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ABSTRACT: Numerous prodrugs have been developed and used
for cancer treatments to reduce side effects and promote efficacy.
In this work, we have developed a new photoactivatable prodrug
system based on intracellular photoinduced electron transfer−
reversible addition−fragmentation chain-transfer (PET−RAFT)
polymerization. This unique polymerization process provided a
platform for the synthesis of structure-predictable polymers with
well-defined structures in living cells. The intracellularly generated poly(N,N-dimethylacrylamide)s were found to induce cell cycle
arrest, apoptosis, and necroptosis, inhibit cell proliferation, and reduce cancer cell motilities. This polymerization-based “prodrug”
system efficiently inhibits tumor growth and metastasis both in vitro and in vivo and will promote the development of targeted and
directed cancer chemotherapy.

KEYWORDS: Intracellular polymerization, Photoinduced polymerization,
Reversible addition−fragmentation chain-transfer polymerization, Apoptosis, Cell cycle arrest, Tumor metastasis inhibition,
Cancer treatment

■ INTRODUCTION

Current cancer treatments include surgical intervention,
radiotherapy, and chemotherapy. Although chemotherapy is
highly efficient, it often causes severe toxicity and side effects.
It would therefore be desirable to develop chemotherapeutics
that can target and be activated in/on cancerous cells.
Prodrugs, chemically modified drug molecules that release
pharmacologically active drugs upon transformation in vivo, are
attractive therapeutic agents.1−4 Typically, for cancer treat-
ment, prodrugs are chemically modified anticancer agents that
shield their toxicities and therefore can minimize the required
dosage and reduce adverse side effects to patients.5,6 Stimuli
for prodrug activations include internal and external triggers,
e.g., overexpressed enzymes,7 subphysiological pH,8 hypoxia,9

and reducing and oxidizing agents.10,11 External inputs need to
be artificially introduced to the biological system, including
light,12 ultrasound,13 and synthetic molecules.14 In comparison
to internal triggers, external stimuli offer precise spatial and
temporal control over the site of action. For example, light is a
highly controllable energy source15−17 and has been used to
control microtubule dynamics via a photoswitchable micro-
tubule inhibitor for cancer treatment,18 while a photocleavable
linker was introduced between a proteasome inhibitor and
doxorubicin, allowing two anticancer agents to be simulta-
neously “activated” upon illumination.19

Photoinduced polymerization is well-developed and has
been used in a number of biological and medical applications,
such as for generation of coatings (e.g., catheters) and
scaffolds;20−22 however, the introduction of such powerful
chemical tools inside cells has been rarely explored. Wang et al.

reported the enzyme-mediated polymerization and self-
assembly of peptides in cells as potential cancer diagnostics
and therapeutics.23,24 Hawker et al. reported a strategy for
synthesizing unnatural polymers on the surface of yeast via
photoinitiated polymerization.25 Recently, we demonstrated
the photoinitiated free radical polymerization in living cells26

with polymers, such as poly(N-(2-hydroxypropyl)-
methacrylamide) and poly(sodium 4-styrenesulfonate), gen-
erated in cells, modulating cellular function and behavior
without affecting cell viability.
Typically, substances introduced into biological systems

need to have chemically defined compositions and chemical
structures.27,28 Conventional free radical polymerizations lack
the control over molecular weight, therefore limiting their
reproducibility and potential in biomedical applications.29

Owing to the unique energy transfer mechanism, photo-
induced electron transfer−reversible addition−fragmentation
chain-transfer (PET−RAFT) polymerization offers a con-
trolled polymerization progress giving polymers with predict-
able molecular weights and narrow dispersities in biologically
relevant environments (i.e., at room temperature in the
presence of water and oxygen).25 In addition, oxygen-tolerant,

Received: August 26, 2021
Published: February 23, 2022

Articlepubs.acs.org/jacsau

© 2022 The Authors. Published by
American Chemical Society

579
https://doi.org/10.1021/jacsau.1c00373

JACS Au 2022, 2, 579−589

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
E

D
IN

B
U

R
G

H
 o

n 
Ju

ne
 1

7,
 2

02
2 

at
 1

1:
13

:3
2 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yichuan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Quan+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weishuo+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rongkun+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liwei+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qianjin+Lian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Bradley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Bradley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Geng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.1c00373&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00373?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00373?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00373?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00373?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00373?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/2/3?ref=pdf
https://pubs.acs.org/toc/jaaucr/2/3?ref=pdf
https://pubs.acs.org/toc/jaaucr/2/3?ref=pdf
https://pubs.acs.org/toc/jaaucr/2/3?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.1c00373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


organic-fluorophore-based initiating systems have been devel-
oped for RAFT polymerizations using visible light as the
energy source and are compatible for biological applica-
tions.30,31

