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Abstract

Gold nanoparticles (AuNPs) have emerged as versatile antiviral nanoplatforms because
their size, morphology, plasmonic properties, and surface chemistry can be precisely en-
gineered. In this review, we summarize the core design principles of antiviral AuNPs
from a structure–function–mechanism perspective. We first outline representative syn-
thetic and interface-programming routes for AuNP preparation, including citrate reduction,
Brust–Schiffrin synthesis, seed-mediated growth, green synthesis, direct thiol-conjugation,
and mixed-ligand shell strategies, emphasizing how these approaches define particle
size, morphology, surface accessibility, interfacial composition, and downstream biofunc-
tionalization potential. We then discuss major surface engineering strategies, including
polyethylene glycol, nucleic acids, antibodies and nanobodies, peptides, glycans, antiviral
drugs, and biomimetic coatings, with particular attention to how ligand density, orien-
tation, flexibility, and interfacial stability determine biological performance. Next, we
examine how functionalized AuNPs inhibit different stages of the viral life cycle, including
viral attachment and entry, intracellular replication, assembly and egress, photothermal
inactivation, and immune modulation or vaccine delivery. Finally, we highlight current
challenges, including incomplete structure–activity relationships, dynamic nano–bio in-
teractions under physiological conditions, limited standardization across studies, and
translational barriers related to safety, reproducibility, and scale-up. This review provides
a conceptual framework for the rational development of next-generation AuNP-based
antiviral nanotherapeutics.

Keywords: gold nanoparticles; antiviral nanomedicine; surface functionalization; multivalent
interactions; viral entry inhibition; photothermal inactivation; vaccine delivery

1. Introduction
Viral infections remain a major and evolving threat to global public health, particularly

in the context of rapidly mutating RNA viruses, recurrent zoonotic spillover, and the
continued emergence of antiviral resistance [1,2]. Although vaccines and direct-acting
antiviral drugs have substantially improved the prevention and treatment of many viral
diseases, their overall effectiveness can still be limited by antigenic drift, incomplete cross-
protection, narrow antiviral spectrum, suboptimal tissue delivery, and the eventual selection
of resistant strains [3]. These limitations have stimulated growing interest in antiviral
strategies that are mechanistically versatile and adaptable across different viral families.

Pharmaceutics 2026, 18, 769 https://doi.org/10.3390/pharmaceutics18070769

https://crossmark.crossref.org/dialog?doi=10.3390/pharmaceutics18070769&domain=pdf&date_stamp=2026-06-24
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0002-8980-9038
https://orcid.org/0000-0002-0971-2472
https://doi.org/10.3390/pharmaceutics18070769


Pharmaceutics 2026, 18, 769 2 of 40

Nanomaterials have emerged as promising tools in antiviral research because their
characteristic dimensions are comparable to those of many virions and subcellular struc-
tures involved in infection [4]. This size compatibility enables direct interactions with viral
particles, host–cell membranes, and intracellular trafficking pathways. More importantly,
nanoparticles can be engineered to integrate multiple functions within a single platform,
including blockade of viral attachment, delivery of antiviral cargos, modulation of host–cell
responses, and externally triggered inactivation [5]. In contrast to many conventional small-
molecule antivirals, which typically act on a single viral or host target, nanoplatforms can be
designed to combine recognition, delivery, and therapeutic action at the nano–bio interface.

A wide range of inorganic nanomaterials, including silver [6], copper [7,8], zinc [9,10],
selenium [11,12], tellurium [13], iron [14], and silicon [15] systems, have shown antiviral
activity through mechanisms such as direct virion disruption, redox-associated damage,
adsorption-mediated inhibition, or carrier-enabled delivery of therapeutic agents. Within
this broader landscape, AuNPs are especially attractive because they combine controllable
synthesis, tunable size and morphology, chemical stability, localized surface plasmonic
properties, and well-established surface conjugation chemistry [16]. The gold core provides
a structurally robust nanoscale scaffold, while the surface can be readily modified with
thiolated polymers, nucleic acids, peptides, proteins, glycans, small-molecule drugs, and
biomimetic coatings. As a result, AuNPs can be adapted to distinct antiviral purposes,
including multivalent inhibition of virus–host interactions, stabilization and intracellular
delivery of labile therapeutics, photothermal inactivation, and enhancement of antiviral
immunity [17–20].

A central concept in AuNP-based antiviral design is multivalency. Many viruses
rely on the collective engagement of multiple weak interactions with host–cell receptors,
glycans, or attachment factors during the earliest stages of infection. AuNPs provide a
nanoscale scaffold capable of presenting ligands at high local density and in controlled spa-
tial arrangements, thereby amplifying binding avidity and enabling biological effects that
are difficult to achieve with free ligands alone [21]. In this context, antiviral performance
is determined not only by ligand identity, but also by how that ligand is displayed at the
nanoparticle interface. Parameters such as ligand density, orientation, linker flexibility,
surface charge, and particle curvature can strongly influence colloidal stability, protein
adsorption, cellular uptake, intracellular trafficking, and ultimately antiviral outcome.

Over the past decade, increasing evidence has indicated that functionalized AuNPs
can inhibit or modulate infection by a wide range of medically relevant viruses, including
influenza virus, human immunodeficiency virus (HIV), herpes simplex virus (HSV), res-
piratory syncytial virus (RSV), hepatitis B virus (HBV), and SARS-CoV-2 [17]. However,
the field remains conceptually fragmented. Many studies focus on a specific nanoparticle
formulation, a single ligand class, or one antiviral application, whereas fewer analyses sys-
tematically connect nanoparticle synthesis, surface engineering, and antiviral mechanism,
within a unified design framework. Consequently, it remains difficult to extract generaliz-
able principles that explain how physicochemical design and interfacial architecture jointly
determine biological behavior and antiviral efficacy.

In this review, we therefore examine antiviral AuNPs from a structure–function–
mechanism perspective. We first summarize the principal synthetic and interface-
programming routes used to prepare AuNP cores and functionalizable surfaces for antiviral
nanoplatforms, emphasizing how synthesis influences size, morphology, surface acces-
sibility, dispersibility, and ligand-shell design. We then discuss representative surface
engineering strategies—including PEGylation, nucleic acid conjugation, antibody and
protein coupling, peptide functionalization, glycan display, drug loading, and biomimetic
coating—and highlight how these interfacial designs regulate colloidal stability, biological
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identity, targeting, and cargo handling. Next, we analyze how functionalized AuNPs
interfere with different stages of the viral life cycle, including viral attachment and entry,
intracellular replication, assembly and egress, photothermal inactivation, and immune
modulation or vaccine delivery. Finally, we discuss the major current challenges in antiviral
AuNP research, including incomplete understanding of structure–activity relationships, the
dynamic complexity of the nano–bio interface, and the lack of standardized comparative
frameworks across studies.

2. Synthetic Routes for AuNPs Used in Antiviral Nanoplatforms
Gold nanoparticles have been extensively explored as antiviral nanoplatforms be-

cause their physicochemical properties can be precisely tuned through synthetic control
over core size, morphology, surface charge, ligand density, colloidal stability, and optical
response. These parameters are not merely synthetic descriptors; rather, they determine
how AuNPs interact with virions, viral envelope proteins, host–cell receptors, endosomal
compartments, immune cells, and biological fluids. Therefore, the synthesis of AuNPs for
antiviral applications should be viewed as the first layer of antiviral design, preceding
subsequent surface engineering and mechanistic optimization.

In general, AuNP synthesis can be divided into top-down and bottom-up approaches.
Top-down methods generate nanoscale gold structures from bulk material through physical
processes such as laser ablation, ion sputtering, or mechanical milling. Although these
strategies can reduce the use of chemical reducing agents, they often suffer from high energy
demand, broader size distributions, limited control over morphology, and less convenient
access to aqueous, biomedical-grade dispersions. By contrast, bottom-up synthesis relies
on the reduction of soluble gold precursors and offers substantially greater control over
nucleation, growth, colloidal stability, and interfacial chemistry [22]. For antiviral and
other biomedical applications, bottom-up methods are generally preferred because they
are better suited for producing hydrophilic, size-controlled, and readily functionalizable
AuNPs [23]. In this section, we focus on representative bottom-up synthetic routes that are
most relevant to the rational design of antiviral AuNP systems (Figure 1).

Figure 1. Representative synthetic routes of gold nanoparticles for antiviral nanoplatforms. The dia-
gram highlights five bottom-up approaches: Turkevich Method (Citrate Reduction), Brust–Schiffrin
Method, Seed-Mediated Growth, Green Synthesis, and Direct Thiol-Conjugation Synthesis, along
with their respective physicochemical properties and application advantages.
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2.1. Turkevich Method (Citrate Reduction)

The Turkevich method is one of the most widely used aqueous routes for preparing
colloidal AuNPs. In its classical form, chloroauric acid (HAuCl4) is reduced by trisodium
citrate under boiling conditions, producing citrate-capped AuNPs through coupled nucle-
ation, growth, and stabilization processes. The original study by Turkevich, Stevenson, and
Hillier established the fundamental nucleation-and-growth framework for colloidal gold
formation, while the subsequent work of Frens demonstrated that particle size could be
regulated by controlling the citrate-to-gold precursor ratio [24,25]. In general, higher citrate
concentrations favor rapid nucleation and the generation of smaller particles, whereas
lower citrate concentrations reduce the number of nuclei and allow more extensive growth,
leading to larger AuNPs.

Citrate plays multiple roles in this reaction. It functions as a mild reducing agent, a
stabilizing ligand, a pH-modulating component, and an electrostatic capping agent. The
resulting AuNPs are typically negatively charged and dispersible in water, making them
attractive starting materials for biological and antiviral applications. Their citrate shell is
relatively labile, which facilitates subsequent functionalization through ligand exchange
with thiolated polyethylene glycol, peptides, carbohydrates, nucleic acids, antibodies, or
other biomolecules. This feature explains why citrate-capped AuNPs are frequently used as
starting scaffolds for antiviral nanomaterials: the synthesis is simple, inexpensive, scalable
at laboratory scale, and compatible with downstream aqueous bioconjugation.

Mechanistic studies have refined the classical view of the Turkevich reaction. Kimling
et al. revisited the method and emphasized that particle formation is highly sensitive to
precursor concentration, reagent order, heating profile, pH, and reaction time [26]. Tyagi
et al. further showed that pH-controlled citrate reduction can produce AuNPs at room
temperature, illustrating the importance of protonation state and reduction kinetics in
determining nucleation and growth behavior [27]. More recent work has focused on im-
proving the precision and reproducibility of citrate-based synthesis. Dong et al. discussed
how optimized control of experimental parameters can yield precision AuNPs with nar-
rower size distributions [28], while Salloum et al. compared citrate-capping approaches
and highlighted the importance of optimized wet-chemical protocols for morphology and
colloidal stability control [29].

