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Polymeric nanoparticle synthesis for biomedical
applications: advancing from wet chemistry
methods to dry plasma technologies

Elmer S. Austria, Jr.>® and Behnam Akhavan () *&P-<d

Nanotechnology has introduced a transformative leap in healthcare over recent decades, particularly
through nanoparticle-based drug delivery systems. Among these, polymeric nanoparticles (NPs) have
gained significant attention due to their tuneable physicochemical properties for overcoming biological
barriers. Their surfaces can be engineered with chemical functional groups and biomolecules for a wide
range of biomedical applications, ranging from drug delivery to diagnostics. However, despite these
advancements, the clinical translation and large-scale commercialization of polymeric NPs face signifi-
cant challenges. This review uncovers these challenges by examining the interplay between structural
design and payload interaction mode. It provides a critical evaluation of the current synthesis methods,
beginning with conventional wet chemical techniques, and progressing to emerging dry plasma techno-
logies, such as plasma polymerization. Special attention is given to plasma polymerized nanoparticles
(PPNSs), highlighting their potential as paradigm-shifting platforms for biomedical applications while iden-
tifying key areas for improvement. The review concludes with a forward-looking discussion on strategies
to address key challenges, such as achieving regulatory approval and advancing clinical translation of
polymeric NP-based therapies, offering unprecedented opportunities for next-generation nanomedicine.

Polymeric NPs, nanoscale particles primarily composed of
macromolecular polymers, have garnered significant interest

Nanomedicine has become a focal point in healthcare,
offering innovative solutions for diagnosing and treating
diverse diseases through nanoparticle-based technologies."?
This specialized field of nanotechnology focuses on the devel-
opment of nanoscale platforms designed to deliver drugs and
diagnostic agents with enhanced precision and efficacy.®
Among the various nanomaterial platforms available, nano-
particles (NPs), such as inorganic, lipid, and polymeric NPs,
have demonstrated tremendous potential as drug delivery
systems capable of addressing the limitations linked with free
drug formulations.* The payload can also be conjugated onto
the surface or encapsulated within the NP core, which provides
protection, while facilitating sustained and controlled drug
release.” Targeting ligands can also be co-functionalized with
the payload, allowing for precise drug delivery to the intended
target locations.®
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due to their unique physicochemical properties, enabling their
applications in diverse fields such as drug delivery,”® imaging,*"°
biosensing,"" catalysis,’>'* energy storage,'*'® environmental
remediation,"”” " and electronics**** (Fig. 1). For nanomedicine,
polymeric NPs have been of particular interest as suitable drug
carriers due to their advantages over other types of nanoscale
platforms for transporting and delivering drug payloads into the
body. The nature of polymer growth and synthesis processes
allows for a high degree of control of the polymeric NP size,**
shape and morphology,”?* and surface chemistry.®> We high-
lighted in a recent review how precise engineering of these pro-
perties enables the drug payload to overcome biological barriers
in the body.*® The surfaces of polymeric NPs can also be functio-
nalized with chemical or biological moieties that respond to
specific stimuli (ie., pH, temperature, enzymatic activity).>” >
This responsiveness enhances their ability to penetrate tumours,
escape the endosomal compartments, and facilitate the delivery
of therapeutic payloads into the cytoplasm or nucleus. Controlled
release of the encapsulated and loaded drug payload, which
could be hydrophilic or hydrophobic, is also achievable by opti-
mizing the chemical properties of the polymeric core, matrix and/
or surface.**>> These distinctive advantages of polymeric NPs
translate to excellent results during the discovery and develop-
ment phases and in preclinical evaluations.

This journal is © The Royal Society of Chemistry 2025
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The crux of the matter lies in the significantly lower
number of market-approved polymeric NPs compared to other
NP types, such as liposome and lipid NPs.>® Several general
factors contribute to this disparity, including a limited under-
standing of how polymeric NPs overcome biological delivery
barriers, the translational gap between animal and human
studies, and the inherent heterogeneity across populations.*
Beyond these overarching challenges, there are specific limit-
ations associated with the structural and mechanistic design
of polymeric NP subclasses. These include an overreliance on
chemical linkers and/or weak electrostatic interactions for
payload incorporation,®*** premature disassembly of poly-
meric nanostructure in the bloodstream leading to burst
payload release,*® and difficulties in achieving high encapsula-
tion and loading efficiencies, which results in a higher pro-
portion of excipients relative to the therapeutic agent.*® The
current predominant approach of synthesizing polymeric NPs
through wet chemical methods is also laden with pitfalls, such
as the excessive dependence on solvents and starting reactants
that require meticulous purification, as well as multi-step wet
chemical processes that are labour-intensive and complex.
These material- and process-related challenges collectively
impede commercial scalability and hinder the clinical trans-
lation of polymeric NPs.

The challenges in the production of polymeric NPs via wet
chemistry approaches can potentially be bypassed through
alternative, dry methods which utilize physical processes
rather than solvent-based techniques. However, the physical
processes may lack the intricate control necessary in tuning
the physicochemical properties of polymeric NPs and their
subsequent functionalization with the drug payload.
Limitations in their production efficiency and the energy-
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intensive processes may also hinder the scalability of such dry
methods. As such, there is a demand for precise, reproducible,
and scalable dry methods to produce polymeric NPs that
retain the advantages of wet chemical techniques while elimi-
nating their solvent-related and time-intensive challenges.

In this review, we first provide a comprehensive analysis of
polymeric NPs, detailing their structural diversity, interaction
mechanisms with payloads, and the inherent design chal-
lenges that limit their clinical translation. We critically
examine conventional wet chemical synthesis methods, evalu-
ating their advantages and drawbacks, before introducing a
unique comparative analysis with emerging dry plasma
technologies, particularly plasma polymerization. A key focus
is placed on plasma polymerized nanoparticles (PPNs), empha-
sizing their potential as versatile, multi-functional nanoplat-
forms. The review concludes with a forward-looking discus-
sion, outlining the material and process-related challenges
that both wet chemical and plasma polymerization methods
have addressed while identifying remaining barriers that must
be overcome to enable large-scale manufacturing, regulatory
approval, and clinical translation. Special emphasis is placed
on the scalability and economic feasibility of plasma polymer-
ization, highlighting how advancements in reactor design,
cost-effective processing, and reproducibility strategies could
position PPNs as a next-generation platform for biomedical
applications.

2. Polymeric nanoparticles

The tuneable physicochemical properties and adaptable struc-
tures of polymeric NPs make them ideal candidates for drug
delivery in biomedical applications. As we have recently
reviewed, the size, shape and surface chemistry of polymeric
NPs can be modified using a number of methods which
endow capability to load the payload and cross biological bar-
riers inside the body.?® Payloads could be in a variety of forms
in terms of charge (i.e., anionic, cationic), polarity (i.e., hydro-
phobic, hydrophilic), and molecular weight. They can be incor-
porated to the drug delivery system either through encapsula-
tion into the core, entrapment at the polymer matrix, or
binding onto the polymeric surface through electrostatic or
covalent interactions (Fig. 2). The mode of incorporation
largely depends on the structural organisation of the polymeric
NPs, which can be classified as nanocapsules, polymeric
micelles, dendrimers, polymersomes, polyplexes, and solid
nanospheres (Fig. 2).

This section discusses the different classes of polymeric
NPs based on their structure and how each of them interacts
with the payload. The advantages of each type of polymeric NP
are highlighted, along with examples of how they are applied
in preclinical trials, specifically for cancer drug delivery appli-
cations. Finally, the limitations of each polymeric NP type in
terms of payload protection, controlled release, encapsulation
efficiency, stability and requirement for chemical modification
are discussed. Table 1 provides a summary of various poly-
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Fig. 1 Schematic representation of the diverse applications of polymeric NPs, including drug delivery, bioimaging, biosensing, catalysis, energy
storage, environmental remediation, and optoelectronics. Polymeric NPs can encapsulate anticancer therapeutics such as doxorubicin (DOX) and
curcumin (Cur) to inhibit tumour progression. Surface functionalization with fluorophores enables deep-tissue imaging, while stimuli-responsive
smart polymers, sensitive to pH, reactive oxygen species (ROS), and temperature, facilitate biosensing applications. Incorporation of metal and metal
oxide NPs imparts catalytic properties to polymeric nanostructures, reducing reaction activation energy. Surface engineering with polymers such as
polyimide (PI), poly(arylene ether urea) (PEEU), and polyetherimide (PEI) enhances discharged energy density across broad temperature ranges, a
critical feature for dielectric materials in electric vehicles and renewable energy systems. Amphiphilic polyurethane (APU) NPs demonstrate efficacy
in remediating soil and water contaminated with polynuclear aromatic hydrocarbons (PAHs). Polymeric NPs composed of n-conjugated block copo-
lymers facilitate efficient charge carrier mobility through n-orbital overlap, leading to superior electronic and optical properties compared to bulk

materials.

meric NPs and their classifications, which have been assessed
in preclinical and clinical studies.

2.1. Nanocapsules

Nanocapsules are reservoir systems consisting of a polymeric
membrane or shell that trap the payload within the core
vesicle cavity (Fig. 2a).”® Polymeric shell has been a preferred
option as a nanocapsule shell because it offers increased drug
loading efficiencies, protects the payload from degradation,
and can be engineered in ways that improves overall biocom-
patibility.’® The core vesicle, on the other hand, can be solid,
hollow, or liquid phase. The liquid core of the polymeric nano-

13022 | Nanoscale, 2025, 17,13020-13056

capsules can either be aqueous (hydrophilic) or oil-based (lipo-
philic) in nature. Aqueous core is utilized for trapping hydro-
philic payloads such as proteins®® and other water-soluble
therapeutics.®®* In contrast, oil-based cores are used to
encapsulate lipophilic and hydrophobic payloads like latano-
prost®? and curcumin.®*

The payload can be released from the core though a variety
of mechanisms such as rupturing of the shell, or through
diffusion of the payload to the surface. The buckling and
rupture dynamics of polymeric nanocapsules, leading to
payload release, were observed using in situ liquid-phase trans-
mission electron microscopy (TEM).®> The polymeric nanocap-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Various classes of polymeric NPs and the nanomaterial-drug interactions; (a) nanocapsules, (b) polymeric micelles, (c) dendrimers, (d) poly-

mersomes, (e) polyplexes, and (f) nanospheres.

sules synthesized from butyl methacrylate (BMA), tert-butyl
methacrylate (+BMA) and ethylene glycol dimethacrylate
(EGDMA) have demonstrated that the release of the aqueous
payload is due to the buckling and subsequent collapse of the
polymeric walls. Moreover, the excessive wrinkling of the walls
is a by-product of their elevated Foppl-von Karman number y.
The authors were able to identify that this “buckling and col-
lapse” mechanism can be controlled through careful engineer-
ing of the capsule radius (R), shell wall thickness (%), and col-
lapse rate.®® In particular, when & > R/5, polymeric nanocap-
sules maintain their spherical morphology without buckling
and collapsing. Conversely, when & < R/5, the morphology
depends heavily on size. Nanocapsules with R < 100 nm and %
<10 nm become crumpled, exhibiting numerous indentations.
In contrast, larger nanocapsules (100 nm < R < 10 pm) with
thicker shells (2 > 50 nm) show single indentations, a design
that likely reduces morphological deformation and improves
controlled release.

Diffusion of the payload from the core outwards to the
surface can also be a mode of release for polymeric nanocap-
sules. In a separate work, polymeric nanocapsules loaded with
calcitriol prepared through nanoprecipitation displayed a
classic biphasic drug release profile wherein a burst release
phase during the first hour is observed, followed by a plateau-
ing of the payload release.®® The initial spike in the release can
be attributed to the calcitriol adsorbed directly to the nanocap-
sule surface. The authors implied that the subsequent con-

This journal is © The Royal Society of Chemistry 2025

stant release is a result of multiple factors, including the equi-
librium exchange between the core/shell structure of the poly-
meric nanocapsule and the solvent media, the volume of each
phase, and the surfactant concentration present in the release
media.®® Moreover, diffusion of the payload can also be
manipulated by tuning the thickness of the polymeric shell
through the polymer: oil ratio.®” The control over the shell
thickness thus translates to an increase or decrease of the
diffusion flux of the payload while limiting the effects of the
burst release.

