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Abstract

Polymerisation reactions conducted inside cells must be compatible with the complex
intracellular environment, which contains numerous molecules and functional groups that
could potentially prevent or quench polymerisation reactions. Here we report a strategy for
directly synthesising unnatural polymers in cells through free radical photo-polymerisation
using a number of biocompatible acrylic and methacrylic monomers. This offers a platform
to manipulate, track and control cellular behaviour by the in cellulo generation of
macromolecules that have the ability to alter cellular motility, label cells by the generation of
fluorescent polymers for long-term tracking studies, as well as the generation within cells of a
variety of nanostructures. It is remarkable that free radical polymerisation chemistry can take
place within such complex cellular environments and this demonstration opens up a
multitude of new possibilities for how chemists can modulate cellular function and behaviour

and for understanding cellular behaviour in response to the generation of free radicals.

Introduction
Synthetic polymers are used extensively in cell biology, from delivery vehicles for DNA and
drugs,"? and fluorescent probes for cellular sensing,>® to bioinks for tissue engineering,’*

and as polymers that mimic biological functionality, such as artificial antigen presenting



cells.'®!! Typically these polymer constructs are synthesised and formulated before cellular
application, although in some cases, such as bioinks, materials are synthesised in the presence
of cells.””

In nature cells are packed with a huge variety of macromolecules that include nucleic acids,
proteins and polysaccharides, with the interaction between these macromolecules and small
molecules, within the intracellular microenvironment, driving cellular functions, such as
cellular motility and differentiation.'> Microorganisms produce a broad spectrum of
biopolymers that include polyphosphates,!® polyesters, such as poly(hydroxyalkanoates),'*!>

6 gellan!” and hyaluronic acid.'® These

and a variety of polysaccharides, such as chitin,!
clearly have, or display, diverse biological functions, for example as energy storage materials
or as surface antigens and virulence factors, while they also have an impact on the
mechanical properties of the microorganisms!® and are attracting attention as a source of
biodegradable polymers.?’

2126 o1 the

The extracellular formation of polymeric materials for cellular encapsulation
engineering of cell surfaces with macromolecules have been reported,>’? but in cellulo
polymerisation reactions must survive the highly complex intracellular environment that
contains a multitude of molecules that might preclude or quench such chemistries. Thus,

although the ability to biosynthesise inorganic nanomaterials®®-?

and fluorescent quantum
dots**** has been demonstrated in model microorganisms and human cells, to the best of our
knowledge, there are no studies demonstrating the free radical mediated intracellular
synthesis of non-naturally occurring polymers, nor an understanding of how such polymers
alter cellular function, or how they can be used to provide cells with highly robust tracking
potential.

Here, we report the first photo-polymerisation approach to generate polymers in situ in an

intracellular microenvironment, by developing a light-mediated free-radical polymerisation



method using a biocompatible initiator and a range of monomers, with spatial and temporal
control of polymerisation under physiological conditions. The polymers generated had a
number of cellular effects, such as the promotion of actin polymerisation and impact on cell
motility, highly intense fluorescent labelling, while also undergoing intracellular induced

polymer aggregation.

Results and discussion

Cytotoxicity and cellular uptake of monomer and initiator

In developing the in cellulo polymerisation chemistry (Figure 1a), a benign and cell friendly
photo-initiator was required, which was stable in the presence of oxygen and cellular
components. 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) was
selected as the photoinitiator as it has been used in multiple biomedical and tissue
engineering applications within aqueous environments and has been shown to be well
tolerated by many cell types.?>*%37 The potential cytotoxicity of acrylate and methacrylate
monomers has been previously studied in a number of different cell lines where monomers,
such as triethylene glycol dimethacrylate and 2-hydroxyethyl methacrylate, were shown to
have toxic effects.®* Thus, our initial studies involved the screening of a variety of
monomers and their compatibility in a cellular setting, with HeLa cells incubated with the
monomers for 48 h and their ICso values determined. Monomers with low ICso values would
clearly not be suitable for intracellular polymerisation, and this included monomers such as
poly(ethylene glycol) methacrylate (number-average molecular weight, M, = 480) and
acrylamide, which had ICso values of I mM and 1 uM, respectively (see Table 1 for the list
of monomers investigated).