In this study, an intracellular polymerization-based “pro-
drug” system is developed and used for cancer treatment. We
found that monomers, such as N,N-dimethylacrylamide
(DMA), had tunable cytotoxicity with cells upon visible-
light-mediated intracellular RAFT polymerization. We ob-
served that the generation of poly(DMA) inside tumor cells
could induce cell cycle arrest, apoptosis, and necroptosis as
well as reduce cell proliferation and motility. Importantly, we
observed that intracellular polymerization significantly reduced
tumor growth and metastasis in vivo. We hypothesize that
using monomers as “prodrugs” and targeted polymerization
inside cells could be a new strategy for cancer treatment, where
a nontoxic monomer could be converted into an active
polymeric form only at the site of illumination. Thus, the
intracellular polymerization could offer a new modality within
therapeutic oncology.

■ RESULTS AND DISCUSSIONS

Cellular Uptake and Intracellular Polymerization
Condition Optimization

In a previous study, we observed that free radical polymer-
ization took place inside cells but lacked the control over
polymer structures generated (molecular weight dispersities, Đ
> 1.7).26 Thus, we employed a visible-light-induced PET−
RAFT polymerization to achieve a controlled polymerization
process in this study. A typical PET−RAFT system consists of
a monomer, a photosensitizer, and a chain-transfer agent
(CTA). As previously reported, the chemical structure of
CTAs greatly influences the stability of the radical/redox
intermediates and thus the reaction rate and the dispersities of
the resulting polymers.32,33 We chose a trithiocarbonate-based
CTA, as it is suitable for a wide range of monomers, including
styrenes, acrylates, and methacrylates.34−37

Considering the need for aqueous solubility, CA-CTA with a
short aliphatic chain and a carboxylic acid terminal group was
synthesized and utilized here (Figure 1a).38 Eosin Y was
chosen as the photosensitizer owing to its high energy transfer
efficiency and biocompatibility, and importantly, eosin Y is
known to give polymers with low dispersities in a PET−RAFT
polymerization.39,40

A visible light source (470 nm, 100 mW/cm2, 2 cm beneath
the reaction solution, see the reaction setup in Figure S9) was
used to initiate the polymerization.30 The cytotoxicities of CA-
CTA, eosin Y, and the light were evaluated against HeLa cells,
giving the optimized concentrations for CA-CTA (1.0 mM),
eosin Y (100 μM), and an optimized illumination time of 10
min for the initiation of the intracellular polymerization
(Figure S10).
A library of water-soluble acrylate/acrylamide derivatives

was chosen, and their IC50s were determined against HeLa
cells (Figure S11). Monomers N-(2-hydroxypropyl)-
methacrylamide (HPMA, 50 mM), methacrylic acid (5
mM), DMA (5 mM), poly(ethylene glycol) methacrylate
(1.0 mM), and 2-(diethylamino)ethyl methacrylate (1.0 mM)
(at the highest concentrations where HeLa cells gave viabilities
over 90%) were polymerized individually in PBS (pH = 7.4) in
the presence of 1.0 mM CA-CTA, 100 μM eosin Y, and 10
min of illumination. We observed that both HPMA and DMA
were polymerized, with conversions of 6 and 19%, respectively
(Figure S12).
The cellular uptake of DMA, HPMA, CA-CTA, and eosin Y

was subsequently quantified by UV−vis spectroscopy (Figure
S13), and all components showed good cell penetration. All
components were found stable in a biologically relevant
environment (in serum, 37 °C, 72 h) (Figure S14). When we
treated cells with DMA (5 mM), HPMA (50 mM), CA-CTA
(1.0 mM), and eosin Y (100 μM) individually for 4 h,
intracellular concentrations were found to be 52, 379, 1.8, and
0.18 fmol/cell, respectively. A fluorescent monomer YFMA
[λex/em (YFMA) = 560/580 nm] and a fluorescent CTA RF-
CTA [λex/em (RF-CTA) = 630/650 nm] were synthesized (see
synthetic procedures and characterizations in Supporting

Figure 1. Intracellular PET−RAFT polymerization. (a) Schematic illustration of the intracellular polymerization. (b) GPC traces of the isolated
His-PDMA-1, His-PDMA-2, and His-PDMA-3 and (c) Liv-PDMA-2 and Liv-PDMA-1. PET−RAFT polymerization was conducted in cells using
a hexahistidine-tagged His-CTA. The intracellularly synthesized polymers were obtained by dialysis (MWCO = 1000 Da) and IMAC isolation.
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Information) and coincubated with DMA, CA-CTA, and eosin
Y. Colocalization of the fluorescent monomer, CTA, and eosin
Y were confirmed using confocal microscopy (Figure S15).
The subcellular location of the fluorescent monomer was
confirmed by costaining with organelle markers, and its
accumulation in mitochondria was observed (Figure S16).
HeLa cells were treated with our polymerization cocktails

