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Effect of Polymer and Cell Membrane Coatings on
Theranostic Applications of Nanoparticles: A Review
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The recent decade has witnessed a remarkable surge in the field of
nanoparticles, from their synthesis, characterization, and functionalization to
diverse applications. At the nanoscale, these particles exhibit distinct
physicochemical properties compared to their bulk counterparts, enabling a
multitude of applications spanning energy, catalysis, environmental
remediation, biomedicine, and beyond. This review focuses on specific
nanoparticle categories, including magnetic, gold, silver, and quantum dots
(QDs), as well as hybrid variants, specifically tailored for biomedical
applications. A comprehensive review and comparison of prevalent chemical,
physical, and biological synthesis methods are presented. To enhance
biocompatibility and colloidal stability, and facilitate surface modification and
cargo/agent loading, nanoparticle surfaces are coated with different synthetic
polymers and very recently, cell membrane coatings. The utilization of
polymer- or cell membrane-coated nanoparticles opens a wide variety of
biomedical applications such as magnetic resonance imaging (MRI),
hyperthermia, photothermia, sample enrichment, bioassays, drug delivery,
etc. With this review, the goal is to provide a comprehensive toolbox of
insights into polymer or cell membrane-coated nanoparticles and their
biomedical applications, while also addressing the challenges involved in
translating such nanoparticles from laboratory benchtops to in vitro and in
vivo applications. Furthermore, perspectives on future trends and
developments in this rapidly evolving domain are provided.
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1. Introduction

Progress and development in micro- and
nanotechnologies have enabled the fabrica-
tion of advanced materials at the nanoscale
level with outstanding properties.[1–7]

Nanoparticles usually encompass mate-
rials with sizes below 100 nm, and often
present enhanced features in comparison
to their bulk material counterparts.[8–11]

For instance, nanoparticles have a very
high surface-area-to-volume ratio due
to their small size, and size-dependent
physicochemical attributes, making them
particularly versatile, efficient, and reactive
in comparison to the same material at the
macroscopic level. Moreover, nanoparticles
benefit from unique physical, chemical,
electrical, mechanical, thermal, optical,
and magnetic properties that have allowed
the development of novel, highly efficient
processes that take advantage of these out-
standing properties.[12–15] Different fields,
including medicine, biology, chemistry,
physics, and engineering have exploited
the use of nanoparticles for a wide range
of applications, spanning from cancer
treatment to energy harvesting, as well as
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manufacturing, and environmental applications like pollutant
remediation.[16–19] Notably, the promising role of these materi-
als in several biomedical scenarios has accelerated the progress
in the development of multifunctional nanoparticles for a variety
of applications including imaging, therapy, diagnosis, sensing,
etc.[19,20]

To bring these technologies a step forward, nanomaterials with
controlled properties and characteristics are required so that re-
producible processes can be designed, especially for biomedical
applications, as materials with controlled size distributions, bio-
compatibility, chemical stability, and specially designed surface
chemistries are demanded.[21–26] To achieve these desired proper-
ties, nanoparticles are generally coated with a layer of organic ma-
terials, and polymeric coatings have proven to enhance the bare
nanoparticle’s biocompatibility, colloidal stability, as well as their
physicochemical properties, in addition to providing a function-
alizable surface that can be conjugated with proteins, enzymes,
antibodies, drugs, etc.[27] Since the core and coating material’s
characteristics can greatly affect the physical behavior, chemical
properties, and performance of the nanoscale composites, it is
crucial to monitor the synthesis details of the material accurately
and precisely, including their surface functionalization, as well as
their application to biological systems.

The synthesis of polymer-coated nanoparticles is a research
topic that is gaining increased attention in the field, and multiple
synthesis techniques are nowadays available, each with its advan-
tages and disadvantages.[28,29] The “top-down” and “bottom-up”
approaches have been developed, which differ in the size of the
starting materials in comparison to the size of the final, synthe-
sized product. These methods are also divided into three groups:
chemical, physical, and biological routes. While chemical and
physical routes have been explored for several decades, they suf-
fer from several limitations that newer biological approaches are
trying to overcome. Concerning the application of these nanoma-
terials in biomedical fields, novel processes such as cancer diag-
nosis, cancer treatment via drug delivery or magnetic hyperther-
mia, and sensing of biomolecules in biological fluids for disease
diagnosis, have integrated polymeric nanomaterials to increase
their efficiency while reducing unwanted side effects.[27]

This review summarizes recent advancements in the synthe-
sis and application of polymer-coated gold nanoparticles (AuNPs)
and magnetic nanoparticles (MNPs) in biomedicine, highlight-
ing their roles in theranostic applications. MNPs enable tar-
geted drug delivery via magnetic manipulation and provide high-
resolution medical imaging. They are also essential for hyperther-
mia applications with alternating magnetic fields due to their ef-
fective heating rates. In contrast, AuNPs, with their strong opti-
cal properties, facilitate imaging techniques such as photoacous-
tic imaging and surface-enhanced Raman scattering and serve
as carriers for therapeutic payloads. Both MNPs and AuNPs ex-
hibit biocompatibility, ensuring safe use in vivo, and their ver-
satile surface chemistry allows precise functionalization for tar-
geted delivery and imaging. It is structured as shown in Figure 1.
After this brief introduction, in Section 2, we provide an overview
of the different methods for the synthesis of these nanomate-
rials, discussing their main advantages and drawbacks. Specifi-
cally, magnetic nanoparticles, gold nanoparticles, and hybrid ma-
terials are discussed, and their main synthesis routes are show-
cased. In Section 3, we review common polymeric coatings that

have been used to encapsulate nanomaterials to protect their
inner core as well as to enhance the chemical stability of the
nanoparticle, its biocompatibility, and to functionalize its surface.
Section 4 provides an overview of different applications of these
polymer-coated nanomaterials, including medical imaging, hy-
perthermia, photothermal/hyperthermia cancer treatment, drug
delivery, magnetic bioseparations, and magnetic bioassays. Fi-
nally, we present the main challenges of these materials for future
clinical applications as well as a discussion on their biosafety in
Section 5 before concluding in Section 6 with a summary of this
work along with the future directions of these technologies that
will facilitate their clinical implementation.

2. Synthesis Methods of Nanoparticles

2.1. Magnetic Nanoparticles (MNPs)

MNPs are composed of magnetic elements such as iron, cobalt,
nickel, metal alloys (e.g., CoPt, FePt), metal oxides, or fer-
rites, all of which exhibit ferromagnetic or superparamagnetic
properties.[30] Due to their high magnetic saturation, small size,
unique characteristics, high surface area, ease of surface mod-
ification, and processability, MNPs are typically regarded as
highly effective therapeutic treatments and diagnostic tools in
biomedical applications. Targeted delivery of drugs or therapeu-
tic agents, transfection of different viral/non-viral vectors and nu-
cleic acids (called magnetofection), magnetic separation,[31,32] di-
agnostic imaging as contrast agents,[33] tissue engineering,[34,35]

and various biosensing applications[10,36] are just a few of the uses
for these MNPs. For therapeutic purposes, MNPs can be directed
to target sites using an external magnetic field. They are utilized
in cancer therapy to induce hyperthermia and to deliver various
medications and bioactive substances into cells.

The synthesis method and design of MNPs for use in biomed-
ical applications are challenging. At each stage of the synthesis
method, numerous elements must be considered.[37] Although
these elements can be adjusted in the early stages of design, they
have the potential to significantly alter the anticipated result. Syn-
thesis of MNPs is a multi-step procedure that needs to be done
carefully to produce the desired results. It is one of the most sig-
nificant obstacles in almost all applications since it defines the
particles’ size, shape, and surface chemistry as well as their mag-
netic properties. There are three primary ways for synthesizing
MNPs: a) physical, b) chemical, and c) biological methods, as
shown in Figure 2. The physical procedures are based on the
“top-down” method, which starts with bulk material and uses it
to create MNPs. In contrast, a “bottom-up” approach is used in
chemical and biological processes to mix atoms and molecules to
create different sizes of MNPs.[38–40]

The “top-down” method involves grinding bulky magnetic ma-
terials in a high-energy ball mill until the required nanoscale
sizes are reached. This method’s capacity to obtain a large num-
ber of particles in a single batch is its advantage. Its inability to
control the size uniformity and the shape of the particles, which
is a crucial component for biomedical applications, is a disadvan-
tage. In contrast, a ferrous (Fe2+) or ferric (Fe3+) ion salt could be
the starting point for the “bottom-up” method. To grow the parti-
cles to the necessary hydrodynamic sizes, the salt is subjected to
an additional chemical process that promotes seed growth. Due
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Figure 1. Illustration of contents covered in this review which provides an overview of the diverse synthesis and polymer coating options utilized for
creating polymer-coated nanoparticles. These nanoparticles find applications in MRI, photothermal therapy, bioassays, and drug delivery. Original figure
prepared by the authors, created with Biorender.com.

Figure 2. Classification of synthesis methods for MNPs and their key features. Figure adapted from ref. [38] under a Creative Commons license CC BY
4.0.
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Table 1. Comparison of different wet-chemical synthesis methods for MNPs.

Synthesis method Solvent Reaction temperature Advantages Disadvantages

Co-precipitation Water Ambient temperature Simple, large quantity No good shape control, wide size
distribution, impurities, time
consuming

Hydrothermal Water/ethanol 150-250 °C Very narrow size distribution and very
good shape control, good crystallinity

Marginal yield, requirement of high
temperature, and pressure

Sol-gel Water Ambient conditions Desired shape and length, useful for
making hybrid MNPs, highly pure,
good crystallinity

Products usually contain sol–gel matrix
components at their surfaces, longer
time, toxic organic solvents

Microemulsion Organic compound Ambient conditions Narrow size distribution,
thermodynamically stable

Low yield

Thermal decomposition Organic compound 100–330 °C Narrow size distribution, good shape
control, and highly scalable

Requirement of high temperature and
inert atmosphere, toxic solvents

to their complete process control, uniform size, and minimal en-
ergy loss, these wet approaches have the potential to be more cost-
effective and efficient.[40] However, the request for ecologically
friendly, low-cost, nontoxic, high-yield methods for the synthesis
of MNPs has increased, and as a result, the biological methods
for producing MNPs have gained significance. For the synthesis
of MNPs, a wide range of biological resources found in nature,
such as bacteria, fungi, yeast, plants, and plant products, could be
used. However, there are still issues with raw material extraction,
reaction time, and finished product quality.[41] In this section, we
will review the chemical, physical, and biological methods for the
synthesis of MNPs.

2.1.1. Chemical Methods

Chemical synthesis methods use precursors in the solution
phase and appropriate experimental conditions to handle chemi-
cal reactions. Since each chemical synthesis technique is unique,
there is no universal guideline for these kinds of synthesis
techniques.[42] Among diverse chemical techniques developed
for magnetic nanomaterial synthesis, we herein highlight the co-
precipitation, hydrothermal, sol-gel reactions, microemulsion,
and thermal decomposition along with their specific advantages
and disadvantages (see Table 1).

Co-Precipitation: Precipitation from solutions stands as one
of the earliest methods for synthesizing nanoscale materials.
This process involves dissolving metal precursors in a solvent,
typically water, followed by the addition of a precipitating agent
to induce the formation of insoluble solids. One of the key ad-
vantages of precipitation processes lies in their capacity to yield
large quantities of nanoparticles.[43] Most commonly utilized to
synthesize MNPs, co-precipitation has also been utilized to pro-
duce various metal oxide nanoparticles, including ZnO, SnO2,
Y2O3, and CeO2.[44–46] Moreover, this method is characterized
by its simplicity, widespread applicability, cost-effectiveness, and
ease of implementation. For example, when synthesizing Fe3O4
and 𝛾-Fe2O3, one could start with a standard 1:2 molar ratio of fer-
ric/ferrous salt solution in basic-pH at either room temperature
or elevated temperatures. To prevent oxidation and preserve the
magnetic properties of nanoparticles, this process benefits from
an inert gas environment. The size, morphology, and composi-

tion of the resulting MNPs are profoundly influenced by factors
such as the ferric/ferrous ratio, the type of salt employed (e.g.,
chlorides, sulfates, or nitrates), reaction temperature, pH level,
and ionic strength of the medium. If the synthesis conditions are
well controlled, the quality of MNPs is completely repeatable.[47]

The annealing temperature also plays an important role in the
magnetic properties of these MNPs, and a temperature in the
range of 900–1000 °C leads to the most promising results.[38] Ad-
ditionally, the resulting iron oxide MNPs have a high amount of
hydroxyl groups (-OH) on their surfaces and show good colloidal
stability in water.[48]

The co-precipitation process is illustrated in Figure 3A, with
the reaction represented as follows[49]:

Figure 3. Schematic illustrations of MNPs synthesized by (A) co-
precipitation and (B) hydrothermal methods. Original figure prepared by
the authors.

Adv. Healthcare Mater. 2024, 13, 2401213 © 2024 Wiley-VCH GmbH2401213 (4 of 51)
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Figure 4. Schematic illustration of MNPs synthesized by the sol-gel method. Reproduced with permission. [55] Copyright 2020, Springer Science Business
Media, LLC, part of Springer Nature.

Fe2+ (aq) + Fe3+ (aq) + 8 OH− (aq) → Fe3O4 (s) + 4 H2O (aq)
(1)

Hydrothermal: The hydrothermal approach involves the com-
bination of specific concentrations of di-metal salt solutions with
an aqueous suspension, followed by placement in a Teflon-lined
autoclave to facilitate chemical processes, as shown in Figure 3B.
The hydrothermal reactions occur in high-pressure reactors, ca-
pable of achieving temperatures above 150 °C and pressures over
2000 psi.[33,39,50] Within the Teflon-lined autoclave, the hydrolysis
of ferrous ions leads to the formation of hydroxide intermedi-
ates (Fe(OH)n), which subsequently dehydrate to produce the fi-
nal iron oxide phase. The kinetics of hydrolysis reactions are ac-
celerated at supercritical temperatures, where water serves as a
reactant. Increased temperatures result in lower viscosity of the
water, enhancing solubility and mobility of most ionic species.
In hydrothermal conditions, MNPs can be synthesized through
the neutralization of mixed metal hydroxides or via hydrolysis
and dehydration (refer to Equations 2 and 3).[51] Except for the
iron (II) salts employed in the second procedure, these two ap-
proaches are highly similar.[39]

(
Hydrolysis

)
M(NO)x (aq) + xH2O → M(NO)x (s) + xHNO

(2)

(
Dehydration

)
M(OH)x (s) → M(O)x∕2 (s) + x∕2H2O (3)

The hydrothermal process yields enhanced crystalline struc-
tures, such as magnetite nanorods and nanospheres, with a
low cost of raw materials and simple operation. Moreover, this
method enables the production of MNPs with a narrow size dis-
tribution and without the necessity for chemical solvents.[33,39,50]

Additionally, in hydrothermal processes, parameters such as tem-
perature, time, solvent type, reactant concentration, and stoi-
chiometry affect the size and morphology of the product, while
the phase purity of nanoparticles is affected by pH and precursor
material reaction conditions.[50] This method has been utilized
to synthesize metal (Au, Ag, Pd, In, Pt, Si, Ge, Cu), metal ox-
ide (TiO2, ZnO, Fe2O3, Fe3O4, Co3O4, NiO, ZrO2, LiCoO2 CeO2,

CuO, Al2O3), metal chalcogenide and sulfides (ZnSe, CdSe, CdS,
PbS, InS, Ag2S, MoS2), and carbon nanotubes.[52,53]

Sol–Gel: The sol–gel process is a highly distinctive wet chem-
ical technique used in many fields to synthesize cutting-edge
materials.[54] It is one of the most-studied synthetic methods for
preparing superior MNPs, metal oxide nanoparticles (e.g., TiO2,
ZnO, SnO2, WO3), silica nanoparticles, metal chalcogenide quan-
tum dots, metal nitride, carbide nanostructures, etc. This method
allows for precise control over the texture and surface charac-
teristics of these materials.[55–57] This process first produces a
“sol” of nanosized particles by hydroxylating and condensing
chemical precursors in solution. Then, the “sol” is “gelled” or
dried by a chemical reaction or solvent removal to create a three-
dimensional metal oxide network, as shown in Figure 4. The
structure formed during the “sol” stage of the sol-gel process
has a significant impact on the gel’s properties. Furthermore, the
strengthening of the “gel” and the purification and stability of the
“sol” can be accomplished.

Although water is typically used as a solvent, an acid or base
can also hydrolyze the precursors. However, the percentage of wa-
ter has a significant impact on the gel formation, with a higher
water percentage favoring the creation of a higher ratio of bridg-
ing to nonbridging oxygens, which results in a more polymerized
and branched structure at the condensation stage.[55,58] The gen-
eral chemical reaction for the hydrolysis and condensation pro-
cess is given as:

(
Hydrolysis

)
M − OR + H2O → M − OH + R − OH (4)

where M = metal, R = alkyl group (CnH2n+1).

(Condensation) M − OH + XO − M → M

− O − M + X − OH (5)

where X = H or alkyl Group (CnH2n+1).
Microemulsion: Microemulsions are composed of at least

three components: a polar phase (often water), a nonpolar phase
(typically oil), and an emulsifier or surfactant. Emulsifiers and

Adv. Healthcare Mater. 2024, 13, 2401213 © 2024 Wiley-VCH GmbH2401213 (5 of 51)
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Figure 5. Schematic illustrations of MNPs synthesized by A) microemulsion and B) thermal decomposition methods. A) Reproduced with
permission,[62] under a Creative Commons license CC BY-NC-ND 4.0. B) Reproduced with permission,[63] under a Creative Commons license CC BY
4.0.

surfactants are isotropic, macroscopically homogeneous, and
thermodynamically stable solutions that are distinguished by
their ability to solubilize both water and oil components, huge in-
terfacial area, and ultra-low interfacial tension.[59] The polar and
non-polar domains are separated on a microscopic level by an
interfacial film formed by the surfactant molecules. This interfa-
cial layer creates a variety of microstructures, from water droplets
scattered in a continuous oil phase to droplets of oil dispersed in
a continuous water phase over a “sponge” phase. Thus, differ-
ent microemulsion forms including water-in-oil (W/O) and oil-
in-water (O/W) are recognized.[60] The W/O microemulsions are
a new and great reaction medium for creating nanoparticles be-
cause, as Figure 5A illustrates, the surfactant monolayer’s steric
barrier limits the growth of precipitated particles and prevents
inter-grain coagulation.[61] In contrast, O/W that exhibit thermo-
dynamic stability, known as microemulsions, have droplet sizes
between 10 nm and 100 nm, which are smaller than those of
typical emulsions (macroemulsions: 1 μm – 100 μm) and mini-
emulsions (50 nm – 500 nm).

Short-chain alcohols (e.g., n-pentanol) and other surfactants,
along with significant concentrations of anionic or cationic sur-
factants (>10–20% in the formulation or at similar levels as the
monomer), are used to generate a stable microemulsion. Since
the elasticity of the surfactant film depends on the type of sur-
factant, thermodynamic conditions, and additive presence, the
size and shape of the dispersed nanodroplets are primarily de-
termined by the curvature free energy, which is estimated using
the elastic constant and the curvatures of the surfactant film. It is
known that nanodroplets are templates for nanoparticles. There-
fore, the size of the dispersed nanoparticles depends directly on
the size of the nanodroplets, which in turn depends on the kind,
quantity, and thermodynamic conditions of the surfactant. As a
result, by adjusting the surfactant type, concentration, and water-
to-surfactant molar ratio (while maintaining the same surfac-
tant), nanoparticles can be customized.[61] This technique can be
used to synthesize polymeric nanoparticles, lipid nanoparticles,
biopolymer nanoparticles (e.g., chitosan, alginate, cellulose), and
metal nanoparticles (e.g., Fe, Pt, Cd, Pd, Ag, Cu, Ni, Au).[64–66]

Adv. Healthcare Mater. 2024, 13, 2401213 © 2024 Wiley-VCH GmbH2401213 (6 of 51)

 21922659, 2024, 26, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202401213 by T
exas T

ech U
niversity L

ibraries, W
iley O

nline L
ibrary on [26/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Thermal Decomposition: The process of using heat to break
down a compound’s chemical bonds is known as thermal de-
composition. This method is widely used to synthesize a vari-
ety of nanoparticles, including metal nanoparticles like Au[67] and
Ag,[68] metal oxide nanoparticles such as iron oxide (e.g., Fe3O4,
Fe2O3),[69] zinc oxide (ZnO),[70] and titanium dioxide (TiO2),[71]

and metal sulfide nanoparticles like cadmium sulfide (CdS).[72]

It also produces bimetallic and alloy nanoparticles, such as
gold-silver (Au-Ag) and platinum-nickel (Pt-Ni),[73] and quantum
dots.[74] The synthesis of small-sized, monodispersed MNPs via
thermal decomposition involves the controlled, heating-induced
decomposition of organometallic compounds within organic sol-
vents characterized by high boiling points, typically conducted
in the presence of stabilizing agents such as surfactants, as
shown in Figure 5B. However, it is a clever way to synthesize
nanoparticles with the possibility of making varied-sized prod-
ucts from the same precursor solution.[75] Various organometal-
lic precursors are utilized, including those derived from acetylke-
tonates, N-nitrosophenylhydroxylamine (cupferronates), and car-
bonyls, among others, featuring metallic centers such as Fe2+/3+,
Mn2+/3+, Co2+/3+, and Ni2+/3+. Stabilizing agents such as fatty
acids, oleic acids, and hexadecylamine are commonly employed
to control the size, shape, and stability of the resulting nanoparti-
cles. This methodology enables the synthesis of MNPs with pre-
cisely tuned characteristics suitable for a wide range of applica-
tions spanning from catalysis to biomedicine.[76,77]

The size distributions of MNPs synthesized at higher tem-
peratures are often more uniform. Separating the nucleation
and growth phases results in highly crystalline, monodispersed
MNPs with a narrow size distribution, which is one of the main
benefits of this method over co-precipitation.[4,43,78,79] The tem-
perature, reaction time, and aging period are some of the vari-
ables that affect how precisely the size and morphological distri-
bution of the nanoparticles are controlled. Accurate control over
the size and size distribution, as well as the structure and mag-
netic characteristics of the resultant MNPs, can be achieved by
adjusting the annealing temperatures used throughout the syn-
thesis process.[4]

2.1.2. Physical Methods

In this section, we provide an overview of several physical meth-
ods commonly employed for the synthesis of MNPs. While each
synthesis method has a rich literature base that could yield com-
prehensive review studies, our focus here is to offer a brief discus-
sion of their main characteristics. The physical methods usually
follow a “top-down” approach wherein the synthesis commences
with a bulk, larger material and gradually diminishes to yield
nanoparticles. However, there are instances of physical meth-
ods that follow a “bottom-up” approach, such as the gas-phase
condensation and self-assembly processes.[80,81] Physical meth-
ods are often favored for the large-scale production of nanoparti-
cles due to their simplicity. However, these methods come with
significant drawbacks such as fairly dispersed particle size distri-
bution and the use of time-consuming and costly technologies,
which pose major limitations in the production of MNPs.[30,82]

Among the physical synthesis techniques, several approaches
including but not limited to ball milling, laser evaporation

(or ablation), and gas-phase deposition are highlighted in this
section.