In general, polymeric nanocapsules are preferred structures
whenever a sensitive payload needs protection from degra-
dation, or when controlled drug delivery and enhanced drug
stability are required. Small interfering RNAs (siRNAs), for
instance, can easily be degraded by serum nuclease and cause
immunogenicity if delivered as an attachment to polymeric
NPs. However, encapsulating siRNA into polymeric nanocap-
sules based on cationic triblock copolymer cRGD-PEG-PAsp
(MEA)-PAsp(C=N-DETA) resulted in improved stability in
serum while maintaining its characteristic cancer cell targeting
through the cRGD functionalization and GSH-triggered
payload release (Fig. 3a).*” This T-SS(-) nanocapsule formu-
lation encapsulated with siRNA-PLK1 resulted in reduced
tumour growth while having an enhanced survival rate,
wherein 83% of the mice survived longer than 60 days.*”
Furthermore, since the payload is tucked within its core, con-
trolled release is one of the main advantages of polymeric

Nanoscale, 2025, 17, 13020-13056 | 13023
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Table 1 Polymeric NPs used in various biomedical applications
Polymeric NP Classification Payload Application/findings Ref.
Cation-free disulfide bond- Nanocapsules SiRNA-PLK1 Reduced growth of PC-3 prostate cancer tumour in 37
crosslinked polymer-siRNA mice samples
nanocapsule T-SS(-)
PLGA-VRL-RES-CAN Nanocapsules  Vinorelbine bitartrate and  Reduced growth of 4T1 triple negative breast 38
resveratrol cancer tumour in mice samples
Genexol®-PM Micelles Paclitaxel Commercially available for breast and non-small 39 and
cell lung cancer treatment 40
NK105 Micelles Paclitaxel Breast, colon and gastric cancer treatment 41-43
DEP® docetaxel Dendrimers Docetaxel Phase II clinical trials for lung and prostate cancer 44
treatment
AZD0466 Dendrimers AZD4320 Tumour growth inhibition of RS4;11 lymphoblast 45 and
cells in mice samples; Phase I clinical trials for 46
blood cancer
Tf@TBP-Ps-Dox Polymersomes  Doxorubicin Inhibited growth of HCT116 colorectal cancer 47
tumours in mice samples
APT-DOX-QD-NPs Polymersomes  Gd-based quantum dots Treatment and MR/fluorescence imaging of triple ~ 48
and doxorubicin negative breast cancer
PPLC/siCCR7 Polyplexes siCCR7 Inhibited lung metastasis in 4T1 triple negative 49
breast cancer cells and reduced tumour cell
migration to lymph nodes in mice samples
PONI-Guan-Zwit/siRNA Polyplexes siRNA targeting STAT3 Successfully knocked down STAT3 and caused 50
(si_STAT3) complete tumour inhibition in 4T1 triple negative
breast cancer tumour-bearing mice samples
BIND-014 Solid Docetaxel Prostate and non-small cell lung cancer treatment 51
nanospheres
Plasma-polymerized NPs (PPNs) Solid Recombinant green Bioconjugation with fluorescent protein enables 52
nanospheres fluorescent protein bioimaging
PPNs Solid Nile blue Fluorescence imaging of breast cancer cells 53
nanospheres
PPNs Solid Paclitaxel, IgG-Cy7, and Cellular uptake studies of triple-functionalized 54
nanospheres IgG-Cy-5 PPNs into MCF7 breast cancer cells
PPNs Solid n/a Comprehensive cytotoxic evaluation highlighting 55
nanospheres the biosafety of PPNs at elevated dosages
PPNs Solid Platelet-derived growth Feasibility study showing PPNs are safe 56
nanospheres factor AB nanoplatforms for delivering growth factor
payload into heart
PPNs Solid Arginylglycylaspartic acid ~ Bioactivation of inert substrates for cell growth 57
nanospheres and differentiation

nanocapsules, especially for drug delivery applications against
cancer. For example, a nanocapsule formulation based on
polylactic-co-glycolic acid (PLGA) with folic acid and lactobio-
nic acid surface decorations loaded with pterostilbene (PTN)
was able to demonstrate a controlled release for 2 days.®® This
sustained release from the polymeric nanocapsule led to a sig-
nificant decrease in the IC50 values (5.9 + 0.8 pg mL™") com-
pared to free PTN (121.3 + 9.4 pg mL™') upon testing on
HepGz2 liver cancer cells.

A significant challenge in employing polymeric nanocap-
sules as drug delivery systems lies in achieving high encapsula-
tion efficiency, which often necessitates assembling the nano-
capsule around the therapeutic payload. However, this strategy
can be detrimental, as it may expose the sensitive drug mole-
cules to physical agitation, sonication, toxic chemicals, or elev-
ated temperatures, leading to potential chemical modifi-
cations. Such alterations can compromise the drug’s inherent
efficacy against its target. Therefore, the development of
milder reaction conditions and, ideally, dry synthesis and
encapsulation methods, is crucial to mitigate these issues and
enhance the stability and functionality of polymeric
nanocapsules.

13024 | Nanoscale, 2025, 17,13020-13056

2.2. Polymeric micelles

Polymeric micelles consist of di- or tri-block amphiphilic com-
ponents that undergo self-assembly in aqueous environments
due to hydrophobic-hydrophilic interactions.” The typical struc-
ture of a polymeric micelle features a hydrophobic core sur-
rounded by a hydrophilic outer layer (Fig. 2b). Hydrophobic mole-
cules within the core trap the payload, while the hydrophilic
surface plays a key role in the nano-bio interface of polymeric
micelles. The payload encapsulated within the core of polymeric
NPs can be released in response to various changes in endogen-
ous stimuli, such as pH or enzymes, which alter the micellar
structure. For instance, NC-6300, a polymeric micelle formulation
comprising of hydrazone-functionalized PEG-b-PAsp conjugated
to epirubicin, enables triggered drug release in acidic environ-
ments characteristic of tumour tissues.”! The pH gradient
between the normal tissues and blood (pH 7.4) and the tumour
microenvironment (pH < 6.5) have been utilized in designing
such pH-responsive polymeric NPs.>”” NC-6300 is currently in
Phase 1b/2 clinical trials (NCT03168061) to determine the
maximum tolerated dose and dose-limiting toxicities in patients
with advanced solid tumours or soft tissue sarcoma.””

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Polymeric nanostructures serve as transport vehicles in various biomedical applications. (a) Cation-free T-SS(—) nanocapsules exhibit optimal
size, shape and surface charge, enabling enzyme-sensitive release of FITC-siRNA at physiological pH, reproduced with permission from ref. 37.
Copyright © 2023, Elsevier. (b) Hybrid micelles (D&R-HM-MCA) facilitate targeted delivery of DOX and R848 into glioblastoma (GBM) cells, repro-
duced with permission from ref. 69. Copyright © 2024, American Chemical Society. (c) Tf@TBP-PS-Dox polymersomes precisely target transferrin
receptors, which are overexpressed in HCT-116 colorectal cancer cells, reproduced with permission from ref. 47. Copyright © 2020, Elsevier. (d)
Polyplexes loaded with PPLC/siCCR7 evade lysosomes within 5 hours, primarily due to the amino group in PPLC, while siCCR7 effectively silences
the CCRY7, reducing the cellular response rate, reproduced with permission from ref. 49. Copyright © 2022, John Wiley and Sons.

Beyond pH sensitivity, the elevated levels of enzymes like
cathepsin B in glioblastoma can be leveraged to cleave pep-
tides integrated into polymeric micellar structures, thereby
triggering the release of encapsulated payload. For instance,
hybrid polymeric micelles composed of poly(lactic-co-glycolic
acid)-poly(ethylene glycol)-p-aminophenyl-a-p-mannopyrano-
side (PLGA-PEG2k-MAN) and PLGA-FRRG-PEGjs-angiopep-2
block copolymers, co-loaded with doxorubicin (DOX) and
immunomodulator R848, have been developed as a mono-
disperse and brain-targeted drug delivery system aimed at
both tumour-associated macrophages (TAMs) and glioblas-
toma cells (Fig. 3b).®® Glioblastoma is one of the most
lethal and treatment-resistant malignancies of the central
nervous system (CNS).””> Once the polymeric micelles reach
the glioblastoma microenvironment, the high concentration
of cathepsin B cleaves the FRRG peptides, resulting in the
release of the angiopep-2 moiety. Such cleavage reduces
abluminal low-density lipoprotein receptor-associated protein
1-mediated efflux, enhancing drug retention within the
brain parenchyma. The released DOX induces cytotoxicity on
glioblastoma cells, while R848 reprograms TAMS from an
immunosuppressive M2 phenotype to a pro-inflammatory
M1 phenotype, thereby strengthening the anti-glioblastoma
immune response.®®

This journal is © The Royal Society of Chemistry 2025

The payload in polymeric micelles is encapsulated within
its core, providing protection from premature degradation.
This core is shielded by an outer hydrophilic surface layer,
which imparts “stealth” properties to the micelles. These
stealth characteristics enable the particles to evade rapid reco-
gnition and clearance by the immune system, thereby extend-
ing their circulation time in vivo. Prolonged systemic circula-
tion enhances the likelihood of the drug cargo being delivered
to target sites, such as solid tumours and cancer cells, thereby
improving therapeutic efficacy. For instance, Genexol®-PM, a
polymeric micelle formulation, features a hydrophilic shell
that imparts stealth properties, enabling it to evade clearance
by the mononuclear phagocyte system (MPS). This formulation
consists of polyethylene glycol (PEG) and poly(p,i-lactic acid)
blocks, which encapsulate paclitaxel (PTX).*® Genexol®-PM is
currently approved for use in South Korea and is also accessi-
ble in other markets such as Hungary and Bulgaria for the
treatment of metastatic breast cancer and advanced lung
cancer. It is also undergoing Phase II clinical trials in the
United States.** Clinical studies have demonstrated that
Genexol®-PM exhibits superior antitumour efficacy compared
to the FDA-approved Taxol®, which has been attributed to a
higher concentration of PTX within tumours.”> The higher
efficacy of the Genexol®-PM was attributed by the authors to

Nanoscale, 2025,17,13020-13056 | 13025
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the higher PTX tumour concentration in contrast to Taxol®.”?
This enhanced efficacy is largely due to the PEG-based outer
shell, which provides stealth -capabilities, allowing for
extended systemic circulation and increased tumour accumu-
lation of the micelles.

Another example is NK105, a polymeric micelle currently in
the late stages of clinical trials. NK105 is formulated through
the self-assembly of PEG and polyaspartate in an aqueous
phase.”* This micellar NP system is designed for the delivery
of PTX to treat breast,"’ colon,*” and gastric cancers.*’
Notably, NK105 demonstrated a 20-fold longer half-life com-
pared to free PTX, primarily due to its PEG-based hydrophilic
coating.”> However, NK105 failed to reach the primary end-
point in its Phase III clinical trial (NCT01644890), which could
be attributed to the lower enhanced permeability and retention
(EPR) effects in the patients, and a lower administered dose of
NK105 (65 mg m™~>) compared to standard PTX (80 mg m™2).
Despite these challenges, the encapsulation of PTX in poly-
meric micelle formulations like Genexol®-PM and NK105
offers protection against premature drug release and clear-
ance, thereby prolonging in vivo circulation and improving
drug delivery to tumour sites.

The micellar system has been one of the most successful
types of polymeric drug delivery systems in the past 10 years.
However, several limitations are still hindering polymeric
micelles in becoming the preferred nanoplatform for drug
delivery. These challenges include stability issues from prema-
ture dissociation and disassembly, drug loading limitations,
immunogenicity of PEG-based coatings and scalability issues.
Since the formation of polymeric micelles is a function of the
critical micelle concentration,”® instability and disruptions
caused by changes in the environmental conditions (i.e., temp-
erature, pH, ionic strength) may cause the micelles to prema-
turely dissociate, which results in leakage, non-specific deliv-
ery, and/or denaturation of the loaded drug. PEGylation, which
has been the primary method of providing stealth properties
to avoid clearance, is known to cause accelerated blood clear-
ance (ABC) and induce immunogenicity in the polymeric
micelles.”” Scalability issues beyond laboratory and pilot scales
are also critical in commercializing the polymeric micelle
technology at a reasonable cost.”®

2.3. Dendrimers

Dendrimers are highly-ordered and well-defined branched
polymeric NPs with multiple repeating units originating from
their core.** Like other core-shell nanostructures, the dendri-
mer architecture consists of a central core, an interior
branched layer referred to as the “generation”, which radiates
outward from the core, and terminal functional groups. These
multiple generation and branching, which originate from
repeated growth reactions, lead to the forming of a 3D spheri-
cal structure (Fig. 2c). The drug payload can be incorporated
into the dendrimer structure in three different ways. First, the
payload can be chemically conjugated into the dendrimer
surface, wherein the drug can be released passively through
hydrolysis of ester or amide moieties, or actively via bond clea-

13026 | Nanoscale, 2025, 17, 13020-13056
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vage by the presence of various stimuli (e.g., glutathione,”
reactive oxygen species,®® and pH®'). Second, hydrophobic
drugs can be entrapped into dendrimers, which consist of a
hydrophobic core and a hydrophilic surface, much like that of
a polymeric micelle. Lastly, electrostatic complexation between
cationic dendrimers and gene payloads such as siRNA®*?
enables dendrimers to act as non-viral gene carriers.