(PC1 contains DMA 5 mM, CA-CTA 1.0 mM, and eosin Y
100 μM; PC2 contains HPMA 50 mM, CA-CTA 1.0 mM, and
eosin Y 100 μM) in DMEM, and the polymerization was
initiated by illumination (all polymerizations were conducted
by illumination at 470 nm for 10 min). The monomer
conversions of DMA and HPMA in HeLa cells were quantified
as 34 and 10%, respectively (Figure S17), which were similar
to the polymerizations conducted in PBS under the same
conditions (29 and 10%, respectively) (Figure S18). When we
reduced the concentrations of CA-CTA from 1.0 mM to 100
μM, in the presence of eosin Y (0.1 equiv of CA-CTA) and
DMA (5 mM), the monomer conversions reduced accordingly
due to the reduced chain numbers (Figure S17).

Polymer Characterization

We explored the controlled intracellular polymerization
progress using the polymers extracted from the “polymerized”
cells using a hexahistidine-tagged CTA His-CTA allowing
highly efficient polymer extraction via an immobilized metal-
affinity chromatograph (IMAC) strategy (Figures S7 and
S8).41 Intracellular polymerization of DMA and HPMA with
His-CTA was conducted under the same conditions as
discussed above (Figure 1a). His-PDMA-1 and His-
PHPMA-1 were isolated from the “polymerized” cells and
analyzed by 1HNMR and gel permeation chromatography
(GPC) and compared to the polymers obtained from cells with
those polymerized in PBS (pH = 7.4) (Figure S19). The series
of His-PDMAs and His-PHPMAs successfully synthesized
intracellularly had Đ values as narrow as 1.07, with similar
molecular weights and dispersities observed as those
synthesized in PBS, indicating a controlled polymerization
(Figures 1b and S19 and Tables 1 and S1).

Copolymerization and Living Polymerization

We carried out the copolymerization of DMA with a
biotinylated methacrylate monomer31 under the same reaction
conditions as described above. Here, the biotinylated
copolymers were extracted from cells using streptavidin-
functionalized magnetic nanoparticles. Again, the copolymers
were found to have an extremely narrow Đ (1.03−1.06) when
compared to those polymers obtained via free radical
polymerization (Đ > 1.7) in our previous study,31 indicating

the successful controlled copolymerizations through the PET−
RAFT process (Figure S20).
In addition, with the use of the fluorescent monomers

YFMA and CTA RF-CTA, the resulting polymer can be
“visualized” by a confocal microscope. We observed that the
generated dual-fluorescent polymers (yellow and red) can be
retained longer than the fluorescent monomers in cells where
the polymerized cells exhibited a higher fluorescence intensity
after 24 h (Figure S21). The observations further confirmed
the successful intracellularly polymerization.
The “living” property of this system was investigated by a

two-step polymerization in the same cells. First, HeLa cells
were incubated with PC1 for 4 h and polymerized for 10 min.
The cells were harvested, and the polymer Liv-PDMA-1 was
isolated and characterized (molecular weight of 13.2 kDa and
dispersity of 1.08). After 24 h, the “polymerized cells” (5 ×
106), containing Liv-PDMA-1, were treated with another
batch of DMA (5 mM) and eosin Y (100 μM) for 4 h and
illuminated for 10 min. From the cells, Liv-PDMA-2 was
isolated and showed an increase in molecular weight (17.9
kDa) with a Đ of 1.29. The hypothesis is that living
polymerization happened in the cells with Liv-PDMA-1 acting
as a macro-RAFT agent (Figures 1c and S22 and Table 1).
Notably, a shoulder was observed in the GPC trace for Liv-
PDMA-2, which could be attributed to the nonpropagated
polymer, Liv-PDMA-1.
Intracellular Polymerization Induces Cytotoxicity to
Cancer Cells