Briefly, ball milling involves the mechanical grinding of pre-
cursor materials in the presence of milling media, enabling the
production of MNPs with controlled sizes.[83] However, it is hard
to have fine control over the nanoparticles’ shapes obtained via
this mechanical approach.[84] Laser ablation is a method that
produces MNPs through high-energy laser pulses applied over
the surface of a bulk material, which generates nanoparticles
by nucleation of laser-vaporized species in a viscous media (gas
or liquid).[85] Gas-phase synthesis techniques involve the nucle-
ation and growth of MNPs from precursor vapors in a controlled
atmosphere.[86]

Ball/Mechanical Milling: Ball milling presents a convenient
and straightforward approach to synthesizing powdered MNPs.
It can be found denoted in the literature as mechanical alloying,
attrition, ultrafine grinding, or nanosizing.[82] The ball milling
technique allows for the fabrication of various nanomaterials, in-
cluding metallic, multi-metallic, alloyed, ceramic, oxide, sulfide,
and carbonate nanocomposites.[87] This high-throughput fabri-
cation method is commonly employed to produce different types
of materials based on various precursors, leading to the develop-
ment of metallic granular alloys. The mechanical grinding pro-
cess, initially developed in 1970, involves enclosing raw mate-
rials within a small hollow cylindrical jar filled with steel balls
as the grinding material.[84] Continuous collisions between the
steel balls and solid materials impart kinetic energy, resulting in
the formation of nano/micro-sized powder. Key parameters such
as ball-to-powder ratio, ball size, milling speed, and milling time
significantly influence the formation process of nano/micro-size
crystals.[88]

As depicted in Figure 6A, a typical ball mill comprises a hol-
low cylindrical chamber filled with balls of varying dimensions,
with container and ball materials chosen based on the char-
acteristics of the materials to be milled. To prevent reactions
with the container walls, liners based on manganese, steel, or
rubber material can be utilized.[88] In reactive mechanochem-
ical milling, low vacuum or specialized gases such as argon,
hydrogen, and nitrogen may be deployed during the milling
process. Various ball mill types, including attrition (Figure 6B),
low-energy tumbling mills (Figure 6C), planetary (Figure 6D),
and vibratory (Figure 6E), offer flexibility in handling variable
temperatures and pressures, facilitating in-situ processing and
optimization.[89]

Through mechanochemical pulverization, the process dis-
rupts chemical bonds through the kinetic energy of impacted
balls, yielding small particles and generating new surfaces and
properties. This mechanical approach offers several advantages,
including simplicity, cost-effectiveness, and scalability, rendering
this “top-down” route highly appealing. With proper control of
optimization parameters, it becomes feasible to synthesize a di-
verse range of nanocomposite materials, spanning polymeric,
ceramic, metallic, and other categories, with tailored size and
shape. Researchers have utilized ball milling techniques to fabri-
cate iron oxide nanoparticles with uniform and small sizes.[90,91]

However, a notable disadvantage of this method is the contami-
nation of the product and the wider size distribution of particles
compared to those synthesized by chemical methods.[92] Besides,
the milling process might induce lattice defects, resulting in

Adv. Healthcare Mater. 2024, 13, 2401213 © 2024 Wiley-VCH GmbH2401213 (7 of 51)
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Figure 6. A) Schematic of ball milling. Examples of ball milling techniques commonly used for the physical synthesis of nanoparticles or nanocomposite
materials are B) attrition, C) low-energy tumbling mills, D) planetary, and E) vibratory. A) is an original figure prepared by the authors. B–D) Reproduced
with permission,[96] under a Creative Commons license CC BY 4.0. E) Reproduced with permission,[97] under a Creative Commons license CC BY 3.0.

deviations in the magnetic properties when compared to regular
particles of identical size.[93–95]

Laser Ablation: Laser ablation (or evaporation) consists, in
simple terms, of irradiating a solid material with a laser beam
to synthesize nanomaterials from solid bulk precursors. This
method is advantageous as it vaporizes materials challenging to
evaporate, yields high-purity nanomaterials, accommodates var-
ious target materials alone or combined, and enables the pro-
duction of nanoparticles with diverse compositions.[98] The types
of laser that are commonly used for laser ablation applications
include the Nd:YAG (neodymium-doped yttrium aluminum gar-
net), titanium-doped sapphire, and copper vapor lasers.[82] It is
considered an environmentally sustainable bottom-up method
for producing MNP powders due to its minimal waste genera-
tion and precise control over nanoparticle size, all while mini-
mizing the utilization of hazardous chemicals.[84,99] In addition
to MNPs, laser ablation can be used to synthesize metal nanopar-
ticles (e.g., Ag, Au, Cu), carbon nanomaterials, silicon nanopar-
ticles, and compound nanoparticles.[100–102]

This technique begins with coarse metal oxide powders com-
prising particles of a few micrometers in size, subjected to laser
evaporation while immersed in a liquid medium as demon-
strated in. Figure 7 Here, the laser’s intense energy swiftly va-
porizes the source material into the gas phase, followed by its
rapid condensation and nucleation due to the sharp temperature
gradient surrounding the evaporation zone, ultimately culminat-
ing in the formation of nanoparticles through supersaturated va-
por nucleation.[99,103,104] The resulting mean particle sizes, typ-
ically ranging from 2 to 50 nm, can be finely adjusted by con-
trolling parameters such as laser source, wavelength, fluence,
pulse width, frequency, and light absorption efficiency of the tar-
get material.[85]

For laser ablation conducted in a liquid solution, distilled
or deionized water stands out as the predominant medium
for synthesizing metal nanoparticles.[105] Organic solvents such
as ethanol, isopropanol, acetonitrile, and ethylene glycol have
garnered attention for laser ablation processes, with stud-
ies indicating that their higher dipole moment contributes

Adv. Healthcare Mater. 2024, 13, 2401213 © 2024 Wiley-VCH GmbH2401213 (8 of 51)
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Figure 7. Schematics of laser ablation in liquid. Nanoparticles are formed
from the substrate layer (target) inside the cavitation bubbles through nu-
cleation and coalescence mechanisms. Original figure prepared by the au-
thors.

to increased ablation efficiency and the formation of smaller
particles.[106]

Laser ablation also enables the synthesis of finely dispersed
colloid nanomaterials in liquids through continuous synthesis
techniques, ensuring occupational safety when implemented
within a sealed environment. With the decreasing prices of
lasers due to rapid technological advancements, laser ablation
has become increasingly affordable and accessible for MNP
synthesis.[104] Additionally, its advanced capabilities in control-
ling nanoparticle morphologies contribute to its efficacy in pro-
ducing MNPs from transition metals and metal alloys. How-
ever, for industrial scalability, efforts must be directed toward in-
creasing productivity, which currently stands at a few grams per
hour while demanding considerable energy consumption.[107]

Recent advancements in laser ablation in liquid solutions for
gold nanoparticle (AuNP) synthesis using microchip laser sys-
tems have shown promise in low power consumption and
high ablation efficiency through low repetition and short pulse
duration.[108] Nonetheless, further research is needed to enhance
yield in this process.

Gas-Phase (Condensation) Deposition: The gas-phase deposi-
tion method encompasses both physical vapor deposition (PVD)
and chemical vapor deposition (CVD). This technique has been
widely used to synthesize metal, metal oxide, metal nitride, metal
hydride, metal chalcogenide, metal sulfide, and carbon-made
nanomaterials.[109–111] When employing metals like iron as raw
materials, each method yields distinct outcomes. PVD typically
generates fine iron oxide nanoparticles, whereas CVD is adept
at producing high-quality iron oxide thin films or nanotubes.[112]

Gas-phase synthesis methods offer a diverse range of strategies
for the production of MNPs, with each approach tailored to spe-
cific products and characterized by distinct mechanisms and ad-
vantages. These methods are often categorized based on whether
particle formation occurs via nucleation and condensation reac-
tions of precursor gases or from reactions of dissolved substances
in the form of droplets.[113,114]

Typically, gas-phase synthesis involves vaporizing the precur-
sor in an inert gas flow to achieve supersaturation, followed by
condensation into nanoparticles, with vapor generation mecha-
nisms ranging from exclusively thermal sources to high-voltage
sparks.[115] Figure 8 depicts general schematics of the mecha-

Figure 8. Schematics illustrating the generation of single and agglomer-
ated nanoparticles through the gas-phase synthesis of ablated material at
atmospheric pressure. Original figure prepared by the authors.

nism through which gas-phase synthesis of nanoparticles be-
comes possible.

More specifically, supersaturation is commonly achieved by
introducing an inert gas at a higher pressure than the material
vapor pressure and triggers homogenous nucleation to produce
seed particles essential for further growth. Nucleation, a funda-
mental step in gas-phase synthesis akin to that in liquid-phase
synthesis, initiates once the supersaturation of the condensable
precursor species in the reaction zone reaches a critical thresh-
old, yielding high-purity and nonporous primary particles in the
nanometer regime.[113] Finally, gas aggregation enables the for-
mation of clusters, which, upon reaching sizes exceeding several
tens of constituents, are referred to as nanoparticles. This process
was facilitated by magnetron sputter discharge technique devel-
opment, particularly prominent since the 1990s.[114] The flexibil-
ity and precision offered by gas-phase synthesis methods allow
for the production of multi-element MNPs without the need for
ligands or surfactants, which may alter their properties, although
historically limited by relatively low yields.[115]

Compared to liquid-based syntheses, gas-phase deposition re-
sults in purer particles, as water introduces fewer unwanted mi-
crobes and impurities.[81,112,116] Despite their historical limita-
tions in yield, gas-phase synthesis methods are favored for their
ability to produce high-purity nanomaterials with high melting
points in short reaction times.[98] An advantage of gas-phase de-
position is its ability to synthesize particles in bulk with ease. A
drawback is the challenge of maintaining nanoscale particle size
consistency throughout the synthesis process.[112] However, they
are constrained by their batch or unit time production capacity,
making them less suitable for large-scale industrial applications
that demand high throughput.[113]

Signorini et al. reported ion gas condensation (IGC) for syn-
thesizing Fe/FexOy core–shell nanoparticles.[117] The researchers
evaporated highly pure iron in a high-pressure chamber, grad-
ually introducing oxygen post-synthesis to form an iron oxide
shell. By adjusting the evaporator’s heating current, they con-
trolled the evaporation rate, influencing nanoparticle size. Core–
shell nanoparticles with core sizes ranging from 7 to 21 nm and
oxide shells of 3 nm thickness were produced. The shell com-
prised magnetite (Fe3O4) and maghemite (𝛾-Fe2O3) phases, with
maghemite dominating as the core size decreased.

2.1.3. Biological Methods

Traditional chemical and physical approaches, while effective, of-
ten come with inherent drawbacks, prompting the exploration
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Figure 9. Summary of biomass used in the green synthesis of metal nanoparticles. Original figure prepared by the authors.

of alternative routes. Biological synthesis methods offer an in-
creasingly popular, eco-friendly avenue for producing metal
nanoparticles as an alternative to traditional chemical and phys-
ical approaches.[38,118] These methods, often referred to as green
synthesis, circumvent the drawbacks associated with conven-
tional methods, such as high production costs, toxicity concerns,
and the generation of hazardous byproducts.[82] These methods
can be categorized into microorganism-based and plant-based
synthesis,[119] and are briefly exposed throughout the next lines.
Figure 9 summarizes the main sources of biomass used in the
green synthesis of metal nanoparticles.

Microorganism-Based Synthesis: Within microorganism-
based synthesis, various organisms such as bacteria, algae, and
fungi have garnered significant attention due to their metabolic
capabilities and widespread availability.[120,121] By utilizing
enzymes, microorganisms can reduce metal salts to metal
nanoparticles, a process that can occur either extracellularly or
intracellularly.[122,123] Extracellular synthesis is favored for its
simplicity and eliminates the need for downstream processing
to recover the nanoparticles from cells.[123] For example, bacteria
like Rhodopseudomonas capsulata have been shown to mediate the
extracellular synthesis of AuNPs through enzyme secretion.[124]

In addition to AuNPs, other metal-based nanoparticles, such as
Ag, Au-Ag (bimetallic), Fe3O4, ZnO, TiO2 CdS, ZnS, have been
synthesized using bacteria.[121,125,126] Fungi exhibit greater re-
sourcefulness compared to bacteria in nanoparticle biosynthesis,
attributed to the abundance of bioactive metabolites, increased
accumulation, and enhanced production capabilities.[127] Using
fungi, various metal-based nanoparticles have been synthesized,
including Ag, Au, Ag-Au (bimetallic), Cu, Pt, ZnO, Fe3O4, MgO,
TiO2, ZrO2, and CdS.[121,125,126] On one hand, the intracellular
synthesis processes involving fungi and metal salts undergo

conversion into less toxic forms within the mycelia, making
them readily usable by the fungi.[128] On the other hand, extra-
cellular biosynthesis methods involve the utilization of fungal
extracts. Further, studies have demonstrated the potential of mi-
croorganisms in synthesizing metal nanoparticles with specific
properties.

Singh et al. investigated the synthesis of silver nanopar-
ticles (AgNPs) using Acinetobacter calcoaceticus, emphasizing
their enhanced antibacterial activity, particularly against Gram-
negative bacteria.[123] Niknejad et al. synthesized AgNPs us-
ing Saccharomyces cerevisiae, showcasing their promising anti-
fungal properties.[129] Prema et al. employed Klebsiella pneumo-
niae for the microbial-mediated synthesis of AuNPs, highlight-
ing their antimicrobial efficacy.[130] Fatemi et al. demonstrated
the synthesis of magnetic iron oxide nanoparticles (IONPs) us-
ing bacteria supernatant from Bacillus cereus, revealing their po-
tential for drug delivery applications.[131] Characterization tech-
niques confirmed the stability and cytotoxicity of the synthesized
nanoparticles, suggesting their suitability for biomedical applica-
tions. These studies collectively underscore the significant strides
made in utilizing biological synthesis methods for producing
metal nanoparticles with low toxicity with diverse applications in
nanomedicine.

Plant-Based Synthesis: Plant-mediated synthesis has emerged
as a highly efficient and versatile method for the rapid production
of nanoparticles, leveraging a plethora of plant substrates rang-
ing from callus and leaves to fruits and seed extracts.[132,133] For
example, green synthesis methods have yielded Fe3O4 nanopar-
ticles with saturation magnetizations spanning from 13 to 70
emu g−1 and average particle sizes measured in the tens of
nanometers, rendering them amenable for diverse biological ap-
plications such as drug delivery and cancer cell targeting.[133] In
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addition to Fe3O4 nanoparticles, other metal-based nanoparti-
cles synthesized from plants include Au, Ag, Cu, Pd, Pt, Au/Ag,
Cu/Ag, CuO, ZnO, and TiO2.[134–136] Whether utilizing live or
dead/inactive plant forms, the synthesis process typically in-
volves mixing plant biomass or extract with a metal salt solution
under controlled conditions.[137]

The reduction of metal ions to nanoparticles in plant-mediated
synthesis is facilitated by a spectrum of bioactive constituents
present in the plant extracts, including polyphenols, amino acids,
and reducing sugars, showcasing the multifaceted roles of plant
metabolites in nanoparticle formation.[82,138,139] Additionally, var-
ious secondary metabolites found abundantly in plants, such
as terpenoids, alkaloids, phenols, and alcohols, actively partic-
ipate in the reduction process, further enhancing the efficacy
and yield of metal-based nanoparticles. The synthesis process
and the properties of the resulting nanoparticles are signif-
icantly influenced by several factors, including the type and
concentration of the plant extract, pH, metal salt concentra-
tion, contact time, and temperature, emphasizing the impor-
tance of optimizing these parameters for desired nanoparticle
characteristics.[118,137,140] Across a wide spectrum of plant species,
including lemon grass, mustard, coriander, grape, neem, oats,
and many others, plant-mediated synthesis has demonstrated re-
markable versatility and potential, offering a sustainable and eco-
friendly route for the production of nanoparticles tailored for var-
ious biomedical and environmental applications.[141]

Furthermore, green-synthesized nanoparticles have been ex-
plored for a variety of biomedical applications, including their
roles as anticancer, antioxidant, anti-inflammatory, and antivi-
ral agents, with their therapeutic efficacy attributed to the pres-
ence of phytochemicals and other bioactive materials inherent in
the plant substrates.[142] Moacă et al. demonstrated the synthesis
of IONPs using aqueous extracts from wormwood, highlighting
their potential for hyperthermia treatments.[140] Tatarchuk et al.
presented the synthesis and characterization of spinel magne-
sium ferrite nanoparticles with promising hyperthermic prop-
erties, suggesting their utility in medical applications, particu-
larly in cancer treatment.[143] Sharmila et al. introduced a green
synthesis method for zinc oxide nanoparticles using leaf extract,
exhibiting excellent antibacterial and anticancer activities, em-
phasizing their potential in biomedical and nano-drug delivery
systems.[144] Umadevi et al. highlighted the green synthesis of
AgNPs using tomato fruit extract, shedding light on the role
of natural extracts in producing nanoparticles with well-defined
structural and chemical properties for various applications.[145]

These studies collectively underscore the efficacy, versatility, and
burgeoning potential of plant-mediated synthesis in advancing
nanoparticle technology toward greener and more sustainable
practices.

2.2. Gold Nanoparticles (AuNPs)

Gold nanoparticles (AuNPs) can be developed into a variety of
anisotropic morphologies, as shown in Figure 10A–F, with gold
nanospheres being the most prevalent shape. Despite their sta-
ble, shiny, and yellow appearance in bulk form, AuNPs display
distinct properties when reduced to the nanoscale. AuNPs find
extensive applications in cancer theranostics due to the versatility

and controllability of their synthesis methods. These nanoparti-
cles offer a wide range of applications including targeted delivery,
imaging capabilities, and photothermal therapy, rendering them
valuable tools for cancer diagnosis, imaging, and treatment. By
maintaining a spherical shape, Au nanospheres exhibit high sta-
bility and possess a relatively small specific surface area.

2.2.1. Chemical Reduction Method

The preparation of AuNPs via the chemical reduction method in-
volves two main steps:

(a) Reduction by Agents. This step entails using reducing agents
to convert gold ions into AuNPs. Common reducing agents
include borohydrides, amino boranes, formaldehyde, hy-
drazine, hydroxylamine, polyols, citric and oxalic acids, sug-
ars, hydrogen peroxide, carbon monoxide, sulfites, hydro-
gen, acetylene, electron-rich transition-metal sandwich com-
plexes.

(b) Stabilization via Agents. To prevent the nanoparticles from
aggregating, stabilizing agents are added. These agents help
to maintain the dispersion and stability of the nanopar-
ticles. Common stabilizing agents include trisodium cit-
rate dihydrate, sulfur ligands (especially thiolates), phos-
phorus ligands, dendrimers, polymers, surfactants (particu-
larly cetyltrimethylammonium bromide, CTAB), and very re-
cently, cell membrane coatings. The use of stabilizing agents
is crucial to avoid the aggregation of the gold nanoparticles,
ensuring their stability and functionality.[147]

2.2.2. Turkevich–Frens Method

Maintaining a spherical shape, Au nanospheres exhibit high sta-
bility and possess a relatively small specific surface area. Syn-
thesis methods such as the Turkevich–Frens method[148] enable
precise control over Au nanospheres productions by modulating
the ratio of citrate-to-gold chloride. The Turkevich method, intro-
duced in 1951, is a well-known technique for synthesizing AuNPs
by reducing HAuCl4 with citrate in water. The process involves
boiling an HAuCl4 solution and rapidly adding trisodium citrate
dihydrate under vigorous stirring. The solution color changes
from light yellow to wine red, producing AuNPs ≈20 nm in diam-
eter. Citrate ions serve dual roles as both reducing and stabilizing
agents. In 1973, Frens modified this method to control the size
of AuNPs (15–150 nm) by adjusting the trisodium citrate/gold
ratio.[149] Subsequent research demonstrated that higher citrate
concentrations stabilize smaller AuNPs, while lower concentra-
tions lead to particle aggregation.[150] Recent studies highlighted
the influence of sodium citrate on solution pH and nanopar-
ticle size control.[151–154] An inverse sequence method, adding
HAuCl4 into boiling sodium citrate, results in smaller, uniformly
sized AuNPs.[155] Factors affecting AuNP properties synthesized
using such a route include temperature, pH, citrate concentra-
tion, and gold chloride concentration, as explored in various
studies.[156–159]
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Figure 10. Physicochemical characterization of anisotropic red blood cell membrane (RBCM)-coated AuNPs. Negative-stained transmission electron
micrographs of A) AuNP1-Citrate, B) AuNP1-RBCM, C) AuNP2-Cit, D) AuNP2-RBCM, E) AuNP3-Cit, and F) AuNP3-RBCM, with the membrane coating
in (B, D, F) highlighted with white lines. G–I) UV–vis absorbance spectra of AuNP’s and AuNP-RBCM’s, with the inset boxes zoomed. The inset shows the
intrinsic plasmonic absorbance peak shift for different anisotropic AuNPs upon RBCM coating. J) Hydrodynamic diameter and 𝜁 potential measurements
for AuNPs before and after RBCM coating. K) Anisotropic AuNPs uncoated and coated with RBCM were stained with a fluorescent anti-CD47 antibody.
Data are shown as mean ± standard deviation, n = 3. Reproduced with permission.[146] Copyright 2022, American Chemical Society.

2.2.3. The Brust–Schiffrin Method and Seeding Growth Method

Alternatively, for the synthesis of molecules smaller than 5 nm,
various protocols including the Brust-Schiffrin approach,[160] or
the seeded growth method[161,162] can be employed. These tiny

Au nanospheres are occasionally referred to as gold nanoclusters,
and some of them even exhibit near-infrared (NIR) fluorescence
properties.[163,164] Au nanospheres further exhibit a phenomenon
known as localized surface plasmon resonance (LSPR), that leads
to strong interactions with light at specific wavelengths. Accord-
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ing to Mie theory, the extinction spectra of Au nanospheres can be
calculated, showing that the LSPR peak typically occurs around
520 nm but shifts slightly towards the red and broadens with in-
creasing nanoparticle size (see Figure 10G–J).[146]

Au nanorods (AuNRs) exhibit distinctive optical properties
due to their anisotropic morphology, exhibiting both longitudi-
nal and transverse LSPR peaks.[165] The aspect ratio, which dic-
tates the proportions of these modes, governs the positioning
of the longitudinal LSPR band.[166,167] Diverse synthesis tech-
niques, such as seed-mediated growth,[161] facilitate the produc-
tion of AuNRs with varying aspect ratios. In contrast to Au
nanospheres, AuNRs offer superior extinction coefficients, nar-
rower line widths, and enhanced sensitivity to alterations in the
local dielectric constant.[168] These properties make AuNRs valu-
able for applications in spectroscopic detection of tumor cells and
photothermal therapy in cancer treatment.[169]

Another type of AuNPs, gold nanoshells, is typically syn-
thesized by encapsulating a silica nanoparticle core with a
gold shell.[170,171] Halas et al. pioneered the production of gold
nanoshells featuring a tunable LSPR peak within the NIR light
spectrum by adjusting the ratio of shell thickness to core diame-
ter or modulating the surface topology.[172,173] Due to the unique
plasmonic property of gold nanoshells, they exhibit stronger
NIR absorbers and scattering capabilities compared with Au
nanospheres and gold nanoshells.

