
Advances in Intracellular and On-Surface Polymerization in
Living Cells: Implications for Nanobiomedicines

Partha Laskar,* Oommen P. Varghese, and V. Prasad Shastri*

1. Introduction

The synthesis of intelligent biofunctional synthetic polymers
within or on the surface of living cells is a promising although
sparsely explored research field. However, advances in genetic
engineering are set to ensure that this fundamentally new
approach at the interface of synthetic biology (more specifically

chemical synthetic biology, a branch of syn-
thetic biology) and polymer chemistry lives
up to the promise of yielding solutions to
many existing problems related to health,
environment, and energy along with the
origin of life (generation of life from non-
living materials).[1] Biomimetic, synthetic
polymers have vastly impacted various bio-
applications (such as drug and gene deliv-
ery, bio-sensing, regenerative medicine,
cell therapy, etc.). However, they have to
be synthesized and preformulated before
application.[2] Toward bio-based applica-
tions, recently, several controlled polymer-
ization strategies to synthesize non-natural
polymers within cellular environments to
impact cell function have been evaluated in
vitro. These in vitro polymerization efforts
are inspired by various biological phenom-
ena, such as the intracellular interaction
between natural macromolecules (nucleic
acids, proteins, and polysaccharides) and
small molecules leading to modulation of

cellular functions,[3] production of biopolymers (polyphosphates,
polyesters, and polysaccharides) by the microorganism to main-
tain their various functional and mechanical properties (such as
propagation, energy storage, structure creation, biofilm genera-
tion, etc.),[4] natural polymerization (such as actin, fibrinogen,
heme polymerization),[5] intracellular reactions (e.g., amide con-
densation, phosphorylation/dephosphorylation) essential for life,
and[6] directed self-assembly in living cells or cell biology.[7] The
development of bio-orthogonal chemistry,[8] a term coined by
Professor Carolyn Bertozzi’s group in 2003 for atom economy
reaction (“click chemistry”) that is compatible with living systems
and can proceed without interference with native biochemical
processes, represents a major advancement in the assembly of
large and complex molecules, and functionalization of glycans
and was recognized by the 2023 Nobel Prize in Chemistry to
Professor Bertozzi.[9] Such bio-orthogonal click reactions also
drove the development of sequence-controlled polymerization
in in vitro conditions.[10] Additionally, external, precise, and con-
trollable stimuli, as a means of actuating a chemical process or
assembly phenomenon, is also highly desirable for many
biomedical applications (in particular intracellular non-natural
processes) as it provides a means to localize the desired effect.
Therefore, stimuli–responsive polymers[11] and stimuli-
responsive elements[12] constitute an important aspect of the
design paradigm for on-cell surface and intracellular polymeriza-
tion. Furthermore, concepts and principles for self-assembly of
amphiphilic and hydrophilic polymers[13] and the formation of
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The cellular environment offers some unique features to carry out polymeriza-
tions under controlled conditions. Polymerization of monomers in cellular
compartments and on the surface of living organisms holds much promise in the
engineering of biofunctional synthetic polymers for sensing and probing cell
behavior and of late has received significant interest. This effort lies at the
interface of synthetic biology and polymer chemistry and can pave the way for
innovative solutions to many existing challenges in healthcare, environment,
energy, and the study of the “origin of life”. Herein, recent advances in controlled
polymerization strategies for intracellular and surface of living cells are presented
with a particular emphasis on nanobiomedicines. Furthermore, polymerization
strategies, cytocompatible monomer structures, compatible cell lines and
microorganisms, nature of stimulus, catalysts, along with specific polymerization
conditions to produce non-natural biofunctional polymers that can undergo
polymerization-induced self-assembly within and onto the living cells are
presented in detail. Furthermore, the review offers a window into the future
of such novel emerging synthetic bionano systems in biomedical sciences.
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biomimetic nano- or microstructures (such as vesicles and
micelles) via polymerization-induced self-assembly (PISA)[14]

have also been incorporated into the design of polymers in poly-
merization on-surface and within cells to exploit self-assembly
processes and structures thereof, to influence cellular behavior
and explore new nanobio applications.

This review provides an overview of the recent (2014–2021)
development of various polymerization techniques to synthesize
non-natural polymers in in vitro conditions more specifically
1) within the intracellular compartments, and 2) on the surface
of the living structures (mammalian cells and microorganisms)
(Table 1). Polymerization in in vitro conditions including in the
presence of living microorganisms (e.g., bacteria, yeast) and bio-
catalysts (e.g., horseradish peroxidase, hemoglobin, hemozoin),

supramolecular polymerization, conjugation of synthetic poly-
mers on cell surface will not be discussed as there is sufficient
and significant literature including reviews on this topic already
available.[15] Unlike previous reviews, here this review specifically
emphasizes the following areas: 1) polymerization of various
monomers either in intracellular compartment(s) and cell
surface region in the presence and absence of various stimuli
(physical, chemical, or biological), 2) intracellular localization
of synthesized polymer, its impact on cytoskeleton and cellular
functions, self-assembly behavior, potential biomedical applica-
tions, and 3) characterization techniques in detail. Thus, it is
anticipated that this review will contribute and aid in the devel-
opment of this emerging interdisciplinary field of research
toward a more translation space in search of alternative

Table 1. List of polymerization techniques in intracellular and onto the surface of the living cells.

Polymerization in the intracellular
environment

Year Organism or cell type Stimulus, catalyst, initiator References

1) Polypeptide synthesis through
condensation reaction (isopeptide bond
formation)

2017 Human cervical cancer cell line (HeLa), MCF7
human breast cancer-derived cell line

TG2 category of
transglutaminase present in

cancer cell

[24]

2019 HeLa, hypoxic neuroblastoma cells (SH-SY5Y) [28]

2) Radical polymerization 2019 HeLa Light [29]

3) Amino-yne click polymerization 2019 HeLa No stimulus/ catalyst/ initiator [34]

4) Copper (I)-catalyzed radical
polymerization

2021 Human hepatoma cells (HepG2), HeLa, and
lung fibroblast cells (HPF)

Cu(I) catalyst, endogenous
reducing agent glutathione
(GSH), supplementary

exogenous reducing agent
sodium ascorbate (NaAsc)

[39]

5) Oxidative polymerization of
organotellutidie

2021 HepG2, MCF7, human triple negative breast
cancer cell (MDA-MB-231), human lung
adenocarcinoma epithelial cells (A549),
human pancreatic cancer cell (Panc-1).

ROS [42]

6) Intramitochondrial disulfide
polymerization

2021 HeLa, Cytotoxicity study: MDA-MB-468, MDA-
MB-231, -132, and SKBR3

Intramitochondrial ROS [45]

7) Condensation polymerization 2022 MDA-MB-231, human colorectal
adenocarcinoma (HT29)

Glutathione (GSH) and Tumor-
specific cathepsin B protease of

cancer cell

[51]

Polymerization onto the cell surface Year Organism or cell type Stimulus/catalyst/initiator References

1) Copper-mediated activators generated
by electron transfer ATRP

2014 Bacteria (E. coli MG1655 (mCherry) and
Pseudomonas aeruginosa PAO1)

Bacterial redox system [58]

2) Polymer grafting from using surface-
initiated, activator regenerated by electron
transfer, ATRP

2016 Yeast (Saccharomyces cerevisiae or Baker’s
yeast)

External reducing agent (ascorbic
acid)

[61]

3) Electron transfer-reversible addition
fragmentation chain-transfer
polymerization

2017 Yeast (Saccharomyces cerevisiae or Baker’s
yeast),

Mammalian cells (Jurkat cells)

Light [65]

4) Antibody-targeted in situ generation of
dendrimers

2020 Human breast cancer (SK-BR-3) cells No stimulus/ catalyst/ initiator [71]

5) Polymerization of aptamer-conjugated
macromer

2020 Burkitt’s lymphoma Raji cells Initiator, ammonium persulfate
(APS)

[73]

6) Polymerization of dopamine 2021 Bacteria (Escherichia coli Nissle 1917 (EcN),
yeast.

human mammalian cells (HeLa)

No stimulus [75]

7) Bio-Palladium catalyzed Sonagashira
polymerization

2021 Bacteria cells (E. coli and C. pyrenoidosa) External reducing agents (sodium
formate, sodium ascorbate)

[79]

www.advancedsciencenews.com www.advnanobiomedres.com

Adv. NanoBiomed Res. 2023, 3, 2200174 2200174 (2 of 24) © 2023 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH

 26999307, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anbr.202200174 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [16/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advnanobiomedres.com


sustainable solutions not only for biomedical applications (men-
tioned in this article), but also for environmental and energy-
related problems, and fundamental questions on “the origin
of life”. In general, a common strategy employed by all studies
discussed herein involve first optimization of the polymerization
parameters in solution before implementation in a biological
environment with particular emphasis on the following param-
eters, namely, 1) cytocompatible polymerization reactants and
conditions, 2) fast polymerization kinetics in aqueous solution
at biological temperature to minimize adverse outcomes in living
cells, and 3) the feasibility of polymerization reactions in the
presence of a small amount of oxygen as it is ubiquitous and
essential for the function of living cells.

2. Intracellular Polymerization

In this section, the recent developments (2017–2021) in biocom-
patible controlled polymerization techniques for the intracellular
synthesis of non-natural polymers that overcome the potentially
harsh conditions encountered is summarized (Scheme 1).
Building on the unprecedented success of non-natural reactions
performed inside cells as a handle for incorporating functionality
(reporter molecules, non-natural functional groups, and chemi-
cal drugs, biomacromolecules) for diverse intracellular biological
applications (analysis, imaging, and therapeutics),[16] there is
growing trend to exploit non-natural polymer synthesis in the
intracellular environment. Some of the benefits of intracellular
polymerization include enhanced cellular retention due to aggre-
gation (self-assembly) of polymers into nanoparticles and
improved interaction of functional polymers with biomolecules
allowing for control over cellular function.[17]

2.1. Enzyme-Catalyzed Synthesis of Designer Polypeptides
in Cells

Elastin, the key component of skin and the protein responsible
for its elastic properties and durability, has been extensively
studied.[18] Since Hoeve and Flory described the temperature-
dependent elastic properties of elastin,[19] other studies have clar-
ified the role of protein conformation.[20] The identification of
soluble peptide sequences, commonly referred to as elastin-like
polypeptides (ELPs) and (motifs) responsible for elastins’

key properties, have been exploited as building blocks for the
synthesis of novel materials,[21] hydrogels, polymer–peptide
hybrids[22] and are being explored in drug delivery and tissue
engineering.[23]

Based on these advances, Li et. al., reported the intracellular
enzyme-catalyzed synthesis of a set of ELPs (Figure 1A) and the
subsequent formation of topological nanostructure in the cyto-
plasm of HeLa cells (humanmammalian cancer cell) due to poly-
merization-induced self-aggregation.[24] Such peptide
systems when conjugated with bioactive or drugmoieties provide
a means of sequestering the drug within cells and have particular
implication for many biomedical applications including over-
coming drug efflux mechanisms in tumor cells, engineering
drug depots in tissues, and bioimaging.[24] Artificially and genet-
ically encodable thermosensitive ELPs have shown an increasing
potential for biomedical applications due to their 1) controllable
nanostructures formation, 2) extensibility beyond natural elastin,
and 3) capability of undergoing a temperature-responsive
entropy-driven chain collapse process.[25] However their ability
to yield similar outcomes in cytosolic environment was ascer-
tained.[26] Recently, Inostroza-Brito et al., utilized the endog-
enous, intracellular transglutaminase (TGase) to efficiently
catalyst the reaction between amino and carboxamide groups
of lysine and glutamine residues, respectively, to synthesize poly-
peptides and in particular ELPs with isopeptide covalent bonds
highly resistant towards proteolysis leading to the formation of
thermally induced topology-controlled nanomaterials in cells.[26b]