To investigate how the intracellular polymerization affected
cell viabilities, we treated HeLa (human cervical adenocarci-
noma), 4T1 (murine mammary carcinoma), MDA-MB-231
(human breast adenocarcinoma), MCF-7 (human breast
adenocarcinoma), A375 (human malignant melanoma), 1205
Lu (human metastatic melanoma), HEK 293T (human
embryonic kidney), and LO2 (human liver) cells with PC1
and illumination. The polymerization of DMA inside cells
induced a dramatically reduced cell viability for all cells (49%
for HeLa, 40% for 4T1, 28% for MDA-MB-231, 12% for MCF-
7, 21% for A375, and 60% for 1205 Lu cell) when compared to
untreated cells (Figure S23). In addition, we observed that the
polymerization of DMA through a free radical mechanism
(initiated by photoinitiator BAPO) did not induce toxicities to
cells (Figure S24). It is worth noting that when we treated cells
with just CA-CTA (1.0 mM) and eosin Y (100 μM) in the
absence of DMA with or without illumination, there was no
effect on cell viability (Figure S25). A cross-linker N,N′-
methylenebis(acrylamide) (MBA) has been introduced to the
polymerization system to reveal how the molecular weights
and dispersities of in-situ-synthesized polymers affect cell

Table 1. Polymers Synthesized inside Living Cells

c (DMA) (mM) c (HPMA) (mM) c (His-CTA) (μM) c (eosin Y) (μM) Mn (kDa)
a Đa

His-PDMA-1 5.0 - 1000.0 100.0 13.2 1.07
His-PDMA-2 5.0 - 500.0 50.0 17.4 1.12
His-PDMA-3 5.0 - 100.0 10.0 26.8 1.26
His-PHPMA-1 - 50.0 1000.0 100.0 20.9 1.11
His-PHPMA-2 - 50.0 500.0 50.0 32.2 1.19
His-PHPMA-3 - 50.0 100.0 10.0 53.6 1.33
Liv-PDMA-1 5.0 - 1000.0 100.0 13.2 1.08
Liv-PDMA-2b 5.0 - - 100.0 17.9 1.29

aMn and Đ were characterized by GPC using DMF as the eluent at a flow rate of 1 mL/min. bLiv-PDMA-2 was polymerized intracellularly utilizing
the in-situ-generated Liv-PDMA-1 as a marco-RAFT-CTA.
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viabilities (Figure S26). In the presence of MBA, we observed
that the cytotoxicities were promoted when the molecular
weights and dispersities increase. The intracellular RAFT
polymerization of HPMA did not induce cytotoxicity to HeLa
cells with 97% viable cells compared to the untreated cells
(Figure S27).
Intracellular Polymerization Induces Cancer Cell
Apoptosis and Necroptosis

Having demonstrated the introduction of cytotoxicity to
cancer cells by the intracellular polymerization of DMA, the
mechanism was investigated. As reported before, numerous
cancer therapeutics induce cytotoxic stress to cancer cells by
ultimately triggering programmed cell death, which is related
to the terms of apoptosis, necroptosis, and autography.42,43

Translocation of phosphatidylserine is a standard marker for
early apoptosis and thus was initially analyzed by flow
cytometry (Figures 2a and S29).44 HeLa cells treated with
PC1 gave a moderate increase in the apoptotic cell ratio (from
3 to 5%) when compared to untreated cells, while the ratio in
the “polymerized” cells was remarkable higher (19%). On the
other hand, propidium iodide (PI) staining revealed an
increase in necroptosis in the “polymerized” cells (4 compared
to 3% for untreated cells). Similar results were found for A375
cells, although necroptosis was more significant than apoptosis
(Figure S29). Furthermore, we found that the introduction of
the pan-caspase inhibitor Cbz-Val-fluoromethylketone (Z-V-
FMK) and the necroptosis inhibitor necrostatin-1 (Nec-1) to
the “polymerized” HeLa cells significantly improved (P <
0.0001) the survival rate (from 51 to 64 and 67%,
respectively), thus confirming that apoptosis and necroptosis
were induced by the intracellular polymerization (Figure
S29d).

As discussed in the previous section, the polymerization
components accumulated in mitochondria. We assume that the
in-situ-generated polymers could affect mitochondria function
and induce programmed cell death to cancerous cells. As
expected, a remarkable reduction of mitochondrial membrane
potential, release of cytochrome C, and decrease of ATP
synthesis were observed, indicating the alternation of
mitochondrial functions by the polymerization (Figures 2b,c
and S30).
A series of apoptosis, necroptosis, and autophagy markers