Gold nanocages (AuNCs) are one of the new classes of Au
nanostructures developed in the early 2000s.[174,175] Synthesized
using silver nanocubes as templates and reductive seeds, AuNCs’
shell thickness and porosity are pivotal for controlling the posi-
tioning of the longitudinal LSPR band (400–1200 nm),[176] mod-
ifiable by adjusting the amount of gold sources. Augmenting the
gold source leads to a redshift in the LSPR band. AuNCs’ size,
ranging from 20 to 500 nm, can be adjusted, impacting their cel-
lular uptake and biodistribution.[177]

In addition to the commonly known gold nanostructures,
several others have gained attention recently. Gold nanostars
(AuNSr) feature multiple sharp branches at the nanoscale,[178]

allowing size control from ≈45 nm to 116 nm and tuning the
position of the longitudinal LSPR band within the NIR range
from ≈725 to over 850 nm.[179] Gold nanoplates, prepared with
HAuCl4, sodium citrate, and poly(vinyl pyrrolidone) (PVP), are
single crystals with planar widths of 80–500 nm and thicknesses
of 10–40 nm, exhibiting a strong LSPR in the NIR spectrum of
700–2000 nm.[180,181] Gold nanoprisms (AuNPrs), synthesized via
seeded growth[161] or photochemical methods,[162] boast partic-
ularly strong LSPR due to their sharp corners and edges. The
edge length of AuNPrs can be adjusted in the range of 100–
170 nm by altering the molar ratio of HAuCl4 to the reduc-
ing agent.[182] Gold bellflowers (AuBFs), produced at a novel
liquid-liquid-gas tri-phase interface, feature multiple-branched
petals with ultra-strong NIR absorbance and ultrahigh photother-
mal conversion efficiency (𝜂 = 74%).[183] Gold nano crosses, un-
like gold nanorods growing along specific crystallographic di-
rections, experience anisotropic growth along both 110 and 001,
exhibiting pronounced NIR absorption extending to the mid-IR
region.[184] Using a poly(ethylene glycol)-block-poly(𝜖 – caprolac-
tone) polymer (PEG-b-PCL) terminated with a disulfide bond, Au
nanospheres can be assembled into gold nanovesicles (AuNVs).
This is a direct result of plasmonic coupling between adjacent

gold nanospheres and enhancing LSPR absorption in the NIR
region.[185]

The primary goal of these methods is to develop a variety of
gold nanostructures with strong LSPR absorption or scattering
within the visible-NIR range. This attribute is critical for achiev-
ing high photothermal conversion efficiency and outstanding
bio-imaging capabilities. Notably, gold nanostructures with NIR
absorption are preferred due to their capacity to minimize tis-
sue penetration and enable deeper tissue visualization, partic-
ularly important for cancer theranostics, as skin and tissue ex-
hibit lower absorption of NIR light compared to visible light.
Strong LSPR absorption is observed in AuNRs with high aspect
ratios, Au nanospheres, and specific AuNCs, as well as nanos-
tructures with branching, sharp ends, or plasmonic coupling ef-
fects. These properties render them highly promising candidates
for biomedical applications. Understanding the relationships be-
tween gold nanostructures and their associated characteristics
can guide structural manipulation to achieve desired qualities tai-
lored for cancer theranostics.

2.2.4. Electrochemical Method

The electrochemical production of nanoparticles was pioneered
by Reetz et al. in 1994.[186] Their research demonstrated that
the size of transition metal nanoparticles could be selectively
controlled electrochemically using tetraalkylammonium salts as
stabilizers in a nonaqueous medium. One application of this
technique is the preparation of AuNPs on the surface of multi-
walled carbon nanotubes with glassy carbon electrodes.[187] This
is achieved using a simple two-electrode cell, where AuNPs are
produced through the oxidation of the anode and reduction at
the cathode.[188] The electrochemical synthesis of nanoparticles
is considered superior to other methods due to its advantages
such as requiring modest equipment, low cost, lower processing
temperatures, high quality of nanoparticles produced, and ease
of controlling the yield.[189–193]

2.2.5. Biological Method

Chemical methods are common for synthesizing metallic
nanoparticles, but they often involve expensive and toxic
reagents, limiting their applications, particularly in biomedicine
due to potentially harmful effects. Therefore, there is a grow-
ing demand for eco-friendly and cost-effective methods that
avoid toxic chemicals. Biological synthesis of nanoparticles
has emerged as a green alternative, utilizing microorganisms,
enzymes, and plant extracts. Plant-based synthesis is espe-
cially favored for its availability, low cost, eco-friendliness, and
non-toxic nature. Notable plants used for synthesizing AuNPs
include Azadirachta Indica[194] Medicago Sativa,[195] Aloe Vera,[196]

Cinnamomum Camphora,[197] Pelargonium Graveolens,[198] Co-
riandrum Sativum,[199] and Terminalia Catappa.[200] Additional
research has reported AuNP synthesis using extracts from
various plants, such as Memecylon umbellatum,[201] Macroty-
loma uniflorum,[202] Citrus species,[203] Piper pedicellatum,[204]

Terminalia chebula,[205] Nyctanthes arbor-tristis,[206] Murraya
koenigii,[207] Mangifera indica,[208] Banana peel,[209] Cinnamomum
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zeylanicum,[210] and Cochlospermum Gossypium.[211] For instance,
Zingiber officinale extract has been used to synthesize AuNPs
sized 5 nm – 15 nm, functioning as both reducing and stabiliz-
ing agents.[212] Similarly, Allium cepa (onion) extract, due to its
vitamin C content, has been employed for the green synthesis of
AuNPs.[213]

2.3. Hybrid Nanoparticles

2.3.1. Different Types of Hybrid Nanoparticles

Hybrid nanomaterials are chemical conjugates of organic and/or
inorganic materials, comprising mixtures of two or more inor-
ganic constituents, two or more organic constituents, or a combi-
nation of both.[214] These materials exhibit synergistic properties
rather than merely being simple mixtures, with optimized elec-
tronic, optical, magnetic, thermal, electrochemical, or biochemi-
cal characteristics. Their adaptability allows for the design of ma-
terials with tunable properties, making them suitable for a wide
range of applications, including optics, electronics, sensors, en-
ergy conversion, catalysis, and more.

Bifunctional luminescent/magnetic micro- and nanoparticles
have garnered significant interest due to their extended function-
ality and broad applications.[215] For example, these nanoparticles
enable target isolation using an external magnetic field, followed
by separation and quantification based on luminescent proper-
ties, particularly relevant in cancer research and diagnosis, cell
isolation, therapy, and pathogen analysis.[32,216–218] In the context
of modern medicine and nanotechnology, theranostics plays a
pivotal role, integrating diagnostic and therapeutic tools to ad-
vance medical interventions.[219]

As illustrated in Figure 11, hybrid nanoparticles can be com-
posed of a combination of different types of nanostructures,
such as quantum dots (QDs), superparamagnetic iron oxide
nanoparticles (SPIONs), and gold- and silver-based nanoparti-
cles, among others, which offer combined diagnostic and thera-
peutic functionalities, exemplifying the potential of nanotechnol-
ogy in personalized and effective treatment modalities.[132,220–223]

QDs are composed of semiconductor nanocrystals and emit
a distinct wavelength of light upon energy excitation. These
nanostructures enable precise imaging and therapy with their
unique optical properties and large surface areas for biomolecule
conjugation.[224] SPIONs provide controllable sizes for direct in-
teractions with biological systems and exhibit superparamagnetic
characteristics for targeted drug delivery.[225] AuNPs, character-
ized by varied shapes and excellent biocompatibility, offer supe-
rior photoimaging capabilities and versatile nanoplatforms for
imaging, diagnosis, and therapy.[226,227]

Other types of bi-functional nanostructures involve a combi-
nation of semiconducting nanostructures (Fe, Cd, Mn, Ni, etc.),
QDs, noble metals, carbon, and silica components.[223,240,241] For
example, Zhan and Zhang introduced a novel synthesis method
for CdSe@Fe2O3 core/shell nanoparticles.[240] These nanoparti-
cles, combining CdSe QDs and Fe2O3 magnetic nanocrystals, of-
fered fluorescent and superparamagnetic properties, while ex-
hibiting distinct optical behaviors influenced by their compos-
ite structure. The authors demonstrated that CdSe nanoparticles
displayed characteristic exciton absorption and emission peaks

at 600 nm and 618 nm, respectively. The measured quantum
yield (QY) of CdSe QDs stood at 36%. Quantum yield represents
the efficiency with which a fluorophore converts excitation light
into fluorescence, and it remains consistent regardless of instru-
ment settings.[242] Upon encapsulation with Fe2O3, the absorp-
tion peak of CdSe@Fe2O3 nanoparticles shifted to 611 nm, while
the emission peak remained at 619 nm. Remarkably, the QY of
CdSe@Fe2O3 nanoparticles experienced a significant enhance-
ment of up to 64% compared to bare CdSe nanoparticles.

Wang et al. designed novel theranostic hybrid nanostruc-
tures consisting of Fe3O4 nanocrystal cores enveloped by carbon
shells.[241] These hybrid nanoparticles were synthesized via a one-
pot solvothermal method employing ferrocene as the sole precur-
sor. These nanostructures, with a uniform size of ≈16 nm, exhib-
ited remarkable stability in solution attributed to the presence of
hydrophilic carboxyl groups on the carbon shell surface. Evalua-
tion using human SF763 glioblastoma cells demonstrated the flu-
orescence imaging functionality in vitro. These hybrid nanopar-
ticles exhibited dual-modal imaging capacity both in vitro and in
vivo, with fluorescent imaging excited across a spectrum from
405 to 820 nm, complemented by T2-weighted magnetic res-
onance imaging (MRI). This hybrid nanostructure showcased
versatile properties, including excitation wavelength-tunable, up-
converted, and NIR fluorescence facilitated by the carbon shell,
along with superparamagnetic behavior arising from the Fe3O4
core. Leveraging both fluorescent carbon shells and superparam-
agnetic cores, these particles offered promising dual-modal imag-
ing capabilities for fluorescence bioimaging and MRI.

More recently, Nazeer et al. showcased the potential of a car-
bon dot (Cdt)-iron oxide hybrid nanosystem as a dual functional
imaging agent for liver fibrosis.[223] Initially, two types of SPI-
ONs were developed: one coated with alginate (ASPIONs) and
the other with pullulan (PSPIONs). Subsequently, these materi-
als were conjugated with fluorescent Cdts, resulting in ASPION-
Cdts and PSPION-Cdts. ASPION-Cdts were synthesized through
the covalent conjugation of the carboxyl groups on ASPIONs
with the amino groups of diamino PEG, followed by coupling
with Cdts. This process enhanced stability while preserving op-
tical and magnetic properties. On the other hand, PSPION-Cdts
were formed via electrostatic interaction between PSPIONs and
Cdts. The superparamagnetic nature of both ASPIONs and PS-
PIONs remained intact upon conjugation with Cdts. Notably,
ASPION-Cdts exhibited a reduction in saturation magnetization
from 62.7 to 42 emu g−1, while PSPION-Cdts showed a signif-
icant decrease to 3.17 emu g−1. Both hybrid systems displayed
decreased T2 relaxation rates and increased T1 relaxation rates
compared to SPIONs, enabling MRI while retaining fluores-
cence imaging capability. Furthermore, cytocompatibility of the
hybrid nanosystems was maintained, with only a slight decrease
in cell viability compared to SPIONs. Both ASPION-Cdts and
PSPION-Cdts demonstrated excellent cellular labeling efficiency,
with PSPION-Cdts outperforming ASPION-Cdts for imaging ap-
plications. The use of red-emitting Cdts in fluorescence imaging
presents a promising avenue for future exploration, potentially
minimizing tissue autofluorescence and enhancing imaging ef-
ficiency. Overall, hybrid nanoparticles represent promising tools
for advancing theranostic strategies in human medicine, under-
scoring the potential of nanotechnology in enhancing healthcare
outcomes.
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Figure 11. Common building blocks of hybrid nanoparticles. A) Reproduced with permission.[228] Copyright 2020, Acta Materialia Inc. B) Reproduced
with permission,[229] under a Creative Commons license CC BY-NC 3.0. C) Reproduced with permission.[230] Copyright 2009, The Royal Society of Chem-
istry. D) Reproduced with permission,[231] under a Creative Commons license CC BY 4.0. E) Reproduced with permission.[232] Copyright 2014, American
Chemical Society. F) Reproduced with permission.[233] Copyright 2009, The Royal Society of Chemistry. G) Reproduced with permission,[234] under a
Creative Commons license CC BY-NC 3.0. (H) Reproduced with permission.[235] Copyright 2002, The American Association for the Advancement of
Science. (I) Reproduced with permission.[236] Copyright 2018, American Chemical Society. J) Reproduced with permission.[237] Copyright 2018, Ameri-
can Chemical Society. K) Reproduced with permission.[238] Copyright 2022, Elsevier Inc. L) Reproduced with permission.[239] Copyright 2005, American
Chemical Society.

2.3.2. Methods for Synthesis of Hybrid Nanoparticles

Various methods of synthesis of hybrid nanoparticles can be
split into “top-down” (thermal decomposition, laser ablation,
plasma/microplasma-based and electrochemical etching) and
“bottom-up” (solution-based reduction in the presence of silane
precursors, zintl salt metathesis and aqueous reduction), com-
monly found as physical and chemical methods, respectively.[214]

Physical methods offer simplicity but limited control over
nanoparticle size, allowing for direct and robust hybridiza-
tion between nanoparticles, whereas chemical methods, in-
volving the reduction of metal precursors, enable precise con-
trol over nanoparticle size and composition, albeit with poten-

tial unwanted properties due to stabilizing ligands or polymer
shells.[243] Chemical reduction (CR) methods involve the deposi-
tion of noble metal nanoparticles onto the surface of metal oxides.
This process begins with the adsorption of noble metal ions onto
the surface of metal oxides, followed by their reduction through
chemical-reducing agents.[214] Alternatively, photoreduction (PR)
methods rely on the emission of photoelectrons from metal ox-
ides, particularly titanium,[243,244] and zinc,[245] upon light irradi-
ation, which catalyzes the reduction process and facilitates the
formation of nanoparticles on the surface of host larger nanopar-
ticles.

Additionally, various other processing routes are utilized for
fabricating hybrid nanoparticles through chemical methods, in-
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cluding hydrothermal, thermal decomposition, sol-gel, copre-
cipitation, electrodeposition, sonochemical, and seeding growth
methods. These methods enable the creation of diverse hybrid
nanoparticles with tailored properties, facilitating applications
across numerous fields. Examples of studies that used a combi-
nation of different synthesis methods to develop novel nanoma-
terials are briefly exposed throughout the following lines.

For example, Bakal et al. utilized a combination of hydrother-
mal and chemical co-precipitation methods to synthesize bifunc-
tional magnetite-luminescent carbon nanostructures with dual
magnetic and luminescent properties.[215] They found that under
varying experimental conditions, a portion of Fe3O4 nanoparti-
cles combined with luminescent carbon nanostructures to form
a complex, demonstrating the complexation of carbon and mag-
netite during synthesis. The resulting colloid exhibited char-
acteristic absorption peaks for magnetite and luminescent car-
bon nanostructures, alongside strong luminescence at a 450 nm
wavelength. Additionally, the synthesized bifunctional nanopar-
ticles displayed both negative and positive charges, while retain-
ing luminescent properties akin to luminescent carbon nanos-
tructures. Spectrometric titration confirmed the presence of iron,
indicating an iron concentration of 0.2 mg mL−1 of Fe3+.

Jiang et al. developed NiFe2O4/ZnO hybrid nanoparticles ex-
hibiting ferromagnetic properties through the hydrolysis of zinc
acetate in the presence of NiFe2O4 in a water-in-oil microemul-
sion under ultrasonic irradiation.[245] Transmission electron mi-
croscopy (TEM) analysis confirmed the deposition of a ZnO
nanolayer onto quasi-spherical NiFe2O4 particles. The magneti-
zation behavior of the synthesized samples demonstrated ferro-
magnetic properties under an applied magnetic field, albeit with
a saturation magnetization of 33.5 emu g−1, lower than the bulk
value, attributed to the nonmagnetic ZnO dead layer’s contribu-
tion. Coating with ZnO influenced the surface anisotropy, shape
anisotropy, and interparticle interactions, resulting in reduced co-
ercivity. Viswanathan demonstrated the synthesis of fluorescent
silica-coated magnetic hybrid nanoparticles through a combina-
tion of co-precipitation, polymerization, and sol-gel techniques
with fluorescent dye incorporation, yielding nanoparticles rang-
ing in diameter from ≈80 to 90 nm.[246] Characterization was
conducted using various analytical methods including atomic
force microscopy (AFM), Fourier transform infrared (FTIR) spec-
troscopy, spectrofluorometer, X-ray diffraction patterns (XRD),
and energy-dispersive X-ray spectroscopy (EDS).

Kas et al. investigated the synthesis of QD-SPION hybrids
(MDOTs) for medical and biotechnological applications.[247] QDs,
known for their higher quantum yield and superior photostabil-
ity, have replaced organic fluorophores in various applications,
including optical detection of cancer cells, DNA hybridization,
and immunoassays. SPIONs, on the other hand, find various ap-
plications in magnetic separation, cell sorting, immunoassays,
and diagnostic imaging. The study proposed the development
of MDOTs combining SPIONs and luminescent QDs through
an extraction method involving a ligand-exchange mechanism
to prepare small, stable, aqueous QD-SPIONs hybrid nanostruc-
tures. The synthesis process utilized by the authors is sum-
marized in Figure 12A and detailed throughout the following
lines: to prepare QD-SPIONs hybrid nanoparticles, their stan-
dard procedure involved mixing lactic acid-coated SPIONs in
chloroform with aqueous QDs in a 100 mL round-bottomed flask

equipped with a mechanical stirrer. The mixture underwent si-
multaneous sonication and stirring at 1000 rpm. Subsequently,
the mixture was transferred to a separatory funnel to separate the
aqueous phase containing the hybrid nanoparticles. This aque-
ous phase underwent a back-extraction process using chloro-
form. In this approach, surface carboxylate functionalized aque-
ous QDs replace the lactic acid coating of SPIONs during a wa-
ter/chloroform extraction process. This facilitated the efficient
transfer of SPIONs into water, now coated with QDs and, thus,
forming the aimed MDOTs.

DLS and TEM characterization results (Figure 12B) elucidated
the presence of MDOTs of ≈80 nm in diameter. A 15% to 33%
decrease in luminescence intensity to the original QD emission
was reported and it was argued that the incorporation of SPI-
ONs was the cause of this reduction. As depicted by Figure 12C,
all MDOT formulations exhibited robust luminescence proper-
ties and decent emission stability. The magnetic behavior of the
MDOTs was observed (Figure 12D) and characterized by the hys-
teresis loop present in Figure 12E, suggesting an approximately
paramagnetic trait. Their study demonstrated the effectiveness
of both polymeric coatings and small molecules in stabilizing
QDs and SPIONs simultaneously. The resulting QD-SPION hy-
brid nanoparticles offered dual functions such as detection and
separation, optical and magnetic detection, as well as therapy.
The small size and stable aqueous colloidal form make these hy-
brid nanoparticles advantageous for in vivo and in vitro studies.
The versatility of this method suggests its potential application to
other nanoparticles including gold or TiO2.

3. Polymer Coatings for Nanoparticles

3.1. Synthetic Polymer Coatings

Nanoparticles and nanocomposites play a crucial role in various
theranostic applications, necessitating precise control over their
monodispersity, core size, saturation magnetization, and hydro-
dynamic diameter.[248–250] Achieving water-dispersible nanostruc-
tures is equally imperative, particularly in biological aqueous
environments characterized by balanced ionic forces. Coating
nanoparticles with synthetic polymers serves as a pivotal strat-
egy to prevent agglomeration, enhance biocompatibility, and
supplement surface functionality.[243] This coating is essential
for maintaining colloidal stability, preventing gravitational set-
tlement, and mitigating aggregation among particles. In recent
years, various functionalizing agents have been explored to en-
hance the colloidal stability and surface properties of metal ox-
ide nanoparticles.[251,252] These agents include but are not lim-
ited to poly(acrylic-co-maleic) polymers, poly(Trolox ester), and
polyacrylic acid (PAA). By modifying the surface of nanoparti-
cles, these coatings improve their stability and biocompatibility,
rendering them suitable for various biomedical applications.

For instance, in an example of synthesizing gold-ferric oxide
superparamagnetic nanoparticles for NIR-responsive photother-
mal ablation in breast cancer therapy,[253] The authors surface-
coated nanoparticles with Poly(𝛼-l-lysine) (PLL), which not only
facilitated cellular uptake and biocompatibility but also ensured
colloidal stability across diverse biological environments, includ-
ing cell culture medium and physiological solutions. Character-
ization studies confirmed the successful fabrication and struc-
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Figure 12. Summary of main results from the study of Kas et al. as an example of the successful synthesis of hybrid nanoparticles: A) approach used to
synthesize hybrid nanoparticles through a ligand-exchange mechanism. B) TEM characterization images of the synthesized QD-SPION hybrid nanopar-
ticles (MDOT). C) Synthesized MDOTs luminescing from green to red spectra under UV excitation. D) Red luminescing MDOTs interacting with an
external magnetic field of 0.3T. E) Hysteresis loop of MDOTs with different QDs/SPIONs ratios synthesized through the approach used by the authors.
Reproduced with permission.[247] Copyright 2010, American Chemical Society.

tural integrity of PLL–Au–Fe3O4 nanoparticles, highlighting their
potential in diagnostic and therapeutic applications. In the fol-
lowing subsections, we list and discuss different synthetic poly-
meric coatings increasingly explored in theranostics. These coat-
ings offer promising avenues for the development of multifunc-
tional nanoparticles with enhanced stability, biocompatibility,
and therapeutic efficacy. At the end of this section, we provided
Table 2 to summarize and compare the different polymer coat-
ings for nanoparticles, including aspects such as synthesis, sta-
bility, biocompatibility, and biomedical applications.

3.1.1. Polyacrylic Acid (PAA)

Polyacrylic acid (PAA) is a synthetic polymer composed of acrylic
acid monomers with high molecular weight (see Figure 13A).
Each monomer unit of PAA contains a carboxylic group
(─COOH) attached to the vinyl group at one end. PAA is charac-

terized by its biocompatibility, water solubility, non-toxicity, and
recyclability, making it a versatile superabsorbent polymer.[254,255]

The study by Nahar et al. elucidated a straightforward one-
pot synthesis approach for fabricating PAA-functionalized
IONPs.[248] Through a combination of free radical solution poly-
merization and coprecipitation of Fe3+ and Fe2+ salts, PAA-coated
IONPs were synthesized, exhibiting enhanced colloidal stability
and surface functionality. Characterization studies encompass-
ing structural analysis, thermal stability, and magnetic behavior
underscored the successful surface functionalization of IONPs
with PAA. Moreover, an investigation into the adsorption of bio-
catalysts onto PAA-functionalized IONPs showcased their poten-
tial as magnetically recyclable carriers for various biomedical ap-
plications.

