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Cell culture

The development of large-scale cell cultivation and non-invasive cell harvesting is highly desired in
various fields, including biological regeneration and pharmaceutical research. When using traditional
microcarriers for cell culture, trypsinization is often necessary during cell collection, leading to par-
tial cells damage. In this work, we developed a thermoresponsive glass microcarrier modified with
poly(y -propargyl-L-glutamate) (PPLG) and poly(N-isopropylacrylamide) (PNIPAM). We utilized these mi-
crocarriers for three-dimensional cell culture and enzyme-free cell harvesting, and the results indicated
that the prepared microcarriers exhibited excellent non-invasive cell culture performance.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the continuous advancement of biotechnology, there
is a growing emphasis on rapidly obtaining a large number of
cells for various applications, such as regenerative medicine,
tissue-engineering and pharmaceutical research. In comparison
to traditional two-dimensional (2D) cell culture, the utilization of
microcarriers for three-dimensional (3D) cell culture has emerged
as a straightforward method to achieve large-scale cell production
[1,2]. Microcarriers are spherical particles ranging in size range
of 100-300pum with a higher specific surface area-to-volume
ratio to promote cell growth and enhance cell densities [3,4].
Today, a wide variety of microcarriers, including those made from
dextran, glass, collagen, polystyrene, polyethylene and chitosan
have been developed [5]. However, most current commercial
microcarriers, including Cytodex-3, fail to preserve the integrity
of surface proteins on harvested cells. This is primarily due to the
conventional method of cell harvesting from microcarriers, which
relies on enzymes that can damage cells and extracellular matrix
(ECM) proteins [6]. Therefore, there is a strong need to develop an
efficient microcarrier that can enable large-scale cultivation and
noninvasive cells harvesting.

Poly(N-isopropylacrylamide) (PNIPAM) is one of smart
temperature-sensitive polymers with a hydrophilic amide group
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(-CONH-) and a hydrophobic isopropyl group [-CH(CH3),-] along
its molecular chain, which leads to a lower critical solution tem-
perature (LCST) of approximately 32 °C [7,8]. Grafting PNIPAM onto
the surfaces of microcarriers is a promising strategy for creating
thermoresponsive surfaces to enable non-invasive cell harvest. By
grafting PNIPAM onto the surface of microcarriers, cell attach-
ment and detachment can be easily controlled by adjusting the
external temperature. At 37°C, PNIPAM-grafted surfaces become
hydrophobic and adopts a globular conformation, facilitating pro-
tein absorption and cell attachment. Below the LCST, PNIPAM turns
hydrophilic and random coil, promoting cell detachment without
causing damage to the cell body and underlying extracellular
matrix (ECM) proteins [9,10]. Teruo Okano [11] grafted P(IPAAm-
co-APTAC-co-tBAAm) terpolymer onto the microcarriers surfaces.
Under low-temperature conditions, nearly all cells detached from
the thermoresponsive bead surfaces within 120 min.

In this study, we have developed a thermoresponsive microcar-
rier modified with biocompatible poly(y-propargyl-i-glutamate)
(PPLG) and PNIPAM. Leveraging the temperature-dependent
of hydrophilicity and hydrophobicity transition properties of
PNIPAM, these prepared thermoresponsive microcarriers facili-
tate controlled and noninvasive cell collection while enhancing
cell production in a 3D culture setting (Fig. 1a). Initially, we
synthesized amino-modified glass microspheres upon functional-
ization with APTES, followed by grafting PPLG via surface amnio-
initiated N-carboxyanhdyride (NCA) ring-opening polymerization.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Schematic illustration of Glass-PPLG-g-PNIPAM for cell cultivation and enzyme-free cells harvest. (a) Schematic of cell seeding on the microcarriers and thermally-

induced harvest. (b) Preparation scheme of Glass-PPLG-g-PNIPAM.

Subsequently, we prepared Glass-PPLG-g-PNIPAM by employing a
thiol-yne click reaction between PPLG and PNIPAM-SH under UV
irradiation (Fig. 1b).