We observed no reduction in cell viability and remarkable biocompatibility with the

monomers N-(2-hydroxypropyl) methacrylamide (HPMA) (up to 250 mM) and sodium 4-



styrenesulfonate (NaSS) (up to 100 mM) after 48 h incubation with HeLa cells. Indeed,
HPMA-based polymers have a distinguished record of clinical application,*® having been
used to modify proteins and to aid drug delivery*'** due to their excellent biocompatibility
and hydrolytic stability.** 4-Vinylaniline (VAN) and ferrocenylmethyl methacrylate (FMMA)
were also chosen for the intracellular polymerisations (see later) and showed ICso values of
56 mM and 68 mM, respectively. The cellular uptake by HeLa cells was determined by
incubation with the monomer and initiator, followed by washing and cell lysis, and
subsequent HPLC analysis, which showed cellular uptake of *58% and =49% for HPMA (50
mM) and Irgacure 2959 (2 mM), respectively, after 4 h incubation (Figure 1c, Supplementary

Fig. 13).

Polymerisation conditions

In order to develop robust and biologically suitable conditions for intracellular photo-
polymerisation, we examined a number of polymerisation parameters including the
concentration of initiator (0.5—5 mM) and monomers (1-100 mM), and the duration of photo-
activation (5-15 min) at 362-370 nm (with maximum emission at 365 nm, see
Supplementary Fig. 1), with the lamp with an intensity of 5 mW cm™ fixed at 5 cm above the
samples. A remarkable cellular tolerance to both the monomers and initiator was found at all
tested concentrations, while cells remained viable following illumination for up to 10 min
(Supplementary Fig. 20).

The photo-polymerisation of HPMA (Irgacure 2959 as an initiator, 5 min at 365 nm) was
initially investigated in vitro with a series of concentrations and monomer/initiator ratios
under different reaction conditions, including the presence or absence of Oz in phosphate
buffered saline (PBS, pH 7.4) or cell lysate (with and without glutathione (GSH)). Monomer

concentrations below 20 mM and initiator concentrations below 600 pM gave no



polymerisation in PBS (as observed by NMR, see supporting information Table S1).
Polymerisation of 50 mM HPMA in the presence of Irgacure 2959 (2 mM) with illumination
at 365 nm for 5 min at room temperature allowed polymerisation and showed a 48%
conversion, giving a polymer with a M, of 13.5 kDa and a dispersity (P, defined as the ratio
of weight-average molecular weight to M,) of 1.78 (as determined by gel permeation
chromatography (GPC)). Changing the initiator to the equally cytocompatible and more
water-soluble BAPO-ONa (Supplementary Fig. 2), gave similar levels of conversion in the
polymerisation (supporting information Table S1). The removal of O; from the solution had
no effect on the conversion. Notably, the polymerisation proceeded equally well in cell lysate
with 48% conversion of HPMA (50 mM), despite the presence of free radical scavenging
activity of antioxidant systems, such as GSH.** Moreover, 50 mM GSH in cell lysate had no
detrimental effect on the polymerisation and GSH did not act as chain transfer agent for the
polymerisation as evident from 'H NMR (Supplementary Fig. 10), further indicating the
biological compatibility of the monomer/initiator system. In cell lysate, the resulting
polymers ranged from 15 kDa to 19 kDa, similar to polymers formed in PBS, with the M,
increasing with increasing monomer concentration (from 50 mM to 1 M at 25/1

monomer/initiator ratio) (Supplementary Table 2).

