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ARTICLE INFO ABSTRACT
Keywords: The continuing wave of technological breakthroughs and advances is critical for engineering well-
Atom transfer radical polymerization defined materials, particularly biomaterials, with tailored microstructure and properties. Over the

Functional polymers
Surface modification
Biomaterials
Biomedical applications

last few decades, controlled radical polymerization (CRP) has become a very promising option for
the synthesis of precise polymeric materials with an unprecedented degree of control over mo-
lecular architecture. Atom transfer radical polymerization (ATRP), one of the most robust and
efficient CRPs, has been at the forefront of the synthesis of well-defined polymers with controlled/
predetermined molecular weights, polydispersity, topology, composition, and site-specific func-
tionality. ATRP has been leveraged to prepare a wide range of polymers with properties tailored
for a number of biomedical applications. Furthermore, ATRP can also be utilized to introduce
stimuli-responsive properties into the chemical structure of polymers. Moreover, the degradation
behavior of ATRP-derived polymers can be tailored by incorporating chemical bonds susceptible
to hydrolysis or proteolysis. This strategy allows the design of degradable polymers for in vivo
applications. This review summarizes the recent advances in ATRP for the design of functional
materials and techniques implemented to advance the biomedical field, such as surface modifi-
cation and functionalization. Additionally, the latest applications and progress of ATRP-derived
materials in various biomedical arenas such as drug delivery, tissue engineering, bioimaging,
and biosensing are reported. Lastly, the current limitations and future perspectives of ATRP-
derived biomaterials are carefully discussed to support further improvement of their properties
and performance for translatability into the clinic. Moving forward, there is a need for further
development of ATRP to align with green chemistry principles. This entails exploring the use of
renewable monomers, environmentally friendly and nontoxic solvents, as well as metal-free and
biocompatible catalysts. Additionally, researchers should thoroughly investigate the bioactivity,
biodegradation behavior, and in vivo fate of ATRP-derived polymers and polymer conjugates
before considering their translation into clinical applications.

1. Introduction

The controlled formation of robust carbon—carbon bonds capable of withstanding the thermomechanical vibrations of macro-
molecules is a fundamental concept essential for creating diverse complex molecular architectures in both natural and modern organic
chemistry [1,2]. The versatility of carbon chemistry has facilitated the fabrication of a wide range of organic materials, encompassing
small molecules to substantial macromolecular structures, including emerging synthetic polymers [3,4]. Over the past three decades,
chemical and materials science advancements have transformed health science, leading to significant progress in using biomaterials for
medical applications [5-10]. However, for in vivo applications, candidate materials must meet strict criteria concerning biocompat-
ibility, biodegradation, and bioactivity. In some instances, they may also require specific self-assembly properties, immune system
modulation or evasion, and the ability to change their size or morphology [11-17]. These requirements drive the development of novel
biomaterials, known as mission-oriented biomaterials, through molecular design and engineering of functional polymers [18-23].
Correspondingly, emerging biomaterials design is experiencing a paradigm shift from designing simple structures to tailor-making
complex structures for specific applications [24]. Such properties originate not only from the chemical composition, but also from
the architecture and sequence of monomers in polymer chains [25].

Accordingly, the controlled formation of carbon—carbon bonds is crucial for novel (bio)molecular design, which cannot be achieved
primarily through conventional synthetic approaches like free radical polymerization (FRP) [26]. Consequently, there has been an
urgent need to develop controlled polymerization techniques to synthesize polymers with well-defined molecular structures and
predefined functions [27]. In classical FRP, a high concentration of reactive radicals leads to rapid propagation of growing chains,
resulting in random formation of carbon—carbon bonds. Moreover, the abundant reactive radicals are prone to collision, leading to
rapid termination reactions. These phenomena hinder FRP from achieving macromolecules with highly controlled architecture and
low polydispersity. Despite the development of anionic living polymerization, which allows control of structure and composition of
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polymers, achieving pure living polymerization through radical polymerization is not possible [28].

Fortunately, controlled radical polymerization (CRP) techniques, also known as reversible-deactivation radical polymerization
(RDRP), emerged in the mid-1990 s, providing polymer chemists with an invaluable toolbox to create polymers with controlled and
predictable features [27,29]. In contrast to living polymerization, RDRP may involve termination and/or chain transfer reactions. As
schematically illustrated in Fig. 1A, the key concept of RDRP techniques is to establish a dynamic equilibrium between active (growing
radicals) and dormant states, overcoming the limitations of achieving well-defined polymers through radical polymerization [30]. In
RDRP, the rate constant of the backward reaction (kq) is significantly higher than that of the forward reaction (k,). As a result, the
concentration of free radicals (P,*) is very low compared to FRP, leading to a reduced number of termination reactions. This radical-
starving mechanism in RDRP causes a linear increase in molecular weight and an exponential decrease in polydispersity as the reaction
progresses (Fig. 1B). Additionally, while the lifetime of radicals is short, lasting only about 1 s in FRP, the reversible deactivation of
propagating radicals significantly extends the lifespan of radicals in the RDRP mechanism, as shown in Fig. 1C. Nitroxide-mediated
polymerization (NMP), atom transfer radical polymerization (ATRP), and reversible addition-fragmentation chain transfer (RAFT)
are the most popular CRP methods. Reversible deactivation of propagating radicals in ATRP and NMP, and degenerative transfer in
RAFT, offer control of the chemical makeup of the synthetized polymers and, thus, the structure and properties of the resulting material
[27,31]. These more-desirable strategies for material design are classified as living polymerizations due to a lower concentration of
radicals during chain propagation and a decrease in termination rates through the introduction of a dynamic equilibrium with a
dormant state of the polymer chains.

Because of its robust and versatile nature, tolerance to the impurities and trace amounts of oxygen, commercial availability of
reagents, and facile reaction setup, ATRP has become the most-widely utilized CRP technique [33]. ATRP, developed by Matyjaszewski
and Sawamoto in the mid-1990 s, stands as one of the most effective and widely used methods for conducting CRP [34,35]. Since its
inception, modified versions of ATRP have been developed to design new polymers or polymer conjugates [36,37]. ATRP and its
modified versions have been widely used to make well-defined polymers with unique architectural features (e.g., star polymers) and
tailored properties (e.g., programmed degradation) [38-40]. For instance, electrochemically mediated ATRP (eATRP) was utilized to
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Fig. 1. Comparison of radical polymerization processes. (A) Free radical polymerization (FRP) and reversible-deactivation radical polymerization
(RDRP). In FRP, the rate of initiation, termination, and propagation reactions is denoted by R;, R;, and R, respectively, with corresponding rate
constants k;, ki, and k. In contrast, RDRP involves radical activation and deactivation, with rate constants denoted as k, and kg, respectively. The
termination rate for RDRP strategies is significantly lower than for FRP, owing to the low concentration of radicals (P,*), which prolongs the lifetime
of dormant chains. Additionally, kg is significantly greater than k,, promoting the backward reaction and leading to the accumulation of dormant
radicals. Reproduced with permission from [32]. Copyright 2021 Elsevier.
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Applications of ATRP in the development of advanced and complex materials: Possible ATRP reaction pathways, benefits, and shortcomings.

Classification

Reagents

Catalyst
level
(ppm)

Oxygen tolerance

Comments, advantages, and disadvantages

Ref

N-ATRP

R-ATRP

Modified R-
ATRP

SR&NI ATRP

AGET ATRP

ARGET ATRP

ICAR ATRP

R-X, M'/L, Mo

R-X, X-M""!/L, Mo, I,

R-X, X-M"*1/L, Mo, Cu(0)/

Fe(0)

R-X, MY/L, X-M"*/L, Mo,
I

R-X, X-M'*1/L, Mo,
reducing agent (e.g.,
ascorbic acid)

R-X, X-M""!/L, Mo, FDA-
approved reducing agent
(e.g., ascorbic acid)

R-X, X-M""!/L, Mo, I,

~5000

~5000

~2000

<500

<50

<100

Weak

Weak

Weak

Weak

Moderate

Moderate

Moderate

Approaching equilibrium from left side
Extremely low concentration of radicals
High catalyst content

irreversible formation and accumulation of
X-M"1/L species

Not cytocompatible

Approaching equilibrium from right side
Higher stability of M"!/L.

In situ formation of activator
Unfavorable creation of auxiliary radical
species (I*)

High catalyst content

Not cytocompatible

Approaching equilibrium from right side
Cytocompatibility (especially when using
Fe(0))

Higher stability of M""!/L

In situ formation of activator
Approaching equilibrium from both left
and right sides

Higher stability of M'*1/L,

e In situ formation of activator plus addition

3 . e o o o o

3 .

.

of activator

Unfavorable creation of auxiliary radical
species (I*)

High catalyst content

Approaching equilibrium from right side
Higher stability of M""1/L

In situ formation of activator

Moderate oxygen tolerance because
reducing agents remove dissolved oxygen
Highly active catalyst complexes can be
used, in contrast to N-ATRP

Unfavorable addition of auxiliary
chemicals

Relatively high catalyst content
Continuous regeneration of highly active
catalyst complexes

Polymerization rate depends on activator
regeneration rate

Highly active catalyst complexes can be
used

Low catalyst content (10-fold lower than
AGET ATRP) which inhibits irreversible
formation and accumulation of X-M"!/L
species

Green synthesis procedure (low catalyst
level, inexpensive ligands, FDA-approved
reducing agents)

Oxidized byproduct impurities in the
obtained polymer resulting from auxiliary
reducing agents

Mechanism similar to ARGET ATRP
process but uses free radical initiator to
regenerate activator

Polymerization rate depends on I,
decomposition rate

Very low catalyst content which does not
require removal after polymerization (in
most applications)

I, decomposition and I* release is carried
out at lower temperature compared to
ARGET ATRP

Byproduct impurities in the obtained
polymer resulting from free radical
initiators

[34]

[147]

[148]

[69]

[149]

[72,150]

[151]

(continued on next page)
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Table 1 (continued)

Classification Reagents Catalyst Oxygen tolerance Comments, advantages, and disadvantages Ref
level
(ppm)
SARA ATRP R-X, X-M""1/L, Mo, SARA <50 Moderate e Cu(0) plays roles both in activation and [148]
agent (zerovalent metals, reactivation processes

Other zerovalent metals (silver, zinc,
magnesium) can be used instead of copper
Possible to use (in)organic reducing agents
Biocompatible
Low catalyst content
Oxidized byproduct impurities in the
obtained polymer resulting from auxiliary
reducing agents
Direct electron transfer from electrodes to [84,88]
reduce deactivator, i.e., deactivator
regeneration via an electrochemical
stimulant (external stimulant)
Creation of fewer byproducts and a more
benign process
Low catalyst content
Biocompatible
e Polymerization conditions can be fine-
tuned through external parameters
(applied potential, current)
Problems when used in bulk insulating
systems, where electron transfer from
electrode surface to inner layers of
insulating materials can be problematic
photoATRP R-X, X-M"*1/L, Mo, <10 Moderate to high (for PICAR e Uses exogeneous stimuli, similar to eATRP [152,153]
(photosensitizers) ATRP)PICAR: photoinduced e Harnesses photons’ energy by ligands/
initiators for continuous dyes and releases electrons to regenerate
activator regeneration catalyst
Benign process
Low catalyst content
Biocompatible
High spatiotemporal control over
polymerization
Polymerization conditions can be fine-
tuned through external parameters
(applied potential, current)
Problems when used in opaque or
translucent systems
Impurities from PC residue (byproducts)
O-ATRP (metal- R-X, X-M'*1/L, Mo, PC <50 Moderate e O-ATRP is a type of photoATRP in which [154,155]
free ATRP) catalyst regeneration is mediated by
photoredox catalyst (PC)
Metal-free and biocompatible
Shallow penetration of UV/visible light
into body tissue
Impurities from PC residue (byproducts)
mechanoATRP R-X, X-M""1/L, Mo, 0 Moderate Uses exogeneous stimuli, similar to [156,157]
mechanophores photoATRP
Harnesses mechanical energy by
mechanophores and releases electrons to
regenerate catalyst
e Metal-free and biocompatible
Remote activation using mechanophores
with high spatiotemporal control over
polymerization
Deep tissue penetration
Impurities from mechanophore residue
(byproducts)
bioATRP R-X, X-MHI/L, Mo, 0 High Utilizes enzymes or cell/organism [158,159]
auxiliary enzyme system processes to catalyze an ATRP reaction
Bio-benign reaction conditions,
biodegradation, and non-toxicity
High oxygen tolerance and even oxygen-
fueled ATRP is possible

reducing agents)

eATRP R-X, X-M"1/L, Mo <50 Moderate

. e o o o

. ] o o .
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precisely graft polymer brushes onto a polyether sulfone (PEU) membrane. These polymer brushes were based on thermosensitive poly
(N-isopropylacrylamide) (PNIPAAm) and PNIPAAm-based random copolymers [41]. Additionally, owing to their advantages, metal-
free versions of other CRP techniques such as metal-free RAFT, have also been developed for synthesizing well-defined polymers
[42,43]. In an article published in 2012 by Matyjaszewski and colleagues, biorelated materials obtained by ATRP were carefully
reviewed [44]. They discussed how these advanced polymers could be used to make drug delivery systems (DDS), molecular imaging
probes, and scaffolds for tissue engineering. This review article not only provides an update to the Matyjaszewski article but widens the
scope of research and application of ATRP-derived materials for biomedical applications.

The ATRP strategy allows controlled growth of propagating radicals during polymerization, preventing termination reactions by
reducing the concentration of active radicals. This has led to the design of well-defined polymers with tailored architectural features
and chemical properties. Using ATRP, it becomes possible to incorporate desirable physicochemical properties (e.g., softness, me-
chanical strength, firmness, damping properties, self-healing capability, tissue adhesiveness, processability, in vivo stability and/or
biodegradation, and bioactivity) into a single polymeric structure. This is achieved by precisely controlling molecular weight and
architecture and carefully selecting appropriate (co)monomers [45,46]. ATRP has facilitated the synthesis of structurally unique
polymers, such as star polymers, dendrimers, and bottlebrush polymers, exhibiting unprecedented properties, such as the unexpected
rheological behavior of bottlebrush polymers. These structures are invaluable for creating smart DDS, bioimaging probes, tissue en-
gineering scaffolds, and wound dressings. Moreover, ATRP can produce hybrid nanostructures, like hairy nanoparticles (NPs), that not
only display interesting properties but also prevent aggregation of nanostructures and enhance their dispersibility in solvents or
polymer matrices [47-49]. Furthermore, surface-initiated ATRP (SI-ATRP) is a versatile and robust strategy for grafting high-density
polymer brushes onto surfaces with various chemistries. This approach leads to significant changes in the surface chemistry of tissue
engineering scaffolds, medical implants, or nanocarriers, allowing for precise adjustments in their biocompatibility, antifouling
properties, immunogenicity, loading capacity, or stimuli-responsiveness [50-52]. Additionally, an ATRP-based signal amplification
strategy has enabled the creation of ultrasensitive biosensors capable of detecting very low concentrations of biomacromolecules, such
as nucleic acids. As a result, these biosensors facilitate early detection of disease biomarkers, enhancing diagnostic capabilities [53,54].

Various reagents have been used in the different types of ATRP strategies. As depicted in Table 1, these reagents include (co)
monomers, alky halides (i.e., ATRP initiator), transition metal complexes (i.e., activator and/or deactivator), free radical initiators,
zerovalent metals, and reducing agents. Additionally, externally controlled versions of ATRP, such as photoATRP, eATRP, and
mechanoATRP, utilize various types of photosensitizers and mechanophores for catalyst regeneration, enabling spatiotemporal control
over polymerization [55]. In photoATRP, naturally derived photosensitizers like riboflavin can be used instead of synthetic ones,
avoiding complex synthesis and expensive raw chemicals [36,37]. Furthermore, using renewable monomers and environmentally
friendly solvents such as water will lead to the synthesis of well-defined and sustainable polymers through greener ATRP processes
[32,56,57].

ATRP has the potential to progress by incorporating chemically versatile and renewable monomers, along with environmentally
friendly solvents, thus aligning with the principles of green chemistry [32]. Additionally, an important research area in ATRP involves
investigating novel catalyst-free systems or oxygen-tolerant biocompatible catalytic systems. The development of ATRP strategies that
are orthogonal and/or operate under mild reaction conditions is also a key focus in the field [58].

In this review, the concepts that resulted in the development of ATRP and its derivatives are discussed thoroughly in Section 2.
Leveraging ATRP for designing advanced polymer structures, such as star polymers and dendrimers, is discussed in Section 3. This
section also describes various strategies for conducting ATRP in special environments, such as confined systems. ATRP for conjugating
polymers to other (macro)molecules, such as proteins (e.g., enzymes, antibodies), peptides, and drugs, are discussed in Section 4.
Section 5 highlights the utilization of ATRP for surface modification, with an emphasis on the “grafting-from” method using the SI-
ATRP strategy, allowing the synthesis of polymer brushes with high density [59]. In this section, ATRP-induced surface modifica-
tion is classified based on the material type (i.e., surface chemistry), such as metals, ceramics, semiconductors, and polymers. Section 6
describes the biomedical applications of (bio)(macro)molecules that are modified or synthesized using ATRP. Special attention is given
to drug and gene delivery systems, tissue engineering, bioimaging, theranostic platforms, and biosensors. The last section discusses the
current limitations and future perspective of ATRP for biomedical applications.

2. ATRP: Fundamentals and evolution

The formation of carbon-carbon bonds is a fundamental requirement in the synthesis of most polymers. Additionally, the formation
of carbon-carbon and carbon-heteroatom bonds plays an essential role in modern organic synthesis [60,61]. However, in such bond-
formation strategies, the formation of byproducts or unfavorable species is unavoidable, especially as the molecular weight of the
polymer increases during synthesis. As a result, a wide variety of molecular structures, spanning different molecular weights and
branching patterns, is observed for polymers synthesized by traditional methods like FRP. This phenomenon restricts the application of
FRP in designing polymers with well-defined molecular structures.

ATRP originated from atom transfer radical addition (ATRA), a technique first reported by Kharasch et al., and later modified
through the accidental discovery of its catalytic system [62,63]. Further development made ATRA technique a robust tool for carbon —
carbon bond formation. In ATRA, the abstraction of halogen atoms from alkyl halides, in the presence of transition metal catalysts,
leads to the formation of radical intermediates that react with olefin molecules. The removed halides reversibly attach to the catalysts,
and re-abstraction of halogen results in recombination of the halogen atom with the alkyl species [64,65]. This process leads to the
formation of a new carbon-carbon bond while retaining the alkyl halide species, providing a valuable capability for repetitive car-
bon-carbon bond formation, which is highly valuable for polymer synthesis.
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Inspired by this repetitive bond formation, Sawamoto and Matyjaszewski independently published seminal papers on polymer
synthesis using ATRP [34,35]. Matyjaszewski and Wang utilized a catalytic system that included 2,2-bipyridine (bpy) ligands for the
controlled polymerization of styrene and methyl acrylate. The main reagents in such a strategy include alkyl halides (i.e., ATRP
initiators) and transition metal complexes containing a few ligands, known as activators.

In traditional or normal ATRP (N-ATRP), the halide atom attaches to the metal complex MY/L), leaving a radical and a deactivator,
i.e., the complex with the metal ion in its higher oxidation state or X-Mt1/1, (forward reaction). The created radicals are reactive
species that undergo polymerization with neighboring monomers before deactivation by X-M™ /L to yield dormant species and M‘/L
(the backward reaction). This frequent accelerate-and-brake strategy in ATRP prevents local heat accumulation and autoacceleration,
i.e., it prohibits the fast but haphazard attachment of monomers to propagating radicals that is common in conventional FRP.
Additionally, as the backward reaction is much faster, the concentration of propagating radicals remains extremely low, resulting in
rare termination reactions. Although k; is comparable to that of FRP, the very low concentration of propagating radicals results in the
rate of the termination reaction approaching zero. The ATRP catalyst includes transition metal complexes (e.g., Cu, Fe) containing few
ligands. These ligands not only solubilize transition metals, but also adjust their redox potential for halogen exchange during repetitive
carbon-carbon bond formation. Accordingly, the ligand type affects the reaction medium selection (solvent type) and the activation
rate constant in ATRP [66]. Fig. 2A schematically illustrates the mechanism of ATRP, where active species are represented by
awakened snakes and dormant species by sleeping snakes. Monomers are depicted as mice, which serve as food for the snakes to grow.
The snakes falling from the table represent the backward reaction, which is much faster than their climb up the ladder, representing the
forward reaction. This results in many more sleeping snakes on the ground (dormant species) than on the table (active species).
Additionally, Fig. 2B shows various modified versions of ATRP.

The ATRP mechanism shows that equilibrium can be approached not only from the left side (as in N-ATRP) but also from the right
side, leading to the development of reverse ATRP (R-ATRP) [67]. In R-ATRP, the reagents include an alkyl halide (R-X), a transition
metal complex in its higher oxidation state X-M! /L), and a free radical initiator (I3) such as an azo compound. The radical initiator
decomposes to produce radical species, as in FRP, which then react with monomers to produce propagating radicals (R*). R-ATRP
benefits from higher oxidative stability of X-M®!/L species compared to less-stable M'/L activators. In a modified version of R-ATRP,
Cu? (in the form of wires, foils, etc.) is utilized instead, transforming Cu' into Cu' by donating an electron through comproportionation
[68]. On the other hand, it is possible to approach the ATRP equilibrium from both left and right sides simultaneously using a reverse
and normal initiation (SR&NI) ATRP approach [69]. Activators generated by electron transfer (AGET) originated from the SR&NI
method, where the ATRP initiator and X-M""!/L are utilized as starting reagents. A chemical reducing agent (e.g., ascorbic acid) is
added to the reaction medium to reduce X-M®/L into activator, which eliminates the unfavorable creation of auxiliary radical species
[70]. Similarly, in AGET ATRP, activators are fabricated in situ, allowing the use of a lower concentration of copper catalyst.
Furthermore, reducing agents can remove dissolved oxygen, indicating some degree of oxygen tolerance [71]. Despite its similarity to
N-ATRP, AGET ATRP stands out due to its ability to utilize highly active catalyst complexes, setting it apart from N-ATRP.

Development of AGET led to the design of activators regenerated by electron transfer (ARGET) ATRP, where highly active catalyst
complexes are continuously regenerated after addition at the ppm level [72]. In other words, this strategy addresses the challenges
associated with radical termination processes that result in irreversible formation and accumulation of X-M®1/L species, which ne-
cessitates the use of high catalyst amounts [72]. Continuous catalyst regeneration in ARGET ATRP reduces the required catalyst
quantity by approximately 10-fold compared to AGET, as shown in Table 1. ARGET represents a green synthesis method that employs
very low levels of catalyst, along with inexpensive ligands and non-toxic reducing agents such as ascorbic acid and stannous octoate
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Fig. 2. Mechanism and various types of ATRP reactions. (A) Dormant species are represented by sleeping snakes. Some of the snakes are awakened,
feel hungry, and try to climb up the ladder to reach the table full of mice (monomers). However, they fall down again after consuming a few mice
and return to sleep. If a hungry snake on the table tries to accidentally eat another snake, it results in a larger snake that dies (termination). (B)
General mechanism and various types of ATRP reactions. Schematic A was partially designed using Microsoft Bing Image Creator.



M. Khodadadi Yazdi et al. Progress in Materials Science 143 (2024) 101248

[73,74].

Initiators for continuous activator regeneration (ICAR) mechanistically resembles a reverse ARGET ATRP process, in which acti-
vator regeneration is carried out using organic radicals created by the decomposition of a free radical initiator. As a result, the
polymerization rate is significantly influenced by the decomposition rate of free radicals rather than the regeneration rate of activators.
Similar to ARGET, ICAR utilizes low concentration of copper catalysts, which means that, for most applications, there is no need for
catalyst removal after complete polymerization. However, unlike reverse ARGET, ICAR should be carried out at lower temperatures to
decelerate the reaction kinetics and ensure a long-lasting decomposition of radical initiators [55]. For a detailed and comprehensive
discussion on the impact of various parameters (e.g., monomer, solvent, and catalyst) on ATRP kinetics, interested readers can refer to
a review article authored by Krys and Matyjaszewski [75].

As previously stated, zerovalent copper (Cu® can participate in a comproportionation reaction with divalent copper to generate
monovalent copper activator, effectively acting as a reducing agent in ARGET [76]. In simpler terms, Cu® gradually transfers electrons
to X-Mt™/L species, leading to the regeneration of activators. Moreover, although less common, zerovalent copper can directly react
with initiators (R-X), thereby serving as an additional activator for ATRP. This evolution led to the development of the supplemental
activator and reducing agent (SARA) ATRP, where cu® fulfills both activation and reactivation roles [77,78]. To improve the
biocompatibility of SARA, metals other than copper, such as elemental silver, zinc, magnesium, or iron, have been explored [79,80].
Furthermore, other (in)organic reducing agents, such as sulfites, can be used as SARA agents [81]. For example, sodium dithionite has
been employed as a non-toxic SARA agent to synthesize polymers with narrow molecular weight distributions for biomedical appli-
cations [82]. However, the use of reducing agents can result in oxidized byproducts, which may remain as impurities in the final
product. Therefore, chemists have been actively investigating alternative approaches that eliminate the need for reducing agents,
making it an attractive field of study.

Electrochemical processes, where electron transfer is directly mediated by an applied potential, hold significant value. They not
only aid in understanding reaction mechanisms but also provide a robust strategy for organic synthesis, such as electropolymerization
[83]. Through direct electron transfer, reagents can be reduced, leading to fewer byproducts and a more environmentally friendly
process. In electrochemically mediated ATRP (eATRP), deactivator regeneration is achieved using an electrochemical stimulus. Precise
control over the applied potential, current, and time allows for fine-tuning the rate and conversion of eATRP [84,85]. Furthermore, the
eATRP setup offers the advantage of creating gradient polymer brushes [86]. For a simplified eATRP setup, a sacrificial counter
electrode, known as seATRP, could be used [87]. For more in-depth information about the fundamental aspects of eATRP and its
applications in creating architecturally defined polymers, interested readers can refer to a review article by Matyjaszewski’s group
[88].

Similar to eATRP, photoinduced ATRP (photoATRP) is light-induced ATRP, also known as photocatalytic ATRP. PhotoATRP uti-
lizes exogeneous stimuli in the form of light or electromagnetic waves for spatiotemporal control over polymerization [89,90]. By
combining the advantages of ATRP with the robustness of photochemistry techniques, photoATRP can produce well-defined polymers
[91-94]. Various photoinitiating systems, such as semiconducting NPs, transition metal complexes, and naturally derived dyes, can be
used in photoATRP [93,94]. For example, organocatalyzed ATRP (O-ATRP) or metal-free ATRP is a type of photoATRP where the
activation or deactivation of polymer chains is mediated by an organic chromophore, known as a photoredox catalyst (PC) [95-97].
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Fig. 3. Schematic depicting DOX conjugation with linear and bottlebrush polymers. (A) Synthetic pathway for bottlebrush polymer-DOX conju-
gates: chains were grafted from pBIEM chains via ATRP followed by DOX conjugation. (B) Synthetic pathway for linear polymer-DOX conjugates.
Reprinted with permission from [186]. Copyright 2021 American Chemical Society.
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The first PC based on iridium was used for controlled polymerization of methyl methacrylate (MMA) in 2012 [93]. Subsequently,
the iridium-based PC was replaced by more sustainable organic PCs based on perylene and 10-phenylphenothiazine (PTH) [95,98]. In
O-ATRP, the PC can activate the polymerization process through oxidative quenching of its excited state (PC*) to directly reduce the
alkyl halide (activation). Alternatively, PC* may not directly reduce the alkyl halide; instead, it can obtain an electron from an electron
donor (D) to generate a radical anion (PC*") and subsequently activate dormant species [99]. This latter strategy, known as reductive
quenching, involves the use of dual catalytic systems and UV light to produce activators (Cu'/L species). In photoATRP, activator
regeneration is achieved through photoexcitation, which can occur directly (via ligands) or indirectly (via photosensitizers or pho-
toinitiators) [100,101]. Ligand to metal charge transfer (LMCT) plays a critical role in reducing the deactivator and facilitating the
activation of polymerization.

UV and visible light are useful for photoATRP, but they have limitations due to their inability to penetrate nontransparent materials
like living tissues, which restricts their applications in bioimaging or chemical reactions in biological systems [102]. However, they
can still be utilized to make polymers or polymer-modified systems, followed by in vivo use after the required purification processes
[103]. In contrast, NIR light, with longer wavelengths and lower-energy photons, can penetrate deeper into living tissue, allowing for
energy transfer and bioimaging in living systems [104]. Although low-energy NIR photons lack sufficient energy to directly trigger
chemical reactions like photoATRP, they can initiate controlled polymerization by producing photosensitizer-induced reactive species
[105-107]. Moreover, NIR can be converted into UV/visible light with higher energy using upconverting NPs (UCNPs), which have
promising applications in bioimaging, nanomedicine, and theranostic fields [108,109]. UCNPs, with anti-Stokes emission, enable the
construction of materials that respond to NIR radiation, making them valuable tools for biological applications [110]. UCNPs have
been used to remotely activate gene expression in living cells and for deep brain stimulation [111,112]. PhotoATRP can be initiated by
NIR using UCNPs, which is highly beneficial for nontransparent systems, such as biological systems [113]. Alternatively, homogenous
photocatalysts can harness UV or visible light to produce active species, but they suffer from limitations such as side reactions and the
requirement for costly purification processes. Therefore, the development of heterogeneous photocatalytic systems that can utilize
energy from visible or NIR photons, excite and transfer electrons to activate an ATRP catalyst, and initiate ATRP with easy removal and
reusability, holds great promise [114]. In such systems, photocatalysts (e.g., eosin Y or tetraphenylporphyrin [PTH]) may be
immobilized on solid substrates (e.g., NPs or fibers) or embedded in a hydrogel [114-116]. Another innovative approach involves
incorporating photocatalysts into polymers containing an extended conjugated network. In this strategy, photocatalyst molecules can
be copolymerized or crosslinked with other aromatic molecules to tune their light-absorption properties. In this context, Dadashi-Silab
et al. developed a heterogeneous catalyst based on conjugated microporous polymers (CMPs) for green/red light-induced ATRP [117].
CMPs have unique features due to their extended n-electron conjugation and porous structure, making them interesting for various
applications [118]. This group used phenothiazine (PTZ) as a photocatalyst and dimethoxybenzene as a crosslinker to create a PTZ-
CMP double catalytic system. While PTZ itself efficiently absorbs UV light, the PTZ-CMP network exhibited photocatalytic activity in
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Fig. 4. ATRP in special systems for designing architecturally complex polymeric structures. ATRP has been widely investigated to create novel
polymers with unique architectural features, including star polymers, dendrimers, and bottlebrush polymers. When subjected to nanoscale
confinement of polymeric macromolecules and/or radicals, these macromolecules exhibit distinct relaxation behavior, influencing their movement
and the kinetics of the ATRP reaction. ATRP conducted in dispersed media offers the advantage of facilitating heat transfer, as the solvent acts as a
heat sink. Additionally, externally controlled variants of ATRP, such as photoATRP and mechanoATRP, benefit from improved transmission of
electromagnetic and ultrasonic waves through the continuous phase of dispersed systems.
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the visible light region, shifting towards higher wavelengths [117]. Furthermore, the extended n-electron delocalization in conjugated
oligo-/polymers (e.g., oligo-/polyaniline, oligo-/polypyrrole, and oligo-/polythiophenes) can possibly be exploited to make hetero-
geneous photocatalysts for photoATRP [119,120]. Additionally, carbon dots (CDs) have also been used as a green PC and photo-
sensitizer in the photoATRP of MMA [121]. Doped CDs serve as a biocompatible photocatalyst for photoATRP when exposed to blue
LED light. More recently, Ma et al. discovered a new class of high-efficiency organic photocatalysts [97]. They found that oxygen-doped
anthanthrene (ODA) strongly absorbs visible light, and its molar extinction coefficient is sufficient for use in O-ATRP under sunlight.
For a comprehensive understanding of photomediated CRP strategies and their applications in creating well-defined polymers,
interested readers can refer to a review article by Matyjaszewski’s group [91]. However, it should be noted that this review paper does
not specifically focus on the applications of the derived polymers.

Other external stimuli have also been investigated, such as electric current, mechanical vibrations, and ultrasound [55]. For
example, sono- or mechanoATRP utilizes the energy of ultrasonic waves for controlled polymer synthesis [122]. While photoATRP
harnesses the energy of photons through ligands or dyes to generate electrons, in sono- or mechanoATRP, electron generation is
mediated by the piezoelectric effect, which converts mechanical vibrations into electrical charge [122,123]. In sonoATRP, mecha-
nophores such as piezoelectric NPs (e.g., barium titanate or zinc oxide) use mechanical power and convert it to electrical charge [124].
The most critical step in such applications is the interfacial electron transfer from piezoelectric nanostructures to ATRP catalysts.
Mechanochemistry, in which an applied force directly results in chemical transformation, also shows great potential [125-127].
Mechanochemical covalent bond scission can be employed for the release of small molecules or reactive species (e.g., singlet oxygen)
[128,129]. Some mechanophores can respond to mechanical loads by releasing chemicals, which are known as chemical responses
[125,130,131]. These chemical responses can be used to directly or indirectly initiate or suppress ATRP. For example, in a recent study,
researchers incorporated an azo-based mechanophore into a hydrogel, which produced free radicals in response to mechanical per-
turbations [132]. When combined with water and oxygen, these free radicals were converted into ROS, which were used for mech-
anochemical dynamic therapy of various types of cancer. Similarly, these free radicals or ROS species can be used to initiate or suppress
controlled polymerization. Additionally, polymer mechanochemistry can be utilized to release an ATRP trigger (e.g., activator) via
bond cleavage or disassembly, similar to the release mechanism of drug molecules [133-135]. This mechanophore-based molecular
release can be combined with ATRP techniques to develop more robust ATRP methods. Remote activation of mechanophores using
ultrasound, which can penetrate deep into body tissues, offers a potential solution to the limitations associated with photoATRP [132].
High-intensity focused ultrasound (HIFU) can be used for spatiotemporal control of ATRP, similar to the approach used in photoATRP.
However, no published reports using this strategy in the field have been found yet. For a comprehensive discussion on various ATRP
methodologies, their mechanisms, and catalytic systems, readers can refer to a review article by Matyjaszewski’s group [136].

Biocatalytic ATRP (bioATRP) involves the use of enzymes (e.g., metalloproteins) or whole cells/organisms to catalyze ATRP re-
actions [137-140]. For instance, hemoglobin-catalyzed ATRP was used to synthesize PNIPAAm [141]. In this work, the catalytic
activity of hemoglobin initiated the ATRP, utilizing its ATRPase activity. “ATRPase” refers to the use of a biomacromolecule as a
catalyst for conducting ATRP. This approach offers several benefits such as bio-friendly reaction conditions, biodegradability, and non-
toxicity. Another method called SI-bioATRP was used to grow copolymer brushes in a controlled manner, allowing adjustment of the
surface’s bioaffinity [138]. Various enzymes, including metalloproteins like lactase, can also be used as ATRPases to synthesize well-
defined synthetic polymers [142]. Furthermore, cellular processes involving redox reactions can be harnessed to induce CRP under
biologically relevant conditions [137]. As iron ions are commonly found in nature, especially in bacterial processes, they can be used to
mediate ATRP reactions instead of copper ions, which are less abundant in biological systems. In this context, three types of bacteria
were used to catalyze biocompatible AGET ATRP for the synthesis of poly(ethylene glycol methyl ether methacrylate) (PEGMA). These
bacterial redox systems initiate a redox transformation of the Fe/L activator, allowing the ATRP reactions to occur [137]. Mild ATRP
conditions, including ambient temperature, pressure, aqueous media, and neutral pH, are highly desirable due to the delicate nature of
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Fig. 5. Schematic describing the mechanism of eATRP in miniemulsion using a dual catalytic system. (A) The continuous phase contains a hy-
drophilic catalyst in its higher oxidation state. This catalyst grabs an electron at the electrode surface, is converted to its lower oxidation state, and
diffuses in the dispersed phase. When it touches a droplet’s surface, it delivers an electron to reduce a hydrophobic catalyst (at higher oxidation
state) inside the droplet. The reduced hydrophobic catalyst serves as activator for ATRP. The oxidized hydrophilic catalyst diffuses back to the
electrode’s surface to grab another electron and repeat the process. (B) At the droplet surface, the hydrophilic catalyst may also deliver an electron
to dormant species, converting them to radicals. Reprinted with permission from [201]. Copyright 2016 American Chemical Society.

10



M. Khodadadi Yazdi et al. Progress in Materials Science 143 (2024) 101248

many materials, which cannot sustain harsh chemical conditions. As result, there is a significant interest in ATRP techniques that
provide reasonable kinetics under these mild conditions at room temperature. For example, ARGET ATRP in phosphate buffered saline
(PBS) at 20 °C was employed to form lysozyme-poly(glycerol monomethacrylate) conjugates [143]. Ligand design highly affects the
activity of ATRP activators and the reaction kinetics of polymerizarion [144]. While N-ATRP utilizes a high amount of CuBr and is
performed at relatively high temperatures (~60 °C), Whitfield et al. showed that a ppm level concentration of CuBr can trigger the
ATRP reaction even at room temperature [145]. In this study, the researchers intentionally used a higher concentration of tris[2-
(dimethylamino)ethyl]lamine (Me6TREN), which is an ATRP activator known for its high activity, in comparison to CuBr. In a similar
recent study, it was reported that using a CuBr/MesTREN catalyst, ATRP of methyl acrylate can be performed at room temperature due
to a new mechanism [146]. In this work, the term “oxygen-enhanced ATRP mechanism” was introduced, which is characterized by
improved reaction kinetics attributed to the formation of a Cu superoxido complex. Surprisingly, they discovered that when the
catalyst is formed under ambient conditions with the presence of oxygen, the conventional ATRP strategy can be enhanced, allowing
ATRP to be performed at room temperature. This oxygen-enhanced ATRP mechanism holds great promise for conducting ATRP in
biological systems. Additionally, it offers the potential for chemical modification of delicate nanostructures, such as laser-induced
graphene on polyimide film, which are sensitive to high temperatures and prolonged solvent exposure. Fast kinetics of the ATRP
process under ambient conditions are especially important for (nano)(bio)materials. For a comprehensive overview, Table 1 sum-
marizes various types of ATRP techniques and their respective advantages and disadvantages.

3. ATRP in the design of complex polymers
3.1. Advanced polymer structures

ATRP has been used to make various types of (co)polymers with well-defined molecular structures and numerous biomedical
applications [160,161]. However, this section focuses on the application of ATRP in synthesizing architecturally unique polymers,
including star polymers, dendrimers, and bottlebrush polymers (Fig. 4). We recommend reading a comprehensive article authored by
Matyjaszewski et al., providing an in-depth review of various macromolecular structures synthesized by ATRP [33]. However, they
mainly focus on the design of macromolecular structures without diving too deep into their biomedical applications.

Star polymers are branched macromolecules in which linear chains, known as arms, are connected to a central core [162]. These
three-dimensional (3D) polymers significantly differ from linear polymers in topological features, resulting in different
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Fig. 6. Schematic depicting the fabrication process of gradient polymer-coated surfaces using a microfluidic system. One side of the microfluidic
channel was surface-modified by an ATRP initiator. Injecting tiny volumes of a solution containing activator and monomer (3-sulfopropyl meth-
acrylate potassium salt, SPMA) using a syringe pump fills the microchannel over time. Deeper regions fill sooner and have higher contact time with
the solution (higher polymerization time) which results in growing longer polymer chains (PSPMA) at the bottom. Reprinted by permission [210].
Copyright 2019 Royal Society of Chemistry.
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physicochemical properties and rheological performance [163,164]. Due to their unique structure and properties, star polymers have
been widely utilized in biomedical fields such as drug delivery and bioimaging [165,166].

To make star polymers using ATRP, the “grafting-to”, “grafting-from”, or “grafting-through” methodologies can be used. In the
grafting-from method (i.e., core-first methodology) the core (e.g., a (macro)molecule or NP) is functionalized with multiple ATRP
initiation sites, enabling control over the number of arms, their dispersity, and length. Natural macromolecules are usually used as the
core; for example, p-cyclodextrin (B-CD) was utilized as a multifunctional core to grow a diblock copolymer using the photoATRP
strategy [167]. The B-CD was reacted with 2-bromoisobutyryl bromide (BiBB) to produce a p-CD-based core containing seven ATRP
initiating sites [167].The hydrophobic p-CD core enables the encapsulation of hydrophobic species, such as drugs and photosensitizers,
while the hydrophilic arms improve its biocompatibility and enable embedding of hydrophilic drugs.

In another study, tannic acid was used as a multifunctional core to grow poly (methyl methacrylate) (PMMA) and poly[oligo
(ethylene oxide) monomethyl ether methacrylate] (POEOMA) arms [168]. Tannic acid is a plant-derived polyphenol which benefits
from biodegradation, antimicrobial, and antiviral properties [169]. It has 25 hydroxyl groups that allow for chemical functionaliza-
tion, such as tethering ATRP initiators. In this work, BiBB was used to create 25 ATRP initiation sites linked to the tannic acid core via
cleavable phenolic ester linkages, allowing controlled degradation under alkaline conditions [168,170].

Dendrimers are highly branched and nearly monodisperse macromolecules with 3D structure [171]. They include a core, an in-
ternal part rich in branches, and a shell that enables further modifications. Contrary to star polymers, in which branch density de-
creases significantly toward the surface, dendrimers’ branch density increases at higher generations, i.e., from the core toward the
surface. Composition of dendrimers and generation number greatly impact the properties and applications of the dendrimers. Because
of their special topological features, dendrimers have been used in various biomedical applications such as drug delivery, gene
transfection, theranostic platforms, and bioimaging [172]. Moreover, some dendrimers show antimicrobial (e.g., cationic amphiphilic
dendrimers) or antiviral properties which indicates their potential utilization as therapeutics in biomedicine [173]. In addition,
specific architectural features and the nanoscale size of dendrimers allow high loading of both hydrophilic and hydrophobic drugs in
interior parts [174].

Regardless of their inherent properties, they can be densely grafted by other (co)polymers using SI-ATRP, in which the dendrimers
can serve as macroinitiators for ATRP. In fact, numerous surface functional groups on dendrimers are interesting sites for chemical
modifications such as installing ATRP initiators or clickable functionalities for further conjugation with polymers or small molecules.
In addition, drug molecules or imaging probes can be covalently attached to the dendrimers through stimuli-labile linkages. For
example, stimuli-cleavable linkages that are susceptible to pH, redox moieties, enzymes, or ROS can be utilized to release drug
molecules from the dendrimer surface [175,176].

Bottlebrush polymers have a linear polymeric backbone densely grafted with long polymeric side chains, and a backbone length
greater than the side chain length. The unique architectural features of these grafted polymers result in unusual properties such as
wormlike morphology and lower tendency toward entanglement [177]. CRP strategies and click chemistry are the most important
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Fig. 7. ATRP in molecular conjugation. Physical conjugation of bulky molecules is dependent on multi/polyvalent interactions, resembling the
mechanism of a zipper. On the other hand, chemical interactions are categorized into two groups: bioconjugates and synthetic conjugates. In the
case of a bioconjugate, a synthetic polymer derived from ATRP is connected to a biomolecule through robust covalent bonding. Meanwhile, a
synthetic conjugate involves the firm attachment of two or more ATRP-derived polymers through covalent bonding. For chemical conjugation,
orthogonal chemistry, particularly an orthogonal click reaction, is commonly utilized.
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tools for making bottlebrush (co)polymers. In the grafting-from strategy, the bottlebrush polymer backbone can be made via RAFT,
ATRP, or ring-opening metathesis polymerization (ROMP) followed by installation of ATRP initiation sites and controlled polymer-
ization [178]. Furthermore, in the grafting-onto method, the polymeric backbone and side chains can be prepared separately by CRP
strategies followed by chemical conjugation of side chains to the backbone using click reactions with high yield. Steric repulsions
between side chains, which usually have random coil morphology, can inhibit high density grafting, especially in the grafting-onto
methodology. With the grafting-through methodology it is possible to make side chains as macromonomers (typically norbornene
derivatives) before reacting them to make bottlebrush polymers [178,179].

The grafting-onto strategy was used for the synthesis of a bottlebrush polymer containing V-shaped side chains, in which ATRP was
used in combination with RAFT and ring-opening polymerization (ROP) [180]. The RAFT strategy was used to make poly(glycidyl
methacrylate) (PGMA), which constitutes the backbone, followed by installation of clickable azido groups on the side chains. V-shaped
side chains were synthesized using an ATRP initiator containing two bromoisobutyryl (BiB) functional groups at the two ends and one
clickable alkyne group in the middle. The synthesized polymer, with a pendant clickable group in the middle, was grafted onto a
clickable PGMA backbone via click chemistry, resulting in V-shaped side chains [180,181]. A similar grafting-onto methodology was
utilized for a bottlebrush polymer with poly(2-hydroxyethyl methacrylate) (PHEMA) as backbone and three polymers (polyethylene
glycol or PEG, polystyrene or PS, and poly(butyl acrylate) or PBA) as side chains, using a combination of ATRP and click chemistry
[182].

A grafting-from methodology was used for synthesis of a bottlebrush copolymer with poly(2-(2-bromoisobutyryloxy)ethyl meth-
acrylate) (PBiBEM) as backbone grafted with PBA [183]. Two ATRP strategies, ICAR ATRP and SARA ATRP, were used to graft PBA
chains from PBiBEM. It should be noted that bottlebrush copolymers can be part of more complex macromolecular structures, for
example, the arms of a star-like polymer [178]. Furthermore, it is worth mentioning that special types of degradable bottlebrush
copolymers can be made when stimuli-cleavable linkages are used to attach side chains to the backbone [184,185].

Special architectural features of bottlebrush polymers enable the embedding of large quantities of drug molecules. In addition, the
high density of their grafted side chains, which can be end functionalized and conjugated with various drug molecules, biomolecules,
and imaging probes, further confirms their vast potential usefulness in the biomedical field. For example, in one study, doxorubicin
(DOX) molecules were conjugated to a bottlebrush copolymer via acid-labile hydrazone linkages, as shown in Fig. 3 [186]. Compared
to their linear counterparts, bottlebrush copolymers showed high structural stability under physiological conditions, longer blood
circulation half-life, and enhanced antitumor activity [186].