A particularly important recent mechanistic insight comes from real-time surface-
enhanced Raman spectroscopy analysis of Turkevich synthesis, which revealed that Au–Cl
adlayers modulate the surface chemistry of growing AuNPs [30]. According to this study,
the formation, evolution, and collapse of Au–Cl adlayers help explain characteristic opti-
cal, electrochemical, and size changes during growth and termination. This observation
provides a more unified chemical picture of the Turkevich process: AuNP growth is not
governed only by citrate-mediated reduction and electrostatic stabilization, but also by
transient halide-containing surface layers that regulate surface reactivity. For antiviral
AuNP design, this insight is relevant because residual chloride, citrate coverage, and sur-
face adlayers can influence ligand-exchange efficiency, surface charge, protein adsorption,
and subsequent biological interactions.

2.2. Brust–Schiffrin Method (Two-Phase Thiolate Method)

The Brust–Schiffrin method is a landmark synthetic strategy for generating small,
thiolate-protected AuNPs. Unlike the Turkevich method, which is usually conducted
in water and produces citrate-capped particles, the Brust–Schiffrin route typically in-
volves transferring gold precursors from an aqueous phase into an organic phase using a
phase-transfer reagent, followed by reduction in the presence of alkanethiols. Although
alkanethiols are commonly used in the classical Brust–Schiffrin synthesis, the method
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is not limited to simple alkanethiol ligands. Aromatic thiols, functionalized thiols, and
thiol-terminated, sulfur-containing, or protected thiol precursors such as thioacetates can
also be used directly or converted to thiolate-protected AuNPs [31], thereby expanding
the accessible ligand shell chemistry and post-synthetic functionalization options. The
resulting AuNPs are stabilized by strong Au–S bonds and often possess dense, ordered
organic monolayers. This method is particularly important for preparing small AuNPs and
gold nanoclusters with controlled organic ligand shells.

Mechanistically, the Brust–Schiffrin synthesis involves several coupled steps, including
precursor phase transfer, formation of Au–thiolate intermediates, nucleation, reduction,
growth, and monolayer passivation. Perala and Kumar discussed mechanistic aspects
of metal nanoparticle formation in this method, emphasizing the relationship between
reduction kinetics, thiol concentration, and particle size [32]. Li et al. provided mechanistic
insights into two-phase synthesis of organochalcogenate-protected metal nanoparticles,
demonstrating the complexity of precursor speciation and interfacial chemistry [33]. Zhu
et al. further identified intermediate precursors in the Brust–Schiffrin synthesis, indicating
that the reaction pathway proceeds through chemically distinct Au–thiolate species rather
than through a simple direct reduction of free gold ions [34]. Halides and phase-transfer
components also strongly affect Brust–Schiffrin synthesis. Booth et al. showed that bromide
plays a significant role in the formation of thiol-protected AuNPs, influencing precursor
chemistry and nanoparticle formation [35]. These findings are important because residual
halides or phase-transfer ions can affect particle purification, ligand-shell structure, colloidal
stability, and biological compatibility. For antiviral use, such residual components must be
carefully removed or controlled, especially when AuNPs are intended for cell-based assays,
mucosal administration, or in vivo applications.

The principal advantage of the Brust–Schiffrin method is the formation of robust
thiolate-protected AuNPs. The Au–S bond provides high colloidal stability and enables the
preparation of particles with hydrophobic, amphiphilic, or functional organic shells. This is
useful for constructing antiviral platforms that require dense multivalent ligand presenta-
tion, stable drug loading, or controlled interactions with viral envelopes. Thiolate-protected
AuNPs can also serve as precursors for ligand exchange, allowing the introduction of PEG,
peptides, carbohydrates, or antiviral molecules. In addition, the method is highly relevant
to atomically precise gold nanoclusters, whose structure, optical properties, and ligand
shells can be controlled at the molecular level [31]. Although most atomically precise
nanoclusters have not yet been systematically evaluated as antiviral agents, their well-
defined cores and ligand shells may help clarify structure–activity relationships in future
antiviral studies.

2.3. Seed-Mediated Growth Synthesis Method

Seed-mediated growth is a multistep strategy that enables precise control over the
size, morphology, and optical properties of AuNPs. In contrast to one-pot reduction meth-
ods, nucleation and growth are separated: small gold seeds are first prepared and then
introduced into a growth solution containing a gold precursor, a mild reducing agent, and
structure-directing agents such as CTAB, other surfactants, halides, or metal ions. Gold
deposition occurs on the preformed seed surface, and particle morphology can be regu-
lated by seed concentration, surfactant composition, additive ions, pH, temperature, and
reduction kinetics [36–38]. This method is particularly important for producing anisotropic
AuNPs, including nanorods, nanostars, nanoprisms, nanocubes, and porous gold particles.
Their formation is governed by crystal growth direction, selective ligand adsorption, facet
passivation, oxidative etching, and additive-mediated growth modulation [37,38]. Binary
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surfactant systems can further tune anisotropic growth by modifying micellar organization
and surfactant–particle interactions [39].

For antiviral nanoplatforms, the main value of seed-mediated growth lies in its ability
to generate AuNPs with shape-dependent plasmonic properties. Compared with spheri-
cal particles, anisotropic AuNPs exhibit localized surface plasmon resonance modes and
enhanced electromagnetic fields at tips, edges, or porous regions. Gold nanorods are
especially attractive because their longitudinal plasmon resonance can be tuned into the
NIR region by adjusting aspect ratio, enabling photothermal antiviral strategies based on
localized light-induced heating [40,41]. Under appropriate irradiation conditions, such
localized heating may contribute to viral envelope disruption, virion inactivation, or modu-
lation of infected-cell responses. Anisotropic morphology may also influence biological
interactions beyond optical performance. Surface curvature and geometry affect ligand
packing, protein corona formation, membrane contact, and cellular uptake, which can alter
AuNP interactions with virions, host–cell membranes, and intracellular compartments.
Thus, seed-mediated growth provides a useful synthetic route for designing AuNPs with
both optical and biological functionality.

However, the method also has limitations. CTAB and other growth additives may
remain on the AuNP surface and cause cytotoxicity or interfere with antiviral assays. There-
fore, purification and ligand exchange with biocompatible coatings such as PEG, phos-
pholipids, peptides, zwitterionic ligands, or polysaccharides are usually required. Recent
low-CTAB and reproducible two-step seed-mediated protocols have improved the practi-
cality of gold nanorod synthesis for biomedical applications [40,41]. Overall, seed-mediated
growth is most suitable when antiviral AuNPs require anisotropic morphology, NIR pho-
tothermal response, enhanced optical sensing, or shape-dependent nano–bio interactions.

2.4. Green Synthetic Method

Green synthesis refers to the preparation of AuNPs using biological or naturally
derived reducing and stabilizing agents, including plant extracts, microbial metabolites,
polysaccharides, proteins, amino acids, vitamins, and other phytochemicals. This approach
has attracted considerable interest because it can reduce the use of harsh reducing agents,
organic solvents, and toxic surfactants. In many green syntheses, biomolecules simultane-
ously reduce Au(III) to Au(0) and cap the resulting nanoparticles, producing AuNPs with
bioorganic surface layers [42,43].

Plant-mediated synthesis typically relies on phytochemicals such as polyphenols,
flavonoids, sugars, and sulfur-containing compounds to reduce Au3+ to metallic gold
and to cap the resulting nanoparticle surface [44]. These reactions are often performed in
aqueous media and under comparatively mild temperature and pH conditions. Depending
on the composition of the extract, the resulting AuNPs may possess surface-bound natural
molecules that contribute to water dispersibility and interfacial compatibility. Microbial
synthesis represents another branch of green fabrication, in which bacteria, fungi, or their
secreted enzymes mediate gold reduction either intracellularly or extracellularly [45]. In
some cases, the resulting particles are associated with biomolecular coatings, including
proteins and other metabolites, which can further shape colloidal stability and cellular
interactions [46].

For antiviral applications, green synthesis is especially attractive because bioactive
capping molecules may contribute to antiviral effects. For example, Meléndez-Villanueva
et al. reported virucidal activity of AuNPs synthesized using garlic extract [47]. In a broader
surface-chemistry context, gallic-acid-assisted synthesis has yielded monodispersed AuNPs
that inhibited HSV attachment and penetration in vitro [48]. In such systems, antiviral
performance may arise from a combination of the gold core, nanoparticle size, multivalent
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surface presentation, and plant-derived organosulfur or phenolic compounds retained
on the particle surface. However, in many biogenic systems, the relative contributions of
the metallic core, particle size, and retained extract-derived molecules remain difficult to
separate, which complicates mechanistic interpretation and standardization. This multi-
functional character can be advantageous when the goal is to develop low-cost topical or
environmental antiviral agents.

2.5. Direct Thiol-Conjugation and Mixed-Ligand Shell Strategies

Direct thiol-capping strategies exploit the strong affinity between sulfur and gold.
Sugie et al. reported the generation of AuNPs via direct thiol-capping with THP-protected
thiols without prior deprotection, demonstrating that protected thiol chemistry can be
used for nanoparticle formation [49]. Lohse et al. developed a direct synthesis of large
water-soluble functionalized AuNPs using Bunte salts as ligand precursors, offering a route
to water-dispersible particles with controlled functional groups [50]. Such ligand-precursor
approaches are useful because they can reduce uncontrolled ligand exchange and produce
functional surfaces directly during nucleation and growth.

Recent studies have expanded one-pot functionalization toward biologically relevant
ligands. For example, Xu et al. reported one-pot synthesis of functional peptide-modified
AuNPs for gene delivery [51], while Ncobeni et al. developed peptide-functionalized
PEI-capped AuNPs targeting CD4-positive T lymphocytes [52]. Although these examples
are not exclusively antiviral, they illustrate design principles highly relevant to antiviral
nanoplatforms: cationic or peptide-bearing AuNPs can bind nucleic acids, promote cellular
uptake, or target virus-susceptible immune cells. Similarly, glyco-thiolate capped AuNPs
have been developed for biological applications, supporting the use of carbohydrate-
functionalized AuNPs to mimic host–cell glycans or block viral lectin interactions [53].

Multidentate ligands and compact hydrophilic shells provide another route to stable
biofunctional AuNPs. Oh et al. reported one-pot aqueous growth of biocompatible AuNPs
stabilized with bidentate PEG, enabling the synthesis of water-dispersible particles across
a broad size range [54]. Temur et al. used dihydrolipoic acid ligands under photoirra-
diation to assist AuNP synthesis, benefiting from ethanol oxidation and bidentate thiol
binding [55]. Susumu et al. further described thioctic acid-based compact hydrophilic
ligands for biocompatible quantum dots and AuNPs, emphasizing the utility of multiden-
tate anchoring for stable biological interfaces [56]. These ligand systems are important
for antiviral applications because multidentate or bidentate anchoring can reduce ligand
desorption, improve colloidal stability in biological media, and preserve functional ligand
display during viral or cellular interactions.