Intracellular polymerisation has no effect on cell viability

Mixtures of Irgacure 2959 (2 mM) and monomer HPMA (1-100 mM) were prepared in
complete culture media and added to HeLa cells, followed by incubation for 4 h. The cells
were washed, incubated in fresh media, and illuminated with at 365 nm (5 mW cm™, 5 cm
from the target), without significant adverse effects on cell viability at exposure times of 5
min (> 85% cell viability, Figure 1b and Supplementary Fig. 23), in agreement with previous

studies that suggested that localised radicals produced in cells are not directly relevant to cell



viability.?>*¢ The biocompatibility of polymerisation of HPMA was also observed in ARNS
and PC3 cells, which showed cell viabilities > 90% using the same conditions as described
above (Supplementary Fig. 24 and Fig. 25). Importantly, 7 days after polymerisation, there
was no reduction in viability or proliferation of the photo-polymerised cells (50 mM HPMA,
2 mM Irgacure 2959, 5 min at 365 nm) compared to treated cells without illumination and
untreated cells (Supplementary Fig. 26 and Fig. 27).

Having demonstrated cellular compatibility, the structure of the polymer generated during
intracellular polymerisation was explored. The conversion in cells was determined to be ca
68% based on the remaining concentration of HPMA in cells after illumination (Figure 1d),
as measured from cell lysate (0.06 pmol per polymerised cell vs 0.19 pmol per untreated cell),
similar to the polymerisation levels carried out in PBS and cell lysate (~ 50% conversion)
under the same conditions. No detectable consumption of HPMA was observed in cells in the
absence of initiator under illumination at 365 nm (5 min).

To confirm whether the polymerisation was by a free radical mechanism, we detected the
radicals produced intracellularly under our experimental conditions by using dichloro-
dihydro-fluorescein diacetate (DCFH-DA) assay, which is one of the most widely used
techniques for directly measuring free radicals and other reactive oxygen species in cells.®
Notably higher levels of fluorescence intensity was detected in the cells that were treated
with initiator and UV illuminated for 5 min at 365 nm, with or without monomer, compared
to both the untreated cells and only UV treated cells (Supplementary Fig. 28). These results
indicate that free radicals were produced in cells by the photoinitiator (Irgacure 2959), which
is consistent with our result that no polymerisation of HPMA was observed in the absence of
the initiator (with or without illumination).

To isolate the polymer from cells, a biotin-PEG methacrylate was used to provide an isolation

handle. HeLa cells were incubated for 4 h with biotin-PEG methacrylate (0.1 equivalent to



HPMA) and HPMA (50 mM) in the presence of Irgacure 2959 (2 mM), followed by
illumination for 5 min at 365 nm. The cells were harvested, lysed and the polymer isolated
using streptavidin functionalised magnetic nanoparticles, allowing isolation of a polymer
with a M, of 12.7 kDa and a P of 1.62, with MALDI-TOF MS analysis showing molecular

ion intervals indicative of the HPMA repeating units (Supplementary Fig. 31 and Fig. 33).

Intracellular polymerisation affects cell cycle

To gain insight into the effect of photo-induced intracellular polymerisation on cell cycle
progression, HeLa cells were treated with HPMA (50 mM) and initiator (2 mM) followed by
illumination (5 min at 365 nm) under normal growth conditions with cells analysed at 2 h, 24
h, 48 h, and 72 h by flow cytometry. There were no significant differences in the G; and G2
phases between the treated and untreated cells (Figure 1e and 1g). At 48 h, “polymerised cells”
showed a delay in entering the S phase (6% of cells were in S phase in comparison to 12% of
untreated cells, p < 0.05); however, “polymerised cells” had similar DNA contents after 72 h
(Figure 1f). The Gi/S border was not accompanied by an increased apoptotic response
following polymerisation in cells (Figure 1h). In addition, there were no notable differences
in cell cycle progression comparing cells with and without illumination, meaning that the
illumination at 365 nm did not result in any significant DNA damage (Supplementary Fig. 37

— Fig. 40).

Cellular mechanics and the cytoskeleton

Intracellular polymerisation changes cell migration modes

To investigate the role intracellular polymers play in altering cellular migration, a wound
healing migration assay was used. The percentage of wound closure in untreated cells and