Natural systems produce proteins with not only monodisperse chain length but also monodisperse sequence. Mimicking such a high
level of control over monodispersity in synthetic polymers is a great challenge in chemistry and polymer science. Sequence-defined
polymers (SDP) or sequence-controlled polymers (SCPs) can bring about a paradigm shift in polymer technology. In SDP, the prop-
erties of polymers can be adjusted based merely on an alternation in sequencing while preserving the chemical composition [187,188].
In addition, it is believed that SDP can be used in data storage, similar to RNA/DNA, which could revolutionize modern storage devices
[189]. RDRP strategies, especially ATRP, can be further developed to enable precision polymerization and creation of SDPs [190].
Achieving control over propagation of intermediate radical species in RDRP strategies enables full control over polymerization, i.e.,
precision polymerization. We think that precise control over reagent feeding (e.g., in diffusion-controlled systems such as microfluidics
or mini-emulsion) in a monomer-starved CRP can be a fruitful strategy to control radical propagation in RDRP. Controlled feeding of
monomers, based on half-life of propagating radicals, can result in one monomer addition at each step. For example, suppose that the
ATRP is occurring in a microfluidic system with semipermeable microchannel walls separating monomer solutions. If an external (e.g.,
electric field or light) or internal (radical species) stimulant can adjust the permeability of the microchannel, sequencing is achievable.
Every time the stimulant is on, the first monomer is allowed to pass, while turning off the stimulant results in passage of the second
monomer. Additionally, continuous flow chemistry and automated synthesis can further our control over polymerization [191,192]. In
an elegant paper, automated flow chemistry, which combines benefits of flow chemistry and automated synthesis, was used to make
proteins artificially [193]. Another elegant, recent paper, used a semiautomated flow chemistry method for making SDPs based on
PLGA for data storage [194]. Precision polymers will open a new horizon to synthesize complex chemical systems with reversible
interactions, necessary for developing new forms of synthetic life from scratch [24]. In this work, Matyjaszewski et al. discussed how
precision polymers can be synthesized using modern chemistry tools such as CRP [24]. While they carefully discussed the dynamic
interactions and self-assembly of precision polymers to produce complex and organized structures that mimic the complexity of living
biological matter, they did not focus on their applications in medicine.

3.2. Special systems

While ATRP is a well-established technology in terms of chemistry, exploring and engineering reaction conditions, such as per-
forming ATRP in dispersed media, can further enhance this technique. Performing ATRP in such special systems expands its appli-
cations to design architecturally interesting polymers that cannot be achieved through conventional bulk polymerization. In
particular, ATRP in dispersed media, as depicted in Fig. 4, offers additional advantages, such as improved heat transfer, facilitated by
the solvent acting as a heat sink. Additionally, ATRP in dispersed emulsions benefits from lower viscosity and the use of environ-
mentally friendly solvents, especially water, which effectively addresses challenges associated with volatile organic compounds (VOC)
[195]. Moreover, the application of microfluidic systems allows for controlled fluid flow in a laminar regime, introducing an additional
dimension of control over the polymerization process. In addition, these dispersed systems and microfluidic devices are better suited to
facilitate the diffusion of external stimulants, such as sound and electromagnetic waves, providing more precise control and versatility
to the ATRP process.
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Nanoscale confinement, such as nanopores and nanoemulsions, may affect the conformation and relaxation behavior of single
macromolecules as well as polymerization kinetics by affecting propagating radicals’ movement and direction. However, at higher
length scales (e.g., microcapsules, (mini)emulsions, and microfluidics) confinement mainly affects fluid flow behavior and mass
transfer operations, rather than affecting single-molecule movement. In other words, effects of walls or interface on macromolecules
cannot be ignored for macromolecules, as their size is comparable to that of nanocavities. In addition, in a thin layer of fluids, fluid
behavior adjacent to the cavity wall is fundamentally different from fluid behavior in regions sufficiently far from walls. This indicates
the solvent’s effect on macromolecules and polymerization reagents may differ in nanocavities compared to cavities at higher length
scales. In addition, nano- or micro-confined dispersed systems such as emulsions benefit from superior heat and mass transfer,
compared to bulk systems.

Miniemulsion polymerization enables construction of hydrophobic polymer particles from monomer droplets in a confined envi-
ronment. Compared to bulk polymerization, miniemulsion polymerization benefits from lower reaction rates because of lower con-
centration of reagents, better heat transfer, low viscosity product, and use of benign aqueous solutions [196,197]. These unique
features can be combined with the advantages of CRP strategies to make well-defined hydrophobic polymers [198-200]. Such
dispersed and confined systems allow more control over polymerization reactions. Performing ATRP in miniemulsion requires a
hydrophobic catalyst in the dispersed phase (e.g., oil droplets) while in the continuous aqueous phase a hydrophilic catalyst can be
used to serve as electron carrier. For example, in an eATRP setup, a dual catalytic system was used to carry electrons from the working
electrode (WE) through the aqueous phase to the dispersed phase [201]. This system resembles the functions of a redox couple in dye-
sensitized solar cells that carries an electric charge from cathode to photosensitizers [202]. The water-soluble ATRP catalyst grabs an
electron at the WE surface and donates it to the organosoluble ATRP catalyst at the water-droplet interface (Fig. 5). It is obvious that,
regardless of electrochemical parameters like applied potential, the mobility of catalyst molecules in the aqueous phase is a deter-
mining factor in polymerization rate. It was revealed that reactivity is independent of the redox potential of catalysts, in contrast to
conventional ATRP [201]. This dual catalytic system was further utilized and modified by others [203].

CRP in miniemulsion systems can also exploit remote stimulants such as light and sound to trigger electron generation inside
droplets, as previously discussed for photoATRP and mechanoATRP. PhotoATRP in dispersed systems is not only superior for heat
transfer and preventing hot spots in the system, but light can also pass-through water more easily than bulk systems, which may be
opaque or translucent, or may increase light absorption as the polymerization proceeds. Moreover, mechanoATRP can be conducted
easily, with a simple experimental setup using a popular ultrasonic bath or ultrasonic probe.

On the other hand, CRP in microenvironments enables us to make polymers with special architectural features, like gradient
polymers. In such systems, polymer chain length is affected by cavity length scales instead of parameters that affect polymerization,
such as temperature, light intensity, concentration of radicals, and so forth. Gradient polymer-modified surfaces, in which the length or
composition of polymer brushes changes continually along a specific axis, have special applications in biomedical fields such as cell
separation.

The SI-ATRP strategy can be utilized to make gradient polymer brushes in microfluidic channels where the merits of laminar fluid
flow are exploited in combination with controlled polymerization reactions. In a laminar fluid flow regime, the mass transfer operation
is dominated mainly by molecular diffusion rather than convection, in contrast to the turbulent flow regime common in normal
experimental setups. A gradient in the concentration of involved species (i.e., monomers, catalysts, or reducing agents), and/or their
diffusion coefficients, or a change in external stimulant parameters (e.g., light intensity for photoATRP and applied potential for
eATRP) can induce gradients in polymer brushes. For example, PNIPAAm brushes were fabricated through an eATRP method in which
a smooth change in the applied potential resulted in an alternation in the concentration of in situ-generated catalyst species (Cu'/L),
followed by gradient growth of polymer chains [204]. In addition, this strategy can be easily used to make patterned surfaces, by
applying an electrical potential to specific regions on the surface or masking a conductive surface with insulating materials. An
alternate strategy for making gradient polymer brushes or patterned surfaces is to use eATRP with a gradient change in electrode
distance, which affects diffusion time of activator molecules [205]. This patterning and/or making complex gradient brushes can also
be achieved via other external triggers, for example, light irradiation which allows control over wavelength (i.e., energy of individual
photons) and intensity [206,207]. Furthermore, gradient polymer brushes have recently been made in 3D spaces [208].

Film coating strategies, such as dip coating or spin coating, can also be used for making gradient polymer brushes, and parameters
like withdrawal speed and spin coating speed can be finely adjusted. For example, in the dip coating process, the brush thickness can be
modulated by withdrawal speed [209]. A dip coating process can be reversed with a system that gradually fills a microchannel whose
internal surface is modified by anchoring an ATRP initiator.

To this end, and with inspiration from seATRP, a vertical microfluidic system with ATRP initiator-modified surfaces was designed
in which tiny volumes of activator or monomer solutions were gradually pump into a microchannel to create polymer brushes with
gradient length as illustrated in Fig. 6 [210]. Since the exposure time increases with depth, longer brushes are observed at the bottom.
A solution containing catalyst and monomer (3-sulfopropyl methacrylate potassium salt, SPMA) was injected into a microchannel
where SI-ATRP results in gradient PSPMA brushes. It was observed that brush thickness can be adjusted through flow rate (i.e.,
polymerization time) and concentration of monomer and activators [210]. This strategy could be used repetitively to make di- or
triblock copolymers for which the injected solution composition alters between intermittent steps.

However, it should be noted that the potential of microfluidics in CRP is much higher than just controlling polymerization time. In
other words, microfluidic systems can be designed to control the way the reactant or catalyst comes into contact, and to adjust the
mixing profile of the involved species. Another great advantage of microfluidics is its ability to control reaction conditions via external
stimulants. For example, while homogeneous heating and/or cooling of the reaction medium at higher length scales (e.g., in a beaker)
is a challenge, micro-scale devices can be used for effective, on-demand heating and cooling. Moreover, because of the low depth,
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microfluidic systems can be used more easily and efficiently in systems with remote stimulants, such as photoATRP. In addition,
microfluidic systems usually utilize small volumes of reagents which makes them appealing from both economic and environmental
perspectives, and microfluidic-assisted ATRP can be considered a sustainable and green procedure. These ideas have resulted in the
concept of microliter-scale (pL-scale) ATRP, which focuses on applications of controlled polymerization at pL-scale [211]. Microfluidic
devices facilitate the use of zerovalent metal-based ATRP because a metal plate can constitute a wall in the microfluidic system.
Moreover, mounting microelectrodes in microchannels allows the use of eATRP or seATRP methodologies. Microfluidics and pL-scale
systems may take us a step forward in democratizing polymer synthesis (polymer synthesis for non-experts) and facilitating on-demand
synthesis of polymers. Of note, Matyjaszewski et al. have recently described the relationship between green chemistry and ATRP and
how combining these strategies can produce sustainable, well-defined polymers [32].

Polymer brush patterns (PBPs) are important in biomedical fields such as biosensing devices and tissue engineering. Lithography is
a robust strategy for patternable immobilization of ATRP initiators, where subsequent SI-ATRP results in a patterned brush-modified
surface. Carbonell et al. coined a method named “Polymer Brush Hypersurface Photolithography” (PBHP) for fabrication of PBPs with
high spatial resolution (known as polymeric pixels) via SI-ATRP on a silicon wafer surface [212]. This method not only allows creation
of brush-modified surfaces with micrometer-scale resolution but also enables control over brush length and composition. The afore-
mentioned polymer brushes that possess different length, composition, or patterns are considered to be hierarchical polymer brushes,
and their synthesis and biomedical applications were recently reviewed [213].

O-ATRP procedure can occur in continuous flow reactors to continually produce well-defined polymers [214]. This strategy
combines the merits of ATRP with the advantages of flow chemistry. Continuous flow of a small volume of reagents enables better
control over reaction conditions; in addition, more effective irradiation for this O-ATRP methodology resulted in higher initiator
efficiency (even at very low photocatalyst loadings), improved polymerization, and low-dispersity polymers [215].

Although these strategies are invaluable in research and development of the CRP field, translation of ATRP to industry requires
special requirements for large-scale production of well-defined polymers. Specifically, economic and safety issues should be considered
when engineering reactors for CRP strategies [215]. When scaling up from experimental setups, such as beakers and microfluidics, to
industrial-scale reactors like continuous stirred-tank reactors (CSTRs) or tubular reactors, the engineer must consider various factors.
The reaction mechanism and conditions (e.g., temperature and pressure) and the reagent and (side) product conditions should be
considered in the design of storage vessels, feeding systems, heating/cooling systems, condensers, mixers, reactor lining, purification
unit operations (e.g., distillation column, filter bags, and crystallizer), and so forth. As polymerization reactions at industrial scales are
usually carried out in continuous flow reactors, the design criteria for continuous flow reactors should be noted when translating CRPs
into industry [216,217]. Doing CRP in continuous flow reactors is an important step toward scaling up to industrial applications
[215,218].

In this section, we have briefly reviewed some of the special systems that can be exploited for ATRP; however, additional systems
may be available.

4. ATRP in molecular conjugation

Conjugation of two (macro)molecules can be carried out via physical or chemical interactions, as depicted in Fig. 7. While indi-
vidual physical interactions are relatively weak, they benefit from reversibility and fast formation kinetics. On the other hand, covalent
interactions are much more robust but typically suffer from irreversibility and slower kinetics. Various chemistries, such as click
reactions and carbodiimide chemistry, can be utilized for conjugation of a (bio)(macro)molecule and a preformed polymer via the
grafting-to methodology [181]. In such conditions, an ATRP strategy creates well-defined polymers, and click reactions enable effi-
cient conjugation under mild reaction conditions [219,220]. Moreover, using the grafting-from methodology, polymers can grow from
initiation site(s) on (bio)(macro)molecules such as oligonucleotides and nucleic acids, peptides, proteins, and carbohydrates to make
bioconjugates [221,222].

On the other hand, strong physical interactions between bulky polymers and (bio)(macro)molecules require the use of multivalent/
polyvalent physical interactions to compensate for challenges associated with the relative weakness of physical bonds [223]. This
phenomenon has prompted nature to use the four letters of the DNA sequence, in which every two complementary base pairs interact
via two or three hydrogen bonds, to hold the two bulky strands of DNA together firmly [224]. The strength of multiple hydrogen
bonding interactions in oligonucleotides can be exploited to design strong physical anchors between two macromolecules. Thus, two
macromolecules containing two complementary oligonucleotides in their structure can conjugate through hybridization, with the
benefits of appropriate strength and reversibility [225]. Similarly, a class of synthetic polymers, known as supramolecular polymeric
materials, utilize physical interactions in the molecular structure of supramonomers or supramolecular polymers [226]. This section
discusses the conjugation of two or more macromolecules through physical and chemical interactions and the role of ATRP meth-
odologies in such conjugations.

4.1. Chemical conjugation

Both grafting-to and grafting-from strategies require accessible, reactive functional groups for chemical conjugation. In fact, since
complex (bio)molecules like proteins form hierarchical structures, such as supramolecular assemblies, the accessibility of reactive
functionalities is important when making bioconjugates. In this section, we give an overview of the chemical conjugation strategies for

making bioconjugates and synthetic conjugates [227,228].
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4.1.1. Bioconjugates

Biomolecule-polymer conjugates (BPCs) combine the bioactivity and functions of biological entities with appealing features of
synthetic polymers such as stability, stimuli-responsiveness, mechanical properties, and electrical conductivity [229,230]. In addition,
they are capable of functioning as bioimaging probes for understanding inter- or intracellular events and designing theranostic
platforms [231,232]. CRP strategies such as ATRP play a crucial role in making BPCs [221,233]. Chemical, enzymatic, and photo-
induced reactions are also vital to the process [234].

Proteins with complex but delicate hierarchical structures can be modified with polymers for various purposes. For example, the
circulation time of protein therapeutics can be enhanced using a PEG coating [235,236]. Protein—polymer conjugates (PPCs) constitute
the most well-known class of BPCs and there are several FDA-approved PEGylated protein therapeutics on the market today [237].
Reactive chemical functional groups on the outer surface of proteins serve as handles permitting attachment of monomers (in the
grafting-from methodology) or polymers (in the grafting-to methodology). However, steric hinderance, low concentration of reactive
species, the fragile nature of many biomolecules, and challenges associated with chemical interference require the use of special types
of chemistry, especially click reactions.

For click ligation, non-natural clickable groups should be installed on the protein sequence before conjugation with polymers or
immobilization of ATRP initiators. Cysteine, lysine, and tyrosine residues on the primary structure of proteins have been widely used
for chemical modifications. Cysteine residues are relatively rare in protein sequences, allowing for site-specific or chemoselective
conjugation [238]. Thiol moieties can react with maleimide through Michael addition, resulting in formation of carbon-sulfur (i.e.,
thioether) bonds. Moreover, iodoacetamide and 3-arylpropiolonitriles can also react with thiol moieties to create carbon-sulfur bonds
[229,239]. On the other hand, redox-labile disulfide bonds can be created via pyridyl disulfide exchange [240].

Contrary to cysteine, lysine residues are relatively abundant in protein sequences and can covalently attach to other polymers
through N-hydroxysuccinimidyl (NHS) esters, acid halides, isocyanates, isothiocyanates, squaric acid, benzoyl fluorides, and nitro-
phenyl carbonates [229,238,241]. Because of their less-reactive nature, tyrosine residues have attracted much less attention for
protein conjugation [229].

Carbodiimide chemistry and acid halide reactivity have been exploited for modification of peptides [242,243]. In addition, reactive
side chains on polymers (e.g., strained rings and clickable groups) can be utilized to conjugate short peptides. For example, in a recent
work, short peptides were conjugated by using a ring-opening reaction of pendant epoxy moieties of poly([ethylene glycol methyl
ether methacrylate]—co-[glycidyl methacrylate]) (P(EGMA-co-GMA)) [244].

The conjugation of oligo- or polysaccharides (OSA or PSA) with synthetic polymers is another important class of bioconjugation
[245]. An ATRP initiator can be grafted on hydroxyl, amine, and carboxylic acid functionalities on pyranose rings of OSA/PSA or
aldehyde groups of oxidized OSAs/PSAs to initiate a grafting-from strategy [246]. For example, BiBB was grafted to hydroxyl groups of
dextran followed by polymerization of oligo(ethylene glycol) monomethacrylate (OEGMA) to produce bottlebrush-like macromole-
cules [247]. In another work, a-bromoisobutyric acid was used to convert a biomolecular initiator for ATRP via an esterification
reaction [248]. More complete reviews on PSA—polymer conjugates using ATRP can be found elsewhere [249,250].

As an invaluable building block of life on our planet, carbohydrate polymers play important roles in many biological processes,
indicating that conjugation with synthetic polymers should profoundly enhance their physicochemical properties and functionalities.
In a review article, the Matyjaszewski’s group has discussed the applications of reactive dissipative particle dynamics (RDPD) stra-
tegies for preparation of polymer-carbohydrate conjugates known as glycopolymers [251]. The prepared, tailor-made glycopolymer
brushes can interact with lectin proteins on plasma membranes, thereby affecting cellular functions such as differentiation, resulting in
numerous biomedical applications such as biosensing. Another review by the Matyjaszewski’s group discusses the conjugation of
polymers to various biomacromolecules, such as proteins and vesicles, using grafting-to and grafting-from methodologies, along with
their applications [252].

4.1.2. Synthetic conjugates

For synthetic conjugates, the general concepts and chemistries are similar to bioconjugates, and covalent attachment is done
through reactive handles (e.g., clickable groups, strained rings, amines, halide acids, and carboxylic acids) as end groups or side chains.
This section gives an overview of some special kinds of polymer-polymer conjugates. Polymer-drug conjugates (PDCs) are an
important class of synthetic conjugates, and they play a vital role in increasing the solubility and stability of drug molecules [253].

Making diblock copolymers containing hydrophilic and hydrophobic species is a popular type of conjugation. For example, such a
strategy can be utilized in polymerization-induced self-assembly (PISA), for drug delivery or similar applications [254,255]. Other
conjugated polymers that benefit from unique optoelectronic properties are appealing macromolecules for a range of biomedical
applications including bioimaging, theranostics, and photothermal therapy [256]. They can be conjugated with other types of poly-
mers to enhance properties like biocompatibility, water solubility, and processability. For example, poly(p-phenylenevinylene) (PPV)
end-functionalized by a-bromoester (an acid halide initiator) was used as an ATRP macroinitiator for methyl methacrylate (MMA)
polymerization to make PPV-b-PMMA copolymers [257]. In another research article, ATRP was used to make poly(thiophene)-graft-
poly(acrylate urethane) (PTh-g-PAU) [258]. Such macromolecular conjugates can be used in applications such as bioimaging and
photothermal therapy of cancer.

Other conjugates exist that combine the fascinating properties of various polymers. For example, ATRP can be used to make
conjugated polymers with two or more segments, where each segment has unique properties or architecture. Conjugation can be used
to induce biodegradability, electroactivity (e.g., poly(vinylidene fluoride) or PVDF), or single/multiple stimuli-responsiveness,
combining the desired functions into a single molecule, a multifunctional polymer. Conjugation also enables the creation of archi-
tecturally complex structures from simple, well-studied architectures. For example, linear and bottlebrush polymers can be conjugated
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to make special kinds of polymers, which will be discussed in following sections. Moreover, it is possible to conjugate bottlebrush
copolymers to star polymers or dendrimers to make more complex architectural structures. Such fascinating molecular structures
usually result in unprecedented properties for the obtained polymers. Furthermore, formation of hierarchical self-assemblies may be
expected for such complex architectures, and this will open new doors to further research and development.

4.2. Physical conjugation

Physical bioconjugates can be classified into two subclasses, including: 1) nature-inspired biorecognition motifs based on specific
multivalent/polyvalent physical interactions and 2) less-specific electrostatic interactions. The most important members of the first
class include complementary nucleobases introduced as end or middle segments in biomolecules and polymers. For example, ATRP
initiators containing an oligonucleotide segment can undergo oligonucleotide hybridization and immobilize onto a biomolecule before
polymerization [259]. In addition, DNA can be used as macroinitiator for ATRP to make copolymers of DNA with synthetic polymers
[260]. DNA-polymer conjugates enable the construction of spectacular functional nanostructures with unprecedented structural
complexity and unique physicochemical properties for applications throughout the biomedical field [261].

Oligonucleotide hybridization is, in fact, just one subclass of a broader class, based on non-covalent but specific interactions be-
tween complementary molecular-recognition motifs, known as non-covalent click chemistry [262]. Other important members include
streptavidin (SAv)-biotin, cucurbituril-adamantane, cyclodextrin-adamantane, and cucurbituril-ferrocene interactions that can be
exploited to make physical bioconjugates. For instance, biotinylated ATRP initiators (i.e., a biotin-containing BiB end group, or biotin-
BiB) were conjugated to streptavidin to make a macroinitiator for ATRP [263]. This work used the specific physical interactions
between biotin and streptavidin to immobilize ATRP initiators on streptavidin. Such physical and specific interactions are fast and
occur under biologically relevant conditions, making them of utmost importance in biomedicine for protein or cell manipulation. In
another work, physical interactions between B-CD trimer and adamantane (ADM) was used to conjugate 3-CD-g-polyacrylamide (PAM)
(B-CD-g-PAM) (a star polymer) to ADM-g-PMMA [264]. Trivalent physical interactions, between -CD trimer and three ADM-g-PMMA
molecules, were used to make miktoarm star polymers. $-CD trimer was synthesized using a copper-catalyzed azide/alkyne cyclo-
addition (CuAAC) click reaction [265]. Moreover, ADM was modified by an ATRP initiator and serves as the ATRP initiation site for
controlled polymerization of methyl methacrylate from ADM, to yield ADM-g-PMMA. Each arm of the resulted star polymers is a
polymer—polymer conjugate with specific physical interactions in the middle [264].

5. Surface modification and functionalization via ATRP

In the biomedical field, the surface properties of materials greatly impact their interactions with biological systems (e.g.,
biocompatibility, immunogenicity, and protein adsorption) and their in vivo fates [266]. For example, surface properties mainly define
the biocompatibility of medical implants and the circulation time of NPs. Surface modification strategies aim to alter the interface
properties (biocompatibility, wettability, and friction) of implanted devices for special applications. ATRP can be used to make surface-
modified materials via “grafting-from”, “grafting-to”, or “grafting-through” methodologies at different length scales. ATRP provides a
robust tool to make polymer-decorated surfaces with different surface chemistries and shapes at various length scales.

Surfaces with a diverse range of materials, including inorganic materials (e.g., ceramic, metals (oxides), semiconductors), organic
materials (e.g., polymers) and biological entities (e.g., proteins), can be modified by polymers via an ATRP strategy as represented in
Table 2. Normally, the first step in the grafting-from methodology is tethering ATRP initiator (via physical interactions or chemical
bonding) on the surface, followed by controlled polymerization. ATRP initiators normally include two or more end/middle func-
tionalities: 1) BiB and 2) reactive (e.g., acid halide, alkoxysilane, and chlorosilane) or anchorable functional groups (catechol and
disulfide). The latter enable tethering on the surface, while the former provide initiation sites for controlled polymerization.

Moreover, the grafting-to strategy requires two complementary reactive handles—one on the surface and one on the polymer chain
end—for efficient attachment. Click chemistry, which enables orthogonal and efficient chemical reactions under mild conditions, is
one of the most widely applied solutions for this methodology [267]. Grafting-to via ATRP typically involves two steps: first, making
polymer chains containing clickable end-functionalities (or other reactive handles), and then immobilizing the polymer chains on the
surface through a click reaction. Orthogonality ensures the intactness of the immobilized clickable group on the surface in the reaction
medium [268]. Another robust strategy for conjugating polymers and reactive handles on the surface is carbodiimide chemistry.

This section discusses the application of ATRP in creating polymer-modified surfaces with different surface chemistries, with
special focus on the grafting-from methodology. In concave surfaces, complications related to mass transfer and steric hindrances can
alter the efficient grafting of polymer chains to the nanomaterial surface, such as within the lumen of nanotubes/nanopores or on
irregularly shaped NPs. Nevertheless, the ATRP-mediated grafting of growing polymer chains (referred to as the grafting-from
methodology) presents a robust strategy to produce polymer-decorated surfaces with various shapes (concave, flat, or convex) and
curvatures at multiple length scales, ranging from nano- to macroscale [269]. Compared to conventional polymer decoration strategies
with limited grafting densities, the grafting-from methodology, using tethered ATRP initiators, can yield a dense forest of polymer
brushes on the surface. In fact, SI-ATRP can be effectively used to grow dense and uniform polymer brushes from a wide range of
nanomaterials, resulting in a polymer corona that significantly influences the nanomaterial’s interactions with biological entities
[270,271]. As the surface functionalities and their modification strategies depend on the inherent chemistry of materials, the clas-
sification in this section is arranged based on the type of material.

Materials that combine inorganic and organic segments often exhibit unique properties, and they are commonly found in natural
structures [271,272]. Therefore, the combination of inorganic materials with organic polymers results in hybrid materials that exhibit
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Table 2

Tethering ATRP initiators on materials with different surface functionalities.
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Table 2 (continued)

Attachment type Substrate material

Surface functional groups

Anchoring group

ATRP initiator example Ref
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Table 2 (continued)

Attachment type Substrate material Surface functional groups Anchoring group ATRP initiator example Ref
Physical interactions Gold Au®t Catechol
y! O O H [287]
Br H
various Local charges Charged species Polyelectrolyte macroinitiator [288]
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novel and advantageous properties. An illustrative example is hairy NPs that combine brush (co)polymers with nanoscale inorganic
materials, resulting in multifunctional materials [273]. It is worth mentioning that, in a review article by the Matyjaszewski’s group,
the properties and applications of brush-modified materials or hairy NPs are thoroughly discussed [274]. These hybrid brush particle-
based materials are mainly manufactured using a surface-initiated polymerization, especially surface-initiated RDRP, and exhibit
properties different from those of conventional composite materials. Moreover, another review article by the Matyjaszewski’s group
presented the progress that has been made in utilization of SI-ATRP to make multifunctional hybrid materials [275]. They discussed
the properties of these advanced materials and summarized their potential applications in making nanocomposites. However, their
applications in the biomedical field were not discussed. In this section, we focus on grafting polymer chains onto materials at different
scales, from nano to micro to macroscales.

5.1. Glass, silicon, and silica

Glass and silicon are commonly used as substrates in the biomedical field, such as microfluidics and organ-on-a-chip (OOC) devices
[289]. The inertness of these materials’ surfaces highlights the significance of modifying them with hydrophilic and bioactive poly-
mers. Polymer brush-modified silica finds application in bioseparation processes like size exclusion chromatography (SEC) [290].
These materials have hydroxyl groups on their surface, or hydroxyl groups can be introduced through etching using strong oxidants
like piranha solution. Subsequently, reactive chemical functionalities, such as alkoxysilane and chlorosilane, based on silane com-
pounds, are widely used to modify such substrates [291]. For example, (3-aminopropyDtriethoxysilane (APTES) is a commonly used
aminosilane for surface modification of silica because it reacts easily with hydroxyl groups on these materials, resulting in a more
reactive amine group. This amine functionality can be conjugated with an ATRP initiator containing a reactive functional group (e.g.,
acid halide), like 2-bromoisobutyryl bromide (BiBB) [292].

On the other hand, alkoxysilane and chlorosilane functional groups can be added to ATRP initiators, such as 3-(triethoxysilyl)
propyl 2-bromo-2-methylpropanoate [293,294]. These ATRP initiators have two reactive handles: one for attaching to the substrate
and the other for enabling controlled polymerization. This modification strategy has been applied to silicon wafers [295], glass [296],
silica NPs [297], and silica-coated NPs [294]. For example, the SI-seATRP method was used to attach (co)polymer brushes to silica NPs
with a high number density and relatively low dispersity [298]. The ATRP initiator containing both chlorosilane and bromoisobutyrate
(BiB) functionalities was grafted onto silica NPs (average diameter 15.8 nm) with density of 1.5 nm’z, as shown in Fig. 8. Subse-

quently, various (co)polymers were grafted from silica NPs using ATRP, resulting in a high graft density of 0.93 nm™2.

Si0,-g-PBA-Br

Si0,-g-(P1BA-b-PS)-Br SeATRP o

seATRP \k BA

Si0,-g-(P{BA-b-PBA)-Br

4

O\ e
SiL

Fig. 8. Schematic depicting the synthesis of polymer brush coating on silicon nanoparticles via seATRP. The process involves several synthetic steps:
(i) grafting of ATRP initiator on silicon (SI) NPs, (ii) controlled polymerization of tert-butyl acrylate via seATRP, and (iii) copolymerization with
butyl acrylate or styrene via seATRP [298].
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In some cases, surface treatment (e.g., plasma treatment) may be necessary to create, or increase the number of, hydroxyl groups on
the substrate before attaching the ATRP initiator. For instance, poly(2-hydroxyethyl methacrylate)-co-poly(2-aminoethyl methacry-
late hydrochloride)(PHEMA-co-P(2-AEMA-HCI)) brushes were grafted from silicon wafers via ATRP [299]. Oxygen plasma treatment
was carried out to activate the silicon surface (i.e., to create hydroxyl functional groups) before immobilizing alkoxysilane-
functionalized ATRP initiators. Alternatively, alkoxysilanes containing clickable functional groups, such as azide, can be easily con-
jugated with ATRP initiators that have complementary functional groups, such as alkyne, with high yield and under mild reaction
conditions [300].

Additionally, silica surfaces contain abundant silanol groups (Si-O-H), which can be used for silanization with organosiloxanes or
organophosphonic acids to attach an ATRP initiator through Si-O-Si or Si-O-P linkages [301,302]. However, the susceptibility of
siloxane linkages to hydrolysis emphasizes the importance and stability of phosphonate-based linkages, which can form monodendate,
didendate, or tridendate linkages on substrates [303,304]. Organophosphonates, in particular, serve as valuable anchoring agents for
grafting polymer brushes onto the surfaces of silica and mica [276]. In a specific study, two ATRP initiators were used for the surface
modification of silica. The first initiator featured a bromosilane reactive handle, while the second had organophosphonate moieties as
anchoring groups. These initiators differed in the separation lengths (aliphatic chains) between the surface anchoring groups and the
polymerization initiation sites. Under the same reaction conditions, the measured thickness of the polymer coating was significantly
greater for surfaces modified with Si-Br (i.e., 120 nm) compared to 2 nm for P-Br. This difference was attributed to a lower number
density of grafted initiators for P-Br-modified silica, resulting in a coiled conformation of polymer chains, in contrast to a stretched
chain conformation in densely grafted Si-Br initiators (Fig. 9).

5.2. Metals

Most metals are unstable under physiological conditions and require surface modification before being used in vivo. Typically, the
surfaces of most metals are coated with a thin layer of oxide due to partial oxidation under environmental conditions. This oxide layer
may or may not protect the underlying metal from further oxidation, depending on the specific metal (e.g., aluminum and iron exhibit
different behaviors). Surface modification strategies for metal oxides are similar to those used for metals, which will be discussed in the
next section. Moreover, metal NPs can be coated with a silica shell before SI-ATRP to prevent oxidation or improve biocompatibility.
The Stober process is commonly used for in situ coating with a silica shell. For example, silver NPs (AgNPs) were coated with a silica
shell before the immobilization of an initiator and SI-ATRP for growing PMMA brushes [305]. Surface modification for these “metal

e} e} O e}
Si Si Si Si

o e o TP S LN

o] o] o o]
| | | L

B) L silica }

Fig. 9. Schematic displaying polymer brush grafting from a silica surface. (A) The use of an ATRP initiator containing organophosphonate moieties
results in lower thickness of the polymer coating, likely due to a lower density of grafted brushes, leading to coiled polymer chains. (B) The use of an
ATRP initiator containing bromosilane moieties results in a significantly thicker polymer coating on the silica substrate, likely due to a higher
grafting density of the ATRP initiator and the presence of extended polymer chains [276].

22



M. Khodadadi Yazdi et al. Progress in Materials Science 143 (2024) 101248

core / silica shell” structures is similar to the methodologies used for silica.

However, some metals, such as gold, can withstand harsh environmental conditions allowing direct use of gold NPs (AuNPs) in
applications like photothermal therapy (PTT) of cancers and bioimaging [306]. Thiol and disulfide functional groups have a strong
affinity for the relatively inert surface of AuNPs. In most cases, ATRP initiators containing thiol, disulfide, or sulfur end-functional
groups are used to chemically tether ATRP initiators to the gold surface for SI-ATRP, utilizing relatively strong metal-ligand in-
teractions [307]. This chemical immobilization technique results in a uniform and dense polymer corona around the nanomaterials.
Unlike physical adsorption methods, these polymer brushes firmly attach to the core, ensuring high stability even under harsh in vivo
conditions. In a recent study, gold films were functionalized with a thiol-based initiator for grafting thermosensitive brush polymers
via S-FARGET ATRP [308]. The initiator contained thiol and BiB moieties on two ends of an aliphatic chain. In another study, an ATRP
initiator containing disulfide was used to grow an anionic corona around AuNPs using SI-ATRP [309]. Tethering disulfide on AuNPs
typically forms a V-shaped molecule, with both ends capable of initiating controlled polymerization.

The use of N-heterocyclic carbenes (NHCs) ligands, which form strong and stable bonds with metals, has become a popular strategy
in gold functionalization. Furthermore, the stability of NHCs in gold nanostructures can be tailored through chemical design of NHCs
ligands [310]. As thiols are susceptible to oxidation degradation, NHCs ligands offer an attractive alternative for designing func-
tionalized gold nanostructures for in vivo applications, thanks to their significantly higher stability [311]. In some studies, ATRP has
been used to synthesize polymers with NHC-functionalization, followed by ligand exchange to produce polymer-modified Au nano-
structures [312]. This approach allows the formation of polymer-modified Au nanostructures with improved long-term stability in
biological environments. However, to date, there is still limited research on the utilization of ATRP and NHC ligands for Au
modifications.

Another strategy involves using materials with inherent complexation properties. For instance, dopamine and phosphonic acid are
chelating agents that firmly attach to metal NPs. Polydopamine (PDA) chemistry is a robust method to modify relatively inert surfaces
such as AuNPs [313]. The unique chemical structure of dopamine and PDA, which includes catechol and amine functional groups,
allows PDA to attach to various surface chemistries [313]. Additionally, materials based on phosphonic acid possess excellent metal
complexation capability and high biocompatibility, making them attractive for surface modification of metals [314].

5.3. Metal oxides

Metal oxides, such as superparamagnetic iron oxide NPs (SPIONs), hold great promise for various biomedical applications,
especially in drug delivery, bioimaging, theranostics, and image-guided therapy [315]. However, to enhance their biocompatibility
and stability for improved efficacy, a common and effective approach is to coat them with hydrophilic polymers like PEG. By using
hydrophilic brushes that firmly attach with high densities, the biocompatibility of SPIONs is improved, making them “stealth NPs” that
can evade the immune system [316]. In previous sections, we have discussed various coupling agents, such as thiols, silanes, phos-
phonates, and carboxylic acids, which are typically used for the surface modification of metal oxides.

Silane-based initiators, such as alkoxy- and chlorosilane, as discussed earlier, are commonly used for the surface modification of
metal oxides. For example, lauric acid-coated FesO4 NPs were immobilized with an ATRP initiator bearing alkoxysilane (2-bromo-
propionamidepropyl trimethoxysilane), before conducting SI-ATRP of NIPAM [318 306]. Lauric acid is a fatty acid usually used to
make colloidal dispersions of NPs. The resulting PNIPAAm brush-coated SPIONs served as a dual-sensitive (temperature and pH)
theranostic platform, enabling controlled delivery of anticancer drugs and functioning as a bioimaging material for MRI contrast
enhancement. In addition, the Matyjaszewski’s group developed a low-cost tetherable initiator that can be used for the fabrication of
various metal oxide NPs, as depicted in Fig. 10 [317].
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Fig. 10. Schematic depicting a universally tetherable ATRP initiator. This illustration describes the manufacturing process for an ATRP initiator that
can be used for the modification of various materials. The initiator contains 2-bromoisobutyryl amide and carboxylic acid end-functional groups
with an aliphatic chain (spacer) in the middle [317].
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Oleic acid is commonly used to stabilize metal (oxide) NPs. Inspired by the chemical structure of this fatty acid, the Matyjaszewski’s
group developed a tetherable initiator that features carboxylate moieties on one end and 2-bromoisobutyryl amide on the other end.
The carboxylate group facilitates anchoring to the metal surface, while 2-bromoisobutyryl enables SI-ATRP. This tethered initiator was
also utilized to coat aluminum foil with polymer brushes. Chen et al. utilized an SI-photoATRP method with PTH as the photocatalyst to
graft PAA onto the surface of UCNPs, creating UCNP@PAA for bioimaging applications [319].

5.4. Semiconductors

Conventional inorganic semiconductors (e.g., Si and Ge) and modern organic semiconductors (e.g., poly(3,4-
ethylenedioxythiophene) [PEDOT]) are essential for designing (organic) electronics such as solar cells and display devices. In
biomedical applications, doped (in)organic semiconducting materials, such as quantum dots (QDs) or NPs, exhibit advantageous and
tunable optoelectronic properties for phototherapy, bioimaging, and biosensing [320]. To ensure their biocompatibility, coating these
materials with polymers, especially densely grafted polymer brushes, using surface-initiated CRP (SI-CRP) methodologies can be an
effective approach [321]. This section discusses the application of ATRP for surface modification of (in)organic semiconductors. QDs
are nanoscale semiconductors with remarkable optical and electronic features, and they have been widely used in various applications
from electronic devices to biotechnology [322]. Their superior optical properties, such as photobleaching stability and narrow
emission spectra, make them invaluable for bioimaging [323]. However, challenges such as in vivo instability and poor dispersibility
and solubility in aqueous solutions, limited biodistribution, and toxicity have restricted their applications [324]. To address the water
insolubility of QDs, a promising approach is coating them with hydrophilic polymers like PEG brushes. For instance, in a study, poly
(oligo(ethylene glycol) monomethacrylate) (POEGMA) was grafted onto silicon QDs [325]. These silicon-based QDs share similar
chemistry with silicone, although the process details may vary slightly. The study involved a pretreatment to create hydroxy groups on
Si QDs, followed by esterification using an ATRP initiator containing an acid halide end group [325].

In another study, the surface of ZnS QDs was modified by APTES and BiBB before SI-ATRP to grow PMMA from the QD surface, as
illustrated in Fig. 11 [326 315]. The reactivity of amine and acid halide was leveraged to tether the initiator onto the QD surface.
Alternatively, an esterification reaction between the hydroxyl groups on CdSe QDs and the acid halide end-group of the ATRP initiator
was used to grow poly(glycidyl methacrylate) (PGMA) brushes from the QD surface [327].

Furthermore, amine-functionalized biotin was grafted to the epoxide pendant groups of PGMA via a ring-opening reaction,
resulting in a multifunctional hybrid biotinylated-PGMA-g-CdSe. This approach significantly improved biocompatibility compared to
bare CdSe QDs while preserving good optical properties [327]. It is important to note that while the surface chemistry of QDs is
generally similar to their higher-length scale counterparts, edge effects are more pronounced in QDs, and edge functionalities may
differ from other functional groups in the middle. For example, graphene oxide (GO) chemistry has shown that more carboxylic acid is
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Fig. 11. Schematic describing a multistep approach for the synthesis of polymer brush—coated QD nanoparticles. Carboxylic acid functionalities on
biotin were converted into more reactive amine functional groups using carbodiimide chemistry. Hydroxylated CdSe QDs were prepared and
functionalized with an ATRP initiator. Poly(glycidyl methacrylate) (PGMA) brushes grow from the QD surface via ATRP, followed by the attachment
of biotin moieties to the epoxide side groups of PGMA via a ring-opening reaction [327].
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present on the edges, while more epoxy and hydroxyl are found in the basal plane [328].

Conjugated polymers such as polyaniline (PANI), polypyrrole (PPy), and polythiophenes exhibit semiconducting behavior and
peculiar optical properties in doped states [329]. Their light-absorbing NPs find applications in photothermal therapy (PTT) of cancers
[330]. However, most suffer from low water dispersibility and bioincompatibility. To address this, poly(2-(dimethylamino) ethyl
methacrylate) (PDMAEMA) and poly(2-hydroxyethyl methacrylate) (PHEMA) (co)polymer brushes were grown from PPy NPs using
SI-ATRP [331]. Resulting PPy NPs were water dispersible and showed dual responsive properties (pH and temperature). The surfaces
of PPy NPs were modified by an alkoxysilane (N-(2-aminoethyl)-3-aminopropyltrimethoxysilane, AAPS), and BiBB (the ATRP initi-
ator) was tethered. Various chemical (e.g., via substitution on aromatic rings or side chains) or physical (e.g., via mussel-inspired
chemistry) tethering methodologies can be used for surface modification of these conjugated polymer NPs. Care should be taken
during molecular-scale modification (i.e., grafting an oligo-/polymer on a polymer backbone) to avoid disrupting the extended
conjugated network of polymers [332]. For example, substitution on thiophene (e.g., in poly(3-hexylthiophene) [P3HT]) will not
significantly affect the conjugated network of polythiophenes, while chemical modification of nitrogen atoms in quinoid or benzenoid
rings of PANI can distort the conjugated network of the polymer backbone, resulting in diminished electrical conductivity.

5.5. Organic nanomaterials

Carbon-based nanomaterials, including carbon nanotubes (CNTs) and graphene, offer high electrical conductivity and thermal
stability, making them promising for various biomedical applications such as PTT, imaging, and biosensing [333]. The chemical
modification of pristine graphene and CNTs can be achieved using reactive chemicals like thionyl chloride [334]. Meanwhile, top-
down strategies for producing graphene, such as Hummers’ method, result in GO nanoplatelets decorated with various oxygenated
functional groups [328,335], and commercially available CNTs already possess functional groups like hydroxyl and carboxyl, making
them suitable for further chemical functionalization [336].

Various covalent and non-covalent strategies can be used to functionalize CNTs or graphene. One approach involves utilizing n-n
stacking interactions between CNT or graphene sheets and pyrene moieties to adsorb molecules onto the surface. For instance, 1-pyr-
enebutanoic acid succinimidyl ester (PBASE) and 1-pyrenebutyric acid N-hydroxysuccinimide ester (PBSE) were adsorbed onto CNTs
via n—x stacking interactions [337], where pyrene moieties act as anchors to immobilize ATRP initiators on the surface. Although there
are limited works on pyrene-containing molecules for SI-ATRP, using polymer-based initiators with multiple pyrene pendant groups
can strengthen these interactions through a multivalency phenomenon [223]. Additionally, Diels—Alder cycloaddition provides
another covalent immobilization chemistry for ATRP initiators on CNT surfaces, requiring the ATRP initiator to have a dienophile like
furan in its chemical structure [285].

GO, with its abundance of oxygen functionalities, offers various chemistries for chemical modifications. Direct amidation of car-
boxylic acid, epoxide ring opening, esterification of carboxylic acids, etherification of hydroxyl groups, and reduction of carbonyl
functionalities can all be used to modify GO or introduce other functionalities or molecules, such as ATRP initiators. For instance, GO
platelets were modified with BiBB before grafting poly[2-(tert-butylaminoethyl) methacrylate] (PTA) brushes from their surfaces using
ATRP and FRP [338]. ATRP showed a higher grafting density compared to FRP, with grafting percentages of 25.7 and 22.3 wt% for
ATRP and FRP, respectively. Catechol and gallol moieties can also serve as anchors for immobilizing ATRP initiators on CNT and
graphene surfaces. A copolymer of tannic acid and triethylenetetramine (TETA) was used to graft an ATRP initiator on CNT surfaces
[339]. Tannic acid, containing gallol functionalities, allows attachment to various surfaces with different chemistries, similar to PDA,
which contains catechol moieties.
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Fig. 12. Schematic highlighting the surface modification of PEEK microparticles using SI-ATRP. First, carbonyl groups on PEEK chains were
chemically reduced to hydroxyl functional groups using sodium borohydride. Then 2-bromoisobutyryl bromide (BiBB), the ATRP initiator, was
attached to PEEK chains via esterification of acid halide and hydroxyl functionalities on BiBB and PEEK, respectively. Various polymers were then
grown from these ATRP initiation sites via SI-ATRP, resulting in polymer-grafted PEEK microparticles [340].

25



M. Khodadadi Yazdi et al. Progress in Materials Science 143 (2024) 101248
5.6. Polymers

ATRP can be used to functionalize the surfaces of various polymer-based materials, including NPs, nanofibers, nanogels, microgels,
or hydrogels, similar to the materials discussed earlier. This approach is beneficial when specific surface chemical functionalities are
required, and the choice of ATRP initiator becomes crucial. The conjugation of two polymers at the molecular scale will be covered in
Section 5, which also delves into the process of polymerization-induced self-assembly (PISA) in NPs that self-assemble in situ after
polymerization. For example, polyether ether ketone (PEEK) microparticles were modified with PDMAEMA brushes using SI-ATRP
[340]. The process involved reducing carbonyl functional groups on the microparticle surface to hydroxyl groups using sodium
borohydride, followed by esterification with BiBB to introduce initiation sites for ATRP (Fig. 12).

In a recent study, two SI-ATRP strategies (SARA ATRP and photoATRP) were used for the surface modification of PEEK, using two
types of hydrophilic polymer brushes [341]. PDMAEMA and poly(2-hydroxyethyl acrylate) (PHEA) polymer brushes were grown from
different PEEK sheets. The modified PEEK materials demonstrated enhanced hydrophilicity, improved mineralization, and enhanced
osseointegration when tested for bone tissue engineering. PhotoATRP, known for its cytocompatibility and metal-free nature, was
found to be a better choice for PEEK modification.

For some polymeric surfaces, prior treatment is necessary to graft the ATRP initiator and introduce reactive chemical function-
alities. Plasma or chemical treatments are commonly used to introduce hydroxyl groups on inert surfaces of polymers. For instance,
poly(dimethylsiloxane) (PDMS), a hydrophobic and inert polymer, can be treated with plasma to create surface functional groups. In
the case of PDMS, SI-SARA ATRP was used to graft PDMAEMA, imparting antimicrobial properties [342]. ATRP initiator tethering on
PDMS was achieved using 2-[4-(chloromethyl)phenyl]ethyl-trimethoxysilane (CPTS), where alkoxysilane was attached to the PDMS
surface.

In some cases, ATRP initiators can have polymerizable functional groups that allow ATRP active sites to be embedded throughout
the entire polymeric construct or in the outer part of the polymer. For instance, an acrylate monomer containing ATRP initiation sites
(e.g., BiB moieties) can be copolymerized with other monomers to produce a hydrogel with embedded ATRP initiation sites [343]. In
another study, crosslinked polystyrene (PS) NPs with a shell containing embedded ATRP initiation sites were synthesized to graft poly
(methyl acrylate) (PMA) and obtain hairy NPs [49]. The incorporation of ATRP initiation sites in the outer shell was achieved through
a two-step polymerization process, where crosslinked PS beads were first synthesized via miniemulsion polymerization of styrene and
divinylbenzene (DVB), followed by grafting PMA from the initiator-anchored surface of PS beads to form an outer shell with PMA
brushes [49].

