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Polymeric nanoparticles represent an innovative approach to drug delivery, particularly for addressing
complex diseases like cancer. Their nanoscale dimensions facilitate targeted cellular uptake and effective
navigation of biological barriers. With a broad range of polymerisation and functionalisation techniques,
these nanoparticles can enable precise drug release, enhanced stability, and improved bioavailability while
minimising side effects. Compared to conventional carriers, polymeric nanoparticles offer superior stabi-
lity and versatility. However, despite these beneficial attributes, challenges remain in understanding their
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dynamic behaviour and interactions within biological systems. This mini-review aims to highlight key
characterisation methods for studying polymeric nanocarriers, explore recent advances, and examine
current challenges that must be addressed to optimise their therapeutic potential and advance these
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Introduction

Polymeric nanoparticles, typically ranging from 10 to 1000
nanometers, have garnered significant interest as advanced
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promising targeted drug delivery systems.

drug delivery vectors due to their small size, adaptability, and
ability to transport and protect therapeutic agents to target
sites within the body." Their nanoscale dimensions enable cel-
lular uptake and allow these particles to cross biological bar-
riers, including the challenging blood-brain barrier,>* which
is critical for delivering drugs directly to cells in diseases like
cancer.>*™*

A major advantage of polymeric nanoparticles (PNPs) is
their chemical versatility, enabling the creation of a virtually
limitless range of polymers with tailored properties through
various polymerisation methods (e.g., ring-opening, radical,
ionic, etc.), functional groups (e.g., sugars, charged moieties,
stimuli-responsive chemistries), and controlled chain length
and composition.”*® This versatility supports fine-tuned
control over essential delivery parameters, such as release pro-
files and targeting mechanisms, making polymers ideal for
optimised drug delivery."® Notably, PNPs can encapsulate
drugs, improving the stability and solubility of hydrophobic
compounds and protecting sensitive molecules—such as pep-
tides, proteins, and small molecules—from premature degra-
dation to ensuring targeted delivery.>*** Additionally, poly-
meric nanoparticles can be engineered for controlled release
triggered by stimuli like pH, temperature, or enzyme activity,
reducing side effects and enhancing therapeutic
outcomes.>*® Importantly, these polymer-based nano-
materials open new avenues for administering drugs pre-
viously limited by poor solubility or bioavailability.
Additionally, by enhancing drug efficacy at lower doses, poly-
meric nanoparticles could reduce adverse effects and improve
patient outcomes, which is a crucial benefit for administering
highly toxic drugs.*'**

This journal is © The Royal Society of Chemistry 2025
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In addition to small-molecule drugs, polymers and poly-
meric nanocarriers have garnered much attention as gene
delivery vectors.’*® Compared to traditional gene delivery
systems like liposomes, polymeric nanoparticles offer better
stability and tunability, facilitating easier storage and broader
accessibility for patients worldwide. Their adaptability and
cost-effectiveness—particularly their potential to eliminate the
need for cryogenic storage—make them appealing alternatives
to protein—or lipid-based carriers,*® which often struggle with
stability and scalability issues.

Polymer nanoparticles are capable of self-assembly through
a variety of motifs, including hydrophobic effects,*® hydrogen
bonding,**’ crystallisation,*®*° and host-guest
interactions.’®* These self-assembled structures exhibit a
diverse array of properties, such as defined sizes, mor-
phologies, charges, surface chemistries, and functional target-
ing moieties,">>*"" all of which significantly influence their
performance in drug delivery applications.>® The characteris-
ation of these features is crucial for understanding their struc-
ture-property relationships and typically involves a collection
of complementary techniques, including electron microscopy,
light scattering, and fluorescence bioimaging.”””*® These
methods can collectively enable precise tuning of nanoparticle
properties to optimise therapeutic outcomes.

Despite their exciting potential, characterising polymeric
nanoparticles remains a significant hurdle. Advanced tech-
niques are required to study nanoparticle assembly, stability,
and behaviour both in vitro and in vivo. These methods are
essential for evaluating how nanoparticles interact with cells,
traverse biological barriers, and function within complex extra-
cellular environments. Understanding the fate of nanoparticles
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in circulation, their biodistribution, and their ability to evade
the immune system is critical to advancing nanomedicine and
achieving targeted delivery.

As polymeric nanoparticles are developed for drug delivery,
their performance must be evaluated through in vivo studies,
including comprehensive pharmacokinetic and pharmacody-
namic analyses. These assessments extend beyond nanoscale
characterisation, examining critical parameters such as circu-
lation profiles, biocompatibility, toxicity, and therapeutic
efficacy. While this article will focus on the nanoscale charac-
terisation of self-assembled polymeric nanostructures for drug
delivery, we acknowledge that studying their in vivo behaviour
and translational potential is equally critical to realising their
therapeutic promise for patients. Readers are directed to the
excellent reviews cited herein for valuable insights and discus-
sions on these topics.>*°

This mini-review highlights key chemical characterisation
techniques for studying organic polymer-based nanoparticles
(see Fig. 1), emphasising their strengths, limitations, and
recent advancements. By discussing how these techniques
deepen our understanding of nanoparticle behaviour in bio-
logical systems and the current challenges in the field, we aim
to advocate for improved characterisation practices within the
field. This mini-review aims to provide a valuable resource for
newcomers to the field, encouraging them to explore the wide
range of methods available for characterising novel polymeric
drug delivery systems. It also seeks to inspire those already
working in the field to adopt new analytical approaches to
deepen understanding and corroborate insights into the
complex polymeric delivery systems being developed. Lastly,
we hope this summary may attract researchers from other dis-
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Summary of polymer and polymer nanoparticle characterisation methods.
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ciplines to join us in building innovative approaches that
unlock the full therapeutic potential of polymeric nanomedi-
cines and advance the future of targeted drug delivery.