Mixed-ligand shell strategies are particularly powerful for antiviral AuNPs. In such
systems, two or more ligands are co-displayed on the nanoparticle surface to balance
stability, targeting, immune modulation, and antiviral activity. For example, PEG can
provide steric stabilization and reduce nonspecific protein adsorption, while peptides,
glycans, nucleic acids, antibodies, or small-molecule antivirals provide specific biological
function. The ability to control the ratio between inert stabilizing ligands and active antiviral
ligands is essential for optimizing multivalent binding without causing aggregation or
cytotoxicity. Borsley et al. recently reported a general one-step synthesis of alkanethiyl-
stabilized AuNPs with control over core size and monolayer functionality, demonstrating
the feasibility of simultaneously tuning particle core and ligand-shell composition [57].

Because each synthetic route generates AuNPs with distinct core sizes, morphologies,
surface states, and functionalization compatibility, the choice of synthesis method should
be aligned with the intended antiviral mechanism. The major synthetic routes discussed
above and their relevance to antiviral AuNP design are summarized in Table 1.
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Table 1. Synthetic and interface-engineering strategies for AuNPs used in antiviral nanoplatforms.

Synthetic Route Typical Reaction Features Main AuNP
Characteristics

Advantages for Antiviral
Nanoplatforms Limitations/Design Concerns References

Turkevich method/
citrate reduction

HAuCl4 is reduced in an
aqueous phase by heating
with citrate, which serves
as both a reducing agent
and a weak stabilizer

Predominantly spherical,
citrate-capped AuNPs
(typically 10–100 nm)
exhibiting high
hydrophilicity and
excellent dispersibility in
aqueous media

This method is facile,
cost-effective, highly
reproducible, and compatible
with post-synthetic ligand
exchange, thereby facilitating
PEGylation, nucleic acid
conjugation, and
peptide/glycan display

Limited control over anisotropic
morphologies, broader size
distributions at larger diameters,
and a labile citrate layer that is
prone to instability in high-salt or
protein-rich media without
further modification

[24–30]

Brust–Schiffrin
method/two-phase
thiolate synthesis

AuCl4− is
phase-transferred into an
organic medium and
subsequently reduced by
NaBH4 in the presence of
thiol ligands.

Ultrasmall
thiolate-protected AuNPs
or nanoclusters (typically
1–6 nm) possessing a
dense and highly stable
ligand shell

This route yields ultrasmall
cores with high
surface-to-volume ratios and
robust Au-stabilization, making
them highly suitable for
compact intracellular
delivery systems

Hydrophobic nature of the
as-synthesized products requiring
subsequent ligand exchange for
biological applications, coupled
with increased purification
complexity due to organic solvents
and phase-transfer reagents

[31–35]

Seed-mediated growth

Preformed Au seeds are
enlarged in a growth
solution containing an Au
precursor, a mild
reductant, a surfactant,
and shape-directing
additives (typically CTAB)

Tunable spherical or
anisotropic AuNPs, such
as nanorods, nanostars,
and other plasmonic
nanostructures

This approach offers precise
control over morphology and
optical properties, which is
highly advantageous for
developing NIR-responsive
photothermal
antiviral platforms

Potential cytotoxicity of residual
CTAB or other surfactants, reduced
reproducibility inherent to
multistep syntheses, and the
necessity for extensive purification
and surface exchange

[36–41]

Green synthesis/
biogenic synthesis

Biological extracts,
microorganisms, enzymes,
or biomolecule-rich media
are utilized to reduce Au3+

and stabilize the
resulting AuNPs

AuNPs capped with
phytochemicals, proteins,
polysaccharides, or
metabolites, with their size
and shape varying
depending on the
biological source

The synthesis is mild,
sustainable, and highly
biocompatible, wherein natural
capping layers can exert
synergistic antiviral,
antioxidant, or
anti-inflammatory
therapeutic effects

Limited mechanistic control,
pronounced batch-to-batch
variability, poorly defined surface
compositions, and significant
challenges in standardization and
scale-up

[42–47]
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Table 1. Cont.

Synthetic Route Typical Reaction Features Main AuNP
Characteristics

Advantages for Antiviral
Nanoplatforms Limitations/Design Concerns References

Direct thiol-conjugation
synthesis

Thiol-containing ligands
are introduced during
nucleation/growth or
immediately after particle
formation to achieve direct
Au-S covalent anchoring

AuNPs functionalized
with predefined terminal
groups, including PEG,
amine, carboxyl, glycan,
peptide, or cationic
polymer shells

This strategy couples core
formation with interfacial
programming, thereby
enhancing control over surface
charge, hydrophilicity, ligand
density, and functional group
presentation

Strong dependence of reaction
conditions on ligand structures,
potential restriction of particle
growth or heterogeneity caused by
excessive thiol binding, and the
critical need for ligand-density
optimization to ensure
biological efficacy

[49–53]

Mixed-ligand
shell strategy

Two or more distinct
ligands are co-assembled
on the AuNP surface via
ligand exchange, direct
synthesis, or sequential
conjugation

Multifunctional AuNPs
integrating both stealth
properties and
bioconjugation-functional
components

This approach balances
competing requirements (e.g.,
antifouling behavior versus
bioconjugation functionality)
and enables highly modular
surface engineering

The requirement for precise control
over ligand ratios to ensure batch
reproducibility, and the risk of
reduced active-ligand accessibility
due to competitive
ligand adsorption

[54–59]
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2.6. Summary of Synthetic Considerations for Antiviral Design

As summarized in Table 1, each synthetic route offers a distinct balance among core-
size control, morphology regulation, surface accessibility, and downstream functional-
ization compatibility. For antiviral applications, the choice of AuNP synthesis method
should therefore be regarded as a design decision rather than a purely preparative one.
Because antiviral efficacy often depends on multivalent ligand presentation, intracellular
accessibility, colloidal stability, or photothermal responsiveness, the synthetic route should
be selected in alignment with the intended mechanism of action.

The choice of AuNP synthetic route strongly influences downstream antiviral per-
formance. Citrate reduction is ideal for producing aqueous, negatively charged, readily
functionalized spherical AuNPs, but these particles often require additional stabilization
before biological use. Brust–Schiffrin synthesis provides small, thiolate-protected AuNPs
with robust organic monolayers, but organic solvents and hydrophobic ligands may com-
plicate biomedical translation. Seed-mediated growth is indispensable for anisotropic
AuNPs with tunable plasmonic and photothermal properties, yet surfactant residues and
ligand exchange remain key challenges. Green synthesis offers sustainable and potentially
bioactive AuNPs, although reproducibility and mechanistic clarity require improvement.
Direct ligand-assisted and mixed-ligand strategies enable more integrated preparation of
functional antiviral AuNPs by combining synthetic stabilization with biological function.

For antiviral nanoplatforms, several synthetic parameters should be prioritized. First,
particle size must be matched to the intended mechanism: smaller particles may favor
cellular uptake and intracellular delivery, whereas larger or multivalent particles may more
effectively block viral attachment. Second, morphology should be selected according to
optical and biological requirements; spherical particles are often preferred for reproducible
conjugation, whereas rods, stars, or other anisotropic structures are advantageous for
photothermal inactivation or shape-dependent virus binding. Third, surface chemistry
must be compatible with biological media. Residual citrate, CTAB, halides, phase-transfer
agents, or plant-derived compounds can affect cytotoxicity and antiviral readouts. Fourth,
ligand density and spatial organization should be controlled because antiviral inhibition
often relies on multivalent interactions with viral surface proteins or host–cell receptors. Fi-
nally, synthetic reproducibility and purification are essential for translating AuNP antiviral
systems from proof-of-concept studies to standardized preclinical evaluation.

In practice, no single synthetic method is universally optimal. Instead, synthesis must
be considered together with the target virus, intended antiviral mechanism, administration
route, safety requirements, and downstream functionalization strategy. A rational antiviral
AuNP platform therefore begins not with surface modification alone, but with deliberate
selection of a core synthesis route that is compatible with the desired interfacial architec-
ture and biological role. In this sense, synthesis defines the design space within which
functionalized AuNPs can be engineered for antiviral performance.

3. Surface Engineering Strategies for Antiviral AuNPs
Although the optical and physicochemical properties of AuNPs are strongly influ-

enced by their core size and morphology, their biological identity is determined primarily
at the interface. Surface engineering governs colloidal stability, protein adsorption, immune
recognition, biodistribution, cellular uptake, cargo loading, and target specificity. In antivi-
ral systems, the interfacial architecture, rather than the gold core alone, largely determines
whether AuNPs act as passive carriers, multivalent entry inhibitors, intracellular delivery
vehicles, photothermal agents, or immune-modulating platforms.

The importance of surface engineering is especially evident in biological environments,
where nanoparticles rapidly encounter salts, proteins, membranes, and cellular barriers that
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can alter their colloidal behavior and biological fate. A ligand shell that is effective in buffer
may perform very differently in serum-containing media or in vivo. Accordingly, antiviral
performance depends not only on the identity, but also on ligand density, orientation,
flexibility, anchoring stability, hydrodynamic size, and resistance to nonspecific protein
corona formation. These interfacial parameters determine whether functionalized AuNPs
retain colloidal integrity, preserve access to their active ligands, and engage viral or host
targets with sufficient selectivity and avidity.

A wide range of surface functionalization strategies has therefore been explored in
antiviral AuNP design. PEGylation and related hydrophilic coatings are used primarily to
stabilize nanoparticles and improve pharmacological behavior. Nucleic acids, antibodies,
nanobodies, peptides, and glycans provide targeting, multivalent recognition, or intracel-
lular regulatory activity. Additional strategies use AuNPs as carriers for antiviral drugs
or cloak them with biomimetic coatings to improve biological compatibility and interface
control. In practice, effective antiviral AuNPs often combine several of these elements
within a single construct. The major functionalization categories discussed in this section
are schematically summarized in Figure 2.

Figure 2. Schematic overview of the major surface functionalization strategies of AuNPs for antivi-
ral applications.

3.1. Polyethylene Glycol (PEG) Coating

PEGylation is one of the most widely used strategies for improving the colloidal
stability and in vivo compatibility of AuNPs. Thiol-terminated polyethylene glycol (PEG)
chains can be anchored to the gold surface through Au–S bonds, generating a hydrated
steric barrier that reduces nonspecific protein adsorption, suppresses aggregation, and
prolongs blood circulation by decreasing rapid clearance by the mononuclear phagocyte
system [60]. The performance of PEG coatings depends on parameters such as molecular
weight, grafting density, and chain conformation, all of which influence steric stabilization
and resistance to protein corona formation.

In antiviral nanoplatforms, PEG is typically not the active antiviral component. In-
stead, its main role is to preserve colloidal integrity in physiological media, improve
pharmacokinetic behavior, and create a biocompatible interfacial background for further in-

https://doi.org/10.3390/pharmaceutics18070769

https://doi.org/10.3390/pharmaceutics18070769


Pharmaceutics 2026, 18, 769 12 of 40

corporation of bioactive ligands such as peptides, aptamers, oligonucleotides, or drugs [61].
Thus, PEG should be viewed primarily as an enabling interfacial component rather than as
a direct antiviral ligand.