In this study, we investigated the impact of molecular weight
on the thermoresponsive properties of PNIPAM. The synthesis pro-
cedure for PNIPAM-SH was illustrated in Fig. 2a. Initially, PNIPAM
macro-CTA was prepared through RAFT polymerization of NIPAM
monomer, using 2,2’-azobis(isobutyronitrile) (AIBN) as the initiator
and 4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanylpentanoic acid
(CDSP) as the chain transfer agent. Subsequently, n-butylamine was
added via aminolysis to obtain PNIPAM-SH. While maintaining a
constant feed ratio of AIBN, the polymers gradually increased in
molecular weight with an elevated monomer to CDSP ratio [12].
As shown in Figs. 2b and c, we obtained a series of PNIPAM-
SH samples with varying lengths, all exhibiting unimodal and
symmetrical GPC (gel permeation chromatography) curves with
narrow molecular weight distributions. The chemical structure of
PNIPAM-SH was confirmed through 'H NMR. Fig. 2d displayed
the signals of the methylene protons of PNIPAM-SH, which ap-
pear at 2.81ppm. For subsequent characterization, we selected
PNIPAM14g¢-SH as an example. UV-vis spectra of PNIPAM macro-
CTA and PNIPAM-SH demonstrated that aminolysis led to the dis-
appearance of the C=S peak at 310 nm (Fig. 2e) [13]. Furthermore,
FTIR spectra of PNIPAM-SH revealed a week vibrational band at
2800 cm™!, corresponding to the S-H stretching vibration (Fig. 2f).
Collectively, these data indicated that PNIPAM-SH was successfully
synthesized.

Next, PNIPAM was grafted onto the surface of glass micro-
spheres through a click reaction between the thiol group of
PNIPAM-SH and the alkyne group on Glass-PPLG. Glass-PPLG was
prepared through PLG-NCA ring-opening polymerization. Briefly,

y-propargyl-L-glutamate (PLG) was synthesized by modifying L-
glutamic acid with propargyl alcohol. PLG-NCA was synthesized
from PLG and triphosgene [14]. As shown in Figs. S1 and S2 (Sup-
porting information), the structure of PLG and PLG-NCA were con-
firmed by 'H NMR. Glass-PPLG-g-PNIPAM was prepared through
the thiol-yne click reaction of PNIPAM-SH and Glass-PPLG. Tak-
ing Glass-PPLG-g-PNIPAM 45, as an example, the morphologies
of Glass, Glass-PPLG and Glass-PPLG-g-PNIPAM4g, microcarri-
ers were examined by SEM, and all exhibited a rounded mor-
phology (Fig. 3a). However, after PNIPAM grafting, Glass-PPLG-g-
PNIPAMy4g, showed a rougher surface, while unmodified Glass
surface remained smooth. The binding of PNIPAM-SH to Glass-
PPLG was assessed by examining the S 2p signal. XPS results (Fig.
3b) revealed a distinct S 2p peak at 164 eV, confirming the success-
ful conjugation of PNIPAM-SH onto the surface of the microcarri-
ers. The presence of PNIPAM was further confirmed by EDS map-
ping. In Fig. 3¢ and Fig. S3 (Supporting information), it was evi-
dent that the content of S and N elements on the surface of Glass-
PPLG-g-PNIPAM increased, and the uniform distribution of PPLG-
g-PNIPAM was observed. These findings collectively indicated the
successful preparation of Glass-PPLG-g-PNIPAM.