Characterisation methods
Nuclear magnetic resonance (NMR) spectroscopy

Nuclear Magnetic Resonance (NMR) Spectroscopy is an essen-
tial tool in polymer chemistry, providing detailed insights into
the conversion and kinetics of polymerisation reactions. While
less common methods, such as gas chromatography, can also
be used to track volatile vinyl monomers, NMR remains the
primary method for monitoring the progression of polymeris-
ation reactions. Regardless of the initiation mechanism, the
conversion of monomer to polymer, hence polymerisation, is
calculated by tracking the appearance of polymer and the dis-
appearance of monomer peaks.

Many self-assembled polymer nanoparticles used for drug
delivery are composed of copolymers with distinct block chem-
istries. These variations drive phase separation into well-
defined microdomains, enabling the formation of nano-
structures with diverse morphologies. Such nanostructures
include spherical and cylindrical micelles, nanofibres, plate-
lets, and vesicles.">**%"% 1t is hoped that tuning the poly-
meric morphologies may hold the key to addressing significant
challenges in drug delivery, such as controlled release.®*

In block copolymer synthesis, the sequential building of
blocks relies on maintaining the “living” polymer chain ends,
which allows polymerisation to continue when conditions are
suitable (e.g., in the presence of additional monomers,
initiators, and typically an oxygen-free environment). NMR is
particularly valuable for assessing the “livingness” of con-
trolled polymers, as it can monitor polymer growth and
confirm the process remains under controlled conditions. By
analysing specific signals in "H NMR spectra, researchers can
verify consistent chain growth with low levels of termination or
side reactions, ensuring the polymerisation retains the charac-
teristics of a living system.

Moreover, NMR becomes a powerful technique when dyes
or drugs are conjugated to the polymer structure. Upon conju-
gation, new characteristic peaks often emerge in the NMR
spectrum, or existing peaks may shift due to the formation of
new bonds. By examining these changes, it is possible to
confirm the successful conjugation of therapeutic agents or
fluorescent dyes, which is essential for applications in targeted
drug delivery and imaging. Quantifying the success of conju-
gation is feasible by comparing expected and observed inte-
gration values. However, matching the integration of character-
istic peaks does not guarantee that all molecules in the solu-
tion are conjugated, as unconjugated species may still be
present. Therefore, additional characterisation methods are
recommended to corroborate conjugation efficiency, such as
HPLC and vide infra.

Two-dimensional NMR techniques, such as COSY, HSQC,
and HMBC, offer powerful insights into the local chemical
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environments near the conjugation site. These techniques can
reveal interactions between adjacent atoms and identify
specific structural features of the polymer. By mapping out
spatial relationships and connectivity, 2D NMR can help
confirm that conjugation has occurred at the intended site on
the polymer chain, thereby ensuring accurate functionalisa-
tion. In the context of drug delivery, these complementary
methods are invaluable. "H NMR enables the confirmation of
drug-conjugate linkages, while "*C NMR provides detailed
structural information about the polymer backbone.
Additionally, quantitative NMR facilitates the precise measure-
ment of drug loading or the density of functional groups. For
instance, in PEG-PLGA systems, NMR is frequently employed
to validate the successful conjugation of a hydrophobic drug
to the hydrophilic polymer, enhancing both solubility and
release profiles.

Diffusion-ordered (DOSY) NMR has long been a powerful
technique for determining the molecular weight of polymers.
Its potential was first demonstrated in 1989 by von Meerwall,
who showed that pulsed field gradient NMR (PFG NMR) was
sufficiently sensitive to detect differences in molecular size
and, hence, the molecular weight of polymers.®® Subsequent
work by Johnson and colleagues expanded this approach,
enabling the determination of molecular weight distributions
of polymers using constrained regularisation algorithms in
diffusion-ordered NMRs.®® With the rapid expansion of
polymer chemistry, significant efforts were devoted to develop-
ing accurate methods for determining molecular weights
across a diverse range of polymers. These advancements
addressed the challenges posed by varying solution properties,
which depended on the choice of polymer and solvent
systems. Accurate molecular weight determination became
critical for understanding polymer behaviour, optimising syn-
thesis, and tailoring properties for specific applications.”°

Recent advances in flow chemistry and the development of
compact benchtop NMR systems have significantly revitalised
the utility of NMR for polymer characterisation.”® Notably, the
work by the Leibfarth,”" Warren,”” and Junkers groups has
demonstrated increasingly efficient,” solvent-independent,”*
and universal approaches to molecular weight determi-
nation.”® With the growing incorporation of Al in data collec-
tion, processing, and molecular weight prediction, these high-
throughput methodologies are poised to become even more
critical, enabling rapid input and feedback loops for polymer
development. In a recent article, Gormley discusses the intri-
cate interplay of complex interactions that govern the effective-
ness of drug delivery systems.”® The article underscores the
interconnected nature of key factors such as polymer pro-
perties, their behaviour in diverse environments (in vitro and
in vivo), and the mechanisms driving drug release. Referred to
as the “curse of dimensionality” in drug delivery, the author
points out how interdependent parameters like crystallinity,
water absorption/swelling, hydrolysis, and erosion, rely on a
broad range of polymer/particles attributes (e.g., molecular
weight, size, morphology, porosity) and external conditions
(e.g., pH, temperature, osmolarity, location). This highlights

This journal is © The Royal Society of Chemistry 2025
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the substantial challenges involved in designing efficient and
reliable polymer-based drug delivery systems. However, the
author expresses optimism about the potential of machine
learning to address these critical issues.

From this, two key parameters to highlight are zeta poten-
tial and porosity. Zeta potential, which measures the electro-
phoretic mobility of particles, is a crucial indicator of nano-
particle surface charge as it affects colloidal stability, aggrega-
tion tendencies, and interactions with biological membranes.
A high absolute zeta potential (either positive or negative) gen-
erally enhances stability by preventing aggregation, while mod-
erate values may be beneficial for controlled interactions with
cells and biomolecules. Zeta potential can be measured using
instruments such as electrophoretic light scattering (ELS),
phase analysis light scattering (PALS), streaming potential
instruments, electrokinetic analysers (EKA), and nanoparticle
tracking analysis (NTA). It’s important to consider that zeta
potential is strongly influenced by pH and salt concentration.
As nanoparticles are introduced into biologically representative
media like blood and plasma, changes in the media, including
PH, ions, and proteins (which form the nanoparticle’s protein
corona), must be considered carefully.

