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ABSTRACT

Cell surface engineering has emerged as a powerful approach to form cell aggregates/spheroids
and cell-biomaterial ensembles with significant uses in tissue engineering and cell therapeutics.
Herein, we demonstrate that cell membrane remodeling with a thermoresponsive boronic acid
copolymer induces the rapid formation of spheroids using either cancer or cardiac cell lines
under conventional cell culture conditions at minute concentrations. It is shown that the
formation of well-defined spheroids is accelerated by at least 24 hours compared to non-polymer
treated controls, and more importantly, the polymer allows for fine control of the aggregation
kinetics owing to its stimulus response to temperature and glucose content. Based on its
simplicity and effectiveness to promote cellular aggregation, this platform holds promise in

three-dimensional tissue/tumor modeling and tissue engineering applications.
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1. INTRODUCTION

Over the years, three-dimensional (3D) cell culture has emerged as a useful model that
accurately probes spatial aspects of cell-cell interactions and physiological gradients, and
preserves cellular viability, function and phenotype that fail to recapitulate in conventional two-
dimensional (2D) culture'. In addition, 3D cell culture systems can establish an in vivo
mimicking microenvironment that provides deeper insights into cell differentiation, proliferation
and migration that allow for a more realistic disease and organ modeling for cell therapeutics and
drug screening applications*>.

In particular, cell spheroids have found numerous applications in tissue engineering, cell
transplantation studies and the development of avascular tumor models®®. Various approaches
have been developed to induce cellular aggregation using either “passive” or “active” methods,
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which comprise stationary culture on non-adherent microstructures”!! or thermoresponsive
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polymeric surfaces'>!*, rotating flasks and bioreactors'”, suspension!® and hanging-drop culture
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protocols'~°. However, these methods often require days to form robust spheroids or are labor

2023 or magnetic®*?® forces

and cost-intensive'’. Alternative methods comprising microfluidics
have also been reported that significantly improve the speed and cost of spheroid formation, but

in most cases, specialized equipment and culture conditions are required, which are not always

available in most biomedical laboratories.



Chemical derivatization of the cell membrane constitutes a powerful approach to selectively
induce and control the aggregation of cell populations in a highly controlled manner?’°. Cell

surface engineering methods have been reported that induce cellular aggregation via membrane
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biotinylation*!*2, covalent crosslinking**~*¢, Coulombic/ionic interactions®’?, or nucleic acid
recognition**#2, Recently, we reported on new polymers that act as macromolecular crosslinkers
of cell populations either by exploiting the covalent derivatization of the cell membrane by
suitable succinimide chemistries or by the covalent but reversible membrane modification via the
formation of boronate esters®.

In this work, we report on a new copolymer that considerably accelerates the cell aggregation
process via two distinct mechanisms, namely, the formation of boronate ester crosslinks on the
cell membrane and a thermally triggered acceleration of the kinetics of aggregation owing to the
hydrophobic interactions above the lower critical solution temperature (LCST) of the polymer.
The copolymer is found to induce the rapid formation of cell aggregates (CAs) and well-defined
spheroids at significantly lower incubation times compared to non-treated controls under
common cell culture conditions; the polymer responds sharply to stimuli such as temperature and
glucose, which allows for precise control of the kinetics and the size of the aggregates. More
importantly, it is demonstrated that the method is insensitive to the cell line used, which renders
the concept generic, implying that the proposed polymer could find applications in a diverse
range of research fields, such as the development of micro-tissues, 3D tumoroid and/or organ

modeling, and cell therapeutics***.



2. EXPERIMENTAL SECTION

2.1. Materials. All solvents and reagents were purchased from Sigma-Aldrich unless
otherwise stated and used as supplied. 3-(acrylamido)phenylboronic acid (APBA) (98%), 2,2'-
azobis(2-methylpropionitrile) (AIBN) (98%), diethyl ether (=99.5%), dimethyl sulfoxide
(DMSO) (anhydrous, >99.9%), dimethyl sulfoxide-ds (DMSO-ds) (D 99.9%, Cambridge Isotope
Laboratories), Dulbecco’s modified Eagle’s medium (DMEM) (Gibco), Dulbecco’s phosphate
buffered saline (PBS), D-(+)-glucose, N-isopropylacrylamide (NIPAAm) (97%), ethanol (EtOH)
(96%, Fisher), fluorescein O-methacrylate (fluorescein-MA) (97%), foetal bovine serum (FBS),
LIVE/DEAD® cell-mediated cytotoxicity kit (Life Technologies), penicillin-streptomycin
solution, resazurin sodium salt and 0.25% (w/v) trypsin-EDTA solution.