were further explored by immunoblotting analysis to look for
further insight into the mechanism. Cleavage of PARP and
overexpression of p53 are typically seen as regulators for
apoptosis and were explored here (Figure 2d,e). A remarkably
elevated expression of both PARP and cleaved-PARP (C-
PARP) was only observed in the “polymerized” cells
(negligible expressions of C-PARP were observed in all control
groups), indicating the activation of the caspase-dependent
apoptotic pathway.45 Similarly, we observed a high level of p53
expression (Figure 2e) in the “polymerized” cells together with
a suppressed expression of BCL-2 (an antiapoptotic protein)
and an elevated expression of BAX (a proapoptotic
protein).46,47 Importantly, the expression of p53 can increase
mitochondrial permeability and further activate the mitochon-
dria-mediated apoptosis pathway.11,48 The complexation of
released cytochrome C with cleaved caspase 9 was detected by
an immunoprecipitation assay confirming that the polymerized
cells underwent a mitochondria-mediated apoptosis pathway
(Figure S31). Therefore, we believe that the apoptosis was
induced by at least two different biological pathways, i.e., a
caspase-dependent and mitochondria-mediated apoptosis path-
way.

Figure 2. Intracellular polymerization induces programmed cell death. (a) The apoptosis and necroptosis induced by intracellular polymerization
determined by flow cytometry. Apoptosis: Annexin-V-positive and PI-negative; necroptosis: PI-positive. (b) Mitochondrial membrane potential of
HeLa cells evaluated by flow cytometry. (c−f) Key biological markers evaluated using immunoblotting and immunoprecipitation assays.
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It is well-known that the nuclear translocation of AIF
(apoptosis inducing factor) from the mitochondria mediates
caspase-independent necroptosis.49 Here, we found that
intracellular polymerization promoted the expression of RIP1
(an AIF translocation promoter) together with a significant
increase in AIF content in nuclei, while the overall level of AIF
in the whole cell lysate was unchanged. The AIF−γ-H2AX
complex formation was detected by an immunoprecipitation
assay (Figure 2f). The generation of such a complex (not
found in any control groups) indicated the necroptosis
pathway induced by the intracellular polymerization.50,51

These findings confirmed the translocation of AIF and the
AIF-mediated caspase-independent necroptosis mechanism
(Figure S32).
Autophagy, a highly conserved degradation mechanism in

eukaryotic cells, is widely involved in cell growth, proliferation,
development, tumor-cell invasion, and migration.52 Immuno-
blotting analysis showed that intracellular polymerization
significantly increased the expression of p62/SQSTM1, a
selective substrate of autophagy, indicating the inhibition of
the autophagy.53 BECN1 and the Atg5−Atg12 complex are
essential for autophagy initiation and thus were analyzed with a
dramatic level of decreases observed (both BECN1/GAPDH
and Atg5−Atg12/GAPDH ratio decrease from 1.0 to 0.6 for
polymerized cells compared to untreated cells). As expected,
intracellular polymerization increased the expression of LC3-II,
a marker of autophagosome,54 but the CQ addition (an
inhibitor of autophagosome−lysosome fusion55) did not
induce further accumulation of LC3-II, further confirming
that autophagy was inhibited by the intracellular polymer-
ization (Figure S33)

Intracellular Polymerization Inhibits Cancer Cell
Proliferation

As previously discussed, high-level expression of p53 protein
not only triggers apoptosis but also affects cell cycles and thus
proliferation.56 A clonogenic survival assay was conducted to
examine whether the intracellular polymerization inhibited
cancer colony formation, which is directly related to cell
proliferation ability.57 The colony numbers (14 days after the
treatment) of HeLa cells treated with PC1 or 10 min of
illumination alone were 182 and 159, respectively, while
polymerization resulted in a reduction of the colony number to
88 from 184 of the untreated group (Figures 3a and S32).
Key cell cycle regulators cyclin B1 and cyclin E1 were

detected by immunoblotting assays. Dramatically decreased
cyclin B1 and cyclin E1 expression (hardly detected) were
observed indicating that the cell cycle was prohibited by the
intracellular polymerization (Figure 3b).
A DNA flow cytometric assay was conducted to explore how

the intracellularly generated PDMAs influence cell cycle. As
shown in Figure 3c, a large proportion (46%) of cells were
arrested at G2/M phases 24 h after polymerization,
significantly higher than the untreated cells (20%). This
increase was accompanied by reductions in G0/G1 (from 52
to 35%) and S phases (from 26 to 16%) for the “polymerized”
cells when compared to the untreated cells. This observation
could be attributed to the noncovalent interactions of the
polymer with active biomolecules related to cell cycles, e.g.,
DNA and microtubules,58,59 although this was not explored in
the current study. An EdU staining assay provided further
evidence for the induction of cell cycle arrest following
intracellular polymerization (Figure 3d,e), i.e., polymerization
resulting in a significant drop of synthesized DNA (EdU-
positive cells reduced from 57 to 27% in comparison to
untreated cells).