Porosity in nanoparticles plays a crucial role in drug deliv-
ery by enhancing drug encapsulation efficiency and enabling
controlled or sustained drug release. Additionally, porosity
affects density, influencing sedimentation behaviour,
diffusion, and transport within biological systems. Together,
these physicochemical properties are key to optimising poly-
meric nanoparticles for targeted, efficient drug delivery. High
porosity increases drug loading capacity, improving efficiency
and bioavailability. It allows for sustained, targeted release,
reducing side effects and improving patient outcomes.
Moreover, the porous structure facilitates better drug diffusion
and responsiveness to environmental triggers, making porous
nanoparticles ideal for precision medicine. Porosity can be
measured using techniques such as Brunauer-Emmett-Teller
(BET) analysis (for surface area and pore size), mercury intru-
sion porosimetry (MIP) for pore volume, and electron
microscopy (TEM/SEM) for direct imaging. SAXS provides
nanostructural details, while TGA assesses porosity through
weight loss analysis. Advanced methods like NMR and X-ray
tomography offer 3D imaging of porous structures, all helping
to optimise drug loading and controlled release in drug deliv-
ery applications.

This level of detail is crucial for applications requiring
precise polymer architectures, as even small deviations in con-
jugation sites can alter the material’s properties and perform-
ance in drug delivery systems.

Size exclusion chromatography (SEC)

Size Exclusion Chromatography (SEC) is a foundational tech-
nique in polymer chemistry, providing critical insights into
polymer conversion and the evolution of molecular weight. By
tracking changes in molecular weight over time, SEC can help
monitor the kinetics of polymerisations, offering valuable
information about the progress and control of the reaction.

This journal is © The Royal Society of Chemistry 2025
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SEC also provides data on the molecular weight distribution,
which is important for assessing the uniformity of polymer
chains. A narrow symmetrical molecular weight distribution
indicates a controlled polymerisation process, where chains
start growing at the same time (initiation stage) and grow at a
similar rate (propagation stage). In contrast, a broader or
asymmetrical distribution may suggest uncontrolled poly-
merisation and multiple side reactions, leading to variations
in chain length.

A double molecular weight peak in the SEC profile can indi-
cate chain-chain coupling, where two polymer chains have
joined to form a larger macromolecule. This phenomenon
may occur more often during certain polymerisation processes
or under specific conditions, such as a high concentration of
active polymer chains. Importantly, the degree of chain-chain
coupling can influence the uniformity of polymer chains,
thereby affecting the properties of the final polymer (e.g. solu-
bility and self-assembly behaviour).

SEC is particularly useful in monitoring chain extension
during block copolymerisation, which is essential for design-
ing self-assembling polymers. As mentioned above, the differ-
ence in block chemistries is often used in polymer nano-
particle synthesis to generate core-shell nanoparticles. The
most common example is a block copolymer with hydrophilic
and hydrophobic domains, which self-assembles into nano-
particles. The hydrophobic chains are assembled in the core
away from the water, and the hydrophilic chains stabilise the
nanoparticles, forming the corona.

Detectors compatible with SEC, such as RI, UV, fluo-
rescence, and viscometry, can be used to assess polymer
characteristics. If the polymer contains a UV-active group, such
as a conjugated dye or a functional group, it can be monitored
as it separates by size. For example, in reversible addition—frag-
mentation chain-transfer (RAFT) polymerisation, the trithio-
carbonate group absorbs at 309 nm and can be detected by
coupling SEC with UV detection. This allows for the selective
monitoring of polymers with UV-active groups, such as dyes or
drugs, which are attached via conjugation chemistry. By con-
firming the presence and distribution of these groups,
researchers can verify successful functionalisation and opti-
mise the system for applications requiring precise drug or dye
loading.

Due to the increasing complexity of polymeric nano-
materials for drug delivery, molecular weight determination is
more complex than for linear polymers. Often, multi-detector
SEC (MD-SEC) is required to accurately determine the mole-
cular weight, requiring a concentration detector, such as RI or
UV, a light-scattering detector and a viscometer. Working in
tandem, these detectors are able to accurately determine the
molecular weight of the analyte and other parameters such as
concentration, incremental refractive index, size, branching,
or, in the case of polymer-drug conjugates, drug loading.”” or
polymer-drug conjugates, understanding the release rate of
the active pharmaceutical ingredient (API) from the nano-
particle is crucial to understanding its efficacy. Whilst SEC is
not commonly applied to determine the rate of API release, it
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can be used to monitor the release rate by studying the appear-
ance of a peak associated with the API, likely at higher reten-
tion volumes, or in the case of APIs with unique UV absor-
bance from the nanoparticle, monitoring the decrease in UV
signal for the nanoparticle.”®

A further application of SEC to polymeric nanomaterials is
to understand their physical stability in aqueous media. SEC is
able to reveal the presence of aggregates in a sample, indicated
by peaks at lower retention volumes. This is further confirmed
by light scattering detectors, where due to the intensity of scat-
tered light being proportional to the size to the power of six,
aggregates have a much greater intensity compared to their
corresponding intensity determined by a concentration detec-
tor, such as RI. Carrying out a complimentary SEC analysis in
an organic solvent can be beneficial in confirming if the aggre-
gation is due to non-covalent interactions or caused by
covalent coupling.”®

In drug delivery, GPC is crucial for determining a polymer’s
molecular weight (M,,) and polydispersity index (PDI), ensur-
ing consistency from batch to batch. It also monitors mole-
cular weight changes during degradation, providing insights
into the polymer’s stability. For example, in hydrogel-based
drug carriers, GPC identified an optimal Mw range that
enabled sustained drug release over several weeks, aligning
with therapeutic objectives.

Mass spectrometry (MS)

Mass spectrometry (MS) is a powerful technique for character-
ising both homopolymers and copolymers, providing valuable
insights into their molecular structure. Matrix-assisted laser
desorption/ionisation time-of-flight (MALDI-TOF) MS has been
commonplace for the characterisation of homopolymers, such
as polyethene glycol. MALDI-TOF is particularly effective for
analysing polymers with well-defined end-group functionalisa-
tion. This technique allows the identification of the polymer’s
molecular weight and the detection of end groups, providing
crucial information on the degree of polymerisation and
ensuring the desired functionalisation at the chain ends.