Building on the understanding of PAA coatings, Sanchez et al.
explored the influence of PAA molecular weight on the mag-
netic properties of IONPs.[256] Through systematic variation of
PAA molecular weights and thorough characterization, they de-
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Table 2. Different Polymer Coatings for Nanoparticles.

Polymer Stability Biocompability Biomedical Applications Synthesis

PAA Sensitive to pH changes, exhibits
good thermal stability under
normal conditions

Good cytocompatibility and
non-immunogenic

Drug delivery, tissue engineering
and wound healing

Polymerization of acrylic acid

PDA Resistant to many organic
solvents and stable under a
broad pH range, moderate
thermal stability

Highly biocompatible, non-toxic to
cells

Drug delivery, biosensing,
antibacterial coatings and
photothermal therapy

Oxidative polymerization of
dopamine in an alkaine
environment.

PLL Stable under physiological
conditions but can be
susceptible under extreme pH
conditions

Highly biocompatible and
promote cell adhesion,
non-toxic and naturally
metabolized by the body

Cell culture, drug delivery and
gene therapy

Ring-opening polymerization of
NCAs of lysine

PEG Stable under a wide range of pH
levels and temperature

Hydrophilic prolonging circulation
time in biological systems
biodegradable minimal toxicity

MRI contrast enhancement,
magnetic hyperthermia targeted
drug delivery, wound healing

Anionic polymerization of
ethylene oxide with hydroxyl
initiators or ring-opening
polymerization of epoxyethane.

PLGA Stable in physiological conditions,
allowing to maintain the
structural integrity over time in
biological environments

minimizing adverse reactions
when interacting with biological
systems, tailored
biodegradation rates

drug delivery systems, tissue
engineering scaffolds, and
medical implants.

enzymatic fermentation of
carbohydrates or from lactic
and glycolic acids through
ring-opening polymerization

PVA Stable under a wide range of pH
levels, temperature, and
physiological conditions

biodegradable in both aerobic and
anaerobic environments no
toxic effects minimal cell
adhesion great water solubility

tissue grafts, embolization
materials, artificial organs,
photonic crystal sensor
materials, and drug delivery
systems. 3D bioprinting
scaffolds

synthesized through the partial or
complete hydrolysis of polyvinyl
acetate

lineated the impact of molecular weight on polymer content, par-
ticle size, and magnetic behavior. Their main findings showed
that elevated molecular weights of the polymeric chain correlated
with increased quantities of higher oligomers within the MNPs.
As the molecular weight escalated, the contribution of loops and
tails intensified, thereby facilitating higher polymer contents. Re-
gardless of the employed PAA molecular weight, the adsorbed
PAA induced a reduction in particle hydrodynamic diameters
and led to a narrower size distribution. The zeta potential values
were more significantly influenced by the quantity of PAA ad-
sorbed onto the iron oxides rather than by the PAA’s molecular
weight in the examined scenarios.

Additionally, Hu et al. investigated the synthesis and char-
acterization of chitosan–PAA complex nanoparticles, highlight-
ing their aqueous dispersion and stability.[257] Physicochemi-
cal properties were studied using exclusion chromatography,
FTIR, dynamic light scattering, TEM, and zeta potential analysis.
Chitosan–PAA nanoparticles were synthesized via two methods:
polymerization of acrylic acid in chitosan solution and by mixing
positively charged chitosan with negatively charged PAA using
a dropping method. Drug-loaded nanoparticles were prepared
by incubating silk peptide (SP) with chitosan–PAA nanoparti-
cles synthesized via polymerization of acrylic acid in a chitosan
solution. The study revealed that the molecular weight of PAA
in nanoparticles increased with the molecular weight of chi-
tosan, suggesting template polymerization of acrylic acid in a
chitosan solution. Nanoparticles exhibited a positive charge and
sizes ranging from 50 to 400 nm. Surface structure and zeta
potential were modulated by different preparation methods. In
vitro experiments demonstrated sustained release of entrapped

SP over 10 days, with release behavior influenced by medium pH.
The authors demonstrated different results from the synthesis
of PAA-coated chitosan nanoparticles through different methods
and chitosan solution pH, which caused distinct outcomes on
surface structure and physical properties.

Furthermore, Jans et al. contributed to the understanding of
PAA coatings through the synthesis and thorough characteriza-
tion of PAA-coated AuNPs.[258] Their work revealed intriguing
physical behaviors of PAA-coated AuNPs under diverse condi-
tions, including sensitivity to ions, pH-induced conformational
changes, and temperature responsiveness. First, the study ob-
served the sensitivity of the PAA coating to Na+ ions, with
higher NaCl concentrations leading to coating shrinkage and
subsequent nanoparticle aggregation due to dehydration. Scan-
ning electron microscopy (SEM) analysis confirmed that the ad-
dition of 7 mM NaCl led to a considerable reduction in the
thickness of the PAA coating on AuNPs. Second, pH-induced
changes were observed, with the PAA coating transitioning be-
tween coiled and stretched conformations in response to varying
pH levels. Furthermore, PAA-coated AuNPs demonstrated im-
proved stability in acidic solutions compared to citrate-stabilized
counterparts. Figure 13B outlines the pH-dependent behav-
ior of citrate-stabilized AuNPs and PAA-coated AuNPs. Citrate-
stabilized AuNPs exhibited a sigmoidal zeta potential trend, with
increasing negative charge until an alkaline plateau at pH 5–12,
correlating with deprotonation of carboxyl groups. In acidic con-
ditions (pH 2–4), protonation decreased charges, causing particle
aggregation. PAA-coated AuNPs remained stable at pH 4 with a
negative zeta potential of−70 mV, decreasing slightly with higher
pH. At acidic pH (<4), charges decreased, nearing the isoelectric
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Figure 13. A) Molecular structure of PAA. Summary of the main results regarding the synthesis of PAA-coated AuNPs. B) Influence of pH of AuNPs
solution before incubation on particle size and zeta potential for both citrate stabilized and coated AuNPs. C) Influence of temperature during the
synthesis process of citrated-stabilized and PAA-AuNPs on particle size. D) Darkfield optical microscopy images of PAA-AuNPs in different pHs. A)
Originally prepared by the authors. B–D) Reproduced with permission.[258] Copyright 2010, IOP Publishing Ltd.

point at pH 2. The addition of NaOH influenced zeta potential
behavior.

Additionally, temperature variations affected the PAA layer,
which contracted upon heating and expanded upon cooling of the
suspension as depicted by Figure 13C. Figure 13D presents dark
field images of PAA-coated AuNPs at various pH levels. Notably,
at pH 1, the scattering intensity of PAA-coated AuNPs appeared
significantly less bright compared to higher pH values. Corre-
sponding sizes indicated that the brightest intensity corresponds
to the largest spot size, thus suggesting reduced aggregation at
pH 1. Overall, their findings offer valuable insights into the be-
havior of PAA-coated nanoparticles, collectively contributing to
understanding the effects of PAA coating on the development of
novel hybrid nanomaterials for diverse applications.

Overall, these studies highlight the significance of controlling
both the synthesis methods and solution conditions (such as pH,
ionic strength, etc.) to produce PAA-coated nanoparticles with
desirable surface properties, including zeta potential, size distri-
bution, surface groups, and coating thickness. These factors are
crucial for their effective utilization in biomedical applications.

3.1.2. Polydopamine (PDA)

Polydopamine (PDA) has garnered significant attention in
biomedical applications owing to its remarkable biocompatibility
and biodegradability.[259] Derived from mussel adhesive proteins,
PDA exhibits strong wet adhesion to substrates, making it an
ideal material for various biomedical uses. Its inherent antibac-
terial properties, combined with excellent biocompatibility and
an environmentally friendly preparation process, position PDA
as a promising antibacterial material.[260] Moreover, PDA-derived
nanomaterials can be used for simultaneous diagnosis and ther-
apy when combined with other materials, as has been recently
reported in the literature for tumor ablation in animal mod-
els, highlighting the outstanding properties of PDA nanocom-
posites. More specifically, these nanoparticles have shown en-
hanced photothermal performance, prolonged circulation time,
multimodal imaging capabilities, improved mucopenetration
as well as increased cellular uptake and good safety profiles
when combined with multiple nanomaterials as presented in the
following.
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Cheng et al. explored leveraging PDA coating to enhance
manganese-based nanoparticle contrast and facilitate photother-
mal therapy (PTT).[261] They developed MnCO3@PDA core-shell
nanocomposites for potential MRI/PTT theranostics. The study
showed an increase in MnCO3@PDA nanoparticles’ longitudi-
nal relaxivity from 5.7 to 8.3 mm−1 s−1. Longitudinal relaxation,
where tissue protons return to equilibrium after MRI excitation,
was enhanced by PDA coating, yielding 6.3 mm−1 s−1 at pH 7.4
and 8.3 mm−1 s−1 at pH 6.0. Improved relaxivity enhances con-
trast agent efficiency, yielding clearer MRI images with better
tissue contrast. In vitro studies validated MnCO3@PDA’s effi-
cacy as an MRI/PTT agent, while in vivo experiments demon-
strated MRI-guided tumor ablation in mice, showcasing high-
resolution imaging and effective PTT. PDA-coated nanoparticles
exhibited excellent biocompatibility and photothermal conver-
sion efficiency, enhancing both MRI contrast and PTT efficacy.
These findings elevated MnCO3@PDA nanocomposites’ poten-
tial as robust theranostic agents for enhanced MRI-guided PTT,
promising advances in early tumor diagnosis and treatment.

Approaching a different type of hybrid nanostructure, the
study by Liu et al. addressed the limitations of AuNRs in tu-
mor theranostics due to poor stability, toxicity, and rapid immune
system clearance.[262] They developed Cu(II)-doped PDA-coated
AuNRs (AuNR@CuPDA) to enhance their potential in tumor
theranostics. Using a seed-mediated method, AuNRs were syn-
thesized and further coated with Cu(II)-doped PDA. Compared to
AuNRs, AuNR@CuPDA exhibited improved photothermal per-
formance, evidenced by a redshift and intensity increase in the
absorption spectra. The PDA coating extended the half-life of
AuNRs from 0.7 to 4.5 h in circulation, leading to a tumor up-
take rate of 4.6%. Additionally, Cu (II) in the PDA shell short-
ened the T1 of surrounding protons, enabling tumor site visu-
alization under T1-weighted MRI. The loading of Cu(II) in the
PDA shell provided AuNR@CuPDA with MRI capability, in ad-
dition to computed tomography imaging. Moreover, Cu(II) in the
PDA shell demonstrated chemotherapeutic properties, with a tu-
mor inhibitor rate of 31.2%. Safety assessments including liver
and renal function tests and histological analysis of major or-
gans confirmed the safety of AuNR@CuPDA. Overall, the study
demonstrated that Cu(II)-doped PDA-coated AuNRs are promis-
ing for tumor theranostics, offering enhanced photothermal per-
formance, prolonged circulation time, multimodal imaging ca-
pabilities, and therapeutic efficacy with good safety profiles.

Poinard et al. focused on addressing the limitations posed
by mucus, a natural barrier, to the effective delivery of thera-
peutic carriers to mucosal cells.[263] While PEGylation is a com-
monly used surface modification strategy to enhance mucopen-
etration, it often fails to improve cell uptake of nanoparticles.
In this research, the authors explored PDA coating as an alter-
native approach to enhance both mucopenetration and cell up-
take of nanoparticles. They polymerized PDA on carboxylated
polystyrene (PS) nanoparticles to form a PDA coating, resulting
in PS-PDA nanoparticles. The PS-PDA particles exhibited simi-
lar mucopenetration levels as PEGylated PS (PS-PEG) particles
but demonstrated nearly three times higher cell uptake in T24
cells, a model for underlying mucosal cells. This improvement in
cell uptake by PS-PDA was attributed to the interactions between
the PDA coating and the cellular membrane. It was hypothesized
that the positively charged amino groups of PDA facilitated in-

teraction with negatively charged phosphate groups on the cell
membrane, while the negatively charged phenol groups on the
PDA surface interacted with positively charged choline groups on
the lipid membrane, promoting cellular uptake. In contrast, the
neutral charge of PEG limited its interaction with the cell mem-
brane, resulting in minimal cell uptake of PS-PEG nanoparticles.
Additionally, PS-PDA nanoparticles showed efficient mucopene-
tration, with slower diffusion rates compared to bare PS nanopar-
ticles but faster diffusion rates than PS-PEG particles in reconsti-
tuted mucus solution. These findings suggest that PDA coating
offers a novel functionality for enhancing both mucopenetration
and cell uptake of nanoparticles for mucosal drug delivery ap-
plications, which is not achievable with conventional PEGylation
strategies. The study positions PDA as a promising material for
efficient mucosal delivery of therapeutics, particularly for cancer
cell targets, potentially improving the efficacy of combined pho-
todynamic and photothermal therapies.

More recently, Niyonshuti et al. investigated how PDA coat-
ing affects the antimicrobial activity of AgNPs.[264] The main re-
sults of this study are summarized in Figure 14 to corroborate
the observed enhanced antibacterial activity of PDA-coated Ag-
NPs. It was argued by the authors that PDA was selected for its
adhesive properties, chemical functionalities, and biocompatibil-
ity suitable for biological applications. By employing a polymeric
synthesis and deposition method, PDA-AgNPs were synthesized
with controllable coating thicknesses (Figure 14A) ranging from
3 to 25 nm. TEM images of PDA-AgNPs at varying coating times
(labeled as PDA(𝜆)-AgNPs, where 𝜆 denotes the coating time in
minutes) are organized in Figure 14A: a1, a2, a3. PVP-AgNPs
exhibited an average size of 32 nm and, after PDA coating, the
AgNPs’ size increased to 36 nm for PDA5-AgNPs, 43 nm for
PDA15-AgNPs, and 54 nm for PDA30-AgNPs, thus escalating
with longer deposition times. The study systematically investi-
gated the impact of dopamine self-polymerization degree on an-
timicrobial activity, correlating it with the physicochemical prop-
erties of functionalized AgNPs. Assessment via fluorescence-
based growth curve assays on E. coli revealed that PDA-AgNPs
exhibited significantly higher antibacterial efficacy compared to
PVP-passivated AgNPs (PVP-AgNPs) and PDA alone. This obser-
vation is exemplified in Figure 14B for PDA-coated AgNPs with
different thicknesses.

Notably, the PDA coating synergistically enhanced the potency
of PDA-AgNPs against bacteria. Analysis using X-ray photoelec-
tron spectroscopy and FTIR spectroscopy unveiled that the syn-
ergistic effects stemmed from the interaction/coordination be-
tween Ag and the catechol group on the PDA coating. These inter-
actions boosted the generation of reactive oxygen species (ROS),
leading to increased bacterial damage. By utilizing MitoTracker
Green FM dye to stain the bacterial membrane, the authors ob-
served a noticeable increase in the brightness of the bacterial
membrane upon exposure to PDA15-AgNPs (Figure 14C), indi-
cating a change in bacterial membrane electrical potential. Their
analysis unraveled that while increased brightness was observed
for all treated bacteria, those treated with PDA15-AgNPs exhib-
ited the highest intensity increase. Their findings bring to light
the pivotal role of surface effects in modulating the antimicrobial
properties of AgNPs. The study highlighted the significance of
surface coating in enhancing the antimicrobial activity of AgNPs
and shed light on the underlying mechanisms driving the syner-
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Figure 14. Summary of the main results of antibacterial activity studies using synthesized PDA-AgNPs. A) PDA deposition over AgNPs as a function of
polymerization reaction time length and TEM characterization images of PDA-AgNPs for reaction times of a1) 5 min, a2) 15 min, and a3) 30 min; B)
Timely fluorescence-based growth patterns of bacteria treated with b1) PDA5-AgNPs, b2) PDA15-AgNPs, and b3) PDA30-AgNPs. C, c1) Fluorescent im-
ages of bacteria stained with MitoTracker Green FM dye for control, PVP-AgNPs, PDA15, and PDA15-AgNPs along with c2) respective mean fluorescence
intensities of the MitoTracker stained bacteria. Reproduced with permission.[264] Copyright 2020, American Chemical Society.

gistic effects between PDA and AgNPs, offering insights for the
development of potent antimicrobial agents with broad applica-
tions in various biomedical fields.

3.1.3. Poly-l-Lysine (PLL)

Poly-l-lysine (PLL) is a synthetic amino acid chain with a posi-
tive charge, featuring one hydrobromide per unit of lysine. Due

to its positively charged amino groups under specific pH condi-
tions, PLL can form soluble complexes with negatively charged
macromolecules, enabling it to coat a wide range of surfaces ef-
fectively. PLL possesses intrinsic biodegradability, cationic charg-
ing properties, and easy functionalization capabilities, render-
ing it an excellent choice for biomedical applications.[265] This
coating capability extends to cell membranes, where PLL’s pos-
itive charge facilitates its entry into cells, enhancing cellular
interactions.[266] Furthermore, PLL can form polyelectrolyte com-
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plexes with DNA, making it an effective gene carrier for transfec-
tion purposes.[267,268] Several examples of the applications of PLL
as a surface coating for nanoparticles are explored in the next
lines.

Wang et al. presented the synthesis of fluorescent core-shell
nanoparticles composed of a silver core and a PLL polymer
shell.[269] The fluorescent anticancer drug, doxorubicin (DOX),
was incorporated into the PLL shell via a primary amine-reactive
cross-linker (DTSSP). The presence of a thiol-reducible disulfide
bond in DTSSP allowed for the controlled release of DOX upon
stimulation with glutathione (GSH). The premodification of the
silver core with amino groups facilitated the PLL shell coating,
enhancing the separation efficiency of the nanoparticles from the
reaction mixture via centrifugation. The size of the prepared core-
shell nanoparticles was tailored to ensure rapid internalization
into cells, as demonstrated by cellular imaging assays. The re-
sults highlighted the potential of Ag@PLL-DOX nanoparticles as
smart containers for specific drug-delivery applications and cellu-
lar imaging. Furthermore, cell viability assays demonstrated the
nanoparticles’ ability to internalize into cells and their intracellu-
lar drug-release capability, with high cell viability observed even
after 1.5 h of incubation, indicating good biocompatibility. Both
drug release and cell viability assays indicated that the nanopar-
ticles exhibited good biocompatibility before the release of DOX
at low GSH concentrations, while efficiently terminating cancer
cells at increased concentrations.

In the following year, Wang et al. focused on the green synthe-
sis of fluorescent core-shell nanoparticles using tryptophan as a
reducing agent for the synthesis of gold cores and the deposi-
tion of PLL as a biocompatible shell.[270] The nanoparticles ex-
hibited fluorescence enhancement upon conjugation with a cya-
nine dye, indicating successful functionalization. Furthermore,
peptides containing the arginine–glycine–aspartic acid sequence
were bound to the shell to serve as targeting ligands. Cell imaging
assays demonstrated the efficient targeting of integrin-positive
cells by the nanoparticles, highlighting their potential for cellu-
lar imaging and targeted detection of integrins. The synthesized
hybrid nanoparticles, comprising an Au@PLL core–shell nanos-
tructure, exhibited high specificity in targeting integrin 𝛼v𝛽3-
overexpressed cancer cells, as evidenced by cell imaging assays.
The large number of amino groups on the PLL shell facilitated
the binding of fluorescent dye Cy3-NHS and targeting ligand
RGDyC, resulting in fluorescence enhancement compared to
free Cy3 molecules. Importantly, the nanoparticles displayed low
cytotoxicity due to the use of green reagents in the synthesis pro-
cess, enhancing their biocompatibility. The study demonstrated
the feasibility of synthesizing fluorescent core-shell nanoparti-
cles via a facile and environmentally friendly method. The func-
tionalized nanoparticles showed promise for specific cellular
imaging and targeted detection of integrins, highlighting their
potential applications in biomedical research and diagnostics.

Moreover, PLL is beneficial for preventing bacterial col-
onization on medical equipment due to its antibacterial
properties.[271,272] It also enhances cell adhesion and proliferation
in tissue engineering, which is crucial for tissue regeneration.[273]

Additionally, PLL-mediated delivery of RNA-based therapies
holds promise for revolutionizing the treatment of cancer and
genetic disorders.[274] Furthermore, PLL can produce stimuli-
responsive materials for precise drug delivery and multifunc-

tional nanoparticles for combined therapeutic and diagnostic
applications.[275] These attributes highlight PLL’s extensive po-
tential for biomedical innovation.

More recently, Siow et al. investigated the role of PLL coating
in enhancing the uptake of MNPs by tumor cells and explored
the underlying molecular mechanisms.[266] The results of this
study are organized and summarized in Figure 15. PLL-coated
MNPs with positive (MNP+) and negative (MNP−) zeta poten-
tials were synthesized according to the basic sequential steps or-
ganized in Figure 15B and further characterized. Figures 15A: a1
and a2 show TEM characterization images of PLL-coated MNPs−

and MNPs+, respectively.
From those, the authors argued that the coating of primary

iron oxide colloids with PLL preserved their morphology and size,
as shown in Figure 15C. However, the hydrodynamic particle di-
ameter of PLL-MNPs (79 nm) measured by DLS exceeded TEM
measurements due to statistical differences and hydration layer
inclusion. Both methods yielded low polydispersity values (PI
∼0.15), indicating uniformity. They concluded that the PLL coat-
ing did not alter the iron oxide crystallites significantly, highlight-
ing their stability. Cellular internalization of PLL-coated MNPs
was analyzed using confocal microscopy and TEM, while a colori-
metric iron assay was employed to quantify cell-associated MNPs
(MNP-Cell). Results revealed that PLL significantly increased
MNP-Cell in human glioma and HeLa cells in a concentration-
dependent manner, regardless of the zeta potential of PLL-MNPs.
Interestingly, the application of a magnetic field attenuated the
PLL-induced increase in MNP-Cell. The study highlighted that
the PLL coating interacted with heparan sulfate proteoglycans
on the cell surface, facilitating MNP internalization by tumor
cells. The amino groups of PLL selectively interacted with neg-
atively charged residues of glycoconjugates, suggesting a molec-
ular mechanism shared by certain viruses’ infection machinery.
Importantly, the study emphasized that the charged functional
groups of PLL, rather than its zeta potential, played a crucial role
in MNP internalization. Following, a temperature-dependence
study was performed with U87MG cells that were exposed to the
various synthesized MNPs at both 37 and 4 °C for 3 h. The re-
sults of this study are summarized in Figure 15D and suggest a
significant reduction in MNP uptake by cells at 4 °C compared to
37 °C. Specifically, MNP uptake decreased by 36% when MNPs
were alone and by 74% when combined with free PLL at 4 °C.
This suggests a temperature-dependent component to MNP up-
take by cells. Additionally, Figure 15E depicts the augmented
internalization of dextran (Dex)-MNPs into U87MG cells facili-
tated by PLL treatment. Confocal microscopy (upper colored im-
ages of Figure 15E) revealed Dex-MNPs primarily localized in the
cytosol. With PLL-coating, the fluorescence intensity increased
by 3.4-fold compared to the control. TEM images (lower images
of Figure 15E) confirmed the MNPs accumulation in cytoplas-
mic vesicles post 24-hour PLL incubation, with increased vesicle
size and number per cell. Surprisingly, magnetic field application
with PLL reduced the vesicle size and numbers/cells, contrary to
expectations. Overall, the findings suggest that PLL-coated MNPs
hold potential as drug carriers for targeting tumors inaccessible
to magnetic targeting, with PLL interacting selectively with gly-
coconjugates on tumor cells to facilitate internalization.

