, Japan).

The surface morphology of the beads was observed by
FE-SEM using an S-4700 microscope (Hitachi High
Technologies, Tokyo, Japan).

2.4 Cell elution from the bead packed column

The beads were packed into an empty solid-phase extraction
column (inner diameter: 0.9 mm, length: 65 mm, total
volume: 1.5 mL). A filter with 50 pm mesh was placed in the
column, and the prepared beads (300 mg) were added after-
ward. A small amount of a solvent mixture of water : methanol
=1:1 was added to dampen the packed beads. Then, the filter
was placed on the packed beads in the column. The packed

This journal is © The Royal Society of Chemistry 2021

(3)

the eluted fraction was defined as the “Load” fraction. Then,
the cell culture medium (1 mL) was flowed through 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 the “Wash.” Then, 1 mL of
the cooled cell culture medium was flowed through 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 the “Elute.” The cell compo-
sition 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 was
also observed as a control.

The cell proliferation ability of the recovered MSCs 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 a
control.

Biomater. Sci, 2021,9, 7054-7064 | 7057


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D1BM00708D

Open Access Article. Published on 07 July 2021. Downloaded on 10/17/2025 9:13:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

The differentiation ability of the recovered MSCs from the
column was evaluated using osteogenic and adipogenic differ-
entiations. The osteogenic differentiation of the MSCs was per-
formed by culturing them 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 them 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

3.1 Characterization of the thermoresponsive cationic block
copolymer brush on the silica beads

PDMAPAAm-h-PNIPAAm brush-modified beads were prepared
via two-step surface-initiated ATRP. The prepared beads were
characterized using a CHN elemental analysis to estimate the
amount of the immobilized initiator and polymer 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 via a silane coupling reaction. The amount of immobi-
lized CPTMS was 2.99 pmol m™2, which is almost the same as
the silanol group density on the silica bead 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 PDMAPAAmM-modi-
fied silica beads (PD0.25, PD0.5, PD1, and PD10) exhibited a
higher carbon composition compared with the initiator-
immobilized silica beads, indicating that PDMAPAAmM was
modified during the first step of the ATRP reaction. The
amount of the modified PDMAPAAm increased with an
increase in the DMAPAAm monomer in the first ATRP reac-
tion, as this increase enhanced the polymerization rate,
leading to an increase in the amount of modified PDMAPAAmM
on the silica beads. Higher carbon and nitrogen compositions
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were observed on the PDMAPAAm-h-PNIPAAm-modified silica
beads compared with the PDMAPAAm-modified silica beads,
indicating that during the second ATRP reaction PNIPAAm seg-
ments were successfully grafted on PDMAPAAm. The amount
of modified block copolymer, PDMAPAAmM-b-PNIPAAmM, 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 copolymer modi-
fication on the outer surfaces of the beads was performed,
leading to a relatively smaller grafted amount of copolymer on
the silica beads. However, in this study, the copolymer-grafted
silica beads were used as a packing material in the cell separ-
ation column. Thus, copolymer modification inside the pores
was not required as the cells cannot enter inside them.

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

SEM observations of the prepared silica beads were per-
formed 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.

3.2 Cell elution behavior using the bead packed column

The prepared beads were packed into a syringe-type column.
The cell elution behavior was observed using MSCs. At first,

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

Elemental composition” (%)

Immobilized initiator ©

Code” C H N (tmol m™2) Grafted polymer ¢ (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
PDNO.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
PD1 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
PD10 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

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

7058 | Biomater. Sci, 2021, 9, 7054-7064
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Fig. 2 Fourier-transform infrared spectroscopy (FTIR) spectra of the
prepared beads. (A) Unmodified silica beads, (B) initiator-modified silica
beads, (C) PNIPAAm-modified beads (PN), (D) PDMAPAAm-modified
silica beads (PD0.5), and (E) PDMAPAAmM-b-PNIPAAmM-modified beads
(PD0.5-b-PN). Lines (i) and (ii) represent the peaks attributed to C=0
stretching and N—H bending vibrations, respectively.

the proper bead size was investigated using two types of bead
fractions as packing materials for 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.
Greater 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. In the wash and elute fractions at 37 °C, the bead
surface became hydrophobic 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. Greater elution was observed on the 150-210 pm bead
packed column compared with the 106-150 pm bead packed
column, which is due to the gaps of 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 pm beads
packed column, the gaps were not adequate to allow cells to
flow through. Thus, a quite low cell elution ratio was observed
on the 106-150 pm bead packed column. These results indi-

This journal is © The Royal Society of Chemistry 2021
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(A)

(D)

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 (PDO0.5), and (E) PDMAPAAmM-b-PNIPAAM-modified beads
(PD0.5-b-PN). Scale bars: 50 pm.

cate that the 150-210 pm beads are more suitable as column
packing materials than the 106-150 pm beads.