Due to the number of exponential fragment patterns, char-
acterising copolymers using MS is more challenging.
Haddleton and coworkers showed that MALD], in conjunction
with laser-induced dissociation (LID) fragmentation tech-
niques (MALDI-LID-ToF/ToF), could be used to isolate and
fragment statistical and diblock polyacrylate copolymers.®°
Additionally, methods that use two-dimensional or Kendrick
mass defect plots to process the mass spectra of polymers have
been incredibly powerful.*"®* Volmer and coworkers were able
to map the genealogical links in mixtures of lignin depolymeri-
sation products using two-dimensional mass defect matrix
plots. These tools have the potential to be extended to other
classes of polymers (e.g. copolymers or terpolymers).®*

Since then, double-resonance experiments, using electron
capture dissociation (ECD) and Fourier transform ion cyclo-
tron resonance (FT-ICR) tandem mass spectrometry, have been
able to characterise acrylamide homo- and block copolymers.®?
More recently, polymer MS using two-dimensional method-
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ologies has also shown that the precursors that produce inde-
pendent fragments can be separated via modulation fre-
quency. Furthermore, these techniques can be employed to
understand and map the specific sequences of random copoly-
mers, gaining insights into how monomers are distributed
along a polymer backbone.®® These advances allow us to
analyse increasingly complex and dispersed polymer samples
that have previously not been able to be characterised through
MS due to the lack of effective separation through chromato-
graphic or isolation techniques.® In the future, with advances
in computation and machine learning, these methods could
become more commonplace to differentiate between various
copolymer compositions, providing insights into their struc-
tural heterogeneity, and molecular weight
distribution.

sequence,

High-performance liquid chromatography (HPLC)

High-Performance Liquid Chromatography (HPLC), though
widely underutilised by the polymer field, is a highly effective
technique for polymer characterisation. By optimising solvent
composition and selecting appropriate stationary phases,
HPLC enables the separation of polymers based on their
polarity. This approach is crucial for evaluating the purity,
molecular distribution, and structural integrity of polymer pro-
ducts, providing valuable insights into their composition and
performance. Notably, Hawker and coworkers utilised the
polarity-based separation method (flash chromatography) to
successfully isolate polymers with specific degrees of poly-
merisation (DP).®® Though this process may seem laborious
and time-consuming, it represents a significant milestone in
polymer synthesis by enabling the isolation of individual
polymer chain lengths. This advancement is crucial because it
allows for the production of polymers with specific, well-
defined molecular weights. In applications where uniformity is
essential—such as in drug delivery systems—the ability to
isolate distinct polymer chain lengths becomes particularly
important. Achieving increasingly uniform or even mono-
disperse polymers can improve consistency, efficacy, and
safety, which are critical factors for meeting regulatory stan-
dards and ensuring optimal performance in various bio-
medical applications.

HPLC is also useful for tracking changes in copolymer com-
position. By monitoring the polymer’s retention time (and
thus changes in polarity), shifts in composition during poly-
merisation can be observed. For example, a study by Perrier
and Peltier used HPLC to monitor the composition of copoly-
mers (statistical versus block), providing detailed insights into
how polymer composition and comonomer distribution vary
within a specific polymer chain.®”

Another important application of HPLC is its ability to
monitor the conjugation of polymers with dyes, drugs, or pep-
tides, a critical process in drug delivery and diagnostic
imaging. With built-in UV and fluorescence detectors, HPLC
offers valuable tracking of the conjugation process, providing
quantitative insights into both reactants and products before
and after conjugation, see Fig. 2.%® By analysing the UV absor-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 High-performance liquid chromatography (HPLC) of peptide-
polymer-dye conjugate. UV absorption at 280 nm (tryptophan absorp-
tion to follow the peptide), fluorescence emission measured at 570 nm
upon excitation at 555 nm (to follow the Cyanine 3 dye). Adapted from
Rho et al., reproduced with permission from Wiley.%8

bance or fluorescence emission signals, researchers can assess
the efficiency of the conjugation, as well as the progress of the
reaction. This allows for precise control over the functionalisa-
tion process, ensuring that the desired loading, composition,
and overall quality of the conjugates are achieved for optimal
performance in their intended application.

As mentioned above, understanding the release of drugs
from polymer-drug conjugates is a crucial parameter to under-
stand. Not only can we determine the rate of release in biologi-
cally relevant media, but we can also determine the effective-
ness of a stimuli-responsive linker. As with SEC, HPLC can be
utilised to quantify the release of drugs from the polymeric
nanoparticle. Suppose the drug is chemically conjugated to
the drug. In that case, this can be straightforward, with the
release media containing the nanomaterial and released API
directly injected into the HPLC and the peak area calculated.
However, for drugs physically encapsulated within a polymeric
micelle, this proves more challenging. HPLC will disrupt the
encapsulation and will not be able to distinguish between
released and encapsulated API. Methods for separation are dis-
cussed in detail in the review published by Ghezzi et al®’
However, the most common procedure the
employment of dialysis to separate the free API from the
micelle. The filtrate is then analysed, and the concentration of
the released drug is determined. For both systems, once the
API peak area has been determined, it can be plotted versus
time to understand the release profile of the drug from the
nanoparticle.

involves

This journal is © The Royal Society of Chemistry 2025
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Microscopy
Transmission electron microscopy (TEM)

Microscopy has significantly advanced nanoparticle character-
isation, providing valuable insights into their nanoscopic
structures in both solution and cellular environments.
Transmission Electron Microscopy (TEM) is particularly useful
for visualising nanoparticles due to its high resolution (down
to a few nanometers). However, organic polymeric nano-
particles can be challenging to image due to their low electron
density, which can reduce contrast and clarity compared to in-
organic nanoparticles. Despite this, TEM remains essential for
understanding the morphology and behaviour of polymeric
nanoparticles. The use of contrast agents or stains, such as
phosphotungstic acid (PTA), uranyl acetate, osmium tetroxide
(0sO,4), and ruthenium tetroxide (RuO,), can be used to
enhance imaging clarity. However, these stains require careful
use and handling due to factors like pH sensitivity and
inherent toxicity, which must be managed to ensure accurate
and reliable imaging.