“polymerised cells” was similar over 24 h (67% for both), whereas after 48 h and 72 h the



polymerised cells showed a significantly reduced motility compared to untreated HeLa cells
(Figure 2). The “polymerised cells” presumably migrated more slowly as a consequence of
the acquired internal polymer resulting in a phenotype that has altered cell body
translocation.***’ It is worth noting that we did not observe any significant differences
between cells that were untreated with and without illumination, and HPMA and initiator
treated but without illumination at 365 nm. Moreover, we observed that cell motility could be
manipulated by cellular polymerisation using different ratios of monomer and initiator, with
lower initiator concentrations resulting in slower migration of cells. Thus, a monomer to
initiator ratio of 125:1 (250 mM and 2 mM, respectively) gave a gap of 62% after 72 h,
whereas with a ratio of 25:1 (50 mM and 2 mM, respectively) and 50:1 (100 mM and 2 mM,
respectively) gaps of 25% and 29%, respectively, compared to 0% for untreated cells
(Supplementary Fig. 41). As discussed above, there was no significant change in cell
proliferation for the “polymerised cells” compared to the untreated cells (Supplementary Fig.

27), but the formation of polymers inside the cells did modify their migration abilities.

Actin filament ordering increases after intracellular polymerisation

Since polymerisation inside a cell would increase cellular viscosity, it may trigger actin
polymerisation*® as well as the demonstrated changes in migratory behaviour. Although it is
still challenging to measure the cellular forces,*’ internally generated physical forces can act
through the cytoskeleton to affect the local mechanical properties and hence cellular

50,51

behaviour. As such, the actin organisation in individual cells upon intracellular

polymerisation could have an effect similar to actin binding and crosslinking proteins.>?->*
To better understand how intracellular polymerisation alters actin polymerisation, F-actin

staining and actin reorganisation were analysed. The local angles of actin filaments within

untreated HeLa cells (with and without illumination for 5 min at 365 nm) and “polymerised



cells” were analysed and are represented as coloured orientation plots in Figure 3.%> Marked
differences in the cellular structure of “polymerised cells” were observed with a well-spread
phenotype and a polarised morphology compared to untreated cells. Without polymerisation,
the observed cell shape correlated with an orthoradial actin distribution, together with small
adhesion complexes mostly distributed at the cell edge (Figure 3a and 3b). In comparison to
untreated cells (with and without illumination), the actin stress fibres in the “polymerised
cells” appeared to cluster into large locally ordered microdomains shown by their uniform
orientation distribution (Figure 3c). In addition, the cell area containing microdomains
increased and cells were more elongated (Figure 3e). Anisotropy of the actin was quantified

using the FibrilTool*®

and showed significantly higher anisotropy values for “polymerised
cells” after 72 h when compared to untreated cells with and without illumination (p < 0.05)

(Figure 3f).

Polymerisation induced fluorescence enhancement in cells

Having demonstrated intracellular polymerisation with HPMA, we sought to expand the
approach to more challenging polymers with greater practical applications.
Biomacromolecule-based fluorophores are well retained in cells over multiple passages, in
comparison to small molecule dyes’’ and, thus, we targeted the in situ generation of
fluorescent polymers.

Polymerisation of sodium 4-styrenesulfonate (NaSS) is known to generate fluorescent
polymers (supporting information Supplementary Fig. 42).5%%° Using the same set of
intracellular polymerisation conditions as before, incubation of non-fluorescent NaSS (50
mM) and Irgacure 2959 (2 mM) with HeLa cells followed by 5 min illumination resulted in

the intracellular generation of poly(NaSS) localised in the cytoplasm (determined by confocal



microscopy, Figure 4). There was a shift of the whole cell population towards higher
fluorescence intensity when compared to untreated cells as observed by flow cytometry
(Supplementary Fig. 46). Likewise, polymerisation of 4-vinylaniline (VAN) generated
intracellular fluorescent polymers in Hela cells. The poly(VAN) was predominantly

1

localised in lysosomes®' perhaps driven by poly(VAN) protonation (pKa = 4.6)