An additional advantage of PEGylation is its compatibility with mixed-ligand surface
designs. PEG can be combined with targeting or recognition motifs to produce nanoparti-
cles that retain serum stability while acquiring selective interactions with viral or cellular
targets [62]. In this context, PEG functions as an interfacial spacer and stealth component
that helps preserve the accessibility of more active ligands. However, PEG is not com-
pletely inert. Incomplete stealth behavior, possible interference with ligand accessibility at
high grafting densities, residual protein adsorption, and concern over anti-PEG immune
responses have prompted the exploration of alternative hydrophilic coatings, including
zwitterionic polymers and poly(2-methoxyethyl vinyl ether) [63,64]. Even so, PEGylation
remains a foundational strategy in antiviral AuNP design, particularly for formulations
intended for systemic administration. However, repeated administration may induce
or be affected by anti-PEG antibodies and accelerated blood clearance, which should be
considered for prophylactic or repeated antiviral dosing.

3.2. Nucleic Acid Conjugation

Nucleic acid functionalization is among the most versatile strategies for engineering
antiviral AuNPs. Oligonucleotides can be immobilized on gold surfaces through thiol-
mediated Au-S anchoring, yielding well-defined nanostructures capable of gene regulation,
molecular recognition, and therapeutic delivery [65]. Non-covalent approaches, including
electrostatic adsorption, hydrogen bonding, and base–gold interactions, can also be used to
assemble nucleic acids onto AuNPs without prior chemical modification [66,67]. A major
advantage of non-covalent loading is tunable and reversible cargo association, which can
be exploited in stimuli-responsive release systems controlled by pH, ionic strength, or other
environmental cues [68].

In antiviral applications, nucleic acids can serve as small-interfering RNA (siRNA),
antisense agents, targeting aptamers, or structural components in higher-order architectures
such as spherical nucleic acids (SNAs) [69,70]. One major application of nucleic acid
functionalization is the delivery of gene-silencing cargos. Conjugation to AuNPs can protect
siRNA from nuclease degradation, enhance cellular uptake, and improve intracellular
delivery relative to free oligonucleotides. For example, AuNP–siRNA constructs targeting
dengue virus genes inhibited viral replication in vitro, while ultrasmall AuNPs carrying
siRNA directed against both herpes simplex virus and pro-inflammatory NF-κB signaling
achieved simultaneous antiviral and anti-inflammatory effects [71,72]. Polyvalent display
of siRNA on AuNP surfaces may further improve gene-silencing efficiency by increasing
local nucleic acid density and facilitating cellular engagement [73].

A second important role of nucleic acid functionalization is molecular targeting. Ap-
tamers conjugated to AuNPs can bind viral proteins or infected-cell-associated targets with
high affinity and selectivity, thereby enabling direct antiviral inhibition, targeted delivery,
or both [69,74]. More broadly, densely arranged oligonucleotide shells, as exemplified by
SNAs, impart distinctive biological behaviors that differ from those of free linear nucleic
acids, including altered cellular uptake profiles and enhanced resistance to enzymatic
degradation [70]. These properties make nucleic acid-functionalized AuNPs attractive for
antiviral applications that require protected cargo delivery, programmable recognition, and
intracellular activity.

https://doi.org/10.3390/pharmaceutics18070769

https://doi.org/10.3390/pharmaceutics18070769


Pharmaceutics 2026, 18, 769 13 of 40

3.3. Antibody, Nanobody, and Protein Functionalization

Protein attachment can be achieved through non-covalent adsorption, hydrophobic
interactions, Au–S coordination via cysteine residues, or covalent coupling through pre-
installed reactive groups such as carboxyl or amine functionalities [75]. Non-covalent
adsorption is experimentally simple and can preserve protein activity under optimized
conditions, but protein orientation and conformational stability remain sensitive to pH,
ionic strength, competing proteins, and nanoparticle surface chemistry [76,77]. Covalent
strategies generally provide greater attachment stability, but random cross-linking may
compromise antigen-binding activity unless site-specific or orientation-controlled conjuga-
tion is used. Therefore, successful protein functionalization requires careful optimization
of orientation, surface density, structural integrity, and binding stability.

In antiviral applications, protein-functionalized AuNPs are especially useful for en-
hancing binding avidity through multivalent presentation. For example, nanobodies
targeting the SARS-CoV-2 spike protein exhibited markedly enhanced neutralizing po-
tency when displayed on an AuNP scaffold, illustrating how nanoparticle-mediated spatial
organization can amplify otherwise monovalent binding interactions [78]. More broadly,
antibody- or protein-modified AuNPs can be designed to recognize viral envelope pro-
teins, infected-cell markers, or other disease-relevant molecular targets, thereby supporting
selective antiviral action at the nano–bio interface.

Proteins can also serve general interfacial roles beyond direct targeting. Adsorbed
protein layers, such as albumin coatings, may improve colloidal stability under challenging
environmental conditions and reduce aggregation [79]. However, intentional protein func-
tionalization should be distinguished from uncontrolled protein corona formation. Once
AuNPs enter serum-containing media or in vivo environments, adsorbed biomolecules can
mask engineered ligands, alter biodistribution, change immune recognition, and redirect
cellular uptake [80].

3.4. Amino Acid and Peptide Conjugation

Amino acids and peptides are versatile ligands for AuNP functionalization because
they offer synthetic accessibility, structural programmability, and biologically meaningful
recognition motifs. In some cases, amino acids can participate directly in AuNP synthesis
as reducing or stabilizing agents [81]. More commonly, peptides are introduced as post-
synthetic surface ligands to provide receptor targeting, membrane interaction, intracellular
trafficking, or direct antiviral recognition.

Peptide conjugation is typically achieved through terminal cysteine residues or other
anchoring groups capable of establishing stable interactions with the gold surface. Because
peptide sequence can be precisely designed, peptide-functionalized AuNPs can be tailored
to mimic protein interaction domains, bind host–cell receptors, facilitate cellular uptake, or
engage viral surface proteins [62,82]. This sequence-level programmability enables rational
adjustment of charge distribution, hydrophobicity, secondary-structure propensity, and
receptor affinity. In antiviral settings, multivalent peptide display has been used to enhance
inhibition of viral fusion, as illustrated by HIV fusion-inhibitory peptide-functionalized
AuNPs [83].

The relevance of peptide functionalization to antiviral AuNP design lies in this com-
bination of biological specificity and nanoscale adaptability. Peptides are smaller and
synthetically more accessible than full proteins or antibodies, which reduces steric burden
and allows greater freedom for tuning ligand density and surface organization. However,
peptide activity is highly sensitive to interfacial context. Surface density, orientation, linker
composition, and local crowding can all affect peptide accessibility and function, and the
same sequence may behave differently when free in solution versus immobilized on a
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nanoparticle surface [84]. Peptide conjugation should therefore be regarded as an interfacial
design problem requiring careful optimization of both sequence and presentation.

3.5. Carbohydrate (Glycan) Conjugation

Glycan functionalization is particularly important in antiviral AuNP design because
many viruses initiate infection by recognizing carbohydrates on host–cell surfaces. Deco-
rating AuNPs with monosaccharides, oligosaccharides, polysaccharides, or glycomimetic
ligands enables the construction of multivalent glyconanoparticles that mimic host recep-
tors or engage viral lectin-like proteins with enhanced avidity [85,86]. From a synthetic
perspective, glycans can be conjugated to AuNPs through several distinct strategies. Thiol-
modified carbohydrates can be directly anchored to the gold surface via strong Au–S
bonds, either during nanoparticle synthesis or through post-synthetic ligand exchange.
Alternatively, glycans can be attached to pre-functionalized AuNP scaffolds using covalent
coupling chemistries, such as EDC/NHS reactions with amine-derivatized sugars or click
chemistry. Furthermore, one-pot green synthesis approaches allow polysaccharides to act
simultaneously as both reducing and stabilizing agents, directly yielding glycan-coated
AuNPs. These strategies exploit the nanoscale architecture of AuNPs to achieve dense and
spatially organized glycan presentation [87].

The antiviral value of glycan conjugation lies primarily in multivalent binding. Com-
pared with monovalent sugars, glycan-displaying AuNPs can exhibit markedly enhanced
affinity toward lectins, viral surface proteins, or receptor-binding interfaces because mul-
tiple weak interactions are engaged cooperatively [88]. This principle is illustrated by
low-mannose-functionalized glyconanoparticles, which showed enhanced binding affinity
to Cyanovirin-N variants relative to the corresponding monomeric ligands [88]. Such find-
ings underscore a central point in antiviral glyconanotechnology: biological performance
depends not only on glycan identity, but also on nanoscale presentation.

In practical antiviral design, a broad range of glycans and glycan-derived materials
has been explored. Naturally derived polysaccharides such as chitosan and alginate are
widely used because of their biocompatibility, ease of modification, and ability to support
stable glycosylated AuNP formulations [89]. Smaller carbohydrate motifs, including
mannose-, mannuronic-acid-, and sialic-acid-containing ligands, are also of particular
interest because they are directly relevant to viral attachment pathways [90,91]. Since many
viruses depend on glycan-mediated recognition during the earliest stages of infection,
glycan-functionalized AuNPs offer a rational route to competitive inhibition of virus–host
interactions through receptor mimicry and multivalent avidity.

Glycan-related or glycoside-containing surface chemistries can also incorporate natu-
rally derived bioactive molecules. For example, glycyrrhizic acid, a triterpenoid saponin
glycoside, has been used to functionalize AuNPs; the resulting glycyrrhizic acid-modified
AuNPs exhibited inhibitory activity against porcine reproductive and respiratory syndrome
virus and SARS-CoV-2 pseudovirus in vitro [92]. Although these systems may not func-
tion through identical mechanisms, they illustrate how carbohydrate-rich or polyphenol-
associated surface chemistries can contribute to antiviral activity at the stage of viral
attachment and entry.

At the same time, the effectiveness of glycan-functionalized AuNPs is governed by
more than glycan composition alone. Ligand density, spatial arrangement, linker flexibility,
surface curvature, and colloidal stability all influence whether displayed glycans can
productively engage viral targets [85,86,90]. Because glycan–protein interactions are often
individually weak, insufficient control over nanoscale presentation can markedly reduce
antiviral performance.
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3.6. Drug Loading and Intracellular Delivery

AuNPs can also be engineered as carriers for antiviral drugs through covalent conju-
gation, electrostatic association, hydrophobic loading, or surface-assisted encapsulation.
In these systems, surface functionalization is designed not only to attach the therapeutic
cargo, but also to regulate release behavior, improve pharmacokinetics, enhance accumu-
lation at target cells or tissues, and reduce off-target toxicity. Because the AuNP surface
can be co-engineered with targeting ligands, protective polymers, or stimuli-responsive
components, drug-loaded AuNPs are best viewed as programmable delivery interfaces
rather than passive carriers.

Among these strategies, covalent drug attachment offers stable loading and can sup-
port sustained release when biodegradable or otherwise cleavable linkers are used. A
representative example is tenofovir (TNF) tethered to AuNPs through biodegradable link-
ages, which enabled prolonged release and demonstrated improved antiviral performance
in an in vivo HIV-related proof-of-concept model [93]. This type of design is relevant
when the parent drug suffers from short residence time, poor intracellular retention, or
suboptimal tissue exposure.