A key feature of polymer nanoparticles designed as drug
carriers is the reversibility of their self-assembled structures,
which are formed through non-covalent interactions. This
dynamic property allows the nanoparticles to maintain stabi-
lity during circulation and drug delivery while also enabling
disassembly at the target site to release the therapeutic cargo.
These metastable nanostructures require sufficient stability for
administration through the bloodstream and into targeted
cells but must also dynamically disassemble to release drugs
at therapeutic levels without causing significant toxicity or
instability during transport. Advanced TEM techniques, such
as liquid-cell TEM® and cryo-TEM,”"*? are critical for studying
these systems under more representative solution-phase or
intracellular conditions. These approaches provide invaluable
insights into the stability, behaviour, and drug release mecha-
nisms of polymeric nanoparticles, furthering their develop-
ment as effective drug delivery vectors.

Key contributions to the field include the work of Granick
and coworkers, who demonstrated the visualisation of individ-
ual macromolecules like polystyrene sulfonate and poly(ethyl-
ene oxide) in aqueous solutions using graphene-based liquid-
cell TEM. This approach achieved nanometer-resolution
imaging without metal-ion labelling.”® It minimises electron-
induced damage and background scattering, enabling detailed
analyses of polymer sizes, conformational fluctuations, and
adsorption-desorption with  standard TEM
instruments.

A powerful example of pushing the resolution of these tech-
niques for self-assembled polymeric nanostructures includes
work by Manners and coworkers using high-resolution cryo-
TEM. In this work, the corona and crystalline core of nanofi-
bres in vitrified solution were directly observed, revealing a 2D
pseudo-hexagonal symmetry in the core’s packing and a
detailed molecular model of polymeric nanofibres. These find-
ings provide unprecedented insight into the structural order
of nanofibres with crystalline cores, with implications for

events
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analogous systems, such as m-conjugated block copolymer
nanofibers. Moreover, open-source Python libraries have
endeavoured to simplify image analysis for TEM and in situ
TEM.*

Recent studies by Wu et al. expanded the capabilities of
polymer electron microscopy by highlighting advances in TEM
instrumentation, including focused ion beams, liquid-phase
sample holders, monochromated sources, and direct electron
detectors. These reduce radiation sensitivity constraints and
promise transformative impacts for imaging soft materials.”

Scanning electron microscopy (SEM)

Another invaluable electron microscopy (EM) technique for
polymer nanoparticle characterisation is Scanning Electron
Microscopy (SEM). While both SEM and TEM are effective for
determining particle size, they excel in different areas. TEM is
ideal for internal structural analysis, providing detailed
insights into nanoparticle morphology, composition, and
assembly. In contrast, SEM focuses on surface morphology
and particle aggregates, making it particularly useful for study-
ing coatings and overall topology. The choice between TEM
and SEM depends on the specific characterisation goals and
required resolution. TEM offers sub-nanometer resolution,
while SEM typically resolves to tens of nanometers. However,
TEM is more sensitive to beam-induced degradation, particu-
larly at higher voltages, making SEM a more robust option for
delicate polymer samples.®®

When analysing polymeric nanoparticles, two critical
factors must be considered: the potential for electron beam-
induced damage or alteration of the sample, which can affect
imaging accuracy, and the difference between experimental
conditions and the biological environment, which raises ques-
tions about how well in vitro studies replicate in vivo behaviour.
Addressing these challenges, along with advancements in
imaging techniques and experimental design, will be crucial
for a deeper understanding of how self-assembled polymers
behave in living cells and dynamic biological systems.

Atomic force microscopy (AFM)

Atomic Force Microscopy (AFM) complements many of the EM
techniques by providing additional insights into the surface
morphology, mechanical properties, and three-dimensional
topology of polymeric nanostructures. While EM excels in
revealing the internal crystalline structure and molecular
organisation, AFM offers high-resolution imaging of the nano-
fibre surface in real space and under conditions closer to
ambient. As with living systems, synthetic supramolecular
systems can also ‘grow’ in a ‘living’ manner. In situ methods
to visualise the growth process have been achieved using
AFM,”” TEM,*®%° and iSCAT.'”° Going back to the examples of
polymeric nanoparticles assembled through crystallisation,
Manners and coworkers were able to use AFM to study the
growth of nanofibers on a silicon surface.”” The paper also
revealed unidirectional growth in certain orientations, where
seed alignment restricted growth to one terminus. These
insights provide a deeper understanding of BCP nanofiber
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growth and its for
fabrication.

In related work by O’Reilly, Dove, and coworkers, uniform
two-dimensional platelets formed through crystallization-
driven self-assembly were effectively characterised using TEM,
AFM, and STED, revealing their multilayered structure.'®
These multilayered platelets offer significant potential for
designing polymeric systems with tailored chemistries,
enabling precise control over drug release profiles.'* In other
related areas, the field of artificial cells has advanced signifi-
cantly, particularly through the use of amphiphilic block copo-
lymers to form vesicular bilayers, often referred to as
polymersomes.'®*°® Structurally analogous to liposomes but
composed of polymers, polymersomes provide enhanced stabi-
lity and tunability, making them ideal candidates for drug
delivery and other biomedical applications.®*

All these examples offer valuable insights into the assembly
and disassembly processes of polymeric nanoparticles.
Gaining a deeper understanding of their dynamic behaviour is
crucial for optimising drug delivery systems, ensuring efficient
transport, and achieving controlled release from polymer-
based nanocarriers.

potential controlled nanoparticle

Fluorescence imaging

Fluorescence imaging is crucial for characterising polymer
nanoparticles as it can provide real-time, non-invasive insights
into their behaviour and interactions in both solution, in vitro
and in vivo. It enables the tracking of fluorescently labelled
nanoparticles in biological systems, elucidating processes such
as cellular uptake, biodistribution, and drug release mecha-
nisms.'” Furthermore, the ability to label specific com-
ponents of nanoparticles allows for a detailed investigation of
core-shell architectures and their dynamic behaviour in
complex biological systems.