2.2. Polymer synthesis and characterization. Typical procedure for the synthesis of
poly(NIPAAm-co-APBA) (PI). In a round-bottom flask, NIPAAm (1.12 g, 9.90 mmol) and
APBA (19 mg, 0.1 mmol) at molar ratios 99:1 were dissolved in a 1:1 (v/v) DMSO/EtOH
mixture (5 mL). AIBN (16 mg, 0.1 mmol) was added to the flask, which was then sealed with a
rubber septum before purging with argon for 10 minutes. The reaction mixture was placed in a
pre-heated oil bath at 75 °C for 15 hours to initiate polymerization under magnetic stirring. The
polymer was recovered by exposing the reaction to room temperature followed by precipitation
in excess diethyl ether and drying under vacuum. The copolymer was isolated as white powder
(yield 78%, SEC M, 35900 Da).

2.3. Cell culture. H9c2(2-1) (rat heart myoblasts) and HepG2 (human hepatocellular
carcinoma) cell lines were maintained at 37 °C, under 5% CO> humidified atmosphere, in

Dulbecco’s modified eagle’s medium (DMEM) supplemented with 10% (v/v) heat-inactivated



foetal bovine serum (FBS), penicillin (100 units/mL) and streptomycin (100 pg/mL). Cells were
kept subconfluent by allowing recovery every 2-3 days.

2.4. Cell viability assays. The cell viability under the different experimental conditions was
assessed in parallel experiments by a resazurin assay as outlined below. Briefly, 48 or 72 hours
post-treatment, the cells were incubated with DMEM containing 2% (v/v) resazurin dye. After a
2 hours incubation period at 37 °C, the absorbance (A) of the medium was measured at 570 nm
and 600 nm. The cell viability was calculated as the percentage of the non-treated control cells,
according to the formula: (As70-Aeoo) of treated cells x 100 + (As70-Asoo) of control cells.

Live/Dead assay. Briefly, the cellular aggregates/spheroids were co-stained with DiOCig (2
mM) and propidium iodide (4 mM) for live (green color) and dead (red color) cells, respectively,
according to the manufacturer’s protocol, and images were acquired by fluorescence microscopy.

2.5. Cellular aggregates formation. The cells were grown to confluence, trypsinized and
resuspended in complete culture medium. The copolymer was dissolved in phosphate buffered
saline (PBS) solution (pH 7.4, 0.01 M), sterilized and then added into the cells’ suspensions at
different concentrations (ranging from 25 pg/mL to 500 pg/mL). The polymer-cell suspensions
were then transferred to a 48-well plate at a final concentration of 5x10* cells/mL, gently agitated
and observed under the optical microscope for various times below (25 °C) and above (37 °C) the
polymer’s LCST.

Spheroids formation. H9c2 cells were incubated with P1 and transferred to ultra-low
attachment 24-well plates (Costar® flat bottom) or 96-well plates (Nunc™ Sphera™), and gently
agitated. Aggregated cells with different densities (2x10°, 5x10° and 1x10* cells per well) were
cultured at 37 °C in a 5% CO; humidified atmosphere. Spheroids morphology was observed by

phase-contrast microscopy at regular time points.



2.6. Quantitative analysis of cell aggregation. The cell aggregates’ surface area of the main
cluster was quantified using ImageJ] open source software (National Institute of Health, USA).
To evaluate the ratio of cellular aggregation at different time points, the values of the areas were
normalized to those of the final aggregated area for 25 pg/mL Pl-treated cells (at 90 minutes
incubation time), and shown as percentage.

The viability of spheroids was determined by a Live/dead assay as previously described. The
spheroids were observed by fluorescence microscopy and the cell viability was quantified with
ImageJ and presented as a percentage of the ratio of the number of green pixels to the sum of
green and red pixels.