For such enzyme-specific polymerization to result in subsequent
self-aggregation, 11 monomeric peptide units were designed to
gain control over the upper-critical solution temperature (UCST)
and lower-critical solution temperature (LCST) phase behavior,
degree of polymerization, and self-aggregated topological struc-
ture of the resulting polypeptides or ELPs. The construction of
the ELPs sequence repeat was inspired by natural elastic proteins
(such as tropoelastin, collagen, and resilin). The monomeric pep-
tide was composed of an elastin-based repeat sequence, func-
tional molecule, and polymerization active sites to visualize
polymerization-induced self-aggregation (Table 2). Target ELP
synthesis in aqueous medium was successfully performed at
37 °C in HEPES buffer in 12 h, using a fixed substrate-to-TG2
ratio (50 μM TG2 per U), which was monitored using and was
monitored using Förster resonance energy transfer (FRET)
between coumarin (CO) and fluorescent isothiocyanate (FITC)
labeled peptides. The successful synthesis of a series of well-
controlled ELPs (Table 2) with a relatively narrow Mw/Mn
(PDI, Đ) around 1.13–1.30, number average molecular weight
(Mn) ranging from 15 000–30 000 Da, and a degree of polymeri-
zation (DP) ranging from 17–36 was accomplished using this
system. The ELPs exhibited a distinctive sequence-encoded phys-
iochemical behavior, namely, 1) the presence of abundant
Pro-residues and Gly-residues (e.g., PGVG, GVGXP, and VHGP)
in the ELP-triggered temperature-responsive phase transitions
and 2) increment of the charged residues (e.g., His or Arg) in
the neighborhood of conserved sequence was consequential
for the lower molecular weight (MW) after polymerization
(e.g., P1–P3), leading to disfavored enzymatic activity.
Additionally, phase transition property and thermoinduced
assembly behavior were found to be dependent on the chain
length as well as on the insertion of hydrophobic guest residue

Scheme 1. Cartoon showing steps and the processes involved in intracel-
lular polymerization and SEQUESTration of polymers through self-
assembly.
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(e.g., Phe> Leu> Asp) in P4–P6 (Table 2). The linear ELPs (P4
and P7) and the gel-forming ELPs (P9 and P10) formed nanopar-
ticles and network architectures, respectively; while the random
coil ELPs (P8) did not form any obvious nanostructure. After
optimization in solution, peptides were internalized through pas-
sive diffusion into HeLa cells which overexpress TG2, and TG2-
catalyzed polymerization was successfully demonstrated after
12 h under physiological conditions with potential intracellular
polypeptide self-aggregation.

Like in solution, HeLa cells upon treatment with CO and
FITC-labeled P4, P7, and P9 polypeptide followed by excitation
at 405 nm showed FRET phenomenon which was absent in cells
treated with control peptides (4, 7 and 9) lacking polymerization

active sites. Additionally, FRET response (FR) parameters and
statistically significant FRET signals between TG2-positive HeLa
cells and TG2-negative MCF-7 also confirmed that the FRET
effect was generated from intracellular polymerization instead
of nonspecific intermolecular interactions. Furthermore,
thermo-induced intracellular PISA was verified by the generation
of green fluorescence signal for DBD-labeled thermosensitive
ELPs P4, P7, and P9 at 37 and 4 °C in their collapsed state
(dot-like fluorescence for linear ELPs and homogeneously dis-
tributed fluorescence for gel-like ELPs) within HeLa cells which
was absent in MCF-7 cells which lack TG2. In contrast, the
thermoinert polypeptides P8 and P10 did not show any PISA for-
mation. Using Fe2þ-coordinated P18-labeled peptide molecules

Figure 1. A) Transglutaminase 2 (TG2)-catalyzed intracellular polymerization of peptide monomer (composed of an elastin-based repeat unit, one-pair or
two-pair polymerization active sites, and a functional molecule) to generate ELPs through the formation of an isopeptide bond between the side chains of
glutamine and lysine. B) Schematic illustration of TG2-catalyzed intracellular polymerization and temperature-induced in situ self-assembly of FITC (fluo-
rescent molecule)-labeled peptide monomer leading to hypoxic neuroblastoma cell imaging. Part B is reproduced with permission.[28] Copyright 2019,
Royal Society of Chemistry.

Table 2. List of monomeric peptides along with the attached functional molecules for ELP synthesis.

Monomeric Peptide Sequence MW [Da] ELP Functional Molecules

Control AVHPGVGP 732.8 – 1) 4-(2-carboxypyrrolidin-1-yl) �7-(N,N-dimethylamino-sulphonyl)
�2,1,3-benzoxadiazole (DBD),

2) Coumarin (CO),
3) Fluorescein isothiocyanate (FITC),

4) Cyanine 5.5 (Cy 5.5)
5) Purpurin 18 (P18)

Peptide 1 HHPGVG 858.5 P1

Peptide 2 HDPGVG 836.9 P2

Peptide 3 HPGVGH 858.5 P3

Peptide 4 RLGVGFP 1000.6 P4

Peptide 5 RLGVGLP 966.6 P5

Peptide 6 RLGVGDP 968.5 P6

Peptide 7 VHPGVG 821.0 P7

Peptide 8 APGVG 754.9 P8

Peptide 9 VPHVG 1020.2 P9

Peptide 10 APGVG 912.2 P10
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(control, 4 and 9) the formation of nanoparticles (average size
distribution �770� 130 nm) within cells after 12 h due to
PISA was confirmed using TEM. Thermoprecipitation also con-
firmed that the MW of intracellularly produced ELPs (similar to
that obtained in buffers) increased rapidly and stabilized beyond
6 h. The self-aggregated process of ELPs (e.g., DBD-P4) upon
rapid (over 5min) an isothermal cooling from 37 to 4 °C indi-
cated an instant phase transition-induced aggregation. Also, a
time dependent nanoaggregation of DBD-P7 and DBD-P9 was
observed where at 4 h, DBD-P7 showed the formation of nano-
particles along with fluorescence signal lasting up to 24 h upon
reaching a MW of �30 kD and 3D topological growth of the
DBD-P9 during 2–4 h, along with significant fluorescence lasting
from 4 to 24 h due to hydrogelation and formation of ordered
hydrophobic domains. Interestingly in situ self-aggregation of
ELPs (e.g., P7 and P9) significantly enhanced intracellular reten-
tion to upto 28% at 24 h, in comparisons to the very low retention
(�0.2%) of the small molecule control peptides, presumably due
to a combination of hydrophobicity and diminished protease deg-
radation of the compacted polymerized peptide nanoaggregates.
ELP cytocompatibility was found to be related to their solution
conformation or structure. ELP with the random coil structure
and ELP nanoparticles (e.g., P4–P8) were found to be highly cyto-
compatible. However, a dramatic rise in the cell cytotoxicity was
observed for ELPs that assembly into gel-like 3D structure after
polymerization (e.g., P9 and P10) and for thermosensitive ELP
gel (e.g., P9). This has been attributed to volume phase transition
induced during polymerization, and elasticity of the polyELP net-
works placing strain on the cytoskeleton, leading to cytotoxicity.
In in vivo studies, Cy5-labeled P7 showed longest retention HeLa
tumors enabling imaging upto 24 h in comparison to Cy5-labeled
control and P8. Preliminary safety and efficacy studies in
tumor-bearing mice have shown that intracellular peptide
polymerization can be a viable strategy for developing antitumor
therapeutics, with intracellular polymerization of P9 and P10
ELP-leading to antitumor activity with negligible change in body
weight in both cases.

Since TG2 is implicated in the pathogenesis of neurodegen-
erative diseases[27] and hypoxia has been shown to upregulate
TG2 expression, Peng et al., exploited the aggregation-induced
emission (AIE) in FITC-labeled ELP peptides upon TG2-medi-
ated polymerization in SH-SY5Y a cell line derived from the
metastasis of neuroblastoma, to selectively light up hypoxic
SH-SY5Y cells thus providing a paradigm for bioimaging of hyp-
oxic brain tumor cells (Figure 1B).[28]

2.2. Photoinitiated Free Radical Photopolymerization

Geng et al., have reported a intracellular light-mediated free-
radical polymerization strategy to synthesize non-natural poly-
mers using several biocompatible initiators and a range of acrylic
and methacrylic monomers (Figure 2).[29] For the intracellular
free-radical photopolymerization, 2-hydroxy-4 0-(2-hydroxyethoxy)
�2-methylpropiophenone (Irgacure 2959), a cytocompatible
initiator, was chosen due to its stability in the presence of
oxygen and cellular components as evidenced by its various bio-
medical applications in aqueous and cellular environments.[30]

Additionally, Irgacure shows appreciable cellular uptake

(�49% uptake at 2 mM) in HeLa cells (model system). A screen-
ing study to identify cytocompatible acrylate and methacrylate
monomers based on the half-maximum inhibitory concentration
(IC50) values after 48 h of incubation in HeLa revelaed a decreas-
ing order of cytocompatibility as follows: N-(2-hydroxypropyl)
methacrylamide (HPMA) (IC50 up to 250mM), sodium
4-styrenesulfonate (NaSS) (IC50 up to 100mM), 4-Vinylaniline
(VAN) (IC50= 56mM), and ferrocenylmethyl methacrylate
(FMMA) (IC50= 68mM). Based on this, HPMA monomer
was chosen due to: 1) its excellent biocompatibility, hydrolytic
stability, and a history of exploitation of HPMA-based polymers
in biomedical applications and[31] 2) appreciable cellular uptake
of HPMA in Hela cells after 4 h of incubation (�58% at 50mM
incubation concentration). Under optimized concentrations of
monomer and initiator cells remained viable up to 10min upon
irradiation at 365 nm (dose 5mW cm2, distance 5 cm). NMR
studies confirmed that while at room temperature monomer
and initiator concentrations below 20mM and 600 μM respec-
tively, did not yield polymers in PBS upon irradiation for
5min. However, a higher concentration of HPMA (50mM) in
the presence of 2 mM Irgacure 2959 yielded polymers (48% con-
version, Mn= 13.5 kDa, Đ= 1.7). The polymerization of HPMA
was independent of O2 in the PBS and was found to progress in
cell lysate even in the presence of antioxidants, such as GSH
(a free radical scavengers) up to 50mM concentration. In both
the conditions (in PBS and cell lysate), an increasing trend in
Mn of polymers (from 15 to 19 kDa) with increasing monomer
concentration (from 50mM to 1 M at 25:1 monomer/initiator
ratio) was observed. The viability of cells after 4 h of intracellular
polymerization of HPMA at various concentrations (1–100mM)
using Irgacure 2959 (2 mM) and a conversion of �68%, or after
4 h of incubation with the monomer and initiator with exposure
to light was >85% for HeLa and >90% cell viability for ARN8
and PC3 cells. This high cell viability was maintained for up 7
days and comparable to untreated cells suggesting that intracel-
lularly produced, localized radicals did not interfere with the cell
viability, supporting previous observations.[30a,30b] Copolymers
containing biotin-PEG methacrylate (0.1 Equiv. to HPMA) as
an isolation handle synthesized in HeLa cells and isolated using
magnetic streptavidin nanoparticles possessed appreciable Mn of
�12.7 kDa and reasonably narrow polydispersity (Đ 1.62). Flow
cytometry analysis revealed an absence of significant changes in
the cell cycle (G0/G1 and G2/M phases) for photopolymerized
cells in comparison to the untreated cells, but a reduction in cells
entering S phase after 48 h (photopolymerize cells 6% versus
12% in untreated cells). While no DNA damage was observed
in the photopolymerized HeLa cells they showed significantly
reduced motility compared to untreated HeLa cells at latter time
points (48 and 72 h), suggesting that effects of the intracellular
polymers manifest themselves over time. In fact, intracellular
polymerization was found to induce actin filament ordering,
leading to the possible increment of cellular viscosity, and
potentially fluidity of the cell membrane, altering migratory
behavior. Furthermore, the following characteristics were
associated with “polymerized cells” in comparison to untreated
cells and cells simply exposed to irradiation: a spread and
polarized morphology, actin stress fibers clustered into
large locally ordered microdomains, increase in subcellular
microdomains, and cells with higher aspect ratio (elongated).
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Notwithstanding, “polymerized cells” exhibited appreciable fluo-
rescence intensity compared to nonpolymerized cells even after
five passages. Such a polymerization strategy has been success-
fully extended to generate fluorescent polymers of sodium salt of
NaSS and VAN in HeLa cells and exploited for sorting and visu-
alization of these cells.[32] Using similar principles, the in situ
polymerization of FMMA in HeLa has been has been shown
to yield polymers (Mn= 6.2 kDa and Đ= 1.52). Poly(FMMA)
undergoes aggregation in both cytoplasm and nucleus into
spherical nanoparticles (50–70 nm), which was TEM and the
particle size was similar to what was observed when polymeriza-
tion is carried out in PBS. Similarly, copolymerization of
2-Hydroxyethyl methacrylate (HEMA) and O-2-hydroxypropyl
methacrylate (O-HPMA) under the same conditions as those
for FMMA resulted in polymer aggregates within cells, due to
spontaneous assembly of insoluble polymers as evidenced
from TEM images.[33] Therefore, such intracellular polymeriza-
tion strategies provide an alternative means to label cells for
long-term tracking without significantly impacting cell
function.