Fluorescent polymeric nanoparticles (NPs) have proven
valuable for in vivo applications such as tracking cell fate and
tumour development. For example, AIE-based NPs were used
to label cancerous cells, enabling their imaging in mice over
21 days, while Rhodamine B-based NPs monitored stem cell
implantation in mouse brains."'® Biocompatibility and low tox-
icity are critical for these applications, with studies showing
minimal cytotoxicity for dye-loaded NPs at relevant concen-
trations. Encapsulation of dyes further reduces toxicity, and
biodegradable polymers like PLGA or PCL make these NPs
suitable for biomedical use. Emerging applications now lever-
age dye-loaded NPs not only as labels but also as multifunc-
tional fluorescent probes, paving the way for theranostics and
other advanced biomedical technologies. See previous sections
on the characterisation of polymer-dye conjugates.

However, the resolution of fluorescence imaging is limited
by the diffraction limit of light, approximately 200-250 nm,
which can obscure finer structural details at the nanoscale.
Recent advancements, such as super-resolution techniques
like STED, PALM, and STORM, have extended fluorescence

This journal is © The Royal Society of Chemistry 2025
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imaging’s capabilities to achieve resolutions down to
20-30 nm, enabling more precise characterisation of

polymer nanoparticles."*" These innovations bridge the gap

between nanoscale resolution provided by electron microscopy
and the dynamic, functional insights offered by fluorescence
imaging, making it an indispensable tool for nanoparticle
research.

Early work by Albertazzi and Meijer showed that homo-
geneous exchange could be observed in the BTA-based supra-
molecular polymers using super-resolution imaging (Fig. 3a
and b).""* This could be attributed to disordered domains
within the ordered hydrogen-bonded structure, where weaker
monomer interactions facilitate the exchange process.'’*''*
The STORM technique revealed that this exchange occurs uni-
formly along the polymer backbone, with no evidence of frag-
mentation, fusion, or polymerization-depolymerization at the
chain ends, suggesting a need to reassess the dynamic behav-
iour of supramolecular fibres."'*'"> Cox et al. combined AFM
and STORM to investigate the self-assembly process of peptide
surfactants, revealing the formation of helical fibres ranging
from 5 to 10 pm (Fig. 3¢ and d). Using two-colour STORM, they
were able to study the dynamic self-assembly process of these
peptides after mixing. Building on this work, Perrier and co-
workers demonstrated that dual-labeling strategies with
STORM could also visualise the formation of supramolecular
block-like structures, where two individual metastable peptide-
polymer nanotubes fused together (Fig. 3e).
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Similar studies using other super-resolution techniques,
such as stimulated emission-depletion (STED) microscopy,
have demonstrated the versatility of non-covalent Alexa-488
labelling for imaging cationic self-assembling peptides and
peptide-functionalised gold nanoparticles."'® This approach
provides a simple and effective method for electrostatically lab-
elling cationic peptide nanostructures, enabling real-time,
in situ imaging of dynamic processes under physiological
conditions.

The success of many super-resolution methodologies
hinges on striking a balance between fluorescently labelling
biological molecules within cells and the synthetic nano-
structures of interest (i.e., your drug-loaded nanoparticle).
Albertazzi and colleagues developed a simple, versatile work-
flow using DNA-PAINT to standardise and enhance the quanti-
fication of biological molecule density and distribution on syn-
thetic substrates and cell membranes.'’”™**° This approach
improves accuracy, sensitivity, and precision, as demonstrated
by the quantification of docking strands on sensor surfaces
and PD1 and EGFR receptors on cellular models while effec-
tively filtering out non-specific interactions and artefacts.""’

Building on this work, the group also designed nano-
particles functionalised with targeting ligands to selectively
deliver therapeutics to cancer cells by exploiting overexpressed
receptors. However, moderate receptor expression in healthy
cells presents challenges with off-tumour toxicity. To address
this, they synthesised a panel of aptamer-functionalised silica-
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(a) Schematic representation of copolymerised BTA-based supramolecular polymers, (b) iPAINT imaging of the resulting copolymer in chan-

nels for Cage-635, Cage-552, and merged (left to right, respectively), (c) Chemical structure and (d) STORM image of self-assembling peptide-dye
conjugates that form nanofibers. (e) Schematic representation and STORM images of metastable supramolecular peptide-dye conjugated

nanotubes.
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supported lipid bilayers (SSLB) to investigate the interplay of
valency, aptamer affinity, and epidermal growth factor receptor
(EGFR) density on targeting specificity and selectivity."*® The
study revealed that combining high-affinity aptamers with low-
valency SSLBs enhanced selectivity for high-density EGFR cells
while minimising accumulation in non-tumour tissues,
marking a step forward in the rational design of cancer
nanotherapeutics.

Recent advancements in the field highlight the powerful
combination of techniques like correlative light and electron
microscopy (CLEM) to study nanoparticle (NP) behaviour. By
integrating STORM and TEM, this method enables precise
localisation and quantification of NPs within cellular compart-
ments, providing crucial insights into endo-lysosomal traffick-
ing and the impact of treatments, such as chloroquine, on
endosomal escape and therapeutic efficacy.'*!

Light scattering

Light scattering methods are indispensable for characterising
polymer nanoparticles, especially in drug delivery, where
understanding their size, morphology, and assembly is critical.
Techniques like dynamic light scattering (DLS) and static light
scattering (SLS) allow researchers to measure particle size, dis-
tribution, and molecular weight in solution, offering a non-
invasive way to study these aggregates in conditions mimick-
ing physiological environments.

Such analyses go beyond simply determining size and
shape, providing insights into the arrangement of polymer
chains within the nanoparticle, a critical factor for drug encap-
sulation and release. While resolving the exact atomic posi-
tions within assemblies is currently beyond reach, advance-
ments in scattering methods are progressively enhancing our
ability to probe these intricate structures with greater pre-
cision. Importantly, light scattering complements other tech-
niques by enabling scalable and reproducible measurements
essential for translating polymer nanoparticles from research
to therapeutic applications.