Dendrimers, owing to their unique generation-based struc-
ture, have several innate advantages over other types of poly-
meric NPs. Dendrimer surface is multivalent, which allows
further modification or conjugation with different types of pay-
loads (e.g., drugs,® targeting groups,® and genes®®). As an
extension to this multi-modality, the dendrimer surface can
covalently attach solubility-improving moieties such as PEG to
improve the overall efficacy of a NP formulation. For example,
a PEGylated poly(i-lysine) (PLL) dendrimer with a docetaxel
load, is presently in its Phase II clinical trials for lung and
prostate cancer.** The water-soluble DEP® docetaxel (DEP
DTX) formulation displayed improved efficacy towards various
cancer types and a lower toxicity profile compared to the FDA-
approved chemotherapeutic drug Taxotere®. The DEP® formu-
lation developed by Starpharma does not include polysorbate
80, a detergent typically used to improve hydrophilicity to drug
compounds (e.g., Taxotere® and Jevtana®), which ironically
can trigger side effects such as anaphylaxis and neutropenia.®

Encapsulation of hydrophobic payload into its intra-
molecular cavity can also be achieved using dendrimers. This
pseudo-encapsulation capability is owed to its hydrophobic-
hydrophilic core-shell structure which can be akin to a unimo-
lecular micelle. For instance, cabazitaxel, a hydrophobic
taxane mitotic inhibitor, was incorporated in a separate DEP®-
based nanoformulation.®® Preclinical trials in pancreatic
cancer models in mice showed that the DEP® cabazitaxel (DEP
CTX) completely inhibited tumour growth. In the same study,
FDA-approved Nab paclitaxel (Abraxane®) only inhibited 85%
of the tumour growth after day 37.8° Completion of the enrol-
ment and treatment stage of Phase II clinical trials for DEP
CTX has been recently announced, along with observed
tumour size reduction and biomarker improvement across
various cancer types, including prostate cancer, ovarian
cancer, gastroesophageal cancer, cholangiocarcinoma, and
head and neck cancer.®”

Despite the advantages of dendrimers as drug delivery
vehicles, dendrimers face several challenges that directly
impact their efficacy and commercial viability. Unlike poly-
meric micelles, which typically form through simple self-
assembly dynamics, dendrimers require multi-step synthetic
processes to achieve the desired physicochemical properties.
Tuning the size of the dendrimer is based on the number of
generations during synthesis, and has its own complexities in
terms of design, ease of production, and cost. Specifically, den-
drimers with generations of 5 and below produce smaller-
sized polymeric NPs (4 to 6 nm), which can be excreted
through the urine. In contrast, dendrimers formed from six
generations and above are dependent on hepatic
clearance.®®*° To add to these challenges, the larger polymeric
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dendrimers (i.e., generation 6 and above) are expensive and
time-consuming to produce,®® which further translates to scal-
ability and large-scale production issues. These higher-gene-
ration dendrimers also face biocompatibility and toxicity
issues primarily due to their cationic surfaces, particularly for
NH,-functionalized terminal groups.’® Moreover, chemical
modification is needed to attach the drug to the terminal func-
tional groups of the dendrimer. Dendrimers also encounter
some of the hurdles encountered by polymeric micelles, such
as limited drug loading efficiencies and the risk of structural
degradation leading to pre-emptive drug release.”*

2.4. Polymersomes

Polymersomes are self-assembled nanostructures comprising a
bilayer architecture that closely resembles the structure of lipo-
somes.’®> However, unlike liposomes, which are formed from
phospholipid bilayers, polymersomes consist of bilayers con-
structed from amphiphilic copolymers. These copolymers can
be arranged as a block, dendronized, graft, or alkylated moi-
eties.”® This polymeric bilayer membrane consists of hydrated
hydrophilic coronas on both the inner and outer surfaces, sur-
rounding the hydrophobic core of the membrane (Fig. 2d).
This configuration serves to isolate and protect the fluidic core
from the external environment. In turn, this aqueous core is
utilized to trap and encapsulate the drug payload.”

Although no clinical trials involving polymersomes have
been reported to date, preclinical studies on functionalized
polymersomes have shown their potential as a promising DDS.
For example, transferrin-binding peptides (TBP) were surface
functionalized into polymersome NPs through co-assembly of
poly(ethylene glycol)-b-poly(trimethylene carbonate-co-dithio-
lane trimethylene carbonate) (mPEG-P(TMC-DTC)) with
TBP-PEG-P(TMC-DTC).*”” Such polymersome NPs (Tf@TBP-Ps-
Dox) facilitated DOX delivery into HCT-116 cancer cells in
mice, inhibiting colorectal tumour growth. The circulation
half-life was also higher for TE@TBP-Ps-Dox compared to the
non-peptide functionalized polymersome formulation (Ps-Dox)
with 9.5 and 8.9 h, respectively. The potency of the Tf@TBP-Ps-
Dox NPs in HCT-116 cells was 2.5- and 4.5-fold higher com-
pared to Ps-Dox and the commercially available Lipo-Dox for-
mulation, respectively. The in vitro results corresponded with
the in vivo studies wherein Tf@TBP-Ps-Dox NPs formulations
garnered higher tumour inhibition rates after 20 days of
dosing compared to Ps-Dox and Lipo-Dox (Fig. 3c). These find-
ings highlight the importance of the transferrin-targeting
moiety of the polymeric NP.

Several other preclinical trials for polymersomes have been
reported over the past few years for the treatment of various
cancer types, such as breast cancer,”® non-small cell lung
cancer,’® peritoneal cancer,”” and head and neck cancer.’®
Moreover, unlike its liposome analogues, which have been
extensively translated into clinical applications, polymersomes
have not yet entered clinical trials due to several obstacles.
These challenges include lower biocompatibility compared to
liposomes,” slower drug release due to thicker membranes
(~50 nm),"® and potential disintegration because of non-
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covalent interactions during the self-assembly that leads to
premature release of payload.'® In addition, wet chemical
methods used to prepare polymersomes are through post-
polymerization self-assembly, that are hard to scale-up, expen-
sive, and not eco-friendly.'*?

2.5. Polyplexes

Polyplexes are polymeric NP systems wherein the therapeutic
payload, typically a gene or siRNA, is loaded through electro-
static and/or hydrophobic interactions between the cationic
polymeric components and the anionic nucleic acid
(Fig. 2€)."® The polyplexes prevent the enzymatic degradation
of the nucleic acids while ensuring targeted release at appro-
priate sites.

The primary advantage of incorporating therapeutic pay-
loads into polyplexes via complexation with polymers lies in
the elimination of the need for chemical modification of the
therapeutic molecule. This complexation approach preserves
the delicate intermolecular interactions within the payload,
minimizing the disruption caused by external chemical altera-
tions.'®* Consequently, the intrinsic bioactivity of the drug is
retained post-complexation, offering a significant improve-
ment over approaches involving polymer functionalization.

Another advantage of polyplexes is their enhanced transfec-
tion efficiency, driven by the cationic surface charge, which
promotes stronger interactions with the negatively charged cell
membrane. For example, the interaction between CC chemo-
kine receptor 7 (CCR7) overexpressed in tumour cells, and CC
chemokine ligand 21 (CCL21) in lymph nodes were selectively
blocked by CCR7-targeting small interfering RNA (siCCR7)
functionalized in mPEG-poly-(lysine)-based polyplex (PPLC/
siCCR7).* Cell uptake studies showed that the cationic charge
of the polyplex enhanced its cellular internalization, while the
amino groups from the PPLC aided the lysosomal escape of
siCCR7 without altering its functionality (Fig. 3d).
Optimization of the polyplex design resulted to the inhibition
of about 92% of lung metastasis in 4T1 breast tumour mice
models while reducing tumour cell migration in lymph nodes
by 80%.*° The PPLC/siCCR7 designed in the polyplex formu-
lation demonstrated enhanced knockdown of CCR7 in 4T1
tumour cells based on western blot results (Fig. 3d), which
resulted in a lower response rate on CCL21 and LN tropism.
Overall, the site-specific knockdown improved the efficacy of
the polyplex nanoplatforms for both in vitro and in vivo
conditions.

The design of the polyplex plays a critical role in its viability
towards non-viral gene therapy. For example, linear and
branched polyethylenimine (PEI)-based polyplexes can be used
as vectors to deliver plasmid DNA (pDNA) which encodes
small hairpin RNAs (shRNA) that blocks oncogene responsible
for triple-negative breast cancer (TNBC) cell proliferation.'®®
Results showed that the branched PEI polyplexes were more
cytotoxic to the 4T1 mouse TNBC cells than the linear ones.
Moreover, increasing the polymer : pDNA ratio also resulted in
increased cytotoxicity towards the same cell line.
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The use of polyplexes in drug delivery, however, is subject
to several limitations. For instance, the assembly of polyplexes
with certain proteins and polypeptides can be difficult because
these biomolecules may possess moderate or even neutral
charges under physiological conditions which are all depen-
dent on their respective isoelectric points.’°® Since the poly-
plex-payload interaction is mostly a complexation reaction and
not a covalent attachment, the payload can be cleaved and
detached under physiological conditions. The number of moi-
eties with appropriate charges within a protein structure is
limited and varies from protein to protein,'®” limiting the for-
mation mechanism of polyplexes into proteins. Instability
under physiological environments also plagues the systemic
delivery of polyplexes as salts and protein corona
formation can cause unwanted early payload release and/or
disassembly of the structure. Premature clearance is also pro-
blematic since immune cells and negatively charged serum
proteins can interact with the cationic-dominated polyplex
formulation.>*

2.6. Solid nanospheres

Solid polymeric nanospheres, one of the most commonly
applied polymeric NPs, are single-phased solid matrix systems
assembled through dense packing of polymeric groups.'®® The
drug payload is either encapsulated within the matrix, or
attached to the surface through physical or covalent inter-
actions (Fig. 2f). A main advantage of polymeric nanospheres
is the ease of incorporating “smart” polymers into the surface.
For example, a pH-responsive drug delivery system formed
from hydroxypropyl methacrylamide (HPMA)-based polymer
was developed to deliver doxorubicin (DOX) into breast cancer
cells."® The conjugation of DOX into pH-sensitive hydrazone
functional groups facilitated faster drug release at intracellular
(pH 5.5) and intratumoral pH (pH 6.5) compared to physio-
logical levels (pH 7.4), suggesting the sensitivity of the final
nanoplatform to changes in pH.'*®

One advantage of polymeric nanospheres is their stability
as nanoplatforms, which arises from the hydrophobic inter-
actions within the polymer matrix. An example of this type of
polymeric NPs is BIND-014, which is made up of a hydro-
phobic polylactic acid (PLA) core coated with hydrophilic PEG
and Prostate-Specific Membrane Antigen (PSMA) targeting
ligands.”" Overexpression of PSMA is seen in prostate adeno-
carcinoma and other solid malignancies.*®*** The active anti-
cancer compound of BIND-014 is docetaxel, and it is encapsu-
lated within this nanocarrier system. BIND-014 has success-
fully passed preclinical and Phase 1 trials where it showed
notable activity towards multiple tumour types with manage-
able levels of toxicity.”® Phase 2 trials for BIND-014, on the
other hand, have shown mixed results for various cancer types.
Positive outcomes were observed in the clinical trials for pros-
tate cancer (NCT01812746) and non-small-cell lung cancer
(NCT02283320; NCT01792479). However, Phase 2 trials for
advanced cervical or head and neck cancer (NCT02479178)
using BIND-014 were terminated due to adverse side effects,
including neutropenia, fatigue, nausea, and mucositis."*>'*?
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A significant challenge associated with nanospheres is the
efficient encapsulation and/or loading of active payloads. Two
primary strategies are employed to incorporate payloads into
nanospheres. First, the drug payload can be loaded into the
nanospheres post-synthesis. However, low diffusion coeffi-
cients (<10~® em? s7") of large biomacromolecules in aqueous
solutions hinder efficient incorporation using this method."**
Furthermore, the use of chemical linkers to covalently attach
the payload to the surface introduces additional complexity to
the synthesis and purification processes. This approach also
increases costs and carries the risk of chemically modifying
the payload, potentially affecting its functionality.
Alternatively, higher loading efficiency can be achieved by
forming the nanospheres directly around the payload.
However, this approach often involves harsh formulation con-
ditions, including ultrasonication, exposure to organic sol-
vents, or reaction conditions, such as elevated temperature
and UV irradiation. Similarly, these conditions can compro-
mise the structural integrity of sensitive biomolecules,
potentially diminishing the effectiveness of the therapeutic
payload.

Polymeric NPs face several challenges as drug delivery
systems associated with the nanostructure design and its inter-
action with the payload. These include the need for chemical
linkers to attach payloads, difficulties in achieving high
loading efficiencies, and the requirement for chemical modifi-
cation of payloads to integrate with polymeric platforms.
Additional limitations include the restriction to charged pay-
loads in polyplexes and dendrimers, reliance on unpredictable
electrostatic interactions under physiological conditions, and
premature drug release caused by structural disassembly.
Moreover, the high cost and complexity of large-scale pro-
duction further hinder their application.