Figure 3. Intracellular polymerization induces cell cycle arrest and inhibits proliferation. (a) Colony growth assay revealing the proliferation ability
of HeLa cells affected by intracellular polymerization. Scale bar represents 1 cm. (b) Key regulators of the cell cycle analyzed by an immunoblotting
assay. (c) Cell cycle study of HeLa cells with or without intracellular polymerization (n = 6). (d) Cell proliferation study using an EdU staining
assay. Scale bar = 50 μm. EdU-positive cells were counted, and the data are presented in (e) (n = 6). Statistical analysis was performed using one-
way ANOVA with a Dunnett post-test compared to untreated control groups, * P < 0.05, *** P < 0.001, **** P < 0.0001, ns (not significant).
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Intracellular Polymerization Inhibits Cell Motility

A wound-healing assay was conducted with the “wound”
closure monitored over 72 h (Figures 4a and S34d). The
“polymerized” cells behaved very differently to the controls
with the gap area essentially remaining unclosed at 89, 87, and
82% after 24, 48, and 72 h of incubation (compared to 56, 20,
and 0% for the untreated cells). Key cell migration protein
markers E-cadherin, snail, and vimentin were detected using
immunoblotting assays (Figure 4b). A significant increase of E-
cadherin and decrease of slug and vimentin were observed,
indicating the inhibition of cell migration upon polymerization.
These remarkable differences could be attributed to the
increased cellular viscosity.60−62

The microviscosities of the cells were subsequently
quantified using a viscosity-responsive fluorescent probe
(Figures 4c,d and S34c).63 The “polymerized” cells showed a
significant increase in fluorescence intensity (6.8-fold of the
untreated cells), meaning a higher cellular viscosity. Since cell
cycles have been reported to be related to cellular viscosity, this
would correspond to the abnormal cell cycles found in the
“polymerized” cells.64

In Vivo Cancer Inhibition and Antimetastasis Efficacy

We explored the anticancer efficacy of this “polymeric
prodrug” system in a series of animal models. The cancer
inhibition efficacy was first analyzed using a HeLa tumor
xenograft model (n = 6). HeLa tumor (around 100 mm3)-
bearing nude mice were randomized in groups of six animals
and treated with PC1 (1.2 mg/kg DMA, 600 μg/kg CA-CTA,
and 170 μg/kg eosin Y) and 10 min of illumination (470 nm,
100 mW/cm2, 2 cm above the animals) by intratumoral
injections at day 0. As expected, the PC1-treated group
without illumination did not inhibit tumor growth, and the
illumination-treated group in the absence of PC1 only resulted

in moderate inhibition. When the animals were treated with
both PC1 and light, we found that tumor growth was
remarkably prohibited with no obvious body weight loss
(Figures 5a,b, S37, and S38).
The histological structures in the tumors were further

investigated by hematoxylin and eosin (H&E) staining, TdT-
mediated dUTP nick-end labeling (TUNEL), and Ki67
immunostaining (Figure 5c). Large necrotic regions were
observed only in the polymerized groups, while the ratio of
apoptotic cells (109 cells/mm2, marked with red arrows) was
found to be dramatically higher than that of all other groups
(22, 31, and 23 cells/mm2 for PBS-, PC1-, and light-treated
cells, respectively, Figure 5d). Ki67 staining revealed a
significant reduction in the quantity of proliferating cells (5
cells/mm2, marked with red arrows), and thus, a reduction in
tumor growth rate (25, 25, and 26 cells/mm2 for PBS, PC1,
and light-treated cells, respectively, Figure 5e). These are in
good agreement with the in vitro cellular results as discussed
above, i.e., the intracellular-polymerization-induced apoptosis
and necroptosis and prohibited cellular proliferation.
To further investigate the long-term survival rate, a murine

breast adenocarcinoma model (4T1 cell line on BALB/c mice)
and a human breast adenocarcinoma model (MDA-MB-231
cell line on BALB/c nude mice) were established. The tumor
(around 100 mm3)-bearing mice were treated with or without
PC1 (injected intratumorally) and illuminated at 470 nm (4 h
postinjection) at day 1. A reduced tumor growth rate was
observed in the polymerization groups in both animal models,
while all other control groups showed no effect (Figure 6a,b).
This is exceptional as is in a fast-growing tumor model. The
harvested tumors were investigated with similar results
observed as for the HeLa model, i.e., tumor growth was
inhibited by the intracellular polymerization by promotion of
cell necroptosis, apoptosis, and lack of proliferation (Figure