To investigate the proper cationic composition of the modi-
fied copolymers, the MSC elution behavior was observed on
columns with various PDMAPAAmM compositions (Fig. 5). On
all the columns, MSCs were adsorbed at 37 °C and eluted at
4 °C because the temperature-responsive properties of the
PDMAPAm-h-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 electrostatic interactions attributed to
the negatively-charged MSCs, the zeta potential of which is
—24.5 mV (Table S2f). These factors enhanced the cell
adsorption on the copolymer brush at 37 °C. On the con-
trary, 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 PDMAPAAmM
segment of the block copolymer and the cells. These factors
led to the detachment of the MSCs from the copolymer
brush.
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copolymer composition-modified silica beads as packing materials (n =
3). (*: P < 0.05 and n.s.: not significant).

A previous report indicated that the PDMAPAmM-b-PNIPAAmM
brush-modified glass substrate can be used to perform temp-
erature-modulated selective adhesion and detachment of
umbilical cord derived MSCs (UC-MSCs).>” UC-MSCs interact
with PDMAPAAm-H-PNIPAAm brush grafted glass cover slips at
37 ©°C because of the electrostatic interaction between the
MSCs and bottom PDMAPAAmM segment. Additionally, the

7060 | Biomater. Sci, 2021, 9, 7054-7064

PNIPAAm segment in block copolymer brush became hydro-
phobic, leading to enhanced adhesion of the MSCs on copoly-
mer brush. By reducing the temperature, the PNIPAAm
segment in the block copolymer brush became hydrated and
extended, leading to the selective detachment of the
UC-MSCs.”” In the present study, bone marrow derived MSCs
also adsorbed to PDMAPAAmM-h-PNIPAAmM brush on the silica
beads in the same manner, although there was a difference
between the bone marrow derived MSCs and UC-MSCs.

At 37 °C, during the load and wash fractions, the MSC
adsorption was enhanced with an increase in the PDMAPAAmM
composition on the beads. In addition, at 4 °C, in the elute
fractions, the recovery ratio decreased with an increase in the
PDMAPAAm composition due to the enhanced electrostatic
interactions between the MSCs and copolymer brush. Thus,
the electrostatic interactions between the cationic PDMAPAAmM
segment and MSCs increased with an increase in the
PDMAPAAmM amount in the copolymer segment. Among all the
columns, PDO0.5-b-PN exhibited effective MSC adsorption at
37 °C and elution at 4 °C.

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
MSCs decreased with an increase in the PDMAPAAmM compo-
sition. In particular, PD1.0-b-PN and PD10-b-PN exhibited low
viability. The cationic properties of the copolymer-modified
beads led to an interaction with cell membrane proteins, and
changes in the three-dimensional structure of the cell surface

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D1BM00708D

Open Access Article. Published on 07 July 2021. Downloaded on 10/17/2025 9:13:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

| m Before loading  ® After elution

111

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

100

80

60

40

Viability (%)

20

PN

Fig. 6 Cell viability of the MSCs before loading and after elution from
the columns with various cationic compositions of the copolymer.

membrane proteins. Thus, strong cationic properties, such as
those of PD1.0-b-PN and PD10-b-PN, disrupted the cell mem-
brane, leading to eluted MSCs with low viability. On the con-
trary, PD0.25-b-PN and PDO0.5-b-PN exhibited retained cell via-
bility, indicating that the relatively weak cationic properties of
the beads retained the structure of the cell membrane. Thus,
the PDMAPAAmM composition was suitable below PD1.0-b-PN.
The cell adhesion behavior of the eluted MSCs from PN and
PDO0.5-b-PN on the tissue culture polystyrene dish was observed
(Fig. S1t). 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-b-PN maintained cell
activity when passed through the column.

Considering the elution behavior of the MSCs from the
column and cell viability, the most suitable column material
for temperature-modulated MSC adsorption and detachment
is PD0.5-b-PN.

Using the PDO0.5-b-PN column, the elution behavior of
BM-CD34", NHDFs, and Jurkat cells was observed and then
compared with that of the MSCs (Fig. 7). BM-CD34" is derived
from the bone marrow and then used as a model of contami-
nant 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 potentials of these cells were

View Article Online
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measured (Table S21). BM-CD34" and Jurkat exhibited large
cell elution at 37 °C, indicating that the cells were not
adsorbed on the block copolymer brush at 37 °C. On the con-
trary, MSCs were adsorbed on the copolymer brush at 37 °C,
leading to the low elution of the MSCs at 37 °C. This is prob-
ably due to the difference in the negative charges of 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 via relatively strong electrostatic interactions
compared with the BM-CD34" and Jurkat cells. NHDF exhibi-
ted a low elution ratio at both 37 °C and 4 °C, which is prob-
ably due to the intrinsic adhesive properties of the NHDFs.
The NHDFs exhibited strong adhesive properties on the
PNIPAAm-modified interfaces compared with the other types
of cells.****°” These properties led to strong adsorption of the
NHDFs on the column at both 37 °C and 4 °C.