Emerging as a promising alternative, plasma polymerized
nanoparticles (PPNs) offer potential solutions to many of these
limitations. PPNs are synthesized through plasma polymeriz-
ation, a dry and environmentally friendly process. In this
process, the PPNs are formed through plasma-assisted frag-
mentation of monomer precursors, followed by their recombi-
nation into polymeric NPs.>*>* PPNs feature radical-rich struc-
tures, enabling single-step, linker-free covalent conjugation of
multiple molecules (Fig. 4). Moreover, the radical-based
covalent attachment is universal and multimodal, which
means it can be used to anchor a wide range of molecules.
Their solid, carbonaceous nanosphere structure is compact
and resistant to premature disintegration during circulation.
The production process is scalable and considered ‘green’ due
to the minimal use of harmful solvents and the low generation
of waste.”® Toxicological evaluations have demonstrated that
PPNs are well-tolerated in both cellular and animal models.>*
Collectively, PPNs and the plasma polymerization technique
offer a promising solution to addressing current challenges in
polymeric NP design, potentially bridging the gap to success-
ful clinical translation. A comprehensive discussion on the for-
mation mechanisms and fabrication processes of PPNs is pre-
sented in Section 3.
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Fig. 4 Plasma polymerized nanoparticles containing long-lived radicals facilitate covalent attachment of multiple payloads using a single-step,

linker-free approach.

3. Approaches to synthesizing
polymeric nanoparticles

Polymeric NP synthesis can be broadly classified into wet
chemical methods and dry technologies. Traditional synthesis
techniques often involve either the breakdown of larger, pre-
formed polymers or the in situ polymerization of monomer
precursors,'*>'*® relying heavily on aqueous or lipophilic reac-
tants, solvents, and linkers. In this review, methods such as
emulsification - solvent evaporation, emulsification - solvent
diffusion, emulsification - reverse salting-out, and nanopreci-
pitation, as well as controlled radical polymerization (CRP) of
monomeric precursors are collectively categorized as wet
chemical approaches (Fig. 5).

In contrast to wet chemical methods, dry synthesis methods,
such as inert gas condensation, laser ablation, physical vapour
deposition, laser pyrolysis, high-energy ball milling, and plasma
polymerization, are emerging as promising alternatives to address
the limitations of wet chemical techniques.”>'’” Among these,
plasma polymerization stands out for its ability to overcome key
challenges associated with wet chemical synthesis, offering
greater control over particle composition, size, and surface func-
tionality. This section provides an overview of each synthesis
method, discussing their respective advantages and drawbacks,
as summarized in Table 2.

3.1. Wet chemical approaches

3.1.1. Emulsification - solvent evaporation. Solvent evapor-
ation has been widely utilized to synthesize polymeric NPs for

This journal is © The Royal Society of Chemistry 2025

drug delivery applications. The method starts by dissolving the
polymer into an organic solvent along with the payload
(Fig. 5).'"> Emulsification ensues after the addition of surfactant
dispersed into an aqueous solution, such as polyvinyl acetate,
into the polymer/payload organic solution."*® The organic solvent
is evaporated by subjecting the emulsion to reduced pressure or
through constant agitation (i.e., high-speed stirring, shaking, or
ultrasonication), which ultimately yields to the precipitation of
nanodroplets.'*® The resulting product is washed and centrifuged
multiple times for purification, and these nanodispersions can
be freeze-dried to obtain solid nanospheres.

The emulsification-solvent evaporation method can be
used to control the different physicochemical properties of
polymeric NPs. For example, the optimization of fabricating
PLGA NPs loaded with docetaxel through emulsification—-
solvent evaporation was performed by ranking the different
factors vital to the synthetic process."*® The ratio of organic
and aqueous phase, MW of the polymer, terminal end func-
tional group, lactide : glycolide ratio, poly(vinyl alcohol) (PVA)
ratio, and drug concentration were used as primary determi-
nants in optimizing the size, polydispersity index (PDI), zeta
potential and drug-loading efficiency of the PLGA NPs.
Importantly, the factorial design of the emulsification -
solvent evaporation parameters enabled the identification of
an optimized method yielding controllable particle size and
surface charge, low polydispersity index (PDI < 0.3) suggesting
monodispersity, and high docetaxel loading efficiency.'*®

Although the solvent evaporation method is considered
straightforward and versatile, it has several drawbacks. Solvent
evaporation is mostly usable only for liposoluble cargo, and
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Fig. 5 Wet chemical methods of synthesizing polymeric NPs include emulsification — solvent evaporation, emulsification — solvent diffusion, emul-
sification — reverse salting-out, nanoprecipitation and controlled radical polymerization.

NP aggregation may occur during the evaporation process.'*® 3.1.2. Emulsification - solvent diffusion. The solvent
Extensive discussion of the preparative variables, conditions, diffusion method entails the formation of an oil-in-water (o/w)
and mechanisms of formation of the emulsion-evaporation emulsion, achieved by combining a slightly polar solvent (e.g.,
method is provided elsewhere."*° benzyl alcohol, ethyl acetate) containing the preformed
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Table 2 Comparative summary of the advantages and challenges of polymeric NP synthesis methods
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Types of polymeric NPs

Method synthesis method  Advantages Limitations that can be fabricated
Emulsification - Wet approach » Versatile and scalable « Prone to aggregation - Nanospheres''®
solvent evaporation + High encapsulation efficiencies  « Requires heating mechanism - Micelles'"?
for lipophilic drugs for evaporation
« Requires source of mechanical ~ « Dendrimers**°
stress to generate nanoemulsions
« Polymersomes**!
« Polyplexes'*?
Emulsification - Wet approach + Does not require homogenizer  « Scaling up requires efficient - Nanospheres'?®
solvent diffusion solvent extraction process
+ High yield and encapsulation » Possibility of leakage for - Micelles'**
efficiencies hydrophilic cargo
« Can utilize reusable organic - Polyplex'*®
solvents that are
pharmaceutically acceptable
Emulsification - Wet approach + Encapsulation of lipophilic + Not applicable to all drug « Nanospheres'*¢
reverse salting-out drugs without using harmful cargos
chlorinated solvents * Requires salting agents in
purification step which could be
incompatible with some drugs
« Wider size distribution range
» Scalability issue
Nanoprecipitation Wet approach * Robust, cost-effective, and + Hydrophilic cargo has low - Nanospheres'>®
reproducible method encapsulation efficiencies due to
aqueous phase diffusion
« Microfluidic platforms have - Slow mixing leads to low drug - Micelles'?’
improved the mixing of solvent/  encapsulation due to difference
non-solvent in solubility
« Dendrimers®
« Polymersomes'*®
- Polyplexes'*®
Controlled radical Wet approach + Tunability of the number of + Removal of transition-metal « Nanospheres*°
polymerization ~ATRP monomer units catalyst is necessary
« No homopolymer - High temperature conditions - Micelles'**
contaminations during the
addition of subsequent
monomers
« Polymersomes'**
« Polyplexes'*
Controlled radical Wet approach + Compatible to a wide range of + Collapsed hollow NPs and - Nanospheres**
polymerization -RAFT monomers unwanted solids can be formed
- Mild reaction conditions - High homopolymer - Micelle'®
contamination
+ Heavy metals, which are hard « Dendrimers'*®
to remove, are not needed
- Chain extension is quicker and « Polymersome'**
less solvent-sensitive than ATRP
« Polyplexes'*®1%”
Plasma polymerization ~ Dry approach « Can be generated using « Higher start-up cost to build - Nanospheres®>'3®

gaseous precursors only

+ No toxic by-product during
fabrication process

« Fast NP formation

« NP surface contains radicals
that covalently bond with any
molecule

vacuum chamber set-up

polymer and drug with an aqueous solution containing a
stabilizer like poly(vinyl alcohol) (Fig. 5).**" Both the polymer-
containing solvent and the aqueous phase are saturated to
initiate thermodynamic equilibrium of both phases.*
Colloidal NPs form upon further addition of water to the
mixture because of solvent diffusion to the external phase fol-
lowed by homogenization. Solvent removal is carried out
either through evaporation (via constant stirring) or filtration,

This journal is © The Royal Society of Chemistry 2025

depending on the solvent’s boiling point. The polymeric NPs
are washed and redispersed in water multiple times to ensure
the removal of the surfactant.

An efficient solvent removal/retrieval system is necessary for
scaling up the emulsification - solvent diffusion. For example,
a tangential flow filtration system via membrane module was
used in purifying and concentrating the o/w emulsion to form
disulfram-loaded methoxy poly(ethylene glycol)-b-poly(lactide-
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co-glycolide)/poly(e-caprolactone) (mPEG5k-b-PLGA2k/
PCL3.4k) micelles.”® The filtration system removed the organic
solvents added to the water phase while also concentrating the
final polymeric micelle product. The polymeric micelles were
then filtered using a 0.45 pum membrane filter as the final puri-
fication step, underscoring the critical dependence of the
emulsification-solvent diffusion method on efficient solvent
removal for its applicability in in vivo studies.

The solvent diffusion method has a relatively high yield,
reproducibility, and encapsulation efficiency. The use of high-
pressure homogenizers is also avoided.'*' However, hydro-
philic drugs are prone to leak during the emulsification
process, and high volumes of water are needed to be removed
from the suspension.'

3.1.3. Emulsification - reverse salting-out. Reverse salting-
out method employs a two-phase system comprising a water-
miscible organic solvent and an aqueous solution (Fig. 5). The
key distinction between salting-out and solvent diffusion,
however, is the presence of a salting-out agent (e.g., mag-
nesium chloride (MgCl,), calcium chloride (CaCl,), mag-
nesium acetate (Mg(CH3;COO),), or sucrose) in the aqueous
phase, in addition to a colloidal stabilizer."®® The miscibility
of the solvent and water is reduced by the saturation of the
aqueous phase, which facilitates the formation of an o/w emul-
sion."” Subsequent hydration of the o/w emulsion induces
solvent diffusion into the aqueous layer, promoting the reverse
salting-out effect, which drives the precipitation of polymers
within the nanodroplet emulsion. The resulting NPs are puri-
fied using cross-flow filtration to remove residual solvent and
salting-out agents.'*?

The crucial role of the colloidal stabilizer in controlling par-
ticle size in the reverse salting-out method was highlighted in an
earlier work.'*® PVA was used as the emulsifying agent in fabricat-
ing methacrylic acid copolymer-based NPs. The PVA chains
present in the bulk solution increased the viscosity of the external
phase, which eventually led to enhanced hydrodynamic stabiliz-
ation. Moreover, at the droplet interface, the polymeric chains
promote mechanical and steric stability apart from their function
in reducing the interfacial tension. In addition, the composition
of both organic and aqueous phases also led to size variations in
this study. A narrower size distribution was observed for the
salting-out method (123 to 710 nm) compared to the solvent
diffusion method (108 to 715 nm), although both methods have
wider size distribution ranges when compared to nanoprecipita-
tion (147 to 245 nm) from the same work."*?

The reverse salting-out method is an excellent approach to
encapsulating lipophilic drugs into nanospheres without
using chlorinated solvents.'’® Nonetheless, the method is not
applicable to all cargo molecules, and the use of salting-out
agents is not compatible with all therapeutics, thereby entail-
ing intensive purification steps for the NPs.

3.1.4. Nanoprecipitation. The nanoprecipitation method,
also known as solvent displacement, relies on the principle of
polymeric interfacial deposition triggered by the displacement
of a semipolar solvent from a lipophilic solution into an
aqueous phase.’** In this process, a preformed polymer is dis-

13032 | Nanoscale, 2025, 17,13020-13056

View Article Online

Nanoscale

solved in a water-miscible solvent such as acetone or aceto-
nitrile, and the subsequent solution is introduced into an
aqueous phase in a controlled manner under constant agita-
tion (Fig. 5)."*> The fast diffusion kinetics of the polymeric
solution into the aqueous phase reduces the interfacial
tension between the two phases, increasing the surface area
and facilitating the formation of organic solvent nanodroplets.
The polymer precipitates, either as nanospheres or nanocap-
sules, once the solvent diffuses out from these nanodroplets.

Nanoprecipitation is a simple, rapid, and reproducible
method of producing polymeric NPs which are more favour-
able in terms of size, size distribution, and entrapment
efficiency than the products of emulsion-based
procedures.'*®'*” The main challenge of this technique is
finding the appropriate polymer and drug in a suitable
solvent/non-solvent system.''> Encapsulating hydrophilic
drugs can also be problematic because of the diffusion of the
mixture into the aqueous phase during the precipitation stage.
The difference in solubility leads to low drug encapsulation
efficiencies, especially when the mixing process is slow.