2.7. Statistical analysis. The data are presented as mean # standard deviation (SD) and
analysed using the SPSS® Statistics Software (version 21). Statistical significance of differences
was evaluated by one-way ANOVA using Bonferroni or Games-Howell post hoc tests. The level
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of significance was set at probabilities of “p<0.05, “p<0.01, and ““p<0.001.

3. RESULTS AND DISCUSSION

3.1. Synthesis and characterization of PNIPAAm-APBA copolymer. The copolymer P1
(Figure 1a) was synthesized by free radical polymerization (FRP) from commercially available
monomers, namely, N-isopropylacrylamide (NIPAAm) and 3-(acrylamido)phenylboronic acid
(APBA)*. The final product was isolated in good yield and the chemical composition of the
polymer was confirmed by 'H NMR, which showed characteristic aromatic proton peaks in the
region 6.9-7.7 ppm, and typical peaks of the isopropyl NIPAAm residues at 0.9 and 3.8 ppm (SI,

Figure S1). These peaks were used to determine the ratio of the two co-monomers on the



polymer backbone, which was found to be 98.3:1.7 (NIPAAm:APBA), similar to the initial
monomer feed.

The LCST onset of the polymer in PBS and DMEM was determined by UV/Vis spectroscopy
and was found to be 32 °C and 34 °C, respectively (Figure 1b). It should be noted that the LCST
value in PBS (pH 7.4, 0.01 M) is very close to values reported for PNIPAAm homopolymers in
water?’, which means that the ionic strength of the PBS used was not sufficient to induce
significant salting-out effects***’; the low APBA feed (1.7%) was also not sufficient to lower the
LCST onset, despite its hydrophobic character. In addition, given that the ratio of propagation
and termination rate constants of acrylamide monomers is considerably higher than that of
styrenics>’, implied that the APBA distribution across the polymer chain is not uniform and
therefore the overall phase transition of the final product is likely to behave similarly to
PNIPAAm homopolymer analogs®'. On the other hand, the impact of the boronate residues on
the LCST onset is apparent in DMEM, which contains glucose. The glucose-boronate esters
formed increase the overall solubility of the polymer that shifts the LCST onset to higher

temperature®>>>

, as observed in Figure 1b. Finally, the phase transition of the polymer in DMEM
is complete at 36 °C, that is, below cell culture conditions, allowing for a good temperature and

pH-working window to interact with cells in vitro.
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Figure 1. (a) Structure of the thermoresponsive copolymer and (b) phase behavior in PBS (pH
7.4) and DMEM solutions (mean + SD from triplicates). (c) Schematic diagram of the formation
of cell aggregates: macromolecular cell surface modification with P1 induces cell aggregation
through intercellular diol-boronate ester crosslinking and thermoresponsive coil-to-globule phase

transition.

3.2. Cytotoxicity assessment of copolymer. The cytocompatibility of the copolymer was
assessed through the resazurin assay (Figure 2). Cells were incubated with P1 at concentrations
ranging from 25 to 1000 pg/mL over a 7-day culture period. After 48 hours, high cell viabilities
(around 99%) were observed for all P1 concentrations, while after 72 hours, a minimal decrease

was observed with an overall cell viability above 80%. The cytotoxicity assay performed on



HO9c¢2 (cardiomyoblasts) cell line confirmed that the polymer exhibited minimum cytotoxicity,

even at concentrations significantly higher than the required to induce cell aggregation.
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Figure 2. Effect of copolymer concentration on cell viability (H9c2 cell line). The data are
expressed as percentage of cell viability with respect to the control corresponding to non-

polymer-treated cells (mean + SD obtained from triplicates).

3.3. Polymer-induced formation of cell aggregates. Cellular aggregation studies were first
conducted using H9¢2 cells as a model. The formation of CAs was achieved by simple mixing of
P1 at low concentrations (25 pg/mL) with cells suspended in complete culture medium. P1 was
found to rapidly induce the formation of large CAs at relatively short times, at temperatures
above (37 °C) and below the LCST (25 °C), as shown in Figure 3a-h. Detailed monitoring of the
CAs formation kinetics revealed that P1 could form larger aggregates above the LCST compared
to the experiments performed at room temperature. Hence, we concluded that P1 induces
aggregation mainly via two driving forces: 1) the inter-cellular crosslinking of neighboring cells
by the formation of reversible diol-boronate ester bonds with the sialic acids (or other cis-diol-