Non-covalent loading approaches can also be valuable, particularly for drugs whose
activity benefits from triggered release or co-presentation with recognition elements. Drug
molecules may associate with AuNPs through ionic interactions, van der Waals forces,
hydrophobic interactions, or nucleic-acid-mediated encapsulation, allowing release to
be influenced by local pH or other stimuli, although premature release and nonspecific
adsorption remain important design concerns [94,95]. For example, aptamer-functionalized
AuNPs have been developed as targeted delivery systems in which molecular recognition
is coupled to selective drug release at the target site [96]. In such platforms, therapeutic
performance depends not only on the loaded drug, but also on the architecture of the outer
surface, which governs colloidal stability, target engagement, and release conditions.

From an antiviral nanomedicine perspective, drug-loaded AuNPs are especially at-
tractive when free drugs are limited by poor solubility, rapid degradation, insufficient
intracellular access, or dose-limiting systemic exposure. However, their success depends on
careful optimization of drug loading efficiency, release kinetics, colloidal stability, and target
selectivity. AuNP-based drug delivery should therefore be understood as an integrated
interfacial design problem in which delivery chemistry must be aligned with antiviral
mechanism and biological context [97].

3.7. Biomimetic Coating

Biomimetic coating represents an emerging surface engineering strategy in which
AuNPs are cloaked with natural biological membranes or membrane-inspired materials to
impart functions that are difficult to achieve with conventional synthetic ligands alone [98].
These functions may include prolonged circulation, immune evasion, homotypic targeting,
and biologically relevant interfacial signaling [99,100]. Depending on the intended applica-
tion, the coating material can be derived from erythrocytes, immune cells, cancer cells, or
other cell-associated membrane sources, each conferring distinct biological properties.

For antiviral applications, biomimetic coating is conceptually attractive because viruses
themselves exploit membrane-level recognition, adhesion, and trafficking processes. By
decorating AuNPs with cell-derived membrane components, it may be possible to prolong
residence time, enhance compatibility in vivo, target inflamed or infected tissues, or create
decoy-like interfaces that intercept virus–host interactions [101,102]. Although direct exam-
ples of biomimetic-coated AuNPs for antiviral therapy remain relatively limited, related
membrane-coated antiviral nanoplatforms provide important design principles for AuNP
engineering. For example, Aich et al. recently reported biomimetic copper nanoparticles
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coated with ACE2-overexpressing cell membranes for selective SARS-CoV-2 neutralization
and disinfection, demonstrating that receptor-enriched membrane cloaking can create virus-
trapping decoy interfaces with antiviral and environmental decontamination potential [8].
In this sense, biomimetic functionalization extends antiviral design beyond single-ligand
recognition and toward more complex control of the nano–bio interface.

However, the biological complexity that makes biomimetic strategies attractive also
makes them technically demanding. Membrane source selection, coating integrity, composi-
tional heterogeneity, storage stability, and large-scale reproducibility all remain substantial
challenges [99,100]. At present, biomimetic coating should therefore be regarded as a
promising frontier rather than a standardized solution in antiviral AuNP engineering. Its
greatest potential lies in applications where complex interface control, prolonged biological
compatibility, or decoy-like recognition is needed.

3.8. Summary of Surface Engineering Principles

Taken together, the functionalization strategies discussed above illustrate that the
antiviral utility of AuNPs depends less on the gold core alone than on the structure and
function of the interfacial layer. PEGylation primarily improves colloidal stability and
pharmacokinetic behavior; nucleic acids provide programmability, intracellular regula-
tory activity, and molecular recognition; antibodies, nanobodies, and proteins enable
highly specific targeting; peptides offer modular recognition with sequence-level tunabil-
ity; glycans support multivalent receptor mimicry and lectin engagement; drug-oriented
functionalization enables controlled delivery; and biomimetic coatings introduce complex
biological interface properties. Each strategy contributes a distinct set of capabilities, but
none operates independently of the broader physicochemical context established by the
nanoparticle surface.

When designing surface engineering strategies for spherical AuNPs intended for
use in colloidal suspensions, the final hydrodynamic size is a critical parameter. The
attachment of polymers (e.g., PEG), peptides, or targeting antibodies inevitably increases
the hydrodynamic diameter of the bare nanoparticles. While a larger hydrodynamic
size provided by these bulky coatings ensures excellent steric stabilization and prevents
aggregation in complex biological fluids, an excessively large ligand shell may introduce
steric hindrance. This hindrance can shield the active targeting groups or reduce the binding
efficiency between the AuNPs and the viral surface proteins. Therefore, precisely tuning
the ligand length, molecular weight, and grafting density is essential to achieve an optimal
hydrodynamic size that balances colloidal stability with maximum antiviral efficacy.

In the case of anisotropic AuNPs, the role of shape must be carefully considered during
surface engineering. The distinct crystallographic facets of anisotropic structures (such
as the tips versus the longitudinal sides of gold nanorods) often exhibit different binding
affinities for capping agents, which can be exploited for site-specific or asymmetric func-
tionalization. Furthermore, the shape directly dictates the geometric matching and contact
area with the virus. For instance, rod-like, star-shaped, or spike-bearing nanoparticles can
provide larger contact areas or multiple binding points (multivalent interactions) compared
to spherical counterparts, allowing them to better match the curvature of the viral envelope
and significantly enhance the binding affinity and subsequent viral neutralization.

A recurring principle across these approaches is that ligand identity alone is not
sufficient to predict biological performance. Ligand density, orientation, linker flexibility,
anchoring stability, colloidal robustness, and resistance to protein corona formation can
all determine whether a given functional motif remains accessible and effective under
biologically relevant conditions. As summarized in Table 2, different coatings show distinct
capacities to reduce, reshape, or tolerate protein adsorption. PEGylated, zwitterionic,
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and mixed-charge surfaces are generally used to reduce nonspecific fouling, whereas
charged, nucleic acid-, peptide-, protein-, and glycan-based surfaces often provide essential
antiviral functions but require additional optimization to preserve ligand accessibility in
serum-containing or mucosal media.

Another important interfacial parameter is the final hydrodynamic size of the func-
tionalized AuNP. Hydrodynamic diameter integrates the gold core, ligand shell, hydration
layer, and adsorbed biomolecules, and therefore often better reflects the biologically rel-
evant size than the metallic core diameter alone. For spherical AuNPs, hydrodynamic
diameter can strongly influence colloidal stability, cellular uptake, renal filtration, tissue
penetration, mononuclear phagocyte system clearance, and biodistribution. For anisotropic
AuNPs, however, additional descriptors such as aspect ratio, effective hydrodynamic di-
mension, surface curvature, and ligand distribution should also be considered, because a
single average diameter cannot fully capture shape-dependent biological behavior.

Surface engineering should therefore be regarded as the central bridge connecting
nanoparticle synthesis to antiviral mechanism. It is through this interfacial layer that core
physicochemical features are translated into biological identity and therapeutic function.
A rational understanding of antiviral AuNPs must consequently focus not only on what
ligands are present, but also on how they are organized, stabilized, and presented in
complex biological environments. This interfacial perspective provides the foundation for
understanding the antiviral mechanisms discussed in the following section.
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Table 2. Effects of representative surface functionalization strategies on corona formation, protein resistance, and antiviral performance of AuNPs.

Surface Functionalization
Strategy

Main Corona-Regulating
Feature

Effect on Protein
Adsorption/Biological Identity Relevance to Antiviral AuNPs Main Limitations References

PEGylation Hydrated steric barrier

Minimizes nonspecific protein
adsorption and aggregation,
particularly when optimal chain
lengths and high grafting
densities are employed

Enhances colloidal stability,
prolongs systemic circulation
lifetime, and improves the steric
accessibility of co-displayed
antiviral ligands

Incomplete inertness, with the
potential occurrence of residual
protein adsorption and anti-PEG
immunological responses

[60–64,103,104]

Zwitterionic or mixed-charge
coatings

Strong hydration layer and
balanced local charges

Suppresses nonspecific
electrostatic interactions, thereby
significantly reducing
macrophage-mediated uptake

Preserves robust antiviral activity
even within highly complex,
protein-rich physiological
environments

The stringent requirement for
precise control over polymer
chemistry, grafting density, and
ligand ratios

[105]

Anionic surfaces, including
citrate, carboxylate, sulfate, or
sulfonate groups

Hydrophilic charged
interface; possible
receptor-mimetic binding

Enhances colloidal stability,
albeit with persistent adsorption
of serum proteins

Mimics HSPG-like viral entry
pathways and facilitates
multivalent receptor-mimetic
binding

Masking of active anionic ligands
by the protein corona, potentially
altering or compromising viral
binding affinity

[18,58]

Cationic or amine-rich
surfaces

Electrostatic interaction with
membranes and proteins

Typically promotes protein
adsorption, cellular
internalization, and macrophage
recognition, with an elevated risk
of cytotoxicity

Facilitates efficient intracellular
delivery and robust nucleic acid
complexation

Elevated nonspecific adsorption,
high risk of systemic toxicity, and
accelerated physiological
clearance

[47,106,107]

DNA/RNA functionalization Hydrophilic, highly charged
oligonucleotide shell

Modulates protein corona
composition and provides partial
steric/electrostatic shielding

Enables targeted siRNA delivery,
aptamer-mediated homing, and
spherical nucleic acid (SNA)-like
antiviral configurations

Pronounced dependence of
corona behavior on
oligonucleotide sequence,
grafting density, hybridization
state, and media composition

[65–73]

Protein, antibody, nanobody,
or peptide ligands Biological recognition layer

Confers high target specificity,
which may nevertheless be
masked by the adsorption of
extraneous serum proteins

Enables precise targeting of
virions or infected cells, leading
to multivalent viral
neutralization

Potential loss of bioactivity due
to unfavorable ligand orientation,
denaturation, steric crowding, or
corona-mediated masking

[75–80]

Polysaccharide or glycan
coatings

Hydrophilic
carbohydrate-rich interface;
receptor mimicry

Can modulate protein adsorption
depending on charge, density,
and glycan structure

Useful for glycan-mediated viral
attachment blockade and
receptor mimicry

Glycan ligands may be masked
by serum proteins; activity
depends on presentation

[48,85–92]
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4. Antiviral Mechanisms of Functionalized AuNPs
The antiviral effects of AuNPs arise from the coordinated interplay among nanoscale

architecture, surface chemistry, and biological context rather than from the metallic core
alone. Core size and morphology influence optical behavior, cellular interactions, and
biodistribution, whereas surface functionalization governs colloidal stability, molecular
recognition, cargo loading, and interactions with biological interfaces. Functionalized
AuNPs should therefore be understood as programmable antiviral nanoplatforms whose
activity is engineered at the nano–bio interface.