Recent approaches, such as the use of microfluidics and
flash nanoprecipitation, have been incorporated to address the
issues of traditional nanoprecipitation methods by improving
the co-precipitation of both drug and polymeric NPs. For
example, a two-phase microfluidic reactor was used to co-
encapsulate 7-ethyl-10-hydroxycamtothecin (SN-38) and curcu-
min into PCL-b-PEG block copolymer.'*® Both SN-38 and cur-
cumin have shown tremendous anti-cancer properties but are
quite limited in clinical use because of their low water solubi-
lity and bioavailability. Evaluation of the size (37 to 47 nm)
and PDI (0.18 to 0.27) showed that increasing the flow rate of
the microfluidic reactor (0 to 400 pL min~') has negligible
effects on both NP properties. Results from the same study
showed that the microfluidic method yielded better encapsula-
tion efficiency of SN-38 compared to the traditional nanopreci-
pitation technique.'*® In a separate work, a flash nanoprecipi-
tation technique to combine poly(ethylene glycol)-b-poly(p,t-
lactide) (PEG-b-PLA) and hydrophobic zein yielded polymeric
micelles useable for PTX delivery.'*” Overall, it can be con-
cluded that flash nanoprecipitation is a simple and scalable
modification of the traditional nanoprecipitation method
wherein a rapid micromixer promotes increased supersatura-
tion, yielding to the precipitation and entrapment of the thera-
peutic cargo inside the polymeric NPs.'*° The flash nanopreci-
pitation technology in the same study was facilitated by inject-
ing the polymer and PTX dissolved in a water-miscible solvent
into a jet/multi-inlet vortex mixer.'>” The hydrophobic PTX
formed nuclei and was entrapped within the amphiphilic
polymer-based outer layer, which resulted in enhanced NP
stability, along with improved encapsulation efficiency and
sustained release of the PTX cargo. The use of microfluidics
and flash nanoprecipitation technology may need an indirect
use of homogenizers similar with some of the emulsification
methods. Nonetheless, both modifications improve the feasi-
bility and upscaling potential of the nanoprecipitation method
in producing polymeric NPs loaded with drug cargo.

This journal is © The Royal Society of Chemistry 2025
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3.1.5. Controlled radical polymerization of monomeric
blocks. Aside from producing polymeric NPs from preformed
polymers, another strategy is to fabricate the polymer con-
current with colloidal NPs. In such a case, a monomer with a
reactive double bond is polymerized in an aqueous dispersion
with an emulsifier and a radical initiator, which generates lipo-
philic chains and NPs simultaneously."'® The traditional
polymerization process, known as free radical polymerization
(FRP), has mild reaction conditions, high reaction yield, and a
wide range of applicability depending on the vinyl monomer
used."'® However, precise control of the structure and architec-
ture of the polymers is challenging. These challenges gave rise
to CRP methods as these provide better control of the poly-
mer’s MW, distribution, composition, functionality, and struc-
ture because of the limited irreversible chain transfers and ter-
minations in the synthetic process (Fig. 5). Among the various
CRP techniques, atom transfer radical polymerization (ATRP),
and reversible addition-fragmentation chain transfer (RAFT)
polymerization are the most widely utilized.

The ATRP technique operates through an equilibrium
between active growing radicals and dormant species, primar-
ily in the form of alkyl halides."®® The process is initiated by a
redox reaction involving an alkyl halide initiator and a tran-
sition metal complex, typically a copper-based catalyst."”" This
reaction facilitates the homolytic cleavage of the covalent bond
in the alkyl halide, followed by the complexation of the
halogen atom with the catalyst. The resulting radical site
serves as the initiation point for monomer addition, enabling
chain propagation and the formation of the polymer. The
polymer growth can be terminated with rapid exchange with
the catalyst, which has a dynamic equilibrium between active
and dormant polymeric chains.'*® In comparison to FRP, the
molecular weight of the final product of ATRP can be precisely
controlled by modulating the ratio of the concentrations of the
monomer and initiator."*®*** Another advantage of ATRP is
the potential synthesis of block copolymers through the chain
extension of the initiator. Thus, a second monomer could be
added to the chain without homopolymer contamination. The
main drawback of ATRP is the use of a heavy metal/ligand
complex, such as CuBr/1,10-phenanthroline or CuCl/
1,1,4,7,10,10-hexamethyl triethylene tetramine, to drive the
reaction forward.">*'** The presence of such metal-based com-
plexes requires an additional purification step (e.g., precipi-
tation and adsorption on gel columns) to avoid polymer
contamination.

The RAFT polymerization, in contrast, begins analogously
to FRP, in which the free radicals are produced via homolytic
cleavage of the initiator. This cleavage can be induced by
thermal, photochemical, or redox reactions.''® The resulting
radicals initiate monomer addition, generating an active
polymer chain capable of reacting with a chain transfer agent
(CTA). The CTA is a hallmark of RAFT polymerization, which is
typically a thiocarbonyl compound such as 2-cyano-2-propyl
dodecyl trithiocarbonate'* and (S)-2-(ethyl propionate)-(O-
ethyl xanthate)."> The CTA facilitates the degenerative transfer
of radicals, thereby mediating the polymerization process."®

This journal is © The Royal Society of Chemistry 2025
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The process is considered degenerate, as it involves only the
exchange of functionality, with the primary difference between
the two sides of the equilibrium being their degree of polymer-
ization."® Moreover, the homolytic leaving group or the
polymer chain itself is subsequently released after the revers-
ible addition-fragmentation step between the CTA and the
polymer. The resulting radical species can then reinitiate
polymerization with a second monomer, leading to the for-
mation of a new polymer chain. This process may continue
through additional addition-fragmentation or equilibrium
steps.’”®

The continuous equilibrium in the addition-fragmentation
step controls the reaction between the active polymer chain
and the dormant CTA. The molecular weight of RAFT polymer
products, in parallel with ATRP, is modulated by the ratio of
monomer and CTA concentration. As previously pointed out,
RAFT does not require heavy metal compounds in the process.
A wider range of monomers can also be utilized in RAFT while
having milder reaction conditions compared to ATRP. The
main disadvantage of the method is high homopolymer con-
tamination when di-block copolymers are synthesized. In par-
ticular, RAFT is challenging when two radical species having
similar leaving group abilities are used. Furthermore, the cost
of the CTA presents an additional challenge, as functionalized
and custom-synthesized CTAs containing reactive groups are
often associated with high production and procurement
expenses.

Throughout the years, wet chemical methods discussed in
this section have been the favoured synthetic approach for pro-
ducing polymeric NPs because of the distinct advantages that
these methods offer, such as the precise control of physico-
chemical properties, streamlined protocols for incorporating
either hydrophilic or hydrophobic drug payloads, and to some
extent, robust and reproducible techniques of polymeric NP
fabrication. However, these methods are also limited by their
complex, multi-step and time-intensive processes, along with
the innate requirement of using solvents and reagents that
add unwanted toxicity, waste issues, and cost inflation, thus
impeding their commercial scalability and clinical translation
as preferred drug delivery systems.

3.2. Dry plasma technologies

Dry nanoparticle synthesis methods eliminate the reliance on
solvents, offering an environmentally conscious and scalable
alternative for NP production. As discussed, traditional wet
chemical methods often rely on expensive and potentially toxic
solvents and linkers, requiring extensive purification steps,
especially when the resulting nanoplatforms are intended for
biomedical applications.’® The complexity of these conven-
tional synthesis methods increases both cost and time,
leading to scalability and regulatory approval challenges.

In the broader field of nanomaterials, dry synthesis
approaches have found success in fabricating metallic,'®
metal oxide,'®! quantum dots'®* and carbon-based NPs,'®* as
examples. These methods use physical processes such as inert
gas condensation,'® laser ablation,'®® physical vapour depo-
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sition,'®® laser pyrolysis,'®” and high-energy ball milling."*®
While applicable to non-polymeric NPs, such physical
methods often fail to deliver the level of control required for
polymeric systems, especially regarding surface chemistry and
functionalisation. Moreover, limitations such as low pro-
duction efficiency and energy-intensive operations further
reduce their suitability for polymeric NP synthesis. Thus, there
is an increasing demand for reliable, nontoxic, high-yield, and
environmentally sustainable techniques to produce polymeric
NPs that also offer a comparable level of precision and control
to traditional wet chemical synthesis methods. Plasma
polymerization, as discussed in the following subsections,
stands out as a transformative technology in this domain.
3.2.1. Plasma polymerization for producing plasma poly-
merized nanoparticles. Plasma, often called the fourth state of
matter, is an ionised gas comprising a mixture of ions, elec-
trons, and neutral species with an overall net charge of zero.*®®
The plasma being referred to here for synthesizing polymeric
materials is classified as ‘low-temperature’ plasma, character-
ized by the lack of thermal equilibrium between ions and elec-
trons. Unlike high-temperature plasmas, which are unsuitable
for processing most polymeric materials due to high tempera-

(a) Monomer

O—e——=

Conventional polymer

Plasma polymer

(b) (c)

View Article Online

Nanoscale

tures, low-temperature plasmas are particularly well-suited for
synthesising polymeric NPs. Such plasmas can be generated
using a variety of sources, including direct current (DC),
pulsed DC, radiofrequency (RF), and microwave systems."”°

The plasma polymerization process utilizes a precursor
monomer that is excited into the plasma state, where it under-
goes fragmentation and subsequent polymerization, forming
plasma polymers in the form of thin films'”*”® and/or
NPs.>>?3176-178 ynlike conventional polymers, plasma poly-
mers form a dense, highly cross-linked, and heterogeneous
network rather than a structure based on repetitive monomer
units (Fig. 6a).

The formation of PPN powders and the deposition of poly-
meric films during plasma polymerization are closely intercon-
nected. PPN formation is characterized by the concentrated
production of polymeric species within a localized plasma
region, and the proportion of PPNs incorporated into a de-
posited film is influenced by the film’s formation rate.'”® Early
studies by Kobayashi et al. in 1973 demonstrated that oper-
ational parameters, such as working pressure and flow rate of
monomer applied during the plasma polymerization of ethyl-
ene, determine whether the process yields a film or a combi-

S T T T T T 2.0
\\
2 UNSTABLE % POWER =100 WATTS
= . DISCHARGE ‘| 7
t R \ -
o N 1 -
[ . =
-3 N .' FILM i k-
N
€ PN g
> a“ . 1
@ - N 2
waF o, S - 2
w I, N Q:_
z / VERY RAPID \\
i POWDER FORMATION
Ul o ¥ \, POWDER -
R
. ] J AND FILM
.y .
) I S | 1 ] 1

o 10 20 30 40 50 €0 70
ETHYLENE FLOW RATE (STP cc/min)

Reaction Pump Only
/' (100% conv.) -

Pump Limit |
(with reicctian
1

80 80
Acetylene Flow Rate (STP em3/min)

Fig. 6 (a) Schematic illustration comparing a plasma polymer and a conventional polymer derived from the same monomer. Dependence of the
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formation mechanism of (b) ethylene™" and (c) acetylene

on plasma polymerization parameters such as pressure and flow rate of monomer. (b)

and (c) were reproduced from ref. 180. Copyright © 2003, John Wiley and Sons, and ref. 181. Copyright © 1974, American Chemical Society,

respectively.
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nation of film and powder species (Fig. 6b)."®® Using plasma
polymerization to synthesize NPs thus necessitates a judicious
choice of process parameters.

Nanoparticle production using plasma polymerization can
be performed either under low-pressure conditions using
vacuum chambers or at atmospheric pressure. The following
two sections provide further details on these approaches.

3.2.1.1. Low-pressure plasma polymerization. Most plasma
polymerization studies reported in the literature are conducted
under low-pressure conditions. The mechanism of PPN for-
mation in low-pressure environments is strongly influenced by
the reactor design. In his seminal book on plasma polymeriz-
ation, Yasuda highlighted that PPN production depends
heavily on synthesis parameters, such as precursor flow rate
and working pressure — which can vary significantly across
different reactor designs.'’® For instance, PPN powder for-
mation from acetylene was observed exclusively in a bell-jar
reactor (Fig. 6¢), whereas acetylene-based plasma polymerized
films dominated when an inductively coupled reactor was
used.'® Thus, achieving controlled PPN synthesis through
plasma polymerization necessitates not only the optimisation
of operating parameters but also the careful selection and
design of the reactor.

View Article Online
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The production of PPNs under low-pressure conditions can
be achieved either with or without using a gas aggregation
source (GAS) within a vacuum chamber. A typical GAS setup
comprises a tubular vacuum chamber equipped with a DC or
RF electrode, or a magnetron, to generate a plasma discharge
for polymerization (Fig. 7a). The vacuum chamber is typically
designed with a relatively high aspect ratio, which promotes
the homogeneous nucleation and formation of nano- and
micro-clusters along an extended aggregation zone.'®?
The GAS configuration facilitates coaxial gas flow, resulting in
the efficient transport of PPNs from the discharge region via
an orifice into a secondary deposition chamber for
collection.®?