PLL stands out as a versatile biomedical polymer due to its
favorable characteristics and facile functionalization. Its posi-
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Figure 15. Summary of the main results of internalization studies of PLL-coated maghemite particles by tumor cells. A) TEM characterization images
of a1) negative zeta potential and a2) positive zeta potential of synthesized PLL-MNPs. B) Experimental synthesis approach followed by the authors. C)
Main physicochemical characteristics of bare and coated MNPs. D) Effect of temperature on the uptake of various synthesized MNPs. E) Visual evidence
and quantitative analysis of the effects of PLL on the internalization of Dex-MNPs in U87MG cells, with representative confocal microscopy (A,B) and
TEM (C,D) images illustrating the changes in internalization and vesicle characteristics under different experimental conditions (in the absence (A,C)
and presence (B,D) of 3 nm PLL for 1 and 24 h, respectively). A,C,D) Reproduced with permission,[266] under a Creative Commons license CC BY-NC
4.0.
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tively charged amino groups enable effective coating of sur-
faces and interaction with cell membranes, enhancing cellu-
lar uptake. PLL’s ability to form complexes with DNA further
extends its utility as a gene carrier. Specifically, PLL-coated
MNPs exhibit promise in drug delivery and cellular imag-
ing applications. Studies have demonstrated controlled drug
release from PLL-coated MNPs, highlighting their potential
as smart drug delivery systems. Moreover, PLL-coated MNPs
show low cytotoxicity and high specificity in targeting can-
cer cells, emphasizing their potential in targeted therapy and
diagnostics. Understanding PLL’s interaction with glycoconju-
gates on cell surfaces provides insights into its mechanism
of action and further enhances its application in biomedical
research.

3.1.4. Polyethylene Glycol (PEG)

Polyethylene glycol (PEG) is a linear polyether macro-
molecule known for its hydrophilicity, lack of charge, and
non-immunogenic properties. PEG synthesis typically involves
anionic polymerization of ethylene oxide with hydroxyl initia-
tors, which may originate from various sources such as water,
ethylene glycol, or diols. Alternatively, PEG can be obtained
through the ring-opening polymerization of epoxyethane. Linear
PEG molecules possess only two functional groups, limiting
their potential for further derivatization, conjugation with other
residues, or targeting ligands. To overcome this limitation,
commercial PEGs are available with varying degrees of poly-
merization and activated functional groups, expanding their
versatility in biomedical applications.[276] It is easy to conjugate
PEG with functional groups since PEG has chemically active
hydroxyl groups on both ends, which is a favored choice for
biomedical and therapeutic applications.

The process of PEGylation involves the conjugation of
biomolecules or nanoparticles with linear PEG through spe-
cific functional groups. This transformative process enhances
the pharmacokinetic properties of peptides, proteins, hydropho-
bic polymers, drugs, or nanoparticles, leading to substantial im-
provements in their bioavailability and circulation time. Impor-
tantly, PEGylation has been shown to mitigate the toxicity associ-
ated with these materials, thereby enhancing their safety profile,
and expanding their potential applications in various biomedical
and therapeutic contexts. Also, PEG has minimal toxicity and effi-
cient elimination from the body, which occurs primarily through
renal excretion for PEGs below 30 kDa and via fecal excretion for
PEGs exceeding 20 kDa. Moreover, among synthetic polymers,
PEG stands out as the most commonly utilized material for coat-
ing magnetic cores, particularly prized for its ability to confer
high colloidal stability to nanomaterials.[277,278] After injection in
the human body, nanoparticles are identified as foreign items,
and the cells of the mononuclear phagocyte system quickly re-
move them from the bloodstream, preventing their buildup in
target cells and tissues. However, PEG coatings prevent surface
aggregation, opsonization, and phagocytosis—as was seen with
PEGylated proteins—and hence lengthen the duration of blood
circulation. The hydrophilic property of PEG chains results in
the formation of a hydrated cloud with a large volume when
grafted onto nanoparticles, which sterically prevents nanoparti-

cles from interacting with adjacent nanoparticles and/or blood
components.[279]

Moreover, while PEG coating is a common practice for MNPs,
the process of passivating them onto AuNPs involves slight vari-
ations. This is because AuNPs possess a versatile surface chem-
istry including thiol (-SH) groups that makes them more re-
ceptive to such polymer modifications. Strong interactions be-
tween gold and sulfur allow surface functionalization via the Au–
S bond,[280] making it easier to coat it with molecules contain-
ing -SH terminal groups, such as PEG with thiol groups, tar-
geting agents, and imaging agents. As an alternative approach
to this, proteins and polymers can be adsorbed onto the surface
of AuNPs through nonspecific absorption via electrostatic inter-
actions, increasing their usefulness and stability.[281–283] Alterna-
tively, AuNPs can be further functionalized through multilayer
coatings using layer-by-layer (LBL) assembly techniques or inte-
grated with other functional components, increasing their versa-
tility for biomedical applications.[284–286]

PEG significantly advances biomedical applications through
its use in drug delivery systems and tissue engineering. To im-
prove therapeutic efficacy and patient compliance, PEG-based hy-
drogels are essential for the development of controlled-release
formulations. In these formulations, drugs are encapsulated
within the hydrogel matrix and released over an extended period.
These hydrogels can be engineered to respond to physiological
cues such as pH, temperature, or enzymes, allowing for precise
and specific drug delivery. In tissue engineering, PEG hydrogels
serve as a biocompatible scaffold that promotes cell growth and
tissue regeneration, making them ideal for wound healing, car-
tilage restoration, and the creation of artificial organs.[287,288] Ad-
ditionally, PEG’s ability to reduce protein adsorption and cell ad-
hesion minimizes the risk of immune reactions, making it an
excellent choice for coatings on implants and prosthetics to en-
hance their biocompatibility and longevity.[289]

In Xiao et al.’s study, the ultrasmall 3 nm-sized nanopar-
ticles Mn-IONPs were prepared by the thermal decomposi-
tion of iron-eruciate and manganese-oleate complexes and were
coated with 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-(methoxy [polyethylene glycol]-2000) (DSPE-PEG 2000).[290]

The Mn-IONPs@PEG demonstrated good biocompatibility and
outstanding hydrophilicity following DSPE-PEG coating. The
Mn-IONPs@PEG exhibited good relaxivity in vitro because of
the manganese doping and PEG coating. Particularly, the Mn-
IONPs@PEG coated with DSPE-PEG following a mass ra-
tio of 1:20 demonstrated harmonic transverse relaxivity (r2 =
120.9 mm s−1) and longitudinal relaxivity (r1 = 7.1 mm s−1),
which improved its suitability for T1/T2 dual-contrast MRI
(see Figure 16A. When administered through a caudal vein,
Mn-IONPs@PEG could provide a notable enhancement in T1-
weighted and T2-weighted MRI images. It was determined that
the optimal time for imaging was 10 min post-injection, as both
T1 and T2 enhancements were at their peak during that period
(see Figure 16B).

3.1.5. Poly(Lactic-Co-Glycolic) Acid (PLGA)

Poly(lactic-co-glycolic) acid (PLGA) is a linear copolymer that is
typically produced by enzymatic fermentation of carbohydrates
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Figure 16. A) Mn-IONPs-TMAH and Mn-IONPs@PEG (1:1, 1:5, 1:20, and 1:40) in vitro MRI images at 3.0 T, a1) T1-weighted, a2) T1 mapping, a3)
T2-weighted, a4) T2-mapping, a5,a6) Linear fitting of 1/T1 and 1/T2 over a range of nanocomposites (Fe+Mn) concentrations. B) Summary of contrast-
enhanced MRI effects of Mn-IONPs, b1) T1- and T2-weighted MRI images of the liver’s transverse planes obtained with the fast spin echo (FSE)
sequence at 0, 10, 30, 60, or 120 min following the intravenous injection of Mn-IONPs@PEG (1:20). b2,b3) The liver’s MRI signal intensity changes
(ΔSI) enhancement ratio following contrast-enhancing with Mn-IONPs@PEG (1:20). Reproduced with permission,[290] under a Creative Commons
license CC BY-NC 3.0.

Adv. Healthcare Mater. 2024, 13, 2401213 © 2024 Wiley-VCH GmbH2401213 (25 of 51)

 21922659, 2024, 26, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202401213 by T
exas T

ech U
niversity L

ibraries, W
iley O

nline L
ibrary on [26/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 17. A) TEM micrograph of SPION/TMZ particles. B) Release of TMZ in vitro from P80-TMZ/SPIONs with 10%, 20%, and 40% drug loading.
C) Fluorescence inverted microscopy of C6 cells incubated for 2 h with P80-RC/SPIONs and labeled by rhodamine and coumarin-6. The Hoechst was
added to stain the nucleus. c1) Optical microscopy image of C6 cells after incubation with P80-RC/SPIONs; c2) blue fluorescent microscopy image of
C6 cells with labeled nucleus; c3) green fluorescent microscopy image of C6 cells labeled by the nanoparticles with coumarin-6; c4) the composition of
the previous fluorescent microscopy images; c5) red fluorescent microscopy image of C6 cells labeled by rhodamine particles; d6) the composition of
blue and red fluorescent microscopy images. Reproduced with permission.[302] Copyright 2012, Elsevier B.V.

or synthesized from lactic and glycolic acids. PLGA is created by
randomly opening the rings of two distinct monomers—cyclic
dimers (1,4-dioxane-2,5-diones) of glycolic acid and lactic acid—
and joining them together with ester linkages.[291] However, both
carbohydrate and synthesized processes employ biologically de-
rived, renewable basic materials to create PLGA. The molar ratio
and the order in which the lactic and glycolic acids are arranged in
the polymer chain define the physicochemical characteristics of
the polylactic acid gel. The degree of interaction between macro-
molecules can be adjusted by using PLGA copolymers, which
come in a variety of molecular weights and structures. Because
of this, the physicochemical characteristics of PLGA might differ
significantly based on the polymer’s composition.[292,293] An ad-
equate level of biocompatibility and biodegradability in aliphatic
polyesters makes them the most widely used biodegradable poly-
mers derived from non-natural sources. They are eliminated and
excreted through the kidneys rather quickly because of their low
molecular weight breakdown products’ natural metabolism.[294]

PLGA has garnered significant attention as foundational ma-
terial for biomedical applications owing to several key attributes
including i) exceptional biocompatibility, which ensures minimal
adverse reactions upon interaction with biological systems, ii) tai-
lored biodegradation rates, modulated by controlling the molecu-
lar weight and copolymer ratio, enabling precise control over the
degradation process, aligning with specific application require-
ments, iii) approval for clinical use in humans by regulatory au-
thorities such as the U.S. Food and Drug Administration (FDA)
which underscores its safety profile and suitability for medical
applications, iv) the ability to modify the surface properties facil-

itates enhanced interactions with biological materials, optimiz-
ing performance in various biomedical contexts, v) importantly,
PLGA offers an alternative to animal-derived products, aligning
with cultural preferences and regulatory requirements in diverse
geographic regions.[293,295]

PLGA is extensively used in advanced drug delivery systems,
where it forms nanoparticles and microparticles capable of en-
capsulating a variety of therapeutic agents, including drugs,
proteins, and nucleic acids, for controlled release and targeted
delivery.[296,297] This application is particularly advantageous in
cancer therapy, as PLGA nanoparticles can deliver chemother-
apeutic agents directly to tumors, thereby reducing systemic
toxicity.[298–300] Beyond drug delivery, PLGA is utilized in biore-
sorbable medical devices such as sutures, pins, screws, and
plates, which degrade within the body, obviating the need for
removal surgery.[301] Additionally, PLGA enhances immune re-
sponses in vaccine formulations and supports tissue and organ
repair and regeneration in regenerative medicine, underscoring
its versatility in biomedical applications.

In Ling et al.’s study, the emulsifying-solvent evaporation ap-
proach was successfully used to create temozolomide (TMZ)-
loaded PLGA-based superparamagnetic nanoparticles, which
were then surface-modified using polysorbate 80.[302] Superpara-
magnetic iron oxide was successfully incorporated into the poly-
mer core, as shown by the TEM image in Figure 17A. Al-
though it was not very clear, polysorbate 80 coating was seen on
the surface of the PLGA-based nanoparticles. P80-TMZ/SPION
nanoparticles demonstrated superior drug sustained release effi-
cacy together with high drug loading and encapsulation efficiency
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(Figure 17B). The 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetra-
zolium bromide (MTT) assay was used to assess the cytotoxicity
of TMZ, P80-TMZ-particles, and P80-TMZ/SPIONs. At the same
concentrations, there was no discernible variation in the toxicity
of the various formulations. Therefore, to quantify the cytotoxic-
ity on glioma C6 cells, their work started with 20% of TMZ-loaded
nanoparticles. Using a fluorescent inverted microscope, the in-
tracellular distribution of nanoparticles in C6 glioma cells was
examined after a 2-h incubation period. The nanoparticles were
tagged with coumarin-6 and rhodamine and coated with polysor-
bate 80 (P80-RC/SPIONs), while Hoechst blue-fluorescent dye
was used to stain the C6 nucleus. The distribution of the nanopar-
ticles in the cellular environment was revealed by the images
shown in Figure 17C. Thus, P80-TMZ/SPIONs could be used as
a novel delivery method for tumor imaging, drug delivery, and
real-time therapeutic impact monitoring, according to an in vitro
experiment conducted on glioma C6 cells.

3.1.6. Poly(Vinyl Alcohol) (PVA)

Polyvinyl alcohol (PVA) is a linear synthetic polymer synthesized
through the partial or complete hydrolysis of polyvinyl acetate,
resulting in the removal of acetate groups.[295] The degree of hy-
droxylation is an important factor in defining PVA’s mechani-
cal, chemical, and physical properties. Indeed, PVA is typically
categorized into two main groups: partially hydrolyzed and fully
hydrolyzed. The diverse range of PVA products stems from vari-
ations in the length of the initial vinyl acetate polymer and the
extent of hydrolysis achieved under alkaline or acidic conditions.
These factors contribute to a spectrum of PVA molecules with
molecular weights spanning from 20 000 to 400 000. Conse-
quently, PVA exhibits a wide array of characteristics including
solubility, flexibility, tensile strength, and adhesiveness, each in-
fluenced by its specific molecular structure and composition.[303]

This polymer is resistant to the majority of organic solvents
and has great water solubility. Water solubility falls with increas-
ing hydroxylation and polymerization, making PVA less prone
to crystallization. PVA often must be crosslinked to create hy-
drogels to fully realize its promise in a variety of applications.
Crosslinks, whether created chemically or physically, give the hy-
drogel structural stability, especially after it has swelled in wa-
ter or biological fluids. It is biodegradable in both aerobic and
anaerobic environments.[304] As a result, PVA finds extensive util-
ity in the biomedical field, where its diverse properties render it
indispensable for an array of applications. Notably, PVA serves
as a fundamental constituent in the fabrication of numerous tis-
sue grafts, including cardiovascular grafts, bone tissue scaffolds,
and artificial skin. Moreover, its use extends to the development
of embolization materials, artificial organs such as the pancreas
and islets, and constructs for cartilage and vocal cord reconstruc-
tion. Additionally, PVA contributes to various biomedical inno-
vations, such as photonic crystal sensor materials, ferrogels for
artificial muscles, and pH-sensitive membranes. Its role in facil-
itating drug delivery through controlled release mechanisms un-
derscores its significance in pharmaceutical applications.[303,305]

Overall, PVA has emerged as a versatile material for advanced 3D
bioprinting scaffolds in biomedical research.[306] Its biocompati-
bility, tunable mechanical properties, and solubility make it ideal

for creating scaffolds with intricate architectures that mimic the
natural tissue microenvironment.[307] PVA scaffolds facilitate nu-
trient diffusion and cell viability, while the incorporation of bioac-
tive molecules enhances tissue regeneration potential. This inno-
vative approach holds promise for personalized tissue engineer-
ing and regenerative medicine applications.[308]

In Darwish et al.’s research, the successful fabrication of
MNPs coated with PVA was achieved through an ultrasonic-
assisted coprecipitation technique (Figure 18A).[309] This coating
process led to an enhanced dispersion of MNPs and a notable in-
crease in the saturation magnetization value (45.08 emu g−1; see
Figure 18B). Importantly, the presence of the PVA shell not only
improved the heating efficiency but also enhanced the hyperther-
mia properties of the MNPs. At high frequencies, PVA@MNPs
exhibited the maximum specific loss power (SLP), reaching a
value of 163.81 W g−1, whereas bare MNPs displayed the lowest
SLP of 4.84 W g−1 (see Figure 18C). These findings underscore
the promising self-heating properties of PVA@MNPs for hyper-
thermia applications.

3.1.7. Copolymers

Copolymers are large molecules created by polymerizing two or
more different monomers.[310] They can be classified into var-
ious types based on their structural arrangements and the se-
quence distribution of their monomers. These classifications in-
clude random or statistical copolymers, alternating polymers,
and block copolymers (BCPs).[311] Among these, BCPs have at-
tracted the most attention due to their amphiphilic nature, which
drives them to self-assemble. This property makes them excellent
candidates for nanoparticle coatings and useful in the biomedical
field as drug carriers and surface modifiers.[312,313]

Among the various BCPs, PEG-PLGA offers more advan-
tages compared to other amphiphilic BCPs like PS-PEG and
PCL-PEG.[314] To date, numerous studies have highlighted the
use of PEG-PLGA copolymers as nanoparticle coatings.[315,316]

The widespread adoption of these copolymers stems from their
outstanding biodegradability and biocompatibility. Additionally,
both PEG and PLGA are FDA-approved, and PEG-PLGA copoly-
mers are non-toxic post-hydrolysis.[314] PEG-PLGA-coated NPs
are recognized as excellent drug carriers. Unlike unPEGylated
PLGA NPs, PEG-PLGA coated NPs demonstrate significantly en-
hanced immune tolerance.[317]

The creation of PEG-PLGA nanoparticles primarily employs
two main techniques: nanoprecipitation and double emulsion-
solvent evaporation.[279] These methods leverage the natural self-
assembly properties of PEG and PLGA under specific temper-
atures. Nanoprecipitation offers a straightforward approach for
producing nanoparticles with a narrow size distribution, re-
quiring minimal surfactant, producing minimal toxic byprod-
ucts, and enabling scalability. Eskandari et al. utilized the nano-
precipitation method to craft PEG-PLGA nanoparticles infused
with a manganese complex. The resulting nanoparticles exhib-
ited outstanding encapsulation and drug-loading efficiency, yield-
ing promising therapeutic effects against breast cancer stem
cells.[318] In the double emulsion-solvent evaporation method,
PEG, PLGA, and drug are added into an organic solvent, where
the evaporation of the organic solvent followed by filtration yields
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Figure 18. A) TEM images and energy dispersive X-ray analysis (EDAX) for PVA@MNPs. B) Magnetic characterization of MNPs and PVA@MNPs. C)
Specific loss power (SLP) of MNPs and PVA@MNPs. Reproduced with permission,[309] under a Creative Commons license CC BY 4.0.

drug-loaded PEG-PLGA NPs.[319] Fang et al. employed this ap-
proach to formulate PEG-PLGA NPs loaded with salidroside,
achieving remarkable entrapment efficiency through fine-tuning
the molar ratio of glycolic acid/lactic acid and the molecular
weight of PLGA. The resultant formulation exhibited minimal
polydispersity, elevated zeta potential, and demonstrated favor-
able release kinetics and cytotoxicity profiles in vitro. These find-
ings underscore the critical influence of composition and selec-
tion of raw materials on the performance of PEG-PLGA NPs.[320]

3.2. Natural Polymer Coatings

Significant research has been conducted on utilizing natural
polymers or biopolymers for nanoparticle surface coatings to
overcome the limitations of synthetic polymers, such as their
non-biodegradability and toxicity.[321] Derived from living or-
ganic matter, the most common natural polymers utilized in
biomedical applications include polysaccharides (alginate, chi-
tosan, dextran) and proteins (collagen, fibrin, gelatin).[322] The ad-
vantages of biopolymers include non-toxicity, chemical inertness,
biodegradability, and high biocompatibility.[323] The functional
groups present in these biopolymers, such as hydroxyl, amino,
and carboxyl groups, can be chemically modified to impart en-
hanced performance properties to the nanoparticles.[277,324]

One common natural polymer that has been extensively in-
vestigated for its use as a surface coating is chitosan. Chitosan
is a linear polysaccharide produced from the deacetylation of
chitin, a polymer found in the exoskeleton of crustaceans.[325]

Chitosan-coated nanoparticles have been employed in various
biomedical applications including wound healing, tissue engi-
neering, and drug and vaccine delivery.[326] Pham et al. developed
magnetic nanoparticles coated with a polymeric shell of chitosan
with active amino groups that could bind to curcumin, an anti-
cancer drug.[327] Chitosan confers many advantages to nanocar-
riers, including improved bioadhesive capacity, cellular uptake,
drug bioavailability, and controlled drug release.[325,326] The afore-
mentioned study determined that the maximum curcumin load-
ing time was 120 min and 70% of the drug was released after 2800
min in a phosphate buffer solution at a pH of 7.4 and a temper-
ature of 37 °C.[327] In another study, Bhumkar et al. developed

chitosan-coated gold nanoparticles for the transmucosal delivery
of an insulin peptide. With a 53% loading efficiency, there was a
30.41% and 34.12% reduction in the blood glucose levels of dia-
betic Wistar rats after 3 h with a dose of 10 IU kg−1 via oral and
nasal administration respectively.[328]

Another natural polymer that has gained significant interest in
recent years is gelatin, a protein derived from the partial hydrol-
ysis of collagen. Gelatin-coated nanoparticles have been widely
studied in drug delivery nanosystems, since gelatin can release
drugs at the target site in the presence of an internal or exter-
nal stimulus, such as pH, temperature, or irradiation.[329,330] A
study done by Gaihre et al. investigated the drug loading effi-
ciency of gelatin-coated magnetic nanoparticles and the release of
the drug in an acidic or basic medium.[331] Using doxorubicin as
the model drug, this study determined that the encapsulation ef-
ficiency of gelatin A and gelatin B coated nanoparticles was 41.9%
and 67.5% respectively, when the drug loading was done by des-
olvation. In the absence of an enzyme, 32% and 61% of the drug
was released in acidic and basic medium respectively, with an
extra 34% and 43% release in the presence of an enzyme. In an-
other similar study, Suarasan et al. developed gelatin-coated gold
nanospheres to act as a carrier for doxorubicin.[330] It was deter-
mined that ≈80% of the drug was released after 24 h at a pH
of 4.6, which corresponded to the acidic region of a tumor but
only 25% of the drug was released at a pH of 7.4 for the same
amount of time, indicating their stability at physiological pH.
These doxorubicin-loaded nanoparticles killed 39% and 48% of
MCF-7 breast cancer cells in vitro after 24 and 48 h respectively.