Figure 4. Exploration of the intracellular polymerization and its effect on cellular viscosity and motility. (a) Cell mobilities were determined using a
wound-healing assay (n = 3). (b) Cell-motility-related proteins E-cadherin, snail, and vimentin were revealed by immunoblotting assays. (c)
Cellular viscosity analyzed by flow cytometry using a Cy5-based viscosity probe. (d) Structure of the viscosity probe (λex/em = 640/660 nm).
Statistical analysis was performed using one-way ANOVA with a Dunnett post-test compared to untreated control groups, **** P < 0.0001, ns (not
significant).
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S39). The cancer treatment efficacy was also reflected by the
survival study. All animals treated with the intracellular
polymerization survived until the end of the studies (55 and

35 days for the MDA-MB-231 and the 4T1 models,
respectively), with no survivals observed for all control groups
after 49 days for the MDA-MB-231 model and 29 days for the

Figure 5. In vivo evaluation of intracellular polymerization for cancer treatment. (a) Tumor burdens and (b) body weights of HeLa-tumor-bearing
Balb/c nude mice with various treatments. (c) Representative microscopic images of tumor sections are shown stained with hematoxylin/eosin
(H&E), TUNEL, and Ki67, with quantified TUNEL-positive cell numbers shown in (d) and Ki67-positive cell numbers shown in (e). Scale bar = 1
mm for H&E and 200 μm for TUNEL and Ki67 (n = 6, cell numbers were counted in six random areas). Statistical analysis was performed using
one-way ANOVA with a Dunnett post-test compared to untreated control groups, **** P < 0.0001, ns (not significant).

Figure 6. Survival and biosafety evaluation of intracellular polymerization. (a) Tumor burdens and (b) survival curves of MDA-MB-231-tumor-
bearing BALB/c nude mice with various treatments (n = 5). (c) Tumor burdens and (d) survival curves of 4T1-tumor-bearing BALB/c mice with
various treatments (n = 5). Mice were aged until moribund or the tumor volume reached 2000 mm3. (e) Representative H&E-stained whole lung
sections of each group collected from the mice on day 19. Metastatic sites were highlighted by black dash lines.
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4T1 model (Figure 6c,d). The anticancer efficacy of the
“polymeric prodrug” was compared with an anticancer drug,
doxorubicin, and the presynthesized CA-PDMA-1. Negligible
tumor inhibition was found when the presynthesized CA-
PDMA-1 was intratumorally injected, where the mice treated
with intratumorally injected doxorubicin or the “polymer-
ization” strategy successfully inhibited the tumor growth
(Figure S40).
To further confirm the intratumoral generation of controlled

polymers, the polymers were isolated using the His-tag strategy
as described previously and characterized by 1HNMR and
GPC (Figure S41). Identical polymer signals were observed
with the molecular weight determined as 14.0 kDa (Đ = 1.10).
In addition, the intratumoral retention time of the fluorescent
monomer, CTA, and eosin Y were evaluated using fluorescent
monomer YFMA and CTA RF-CTA. Intense fluorescent
signals and well colocations of YFMA and RF-CTA were
observed in the polymerization group where 470 nm
illumination was applied after the polymerization cocktail
injection. Oppositely, the group without light treatment
showed fewer fluorescent regions, while the CTA signals
were separated from the monomer signals after 24 h (Figure
S42). These data further confirmed the successful intratumoral
polymerization initiated by 470 nm illumination.
It is known that the metastasis of 4T1 cells can take place in

the lungs.65 Therefore, metastasis inhibition efficacy of the
intracellular polymerization was examined using the 4T1
model. 4T1-tumor-bearing BALB/c mice were treated with
PC1 and 470 nm illumination as described above. Whole lung
tissues were harvested from sacrificed mice at day 19,
sectioned, and stained with H&E (Figures 6e and S43). The
PBS-, PC1-, and light-treated groups showed obvious meta-
stasis and thus large numbers of metastatic nodules in the
lungs. The doxorubicin-treated group showed minimal
metastases as shown in Figure S40. A negligible sign of
metastasis was observed in the polymerization group,
indicating the potential of the polymerization system in
inhibiting tumor metastasis.