2.3. Amino-Yne Click Polymerization

Intracellular copolymerization based on amino-yne click
chemistry, (Figure 3) of a carbonyl group activated terminal diyne
with tetraphenylethene (TPE)-containing diamine, to produce
poly(β-aminoacrylate) (PAA) within HeLa cells under physiologi-
cal conditions with potential utility in cell imaging nanotherapeu-
tics has been recently reported by Hu et al.[34] This was based on a

previously standardized spontaneous amino-yne click polymeri-
zation technique, with high reactivity and selectivity under very
mild conditions without the need for a catalyst.[35] Further, TPE-
based diamine moiety was chosen for such copolymerization due
to its highly efficient and photostable AIE fluorescence in aque-
ous solution with a large Stokes shift. This allowed for the poly-
mer to fluoresce under biological conditions suitable for many
biomedical applications.[36] Additionally, a previous effort from
this group on amino-yne click reaction to produce labeled biocon-
jugates also led them to exploit such an efficient and promising
amino-yne click reaction strategy for intracellular polymeriza-
tion.[37] Through optimization of polymerization conditions
(monomers concentration, reaction temperature, and time)
and the reaction solvent from dichloromethane (DCM) to water
resulted in an “on-water” effect and an appreciable enhancement
of the PAA copolymer MW from �2 to >12 kgmol�1.[38]

Standardization of reaction conditions revealed ultra-fast reac-
tion rate for such amino-yne click polymerization enabling poly-
mer formation at very low monomer concentration (0.025 M),
thus reducing the impact of the reaction time on MW and yield
of the PAA, polymerization even at 4 °C in water, and a redshift
in both normalized absorption and photoluminescence (PL)
spectral peaks after click polymerization due to the extended con-
jugation. Upon sequential treatment with both the monomers,
that is, TPE-diamine and the diyne, intracellularly generated
PAA showed incorporation of both monomer species as inferred
from the presence of a new peak at 1,603 cm�1 corresponding to
C═C stretching vibration instead of two located at 3225 and
2078 cm�1 for ≡C-H and C≡C stretching vibrations, and an

Figure 2. Photoinitiated free radical polymerization of various monomers and subsequent self-assembly formation inside cells.

Figure 3. Intracellular spontaneous amino-yne click polymerization to synthesize AIE-active poly(β-aminoacrylate) (PAA) polymer.
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PL emission maxima of at 504 nm, which is similar to that of
PAA (510 nm), the polymer so formed exhibited appreciable
MW (7.3 kgmol�1). The formation of polymers in HeLa cells
was further confirmed by confocal laser scanning microscopy
(CLSM), where a conversion of the weak fluorescence of the
TPE-diamine to the intense green fluorescence due to formation
of PAA was observed following incubation with the polymeriza-
tion components. The absence of fluorescence signal within
HeLa cells upon incubation with PAA polymers suggests
inability of cells to take up these polymers confirming the in situ
polymer formation as the basis for the observed fluorescence and
furthermore, the potential of such systems in “turn-on” fluores-
cent cell imaging. Similar outcome was achieved in other cells
(MCF7, HEK 293, HCC 827) and microbes (C. albicans). Since
PAA-associated toxicity was observed in HeLa cells after 24 h
of incubation, which was higher in comparison to the mono-
mers, further system optimization needs to be carried out before

such polymers systems can have utility on routine cellular imag-
ing and tracking.

2.4. Redox-Responsive Metal-Catalyzed Polymerization

In 2021, Shen et al., reported an in situ-generated Cu(I)-catalyzed
intracellular radical polymerization technique for a variety of
monomers using endogenous reducing agent glutathione
(GSH), supplementary exogenous reducing agent sodium ascor-
bate (NaAsc), and a low dose of the Cu(II) Br2�histidine complex
(Cu�His) (Figure 4).[39] Utilization of redox status of GSH/
GSSG or GSH concentration relevant to tumor microenviron-
ment makes this intracellular polymerization method of
potential interest in therapy. Exploitation of in situ generation
of Cu(I) from a Cu(II) complex in the presence of reducing
agents instead of preprepared Cu(I) complex ensured stability
of the catalyst and retention of the catalytic activity thus reducing

Figure 4. In situ-generated Cu(I)-catalyzed intracellular radical polymerization technique for a variety of monomers using endogenous reducing agent
glutathione (GSH) present in the tumor microenvironment, supplementary exogeneous reducing agent sodium ascorbate (NaAsc), and a low dose of the
Cu(II) Br2�histidine complex (Cu�His). Reproduced with permission.[39] Copyright 2021, American Chemical Society.
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cytotoxicity by avoiding local enrichment of the Cu(I). Through a
screening of toxicity of different ligands in various cell lines
(human hepatoma cells (HepG2), HeLa, and lung fibroblasts),
Cu-His (L-Histidine) was identified as a suitable catalyst as it
was tolerated by cells up to 20mM, a concentration effective
for polymerization. With all intracellular polymerization efforts
to date, an ex vivo standardization study was undertaken for the
radical co-polymerization of N-hydroxyethyl acrylamide (HEA)
and fluorescein o-methacrylate (FOM) monomers inn aqueous
conditions at 37 °C using Cu�His NaAsc as the reducing agent,
and a water-soluble initiator tetra(ethylene glycol) bromoisobuty-
rate (TEG-Br). An optimized system consisting of 10mM HEA
and 20 μM FOM, 10 μM TEG-Br, 400 μM Cu�His, and 800 μM
NaAsc offered a high monomer conversion rate (97%) within 2 h
and yielded a high-MW copolymer (Mn= 48.8 kgmol�1). In this
system, the addition of GSH not only rapidly reduced Cu(II) to
Cu(I), but also improved the monomer conversions and conse-
quently accelerated the catalytic polymerization, leading to the
formation of polymer with comparable MWs (35.5 kgmol�1).
HepG2 cells were particularly found to be more tolerant to
treatments with the monomers (HEA 12–200mM, and FOM
8–200 μM), initiator TEG-Br (0.1–6mM), and NaAsc
(5–200mM), by themselves or in combinations. Interestingly,
HepG2, which are hepatocarcinoma cells, also showed faster
and higher cellular uptake of Cu-His, but also subsequently
showed highest drop in GSH concentration (76%) and rise in
GSSH concentration (91%) compared to HeLa and HPF.[40]

Intracellular polymerization within HepG2 did not result in
appreciable differences in the cell cycle (G0/G1 and G2/M
phases) and DNA content of the “polymerized cells” in compari-
son to the “unpolymerized” cells. The retention of the synthe-
sized macromolecules within the cells was confirmed by
following the FOM-associated fluorescence using CLSM over
multiple passages and washings, which, unlike small molecules,
was retained for up to 72 h. Moreover, imaging after 48 h of
incubation revealed a greater fluorescence within HepG2
cells in comparison to HeLa and HPF cells, confirming a
higher polymerizing capacity in HepG2. This suggests a gradual
decrease in the level of redox cycles (responsible for polymeriza-
tion inside cells) from HepG2 to HeLa and HPF. Furthermore,
the formation of NPs through PISA of FMMA was also observed,
further confirming polymerization within the cells.

In a step toward exploiting intracellular polymerization tech-
nique toward cancer therapy, polymerization was carried out
using monomers conjugated to paclitaxel (PTX), a chemothera-
peutic drug that induces cell apoptosis by disrupting
microtubule formation.[41] Polymerization of drug-monomer,
acryloyl-paclitaxel (Acr-PTX), was successfully implemented in
HepG2 and HeLa aided by the high GSH content in these cancer
cells. Flow cytometry revealed that the intracellular presence of
poly-PTX leads to higher apoptosis-induced cell death (HepG2:
�72% and HeLa: �65%) in comparison to untreated cells, cells
treated with only PTX, and only Acr-PTX. The higher cytotoxicity
of poly-PTX toward cancer cells was also confirmed by live/dead
and propidium iodide staining, which was further supported by
MTT assay. This was also borne out by the observation that the
IC50 values in poly-PTX (polymerized cells) was almost tenfold
lower in comparison to that of PTX and Acr-PTX in both the can-
cer cells and noncancerous cell. This higher efficacy can been

attributed to the superior retention of the intracellularly generated
macromolecules or polymerized drug by the cancer cells
(probably due to the less efficient P-glycoprotein (Pgp) efflux
pump for polymers) along with its high GSH content, which
could be the reasons for such chemotherapeutic effect.

2.5. Reactive Oxygen Species-Triggered Oxidative
Polymerization

Reactive oxygen species (ROS), an endogenous, intracellular
source of radicals, can be induced in cells due to various endog-
enous and exogenous factors. ROS, which is a term that includes
superoxide anion and hydrogen peroxide, plays an important role
as a secondary messenger in cells but is also implicated in
damage to DNA and lipid bilayer of the cell plasma membrane
(Figure 5). In 2021, Dai et al., reported a novel oxidative intracel-
lular polymerization reaction to target cancer cells by exploiting
the instant and ultrasensitive responsiveness of telluride (Te)
containing molecules toward ROS (as low as 100 μM)
(Figure 6).[42,43] An optimization study under interfacial condi-
tions (DCM and water) using H2O2 as the oxidizing agent yielded
polymers where the degree of polymerization (i.e., formation of
new Te–O linkages in the polymer backbone) linearly scaled with
[H2O2] along with change in oxidation state of the Te from þ2 to
þ4. One interesting aspect of this study was the utilization of a
nanoreservoir (core-shell structure) of Te-containing molecules
as the monomer source to ensure successful polymerization
without any side reaction in living cells. The Te-nanoreservoirs
were constructed using gold due to its biocompatibility, propen-
sity to favorably interact with tellurium(chalcogens),[44] and effi-
ciency for forming nanocarriers. This was accomplished via a
one-step reaction between HAuCl4 and organotellurides, where
reducing gold to its elemental state (forming the core) followed
by the loading of several amphiphilic organotellurides (forming
the shell) through in situ coordination resulted in a core–shell
Au–telluride architecture. The amphiphilic organotellurides
were synthesized by incorporating hydrophilic oligo ethylene
oxide chain (EGX), (for solubility and dispersibility of Te-
nanoreservoirs) and a hydrophobic portion (CY) (to protect
telluride from dissolved oxygen in aqueous solution). (HO–
EG4–C6)2�Te was found to be the best Te-nanoreservoir due
to its uniform diameter (5.1� 0.3 nm) and an even dispersion
in aqueous media (12.4� 1.6 nm) and 6:1 molar ratio of Te/Au
was found to be the most efficient stoichiometric condition in
preparing Te-nanoreservoirs for such intracellular polymeriza-
tion technique. These Te-nanoreservoirs (TNRs) also showed
good thermal stability over a range of temperatures (based on
DLS and UV–vis measurements) along with a high local density
of organotellurides for oxidative polymerization. During oxida-
tive polymerization, organotellurides in nanoreservoir are oxi-
dized from þ2 to þ4, leading to the dissociation of the
oxidized polymers from nanoreservoir due to the diminished
coordination between gold and tellurium, followed by the loss
of stabilizer leading to the aggregation of TNRs. The successful
formation of poly organotellurides was further verified using
NMR, XPS, and TEM, with molecular weights of 6.3 kDa attain-
able after 24 h. Effective oxidative polymerization of organotellur-
ides was further realized in the ROS-rich intracellular
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Figure 6. A) Oxidative polymerization of Te-containing molecules by H2O2. B) Synthesis of Te nanoreservoirs (TNRs). C) Chemical structure of the
organotelluride for preparing TNRs: (HO�EG4�C6) 2�Te. D) Schematic illustration of the intracellular oxidative polymerization via a Te nanoreservoir.
Reproduced with permission.[42] Copyright 2021, American Chemical Society.