3.3. Cell Membrane Coatings

While synthetic techniques have improved the performances
of nanoparticles, their inherent complexity hinders them from
replicating intricate biological systems. Consequently, this has
motivated researchers to use biomimicry approaches as a guid-
ing principle in developing advanced nanoplatforms.[332–336]

Biomimetic coatings offer a promising avenue by emulating na-
ture’s mechanisms and interactions. Cell membranes, composed
of lipids, proteins, and carbohydrates, play vital roles in cellu-
lar functions like adhesion, signaling, and recognition. Coating
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particles with naturally derived cell membranes offers a promis-
ing biomimetic particle engineering approach, imparting specific
cell-like properties to nanoparticles.[337–340] Although synthetic
biomaterials mimicking cell membranes exist, they often fail to
fully replicate the complex structure and protein composition of
natural cell membranes. In contrast, coating particles with nat-
urally derived cell membranes presents a top-down design ap-
proach that overcomes this limitation.[341,342]

In 2011, Hu et al. showcased a groundbreaking advance-
ment by applying cell-membrane coating on nanoparticles, uti-
lizing membranes from red blood cells (RBCs).[343] RBCs pos-
sess an extended circulation lifespan, attributed to their abun-
dance of CD47 proteins on their surface. To obtain the RBC
membranes, the researchers lysed RBCs to create membrane
ghosts, which were then extruded to isolate the membranes.
These RBC membranes were subsequently coated onto poly-
meric nanoparticles via a co-extrusion technique. The resulting
RBC membrane-coated nanoparticles exhibited significantly pro-
longed circulation in mouse models, boasting an elimination
half-life of ≈40 h. This study underscored the potential of cell
membrane coating in nanoparticle functionalization for drug de-
livery and various biomedical applications, including photother-
apy, paving the way for numerous future avenues of research
and development.[146,344,345] Since then several cell membrane
coatings have been developed including cell membranes derived
from cancer cells, platelets, white blood cells, etc. However, in
this review, we will exclusively focus on RBC membrane-coated
NPs or Cm-NPs. Thus, compared to traditional polymeric coat-
ings like PEG, cell-membrane-coated nanoparticles (Cm-NPs) of-
fer an alternative strategy for engineering stealth nanoparticles,
potentially surpassing current approaches in effectiveness.

The preparation of Cm-NPs entails three primary steps: ex-
traction of membrane from natural cells, development of the in-
ner core nanocarriers, and the fusion process that brings the two
components together (figure 3 of ref. [346]).

3.3.1. Membrane Extraction

Cell-membrane consisting of phospholipids and surface proteins
are pivotal in various biological functions like transport and cell
recognition.[347] Gentle membrane extraction involves lysis and
purification methods tailored to cell types.[348] For nucleus-free
cells like mature RBCs and platelets, extraction involves hypo-
tonic treatment and freezing/thawing cycles. Eukaryotic cell ex-
traction, e.g., leukocytes and cancer cells, is more complex, in-
volving isolation, culture, and a combination of lysis, centrifuga-
tion, and washing steps.

3.3.2. Selection of Inner Core Nanocarriers

One of the integral parts of developing Cm-NPs is the selection of
inner core nanocarriers that serve as the payload to be delivered
to targeted solid tumors. Several materials like gold, iron oxide,
PLGA, or liposomes have been explored for encapsulation with
cell membranes.[349–356] The selection of the inner core nanocar-
rier should align with specific cargo delivery needs. Organic
nanocarriers composed of lipids and polymers like PLGA, are

FDA-approved due to their biocompatibility and high drug load-
ing capacity.[357] Liposomes, also widely used, have entered clin-
ical trials and received FDA approval for specific indications.[358]

Inorganic inner nanocarriers offer several advantages which in-
clude low cost, control over surface properties, and ease of syn-
thesis. They exhibit high-loading capabilities for cytotoxic reac-
tive oxygen species in applications like photodynamic therapy.

3.3.3. Membrane Fusion Process

To create Cm-NPs, the membrane and inner core nanocarriers
must be combined using a fusion process (Figure 19A). This
process allows the core to be enveloped by the cell membrane,
resulting in Cm-NPs. Currently, three fusion techniques have
been used which include, membrane extrusion, ultrasonic fu-
sion, and electroporation. Membrane extrusion and ultrasonic
treatment are predominant techniques. In membrane extrusion,
both the membrane and core are pushed multiple times through
a nanoscale porous membrane using a mini extruder. This me-
chanical process coats the NPs with the membrane effectively,
though it is challenging to scale up for large production.[359] Ul-
trasound fusion involves co-incubation of core and membrane
components and consequently subjecting them to the sonication
process. While this method can generate Cm-NPs, the resulting
particles may vary in size and are often associated with a high de-
gree of polydispersity index.[360] With rapid advancements in mi-
crofluidic technologies, a microfluidic electroporation approach
has been developed where components are mixed in a Y-shaped
channel and then subjected to electroporation.[361] With proper
optimization, this technique has shown promise in efficiently
and reliably generating Cm-NPs.

3.3.4. Photophysical and Biophysical Characterization of Cm-NPs

The assessment of Cm-NPs involves analyzing their physical and
biological traits to confirm the successful coating of cell mem-
branes onto NP. This includes evaluating NP size, surface charge,
and protein composition. The coating process alters NP size and
surface charge, which can be observed through particle character-
ization techniques. For instance, dynamic light scattering shows
an increase in hydrodynamic diameter for the Cm-coated NPs
compared to uncoated ones (Figure 19B,C). Correspondingly,
transmission electron microscopy (TEM) images typically show
a diameter increase of ≈10–20 nm in Cm-NPs compared to un-
coated ones (Figure 19D). Zeta potential measurements indicate
changes in surface potential before and after coating; for exam-
ple, in one study, the zeta potential increased by ≈10 mV after
coating with a red blood cell (RBC) membrane (Figure 19E). It
is also imperative to verify the biological functionality of the cell
membrane to ensure effective NP coating. Techniques like fluo-
rescence antibody staining (Figure 19G) Western blotting and dot
blotting (Figure 19H,I) have been used to confirm the presence
of specific surface proteins on coated NPs. For example, CD47,
a marker for RBC membrane, was detected on the surface of
RBC membrane-coated NPs (RBCM-coated Cm-NPs). Addition-
ally, SDS-PAGE analysis showed consistent protein levels across
different stages of NP fabrication, confirming the presence of
membrane proteins on RBCM-coated Cm-NPs (Figure 19J).
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Figure 19. Preparation of ligand-modified RBC-SPNs and their physicochemical, optical, and biophysical characterizations. A) Schematic illustration of
the RBC membrane extraction, lipid insertion with tumor-targeting peptides, and finally coating it onto SPNs. Hydrodynamic diameter measurements for
B) SPN1, RBC-FA@SPN1, and C) SPN2, RBC-cRGD@SPN2. D) Negative stained TEM images of SPN1 and RBC-FA@SPN1. E) 𝜁 potential measurements
and F) fluorescence emission spectra of SPN1, RBC-FA@SPN1 (Ex. 645nm) and SPN2, RBC- cRGD@SPN2 (Ex. 645nm). G) SPNs and RBC-SPNs were
stained with a fluorescent anti-CD47 antibody. H,I) Dot blot studies for different samples (RBC membranes, SPNs, RBC-SPNs) to show the presence
or absence of the CD-47 proteins. J) SDS-PAGE protein analysis by Coomassie blue staining of RBC membranes, SPNs, and RBC-SPNs with Mw as the
molecular ladder to show expression of CD-47 proteins. Reproduced with permission.[362] Copyright 2023, American Chemical Society.

In summary, the process of preparing and characterizing Cm-
NPs is well-established. As demand for these particles grows and
their applications expand, methods for their preparation are con-
tinually refined. Moreover, the variety of materials used for NP
cores is increasing, which expands the range of characterization
techniques available, including those utilizing ultraviolet and in-
frared spectra, to ensure consistency in Cm-NP preparation.

4. Polymer-Coated Nanoparticles for Theranostic
Applications

The nanoparticles to be used in biomedical fields should pro-
vide certain attributes depending on the specific application. For
those particles to be used as MRI contrast agents, in magnetic
hyperthermia or magnetic-based bioassays and sample enrich-
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ment processes, the nanoparticles should be able to respond to
externally applied magnetic fields efficiently. In this regard, su-
perparamagnetic nanoparticles able to provide high magnetic
moments upon application of magnetic fields are preferred be-
cause these particles completely demagnetize when the field is
removed. That provides additional advantages over other mag-
netic materials, including stability and lack of aggregation when
the field is removed. On the contrary, for applications where the
nanoparticles are going to be used to deliver drugs to tumors or
other unhealthy tissues, the controlled release at the target site is
key. In this regard, nanomaterials with enhanced targeting effi-
ciency and prolonged circulation times so that the particles can
be internalized by the cells of interest are pursued. Finally, for
photothermal therapy applications, materials with increased en-
ergy absorption and a plasmon resonance wavelength in the NIR
range are ideal. In general, for all the bioapplications discussed
in this work, the nanoparticles should have no toxicity and ex-
cellent biocompatibility. In the following, the main applications
of polymer-coated nanoparticles within the theranostic fields are
presented and the main attributes of the particles for each appli-
cation are thoroughly discussed to give an overview of the state
of the art.

4.1. Polymer-Coated MNPs for Magnetic Resonance Imaging
(MRI)

MRI is a bioimaging technique that is very effective in produc-
ing high-quality images of the human body’s internal organs.
Numerous diseases including organ inflammation or infection,
degenerative diseases, strokes, cancers, and other abnormali-
ties in human tissue or organs, can be treated with the help
of MRI.[363] The phenomenon of nuclear magnetic resonance
(NMR) which is frequently employed by chemists to determine
molecular structure, is the direct source of MRI. There is no re-
lation between NMR and radiation, so the term “nuclear” was
eliminated when the focus shifted to imaging to spare patients
from the concern of being irradiated.[364]

The basis of MRI is the interaction of a nucleus with a nuclear
magnetic moment, or “spin”, and an applied magnetic field. The
nuclei with nuclear magnetic moments that are best suited for
magnetic resonance detection are 1H, 31P, 13C, 15N, and 19F. The
most prevalent and most MRI-sensitive nuclei in the living sys-
tem are protons (1H). Since the proton, also known as the hy-
drogen atom, is the most common atom in the body and has a
magnetic field, almost all clinical MRI imaging is currently done
with the help of it.[365,366] When protons are present in biological
tissues, their inherent spin feature allows for a phenomenon that
is similar to a tiny magnet. Therefore, in the presence of an ex-
ternal magnetic field B0, a significant portion of the proton spins
align themselves parallel to the field, but a lesser portion aligns
themselves antiparallel. The system’s net nuclear magnetization
is established because of this separation in spin alignment. As
a result, the net magnetization vector (Mz) that is generated be-
cause of these aligned spins cumulatively aligns parallel to the
direction of the external magnetic field (B0). This alignment rep-
resents a state of balance in the system, in which most proton
spins align with the dominant magnetic field and help produce a
measurable magnetization vector along the same axis. This phe-

nomenon essentially clarifies the complex interaction between
the intrinsic magnetic characteristics of protons and the exter-
nal magnetic field, resulting in a net nuclear magnetization that
highlights the fundamental ideas behind MRI and its use in accu-
rately and faithfully probing the internal structures and dynamics
of biological entities (see Figure 20).

The spins precess about the axis of B0, which is generally inter-
preted as the z-axis, at a frequency proportionate to the strength
of the external magnetic field when tilted away from the magnetic
field. The Larmor frequency (W0) is defined as follows:

W0 = 𝛾B0 (6)

where 𝛾 is the gyromagnetic ratio, a constant with a characteris-
tic value of 42.58 MHz T−1 for protons, and W0 is the Larmor fre-
quency in MHz. The strength (T) of the external magnetic field is
represented by B0. The net magnetization keeps precessing un-
til it reaches its thermal equilibrium state after the RF pulse is
off.[365]

Two types of relaxations take place during this period: T1
(transverse or spin/spin) and T2 (longitudinal or spin-lattice). T1
and T2 are particularly useful for identifying the signal in MRI
because of their sensitivity to the type and quantity of tissue. This
tissue-dependency characteristic accounts for the superior soft-
tissue contrast of MRI.[367] Although MRI can detect and identify
tumors more clearly and quickly, clinicians may find it difficult to
distinguish between normal and malignant tissues due to the in-
trinsic low sensitivity of this test.[368] Therefore, contrast agents,
like MNPs, can be utilized to improve the clarity and precision of
images, helping physicians to identify abnormalities in tissues
or organs more accurately.[4] Contrast agents alter the water pro-
tons’ relaxation times, which alters the signal’s magnitude in the
bodily regions where they are incorporated, improving the qual-
ity of MRI pictures of tissues and organs. The rates of all the re-
laxation processes are often shortened by an MRI contrast agent;
however, each substance primarily affects one of them. T1, or pos-
itive, contrast agents mostly shorten the longitudinal component
of the magnetization’s relaxation time, whereas T2, or negative,
contrast agents primarily shorten the transverse component’s re-
laxation time.[369]

4.1.1. T1 Contrast Agents

Positive contrast agents, also referred to as T1 agents, generally
enhance the longitudinal (or spin-lattice) relaxation rates of wa-
ter protons in tissue more than the transverse (or spin-spin) re-
laxation rates (1/T1). Depending on the biological system, the
T1 relaxation time is not constant. T1 contrast agents, which
distinguish between fat and water by giving fat a brighter con-
trast and water a darker contrast, can be used to create positive
imaging.[368] The majority of T1 contrast agents contain param-
agnetic metal ions, which need to have the ability to reduce T1.
With its high paramagnetic moment (7 unpaired electrons), the
lanthanide Gd3+ is the most widely used ion that meets this re-
quirement. Due to their strong magnetic moments, the transition
metal ions Mn2+ and Fe3+ are also effective T1 contrast agents
but the free metal ions must be coordinated with a protective
chelate because the majority of free metal ions are harmful to
living tissue.[370]
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Figure 20. Illustration of the following: a) proton alignment in a magnetic field; b) precession along the z-axis. c) graphical representation of T1 relaxation
and T2 relaxation.

4.1.2. T2 Contrast Agent

Transverse magnetization resulting from interactions between
nearby hydrogen nuclei’s magnetic fields is lost because of T2
relaxation. It is a loss of phase coherence inside the spin system
rather than an energy loss mechanism like T1. Spin-spin relax-
ation, another name for this process, results in the dephasing of
the tissue’s magnetic moments and the breakdown of transverse
magnetization.[367]

The most used MRI technique for distinguishing fat from wa-
ter is T2-weighted imaging, which shows fat as having a darker
contrast and water as having a brighter contrast. T2 contrast
agents enable darker images of the regions of interest as well as
negative contrast augmentation.[363]

For example, Ali et al. investigated the efficacy of multi-
functional polymer-based SPIONs, commonly referred to as
bio-ferrofluids, serving as a T2 magnetic resonance contrast
agent.[371] Their study also delved into the uptake mechanisms
and potential toxicity of these nanoparticles in liver tissues.
The synthesis of bio-ferrofluids followed a co-precipitation ap-
proach via a polymeric pathway. Initially, maghemite/poly(4-vinyl
pyridine) (P4VP) nanocomposites were synthesized, and subse-
quently, they underwent coating with a hydrophilic polymer, PEG
acrylate (PEGA). Figure 21A,B displays the findings of the TEM
(13.08 ± 2.33 nm) and DLS (163 nm) and the characterization of
bio-ferrofluids. The T2 and T1 relaxation times were measured
for both Endorem (one of the most widely marketed SPION agent
products) and bio-ferrofluids. For Endorem, the r2 value stood at
113.99 ± 11.08 mm s−1, while the corresponding r1 value was
2.11 ± 0.21 mm s−1. In contrast, for bio-ferrofluids, the r2 value
was recorded at 82.8 ± 8.28 mm s−1, with an r1 value of 0.45 ±
0.05 mm s−1. These findings suggest that bio-ferrofluids exhibit
transverse relaxivity either lower than or, at most, comparable to
Endorem (see Figure 21C).

To assess the efficacy of bio-ferrofluid as a contrast agent (CA)
relative to Endorem under steady-state conditions, T2*-weighted
images of the brain were acquired pre- and post-injection of
both agents at a dose of 23.5 mg Fe kg−1 body weight. Initially,
the brain vasculature exhibited clarity in the pre-injection im-

ages (Figure 21D: d1,d5). After the injection of bio-ferrofluids
and Endorem, there was a significant drop in signal intensity
(SI) (Figure 21D: d1,d6). This drop was accompanied by a hy-
pointense (darkening) of the cerebral vasculature, which is a
sign that the CAs were in circulation. After 2 h of injection,
the mouse given Endorem showed hypointense brain vascula-
ture (Figure 21D: d3), whereas the brain vasculature (Figure 21D:
d7) cleared bio-ferrofluids from circulation. Furthermore, an in
vivo study’s findings showed that bio-ferrofluid does not have any
harmful effects on liver tissue and stays in the liver longer than
Endorem—up to 30 days after injection.

4.1.3. Dual (T1/T2) Contrast Agent

Single-mode T1 or T2 MRI images often present limitations,
particularly in accurately identifying tumors. For instance, T1-
weighted images may exhibit signal strength loss owing to
the presence of fat, while T2-weighted images can lead to po-
tential confusion between tumors and signals from bleeding
or calcification. Magnetic resonance artifacts, characterized by
bright or dark signals, frequently stem from endogenous factors
prevalent within disease lesions, complicating precise diagnos-
tic interpretation.[372,373] Consequently, by leveraging the com-
plementary advantages of both imaging modes, these contrast
agents offer the potential to overcome the shortcomings associ-
ated with single-mode imaging, thereby improving diagnostic ac-
curacy, and are mostly used in clinical settings when some of the
in vivo artifacts are present.[372,374,375]

4.2. Polymer-Coated MNPs for Magnetic Hyperthermia Therapy

One of the acknowledged therapeutic techniques for cancer, in
addition to surgery, radiation therapy, chemotherapy, gene ther-
apy, and immunotherapy, is hyperthermia, commonly referred to
as thermal therapy or thermotherapy. Using external heat sources
entails elevating the body’s temperature or the temperature of
a particular location above the organism’s normal threshold.[376]
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Figure 21. A) Transmission electron microscopy images of maghemite MNPs in the bio-ferrofluid. B) DLS size distribution of hydrodynamic size in the
bio-ferrofluids sample. C) Comparative study of bio-ferrofluids and Endorem’s transverse relaxation rates (c1) and longitudinal relaxation rates (c2). D)
T2*-weighted pictures of the cerebral vasculature in a mouse before (d1 and d5), 5 min (d2, d6), and 2 h (d3, d7) following injections of bio-ferrofluids
(bottom panel) and Endorem (upper panel). The rCBV maps for bio-ferrofluids and Endorem are displayed in (d4) and (d8), respectively. Reproduced
with permission,[371] under a Creative Commons license CC BY 4.0.

Elevated tissue temperatures, usually between 40 and 45 °C, are
used in hyperthermia to alter the microenvironment of the tumor
and normal tissue. In cancer treatment, the goal of hyperthermia
is to minimize damage to healthy tissue while fostering an envi-
ronment that is favorable for the removal of tumors.[377]

Depending on the extent of the cancerous region being treated,
hyperthermia can be classified into three basic categories: whole-
body, regional, and local. Heat is administered to the entire
body using a variety of techniques in the whole-body hyperther-
mia method, including hot water blankets, electric blankets, and

hot wax. Using external applicator arrays and regional perfu-
sion, heat is administered to an organ or area of the body in
the regional hyperthermia method. When a superficial cancer is
present, applicators that are inserted inside the targeted region
or put at the surface or beneath its skin produce electromagnetic
waves such as radio waves, microwaves, and ultrasonic waves,
which are then used to provide heat to small tumor patches. This
process is known as local hyperthermia.[378] Nevertheless, despite
these approaches, efficiently managing the heat’s spatial distribu-
tion within tissue continues to be a formidable obstacle.[379]
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Figure 22. Schematic diagram of A) magnetic hyperthermia-based treatment along with the process of B) magnetic (Néel and Brownian) relaxations. A)
Reproduced with permission.[384] Copyright 2018, Springer International Publishing AG. B) Reproduced with permission.[385] Copyright 2019, Springer-
Verlag GmbH Germany, part of Springer Nature.

Indeed, to address the challenge of controlling the spatial
distribution of heat within tissue, magnetic hyperthermia has
emerged as a widely utilized approach. Magnetic hyperthermia
is a therapeutic technique that utilizes MNPs, typically composed
of materials like iron oxide, to generate heat when exposed to an
alternating magnetic field generated by radio frequency (RF) in-
duction coils, as shown in Figure 22A. This localized heating ef-
fect can be harnessed to selectively target and destroy cancer cells
while minimizing damage to surrounding healthy tissue.

When MNPs are subjected to alternating magnetic fields, four
distinct mechanisms—hysteresis, eddy current, Néel or Brow-
nian relaxation, and frictional losses—can all work to produce
heat inside the therapeutic system.[378,380] Superparamagnetic
nanoparticles, however, exhibit strong Néel or Brownian relax-
ation. The influence of each factor varies significantly, contin-
gent upon nanoparticle size, shape, crystalline anisotropy, and
the extent of nanoparticle aggregation or agglomeration.[380–382]

Heat is produced as a result of domain walls shifting due to
the oscillation of the magnetic moment. After the magnetic field
is removed, the magnetic moments relax either because of the
Néel relaxation occurring within each particle or because of the
Brownian relaxation occurring as each particle rotates about its
axis.[383] Heat is produced in nanoparticles by the rotation of each
particle’s magnetic moment in opposition to an energy barrier.
It’s known as Brownian relaxation when the particle rotates be-
cause of the surrounding fluid’s shear stress, which transfers
thermal energy. On the other hand, Néel relaxation—which re-
leases thermal energy through atomic dipole rearrangement in-
side the crystal—occurs when the particle stays stationary while
its moment rotates (see Figure 22B).