A tutorial review by O’Reilly and coworkers serves as an
excellent resource for the practical analysis of self-assembled
polymer nanoparticles in solution.'*® It highlights the use of
scattering and microscopic techniques to characterise these
materials, offering detailed guidance on evaluating their size,
morphology, and molecular arrangement. This review bridges
the gap between synthetic advances and reliable analytical
methodologies, providing valuable insights for researchers
aiming to design precise and functional polymer-based nano-
structures. This progress mirrors the natural precision found
in biological nanostructures like enzymes and viruses, which
serve as inspiration for synthetic analogues. By leveraging light
scattering alongside microscopic methods, researchers can
achieve a detailed understanding of the self-assembly and
functional performance of polymer nanoparticles, ultimately
advancing their design for drug delivery and other biomedical
applications.

7746 | Nanoscale, 2025,17, 7738-7752

View Article Online

Nanoscale

A crucial parameter that must be understood for self-
assembled nanomaterials is their critical micelle concentration
(CMC). The CMC defines the concentration at which unimers
self-assemble to form particles. Upon administration of self-
assembled particles in vivo, they will undergo a dilution effect,
which could cause the particles to disassemble if the concen-
tration decreases below the CMC."”® DLS can be utilised to
determine this parameter by measuring the scattering inten-
sity as a function of concentration. Particle formation results
in a strong increase in scattering intensity, with the inflection
point indicating the CMC."** Several other techniques are
available to determine CMC, such as conductivity or surface
tension measurements or the encapsulation of a hydrophobic
fluorophore.'*

Small-angle X-ray scattering (SAXS) has proven to be an
indispensable tool for monitoring polymerization-induced
self-assembly (PISA), offering real-time insights into nano-
structure evolution during synthesis.'**™**° Extensive work by
Armes and coworkers highlights the use of SAXS to character-
ise morphological transitions—such as from spheres to worms
to vesicles—while providing detailed metrics like particle size,
aggregation number, and inter-chain separation. This method
also unveils critical formation mechanisms, such as inward
growth in vesicle membranes, enhancing the precision of
in situ characterisation and deepening our understanding of
dynamic self-assembly processes.

Small-angle neutron scattering (SANS) is a powerful tech-
nique for studying the structural parameters of self-assembled
systems, such as size, morphology, and aggregation number,
under varying environmental conditions like pH, temperature,
or solvent."*® By modelling data with appropriate form factors
(e.g., Gaussian coil, comb, or hairy cylinder), SANS provides
detailed insights into the architecture of conjugated polymer
systems, distinguishing between non-assembled and self-
assembled species. This approach enables accurate character-
isation of supramolecular structures, advancing understanding
of their dynamic behaviours in different environments.

Asymmetric flow field-flow fractionation (AF4) has emerged
as an exciting characterisation technique for polymeric nano-
particles, offering unique insights into their size, composition,
and behaviour under dynamic conditions. By employing mul-
tiple detectors, such as refractive index (RI), multi-angle light
scattering (MALS), UV, and fluorescence, AF4 provides a com-
prehensive analysis of self-assembled structures. The tech-
nique uses a gentle cross-flow and diffusion to separate poly-
mers, proteins, and nanostructures based on size, enabling
the characterisation of self-assembled systems held together
by dynamic non-covalent interactions, which are commonly
found in polymeric nanoparticles used for drug delivery.

Kariuki et al. used AF4 in combination with small-angle
neutron scattering (SANS) to analyse cyclic peptide-polymer
conjugates, revealing the delicate balance between hydro-
phobic and hydrophilic forces in nanotube stability and
elongation.”®" Similarly, Louie and coworkers demonstrated
the power of AF4 with fluorescence detection (AF4-FLD) in
studying drug release profiles from PLGA nanoparticles,
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showing its superiority over dialysis by resolving temperature-
dependent behaviours and enabling size-resolved release pro-
files."*> However, AF4’s advantages come with caveats.
Significant method optimisation is required, posing a barrier
to entry for less-experienced users, and the resulting separ-
ation methods may only partially replicate realistic cellular
conditions. Furthermore, even with gentle cross-flow, there is a
risk of disassembly, particularly in concentration-dependent
systems prone to dynamic changes upon dilution. Despite
these challenges, AF4 remains a versatile and invaluable tech-
nique for advancing our understanding of polymer nano-
particles in drug delivery.

Several of the methods above allow us to obtain particle
size distributions. We can use nanoparticle image analysis,
which involves acquiring images using TEM, SEM, and AFM to
study their size, shape, and distribution. Image processing
methods such as contrast enhancement, noise reduction,
thresholding, and edge detection help in segmentation and
analysis. Quantitative measurements include size distribution,
shape analysis, and aggregation detection. Software tools like
Image], MATLAB, and Python (OpenCV) are commonly used
for automated processing. Alternatively, solution-phase par-
ticle analysis methods, like many of the scattering techniques
(DLS, SLS, SAXS, SANS), may not necessarily provide particle
distribution analyses but important allow us to calculate the
average molecular weights and particle sizes in solution. One
of the most powerful methods is AF4, as this method will
enable us to obtain size and distribution data. However, as
mentioned above, the is a highly specialised instrument, not
as commonly used or found in most labs, and often requires
significant method development before discernible data is
obtained.

In summary, materials characterisation plays a crucial role
in drug delivery applications by ensuring the proper design
and functionality of nanoparticles. Techniques such as elec-
tron microscopy, spectroscopy, and porosity measurements
allow researchers to assess key properties like size, surface
morphology, drug loading capacity, and release profiles. The
importance of a diverse range of characterisation methods lies
in building a deeper understanding of nanoparticle behaviour,
with the power of complementary data helping to validate find-
ings and provide a stronger, more comprehensive picture.
Accurate characterisation enables the optimisation of nano-
particle formulations for enhanced stability, biocompatibility,
and controlled drug release. By understanding the material’s
behaviour at the molecular and nanoscale level, researchers
can design more effective and targeted drug delivery systems.