Magnetron sputtering, a well-established method that is
used in various modes for thin film deposition,'***%® can also
be used as a GAS-assisted technique for producing PPNs at
sub-atmospheric pressures (~100 Pa). For instance, Kylidn
et al. reported a planar RF magnetron set-up consisting of a
Nylon 6,6 target (Fig. 7b) to synthesize, on separate occasions,
carbonaceous PPNs and PPN-metal nanocomposites.'®*
Changing the working gas from Ar to N, resulted in nitrogen-
rich PPNs, which have different morphology and surface chem-
istry than those PPNs produced with Ar.
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Fig. 7 Schematic diagram of various plasma-based systems used for synthesizing PPNs. (a) A typical GAS set-up, reproduced with permission from
ref. 183. Copyright © 2017, Beilstein-Institut; (b) an RF-powered magnetron-based GAS set-up, adapted from ref. 184 with permission from the
authors, Copyright © 2019; (c) a non-GAS vacuum chamber system, adapted with permission from ref. 52. Copyright © 2022, American Chemical
Society; and (d) atmospheric pressure DBD plasma system, reproduced with permission from ref. 185. Copyright © 2014, John Wiley and Sons.
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Another avenue the same group explored is the production
of heterogeneous PPN/metal nanocomposites. They reported
the production of Cu/Nylon-based PPN composites by adding
a copper strip to the Nylon 6,6 at relatively high power (80 W)
and pressure (>100 Pa) conditions. This metal/polymer sputter-
ing method yielded Cu cores enclosed within a shell of plasma
polymer.'® This technology provides a suitable fabrication
template for the layered shell of plasma polymers onto in-
organic (ie., metal) NP cores, which could be of interest for
applications such as theranostic,'®® post-translational modifi-
cation (PTM) enrichment,"® and environmental remedia-
tion."* We clarify that the fundamental operation of magne-
tron sputtering for the synthesis of PPNs using solid targets
reported by Kylidn et al. is quite different from a typical
plasma polymerization process where organic monomers in
the form of gas/vapour are excited into plasma to form
polymers.

Since the early 1970s, low-pressure systems without the GAS
modality have been used for the plasma polymerization of
NPs. Examples include the pioneering works of Kobayashi on
ethylene-'*® and acetylene-based PPNs.'®' More recently,
Santos et al. increased the collection rate of PPNs inside a low-
pressure non-GAS system by replacing the two-dimensional
sample holder (stainless steel), commonly used in thin-film
deposition, with a three-dimensional tissue culture plate."*>
Scanning electron microscopy (SEM) micrographs showed that
less than 1% of the stainless-steel surface was covered with
NPs, and that the majority of the substrate was coated with
plasma polymer. In contrast, powder-like brown NPs were col-
lected using a 24-well polystyrene tissue culture plate without a
noticeable presence of the plasma polymer coating on the
stainless steel holder. The authors attributed the increased
yield of PPN collection in the tissue culture plate to two
factors. First, the positive plasma potential can expand locally
in each individual well, which enables entrapment of the PPN.
In addition, plasma sheath forms around the wells, resulting
in an electric field that localizes the particles towards the
centre of the well. The authors also demonstrated that dou-
bling the RF input power from 50 W to 100 W resulted in an
increase in PPN yield from 31 mg h™' to 88 mg h™" under a
constant working pressure of 0.15 Torr."**

We have recently reported that the collection yield of PPNs
in a similar plasma polymerization system (Fig. 7c) can be sig-
nificantly enhanced by controlling the inflow sequence of the
precursor gas mixture.”> A 2.5-fold increase in terms of the
number of PPNs/unit area was observed by simply delaying the
introduction of acetylene by 90 seconds after the plasma
ignition of Ar/N, gas mixture.”® Through this strategy, a collec-
tion efficiency of approximately 70-88% is achieved, which is
markedly higher than the 27-37% obtained when all gases are
inserted simultaneously. This work demonstrates that the yield
of collected PPNs can be enhanced while minimising losses
due to deposition on chamber walls or removal through the
vacuum system. These types of optimization studies are signifi-
cant, especially for upscaling PPN production without compro-
mising energy efficiency and economics, which have been
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some of the existing challenges in implementing plasma pro-
cesses at the industrial level.'?

The formation dynamics of PPNs in Ar/C,H, plasma follow
a periodic pattern and can be divided into three distinct
phases; nucleation, coagulation, and accretion®*'** (Fig. 7c).
The nucleation phase is characterized by the formation of
stable, nanosized clusters, known as protoparticles, though
radical/ion plasma polymerization. In the coagulation phase,
the protoparticles collide and grow while increasingly collect-
ing negative charges. During the accretion phase, the particle
size increases nearly linearly over time, as radicals and ions
from the plasma are transferred onto the PPNs. Toward the
end of the accretion phase, PPNs reach a critical size and exit
the plasma discharge as regulated by an interplay of gravita-
tional, electrostatic and ion drag forces, initiating a new
growth cycle. The resulting PPNs are monodispersed in water,
with PDI of less than 0.2.'°> Such monodispersity is a result of
plasma polymerisation-driven self-limiting growth mecha-
nisms. During the coagulation phase, protoparticles accumu-
late negative charges as electrons, being more mobile than
ions, preferentially diffuse to their surfaces. This charge
buildup induces coulombic repulsion, preventing uncontrolled
agglomeration and ensuring a narrow size distribution.
Consequently, electrostatic stabilization restricts growth to par-
ticles within a specific size range, minimizing excessive aggre-
gation. The monodispersed nature of PPNs in aqueous solu-
tion enhances their suitability for biomedical applications, as
discussed in Section 4.

3.2.1.2. Atmospheric pressure plasma polymerization. Plasma
polymerization has primarily been carried out in low-pressure
systems over the past three decades.'®> Atmospheric pressure
plasma polymerization, however, has emerged as a potentially
lower-cost alternative to low-pressure systems, requiring less
1967198 wWhether incorporating GAS or not,
low-pressure plasma polymerization processes require vacuum
chambers and vacuum pumps, which involve significant
initial investment. In contrast, atmospheric pressure plasma
polymerization processes do not rely on vacuum systems and
costly chambers. Instead, plasmas typically take the form of
dielectric barrier discharges, where an insulating dielectric
material is positioned between electrodes.'®® However, atmos-
pheric pressure plasma processes often require high volumes
of inert gases (e.g., He or Ar) along with monomeric precur-
sors, which can increase the overall costs in the long term.

Atmospheric pressure plasma polymerization can produce
PPNs with core-shell morphology.'®> A dielectric barrier
plasma reactor operating in atmospheric conditions (Fig. 7d)
and powered by an RF source was used to fabricate polypyr-
role-based PPNs.'®® Two different types of hollow polypyrrole
PPNs were produced based on their core cavity. The first type
has a single spherical core, while the other has multiple
bubble-like cores. These results contrast the PPNs produced in
low-pressure environments wherein solid NPs, without core
cavities, are typically produced due to homogeneous nuclea-
tion, crosslinking and particle growth.”®® The authors pro-
posed that small droplets of the oligomeric material coalesce

complex equipment.
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Fig. 8 Monomer concentration and reactivity influence the formation of diverse hollow NPs, featuring either spherical cores or bubble-derived
cores through atmospheric plasma polymerization, reproduced with permission from ref. 185. Copyright © 2014, John Wiley and Sons.

and form a single drop with a larger surface area (Fig. 8).'%

Polymerization happens at the surface and an outward
diffusion of the liquid phase inside results in single-cored
hollow polymeric NPs. In contrast, the small, bubble-like cores
were hypothesized to be produced due to higher concentration
and monomer reactivity."®> This mechanism leads to the
agglomeration of the oligomeric precursor, which is carried
into the core of PPNs post-polymerization.

3.2.1.3. Chemically functionalized plasma polymerized nano-
particles. The versatility of plasma polymerization is exempli-
fied by its ability to utilize organic precursors in either
gaseous or liquid form. Gaseous precursors, such as hydro-
carbons (e.g., acetylene, ethylene, and methane),**"*°*> can be
precisely delivered into the plasma polymerization system
using high-precision flow controllers. Liquid precursors like
acrylic  acid,>®?°*  aniline,®®  hexamethyldisiloxane,>*®
octadiene,””’>°° and thiophene>'**"
atomized,”"® or evaporated®'* before being transported to the
plasma discharge. The plasma polymers produced using these
monomers are functionalized with the corresponding chemi-
cal groups, including hydrocarbons, amines, and carboxylic
acids. Also, PPNs can contain high concentrations of long-
lived reactive radicals that facilitate covalent attachment of
molecules,>*"*

Alkane and alkene groups can be incorporated into PPNs by
using monomeric hydrocarbons such as acetylene. For
example, plasma polymerization of C,H,/Ar mixture at low
pressure (150 mTorr) yielded solid, carbonaceous PPNs
(Fig. 9a) containing hydrocarbon groups.>® Functional group
analysis using Fourier transform infrared (FTIR) spectroscopy
revealed the presence of multiple C-H stretching (2876, 2934,

can be aerosolized,*'?

as further discussed in Section 4.

This journal is © The Royal Society of Chemistry 2025

and 2957 cm™') and C-H bending (1377 and 1454 cm™)
groups (Fig. 9b), indicating the retention of carbon-based moi-
eties from the acetylene precursor.’® In addition, alkene peak
(C=C) identified at the 1631 cm™"' region implies that the
triple bonds from the acetylene were cleaved, forming single
and double carbon-to-carbon bonds. Nitrogen-based moieties
can also be incorporated into the final PPN structure by
adding a tertiary gas into the vacuum chamber during the
plasma polymerization process. For example, in the same
work,>® using a mixture of Ar/N,/C,H, (3:10:6 sccm) resulted
in the evolution of peaks corresponding to nitrogen-containing
functional groups such as amine (1550, 3315, and 3340 cm ™)
and nitrile (1250 cm™") (Fig. 9b). The formation of such func-
tional groups suggests that incorporating a non-polymerizable
gas, such as N,, can be used as an effective strategy to control
of the surface chemistry of PPNs.

Aside from reacting N, with other precursors like C,H,,
amine functionalization in PPNs can be achieved through
plasma polymerization of aniline. Amine-functionalized PPNs
with aromatic moieties were produced by plasma polymerizing
aniline with argon gas under low pressure.””® Similar to the
other PPNs, the aniline-based PPNs are spherical-shaped with
an estimated particle size of ~451 nm (Fig. 9¢). In situ FTIR
measurements revealed that the spectral profile of the aniline-
based PPNs was similar to polyaniline thin films synthesized
in the literature (Fig. 9d). Nonetheless, the authors have
acknowledged that there are differences between the PPNs and
polyaniline thin films found in the literature. First, the PPNs
partially lost their aromatic characteristics, demonstrated by
the evolution of a shoulder peak between 1600 and 1750 cm™,
which can be attributed to either carbonyl stretching or alkene
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Fig. 9 Tailorable surface chemistry of PPNs achieved by control of plasma polymerization process parameters. (a) Acetylene-based PPNs exhibit a
compact, solid, and amorphous morphology, with surface functional groups adjustable by (b) modifying the precursor gas mixture to C,H,/Ar/N,, repro-
duced with permission from ref. 54. Copyright © 2018, American Chemical Society. (c and d) Aniline-based PPNs form spherical particles that retain nitro-
gen-containing functional groups from their precursors, reproduced with permission from ref. 215. Copyright © 2018, AIP Publishing. (e and f) Carboxyl-
functionalized PPNs, derived from acrylic acid, display tuneable size and O—C=O bond abundance by adjusting the plasma duty cycle during polymeriz-
ation, reproduced with permission from ref. 176. Copyright © 2018, American Chemical Society. (g and h) PPNs feature radical-rich surfaces governed by
temperature-dependent kinetics, reproduced with permission from ref. 54. Copyright © 2018, American Chemical Society.

stretching from non-aromatic alkenes. Moreover, the authors
credit the cross-linking of the polymeric structure to the Ar
plasma interaction. The structure of plasma polymers is irregu-
lar due to fragmentation, random poly-recombination, and
crosslinking mechanisms, which occur during the synthesis
process (Fig. 6a).>'® Thus, it is not surprising that the polyani-
line films in the literature would have differences with the
PPNs synthesized in this work.

Carboxyl-functionalized PPNs can be produced using
acrylic acid as a precursor monomer.'”®'”” For example, car-
boxyl-bearing PPNs, which are highly stable in aqueous media,
were formed by plasma polymerization of acrylic acid in a
cylindrical chamber with a horizontal RF electrode.'”® Particle
size and concentration of carboxyl groups retained in the PPNs
were shown to be tuneable by varying the RF-generated plasma
duty cycle via changing the time on (t,,) and time off (¢,).
Lowering the duty cycle from 100% to 32% decreased the size
of the PPNs from 93 + 14 nm to 31 + 5 nm, while also increas-
ing the abundance of carboxyl groups from 9.0 atom % to 12.0
atom %, respectively (Fig. 9¢)."”® The authors concluded that
two different regimes could be classified based on the duty
cycle (Fig. 9f). At higher duty cycles (t,n > 30 ps and g <
20 ps), the growth of the carboxyl-based PPNs was hindered by
the bombardment of positive ions yielding the removal of the
carboxyl functional groups. In contrast, at lower duty cycles
(ton < 30 ps and fo > 20 ps), the PPN growth is based on
radical-induced chain propagation wherein intact acrylic acid
molecules are preserved, hence the higher O-C=0 abundance.
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Thus, pulsing the plasma enables control over the size and
surface chemistry of carboxyl-based PPNs.