(Supplementary Fig. 47). 6263

To increase the overall fluorescence intensity of the in situ synthesised polymer and allow
analysis over multiple cell passages, thodamine B acrylate (acryloxyethyl thiocarbamoyl
rhodamine B (AOTCRhB)) was used to create a co-polymer with HPMA inside cells (a co-
polymer was used as AOTCRhB was toxic to cells at high concentration (ICso = 20 uM)).
Thus, HeLa cells were incubated with HPMA (20 mM) and AOTCRhIB (5 uM) and initiator
(1 mM) for 4 h and, following washing, photo-polymerisation was initiated. Cells were
grown for five passages and analysed by flow cytometry and fluorescence microscopy at each
passage (Supplementary Fig. 48). Following polymerisation, the fluorescence intensity of the
cells increased dramatically in comparison to untreated cells and cells treated with monomers
but no illumination (some 100-fold increase at P1 compared to untreated cells) (Figure 5b
and Supplementary Fig. 49). After five passages, the fluorescence intensity naturally reduced;
however, the “polymerised cells” still exhibited high fluorescence intensity when compared
with non-polymerised cells. This long-term retention of fluorescence within the “polymerised
cells” suggests that intracellular polymerisation is a viable strategy for creating long-term
cellular tracking reporters, an important requirement in regenerative medicine where there is

powerful need to track implanted cells.

Polymerisation induced intracellular polymer aggregation

10



As a final example of intracellular polymerisation, ferrocenylmethyl methacrylate (FMMA)
was used. The polymerisation of FMMA (10 mM) was initially explored in PBS in the
presence of the initiator (1 mM) with 5 min illumination. GPC analysis showed a polymer
with M, of 6.2 kDa and a P of 1.52, which aggregated into nanoparticles in situ presumably
as a consequence of the polymer precipitating (Figure 5b).

HeLa cells were incubated with FMMA (10 mM) and initiator (1 mM), and polymerised as
above. Transmission electron microscopy (TEM) showed the in situ generation of
nanoparticles within cells with spherical features of around 50—70 nm in diameter in both the
cytoplasm and nucleus, similar to the dimensions of the poly(FMMA) aggregates found in
PBS (Figure 5 and Supplementary Fig. 51). Cells treated with FMMA and initiator without
illumination showed no such structures, which was in agreement with control experiments
where FMMA monomer showed no nanostructures in PBS (Supplementary Fig. 50).

Previous studies have shown that ferrocene-conjugated small molecules have the ability to
enter the cell nucleus.**% By contrast, ferrocene-based polymers® and nanoparticles®’ have
only been found in the cytoplasm. Taken together, our results suggest that the FMMA crossed
not just the cellular membrane, but also the nuclear membrane, and was polymerised (under
illumination) and aggregated in situ. 2-Hydroxyethyl methacrylate (HEMA) and O-2-
hyroxypropyl methacrylate (O-HPMA), which are known to be polymerised into water

6869 were also photo-polymerised in cells under the same conditions.

insoluble polymers,
TEM analysis showed polymer aggregates inside cells after the in cellulo polymerisation of

HEMA or O-HPMA (Supplementary Fig. 54).

Conclusions

Being able to use light-mediated polymerisation to generate new-to-nature polymers in live

cells paves the way for intracellular engineering in which the functional polymers formed in
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situ can be explored in fluorescence imaging, controlling cytoskeleton function and cellular
motility. The ability to generate free radicals within the cellular environment and to use them
to generate polymers also raises many questions about the mechanisms of free radical
scavenging chemistries within cells. The potential power and applicability of this approach
allows us to expand the toolkit of cytocompatible chemistries into intracellular synthetic
macromolecules and further exploration into the realm of intracellular polymerisation

promises to be a great adventure.

Methods

Cell culture. HeLa cells were maintained in Dulbecco's Modified Eagle’s Medium (DMEM),
supplemented with 10 % (v/v) fetal bovine serum (FBS) and penicillin/streptomycin (100
U/mL of each), in a cell incubator (37 °C and 5 % CO.). The cells were regularly passaged
using trypsin/EDTA.