The prepared microcarriers was sterilized by autoclaving for
subsequent cellular experiments. B16F10 cells were seeded onto
the microcarriers. Over a period of 5 days, the cells proliferated
on the microcarriers, and cell viability was assessed using CCK-8
assay. As depicted in Fig. 4a, the proliferation rate of B16F10 cells
on thermoresponsive microcarriers was approximately 1.08 times
higher than that observed in 2D culture on day 5. No significant
difference was noted between thermoresponsive microcarriers at
all time points. The cell proliferation rate results are based on com-
parison with 2D culture. On day 1, the surfaces of the microcarriers
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Fig. 2. Analytical confirmation of PNIPAM-SH. (a) Synthetic route of PNIPAM macro-CTA and PNIPAM-SH. (b, c) GPC analysis of PNIPAM-SH. (d) '"H NMR (300 MHz) spectra
of PNIPAM-SH in CDCl;. (e) UV-vis absorption spectra of PNIPAM macro-CTA and PNIPAM-SH. (f) FT-IR spectra of PNIPAM-SH.
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Fig. 3. Characterization of Glass-PPLG-g-PNIPAM. (a) SEM images of Glass, Glass-PPLG and Glass-PPLG-g-PNIPAM,g. (b) XPS high-resolution S 2p spectra of Glass-PPLG-g-
PNIPAM4g. (c) EDS elemental mapping of Glass, Glass-PPLG and Glass-PPLG-g-PNIPAM 4 gy.

were treated to enhance cell attachment, whereas cells in 2D cul-
ture had not fully adhered to the dish at the initial stage which
caused cells under the lag phase. Thus, the cell proliferation rate
of microcarriers surpassed that of 2D culture. However, on day
3, cells in the 2D culture entered the logarithmic growth phase,
leading to higher values than microcarrier culture. On day 5, the
cells attached on the surface of microcarriers were still remained
in the logarithmic growth phase due to the higher specific sur-
face area-to-volume ratio of microcarriers, resulting in their pro-
liferation rates exceeded that of 2D culture. In addition, the amino

groups on the surface of Glass-NH, provide positive charge, which
promoting cell attachment [15], which caused the highest cell pro-
liferation rate among them on the first day. SEM images (Fig. 4b)
depicted the morphology of B16F10 cells cultured on Glass-PPLG-
g-PNIPAM 45, on day 3, showing that B16F10 cells spread well on
the surface of microcarriers. Culturing cells on thermoresponsive
microcarriers allowed for efficient cell expansion compared to tra-
ditional 2D culture. After cells reached confluency, a thermally in-
duced cell detachment assay was achieved by lowering the tem-
perature from 37 °C to room temperature (RT). The number of de-
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Fig. 4. Cell harvest from the microcarriers and cytocompatibility of microcarriers. (a) The proliferation of B16F10 cells on the surface of microcarriers. (b) SEM image of
B16F10 cells cultured on the surface of Glass-PPLG-g-PNIPAM, g, after 3 days incubation. (c) The time-course of temperature-induced B16F10 cells detachment from the sur-
face of microcarriers. (d) Fluorescence microscope images of thermally-induced B16F10-GFP cell detachment at 20 °C for 60 min. (e) Fluorescence microscope images of har-
vested B16F10-GFP cell recultured in flask for 12 h. (f) The proliferation of B16F10 cells adhered on Glass-PPLG-g-PNIPAM, g, and Cytodex-3. (g) Live/dead fluorescence micro-
scope images of B16F10 cells adhered on Glass-PPLG-g-PNIPAM 4, and Cytodex-3. (h) The proliferation of B16F10 cells adhered on reused Glass-PPLG-g-PNIPAM,gy. (i) Opti-
cal microscope images of thermally-induced B16F10 cells detachment of reused Glass-PPLG-g-PNIPAM 4, at 20 °C for 30 min. (j) The proliferation of B16F10 cells adhered on
Glass-OH, Glass-PPLG, Glass-PNIPAM and Glass-PPLG-g-PNIPAM, gx. (k) The time-course of temperature-induced B16F10 cells detachment from the surface of Glass-PNIPAM.