Nanogels can play critical roles in drug delivery due to their nanoscale size and hydrated nature. Smart nanogels have been
fabricated from stimuli-responsive polymers to release encapsulated drugs in a controlled manner and accumulate in tumor sites
through the enhanced permeability and retention (EPR) effect. In this work, decorating the nanogel surface with targeting ligands,
such as nanobodies, enabled active targeting of cancer cells [344 333]. ATRP is a versatile method for preparing and functionalizing
hydrogel particles at the nano to microscale, where the ATRP initiator can be incorporated as a pendant group in the nanogel’s
monomer or crosslinker structure, allowing the initiating sites to be embedded throughout the nanogel rather than just on its surface
[345,346].

The surface of one-dimensional (1D) polymeric constructs, such as nanofibers and nanotubes, can be modified with polymer
brushes to enhance wettability and biocompatibility. These modified nanofibers can be utilized in the production of scaffolds for tissue
engineering and wound dressings. For instance, SI-ATRP was employed to modify the bioinert surface of cellulose nanofiber (CNF)
with densely grafted polymer brushes, resembling the bottlebrush structure of proteoglycans found in native articular cartilage tissue
[347]. Hydroxyl functional groups were introduced onto CNF using a phosphorus pentoxide (P205) atmosphere as an oxidizing agent.
Subsequently, hydrophilic poly[poly(ethylene glycol) methyl ether methacrylate] (PPEGMA) brushes were grown from CNF, with
hydroxyl functionalities on CNF reacting with acid halide moieties on the ATRP initiator. Notably, the Matyjaszewski’s group provided
a review on the beneficial aspects of using ATRP to modify wood-based materials such as cellulose and lignin [348].

5.7. Biological entities

Hybrid structures that incorporate both biological entities (e.g., peptides, proteins, exosomes, viruses, bacteria, living cells) and
polymers offer significant advantages. They bring together the strengths of both components within a single platform, enhancing the
stability and therapeutic effectiveness of the biological entities [263,349]. The CRP is a technique that can modify natural polymers by
attaching synthetic polymer chains. This modification can be applied to the molecular structure of peptides, either as side groups or
end groups, or to the outer surface of self-assembled hierarchical structures like tertiary protein structures. In one instance, surface-
initiated atom transfer radical polymerization (SI-ATRP) was employed to graft thermosensitive PNIPAAm onto a cyclic peptide. This
modification enabled the cyclic peptide to self-assemble into nanotubes [350]. Moreover, an ATRP initiator can be strategically
attached to multiple sites on a protein, offering versatile opportunities for tailored functionalization.

The chemical functionalities present on the outer surface of proteins’ tertiary structures can serve as anchoring points for the
immobilization of ATRP initiators, giving rise to novel protein-based macroinitiators. This method requires avoiding harsh reaction
conditions to prevent undesirable protein denaturation [351]. Additionally, specific interactions, often referred to as non-covalent
click chemistry, existing between proteins and other molecular species can be harnessed to effectively immobilize ATRP initiators.
For instance, a biotin-functionalized ATRP initiator can be conjugated to the streptavidin protein through precise physical interactions,
yielding an ATRP macroinitiator. Following controlled polymerization, this process results in the production of a streptavidin-polymer
conjugate with minimal dispersity [263]. In the realm of PPCs, the uniformity of grafting and polymer chain length emerges as a
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pivotal consideration, underscoring the significance of employing controlled radical polymerization (CRP) techniques to achieve well-
defined PPCs [230,238]. Similarly, the synthesis of DNA-polymer conjugates is also feasible through ATRP [352]. These instances offer
a glimpse into how polymers can be integrated into single-molecule biological entities. Yet, it is important to note that the modification
of other biological entities composed of multiple molecules, such as vesicles and cells, is equally viable through various ATRP
methodologies. ATRP initiators were anchored to virus-like NPs, followed by SI-ATRP of OEGMA macromers to create polymer brushes
attached to the virus-like NPs [286]. Exosomes, small nanoscale extracellular vesicles secreted by eukaryotic cells, play a role in
intercellular signaling in biological systems [353]. These exosomes have garnered attention as nanocarriers for designing DDS due to
their biological origin, biocompatibility, tissue penetration, and small size [354]. However, the clinical application of exosomes faces
challenges including poor stability, short circulation time, limited targeting ability, and low therapeutic loading capacity. Therefore,
exosomes are promising candidates for modification through bioengineering or chemical methods [355]. For instance, click chemistry
offers a versatile and robust approach for covalently attaching various biomolecules, such as targeting ligands, fluorescent probes, and
oligonucleotides [356]. Recently, the surface of exosomes was modified by grafting well-defined polymers using a biocompatible
photoATRP method [357]. This approach enhances the stability, pharmacokinetics, and circulation time of exosomes while main-
taining their intrinsic properties, including bioactivity. Moreover, the interactions of exosomes with biological components and the
plasma membrane can be tuned by adjusting grafting density and chain length. Lathwal et al. employed both grafting-to and grafting-
from methods to attach diblock copolymers with a nucleic acid segment onto the exosome surface. Instead of using click chemistry or
non-specific interactions, they used specific physical interactions between complementary DNA strands (DNA hybridization) for
immobilizing the ATRP initiator (grafting-from strategy) or for linking a preformed block copolymer. Cholesterol (Chol), a component
of the plasma membrane, can also serve as an anchor for molecules like oligonucleotides. Its hydrophobic core can integrate into the
lipid bilayer, offering strong and reliable anchoring [358]. Both approaches share a common initial step involving the conjugation of
an oligonucleotide with Chol, which is then immobilized onto the exosome surface, causing the negatively charged deoxyribonucleic
acid (DNA) to extend outward from the lipid membrane. In the grafting-to strategy, a single-stranded DNA (ssDNA) linked to Chol
(Chol-ssDNA) is used as the oligonucleotide. Subsequently, complementary DNA (DNA) is functionalized with BiB to create an
oligonucleotide macroinitiator. An oligomeric monomer is then polymerized through ATRP to produce DNA-POEGMA, forming a
diblock copolymer. The DNA-POEGMA is bonded to Chol-ssDNA-modified exosomes (Exo-ssDNA) through specific physical in-
teractions between DNA and DNA'. In the grafting-from strategy, two complementary ssDNAs with Chol and ATRP-initiator end groups
are hybridized to form a double-stranded DNA (dsDNA), which is then immobilized in the lipid membrane of exosomes (Fig. 13). The
resultant Exo-dsDNA containing BiB units becomes a valuable resource for SI-ATRP of various (macro)monomers. This method of
exosome surface modification with tailored polymers allows for the adjustment of stability and in vivo behavior of these biological
entities [357].

Metabolic glycoengineering (MGE) approaches aim to incorporate non-natural building blocks into glycoconjugates, while CRP
methods focus on embellishing or coating cell surfaces with synthetic polymers [359,360]. FRP employs more rigorous reaction
conditions, such as high concentrations of free radicals, toxic catalysts, and non-aqueous solvents, which can be detrimental to living
cells. However, recently developed cytocompatible ATRP techniques, like photoATRP, have significantly reduced toxic effects by
minimizing or eliminating the use of transition-metal catalysts, working in aqueous media, and employing non-harmful reducing
agents such as ascorbic acid. Cytocompatible grafting of synthetic polymers onto the surfaces of living cells and other organisms using
ATRP can enhance their desired functions [361]. For instance, Kim et al. employed SI-ARGET ATRP in an aqueous environment with
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Fig. 13. Schematic depicting the synthetic pathways for generating polymer-modified exosomes. (A) Grafting-to approach: Single-stranded DNA
(ssDNA) carrying a Chol moiety (Chol-ssDNA) was employed to immobilize ssDNA onto the exosome lipid membrane. Polymer chains linked to
complementary DNA (DNA') were attached to the exosome surface through DNA hybridization. (B) Grafting-from method: Chol-ssDNA was
immobilized onto exosome surfaces, followed by hybridization with DNA'-iBBr conjugates to form double-stranded DNA (dsDNA) initiation sites for
ATRP. Polymer chains were then grown from these initiation sites on exosome surfaces, resulting in polymer brushes [357].
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vitamin C as a reducing agent [349]. They used a PDA-based layer on cell surfaces, which not only immobilized the ATRP initiator
(macroinitiator) onto the cell membrane but also shielded the cells from radical species due to PDA’s radical-scavenging properties
[362]. The entire process was cytocompatible and resulted in the creation of cell-polymer hybrids [360].

5.8. Material-independent methods

Immobilization via physical interactions provides a versatile approach for anchoring ATRP initiators onto surfaces with diverse
chemical compositions. Electrostatic interactions, in particular, offer a versatile means of attachment that can be applied to various
types of materials. Based on this concept, Li et al. proposed a universal method for growing polymer brush layers on different
nanomaterials [288]. As shown in Fig. 14, they employed a polyelectrolyte macroinitiator (PMI) that adsorbs onto nanomaterials
through electrostatic interactions. The PMI comprised a copolymer of BiBB-functionalized PHEMA and poly(trimethylammonium
ethyl methacrylate) (PMAEM). In contrast to traditional small-molecule ATRP initiators that weakly adhere to substrates via a limited
number of interaction sites, the PMI establishes robust physical interactions due to its multiple adhesion sites (polyvalent physical
interactions). By layer-by-layer (LBL) assembly of the cationic macroinitiator and a polyanionic fluorescent probe, they generated a
modified surface with abundant initiation sites for ATRP. The fluorescent probe featured a conjugated polymer doped with poly
(styrene sulfonate) (PSS), a macromolecular dopant. The use of such macromolecular dopants mitigates the loss of electrical con-
ductivity that can occur during the aging process of conjugated polymers, a concern when employing small molecule dopants like
protonic acids [363].

Mussel-inspired chemistry can be considered a material-independent strategy since it can be applied to surfaces of various
chemistries, such as ceramics, metal (oxides), and polymers [313]. Material-independent surface modification with dopamine and PDA
relies on catechol and amine functional groups. PDA-modified surfaces provide numerous adhesion sites for physical interaction with
virtually any surface [313,364]. Titania (TiO2) was coated with a PDA layer through oxidative polymerization before tethering the
BiBB initiator for SI-SARA ATRP [365]. Conversely, Zhu et al. reacted dopamine monomers with BiBB to create modified-dopamine
monomers containing 2-bromoisobutyrate functional groups. This was followed by the polymerization of modified-dopamine and
unmodified dopamine, resulting in the deposition of an adhesive PDA layer containing ATRP initiation sites on various surfaces [366].
SI-ARGET ATRP was utilized to grow PMMA brushes from PDA macroinitiator-modified surfaces, including glass, aluminum, steel, and
polystyrene. Dopamine chemistry, which facilitates immobilization on various surfaces, and pyrene chemistry, which is well-suited for
carbon-based nanomaterials, can be combined to create versatile oligo-/polymeric initiators capable of strongly adhering to surfaces of
different chemistries. Employing this approach, Wei et al. synthesized a copolymer macroinitiator containing catechol, pyrene, and BiB
functionalities in subsequent repeating units. This copolymer initiator can be effectively used on substrates of virtually any chemistry
[367]. Furthermore, their study revealed a synergistic effect between these two functional groups in terms of anchoring to the surface,
resulting in the grafting of a high density of polymer brushes from the GO surface.
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Fig. 14. Schematic illustrating the process of polymer-brush modification on nanomaterials through a material-independent approach. A poly-
cationic macroinitiator derived from a random copolymer is firmly adsorbed onto the surface through polyvalent electrostatic interactions. This
polyelectrolyte macroinitiator (PMI) provides numerous initiation sites for ATRP and serves as adsorption sites for anions. Subsequently, a layer-by-
layer (LBL) assembly technique is employed to attach two polyanions onto the PMI-modified surface: (1) poly(styrene sulfonate) (PSS), acting as a
dopant, and (2) FCP, the fluorescent probe. Eventually, PDMAEMA brushes are grown utilizing the surface-initiated ATRP (SI-ATRP) method [288].
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6. Leveraging ATRP for biomedical applications
6.1. Drug delivery

During the last few decades, the delivery of therapeutics to target locations has significantly evolved. An appropriate delivery
system should possess a high drug-loading capacity, a high circulation time, and the ability to circumvent biological barriers, evade the
immune system, target specific cells, and release the drugs in a sustained and controlled manner [368,369]. Materials constitute the
most crucial factor in designing novel DDS. These materials should be biocompatible and non-immunogenic, they should possess high
stability under physiological conditions, and they should be smart, in that they can respond to special exo- and/or endogenous stimuli
[370,371]. An overview of designed delivery systems shows that they are continually becoming more complex at multiple length
scales; both their molecular architecture and their morphological features are becoming more intricate as well as more delicate
[17,372]. On one hand are the advancements in modern organic chemistry such as the evolution of clip chemistry, bioorthogonal and
(photo)click chemistries, the dynamic chemistry toolbox, and emerging controlled polymerization techniques; on the other hand, are
the great achievements in nanotechnology and biology. Leveraging both sets of tools allows materials scientists to design and fabricate
novel delivery systems for precise targeting of specific cells [27,176,373,374].

Fabrication of well-defined macromolecular structures plays a pivotal role in designing complex chemical systems, such as novel
DDS. In such complex systems, chemical composition, architecture, topology, and dynamic interactions of the constituting macro-
molecule(s) can be finely tuned through modern organic chemistry strategies, especially the CRP methods [24,375]. This section
highlights the importance of the ATRP technique in making novel DDS, although fabrication of such complex chemical systems often
requires various CRPs, the click and orthogonal chemistry toolbox, the dynamic chemistry toolbox, and other chemistries in sequence
or in parallel.

Polymers with complex molecular structures that combine hydrophilic and hydrophobic segments are fruitful for making DDS.
They can have different molecular architectures and various functionalities which empower them to self-assemble into unique mor-
phologies and carry various payloads (e.g., therapeutics and NPs) to target locations [376]. In this context, complex polymeric
structures such as bottlebrush copolymers have been investigated as potent DDS. The Wei’s group made a series of cyclic brush (CB)
copolymers containing heterogeneous polymer grafts for drug delivery applications, as schematically illustrated in Fig. 15 [377-379].
CB polymers are ring-like molecular structures with dense brushes protruding from the ring. The CB polymers outperform as DDS
compared to their bottlebrush counterparts, because they can self-assemble to more stable unimolecular micelles. They made an
amphiphilic CB copolymer with heterogeneous polymer brushes using a combination of ATRP, click chemistry, and ROP [379]. ATRP
was utilized to make poly(oligo(ethylene glycol) monomethacrylate) (POEGMA)-b-PHEMA copolymer while click reactions were used
to transform it into a closed ring, via a triazole linkage, and ROP was used to install polycaprolactone (PCL) brushes onto the 2-hydrox-
yethyl methacrylate (2-HEMA) side chains of PHEMA blocks. Hydrophilic oligo(ethylene glycol) (OEG) and hydrophobic oligo(cap-
rolactone) (OCL) brushes were attached to the central ring, which is the diblock copolymer POEGMA-b-PHEMA. DOX molecules were
encapsulated in the resulting self-assembled nanostructures. In vitro studies showed enhanced cytotoxicity of CB/DOX compared to
bottlebrush/DOX systems [379].

The Wei’s group further developed this strategy using stimuli-responsive linkages to make a smart DDS. They made a CB polymer
based on HEMA, OEGMA, and PCL segments containing reduction-labile disulfide linkages [378]. The cyclic core includes PHEMA,
which is grafted with PCL, and the PCL segments are further modified with POEGMA. In this structure, PCL and POEGMA are linked
together via a reduction-sensitive disulfide linkage. ATRP was used to make the PHEMA in the ring structure and POEGMA chains in
the polymer brushes. ROP and click reactions were used to make PCL and to close the ring, respectively. The obtained structure
contains a hydrophilic internal layer, a hydrophobic inner shell, and a hydrophilic corona on the outer surface. This structure enables
loading of both hydrophilic and hydrophobic therapeutics; moreover, the outer polymer corona enhances circulation time. After
cellular uptake, the disulfide linkage is clipped off via redox species in the cytosol, like glutathione (GSH), resulting in detachment of
POEGMA and disassembly of the NPs [378].

Some delivery systems are unimolecular, in which only one natural/synthetic polymer is used to make self-assembled nanocarriers,
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Fig. 15. Schematic highlighting the structure and process of self-assembly of an amphiphilic cyclic brush (CB) copolymer. The ring-like molecular
structure of CB copolymer based on POEGMA-b-PHEMA was made through ATRP, containing heterogeneous hydrophilic OEG and hydrophobic OCL
brushes. Self-assembly of CB makes unimolecular micelles embedded with DOX molecules. Reprinted with permission from [379]. Copyright 2018
American Chemical Society.
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even though some auxiliary small molecules may be necessary (e.g., metal ions for complexation). Furthermore, there are delivery
systems, such as vesicles and micelles, that are based on assemblies of amphiphilic (macro)molecules such as phospholipids [380,381].
In some of the unimolecular delivery systems, polymerization results in a special morphology (e.g., dendrimers) that can be directly
utilized as a delivery platform [382]. However, most unimolecular systems rely on intra- or intermolecular interactions between the
polymer chain(s) and a small molecule/ion (e.g., alginate/Ca%" system) to create self-assembled nanostructures. In addition, PISA,
crystallization-driven self-assembly, and other kinds of self-assembly can be exploited to make nanoscale morphologies [383-385]. It
is worth mentioning that morphological features of DDS are an important factor as they can affect the cellular uptake of nanocarriers
and their fate in vivo [386]. Bia et al managed to make unimolecular micelles based on cylindrical polymer brushes (CPBs) for
improved cancer therapy [387]. Their investigations revealed that for anti-tumor efficacy, size reduction of DDS was a higher priority
than anisotropy. Unimolecular micelles based on CPBs self-assemble in water to create DDS.

For creation of CPBs, they modified a cellulose backbone with ATRP initiation sites, followed by copolymerization of OEGMA
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Fig. 16. Schematic depicting the synthetic route and anti-cancer mechanism of a unimolecular prodrug delivery platform. (A) ATRP to synthesize
cylindrical polymer brushes (CPBs) based on cellulose, as backbone and two monomers: (1) prodrug monomer based on camptothecin (CPT)-
modified 6-hydroxyhexyl methacrylate (MABHD-CPT) and (2) oligomeric ethylene glycol methacrylate (OEGMA); self-organization of copolymer to
cylindrical morphology in water. (B) Tumor accumulation, tumor diffusion, and cancer cell internalization of prodrug micelles; disassembly of CPBs
and disulfide bond cleavage in cytosol, resulting in release of CPT molecules; CPT molecules induce apoptosis while invading the mitochondria and
nucleus of the cancer cell. Reproduced with permission from [387]. Copyright 2021 Elsevier.
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Fig. 17. Particle size analysis (dynamic laser scattering, DLS) and morphological observation for investigation of polyplexes containing DOX and
scr-siRNA (DOX polyplexes scr-siRNA) at a fixed weight ratio of polymer/siRNA. (A) Analysis of size by DLS. (B) Apparent zeta potential, taking n
equal to 3. (C) High-resolution transmission electron microscope (HRTEM), with scale bar fixed at 500 nm. (D) Field-emission scanning electron
microscope (FESEM). (E) Atomic force microscope (AFM). (F) Agarose gel electrophoresis of DOX polyplexes scr-siRNA, having scr-siRNA as the
negative control and varying the weight ratio of polymer to scr-siRNA between 10 and 50. Reproduced with permission from [391]. Copyright 2017
American Chemical Society.
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macromonomer and a redox-sensitive prodrug monomer, as schematically illustrated in Fig. 16. In fact, in this one-step polymeri-
zation, cellulose with different lengths served as the macromolecular initiator for the ATRP. OEGMA formed the hydrophilic segment
of the grafted copolymer while a GSH-sensitive prodrug monomer formed the hydrophobic segment. In the chemical structure of the
prodrug monomer, camptothecin (CPT), a naturally occurring molecule with antitumor activity, is attached to methacrylate moieties
via a redox-sensitive disulfide linkage. They used cellulose of different lengths (21, 40, 86 nm) to control micelle size. The obtained
complex macromolecular structure self-assembled to unimolecular micelles with cylindrical morphology. It was observed that shorter
micelles (less anisotropic and smaller) are internalized faster compared to bigger but more anisotropic counterparts (i.e., higher aspect
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Fig. 18. Schematic depicting the preparation of polymer brush-coated gold nanoparticles. (A) Triple SI-ATRP to create three layers of polymer
brushes on AuNP: in the first step an ATRP initiator containing a disulfide linkage and two BiB end groups was immobilized onto AuNP, followed by
controlled polymerization of DAMA and HEMA to create the first layer; then an identical ATRP initiator containing a disulfide linkage and acid
halide was conjugated to the copolymer brushes in the first layer via reaction between the hydroxyl group of PHEMA and the bromine of one BiB end
group. The second layer of brush copolymer grows from the first layer via SI-ATRP. The third layer was created in a manner similar to the second
layer. (B) siRNA was incorporated into polymer layers via electrostatic interactions between polycationic polymers and polyanionic siRNA.
Reproduced with permission from [51]. Copyright 2018 American Chemical Society.
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ratio). ATRP allowed for controlled polymerization of two bulky monomers to make well-defined polymer brushes from a cellulose
backbone, resulting in relatively monodisperse micelles. Creating such complex molecular structures using FRP strategies is nearly
impossible.

Disassembly of micelles or other nano-assemblies resulting from covalent-bond cleavage or charge alternation (e.g., charge
reversal) have been widely used in making smart delivery systems. However, disassembly can be considered a subclass of morpho-
logical transformation in nano-assemblies. Morphological transformation can be triggered by physical (e.g., charge alternation in
response to pH) or chemical (e.g., chemical bond cleavage) transformations. Morphology-transformable and/or size-tunable delivery
platforms can facilitate the evasion of immune system, penetration into tumors, circumvention of physiological barriers (e.g., plasma
membrane), and release of payload in a controlled manner [388,389]. We believe such dynamic delivery systems (DyDSs) that can
respond to (e.g., through morphology transformation or size reduction) various exo- or endogenous stimuli will revolutionize the field
in the near future. DyDSs may disassemble partially and reassemble on demand; they may also undergo morphology transformations.
However, DyDSs would be based on complex chemical systems formed from one or several polymers with well-defined structures, low
dispersity, predefined end-functionalities, specific side chains/brushes, and deliberately inserted linkages (e.g., stimuli responsive
bridges). Such strict requirements highlight the utmost importance of CRP strategies, especially ATRP, as an indispensable part of
making future delivery systems [390]. Complex chemical systems based on two or more different polymers have also been widely used
to make delivery platforms. Usually, in these delivery systems, intermolecular interactions between two or more adjacent polymer
chains result in chain collapse, forming nano-assemblies. Electrostatic interactions are the predominant interactions in making nano-
assemblies based on multiple polymers.

Moreover, hydrogen bonding is also important in the creation of assemblies and hierarchical structures in natural or synthetic
polymers. As genetic materials are negatively charged, cationic polymers synthesized using ATRP strategies have been widely utilized
to make polymeric delivery vectors for genes [392,393]. For example, a polyplex (i.e., a combination of a cationic copolymer and
anionic RNA) nanosystem with high biostability was developed using an ATRP strategy for simultaneous delivery of small interfering
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Fig. 19. Schematic describing the synthetic route of a stimuli-responsive theranostic system. Graphene quantum dots (GQDs) were synthesized
using pyrolysis of citric acid followed by amination via alkoxysilane chemistry. Initiation sites for ATRP were conjugated with aminated GQDs
through amide linkages. Controlled polymerization of NIPAM and acrylated p-CD resulted in thermosensitive and pH-responsive copolymer brushes.
Folic acid molecules were also grafted to the copolymer chain to enhance the targeting ability of the nanoplatform. Reprinted with permission from
[50]. Copyright 2018 American Chemical Society.
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RNA (siRNA) and DOX for synergistic cancer therapy [391]. An ATRP initiator containing redox-sensitive linkages was utilized for ROP
of e-caprolactone (e-CL) to obtain a PCL-based macroinitiator.

Poly(ethylene glycol)methacrylate (PEGMA), as macromonomer, was grafted from a PCL-macroinitiator to produce a macromo-
lecular structure containing a hydrophobic PCL, a hydrophilic poly(PEGMA), and an interior disulfide linkage. Succinic anhydride was
utilized to convert less-reactive hydroxyl groups at end chains of PEGMA into more reactive carboxyl functional groups, which were
conjugated with polyethylenimine (PEI) using carbodiimide chemistry. This stealth cationic nanosystem allows redox-sensitive release
(e.g., GSH in cytosol) of both payloads and resulted in ~29-fold shrinkage of tumor size in animal studies [391]. As shown in Fig. 17,
the morphology and particle size of DOX polyplexes scr-siRNA in the polymer matrix was changed by varying the ratio of polymer to
scr-siRNA.

Gold nanostructures are frequently used in formulation of DDS and theranostic platforms. However, their biocompatibility and
functional properties can be enhanced via polymer incorporation, especially in the form of brushes. SI-ATRP was used to decorate gold
nanorods (AuNRs) with thermosensitive PNIPAAm brushes [394]. Prior to controlled polymerization, an ATRP initiator containing
disulfide was immobilized on AuNRs. In another work, Kim et al. managed to prepare AuNP (18 nm) with a cationic copolymer corona
with a multishelled structure, using SI-ATRP as shown in Fig. 18 [51]. Multiple ATRP processes were used to enhance the loading
capacity of siRNA into the multishelled structure of the copolymer corona. A disulfide initiator was anchored onto AuNPs via a ligand-
exchange method, followed by the first SI-ATRP to build the first layer (or shell) based on poly(2-(dimethylamino) ethyl methacrylate)
(PDMAEMA)-co-HEMA brushes. To initiate the second SI-ATRP from the obtained star-shaped AuNPs, the first layer needed to be
functionalized with an ATRP initiator. The initiator they used had two BiB end-functional groups, in which one bromine leaving group
can be utilized for conjugation to the first shell by reacting with hydroxyl groups on HEMA residues on the copolymer.

After conjugation of the initiator, SI-ATRP proceeded to make the second layer, i.e., P(DMAEMA-co-HEMA) copolymer. The third
layer (or additional layers) can be fabricated sequentially, in a similar way to the second layer. The resulting brushes are based on P
(DMAEMA-co-HEMA)copolymers interconnected via redox-sensitive disulfide linkages as shown in Fig. 8A (third stage). The loading
capacity of anionic siRNA could be adjusted by the number of shells, since siRNA electrostatically interacts with cationic brushes on
AuNPs (because of the cationic DMAEMA residue in the copolymer).

The cleavable disulfide linkages enable controlled release of siRNA in the reducing environment of the cytoplasm. These re-
searchers conducted another test where they fabricated AuNPs coated with anionic corona, based on PSEMA, using SI-ATRP with the
same initiator [309]. Then PEI and siRNA were incorporated via an LBL assembly method. In other words, anionic homopolymer
brushes were used instead of P(DMAEMA-co-HEMA) copolymer for siRNA loading, using a cationic PEI interlayer. PEI is a cationic
polymer that is widely used as the gold standard in non-viral gene transfection [395]. Carbon nanomaterials are another important
group of materials commonly used in formulation of drug, gene delivery, and theranostic platforms [396]. The unique optoelectronic
properties, special morphology, and high surface area of graphene and carbon nanotubes can be harnessed for medical imaging,
photodynamic therapy (PDT), PTT, and loading of various drug molecules. However, biocompatibility, loading capacity, and stimuli-
responsive features of these nanostructures can be improved using polymer chains that grow via an ATRP strategy. GQDs were
modified by copolymer brushes and utilized for targeted delivery of anticancer drugs [50].

As schematically illustrated in Fig. 19, GQDs decorated with BiB via alkoxysilane chemistry behaved as nanostructured initiators
for ATRP. The ATRP strategy was used to grow eblock copolymer brushes of NIPAAm and acrylated p-CD from the GQD surface. These
thermosensitive copolymer brushes show pH sensitivity, making them responsive in the tumor microenvironment, which is slightly
acidic [397]. Moreover, targeting capabilities of these DDSs were enhanced via conjugation with folic acid species that can target folate
receptors on cancer cells [398]. Because of the photoluminescence phenomenon observed for GQDs, this system can also be used in
theranostic platforms [399]. The dense polymer brushes grown from GQDs not only introduce stimuli-responsiveness into the system
but also enhance their biocompatibility and dispersion in aqueous medium. In vitro experiments confirmed pH-responsive release of
embedded DOX molecules [50].

Mesoporous silica NPs (MSNs) are another important group of inorganic biocompatible materials highly potent for making DDSs
[400]. Like other inorganic materials, their physicochemical properties and functional features can be further enhanced using poly-
mers [401]. Cationic PDMAEMA brushes were grafted from MSNs using ATRP [402]. MSNs were modified using an ATRP initiator
containing a silane functionality. Surface erosion of biodegradable MSNs results in detachment of polymeric brushes and release of
siRNA [402]. Dai et al. used a light-induced SI-ATRP methodology to graft nanodiamond with poly(2-methacryloyloxyethyl phos-
phorylcholine) (PMPC) brushes [103]. This photoinitiated ATRP utilizes FeBr3 as catalyst and UV light to trigger polymerization. The
obtained nanodiamond particles with enhanced water dispersibility and reduced toxicity were used as a DDS for intracellular DOX
delivery. The results confirmed effective cell internalization of PMPC-grafted nanodiamonds and effective transportation of DOX
molecules in HepG2 cells, while preserving their cell-killing properties.

6.2. Bioimaging and medical diagnosis

Medical diagnosis and imaging strategies are important steps toward disease detection, monitoring, and treatment. Some medical
diagnosis tools (e.g., electroencephalography and electrocardiography) are designed to measure biosignals, outputting graphs that can
only be interpreted by specialists [83]. On the other hand, bioimaging techniques offer visual representations of organs, tissues, and
internal compartments of the human body. Some widely applied medical imaging techniques are magnetic resonance imaging (MRI),
X-ray imaging techniques (e.g., computed tomography or CT, mammography, and angiography), nuclear medicine imaging (e.g.,
single photon emission computed tomography [SPECT] and positron emission tomography [PET]), fluorescence imaging, and ultra-
sound imaging [403]. While computational techniques and artificial intelligence (AI) strategies have recently been the center of
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attention in biomedical imaging, materials continue to play a central role in medical diagnosis and bioimaging [404,405]. For
example, in MRI, contrast agents (Cas) are materials used for enhancing the quality of obtained images [406]. Accordingly, designing
bioimaging probes with appropriate optical properties, good biocompatibility and biodistribution, and effective clearance from the
human body is an ongoing field of research. Metals, metal oxides, and semiconducting (in)organic materials are well-known imaging
probes in medicine.

Conjugated polymers have progressively replaced conventional inorganic (semi)conductors in various applications such as organic
electronics and, more recently, the biomedical field [407]. Conjugated polymers with extended n-electron delocalization possess
interesting optoelectronic properties and can be used in bioimaging and cancer therapy [256,408]. Fluorescent imaging probes based
on conjugated polymer NPs (CPNPs) perform better than traditional fluorescent probes because they absorb and emit at higher
wavelengths (e.g., near-infrared or NIR), which penetrate deeper into biological tissue than visible light [409]. For example, CPNPs
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Fig. 20. Schematic illustrating the synthesis of a photoluminescent material via ARGET ATRP. (A) ATRP initiation sites were first introduced onto
poly(p-phenyleneethynylene) (PPE) side chains, followed by polymerization of n-butyl acrylate via ARGET ATRP. Poly(n-butyl acrylate) (PnBA)
chains grafted from the PPE backbone enhance the quantum yield of the polymer, which is valuable in medical imaging. (B) Dry adhesion tape test
of drop-casted film of PPEMI and PPE-g-PnBA under UV at 365 nm. Reproduced by permission [411]. Copyright 2017 Elsevier.
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were used in non-invasive fluorescence bioimaging of mouse brain to obtain a 3D map of the blood vessel network beneath the skull
[410].

ATRP can be used to make conjugated polymers, or to modify conjugated polymers with other oligo-/polymers as side chains, or to
make copolymers. In many cases, the main goal of such modifications is to enhance the water dispersibility of conjugated polymers.
This modification may also affect the optoelectronic properties of the conjugated backbone. Moreover, such modifications can induce
self-assembly when placed in an appropriate solvent, especially aqueous medium.

Conjugated (co)polymers can exhibit photoluminescent properties. However, their interaction with biological systems should be
improved for effective utilization in the body. A photoluminescent copolymer based on a derivative of poly(p-phenyleneethynylene)
(PPE) was modified by BiBB [411].

As illustrated in Fig. 20A, the modified PPE acted as a macroinitiator for ARGET ATRP in which poly(n-butyl acrylate) (PnBA) was
grafted from the PPE backbone. The PnBA side chains enhance the quantum yield (via inhibition of interchain interactions), induce
non-aggregating properties, and preserve interesting optical properties of the PPE backbone. Fig. 20B highlights the properties of the
resulting adhesive, which is affected by the humidity, whereas a dry adhesion tape test revealed delamination for PPEMI compared to
PPE-g-PnBA. These polymers can potentially be applied in bioimaging and biosensing applications.

Semiconducting polymer dots (Pdots) with interesting optoelectronic properties, tunable luminescence, and biocompatibility are
promising for bioimaging and biosensing applications [412]. However, they suffer from disadvantages such as narrow emission
bandwidth and relatively low quantum yield. Yang et al. found that fluorophores based on conjugated polymers that are encapsulated
in a hydrophobic layer outperform neat Pdots in fluorescence quantum yield [413]. The conjugated backbone of poly(fluorene-alt-
(4,7-bis(hexylthien)-2,1,3-benzothiadiazole)) (PFTB) includes fluorene, thiophene, and benzothiadiazole species that create a delo-
calized m-electron network along the main chain. PFTB was grafted to hydrophobic PCL to create a bottlebrush copolymer with
conjugated backbone.

On the other hand, PCL-b-POEGMA copolymer was manufactured by ROP of e-CL to create PCL and installing BiB end-chain
functionalities that allow for controlled polymerization of OEGMA via ATRP. Amphiphilic PCL-b-POEGMA behaves like a surfac-
tant, and its nanoprecipitation with conjugated bottlebrush polymer results in nano-assemblies in which bottlebrush is embedded in a
PCL matrix wrapped with a hydrophilic corona based on POEGMA, as shown in Fig. 21. This system can be potentially used for far-red/
near-infrared (FR/NIR) imaging [413].

In addition, fluorescent polymer can be created by polymerization of fluorescent monomers. For example, an amphiphilic fluo-
rescent polymer was manufactured via growth of acrylated fluorescein monomer from a e-polylysine backbone as ATRP macroinitiator
[414]. The obtained macromolecules self-assemble to fluorescent NPs that can be used for live-cell imaging.

Lanthanides show interesting luminescent properties that can be exploited in bioimaging and fundamental biological applications
[415]. Nanomaterials doped with lanthanides are invaluable tools for deep-tissue bioimaging, living-cell imaging, biophotonics, and
nanothermometry, as they benefit from excellent NIR emission/absorption [416,417]. Luminescent lanthanide complexes may be
encapsulated in polymer NPs [418].

However, in many cases, lanthanide ions are embedded in the microstructure of other nanomaterials such as MSNs, metal-organic
frameworks (MOFs), and hydroxyapatite (HAp) [420]. Like other nanostructures, polymer modification is usually required to adjust
their in vivo fate, and growing polymer brushes from the nanomaterial surface provides a robust strategy for such modifications. For
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Fig. 21. Schematic depicting the synthesis of fluorophores based on semiconducting materials. (A) Precipitation of PFTB results in semiconducting
polymer dots (Pdots) with weak fluorescence and relatively low quantum yield. (B) Hydrophobic PCL brushes were grafted from PFTB to create a
bottlebrush copolymer with a conjugated backbone; coprecipitation of PFTB-g-PCL with amphiphilic PCL-b-POEGMA, which was created via ATRP,
results in nano-assemblies with strong fluorescence. In the nanoRED nano-assemblies, conjugated PFTB and PCL segments are hydrophobic and
constitute the inner core while hydrophilic POEGMA segments form a corona around the inner core and stabilize them in the aqueous environment.
Reprinted with permission from [413]. Copyright 2016 American Chemical Society.
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example, hydrophilic brush polymers were grafted to Eu®"-doped luminescent HAp nanorods using an SI-O-ATRP strategy [419]. PTH
was utilized as photocatalyst to graft a copolymer of 2-methacryloyloxyethyl phosphorylcholine (which contains zwitterionic side
chains and itaconic acid) from the HAp nanorod surface. The obtained water-dispersible nanorods can be utilized in drug delivery and
bioimaging applications. Because of the metal-free ATRP strategy, the modified nanorods possess good biocompatibility with no
copper residue. Moreover, in vitro studies showed that these nanoplatforms can be successfully internalized by cells, which was
confirmed by optical imaging (Fig. 22) [419].

Lanthanide-doped upconverting NPs (UCNPs) have been utilized in bioimaging, theranostics, and image-guided PDT [421]. Water-
dispersible hairy UCNPs were prepared by an SI-photoATRP strategy in which poly(acrylic acid) (PAA) brushes grow from the UCNP
surface [319]. Green light emission was observed after irradiation by NIR laser at 980 nm, indicating its potential application in
luminescent bioimaging. On the other hand, particle-brush hybrid materials, based on heavy metal (oxides), can be utilized to improve
the compatibility and blood circulation time of contrast agents. Hairy NPs can be used to enhance the resolution.

Invivo imaging can also be used for fundamental studies of the biodistribution of NPs or their clearance from the body. For example,
nanomaterials of various shapes and types may be used in formulation of delivery platforms, imaging probes, and scaffolds. It is
important to understand how they affect the human body in both the short and long term.

For example, while carbon nanomaterials such as graphene and carbon nanotubes (CNTs) are important in designing conductive
scaffolds for tissue engineering, their biodistribution and clearance from the human body remains a challenge because they ultimately
detach from degradable scaffolds. In order to trace CNTs in vivo, conductive nanocomposite fibers based on biodegradable poly(lactic-
co-glycolic acid) (PLGA) and multi-walled carbon nanotubes (MWCNTs) were electrospun and used for fabrication of nerve guide
conduits for a rat model [422]. Carboxyl-functionalized MWCNTs (MWCNT-COOH) were immobilized with BiBB followed by SI-ATRP
to produce PGMA-grafted MWCNT. Epoxy moieties on PGMA further reacted with ethylenediamine to create amine functional groups,
which were used for conjugation of fluorescein-5-isothiocyanate (FITC), a popular fluorescence-labelling reagent [422].

6.3. Theranostic platforms

Theranostic platforms that combine imaging probes and therapeutics in one delivery system are attracting much interest in the
biomedical field of image-guided therapy [403]. Conjugated polymers with interesting electrical and optical properties can play an
important role in drug delivery, bioimaging, and theranostic platforms [423]. Because of the intrinsic, tunable optical properties of
semiconducting polymers that enable their use in PTT, they are appealing candidates for making nano-theranostic platforms for cancer
[424]. However, their dispersibility in water and their interactions with biological systems should be improved, for example via
PEGylation, for effective utilization in vivo.

Polyfluorene (PF) is an important conjugated polymer with interesting electrical and optical properties, like photoluminescence.
Bottlebrush copolymers based on a PF backbone and homogeneous polymer brushes were synthesized to be used as theranostic
platforms, as illustrated in Fig. 23 [377]. The PF backbone containing alternating azido and hydroxyl functional groups was utilized for
click ligation of PCL, via grafting-to, and via installing ATRP initiation sites for OEGMA polymerization, respectively. The resulting
amphiphilic macromolecules with alternating heterobrushes were loaded with DOX to create unimolecular micelles.

Gold nanostructures, benefiting from optical properties and loading capacities, are another member of theranostic platforms.
AuNPs were decorated with hydrophilic PEG brushes and hydrophobic poly(2-nitrobenzyl acrylate) (PNBA) to make amphiphilic
photo-responsive AuNPs [425]. The photosensitivity of this theranostic platform originates in o-nitrobenzyl (O-NB) moieties on hy-
drophobic polymer brushes, which may be clipped off upon light irradiation. The synthesized amphiphilic systems self-assemble to
plasmonic vesicles that can be internalized by cells. As shown in Fig. 24, AuNPs were embedded in the hydrophobic shell of plasmonic

Fig. 22. Microscopy images displaying cell internalization of brush polymer-modified luminescent HAp nanorods. (A) The surface of Eu®*-doped
HAp nanorods were grafted with a copolymer; HeLa cells were incubated with these modified nanorods (100 pg mL~); after 3 h, fluorescent images
were taken using a 405 nm laser, which show cell internalization of nanorods. (B) Images were taken under similar conditions but under bright field.
(C) Images from (A) and (B) were merged together. Reprinted by permission [419]. Copyright 2017 Elsevier.
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Fig. 23. Schematic describing the synthesis and cellular uptake of a theranostic system based on unimolecular micelles. (A) The conjugated
backbone of polyfluorene (PF) was grafted with hydrophobic PCL brushes through a grafting-to methodology, followed by grafting hydrophilic
POEGMA brushes from the PF backbone via ATRP; the amphiphilic bottlebrush copolymer includes alternating hydrophilic and hydrophobic
heterobrushes and a conjugated hydrophobic backbone; this bottlebrush copolymer self-assembles in the presence of a hydrophobic anticancer drug
to create a core—shell structure in which DOX is embedded in the hydrophobic core while the hydrophilic corona bestows the theranostic platform
with stability in biological fluids, enhanced blood circulation time, and better cellular uptake. (B) After cell internalization, DOX molecules can be
released to trigger cell apoptosis; in addition, optical properties of the PF backbone allow PTT by absorbing light and converting it to thermal energy
to increase the internal temperature of cancer cells; moreover, the fluorescent property of PF enables imaging of cancer cells. Reproduced by
permission [377]. Copyright 2018 Royal Society of Chemistry.

vesicles, while drug molecules were trapped inside the vesicle cavity. Upon irradiation, O-NB linkages are cleaved, resulting in
transformation of PNBA to PAA, i.e., a hydrophobic to hydrophilic transition. This leads to disassembly of vesicles and release of DOX
molecules, which corresponds to photo-responsive drug release. Additionally, this theranostic platform enables dual-modality imaging
[425].

Copolymer brushes grown from imaging probes such as magnetic NPs enable loading of various hydrophilic and/or hydrophobic
drug molecules [426]. In most of these nano-theranostics, hydrophilic segments (especially those based on OEG/PEG) are used to
enhance the water dispersibility and circulation half-life of nano-theranostics [317]. An SI-ATRP strategy was used to make nano-
theranostics based on magnetic mesoporous silica nanospheres (MMSNs) [317]. The surface of MMSNs were pretreated with
APTES to create amine functionalities, followed by tethering of ATRP initiator (BiBB). The SI-ATRP of tert-butyl acrylate monomers
resulted in poly(tert-butyl acrylate) (PtBA) brushes grown from MMSN surfaces. The PtBA brushes were hydrolyzed in the presence of
p-toluenesulfonic acid to obtain pH-sensitive PAA brushes. Experimental results showed that the obtained nano-theranostics can be
internalized by cancer cells; in addition, they can be used as CAs in MRI and for pH-responsive delivery of DOX molecules to Hela
cancer cells [427]. This strategy can be used for other imaging probes as well (QDs, fluorescent dyes, etc.) [428].

Some theranostic platforms do not carry therapeutics; rather, they kill cancer cells via generating harmful radical species like
reactive oxygen species (ROS) or increasing temperature locally, i.e., hyperthermia. For example, a theranostic nanoplatform was
manufactured based on lead sulfide (PbS) coated by gadolinium (Gd) complexes for simultaneous PTT and dual-modality imaging, i.e.,
CT imaging and MRI [429]. Interesting optoelectronic properties of PbS, such as strong NIR absorption and good X-ray absorption,
indicate its potential utilization in PTT, and as a CA for CT and fluorescent imaging [430]. Furthermore, Gd(III) complexes are the most
common CA used in MRI [431]. PbS NPs were modified by PDMAEMA polycation brushes, using SI-ATRP. Photothermal conversion of
NPs was as high as 31 %, indicating they can perform well in PTT of cancers. Both in vitro and in vivo studies confirmed excellent
performance of nano-theranostics in CT scanning and MRI. In vivo studies in a mouse model confirmed the effective accumulation of
nanoscale theranostics in the tumor site because of the enhanced permeability and retention (EPR) effect [429]. A nanoscale targeted
DDS with excellent pH-responsiveness was developed for breast cancer [432]. An SI-ATRP strategy was utilized to graft PEGMA
brushes from the surface of bimetallic Prussian blue analogs (PBA) to induce pH-responsive behavior. Furthermore, immobilization of
AS1411 aptamers that target nucleolin receptors, a protein overexpressed on the surface of breast cancer cells, enhances the targeting
capability and uptake of this DDS. pH-triggered disassembly and endosomal escape of the obtained biocompatible nano-theranostic
platform resulted in efficient intracellular delivery of DOX.
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Fig. 24. Schematic highlighting the synthesis and mechanism of action of theranostic nanoplatform based on amphiphilic and photo-responsive
AuNPs. (A) AuNPs decorated with hydrophilic PEG brushes and light-sensitive poly(2-nitrobenzyl acrylate) (PNBA) brushes self-assemble to
plasmonic vesicles, in which a nanogel is isolated from the surrounding aqueous environment by a hydrophobic layer containing AuNPs and PNBA.
Both the internal nanogel and external polymer corona are based on PEG brushes while the middle layer of vesicle is based on light-sensitive and
hydrophobic PNBA. PEG brushes are end-functionalized by folate moieties to target folate receptors on cancer cells. (B) After cell internalization of
these nano-assemblies, light irradiation results in o-nitrobenzyl (O-NB) moiety cleavage, which results in a hydrophobic to hydrophilic transition
followed by disassembly of vesicles; DOX release can be regulated via light-induced disassembly of vesicles; in addition, AuNPs with interesting
optical properties can be used for imaging or PTT. Reproduced by permission [425]. Copyright 2018 Royal Society of Chemistry.

6.4. Tissue engineering

Tissue engineering aspires to use cells, biomaterials, and bioactive molecules to regenerate damaged or lost tissue. Biomaterials
play crucial roles in tissue engineering as they are responsible for delivery of cells and bioactive molecules, and they can support cell
adhesion and growth, in vitro and in vivo [433]. However, most synthetic materials such as metals, ceramics, and synthetic polymers
suffer from limitations like hydrophobicity and bioinertness. Most of these challenges can be addressed through modification of the
interface properties of tissue engineering constructs [434]. Coating with hydrophilic polymers is a general strategy to enhance the
biocompatibility of various forms of hydrophobic materials. However, effective coatings usually require robust covalent linkages
between the underlying substrate and hydrophilic polymers with a controlled thickness. SI-ATRP not only permits high-density, co-
valent attachment of polymer chains in situ, but it allows control over the thickness and chemical composition of grafted brushes. This
has led to great opportunities for SI-ATRP in surface modification of tissue engineering constructs. Furthermore, its incorporation with
click chemistry enables conjugation of bioactive molecules (synthetic peptides, proteins, and growth factors) as a generic post-
polymerization modification strategy under mild conditions. Moreover, as discussed earlier in Section 5, regardless of click re-
actions, conjugation of bioactive molecules can be mediated by strong multi-/polyvalent physical interactions. This section provides an
overview of various applications of ATRP in tissue engineering, including cell separation, tuning of biomaterial-cell interfaces, and
surface modification of medical implants and scaffolds.
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6.4.1. Cell separation/isolation

Cell delivery constitutes an important part of tissue engineering in situations where cell isolation and culture are important before
transplantation. Separation of target cells is usually carried out via cell modification with fluorescent antibodies, which can adversely
affect cell behavior [435]. Thus, development of cell separation techniques that do not require cell modification is of great importance
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Fig. 25. Schematic illustrating the manufacturing process of polymer brush-modified glass for cell separation. (A) First layer (green) was manu-
factured through ATRP of HEMA and propargyl acrylate (PgA) to yield P(HEMA-co-PgA) copolymer brushes on glass surface; after that, the second
layer (brown) was synthesized through copolymerization of NIPAAm and HEMA via an ATRP methodology to yield thermosensitive copolymer
brushes, P(NIPAAm-co-HEMA); CAPs were conjugated with PgA side chains through click ligation. (B) Schematic illustration of cell separation
mechanism of the manufactured double-layer structure on glass substrate. Reproduced by permission [436]. Copyright 2021 Royal Society
of Chemistry.
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in tissue engineering.