54-58

rich residues) on cell surface glycoproteins®~°, and 2) the hydrophobic interaction of the



polymer chains driven by the coil-to-globule phase transition above the LCST*%* which further
augments the formation of the CAs (Figure lc). The specificity of the interaction was further
confirmed by observing cells without any polymer (Figure 3i, j) or by mixing cells with a
PNIPAAmM homopolymer (Figure 3k, 1), where the absence of CAs was confirmed below and
above the LCST. To investigate the attachment of the copolymer on the cell membrane, a
fluorescent P1 derivative was synthesized. A characteristic green fluorescent signal was observed
at 1 hour incubation time, indicative of the specific interaction of the polymer with the cell
membrane. (SI, Figure S2). Finally, in order to probe the role of the diol-boronate ester bond in
the formation of CAs, competition experiments with free glucose added in P1-cell suspensions
were performed to determine the minimum concentration of free glucose required to completely
inhibit the formation of CAs (SI, Figure S3), which was found to be significantly higher (0.1 M)

than the existing glucose concentration in the culture medium (0.02 M).
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Figure 3. (a-h) Representative phase-contrast microscopy images of H9c2 cell aggregates

formation over time at 37 °C and 25 °C by addition of 25 pg/mL of P1. (i, j) Control (non-
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treated) cells and (k, 1) PNIPAAm homopolymer-treated cells after 60 min incubation period

(scale bars = 1 mm).
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Figure 4. Microscopy images of cell aggregates formation in presence of 200 pg/mL of P1 at (a)

37 °C and (b) 25 °C (scale bars = 1 mm).

3.4. Effect of polymer concentration on cellular aggregation. To further elucidate the role of
the copolymer concentration on the aggregation mechanism, cells were incubated with P1 at
increasing concentrations (25 pg/mL to 500 pg/mL) below and above the LCST. Although P1
could induce extensive CAs formation at 25 and 50 pg/mL as discussed previously, the further
increase of P1 concentration (for example at 100 pg/mL or above, as shown in Figure 4),
triggered an interesting phenomenon in the aggregation process: the average size of the cell
aggregates was significantly reduced, while at polymer concentrations of 500 ug/mL no cell

{64

aggregates were observed. We attribute this observation to the steric effect™ where free non-cell-

anchored polymer chains inhibit the interaction of cell bound polymer chains resulting in the
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macroscopic prevention of cell aggregate formation. Therefore, we decided to systematically
probe the effect of temperature below and above the LCST at different polymer concentrations in
more detail (Figure 5).

At P1 concentrations up to 200 pg/mL, an increasing size of CAs over time was observed for
both temperatures but at different rates. As expected, the aggregation rate was significantly more
pronounced when the temperature was above the polymer’s LCST, particularly, at concentrations
of P1 below 100 pg/mL. A closer look reveals that after 30 minutes, the average aggregate size
almost doubles in comparison with the same conditions below the LCST, while after 60 minutes
the CAs formation is completed. At 200 pg/mL of P1, moderate formation of CAs is observed,
which does not exceed 45 % of the total area of aggregation (considering as 100% the incubation
of cells with P1 at 25 pg/mL) after 90 minutes irrespective of the temperature incubation.
Finally, at 500 pg/mL, nearly no CAs are observed after 90 minutes of incubation.

From this set of data, it is proposed that CAs are composed by three phases: a transient
organization of discrete small cell clusters forming in the first 15 minutes, followed by a nearly
linear growth of the CAs between 15-60 minutes, and a final ripening phase of established
aggregate growth taking place after 60 minutes incubation.

To demonstrate the generic nature of the proposed aggregation mechanism, we also performed
the experiments on a hepatoma cell line (HepG2). P1 also induced rapid formation of aggregates
at similar rates as observed in the case of the H9c2 cell line (SI, Figure S4), which further
corroborates our proposed concept that the diol-boronate type of macromolecular cell surface
remodeling could indeed serve as a general one-polymer-fits-all approach for mammalian cell

lines.
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Figure 5. Variation of the degree of aggregation of H9¢c2 cells with 25 — 500 ug/mL P1 at (a) 37
°C and (b) 25 °C at various time points. The cells aggregated rapidly and were tightly packed
within 30 min above the LCST. Afterwards, the rate of aggregation gradually decreased, but did
not stop until approximately 60 min. (c¢) Direct comparison of cell aggregation at different
concentrations of P1 at 37 °C vs. 25 °C at 30 min. All values are expressed as mean = SD of three

experiments ("p<0.05).