Depending on their design, functionalized AuNPs can intervene at multiple stages
of the viral life cycle. Some systems act at the earliest stage of infection by blocking viral
attachment and entry through receptor mimicry, multivalent engagement, steric shielding,
or direct virucidal interactions. Others function after internalization by delivering antiviral
cargos, modulating host–cell signaling, or altering intracellular conditions required for
viral replication. Additional formulations interfere with virion assembly, budding, or
release, whereas plasmonically active AuNPs can inactivate virions or infected cells through
photothermal effects. AuNPs have also been developed as vaccine carriers, adjuvants, and
immunomodulatory platforms that enhance antiviral host responses.

These mechanisms should not be regarded as mutually exclusive. A single AuNP
formulation may combine several functions simultaneously, such as serum-stable cir-
culation, multivalent viral capture, intracellular cargo delivery, and immune activation.
Conversely, apparently similar nanoparticle systems may behave very differently if they
differ in size, shape, ligand density, interfacial flexibility, or susceptibility to protein corona
formation. The mechanisms discussed below should therefore be interpreted through a
structure–function lens.

4.1. Polyvalent Blockade of Viral Attachment and Cellular Entry

Viral attachment and entry are attractive intervention points because they represent
the earliest and often rate-limiting steps of infection. Functionalized AuNPs are particularly
well suited for targeting this stage because their surfaces can display ligands at high local
density and in controlled spatial arrangements, thereby generating multivalent interactions
that are typically much stronger than those achieved by the corresponding monovalent
molecules. As a result, AuNPs can function either as synthetic mimics of host–cell receptors
or as multivalent antagonists of viral attachment and fusion proteins.

The antiviral behavior of entry-targeting AuNPs is closely related to the chemical
nature of their surface ligands. Anionic sulfate, sulfonate, and carboxylate groups can
mimic glycosaminoglycans or other negatively charged attachment factors and interfere
with electrostatic interactions between viral envelope proteins and cell-surface receptors.
Carbohydrate- and glycan-derived ligands, such as sialic acid, mannose derivatives, and
mannuronic acid, can compete with host–cell glycans or engage viral lectin-like domains.
Protein-, peptide-, aptamer-, antibody-, and nanobody-functionalized AuNPs generally
provide more sequence- or structure-specific recognition of viral surface proteins, including
spike, hemagglutinin, and fusion proteins. These representative relationships between
surface chemistry and entry-stage antiviral mechanisms are summarized in Table 3.

One major design principle is the mimicry of host attachment factors. Heparan
sulfate proteoglycans (HSPGs), for example, are used by many enveloped viruses during
initial attachment. Therefore, sulfate- or sulfonate-terminated AuNPs can act as synthetic
HSPG analogues that competitively inhibit viral binding, as demonstrated for HIV-1 and
HSV-1 [18,19]. In sulfate-ended AuNPs, antiviral activity is strongly influenced by ligand
density, supporting the importance of multivalent HSPG-like presentation [18]. Against
HSV-1, mercaptoethane sulfonate-capped AuNPs inhibited viral attachment, entry, and
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cell-to-cell spread, indicating that densely displayed anionic sulfonate groups can block
multiple early infection events [19]. Similar logic applies to other glycan-dependent entry
pathways. Sialic-acid-functionalized AuNPs can compete with host–cell sialylated receptors
for influenza hemagglutinin binding, thereby suppressing viral attachment and infection
in a size-dependent manner [20].

A second major strategy is the direct multivalent engagement of viral glycans or enve-
lope proteins. Polyvalent nano-lectin systems and glycomimetic AuNPs have shown antivi-
ral activity against SARS-CoV-2 by targeting glycans on the viral spike protein [108–110].
These studies demonstrate that antiviral potency depends not only on ligand identity, but
also on ligand density, orientation, flexibility, and nanoparticle size relative to the viral
surface. Beyond glycan-targeting strategies, AuNPs displaying multivalent peptide fusion
inhibitors can suppress HIV-1 membrane fusion [83], while galectin-1-conjugated AuNPs
strengthen glycan-mediated recognition of influenza virus through clustered carbohydrate-
binding motifs [111]. Similarly, polyvalent nanobody architectures organized on AuNP
scaffolds improve SARS-CoV-2 neutralization by optimizing spatial engagement of the
spike protein [78]. Adaptable self-assembled monolayer shells can further enhance multi-
valent viral capture by allowing lateral ligand mobility at the nanoparticle interface [112].

In addition to reversible entry blockade, some AuNP systems exert direct virucidal
effects by inducing irreversible structural damage to virions. In certain systems, multi-
valent binding simply prevents productive interaction with host cells, whereas in others
the nanoparticle-virus interaction appears to generate mechanical or structural stress that
compromises the viral envelope or surface proteins. For example, poly(styrene sulfonate)-
coated AuNPs shifted the antiviral action of linear poly(styrene sulfonate) from a predomi-
nantly reversible virustatic mechanism toward an irreversible virucidal mechanism [113].
Mixed-charge AuNPs can also preserve antiviral performance more effectively than single-
ligand sulfonated particles under high-protein conditions, highlighting the importance of
interfacial robustness in complex biological environments [105]. More broadly, virucidal
nanoparticle design has shown that flexible sulfonated ligands can generate sufficient
multivalent binding forces to deform enveloped virions irreversibly, providing a useful
conceptual framework for interpreting related AuNP-based systems [58].

Additional entry-stage mechanisms have also been described. Mannuronic-acid-
coated AuNPs and related glycan-targeting platforms can interfere with glycan-mediated
interactions on enveloped viruses [91], whereas porous gold nanoparticles have been
shown to bind disulfide-rich viral glycoproteins such as influenza hemagglutinin and
attenuate their fusogenic function [114]. Bioactive surface ligands may also contribute to
entry inhibition, as illustrated by quercetin-conjugated or gallic-acid-associated AuNPs
that suppress early virus–host interactions [48,115]. Collectively, these examples indicate
that AuNP-mediated entry inhibition is governed by a combination of multivalent avidity,
interfacial geometry, functional-group chemistry, and, in some cases, the capacity to physi-
cally or conformationally disrupt the virion (Figure 3). The illustrated processes represent
mechanistic categories and may not occur simultaneously in all AuNP formulations.
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Figure 3. Schematic illustration of the antiviral mechanism of gold nanoparticles (AuNPs). Func-
tionalized AuNPs interact with viral surface proteins, thereby blocking virus binding to host–cell
receptors on the cell membrane. The dashed arrow indicates that multivalent binding of AuNPs
to the viral envelope/capsid can induce structural disruption and irreversible viral deformation,
ultimately inhibiting viral entry and infectivity.

Taken together, these studies show that the entry stage is one of the clearest settings
in which the nanoscale advantages of AuNPs can be exploited. Their antiviral efficacy at
this step arises not simply from ligand presence, but from controlled ligand presentation,
interfacial adaptability, and the ability to convert weak molecular recognition into high-
avidity capture or even irreversible virucidal action. Notably, most mechanistic insights
in this area still derive from in vitro studies, and systematic evaluation of protein corona
effects, mucosal environments, in vivo biodistribution, and potential viral escape remains
limited. Despite these translational gaps, viral attachment and entry blockade remains one
of the most mature and mechanistically informative applications of functionalized AuNPs
in antiviral nanomedicine.
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Table 3. Representative relationships between AuNP surface chemistry and entry-stage antiviral mechanisms.

Surface Chemistry or
Ligand Class

Preferential Binding
Mode Main Target Interface Representative Viruses Mechanistic Implication References

Sulfate or sulfonate groups
HSPG-like electrostatic
mimicry and multivalent
binding

Glycosaminoglycan-
dependent attachment
interfaces

HIV-1, HSV-1, HSV-2,
HSPG-utilizing enveloped
viruses

Inhibits viral attachment and
entry, wherein dense or flexible
anionic ligands can induce
irreversible virucidal structural
deformation

[18,19,58,113]

Carboxylate or
uronic-acid-containing
glycans

Glycan-like recognition
and competitive receptor
blockade

Glycan-binding viral
proteins or lectin-related
attachment pathways

EBOVpp

Supports receptor mimicry and
enables multivalent inhibition
of glycan-mediated viral
attachment

[91]

Sialic acid ligands
Host receptor mimicry
coupled with multivalent
hemagglutinin binding

Hemagglutinin–sialylated
receptor interaction Influenza virus

Competitively blocks host–cell
sialylated receptors, with the
antiviral efficacy being highly
dependent on nanoparticle size
and ligand presentation

[20]

Mannose/glycomimetic
ligands and lectin domains

Multivalent lectin–glycan
recognition

Viral envelope glycans,
including spike-associated
glycans

SARS-CoV-2-related
systems, influenza virus

Translates weak monomeric
lectin–glycan interactions into
high-avidity viral capture and
potent neutralization

[83,108–111]

Peptide fusion inhibitors
Multivalent presentation
of entry co-receptor
antagonists

Host CCR5 co-receptor HIV-1

Multivalent presentation on the
nanoparticle surface
significantly enhances
otherwise weak
fusion-inhibitory activity

[83]

Antibodies, nanobodies,
and aptamers

Structure- or
sequence-specific
molecular recognition

Viral surface antigens or
infected-cell markers

SARS-CoV-2,
cytomegalovirus,
rabies-virus-related
systems

Enhances binding avidity and
enables targeted viral
neutralization, cargo delivery,
or photothermal therapy

[69,78,96,116,117]

Porous or
disulfide-reactive gold
surfaces

Direct interaction with
disulfide-rich viral
glycoproteins

Hemagglutinin and other
fusogenic glycoproteins Influenza A virus

Attenuates viral fusogenic
function through the structural
perturbation of viral envelope
glycoproteins

[114]
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4.2. Intracellular Disruption of Viral Replication

Once viruses have entered host cells, antiviral intervention becomes more challenging
because therapeutic agents must reach intracellular sites of replication while retaining
stability, bioactivity, and sufficient local concentration. Functionalized AuNPs provide a
versatile platform for this stage because they can protect labile cargos, enhance cellular
uptake, and integrate targeting, delivery, and intracellular action within a single nanoscale
construct. In contrast to entry inhibitors, intracellular antiviral AuNPs must negotiate
endocytic uptake, vesicular trafficking, cargo release, and, in some cases, endosomal escape.

One major application is the delivery of nucleic acid therapeutics. As described in
Figure 4, AuNP-conjugated small-interfering RNA (siRNA) can be shielded from nuclease
degradation while benefiting from improved cellular internalization relative to free oligonu-
cleotides. This principle has been demonstrated in antiviral systems targeting dengue virus,
where AuNP-bound siRNA retained activity even after RNase exposure, whereas free
siRNA lost efficacy under comparable conditions [71]. Similarly, ultrasmall AuNPs conju-
gated with siRNA directed against both herpes simplex virus and pro-inflammatory NF-κB
signaling simultaneously suppressed viral replication and inflammatory signaling, illus-
trating how a single intracellular nanoplatform can combine antiviral and host-modulatory
functions [72].