Application of smart polymers, such as thermosensitive PNIPAAm, that respond to external stimuli via property alternation, have
attracted much attention for making modified surfaces for cell separation [437]. In PNIPAAm-modified thermoresponsive surfaces (e.
g., in cell culture flasks), the dehydration of PNIPAAm chains below the lower critical solution temperature (LCST) results in chain
hydration followed by cell detachment. Since the temperature-dependence adhesion/detachment behavior differs between various cell
lines, this phenomenon enables cell separation without requiring cells to be modified [438]. Moreover, pendant ionic groups on
PNIPAAm chains intensify this phenomenon because of the presence of ionic groups on the cell membrane [439]. Using SI-ARGET
ATRP, Nagase et al grafted glass substrates with thermoresponsive copolymer brushes based on anionic poly(N-iso-
propylacrylamide-co-N-tert-butylacrylamide-co-acrylic acid), or P(NIPAAm-co-tBAAm-co-AA) [439]. Human aortic smooth muscle cell
(SMC) attachment was higher on thermoresponsive surfaces modified by these anionic brushes. Furthermore, in vitro experiments
confirmed that temperature alternation provides a facile route to separate the SMCs from human umbilical vein endothelial cells
(HUVECS). These results showed that a thermosensitive surface modified with PNIPAAm brushes containing ionic groups can be used
for cell separation in cardiac tissue engineering [439]. However, hydrophilic to hydrophobic transformation of polymer chains or ionic
groups may not be enough for efficient cell separation in all applications.

In a recent paper, brushes of thermosensitive PNIPAAm and a cationic polymer were grafted onto glass using two RDRP strategies,
including RAFT and ATRP, in two steps [440]. This unique combination allows for controlled cell attachment and detachment via
adjustment of surface cationic properties. Shrinkage or expansion of PNIPAAm brushes occurs when the temperature oscillates above
or below the LCST, respectively. This results in cationic polymer brushes being either concealed or exposed, altering the surface charge.
Accordingly, the electrostatic interactions between cells and mixed polymer brushes change, resulting in adjustable and selective cell
adhesion.

Cell specificity and separation efficacy can be further enhanced via immobilization of targeting ligands (e.g., antibodies and
nanobodies) through physical interactions or post-polymerization modification strategies [441]. Since end functionality can be
controlled by CRP methods, the end functionalities can be further utilized for conjugation with bioactive molecules, for example via
click reactions or carbodiimide chemistry. Moreover, higher graft density of polymer brushes created via SI-ATRP, corresponds to
higher numbers of active sites for post-polymerization modifications, indicating high-density immobilization of target biomolecules
like cell-affinity peptides (CAPs). For example, in one study, a glass surface was modified with a double-layer structure of two block
copolymers, which were synthesized using a two-step SI-ARGET ATRP and were used for cell separation [436]. As schematically
illustrated in Fig. 25A, after silanization, the ATRP initiator was grafted onto the glass substrate, followed by copolymerization of
HEMA and propargyl acrylate (PgA) monomers to obtain the first copolymer layer (green segment in Fig. 25). In this figure, the brown
layer is a thermosensitive copolymer, p(NIPAAm-co-HEMA), that enables cell separation. The hydrophilic HEMA residues in both
layers inhibit non-specific cell attachment as the temperature increases beyond the LCST. PgA residues on the inner layer enable CAP
conjugation via CuAAC click chemistry. These CAPs enhance the specificity of the cell-separation process. It was observed that at
physiological temperature (i.e., 37 °C), HUVECs attach to the modified surface, in contrast to SMCs and fibroblasts (Fig. 25B).
Moreover, when the temperature falls below 20 °C, HUVECs detach from the surface [436].

Research already mentioned in this section confirmed that the composition of polymer brush has a profound effect on the selectivity
and efficacy of the cell separation process. Accordingly, a generalized conclusion may be that modified surfaces with a composition
gradient in one direction can be used for separation of various cell types. On the other hand, a gradient in polymer brush thickness can
also affect the cell separation process. This was recently confirmed by a paper in which PEGMA brushes with thickness gradient
resulted in a gradient change in both hydrophilicity and endothelial cell adhesion [244]. As the thickness can be controlled via the SI-
ATRP process, the thickness gradient, and thus cell adhesion, can be finely tuned.

Stimuli-responsive polymer brush-modified surfaces have also been used in the fabrication of cell sheets and bioseparation pro-
cesses [442,443]. Cell sheets, which can be transplanted without the requirement of tissue scaffolds, are a promising technology in
tissue engineering and regenerative medicine (TERM) [444]. Monolayer cell sheets are usually created in a culture flask with ther-
mosensitive polymer-modified surfaces. On the other hand, stimuli-responsive polymer brush-modified particles (e.g., silica) enable
an efficient and selective separation of various biological products (e.g., biomarkers, proteins, nucleic acids) as well, a process known
as bioseparation [445]. Regardless of cell transplantation, delivery of bioactive molecules obtained from the bioseparation process is
another pillar of TERM.

6.4.2. Plasma membrane modification

A living cell is one of the most complex chemical systems on Earth. Mammalian cells are separated from the external environment
by a semipermeable membrane decorated with various types of biomacromolecules, including glycoproteins, glycolipids, and gly-
coRNA [446]. These biomacromolecules endow the cell’s membrane with the utmost importance to cellular functions and behavior.
Cells continually interact with their environment through their surfaces. Biological receptors on the plasma membrane interact with
signaling molecules in their microenvironment and transduce them to the intracellular microenvironment. Some of these bio-
macromolecules behave like strain sensors, detecting mechanical cues in their vicinity, and they may also exert sub-nanonewton forces
on the extracellular matrix (ECM), for example during cell migration.

In some cases, cells for TERM are encapsulated or embedded in biodegradable hydrogels (e.g., microgels and cell-laden hydrogels)
that mimic their native ECM, to protect them against harsh environmental conditions [447]. However, these are biodegradable
scaffolds that do not affect the microstructure of individual cell membranes significantly. On the other hand, cell membranes may be
modified with various biological entities (e.g., antibodies) to induce further functionalities, such as installing chimeric antigen re-
ceptors on T cells for immunotherapy. Some of these strategies exploit the cells’ own biosynthetic machinery via an artificial genetic
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code that is intentionally delivered into the cells. Although there is a forest of various biomacromolecules on the plasma membrane of
cells, it is not very dense, indicating that numerous sites are available for tethering or chemical grafting, both on the phospholipid
bilayer and on biomacromolecules (e.g., reactive handles on amino acid sequences) without the worry of steric hinderance. Various
chemical handles (e.g., amine, thiol) present on plasma membrane proteins (see section 5.1.1) can be exploited for covalent cell
modification. For example, the surface of red blood cells (RBCs) was chemically grafted with a bioconjugate via amine functional
groups [448]. In addition, phosphonate groups on the plasma membrane can be used to functionalize a cell surface reversibly [449].
On the other hand, electrostatic interactions between the plasma membrane and polyelectrolytes can be used to coat cells with
polymers [450].

Cell membranes can be further modified artificially (membrane engineering) via rafting synthetic (macro)molecules, especially
synthetic polymer brushes, using cytocompatible SI-CRP strategies. In fact, ATRP can be leveraged for more than just the cell sepa-
ration via stimuli-responsive surfaces that was discussed in the previous section. Although most ATRP techniques are carried out under
environmental conditions lethal to living cells, thanks to recent achievements in cytocompatible ATRP methodologies, it is now
possible to use ATRP for surface modification of living cells. Radical concentration is low in ATRP strategies, but they may still be
cytotoxic to living cells; accordingly, in some cases shielding strategies may be required before initiating controlled polymerization.
For example, SI-ARGET ATRP was used to grow polymer brushes from yeast cell surfaces [360]. A polydopamine (PDA) coating was
applied onto the plasma membrane; this layer not only serves as ATRP macroinitiator but also protects the cell from harmful radicals
during polymerization, as PDA benefits from radical-scavenging features. This paper used the material-independent nature of mussel-
inspired chemistry for coating cells with PDA. In another study, human erythrocytes or RBCs were modified by polymers with free-
radical-scavenging properties using ATRP, to protect cells against oxidative stresses [451]. ATRP was used to polymerize N,N-
dimethylacrylamide into poly(N,N-dimethylacrylamide) (PDMA). Antioxidant properties were introduced into PDMA by post-
polymerization modification with a (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) derivative that shows intrinsic antioxidant
properties. NHS end-functionality enables cell attachment via carbodiimide chemistry (amide bond formation). This is a grafting-to
strategy to attach well-defined PDMA chains with antioxidant properties to the surface of RBCs, via carbodiimide chemistry.

On the other hand, bioorthogonal click chemistry is another appealing strategy to install clickable oligo-/polymers onto plasma
membrane using metabolic glycoengineering (MGE). This strategy has been previously used to install clickable artificial receptors on
cancer cells for targeting [452]. However, to the best of our knowledge, it has not yet been exploited for cell modification with polymer
brushes. After installing clickable oligo-/polysaccharides onto plasma membranes of cells, an ATRP initiator containing comple-
mentary clickable groups can be used to install ATRP initiation sites onto the cells under biologically relevant conditions. After that, a
cytocompatible ATRP methodology can be used to grow polymer brushes from the ATRP initiation sites. For example, cytocompatible
Fe®-mediated ATRP has been previously used to grow polymer brushes in the presence of mammalian cells without affecting their
viability [453]. This strategy does not require cell pre-modification using protective polymer coatings that may adversely affect cell
behavior. Coating layers may shield various types of plasma membrane receptors, resulting in diminished signal transduction. They
may also disrupt the transport of molecules and/or ions across the plasma membrane, which is harmful for cells.

6.4.3. Surface modification of medical devices

Tissue engineering constructs should support cell adhesion, spreading, growth, and proliferation. Cell-biomaterial interactions at
the interface greatly affect the performance of these constructs [454]. Materials used to construct tissue scaffolds affect nearby tissue
via various mechanisms (e.g., biodegradation-induced tissue ingrowth), and surface-modification strategies such as immobilization of
bioactive molecules (e.g., RGD peptides) also affect their performance significantly, in vivo. Patterning the substrate and scaffolds also
affects cells’ behavior and their interactions with biomaterials [455]. With these factors in mind, ATRP can affect the cell-biomaterial
interface through surface modification of implants or scaffolds (i.e., creating a uniform/non-uniform layer of brush (co)polymers),
creation of patterned surfaces (i.e., grafting ATRP initiator in predefined areas of substrate or scaffold as in lithographic techniques),
and immobilization of bioactive molecules (e.g., high density grafting of affinity peptides on dense polymer brushes that are made via
ATRP) or bioconjugates (e.g., synthetic polymer—protein/PSA conjugates). The effects of some of these factors and the role of ATRP on
the manufacturing process are discussed in this section.

Creation of gradients in polymer brush length or chemical composition can be used to tune cell adhesion on the surface of implants.
SI-ATRP not only enables grafting of densely packed brush (co)polymers from surfaces of various chemistries, length scales, and
shapes, but it also gives control over brush thickness [244]. This thickness gradient can be utilized to modulate adhesion of various
cells, including cancer cells and immune cells. Recent works have revealed that cell functions and activities are impacted by the
thickness of the grafted polymer brushes. SI-ATRP was carried out to make PHEMA brushes to study the effect of brush thickness on
immune cell attachment [456]. It was revealed that murine macrophages showed better activity (viability, differentiation, and
migration) on thicker brushes. In other words, brush thickness affects the interactions of immune cells with the surface-modified
material, which dictates the material’s immunogenicity.

Adhesion of different cell lines can be adjusted via the thickness of PNIPAAm brushes that were synthesized using SI-ATRP [457]. In
this work, a glass surface was modified with an ATRP initiator containing APTES species, followed by growing of PNIPAAm brushes
from the glass surface. It was revealed that the mechanism responsible for this phenomenon originates from enhanced production of
ECM glycoprotein, fibronectin, and a cytoskeletal protein, vinculin [457]. In another study, zerovalent copper (Cu®)-mediated SI-
ATRP was used as a versatile and oxygen-tolerant methodology to grow polymer brushes from various surfaces under ambient con-
ditions [458]. A copper plate was used in combination with an initiator-modified substrate. PMPC brushes were grafted from large
organic substrates of different morphologies (e.g., microporous cellulose sheets and PBA), with high speed and using a tiny volume of
reagents. PMPC is a zwitterionic and biodegradable polymer which shows bioinertness, lubrication properties, and resistance against
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non-specific protein adsorption [459]. SI-ATRP was used for grafting various polymer brushes with controlled length on iron-coated
plates to adjust cell-substrate interactions [453]. In the cytocompatible zerovalent iron-mediated ATRP, Fe? acts as both a reducing
agent and a catalyst. Furthermore, the ATRP can be carried out in both organic and aqueous media.

The bioactivity of tissue engineering constructs is crucial for their practical applications. Various bioactive molecules, such as
growth factors (GFs), have been immobilized on tissue engineering constructs to enhance cell adhesion and facilitate tissue regen-
eration. However, achieving stable immobilization that maintains the bioactivity and sensitivity of these biomacromolecules poses a
challenge. Covalently immobilizing GFs onto the surface of scaffolds typically leads to reduced GF sensitivity and bioactivity.
Nevertheless, a recently published paper demonstrated a novel approach. They used SI-ATRP-induced polymer brushes based on poly
(glycidyl methacrylate) (PGMA) for covalent in situ immobilization of GFs, all while preserving sensitivity and bioactivity [460]. The
PGMA brushes containing reactive epoxy side chain groups enabled robust immobilization of bone morphogenetic protein-2 (BMP-2)
without compromising its bioactivity.

Poly(ether ether ketone) (PEEK) is a synthetic polymer with high chemical, thermal, and biological stability, low friction coeffi-
cient, high mechanical properties, and bone-mimicking mechanical properties [461]. PEEK is an FDA-approved material for making
bone tissue engineering constructs but suffers from hydrophobicity and limited bioactivity. However, surface modification of PEEK can
enhance the osseointegration and biocompatibility of PEEK implants. CRP strategies, including ATRP, have been widely utilized in
surface modification of PEEK [462]. Various polymer brushes (e.g., PNIPAAm) were grafted from PEEK surface via SI-ATRP to improve
biological properties or induce stimuli-responsiveness [463]. In a recent work, the surface of PEEK microparticles were modified by SI-
ATRP to create a soft corona around a hard PEEK core that better fit with its surrounding tissue [340]. The carbonyl groups on PEEK
chains that are on the surface of PEEK microparticles were chemically reduced to hydroxyl functionalities using sodium borohydride.
After that, an ATRP initiator was esterified with hydroxyl groups on the surface of the microparticles. Four types of monomers were
grafted from the numerous initiation sites on these microparticles to create hairy microparticles, and their performance was assessed.
Moreover, they used various ATRP strategies including photoATRP, ARGET ATRP, and ICAR ATRP based on monomer types. Oste-
oblast adhesion and proliferation was improved on the PDMAEMA-grafted microparticles. Thus, these microparticles can be used in
formulating implants or as compatibilizers to regulate implant-tissue interactions. They can also be used as additives in formulation of
scaffolds and injectable hydrogels for bone tissue engineering, as these hairy particles better disperse in solvents and hydrogels.

In some cases, ATRP has been used to modify the metal implants that are widely used in bone tissue engineering. Although, ti-
tanium (Ti)-based implants are commonly utilized in orthopedics and dentistry, more improvement is required to enhance their
osseointegration. Osseointegration originating from cell-biomaterial interactions can be improved via immobilization of binding
motifs, such as the synthetic 15-amino-acid biomimetic peptide sequence (P15) derived from a region of the alpha (a)-1 chain of
collagen I [464]. Thus, effective immobilization of P15 peptide on Ti-based alloy can improve osteoconductivity and matrix miner-
alization. Copolymer brush, based on acetylethyl methacrylate (AEMA) and DMAEMA, was grafted from the Ti surface via SI-ATRP, as
illustrated in Fig. 26 [280,465]. Ketone functionalities on AEMA residues of the copolymer enable post-polymerization modification, i.
e., conjugation of the aminooxy functional group on P15 to ketone groups through the oxime click chemistry [466]. In vitro in-
vestigations revealed significantly enhanced cell viability of Ti-copolymer-P15, compared to neat Ti or Ti plates with randomly
adsorbed P15 (Ti-P15). In addition, more tightly packed cells, enhanced osteoblast differentiation, and increased osteoblast miner-
alization were observed on Ti-copolymer-15 compared to neat Ti or Ti-P15 substrates. In fact, densely grafted polymer brushes with
numerous active sites for oxime ligation enable more effective immobilization of P15 peptide on the Ti surface [280,465].

This polymer brush-mediated immobilization of biomolecules using ATRP can also be applied to proteins that promote bone cell
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Fig. 26. Schematic describing a multi-step functionalization procedure for the fabrication of a short peptide-grafted titanium (Ti) surface. First,
piranha solution etching of Ti discs increases the number density of hydroxyl groups and enhances surface roughness. Next, the initiator, 12-(2-
bromoisobutyramido)dodecanoic acid (BiBADA), is immobilized on Ti surface via hydrogen bonding (between hydroxyl groups on Ti surface and
carboxylic acid functional groups on BiBADA) and hydrophobic interactions (aliphatic chain of BIBADA). Copolymerization of acetylethyl meth-
acrylate (AEMA) and DMAEMA via SI-ATRP results in copolymer brushes. AEMA residues on the copolymer are rich with ketone functionalities that
can be used to conjugate aminooxy-containing P15 peptide via an oxime ligation reaction. Reprinted with permission [465]. Copyright 2019
American Chemical Society.
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adhesion [281]. When biomaterials contact structures of the blood stream, such as heart valves, thrombus or blood coagulation may
occur at the surface of biomaterials, and this is a concern in clinical applications of medical devices and implants. It is believed that this
biomaterial-induced thrombus is associated with non-specific protein adsorption on the surface [467]. Thus, development of hemo-
compatible surfaces to resist against thrombus formation is valuable for utilization of biomaterials in vascular tissue engineering [468].
Grafting polymer brushes from biomaterials that contact the blood stream has been used as a solution to address this challenge and
create an antithrombotic surface [469]. It was revealed that densely grafted hydrophilic polymer brushes can inhibit thrombi on the
surfaces of vascular medical devices [470]. In this work, neutral and highly hydrophilic PDMA brushes were grafted from polystyrene
particles using SI-ATRP. It was observed that, although there is protein adsorption on brush-modified surfaces, the amount and type of
adsorbed proteins is significantly influenced by brush graft density, which also affects polymer chain conformation on the surface. This
brush-grafting strategy was also used to modify poly(dimethylsiloxane) (PDMS) surfaces for cardiovascular tissue engineering [471].
PDMS is a hydrophobic and biocompatible polymer that is frequently used in medical devices such as pacemakers and contact lenses.
The researchers grafted hydrophilic PHEMA brushes from the PDMS surface using SI-ATRP. The resulting hemocompatible surface
showed antibiofouling properties; moreover, platelet adhesion was significantly reduced. Bioactive gelatin macromolecules were
conjugated to PHEMA brushes to enhance surface bioactivity and trigger endothelial cell adhesion.

In biological systems like the human body, water lubrication mechanisms play a crucial role in joints. For example, extremely low
friction coefficients are observed in body joints such as the knee. Bottlebrush-like macromolecules in cartilage are responsible for this
remarkably low coefficient of friction [473]. By taking inspiration from this structural superlubricity, it is possible to design the low-
friction surfaces that are required in tissue engineering constructs with moving parts, as in artificial joints [473,474]. In this context,
tethering polyelectrolyte or hydrophilic polymer brushes that retain large amounts of water molecules can significantly reduce the
friction coefficient via water lubrication mechanisms.

As illustrated in Fig. 27, an ATRP initiator containing a catechol anchoring group was used to trigger SI-ATRP of hydrophilic
polymer brushes from diamond-like carbon (DLC) film for utilization as lubricant for articular cartilage [472]. In fact, this work utilizes
mussel-inspired chemistry, which allows adhesion under wet conditions, to attach the ATRP initiator physically and robustly to the
DLC surface. In addition, it mimics the bottlebrush-like structure of glycoproteins, which is exploited to make extremely low-friction
surfaces in body joints. This dual biomimicry strategy has enabled researchers to develop excellent biological lubricants. Tribological
evaluation of PSPMA brush-modified DLC film showed ultralow friction coefficients in aqueous and biofluids, that protect against
aging. While water is not a good lubricant because of its low viscosity, confinement of water molecules (or preserving them under
exogeneous stresses) in polymer chains (e.g., polymer brushes or aqueous polymer solutions) can address this challenge and make
extremely low-friction surfaces based on water-containing systems. PSPMA brushes extend in water, resulting in a low friction co-
efficient, while they collapse under dry or high ionic strength conditions, resulting in a higher friction coefficient. Alternation in
conformation of PSPMA brushes results in friction-responsive behavior of the construct.

A cartilage matrix-like structure was manufactured based on hydrophilic polymer brushes grown from a hydrogel subsurface,
which closely mimics the structure of natural articular cartilage [343]. While the stiff hydrogel layer enables bearing and/or damping
of applied loads, polyelectrolyte brushes grown from the hydrogel subsurface (i.e., tens of microns beneath the surface) give the bilayer
structure high lubricity. Effective covalent attachment of polymer brushes into the hydrogel network was attained via grafting polymer
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Fig. 27. Schematic describing the fabrication process of diamond-like carbon (DLC)-based lubricants for cartilage tissue engineering. DLC film was
grown on silicon substrate; an ATRP initiator containing catechol functionality was immobilized on DLC through physical interactions; SI-ATRP was
used to grow poly(3-sulfopropyl methacrylate potassium salt) (PSPMA) brushes from the DLC layer; polymer brushes collapse under dry conditions
and they extend in the presence of water molecules; this water-swollen PSPMA layer causes extreme reduction in friction coefficient at interface.
Reproduced by permission [472]. Copyright 2014 Wiley-VCH.
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brushes from initiators embedded in the hydrogel network, as schematically illustrated in Fig. 28.

The tough hydrogel is a copolymer of acrylic acid, acrylamide, and 2-(2-bromoisobutyryloxy) ethyl methacrylate (a polymerizable
ATRP initiator-modified monomer) dually crosslinked by covalent crosslinkers (endowing the hydrogel with high mechanical
strength) and metal complexation (introducing self-healing features into the hydrogel). Subsurface-initiated ATRP (SS-ATRP) was used
to graft zwitterionic poly(2-(methacryloyloxy) ethyl) dimethyl-(3-sulfopropyl) ammonium hydroxide (PSBMA) and anionic PSPMA
polymer brushes from embedded ATRP initiators, after immersion of tough hydrogels in a solution containing monomers. Because of
mass transfer limitations, polymerization initially starts from ATRP initiators on the hydrogel surface and in the immediate subsurface
regions (i.e., just a few tens of microns beneath the hydrogel surface). In a similar work, a tough, double-network hydrogel (DNH) was
modified by Cu’-mediated ATRP from monomers serving as initiation sites embedded throughout the DNH to create polymer brushes
[475]. Tissue scaffolds are an indispensable part of tissue engineering. In this context, various biomaterials like natural and synthetic
polymers have been widely applied to make tissue scaffolds [433,476]. For in vivo applications, the biocompatibility, biodegradation,
and interfacial interactions between scaffold and biological systems should be considered when designing the scaffold. In another
study, polymer brush-modified CS NPs were employed as a biolubricant for the treatment of osteoarthritis (OA) [477]. Brushes
composed of zwitterionic PMPC were grafted from initiator-modified surfaces of CS NPs using SI-ATRP. Additionally, a non-steroidal
anti-inflammatory drug was encapsulated within the brush-modified NPs. The resulting nanoplatforms exhibited exceptional lubri-
cation properties and demonstrated an effective anti-inflammatory response.

Silk fibroin (SF) is a biocompatible, naturally-derived protein with numerous applications in biomedicine [478]. However, its
hydrophobicity necessitates functionalization of SF-based scaffolds to improve their suitability for physiological applications. Surface
modification of SF via grafting hydrophilic polymer brushes is a solution to this problem. In this context, ATRP was used to graft
hydrophilic and zwitterionic polymer brushes from SF films [479]. Contrary to previous studies, in which plasma treatment was
utilized to enhance the number density of hydroxyl groups, in this work, surface treatment was carried out using two strategies:
photocatalyzed oxidation of the SF surface and modification by reaction with ethylene oxide. Polymer brush density was higher, and a
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Fig. 28. Schematic displaying the manufacturing process of cartilage matrix-like hydrogels. The tough hydrogel was manufactured based on radical
polymerization of acrylic acid and acrylamide as comonomers in the presence of N,N’-Methylenebisacrylamide as crosslinker, and a methacrylate
monomer containing ATRP initiation sites, i.e., a-bromoisobutyryl species. Chemical crosslinking and metal complexation (i.e., ferric ions) of
carboxylic acid side groups results in creation of a tough hydrogel. ATRP of 3-sulfopropyl methacrylate potassium (SPMA) and 2-(methacryloyloxy)
ethyl) dimethyl-(3-sulfopropyl) ammonium hydroxide (SBMA) results in growing polyelectrolyte polymer from the hydrogel subsurface. This tough-
to-soft transition in the hydrogel interface closely mimics the properties of articular cartilage at the bone interface. Reproduced by permission [343].
Copyright 2020 Wiley-VCH.
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more uniform coating was obtained, by the photocatalyzed oxidation procedure which increased the density of hydroxyl groups. BiBB,
the ATRP initiator, was covalently attached to the SF surface via chemical reaction with hydroxyl groups. Two acrylate-based
monomers containing PEG and zwitterionic pendant groups were grafted from the SF surface by SI-ATRP.

Surface modification by polymerization of PEGMA, a neutral macromonomer, and [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfo-
propyl)ammonium hydroxide, a charged monomer, resulted in polymer brush-modified SF films. It was observed that brush-modified
SF performed better with higher hydrophilicity zwitterionic pendant groups than with PEG pendant groups. Protein adsorption using
bovine serum albumin (BSA) showed that PEG-brushes grafted from the SF surface performed better compared to PEG chains that were
grafted to SF. Zwitterionic polymer brush-modified SF showed superior performance in non-specific protein adsorption compared to
PEG brush-modified surfaces. This reduction in attachment was also observed with human mesenchymal stem cells (hMSCs) such that
hMSC attachment order was unmodified > PEG brush-SF > zwitterionic brush-SF. Controlling cell and protein adsorption is important
for implanted scaffolds as non-specific protein adsorption and biofouling should be prevented [479].

Poly-L-lactic acid (PLLA) is a biodegradable and biocompatible polyester with wide applications in biomedicine. However, because
of inertness it possesses limited cell adhesion, and modifications (e.g., immobilization of biomolecules) are normally required before
utilization in medicine. Alternatively, polymer brushes can be grafted onto PLLA substrates (e.g., films and nanofibers) to increase their
hydrophilicity and bioactivity. SI-ATRP was used to graft poly(ethyl acrylate) (PEA) brushes from PLLA films as shown in Fig. 29
[480].

Fibronectin, an important constituent of ECM, undergoes organization into nanofibrils at the PEA interface, which is a kind of
protein remodeling induced by materials [481]. However, PEA suffers from non-degradation under physiological conditions which
may prevent its utilization as base material. PEA brush-modified PLLA constructs combine the biodegradability and mechanical
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Fig. 29. Schematic depicting the conversion of a bioinert PLLA material to a bioactive state via an SI-ATRP strategy. (A) SI-ATRP grows poly(ethyl
acrylate) brushes (bPEA) from bioinert PLLA surface; fibronectin (FN) remodeling forms a network similar to physiological conditions which allows
for cell attachment and spreading. (B) FN assembly on PEA results in formation of nanofibrils in which integrin binding sites are exposed, allowing
the cells to build up larger focal adhesions (FA). This integrin-mediated cell adhesion mechanism enables better cell attachment and spreading on
PEA brush-modified surface. (C) Synthetic route for preparation of PEA brush-modified PLLA surface using the SI-ATRP methodology. Reproduced
under the Creative Commons CC BY license [480]. Copyright 2019 Wiley-VCH.
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properties of PLLA substrate with the fibronectin fibrillogenesis-inducing features of PEA in one construct. Although under physio-
logical conditions the PEA brushes (bPEA) may detach from the PLLA substrate in the long term, renal clearance can remove relatively
low molecular weight polymer chains [482]. Focal adhesion size is higher for PEA and PLLA-bPEA compared to neat PLLA, which
confirms enhanced cell-biomaterial interactions. The transformation from bioinert to bioactive is highly interesting for tissue engi-
neering constructs [480]. This strategy can be used for other biodegradable polymers such as PLGA in nano or higher scales for in vivo
applications, for which hydrophobic/bioinert surfaces can switch to hydrophilic/bioactive through the grafting of short polymer
brushes. HAp is an important mineral and constitutes one of the main mineral components of bone. However, aggregation of HAp
nanocrystals (HAp NCs) can prevent its effective distribution in polymer nanocomposites, ultimately limiting its wide utilization in
bone tissue engineering [483]. Grafting polymer brushes on HAp NC surfaces is a very effective method of improving the interactions
of HAp NCs with polymer matrices to prevent their aggregation [278]. For example, the SI-ATRP strategy, using 2-bromo-2-methyl-
propionic acid, was used to graft various polymer brushes (i.e., PDMAEMA, polyacrylonitrile, and PMMA) onto NC surfaces.

This section discussed the importance of ATRP in the modification of various natural and synthetic biomaterials. While base
biomaterials may be extracted from natural resources or may be created using other polymerizations routes, ATRP is used to modify
their surface properties to regulate their performance in vivo. However, in some cases, the base biomaterials can be synthesized using
an ATRP strategy.

6.4.4. Antifouling and antibacterial surfaces

Antibiofouling and antibacterial surfaces certainly fall into the category of surface modification strategies via ATRP; however, we
preferred to discuss them in a separate section because of their importance. Antifouling surfaces are important in a wide variety of
applications, including surfaces of marine vehicles (e.g., vessels and submarines), purification membranes, packaging, and implantable
medical devices [484]. Indeed, biofouling originating from microorganism and/or cell adhesion can lead to many complications,
including infection. Functionalization of a surface with hydrophilic polymers is a robust strategy to prevent biofouling on biomaterials
[485]. The hydrated barrier layer formed between surface and environment is responsible for this phenomenon. Recently, zwitterionic
polymers have attracted much interest for making antifouling surfaces [486]. Zwitterionic polymer brushes can be grafted using SI-
ATRP strategies to create antifouling surfaces. In one study, zwitterionic polymer brushes based on sulfobetaine vinylimidazole
monomers, which inherit antibacterial properties from imidazolium and sulfonate groups, were grafted on a silicon surface [487].
They showed superior antibacterial properties compared to poly(vinylimidazole) brushes. In another work, zwitterionic poly[2-
(methacryloyloxy)ethyl choline phosphate] (PMCP) brushes were grafted from hydrophobic PCL substrates, via an SI-ATRP strategy to
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Fig. 30. Schematic describing the synthetic approach for the design a zwitterionic brush-modified supramolecular material. (A) Polycaprolactone
modified with two UPy end-functionalities (PCLdiUPy) serves as base supramolecular material; an ATRP macroinitiator containing UPy and BiB end-
functional groups (UPy-BiB). (B) Self-assembly of UPy species in PCLdiUPy, via hydrogen bonding, results in fibrillar assemblies in which double
UPy moieties and PCL chains constitute the core and shell, respectively. (C) Sulfobetaine methacrylate (SbMA) monomers polymerize from ATRP
initiation sites on the UPy-BiB macroinitiator embedded throughout the supramolecular matrix to yield zwitterionic PSbMA brushes. Reproduced
under the CC-BY-NC-ND license [488]. 2020 American Chemical Society.
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adjust their fouling properties and hydrophilicity [52]. The PMCP brushes not only significantly enhance the hydrophilicity of PCL but
can also prevent non-specific adsorption of proteins, a trait that stems from the zwitterionic characteristics of polymer brushes.
Moreover, cell attachment was promoted, and cell differentiation toward bone cells was triggered.

SI-ATRP was used to modify supramolecular biomaterials with zwitterionic poly(sulfobetaine methacrylate) brushes, as illustrated
in Fig. 30 [488]. Polymer brushes based on sulfobetaine methacrylate (SbMA) grow from ureidopyrimidinone (UPy)-based macro-
initiators that were embedded in UPy-modified polycaprolactone (PCLdiUPy) as the base supramolecular material. It was revealed that
the antifouling property of PSbMA is dependent on sulfobetaine content. Moreover, it was concluded that the translation of this
strategy to electrospun nanofibers is possible.

In a recent paper, poly[N-(2-methacryloyloxyethyl)pyrrolidone] (PNMEP) was grown from a silica surface via SI-ATRP [489]. The
obtained thermoresponsive PNMEP brushes were confirmed to be living, as they undergo copolymerization with oligo(ethylene glycol)
methyl ether methacrylate monomers. In fact, PNMEP chains better preserve their livingness compared to PNIPAAm, which make
them superior polymers for the making of more complex thermoresponsive structures. The LCST of PNMEP (LCST > 51 °C) is higher
than that of PNIPAAm (LCST ~ 31 °C). In addition, in vitro studies confirmed the antifouling properties of polymer brushes.

Antibacterial coatings are also important to prevent infection in medical devices, medical implants, and wound dressings. In fact,
antibacterial dressings are highly valuable in treatment of wounds. In this context, many antibacterial agents (e.g., antibacterial
peptides, silver NPs, and graphene-based materials) have been incorporated in the formulation of wound dressings [490]. Cationic
polymers possess inherent antibacterial properties since they can induce plasma membrane rupture in bacteria. For example, the
surface of GO nanoplatelets was modified with cationic poly[2-(tert-butylaminoethyl) methacrylate] (PTA) brushes to introduce
antibacterial properties [338]. Both PTA and GO showed antibacterial properties, which were inherited in GO-g-PTA as well. After this,
polyvinyl alcohol (PVA)/GO-g-PTA nanocomposite fibers were made using the electrospinning method [491]. Although PTA exhibits
broad-spectrum antibacterial activity, it shows low cytotoxicity against cells, which is highly favorable. The grafting density and
antimicrobial efficacy of GO-g-PTA made via ATRP was higher than GO-g-PTA made by FRP, which was similarly incorporated in
electrospun nanofibers. Moreover, the nanocomposite nanofibrous scaffolds showed significant antimicrobial properties.

It is challenging to develop coating materials that are biocompatible yet also exhibit anti-infective properties. To endow substrates
with antibacterial properties while preserving cytocompatibility, various biodegradable polyester brushes with inherent antibacterial
properties were grown from substrate surface [492]. Grafted polymers, including PPEGMA, PHEMA (nonionic), and poly([2-
methacryloyloxyethyl] trimethyl ammonium chloride) (PMETA) (cationic, with an antibacterial effect) were characterized to eval-
uate their antibacterial properties. Cationic PMETA can induce an antibacterial effect, while nonionic PHEMA and PPEGMA induce
anti-adhesive properties to the substrate materials. Cationic polymer brushes based on PMETA outperformed other brushes, in terms of
anti-infectious properties. This strategy for growing PMETA brushes was successfully translated to 3D-printed scaffolds based on PLA/
aliphatic ester blends. The obtained results showed that there is a specific length for PMETA brushes in 3D scaffolds where the trade-off
between cytocompatibility and antibacterial properties reaches an optimum [492].

6.4.5. Tissue engineering scaffolds

This section highlights the importance of ATRP for making base biomaterials that can be utilized in making tissue engineering
constructs. In other words, ATRP is used to synthesize polymers that constitute major parts of tissue engineering constructs or wound
dressings.

Native ECM has a fibrous and porous structure that allows mass transfer of nutrients, signaling molecules, and waste materials.
Moreover, the special architectural and compositional features of ECM endow soft living tissue with a unique strain-stiffening behavior
that cannot be replicated by conventional synthetic hydrogels. However, it was discovered that special types of bottlebrush copolymers
can closely mimic the peculiar mechanical properties of soft tissue [493]. To bridge the gap between mechanical properties of ordinary
hydrogels and soft tissues, an ATRP strategy was used to make a linear-bottlebrush-linear (L-BB-L) architecture [494]. The middle
PDMS bottlebrush segment was made by an ATRP strategy; then end chains were modified to serve as initiation sites for ATRP. The
obtained PDMS macroinitiator with dual initiation sites underwent another ATRP to grow PMMA chains from the bottlebrush polymer,
resulting in the L-BB-L architecture. These solvent-free elastomers were observed to closely mimic the strain—stress behavior of
different soft tissues like brain and adipose [494].

A recent innovation in the design of bottlebrush polymers involves creating graft copolymers with mechanical characteristics
resembling those of natural tissues [46]. Utilizing CRP techniques such as ATRP and RAFT, these architecturally distinct copolymers
were developed. The resulting elastomer exhibits exceptional softness, yet maintains robust strength and resilience, accompanied by a
high damping factor — attributes that conventional bottlebrush polymers struggle to achieve. Furthermore, the properties of these
unique graft copolymers can be fine-tuned by selecting appropriate monomers, rendering them suitable for a range of soft tissue
engineering applications, spanning from skin tissue to brain-related applications.

An injectable hydrogel, formulated using a triblock copolymer featuring an L-BB-L architecture comprising hydrophilic and
thermosensitive blocks, was developed by Vashahi et al. [495]. In their work, a combination of ATRP and RAFT techniques was used to
synthesize these complex structural polymers. The resulting hydrogel effectively emulates the mechanical properties of soft tissues.
This attribute can be attributed to the presence of compact bottlebrush segments, which contribute to low viscosity in solution,
enabling easy injectability. Moreover, the incorporation of thermosensitive segments leads to the hydrogel transitioning into a gel-like
state at 37 °C. In vivo experiments conducted on a rat model demonstrated favorable biocompatibility and minimal inflammation
associated with the hydrogel.
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6.5. Biosensing

Biosensors are highly valuable tools in medical diagnosis, monitoring of health conditions, and point-of-care devices. In early stages
of infections, the concentration of various biomarkers is as low as picomolar to sub-femtomolar. However, conventional biosensors can
only measure down to picomolar concentrations [496]. This highlights the importance of chemical amplification strategies for
detecting biomarkers with ultralow concentrations. SI-CRP provides a robust strategy for chemical signal amplification that is highly
valuable for ultrahigh-sensitivity biosensing applications [53]. A signal amplification strategy using ATRP is a very promising tool to
make ultrasensitive biosensors to detect target DNA, RNA, or gene biomarkers. Through this procedure, a single initiation trigger
would result in polymer chain growth via an SI-ATRP strategy.

Sun et al. managed to fabricate a highly selective and ultrasensitive electrochemical biosensor for detection of target DNA (t-DNA)
at sub-attomolar levels [53]. In their approach, a gold electrode was chemically modified with hairpin DNA probes containing azide
end-functionality as depicted in Fig. 31. Addition of t-DNA, even at extremely low concentration, results in hybridization of t-DNA and
hairpin DNA probes, resulting in duplex DNA and exposure of the azido functional groups.

A propargyl-functionalized ATRP initiator (propargyl 2-bromoisobutyrate, PBIB) was then conjugated to a gold surface via a
CuAAC click reaction to form the initiation site for eATRP. Numerous electroactive ferrocenylmethyl methacrylate (FMMA) probes,
linked together to create polymer chains on a gold electrode, significantly amplified the electrical signals, detectable using a vol-
tammetry technique. Therefore, combining eATRP with electrochemical sensors provides a robust strategy to detect ultralow con-
centrations of chemicals. In addition, the created polymer chain can be detached from the electrode surface via temperature increase to
denature (i.e., unzip) the duplexed DNA. In other words, the biosensor can be reused after heat treatment and washing.

A similar methodology was utilized for detection of tobacco mosaic virus RNA, where photoATRP was used in combination with
click chemistry, for signal amplification [497]. As with the previous work, a combination of click reactions and SI-CRP was utilized for
detection of nucleic acids. A similar strategy was also used to develop an ultrasensitive electrochemical biosensor for detection of
miRNA-141, a cancer biomarker [498]. In this study, hairpin DNA probes were modified with thiol functionalities, in contrast to the
previous works. An ATRP initiator containing two bromoisobutyrate functional groups and one disulfide linkage was grafted onto
AuNPs via Au-S bonds. Hairpin DNA probes were grafted onto glassy carbon electrodes (GCEs) followed by conjugation to modified
AuNPs. The AuNP-modified GCE surface with immobilized ATRP initiators (on the AuNPs) served as initiation site for AGET ATRP.

Genetic-level detection of cancer biomarkers can significantly enhance our ability to diagnose cancers at early stages and monitor
the effectiveness of cancer therapies via noninvasive methods. For example, cytokeratin fragment antigen 21-1 (CYFRA 21-1) is a
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Fig. 31. Schematic depicting the mechanism of action of an ultrasensitive biosensor for the detection of DNA. (A) Mechanism of eATRP of elec-
troactive ferrocenylmethyl methacrylate (FMMA) monomers on gold electrode surface. (B) Schematic representation of mechanism of function of
biosensor: hairpin DNA was grafted onto gold surface via thiol end-functional groups; this DNA also contains an azido functional group at its other
end, close to the electrode surface and unexposed. The presence of target DNA (t-DNA), even at very low concentration, results in DNA hybridization
and creation of duplex DNA, leaving azido functional groups exposed to click ligation with the propargyl functional group on the ATRP initiator.
After immobilization of the ATRP initiator, FMMA monomers attach via eATRP to create polymer chains, which correspond to current and voltage
changes in cyclic voltammograms. Reproduced by permission [53]. Copyright 2018 Elsevier.
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specific biomarker closely related to non-small-cell lung cancer [500]. However, the low concentration of target DNA limits the
applicability of conventional biosensors because of their relatively low sensitivity level. Thus, chemical amplification strategies,
especially polymerization, can significantly enhance the sensitivity and limit of detection (LOD) of biosensors [501]. ATRP and its
modified versions, especially eATRP and photoATRP, are highly effective polymerization-based strategies for signal amplification in
biosensing of nucleic acids. Through this strategy, biosensor sensitivity can be enhanced by increasing the length or graft density of the
polymer chains grafted from the electrode’s surface. Grafting density can be increased via utilization of a macroinitiator (e.g., poly-
mer), grafted onto the electrode surface, that bears numerous initiation sites as side chains. This indicates a dual signal amplification
procedure. Using this strategy an ultrasensitive biosensor was manufactured for detection of CYFRA 21-1, as shown in Fig. 32 [499].

The same group also immobilized a thiolated peptide nucleic acid (PNuA), which forms duplexes in the presence of t-DNA, onto
gold electrodes. Zirconium—-phosphate—carboxylate chemistry was used to attach HA to PNuA/DNA heteroduplexes, followed by
creating numerous ATRP initiation sites on HA via carbodiimide chemistry. The polymer chain grafted via eATRP from HA-mounted
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Fig. 32. Schematic illustrating a DNA biosensor via eATRP and polysaccharide dual signal amplification strategy. (A) Working principle of ul-
trasensitive DNA biosensor based on dual amplification strategy using polysaccharides and eATRP. (B) Mechanism describing the eATRP signal
amplification approach for the detection of DNA. Reprinted by permission [499]. Copyright 2019 Elsevier.
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initiation sites results in signal amplification. This dual amplification strategy performed 1000-fold better compared to NP-based signal
amplification and can detect t-DNA as low as 9.04 aM with high selectivity. A similar dual amplification strategy, based on eATRP and
DNA-templated AgNP, was also used previously to make ultrasensitive biosensors for nucleic acids, where the lower detection limit for
t-DNA was 4.725 aM [503].

Detection and/or measuring of various molecules or parameters (temperature, biomarkers, NPs) are invaluable clues for evaluating
health conditions, and they require special devices [504]. For example, fluorescent nanothermometers can measure the exact tem-
perature of the intracellular environment [505]. Numerous biomolecules are involved in physiological processes inside living cells and
measuring them is highly important not only for fundamental biological research but also for diagnosis of the physiological conditions
inside individual cells. For example, microRNAs (miRNAs) are key regulatory molecules in biological processes (e.g., differentiation)
and their dysfunction can result in many diseases, including cancer [506]. However, measuring such biomarkers at the intracellular or
ECM levels is much more challenging because of diversity, chemical interference, and ultralow concentration [507]. Sensitivity of
measuring techniques will be greatly improved using dual/multiple amplification strategies that enable measuring at the cellular level
[499,503].

In a different study, magnetic nanobeads (MnB) in combination with eATRP and strand-displacement amplification (SDA) stra-
tegies were used to make an ultrasensitive electrochemical sensor for detection of miRNA-21, as shown in Fig. 33 [502]. MnB were
modified with hairpin DNA (MB-H1) that enabled hybridization with miRNA-21, i.e., enabling a pre-purification process for miRNA.
Furthermore, signal amplification based on eATRP and SDA drastically enhanced the sensitivity of the obtained biosensor, permitting
anti-interference detection of miRNA-21 at the cellular level.

In a recently published study, photoATRP was used as a signal amplification strategy enabling highly sensitive detection of disease-
related DNA [508]. In this approach, PTH served as a photocatalyst to initiate the polymerization of FMMA. The resulting biosensor
demonstrated an impressive limit of detection (LOD) as low as 79 aM. Similarly, another research effort utilized photoATRP for the
detection of target DNA, which is key for disease screening [509]. The naturally derived, metal-free photocatalyst rose bengal (RB) was
utilized, which becomes excited upon exposure to blue light, subsequently triggering FMMA polymerization. The achieved biosensor
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Fig. 33. Schematic displaying an ultrasensitive electrochemical biosensor with multiple amplification strategies. Magnetic nanobeads (MnB) were
decorated with hairpin DNA and gold nanorods (AuNRs) with azido-functionalized hairpin DNA. DNA hybridization with miRNA-21 results in DNA
hybridization for both nanomaterials, resulting in a 3D network with numerous azido groups. An alkylated ATRP initiator, PBIB, is then clicked with
these azido groups, leaving BiB moieties appropriate for eATRP of FMMA which corresponds to a current-voltage curve in CV experiments.
Reprinted with permission from [502]. Copyright 2021 American Chemical Society.
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exhibited strong performance across a wide range of DNA concentrations (1-10° fM) and a remarkable LOD as low as 0.115 M.
Furthermore, an innovative signal amplification strategy was implemented in the creation of an ultrasensitive biosensor designed for
the early detection of microRNA-21, a key biomarker associated with lung cancer [510]. In this unique approach, ATRP-mediated
signal amplification harnessed ferritin, a non-toxic water-soluble protein, as the activator or catalyst, while a nitroxyl-based free
radical acted as the monomer. The estimated LOD for this biosensor was as low as 6.03 fM.