General procedure for intracellular polymerisation. HeLa cells were seeded in a 96-well
plate at a density of 1x 10° cells per well and cultured overnight. The cells were then treated
with monomer HPMA (50 mM) and Irgacure 2959 (2 mM) for 4 h. The cells were washed
with PBS (3 x 200 pL) and fresh medium added (200 pL). Polymerisation was initiated by
illumination at 365 nm for 5 min, with the lamp fixed 5 cm above the plate. The cells were
incubated at 37 °C for further examinations. Polymerisation of other monomers typically
followed the same procedure. Untreated cells were used as a control, unless otherwise stated.
Cell cycle study. HeLa cells were seeded in 24-well plate at a density of 5 x 10* cells per
well and incubated at 37 °C overnight. To each well, HPMA (50 mM) and Irgacure 2959 (2
mM) were added and incubated at 37 °C for 4 h, followed by washing and polymerisation as
described above. The cells were then incubated at 37 °C for 48 h. The media was removed

and the cells were gently washed twice with PBS. The cells were treated with 1% trypsin
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(200 pL) for 10 min and the detached cells were suspended in fresh media (800 pL) and
transferred to test tubes. To each tube, Vybrant® DyeCycle™ Green (2 pL of a 5 mM stock
solution) was added and incubated for 30 min in dark. The samples were analysed on a flow
cytometer using a FITC filter (Aex = 488 nm).

Cell motility study. HeLa cells were seeded in Ibidi® Culture-Insert 2 Well p-Dish at a
density of 1.5 x 10* cell per well (in 70 uL media) and incubated at 37 °C overnight. To each
well, HPMA (3.5 uL of a 1 M stock solution) and Irgacure 2959 (7.0 uL of a 20 mM stock
solution) was added and incubated at 37 °C for 4 h, followed by gentle washing with PBS (3
x 70 uL). Fresh media (70 pL) was added and the plate with cells was illuminated for 5 min
from the top. Cell Tracker Red® (0.7 uL of a 1 mM stock solution) was added to each well
and incubated at 37 °C for 30 min. The media was removed and the cells were gently washed
three times with PBS. The PBS was decanted and the insert modes were removed, followed
by addition of fresh media (2 mL) to the dish. Microscopy images were taken using the GFP
channel (Aex = 475 nm, Aem = 509 nm) and the bright field channel every 24 h and the
diameter of the void between cells measured using Image] with the Wound Healing Tool

plugin, using the variance method.

Actin staining and measurement of actin filament orientation. HelLa cells were seeded
onto polylysine coated glass slides placed on a 24-well plate at a density of 1 x 10* cells and
incubated overnight. HPMA (50 mM) and Irgacure 2959 (2 mM) were added to the medium
and the cells incubated at 37 °C for 4 h, followed by washing and polymerisation as
described above. After 48 h and 72 h incubation at 37 °C, cells were washed three times with
PBS and stained with Alexa Fluor™ 488 Phalloidin following the manufacturer’s instructions,
and images (Aex = 475 nm, Aem = 509 nm) were taken by confocal laser scanning microscopy.
The images of cells with fluorescently labelled actin filaments were analysed using ImageJ

with Orientation] plugin and the anisotropy of actin was quantified using FibrilTool.
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Measurement of actin area. Images of fluorescently labelled cells were smoothed using a
Gaussian filter in ImageJ, followed by removal of the background using a 20 um diameter
rolling ball. The images were then thresholded and the actin microdomains were analysed to
obtain the area.

Cell passage study. HeLa cells were seeded in 6-well plate at a density of 1 x 10° cells per
well and incubated at 37 °C overnight. To each well, acryloxyethyl thiocarbamoyl rhodamine
B (50 uM), HPMA (20 mM) and Irgacure 2959 (2 mM) were added and incubated at 37 °C
for 4 h, followed by washing and polymerisation as described above. For each passage
analysis, cells were treated with 1% trypsin (500 pL) for 10 min and the detached cells were
suspended in fresh media. Cell suspensions were transferred to cytometry tubes and analysed
on a flow cytometer using a PI filter (Aex = 586 nm). The rest of the cells were seeded back
into new well plate (1x 10° cells per well) and incubated at 37 °C. The trypsinisation process,

microscopy imaging and flow cytometry analysis were repeated every 48 h for 5 passages.
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Figure 1. Intracellular polymerisation.