The presence of reactive radicals in PPNs has been previously
reported.®>* Electron paramagnetic resonance (EPR) spec-
troscopy spectrum of the PPNs shows that they are permeated by
radicals (Fig. 92). The EPR spectrum shows a single resonance
peak, centred at 348 mT (g-value of 2.003),>* corresponding to
unpaired electrons associated with radical-containing com-
pounds.”® The radicals have shown temperature-dependent
behaviour, with a slower decay rate at 24 °C compared to 4 °C
(Fig. 9h).>* Notably, approximately 57% of the initial radical con-
centration was retained 10 days after synthesizing the PPN batch.
The EPR findings highlight the stability and longevity of these
radicals, which can be harnessed to achieve covalent attachment
of biomolecules, as discussed in Section 4.

The dry approach of plasma polymerization for producing
PPNs demonstrates significant potential, offering the advan-
tages of a solvent-free process while enabling precise control
over their physicochemical properties. The production process
is faster and potentially more cost-effective for commercializa-
tion compared to conventional wet chemical methods. Plasma
polymerization stands out as an ecologically benign, “green”
technique, creating minimum waste and almost no effluents,
thereby removing the need for expensive environmental reme-
diation operations often needed in other technologies. This
renders it highly attractive for industrial applications, where
sustainability and regulatory adherence are paramount.
Furthermore, the method utilizes minimal precursor

This journal is © The Royal Society of Chemistry 2025
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materials, thus lowering operating expenses, and its compat-
ibility with continuous production systems improves
scalability.’®®?'” Notably, plasma polymerization can be har-
nessed to generate PPNs with radical-rich surfaces, providing
conjugation sites capable of covalently attaching a wide range
of molecules. In the following section, we highlight the versati-
lity and efficacy of these PPNs across various biomedical
applications.

4. Biomedical applications of plasma
polymerized nanoparticles

Research on PPNs has primarily focused on understanding the
mechanisms of their formation and growth in reactive dusty
plasmas.*'®?'° Earlier works aimed to reduce and eliminate par-
ticle formation, as these particles were considered contaminants
in various industrial applications, including thin film deposition,
lithography, and semiconductor manufacturing.”**>*> However,
since 2018, several studies have been published demonstrating
the potential of PPNs for real-world applications. This section
reviews these applications, with a focus on their biomedical uses.

4.1. Biomedical applications of plasma polymerized
nanoparticles

Surface-active binding sites in PPNs enable robust attachment
of a wide range of molecules, making it an excellent nanoplat-
form for biomedical applications. One of the earliest studies
demonstrating the utility of PPNs as nanocarriers was con-
ducted in 2018 by Santos et al., who conjugated various pay-
loads, including an antibody (IgG), enzyme (luciferase), small
interfering RNA (siRNA), drug (PTX), and a stable free radical
molecule (2,2-diphenyl-1-picrylhydrazyl, DPPH), onto PPNs
(Fig. 10a).* The streamlined conjugation procedure involves
incubation of the PPNs with various molecules in water at 4 °C
for 1 hour. This one-pot functionalization of PPNs avoids the
challenges of typical wet chemistry-based procedures, such as
the use of chemical linkers and solvents, along with tedious
purification steps. Cytocompatibility results of the PPNs with
endothelial (hCECs), epithelial (MCF-10A) and human breast
adenocarcinoma (MCF-7) cells after 72 and 120 hours of incu-
bation indicated no significant decrease in cell viabilities
across all conditions. Furthermore, confocal images from cell
uptake experiments suggest that the PPNs conjugated with
PTX and IgG with two different fluorescent labels (Cy5 and
Cy7) are all co-localized inside the cell membrane of MCF-7
breast cancer cells (Fig. 10b). The authors implied that the
multiple molecular cargos successfully underwent cell uptake
and accumulated in the cytoplasm, where the molecules
remained attached to the PPN after cell entry.>* The biocom-
patibility of these PPNs, even at elevated concentrations (~10°
PPN per ml), combined with their capability of intracellular
delivery, makes them attractive for drug delivery and theranos-
tic applications.

The direct and linker-free attachment of PPNs with mole-
cules has been demonstrated to be through covalent inter-
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action. In our recent work, we provided evidence for the for-
mation of covalent bonds between fluorescent molecules (flu-
orescein isothiocyanate (FITC) and Nile Blue (NB)) and PPN
surfaces.®® The stability of the attachment was demonstrated
through detergent washing, using sodium dodecyl sulfate
(SDS), with the molecules remaining on the NP surfaces as
confirmed by X-ray photoelectron spectroscopy (XPS) (Fig. 11a
and b), fluorescence spectroscopy, flow cytometry, and time-of-
flight secondary ion mass spectrometry (ToF-SIMS) data
(Fig. 11c). SDS removes physisorbed molecules from surfaces
while retaining those covalently attached intact.'®® We also
demonstrated that the PPNs attached to the NB have shown to
be internalized into MCF-7 human breast cancer -cells
(Fig. 10c), demonstrating the potential of PPNs as nanoplat-
forms for biomedical imaging applications.

Fluorescent molecules used for tracking, imaging, and ther-
anostic applications can also be attached to PPNs. For
example, we conjugated a model fluorophore, recombinant
green fluorescent protein (rGFP) obtained from jellyfish
Aequorea Victoria, onto the PPNs made from C,H,/N,/Ar
plasma. The PPNs were incubated with different concen-
trations of rGFP (0, 5, and 10 pg per PPN) at room temperature
for 30 minutes, resulting in a proportional increase in mean
fluorescence intensity, as quantified by flow cytometry®
(Fig. 11d). The flow cytometry results suggest that attachment
onto the PPN surface did not compromise the biological
activity of rGFP. The strong autofluorescence properties of the
PPN-rGFP indicate that the p-barrel tertiary structure respon-
sible for GFP fluorescence remained intact after conjugation.
The streamlined conjugation method’s simplicity and robust-
ness, preserving cargo activity, highlight PPNs’ versatility for
biomedical applications.

The PPNs have demonstrated excellent potential as drug
delivery vehicles against cancer therapy. Michael et al. success-
fully conjugated standard-of-care drug PTX onto the PPNs to
form monodispersed PPN-PTX using a similar single-step,
rapid incubation attachment procedure to treat breast cancer
cells.”®® The ensuing PTX attachment resulted in a slight
increase in hydrodynamic size from 122 nm to 164 nm for the
unconjugated PPN and PPN-PTX, respectively, while maintain-
ing low polydispersity index (PDI) after conjugation (PDI < 0.1).
As a proof-of-concept application, the PPN-PTX product was
used against MCF-7 breast cancer cells wherein it showed sig-
nificant inhibition of cell proliferation, and a higher percen-
tage of apoptosis compared to the untreated cells after 24 and
72 hours. These cell study results demonstrate the potential of
PPNs to serve as nanoplatforms for delivering therapeutic
cargo in in vitro models.

The highly reactive surface of the PPNs can bind multiple
functional groups onto their surfaces. Such highly reactive
nature of the PPN surfaces was exemplified in the same study
when an siRNA against vascular endothelial growth factor
(siVEGF) was co-conjugated with the PTX molecule forming a
dual functionalized PPN (PPN-Dual) (Fig. 11e)."*®* The combi-
nation of standard-of-care PTX and various siRNA has been
explored for cancer therapy in other literature.****** Rapid
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internalization of Cy5-labeled PPN-siRNA was observed in
hCAEC cells, with lysosomal co-localization occurring within
5 minutes of incubation (Fig. 10d and e). After 30 minutes, the
PPN-siRNA (shown in green) was detected outside the lyso-
somes (Fig. 10f), implying successful endosomal/lysosomal
escape.

The efficiency of the PPN-Dual containing PTX and siVEGF
was tested against an orthotopically grown MCF-7 breast
cancer tumour in a mice model."*® Results from this in vivo
experiment showed that the tumour volume and weight
regressed by 40% and 43%, respectively, after three doses of
PPN-Dual in 14 days. Furthermore, the overall size of the
tumour decreased by three-fold when exposed to the PPN-Dual
compared to the saline control condition. Quantitative reverse
transcription polymerase chain reaction (RT-PCR) results have
also exhibited significantly increased levels of TUBB2A, a gene

13040 | Nanoscale, 2025, 17,13020-13056

known to be involved in the regulation of cancer cell
proliferation,**>**®  post-incubation with PPN-Dual. The
effective co-delivery of two therapeutic cargos on a single PPN
nanoplatform demonstrated in this work can potentially be
applied to other combinatory therapies. With careful optimiz-
ation of the functionalization protocol (i.e., ratio of each mole-
cule, incubation time, temperature), delivering three or more
therapeutic cargos that provide synergistic effects together
anchored on a single PPN can possibly be achieved in future
works.

PPNs can also be used for on-demand bioactivation of inert
substrates, which can be challenging to coat using traditional
thin film coatings. In a recent work, porous 3D-printed poly-
ethylene glycol diacrylate (PEGDA) hydrogel gyroids were
surface functionalized with arginylglycylaspartic acid (RGD)
peptide-functionalized PPNs.”” RGD is a short peptide

This journal is © The Royal Society of Chemistry 2025
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sequence that serves as a recognition motif for integrins, med-
iating cell adhesion to the extracellular matrix.”*” The
PPN-RGD-functionalized hydrogel gyroids were used as sub-
strates to anchor human cardiac fibroblasts. Fluorescence
imaging showed enhanced fibroblast viability (Fig. 12a), cell
density, and structural coverage on the PPN-RGD-functiona-
lized hydrogels compared to those functionalized with either
PPN or RGD alone (Fig. 12b). Furthermore, PEGDA hydrogels
functionalized with PPN-RGD promoted fibroblast differen-
tiation into myofibroblast in the presence of TGF-f (Fig. 12c),

This journal is © The Royal Society of Chemistry 2025

suggesting that such surface modified substrates provide
environments conducive to cellular differentiation. This work
highlights the excellent potential of PPNs as a versatile alterna-
tive to traditional thin-film coatings for surface biofunctionali-
zation of biomaterials.

4.2. Biosafety of plasma polymerized nanoparticles

Translation to clinical-level applications requires the PPN
nanoplatform to be biocompatible, monodispersed, stable in
aqueous solution, and non-immunogenic, ensuring they do
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not elicit cytotoxic responses in vivo. Transport and accumu-
lation of the PPNs into the sensitive organs in the body is poss-
ible. Therefore, it is crucial to ensure that any PPN-based for-
mulations do not cause harmful toxicological side effects,
except when the cargo itself is intended to be cytotoxic, such
as a chemotherapeutic drug like PTX.

Toxicological assessment of the PPN nanoplatform has
been previously performed using various cell lines such as
human dermal fibroblasts (hFB), A549 adenocarcinomic
human alveolar basal epithelial cells, coronary artery cells
(hCAECs), HEK293 embryonic kidney cells, malignant epi-
thelial cells (HeLa), HEPG2 liver cancer cells, MCF7 breast
cancer cells, human vascular smooth muscle cells (hSMCs),
and induced pluripotent stem cell-derived endothelial cells
(IPSC-ECs).>>>> The viability of the cells in the presence of
PPNs has been assessed primarily based on proliferation, cel-
lular integrity, mitochondrial membrane potential, and other
related parameters. Traditional in vitro cytotoxicity assays such

13042 | Nanoscale, 2025, 17,13020-13056

as MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide) and known as
AlamarBlue™) assays serve as quantitative methods for deter-

resazurin  (commercially
mining the number of viable and functionally active cells in a
population.>*®2%°
PPN treatment is also evaluated by measuring the amount of
lactate dehydrogenase (LDH) released from cells, which is
3% The mito-

In some cases, cellular integrity following

indicative of membrane damage caused by PPNs.
chondrial membrane potential (MMP), which is directly corre-
lated to the levels of mitochondrial function, can also be quan-
tified via fluorescent probes which can penetrate the cell mem-
brane like tetramethylrhodamine ethyl ester (TMRE), tetra-
methylrhodamine methyl ester (TMRM), rhodamine 123
(Rhod 123), and 3,3-dihexyloxacarbocyanine iodide
(DiOC4(3)).>*" In addition, the stability of the PPNs post-conju-
gation is characterized by its monodispersity, which is
measured by the polydispersity index (PDI), and the zeta
potential, both of which are obtainable using dynamic light

This journal is © The Royal Society of Chemistry 2025
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scattering (DLS) analysis. Monodispersity, or the uniformity of
size in the dispersed phase, in NPs is characterized by PDI
values of less than 0.1.*> However, other literature suggests
that a PDI of 0.3 or below is acceptable for NPs used in drug
delivery applications.>*®* The surface charge, in terms of zeta
potential, impacts the stability of the NP formulation due to
electrostatic interaction between individual particles. Colloidal
NPs with zeta potential between —30 mV and +30 mV are typi-
cally considered unstable and prone to aggregation in
solution.>**23¢ Overall, these quantitative assays and physico-
chemical properties serve as indicators of the cytotoxicity, or
lack thereof, induced by PPNs at the in vitro scale.