6.6. Alternative applications

Organ-on-a-chip (OOC) devices are important in fundamental biological studies and the drug development process [511]. Most
OOC devices are manufactured from bioinert materials such as glass and PDMS, which limits their application to real-world problems
due to limited cell attachment. Therefore, coating the channels with hydrophilic polymer brushes, with or without immobilized
bioactive molecules, can be considered a general strategy to address such challenges. Parts of the microchannels and/or cavities in
OOCs can be modified by special types of polymer brushes to control cell attachment, growth, proliferation, and differentiation. Cell
behavior on these surfaces is regulated by the polymers’ chemistry, architectural features, gradients, and patterning. Additionally,
ATRP can be exploited to create tissue-mimicking structures in OOC devices. For example, bottlebrush structures can be used to
replicate body joint structures in OOC devices, and SS-ATRP from hydrogel membranes can be used to mimic the structure of cilia in
0OOC devices [343,512].

In addition, the behavior of cells can be influenced by polymers that respond to external stimuli. For instance, surfaces modified
with stimuli-responsive polymer brushes can serve as nanoactuators. These actuation mechanisms may be triggered by internal
chemical stimuli or external factors like heat or light irradiation. Furthermore, actuation or oscillation can arise from oscillating
chemical reactions, such as the Belousov-Zhabotinsky (BZ) reaction [513]. (Co)polymer brushes containing components that catalyze
a BZ reaction (e.g., ruthenium complexes) can undergo self-oscillation in response to chemical waves, as depicted in Fig. 34 [514].
Notably, SI-ATRP-mediated grafting of polymer brushes can facilitate chemical wave propagation, analogous to waveguides that guide
electromagnetic or sound waves. Chemical wave propagation proves advantageous for scenarios requiring chemical signal detection or
transmission, such as biosensors. Within living systems, chemical signals play pivotal roles in processes such as wound healing,
immunological responses, and cellular signaling (e.g., paracrine and endocrine signaling) [515]. Consequently, mimicking the
propagation of chemical signals in artificial systems, such as OOC devices, represents a promising avenue of research for enhancing
human-on-a-chip (HoC) devices.

Growing well-defined polymers at biointerfaces, such as in the vicinity of cells, may enable the construction of the next generation
of artificial ECM-mimicking materials. In these materials, cells or microorganisms could select monomers from a solution of different
monomers [273]. This cell- or organism-instructed synthesis of polymers can be beneficial in several fields, for example, the isolation
and detection of bacteria [516].

In addition, conducting ATRP under biologically relevant conditions (e.g., aqueous solutions, low to moderate temperatures, and
non-toxic reagents) is important for biomedical applications [143]. For instance, when creating PPCs, where proteins may serve as
macroinitiators for SI-ATRP, it is crucial to perform ATRP in aqueous solutions to prevent alterations in the secondary and tertiary
structures of proteins. To achieve these goals in these applications, prerequisites include designing water-dispersible catalysts that
allow polymerizations at desirable kinetics (i.e., using appropriate ligand design), utilizing very low concentrations of transition metal
catalysts, or employing metal-free strategies. Furthermore, performing ATRP within living organisms or conducting in vivo poly-
merizations can significantly advance our understanding of biological fundamentals as well as the technological evolution of medicine.
While biological polymerization is pervasive in cellular and bacterial metabolism, artificial polymerization has rarely been carried out
outside of MGE strategies that utilize the synthetic machinery of cells [517]. However, the development of mRNA-based vaccines and
their remarkable success in providing immunity against COVID-19 have ignited hopes for in vivo artificial protein synthesis—an
approach involving precision polymerization for delivering genetic codes and utilizing cellular synthetic machinery [518]. Moreover,
achieving in vivo polymerization and even intracellular (i.e., in cellulo) polymerization is feasible using biocompatible polymerization
strategies [519].

Oxidized State (Ru*)

Reduced State (Ru?) Hydrophilic/Extended
Hydrophobic/Collapsed

Chemical Wave Propagation

Fig. 34. Schematic depicting a chemical wave propagation along a substrate modified with grafted polymer brushes. These polymer brushes exhibit
two oxidation states: in their reduced state, they are hydrophobic and contract as they lose water; in the oxidized state, they absorb water and
extend. This cyclic contraction and extension behavior of the polymer brushes displays a resemblance to wave propagation [514].
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The first instance of in cellulo polymerization was an UV-initiated FRP reported by Bradley et al. in 2019 [520]. Subsequently, it was
discovered that polymerization within cells, tissues, and even animals can be triggered by endogenous stimuli, such as genetically
modified enzymes. In a recent study, conjugated oligomers were polymerized in an animal model for bioelectronic applications [521].
This emerging field of intracellular polymerization holds the potential to modulate cellular behaviors, including cell growth or
apoptosis. However, certain challenges, such as the delivery of reagents into cells, potential chemical interference of polymerization
with other biological processes, the need for suitable triggers to initiate polymerization, and addressing the toxicity and removal of side
products, must be tackled before these concepts can be translated into practical applications [517]. In such polymerizations, reactive
intracellular species, redox species in the cytosol (e.g., glutathione), or cellular processes can be harnessed to initiate or mediate
polymerization. Furthermore, the principle of orthogonal reactions can be employed to prevent chemical interference [522]. Addi-
tionally, established intracellular delivery systems (e.g., nanogels) can be utilized for the intracellular delivery of monomers. Chemical
reactions that can be conducted under biological conditions (e.g., aqueous medium and 37 °C) with high yield (close to 100 %) and
high specificity can address the challenges related to the toxicity/removal of residual reagents and side products. These criteria align
well with the principles of click chemistry. By combining the concepts of click chemistry and orthogonality with CRP, exciting op-
portunities for new scientific and technological innovations emerge in both materials science and medicine [523]. In essence, the
development of alternative ’controlled click polymerization’ strategies could mark a revolutionary step towards creating future
biomolecular materials in vivo, without relying on the synthetic machinery of cells [524]. We believe that exploring the utilization of
sugar-based (co)monomers in ATRP strategies is a promising research avenue in the realm of in vivo CRP [123].

7. Conclusion and outlook

With over 25 years of continued research and development, ATRP is now a relatively mature and well-understood strategy to
engineer advanced materials. However, moving forward, it could further be improved in terms of the reagents used, reaction con-
ditions, and targeted applications. We believe that the potential of ATRP to design mission-oriented materials, especially in the
biomedical arena, has not been fully exploited yet. In addition, leveraging its potential in materials design can further revolutionize the
adoption of biomaterials in medicine. While we provided a comprehensive review on ATRP and its applications in the biomedical field,
the current status and requirements for further development are now discussed. This section also offers a roadmap for future research
while highlighting potential challenges and discussing how this technology could further help in the design of complex chemical and
biological systems while pushing the boundaries of innovation.

7.1. The current status of ATRP technology

Based on extensive investigations, a relatively deep understanding of the ATRP mechanism is now available. Additionally, a wide
variety of ATRP reagents are commercially accessible. ATRP has demonstrated versatility across various monomers, with numerous
catalysts readily accessible to enhance the chemical activity and selectivity of the polymerization process. The evolution of ATRP has
led to the development of new methodologies that require minimal catalyst concentrations or even function without a catalyst.
Moreover, the incorporation of alternative transition metals, such as Fe, in ATRP catalytic systems allows for polymerization in
environmentally friendly solvents, particularly aqueous media. This not only enhances the biocompatibility of these ATRP variants but
is also achievable with current technology. Through innovative ATRP techniques that harness external stimuli, such as photoATRP and
mechanoATRP, precise control over reaction conditions can be exerted with remarkable spatiotemporal resolution.

SI-ATRP has proven to be an exceptionally robust strategy for modifying material surfaces with varying chemistries across different
length scales. This approach has enabled researchers to significantly modify material interface properties and interactions with bio-
logical systems, given its capacity for synthesizing high-density grafting of polymer brushes. Moreover, SI-ATRP offers a robust
pathway for creating multifunctional inorganic—organic nanohybrids, versatile for a range of applications within the biomedical field.
Furthermore, ATRP stands as one of the most versatile and effective strategies for producing advanced materials, including archi-
tecturally designed polymers and versatile bioconjugates with customized features and functions. These materials exhibit excellent
mechanical behaviors and bioactivities, surpassing those attainable by conventional (bio)materials like synthetic polymers or natural
proteins. ATRP-derived advanced materials can be customized to replicate unique mechanical or rheological characteristics found in
native biomacromolecular structures, such as the stress—strain behaviors of soft tissues and the superlubricity of bodily joints. These
sophisticated materials and constructs not only find utility in designing tissue engineering structures and DDS but also serve as
invaluable tools for fundamental biological research and drug screening processes. By accurately emulating various aspects of bio-
macromolecular constructs within the human body, they provide a reliable in vitro representation. Furthermore, the incorporation of
highly functional bioconjugates holds the potential to further push biomaterials toward practical real-world applications and clinical
translation.

7.2. Current challenges for ATRP-derived materials for biomedical applications

ATRP has previously demonstrated its effectiveness as a robust approach for synthesizing well-defined polymers with precise
structural features. However, to further expand the versatility of advanced polymers and hybrid materials prepared through ATRP
methods, it is essential to broaden the range of monomers and application conditions. Special attention should be given to designing
new catalytic systems that offer improved selectivity, activity, oxygen tolerance, and biocompatibility. Further development of cat-
alysts or catalytic systems based on Fe and engineered enzymes, as well as catalyst-free and externally controlled systems, is necessary
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to fabricate advanced functional polymers suitable for biomedical uses. These systems could potentially eliminate the need for complex
and lengthy purification steps. Moreover, when designing biomaterials, it is advisable to employ environmentally friendly and non-
toxic solvents, particularly water and ionic liquids. However, the challenge of developing ATRP strategies that operate under mild
reaction conditions (such as aqueous environments and physiological temperatures) with appropriate kinetics, high yield, oxygen
tolerance, and absence of side products still persists. This area of research requires further exploration by both researchers and in-
dustrial partners to design advanced polymers suitable for various biomedical applications.

While there are many advanced polymeric structures, such as dendrimers and bottlebrush polymers, that can be synthesized using
ATRP, further research is needed to develop more architecturally complex polymers with specific goals. Such architectural complexity
often leads to unique properties that could be beneficial for the biomedical field. Indeed, while the L-BB-L architecture has demon-
strated the ability to replicate the stress—strain behavior of native biological tissues, there remains a vast realm for polymer chemists
and materials scientists to explore how the manipulation of the architectural features of polymers can influence their physiochemical
properties, biodegradability, and interactions with biological systems.

ATRP stands as a robust technique in modern organic chemistry, yet other complementary methods like RAFT, ROP, and click
chemistry could greatly expand the potential for designing complex, multi-level macromolecular structures. ATRP methods are
valuable for engineering advanced materials with flexible architectural designs and chemical compositions. The interactions and
assembly behavior within these complex macromolecular structures should be thoroughly examined, as they possess the capacity to
self-organize into elaborated hierarchical patterns. Such materials can exhibit dynamic (dissipative) self-assembly in response to
environmental changes, such as shifts in temperature or pH in vivo. This dynamic behavior adds an extra layer of complexity to ATRP-
derived materials, and its usefulness in dynamic physiological contexts should not be underestimated. This complexity can be har-
nessed to enhance our ability in designing DyDSs or smarter tissue engineering constructs using adaptable ATRP-derived materials.
However, this meticulous polymer design via ATRP must be coupled with advanced modeling, simulation techniques, multiscale
computer simulations, and notably, artificial intelligence (AI) methodologies. For instance, the AlphaFold AI software, known for
predicting protein structures using deep learning strategies, could be leveraged by researchers. Designing similar Al-based algorithms
might be the most promising approach to address the challenges linked to the structure-properties relationship of these complex
materials. Yet, given that synthetic polymers possess more chemical versatility than natural biopolymers, predicting the self-
organization and hierarchy of synthetic polymers is more complicated and may incur higher computational costs.

Rationally blending two or more ATRP-derived macromolecular structures can lead to the formation of unique systems, further
increasing the complexity of self-organized objects. These complex chemical systems, characterized by dynamic inter- and intra-
molecular interactions, are poised to advance the technology landscape by enabling the design of adaptive materials. These materials
could find applications ranging from smart delivery and theranostic platforms to adaptive tissue engineering. ATRP-derived complex
molecular structures, characterized by their dynamic interactions, serve as foundational components for a diverse array of dynamic
systems, showcasing inherent motility. Ultimately, these structures may even lay the groundwork for the development of novel forms
of synthetic life. However, the strategic design of such complex chemical systems relies not only on CRP strategies for designing
precisely defined advanced materials but also on Al-based methodologies enabling the prediction of their structures under both
equilibrium and non-equilibrium conditions. These Al-driven strategies, rooted in the study of static and dynamic self-assembly, hold
great potential to advance the fabrication of objects such as synthetic nanobots with programmable behaviors.

The structures—and, consequently, the properties—of ideal advanced polymers synthesized using ATRP for biomedical applica-
tions are not confined to customized static characteristics. In fact, the ideal design of sophisticated polymers for emerging biomedical
applications requires the integration of functionalities and/or stimuli-responsive segments or connections that regulate the persistent
behavior of polymers within environmental or biological systems. A future objective for CRP strategies, particularly ATRP, is the
fabrication of advanced polymers with programmable attributes for encoding and decoding biological functions, such as time-
dependent biodegradation. Programmable biodegradation of tissue implants or drug-eluting stents would eliminate the need for
invasive methods such as surgery to remove their debris.

While biomacromolecules exhibit high functionality in vivo, conjugating them with well-defined synthetic polymers (i.e., BPCs) can
further enhance their function and stability under physiological conditions. However, there has been limited research on the synthesis
and characterization of BPCs beyond protein-polymer bioconjugates. An unexplored research avenue involves investigating conjugates
of nucleic acids, OSA/PSA, and lipids with synthetic polymers. These functional bioconjugates hold the potential to advance the field
by designing advanced biomaterials that imitate natural polymers yet possess multiple functionalities and increased stability. ATRP
stands as a key tool for fabricating bioconjugates with accurately defined molecular attributes under gentle reaction conditions and
suitable tolerance to oxygen and functional groups.

On the other hand, the development of ATRP strategies with minimal chemical interference in complex chemical and biological
systems will bring us a step closer to achieving in vivo controlled polymerization. Future endeavors should be directed toward the
advancement of such ATRP strategies. Furthermore, in cellulo ATRP represents a distinct research niche for polymer chemists and
materials scientists aiming to develop new biomaterials. Polymers derived in cellulo can be conjugated to proteins or OSA/PSA, which
are synthesized using cellular synthetic machinery. ATRP-based chemical signal amplification strategies have enhanced the sensitivity
of electrochemical biosensors, and they are likely to remain a popular technique for engineering highly sensitive biosensors. These
biosensors could play a crucial role in the early-stage detection of biomarkers for diagnosing various health conditions, including
infectious diseases. However, further investigation in this field is necessary before these biosensors can be translated into real-world
applications.

The tremendous potential of ATRP in designing well-defined polymers, bioconjugates, hybrid nanomaterials, and structures with
modified surfaces indicates that there is still a need for extensive research. This suggests that high-throughput methodologies may play
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an important role in accelerating the synthesis and evaluation of materials derived from ATRP. Progress in creating new ATRP
techniques, like oxygen-tolerant ATRP, has significantly helped in the rapid synthesis and analysis of polymers. However, further
research is required in this area to enable high-throughput production of ATRP-derived materials for use in biomedical applications.
Finally, it is crucial to push ATRP-derived polymeric and advanced hybrid materials into applications within industries and clinical
settings. Achieving clinical applicability will demand further research efforts to expand and make use of ATRP strategies that can
create advanced materials with enhanced safety and performance.

CRediT authorship contribution statement

Mohsen Khodadadi Yazdi: Conceptualization, Writing — original draft. Payam Zarrintaj: Investigation. Mohammad Reza Saeb:
Conceptualization, Supervision. Masoud Mozafari: Conceptualization, Methodology. Sidi A. Bencherif: Conceptualization, Super-
vision, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgment

M.K. gratefully acknowledges the financial support from Nobelium Joining Gdansk Tech Research Community (contract number
DEC 35/2022/IDUB/1.1). S.A.B. gratefully acknowledges the financial support from the National Institutes of Health (NIH,
1R01EB027705) and the National Science Foundation (NSF CAREER, DMR 1847843). The authors would like to thank an international
collaboration across several universities that has made this work possible.

References

Benner SA, Ricardo A, Carrigan MA. 12 - Is there a common chemical model for life in the universe. The nature of life: Classical and contemporary perspectives

from philosophy and science 2010:164. https://doi.org/10.1017/CB09780511730191.016.

[2] Pace NR. The universal nature of biochemistry. Proc Natl Acad Sci U S A 2001;98:805-8. https://doi.org/10.1073/pnas.98.3.805.

[3] ShiQ, Deng Z, Hou M, Hu X, Liu S. Engineering precise sequence-defined polymers for advanced functions. Prog Polym Sci 2023;141:101677. https://doi.org/

10.1016/j.progpolymsci.2023.101677.

Ogbonna ND, Dearman M, Cho CT, Bharti B, Peters AJ, et al. Topologically Precise and Discrete Bottlebrush Polymers: Synthesis, Characterization, and

Structure-Property Relationships. JACS Au 2022;2:898-905. https://doi.org/10.1021/jacsau.2¢c00010.

Rana D, Colombani T, Saleh B, Mohammed HS, Annabi N, et al. Engineering injectable, biocompatible, and highly elastic bioadhesive cryogels. Mater Today

Bio 2023;19:100572. https://doi.org/10.1016/j.mtbio.2023.100572.

Wisniewska P, Haponiuk J, Saeb MR, Rabiee N, Bencherif SA. Mitigating Metal-organic framework (MOF) toxicity for biomedical applications. Chem Eng J

2023;471:144400. https://doi.org/10.1016/j.cej.2023.144400.

Colombani T, Bhatt K, Epel B, Kotecha M, Bencherif SA. HIF-stabilizing Biomaterials: from Hypoxia-mimicking to Hypoxia-inducing. Materials Advances 2023;

4:3084-90. https://doi.org/10.1039/D3MA00090G.

Rezaeeyazdi M, Colombani T, Eggermont LJ, Bencherif SA. Engineering hyaluronic acid-based cryogels for CD44-mediated breast tumor reconstruction. Mater

Today Bio 2022;13:100207. https://doi.org/10.1016/j.mtbio.2022.100207.

Bencherif SA, Sands RW, Bhatta D, Arany P, Verbeke CS, et al. Injectable preformed scaffolds with shape-memory properties. Proc Natl Acad Sci U S A 2012;

109:19590-5. https://doi.org/10.1073/pnas.1211516109.

[10] Yazdi MK, Taghizadeh A, Taghizadeh M, Stadler FJ, Farokhi M, et al. Agarose-based biomaterials for advanced drug delivery. J Controlled Release 2020;326:
523-43. https://doi.org/10.1016/j.jconrel.2020.07.028.

[11] Memic A, Rezaeeyazdi M, Villard P, Rogers ZJ, Abdullah T, et al. Effect of polymer concentration on autoclaved cryogel properties. Macromol Mater Eng 2020;
305:1900824. 0.1002/mame.201900824.

[12] Colombani T, Rogers ZJ, Bhatt K, Sinoimeri J, Gerbereux L, et al. Hypoxia-inducing cryogels uncover key cancer-immune cell interactions in an oxygen-
deficient tumor microenvironment. Bioact Mater 2023;29:279-95. https://doi.org/10.1016/j.bioactmat.2023.06.021.

[13] Mahdavi S, Amirsadeghi A, Jafari A, Niknezhad SV, Bencherif SA. Avian Egg: A Multifaceted Biomaterial for Tissue Engineering. Ind Eng Chem Res 2021;60:
17348-64. https://doi.org/10.1021/acs.iecr.1c03085.

[14] Colombani T, Eggermont LJ, Hatfield SM, Rogers ZJ, Rezaeeyazdi M, et al. Oxygen-generating cryogels restore T cell mediated cytotoxicity in hypoxic tumors.
Adv Funct Mater 2021;31:2102234. https://doi.org/10.1002/adfm.202102234.

[15] Colombani T, Eggermont LJ, Rogers ZJ, McKay LGA, Avena LE, et al. Biomaterials and Oxygen Join Forces to Shape the Inmune Response and Boost COVID-19
Vaccines. Adv Sci (Weinh) 2021;8:2100316. https://doi.org/10.1002/advs.202100316.

[16] Abdullah T, Bhatt K, Eggermont LJ, O'Hare N, Memic A, et al. Supramolecular Self-Assembled Peptide-Based Vaccines: Current State and Future Perspectives.
Front Chem 2020;8:598160. https://doi.org/10.3389/fchem.2020.598160.

[17] Kakkar A, Traverso G, Farokhzad OC, Weissleder R, Langer R. Evolution of macromolecular complexity in drug delivery systems. Nat Rev Chem 2017;1:1-17.
https://doi.org/10.1038/541570-017-0063.

[18] Joshi Navare K, Eggermont LJ, Rogers ZJ, Mohammed HS, Colombani T, et al. Antimicrobial Hydrogels: Key Considerations and Engineering Strategies for
Biomedical Applications. In: Li B, Moriarty TF, Webster T, Xing M, editors. Racing for the Surface: Pathogenesis of Implant Infection and Advanced
Antimicrobial Strategies. Cham: Springer International Publishing; 2020. p. 511-42.

[19] Abdullah T, Colombani T, Alade T, Bencherif SA, Memic A. Injectable lignin-co-gelatin cryogels with antioxidant and antibacterial properties for biomedical

applications. Biomacromolecules 2021;22:4110-21. https://doi.org/10.1021/acs.biomac.1c00575.

[1

—

[4

=

[5

=

[6

=

[7

—

[8

=

[9

—

55


https://doi.org/10.1017/CBO9780511730191.016
https://doi.org/10.1073/pnas.98.3.805
https://doi.org/10.1016/j.progpolymsci.2023.101677
https://doi.org/10.1016/j.progpolymsci.2023.101677
https://doi.org/10.1021/jacsau.2c00010
https://doi.org/10.1016/j.mtbio.2023.100572
https://doi.org/10.1016/j.cej.2023.144400
https://doi.org/10.1039/D3MA00090G
https://doi.org/10.1016/j.mtbio.2022.100207
https://doi.org/10.1073/pnas.1211516109
https://doi.org/10.1016/j.jconrel.2020.07.028
https://doi.org/10.1016/j.bioactmat.2023.06.021
https://doi.org/10.1021/acs.iecr.1c03085
https://doi.org/10.1002/adfm.202102234
https://doi.org/10.1002/advs.202100316
https://doi.org/10.3389/fchem.2020.598160
https://doi.org/10.1038/s41570-017-0063
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0090
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0090
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0090
https://doi.org/10.1021/acs.biomac.1c00575

M. Khodadadi Yazdi et al. Progress in Materials Science 143 (2024) 101248

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

[28]
[29]

[30]
[31]
[32]

[33]
[34]

[35]

[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]

[59]

DeStefano AJ, Segalman RA, Davidson EC. Where Biology and Traditional Polymers Meet: The Potential of Associating Sequence-Defined Polymers for
Materials Science. JACS Au 2021;1:1556-71. https://doi.org/10.1021/jacsau.1c00297.

Joshi Navare K, Colombani T, Rezaeeyazdi M, Bassous N, Rana D, et al. Needle-injectable microcomposite cryogel scaffolds with antimicrobial properties. Sci
Rep 2020;10:18370. https://doi.org/10.1038/s41598-020-75196-1.

Kim J, Bencherif SA, Li WA, Mooney DJ. Cell-friendly inverse opal-like hydrogels for a spatially separated co-culture system. Macromol Rapid Commun 2014;
35:1578-86. https://doi.org/10.1002/marc.201400278.

Boulais L, Jellali R, Pereira U, Leclerc E, Bencherif SA, et al. Cryogel-Integrated Biochip for Liver Tissue Engineering. ACS Appl Bio Mater 2021;4:5617-26.
https://doi.org/10.1021/acsabm.1c00425.

Lutz J-F, Lehn J-M, Meijer E, Matyjaszewski K. From precision polymers to complex materials and systems. Nat Rev Mater 2016;1:1-14. https://doi.org/
10.1038/natrevmats.2016.24.

De Neve J, Haven JJ, Maes L, Junkers T. Sequence-definition from controlled polymerization: the next generation of materials. Polym Chem 2018;9:4692-705.
https://doi.org/10.1039/C8PY01190G.

Saeb MR, Mohammadi Y, Rastin H, Kermaniyan TS, Penlidis A. Visualization of bivariate sequence length—chain length distribution in free radical
copolymerization. Macromol Theory Simul 2017;26:1700041. https://doi.org/10.1002/mats.201700041.

Corrigan N, Jung K, Moad G, Hawker CJ, Matyjaszewski K, et al. Reversible-deactivation radical polymerization (Controlled/living radical polymerization):
From discovery to materials design and applications. Prog Polym Sci 2020;111:101311. https://doi.org/10.1016/j.progpolymsci.2020.101311.

Szwarc M. ‘Living’polymers. Nature 1956;178:1168-69. 10.1038/1781168a0.

Gurnani P, Perrier S. Controlled radical polymerization in dispersed systems for biological applications. Prog Polym Sci 2020;102:101209. https://doi.org/
10.1016/j.progpolymsci.2020.101209.

Miiller AH, Matyjaszewski K. Controlled and living polymerizations: From Mechanisms to Applications. Weinheim, Germany: Wiley—-VCH Verlag GmbH & Co;
20009.

Truong NP, Jones GR, Bradford KGE, Konkolewicz D, Anastasaki A. A comparison of RAFT and ATRP methods for controlled radical polymerization. Nat Rev
Chem 2021;5:859-69. https://doi.org/10.1038/s41570-021-00328-8.

Dworakowska S, Lorandi F, Gorczynski A, Matyjaszewski K. Toward Green Atom Transfer Radical Polymerization: Current Status and Future Challenges. Adv
Sci (Weinh) 2022;9:e2106076.

Matyjaszewski K. Advanced Materials by Atom Transfer Radical Polymerization. Adv Mater 2018;30:e1706441.

Wang J-S, Matyjaszewski K. Controlled/* living” radical polymerization. atom transfer radical polymerization in the presence of transition-metal complexes.
J Am Chem Soc 1995;117:5614-5. https://doi.org/10.1021/ja00125a035.

Kato M, Kamigaito M, Sawamoto M, Higashimura T. Polymerization of methyl methacrylate with the carbon tetrachloride/dichlorotris-(triphenylphosphine)
ruthenium (II)/methylaluminum bis (2, 6-di-tert-butylphenoxide) initiating system: possibility of living radical polymerization. Macromolecules 1995;28:
1721-23. 10.1021/ma00109a056.

Zaborniak I, Chmielarz P, Matyjaszewski K. Synthesis of riboflavin-based macromolecules through low ppm ATRP in aqueous media. Macromol Chem Phys
2020;221:1900496. https://doi.org/10.1002/macp.201900496.

Zaborniak I, Chmielarz P, Wolski K. Riboflavin-induced metal-free ATRP of (meth) acrylates. Eur Polym J 2020;140:110055. https://doi.org/10.1016/j.
eurpolym;j.2020.110055.

Chmielarz P, Krys P, Park S, Matyjaszewski K. PEO-b-PNIPAM copolymers via SARA ATRP and eATRP in aqueous media. Polymer 2015;71:143-7. https://doi.
org/10.1016/j.polymer.2015.06.042.

Strover LT, Malmstrom J, Stubbing LA, Brimble MA, Travas-Sejdic J. Electrochemically-controlled grafting of hydrophilic brushes from conducting polymer
substrates. Electrochim Acta 2016;188:57-70. https://doi.org/10.1016/j.electacta.2015.11.106.

Gao H, Matyjaszewski K. Synthesis of star polymers by a combination of ATRP and the “click” coupling method. Macromolecules 2006;39:4960-5. https://doi.
0rg/10.1021/ma060926c.

Li D, Niu X, Yang S, Chen Y, Ran F. Thermo-responsive polysulfone membranes with good anti-fouling property modified by grafting random copolymers via
surface-initiated eATRP. Sep Purif Technol 2018;206:166-76. https://doi.org/10.1016/j.seppur.2018.05.046.

Zhang T, Yeow J, Boyer C. A cocktail of vitamins for aqueous RAFT polymerization in an open-to-air microtiter plate. Polym Chem 2019;10:4643-54. https://
doi.org/10.1039/C9PY00898E.

Corrigan N, Zhernakov L, Hashim MH, Xu J, Boyer C. Flow mediated metal-free PET-RAFT polymerisation for upscaled and consistent polymer production.
React Chem Eng 2019;4:1216-28. https://doi.org/10.1039/C9RE00014C.

Siegwart DJ, Oh JK, Matyjaszewski K. ATRP in the design of functional materials for biomedical applications. Prog Polym Sci 2012;37:18-37. https://doi.org/
10.1016/j.progpolymsci.2011.08.001.

Dashtimoghadam E, Fahimipour F, Keith AN, Vashahi F, Popryadukhin P, et al. Injectable non-leaching tissue-mimetic bottlebrush elastomers as an advanced
platform for reconstructive surgery. Nat Commun 2021;12:3961. https://doi.org/10.1038/s41467-021-23962-8.

Dashtimoghadam E, Maw M, Keith AN, Vashahi F, Kempkes V, et al. Super-soft, firm, and strong elastomers toward replication of tissue viscoelastic response.
Mater Horiz 2022;9:3022-30. https://doi.org/10.1039/d2mh00844k.

Sharma A, Kruteva M. Towards the polymer nanocomposites based on hairy nanoparticles. Front Phys 2022;10:1285. https://doi.org/10.3389/
fphy.2022.1041903.

Wang Y, Matyjaszewski K. Hairy nanoparticles by atom transfer radical polymerization in miniemulsion. React Funct Polym 2022;170:105104. https://doi.
org/10.1016/j.reactfunctpolym.2021.105104.

Kim YG, Wagner M, Therien-Aubin H. Dynamics of Soft and Hairy Polymer Nanoparticles in a Suspension by NMR Relaxation. Macromolecules 2020;53:
844-51. https://doi.org/10.1021/acs.macromol.9b01813.

Pooresmaeil M, Namazi H, Salehi R. Photoluminescent folic acid functionalized biocompatible and stimuli-responsive nanostructured polymer brushes for
targeted and controlled delivery of doxorubicin. Eur Polym J 2021;156:110610. https://doi.org/10.1016/j.eurpolym;j.2021.110610.

Kim HS, Son YJ, Mao W, Leong KW, Yoo HS. Atom Transfer Radical Polymerization of Multishelled Cationic Corona for the Systemic Delivery of siRNA. Nano
Lett 2018;18:314-25. https://doi.org/10.1021/acs.nanolett.7b04183.

Chen X, Lin Z, Feng Y, Tan H, Xu X, et al. Zwitterionic PMCP-Modified Polycaprolactone Surface for Tissue Engineering: Antifouling, Cell Adhesion Promotion,
and Osteogenic Differentiation Properties. Small 2019;15:e1903784.

Sun H, Qiu Y, Liu Q, Wang Q, Huang Y, et al. Ultrasensitive DNA biosensor based on electrochemical atom transfer radical polymerization. Biosens Bioelectron
2019;131:193-9. https://doi.org/10.1016/j.bios.2018.11.029.

Liu Q, Xie H, Liu J, Kong J, Zhang X. A novel electrochemical biosensor for lung cancer-related gene detection based on copper ferrite-enhanced photoinitiated
chain-growth amplification. Anal Chim Acta 2021;1179:338843. https://doi.org/10.1016/j.aca.2021.338843.

Pan X, Fantin M, Yuan F, Matyjaszewski K. Externally controlled atom transfer radical polymerization. Chem Soc Rev 2018;47:5457-90. https://doi.org/
10.1039/¢8cs00259b.

Parkatzidis K, Boner S, Wang HS, Anastasaki A. Photoinduced Iron-Catalyzed ATRP of Renewable Monomers in Low-Toxicity Solvents: A Greener Approach.
ACS Macro Lett 2022;11:841-6. https://doi.org/10.1021/acsmacrolett.2c00302.

Yazdi MK, Jabbour K, Sajadi SM, Esmaeili A. Drug delivery systems based on renewable polymers: A conceptual short review. Polym from Renew Resour 2022;
13:44-54.

Ma Q, Jiang Y, Lin J, Zhang X, Shao H, et al. Organocatalytic orthogonal ATRP and ring-opening polymerization using a single dual-function photocatalyst.
Polym Chem 2022;13:4284-9. https://doi.org/10.1039/D2PY00633B.

Krishnamoorthy M, Hakobyan S, Ramstedt M, Gautrot JE. Surface-initiated polymer brushes in the biomedical field: applications in membrane science,
biosensing, cell culture, regenerative medicine and antibacterial coatings. Chem Rev 2014;114:10976-1026.

56


https://doi.org/10.1021/jacsau.1c00297
https://doi.org/10.1038/s41598-020-75196-1
https://doi.org/10.1002/marc.201400278
https://doi.org/10.1021/acsabm.1c00425
https://doi.org/10.1038/natrevmats.2016.24
https://doi.org/10.1038/natrevmats.2016.24
https://doi.org/10.1039/C8PY01190G
https://doi.org/10.1002/mats.201700041
https://doi.org/10.1016/j.progpolymsci.2020.101311
https://doi.org/10.1016/j.progpolymsci.2020.101209
https://doi.org/10.1016/j.progpolymsci.2020.101209
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0150
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0150
https://doi.org/10.1038/s41570-021-00328-8
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0160
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0160
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0165
https://doi.org/10.1021/ja00125a035
https://doi.org/10.1002/macp.201900496
https://doi.org/10.1016/j.eurpolymj.2020.110055
https://doi.org/10.1016/j.eurpolymj.2020.110055
https://doi.org/10.1016/j.polymer.2015.06.042
https://doi.org/10.1016/j.polymer.2015.06.042
https://doi.org/10.1016/j.electacta.2015.11.106
https://doi.org/10.1021/ma060926c
https://doi.org/10.1021/ma060926c
https://doi.org/10.1016/j.seppur.2018.05.046
https://doi.org/10.1039/C9PY00898E
https://doi.org/10.1039/C9PY00898E
https://doi.org/10.1039/C9RE00014C
https://doi.org/10.1016/j.progpolymsci.2011.08.001
https://doi.org/10.1016/j.progpolymsci.2011.08.001
https://doi.org/10.1038/s41467-021-23962-8
https://doi.org/10.1039/d2mh00844k
https://doi.org/10.3389/fphy.2022.1041903
https://doi.org/10.3389/fphy.2022.1041903
https://doi.org/10.1016/j.reactfunctpolym.2021.105104
https://doi.org/10.1016/j.reactfunctpolym.2021.105104
https://doi.org/10.1021/acs.macromol.9b01813
https://doi.org/10.1016/j.eurpolymj.2021.110610
https://doi.org/10.1021/acs.nanolett.7b04183
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0260
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0260
https://doi.org/10.1016/j.bios.2018.11.029
https://doi.org/10.1016/j.aca.2021.338843
https://doi.org/10.1039/c8cs00259b
https://doi.org/10.1039/c8cs00259b
https://doi.org/10.1021/acsmacrolett.2c00302
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0285
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0285
https://doi.org/10.1039/D2PY00633B
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0295
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0295

M. Khodadadi Yazdi et al. Progress in Materials Science 143 (2024) 101248

[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]

[75]
[76]

[77]
[78]
[79]
[80]
[81]
[82]
[83]

[84]
[85]

[86]
[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]
[97]
[98]
[99]

[100]

Ravelli D, Protti S, Fagnoni M. Carbon-Carbon Bond Forming Reactions via Photogenerated Intermediates. Chem Rev 2016;116:9850-913.

Li CJ. Organic reactions in aqueous media-with a focus on carbon-carbon bond formation. Chem Rev 1993;93:2023-35.

Kharasch M, Engelmann H, Mayo FR. The Peroxide effect in the addition of reagents to unsaturated compounds. XV. The addition of hydrogen bromide to 1-
and 2-bromo-and chloropropenes. J Org Chem 1937;2:288-302. https://doi.org/10.1021/jo01226a011.

De Malde M, Minisci F, Pallini U, Volterra E, Quilico A. Reactions between acrylonitriles and aliphatic halogen derivatives. La Chimica e I'Industria 1956;38:
371-82.

Eckenhoff WT, Pintauer T. Copper catalyzed atom transfer radical addition (ATRA) and cyclization (ATRC) reactions in the presence of reducing agents. Catal
Rev 2010;52:1-59.

Opstal T, Verpoort F. From atom transfer radical addition to atom transfer radical polymerisation of vinyl monomers mediated by ruthenium indenylidene
complexes. New J Chem 2003;27:257-62.

Tang W, Matyjaszewski K. Effect of ligand structure on activation rate constants in ATRP. Macromolecules 2006;39:4953-9. https://doi.org/10.1021/
ma0609634.

Yi Z, Pan K, Jiang L, Zhang J, Dan Y. Copper-based reverse ATRP process of styrene in mixed solvents. Eur Polym J 2007;43:2557-63. https://doi.org/
10.1016/j.eurpolymj.2007.02.040.

Anastasaki A, Nikolaou V, Haddleton DM. Cu (0)-mediated living radical polymerization: recent highlights and applications; a perspective. Polym Chem 2016;
7:1002-26. https://doi.org/10.1039/C5PY01916H.

Gromada J, Matyjaszewski K. Simultaneous reverse and normal initiation in atom transfer radical polymerization. Macromolecules 2001;34:7664-71. https://
doi.org/10.1021/ma010864k.

Bai L, Zhang L, Cheng Z, Zhu X. Activators generated by electron transfer for atom transfer radical polymerization: recent advances in catalyst and polymer
chemistry. Polym Chem 2012;3:2685-97. https://doi.org/10.1039/C2PY20286G.

Yeow J, Chapman R, Gormley AJ, Boyer C. Up in the air: oxygen tolerance in controlled/living radical polymerisation. Chem Soc Rev 2018;47:4357-87.
https://doi.org/10.1039/c7cs00587c.

Jakubowski W, Min K, Matyjaszewski K. Activators regenerated by electron transfer for atom transfer radical polymerization of styrene. Macromolecules 2006;
39:39-45.

Jakubowski W, Matyjaszewski K. Activators regenerated by electron transfer for atom-transfer radical polymerization of (meth)acrylates and related block
copolymers. Angew Chem Int Ed Engl 2006;45:4482-6.

Min K, Gao H, Matyjaszewski K. Use of ascorbic acid as reducing agent for synthesis of well-defined polymers by ARGET ATRP. Macromolecules 2007;40:
1789-91.

Krys P, Matyjaszewski K. Kinetics of atom transfer radical polymerization. Eur Polym J 2017;89:482-523.

Matyjaszewski K, Tsarevsky NV, Braunecker WA, Dong H, Huang J, et al. Role of Cu0 in controlled/“living” radical polymerization. Macromolecules 2007;40:
7795-806.

Konkolewicz D, Krys P, Gdis JR, Mendonca PV, Zhong M, et al. Aqueous RDRP in the presence of Cu0: The exceptional activity of Cul confirms the SARA ATRP
mechanism. Macromolecules 2014;47(560-70). https://doi.org/10.1021/ma4022983.

Magenau AJ, Kwak Y, Matyjaszewski K. ATRP of methacrylates utilizing CullX2/L and copper wire. Macromolecules 2010;43:9682-9. https://doi.org/
10.1021/mal02051q.

Williams VA, Ribelli TG, Chmielarz P, Park S, Matyjaszewski K. A silver bullet: Elemental silver as an efficient reducing agent for atom transfer radical
polymerization of acrylates. J Am Chem Soc 2015;137:1428-31.

Zhang Y, Wang Y, Matyjaszewski K. ATRP of methyl acrylate with metallic zinc, magnesium, and iron as reducing agents and supplemental activators.
Macromolecules 2011;44:683-5. https://doi.org/10.1021/mal102492c.

Abreu CMR, Mendonca PV, Serra AC, Popov AV, Matyjaszewski K, et al. Inorganic Sulfites: Efficient Reducing Agents and Supplemental Activators for Atom
Transfer Radical Polymerization. ACS Macro Lett 2012;1:1308-11.

Goéis JR, Konkolewic D, Popov AV, Guliashvili T, Matyjaszewski K, et al. Improvement of the control over SARA ATRP of 2-(diisopropylamino) ethyl
methacrylate by slow and continuous addition of sodium dithionite. Polym Chem 2014;5:4617-26.

Aghazadeh H, Yazdi MK, Kolahi A, Yekani M, Zarrintaj P, et al. Synthesis, characterization and performance enhancement of dry polyaniline-coated
neuroelectrodes for electroencephalography measurement. Curr Appl Phys 2021;27:43-50.

Magenau AJ, Strandwitz NC, Gennaro A, Matyjaszewski K. Electrochemically mediated atom transfer radical polymerization. Science 2011;332:81-4.
Bortolamei N, Isse AA, Magenau AJ, Gennaro A, Matyjaszewski K. Controlled aqueous atom transfer radical polymerization with electrochemical generation of
the active catalyst. Angew Chem Int Ed Engl 2011;50:11391-4.

Li B, Yu B, Huck WT, Zhou F, Liu W. Electrochemically induced surface-initiated atom-transfer radical polymerization. Angew Chem 2012;124:5182-5.
https://doi.org/10.1002/anie.201201533.

Park S, Chmielarz P, Gennaro A, Matyjaszewski K. Simplified electrochemically mediated atom transfer radical polymerization using a sacrificial anode.
Angew Chem Int Ed Engl 2015;54:2388-92.

Chmielarz P, Fantin M, Park S, Isse AA, Gennaro A, et al. Electrochemically mediated atom transfer radical polymerization (eATRP). Prog Polym Sci 2017;69:
47-78. https://doi.org/10.1016/j.progpolymsci.2017.02.005.

Dadashi-Silab S, Lee I-H, Anastasaki A, Lorandi F, Narupai B, et al. Investigating temporal control in photoinduced atom transfer radical polymerization.
Macromolecules 2020;53:5280-8. https://doi.org/10.1021/acs.macromol.0c00888.

Aydogan C, Yilmaz G, Shegiwal A, Haddleton DM, Yagci Y. Photo-induced Controlled/Living Polymerizations. Angew Chem Int Ed 2022. https://doi.org/
10.1002/anie.202117377.

Pan X, Tasdelen MA, Laun J, Junkers T, Yagci Y, et al. Photomediated controlled radical polymerization. Prog Polym Sci 2016;62:73-125. https://doi.org/
10.1016/j.progpolymsci.2016.06.005.

Dadashi-Silab S, Doran S, Yagci Y. Photoinduced Electron Transfer Reactions for Macromolecular Syntheses. Chem Rev 2016;116:10212-75. https://doi.org/
10.1021/acs.chemrev.5b00586.

Fors BP, Hawker CJ. Control of a living radical polymerization of methacrylates by light. Angew Chem Int Ed Engl 2012;51:8850--3. https://doi.org/10.1002/
anie.201203639.

Razeghi R, Kazemi F, Nikfarjam N, Shariati Y, Kaboudin B. Visible photo-induced catalyst-free polymerization via in situ prepared dibromide. Eur Polym J
2021;144:110195. https://doi.org/10.1016/j.eurpolymj.2020.110195.

Treat NJ, Sprafke H, Kramer JW, Clark PG, Barton BE, et al. Metal-free atom transfer radical polymerization. J Am Chem Soc 2014;136:16096-101. https://
doi.org/10.1021/ja510389m.

Discekici EH, Anastasaki A, Read de Alaniz J, Hawker CJ. Evolution and future directions of metal-free atom transfer radical polymerization. Macromolecules
2018;51:7421-34. https://doi.org/10.1021/acs.macromol.8b01401.

Ma Q, Song J, Zhang X, Jiang Y, Ji L, et al. Metal-free atom transfer radical polymerization with ppm catalyst loading under sunlight. Nat Commun 2021;12:
429. https://doi.org/10.1038/5s41467-020-20645-8.

Miyake GM, Theriot JC. Perylene as an organic photocatalyst for the radical polymerization of functionalized vinyl monomers through oxidative quenching
with alkyl bromides and visible light. Macromolecules 2014;47:8255-61. https://doi.org/10.1021/ma502044f.

Corbin DA, Miyake GM. Photoinduced Organocatalyzed Atom Transfer Radical Polymerization (O-ATRP): Precision Polymer Synthesis Using Organic
Photoredox Catalysis. Chem Rev 2022;122:1830-74. https://doi.org/10.1021/acs.chemrev.1c00603.

Ribelli TG, Konkolewicz D, Bernhard S, Matyjaszewski K. How are radicals (re) generated in photochemical ATRP? J Am Chem Soc 2014;136:13303-12.
https://doi.org/10.1021/ja506379s.

57


http://refhub.elsevier.com/S0079-6425(24)00017-3/h0300
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0305
https://doi.org/10.1021/jo01226a011
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0315
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0315
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0320
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0320
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0325
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0325
https://doi.org/10.1021/ma0609634
https://doi.org/10.1021/ma0609634
https://doi.org/10.1016/j.eurpolymj.2007.02.040
https://doi.org/10.1016/j.eurpolymj.2007.02.040
https://doi.org/10.1039/C5PY01916H
https://doi.org/10.1021/ma010864k
https://doi.org/10.1021/ma010864k
https://doi.org/10.1039/C2PY20286G
https://doi.org/10.1039/c7cs00587c
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0360
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0360
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0365
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0365
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0370
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0370
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0375
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0380
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0380
https://doi.org/10.1021/ma4022983
https://doi.org/10.1021/ma102051q
https://doi.org/10.1021/ma102051q
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0395
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0395
https://doi.org/10.1021/ma102492c
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0405
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0405
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0410
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0410
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0415
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0415
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0420
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0425
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0425
https://doi.org/10.1002/anie.201201533
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0435
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0435
https://doi.org/10.1016/j.progpolymsci.2017.02.005
https://doi.org/10.1021/acs.macromol.0c00888
https://doi.org/10.1002/anie.202117377
https://doi.org/10.1002/anie.202117377
https://doi.org/10.1016/j.progpolymsci.2016.06.005
https://doi.org/10.1016/j.progpolymsci.2016.06.005
https://doi.org/10.1021/acs.chemrev.5b00586
https://doi.org/10.1021/acs.chemrev.5b00586
https://doi.org/10.1002/anie.201203639
https://doi.org/10.1002/anie.201203639
https://doi.org/10.1016/j.eurpolymj.2020.110195
https://doi.org/10.1021/ja510389m
https://doi.org/10.1021/ja510389m
https://doi.org/10.1021/acs.macromol.8b01401
https://doi.org/10.1038/s41467-020-20645-8
https://doi.org/10.1021/ma502044f
https://doi.org/10.1021/acs.chemrev.1c00603
https://doi.org/10.1021/ja506379s

M. Khodadadi Yazdi et al. Progress in Materials Science 143 (2024) 101248

[101] Ribelli TG, Konkolewicz D, Pan X, Matyjaszewski K. Contribution of photochemistry to activator regeneration in ATRP. Macromolecules 2014;47:6316-21.
https://doi.org/10.1021/ma501384q.