In Vivo Biosafety Evaluation

To assess the biosafety of the “polymeric prodrug” system,
body weight changes, hematological parameters, and the
histological changes of major organs were examined. Initially,
BALB/c mice were treated with PBS, DMA, CA-CTA, eosin
Y, and PC1 by subcutaneous injection and monitored over 60
days (n = 5). Negligible body weight loss was observed for all
groups, indicating the low systemic toxicity of the polymer-
ization system. This is in agreement with the tumor-bearing
mice treated with the intracellular polymerization system, i.e.,
the body weight of the animals during the treatment period did
not change drastically for the different treatments, suggesting
that the treatment was tolerated, causing few side effects during
the cancer therapy (Figures 5b and S41). The acute toxicity of
the system was examined by monitoring the 4T1-tumor-
bearing BALB/c nude mice treated with PBS, PC1, light, and
PC1 in the presence of light. The mice were sacrificed 48 h
after the treatment, and the blood and main organs were
collected and analyzed. Hematology tests showed no
significant differences between any of the tested groups
(Figure S44). The main organs (heart, liver, spleen, lung,
and kidney) were sectioned and H&E-stained, showing no
pathological abnormalities (Figure S45). These results show
that the “polymeric prodrug” system does not cause acute

toxicity during the cancer treatment. These results indicate that
our “polymeric prodrug” has comparable anticancer efficacy to
doxorubicin.
Systemic toxicity was further explored by monitoring healthy

BALB/c mice treated with PBS, DMA, CA-CTA, eosin Y, and
PC1 subcutaneously. The blood was analyzed 48 h after
treatments and the hematological biochemical markers AST,
ALT (liver function), UREA, and ALP (renal function) were
tested, showing no significant differences between any of the
groups (Figure S46). H&E staining of main organs (heart,
liver, spleen, lung, and kidney) harvested 60 days post
treatment revealed no obvious physiological damage and
therefore further confirmed the biosafety of the “polymeric
prodrug” system in biological applications (Figure S47).

■ CONCLUSION
Chemotherapy is a powerful tool in the armory against
cancers; however, a major limitation is global systemic toxicity.
In our previous study, we demonstrated that free radical
polymerization chemistry can take place within complex
cellular environments, where synthetic polymers can be
generated and modulate cellular functions.26 The current
study developed a controlled intracellular polymerization-
based cancer therapy. The polymers were generated intra-
cellularly in a controlled manner and significantly inhibited
tumor growth by inducing cell cycle arrest, apoptosis, and
necroptosis to the cancer cells while prohibiting cancer cell
motility and preventing the cancer metastasis in vitro and in
vivo. Importantly, the biosafety of this “polymeric prodrug”
system was confirmed both in short term and in long term.
Therefore, we believe that this proof-of-concept of the
polymerization-chemistry-based precision medicine is a
potential candidate for cancer treatment.

■ EXPERIMENTAL SECTION

Cell Culture
All cells were cultured in DMEM and supplemented with 10% (v/v)
fetal bovine serum and penicillin/streptomycin (100 unit/mL) at 37
°C with 5% CO2. The cells were passaged using trypsin/EDTA every
2 days.

General Procedure for Intracellular Polymerizations
Desired cells were seeded in a six-well plate at a density of 5 × 105

cells/well and incubated overnight. The cells were treated with the
polymerization cocktail, incubated for 4 h, and washed with PBS (3×)
before being illuminated at 470 nm for 10 min. The cells were
incubated at 37 °C for further studies.

Histidine-Tagged Polymer Extraction and Characterization
The polymerized cells were washed with PBS three times and lysed by
RIPA lysis buffer. Ni-charged Profinity IMAC resin slurry (500 μL)
was transferred into a filter cartridge and washed with deionized water
(3 × 5 mL) and drained. The cell lysate was diluted to 1 mL with the
washing buffer (50 mM sodium phosphate, 300 mM NaCl, pH = 8.0)
and added to the immobilized metal-affinity chromatography resin.
The resin slurry was shaken for 30 min, the solvent drained, and the
resin washed with the washing buffer (3 × 5 mL) and then treated
with elution buffer (0.01 M HCl, pH = 2). The polymer solutions
were collected by filtration and freeze-dried. The obtained polymer
samples were analyzed by 1H NMR and GPC.

In Vivo Studies
All animal experiments were performed under the Guide for Care and
Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Shenzhen
Institutes of Advanced Technology (SIAT).
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Polymer Extraction from Tumors

4T1-tumor-bearing mice were intratumorally injected with DMA
(1.24 mg/kg), His-CTA (2.98 mg/kg), and eosin Y (170 μg/kg).
Then, 4 h after injection, the tumor region was illuminated with 470
nm light for 10 min. The mice were sacrificed, and tumors were lysed.
Polymer extractions were carried out using the same methodology as
the in vitro study. The isolated polymers were characterized by 1H
NMR and GPC.

Statistical Analysis

Data were presented as mean ± SD. Dunnett’s t tests were used to
determine whether the variance between two groups is similar. One-
way analysis of variance (ANOVA) was applied for comparison of
multiple groups. Statistical analysis was performed using GraphPad
Prism. A “P” value <0.05 was considered statistically significant.
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