 
Figure 4. Schematic illustration of the multifunctional antiviral mechanisms of AuNPs. AuNPs can
inhibit viral infection through multiple pathways, including direct interference with virus–host cell
interactions, delivery of antiviral drugs, and transport of small interfering RNA (siRNA). Following
cellular uptake, siRNA-loaded AuNPs promote RNA interference via the RNA-induced silencing
complex (RISC), thereby suppressing viral gene expression. In addition, AuNPs modulate host
immune signaling pathways, including the TLR/TRAF/NF-κB axis, leading to reduced activation of
pro-inflammatory mediators such as TNFα. These pathways represent representative mechanisms
reported for different AuNP formulations rather than simultaneous actions of a single platform.

AuNPs have also been developed as carriers for small-molecule antiviral agents, par-
ticularly when free drugs are limited by poor pharmacokinetics, insufficient intracellular
access, or off-target exposure. Conjugation of tenofovir to AuNPs improved antiviral perfor-
mance and enabled sustained release in vivo, highlighting the potential of AuNPs to extend
the activity window of established antivirals [93]. More advanced formulations combine
cargo delivery with molecular targeting; for example, aptamer-conjugated, hyaluronic-acid-
coated AuNPs designed for pH-responsive niclosamide delivery to SARS-CoV-2-infected
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cells illustrate how selective accumulation and controlled intracellular release can be inte-
grated within one nanoscale platform [96]. These systems show that AuNPs can modulate
when, where, and under what intracellular conditions antiviral agents become active.

Beyond serving as delivery vehicles, AuNPs may influence intracellular host–cell en-
vironments in ways that suppress viral propagation. Studies comparing ligand-stabilized
gold nanoclusters, including glutathione-, histidine-, and 2-mercaptoethane sulfonate-
coated formulations, have shown that subtle differences in surface chemistry can pro-
duce markedly different effects on the proliferation of pseudorabies virus and porcine
reproductive and respiratory syndrome virus [118,119]. These observations highlight that
intracellular antiviral behavior depends not only on the therapeutic payload, but also on
how the nanoparticle surface reshapes the local cellular environment.

Emerging platforms extend this concept toward programmable intracellular antiviral
systems. A notable example is AuNP-mediated delivery of CRISPR-Cas13d machinery
for targeted cleavage of viral RNA after cellular uptake, representing a modular strategy
for antiviral intervention at the level of nucleic acid recognition and degradation [120].
In addition, even relatively simple citrate-capped AuNPs have been reported to reduce
foot-and-mouth disease virus replication primarily when administered after infection, sug-
gesting that post-entry antiviral effects may occur even without highly elaborate surface
engineering, although the contribution of nonspecific cellular stress or assay-dependent ef-
fects should be carefully excluded [121]. However, in such systems the precise intracellular
mechanisms are less clearly resolved and should be interpreted cautiously.

Taken together, the intracellular antiviral value of AuNPs lies in two complemen-
tary capabilities: protected delivery of therapeutic cargos and modulation of host–cell
environments relevant to viral replication. At the same time, successful intracellular antivi-
ral design requires more than nanoparticle uptake alone. Endosomal escape, controlled
subcellular trafficking, timely cargo release, and selective accumulation in infected cells
remain major challenges. Accordingly, the promise of functionalized AuNPs in this context
depends on continued progress in aligning interfacial design with the intracellular biology
of viral infection.

4.3. Interference with Late-Stage Viral Assembly and Egress

In addition to blocking entry or suppressing intracellular replication, functionalized
AuNPs can interfere with later stages of the viral life cycle, including assembly, budding,
and release. These mechanisms are particularly relevant because they limit the production
and dissemination of infectious progeny rather than merely preventing the initial round of
infection. Compared with entry inhibition, however, late-stage antiviral effects are often
more difficult to assign to a single molecular event, since they may arise from combined
perturbation of membrane organization, intracellular trafficking, organelle function, and
viral particle maturation.

One notable strategy is the formation of a physical barrier at the host–cell surface. As
shown in Figure 5, DNA-conjugated AuNP networks assembled on the plasma membrane
can act as a dynamic “nano-armor” that not only inhibits attachment of incoming virions,
but also interferes with budding of newly formed viral particles [122]. Mechanistically,
this surface-associated network appears to perturb membrane organization and the spatial
distribution of viral components required for efficient assembly and scission, thereby
reducing the release of infectious progeny. This example shows that AuNPs can modulate
the virus–host interface not only through molecular recognition, but also through mesoscale
control of membrane architecture.
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Figure 5. Schematic illustration of the antiviral mechanisms of DNA-conjugated gold nanoparticles
(DNA-AuNP) against enveloped viruses. DNA–AuNP networks formed on the cell membrane can
act as physical barriers to inhibit viral adsorption to host-cell receptors and interfere with the release
of progeny virions during viral budding. In addition, internalized gold nanoparticles can accumulate
in lysosomes and induce lysosomal alkalinization, thereby preventing pH-dependent membrane
fusion, nucleocapsid disassembly, and viral genome release. These effects collectively suppress
the replication and spread of enveloped viruses. The schematic also illustrates the major stages of
the viral life cycle, including receptor-mediated entry, endocytosis, endosomal trafficking, genome
release, viral RNA replication and transcription, protein synthesis, virion assembly, and release. Black
arrows indicate the direction of viral infection and replication processes, whereas red crosses denote
the stages inhibited by DNA–AuNPs.

Late-stage inhibition may also arise indirectly from AuNP-induced perturbation of
intracellular trafficking and organelle dynamics. Cationic AuNPs have been reported to
accumulate in lysosomes, induce lysosomal alkalinization, disrupt actin organization, and
alter organelle behavior in ways that impair replication of enveloped RNA viruses [123].
Because viral assembly, maturation, and egress often depend on coordinated vesicular
trafficking and membrane remodeling, such changes may secondarily compromise late
stages of the viral life cycle. However, these effects should be interpreted with caution:
disruption of organelle function does not automatically equate to selective antiviral activity,
and excessive perturbation of host–cell physiology may also contribute to toxicity.

Additional evidence for late-stage interference comes from self-assembled plasmonic
gold/layered double hydroxide composites, which significantly reduced the release of
hepatitis B viral and subviral particles from infected cells [124]. In this context, the antiviral
effect appears to involve intracellular retention or sequestration of viral material, thereby
limiting extracellular dissemination. Although the precise mechanism may differ from that
of plasma-membrane-associated nano-armor systems, both examples support the broader
concept that AuNP-based materials can suppress viral propagation by obstructing the
cellular pathways and membrane processes required for efficient virion release.

Overall, current evidence suggests that AuNP-mediated inhibition of viral assembly
and egress can occur through at least three nonexclusive routes: alteration of host–cell
membrane architecture, disruption of intracellular trafficking and organelle dynamics, and
intracellular retention of viral material. Compared with entry blockade, these late-stage
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mechanisms are generally less sharply defined but may offer important opportunities to
suppress viral spread after infection has already been established. Future progress will
require more precise dissection of how specific interfacial designs influence the cellular
machinery that governs virion maturation and release.

4.4. Photothermal Inactivation: A Physical Virucidal Modality

Photothermal inactivation represents a mechanistically distinct antiviral strategy in
which AuNPs act as light-responsive energy transducers rather than as conventional
ligand-based inhibitors. Owing to localized surface plasmon resonance, AuNPs can convert
incident light into localized heat. This effect is particularly useful for anisotropic AuNPs,
such as gold nanorods, nanostars, and nanocages, because their plasmon bands can be
tuned into the near-infrared window and their high-curvature regions can enhance lo-
cal electromagnetic fields and photothermal conversion efficiency [125–127]. In contrast,
conventional spherical AuNPs generally absorb mainly in the visible region and are less
efficient for NIR-triggered photothermal applications unless assembled into coupled struc-
tures or incorporated into hybrid systems [128]. Therefore, both spherical and anisotropic
AuNPs can be relevant, but anisotropic structures usually provide greater advantages for
photothermal antiviral design.

A key advantage of photothermal antiviral systems is that their activity can be exter-
nally triggered by light. This feature distinguishes them from constitutively active viral-
entry inhibitors or intracellular delivery platforms and provides spatiotemporal control
over treatment location and timing. Antibody-conjugated AuNPs with spherical, star-like,
and popcorn-like morphologies have been reported to inhibit human cytomegalovirus infec-
tion and photothermally damage infected cells upon irradiation [117]. Similarly, aptamer-
and RVG-functionalized gold nanorods have been used to target rabies virus-infected cells
in the mouse brain, where NIR-triggered photothermal treatment reduced viral burden
after selective accumulation at infected sites [116]. These studies illustrate how molecu-
lar targeting and plasmonic conversion can be combined to improve treatment precision
(Figure 6).

Figure 6. Schematic illustration of the photothermal antiviral mechanism of gold nanorods (AuNRs).
AuNRs specifically bind to viral surface components and, upon near-infrared (NIR) laser irradiation,
generate localized heat through the photothermal effect. The resulting thermal damage disrupts viral
structural integrity, leading to structural damage and loss of infectivity.

Photothermal AuNP systems may also be relevant outside the context of direct infected-
cell ablation. In-solution and ex vivo applications suggest that plasmonic heating can
damage viral structures more directly, provided that light delivery and nanoparticle–virus
contact are adequately controlled. For example, gold and iron oxide nanoparticle assemblies
constructed on turnip yellow mosaic virus have been used as model systems for in-solution
photothermal experiments, demonstrating the broader feasibility of plasmonic pathogen
targeting in fluid-phase settings [129]. More recently, multifunctional intranasal AuNP-
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based formulations have combined viral inhibition, photothermal responsiveness, and
immune modulation within a single platform [130].

Despite these advantages, photothermal antiviral platforms face important transla-
tional constraints. Their efficacy depends on interdependent factors, including nanoparticle
optical properties, tissue accessibility, light penetration depth, irradiation parameters, ther-
mal confinement, and target selectivity. Excessive heating may damage healthy tissue,
whereas insufficient heating may fail to inactivate virions or infected cells. Anatomi-
cal accessibility is also critical: photothermal strategies are more readily envisioned for
surface-accessible tissues, localized infections, or intranasal applications than for diffuse
deep-tissue viral diseases. Although anisotropic structures can partially mitigate these
limitations through enhanced NIR absorption, the fundamental challenge of light delivery
applies to all plasmonic nanostructures.

Overall, photothermal antiviral AuNPs demonstrate that gold nanostructures can
provide therapeutic functions beyond molecular recognition and cargo delivery. By en-
abling externally controlled physical inactivation, they expand the mechanistic repertoire of
antiviral nanomedicine. Nevertheless, their biological applicability will depend on whether
their advantages in spatial precision and triggerability can outweigh limitations related
to light delivery, thermal control, biodistribution, and in vivo safety. These translational
hurdles are also reflected in the broader photothermal therapy field, where clinical progress
remains limited despite encouraging preclinical results [131].

4.5. Enhancement of Prophylactic and Therapeutic Immunity

Beyond direct inhibition of viral infection, AuNPs are increasingly being developed as
platforms for vaccine delivery and immune modulation. Their high surface-area-to-volume
ratio, controllable nanoscale dimensions, and versatile surface chemistry allow antigens,
adjuvants, and nucleic acids to be co-displayed or co-delivered in defined spatial arrange-
ments, which can improve antigen presentation, lymphatic trafficking, and downstream
immune activation. In this context, AuNPs function as tunable immune interfaces whose
design can influence both the magnitude and quality of antiviral responses.