[102] Ash C, Dubec M, Donne K, Bashford T. Effect of wavelength and beam width on penetration in light-tissue interaction using computational methods. Lasers
Med Sci 2017;32:1909-18. https://doi.org/10.1007/s10103-017-2317-4.

[103] Dai L, Liu M, Long W, Hu X, Ouyang H, et al. Synthesis of water dispersible and biocompatible nanodiamond composite via photocatalytic surface grafting of
zwitterionic polymers for intracellular delivery of DOX. Mater Today Commun 2022;30:103010. https://doi.org/10.1016/j.mtcomm.2021.103010.

[104] Sordillo LA, Pu Y, Pratavieira S, Budansky Y, Alfano RR. Deep optical imaging of tissue using the second and third near-infrared spectral windows. J Biomed
Opt 2014;19:056004. https://doi.org/10.1117/1.JB0.19.5.056004.

[105] Wu Z, Jung K, Boyer C. Effective Utilization of NIR Wavelengths for Photo-Controlled Polymerization: Penetration Through Thick Barriers and Parallel Solar
Syntheses. Angew Chem 2020;132:2029-33. https://doi.org/10.1002/anie.201912484.

[106] Zarrintaj P, Ahmadi Z, Hosseinnezhad M, Saeb MR, Laheurte P, et al. Photosensitizers in medicine: Does nanotechnology make a difference? Mater Today: Proc
2018;5:15836-44. https://doi.org/10.1016/j.matpr.2018.05.082.

[107] Wang K, Pena J, Xing J. Upconversion Nanoparticle-Assisted Photopolymerization. Photochem Photobiol 2020;96:741-9. https://doi.org/10.1111/
php.13249.

[108] Chen G, Qiu H, Prasad PN, Chen X. Upconversion nanoparticles: design, nanochemistry, and applications in theranostics. Chem Rev 2014;114:5161-214.
https://doi.org/10.1021/cr400425h.

[109] Wen S, Zhou J, Zheng K, Bednarkiewicz A, Liu X, et al. Advances in highly doped upconversion nanoparticles. Nat Commun 2018;9:2415. https://doi.org/
10.1038/541467-018-04813-5.

[110] Wu S, Butt HJ. Near-Infrared-Sensitive Materials Based on Upconverting Nanoparticles. Adv Mater 2016;28:1208-26. https://doi.org/10.1002/
adma.201502843.

[111] Chen S, Weitemier AZ, Zeng X, He L, Wang X, et al. Near-infrared deep brain stimulation via upconversion nanoparticle-mediated optogenetics. Science 2018;
359:679-84. https://doi.org/10.1126/science.aaql144.

[112] Zheng B, Su L, Pan H, Hou B, Zhang Y, et al. NIR-Remote Selected Activation Gene Expression in Living Cells by Upconverting Microrods. Adv Mater 2016;28:
707-14. https://doi.org/10.1002/adma.201503961.

[113] Zhang W, He J, Lv C, Wang Q, Pang X, et al. Atom transfer radical polymerization driven by near-infrared light with recyclable upconversion nanoparticles.
Macromolecules 2020;53:4678-84. https://doi.org/10.1021/acs.macromol.0c00850.

[114] Shanmugam S, Xu S, Adnan NNM, Boyer C. Heterogeneous photocatalysis as a means for improving recyclability of organocatalyst in “Living” radical
polymerization. Macromolecules 2018;51:779-90. https://doi.org/10.1021/acs.macromol.7b02215.

[115] Chu Y, Corrigan N, Wu C, Boyer C, Xu J. A process for well-defined polymer synthesis through textile dyeing inspired catalyst immobilization. ACS Sustain
Chem Eng 2018;6:15245-53. https://doi.org/10.1021/acssuschemeng.8b03726.

[116] Chen M, Deng S, Gu Y, Lin J, MacLeod MJ, et al. Logic-Controlled Radical Polymerization with Heat and Light: Multiple-Stimuli Switching of Polymer Chain
Growth via a Recyclable, Thermally Responsive Gel Photoredox Catalyst. J Am Chem Soc 2017;139:2257-66. https://doi.org/10.1021/jacs.6b10345.

[117] Dadashi-Silab S, Lorandi F, DiTucci MJ, Sun M, Szczepaniak G, et al. Conjugated cross-linked phenothiazines as green or red light heterogeneous photocatalysts
for copper-catalyzed atom transfer radical polymerization. J Am Chem Soc 2021;143:9630-8. https://doi.org/10.1021/jacs.1c04428.

[118] Lee JM, Cooper Al. Advances in Conjugated Microporous Polymers. Chem Rev 2020;120:2171-214. https://doi.org/10.1021/acs.chemrev.9b00399.

[119] Yazdi MK, Saeidi H, Zarrintaj P, Saeb MR, Mozafari M. PANI-CNT nanocomposites. Fundamentals and Emerging Applications of Polyaniline: Elsevier; 2019.
p. 143-63.

[120] Zarrintaj P, Yazdi MK, Jouyandeh M, Saeb MR. PANI-based nanostructures. Fundamentals and Emerging Applications of Polyaniline: Elsevier; 2019.
p. 121-30.

[121] Kiitahya C, Wang P, Li S, Liu S, Li J, et al. Carbon dots as a promising green photocatalyst for free radical and ATRP-based radical photopolymerization with
blue LEDs. Angew Chem Int Ed 2020;59:3166-71. https://doi.org/10.1002/anie.201912343.

[122] Kumar ARS, Padmakumar A, Kalita U, Samanta S, Baral A, et al. Ultrasonics in Polymer Science; Applications and Challenges. Prog Mater Sci 2023;101113.
https://doi.org/10.1016/j.pmatsci.2023.101113.

[123] Zaborniak I, Surmacz K, Chmielarz P. Synthesis of sugar-based macromolecules via sono-ATRP in miniemulsion. Polym Adv Technol 2020;31:1972-9. https://
doi.org/10.1002/pat.4921.

[124] Wang Z, Pan X, Li L, Fantin M, Yan J, et al. Enhancing mechanically induced ATRP by promoting interfacial electron transfer from piezoelectric nanoparticles
to Cu catalysts. Macromolecules 2017;50:7940-48. 10.1021 /acs.macromol.7b01597.

[125] Abi Ghanem M, Basu A, Behrou R, Boechler N, Boydston AJ, et al. The role of polymer mechanochemistry in responsive materials and additive manufacturing.
Nat Rev Mater 2021;6:84-98. https://doi.org/10.1038/s41578-020-00249-w.

[126] Shi Z, Wu J, Song Q, Gostl R, Herrmann A. Toward Drug Release Using Polymer Mechanochemical Disulfide Scission. J Am Chem Soc 2020;142:14725-32.
https://doi.org/10.1021/jacs.0c07077.

[127] Shen H, Larsen MB, Roessler AG, Zimmerman PM, Boydston AJ. Mechanochemical Release of N-Heterocyclic Carbenes from Flex-Activated Mechanophores.
Angew Chem Int Ed Engl 2021;60:13559-63. https://doi.org/10.1002/anie.202100576.

[128] Turksoy A, Yildiz D, Aydonat S, Beduk T, Canyurt M, et al. Mechanochemical generation of singlet oxygen. RSC Adv 2020;10:9182-6. https://doi.org/
10.1039/d0ra00831a.

[129] Huo S, Zhao P, Shi Z, Zou M, Yang X, et al. Mechanochemical bond scission for the activation of drugs. Nat Chem 2021;13:131-219. https://doi.org/10.1038/
$41557-020-00624-8.

[130] Hu X, Zeng T, Husic CC, Robb MJ. Mechanically Triggered Small Molecule Release from a Masked Furfuryl Carbonate. J Am Chem Soc 2019;141:15018-23.
https://doi.org/10.1021/jacs.9b08663.

[131] SunY, Neary WJ, Burke ZP, Qian H, Zhu L, et al. Mechanically Triggered Carbon Monoxide Release with Turn-On Aggregation-Induced Emission. J Am Chem
Soc 2022;144:1125-2119. https://doi.org/10.1021/jacs.1¢12108.

[132] Kim G, Wu Q, Chu JL, Smith EJ, Oelze ML, et al. Ultrasound controlled mechanophore activation in hydrogels for cancer therapy. Proc Natl Acad Sci U S A
2022;119. https://doi.org/10.1073/pnas.2109791119.

[133] Versaw BA, Zeng T, Hu X, Robb MJ. Harnessing the Power of Force: Development of Mechanophores for Molecular Release. J Am Chem Soc 2021;143:
21461-73. https://doi.org/10.1021/jacs.1c11868.

[134] Kiing R, Gostl R, Schmidt BM. Release of Molecular Cargo from Polymer Systems by Mechanochemistry. Chem Eur J 2021:e202103860. 10.1002/
chem.202103860.

[135] Kung R, Pausch T, Rasch D, Gostl R, Schmidt BM. Mechanochemical Release of Non-Covalently Bound Guests from a Polymer-Decorated Supramolecular Cage.
Angew Chem Int Ed Engl 2021;60:13626-30. https://doi.org/10.1002/anie.202102383.

[136] Ribelli TG, Lorandi F, Fantin M, Matyjaszewski K. Atom Transfer Radical Polymerization: Billion Times More Active Catalysts and New Initiation Systems.
Macromol Rapid Commun 2019;40:e1800616.

[137] Bennett MR, Gurnani P, Hill PJ, Alexander C, Rawson FJ. Iron-Catalysed Radical Polymerisation by Living Bacteria. Angew Chem Int Ed Engl 2020;59:
4750-5475. https://doi.org/10.1002/anie.201915084.

[138] Divandari M, Pollard J, Dehghani E, Bruns N, Benetti EM. Controlling Enzymatic Polymerization from Surfaces with Switchable Bioaffinity.
Biomacromolecules 2017;18:4261-70. https://doi.org/10.1021/acs.biomac.7b01313.

[139] An Z, Li R, Kong W. Enzyme Catalysis for Reversible Deactivation Radical Polymerization. Angew Chem 2022. https://doi.org/10.1002/ange.202202033.

[140] Shokri Z, Seidi F, Saeb MR, Jin Y, Li C, et al. Elucidating the impact of enzymatic modifications on the structure, properties, and applications of cellulose,
chitosan, starch and their derivatives: a review. Mater Today Chem 2022;24:100780. https://doi.org/10.1016/j.mtchem.2022.100780.

58


https://doi.org/10.1021/ma501384q
https://doi.org/10.1007/s10103-017-2317-4
https://doi.org/10.1016/j.mtcomm.2021.103010
https://doi.org/10.1117/1.JBO.19.5.056004
https://doi.org/10.1002/anie.201912484
https://doi.org/10.1016/j.matpr.2018.05.082
https://doi.org/10.1111/php.13249
https://doi.org/10.1111/php.13249
https://doi.org/10.1021/cr400425h
https://doi.org/10.1038/s41467-018-04813-5
https://doi.org/10.1038/s41467-018-04813-5
https://doi.org/10.1002/adma.201502843
https://doi.org/10.1002/adma.201502843
https://doi.org/10.1126/science.aaq1144
https://doi.org/10.1002/adma.201503961
https://doi.org/10.1021/acs.macromol.0c00850
https://doi.org/10.1021/acs.macromol.7b02215
https://doi.org/10.1021/acssuschemeng.8b03726
https://doi.org/10.1021/jacs.6b10345
https://doi.org/10.1021/jacs.1c04428
https://doi.org/10.1021/acs.chemrev.9b00399
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0595
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0595
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0600
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0600
https://doi.org/10.1002/anie.201912343
https://doi.org/10.1016/j.pmatsci.2023.101113
https://doi.org/10.1002/pat.4921
https://doi.org/10.1002/pat.4921
https://doi.org/10.1038/s41578-020-00249-w
https://doi.org/10.1021/jacs.0c07077
https://doi.org/10.1002/anie.202100576
https://doi.org/10.1039/d0ra00831a
https://doi.org/10.1039/d0ra00831a
https://doi.org/10.1038/s41557-020-00624-8
https://doi.org/10.1038/s41557-020-00624-8
https://doi.org/10.1021/jacs.9b08663
https://doi.org/10.1021/jacs.1c12108
https://doi.org/10.1073/pnas.2109791119
https://doi.org/10.1021/jacs.1c11868
https://doi.org/10.1002/anie.202102383
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0680
http://refhub.elsevier.com/S0079-6425(24)00017-3/h0680
https://doi.org/10.1002/anie.201915084
https://doi.org/10.1021/acs.biomac.7b01313
https://doi.org/10.1002/ange.202202033
https://doi.org/10.1016/j.mtchem.2022.100780

M. Khodadadi Yazdi et al. Progress in Materials Science 143 (2024) 101248

[141]
[142]

[143]

[144]
[145]
[146]
[147]
[148]
[149]
[150]
[151]
[152]
[153]
[154]
[155]
[156]
[157]
[158]
[159]

[160]

[161]

[162]
[163]

[164]
[165]
[166]
[167]
[168]
[169]
[170]
[171]

[172]
[173]

[174]
[175]
[176]
[177]
[178]

[179]

Pollard J, Rifaie-Graham O, Raccio S, Davey A, Balog S, et al. Biocatalytically initiated precipitation atom transfer radical polymerization (ATRP) as a
quantitative method for hemoglobin detection in biological fluids. Anal Chem 2019;92:1162-70. https://doi.org/10.1021/acs.analchem.9b04290.

Zhang A, Meng X, Bao C, Zhang Q. In situ synthesis of protein-loaded hydrogels via biocatalytic ATRP. Polym Chem 2020;11:1525-32. https://doi.org/
10.1039/C9PY01815H.

Moncalvo F, Lacroce E, Franzoni G, Altomare A, Fasoli E, et al. Protein-friendly atom transfer radical polymerisation of glycerol (monomethacrylate) in buffer
solution for the synthesis of a new class of polymer bioconjugates. React Funct Polym 2022;175:105264. https://doi.org/10.1016/j.
reactfunctpolym.2022.105264.

Matyjaszewski K, Tsarevsky NV. Macromolecular engineering by atom transfer radical polymerization. J Am Chem Soc 2014;136:6513-33. https://doi.org/
10.1021/ja408069v.

Whitfield R, Parkatzidis K, Bradford KG, Truong NP, Konkolewicz D, et al. Low ppm CuBr-triggered atom transfer radical polymerization under mild
conditions. Macromolecules 2021;54:3075-83. https://doi.org/10.1021/acs.macromol.0c02519.

Parkatzidis K, Truong NP, Whitfield R, Campi CE, Grimm-Lebsanft B, et al. Oxygen-Enhanced Atom Transfer Radical Polymerization through the Formation of
a Copper Superoxido Complex. J Am Chem Soc 2023;145:1906-15. https://doi.org/10.1021/jacs.2¢11757.

Wang J-S, Matyjaszewski K. “ Living”/controlled radical polymerization. Transition-metal-catalyzed atom transfer radical polymerization in the presence of a
conventional radical initiator. Macromolecules 1995;28:7572-753. https://doi.org/10.1021/ma00126a041.

Matyjaszewski K, Coca S, Gaynor SG, Wei M, Woodworth BE. Zerovalent metals in controlled/“living” radical polymerization. Macromolecules 1997;30:
7348-50. https://doi.org/10.1021/ma971258l.

Jakubowski W, Matyjaszewski K. Activator generated by electron transfer for atom transfer radical polymerization. Macromolecules 2005;38:4139-46.
https://doi.org/10.1021/ma0473891.

Matyjaszewski K, Dong H, Jakubowski W, Pietrasik J, Kusumo A. Grafting from surfaces for “everyone”: ARGET ATRP in the presence of air. Langmuir 2007;
23:4528-31. https://doi.org/10.1021/1a063402e.

Matyjaszewski K, Jakubowski W, Min K, Tang W, Huang J, et al. Diminishing catalyst concentration in atom transfer radical polymerization with reducing
agents. Proc Natl Acad Sci U S A 2006;103:15309-14. https://doi.org/10.1073/pnas.0602675103.

Tasdelen MA, Uygun M, Yagci Y. Photoinduced controlled radical polymerization. Macromol Rapid Commun 2011;32:58-62. https://doi.org/10.1002/
marc.201000351.

Szczepaniak G, Lagodzinska M, Dadashi-Silab S, Gorczynski A, Matyjaszewski K. Fully oxygen-tolerant atom transfer radical polymerization triggered by
sodium pyruvate. Chem Sci 2020;11:8809-16. https://doi.org/10.1039/d0sc03179h.

Zeng L-L, Xie W-Y, Yang C-X, Liang E, Wang G-X. Photomediated atom transfer radical polymerization of MMA under long-wavelength light irradiation. Iran
Polym J 2018;27:881-7. https://doi.org/10.1007/s13726-018-0661-2.

Cole JP, Federico CR, Lim CH, Miyake GM. Photoinduced Organocatalyzed Atom Transfer Radical Polymerization Using Low ppm Catalyst Loading.
Macromolecules 2019;52:747-54. https://doi.org/10.1021/acs.macromol.8b02688.

Wang Z, Wang Z, Pan X, Fu L, Lathwal S, et al. Ultrasonication-Induced Aqueous Atom Transfer Radical Polymerization. ACS Macro Lett 2018;7:275-80.
https://doi.org/10.1021/acsmacrolett.8b00027.

Mohapatra H, Kleiman M, Esser-Kahn AP. Mechanically controlled radical polymerization initiated by ultrasound. Nat Chem 2017;9:135-219. https://doi.org/
10.1038/nchem.2633.

Enciso AE, Fu L, Lathwal S, Olszewski M, Wang Z, et al. Biocatalytic “Oxygen-Fueled” Atom Transfer Radical Polymerization. Angew Chem Int Ed Engl 2018;
57:16157-61. https://doi.org/10.1002/anie.201809018.

Enciso AE, Fu L, Russell AJ, Matyjaszewski K. A Breathing Atom-Transfer Radical Polymerization: Fully Oxygen-Tolerant Polymerization Inspired by Aerobic
Respiration of Cells. Angew Chem Int Ed Engl 2018;57:933-96. https://doi.org/10.1002/anie.201711105.

Siegwart DJ, Bencherif SA, Srinivasan A, Hollinger JO, Matyjaszewski K. Synthesis, characterization, and in vitro cell culture viability of degradable poly (N-
isopropylacrylamide-co-5, 6-benzo-2-methylene-1, 3-dioxepane)-based polymers and crosslinked gels. J Biomed Mater Res A 2008;87:345-58. https://doi.org/
10.1002/jbm.a.31708.

Tsarevsky NV, Bencherif SA, Matyjaszewski K. Graft copolymers by a combination of ATRP and two different consecutive click reactions. Macromolecules
2007;40:4439-45. https://doi.org/10.1021/ma070705m.

Lapienis G. Star-shaped polymers having PEO arms. Prog Polym Sci 2009;34:852-92. https://doi.org/10.1016/j.progpolymsci.2009.04.006.

Cameron DJ, Shaver MP. Aliphatic polyester polymer stars: synthesis, properties and applications in biomedicine and nanotechnology. Chem Soc Rev 2011;40:
1761-76. https://doi.org/10.1039/c0cs00091d.

Yoon JA, Bencherif SA, Aksak B, Kim EK, Kowalewski T, et al. Thermoresponsive hydrogel scaffolds with tailored hydrophilic pores. Chem Asian J 2011;6:
128-36. https://doi.org/10.1002/asia.201000514.

Wu W, Wang W, Li J. Star polymers: Advances in biomedical applications. Prog Polym Sci 2015;46:55-85. https://doi.org/10.1016/j.
progpolymsci.2015.02.002.

Bencherif SA, Gao H, Srinivasan A, Siegwart DJ, Hollinger JO, et al. Cell-adhesive star polymers prepared by ATRP. Biomacromolecules 2009;10:1795-803.
https://doi.org/10.1021/bm900213u.

Vrijsen JH, Van de Reydt E, Junkers T. Tunable thermoresponsive p-cyclodextrin-based star polymers. J Polym Sci 2020;58:3402-10. https://doi.org/10.1002/
pol.20200634.

Cuthbert J, Yerneni SS, Sun M, Fu T, Matyjaszewski K. Degradable Polymer Stars Based on Tannic Acid Cores by ATRP. Polymers (Basel) 2019;11:752. https://
doi.org/10.3390/polym11050752.

Wu D, Zhou J, Creyer MN, Yim W, Chen Z, et al. Phenolic-enabled nanotechnology: versatile particle engineering for biomedicine. Chem Soc Rev 2021;50:
4432-83. https://doi.org/10.1039/d0cs00908c.

Shieh P, Hill MR, Zhang W, Kristufek SL, Johnson JA. Clip chemistry: diverse (bio)(macro) molecular and material function through breaking covalent bonds.
Chem Rev 2021. https://doi.org/10.1021/acs.chemrev.0c01282.

Abbasi E, Aval SF, Akbarzadeh A, Milani M, Nasrabadi HT, et al. Dendrimers: synthesis, applications, and properties. Nanoscale Res Lett 2014;9:247. https://
doi.org/10.1186/1556-276X-9-247.

Mintzer MA, Grinstaff MW. Biomedical applications of dendrimers: a tutorial. Chem Soc Rev 2011;40:173-90. https://doi.org/10.1039/b901839p.
Abdel-Sayed P, Kaeppeli A, Siriwardena T, Darbre T, Perron K, et al. Anti-microbial dendrimers against multidrug-resistant P. aeruginosa enhance the
angiogenic effect of biological burn-wound bandages. Sci Rep 2016;6:1-11. https://doi.org/10.1038/srep22020.

Sandoval-Yanez C, Castro RC. Dendrimers: Amazing Platforms for Bioactive Molecule Delivery Systems. Materials (Basel) 2020;13:570. https://doi.org/
10.3390/ma13030570.

Zheng L, Seidi F, Liu Y, Wu W, Xiao H. Polymer-based and stimulus-responsive carriers for controlled release of agrochemicals. Eur Polym J 2022:111432.
https://doi.org/10.1016/j.eurpolym;j.2022.111432.

Xue Y, Bai H, Peng B, Fang B, Baell J, et al. Stimulus-cleavable chemistry in the field of controlled drug delivery. Chem Soc Rev 2021;50:4872-931. https://doi.
0rg/10.1039/d0cs01061h.

Verduzco R, Li X, Pesek SL, Stein GE. Structure, function, self-assembly, and applications of bottlebrush copolymers. Chem Soc Rev 2015;44:2405-20. https://
doi.org/10.1039/C4CS00329B.

Zhou C, Hou G, Wang L, Chen W, Cheng J. Synthesis and micellar property of amphiphilic brush-arm star copolymers via living ROMP. Polymer 2021::123951.
https://doi.org/10.1016/j.polymer.2021.123951.

Radzinski SC, Foster JC, Chapleski Jr RC, Troya D, Matson JB. Bottlebrush polymer synthesis by ring-opening metathesis polymerization: the significance of
the anchor group. J Am Chem Soc 2016;138:6998-7004. https://doi.org/10.1021/jacs.5b13317.

59


https://doi.org/10.1021/acs.analchem.9b04290
https://doi.org/10.1039/C9PY01815H
https://doi.org/10.1039/C9PY01815H
https://doi.org/10.1016/j.reactfunctpolym.2022.105264
https://doi.org/10.1016/j.reactfunctpolym.2022.105264
https://doi.org/10.1021/ja408069v
https://doi.org/10.1021/ja408069v
https://doi.org/10.1021/acs.macromol.0c02519
https://doi.org/10.1021/jacs.2c11757
https://doi.org/10.1021/ma00126a041
https://doi.org/10.1021/ma971258l
https://doi.org/10.1021/ma047389l
https://doi.org/10.1021/la063402e
https://doi.org/10.1073/pnas.0602675103
https://doi.org/10.1002/marc.201000351
https://doi.org/10.1002/marc.201000351
https://doi.org/10.1039/d0sc03179h
https://doi.org/10.1007/s13726-018-0661-2
https://doi.org/10.1021/acs.macromol.8b02688
https://doi.org/10.1021/acsmacrolett.8b00027
https://doi.org/10.1038/nchem.2633
https://doi.org/10.1038/nchem.2633
https://doi.org/10.1002/anie.201809018
https://doi.org/10.1002/anie.201711105
https://doi.org/10.1002/jbm.a.31708
https://doi.org/10.1002/jbm.a.31708
https://doi.org/10.1021/ma070705m
https://doi.org/10.1016/j.progpolymsci.2009.04.006
https://doi.org/10.1039/c0cs00091d
https://doi.org/10.1002/asia.201000514
https://doi.org/10.1016/j.progpolymsci.2015.02.002
https://doi.org/10.1016/j.progpolymsci.2015.02.002
https://doi.org/10.1021/bm900213u
https://doi.org/10.1002/pol.20200634
https://doi.org/10.1002/pol.20200634
https://doi.org/10.3390/polym11050752
https://doi.org/10.3390/polym11050752
https://doi.org/10.1039/d0cs00908c
https://doi.org/10.1021/acs.chemrev.0c01282
https://doi.org/10.1186/1556-276X-9-247
https://doi.org/10.1186/1556-276X-9-247
https://doi.org/10.1039/b901839p
https://doi.org/10.1038/srep22020
https://doi.org/10.3390/ma13030570
https://doi.org/10.3390/ma13030570
https://doi.org/10.1016/j.eurpolymj.2022.111432
https://doi.org/10.1039/d0cs01061h
https://doi.org/10.1039/d0cs01061h
https://doi.org/10.1039/C4CS00329B
https://doi.org/10.1039/C4CS00329B
https://doi.org/10.1016/j.polymer.2021.123951
https://doi.org/10.1021/jacs.5b13317

M. Khodadadi Yazdi et al. Progress in Materials Science 143 (2024) 101248

[180] Wu Y, Tang Q, Zhang M, Li Z, Zhu W, et al. Synthesis of bottlebrush polymers with v-shaped side chains. Polymer 2018;143:190-219. https://doi.org/
10.1016/j.polymer.2018.02.001.

[181] Yazdi MK, Sajadi SM, Seidi F, Rabiee N, Fatahi Y, et al. Clickable Polysaccharides for Biomedical Applications: A Comprehensive Review. Prog Polym Sci 2022::
101590. https://doi.org/10.1016/j.progpolymsci.2022.101590.

[182] Gao H, Matyjaszewski K. Synthesis of molecular brushes by “grafting onto” method: combination of ATRP and click reactions. J Am Chem Soc 2007;129:
6633-69. https://doi.org/10.1021/ja0711617.

[183] Nese A, Li Y, Sheiko SS, Matyjaszewski K. Synthesis of Molecular Bottlebrushes by Atom Transfer Radical Polymerization with ppm Amounts of Cu Catalyst.
ACS Macro Lett 2012;1:991-4. https://doi.org/10.1021/mz3002484.

[184] Zhu W, Zhang L, Chen Y, Zhang K. A UV-Cleavable Bottlebrush Polymer with o-Nitrobenzyl-Linked Side Chains. Macromol Rapid Commun 2017;38:1700007.
https://doi.org/10.1002/marc.201700007.

[185] WuY, Zhang L, Zhang M, Liu Z, Zhu W, et al. Bottlebrush polymers with self-immolative side chains. Polym Chem 2018;9:1799-806. https://doi.org/10.1039/
C8PY00182K.

[186] Takano S, Islam W, Nakazawa K, Maeda H, Sakurai K, et al. Phosphorylcholine-Grafted Molecular Bottlebrush-Doxorubicin Conjugates: High Structural
Stability, Long Circulation in Blood, and Efficient Anticancer Activity. Biomacromolecules 2021;22:1186-96. https://doi.org/10.1021/acs.biomac.0c01704.

[187] Rosales AM, Segalman RA, Zuckermann RN. Polypeptoids: a model system to study the effect of monomer sequence on polymer properties and self-assembly.
Soft Matter 2013;9:8400-14. https://doi.org/10.1039/C3SM51421H.

[188] Lutz JF, Ouchi M, Liu DR, Sawamoto M. Sequence-controlled polymers. Science 2013;341:1238149. https://doi.org/10.1126/science.1238149.

[189] Rutten MG, Vaandrager FW, Elemans JA, Nolte RJ. Encoding information into polymers. Nat Rev Chem 2018;2:365-81. https://doi.org/10.1038/541570-018-
0051-5.

[190] Ouchi M, Sawamoto M. Sequence-controlled polymers via reversible-deactivation radical polymerization. Polym J 2018;50:83-94. https://doi.org/10.1038/
Pj.2017.66.

[191] Breen CP, Nambiar AM, Jamison TF, Jensen KF. Ready, set, flow! Automated continuous synthesis and optimization. Trends Chem 2021;3:373-86. https://
doi.org/10.1016/j.trechm.2021.02.005.

[192] Zhu N, Hu X, Fang Z, Guo K. Continuous flow photoinduced reversible deactivation radical polymerization. ChemPhotoChem 2018;2:831-88. https://doi.org/
10.1002/¢cptc.201800032.

[193] Hartrampf N, Saebi A, Poskus M, Gates ZP, Callahan AJ, et al. Synthesis of proteins by automated flow chemistry. Science 2020;368:980-97. https://doi.org/
10.1126/science.abb2491.

[194] Lee JM, Kwon J, Lee SJ, Jang H, Kim D, et al. Semiautomated synthesis of sequence-defined polymers for information storage. Sci Adv 2022;8:eabl8614.
https://doi.org/10.1126/sciadv.abl8614.

[195] Wang Y, Lorandi F, Fantin M, Matyjaszewski K. Atom transfer radical polymerization in dispersed media with low-ppm catalyst loading. Polymer 2023;275:
125913. https://doi.org/10.1016/j.polymer.2023.125913.

[196] Asua JM. Challenges for industrialization of miniemulsion polymerization. Prog Polym Sci 2014;39:1797-826. https://doi.org/10.1016/j.
progpolymsci.2014.02.009.

[197] Asua JM. Miniemulsion polymerization. Prog Polym Sci 2002;27:1283-346. https://doi.org/10.1016/50079-6700(02)00010-2.

[198] Zetterlund PB, Thickett SC, Perrier S, Bourgeat-Lami E, Lansalot M. Controlled/Living Radical Polymerization in Dispersed Systems: An Update. Chem Rev
2015;115:9745-800. https://doi.org/10.1021/cr500625k.

[199] Bencherif SA, Siegwart DJ, Srinivasan A, Horkay F, Hollinger JO, et al. Nanostructured hybrid hydrogels prepared by a combination of atom transfer radical
polymerization and free radical polymerization. Biomaterials 2009;30:5270-8. https://doi.org/10.1016/j.biomaterials.2009.06.011.

[200] Bencherif SA, Washburn NR, Matyjaszewski K. Synthesis by AGET ATRP of degradable nanogel precursors for in situ formation of nanostructured hyaluronic
acid hydrogel. Biomacromolecules 2009;10:2499-507. https://doi.org/10.1021/bm9004639.

[201] Fantin M, Park S, Wang Y, Matyjaszewski K. Electrochemical Atom Transfer Radical Polymerization in Miniemulsion with a Dual Catalytic System.
Macromolecules 2016;49:8838-47. https://doi.org/10.1021/acs.macromol.6b02037.

[202] Hosseinnezhad M, Gharanjig K, Yazdi MK, Zarrintaj P, Moradian S, et al. Dye-sensitized solar cells based on natural photosensitizers: A green view from Iran.
J Alloys Compd 2020;828:154329. https://doi.org/10.1016/j.jallcom.2020.154329.

[203] Fantin M, Chmielarz P, Wang Y, Lorandi F, Isse AA, et al. Harnessing the interaction between surfactant and hydrophilic catalyst to control e ATRP in
miniemulsion. Macromolecules 2017;50:3726-32. https://doi.org/10.1021/acs.macromol.7b00530.

[204] Shida N, Koizumi Y, Nishiyama H, Tomita I, Inagi S. Electrochemically mediated atom transfer radical polymerization from a substrate surface manipulated by
bipolar electrolysis: fabrication of gradient and patterned polymer brushes. Angew Chem Int Ed Engl 2015;54:3922-6. https://doi.org/10.1002/
anie.201412391.

[205] Li B, Yu B, Huck WT, Liu W, Zhou F. Electrochemically mediated atom transfer radical polymerization on nonconducting substrates: controlled brush growth
through catalyst diffusion. J Am Chem Soc 2013;135:1708-10. https://doi.org/10.1021/ja3116197.

[206] Zhao H, Sha J, Wang X, Jiang Y, Chen T, et al. Spatiotemporal control of polymer brush formation through photoinduced radical polymerization regulated by
DMD light modulation. Lab Chip 2019;19:2651-62. https://doi.org/10.1039/C9LC00419J.

[207] Poelma JE, Fors BP, Meyers GF, Kramer JW, Hawker CJ. Fabrication of complex three-dimensional polymer brush nanostructures through light-mediated
living radical polymerization. Angew Chem Int Ed 2013;52:6844-7688. https://doi.org/10.1002/anie.201301845.

[208] Albers RF, Magrini T, Romio M, Leite ER, Libanori R, et al. Fabrication of Three-Dimensional Polymer-Brush Gradients within Elastomeric Supports by Cu0-
Mediated Surface-Initiated ATRP. ACS Macro Lett 2021;10:1099-106. https://doi.org/10.1021/acsmacrolett.1c00446.

[209] Faustini M, Ceratti DR, Louis B, Boudot M, Albouy PA, et al. Engineering functionality gradients by dip coating process in acceleration mode. ACS Appl Mater
Interfaces 2014;6:17102-10. https://doi.org/10.1021/am504770x.

[210] Zhang C, Wang L, Jia D, Yan J, Li H. Microfluidically mediated atom-transfer radical polymerization. Chem Commun (Camb) 2019;55:7554-757. https://doi.
0rg/10.1039/¢9cc04061g.

[211] Slusarczyk K, Flejszar M, Chmielarz P. Less is more: A review of pL-scale of SI-ATRP in polymer brushes synthesis. Polymer 2021;233:124212. https://doi.org/
10.1016/j.polymer.2021.124212.

[212] Carbonell C, Valles D, Wong AM, Carlini AS, Touve MA, et al. Polymer brush hypersurface photolithography Nat Commun 2020;11:1244. https://doi.org/
10.1038/541467-020-14990-x.

[213] Yang R, Wang X, Yan S, Dong A, Luan S, et al. Advances in design and biomedical application of hierarchical polymer brushes. Prog Polym Sci 2021;101409.
https://doi.org/10.1016/j.progpolymsci.2021.101409.

[214] Ramsey BL, Pearson RM, Beck LR, Miyake GM. Photoinduced Organocatalyzed Atom Transfer Radical Polymerization Using Continuous Flow. Macromolecules
2017;50:2668-74. https://doi.org/10.1021/acs.macromol.6b02791.

[215] LiX, Mastan E, Wang W-J, Li B-G, Zhu S. Progress in reactor engineering of controlled radical polymerization: a comprehensive review. React Chem Eng 2016;
1:23-59. https://doi.org/10.1039/C5RE00044K.

[216] Reis MH, Leibfarth FA, Pitet LM. Polymerizations in Continuous Flow: Recent Advances in the Synthesis of Diverse Polymeric Materials. ACS Macro Lett 2020;
9:123-33. https://doi.org/10.1021/acsmacrolett.9b00933.

[217] Wang J, Hu X, Zhu N, Guo K. Continuous flow photo-RAFT and light-PISA. Chem Eng J 2021;420:127663. https://doi.org/10.1016/j.cej.2020.127663.

[218] Knox ST, Warren NJ. Enabling technologies in polymer synthesis: accessing a new design space for advanced polymer materials. React Chem Eng 2020;5:
405-23. https://doi.org/10.1039/C9RE00474B.

[219] Lutz J-F, Borner HG, Weichenhan K. Combining ATRP and “click” chemistry: a promising platform toward functional biocompatible polymers and polymer
bioconjugates. Macromolecules 2006;39:6376-83. https://doi.org/10.1021/ma061557n.

60


https://doi.org/10.1016/j.polymer.2018.02.001
https://doi.org/10.1016/j.polymer.2018.02.001
https://doi.org/10.1016/j.progpolymsci.2022.101590
https://doi.org/10.1021/ja0711617
https://doi.org/10.1021/mz3002484
https://doi.org/10.1002/marc.201700007
https://doi.org/10.1039/C8PY00182K
https://doi.org/10.1039/C8PY00182K
https://doi.org/10.1021/acs.biomac.0c01704
https://doi.org/10.1039/C3SM51421H
https://doi.org/10.1126/science.1238149
https://doi.org/10.1038/s41570-018-0051-5
https://doi.org/10.1038/s41570-018-0051-5
https://doi.org/10.1038/pj.2017.66
https://doi.org/10.1038/pj.2017.66
https://doi.org/10.1016/j.trechm.2021.02.005
https://doi.org/10.1016/j.trechm.2021.02.005
https://doi.org/10.1002/cptc.201800032
https://doi.org/10.1002/cptc.201800032
https://doi.org/10.1126/science.abb2491
https://doi.org/10.1126/science.abb2491
https://doi.org/10.1126/sciadv.abl8614
https://doi.org/10.1016/j.polymer.2023.125913
https://doi.org/10.1016/j.progpolymsci.2014.02.009
https://doi.org/10.1016/j.progpolymsci.2014.02.009
https://doi.org/10.1016/S0079-6700(02)00010-2
https://doi.org/10.1021/cr500625k
https://doi.org/10.1016/j.biomaterials.2009.06.011
https://doi.org/10.1021/bm9004639
https://doi.org/10.1021/acs.macromol.6b02037
https://doi.org/10.1016/j.jallcom.2020.154329
https://doi.org/10.1021/acs.macromol.7b00530
https://doi.org/10.1002/anie.201412391
https://doi.org/10.1002/anie.201412391
https://doi.org/10.1021/ja3116197
https://doi.org/10.1039/C9LC00419J
https://doi.org/10.1002/anie.201301845
https://doi.org/10.1021/acsmacrolett.1c00446
https://doi.org/10.1021/am504770x
https://doi.org/10.1039/c9cc04061g
https://doi.org/10.1039/c9cc04061g
https://doi.org/10.1016/j.polymer.2021.124212
https://doi.org/10.1016/j.polymer.2021.124212
https://doi.org/10.1038/s41467-020-14990-x
https://doi.org/10.1038/s41467-020-14990-x
https://doi.org/10.1016/j.progpolymsci.2021.101409
https://doi.org/10.1021/acs.macromol.6b02791
https://doi.org/10.1039/C5RE00044K
https://doi.org/10.1021/acsmacrolett.9b00933
https://doi.org/10.1016/j.cej.2020.127663
https://doi.org/10.1039/C9RE00474B
https://doi.org/10.1021/ma061557n

M. Khodadadi Yazdi et al. Progress in Materials Science 143 (2024) 101248

[220] Reyes-Ortega F, Parra-Ruiz FJ, Averick SE, Rodriguez G, Aguilar MR, et al. Smart heparin-based bioconjugates synthesized by a combination of ATRP and click
chemistry. Polym Chem 2013;4:2800-14. https://doi.org/10.1039/C3PY00055A.

[221] Messina MS, Messina KMM, Bhattacharya A, Montgomery HR, Maynard HD. Preparation of Biomolecule-Polymer Conjugates by Grafting-From Using ATRP,
RAFT, or ROMP. Prog Polym Sci 2020;100:101186. https://doi.org/10.1016/j.progpolymsci.2019.101186.

[222] Lutz J-F, Borner HG. Modern trends in polymer bioconjugates design. Prog Polym Sci 2008;33:1-39. j.progpolymsci.2007.07.005.

[223] Fasting C, Schalley CA, Weber M, Seitz O, Hecht S, et al. Multivalency as a chemical organization and action principle. Angew Chem Int Ed 2012;51:10472-98.
https://doi.org/10.1002/anie.201201114.

[224] Adampourezare M, Hasanzadeh M, Dehghan G, Hosseinpourefeizi MA, Seidi F. An innovative fluorometric bioanalysis strategy towards recognition of DNA
methylation using opto-active polymer: A new platform for DNA damage studies by genosensor technology. J Mol Recognit 2022;35:€2981.

[225] Yeldell SB, Seitz O. Nucleic acid constructs for the interrogation of multivalent protein interactions. Chem Soc Rev 2020;49:6848-65. https://doi.org/10.1039/
d0cs00518e.

[226] Sun P, Qin B, Xu J-F, Zhang X. Supramonomers for controllable supramolecular polymerization and renewable supramolecular polymeric materials. Prog
Polym Sci 2022;124:101486. https://doi.org/10.1016/j.progpolymsci.2021.101486.

[227] Nosrati H, Seidi F, Hosseinmirzaei A, Mousazadeh N, Mohammadi A, et al. Prodrug Polymeric Nanoconjugates Encapsulating Gold Nanoparticles for Enhanced
X-Ray Radiation Therapy in Breast Cancer. Adv Healthc Mater 2021::2102321. https://doi.org/10.1002/adhm.202270014.

[228] Aminabad ED, Mobed A, Hasanzadeh M, Feizi MAH, Safaralizadeh R, et al. Sensitive immunosensing of a-synuclein protein in human plasma samples using
gold nanoparticles conjugated with graphene: an innovative immuno-platform towards early stage identification of Parkinson’s disease using point of care
(POC) analysis. RSC Adv 2022;12:4346-57. https://doi.org/10.1039/D1RA06437A.

[229] Stephanopoulos N, Francis MB. Choosing an effective protein bioconjugation strategy. Nat Chem Biol 2011;7:876-84. https://doi.org/10.1038/nchembio.720.

[230] Ko JH, Maynard HD. A guide to maximizing the therapeutic potential of protein-polymer conjugates by rational design. Chem Soc Rev 2018;47:8998-9014.
https://doi.org/10.1039/c8cs00606g.

[231] Fouz MF, Mukumoto K, Averick S, Molinar O, McCartney BM, et al. Bright Fluorescent Nanotags from Bottlebrush Polymers with DNA-Tipped Bristles. ACS
Cent Sci 2015;1:431-8. https://doi.org/10.1021/acscentsci.5b00259.

[232] Yang L, Sun H, Liu Y, Hou W, Yang Y, et al. Self-Assembled Aptamer-Grafted Hyperbranched Polymer Nanocarrier for Targeted and Photoresponsive Drug
Delivery. Angew Chem Int Ed Engl 2018;57:17048-52. https://doi.org/10.1002/anie.201809753.

[233] Siegwart DJ, Oh JK, Gao H, Bencherif SA, Perineau F, et al. Biotin-, Pyrene-, and GRGDS-Functionalized Polymers and Nanogels via ATRP and End Group
Modification. Macromol Chem Phys 2008;209:2179-93. https://doi.org/10.1002/macp.200800337.

[234] Spicer CD, Pashuck ET, Stevens MM. Achieving Controlled Biomolecule-Biomaterial Conjugation. Chem Rev 2018;118:7702-43. https://doi.org/10.1021/acs.
chemrev.8b00253.

[235] Russell AJ, Baker SL, Colina CM, Figg CA, Kaar JL, et al. Next generation protein-polymer conjugates. AIChE J 2018;64:3230-45. https://doi.org/10.1002/
aic.16338.

[236] Pelegri-O’Day EM, Lin EW, Maynard HD. Therapeutic protein-polymer conjugates: advancing beyond PEGylation. J Am Chem Soc 2014;136:14323-32.
https://doi.org/10.1021/ja504390x.

[237] Alconcel SN, Baas AS, Maynard HD. FDA-approved poly (ethylene glycol)-protein conjugate drugs. Polym Chem 2011;2:1442-2148. https://doi.org/10.1039/
C1PY00034A.

[238] Wang Y, Wu C. Site-Specific Conjugation of Polymers to Proteins. Biomacromolecules 2018;19:1804-25. https://doi.org/10.1021/acs.biomac.8b00248.

[239] Koniev O, Leriche G, Nothisen M, Remy J-S, Strub J-M, et al. Selective irreversible chemical tagging of cysteine with 3-arylpropiolonitriles. Bioconjugate Chem
2014;25:202-26. https://doi.org/10.1021/bc400469d.

[240] Song Q, Yang J, Hall SCL, Gurnani P, Perrier S. Pyridyl Disulfide Reaction Chemistry: An Efficient Strategy toward Redox-Responsive Cyclic Peptide-Polymer
Conjugates. ACS Macro Lett 2019;8:1347-52. https://doi.org/10.1021/acsmacrolett.9b00538.

[241] Steinbach T, Wurm F, Klok H-A. Squaric acid mediated bioconjugation expanded to polymers prepared by ATRP. Polym Chem 2014;5:4039-47. https://doi.
org/10.1039/C4PY00168K.

[242] Rettig H, Krause E, Borner HG. Atom transfer radical polymerization with polypeptide initiators: A general approach to block copolymers of sequence-defined
polypeptides and synthetic polymers. Macromol Rapid Commun 2004;25:1251-2126. https://doi.org/10.1002/marc.200400140.

[243] Becker ML, Liu J, Wooley KL. Functionalized micellar assemblies prepared via block copolymers synthesized by living free radical polymerization upon
peptide-loaded resins. Biomacromolecules 2005;6:220-8. https://doi.org/10.1021/bm049551y.

[244] Tu C, Zhou T, Deng L, Gao C. Fabrication of poly (PEGMA) surface with controllable thickness gradient and its mediation on the gradient adhesion of cells.
J Appl Polym Sci 2021;138:50463. https://doi.org/10.1002/app.50463.

[245] Shokrani H, Shokrani A, Seidi F, Munir MT, Rabiee N, et al. Biomedical engineering of polysaccharide-based tissue adhesives: Recent advances and future
direction. Carbohydr Polym 2022;295:119787. https://doi.org/10.1016/j.carbpol.2022.119787.

[246] Houga C, Le Meins J-F, Borsali R, Taton D, Gnanou Y. Synthesis of ATRP-induced dextran-b-polystyrene diblock copolymers and preliminary investigation of
their self-assembly in water. Chem Commun 2007:3063-305. https://doi.org/10.1039/B706248F.

[247] Zhang T, Wang Y, Ma X, Hou C, Lv S, et al. A bottlebrush-architectured dextran polyprodrug as an acidity-responsive vector for enhanced chemotherapy
efficiency. Biomater Sci 2020;8:473-84. https://doi.org/10.1039/C9BMO01692A.

[248] Zhao L, Li Y, Pei D, Huang Q, Zhang H, et al. Glycopolymers/PEI complexes as serum-tolerant vectors for enhanced gene delivery to hepatocytes. Carbohydr
Polym 2019;205:167-75. https://doi.org/10.1016/j.carbpol.2018.10.036.

[249] SeidiF, Salimi H, Shamsabadi AA, Shabanian M. Synthesis of hybrid materials using graft copolymerization on non-cellulosic polysaccharides via homogenous
ATRP. Prog Polym Sci 2018;76:1-39. https://doi.org/10.1016/j.progpolymsci.2017.07.006.

[250] Garcia-Valdez O, Champagne P, Cunningham MF. Graft modification of natural polysaccharides via reversible deactivation radical polymerization. Prog Polym
Sci 2018;76:151-73. https://doi.org/10.1016/j.progpolymsci.2017.08.001.

[251] Ribeiro JP, Mendonca PV, Coelho JF, Matyjaszewski K, Serra AC. Glycopolymer Brushes by Reversible Deactivation Radical Polymerization: Preparation,
Applications, and Future Challenges. Polymers 2020;12:1268. https://doi.org/10.3390/polym12061268.

[252] Baker SL, Kaupbayeva B, Lathwal S, Das SR, Russell AJ, et al. Atom Transfer Radical Polymerization for Biorelated Hybrid Materials. Biomacromolecules 2019;
20:4272-98. https://doi.org/10.1021/acs.biomac.9b01271.