3.5. Cell viability and proliferation of the aggregates in culture. Encouraged by the cell
aggregation results, cytotoxicity studies of the CAs formed with P1 at different concentrations
were performed using a resazurin assay. Twenty-four hours after aggregation, cell death rates
were found to be statistically insignificant, as observed in Figure 6. However, 72 hours post-
formation, the death rates significantly increased (ca. 30%) for low polymer concentrations as a
result of the prominent aggregation process, while low cell death rates (around 10-20%) were
observed for high concentrations of P1, where the CAs density and size is lower (Figure 6c¢).
These results underline the fact that low polymer concentrations exert a stronger effect on the
aggregation mechanism, which in turn results in higher cell death rates, implying that it is the

aggregation process that leads to increased cell death rates and not the polymer itself.
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Furthermore, the viability of these CAs was also assessed using a Live/dead assay. Figure 6
also shows that the majority of the cells in the aggregates were viable after a 24 hours incubation
period with P1, while at 72 hours, the cell viability decreased. Both assays demonstrated high
cell viability 24 hours after CAs formation followed by a steady decrease of the cell viability
over time, especially for low concentrations of P1. This trend can be correlated with the average
size of the CAs, which increases inversely with P1 concentration and in turn triggers hypoxia
conditions at the center of the aggregates, leading to lack of nutrients and oxygen of the
innermost cells. This phenomenon is more clearly demonstrated in experiments that involved the
formation of cell spheroids with the use of Pl (see below). Although the fluorescence
microscopy images of the CAs show an increase of cell death after 72 hours, it is interesting to
note that there are more dead cells found with the resazurin assay compared with the live/dead
fluorescence assay. We attribute this difference to the fact that non-polymer-treated cells could
have proliferated more than those in the CAs, which results in the decrease of the overall cell

viability ratio, especially for low concentrations of P1.
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Figure 6. Live/dead fluorescence images of P1-treated cells after (a) 24 h and (b) 72 h. Live cells

are shown as green, while dead cells are stained in red (in white circles for optical guidance)
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(scale bars = 1 mm). (c) Cell viability studies using resazurin assay at 24 h and 72 h after the
formation of the CAs. The data are expressed as percentage of cell viability with respect to the
control corresponding to untreated cells (mean + SD obtained from triplicates). Asterisks

("p<0.05, p<0.01, and ““p<0.001) indicate values that differ significantly from the control.

3.6. Spheroids formation and self-organization. Having established the conditions required to
form robust CAs using P1, we sought to test the capability of the copolymer to form scaffold-
free tumor spheroid/cardioid models by using non-adherent well plates, which are widely used
for the growth of cell aggregates/spheroids.

Figure 7 and Figure 8 illustrate the formation of spheroids comprising H9¢2 cells in ultra-low

attachment (ULA) flat and round bottom microplates, respectively.

a)
48h

3h
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Figure 7. Microscopy images of cell spheroids culture on ULA flat bottom culture plates in time
sequence treated with (a) P1 (25 pg/mL) and (b) polymer-free cells (scale bars = 1 mm). The

cells were seeded at a concentration of 5x10* cells per well.

In the ULA flat surface, a significant degree of aggregation between cells can be observed
even 30 minutes post-seeding. The cells further agglomerate to form a more compact CA after 1
hour, which continues to grow gradually. Subsequently, the aggregate formed a large compact
spheroid-like structure with indistinguishable cell-cell boundaries by day 2 (Figure 7a).

The minute addition of polymer into the cells suspension seems to promote the spheroid
formation. Microscopy visualization of polymer-free cell cultures show that only small clumps
of cells were formed after 24 hours, which contrast with the large and dense aggregates created
with P1-treated cells at the same time period. Interestingly, the control samples could not form
large and well-defined cell spheroids after 48 hours incubation period (Figure 7b), which clearly
signifies the role of P1 in the acceleration of the maturation period of the formation of spheroids

under the tested conditions.
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Figure 8. Micrographs of spheroids culture on ULA U-shaped bottom plates treated with (a) P1

(25 pg/mL) and (b) polymer-free cells (scale bars = 500 um). The aggregates were formed at a

cell seeding density of 1x10* cells per well.