(a) Generic strategy for polymerisation inside living cells. The monomer N-(2-hydroxypropyl)
methacrylamide (HPMA) and the initiator Irgacure 2959 were added to the cell culture, with

photo-polymerisation initiated by illumination at 365 nm for 5 min. (b) HeLa cells were

incubated with monomer HPMA (10, 50, and 100 mM) and initiator Irgacure 2959 (2 mM)

for 4 h, followed by photo-polymerisation (4 or 6 min at 365 nm) and cell viability measured

after 48 h (MTT assay, n = 3 independent experiments with 3 independent samples in each).

An untreated population of HeLa cells, without illumination, was used to determine the

relative cell viability, with cell viability > 85% for all concentrations of HPMA used (for

cytotoxicity evaluation of Irgacure 2959, see Supplementary Fig. 17). (¢) Time-dependent
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cellular uptake of monomer and initiator (at 50 mM and 2 mM, respectively) after incubation
with cells for 2, 3 or 4 h. Cells were washed, lysed, and monomer and initiator were extracted
and quantified by HPLC, and displayed as percentages of initial concentrations added to the
cell culture (n = 3 independent experiments with 3 independent samples in each). (d)
Intracellular monomer concentration in the presence or in the absence of initiator after photo-
polymerisation (5 min at 365 nm). Cells were washed, lysed, and monomer and initiator were
extracted and quantified by HPLC (n = 3 independent experiments with 3 independent
samples in each). (e) to (h) The cell cycle was investigated by treating the cells with the
monomer (50 mM) and initiator (2 mM), followed by photo-polymerisation. Vybrant®
DyeCycle™ (Aexem = 488/534 nm) was used for dsDNA staining. The data is presented as
mean = SD (n = 3 independent samples for each group). Significant differences were
analysed using two-way analysis of variance followed by Sidak’s multiple comparison test

compared to an untreated control group (ns, not significant, * P =0.049, ** P =0.0063).
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Figure 2. HeLa cells that underwent intracellular polymerisation were less migratory
and actin cytoskeleton organisation was altered. (a) Cell migration was determined by a
wound-healing assay of HeLa cell monolayers. HeLa cells were plated in an Ibidi® Culture-
Insert 2 Well p-Dish. Cells were treated with HPMA (50 mM) and Irgacure 2959 (2 mM) for
4 h, followed by illumination at 365 nm for 5 min. “Wounds” were created using Ibidi insert
kits and “wound closure” was monitored by bright-field microscopy at 24 h, 48 h, and 72 h

with untreated cells and treated cells with and without 5 min illumination at 365 nm. Wound
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areas were measured using ImageJ and are coloured in blue. Scale bar = 100 pum. The

experiments were repeated, independently, 3 times with similar results observed. (b) The

normalised gaps vs time (calculated as the ratio of the remaining gap area at the given time

point and at t = 0 h) (data represent the mean = SD, n = 3 independent experiments).

Significant differences were analysed using two-way analysis of variance followed by

Sidak’s multiple comparison test compared to an untreated control group (ns, not significant,

%% P < 0.0001).
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Figure 3. Actin cytoskeleton organisation was altered in polymerised HeLa cells.

(a) Untreated cells, with and without illumination, and polymerised cells (incubated with 50

mM HPMA and 2 mM Irgacure 2959 for 4 h, followed by 5 min at 365 nm) were stained for
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actin filaments (F-actin, after removal of cellular membranes) after 48 h and 72 h. Scale bar =
10 um. (b and ¢) Corresponding orientation plots for actin staining, where the different
colours indicate different orientations of actin filaments, as per the given colour map (d). The
experiments were repeated, independently, 3 times with similar results observed. (e) Area of
actin microdomains relative to cell area (4r) for untreated cells with and without illumination
(5 min at 356 nm), and polymerised cells incubated for 48 h and 72 h (data represent the
mean = SD, with each data point corresponding to 20 cells.) (f) Quantitative analysis of the
anisotropy of actin from confocal images of HeLa cells (n = 20 cells per condition, mean +
SD). (g) Aspect ratio of cell shape for untreated and polymerised cells after incubation for 48
h and 72 h. 20 cells were analysed for each experiment. (e)—(g) Significance was analysed by
two-way analysis of variance followed by Sidak’s multiple comparison test compared to

untreated cells with and without illumination (ns, not significant, **** P <(0.0001).
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Figure 4. Polymerisation of sodium styrenesulfonate (NaSS) in HeLa cells.