Both systems can function simultaneously, and how they
contribute will depend on the timelines at which they take
place.[381,386,387] The Néel and Brownian relaxation times, 𝜏N and
𝜏B, respectively, are typically represented by:

𝜏B = 3𝜂VH∕kBT (7)

𝜏N = 𝜏0 e(KVM∕kBT) (8)

where attempt time, anisotropy constant, MNPs primary volume,
Boltzmann constant, temperature, solvent viscosity, the hydrody-
namic volume of MNPs, and temperature are represented by the
variables 𝜏0, K, VM, kB, T, 𝜂, and VH, respectively. According to
Rosensweig, the Néel and Brownian relaxations happen simulta-
neously, and the effective relaxation angular frequency is:

𝜔eff = 1∕𝜏eff = 1∕𝜏N + 1∕𝜏B (9)

This is the inverse of effective relaxation time.
It can be said that relaxation with the shortest characteristic

time drives the heating. At specific frequencies and amplitudes
of the alternating magnetic field, the SLP, or specific absorp-
tion rate (SAR), stands for normalized characteristics that enable
us to evaluate and quantify the efficiency of a given material to
convert electromagnetic energy into heat. As per the well-known
Rosensweig equation, the heat loss of a magnetic hyperthermia
test conducted on a ferrofluid will depend on two factors: a) the
frequency and strength of the magnetic field, and b) the physical
properties of the ferrofluid, including the solvent viscosity, parti-
cle size distribution, magnetic anisotropy energy constant of the
magnetic core, and the magnetic and hydrodynamic radius of the
MNPs. In an experimental setting, the SAR (W g−1) is computed
using the formula below:

SAR = CΔT∕mΔt (10)

where C represents the specific heat capacity of the
medium, which is assumed to be equivalent to that of wa-
ter (4185 J L−1 K−1). The concentration of the transition metal
of interest (g L−1) in the magnetic material solution is denoted
by m. The slope of the initial linear section of the temperature
versus time curve, represented by ΔT/Δt, indicates the rate of
change of temperature over time.

Liu et al. reported the synthesis of ferrimagnetic vortex-domain
structure (FVIOs) by thermal phase transformation of alpha-
Fe2O3 nanorings (NRs).[388] As can be seen in Figure 23A,B, these
FVIOs show an average outer diameter of 70 nm, heights of 50
nm, and an inner-to-outer diameter ratio of ≈0.6. The cell vi-
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Figure 23. A) SEM image of FVIOs. B) TEM image of FVIOs dyed with ruthenium tetroxide (RuO4) to obtain a sufficient contrast for surface coating
mPEG layer. C) Cell viability of MCF-7 cancer cells subjected to magnetic hyperthermia with FVIOs and Resovist. D) Dosage dependence of cell viability for
MCF-7 cells treated with magnetic hyperthermia using FVIOs and Resovist. E) Immunofluorescence images of MCF-7 cells after treatment with Resovist,
FVIOs, AC field, Resovist + AC field, and FVIOs + AC field. The untreated group is the blank control. F) Nude mice xenografted with breast cancer cells
(MCF-7) before treatment (upper row, dotted circle) and 40 days after treatment (lower row) with the untreated control, Resovist hyperthermia, and
FVIOs hyperthermia, respectively. G) Plot of tumor volume (v/v initial) versus days after treatment with FVIOs hyperthermia, Resovist hyperthermia,
and untreated control. Reproduced with permission.[388] Copyright 2015, WILEY-VCH.

ability of MCF-7 breast cancer cells treated with magnetic hy-
perthermia after being incubated with FVIOs or Resovist is de-
picted in Figure 23C–E. After being treated with heat for 10 min
(Figure 23F,G), FVIOs showed a notable cytotoxic effect with a
significant loss in cell viability to only 16%. FVIOs’ good biocom-
patibility makes them attractive as bio-magnetic materials for the
development of diverse heat-inducing nanoagent systems, which
could eventually provide a secure and efficient therapeutic option
for a variety of malignancies.

4.3. Polymer-Coated MNPs for Sample Enrichment and
Bioassays

Novel techniques involving polymer-coated MNPs have been de-
vised for the isolation of diverse cell populations, including rare
ones such as circulating tumor cells (CTCs).[389] These cells, orig-
inating from primary tumors and circulating in the peripheral
bloodstream, are crucial targets for cancer detection and their
isolation from blood is challenging due to their low number.[390]

Their analysis offers valuable insights into their biological prop-
erties and provides essential data regarding the primary tumor
cells. Various particle-based approaches have been suggested for
enriching CTCs, with positive enrichment through immuno-
magnetic separation emerging as one of the most widely uti-
lized methods.[391] This technique boasts significant advantages,

including easy manipulation, high capture efficiency, and speci-
ficity.

Polymer-coated MNPs exploit the advantageous combination
of magnetic separation and target-specific binding to effectively
enrich CTCs. The polymer coating plays a pivotal role by stabi-
lizing the magnetic core, furnishing a biocompatible surface for
functionalization, and influencing target specificity. The opera-
tional mechanism of polymer-coated MNPs in CTC enrichment
entails their functionalization with ligands capable of binding
to CTC-specific markers, such as antibodies,[392] aptamers,[393]

or other targeting biomolecules, chosen according to the expres-
sion profile of CTC surface antigens.[394] Upon introduction into
a blood sample, these functionalized MNPs selectively adhere to
CTCs through receptor-ligand interactions. Subsequent applica-
tion of an external magnetic field facilitates the swift and effi-
cient separation of CTC-bound MNPs from the majority of blood
cells.[395] This magnetic manipulation enables the isolation and
enrichment of CTCs with minimal contamination from normal
blood cells, thereby enhancing sensitivity and specificity in down-
stream analyses.

A variety of synthetic and natural polymers are utilized as
coatings, each presenting distinct advantages and considera-
tions. Synthetic polymer coatings, such as PEG,[396] PDA,[397]

and polyvinylpyrrolidone,[398] offer remarkable stability and bio-
compatibility. They effectively reduce nonspecific interactions
and immunogenicity, while their properties can be customized
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Figure 24. Diagram depicting the utilization of MNPs enveloped in a
hydrogel linked with anti-EpCAM for isolating and retrieving CTCs fol-
lowing the implementation of a magnetic framework. Reproduced with
permission,[403] under a Creative Commons license CC BY 4.0.

to enhance the surface characteristics of MNPs for specific
biomedical applications. On the other hand, natural polymers
like chitosan,[399] alginate,[400] and dextran[401] provide both bio-
compatibility and functional groups suitable for bioconjugation
with targeting ligands. These polymers create a biomimetic envi-
ronment conducive to CTC capture, thus minimizing adverse ef-
fects on cell viability and functionality. The selection of a polymer
coating depends on numerous factors, including desired surface
chemistry, compatibility with targeting ligands, and application-
specific needs. It is imperative to optimize polymer-coated MNPs
to achieve robust and efficient CTC enrichment, thereby expand-
ing their potential applications in cancer research and clinical di-
agnostics.

For instance, Wang et al. explored the utilization of polymer-
coated MNPs for capturing and isolating CTCs (Figure 24).[402]

They designed MNPs with a hydrogel coating aimed at prevent-
ing nonspecific cell adhesion. Functionalization of the hydro-
gel layer involved covalently linking an anti-epithelial cell adhe-
sion molecule (anti-EpCAM) antibody to the carboxyl group of
methacrylic acid (MAA). This antibody is specifically bound to
their model CTCs, characterized by high expression of EpCAM
(MCF-7 cells), thereby exhibiting significant potential for sepa-
rating CTCs from test samples using a magnetic scaffold. To fa-
cilitate the separation process, a glutathione (GSH) solution was
employed to disrupt the disulfide bonds in the hydrogel matrix,
effectively dissociating the MNPs from the CTCs and ensuring
over 95% CTC viability post-separation.[403]

Besides CTC isolation for cancer applications, polymer-coated
MNPs have other applications as enrichment agents. For in-
stance, there is a growing demand for developing bioassays with
higher sensitivity, which is currently a major limitation of cur-
rent systems. One emerging platform for bioassays is magnetic
nanoparticle spectroscopy (MPS). First reported in 2006, MPS is
a technology stemming from magnetic particle imaging, a nonin-
vasive tomographic technique.[404,405] Under the influence of an
oscillating magnetic field (magnetic drive field), MNPs are pe-
riodically saturated.[13,249,406,407] The two different modalities for
the magnetic drive field include the mono-frequency drive field
and dual-frequency drive; the mono- or dual- refers to the num-
ber of magnetic drive fields generated.[249,407–412] MPS measures
the dynamic magnetization of periodically saturated MNPs that

encompasses the drive field frequency and a series of harmonic
frequencies. Since there are negligible harmonic signals from the
non-magnetic or paramagnetic biological samples, the harmonic
signals are only associated with the MNPs present in the sample.
There is a modification in the dynamic magnetic response when
the target analytes are captured by the MNPs, and the amplitudes
of the higher harmonic frequencies can be utilized to quantify the
concentration of target analytes in a biological sample. The enti-
ties to be measured are the MNPs linked to the molecule/cells.
Once these are detected/measured, the molecule/cells can be
quantified accordingly.

Polymer-coated MNPs are one of the preferred tracers for
MPS, as they are biocompatible, biodegradable, chemically sta-
ble, and superparamagnetic.[407] In a study conducted by Horvat
et al., MNPs were coated with a cross-linked polymer, a polox-
amer modified with acrylate groups conjugated to the thiol func-
tionalized poly(glycidol)s; the cross-linked polymer-coated MNPs
improved the signal intensity in MPS.[413] Since the purpose of
MPS-based assays is to measure the change in magnetization
based on the binding between the MNPs and biological analytes,
polymers, such as polysorbate 20 or Tween 20, can act as surfac-
tants to prevent nonspecific binding by disrupting non-specific
hydrophobic interactions. Overall, the polymer coating directly
impacts the behavior, stability, and functionality of the MNPs in
MPS.

Ever since the inception of MPS, rapid and highly sensitive
MPS-based bioassays have been developed to capture specific
biochemical analytes. Two different types of bioassay platforms
have been reported, including surface- and volumetric-based as-
says (Figure 25A,C). For the surface-based assays, functionalized
MNPs are bound to a target analyte captured on a chemically
modified reaction surface (substrate) through a specific antigen-
antibody sandwich assay structure.[249,414] The dynamic magnetic
responses correspond to the Néel relaxation time, which cor-
responds to the bound, stationary MNPs’ internal rotation of
the magnetic moment within the particle core, as shown in
Figure 25B.[415] The concentration of the bound MNPs has a di-
rect proportion to the concentration of the target analytes in the
solution and the amplitude of the harmonic signals.[249] It has
been reported that surface-based MPS assays have been utilized
to detect various biological analytes including viruses, drugs, and
toxins. However, surface-based assays rely on the spatial separa-
tion of the surface receptors on the target analytes and multiple
washing steps to remove the unbound analytes and MNPs, mak-
ing them unsuitable for field applications.

In a volumetric-based assay, functionalized MNPs capture
the biomolecule to be measured via specific recognition of sur-
face receptors on the target analyte, such as antigen-antibody
binding.[410,416–418] MPS detects the changes in the magnetiza-
tion of freely rotating MNPs in solution before and after bind-
ing to the target analyte. The dynamic magnetization is domi-
nated by the Brownian relaxation process, which corresponds to
the physical rotation required to align the MNP’s magnetic mo-
ment with the direction of the applied magnetic field.[415] One
major parameter affecting the Brownian relaxation time is the
hydrodynamic size affected by the polymer coating’s thickness,
as this influences the particle-particle interactions.[13] Once the
target analytes are captured by the MNPs, clustering of the MNPs
occurs, which increases the hydrodynamic diameter of the MNPs
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Figure 25. Illustration of the mechanisms of volumetric- and surface-based MPS bioassays. Panels (A) and (C) are schematic views of surface- and
volumetric-based MPS assay methods, respectively. B) Schematics of dynamic magnetic relaxations. Reproduced with permission.[249] Copyright 2022,
IOP Publishing Ltd.

and subsequently a significant change in the Brownian relaxation
time and the dynamic magnetization of the MNPs in the mag-
netic drive field.[406,410] In the MPS spectra, there is a larger phase
lag and lower harmonic amplitudes can be observed in the MPS
spectrum, indicating weaker dynamic magnetic responses of the
MNPs, which can be used to quantitively measure the concentra-
tion of the captured analytes and the reaction kinetics.[418] This
phenomenon can be exploited for the detection of target ana-
lytes at ultra-low concentrations in a rapid, sensitive, wash-free
volumetric-based assay.

Zhong et al., developed a volumetric-based MPS assay to detect
SARS-CoV-2-spike protein-coated polystyrene beads (mimic viral
particles) captured by 80 nm MNPs coated with protein A conju-
gated to the spike protein antibodies with a limit of detection of
0.084 nM.[418] In the absence of the mimic SARS-CoV-2 particles,
the amplitudes of the produced harmonic signals were strong,
as the MNPs were freely moving in solution. In the presence of

the SARS-CoV-2 particles, there was a significant decrease in the
amplitudes of the harmonic signals. Other than the SARS-CoV-
2 virus, volumetric-based MPS assays have been reported to de-
tect the H1N1 virus, hormones, cytokines, thrombin, and DNA
aptamers.[249]

4.4. Polymer-Coated AuNPs for Photothermal Therapy

Over the past twenty years, innovative methodologies leverag-
ing nanotechnologies have revolutionized cancer treatment,
encompassing drug delivery,[419] phototherapy,[420,421] and
immunotherapy.[422] Among these, photothermal therapy stands
out as a straightforward, highly efficient, and low-toxicity method
for combating cancer. It hinges on the use of photothermal
agents to harness light energy and convert it into heat, thereby
inducing the death of cancerous cells. In contrast to alternative
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Figure 26. A) Illustration showing the employment of photothermal therapy involves the delivery of NPs into tumors, followed by laser irradiation to
induce NP heating leading to cancer cell death. B) Traditional PEG- or ligand-modified NPs distribute non-specifically throughout the body, and low tumor
accumulation may lead to insufficient PTT effects. C) Coating photoresponsive NPs with cell-derived membranes enhances their tumor accumulation,
increasing the efficacy of PTT upon light irradiation. Reproduced with permission,[427] under a Creative Commons license CC BY 4.0.

techniques, light stands out as an optimal external trigger due
to its simple regulation, precision, and remote manipulability.
This ease of adjustment and command facilitates more precise
treatments, resulting in reduced harm to surrounding healthy
tissues.[423] Nevertheless, when it comes to photodynamic
therapy using either laser or visible light, its effectiveness is con-
strained by the limited depth of light penetration.[424] However,
NIR light, falling within the wavelength range of 800 nm – 1200
nm, boasts significantly enhanced body transparency, making it
the preferred choice for photothermal therapy which primarily
operates by elevating the temperature within tumors.[425]

While AuNPs have been widely utilized in photothermal ther-
apy, specific characteristics are imperative for them to be con-
sidered ideal candidates. Firstly, AuNPs must exhibit excellent
dispersibility in aqueous solutions, coupled with an appropri-
ate size and uniform shape. Additionally, these nanoparticles
should ideally have a plasmon resonance wavelength within
the NIR range of 650 nm – 950 nm to minimize harm to ad-
jacent healthy tissues,[426] while ensuring adequate photother-
mal efficiency. Furthermore, they should demonstrate minimal

to no cytotoxicity when introduced into living systems. Finally,
AuNPs have simple chemical modification procedures that al-
low their shape and size to be tuned with ease, which allows
the tuning of the plasmon absorption peak and results in en-
hanced photothermal conversion efficiency. Presently, polymer-
coated AuNPs stand out as the preferred agents for enabling pho-
tothermal therapy, such as polyaniline and PDA-coated AuNPs.
This preference stems from their superior biodegradability and
biocompatibility, combined with significant photothermal effi-
ciency. Figure 26 demonstrates the utilization of polymer-coated
AuNPs in this process and the subsequent release of drugs upon
irradiation.[427] During this procedure, AuNPs are administered
to target the tumor site, where they accumulate. Following this,
an external laser, calibrated to coincide with the peak plasmon
resonance/absorbance wavelength of the AuNPs, is directed at
the tumor area (Figure 26A,B). The laser irradiation prompts
the nanoparticles to produce heat, causing irreversible harm to
cancer cells in the vicinity of the tumor tissue. Polymer-coated
AuNPs exhibit superior tumor delivery and therapeutic outcomes
compared to traditional ligand-modified AuNPs (see Figure 26C).
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Polyaniline stands as a venerable choice among conducting
polymers for photothermal therapy applications, renowned for its
affordability, impressive conductivity, and remarkable mechani-
cal flexibility. Polyaniline-coated nanoparticles were initially sug-
gested for photothermal therapy by Huh et al. in 2011, who syn-
thesized these particles through a chemical oxidation polymer-
ization process, resulting in the formation of emeraldine salt.[428]

Later, their thermogenic properties were meticulously evaluated
through in vitro experiments.

In contrast, PDA a naturally occurring polymer, exhibits
well-defined biodegradation properties without inducing adverse
effects.[429] Initially investigated by Liu et al., PDA-coated entities
emerged as a promising candidate for photothermal therapy.[430]

These authors devised dopamine-melanin colloidal nanospheres
via the oxidation and self-polymerization of dopamine within a
blend of water, ethanol, and ammonia under ambient conditions.
Melanin, a naturally existing biopolymer, serves various roles in
living organisms, such as thermoregulation and shielding from
ultraviolet harm.[431]

PDA has been utilized in several cases to boost compatibility
with living tissues and add hyperthermic capabilities to inorganic
materials, resulting in a multifunctional approach. For instance,
iron oxide nanoparticles have been coated with PDA in a couple
of works, yielding multifunctional particles capable of being tar-
geted by a magnetic field, thus enhancing photothermal therapy
for cancer.[432] Similarly, in other research studies, Au NRs, which
are considered effective photothermal agents, have been coated
with PDA to further amplify their photothermal efficiency.[433]

Consequently, surface modification using PDA is acknowledged
as an effective strategy for improving the compatibility of non-
biodegradable substances.[434]

4.5. Polymer-Coated AuNPs for Drug Delivery

Controlled drug release strategies utilize three key approaches:
i) triggered release of cargo via light, triggered release of cargo
in the presence of a reductant, and triggered release of cargo
due to a change in pH levels in an intracellular environment.
AuNPs offer versatility due to their facile surface modification
and nanostructure size manipulation capabilities. Surface mod-
ification of AuNPs with ligands such as PEG, monoclonal anti-
bodies, proteins, peptides, small biomolecules, or very recently,
cell-membrane coatings have proven to be essential in enhanc-
ing their overall targeting efficacy to deliver therapeutics. PEG
coating and very recently, cell membrane coating[362] have been
shown to improve and prolong circulation times of nanocar-
riers in blood, leading to increased cellular internalization
(Figure 27A–D), cargo accumulation at tumor sites, and spec-
troscopic tracking of delivery of therapeutics.[435,436] Other lig-
ands like monoclonal antibodies,[437] proteins,[438] peptides,[439]

and small biomolecules[440] have been shown to improve their
tumor targeting and uptake performances. For instance, folate-
mediated AuNPs loaded with doxorubicin (DOX) show en-
hanced cellular internalization and better therapeutic perfor-
mances compared to non-folate counterparts.[441] Additionally,
AuNPs can serve as a thermal source for NIR-triggered thermos-
responsive release, leveraging the photothermal effect. Nano-
engineering allows for the creation of porous and hollow struc-

tures in AuNPs, thereby providing ample surface area and large
inner cavities for efficient adsorption and loading of various small
molecules nanotherapeutics, and macromolecules, enhancing
their utility in drug delivery systems.

AuNPs, particularly AuNVs with hollow structures, can be trig-
gered for controlled release under external stimuli like NIR light
and/or ultrasound. AuNVs have been demonstrated to seam-
lessly integrate with liposomes and mesoporous silica for drug
loading and controlled release.[442,443] Chemotherapeutic drug
DOX tethered onto AuNPs with a PEG spacer[444] effectively en-
ters tumor cells and releases them in acidic environments, over-
coming multidrug resistance. AuNPs act as fluorescence probes,
monitoring DOX release via fluorescence recovery. AuNRs func-
tionalized with siRNA silence key genes involved in tumor metas-
tasis. Au nanospheres deliver therapeutic oligonucleotides with
NIR-triggered controllable release.[445] AuNCs with hollow inte-
riors and porous shells serve as carriers for drug/gene delivery,
with specific recognition of cancer cells and accelerated release
under NIR illumination.

The varying pH conditions found in solid tumors com-
pared to normal, healthy tissues, coupled with the acidic be-
havior of lysosomes and endosomes, present a prospective
target for the development of pH-sensitive drug release sys-
tems. Reductant-triggered release systems exploit glutathione
(GSH) as a main reductant in intracellular environments, achiev-
ing a controlled drug release through thiol-disulfide exchange
reactions.[446] Light-triggered release methods utilize AuNPs’
surface plasmon resonance absorption for NIR light, enabling
photothermal conversion and controlled drug release.[447] Yavuz
et al. demonstrated the NIR light-triggered release of DOX from
AuNPs-based delivery systems, utilizing the photothermal effect
to expose pores and release the drug.[448] Integration of AuNPs’
properties with other therapeutic options enables targeted deliv-
ery, controlled release, multimodal imaging, and enhanced ther-
apy efficacy, representing a core strategy for therapy design.

5. Challenges and Biosafety Discussions

The use of nanoparticles in biomedical applications presents a
complex array of challenges, spanning from synthesis method-
ologies to functionalization strategies and considerations of bio-
compatibility. Chemical synthesis methods often face issues re-
lated to reproducibility and scalability, while physical approaches
may encounter difficulties in controlling particle size distribu-
tion and crystallinity. Biological synthesis routes, though promis-
ing due to their environmentally friendly nature, often struggle
with yield, purity, and the precise tuning of particle properties. In
this context, the establishment of standardized protocols for the
reproducible synthesis of nanoparticles with consistent physico-
chemical properties across batches is crucial. Variations in par-
ticle characteristics can significantly impact their performance
in various biomedical applications, such as imaging, biosensing,
hyperthermia, and drug delivery. A standardized framework for
synthesis and characterization would not only enable compar-
isons between different studies but also accelerate the translation
of nanoparticles from laboratory research to clinical applications.

One of the major applications of nanoparticles within
biomedicine is the development of novel cancer therapies.
Among them, drug delivery using nanoparticles to carry ther-
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Figure 27. Development of cell-membrane coated AuNPs for spectroscopic detection of metastatic tumor cells and nanotherapeutics delivery into tumor
cells. A) Schematic depicting the targeting and spectroscopic detection of 𝛼𝜈𝛽3 expressing cancer cells using biomimetic and tumor-targeted AuNP-
RBCM@cRGD. B) Dark-field microscopy images of MDA-MB231 cells incubated with PBS 1×, AuNP-RBCM, and AuNP-RBCM@cRGD, respectively. C)
Raman spectra of control cells, AuNP-PEG, AuNP-RBCM, and AuNP-RBCM@cRGD treated MDA-MB231 cells after overnight incubation. Each sample
contains NP cell suspensions dispersed in PBS. Spectra were acquired at a laser power of 200 mW and an integration time of 2 s. D) Normalized
Raman intensity of 1) AuNP-RBCM and 2) AuNP-RBCM@cRGD treated cells at 1205 cm−1 Raman peak. MDA-MB231 and PANC-1 were selected as
representative cell lines with and without cRGD-targeted receptors, respectively. Reproduced with permission.[146] Copyright 2022, American Chemical
Society.

apeutics to the target tumor has been pursued by multiple re-
search groups. Nanoparticle-based drug delivery systems offer a
multitude of benefits compared to the ones conventionally used
in clinics. Some of these benefits include improved bioavailability
of drugs, delivery efficacy, tumor-specific targeting attributes, and
prolonged blood circulation. Owing to their unique attributes, a
new era has thus begun to develop novel nanoengineering ap-
proaches to modulate nanosized systems of MNPs or AuNPs and
others to achieve more controlled nanotherapeutics delivery sys-
tems. However, despite the added advantages of such nanoscale
platforms, concerns about preparations and applications of such
systems still need to be addressed. For this application, it should

be noted that nanoparticles enter the biological environment of
living systems, interacting with biomolecules such as proteins,
lipids, etc. as they navigate toward the diseased microenviron-
ment. However, if not catered to meticulously, nanoparticle at-
tributes such as their size, surface charge, or chemical composi-
tions can inadvertently trigger adverse effects instead of intended
benefits, particularly in in vitro or in vivo systems.