Figure 5. Mechanism of radical generation in cytoplasm due to ROS, the factors that contribute to ROS production, and the effect of ROS on cell function.
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environment of cancer cells. Based on live/dead staining, flow
cytometry, and viability assay, it was found that viability of cancer
cells (HepG2, MCF7, MDA-MB-231, A549, Panc-1) was
markedly reduced with increasing concentration of TNR after
24 h of incubation due to such intracellular oxidative polymeri-
zation, while no appreciable changes were observed in normal
(healthy/non-cancerous) cells, such as L02 (human normal liver
cell) and MCF-10 A (human normal breast epithelial cells).
Among cancer cells, the highest impact of such oxidative poly-
merization was observed in HepG2, MCF7, and MDA-MB-231
(less than 20% cell viability at 30 μgmL�1 of TNR). The absence
of such toxicity in L02 or HepG2 cells when treated with normal
gold nanoparticles (AuNP/Citrate), Te-containing molecules
(HO–EG4–C6)2�Te), and gold nanoparticles coated with organo-
selenides (AuNP-Se) further points to a very specific

responsiveness of tellurium (and TNR) to tumor intracellular
environment. Moreover, in a HepG2-tumor-bearing BALB/c-
nude mouse model, the introduction of TNR was found to sig-
nificantly inhibit the tumor growth with no observable systemic
toxicity, inflammatory reaction, or loss in body weight providing
a solid basis for further exploring such in situ oxidative polymer-
ization reactions in cancer therapy.

2.6. Intramitochondrial Disulfide Polymerization

Kim et al., in 2021 reported PISA in the mitochondria of HeLa
cells via disulfide (–S–S–) crosslinking in polymers derived from
thiol-containing monomers by exploiting the high concentration
of ROS in the mitochondria of cancer cell as a means of regulat-
ing cell fate (Figure 7).[45] During PISA, the solvophobicity of the

Figure 7. Intramitochondrial ROS-responsive disulfide PISA: A,B) Chemical structure of the mitochondrial-targeting monomers, Mito-1 (polymerizable
thiol group-containing monomer) and Mito-2 (unpolymerizable hydroxy group-containing monomer); C) PISA of disulfide-based polymer.
D) Intramitochondrial (unlike in intracellular reductive environment) polymerization-induced necroptosis, mitochondrial dysfunction in cancer cells,
resulting in oxidative stress, and the generation of increased levels of ROS, providing autocatalytic effect. Reproduced with permission.[45]

Copyright 2021, American Chemical Society.
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polymer increases with the growth of polymer chains leading to
the formation of self-assembled nanostructures via entropy-
driven chain collapse.[46] Disulfide polymerization is very attrac-
tive as it allows for the construction of a dynamic combinatorial
library of macrocycles[47] and this provides a means to engineer
polymers with varying degrees of solvophobicity. The choice of
mitochondria for such disulfide polymerization (dissipative reac-
tion) was based on the hypothesis that oxidative agents inside the
mitochondria can act as a chemical fuel to promote the oxidation
of thiol groups to form disulfide bonds. As an exemplar system,
an aromatic dithiol monomer (Figure 7) bearing triphenylphos-
phonium (TPP) moiety was synthesized as the mitochondria
targeting unit. Positively charged TPP would aid in the accumu-
lation of the monomers within the mitochondria of cancer cells
by exploiting the interaction between the higher negative charge
of the mitochondrial membranes of cancer cells in comparison to
normal cells.[48] Prior to in vivo polymerization, the polymeriza-
tion the “Mito-1 monomer” was optimized in aqueous media
with an analog containing 2-hydroxyl moieties instead of the thiol
group (Mito-2) serving as the negative control (Figure 7). Using
HPLC, GPC, and NMR studies it was shown that within 4 h, 80%
of the “Mito-1 monomer” (10mM) was consumed in PBS at pH 8
leading to the formation of polymers with appreciable MW
(18 kgmol�1, Đ 2.3) as a result of the formation of oxidized disul-
fide bonds. However, this was not observed in the case of Mito-2,
which lacked thiol groups. After 6 h of polymerization of Mito-1
it was found that: 1) in the presence of 10mM GSH
(intramitochondrial mimicking redox environment), higher
concentration (10mM) of monomer solution in PBS (pH 8)
underwent polymerization which was not achievable at low con-
centration (1 mM), and 2) polymerization was not feasible pH 6.0
in PBS even at a 10mM Mito-1 concentration, as a slightly basic
condition (i.e., above the pKa value of the aromatic thiol �7) is
required for disulfide polymerization. The presence of a reducing
environment was confirmed by the disappearance of S�H
stretch of the aromatic thiol group (2700–2900 cm�1), concurrent
with the appearance of disulfide peaks (at 452–547 cm�1).
Formation of larger-sized aggregates (�786 nm) along with
fibrous polymeric structures due to PISA was observed after
12 h of polymerization. Encapsulation study with Nile red, a
hydrophobic probe, revealed that the formation of large polymers
occurs only when the concentration of the monomer is >2mM,
indicating a monomer threshold for polymerization within the
intramitochondrial environment. However, this limitation could
be overcome in the presence of an oxidizing agent such as hydro-
gen peroxide (H2O2, 100 μM), as it can fuel for the formation of
disulfide bonds under conditions simulating mitochondrial envi-
ronment (pH 8.0, PBS buffer containing 10mM GSH). This was
found to accelerate the PISA formation even at low monomer
concentrations (1mM) due to the thermodynamically favorable
disulfide bond formation, which is also well supported by
computational analysis using density functional theory calcula-
tions and molecular dynamics (MD) simulation study. For
intramitochondrial PISA in HeLa cells, nitrobenzoxadiazole
(NBD)-labeled Mito-1 (Mito-1-NBD) and Mito-2 (Mito-2-NBD)
monomers were synthesized using C6 linkers to compensate
for any steric hindrance due to the bulky NBD group. PISA for-
mation in HeLa cells was confirmed by the appearance of intense
intracellular fluorescence with a maximum at 545 nm (6-fold

increment upon polymerization) due to the aggregation of
NBD moieties. CLSM further confirmed the inability of Mito-
2-NBD to undergo polymerization and the colocalization of
the red fluorescence of the Mito-Tracker, a established mitochon-
drial marker, with the green fluorescence of Mito-1-NBD con-
firmed the presence of the PISA entities in the subcellular
organelle. At a higher feed concentration (30 μM), a 7-fold higher
accumulation of Mito-1-NBD was found in the mitochondria of
HeLa than in the noncancerous HEK293 (human embryonic kid-
ney) cells. GPC analysis of the cell lysates further confirmed the
formation of polymers in situ with MW of 8 kDa (Đ 1.2) attain-
able after 12 h of incubation. In situ polymerization was also
found to increase ROS level further inside the mitochondria,
thus autocatalyzing the polymerization process to generate
fibrous polymeric structures (only inside mitochondria). Due
to the presence of the abundant reducing agents in the cytosol,
such as GSH (cause the destruction of disulfide bonds instead of
the formation), TPP-free monomer (Cyto-1, control monomer,
unable to translocate to the mitochondria) could not form a poly-
mer in cytoplasm proving that such polymerization can only
occur inside the mitochondria. TEM images of the polymerized
cells showed the disruption of the cellular membrane and a lack
of normal mitochondria along with the formation of fibrous poly-
meric structures inside mitochondrial compartment, whereas
noncancerous HEK293 and the untreated cancer cells showed
healthy mitochondria due to no polymerization. Such a damage
of mitochondria of the cancer cells due to membrane depolari-
zation because of intramitochondrial polymerization and subse-
quent increment of oxidative stress was further proved by the
standard JC-1 assay,[49] supported by the tetramethylrhodamine
methyl ester (TMRM) assay and ROS assay in the presence of
MitoSOX reagent. Cellular toxicity due to Mito-1 polymerization
was also confirmed in various other cancer cell lines (MDA-MB-
468, MDA-MB-231, P-132, and SKBR3), with IC50 values ranging
from�18–28 μMwhich, incidentall,y is higher than that of doxo-
rubicin (IC50� 41 μM). Additionally, lower toxicity of Mito-1
polymerization toward normal cell lines (IMR90, HEK293)
further validates this strategy for targeting drug-resistant cancer
cells. Annexin-V labeling revealed after 12-h treatment with
40 μM Mito-1 HeLa cells enter necrosis and overexpresses tissue
necrosis factor-alpha (TNF-α), a necrosis-related protein. In the
presence of necrostatin-1 (Nec-1), a necroptosis inhibitor, HeLa
cells showed resistance toward programmed cell death after the
treatment with Mito-1, indicating a PISA-induced necroptosis, a
form of programmed necrosis of necrosis. As an important step
toward translation, the in vivo therapeutic efficacy of the polymer-
ization strategy was assessed in SCC7 tumor-bearing nude mice.
In Mito-1-treated mice (intratumoral injection), growth of the
tumor was significantly inhibited after 24 days of treatment in
comparison to the control and mice treated with β-lapachone
(therapeutic agent resulting in the generation of ROS).
Growth of the tumor was further reduced in the group treated
with a combination of Mito-1 and β-lapachone. Furthermore,
in another in vivo study using a 4T1 xenograft model, moderate
antitumor efficacy was observed for the Mito-1 group over a
period of 24 days through necrosis similar to what was observed
in mouse-bearing SCC7 tumors. Mito-1-NBD was found to be
excreted into urine within 12 h, additionally, the absence of
any hematological or pathological changes in animals following
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injection of Mito-1 at a dose of 10mg kg�1 dose provides com-
pelling reasons for the exploitation of intramitochondrial PISA as
a form of anticancer therapy. Such PISA-induced mitochondrial
dysfunction and the activation of necroptosis would be particu-
larly effective against drug-resistant cancers, as PISA evades the
efflux transporters and the genetic mutations that confer drug
resistance.