To investigate the cell separation efficiency of the column,
the elution behavior of a mixture of MSCs and BM-CD34" cells
was observed using the PD0.5-b-PN column (Fig. 8). The same
amounts of MSCs and BM-CD34" cells were mixed together,
and a mixed cell suspension was introduced onto the column.
At 37 °C, the load and wash fractions contained a large compo-
sition of BM-CD34" cells and barely contained MSCs, as the
electrostatic interactions between the copolymer and
BM-CD34" cells 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-b-PN column separated the MSCs and other contami-
nant cells in the bone marrow by simply changing the column
temperature. The purity of the MSCs is approximately 80%,
which is not relatively high compared to that of the purifi-
cation 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 the cell surfaces,

(A) MSC (B) BM-CD34* (C) NHDF (D) Jurkat
100 100 100 100
90 + 90 90 | 920
80 | 80 80 80
~ 70 _ 70} _70f _70
iw- €60 iw- §m
% 50 g 50 % 50 g 50
g 40 840 g 40 840
30+ 30 30 30
20} 20} 20} 20
10+ 10 10 10
0 0 0 0

37C 4°C 37C 4°C a7e 4°C 37°C 4°C

Fig. 7 Cell recovery ratio through the PD0.5-b-PN column using (A) MSCs, and (B) BM-CD34*, (C) NHDFs, and (D) Jurkat cells.
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which is an advantage for the utilization of purified MSCs for
cell transplantation therapy. This is because the cell modifi-
cation process in FACS or MACS would lose the cell’s intrinsic
properties leading to reduced cell therapeutic effect after
transplantation.

The cell proliferation and differentiation of the recovered
MSCs from the column were observed (Fig. S21 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 a cell culture dish, and the cell number at the pre-
determined culture period was observed. The recovered MSCs
from the column exhibited a similar proliferation ability to
those without column loading (Fig. S2t). Also, the differen-
tiation ability of the recovered MSCs from the column was
investigated through osteogenic and adipogenic differen-
tiations of the MSCs (Fig. 9). The recovered MSCs from the
PD0.5-b-PN column in the elution fraction were differentiated
by culturing them with the osteogenic and adipogenic differ-
entiation media. The alizarin red S staining of the osteogenic-
differentiated MSCs indicated that the recovered MSCs could
be differentiated to osteoblasts, similar to the control MSCs,
which were not passed through the column (Fig. 9). In
addition, osteocalcin was observed in the MSCs after osteo-
genic differentiation (Fig. S31). 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 their
proliferation and differentiation abilities.

Overall, the developed thermoresponsive cationic block
copolymer brush-modified bead packed column in this study
modulated MSC adsorption and elution by changing the
surface hydrophobicity of the beads and the electrostatic inter-
actions between the copolymers and cells. Using these pro-

Recovered cells

Differentiated

Undifferentiated

Fig. 9 Evaluation of the differentiation potency of the recovered cells by (A) the osteogenic differentiation of MSCs via alizarin red S staining and (B)
the adipogenic differentiation of the MSCs with oil red O staining. Scale bar: 100 pm.
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perties, MSCs can be simply separated by changing the temp-
erature while maintaining cellular activities, such as viability,
proliferation ability, etc. Thus, the developed columns in this
study are useful cell separation tools for MSCs.

4. Conclusions

In this study, we developed temperature-modulated MSC sep-
aration columns using thermoresponsive cationic block copo-
lymer brush-modified beads as packing materials. A thermo-
responsive cationic block copolymer, PDMAPAAmM-h-PNIPAAmM
brush, was prepared on silica beads via a two-step ATRP reac-
tion. At 37 °C, the copolymer brush-modified bead packed
column exhibited MSC adsorption through hydrophobic inter-
actions between the upper PNIPAAm segment in the copoly-
mer brush and the cells. In addition, the exposed bottom cat-
ionic DMAPAAm segment with the shrinking of the PNIPAAm
segment enhanced the MSC adsorption, as the MSCs are nega-
tively charged. The optimal amount of PDMAPAAm in the
copolymer was determined by changing the composition of
the PDMAPAAm segment in the copolymer brush. The PDO.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 to the column. By reducing the tem-
perature 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-modu-
lated separation of the MSCs. In addition, the recovered MSCs
from the column maintained their proliferation and differen-
tiation abilities. Thus, the developed column in this study is a
useful MSC separation tool, as the MSCs can be simply separ-
ated by changing the temperature while maintaining their cel-
lular activity without modifying the cell surfaces.
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