One of the seminal advantages of nanoparticle carriers
(nanocarriers) over conventional drug delivery platforms such
as chemotherapeutics, is that they play a crucial role in reduc-
ing side effects and potential toxicity of drugs on healthy cells.
However, depending on their physicochemical properties, these
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carrier systems have the potential to be damaging and toxic.
The chemical composition of the nanoparticles is one of the
primary factors that determines their toxicity as a carrier. The
widespread integration of nanoparticles in various aspects of our
daily lives is largely due to the rapid growth of the nanotechnol-
ogy industry. While some of these materials serve medical pur-
poses, they can also pose risks to human health, especially when
introduced into the body’s systems, particularly the lungs. Ad-
verse effects resulting from nanoparticle exposure may include
inflammation, oxidative stress, fibrosis, and genotoxicity, which
can contribute to pulmonary diseases and injuries in other tis-
sues. Hence, it is imperative to carefully assess the potential
harmful effects of nanomaterials, especially when they are in-
tended for use in therapeutic applications. This consideration
is vital to ensure the safety and efficacy of nanoparticle-based
therapies.

The surface-to-volume aspect ratio for nanoparticles is another
attribute that allows the distinction of their properties when com-
pared to their bulk counterparts. Changes in aspect ratio directly
influence size-dependent properties such as reactivity, diffusion,
and distribution.[449,450] Nanoparticles exhibit distinct traits in a
biologically relevant milieu based on their hydrodynamic diam-
eter (size). Nanoparticles less than 10 nm are swiftly eliminated
from the circulatory system following systemic administration,
while those with sizes ranging from 100 to 200 nm remain in
circulation for longer periods. Additionally, different sizes corre-
spond to varying levels of toxicity. Due to their high aspect ratio,
smaller particles demonstrate uncontrolled reactivity with bio-
logical molecules and a tendency to aggregate or form clusters
spontaneously. This could culminate in the possibility of why
microparticles are generally less toxic than nanoparticles of the
same material. Moreover, the size of the carrier determines the
mechanism of cell penetration for drug-loaded particles. The sur-
face charge of nanoparticle-based carriers, usually referred to as
the zeta potential is often correlated with their hydrodynamic di-
ameter. The values of zeta potential often serve as a strong indica-
tor of the colloidal stability of nanoparticles in both aqueous so-
lutions and in a biological milieu. Having high negative and pos-
itive zeta potential values for nanoparticles used for drug delivery
is often preferred as they avoid aggregation scenarios in vitro or
in vivo. Cellular internalization of these nanocarriers to tumor
cells is also dictated by the surface charge/ zeta potential values.
For example, anionic nanoparticles tend to internalize more ef-
fectively than the cationic or neutral ones.[451] Contrastingly, for
lipid-based nanocarriers, circulation half-life drastically changes
with zeta potential.[362,452]

Nanomaterial-based drug delivery technologies show signifi-
cant promise for the future of medicine. By utilizing tiny nanocar-
riers to target specific areas within the body, researchers aim
to enhance treatment effectiveness while minimizing side ef-
fects. The potential applications of this technology are vast, span-
ning areas such as cancer treatment, immunotherapy, and gene
therapy, among others. While nanomaterial-based drug delivery
holds the potential to revolutionize medicine, it is crucial to ac-
knowledge existing limitations and drawbacks that must be ad-
dressed. These include concerns about toxicity, limited safety pro-
files, insufficient loading, and entrapment into specific organs, as
well as the necessity for comprehensive nanotoxicology assess-
ments in living organisms.

Further research is imperative to enhance the efficacy and
safety of nanomaterial-based formulations, facilitating their tran-
sition from laboratory settings to clinical use. Despite these grand
challenges, the outlook for nanomaterial-based drug delivery re-
mains promising. Continued research and development efforts
are expected to overcome these limitations, ultimately improv-
ing the efficacy and safety of these formulations, and advancing
their clinical utility.

6. Conclusions and Future Perspectives

Recent progress in synthesis methods at the nanoscale has en-
abled the fabrication of a plethora of polymer nanoparticles with
a variety of sizes, compositions, and physicochemical properties.
In this work, we provide an overview of several synthesis meth-
ods that have succeeded in the formulation of these materials,
along with a summary of the most recent findings regarding their
use in biomedical applications. More specifically, we discuss the
main synthesis routes of nanoparticles with special magnetic and
optical properties, such as MNPs and AuNPs, and how these can
be coated with different polymers such as PEG, PAA, PDA, and
PVA, among others. Within the available synthesis methods, we
highlight the benefits of green synthetic approaches for the fab-
rication of the nanoparticles, that overcome traditional issues re-
ported by popular physical and chemical routes, such as the high
cost and use of toxic solutions and precursors, or the generation
of hazardous byproducts, which is especially crucial for their later
application to biological systems.

Furthermore, we also discuss the role that these polymer-
coated nanomaterials have played in the recent development in
biomedical and biological fields. Specifically, we highlight how
these nanoparticles have been successfully employed in a va-
riety of applications, including MRI, as novel contrast agents
for the generation of high-quality, high-resolution images, or
in cancer therapy via hyperthermia, drug delivery, or photother-
mal tumor destruction. Additionally, novel techniques involv-
ing polymer-coated MNPs have been devised for the isolation of
diverse cell populations and biomolecules, including rare enti-
ties such as CTCs for cancer diagnosis and prognosis. Neverthe-
less, work is still underway to translate this research into clin-
ical implementation. Efforts in the field should be directed to-
wards the assessment of the safety and efficacy of the nanoparti-
cles, including their long-term stability, biocompatibility, and po-
tential toxicity via the design of both in vitro and in vivo stud-
ies. The scientific community should address these issues and
concerns before the particles are fully implemented to mini-
mize any potential harm. However, despite these challenges, we
emphasize that further advancements in the field may be able
to bring these technologies a step forward and make the ef-
fective clinical application of polymer-coated nanoparticles a vi-
able option with great potential in theranostics and personalized
medicine. Continued research and development in this direction
will enhance our understanding of these materials and their po-
tential benefits along with minimization strategies of their tox-
icological properties and adverse effects, to overcome current
challenges, make the most out of polymer-coated nanoparticles,
and facilitate their transition from laboratory settings to clinical
use.
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[28] A. Zielińska, F. Carreiró, A. M. Oliveira, A. Neves, B. Pires, D. N.

Venkatesh, A. Durazzo, M. Lucarini, P. Eder, A. M. Silva, A. Santini,
E. B. Souto, Molecules 2020, 25, 3731.

[29] S. Perumal, Polymers 2022, 14, 5449.
[30] J. Liu, D. Su, K. Wu, J.-P. Wang, J. Nanoparticle Res. 2020, 22, 1.
[31] S. Ciannella, X. Wu, C. González-Fernández, B. Rezaei, J. Strayer, H.

Choe, K. Wu, J. Chalmers, J. Gomez-Pastora, Micromachines 2023,
14, 2107.

[32] I. Yildiz, Nanotechnol. Rev. 2016, 5, 331.
[33] B. Rezaei, A. Kermanpur, S. Labbaf, J. Magn. Magn. Mater. 2019,

481, 16.
[34] A. Dasari, J. Xue, S. Deb, Nanomaterials 2022, 12, 757.
[35] H. Zhang, J. Xia, X. Pang, M. Zhao, B. Wang, L. Yang, H. Wan, J. Wu,

S. Fu, Mater. Sci. Eng. C 2017, 73, 537.
[36] K. Wu, R. Saha, D. Su, V. D. Krishna, J. Liu, M. C.-J. Cheeran, J.-P.

Wang, ACS Appl. Nano Mater. 2020, 3, 9560.
[37] J. Kudr, Y. Haddad, L. Richtera, Z. Heger, M. Cernak, V. Adam, O.

Zitka, Nanomaterials 2017, 7, 243.
[38] S. Shukla, R. Khan, A. Daverey, Environ. Technol. Innov. 2021, 24,

101924.
[39] M. Roostaee, I. Sheikhshoaie, Curr. Biochem. Eng. 2020, 6, 91.
[40] D. Alromi, S. Madani, A. Seifalian, Polymers 2021, 13, 4146.
[41] S. Ying, Z. Guan, P. C. Ofoegbu, P. Clubb, C. Rico, F. He, J. Hong,

Environ. Technol. Innov. 2022, 26, 102336.
[42] Y. B. Pottathara, Y. Grohens, V. Kokol, N. Kalarikkal, S. Thomas, in

Nanomaterial Synthesis, Elsevier, Cham 2019, pp. 1–25.
[43] S. Majidi, F. Zeinali Sehrig, S. M. Farkhani, M. Soleymani Goloujeh,

A. Akbarzadeh, Artif. Cells Nanomedicine Biotechnol. 2016, 44,
722.

[44] S. Tazikeh, A. Akbari, A. Talebi, E. Talebi, Mater. Sci.-Pol. 2014, 32,
98.

[45] R. Kripal, A. K. Gupta, R. K. Srivastava, S. K. Mishra, Spectrochim.
Acta. A. Mol. Biomol. Spectrosc. 2011, 79, 1605.

[46] R. Srinivasan, R. Yogamalar, A. C. Bose, Mater. Res. Bull. 2010, 45,
1165.

[47] J. R. Vargas-Ortiz, C. Gonzalez, K. Esquivel, Processes 2022, 10, 2282.
[48] S.-N. Sun, C. Wei, Z.-Z. Zhu, Y.-L. Hou, S. S. Venkatraman, Z.-C. Xu,

Chin. Phys. B 2014, 23, 037503.
[49] H. Mohammadi, E. Nekobahr, J. Akhtari, M. Saeedi, J. Akbari, F.

Fathi, Toxicol. Rep. 2021, 8, 331.
[50] M. A. Willard, L. K. Kurihara, E. E. Carpenter, S. Calvin, V. G. Harris,

Int. Mater. Rev. 2004, 49, 125.
[51] J. A. Darr, J. Zhang, N. M. Makwana, X. Weng, Chem. Rev. 2017, 117,

11125.
[52] K. Byrappa, T. Adschiri, Prog. Cryst. Growth Charact. Mater. 2007, 53,

117.
[53] M. Rajamathi, R. Seshadri, Curr. Opin. Solid State Mater. Sci. 2002,

6, 337.
[54] X. Guo, Q. Zhang, X. Ding, Q. Shen, C. Wu, L. Zhang, H. Yang, J.

Sol-Gel Sci. Technol. 2016, 79, 328.
[55] M. Parashar, V. K. Shukla, R. Singh, J. Mater. Sci. Mater. Electron.

2020, 31, 3729.

Adv. Healthcare Mater. 2024, 13, 2401213 © 2024 Wiley-VCH GmbH2401213 (42 of 51)

 21922659, 2024, 26, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202401213 by T
exas T

ech U
niversity L

ibraries, W
iley O

nline L
ibrary on [26/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

[56] L. P. Singh, S. K. Bhattacharyya, R. Kumar, G. Mishra, U. Sharma, G.
Singh, S. Ahalawat, Adv. Colloid Interface Sci. 2014, 214, 17.

[57] C. Giordano, M. Antonietti, Nano Today 2011, 6, 366.
[58] S. F. Hasany, I. Ahmed, R. J. A. Rehman, Nanosci. Nanotechnol. 2013,

2, 148.
[59] A. K. Ganguli, A. Ganguly, S. Vaidya, Chem. Soc. Rev. 2010, 39, 474.
[60] M. A. Malik, M. Y. Wani, M. A. Hashim, Arab. J. Chem. 2012, 5, 397.
[61] J. N. Solanki, Z. V. P. Murthy, Ind. Eng. Chem. Res. 2011, 50, 12311.
[62] I. R. Singh, A. K. Pulikkal, OpenNano 2022, 8, 100066.
[63] M.-C. Ioncica, S. Bandyopadhyay, N. Bali, V. Socoliuc, S. I. Bernad,

Magnetochemistry 2023, 9, 99.
[64] I. Capek, Adv. Colloid Interface Sci. 2004, 110, 49.
[65] K. Margulis-Goshen, S. Magdassi, Curr. Opin. Colloid Interface Sci.

2012, 17, 290.
[66] S. Asgari, A. H. Saberi, D. J. McClements, M. Lin, Trends Food Sci.

Technol. 2019, 86, 118.
[67] G. B. Oliveira-Filho, J. J. Atoche-Medrano, F. F. H. Aragón, J. C.

Mantilla Ochoa, D. G. Pacheco-Salazar, S. W. Da Silva, J. A. H.
Coaquira, Appl. Surf. Sci. 2021, 563, 150290.

[68] S. Navaladian, B. Viswanathan, R. P. Viswanath, T. K. Varadarajan,
Nanoscale Res. Lett. 2007, 2, 44.

[69] R. Al-Gaashani, S. Radiman, N. Tabet, A. R. Daud, J. Alloys Compd.
2013, 550, 395.

[70] C.-C. Lin, Y.-Y. Li, Mater. Chem. Phys. 2009, 113, 334.
[71] H. Kominami, J. Kato, Y. Takada, Y. Doushi, B. Ohtani, S. Nishimoto,

M. Inoue, T. Inui, Y. Kera, Catal. Lett. 1997, 46, 235.
[72] A. Dumbrava, V. Ciupina, B. Jurca, G. Prodan, E. Segal, M. Brezeanu,

J. Therm. Anal. Calorim. 2005, 81, 399.
[73] C. Wang, M. Chi, D. Li, D. Van Der Vliet, G. Wang, Q. Lin, J. F.

Mitchell, K. L. More, N. M. Markovic, V. R. Stamenkovic, ACS Catal.
2011, 1, 1355.

[74] R. Nagpal, M. Gusain, in Graphene, Nanotubes and Quantum Dots-
Based Nanotechnology, Elsevier, Cham 2022, pp. 599–630.

[75] A. Das, P. T. Snee, ChemPhysChem 2016, 17, 598.
[76] A. Lu, E. emsp14L Salabas, F. Schüth, Angew. Chem., Int. Ed. 2007,

46, 1222.
[77] G. G. Flores-Rojas, F. López-Saucedo, R. Vera-Graziano, E.

Mendizabal, E. Bucio, Macromol 2022, 2, 374.
[78] M. R. Zamani Kouhpanji, B. J. H. Stadler, Sensors 2020, 20, 2554.
[79] I. O. Perez De Berti, M. V. Cagnoli, G. Pecchi, J. L. Alessandrini, S.

J. Stewart, J. F. Bengoa, S. G. Marchetti, Nanotechnology 2013, 24,
175601.

[80] S. Kumar, P. Bhushan, S. Bhattacharya, Environ. Chem. Med. Sens.
2018, 167.

[81] J. Liu, K. Wu, J.-P. Wang, AIP Adv. 2016, 6, 056126.
[82] A.-G. Niculescu, C. Chircov, A. M. Grumezescu, Methods 2022, 199,

16.
[83] M. Salavati-Niasari, J. Javidi, M. Dadkhah, Comb. Chem. High

Throughput Screen. 2013, 16, 458.
[84] A. Ali, T. Shah, R. Ullah, P. Zhou, M. Guo, M. Ovais, Z. Tan, Y. Rui,

Front. Chem. 2021, 9, 629054.
[85] M. Kim, S. Osone, T. Kim, H. Higashi, T. Seto, KONA Powder Part.

J. 2017, 34, 80.
[86] P. Grammatikopoulos, S. Steinhauer, J. Vernieres, V. Singh, M.

Sowwan, Adv. Phys. X 2016, 1, 81.
[87] T. Tsuzuki, P. G. McCormick, J. Mater. Sci. 2004, 39, 5143.
[88] J. Joy, A. Krishnamoorthy, A. Tanna, V. Kamathe, R. Nagar, S.

Srinivasan, Appl. Sci. 2022, 12, 9312.
[89] S. Prabakaran, M. Rajan, in Comprehensive Analytical Chemistry, El-

sevier, Cham 2021, pp. 1–47.
[90] M. M. Can, S. Ozcan, A. Ceylan, T. Firat, Mater. Sci. Eng. B 2010, 172,

72.
[91] A. Pineda, A. M. Balu, J. M. Campelo, R. Luque, A. A. Romero, J. C.

Serrano-Ruiz, Catal. Today 2012, 187, 65.

[92] A. E.-M. A. Mohamed, M. A. Mohamed, Magn. Nanostructures Env-
iron. Agric. Appl. 2019, 1.

[93] S. Dutz, R. Hergt, J. Mürbe, R. Müller, M. Zeisberger, W. Andrä, J.
Töpfer, M. E. Bellemann, J. Magn. Magn. Mater. 2007, 308, 305.

[94] K. Wu, J. Liu, R. Saha, B. Ma, D. Su, C. Peng, J. Sun, J.-P. Wang, ACS
Omega 2020, 5, 11756.

[95] K. Wu, J. Liu, R. Saha, B. Ma, D. Su, V. K. Chugh, J.-P. Wang, ACS
Appl. Nano Mater. 2021, 4, 4409.

[96] M. S. El-Eskandarany, A. Al-Hazza, L. A. Al-Hajji, N. Ali, A. A. Al-
Duweesh, M. Banyan, F. Al-Ajmi, Nanomaterials 2021, 11, 2484.

[97] P. F. M. De Oliveira, R. M. Torresi, F. Emmerling, P. H. C. Camargo,
J. Mater. Chem. A 2020, 8, 16114.

[98] M. Malekzadeh, M. T. Swihart, Chem. Soc. Rev. 2021, 50, 7132.
[99] P. Biehl, M. von der Luhe, S. Dutz, F. H. Schacher, Polymers 2018,

10, 28.
[100] H. Zeng, X. Du, S. C. Singh, S. A. Kulinich, S. Yang, J. He, W. Cai,

Adv. Funct. Mater. 2012, 22, 1333.
[101] A. Wazeer, A. Das, A. Sinha, A. Karmakar, J. Inst. Eng. India Ser. D

2023, 104, 413.
[102] G. K. Yogesh, S. Shukla, D. Sastikumar, P. Koinkar, Appl. Phys. A

2021, 127, 810.
[103] S.-B. Wen, X. Mao, R. Greif, R. F. Russo, J. Appl. Phys. 2006, 100.
[104] D. Zhang, H. Wada, Handb. Laser Micro- Nano-Eng. 2020, 1.
[105] F. Mafuné, J. Kohno, Y. Takeda, T. Kondow, H. Sawabe, J. Phys. Chem.

B 2000, 104, 8333.
[106] D. Zhang, B. Gokce, S. Barcikowski, Chem. Rev. 2017, 117, 3990.
[107] M. C. Sportelli, M. Izzi, A. Volpe, M. Clemente, R. A. Picca, A.

Ancona, P. M. Lugarà, G. Palazzo, N. Cioffi, Antibiotics 2018, 7, 67.
[108] B. S. Hettiarachchi, Y. Takaoka, Y. Uetake, Y. Yakiyama, H. H. Lim,

T. Taira, M. Maruyama, Y. Mori, H. Y. Yoshikawa, H. Sakurai, Ind.
Chem. Mater. 2024.

[109] V. Harish, M. M. Ansari, D. Tewari, M. Gaur, A. B. Yadav, M.-L.
García-Betancourt, F. M. Abdel-Haleem, M. Bechelany, A. Barhoum,
Nanomaterials 2022, 12, 3226.

[110] L. Mascaretti, C. Mancarella, M. Afshar, Š. Kment, A. L. Bassi, A.
Naldoni, Nanotechnology 2023, 34, 502003.

[111] Y. Manawi, Ihsanullah, A. Samara, T. Al-Ansari, M. Atieh, Materials
2018, 11, 822.

[112] A. V. Samrot, C. S. Sahithya, J. Selvarani, S. K. Purayil, P. Ponnaiah,
Curr. Res. Green Sustain. Chem. 2021, 4, 100042.

[113] M. Niedermaier, T. Schwab, O. Diwald, Met. Oxide Nanoparticles
Form. Funct. Prop. Interfaces 2021, 1, 67.

[114] V. N. Popok, O. Kylián, Appl. Nano 2020, 1, 4.
[115] R. López-Martín, B. S. Burgos, P. S. Normile, J. A. De Toro, C. Binns,

Nanomaterials 2021, 11, 2803.
[116] P. Rai-Choudhury, Handbook of Microlithography, Micromachining,

and Microfabrication: Microlithography, SPIE Press, Bellingham, WA
1997.

[117] L. Signorini, L. Pasquini, L. Savini, R. Carboni, F. Boscherini, E.
Bonetti, A. Giglia, M. Pedio, N. Mahne, S. Nannarone, Phys. Rev.
B 2003, 68, 195423.

[118] X. Li, H. Xu, Z.-S. Chen, G. Chen, J. Nanomater. 2011, 2011, 1.
[119] A. D. Mihai, C. Chircov, A. M. Grumezescu, A. M. Holban, Int. J.

Mol. Sci. 2020, 21, 7355.
[120] S. Ghosh, R. Ahmad, M. Zeyaullah, S. K. Khare, Front. Chem. 2021,

9, 626834.
[121] P. Singh, Y.-J. Kim, D. Zhang, D.-C. Yang, Trends Biotechnol. 2016, 34,

588.
[122] O. P. Bolade, A. B. Williams, N. U. Benson, Environ. Nanotechnol.

Monit. Manag. 2020, 13, 100279.
[123] R. Singh, P. Wagh, S. Wadhwani, S. Gaidhani, A. Kumbhar, J. Bellare,

B. A. Chopade, Int. J. Nanomed. 2013, 4277.
[124] S. He, Z. Guo, Y. Zhang, S. Zhang, J. Wang, N. Gu, Mater. Lett. 2007,

61, 3984.

Adv. Healthcare Mater. 2024, 13, 2401213 © 2024 Wiley-VCH GmbH2401213 (43 of 51)

 21922659, 2024, 26, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202401213 by T
exas T

ech U
niversity L

ibraries, W
iley O

nline L
ibrary on [26/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

[125] D. Mandal, M. E. Bolander, D. Mukhopadhyay, G. Sarkar, P.
Mukherjee, Appl. Microbiol. Biotechnol. 2006, 69, 485.

[126] S. Jadoun, N. P. S. Chauhan, P. Zarrintaj, M. Barani, R. S. Varma, S.
Chinnam, A. Rahdar, Environ. Chem. Lett. 2022, 20, 3153.

[127] E. Castro-Longoria, A. R. Vilchis-Nestor, M. Avalos-Borja, Colloids
Surf. B Biointerfaces 2011, 83, 42.

[128] Z. Molnár, V. Bódai, G. Szakacs, B. Erdélyi, Z. Fogarassy, G. Sáfrán,
T. Varga, Z. Kónya, E. Tóth-Szeles, R. Szűcs, Sci. Rep. 2018, 8,
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