2.7. Cathepsin Protease (Enzyme)-Initiated Condensation
Polymerization of AIEgens

Cathepsin-B (Cat-B) is a lysosomal cysteine protease that is over-
expressed in several epithelial tumors and has a demonstrable
role in tumor progression and as a consequence Cat-B has been
suggested as potential target in anti-tumor therapies.[50] Recently,
Qi et al., reported a tumor-specific intracellular polymerization
technique based on cat-B enzyme-mediated aggregation-induced
emission fluorogen (AIEgen) for imaging and inhibiting tumor
growth.[51] In this paradigm, the cysteine group of activated
AIEgen-peptide conjugate (D2P1) and cyanobenzothiazole
(3CBT) rapidly condense to form nanoaggregates in tumor cells
with an enhanced fluorescent signal (Figure 8).[51] The reaction
between cysteine and CBT group has been recently reported in
protein labeling and in in vivo imaging of protease activity due to
its 1) faster reaction rate under physiological environment than
the typical copper-free azide-alkyne cycloaddition, and 2) easy
modulation of reactivity by masking the aminothiol with differ-
ent responsive moieties.[52] Furthermore, based on the increas-
ing interest in AIEgen-based photosensitizers due to their strong
emission in the aggregated state along with their high ROS pro-
duction capability unlike conventional photosensitizers, in both
tumor imaging and tumor photodynamic therapy (PDT),[53]

Qi et al., combined such a condensation reaction-based polymer-
ization strategy with AIEgen-based supramolecular assembly.
A AIEgen-peptide D2P1, composed of an AIEgen core with
two enzyme cleavable peptide arms, containing a side-protected
cysteine, as a responsive moiety, was designed and synthesized

(Figure 8). Such a side-chain protected cysteine is reducible by
GSH and cleavable by cathepsin B. The 3CBT molecule is com-
posed of three arms each one containing CBT at the end of the
chain for condensation reaction with D2P2. While D2P1 only
emits weak fluorescence in aqueous media, the final polymer
showed strong emission in aqueous media which is attributed
to the formtion of aggregates and subsequent restriction in intra-
molecular motion. D2P1 also showed superior 1O2 (singlet oxy-
gen) production capacity even in comparison to commercial
photosensitizers including Ce6 and ICG.[54] Coincubation of
D2P1 with GSH and cat-B for 2 h at 37 °C produced the more
hydrophilic intermediate D2P2 due to the simultaneous
reduction of the disulfide bond by GSH and cleavage of the pep-
tide bond between amino acids Cys and Lys by cat-B.
Polymerization of the D2P1 upon coincubation with 3CBT in
the presence of GSH and cat-B was confirmed by the incremental
enhancement of the fluorescence and ROS generation efficiency
upon light irradiation, due to the formation of the D2P2-3CBT
nanoaggregates. The feasibility of intracellular condensation
polymerization between D2P1 and 3CBT was also validated in
MDA-MB-231 cells aided by the effectively high intracellular
concentration of D2P1 (�37%) and 3CBT (�29%) within
MDA-MB-231 cells after 4 h of incubation and was confirmed
by HPLC analysis of the lysates which showed peak profiles with
similar retention times as those obtained when D2P1 is treated
with GSH and cat-B in aqueous solution, indicating the success-
ful reduction and cleavage of D2P1 inside the cells. After coin-
cubation with D2P1 and 3CBT for 2 h, CLSM images revealed
red dots with weak fluorescence, whose intensity increased with
time, only in cat-B-overexpressing MDA-MB-231 and HT29
(human colorectal adenocarcinoma). In contrast, no significant
fluorescence was detected in cat-B-deficient NIH/3T3 (mouse
embryonic fibroblasts) cells. Intracellular polymerization of
D2P2 and 3CBT (at [D2P1]:[3CBT]= 1:1 and 60 μM concentra-
tion onwards) showed enhanced cell death in cat-B overexpress-
ing MDA-MB-231 and HT29 cancer cells in comparison to
cat- B-deficient NIH/3T3 cells and cancer cells treated with either

Figure 8. Cathepsin protease (enzyme)-mediated intracellular polymerization of AIEgens using condensation reaction between cysteine and cyanoben-
zothiazole (CBT) to generate AIE-active polymer and ROS production for tumor localization and theranostic applications.
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D2P2 or 3CBT alone. Such polymerization-induced cytotoxicity
was further enhanced upon light irradiation indicating efficient
photodynamic therapy (PDT) in MDA-MB-231 due to the gener-
ation of ROS inside cells, which was significantly higher than
that in the cells treated with D2P1 only and followed by light irra-
diation. Intravenous injection of D2P1 in female Balb/c nude
mice bearing subcutaneous MDA-MB-231 tumors (xenografted
tumor models) revealed: 1) enhancement of fluorescence signal
at the tumor site of 3CBT-pretreated (using intratumoral injec-
tion) mice during the first 2 h after probe injection with fluores-
cence signal declining slowly over the course of 24 h in
comparison to that of PBS-pretreated mice further proving the
polymerization at the tumor site, and 2) higher D2P1 concentra-
tion in tumor treated with D2P1/3CBT in comparison to D2P1
treated alone. PDT in these mice showed highest tumor reduc-
tion efficiency in the D2P1/3CBT treatment plus irradiation
(60mW cm�2, 10min) group, in comparison to D2P1/3BT-
treated group or irradiated group validating both the in situ poly-
merization and production of ROS under light irradiation.

3. Polymerization on the Surface of Living Cells

In this section, we summarize the recent leading biocompatible
controlled polymerization techniques used to synthesize non-
natural polymers onto the surface of live cells (Scheme 2).
Polymer modification of a live cell surface (cell–polymer hybrid)
is an emerging technique to control cell behavior or function and
cell–cell interactions due to the increased secondary interactions
possibly derived from grafted polymers and this has the potential
to considerably advance cell-based biomedical applications (e.g.,
cell therapy, cell-based sensors, biocatalysis, theranostics, biomo-
tors, and cells-on-a-chip).[15e,55] Carrying out biocompatible, in
situ polymerization leading to the generation of stable and homo-
geneous polymeric chains at the cell surface might be a better
alternative than the encapsulation of the cells with preformed
polymer coatings or cell surface modification by functional poly-
mers. This is based on the reasoning that the low conjugation
efficiency of preformed functional polymer to cell surface would
necessitate a large excess of reactive polymers due to repul-
sion,[56] whereas the binding affinity between in situ formed pol-
ymers and living cells would be high as the polymer formed
in situ would be matched with respect to charge and structure

with the charge distribution and biofunctional regions on cell
surface.[57] Here, the significant progress of this field over the
last few years (2014–2021) along with their various possible bio-
medical applications is chronologically presented.

3.1. Bacteria-Instructed Copper-Catalyzed Atom-Transfer Radical
Polymerization (ATRP)

Almost a decade ago, Magennis et al., reported the successful
exploitation of the bacterial redox systems to initiate a copper-
mediated ATRP of non-natural monomers at bacterial cell sur-
face, leading to in situ generation of the polymers, followed by
binding and labeling to the microorganisms/pathogens
(Figure 9).[58] Bacterial extracellular matrix (ECM) is a complex
ensemble of hydrophilic macromolecules produced by the bacte-
ria for their own survival, environment niche, and population
control. Inspired by the synthesis of bacterial ECM, Magennis
et al., attempted to synthetically produce bacterial ECM mimick-
ing non-natural macromolecules using natural metabolic path-
ways of bacteria, specifically focusing on redox enzyme
cascades and metal-binding/efflux systems. In particular, they
used copper-homeostasis mechanisms, very common in
Escherichia coli (E. coli) and other bacteria,[59] for the synthesis
of acrylic polymers by copper-catalyzed ATRP using monomers
bound at the bacterial cell surface. This is a very unique synthetic
approach as the bacteria serves as the instructive environment,
that is, the bacteria can select their own binding agents (i.e., tem-
plated procedure) prior to polymerization at their surfaces lead-
ing to synthesis of templated polymers (i.e., sequence of
monomers encoded in the polymer structure that mirrors the
components of the bacterial surface), and, the polymers gener-
ated can have varying monomer distribution (even with the same
monomer) and more interestingly possess specific binding
capacity/affinity to the bacteria on which they were templated.
Based on previous reports, it is evident that the reduction of
Cu(II) to catalytic Cu(I) species, a very critical step for continuous
production of radicals for pseudoliving bacteria-mediated
(b-ATRP), will be facilitated by respiratory chain components
of certain bacteria (e.g., in E. coli by quinones and NADH
dehydrogenase).[60] For such b-ATRP, a cationic monomer
(2-(methacryloyloxy) -N,N,N-trimethylethanaminium chloride
(TMAEMA) was copolymerized with zwitterionic monomer, sul-
phobetaine, 2-(N-3-Sulphopropyl-N, N-dimethyl ammonium)
ethyl methacrylate (MEDSA) both in the absence and in the pres-
ence of bacteria (e.g., highly reductive environment of model
strains of the clinically important species E. coli MG1655
(mCherry labeled) and Pseudomonas aeruginosa PAO1) with
the help of Cu(II) Br2, ATRP ligands, and an ATRP-initiator
by adapting the activators generated by electron transfer
(AGET) ATRP and single-electron transfer methodologies. A cat-
ionic quaternized amine-based monomer, TMAEMA, was cho-
sen as 1) it can bind to the negatively charged cell surfaces,
2) shorter-chain TMAEMA-based poly(TMAEMA) showed com-
paratively better viability than the longer-chain counterpart, and
3) poly(TMAEMA) was a potent SEQUESTrant for a range of bac-
teria. Further, MEDSA was chosen as the comonomer as it can
enhance polymer solubility, serve as a “spacer” between binding
cationic sections, and low-binding affinity group (to counteractScheme 2. Scenarios for in situ polymerization onto the live cell surface.
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the high binding ability of TMAEMA), and also contribute to
improved cytocompatibility. The total Cu concentration in these
reaction conditions was optimized to a highly biocompatible con-
centration (4.42 ngmL�1). Interestingly, they observed the for-
mation of two predominant polymer populations in the
presence of bacteria in contrast to the control polymers (CPs,
grown in the absence of cells under the same conditions using
ascorbic acid as the reducing agent). One population was weakly
templated, randomly sequenced polymers, (WTPs), which were
synthesized in the solution away from the cell surface (or lesser
“reductive zone”), and thus weakly templated by the bacterial sur-
face, and recovered after centrifugation of reaction mixture with
bacteria; a second population of strongly templated polymers
(STPs) were synthesized closer to the bacterial surface (or higher
“reductive zone” nearest to the bacteria) and thus strongly tem-
plated by the bacterial surface and recovered after centrifugation
of reactionmixture (after removingWTP) with bacteria. Based on
microscopy, light scattering measurements of cell–polymer sus-
pensions and turbidimetry assays, STP showed much better
binding to bacterial cell wall and consequently cluster formation
along with quicker aggregation and SEQUESTration of the bac-
terial cell wall than WTP or CPs in the same concentrations and
under the same experimental conditions. Due to the ability of
STP to exhibit specificity for the particular cell surfaces from
where they were generated even in the presence of the mono-
mers in the b-ATRP synthesis, E. coli-STP rapidly formed larger
aggregates only with their “matched” E. coli bacteria and not with
the “mismatched” P. aeruginosa. In contrast, P. aeruginosa-STP
formed larger aggregates only with their “matched” P. aeruginosa
clusters and not with the “mismatched” E. coli. Irrespective on
the reactivity ratios of the monomers, the amount of
TMAEMA component in the synthesized polymer was higher
in the STPs compared with the WTPs and CPs, and even higher

in the P. aeruginosa-STP than that in the E. coli-STP. Interestingly
E. coli-STPs with comparatively lower amount of the cationic
TMAEMA component (in comparison to P. aeruginosa-STP) were
found to overall form better clusters for both the bacteria than
those synthesized in the presence of P. aeruginosa. It was
observed that copolymers incorporating noncharged diol-
functionalized monomers (glycerol methacrylate) and zwitter-
ionic components with the same overall monomer composition
displayed a templating effect, with enhanced surface binding by
bacteria-instructed polymers compared to CPs. This implied that
monomer sequences encoded in the templated polymer struc-
tures depend on some bacterial surface properties (charge and
receptor spacing). Furthermore, the protocols were optimized
and validated for application across a range of bacteria (e.g., to
generate cell binding or detecting agents), including clinically
relevant pathogenic strains as bacterial surface structures and
capsules varying widely across clinical isolates. In their study,
polymers grown by b-ATRP with the same set of template mono-
mers in the presence of E. coli 539 (GFP labeled), a clinically
isolated strain of uropathogenic bacterium, were found to be suc-
cessful SEQUESTrants of bacteria, despite the presence of cap-
sule surface components in this bacterium (in contrast to the lab
strains), indicating their strong binding tendencies on their tem-
plating bacterial surface. The same synthetic methodology
exploiting the bacterial redox cascades has been also successfully
applied to similar copper-catalyzed “click chemistry” (such as
azide-alkyne cycloadditions), for in situ fluorescent labeling of
E. coliMG1655 strain by incubating a mixture of the cell-binding
acetylenic polymer, profluorescent marker compound with a
terminal azide, Cu(II) species within 5min of administration
of E. coli suspensions. Such a simple dual SEQUESTration
and in situ (‘b-click’) labeling of bacteria in a single step was
used for other known pathogens, such as Clostridium difficile,

Figure 9. Bacteria-instructed copper catalysed ATRP (“b-ATRP”) of a cationic monomer (2-(methacryloyloxy)-N,N,N-trimethylethanaminium chloride
(TMAEMA) (blue colored) with zwitterionic monomer, sulphobetaine, 2-(N-3-Sulphopropyl-N, N-dimethyl ammonium) ethyl methacrylate (MEDSA)
(violet colored) to generate a mixture of two synthetic ECM of acrylic polymers with differential cell-binding properties: A) nontemplated polymers
(sequence of m and n is irregular and recovered from the aqueous phase suspension around the bacteria) and B) templated polymer (sequence of
m and n is regular and obtained from a wash of the cell surfaces), where the separated templated polymers showed only high binding affinity with
the matched bacteria (bacteria that “instructed” their formation), leading to enhanced in situ labeling via profluorescent markers.
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Yersinia pseudotuberculosis, Helicobacter pylori, and Campylobacter
jejuni and the fluorescence output was recorded directly from the
96 well with the mobile phone camera in ambient conditions
making it more flexible and easier to implement in the field
and across various socioeconomic demographics.