[253] Thakor P, Bhavana V, Sharma R, Srivastava S, Singh SB, et al. Polymer-drug conjugates: recent advances and future perspectives. Drug Discov Today 2020;25:
1718-26. https://doi.org/10.1016/j.drudis.2020.06.028.

[254] Wang G, Schmitt M, Wang Z, Lee B, Pan X, et al. Polymerization-induced self-assembly (PISA) using ICAR ATRP at low catalyst concentration. Macromolecules
2016;49:8605-15. https://doi.org/10.1021/acs.macromol.6b01966.

[255] Phan H, Taresco V, Penelle J, Couturaud B. Polymerisation-induced self-assembly (PISA) as a straightforward formulation strategy for stimuli-responsive drug
delivery systems and biomaterials: recent advances. Biomater Sci 2021. https://doi.org/10.1039/DOBM01406K.

[256] Wei J, Liu Y, Yu J, Chen L, Luo M, et al. Conjugated Polymers: Optical Toolbox for Bioimaging and Cancer Therapy. Small 2021;17:e2103127.

[257] Lidster BJ, Behrendt JM, Turner ML. Monotelechelic poly(p-phenylenevinylene)s by ring opening metathesis polymerisation. Chem Commun (Camb) 2014;50:
11867-70. https://doi.org/10.1039/c4cc05118a.

[258] Baek P, Mata JP, Sokolova A, Nelson A, Aydemir N, et al. Chain shape and thin film behaviour of poly(thiophene)-graft-poly(acrylate urethane). Soft Matter
2018;14:6875-82. https://doi.org/10.1039/c8sm00777b.

[259] Magnusson JP, Bersani S, Salmaso S, Alexander C, Caliceti P. In situ growth of side-chain PEG polymers from functionalized human growth hormone-a new
technique for preparation of enhanced protein-polymer conjugates. Bioconjug Chem 2010;21:671-8. https://doi.org/10.1021/bc900468v.

[260] Pan X, Lathwal S, Mack S, Yan J, Das SR, et al. Automated Synthesis of Well-Defined Polymers and Biohybrids by Atom Transfer Radical Polymerization Using
a DNA Synthesizer. Angew Chem Int Ed Engl 2017;56:2740-3273. https://doi.org/10.1002/anie.201611567.

61


https://doi.org/10.1039/C3PY00055A
https://doi.org/10.1016/j.progpolymsci.2019.101186
https://doi.org/10.1002/anie.201201114
http://refhub.elsevier.com/S0079-6425(24)00017-3/h1120
http://refhub.elsevier.com/S0079-6425(24)00017-3/h1120
https://doi.org/10.1039/d0cs00518e
https://doi.org/10.1039/d0cs00518e
https://doi.org/10.1016/j.progpolymsci.2021.101486
https://doi.org/10.1002/adhm.202270014
https://doi.org/10.1039/D1RA06437A
https://doi.org/10.1038/nchembio.720
https://doi.org/10.1039/c8cs00606g
https://doi.org/10.1021/acscentsci.5b00259
https://doi.org/10.1002/anie.201809753
https://doi.org/10.1002/macp.200800337
https://doi.org/10.1021/acs.chemrev.8b00253
https://doi.org/10.1021/acs.chemrev.8b00253
https://doi.org/10.1002/aic.16338
https://doi.org/10.1002/aic.16338
https://doi.org/10.1021/ja504390x
https://doi.org/10.1039/C1PY00034A
https://doi.org/10.1039/C1PY00034A
https://doi.org/10.1021/acs.biomac.8b00248
https://doi.org/10.1021/bc400469d
https://doi.org/10.1021/acsmacrolett.9b00538
https://doi.org/10.1039/C4PY00168K
https://doi.org/10.1039/C4PY00168K
https://doi.org/10.1002/marc.200400140
https://doi.org/10.1021/bm049551y
https://doi.org/10.1002/app.50463
https://doi.org/10.1016/j.carbpol.2022.119787
https://doi.org/10.1039/B706248F
https://doi.org/10.1039/C9BM01692A
https://doi.org/10.1016/j.carbpol.2018.10.036
https://doi.org/10.1016/j.progpolymsci.2017.07.006
https://doi.org/10.1016/j.progpolymsci.2017.08.001
https://doi.org/10.3390/polym12061268
https://doi.org/10.1021/acs.biomac.9b01271
https://doi.org/10.1016/j.drudis.2020.06.028
https://doi.org/10.1021/acs.macromol.6b01966
https://doi.org/10.1039/D0BM01406K
http://refhub.elsevier.com/S0079-6425(24)00017-3/h1280
https://doi.org/10.1039/c4cc05118a
https://doi.org/10.1039/c8sm00777b
https://doi.org/10.1021/bc900468v
https://doi.org/10.1002/anie.201611567

M. Khodadadi Yazdi et al.

[261]
[262]
[263]
[264]
[265]
[266]
[267]

[268]
[269]

[270]
[271]
[272]
[273]
[274]
[275]
[276]
[277]
[278]
[279]
[280]
[281]
[282]
[283]
[284]

[285]

[286]
[287]
[288]
[289]
[290]
[291]
[292]
[293]
[294]
[295]
[296]
[297]
[298]

[299]

Progress in Materials Science 143 (2024) 101248

Whitfield CJ, Zhang M, Winterwerber P, Wu Y, Ng DYW, et al. Functional DNA-Polymer Conjugates. Chem Rev 2021;121:11030-84. https://doi.org/10.1021/
acs.chemrev.0c01074.

Schreiber CL, Smith BD. Molecular conjugation using non-covalent click chemistry. Nat Rev Chem 2019;3:393-400. https://doi.org/10.1038/541570-019-
0095-1.

Bontempo D, Maynard HD. Streptavidin as a macroinitiator for polymerization: in situ protein— polymer conjugate formation. J Am Chem Soc 2005;127:
6508-659. https://doi.org/10.1021/ja042230+.

Tungala K, Kumar K, Sonker E, Krishnamoorthi S. Micellization of amphiphilic host-guest inclusion complexes of polymers based on p-cyclodextrin trimer and
adamantane. React Funct Polym 2020;157:104771. https://doi.org/10.1016/j.reactfunctpolym.2020.104771.

Tungala K, Adhikary P, Krishnamoorthi S. Trimerization of p-cyclodextrin through the click reaction. Carbohydr Polym 2013;95:295-328. https://doi.org/
10.1016/j.carbpol.2013.02.074.

Zhao Z, Ukidve A, Krishnan V, Mitragotri S. Effect of physicochemical and surface properties on in vivo fate of drug nanocarriers. Adv Drug Deliv Rev 2019;
143:3-21. https://doi.org/10.1016/j.addr.2019.01.002.

Kolb HC, Finn MG, Sharpless KB. Click Chemistry: Diverse Chemical Function from a Few Good Reactions. Angew Chem Int Ed Engl 2001;40:2004-21. https://
doi.org/10.1002/1521-3773(20010601)40:11<2004::AID-ANIE2004>3.0.CO;2-5.

Patterson DM, Nazarova LA, Prescher JA. Finding the right (bioorthogonal) chemistry. ACS Chem Biol 2014;9:592-605. https://doi.org/10.1021/cb400828a.
Mocny P, Klok H-A. Complex polymer topologies and polymer—nanoparticle hybrid films prepared via surface-initiated controlled radical polymerization.
Prog Polym Sci 2020;100:101185. https://doi.org/10.1016/j.progpolymsci.2019.101185.

Flejszar M, Chmielarz P. Surface-Initiated Atom Transfer Radical Polymerization for the Preparation of Well-Defined Organic-Inorganic Hybrid Nanomaterials.
Materials (Basel) 2019;12:3030. https://doi.org/10.3390/mal2183030.

Park W, Shin H, Choi B, Rhim W-K, Na K, et al. Advanced hybrid nanomaterials for biomedical applications. Prog Mater Sci 2020;114:100686. https://doi.org/
10.1016/j.pmatsci.2020.100686.

Sanchez C, Boissiere C, Cassaignon S, Chanéac C, Durupthy O, et al. Molecular engineering of functional inorganic and hybrid materials. Chem Mater 2014;26:
221-38. https://doi.org/10.1021/cm402528b.

Li G, Zeng DL, Wang L, Neoh K, Kang E. Hairy hybrid nanoparticles of magnetic core, fluorescent silica shell, and functional polymer brushes. Macromolecules
2009;42:8561-855. https://doi.org/10.1021/ma901592j.

Yan J, Bockstaller MR, Matyjaszewski K. Brush-modified materials: Control of molecular architecture, assembly behavior, properties and applications. Prog
Polym Sci 2020;100:101180. https://doi.org/10.1016/j.progpolymsci.2019.101180.

Hui CM, Pietrasik J, Schmitt M, Mahoney C, Choi J, et al. Surface-initiated polymerization as an enabling tool for multifunctional (nano-) engineered hybrid
materials. Chem Mater 2014;26:745-62. https://doi.org/10.1021/cm4023634.

Borozenko O, Machado V, Skene W, Giasson S. Organophosphonic acids as viable linkers for the covalent attachment of polyelectrolyte brushes on silica and
mica surfaces. Polym Chem 2014;5:5740-50. https://doi.org/10.1039/C4PY00492B.

Constable A, Brittain W. Characterization of polymer brushes in capillaries. Colloids Surf A: Physicochem Eng 2007;308:123-218. https://doi.org/10.1016/j.
colsurfa.2007.05.059.

Wang M, Wang X, Zhang K, Wu M, Wu Q, et al. Nano-Hydroxyapatite Particle Brushes via Direct Initiator Tethering and Surface-Initiated Atom Transfer
Radical Polymerization for Dual Responsive Pickering Emulsion. Langmuir 2020;36:1192-200. https://doi.org/10.1021/acs.langmuir.9b02790.

Barthélémy B, Devillers S, Minet I, Delhalle J, Mekhalif Z. Surface-initiated ATRP of 2-(methacryloyloxy) ethyl 2-(trimethylammonio) ethyl phosphate on
Phynox. Appl Surf Sci 2011;258:466-73. https://doi.org/10.1016/j.apsusc.2011.08.091.

Fu Z, Zhang S, Fu Z. Preparation of multicycle GO/TiO2 composite photocatalyst and study on degradation of methylene blue synthetic wastewater. Appl Sci
2019;9:3282. https://doi.org/10.3390/app9163282.

Kang SM, Kong B, Oh E, Choi JS, Choi IS. Osteoconductive conjugation of bone morphogenetic protein-2 onto titanium/titanium oxide surfaces coated with
non-biofouling poly(poly(ethylene glycol) methacrylate). Colloids Surf B Biointerfaces 2010;75:385-9. https://doi.org/10.1016/j.colsurfb.2009.08.039.
Cheng L, Liu A, Peng S, Duan H. Responsive plasmonic assemblies of amphiphilic nanocrystals at oil— water interfaces. ACS Nano 2010;4:6098-104. https://
doi.org/10.1021/nn101685q.

Babu K, Dhamodharan R. Grafting of poly (methyl methacrylate) brushes from magnetite nanoparticles using a phosphonic acid based initiator by ambient
temperature atom transfer radical polymerization (ATATRP). Nanoscale Res Lett 2008;3:109-17. https://doi.org/10.1007/s11671-008-9121-9.

Sun Y, Ding X, Zheng Z, Cheng X, Hu X, et al. Surface initiated ATRP in the synthesis of iron oxide/polystyrene core/shell nanoparticles. Eur Polym J 2007;43:
762-72. https://doi.org/10.1016/j.eurpolymj.2006.10.021.

Zhang W, Zhou Z, Li Q, Chen G-X. Controlled dielectric properties of polymer composites from coating multiwalled carbon nanotubes with octa-acrylate
silsesquioxane through Diels-Alder cycloaddition and atom transfer radical polymerization. Ind Eng Chem Res 2014;53:6699-707. https://doi.org/10.1021/
ie404204g.

Pokorski JK, Breitenkamp K, Liepold LO, Qazi S, Finn MG. Functional virus-based polymer-protein nanoparticles by atom transfer radical polymerization. J Am
Chem Soc 2011;133:9242-5. https://doi.org/10.1021/ja203286n.

Marcelo G, Fernandez-Garcia M. Direct preparation of PNIPAM coating gold nanoparticles by catechol redox and surface adhesion chemistry. RSC Adv 2014;4:
11740-21179. https://doi.org/10.1039/C3RA47880G.

CrespoaRibadeneyra M. Core-independent approach for polymer brush-functionalised nanomaterials with a fluorescent tag for RNA delivery. Chem Commun
2019;55:14166-21419. https://doi.org/10.1039/C9CCO5790K.

Chen X, Zhang YS, Zhang X, Liu C. Organ-on-a-chip platforms for accelerating the evaluation of nanomedicine. Bioact Mater 2021;6:1012-27. https://doi.org/
10.1016/j.bioactmat.2020.09.022.

Jiang L, Bagan H, Kamra T, Zhou T, Ye L. Nanohybrid polymer brushes on silica for bioseparation. J Mater Chem B 2016;4:3247-56. https://doi.org/10.1039/
c6tb00241b.

Wang L, Schubert US, Hoeppener S. Surface chemical reactions on self-assembled silane based monolayers. Chem Soc Rev 2021;50:6507-40. https://doi.org/
10.1039/d0cs01220c.

Zhan X, Yan Y, Zhang Q, Chen F. A novel superhydrophobic hybrid nanocomposite material prepared by surface-initiated AGET ATRP and its anti-icing
properties. J Mater Chem 2014;2:9390-939. https://doi.org/10.1039/C4TA00634H.

Panzarasa G, Aghion S, Marra G, Wagner A, Liedke MO, et al. Probing the impact of the initiator layer on grafted-from polymer brushes: a positron annihilation
spectroscopy study. Macromolecules 2017;50:5574-81. https://doi.org/10.1021/acs.macromol.7b00953.

Matsui J, Parvin S, Sato E, Miyashita T. Preparation of organic-ceramic—metal multihybrid particles and their organized assembly. Polym J 2010;42:142-7.
https://doi.org/10.1038/pj.2009.320.

Li D, Sharili AS, Connelly J, Gautrot JE. Highly Stable RNA Capture by Dense Cationic Polymer Brushes for the Design of Cytocompatible. Serum-Stable SiRNA
Delivery Vectors Biomacromolecules 2018;19:606-15. https://doi.org/10.1021/acs.biomac.7b01686.

Masuda T, Akimoto AM, Nagase K, Okano T, Yoshida R. Artificial cilia as autonomous nanoactuators: Design of a gradient self-oscillating polymer brush with
controlled unidirectional motion. Sci Adv 2016;2:e1600902.

Zhang L, Bei HP, Piao Y, Wang Y, Yang M, et al. Polymer-Brush-Grafted Mesoporous Silica Nanoparticles for Triggered Drug Delivery. ChemPhysChem 2018;
19:1956-64. https://doi.org/10.1002/cphc.201800018.

Chmielarz P, Yan J, Krys P, Wang Y, Wang Z, et al. Synthesis of nanoparticle copolymer brushes via surface-initiated se ATRP. Macromolecules 2017;50:
4151-419. https://doi.org/10.1021/acs.macromol.7b00280.

Wu D, Rigo S, Di Leone S, Belluati A, Constable EC, et al. Brushing the surface: cascade reactions between immobilized nanoreactors. Nanoscale 2020;12:
1551-62. https://doi.org/10.1039/CONRO8502E.

62


https://doi.org/10.1021/acs.chemrev.0c01074
https://doi.org/10.1021/acs.chemrev.0c01074
https://doi.org/10.1038/s41570-019-0095-1
https://doi.org/10.1038/s41570-019-0095-1
https://doi.org/10.1021/ja042230&plus;
https://doi.org/10.1016/j.reactfunctpolym.2020.104771
https://doi.org/10.1016/j.carbpol.2013.02.074
https://doi.org/10.1016/j.carbpol.2013.02.074
https://doi.org/10.1016/j.addr.2019.01.002
https://doi.org/10.1002/1521-3773(20010601)40:11<2004::AID-ANIE2004>3.0.CO;2-5
https://doi.org/10.1002/1521-3773(20010601)40:11<2004::AID-ANIE2004>3.0.CO;2-5
https://doi.org/10.1021/cb400828a
https://doi.org/10.1016/j.progpolymsci.2019.101185
https://doi.org/10.3390/ma12183030
https://doi.org/10.1016/j.pmatsci.2020.100686
https://doi.org/10.1016/j.pmatsci.2020.100686
https://doi.org/10.1021/cm402528b
https://doi.org/10.1021/ma901592j
https://doi.org/10.1016/j.progpolymsci.2019.101180
https://doi.org/10.1021/cm4023634
https://doi.org/10.1039/C4PY00492B
https://doi.org/10.1016/j.colsurfa.2007.05.059
https://doi.org/10.1016/j.colsurfa.2007.05.059
https://doi.org/10.1021/acs.langmuir.9b02790
https://doi.org/10.1016/j.apsusc.2011.08.091
https://doi.org/10.3390/app9163282
https://doi.org/10.1016/j.colsurfb.2009.08.039
https://doi.org/10.1021/nn101685q
https://doi.org/10.1021/nn101685q
https://doi.org/10.1007/s11671-008-9121-9
https://doi.org/10.1016/j.eurpolymj.2006.10.021
https://doi.org/10.1021/ie404204g
https://doi.org/10.1021/ie404204g
https://doi.org/10.1021/ja203286n
https://doi.org/10.1039/C3RA47880G
https://doi.org/10.1039/C9CC05790K
https://doi.org/10.1016/j.bioactmat.2020.09.022
https://doi.org/10.1016/j.bioactmat.2020.09.022
https://doi.org/10.1039/c6tb00241b
https://doi.org/10.1039/c6tb00241b
https://doi.org/10.1039/d0cs01220c
https://doi.org/10.1039/d0cs01220c
https://doi.org/10.1039/C4TA00634H
https://doi.org/10.1021/acs.macromol.7b00953
https://doi.org/10.1038/pj.2009.320
https://doi.org/10.1021/acs.biomac.7b01686
http://refhub.elsevier.com/S0079-6425(24)00017-3/h1480
http://refhub.elsevier.com/S0079-6425(24)00017-3/h1480
https://doi.org/10.1002/cphc.201800018
https://doi.org/10.1021/acs.macromol.7b00280
https://doi.org/10.1039/C9NR08502E

M. Khodadadi Yazdi et al. Progress in Materials Science 143 (2024) 101248

[300] Mansfeld U, Pietsch C, Hoogenboom R, Becer CR, Schubert US. Clickable initiators, monomers and polymers in controlled radical polymerizations-a
prospective combination in polymer science. Polym Chem 2010;1:1560-98. https://doi.org/10.1039/COPY00168F.

[301] Tripp C, Hair M. Chemical attachment of chlorosilanes to silica: a two-step amine-promoted reaction. J Phys Chem 1993;97:5693-8. https://doi.org/10.1021/
j100123a038.

[302] Queffelec C, Petit M, Janvier P, Knight DA, Bujoli B. Surface modification using phosphonic acids and esters. Chem Rev 2012;112:3777-807. https://doi.org/
10.1021/cr2004212.

[303] Boissezon R, Muller J, Beaugeard V, Monge S, Robin J-J. Organophosphonates as anchoring agents onto metal oxide-based materials: synthesis and
applications. RSC Adv 2014;4:35690-707. https://doi.org/10.1039/C4RA05414H.

[304] Silverman BM, Wieghaus KA, Schwartz J. Comparative properties of siloxane vs phosphonate monolayers on a key titanium alloy. Langmuir 2005;21:225-8.
https://doi.org/10.1021/1a0482271.

[305] Quinsaat JEQ, Niiesch FA, Hofmann H, Opris DM. Hydrophobization of silver nanoparticles through surface-initiated atom transfer radical polymerization.
RSC Adv 2016;6:44254-60. https://doi.org/10.1039/C6RA07397B.

[306] SiP, Razmi N, Nur O, Solanki S, Pandey CM, et al. Gold nanomaterials for optical biosensing and bioimaging. Nanoscale Adv 2021;3:2679-98. https://doi.org/
10.1039/d0na00961j.

[307] Kim DJ, Kang SM, Kong B, Kim WJ, Hj P, et al. Formation of thermoresponsive gold nanoparticle/PNIPAAM hybrids by surface-initiated, atom transfer radical
polymerization in aqueous media. Macromol. Chem Phys 2005;206:1941-2196. https://doi.org/10.1002/macp.200500268.

[308] Thiele S, Andersson J, Dahlin A, Hailes RLN. Tuning the Thermoresponsive Behavior of Surface-Attached PNIPAM Networks: Varying the Crosslinker Content
in SI-ATRP. Langmuir 2021;37:3391-98. 10.1021/acs.langmuir.0c03545.

[309] Mao W, Lee S, Shin JU, Yoo HS. Surface-Initiated Atom Transfer Polymerized Anionic Corona on Gold Nanoparticles for Anti-Cancer Therapy. Pharmaceutics
2020;12:261. https://doi.org/10.3390/pharmaceutics12030261.

[310] Engel S, Fritz EC, Ravoo BJ. New trends in the functionalization of metallic gold: from organosulfur ligands to N-heterocyclic carbenes. Chem Soc Rev 2017;46:
2057-75. https://doi.org/10.1039/c7cs00023e.

[311] Sherman LM, Finley MD, Borsari RK, Schuster-Little N, Strausser SL, et al. N-Heterocyclic Carbene Ligand Stability on Gold Nanoparticles in Biological Media.
ACS Omega 2022;7:1444-51. https://doi.org/10.1021/acsomega.1c06168.

[312] Thanneeru S, Ayers KM, Anuganti M, Zhang L, Kumar CV, et al. N-Heterocyclic carbene-ended polymers as surface ligands of plasmonic metal nanoparticles.
J Mater Chem C 2020;8:2280-3228. https://doi.org/10.1039/C9TC04776J.

[313] Ryu JH, Messersmith PB, Lee H. Polydopamine Surface Chemistry: A Decade of Discovery. ACS Appl Mater Interfaces 2018;10:7523-40. https://doi.org/
10.1021/acsami.7b19865.

[314] Minet I, Delhalle J, Hevesi L, Mekhalif Z. Surface-initiated ATRP of PMMA, PS and diblock PS-b-PMMA copolymers from stainless steel modified by 11-(2-
bromoisobutyrate)-undecyl-1-phosphonic acid. J Colloid Interface Sci 2009;332:317-26. https://doi.org/10.1016/].jcis.2008.12.066.

[315] Israel LL, Galstyan A, Holler E, Ljubimova JY. Magnetic iron oxide nanoparticles for imaging, targeting and treatment of primary and metastatic tumors of the
brain. J Control Release 2020;320:45-62. https://doi.org/10.1016/j.jconrel.2020.01.009.

[316] Fadeel B. Hide and Seek: Nanomaterial Interactions With the Immune System. Front Immunol 2019;10:133. https://doi.org/10.3389/fimmu.2019.00133.

[317] Yan J, Pan X, Wang Z, Lu Z, Wang Y, et al. A fatty acid-inspired tetherable initiator for surface-initiated atom transfer radical polymerization. Chem Mater
2017;29:4963-5499. https://doi.org/10.1021/acs.chemmater.7b01338.

[318] Yar Y, Khodadust R, Akkoc Y, Utkur M, Saritas EU, et al. Development of tailored SPION-PNIPAM nanoparticles by ATRP for dually responsive doxorubicin
delivery and MR imaging. J Mater Chem B 2018;6:289-300. https://doi.org/10.1039/c7tb00646b.

[319] Chen R, Zhang W, Dai T, He J, Ye H, et al. Facile fabrication of water-soluble polyacrylic acid encapsulated core@ shell upconversion nanoparticles via metal-
free light induced surface initiated atom transfer radical polymerization. Mater Lett 2020;273:127874. https://doi.org/10.1016/j.matlet.2020.127874.

[320] PengX, AiF, Yan L, Ha E, Hu X, et al. Synthesis strategies and biomedical applications for doped inorganic semiconductor nanocrystals. Cell Rep Phys Sci 2021;
2:100436. https://doi.org/10.1016/j.xcrp.2021.100436.

[321] Zhou J, Yang Y, Zhang CY. Toward Biocompatible Semiconductor Quantum Dots: From Biosynthesis and Bioconjugation to Biomedical Application. Chem Rev
2015;115:11669-717. https://doi.org/10.1021/acs.chemrev.5b00049.

[322] Garcia de Arquer FP, Talapin DV, Klimov VI, Arakawa Y, Bayer M, et al. Semiconductor quantum dots: Technological progress and future challenges. Science
2021;373:eaaz8541.. https://doi.org/10.1126/science.aaz8541.

[323] Resch-Genger U, Grabolle M, Cavaliere-Jaricot S, Nitschke R, Nann T. Quantum dots versus organic dyes as fluorescent labels. Nat Methods 2008;5:763-75.
https://doi.org/10.1038/nmeth.1248.

[324] McHugh KJ, Jing L, Behrens AM, Jayawardena S, Tang W, et al. Biocompatible semiconductor quantum dots as cancer imaging agents. Adv Mater 2018;30:
1706356. https://doi.org/10.1002/adma.201706356.

[325] Zhang C, Kuai Y, Cheng H, Liu X, Ma L. Covalent bonding of grafted polymer brushes of poly (poly (ethylene glycol) monomethacrylate) on surface of silicon
quantum dots and the activation of the end hydroxyls. Arab J Chem 2019;12:5260-527. https://doi.org/10.1016/j.arabjc.2016.12.022.

[326] WuX, Lv X, Wang J, Sun L, Yan Y. Surface molecular imprinted polymers based on Mn-doped ZnS quantum dots by atom transfer radical polymerization for a
room-temperature phosphorescence probe of bifenthrin. Anal Methods 2017;9:4609-15. https://doi.org/10.1039/C7AY01147D.

[327] Bach LG, Islam MR, Lee DC, Lim KT. Poly (glycidyl methacrylate) grafted CdSe quantum dots by surface-initiated atom transfer radical polymerization: Novel
synthesis, characterization, properties, and cytotoxicity studies. Appl Surf Sci 2013;283:546-53. https://doi.org/10.1016/j.apsusc.2013.06.142.

[328] Dreyer DR, Park S, Bielawski CW, Ruoff RS. The chemistry of graphene oxide. Chem Soc Rev 2010;39:228-40. https://doi.org/10.1039/b917103g.

[329] Gregory SA, Hanus R, Atassi A, Rinehart JM, Wooding JP, et al. Quantifying charge carrier localization in chemically doped semiconducting polymers. Nat
Mater 2021;20:1414-21. https://doi.org/10.1038/541563-021-01008-0.

[330] LiJ, PuK. Semiconducting polymer nanomaterials as near-infrared photoactivatable protherapeutics for cancer. Acc Chem Res 2020;53:752-62. https://doi.
org/10.1021/acs.accounts.9b00569.

[331] Amani F, Dehghani E, Salami-Kalajahi M. Preparation and study on properties of dual responsive block copolymer-grafted polypyrrole smart Janus
nanoparticles. J Polym Res 2021;28:1-11. https://doi.org/10.1007/s10965-021-02498-x.

[332] Massoumi B, Shafagh-kalvanagh M, Jaymand M. Soluble and electrically conductive polyaniline-modified polymers: Incorporation of biocompatible polymeric
chains through ATRP technique. J Appl Polym Sci 2017;134. https://doi.org/10.1002/app.44720.

[333] Singh R, Torti SV. Carbon nanotubes in hyperthermia therapy. Adv Drug Deliv Rev 2013;65:2045-60. https://doi.org/10.1016/j.addr.2013.08.001.

[334] Sarkar S, Jha A, Chattopadhyay K. Thionyl chloride assisted functionalization of amorphous carbon nanotubes: a better field emitter and stable nanofluid with
better thermal conductivity. Mater Res Bull 2015;66:1-8. https://doi.org/10.1016/j.materresbull.2015.01.048.

[335] Eigler S, Hirsch A. Chemistry with graphene and graphene oxide-challenges for synthetic chemists. Angew Chem Int Ed Engl 2014;53:7720-38. https://doi.
org/10.1002/anie.201402780.

[336] Yazdi MK, Motlagh GH, Garakani SS, Boroomand A. Effects of multiwall carbon nanotubes on the polymerization model of aniline. J Polym Res 2018;25:1-15.
https://doi.org/10.1007/510965-018-1655-7.

[337] Ehli C, Rahman GM, Jux N, Balbinot D, Guldi DM, et al. Interactions in single wall carbon nanotubes/pyrene/porphyrin nanohybrids. J Am Chem Soc 2006;
128:11222-31. https://doi.org/10.1021/ja0624974.

[338] Huang CL, Lee KM, Liu ZX, Lai RY, Chen CK, et al. Antimicrobial Activity of Electrospun Polyvinyl Alcohol Nanofibers Filled with Poly[2-(tert-
butylaminoethyl) Methacrylate]-Grafted Graphene Oxide Nanosheets. Polymers (Basel) 2020;12:1449. https://doi.org/10.3390/polym12071449.

[339] SiS, Gao T, Wang J, Liu Q, Zhou G. Mussel inspired polymerized P (TA-TETA) for facile functionalization of carbon nanotube. Appl Surf Sci 2018;433:94-100.
https://doi.org/10.1016/j.apsusc.2017.10.016.

[340] Fu L, Jafari H, Giessl M, Yerneni SS, Sun M, et al. Grafting Polymer Brushes by ATRP from Functionalized Poly(ether ether ketone) Microparticles. Polym Adv
Technol 2021;32:3948-54. https://doi.org/10.1002/pat.5405.

63


https://doi.org/10.1039/C0PY00168F
https://doi.org/10.1021/j100123a038
https://doi.org/10.1021/j100123a038
https://doi.org/10.1021/cr2004212
https://doi.org/10.1021/cr2004212
https://doi.org/10.1039/C4RA05414H
https://doi.org/10.1021/la048227l
https://doi.org/10.1039/C6RA07397B
https://doi.org/10.1039/d0na00961j
https://doi.org/10.1039/d0na00961j
https://doi.org/10.1002/macp.200500268
https://doi.org/10.3390/pharmaceutics12030261
https://doi.org/10.1039/c7cs00023e
https://doi.org/10.1021/acsomega.1c06168
https://doi.org/10.1039/C9TC04776J
https://doi.org/10.1021/acsami.7b19865
https://doi.org/10.1021/acsami.7b19865
https://doi.org/10.1016/j.jcis.2008.12.066
https://doi.org/10.1016/j.jconrel.2020.01.009
https://doi.org/10.3389/fimmu.2019.00133
https://doi.org/10.1021/acs.chemmater.7b01338
https://doi.org/10.1039/c7tb00646b
https://doi.org/10.1016/j.matlet.2020.127874
https://doi.org/10.1016/j.xcrp.2021.100436
https://doi.org/10.1021/acs.chemrev.5b00049
https://doi.org/10.1126/science.aaz8541
https://doi.org/10.1038/nmeth.1248
https://doi.org/10.1002/adma.201706356
https://doi.org/10.1016/j.arabjc.2016.12.022
https://doi.org/10.1039/C7AY01147D
https://doi.org/10.1016/j.apsusc.2013.06.142
https://doi.org/10.1039/b917103g
https://doi.org/10.1038/s41563-021-01008-0
https://doi.org/10.1021/acs.accounts.9b00569
https://doi.org/10.1021/acs.accounts.9b00569
https://doi.org/10.1007/s10965-021-02498-x
https://doi.org/10.1002/app.44720
https://doi.org/10.1016/j.addr.2013.08.001
https://doi.org/10.1016/j.materresbull.2015.01.048
https://doi.org/10.1002/anie.201402780
https://doi.org/10.1002/anie.201402780
https://doi.org/10.1007/s10965-018-1655-7
https://doi.org/10.1021/ja0624974
https://doi.org/10.3390/polym12071449
https://doi.org/10.1016/j.apsusc.2017.10.016
https://doi.org/10.1002/pat.5405

M. Khodadadi Yazdi et al. Progress in Materials Science 143 (2024) 101248

[341] Flejszar M, Chmielarz P, Gie8l M, Wolski K, Smenda J, et al. A new opportunity for the preparation of PEEK-based bone implant materials: From SARA ATRP to
photo-ATRP. Polymer 2022:124587. 10.1016/j.polymer.2022.124587.

[342] Andersen C, Zverina L, Ehtiati K, Thormann E, Mordhorst H, et al. Antimicrobial PDMS Surfaces Prepared through Fast and Oxygen-Tolerant SI-SARA-ATRP,
Using Na2SO3 as a Reducing Agent. ACS Omega 2021. https://doi.org/10.1021/acsomega.1c01611.

[343] Rong M, Liu H, Scaraggi M, Bai Y, Bao L, et al. High lubricity meets load capacity: cartilage mimicking bilayer structure by brushing up stiff hydrogels from
subsurface. Adv Funct Mater 2020;30:2004062. https://doi.org/10.1002/adfm.202004062.

[344] Zhang Q, Ding F, Liu X, Shen J, Su Y, et al. Nanobody-guided targeted delivery of microRNA via nucleic acid nanogel to inhibit the tumor growth. J Control
Release 2020;328:425-34. https://doi.org/10.1016/j.jconrel.2020.08.058.

[345] Oh JK, Bencherif SA, Matyjaszewski K. Atom transfer radical polymerization in inverse miniemulsion: a versatile route toward preparation and
functionalization of microgels/nanogels for targeted drug delivery applications. Polymer 2009;50:4407-23. https://doi.org/10.1016/j.polymer.2009.06.045.

[346] Feng H, Ma Z, Zhang Y, Liu F, Ma S, et al. Polystyrene Nanospheres Modified with a Hydrophilic Polymer Brush through Subsurface-Initiated Atom Transfer
Radical Polymerization as Biolubricating Additive. Macromol Mater Eng 2020;305:2000135. https://doi.org/10.1002/mame.202000135.

[347] Sakakibara K, Maeda K, Yoshikawa C, Tsujii Y. Water Lubricating and Biocompatible Films of Bacterial Cellulose Nanofibers Surface-Modified with Densely
Grafted, Concentrated Polymer Brushes. ACS Appl Nano Mater 2021;4:1503-11. https://doi.org/10.1021/acsanm.0c03014.

[348] Zaborniak I, Chmielarz P, Matyjaszewski K. Modification of wood-based materials by atom transfer radical polymerization methods. Eur Polym J 2019;120:
109253. https://doi.org/10.1016/j.eurpolym;j.2019.109253.

[349] Kaupbayeva B, Russell AJ. Polymer-enhanced biomacromolecules. Prog Polym Sci 2020;101:101194. https://doi.org/10.1016/j.progpolymsci.2019.101194.

[350] Couet J, Biesalski M. Surface-initiated ATRP of N-isopropylacrylamide from initiator-modified self-assembled peptide nanotubes. Macromolecules 2006;39:
7258-68. https://doi.org/10.1021/ma061200j.

[351] Murata H, Baker SL, Kaupbayeva B, Lewis DJ, Zhang L, et al. Ligands and characterization for effective bio-atom-transfer radical polymerization. J Polym Sci
2020;58:42-7. https://doi.org/10.1002/pola.29504.

[352] Min Z, Xu B, Li W, Zhang A. Combination of DNA with polymers. Polym Chem 2021;12:1898-917. https://doi.org/10.1039/D0OPY01777A.

[353] Corrado C, Raimondo S, Chiesi A, Ciccia F, De Leo G, et al. Exosomes as intercellular signaling organelles involved in health and disease: basic science and
clinical applications. Int J Mol Sci 2013;14:5338-66. https://doi.org/10.3390/ijms14035338.

[354] Mehryab F, Rabbani S, Shahhosseini S, Shekari F, Fatahi Y, et al. Exosomes as a next-generation drug delivery system: an update on drug loading approaches,
characterization, and clinical application challenges. Acta Biomater 2020. https://doi.org/10.1016/j.actbio.2020.06.036.

[355] Salunkhe S, Dheeraj BM, Chitkara D, Mittal A. Surface functionalization of exosomes for target-specific delivery and in vivo imaging & tracking: Strategies and
significance. J Control Release 2020;326:599-614. https://doi.org/10.1016/j.jconrel.2020.07.042.

[356] Song S, Shim MK, Lim S, Moon Y, Yang S, et al. In Situ One-Step Fluorescence Labeling Strategy of Exosomes via Bioorthogonal Click Chemistry for Real-Time
Exosome Tracking In Vitro and In Vivo. Bioconjug Chem 2020;31:1562-74. https://doi.org/10.1021/acs.bioconjchem.0c00216.

[357] Lathwal S, Yerneni SS, Boye S, Muza UL, Takahashi S, et al. Engineering exosome polymer hybrids by atom transfer radical polymerization. Proc Natl Acad Sci
U S A 2021;118. https://doi.org/10.1073/pnas.2020241118.

[358] Kessel A, Ben-Tal N, May S. Interactions of cholesterol with lipid bilayers: the preferred configuration and fluctuations. Biophys J 2001;81:643-58. https://doi.
0rg/10.1016/50006-3495(01)75729-3.

[359] Agatemor C, Buettner MJ, Ariss R, Muthiah K, Saeui CT, et al. Exploiting metabolic glycoengineering to advance healthcare. Nat Rev Chem 2019;3:605-20.
https://doi.org/10.1038/541570-019-0126-y.

[360] Kim JY, Lee BS, Choi J, Kim BJ, Choi JY, et al. Cytocompatible Polymer Grafting from Individual Living Cells by Atom-Transfer Radical Polymerization. Angew
Chem Int Ed Engl 2016;55:15306-21539. https://doi.org/10.1002/anie.201608515.

[361] Xue Y, Chen Y-X, Yu Y-Y, Yong Y-C. Bacterial nanoencapsulation with cytocompatible atom transfer radical polymerization for improved Cr (VI) removal.
Chem Eng J 2020;387:124068. https://doi.org/10.1016/j.cej.2020.124068.

[362] Ju K-Y, Lee Y, Lee S, Park SB, Lee J-K. Bioinspired polymerization of dopamine to generate melanin-like nanoparticles having an excellent free-radical-
scavenging property. Biomacromolecules 2011;12:625-32. https://doi.org/10.1021/bm101281b.

[363] Yazdi MK, Motlagh GH. Improved electrical and thermal aging properties of DBSA-doped PANI using MWCNT and GO. J Electron Mater 2020;49:5326-34.
https://doi.org/10.1007/511664-020-08256-x.

[364] Hsueh N, Chai CLL. Evaluation of 2-Bromoisobutyryl Catechol Derivatives for Atom Transfer Radical Polymerization-Functionalized Polydopamine Coatings.
Langmuir 2021;37:8811-20. https://doi.org/10.1021/acs.langmuir.1c01143.

[365] Kopeé M, Spanjers J, Scavo E, Ernens D, Duvigneau J, et al. Surface-initiated ATRP from polydopamine-modified TiO2 nanoparticles. Eur Polym J 2018;106:
291-326. https://doi.org/10.1016/j.eurpolym;j.2018.07.033.

[366] Zhu B, Edmondson S. Polydopamine-melanin initiators for Surface-initiated ATRP. Polymer 2011;52:2141-219. https://doi.org/10.1016/j.
polymer.2011.03.027.

[367] Wei Q, Wang X, Zhou F. A versatile macro-initiator with dual functional anchoring groups for surface-initiated atom transfer radical polymerization on various
substrates. Polym Chem 2012;3:2129-37. https://doi.org/10.1039/C2PY20148H.

[368] Poon W, Kingston BR, Ouyang B, Ngo W, Chan WC. A framework for designing delivery systems. Nat Nanotechnol 2020;15:819-29. https://doi.org/10.1038/
$41565-020-0759-5.

[369] Li J, Mooney DJ. Designing hydrogels for controlled drug delivery. Nat Rev Mater 2016;1:1-17. https://doi.org/10.1038/natrevmats.2016.71.

[370] Mura S, Nicolas J, Couvreur P. Stimuli-responsive nanocarriers for drug delivery. Nat Mater 2013;12:991-1003. https://doi.org/10.1038/nmat3776.

[371] Machtakova M, Therien-Aubin H, Landfester K. Polymer nano-systems for the encapsulation and delivery of active biomacromolecular therapeutic agents.
Chem Soc Rev 2022;51:128-52. https://doi.org/10.1039/d1cs00686j.

[372] Makvandi P, Jamaledin R, Chen G, Baghbantaraghdari Z, Zare EN, et al. Stimuli-responsive transdermal microneedle patches Mater Today (Kidlington) 2021;
47:206-22. https://doi.org/10.1016/j.mattod.2021.03.012.

[373] Fairbanks BD, Macdougall LJ, Mavila S, Sinha J, Kirkpatrick BE, et al. Photoclick Chemistry: A Bright Idea. Chem Rev 2021;121:6915-90. https://doi.org/
10.1021/acs.chemrev.0c01212.

[374] Webber MJ, Tibbitt MW. Dynamic and reconfigurable materials from reversible network interactions. Nat Rev Mater 2022:1-16. https://doi.org/10.1038/
s41578-021-00412-x.

[375] Zhang Q, Qu DH, Feringa BL, Tian H. Disulfide-Mediated Reversible Polymerization toward Intrinsically Dynamic Smart Materials. J Am Chem Soc 2022;144:
2022-33. https://doi.org/10.1021/jacs.1¢10359.

[376] Siegwart DJ, Srinivasan A, Bencherif SA, Karunanidhi A, Oh JK, et al. Cellular uptake of functional nanogels prepared by inverse miniemulsion ATRP with
encapsulated proteins, carbohydrates, and gold nanoparticles. Biomacromolecules 2009;10:2300-9. https://doi.org/10.1021/bm9004904.

[377]1 LiuF, Zhao X, Zhang X, Zhang X, Peng J, et al. Fabrication of theranostic amphiphilic conjugated bottlebrush copolymers with alternating heterografts for cell
imaging and anticancer drug delivery. Polym Chem 2018;9:4866-74. https://doi.org/10.1039/C8PY01221K.

[378] Tu XY, Meng C, Zhang XL, Jin MG, Zhang XS, et al. Fabrication of Reduction-Sensitive Amphiphilic Cyclic Brush Copolymer for Controlled Drug Release.
Macromol Biosci 2018;18:e1800022.

[379] Liu Z, Huang Y, Zhang X, Tu X, Wang M, et al. Fabrication of cyclic brush copolymers with heterogeneous amphiphilic polymer brushes for controlled drug
release. Macromolecules 2018;51:7672-769. https://doi.org/10.1021/acs.macromol.8b00950.

[380] Gong J, Chen M, Zheng Y, Wang S, Wang Y. Polymeric micelles drug delivery system in oncology. J Control Release 2012;159:312-23. https://doi.org/
10.1016/j.jconrel.2011.12.012.

[381] Armstrong JPK, Stevens MM. Strategic design of extracellular vesicle drug delivery systems. Adv Drug Deliv Rev 2018;130:12-6. https://doi.org/10.1016/j.
addr.2018.06.017.

64


https://doi.org/10.1021/acsomega.1c01611
https://doi.org/10.1002/adfm.202004062
https://doi.org/10.1016/j.jconrel.2020.08.058
https://doi.org/10.1016/j.polymer.2009.06.045
https://doi.org/10.1002/mame.202000135
https://doi.org/10.1021/acsanm.0c03014
https://doi.org/10.1016/j.eurpolymj.2019.109253
https://doi.org/10.1016/j.progpolymsci.2019.101194
https://doi.org/10.1021/ma061200j
https://doi.org/10.1002/pola.29504
https://doi.org/10.1039/D0PY01777A
https://doi.org/10.3390/ijms14035338
https://doi.org/10.1016/j.actbio.2020.06.036
https://doi.org/10.1016/j.jconrel.2020.07.042
https://doi.org/10.1021/acs.bioconjchem.0c00216
https://doi.org/10.1073/pnas.2020241118
https://doi.org/10.1016/S0006-3495(01)75729-3
https://doi.org/10.1016/S0006-3495(01)75729-3
https://doi.org/10.1038/s41570-019-0126-y
https://doi.org/10.1002/anie.201608515
https://doi.org/10.1016/j.cej.2020.124068
https://doi.org/10.1021/bm101281b
https://doi.org/10.1007/s11664-020-08256-x
https://doi.org/10.1021/acs.langmuir.1c01143
https://doi.org/10.1016/j.eurpolymj.2018.07.033
https://doi.org/10.1016/j.polymer.2011.03.027
https://doi.org/10.1016/j.polymer.2011.03.027
https://doi.org/10.1039/C2PY20148H
https://doi.org/10.1038/s41565-020-0759-5
https://doi.org/10.1038/s41565-020-0759-5
https://doi.org/10.1038/natrevmats.2016.71
https://doi.org/10.1038/nmat3776
https://doi.org/10.1039/d1cs00686j
https://doi.org/10.1016/j.mattod.2021.03.012
https://doi.org/10.1021/acs.chemrev.0c01212
https://doi.org/10.1021/acs.chemrev.0c01212
https://doi.org/10.1038/s41578-021-00412-x
https://doi.org/10.1038/s41578-021-00412-x
https://doi.org/10.1021/jacs.1c10359
https://doi.org/10.1021/bm9004904
https://doi.org/10.1039/C8PY01221K
http://refhub.elsevier.com/S0079-6425(24)00017-3/h1890
http://refhub.elsevier.com/S0079-6425(24)00017-3/h1890
https://doi.org/10.1021/acs.macromol.8b00950
https://doi.org/10.1016/j.jconrel.2011.12.012
https://doi.org/10.1016/j.jconrel.2011.12.012
https://doi.org/10.1016/j.addr.2018.06.017
https://doi.org/10.1016/j.addr.2018.06.017

M. Khodadadi Yazdi et al.

[382]
[383]
[384]
[385]
[386]
[387]
[388]
[389]
[390]
[391]
[392]
[393]
[394]
[395]
[396]

[397]
[398]

[399]

[400]
[401]

[402]
[403]
[404]

[405]
[406]

[407]
[408]
[409]
[410]
[411]
[412]

[413]

[414]
[415]
[416]
[417]
[418]
[419]
[420]

[421]

[422]

Progress in Materials Science 143 (2024) 101248

Kumar P, Paknikar KM, Gajbhiye V. A robust pH-sensitive unimolecular dendritic nanocarrier that enables targeted anti-cancer drug delivery via GLUT
transporters. Colloids Surf B 2018;171:437-44. https://doi.org/10.1016/j.colsurfb.2018.07.053.

Khor SY, Quinn JF, Whittaker MR, Truong NP, Davis TP. Controlling Nanomaterial Size and Shape for Biomedical Applications via Polymerization-Induced
Self-Assembly. Macromol Rapid Commun 2019;40:e1800438.

Jiang N, Yu T, Darvish OA, Qian S, Mkam Tsengam IK, et al. Crystallization-driven self-assembly of coil-comb-shaped polypeptoid block copolymers: Solution
morphology and self-assembly pathways. Macromolecules 2019;52:8867-77. https://doi.org/10.1021/acs.macromol.9b01546.

Xie W, Jiang C, Yu X, Shi X, Wang S, et al. Stereocomplex-Induced Self-Assembly of PLLA-PEG-PLLA and PDLA-PEG-PDLA Triblock Copolymers in an Aqueous
System. ACS Appl Polym Mater 2021;3:6078-89. https://doi.org/10.1021/acsapm.1c00879.

Shi J, Choi JL, Chou B, Johnson RN, Schellinger JG, et al. Effect of polyplex morphology on cellular uptake, intracellular trafficking, and transgene expression.
ACS Nano 2013;7:10612-20. https://doi.org/10.1021/nn403069n.