tached cells over time was quantified using a hemocytometer, as
shown in Fig. 4c. The percentage of detached cells gradually in-
creased with the increasing incubation time. Compared to micro-
carriers without grafted PNIPAM, nearly all cells detached from the
surface of Glass-PPLG-g-PNIPAM within 60 min at RT. This demon-
strated that the temperature-dependent hydrophilicity and hy-
drophobicity transition of PNIPAM allowed cells to detach from the
surface without enzymatic treatment. The detachment behavior of
B16F10-GFP cells cultured on Glass-PPLG-g-PNIPAM,g, Were ob-
served by fluorescence microscope. Fig. 4d showed the microscopic
images of B16F10 cells adhered on the microspheres’ surface after
reducing the temperature to RT. After 60 min incubation at RT, cells
almost completely detached from PNIPAM-grafted surface as a cell
sheet without using enzymes. To assess the viability of thermally
detached cells compared to trypsinization treatment, we recultured
detached B16F10-GFP cells and observed them after 12 h. As shown
in Fig. 4e, almost all cells have anchored on the flask and exhibited
healthy cellular morphology. The experiments on cell detachment
rate and biocompatibility using temperature-sensitive microcarri-
ers grafted with different molecular weights of PNIPAM reveal no
significant relationship, suggesting that the molecular chain length
of PNIPAM have no significant impact on cell detachment due to
changes in surface hydrophilicity of microcarriers, nor does it affect
cell growth and viability. We further compared the biocompatibil-
ity of Glass-PPLG-g-PNIPAM and commercial microcarriers, so we
selected Glass-PPLG-g-PNIPAM4 g and Cytodex-3 for investigation.
Cytodex-3 was a type of microcarriers coated with a layer of de-
natured collagen, which had been widely used as a substrate for
various type of mammalian cells culture [16]. After 1 and 3 days of
incubation, as shown in Fig. 4f, both microcarriers exhibited excel-
lent biocompatibility at all time points. The live/dead fluorescence
images of Glass-PPLG-g-PNIPAM4g, and Cytodex-3 (Fig. 4g) re-
vealed that cells adhered on the surface and most cells were alive
(green), further demonstrating the biocompatibility of Glass-PPLG-
g-PNIPAM microcarriers for cell attachment, spreading, and pro-
liferation. We next explored the reusability of used microcarriers
by washing and re-autoclaving them for subsequent cell culture.

As shown in Fig. 4h, the results of cell proliferation experiments
showed that the microcarriers were still biocompatible and could
achieve cell expansion. As shown in Fig. 4i, cell detachment on the
surface of microcarriers was observed after placing them at room
temperature for 30 min. These experiments successfully demon-
strated the reusability of the prepared microcarriers. To further il-
lustrate the importance of grafted PPLG in microcarrier cell culture,
we prepared Glass-PNIPAM by ATRP method. As shown in Figs. S4
and S5 (Supporting information), XPS and EDS results validated its
successful preparation. As shown in Fig. 4j, co-incubating B16F10
cells with Glass-OH, Glass-PPLG, Glass-PNIPAM and Glass-PPLG-g-
PNIPAM 14 gi, the cell proliferation ability of Glass-PNIPAM was the
lowest. As shown in Fig. S6 (Supporting information), the live/dead
fluorescence images of Glass-PNIPAM on day 1 also indicated that
the viability of cells attached on the surface is not good. Due to
PNIPAM lacks the ability to promote cells growth, the proliferation
rates of cells attached on Glass-PNIPAM was inferior to those in 2D
culture. Compared with Glass-PNIPAM, the cell viability of Glass-
PPLG-g-PNIPAM1, g enhanced after modified with PPLG, which un-
derscores the importance of PPLG in microcarrier cell culture en-
vironment. PPLG facilitates cell attachment and growth due to the
presence of glutamate repeating units. Glass-PNIPAM can achieve
temperature-sensitive cell detachment through lowering cultiva-
tion temperature. As shown in Fig. 4k, the kinetic curve of cell
detachment of Glass-PNIPAM indicated that 77.3% cells detached
from the surface of Glass-PNIPAM at 60 min, which is comparable
to Glass-PPLG-g-PNIPAM 4 g

In conclusion, our study introduced thermoresponsive PNIPAM-
grafted glass microcarriers with excellent biocompatibility. By low-
ering the temperature from 37 °C to RT, these microcarriers
achieved a remarkable 90% cell detachment within just one hour,
all while maintaining cell viability. This approach ensures the avail-
ability of a sufficient number of viable cells for large-scale produc-
tion. When compared to traditional two-dimensional cell culture,
this method has demonstrated its potential for substantial cell ex-
pansion, effectively addressing a critical challenge in the broader
utilization of cells for various applications.
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