Comprehensive in vitro and in vivo evaluation of PPN cyto-
toxicity has been reported by Michael et al.>® The cytotoxicity
of two PPN sizes (128 and 234 nm, respectively) was assessed
based on cell proliferation, cell membrane integrity, and cell
apoptosis and necrosis.>®> Compared to a commercial lipid-
based NP (Lipofectamine RNAiMax), both primary (IPSC-ECs,
hCAECs, hSMCs, hFBs) and cancer cell lines (A549, MCF7,
HeLa, HEPG2) showed excellent tolerance to PPNs. The cells
had high cell proliferation (80%), maintained cellular mem-
brane integrity (<30% LDH release), and caused minimal apop-
tosis and necrosis (<25% events).>® These in vitro results indi-
cate that PPNs are non-toxic to both healthy and cancerous
cells. The toxicological evaluation was expanded to examine
the physiological safety of PPNs in BALB/c mice through both
acute and repeated-dose studies.>® The PPN formulation was
tolerated remarkably well by the mice samples, wherein it
exhibited no behavioural differences and loss of weight. The
study found no haematological toxicity and adverse effects on
kidney and liver functions (Fig. 13a), with parameters remain-
ing within normal limits or comparable to saline controls.
Histological analysis showed no organ damage or abnormal-
ities from intravenous PPN treatment after repeated dosage for
14 days, although deposition at higher PPN concentrations
was observed in the liver and spleen (Fig. 13b). Even at the
highest doses (6000 mg kg™ for acute studies and 48 000 mg
kg™ for repeated injections), no premature deaths occurred,
indicating that PPNs are safe for in vivo cargo delivery.

Cellular morphology and nuclei size are not affected by the
presence of the PPNs. In a separate work, exposure of PPNs
fabricated from two varying procedures based on how acety-
lene is introduced into the N,- and Ar-filled vacuum chamber,
namely simultaneous and delayed protocol, onto human
dermal fibroblasts (GM3348) yielded negligible differences in
terms of the morphology and nuclei size after 3 and 7 days.>?
Actin filament and nuclei staining showed that the fibroblast
cells remained unaffected by PPNs prepared using either the
simultaneous or delayed protocol, even at concentrations
ranging from 10" to 10° PPN per mL (Fig. 13c). The cytotoxic
effects of the PPNs on fibroblasts were further assessed using
LDH proliferation assay wherein basal LDH release percen-
tages were observed for either of the two protocols (Fig. 13d).>>
This result indicates the plasma membranes of fibroblasts
remain intact after being incubated with the same concen-
trations of PPNs for 7 days. These findings were further sup-
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ported by cell proliferation data, which showed no significant
changes in fluorescence intensity compared to the positive
control after 7 days (Fig. 13e).”* Collectively, it can be con-
cluded that PPNs do not alter cellular properties or cause cyto-
toxic damage to normal fibroblasts.

The non-cytotoxic effects of the PPN-based nanoplatform
have also been demonstrated in cardiomyocytes. In a recent
work, the PPNs formed from the plasma polymerization of
C,H,/N,/Ar were conjugated with a platelet-derived growth factor
AB (PDGF-AB) before delivering the cargo-loaded PPNs into mul-
tiple cardiac muscle cells for in vitro assay studies.>® PDGFs are
known to promote mitosis and are considered as chemotactic
factors for mesenchymal cells.**” In addition, a recent study
showed that PDGF-AB enhances cardiac function by stimulating
post-myocardial infarction wound repair, resulting in an
improved survival rate in the porcine model.>*® Cell viability and
mitochondrial membrane potential assessments using the MTT
assay and TMRE assay demonstrated that both PPN and
PPN-PDGF-AB formulations exhibit no significant cytotoxicity in
neonatal rat ventricular myocytes (NRVMs) and human coronary
artery vascular smooth muscle cells (HCASMCs).>® The lack of
cytotoxicity was consistent across all three tested PPN doses (2.5 x
107 PPN, 5 x 10’ PPN, and 1 x 10% PPN) and at all evaluated time
points (1, 4, 7, 14, and 21 days). No evidence of deteriorating car-
diomyocyte contractility was found in pluripotent stem cell
derived cardiomyocytes (PSC-CMs) treated with PPN or its
PDGF-AB-conjugated counterpart after 4 and 7 days. The in vitro
results reported in this work support the findings from the earlier
studies that the PPN platform, at least at a biologically relevant
dosage, is not harmful at the cellular level.

5. Conclusions and future directions

This review comprehensively analyzed the diverse classes of
polymeric NPs, along with the currently available synthesis
methods of production for biomedical applications. The
review focused on the interaction modes with payloads, dis-
cussing their respective advantages and limitations, which
shed light on the barriers to the clinical and commercial trans-
lation of polymeric NPs.

The diverse classes of polymeric NPs — nanocapsules, poly-
meric micelles, dendrimers, polymersomes, polyplexes, and solid
nanospheres — offer unique advantages as polymer-based drug
delivery systems. However, their clinical application faces signifi-
cant challenges related to structural and mechanistic design.
These include the need for chemical linkers to attach drug pay-
loads, chemical modifications of the payload to integrate with the
polymeric NPs, reliance on relatively weak and unpredictable
electrostatic complexation reactions in biological conditions, pre-
mature release caused by the collapse and dissociation of nano-
structures, and limitations in drug loading and encapsulation
efficiencies. Furthermore, the production of most polymeric NPs
relies heavily on wet chemical synthesis, which introduces issues
of scalability, toxicity, and production complexity that impede
their broader application (Fig. 14a).

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5nr00436e

Published on 20 May 2025. Downloaded on 11/20/2025 6:40:16 PM.

View Article Online

conditions

Nanoscale Review
(a) Synthesis methods —
- = Key characteristics -—— === CIELIENE— — — — —
1
Physical vapour Laser 1 P — — — — .
deposition ablation l 4 \ A \ \ \ \
P! | ( ) <{4 ) ) Q ) z ) < |
| - L% 4 = w e/
| Plasma-based Uses gaseous/ Produces Good Green Stable
High-energy ! technique vapour solid spherical biocompatibility approach products in
ball milling \ / ! precursors NPs in animal models physiological
3 H 1

Laser
pyrolysis
P [ "

&

Inert gas
condensation
/ Wet 2
Emulsification { = f-o- :\ chemical ,“ ***** FooBuoge] RAFT
- solvent \approaches/

! 1
! 1
! 1
! 1
! 1

evaporation 1 | -
T N ) Solvent-bas
% o > X ! reactions

; \ amap!

i Y ! 1

Emulsification ATRP : 1

1

! 1

! 1

! 1

! 1

! 1

! 1

1

- solvent

diffusion
Emulsification Nanoprecipitation
- reverse
salting-out hours to cou

of days

the range of
minutes

I
1
l t
=27, Plasma L Quick
1 polymerization:: synthesis in
1
I
I

Longer synthesis Require tedious Rely on physical
time from few

= N
{94

) D]

/%4

J/ <

¢ @

Easy to produce and Highly

Ease of Creates reactive
purification surfaces for load with drug scalable
covalent payload

conjugation

& 6 @ © O
R S
ed Utilize chemical Produce Cytotoxic if not Cost and Time-
linkers for various properly purified scalability consuming
functionalization polymeric and complex
methods

€

Drug loading &
encapsulation
issues for some
polymeric NPs

- N \\
‘ | |
- 4'/ = "/ e
Creates toxic by-

products from
solvents & reagents

and/or chemical
bonding

purification

\
1

1

1

1

1

1

1

I

nanostructures |

1

1

1

1

1

1

ple steps |
1

J

1
1
1
1
1
1
1
"= 'P: issues
1
1
1
1
1
1
1
1
1

(b)

Ty z
o0 (9] g L
U ] -«
Optimization Development Addressing Integration colioati
Current stage of reactor of cost- regulatory into industrial Corr;r:dercﬁ:s:l:z;hon
design (i.e., effective & compliance manufacturing translation
continuous- reproducible (i.e., safety, processes
flow systems) protocols efficacy)

Lab-scale plasma
polymerization

Fig. 14

Industrial-scale
production
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characteristics and advantages of plasma polymerization. (b) Proposed roadmap illustrating the future trajectory of PPNs toward commercialization

and clinical applications.

In contrast, dry, plasma polymerization technology emerges
as a transformative, dry, and environmentally sustainable
approach to produce PPNs that may overcome these chal-
lenges. We detailed the plasma polymerization synthesis
process, laboratory setups, and biomedical utility of PPNs,
highlighting their tuneable physicochemical properties, as
well as their promising performance in drug delivery
applications.

As a polymeric NP, PPNs stand out as it addresses the short-
comings of other classes. Their surface radicals enable
covalent conjugation of molecules, facilitating single-step,
reagent-free immobilization under mild conditions, broaden-
ing the potential for diverse biomedical applications.
Structurally, PPNs are solid, carbonaceous nanospheres that

This journal is © The Royal Society of Chemistry 2025

resist disintegration and dissociation under biological con-
ditions. Their high surface area-to-volume ratio enhances
binding efficiencies, making them highly effective for drug
delivery. Furthermore, PPNs have demonstrated excellent bio-
compatibility across various cell lines and animal models,
reinforcing their potential for various biomedical applications.

In terms of its viability as a method, the plasma polymeriz-
ation technique is a dry process that circumvents the chal-
lenges associated with conventional wet chemical methods.
Unlike traditional approaches, this method does not require sol-
vents or chemical reagents, instead utilizing relatively safe and
cost-effective gaseous mixtures such as acetylene, nitrogen, and
argon. The production rate of PPNs varies depending on the lab-
oratory setup but typically achieves a throughput of approximately
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10"" PPNs per minute. Purification of these NPs is efficiently per-
formed using established washing and centrifugation protocols,
which takes approximately one hour - significantly faster than
traditional dialysis steps that require at least 4 to 72 hours. These
inherent advantages of plasma polymerization method make it a
promising, scalable, and efficient method of commercially produ-
cing PPN for clinical applications.

Despite recent advancements in PPNs, several critical chal-
lenges related to their design, mechanism of action, and bio-
compatibility must be addressed to enable clinical translation.
Precise size control is a key priority, with an optimal size range of
20-100 nm to ensure prolonged circulation and effective tumour
penetration via the EPR effect. Advancements in the field could
potentially enable shape modulation to produce geometries
beyond spheres, opening new avenues for improving cellular
uptake and biodistribution. Surface chemistry remains a particu-
larly versatile feature of PPN, offering opportunities to co-conju-
gating ligands that specifically target overexpressed or abundant
receptors in cancer cells (e.g., folate receptors in breast cancer)
with cytotoxic drugs (e.g., paclitaxel) can transform PPNs into
precise, multimodal platforms for cancer therapy. Another poten-
tial of particular interest is that incorporating pH-sensitive linkers
can allow for charge reversal, enhancing circulation time under
physiological conditions while improving cellular uptake in the
acidic tumour microenvironment. These advancements could sig-
nificantly enhance the therapeutic potential of PPNs in cancer
treatment.

The design of payload-conjugated PPNs for biomedical
applications is quite analogous to polymer-drug conjugates.
This design ensures that the payload remains covalently
attached, preventing premature release and enabling the entire
PPN-payload formulation to reach the target site. Future
research could explore the integration of stimuli-responsive
polymer-drug conjugates capable of responding to environ-
mental cues such as pH, temperature, or enzymatic activity.
These systems can allow controlled disassembly or shedding
of the polymer, facilitating localized and sustained drug
release at the target site. Comprehensive pharmacokinetic
studies are crucial for understanding the interactions of PPNs
with biological systems, as these interactions significantly
affect safety, efficacy, and dosing regimens. Optimization of
PPN design, particularly surface charge and chemistry, should
be correlated with blood clearance half-life to refine their per-
formance as drug delivery platforms. Determining optimal
storage conditions is critical for commercialization. Research
studies should evaluate whether PPNs are more stable in solid
or dispersed phases, identify suitable buffer systems, and
establish timeframes before aggregation, surface instability, or
increased polydispersity occurs.

Last but not the least, scaling up plasma polymerization pro-
cesses for industrial production will be essential for translating
PPNs into clinically viable products (Fig. 14b). Developing cost-
effective and reproducible protocols is key to ensuring regulatory
compliance and facilitating widespread adoption. Moreover,
plasma polymerization offers significant economic advantages as
an environmentally sustainable process. Unlike wet chemical
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methods, which often involve hazardous solvents and generate
substantial effluent requiring extensive treatment, plasma
polymerization minimizes material usage and virtually eliminates
hazardous byproducts. This “green” processing approach not
only reduces environmental remediation costs but also enhances
the overall economic feasibility of industrial-scale production.
Optimizing reactor designs for continuous operation - for
example, through hybrid systems that integrate plasma polymeriz-
ation with existing manufacturing processes — holds significant
potential to further improve throughput and reduce operating
costs.

As an emerging field of great interest for biomedical appli-
cations, PPN research has already demonstrated compelling
evidence of their potential as scalable, sustainable, and inno-
vative platforms for drug delivery. By tackling the challenges
highlighted here, PPNs have the potential to revolutionize
polymeric NP technology, ushering in a new era for nano-
medicine and its applications.
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