Process analytical technologies for polymer nanoparticle drug
delivery system manufacture

The characterisation techniques laid out above highlight criti-
cal examples to fully assess the properties of polymer nano-
particle drug delivery systems during the discovery research
and development phase. However, analytical tools are also
heavily integrated with the manufacturing process of modern
pharmaceuticals, typically integrated as process analytical
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technologies (PATs)."*® The goal of PATs is to promote real-
time analysis of the critical quality attributes (CQAs) and relate
this to the critical process parameters (CPPs) which control
said CQAs."* In principle, this can be integrated with quality-
by-design risk matrices where analytical feedback loops can
adjust the manufacturing process based on the reported
quality attributes at each stage of the manufacturing process
to ensure the CQA threshold levels are met for batch
release.””

PATs can be integrated in several different ways depending
on the amount of time it takes to receive feedback on the man-
ufacturing process. In the context of polymeric nanomedi-
cines, most of the characterisation techniques described above
can be integrated as PATs during various phases of manufac-
ture, polymer synthesis, drug conjugation or the drug formu-
lation stage either online (within the manufacturing path),
offline or at-line. Light scattering and spectroscopic tech-
niques (e.g. UV-Vis, fluorescence, Raman) can be easily inte-
grated online with direct feedback of particle size and chemi-
cal fingerprints in real-time."*®*3” In contrast, benchtop tech-
niques such as SEC, NMR, mass spectrometry, imaging tech-
niques, and AF4 can, in principle, be integrated at-line. At the
same time, SAXS and SANS, which commonly require special-
ist facilities, would be fully offline.

As there are no approved polymer nanoparticle drug deliv-
ery systems, polymer characterisation PAT approaches would
likely be inspired by polymer-conjugate therapies (e.g
PegIntron and Plegridy). On the other hand, nanoparticle
characterisation approaches could utilise technologies from
approved Adeno-associated virus (AAV) gene therapies (e.g
Luxturna)"?® or the approved lipid nanoparticle drugs and vac-
cines (e.g Doxil, Onpattro, Comirnaty and SpikeVax).'*’
Understanding how these characterisation tools may be
implemented and integrated with state-of-the-art digital manu-
facturing tools such as digital twins and building on under-
lying polymer-self assembly theory is critical for the translation
of these new nanomedicines to the clinic.

Current challenges in polymer nanoparticle delivery

Polymer-based nanoparticles hold significant promise as drug
delivery vehicles, but several challenges must be addressed to
realise their full potential. A key issue is understanding how
the properties of polymeric nanoparticles evolve as they circu-
late through the body. Their size, shape, surface charge, and
the presence of targeting moieties can change due to inter-
actions with biological components such as proteins, lipids,
and enzymes. These transformations critically influence sys-
temic delivery, biodistribution, circulation stability, and event-
ual clearance, as highlighted by a review from Mitchell, Peppas
and Langer.” Identifying the final properties of nanoparticles
upon reaching their cellular target remains a significant gap in
current knowledge. However, it is worth noting that the article
also includes some therapies that are FDA-approved nanome-
dicines, and there are also many promising new therapies that
utilise nanoparticles that are currently in the clinic.>'*°
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The pharmaceutical industry’s infrastructure is predomi-
nantly tailored for small-molecule drugs and conventional
delivery systems. Transitioning to polymer-based drug delivery
vectors would necessitate significant investment in new
technologies, regulatory frameworks, and manufacturing pro-
cesses. This structural shift presents logistical and economic
barriers, delaying the adoption of these advanced systems.
Polymer-based nanoparticles often require intricate designs to
achieve precise targeting, controlled release, and stability in
physiological conditions. However, this increased complexity
comes at a higher cost. A critical question remains: do the
improvements in efficacy and efficiency justify the added
expense of developing and producing these therapies?
Balancing innovation with affordability is essential for making
these systems scalable and accessible.

Despite their sophisticated designs, polymer nanoparticles
face significant challenges in drug delivery efficiency. Some
nanoparticles are so stable that, even after successful cellular
internalisation, they fail to effectively release their drug cargo,
undermining the system’s therapeutic efficacy. Conversely,
overly unstable nanoparticles may disassemble before reaching
their target, losing the benefits of their nanoscale morphology
and protective architecture. Premature disassembly compro-
mises their ability to shield the drug or biologic from degra-
dation, reducing their therapeutic potential.

Addressing these challenges requires a multidisciplinary
approach, integrating advances in material science/characteris-
ation, pharmacology, and systems biology. By improving our
understanding of nanoparticle transformations, rethinking
pharmaceutical infrastructure, and balancing complexity with
cost, polymer-based drug delivery systems could overcome
inefficiencies and unlock their potential as next-generation
therapeutics.

Conclusions: future approaches

To unlock the full potential of polymer-based nanoparticles as
drug delivery vehicles, a deeper understanding of their self-
assembly and disassembly processes within living cells is
crucial. Advanced -characterisation techniques capable of
monitoring these nanoparticles in situ are necessary to corre-
late their dynamic behaviour with drug delivery outcomes
directly. Such insights will provide a clearer picture of how
nanoparticles interact with complex cellular environments and
release their therapeutic payloads effectively.

The challenge lies in the multivariable nature of biological
systems. Parameters such as temperature, pH, concentration,
molecular crowding, and dynamic cellular processes continu-
ally shift, influencing nanoparticle behaviour in ways that are
not yet fully understood. Unlike traditional structure-activity
relationships, these multivariant systems require sophisticated
analytical methods to untangle the interplay between these
factors. For instance, changes in ionic composition resulting
from gene regulation could alter the local microenvironment
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of the nanoparticle, shifting the kinetics of disassembly and
ultimately impacting therapeutic efficacy.

The future of polymer nanoparticle drug delivery depends
on our ability to model and predict these complex interactions.
Multidisciplinary approaches combining advanced imaging,
machine learning, and systems biology will be key to uncover-
ing these relationships. By moving beyond traditional frame-
works and embracing the complexity of cellular environments,
researchers can develop more effective, reliable, and personal-
ised drug delivery systems, paving the way for a new era of pre-
cision medicine.
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