3.2. Polymer Grafting Using Surface-Initiated, Activator
Regenerated by Electron Transfer, Atom-Transfer Radical
Polymerization

Kim et al., successfully developed a surface-initiated, activator
regenerated by electron transfer, ATRP (SI-ARGET ATRP) tech-
nique, to generate synthetic polymer from water-soluble and
highly biocompatible sodium methacrylate (SMA) monomer
onto the surface of eukaryotic unicellular microorganism
Saccharomyces cerevisiae (baker’s yeast) cells (Scheme 3).[61]

They used ARGET ATRP instead of traditional ATRP to counter
the high cytotoxicity of CuI-based transition–metal catalyst, use of
organic solvents, and reduced oxygen levels, a requirement for
both metal-based catalysts and reactive radical species during
polymerization.[62] In ARGET ATRP, the utilization of a cytocom-
patible reducing agent (e.g., ascorbic acid, vitamin C) for reacti-
vating the catalysts (from CuII to CuI) not only minimizes the
required concentration of the metal-based catalyst, but also
makes the aqueous polymerization possible under atmospheric
conditions.[63] This makes it more suitable for polymerization in
the presence of living organisms compared to conventional
ATRP. The additional strategy of using a layer of radical-
scavenger polydopamine (PD)-based ATRP macroinitiator (PDi
film) primed onto cell surfaces before cell surface polymerization
further helped to increase the cytocompatibility of this technique
by blocking radical species generated in SI-ARGET ATRP. Before
implementing this technique on the yeast cell surface, the system
was optimized on gold substrate as a model system using water-
soluble and biocompatible SMA monomer (more than 90% cyto-
compatible for yeast), catalyst (CuBr2), ligand (2,2 0-bipyridyl),
and reducing agent (ascorbic acid), under ambient conditions.
Under these conditions, PDi film (9.8� 0.9 nm in thickness)

was formed upon incubation with PD derivative (generated by
the reaction of dopamine with 2-bromoisobutyryl bromide) in
a TRIS-buffered solution (pH 8.5) within 3 h. After that
SI-ARGET ATRP of SMA was performed under aerobic condi-
tions for 4 h resulting in the increase in the thickness by
25.0� 0.6 nm. Characteristic peaks at 1570 (C═O stretching of
carboxylic conjugates) and 2800 cm�1 (C–H stretching of ali-
phatic chains) in the FTIR spectra confirmed the SI-ARGET
ATRP of SMA on PDi-coated gold surface. The presence of ascor-
bic acid ensured a high percentage of catalytically active CuI for
SI-ARGET ATRP polymerization (polymerization rate:
1.88 Åmin�1) in spite of aerobic reaction conditions, with the
reaction self-terminating after 2 h due to the consumption of
reducing agents. Similar to the polymerization technique on
the gold substrate, S. cerevisiae yeast cells were individually
primed with PDi for 3 h to form yeast@PDi, followed by
SI-ARGET ATRP on the yeast@PDi with SMA as a monomer
for a predetermined time (30, 60, or 120min) to generate poly-
merized yeast or yeast@SMA. The high viability of PDi-primed
yeast (82.2%) was confirmed by fluorescein diacetate (FDA)
labeling (metabolically active cells can hydrolyze FDA into
fluorescein) and was found to be in between PD-primed yeast
cells (70%) and yeast cells without PDi (91.5%).[64] After
30min SI-ARGET ATRP of SMA, cytoprotective effect of the
PDi layer due to its radical scavenging capability was preserved,
as the viability was found to be 2-fold higher for PDi-primed
yeast than for control yeast cells presenting the PD-deficient
ATRP initiators. In comparison to native yeast and PDi-primed
yeast, the surface of SMA-coated yeast under SEM showed
rough appearance with nanomete-scale polymer poly-(SMA)
particles. Using fluorescently labeled polymer (Scheme 3B),
the presence of synthesized polymer on the yeast cell
surface and uniform polymer grafting on individual cells was
confirmed. The presence of uniform poly(SMA) grafting was
found to prevent the agglutination (aggregation) of yeast cells
under 3min in the presence of E. Coli and suppress cell division
and prolong lag phase in growth curves in comparison to the
native yeast.

Yeast

Yeast@SMA

Yeast@PDi
PDi Priming

(A) Homopolymerization:
SMA (monomer)

Yeast@SMA

Si-ARGET ATRP
CuBr2 (catalyst), 2,2’-bipyridyl
(ligand), ascorbic acid (reducing agent)

(B) Copolymerization:
(i) SMA (monomer)+AzHPMA (monomer)
(ii) Alkyne-linked Alexa Fluor 594

Or
(i) PEGMA (monomer)+PEGMA-N3 (monomer)
(ii) Alkyne-linked Alexa Fluor 594

Scheme 3. Schematic representation of surface-initiated activator regenerated by electron transfer, atom transfer radical polymerization (SI-ARGET
ATRP) technique to generate synthetic polymer from water-soluble and highly biocompatible monomer (SMA, 3-Azido-2-hydroxypropyl methacrylate
(AzHPMA), poly(ethylene glycol) methacrylate (PEGMA), azide-bearing poly(ethylene glycol) methacrylate (PEGMA-N3)) onto the surface of eukaryotic
unicellular micro-organism Saccharomyces cerevisiae (baker’s yeast) cells. A layer of radical-scavenger polydopamine (PD)-based ATRPmacroinitiator (PDi
film) is primed onto cell surfaces prior to cell surface polymerization to block radical species generated in SI-ARGET ATRP polymerization.
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3.3. Photoinduced Electron Transfer-Reversible Addition
Fragmentation Chain Transfer Polymerization

Niu et al., developed a cytocompatible grafting approach to
synthesize non-natural polymers with narrow Đ (<1.3) at room
temperature in 5min onto the surfaces of live S. cerevisiae and
mammalian cells (Jurkat cells) through cell surface-initiated pho-
toinduced electron transfer–reversible addition fragmentation
chain-transfer polymerization (PET-RAFT) (Figure 10).[65] For
such a visible light-mediated cytocompatible PET-RAFT tech-
nique, chain transfer agents (CTA) were anchored on the surface
of live cells using either covalent attachment (for yeast cells) or
noncovalent insertion (for mammalian cells) to initiate the chain
growth. The “grafting from” strategy was preferred over the
“grafting to” approach and direct encapsulation of cells by the
polymer, as it enabled them to initiate structurally defined poly-
mers directly from the cell surface, leading to enhanced polymer
grafting with controlled chain length, and allowed them explore
multifunctional block copolymers while retaining cell surface
functions (signal transduction and mass transport).[56,64] Based
on the previous reports, for such controlled radical polymeriza-
tion (CRP), polyethylene glycol (PEG)-based acrylamides mono-
mers with MW of 1 kDa were chosen due to their high polymer
propagation rates in aqueous solutions at room temperature,
good hydrolytic stability in biological milieu, and impermeability
to cell membranes because of high MW.[31c,66] Based on early
literature reports, 2-(butylthiocarbonothioyl) propionic acid
(BTPA), Eosin Y, and triethanolamine were chosen as the CTA,
catalyst, and cocatalyst, respectively, for PET-RAFT in pH 7.4
PBS buffer.[67] Before implementing the CRP on a live cell sur-
face, the system was optimized in solution in order to
minimize the cytotoxic effect of PET-RAFT on live cells.
Towards this end equimolar amount of CTA, (radical deactivator
in RAFT polymerization) and cocatalyst, along with an optimized

light source (465 nm LED light 5.0 mW cm�2), with short
exposure of only 5min, was chosen to maintain an accelerated
polymerization reaction rate with the goal of <30%
conversion.[30b,68] Polymerization in the presence of live wild-
type S. cerevisiae cultured in yeast extract peptone dextrose
(YPD) resulted in no noticeable change in colony growth of yeast
cells after 48 h in comparison to that of the untreated (in absence
of polymerization) live yeast cells, indicating the compatibility
of live yeast cells with PET-RAFT. For cell surface-initiated
“grafting-from” PET-RAFT polymerization, BTPA (initiating
CTA group) was first conjugated to the surface of live yeast cells
(but not inside the cells). CTA modification was done through
amidation reaction (between cell surface amine group and nega-
tively charged sulfo-N-hydroxysuccinimide (NHS) ester moiety of
azide-reactive dibenzocyclooctyne group) followed by copper-
free, strain-promoted azide–alkyne cycloaddition (SPAAC)
reaction (between azide-reactive dibenzocyclooctyl (DBCO) and
azido-containing BTPA derivative) (Figure 10A). Such a CTA
modification on the surface of yeast cells was found to ensure
cell viability (>95%) based on fluorescein diacetate staining.
Cell surface-initiated PET-RAFT polymerization of PEGA-1 k
monomer was successfully conducted in PBS buffer (pH 7.4)
with CTA-modified yeast cells at the same optimized condition
in the presence of Eosin Y (catalyst) and triethanolamine
(co-catalyst) using a 465 nm LED light source (5.0mW cm�2)
to produce polymer-grafted yeast cells. It was found that the addi-
tion of sacrificial CTA was essential to maintain control of the
polymerization system, as the polymerization was initiated from
both BTPA in solution (sacrificial CTA) and cell surface-attached
CTA with such a system yielding good control over polymeriza-
tion (Mn= 13 300, Đ 1.25). Confocal microscopy images of the
fluorescently labeled polymer-grafted yeast cells (through
SPAAC reaction between azide-modified yeast cells and Alexa
Fluor 647 DIBO) showed strong signal only at the cell surface