Bai S, Jia D, Ma X, Liang M, Xue P, et al. Cylindrical polymer brushes-anisotropic unimolecular micelle drug delivery system for enhancing the effectiveness of
chemotherapy. Bioact Mater 2021;6:2894-904. https://doi.org/10.1016/j.bioactmat.2021.02.011.

LiJ, Sun C, Tao W, Cao Z, Qian H, et al. Photoinduced PEG deshielding from ROS-sensitive linkage-bridged block copolymer-based nanocarriers for on-demand
drug delivery. Biomaterials 2018;170:147-55. https://doi.org/10.1016/j.biomaterials.2018.04.015.

Yu W, Liu R, Zhou Y, Gao H. Size-Tunable Strategies for a Tumor Targeted Drug Delivery System. ACS Cent Sci 2020;6:100-16. https://doi.org/10.1021/
acscentsci.9b01139.

Dinari A, Abdollahi M, Sadeghizadeh M. Design and fabrication of dual responsive lignin-based nanogel via “grafting from” atom transfer radical
polymerization for curcumin loading and release. Sci Rep 2021;11:1-16. https://doi.org/10.1038/s41598-021-81393-3.

Nehate C, Moothedathu Raynold AA, Koul V. ATRP Fabricated and Short Chain Polyethylenimine Grafted Redox Sensitive Polymeric Nanoparticles for
Codelivery of Anticancer Drug and siRNA in Cancer Therapy. ACS Appl Mater Interfaces 2017;9:39672-87. https://doi.org/10.1021/acsami.7b11716.

de Avila GS, Vieira RP. Current status of ATRP-based materials for gene therapy. React Funct Polym 2020;147:104453. https://doi.org/10.1016/j.
reactfunctpolym.2019.104453.

Paunovska K, Loughrey D, Dahlman JE. Drug delivery systems for RNA therapeutics. Nat Rev Genet 2022;23:265-80. https://doi.org/10.1038/541576-021-
00439-4.

Wei Q, Ji J, Shen J. Synthesis of near-infrared responsive gold nanorod/pnipaam core/shell nanohybrids via surface initiated atrp for smart drug delivery.
Macromol Rapid Commun 2008;29:645-50. https://doi.org/10.1002/marc.200800009.

Boussif O, Lezoualc’h F, Zanta MA, Mergny MD, Scherman D, et al. A versatile vector for gene and oligonucleotide transfer into cells in culture and in vivo:
polyethylenimine. PNAS 1995;92:7297-301. https://doi.org/10.1073/pnas.92.16.7297.

Loh KP, Ho D, Chiu GNC, Leong DT, Pastorin G, et al. Clinical Applications of Carbon Nanomaterials in Diagnostics and Therapy. Adv Mater 2018;30:
€1802368.

Arneth B. Tumor Microenvironment Medicina (Kaunas) 2019;56:15. https://doi.org/10.3390/medicina56010015.

Fernandez M, Javaid F, Chudasama V. Advances in targeting the folate receptor in the treatment/imaging of cancers. Chem Sci 2018;9:790-810. https://doi.
org/10.1039/c7sc04004k.

Zhu S, Song Y, Wang J, Wan H, Zhang Y, et al. Photoluminescence mechanism in graphene quantum dots: quantum confinement effect and surface/edge state.
Nano Today 2017;13:10-4. https://doi.org/10.1016/j.nantod.2016.12.006.

Manzano M, Vallet-Regi M. Mesoporous silica nanoparticles for drug delivery. Adv Funct Mater 2020;30:1902634. https://doi.org/10.1002/adfm.201902634.
Alfhaid LHK. Recent advance in functionalized mesoporous silica nanoparticles with stimuli-responsive polymer brush for controlled drug delivery. Soft Mater
2022:1-15. https://doi.org/10.1080/1539445X.2022.2028831.

Chang L, Yan H, Chang J, Gautrot JE. Cationic polymer brush-coated bioglass nanoparticles for the design of bioresorbable RNA delivery vectors. Eur Polym J
2021;156:110593. https://doi.org/10.1016/j.eurpolymj.2021.110593.

Yazdi MK, Zarrintaj P, Hosseiniamoli H, Mashhadzadeh AH, Saeb MR, et al. Zeolites for theranostic applications. J Mater Chem B 2020;8:5992-6012. https://
doi.org/10.1039/D0OTB00719F.

Oren O, Gersh BJ, Bhatt DL. Artificial intelligence in medical imaging: switching from radiographic pathological data to clinically meaningful endpoints.
Lancet Digit Health 2020;2:e486-8. https://doi.org/10.1016/52589-7500(20)30160-6.

Han X, Xu K, Taratula O, Farsad K. Applications of nanoparticles in biomedical imaging. Nanoscale 2019;11:799-819. https://doi.org/10.1039/c8nr07769j.
Jeong Y, Hwang HS, Na K. Theranostics and contrast agents for magnetic resonance imaging. Biomater Res 2018;22:20. https://doi.org/10.1186/s40824-018-
0130-1.

Wang Y, Feng L, Wang S. Conjugated polymer nanoparticles for imaging, cell activity regulation, and therapy. Adv Funct Mater 2019;29:1806818. https://doi.
org/10.1002/adfm.201806818.

Abelha TF, Dreiss CA, Green MA, Dailey LA. Conjugated polymers as nanoparticle probes for fluorescence and photoacoustic imaging. J Mater Chem B 2020;8:
592-606. https://doi.org/10.1039/C9TB02582K.

Pansare V, Hejazi S, Faenza W, Prud’homme RK. Review of Long-Wavelength Optical and NIR Imaging Materials: Contrast Agents, Fluorophores and
Multifunctional Nano Carriers. Chem Mater 2012;24:812-27. https://doi.org/10.1021/cm2028367.

Wang S, Liu J, Feng G, Ng LG, Liu B. NIR-II Excitable Conjugated Polymer Dots with Bright NIR-I Emission for Deep In Vivo Two-Photon Brain Imaging through
Intact Skull. Adv Funct Mater 2019;29:1808365. https://doi.org/10.1002/adfm.201808365.

Damavandi M, Baek P, Pilkington LI, Chaudhary OJ, Burn P, et al. Synthesis of grafted poly (p-phenyleneethynylene) via ARGET ATRP: Towards
nonaggregating and photoluminescence materials. Eur Polym J 2017;89:263-71. https://doi.org/10.1016/j.eurpolymj.2017.02.035.

Chen D, Wu I-C, Liu Z, Tang Y, Chen H, et al. Semiconducting polymer dots with bright narrow-band emission at 800 nm for biological applications. Chem Sci
2017;8:3390-4338. https://doi.org/10.1039/C7SCO0441A.

Yang C, Liu H, Zhang Y, Xu Z, Wang X, et al. Hydrophobic-Sheath Segregated Macromolecular Fluorophores: Colloidal Nanoparticles of Polycaprolactone-
Grafted Conjugated Polymers with Bright Far-Red/Near-Infrared Emission for Biological Imaging. Biomacromolecules 2016;17:1673-83. https://doi.org/
10.1021/acs.biomac.6b00092.

Huang Z, Zhang X, Zhang X, Wang S, Yang B, et al. Fabrication of amphiphilic fluorescent polylysine nanoparticles by atom transfer radical polymerization
(ATRP) and their application in cell imaging. RSC Adv 2015;5:65884-6589. https://doi.org/10.1039/C5RAT10283A.

Bunzli JC. Lanthanide luminescence for biomedical analyses and imaging. Chem Rev 2010;110:2729-55. https://doi.org/10.1021/cr900362e.

Li H, Wang X, Ohulchanskyy TY, Chen G. Lanthanide-Doped Near-Infrared Nanoparticles for Biophotonics. Adv Mater 2021;33:e2000678.

Yi Z, Luo Z, Qin X, Chen Q, Liu X. Lanthanide-Activated Nanoparticles: A Toolbox for Bioimaging, Therapeutics, and Neuromodulation. Acc Chem Res 2020;53:
2692-704. https://doi.org/10.1021/acs.accounts.0c00513.

Cardoso Dos Santos M, Runser A, Bartenlian H, Nonat AM, Charbonniere LJ, et al. Lanthanide-complex-loaded polymer nanoparticles for background-free
single-particle and live-cell imaging. Chem Mater 2019;31:4034-41. https://doi.org/10.1021/acs.chemmater.9b00576.

Zeng G, Liu M, Jiang R, Heng C, Huang Q, et al. Surface grafting of Eu3+ doped luminescent hydroxyapatite nanomaterials through metal free light initiated
atom transfer radical polymerization for theranostic applications. Mater Sci Eng C 2017;77:420-46. https://doi.org/10.1016/j.msec.2017.03.261.
Foucault-Collet A, Gogick KA, White KA, Villette S, Pallier A, et al. Lanthanide near infrared imaging in living cells with Yb3+ nano metal organic frameworks.
Proc Natl Acad Sci U S A 2013;110:17199-204. https://doi.org/10.1073/pnas.1305910110.

Liang G, Wang H, Shi H, Wang H, Zhu M, et al. Recent progress in the development of upconversion nanomaterials in bioimaging and disease treatment.

J Nanobiotechnology 2020;18:154. https://doi.org/10.1186/512951-020-00713-3.

Huang Z, Ma Y, Jing W, Zhang Y, Jia X, et al. Tracing Carbon Nanotubes (CNTs) in Rat Peripheral Nerve Regenerated with Conductive Conduits Composed of
Poly(lactide-co-glycolide) and Fluorescent CNTs. ACS Biomater Sci Eng 2020;6:6344-55. https://doi.org/10.1021/acsbiomaterials.0c01065.

65


https://doi.org/10.1016/j.colsurfb.2018.07.053
http://refhub.elsevier.com/S0079-6425(24)00017-3/h1915
http://refhub.elsevier.com/S0079-6425(24)00017-3/h1915
https://doi.org/10.1021/acs.macromol.9b01546
https://doi.org/10.1021/acsapm.1c00879
https://doi.org/10.1021/nn403069n
https://doi.org/10.1016/j.bioactmat.2021.02.011
https://doi.org/10.1016/j.biomaterials.2018.04.015
https://doi.org/10.1021/acscentsci.9b01139
https://doi.org/10.1021/acscentsci.9b01139
https://doi.org/10.1038/s41598-021-81393-3
https://doi.org/10.1021/acsami.7b11716
https://doi.org/10.1016/j.reactfunctpolym.2019.104453
https://doi.org/10.1016/j.reactfunctpolym.2019.104453
https://doi.org/10.1038/s41576-021-00439-4
https://doi.org/10.1038/s41576-021-00439-4
https://doi.org/10.1002/marc.200800009
https://doi.org/10.1073/pnas.92.16.7297
http://refhub.elsevier.com/S0079-6425(24)00017-3/h1980
http://refhub.elsevier.com/S0079-6425(24)00017-3/h1980
https://doi.org/10.3390/medicina56010015
https://doi.org/10.1039/c7sc04004k
https://doi.org/10.1039/c7sc04004k
https://doi.org/10.1016/j.nantod.2016.12.006
https://doi.org/10.1002/adfm.201902634
https://doi.org/10.1080/1539445X.2022.2028831
https://doi.org/10.1016/j.eurpolymj.2021.110593
https://doi.org/10.1039/D0TB00719F
https://doi.org/10.1039/D0TB00719F
https://doi.org/10.1016/S2589-7500(20)30160-6
https://doi.org/10.1039/c8nr07769j
https://doi.org/10.1186/s40824-018-0130-1
https://doi.org/10.1186/s40824-018-0130-1
https://doi.org/10.1002/adfm.201806818
https://doi.org/10.1002/adfm.201806818
https://doi.org/10.1039/C9TB02582K
https://doi.org/10.1021/cm2028367
https://doi.org/10.1002/adfm.201808365
https://doi.org/10.1016/j.eurpolymj.2017.02.035
https://doi.org/10.1039/C7SC00441A
https://doi.org/10.1021/acs.biomac.6b00092
https://doi.org/10.1021/acs.biomac.6b00092
https://doi.org/10.1039/C5RA10283A
https://doi.org/10.1021/cr900362e
http://refhub.elsevier.com/S0079-6425(24)00017-3/h2080
https://doi.org/10.1021/acs.accounts.0c00513
https://doi.org/10.1021/acs.chemmater.9b00576
https://doi.org/10.1016/j.msec.2017.03.261
https://doi.org/10.1073/pnas.1305910110
https://doi.org/10.1186/s12951-020-00713-3
https://doi.org/10.1021/acsbiomaterials.0c01065

M. Khodadadi Yazdi et al. Progress in Materials Science 143 (2024) 101248

[423] Sun T, Han J, Liu S, Wang X, Wang ZY, et al. Tailor-Made Semiconducting Polymers for Second Near-Infrared Photothermal Therapy of Orthotopic Liver
Cancer. ACS Nano 2019;13:7345-54. https://doi.org/10.1021/acsnano.9b03910.

[424] Yang Z, Li L, Jin AJ, Huang W, Chen X. Rational design of semiconducting polymer brushes as cancer theranostics. Mater Horiz 2020;7:1474-94. https://doi.
org/10.1039/DOMHO00012D.

[425] Song J, Fang Z, Wang C, Zhou J, Duan B, et al. Photolabile plasmonic vesicles assembled from amphiphilic gold nanoparticles for remote-controlled traceable
drug delivery. Nanoscale 2013;5:5816-24. https://doi.org/10.1039/¢3nr01350b.

[426] Li D, Xu L, Wang J, Gautrot JE. Responsive Polymer Brush Design and Emerging Applications for Nanotheranostics. Adv Healthc Mater 2021;10:e2000953.

[427] WuH, Tang L, An L, Wang X, Zhang H, et al. pH-responsive magnetic mesoporous silica nanospheres for magnetic resonance imaging and drug delivery. React
Funct Polym 2012;72:329-36. https://doi.org/10.1016/j.reactfunctpolym.2012.03.007.

[428] Cheng L, Li Y, Zhai X, Xu B, Cao Z, et al. Polycation-b-polyzwitterion copolymer grafted luminescent carbon dots as a multifunctional platform for serum-
resistant gene delivery and bioimaging. ACS Appl Mater Interfaces 2014;6:20487-97. https://doi.org/10.1021/am506076r.

[429] ZouY, Jin H, Sun F, Dai X, Xu Z, et al. Design and synthesis of a lead sulfide based nanotheranostic agent for computer tomography/magnetic resonance dual-
mode-bioimaging-guided photothermal therapy. ACS Appl Nano Mater 2018;1:2294-305. https://doi.org/10.1021/acsanm.8b00359.

[430] Yu SB, Watson AD. Metal-Based X-ray Contrast Media. Chem Rev 1999;99:2353-78. https://doi.org/10.1021/cr980441p.

[431] Clough TJ, Jiang L, Wong KL, Long NJ. Ligand design strategies to increase stability of gadolinium-based magnetic resonance imaging contrast agents. Nat
Commun 2019;10:1420. https://doi.org/10.1038/541467-019-09342-3.

[432] Chen Q, Huang X, Zhang G, Li J, Liu Y, et al. Novel targeted pH-responsive drug delivery systems based on PEGMA-modified bimetallic Prussian blue analogs
for breast cancer chemotherapy. RSC Adv 2023;13:1684-700. https://doi.org/10.1039/D2RA06631A.

[433] Gaharwar AK, Singh I, Khademhosseini A. Engineered biomaterials for in situ tissue regeneration. Nat Rev Mater 2020;5:686-705. https://doi.org/10.1038/
s41578-020-0209-x.

[434] Richbourg NR, Peppas NA, Sikavitsas VI. Tuning the biomimetic behavior of scaffolds for regenerative medicine through surface modifications. J Tissue Eng
Regen Med 2019;13:1275-93. https://doi.org/10.1002/term.2859.

[435] Mahara A, Yamaoka T. Continuous separation of cells of high osteoblastic differentiation potential from mesenchymal stem cells on an antibody-immobilized
column. Biomaterials 2010;31:4231-7. https://doi.org/10.1016/j.biomaterials.2010.01.126.

[436] Nagase K, Shimura M, Shimane R, Hanaya K, Yamada S, et al. Selective capture and non-invasive release of cells using a thermoresponsive polymer brush with
affinity peptides. Biomater Sci 2021;9:663-74. https://doi.org/10.1039/d0bm01453b.

[437] Nagase K, Yamato M, Kanazawa H, Okano T. Poly(N-isopropylacrylamide)-based thermoresponsive surfaces provide new types of biomedical applications.
Biomaterials 2018;153:27-48. https://doi.org/10.1016/j.biomaterials.2017.10.026.

[438] Nagase K, Kimura A, Shimizu T, Matsuura K, Yamato M, et al. Dynamically cell separating thermo-functional biointerfaces with densely packed polymer
brushes. J Mater Chem 2012;22:19514-22. https://doi.org/10.1039/C2JM31797D.

[439] Nagase K, Uchikawa N, Hirotani T, Akimoto AM, Kanazawa H. Thermoresponsive anionic copolymer brush-grafted surfaces for cell separation. Colloids Surf B
Biointerfaces 2020;185:110565. https://doi.org/10.1016/j.colsurfb.2019.110565.

[440] Nagase K, Wakayama H, Matsuda J, Kojima N, Kanazawa H. Thermoresponsive mixed polymer brush to effectively control the adhesion and separation of stem
cells by altering temperature. Mater Today Bio 2023;20:100627. https://doi.org/10.1016/j.mtbio.2023.100627.

[441] Liu H, Liu X, Meng J, Zhang P, Yang G, et al. Hydrophobic interaction-mediated capture and release of cancer cells on thermoresponsive nanostructured
surfaces. Adv Mater 2013;25:922-7. https://doi.org/10.1002/adma.201203826.

[442] Evci M, Tevlek A, Aydin HM, Caykara T. Synthesis of temperature and light sensitive mixed polymer brushes via combination of surface-initiated PET-ATRP
and interface-mediated RAFT polymerization for cell sheet application. Appl Surf Sci 2020;511:145572. https://doi.org/10.1016/j.apsusc.2020.145572.

[443] Nagase K, Okano T. Thermoresponsive-polymer-based materials for temperature-modulated bioanalysis and bioseparations. J Mater Chem B 2016;4:6381-97.
https://doi.org/10.1039/c6tb01003b.

[444] Matsuda N, Shimizu T, Yamato M, Okano T. Tissue engineering based on cell sheet technology. Adv Mater 2007;19:3089-99. https://doi.org/10.1002/
adma.200701978.

[445] Li M, Xiong Y, Qing G. Smart bio-separation materials. TrAC, Trends Anal Chem 2020;124:115585. https://doi.org/10.1016/j.trac.2019.06.035.

[446] Disney MD. A glimpse at the glycoRNA world. Cell 2021;184:3080-301. https://doi.org/10.1016/j.cell.2021.05.025.

[447] Daly AC, Riley L, Segura T, Burdick JA. Hydrogel microparticles for biomedical applications. Nat Rev Mater 2020;5:20-43. https://doi.org/10.1038/s41578-
019-0148-6.

[448] Smith PN, Mao L, Sinha K, Russell AJ. Organophosphate detoxification by membrane-engineered red blood cells. Acta Biomater 2021;124:270-81. https://doi.
org/10.1016/j.actbio.2021.01.043.

[449] Majumder J, Chopra G. Stable and Reversible Functionalization of the Native Phosphate Groups on Live Cells. bioRxiv 2018:462044. 10.1101/462044.

[450] Zhang P, Bookstaver ML, Jewell CM. Engineering Cell Surfaces with Polyelectrolyte Materials for Translational Applications. Polymers (Basel) 2017;9:40.
https://doi.org/10.3390/polym9020040.

[451] Clafshenkel WP, Murata H, Andersen J, Creeger Y, Koepsel RR, et al. The Effect of Covalently-Attached ATRP-Synthesized Polymers on Membrane Stability and
Cytoprotection in Human Erythrocytes. PLoS One 2016;11:e0157641.

[452] Lee S, Koo H, Na JH, Han SJ, Min HS, et al. Chemical tumor-targeting of nanoparticles based on metabolic glycoengineering and click chemistry. ACS Nano
2014;8:2048-63. https://doi.org/10.1021/nn406584y.

[453] Layadi A, Kessel B, Yan W, Romio M, Spencer ND, et al. Oxygen Tolerant and Cytocompatible Iron(0)-Mediated ATRP Enables the Controlled Growth of
Polymer Brushes from Mammalian Cell Cultures. J Am Chem Soc 2020;142:3158-64. https://doi.org/10.1021 /jacs.9b12974.

[454] Amani H, Arzaghi H, Bayandori M, Dezfuli AS, Pazoki-Toroudi H, et al. Controlling cell behavior through the design of biomaterial surfaces: a focus on surface
modification techniques. Adv Mater Interfaces 2019;6:1900572. https://doi.org/10.1002/admi.201900572.

[455] Sun W, Taylor CS, Zhang Y, Gregory DA, Tomeh MA, et al. Cell guidance on peptide micropatterned silk fibroin scaffolds. J Colloid Interface Sci 2021;603:
380-90. https://doi.org/10.1016/j.jcis.2021.06.086.

[456] Xiao J, Huang T, Hu J, Zan F, Liao Z, et al. The Thickness of Surface Grafting Layer on Bio-materials directly Mediates the Immuno-reacitivity of Macrophages
in vitro. Open Life Sci 2020;15:198-208. https://doi.org/10.1515/biol-2020-0020.

[457] Lian J, Xu H, Duan S, Ding X, Hu Y, et al. Tunable Adhesion of Different Cell Types Modulated by Thermoresponsive Polymer Brush Thickness.
Biomacromolecules 2020;21:732-42. https://doi.org/10.1021/acs.biomac.9b01437.

[458] Karami Z, Jouyandeh M, Ali JA, Ganjali MR, Aghazadeh M, et al. Cure Index for labeling curing potential of epoxy/LDH nanocomposites: A case study on
nitrate anion intercalated Ni-Al-LDH. Prog Org Coat 2019;136:105228. https://doi.org/10.1016/j.porgcoat.2019.1052238.

[459] YuY, Vancso GJ, de Beer S. Substantially enhanced stability against degrafting of zwitterionic PMPC brushes by utilizing PGMA-linked initiators. Eur Polym J
2017;89:221-9. https://doi.org/10.1016/j.eurpolym;j.2017.02.033.

[460] Gan Q, Chen L, Bei HP, Ng SW, Guo H, et al. Artificial cilia for soft and stable surface covalent immobilization of bone morphogenetic protein-2. Bioact Mater
2023;24:551-62. https://doi.org/10.1016/].bioactmat.2022.12.029.

[461] Wu J, Shi L, Pei Y, Yang D, Gao P, et al. Comparative effectiveness of PEEK rods versus titanium alloy rods in cervical fusion in a new sheep model. Eur Spine J
2020;29:1159-66. https://doi.org/10.1007/s00586-020-06307-9.

[462] Flejszar M, Chmielarz P. Surface Modifications of Poly(Ether Ether Ketone) via Polymerization Methods-Current Status and Future Prospects. Materials (Basel)
2020;13:999. https://doi.org/10.3390/mal3040999.

[463] Yameen B, Alvarez M, Azzaroni O, Jonas U, Knoll W. Tailoring of poly(ether ether ketone) surface properties via surface-initiated atom transfer radical
polymerization. Langmuir 2009;25:6214-20. https://doi.org/10.1021/1a900010z.

[464] Hanks T, Atkinson BL. Comparison of cell viability on anorganic bone matrix with or without P-15 cell binding peptide. Biomaterials 2004;25:4831-5486.
https://doi.org/10.1016/j.biomaterials.2003.12.007.

66


https://doi.org/10.1021/acsnano.9b03910
https://doi.org/10.1039/D0MH00012D
https://doi.org/10.1039/D0MH00012D
https://doi.org/10.1039/c3nr01350b
http://refhub.elsevier.com/S0079-6425(24)00017-3/h2130
https://doi.org/10.1016/j.reactfunctpolym.2012.03.007
https://doi.org/10.1021/am506076r
https://doi.org/10.1021/acsanm.8b00359
https://doi.org/10.1021/cr980441p
https://doi.org/10.1038/s41467-019-09342-3
https://doi.org/10.1039/D2RA06631A
https://doi.org/10.1038/s41578-020-0209-x
https://doi.org/10.1038/s41578-020-0209-x
https://doi.org/10.1002/term.2859
https://doi.org/10.1016/j.biomaterials.2010.01.126
https://doi.org/10.1039/d0bm01453b
https://doi.org/10.1016/j.biomaterials.2017.10.026
https://doi.org/10.1039/C2JM31797D
https://doi.org/10.1016/j.colsurfb.2019.110565
https://doi.org/10.1016/j.mtbio.2023.100627
https://doi.org/10.1002/adma.201203826
https://doi.org/10.1016/j.apsusc.2020.145572
https://doi.org/10.1039/c6tb01003b
https://doi.org/10.1002/adma.200701978
https://doi.org/10.1002/adma.200701978
https://doi.org/10.1016/j.trac.2019.06.035
https://doi.org/10.1016/j.cell.2021.05.025
https://doi.org/10.1038/s41578-019-0148-6
https://doi.org/10.1038/s41578-019-0148-6
https://doi.org/10.1016/j.actbio.2021.01.043
https://doi.org/10.1016/j.actbio.2021.01.043
https://doi.org/10.3390/polym9020040
http://refhub.elsevier.com/S0079-6425(24)00017-3/h2255
http://refhub.elsevier.com/S0079-6425(24)00017-3/h2255
https://doi.org/10.1021/nn406584y
https://doi.org/10.1021/jacs.9b12974
https://doi.org/10.1002/admi.201900572
https://doi.org/10.1016/j.jcis.2021.06.086
https://doi.org/10.1515/biol-2020-0020
https://doi.org/10.1021/acs.biomac.9b01437
https://doi.org/10.1016/j.porgcoat.2019.105228
https://doi.org/10.1016/j.eurpolymj.2017.02.033
https://doi.org/10.1016/j.bioactmat.2022.12.029
https://doi.org/10.1007/s00586-020-06307-9
https://doi.org/10.3390/ma13040999
https://doi.org/10.1021/la900010z
https://doi.org/10.1016/j.biomaterials.2003.12.007

M. Khodadadi Yazdi et al.

[465]
[466]
[467]
[468]
[469]
[470]
[471]
[472]

[473]
[474]

[475]
[476]
[477]
[478]
[479]
[480]
[481]
[482]
[483]
[484]
[485]
[486]
[487]

[488]

[489]
[490]
[491]
[492]
[493]
[494]
[495]
[496]
[497]
[498]
[499]
[500]
[501]
[502]

[503]

Progress in Materials Science 143 (2024) 101248

Fu L, Omi M, Sun M, Cheng B, Mao G, et al. Covalent Attachment of P15 Peptide to Ti Alloy Surface Modified with Polymer to Enhance Osseointegration of
Implants. ACS Appl Mater Interfaces 2019;11:38531-43856. https://doi.org/10.1021/acsami.9b14651.

Collins J, Xiao Z, Miillner M, Connal LA. The emergence of oxime click chemistry and its utility in polymer science. Polym Chem 2016;7:3812-26. https://doi.
org/10.1039/C6PY00635C.

Gorbet MB, Sefton MV. Biomaterial-associated thrombosis: roles of coagulation factors, complement, platelets and leukocytes. Biomaterials 2004;25:
5681-703. https://doi.org/10.1016/j.biomaterials.2004.01.023.

Weber M, Steinle H, Golombek S, Hann L, Schlensak C, et al. Blood-Contacting Biomaterials. In Vitro Evaluation of the Hemocompatibility. Front Bioeng.
Biotechnol 2018;6:99.. https://doi.org/10.3389/fbioe.2018.00099.

Yuan W, Feng Y, Wang H, Yang D, An B, et al. Hemocompatible surface of electrospun nanofibrous scaffolds by ATRP modification. Mater Sci Eng C Mater Biol
Appl 2013;33:3644-51. https://doi.org/10.1016/j.msec.2013.04.048.

Lai BF, Creagh AL, Janzen J, Haynes CA, Brooks DE, et al. The induction of thrombus generation on nanostructured neutral polymer brush surfaces.
Biomaterials 2010;31:6710-7678. https://doi.org/10.1016/j.biomaterials.2010.05.052.

Ghaleh H, Jalili K, Maher BM, Rahbarghazi R, Mehrjoo M, et al. Biomimetic antifouling PDMS surface developed via well-defined polymer brushes for
cardiovascular applications. Eur Polym J 2018;106:305-17. https://doi.org/10.1016/j.eurpolymj.2018.08.003.

Wei Q, Pei X, Hao J, Cai M, Zhou F, et al. Surface modification of diamond-like carbon film with polymer brushes using a bio-inspired catechol anchor for
excellent biological lubrication. Adv Mater Interfaces 2014;1:1400035. https://doi.org/10.1002/admi.201400035.

Lin W, Klein J. Recent Progress in Cartilage Lubrication. Adv Mater 2021;33:e2005513.

Moro T, Takatori Y, Ishihara K, Konno T, Takigawa Y, et al. Surface grafting of artificial joints with a biocompatible polymer for preventing periprosthetic
osteolysis. Nat Mater 2004;3:829-36. https://doi.org/10.1038/nmat1233.

Zhang K, Spencer ND. Imparting ultralow lubricity to double-network hydrogels by surface-initiated controlled radical polymerization under ambient
conditions. Biotribology 2021;26:100161. https://doi.org/10.1016/.biotri.2021.100161.

Su L, Feng Y, Wei K, Xu X, Liu R, et al. Carbohydrate-Based Macromolecular Biomaterials. Chem Rev 2021;121:10950-1029. https://doi.org/10.1021/acs.
chemrev.0c01338.

Yang L, Li R, Liao X, Li T, Kong Y, et al. Zwitterionic polyelectrolyte brush modified chitosan nanoparticles as functional biolubricant with good friction-
reduction effect. Tribol Int 2023;183:108405. https://doi.org/10.1016/j.triboint.2023.108405.

Farokhi M, Mottaghitalab F, Fatahi Y, Khademhosseini A, Kaplan DL. Overview of Silk Fibroin Use in Wound Dressings. Trends Biotechnol 2018;36:907-22.
https://doi.org/10.1016/j.tibtech.2018.04.004.

Heichel DL, Vy NCH, Ward SP, Adamson DH, Burke KA. Controlled radical polymerization of hydrophilic and zwitterionic brush-like polymers from silk fibroin
surfaces. J Mater Chem B 2020;8:10392-406. https://doi.org/10.1039/d0tb01990a.

Sprott MR, Gallego-Ferrer G, Dalby MJ, Salmerén-Sanchez M, Cantini M. Functionalization of PLLA with polymer brushes to trigger the assembly of fibronectin
into nanonetworks. Adv Healthc Mater 2019;8:1801469. https://doi.org/10.1002/adhm.201801469.

Salmeron-Sanchez M, Rico P, Moratal D, Lee TT, Schwarzbauer JE, et al. Role of material-driven fibronectin fibrillogenesis in cell differentiation. Biomaterials
2011;32:2099-105. https://doi.org/10.1016/j.biomaterials.2010.11.057.

Kreyling WG, Abdelmonem AM, Ali Z, Alves F, Geiser M, et al. In vivo integrity of polymer-coated gold nanoparticles. Nat Nanotechnol 2015;10:619-23.
https://doi.org/10.1038/nnano.2015.111.

Chang MC, Ko CC, Douglas WH. Preparation of hydroxyapatite-gelatin nanocomposite. Biomaterials 2003;24:2853-62. https://doi.org/10.1016/50142-9612.
(03)00115-7.

Banerjee I, Pangule RC, Kane RS. Antifouling coatings: recent developments in the design of surfaces that prevent fouling by proteins, bacteria, and marine
organisms. Adv Mater 2011;23:690-718. https://doi.org/10.1002/adma.201001215.

Wei Q, Becherer T, Angioletti-Uberti S, Dzubiella J, Wischke C, et al. Protein interactions with polymer coatings and biomaterials. Angew Chem Int Ed Engl
2014;53:8004-31. https://doi.org/10.1002/anie.201400546.

Erathodiyil N, Chan H-M, Wu H, Ying JY. Zwitterionic polymers and hydrogels for antibiofouling applications in implantable devices. Mater Today 2020;38:
84-98. https://doi.org/10.1016/j.mattod.2020.03.024.

Zhao W, Ye Q, Hu H, Wang X, Zhou F. Grafting zwitterionic polymer brushes via electrochemical surface-initiated atomic-transfer radical polymerization for
anti-fouling applications. J Mater Chem B 2014;2:5352-537. https://doi.org/10.1039/c4tb00816b.

Ippel BD, Komil MI, Bartels PAA, Sontjens SHM, Boonen R, et al. Supramolecular Additive-Initiated Controlled Atom Transfer Radical Polymerization of
Zwitterionic Polymers on Ureido-pyrimidinone-Based Biomaterial Surfaces. Macromolecules 2020;53:4454-64. https://doi.org/10.1021/acs.
macromol.0c00160.

Teunissen LW, Kuzmyn AR, Ruggeri FS, Smulders MM, Thermoresponsive ZH. Pyrrolidone-Based Antifouling Polymer Brushes. Adv Mater. Interfaces 2022;
2101717. https://doi.org/10.1002/admi.202101717.

Theuretzbacher U, Bush K, Harbarth S, Paul M, Rex JH, et al. Critical analysis of antibacterial agents in clinical development. Nat Rev Microbiol 2020;18:
286-98. https://doi.org/10.1038/541579-020-0340-0.

Rahmati M, Mills DK, Urbanska AM, Saeb MR, Venugopal JR, et al. Electrospinning for tissue engineering applications. Prog Mater Sci 2021;117:100721.
https://doi.org/10.1016/j.pmatsci.2020.100721.

Dhingra S, Joshi A, Singh N, Saha S. Infection resistant polymer brush coating on the surface of biodegradable polyester. Mater Sci Eng C Mater Biol Appl 2021;
118:111465. https://doi.org/10.1016/j.msec.2020.111465.

Vatankhah-Varnosfaderani M, Keith AN, Cong Y, Liang H, Rosenthal M, et al. Chameleon-like elastomers with molecularly encoded strain-adaptive stiffening
and coloration. Science 2018;359:1509-13. https://doi.org/10.1126/science.aar5308.

Keith AN, Vatankhah-Varnosfaderani M, Clair C, Fahimipour F, Dashtimoghadam E, et al. Bottlebrush bridge between soft gels and firm tissues. ACS Cent Sci
2020;6:413-49. https://doi.org/10.1021/acscentsci.9b01216.

Vashahi F, Martinez MR, Dashtimoghadam E, Fahimipour F, Keith AN, et al. Injectable bottlebrush hydrogels with tissue-mimetic mechanical properties. Sci
Adv 2022;8:eabm2469.. https://doi.org/10.1126/sciadv.abm2469.

Rissin DM, Kan CW, Campbell TG, Howes SC, Fournier DR, et al. Single-molecule enzyme-linked immunosorbent assay detects serum proteins at
subfemtomolar concentrations. Nat Biotechnol 2010;28:595-659. https://doi.org/10.1038/nbt.1641.

Li P, Zhang Y, Gong P, Liu Y, Feng W, et al. Photoinduced atom transfer radical polymerization combined with click chemistry for highly sensitive detection of
tobacco mosaic virus RNA. Talanta 2021;235:122803. https://doi.org/10.1016/j.talanta.2021.122803.

Wang Q, Sun H, Wen D, Wang L, Li L, et al. Ultrasensitive electrochemical detection of miRNA based on polymerization signal amplification. Talanta 2021;235:
122744. https://doi.org/10.1016/j.talanta.2021.122744.

Zhao L, Yang H, Zheng X, Li J, Jian L, et al. Dual signal amplification by polysaccharide and eATRP for ultrasensitive detection of CYFRA 21-1 DNA. Biosens
Bioelectron 2020;150:111895. https://doi.org/10.1016/].bi0os.2019.111895.

Cedres S, Nunez [, Longo M, Martinez P, Checa E, et al. Serum tumor markers CEA, CYFRA21-1, and CA-125 are associated with worse prognosis in advanced
non-small-cell lung cancer (NSCLC). Clin Lung Cancer 2011;12:172-9. https://doi.org/10.1016/j.cllc.2011.03.019.

Hu Q, Gan S, Bao Y, Zhang Y, Han D, et al. Controlled/“living” radical polymerization-based signal amplification strategies for biosensing. J Mater Chem B
2020;8:3327-40. https://doi.org/10.1039/c9tb02419k.

Peng X, Yan H, Wu Z, Wen W, Zhang X, et al. Magnetic Nanobeads and De Novo Growth of Electroactive Polymers for Ultrasensitive microRNA Detection at the
Cellular Level. Anal Chem 2020;93:902-10. https://doi.org/10.1021/acs.analchem.0c03558.

Sun H, Kong J, Wang Q, Liu Q, Zhang X. Dual Signal Amplification by eATRP and DNA-Templated Silver Nanoparticles for Ultrasensitive Electrochemical
Detection of Nucleic Acids. ACS Appl Mater Interfaces 2019;11:27568-73. https://doi.org/10.1021/acsami.9b08037.

67


https://doi.org/10.1021/acsami.9b14651
https://doi.org/10.1039/C6PY00635C
https://doi.org/10.1039/C6PY00635C
https://doi.org/10.1016/j.biomaterials.2004.01.023
https://doi.org/10.3389/fbioe.2018.00099
https://doi.org/10.1016/j.msec.2013.04.048
https://doi.org/10.1016/j.biomaterials.2010.05.052
https://doi.org/10.1016/j.eurpolymj.2018.08.003
https://doi.org/10.1002/admi.201400035
http://refhub.elsevier.com/S0079-6425(24)00017-3/h2365
https://doi.org/10.1038/nmat1233
https://doi.org/10.1016/j.biotri.2021.100161
https://doi.org/10.1021/acs.chemrev.0c01338
https://doi.org/10.1021/acs.chemrev.0c01338
https://doi.org/10.1016/j.triboint.2023.108405
https://doi.org/10.1016/j.tibtech.2018.04.004
https://doi.org/10.1039/d0tb01990a
https://doi.org/10.1002/adhm.201801469
https://doi.org/10.1016/j.biomaterials.2010.11.057
https://doi.org/10.1038/nnano.2015.111
https://doi.org/10.1016/s0142-9612(03)00115-7
https://doi.org/10.1016/s0142-9612(03)00115-7
https://doi.org/10.1002/adma.201001215
https://doi.org/10.1002/anie.201400546
https://doi.org/10.1016/j.mattod.2020.03.024
https://doi.org/10.1039/c4tb00816b
https://doi.org/10.1021/acs.macromol.0c00160
https://doi.org/10.1021/acs.macromol.0c00160
https://doi.org/10.1002/admi.202101717
https://doi.org/10.1038/s41579-020-0340-0
https://doi.org/10.1016/j.pmatsci.2020.100721
https://doi.org/10.1016/j.msec.2020.111465
https://doi.org/10.1126/science.aar5308
https://doi.org/10.1021/acscentsci.9b01216
https://doi.org/10.1126/sciadv.abm2469
https://doi.org/10.1038/nbt.1641
https://doi.org/10.1016/j.talanta.2021.122803
https://doi.org/10.1016/j.talanta.2021.122744
https://doi.org/10.1016/j.bios.2019.111895
https://doi.org/10.1016/j.cllc.2011.03.019
https://doi.org/10.1039/c9tb02419k
https://doi.org/10.1021/acs.analchem.0c03558
https://doi.org/10.1021/acsami.9b08037

M. Khodadadi Yazdi et al.

[504]
[505]

[506]
[507]

[508]
[509]
[510]
[511]
[512]
[513]
[514]
[515]
[516]

[517]
[518]

[519]
[520]
[521]

[522]
[523]

[524]

Progress in Materials Science 143 (2024) 101248

Pan R, Hu K, Jia R, Rotenberg SA, Jiang D, et al. Resistive-Pulse Sensing Inside Single Living Cells. J Am Chem Soc 2020;142:5778-84. https://doi.org/
10.1021/jacs.9b13796.

Zhou J, Del Rosal B, Jaque D, Uchiyama S, Jin D. Advances and challenges for fluorescence nanothermometry. Nat Methods 2020;17:967-80. https://doi.org/
10.1038/541592-020-0957-y.

Gebert LF, MacRae 1J. Regulation of microRNA function in animals. Nat Rev Mol Cell Biol 2019;20:21-37. https://doi.org/10.1038/5s41580-018-0045-7.
Ma W, Fu P, Sun M, Xu L, Kuang H, et al. Dual Quantification of MicroRNAs and Telomerase in Living Cells. J Am Chem Soc 2017;139:11752-21179. https://
doi.org/10.1021/jacs.7b03617.

Yu S, Li L, Kong J, Zhang X. Metal-free DNA sensor based on 10-phenylphenothiazine photo-ATRP signal amplification. Microchem J 2023;191:108816.
https://doi.org/10.1016/j.microc.2023.108816.

Hu Y, Yu S, Ma N, Kong J, Zhang X. Rose bengal-mediated photoinduced atom transfer radical polymerization for high sensitivity detection of target DNA.
Talanta 2023;254:124104. https://doi.org/10.1016/j.talanta.2022.124104.

Ma N, Zhao Y, Li L, Kong J, Zhang X. Ferritin-Enhanced Direct MicroRNA Detection via Controlled Radical Polymerization. Anal Chem 2023;95:1273-2129.
https://doi.org/10.1021/acs.analchem.2c04063.

Zarrintaj P, Saeb MR, Stadler FJ, Yazdi MK, Nezhad MN, et al. Human Organs-on-Chips: A Review of the State-of-the-Art, Current Prospects, and Future
Challenges. Adv Biol (Weinh) 2022;6:¢2000526.

Zamprogno P, Wiithrich S, Achenbach S, Thoma G, Stucki JD, et al. Second-generation lung-on-a-chip with an array of stretchable alveoli made with a
biological membrane. Commun Biol 2021;4:1-10. https://doi.org/10.1038/542003-021-01695-0.

Yoshida R. Self-oscillating gels driven by the Belousov-Zhabotinsky reaction as novel smart materials. Adv Mater 2010;22:3463-83. https://doi.org/10.1002/
adma.200904075.

Masuda T, Hidaka M, Murase Y, Akimoto AM, Nagase K, et al. Self-oscillating polymer brushes. Angew Chem Int Ed Engl 2013;52:7468-71. https://doi.org/
10.1002/anie.201301988.

Yoshizawa T, Onoda M, Ueki T, Tamate R, Akimoto AM, et al. Fabrication of Self-Oscillating Micelles with a Built-In Oxidizing Agent. Angew Chem Int Ed Engl
2020;59:3871-4385. https://doi.org/10.1002/anie.201913264.

Magennis EP, Fernandez-Trillo F, Sui C, Spain SG, Bradshaw DJ, et al. Bacteria-instructed synthesis of polymers for self-selective microbial binding and
labelling. Nat Mater 2014;13:748-55. https://doi.org/10.1038/nmat3949.

Wu D, Lei J, Zhang Z, Huang F, Buljan M, et al. Polymerization in living organisms. Chem Soc Rev 2023;52:2911-45. https://doi.org/10.1039/d2cs00759b.
Colombani T, Rogers ZJ, Eggermont LJ, Bencherif SA. Harnessing biomaterials for therapeutic strategies against COVID-19. Emergent Mater 2021;4:9-18.
https://doi.org/10.1007/s42247-021-00171-z.

Zhu M, Wang S, Li Z, Li J, Xu Z, et al. Tyrosine residues initiated photopolymerization in living organisms. Nat Commun 2023;14:3598. https://doi.org/
10.1038/541467-023-39286-8.

Geng J, Li W, Zhang Y, Thottappillil N, Clavadetscher J, et al. Radical polymerization inside living cells. Nat Chem 2019;11:578-86. https://doi.org/10.1038/
s41557-019-0240-y.

Tommasini G, Dufil G, Fardella F, Strakosas X, Fergola E, et al. Seamless integration of bioelectronic interface in an animal model via in vivo polymerization of
conjugated oligomers. Bioact Mater 2022;10:107-16. https://doi.org/10.1016/j.bioactmat.2021.08.025.

Devaraj NK. The Future of Bioorthogonal Chemistry. ACS Cent Sci 2018;4:952-99. https://doi.org/10.1021/acscentsci.8b00251.

Suazo KF, Park KY, Distefano MD. A Not-So-Ancient Grease History: Click Chemistry and Protein Lipid Modifications. Chem Rev 2021;121:7178-248. https://
doi.org/10.1021/acs.chemrev.0c01108.

Huang D, Qin A, Tang BZ. Overview of click polymerization. Click polymerization2018. p. 1-35.

68


https://doi.org/10.1021/jacs.9b13796
https://doi.org/10.1021/jacs.9b13796
https://doi.org/10.1038/s41592-020-0957-y
https://doi.org/10.1038/s41592-020-0957-y
https://doi.org/10.1038/s41580-018-0045-7
https://doi.org/10.1021/jacs.7b03617
https://doi.org/10.1021/jacs.7b03617
https://doi.org/10.1016/j.microc.2023.108816
https://doi.org/10.1016/j.talanta.2022.124104
https://doi.org/10.1021/acs.analchem.2c04063
http://refhub.elsevier.com/S0079-6425(24)00017-3/h2555
http://refhub.elsevier.com/S0079-6425(24)00017-3/h2555
https://doi.org/10.1038/s42003-021-01695-0
https://doi.org/10.1002/adma.200904075
https://doi.org/10.1002/adma.200904075
https://doi.org/10.1002/anie.201301988
https://doi.org/10.1002/anie.201301988
https://doi.org/10.1002/anie.201913264
https://doi.org/10.1038/nmat3949
https://doi.org/10.1039/d2cs00759b
https://doi.org/10.1007/s42247-021-00171-z
https://doi.org/10.1038/s41467-023-39286-8
https://doi.org/10.1038/s41467-023-39286-8
https://doi.org/10.1038/s41557-019-0240-y
https://doi.org/10.1038/s41557-019-0240-y
https://doi.org/10.1016/j.bioactmat.2021.08.025
https://doi.org/10.1021/acscentsci.8b00251
https://doi.org/10.1021/acs.chemrev.0c01108
https://doi.org/10.1021/acs.chemrev.0c01108

	Progress in ATRP-derived materials for biomedical applications
	1 Introduction
	2 ATRP: Fundamentals and evolution
	3 ATRP in the design of complex polymers
	3.1 Advanced polymer structures
	3.2 Special systems

	4 ATRP in molecular conjugation
	4.1 Chemical conjugation
	4.1.1 Bioconjugates
	4.1.2 Synthetic conjugates

	4.2 Physical conjugation

	5 Surface modification and functionalization via ATRP
	5.1 Glass, silicon, and silica
	5.2 Metals
	5.3 Metal oxides
	5.4 Semiconductors
	5.5 Organic nanomaterials
	5.6 Polymers
	5.7 Biological entities
	5.8 Material-independent methods

	6 Leveraging ATRP for biomedical applications
	6.1 Drug delivery
	6.2 Bioimaging and medical diagnosis
	6.3 Theranostic platforms
	6.4 Tissue engineering
	6.4.1 Cell separation/isolation
	6.4.2 Plasma membrane modification
	6.4.3 Surface modification of medical devices
	6.4.4 Antifouling and antibacterial surfaces
	6.4.5 Tissue engineering scaffolds

	6.5 Biosensing
	6.6 Alternative applications

	7 Conclusion and outlook
	7.1 The current status of ATRP technology
	7.2 Current challenges for ATRP-derived materials for biomedical applications
	CRediT authorship contribution statement

	Declaration of competing interest
	Data availability
	Acknowledgment
	References