(a) Polymerisation of NaSS in cells. (b) Confocal fluorescence microscopy images of HelLa
cells, with and without illumination, showing the intracellular polymerisation of NaSS. Cell
nucleus stained with Hoechst 33342 (blue, Aexem = 353/483 nm); Plasma membrane stained
with CellMask™ Deep Red (red, Aexem = 649/666 nm); poly(NaSS) (green, Aexem = 480/565
nm); (i) Merged image of nucleus and NaSS or poly(NaSS), (ii) Merged image of nucleus
and cell membrane; (iii) Merged image of all channels and 3D confocal image (Z-stacks
projection) showing polymerised NaSS inside the cell with a vertical cross-section through
the cells (see also Supplementary Movie 1). Scale bar = 10 um. The experiments were

repeated, independently, 3 times with similar results observed.
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Figure 5. Co-polymerisation of HPMA with acryloxyethyl thiocarbamoyl rhodamine B
(AOTCRhAB) in HeLa cells. (a). Photo-polymerisation of HPMA (20 mM) and AOTCRhB
(5 uM) in cells. (b) Flow cytometry analysis (Aexem = 536/617 nm) of intracellular
poly(HPMA-co-AOTCRhB) at cell passages P1 and P5. After five passages, the fluorescence
intensity naturally reduced; however, the “polymerised cells” still exhibited high fluorescence
intensity when compared with non-polymerised cells. The experiments were repeated,

independently, 3 times with similar results observed.
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Figure 6. Polymerisation of ferrocenylmethyl methacrylate (FMMA) in HeLa cells.

(a) Photo-polymerisation of FMMA in the presence of initiator was followed by self-

aggregation to form nanoparticles. (b) (i) TEM image of ferrocene polymeric nanoparticles

26



formed in vitro, showing both individual and small clusters of particles; (ii) Clusters of
nanoparticles; (iii) Individual nanoparticles. Scale bars = (i) 1 um; (ii) and (iii) 500 nm. (c)
and (d) TEM images of HeLa cells incubated with FMMA (10 mM) and initiator (1 mM)
without and with illumination (5 min at 365 nm), respectively. The cells were fixed, sliced,
and treated with uranyl acetate to stain membranes and lead citrate to stain the nucleus.
Ferrocene nanoparticles were located in the cytoplasm and the nucleus. Red arrows show the
nuclear membrane and green arrows show the ferrocene nanoparticles. (i) A single cell and (ii)
magnification of nuclear membrane. Scale bars: (¢) (1) =2 um, (ii) = 500 nm; (d) (1) = 1 um,
(i) = 500 nm. (b)—(d) The experiments were repeated, independently, 3 times with similar

results observed.

Table 1. ICso values of monomers against HeLa cells (incubation for 48 h, MTT assay).

Monomer? 1Cso
HPMA >250 mM
NaSS >100 mM
VAN 56 mM
FMMA 68 mM
AEMA 20 mM
VBA 15 mM
MBA 20 mM
PEGDA (M =575 Da) 4 mM
PEGDA (Mx =10 kDa) 25 mM
AOTCROhBP 20 uM
Acrylamide® 1 uM
PEGMA (M, = 480 Da)® 1 mM
HEMAP 7 mM
O-HPMAP 8 mM

dAbbreviations: HPMA (N-(2-hydroxypropyl) methacrylamide); NaSS (sodium 4-
styrenesulfonate); VAN (4-vinylaniline); FMMA (ferrocenylmethyl methacrylate); AEMA
(2-aminoethyl — methacrylate); VBA  (4-vinylbenzoic  acid); MBA (NN ' -
methylenebis(acrylamide)); PEGDA  (poly(ethyleneglycol) diacrylate); AOTCRhB
(acryloxyethyl thiocarbamoyl rhodamine B); PEGMA (polyethylene glycol methyl acrylate);

HEMA (2-hydroxyethyl methacrylate); O-HPMA (O-2-hydroxypropyl methacrylate).
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b24 hours incubation.
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