Figure 10. Polymer grafting onto cell surfaces [A) yeast cells and B) Jurkat cells] through cell surface-initiated PET-RAFT polymerization. Cell surface
polymerization was performed with various monomers after successful CTA modification onto cell surface either through covalent attachment (for yeast
cell) or noncovalent insertion (for Jurkat cells).
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but no polymer growth inside the cells, confirming the polymer
surface grafting of the yeast cells. Unlike prior work on yeast cell
encapsulation which led to significant change in the cell cycle,
the polymer grafting on yeast cell surface was found to be highly
cell compatible (>90% viability) based on functional esterases
assay (using fluorescence microscopy and flow cytometry), fur-
thermore, did not alter the proliferation capacity in comparison
to wild-type cells as the both cells (polymer grafted and non-
grafted) reached exponential growth stage after 10 h and satura-
tion stage after 40 h.[69] The mild grafting-from polymer
modification on yeast cell surface also did not alter cell wall prop-
erties, as the Alexa Fluor 647 DIBO-labeled polymers were dis-
tributed on the surfaces of both parent cells and newly formed
daughter cells due to the cell wall internalization and redistribu-
tion of parent cell wall fragments to progeny cells during yeast
cell wall metabolism. Additionally, it did not have any impact on
metabolism as lyticase, a digestive enzyme, was active toward the
yeast cell wall after surface modification indicating that there
were still large unmodified glycans on the cell surface making
the yeast cell wall susceptible to degradation. The modification
of yeast cells with PEG-based polymers by the grafted-from
approach proved to be an efficient method to control surface
engineering, as it showed enhanced cellular aggregation followed
by the assembly in presence tannic acid (TA) which is known to
form hydrogen bonds with PEG polymers in aqueous solution.
This polymerization strategy has also been applied toward modi-
fying the surface of live mammalian cells (human Jurkat cells)
but with a few modifications to compensate the absence of cell
wall in human cells. Specifically, instead of covalent anchoring
the CTA, a noncovalent modification of the Jurkat cell membrane
was accomplished by the membrane insertion of a lipidomimetic
CTA (40 μM) bearing a CTA head group, a hydrophilic spacer,
and a noncharged DPPE-mimicking C16 tail.[70] To further

reduce the chemical stress and to maintain polymerization rate,
the catalyst concentration along with the CTA concentration were
also lowered correspondingly. Under these conditions, func-
tional polymers (Mn= 13 900 and Đ 1.24) on the surface of
CTA-anchored mammalian cells were realized. Similar to the
yeast cells, such polymer-modified Jurkat cells were also found
to be �90% viable with intact cell membranes and active metab-
olism based on various fluorescence-based assays.

3.4. Antibody-Targeted In Situ Generation of Dendrimers

Lilienkampf ’s and Bradley’s group in 2020 reported in situ
generation of dendrimers or swarming on the live cell surface
using highly bioorthogonal and biocompatible water-based
chemistries, where they successfully integrated tetrazine-
dienophile and aminooxyl/hydrazide aldehyde chemistries, with
antibody targeting for dendrimer generation on cancer cells
(Figure 11).[71] They optimized such swarming (i.e., dendrimer
formation) first in aqueous media with high-product purities and
yields (validated by HPLC, 1H NMR, MS and fluorescence stud-
ies) and then on cells via (in situ sequentially modified) antibody
targeting. The absence of bio-orthogonal reactive centers on the
surface of cells led them to use an antibody-based approach as a
compatible reactive handle for specific functional molecule con-
jugation in complex biological environments such as Herceptin,
an antibody that binds to HER2 receptors (overexpressed on can-
cer cells in comparison to normal cells).[72] For such dendrimer
generation, three multibranched, bifunctional, and biocompati-
ble building blocks were synthesized. Each one of the building
blocks possessed bioorthogonal reactive functionalities at both
ends (e.g., aldehyde and NHS ester for the first one, norbornene
and aminooxyl for second one, and tetrazine and aldehyde for
third one) along with high densities of amides and PEG groups

Figure 11. A) In situ generation of dendrimers through biocompatible, bio-orthogonal swarming around a HER2 targeting antibody on live cells.
B) Chemical structure of multifunctional building blocks used for dendrimer synthesis and fluorescent labeling. Reproduced with permission.[71]

Copyright 2020, American Chemical Society.
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to maintain water solubility and spacers between functional
moieties to minimize steric congestion. Both the orthogonal
reactions among these building blocks, 1) inverse electron-
demand Diels�Alder (IEDDA) reaction between a diene tetra-
zine and a dienophile norbornene and 2) imine bond formation
between aminooxyl and aldehyde) were selective enough
for rapid exponential amplification of reactive motifs by bio-
orthogonal conjugation of building blocks to a targeted reactive
core (such as antibody), leading to dendrimer generation. Prior to
undertaking such aqueous-based chemistry in biological condi-
tions, the strategy was tested successfully in the sequential mod-
ification of Herceptin antibody with the building blocks to
produce 1) Her-1 (active ester coupling between tribranched alde-
hyde building block 1 (1.37mM) and Herceptin (137 μM)),
2) Her-2 (reaction between Her-1 (10 μM) having three aldehyde
groups per dendrimer and the aminooxyl building block 2),
3) Her-3 (reaction between Her-2 having nine norbornene
groups per dendrimer and the tetrazine building block 3), and
finally bio-orthogonally “swarmed” fluorescently labeled anti-
body Her-4 (reaction between Her-3 having 18 aldehyde groups
per dendrimer and fluorescein hydrazide). Gel electrophoresis
(SDS-PAGE) analysis for each isolated product after each conju-
gation along with fluorescent signals due to the fluorophore liga-
tion confirmed the conjugation at each step. Finally, such in situ
dendrimer generation from Her-1 to Her-4 was achieved on

SK-BR-3 (HER2 receptor positive) cancer cells but was not real-
ized on the HER2-negative MCF-7 cell line. Confocal microscopy
and flow cytometry confirmed the amplified fluorescence signal
for cells treated with swarmed Her-4 antibodies (>23-fold
higher) compared to that of untreated cells due to the localized
dendrimer around the cells (nearly 18 fluorophores calculated
per dendrimer). Furthermore, swarmed antibodies were found
inside the cytoplasm as well as membranes of treated cancer cells
(similar for cells treated fluorescein-labeled control antibody),
with formation of fluorescence “hot spots” due to the possible
aggregation of hydrophobically modified (i.e., dendrimer forma-
tion) antibody.

3.5. Polymerization of Aptamer-Conjugated Macromer

In 2020, Qi et al., reported cell surface polymerization of
cytocompatible aptamer-conjugated polyHEMA-basedmacromer
targeting Burkitt’s lymphoma (a type of non-Hodgkin’s lym-
phoma) Raji cell with the aim of inducing apoptosis in cancer
cells through cell surface receptor clustering (Figure 12).[73]

For such cell-surface polymerization, a well-known antigen
CD20, a reliable biomarker for B-cell non-Hodgkin lymphoma
(NHL), was exploited, as it is overexpressed in Burkitt’s lym-
phoma Raji cells. CD20 remains on the cell surface and when

Figure 12. A) Synthetic scheme of anti-CD20 aptamer functionalized macromers. B) Schematic illustration of cell surface polymerization of the anti-CD20
aptamer functionalized macromer at the Raji cell surface inducing CD20 receptor clustering followed by the apoptosis of cells. Reproduced with
permission.[73] Copyright 2020, Royal Society of Chemistry.
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bound to a complementary antibody (Ab) it has a slow-no inter-
nalization capacity, and therefore, when exposed to a secondary
antibody it has a propensity to form receptor clusters resulting in
apoptosis.[74] In the first step, anti-CD20 aptamer-modified
macromer was introduced onto the Raji cell surface via the inter-
action between CD20 receptors and the aptamer, followed by the
polymerization of the macromer on the cell surface using
ammonium persulfate (APS) as the initiator. The anti-CD20
aptamer-functionalized macromer was synthesized by reacting
a maleimide-functionalized anti-CD20 aptamer with a thiol-
derivatized polyHEMA-based macromer, which was in turn syn-
thesized by the reversible addition–fragmentation chain transfer
(RAFT) polymerization of 2-hydroxyethyl methacrylate (HEMA),
followed by partial acetylation to introduce methacrylate moieties
along the backbone and finally, reduction of the thiol ester bond
(Mn= 5.1 kDa and double-bond content= 4%). Conjugation of
thiol-derivatized polyHEMA-based macromer to a maleimide-
functionalized anti-CD20 aptamer yielded the anti-CD20
aptamer-modified macromer (Mn of 53.4 kDa and a double-bond
content of 4%). The binding efficiency of anti-CD20 aptamer-
modified FITC-labeled macromer onto Raji cells was found to
be: 1) selective for the Raji cells (even in a mixed cell population),
2) increase with the increase in macromer concentration (from 0
to 3mM), and 3) interestingly, independent on the incubation
time (from 1 to 8 h) resulting in sufficient binding within a short
time (1 h). FITC-labeled anti-CD20 aptamer-modified macromer
showed effective and stable binding only to the surface of Raji
cells, which was confirmed by the colocalization of green fluores-
cence with the red fluorescence of the DiI-stained Raji cell
membrane, with no detectable internalization by the cells even
after 8 h incubation. Importantly, the binding efficiency of mod-
ified aptamer was comparable with native aptamer. Based on ini-
tiator and macromer cytocompatibility studies, the macromer
and initiator concentration was set at 2 and 5mM, respectively,
with a 30min initiation duration for the polymerization. The dif-
ference in the surface of Raji cell with and without polymeriza-
tion was easily discernible under SEM. Raji cell surface with
polymerization resulted in a smoother cell surface (due to the
shielding effect of in situ-generated crosslinked polymer) in com-
parison to the rough cell surface (due to the presence of lots of
microvilli) for cells without polymerization. The cytotoxicity
following initiation of polymerization of the anti-CD20
aptamer-modified macromer (80% loss of Raji cells at 2mM
concentration of anti-CD20 aptamer-modified macromer) in
comparison to the lack of cytotoxicity in cells treated with
only anti-CD20 aptamer-modified macromer, or maleimide-
functionalized macromer without aptamer, or maleimide-
functionalized macromer without aptamer in presence of
APS, proved that the cytotoxicity was induced by CD20-receptor
clustering due to cell surface polymerization, and not free radi-
cals generated during the polymerization process. Cytotoxicity of
polymerized anti-CD20 aptamer-modified macromer on the live
cell surface showed an inverse dependence on macromer
concentration, with 0.5 and 1mM macromer concentration,
reducing the cell-killing capacity to 40% and 50%, respectively.
Such systems that drive receptor clustering can be very useful in
probing how the clustering states of various receptors alter
signaling in cells, especially in relation to viral infections.