To monitor whether P1 influences the kinetics of construction of spheroids in U-shaped ULA
surfaces, we incubated the cells with or without P1, and observed them under the microscope
over time, as shown in Figure 8.

Strikingly, the most active period of aggregation occurred in the first 60 minutes for the P1-
treated cells, where a clear spherical pattern of cells was observed. This rate was significantly
higher than that observed for the untreated cells, where it was found that the cells aggregated in a
much slower rate and formed less well-defined spheroids 48 hours post-incubation. Again, it is

concluded that P1 significantly accelerates the formation of cell spheroids by at least 24 hours in
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the round-shaped well plates. Nearly indistinguishable spheroids between polymer treated and

non-treated samples are obtained only after 72 hours (Figure 8).

3.7. Quantitative analysis of the cell aggregates/spheroids. Further, we conducted
quantitative analysis of the cellular aggregated area in flat and round shaped well plates. It was
found that the size of the overall area was independent of P1 concentration (in the range 25-200
png/mL, Figure 9a), 48 hours post-incubation. More importantly, P1 resulted in a nearly 3-fold
increase in the aggregated area compared to the polymer-free control (“p<0.01), after 48 hours
incubation time (flat bottom plates).

In the case of the cells incubated in U-shaped surface plates, it was found that after 24 hours,
the projected area differences between polymer-treated and non-treated cells were not
statistically significant and the spheroids were almost identical (Figure 9b). Significant
compaction of the cell spheroids was more obvious by day 2, as evidenced by the significant
reduction of the diameter. This reduction of the average size after 48 hours is probably attributed
to the fact that we capture image areas within the x-y axes of the optical plane of the microscope,
which means that if the cells continue to grow in a spheroid-type of geometry (which indeed is
evidenced by the characteristic darkening hue of the spheroids under the optical microscope),
they should increase their overall volume along the z-axis that is virtually impossible to capture
with the optical microscope. Therefore, from this set of experiments, we conclude that
gravitational force is probably the main driving mechanism for the spheroid formation in the U-
shaped well plates, which undermines the polymer-augmented cell-cell interactions that were
observed in the flat ULA surfaces. However, a careful inspection of the microscopy images

shows that the polymer formed cell spheroids in the round ULA well plates that exhibit faster
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maturation (as evidenced by the darker hue of the spheroids under the optical plane, Figure 8 and
Figure 10, at 48 and 72 hours incubation time) and have better defined texture, regardless of the
fact that their average sizes at the same time periods are not significantly different from their
non-polymer treated counterparts.

Another phenomenological conclusion is that the cells first agglomerate in a large 2D-like
aggregate, which at later stages is transformed into a compacted spherical aggregate, implying
that there should be an intra-spheroid mechanism that results in the re-organization of the 2D

structure to the well-defined 3D spheroid formation.
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Figure 9. (a) Average spheroids’ areas formed with different P1 concentrations in a flat surface
plate at 48 h. (b) Average spheroids’ surface area as a function of time in U-shaped surfaces. The
data are expressed as mean + SD obtained from three experiments (" p<0.01 with control, and

#p<0.05 between groups).

3.8. Influence of cell number on spheroid culture. Following the previous results, we

explored the relationship between the cell seeding density and the average size of the spheroids
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that could be formed (Figure 10). Cell spheroids were formed with P1 at 25 pg/mL using
different cell numbers per well (2x10%, 5x10° and 1x10%). In all three cell densities tested, well-
defined cell spheroids were formed over a period of 48 hours (Figure 10a-c). Interestingly,
optical microscopy images revealed an increased compaction of the cells with time, and a well-
defined characteristic circular shape with indistinguishable cell boundaries even for the spheroids
formed with the lowest number of cells (Figure 10a). As expected, the reduction of the average
size of the spheroids was proportional to the decreasing number of cells in each well (Figure
10d), implying that it is possible to design custom-sized spheroids with P1 simply by adjusting

the initial cell seeding density.
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Figure 10. (a-c) Spheroids formed in round bottom microplates with H9c2 cells using 2x10°,

5x10° and 1x10* cells per well, respectively; incubation period is 48 h with 25 ug/mL of Pl
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(scale bars = 200 pum). (d) Average spheroids’ area as a function of cell number per well, as
determined by optical microscopy. The data are expressed as mean + SD from three experiments

("p<0.001, “p<0.01 and “p<0.05).

3.9. The fate of 3D cell culture. Next, we examined the viability of the cell spheroids using a
Live/dead assay. Figure 11 depicts live/dead fluorescence images of the cell spheroids with
different cell seeding densities incubated with P1. The H9c2 spheroids exhibited an overall
strong green fluorescent signal corresponding to live cells, although some dead cells (red signal)
were also found. Interestingly, most of the cells at the periphery of the spheroids are alive,
whereas dead cells are mostly found at the innermost part of the spheroids and are spread evenly
within the volume of each spheroid compartment. This color pattern is more noticeable for cell
concentrations above 5x10° cells per well. Only 15% of the cells were found dead after 5 days,
even for the control polymer-free-formed spheroids, when cell number is ca. 2x10°. However,
ca. 40% dead cells were found in spheroids with 1x10* cells per well. These agglomerates with
diameters, typically, above 200 um, develop chemical gradients where the innermost cells

65-66 while cells located at the

become quiescent and eventually die via apoptosis or necrosis
periphery are actively dividing, as is evidenced by the homogenous green layer formed around
the spheroids. It was also observed that cellular viability was independent of P1 concentration
(SL, Figure S5). It is therefore concluded that there is a strong inverse correlation of the cell
viability with the average size of the spheroids, and in order to eliminate extensive cell death

within the spheroids, the latter should be preferably designed with relatively low cell seeding

densities (i.e., below 5x10° cells per well).
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Therefore, our proposed copolymer could find useful applications in the construction of cell
spheroids suitable for cell therapeutics, or the modeling of cancer tumoroids and hypoxia

patterns®’.
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Figure 11. (a-c) Fluorescence microscopy images of the live/dead assay of cell spheroids after 5
days incubation with P1 at 25 pug/mL using 2x10%, 5x10% and 1x10* cells per well, respectively
(scale bars = 200 pm). (d) Quantification of cell death in the spheroids. The data are expressed as

mean + SD of at least three selected images for each condition (“p<0.01 and “p<0.05).
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In a wider context, the construction of 3D cell culture models for biomedical applications
poses several technical challenges depending on the targeted application, which has led to the
development of various 3D culture methods. For example, the formation of cell spheroids is
usually conducted either by scaffold-based (including hydrogels, patterned constructs,
microfluidic devices, etc.) or scaffold-free (e.g. hanging drop method, rotating bioreactors,
among others) methods that have their own merits in terms of applicability, scalability and cost.
We believe that our proposed method can be integrated with many of the aforementioned
methods as it has certain advantages in that 1) it comprises a non-toxic synthetic polymer that
exerts strong cell-cell aggregation motifs at micromolar concentrations, 2) it accelerates
significantly the complete formation of cell aggregates/spheroids (for example, as it was
demonstrated in ULA surfaces where the formation time was faster by at least 24 hours), 3) it is
perfectly compatible with widely used cell culture kits and sera, 4) it is generic regardless of the
cell line as virtually most cell lines have glycosylated residues on their cell membrane, which are
all potential chemical anchors of the boronate-rich polymer, and 5) it exerts robust aggregate
kinetics owing to the covalent nature of the boronate bonds, albeit is highly controllable and

reversible by the addition of free glucose or the control of the polymer’s LCST onset.

4. CONCLUSIONS

In conclusion, we demonstrated a new thermoresponsive copolymer that induces rapid cell
aggregation in complete medium exerted by specific polymer-cell surface interactions. The
proposed copolymer can be easily integrated with existing cell culture protocols and significantly
accelerates the formation of cell aggregates/spheroids at minute concentrations, under certain

conditions. We anticipate that such macromolecular cell surface remodeling approaches will fuel
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the field of chemically promoted 3D cellular constructs that could further boost the development
of cell culture protocols and methods for tissue engineering, cell therapies, and ex/in vivo

modeling studies.
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