3.6. Polymerization-Mediated Multifunctionalization

A facile and versatile polymerization of dopamine under cyto-
compatible conditions to generate multifunctional polydopamine
(PDA) coating through codeposition of functional molecules with
dopamine onto the surfaces of both microbial (bacteria, and
fungi) and human mammalian cells was reported by Pan et al.,
in 2021 (Figure 13).[75] This was accomplished with negligible
variations in viability and bioactivity with the goal of using
polymerization-mediated multifunctionalization of living cells
for enhanced cell-based therapy. They utilized a strong synthetic
adhesive material, polydopamine (PDA), to prove their hypothe-
sis (Figure 13A). The use of PDA could be advantageous in many
ways namely: 1) its success as a coating for diverse surfaces
in many applications due to the presence of catechol groups
in dopamine, 2) ease of conjugation with cell membrane through
innate amine, thiol, and hydroxyl groups on cell membranes with
the PDA, 3) negligible cytotoxicity, and 4) formation of PDA
under cytocompatible condition.[64,76] Additionally, they codepos-
ited various functional molecules with dopamine with the help of
hydrogen bonding, π–π stacking, Michael addition, and Schiff
base reaction to form multimodal PDA coatings on the cell
surface to induce cellular behavior. Primarily, they first tested
the hypothesis (formation and impact of PDA) on bacterial cell
surface using E. ColiNissle 1917 (EcN), a gut microbiota used for
health benefits, which improves the microbial balance in intesti-
nal tract and suppresses the expression of proinflammatory
cytokines and chemokines.[77] A single-step approach involving
dopamine oxidation and self-polymerization in alkaline condi-
tion (pH 8.5) was used to deposit dopamine onto the EcN surface
to produce PDA-coated EcN (EcN@P). Additionally, various
functional molecules such as amino-terminated polyethylene
oxide (PEO-NH2) (EcN@PE), fluorescein isothiocyanate
(FITC) (EcN@P/FITC), and rhodamine B (EcN@P/Rhodamine
B) were codeposited with dopamine to study the structure, fate,
and application of the coating (Figure 13B). Formation of cova-
lent bonds between PDA and the nucleophilic moieties of cell
membrane glycoproteins facilitated the formation of PDA coat-
ing after polymerization onto bacterial cell surface, increasing
the opacity due to the formation of a thin film anchored with
a large number of nanoparticles, which was confirmed by
TEM, and this produced the rough surface of EcN@P in com-
parison to the smooth edge of uncoated EcN. In the case of
EcN@P/FITC, EcN@P/Rhodamine B and fluorescently labeled
EcN@PE, characteristic UV–vis and fluorescence signals, and
enhanced fluorescent intensity over uncoated cells further con-
firmed the successful codeposition of the functional molecules.
Importantly, polymer decoration (with or without codeposition)
on living bacterial cell surface did not show any potential toxicity
and any interference with the growth profiles (in comparison to
the uncoated EcN) in culture media. Such successful polymeri-
zation along with polymer decoration onto bacterial cell surface
was further exploited to improve the strategies for targeted oral
delivery of probiotics (therapeutic probiotic bacterium, EcN) to
inflamed colon. Chitosan, a positively charged polysaccharide,
exhibits accelerated degradation in colon and strong adhesive
nature toward inflammatory mucosal tissue. Chitosan is already
in use as an excipient and encapsulating agent to improve
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colon-specific drug delivery.[78] Through Schiff-base formation
between amino groups of the chitosan and PDA, coatings incor-
porating chitosan were realized. In comparison to PDA-coated
EcN (EcN@P), chitosan codeposited PDA coating on EcN
(EcN@PCS) resulted in enhanced survival (by 15-fold after 3 h
exposure) in simulated gastric fluid (SGF, pH 2) and highest
retention of bacterial wall integrity in conditions of growth poten-
tial in simulated intestinal fluid (pH 6.8) unlike uncoated EcN. In
in vivo studies, 4 h post-oral administration, EcN@PCS showed
the highest survival in the stomach, intestine, colon, and cecum
in comparison to the uncoated EcN and EcN@P. This suggested
a better packaging of probiotics within PCS coating leading to the
improved bioavailability. In a dextran sulfate sodium (DSS)-
induced murine model of colitis (one of the dominant forms
of inflammatory bowel disease), EcN@PCS showed enhanced
accumulation in pathological tissue in comparison to EcN@P
and uncoated EcN. Such bacterial surface engineering
approaches could provide a path forward to improving outcomes
from probiotic therapies.

3.7. Bio-Palladium-Catalyzed Sonagashira Polymerization

Recently, a bio-palladium-catalyzed Sonagashira polymerization
strategy was reported for in situ synthesis of conjugated

photoactive poly(phenylene ethynylene) (PPE) polymers on the
surfaces of living bacteria (E. coli and C. pyrenoidosa)
(Figure 14).[79] Inspired by Pd-catalyzed cross-coupling reactions
for labeling and drug synthesis in living cell systems (in intracel-
lular and cell surface),[80] the presence of multiple Pd-binding
sites at cell surface (including carboxyl, amino, and phosphate
groups)[81] and enhanced catalytic activity of bio-palladium (Pd
nanoparticles) formed on the cell surface in Heck reaction on
bacterial surface than that of colloidal Pd.[82] Qi et al., developed
a bio-palladium-catalyzed Sonagashira polymerization strategy
on cell surface. To modify living cell surface with photoactive,
positively charged PPE polymer (to facilitate electrostatic interac-
tions with the negatively charged cell surface), an in situ polymer-
ization strategy was conceived using two cationic monomers,
namely, 1,4-bis(oxy-hexamethylene-trimethylammonium bro-
mide) �2,5-diiodobenzene (M1) and 1,4-bis(oxy-hexamethylene-
trimethylammonium bromide) �2,5-diethynylbenzene (M2)
(Figure 14). Additional features of this conjugated polymers like
light-harvesting ability, antibacterial activity (against E. coli), and
the improvement of ATP synthesis (of C. pyrenoidosa) further
validated this promising in situ polymerization technique in engi-
neering of cell surface to modulate biological functions. The pos-
itive charge of both the monomers (M1 and M2) not only helped
to increase their water solubility toward successful polymerization

Figure 13. A) Synthetic scheme of versatile dopamine oxidation and self-polymerization in alkaline condition (pH= 8.5). B) Polymerization of dopamine
under cytocompatible conditions to generate multifunctional polydopamine (PDA) coating through codeposition of functional molecules (amino-termi-
nated polyethylene oxide (PEO-NH2), fluorescein isothiocyanate (FITC), rhodamine B and chitosan) with dopamine onto the surfaces of both microbial
(Escherichia coli Nissle 1917 or EcN bacteria, and yeast (as a representative of fungi)) and human mammalian (HeLa) cells.

Figure 14. In situ synthesis of conjugated photoactive poly(phenylene ethynylene) (PPE) polymers on the living bacterial cell surfaces of E. coli and
C. pyrenoidosa through in situ-formed surface-embedded bio-Pd-catalyzed Sonogashira polymerization between two cationic monomers, 1,4-bis(oxy-
hexamethylene-trimethylammonium bromide) �2,5-diiodobenzene (M1) and 1,4-bis(oxy-hexamethylene-trimethylammonium bromide) �2,5-diethynyl-
benzene (M2).
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in aqueous environment, but also favored binding to negatively
charged cell surface via electrostatic interactions leading to the close
proximity of the bio-Pd catalyst on the cell surface. Polymer conver-
sion efficiencies of Sonogashira polymerizations of M1 and M2
(molar ratio of M1/M2= 1:1.3, [M1]= 100–500mM) in aqueous
solution were increased with the increase in reaction time, but
decreased with increasing monomer concentration. Successful
aqueous polymerization of nonfluorescent monomers (both at high
or low concentrations) generated blue fluorescent polymers
(MW� 3.5� 103). In order to enable in situ synthesis of PPE
on cell surface, a bio-Pd catalyst was developed on E. coli surface
exploiting the strong electrostatic binding affinity between PdII ions
and E. coli (binding constant, Ka= 1.43� 106M�1) followed by the
reduction of the of PdII by molybdoenzymes on E. coli cell surface
in the presence of an externally added initiator sodium formate
(HCOONa). Generation of Pd0 nanoparticles (crystal) on
E. coli surface was confirmed from the EDS and XPS analysis,
where high-resolution TEM images revealed the presence of Pd
nanoparticles with interplanar spacing of 1.93 Å (200) for the lattice
fringe and XPS showed the peaks of Pd0 at 335.4 (Pd 3d5/2) and
340.6 eV (Pd 3d3/2). Exploiting the polymerization-induced fluores-
cence in PPE polymer, a significant dose-dependent increase in
fluorescence intensity during in situ polymerization between two
monomers in the presence of bio-Pd nanoparticles surface-
embedded E. coli was confirmed using CLSM, which was clearly
absent on the surface of the E. coli treated with only monomers.
As a consequence of the presence of cationic charge and hydropho-
bic moieties in the backbone of the synthesized polymers, upon
in situ polymerization, due to its membrane damaging capability
PPE additionally showed bactericidal activity against E. coli. This
bactericidal potential of the PPE polymers was further increased
(bacterial viability after polymerization= 28%) with the increment
of monomer concentration from 100 to 500mM due to the forma-
tion of polymers with high degree of polymerization. Similarly,
exploiting the stable binding of PdII ions into C. pyrenoidosa (bind-
ing constant, Ka= 3.28� 105M1), successful in situ Sonogashira
coupling polymerization was also carried out on the surface of
C. pyrenoidosa bacteria. Unlike the presence of the blue fluores-
cence on E. coli surface, blue fluorescence was only observed
around the perimeter of C. pyrenoidosa, which was found to be
further intensified with the increasing monomer concentration.
Additionally, unlike in E. coli, in situ formation of PPE did not
impact viability of C. pyrenoidosa; rather, it affected the ATP synthe-
sis. Such an augmentation of ATP synthesis for C. pyrenoidosa has
been attributed to the light harvesting property of the in situ-formed
PPE on bacterial surface (only under white light but not under red
light). Such living systems bearing electroactive polymers with light
harvesting capacity can have potential in the development of bio-
batteries and energy harvesting systems based on biomass.

4. Conclusion and Future Perspectives

Controlled, synthetic routes to access intelligent, biofunctional
polymers in intracellular environments are currently emerging
topics of research. The development of such a new research area
at the interface of chemical synthetic biology and polymer chem-
istry might yield solutions to many existing problems related to
health, environment, energy, and origin of life (generation of life

from nonliving materials). In this research space, the modifica-
tion of living cell surfaces with polymers, to engineer cell–
polymer hybrid, offers a tool to drive advances in cell therapies,
cell-based sensors, and fundamental understanding of cell–cell
interactions and organogenesis. In this review, we have summa-
rized the latest development of the various polymerization tech-
niques to produce non-natural polymers in in cyto conditions,
more specifically 1) within intracellular compartments and
2) on the surface of the living cells (mammalian cells and
micro-organisms). Postpolymerization supramolecular interac-
tions, between polymer chains in the cytoplasm leading to the
intracellular PISA, with cytoskeleton, and subcellular compart-
ments have paved the way for the development of completely
new ways to control the in cellulo biological functions.
Increased cellular retention of intracellular self-aggregated nano-
structures (after polymerization) due to the PISA resulting in an
effective interaction with cellular biomolecules has allowed for
control of cellular function with implications in cancer therapeu-
tics, bioimaging, oral drug delivery, and energy harvesting
applications.

Targeted polymerization, specific to subcellular regions
(e.g., cytoplasm vs mitochondria), over nontargeted
polymerization could be more useful and relevant for in vivo
and clinical evaluation. Gaining insights into the factors that
can provide a handle on controlling reaction kinetics and supra-
molecular self-assembly within intracellular environment will
allow us to utilize “polymerized”-cells as investigative tools in
unlocking signaling mechanisms in cells by serving as a reposi-
tory for information, an interactive scaffold with defined
specificity/affinity, and as platform to capture transient biomole-
cules (information) involved in signaling cascades. By combining
bio-orthogonal reaction principles, one could potentially alter the
signaling balance in cells to alter their fate choices. The knowl-
edge gained through such experimentation has the potential to
have far-reaching impact in regenerative medicine, cancer
research, and disease modeling and diagnosis.

In situ polymerization, directly resulting in the generation
of cell–surface-bound polymer chains, could facilitate the devel-
opment of novel polymer coatings for immunoisolation, new
bioprocesses for long-term culture of cells in suspension, and
model systems to understand infection of eukaryotic cells by
pathogens. Cell surfaces engineered with polymers with defined
architecture and physicochemical properties can also be
exploited for directed assembly through specific interactions
and molecular crowding both in biological (protein and peptide
hydrogels) and synthetic environments (scaffolds in tissue engi-
neering). Additionally, targeted cell surface polymerization using
antibody and aptamer-conjugated building blocks/monomers
opens new opportunities to enhance cellular specificity in
tissue-targeted therapies such as cancer immunotherapy and tis-
sue regeneration.

For clinical translation, the long-term safety of these cellular
systems needs to be established. This will require a rigorous eval-
uation in animal models and a framework of criteria, with
defined metrics and end points that can promote comparative
analysis of findings at various stages of technology evolution
to promote standardization in both study design and data
analysis. Additionally, genetic mutations in cells should be
monitored to ensure that such a research effort does not lead to
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polymerization-resistant cells/microorganisms. Furthermore,
development of biocompatible monomers capable of autono-
mous polymerization in cellular conditions upon an exogenous
trigger and innovative nature inspired polymerization techni-
ques will allow the field to progress further beyond the traditional
bounds of synthetic polymer chemistry.
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