One major application is the use of AuNPs as antigen-display scaffolds. Conjugation of
the conserved influenza M2e peptide to AuNPs has been shown to enhance immunogenicity
relative to free peptide and to support protective responses against multiple influenza A
subtypes [132,133]. The addition of soluble CpG further strengthens these effects and has
been associated with durable protection in animal models [134]. AuNPs can also support
more complex co-presentation strategies. For example, dual-linker AuNPs displaying
recombinant hemagglutinin trimers together with flagellin combine antigen presentation
with innate immune stimulation, thereby enhancing both humoral and cellular immune
responses [135]. Similar design principles have also been extended to peptide-based
SARS-CoV-2 vaccine constructs [136].

AuNPs may also contribute to adjuvant function more directly. Their nanoscale prop-
erties can affect uptake by antigen-presenting cells, intracellular processing, dendritic-cell
maturation, and cytokine signaling, all of which may shape vaccine performance [137].
However, AuNPs should not be assumed to be intrinsically immunostimulatory across
formulations. These effects can be further tuned through surface chemistry. For instance,
tannic-acid-modified nanoparticles have shown enhanced adjuvant-like activity and im-
proved antiviral immune responses in vaccination-related models [138]. At the same time,
it is important to distinguish between AuNPs serving as structural carriers for defined im-
munogens and AuNPs contributing to immune potentiation through their physicochemical
and interfacial properties.
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Beyond prophylactic vaccination, AuNP-based systems may also be useful for thera-
peutic immune modulation during active viral infection. Lipid-encapsulated AuNPs have
been developed to attenuate excessive inflammatory responses in SARS-CoV-2 infection,
suggesting that AuNP formulations may help regulate virus-associated immunopathology
in addition to supporting protective immunity [139]. AuNPs have also been explored as
carriers for nucleic acid immunization. Polyethylenimine (PEI)-modified AuNPs can form
stable complexes with plasmid DNA, improve intracellular delivery, and enhance trans-
gene expression in vitro and in vivo [140]. More advanced formulations have combined
AuNP-based antigen delivery with sustained-release formats such as chitosan microneedle
patches to improve lymph-node targeting and prolong immune stimulation [141].

Overall, the immunological utility of AuNPs extends beyond passive antigen carriage.
They can function as modular immune interfaces that integrate antigen presentation, adju-
vant activity, nucleic acid delivery, and inflammatory regulation within a single platform.
Their future development will depend on more systematic understanding of how parti-
cle size, ligand composition, administration route, and nano–bio interactions influence
the quality, durability, and safety of antiviral immunity. In this respect, immunologi-
cally active AuNPs exemplify both the promise and the complexity of multifunctional
antiviral nanomedicine.

4.6. Quantitative Trends in Representative Antiviral AuNP Studies

Although a pooled statistical meta-analysis is currently limited by the heterogeneity
of virus models, nanoparticle formulations, dose units, and antiviral endpoints, several
quantitative and semi-quantitative trends can still be extracted from representative studies.
Table 4 summarizes reported particle sizes, surface ligands, virus models, antiviral readouts,
and proposed mechanisms for selected antiviral AuNP systems. Overall, the available
data suggest that antiviral activity is strongly influenced by multivalent ligand display,
nanoparticle size and morphology, ligand-shell flexibility, and stability in biological media.
However, many studies do not report ligand density, hydrodynamic diameter, binding
affinity, or standardized selectivity indices, which remains a major barrier to direct cross-
study comparison.

Although a pooled statistical meta-analysis is currently limited by the heterogeneity of
virus models, nanoparticle formulations, dose units, and antiviral endpoints, representative
studies provide several quantitative and semi-quantitative insights into antiviral AuNP
design. Tables 4 and 5 summarizes reported particle sizes, surface ligands, virus models,
antiviral readouts, potency or efficacy information, cytotoxicity data when available, and
proposed mechanisms for selected antiviral AuNP systems.

Overall, the available data suggest that antiviral activity is strongly influenced by
multivalent ligand display, nanoparticle size and morphology, ligand-shell flexibility, and
stability in biological media. For instance, entry-inhibiting AuNPs (Table 4) typically rely
on dense ligand packing on smaller spherical cores to achieve low-nanomolar to picomolar
inhibition, whereas intracellular and photothermal platforms (Table 5) require careful bal-
ancing of endosomal escape and shape-dependent plasmonic conversion. However, many
studies do not report ligand density, hydrodynamic diameter, binding affinity, or standard-
ized selectivity indices, which remains a major barrier to direct cross-study comparison.
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Table 4. Representative entry-inhibiting and virucidal AuNP systems and their reported antiviral trends.

AuNP Design/Surface
Ligand Size or Morphology Virus Model Experimental System Reported Quantitative/

Semi-Quantitative Readout Main Design Implication Ref.

Sulfate-ended
ligand-capped AuNPs ~2 nm AuNP cores HIV-1 In vitro infection assay

IC50 = 1.29 µg/mL (0.012 µM NP)
for 100% sulfated AuNPs;
IC50 = 2.32 µg/mL for 50% sulfated;
free ligand >10 µg/mL

Dense anionic sulfate
ligands target basic residues
within the gp120 V3 loop,
achieving multivalent
blockade of viral entry

[18]

Mercaptoethane
sulfonate-capped AuNPs ~4 nm AuNPs HSV-1 In vitro

Complete blockage of plaque
formation at 400 µg/mL
(42–4200 PFU); 0 PFU recovered in
end-point titration at MOI 20–70
(Vero/HSV-1 McIntyre). No exact
IC50 reported

Sulfonated AuNPs are
capable of blocking multiple
early stages of viral infection

[19]

Sialic-acid-
functionalized AuNPs

Size-dependent spherical
AuNP series Influenza virus Binding and in vitro

infection assays

~40% reduction in MDCK cell
infection (14 nm SA-AuNP, MOI
25, X31)

Nanoparticle size and ligand
presentation cooperatively
modulate
hemagglutinin-mediated
multivalent binding

[20]

Polyvalent nano-lectin
AuNPs 13 nm AuNPs SARS-CoV-2 variants Pseudovirus and

live-virus-related assays

Kd < 1 nM (glycan-QD binding);
Pseudovirus EC50 low nM;
Authentic SARS-CoV-2
EC50 < 10 pM (B.1) and <10 nM
(BA.1 Omicron)

Multivalent lectin display
significantly enhances
otherwise weak monomeric
lectin–glycan interactions

[108]

Glycomimetic AuNPs ∼5 nm and ∼13 nm
AuNPs

Ebola pseudovirus
(EBOVpp)
glycan-recognition
model

Biophysical and
viral-entry assays

G5- and G13 psDiMan-50% and
100% potently blocked cell surface
DC-SIGN-promoted cell entry of
EBOVpp, with EC50 values being
determined as 0.43 ± 0.17,
0.06 ± 0.03, 0.49 ± 0.13, and
0.18 ± 0.04 nM

Ligand density, spatial
spacing, and nanoscale
architecture cooperatively
regulate antiviral potency

[109]

Glycan-AuNP probes ~5 nm core Ebola pseudoviruses Binding and blocking
assays

GNP-glycans can potently block
DC-SIGN-mediated EBOV-GP
driven viral infections of host cells
with IC50 values down to
95 ± 17 pM

Multivalent glycan display
serves as a robust design
principle for blocking
viral entry

[110]
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Table 4. Cont.

AuNP Design/Surface
Ligand Size or Morphology Virus Model Experimental System Reported Quantitative/

Semi-Quantitative Readout Main Design Implication Ref.

Peptide fusion inhibitor
AuNPs 2 nm AuNPs HIV-1 In vitro fusion assay

IC50 = 10 nM (SDC-1721-NP, 12:1
loading); free SDC-1721 inactive;
TAK-779 control IC50 = 10 nM
(PBMC/HIV-1 JR-CSF CCR5, day 7
p24 ELISA)

Multivalent peptide
presentation increases local
inhibitor density

[83]

Poly(styrene
sulfonate)-coated AuNPs ~3 nm core HSV-2, RSV In vitro infectivity and

virucidal assays

IC50 = 89.91 ng/mL (PSS-AuNP,
HSV-2 plaque assay); >99%
(>2log10) PFU reduction in serial
dilution confirming virucidal
mechanism; free L-PSS
IC50 = 27.90 ng/mL with only 66%
reduction (virustatic)

Nanoparticle-templated
presentation can successfully
transition soluble
polyanions into highly
active virucidal interfaces

[113]

Sulfonic mixed-charge
modified AuNPs

∼6 nm and ~16 nm
AuNPs

Lentiviral vectors or
AAV5 model systems

In vitro high-protein
assay

IC50 = 12.82 µg/mL (6 nm
MC_AuNP MDS:TMA = 8:2) vs.
21.64 µg/mL (single-sulfonic
MDS_AuNP) in protein-free
condition; MC_AuNP retained
>80% inhibition in 10 mg/mL BSA,
while MDS_AuNP lost all activity at
1 mg/mL BSA
(293T/lentivirus-GFP)

A mixed-charge surface
design significantly
improves nanoparticle
robustness against
protein-corona-mediated
masking

[105]

Polyaniline AuNPs Porous AuNPs Influenza A virus
Infection and
hemagglutinin-function
assays

Cell viability increased from 33.9%
(untreated) to 74–76% (0.2 mg/mL
PoGNP, 60 min) across
H1N1/H3N2; intracellular viral
RNA significantly reduced by
RT-qPCR; non-porous sGNP
showed no antiviral effect. No
IC50 reported

Porous gold surfaces are
capable of perturbing the
function of viral envelope
glycoproteins

[114]
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Table 5. Representative intracellular delivery, photothermal, and vaccine-related AuNP systems and their reported antiviral trends.

AuNP Design Size or Morphology Virus/Model Evidence
Level

Reported Quantitative/
Semi-Quantitative Readout

Main Design
Implication Ref.

siRNA-
functionalized
AuNPs

~13 nm AuNPs, Dengue virus In vitro

~2–15 fold DENV-2 FFU reduction (varies by
formulation); LDH cytotoxicity ≤6.5% for all
formulations; AuNP size ~15–40 nm. No
IC50/EC50 reported.

AuNPs protect fragile
siRNA payloads from
enzymatic degradation
and enhance their
intracellular delivery

[71]

Ultrasmall
AuNP–siRNA
conjugates

~2 nm AuNPs HSV/NF-κB
signaling In vitro

Complete HSV-2 inhibition at
IC100 = 2 pmol/mL (Au-siRNA-18.1) and
4 pmol/mL (Au-siRNA-29.2); siRNA loading
6–10 molecules per 2 nm AuNP; NF-κB gene
silencing shown by fold change

Ultrasmall AuNPs
enable the co-delivery
of therapeutic agents for
combined antiviral and
host-modulatory RNAi

[72]

Tenofovir-tethered
AuNPs ~25 nm AuNPs HIV-related

model In vivo

IC50 = 0.016–0.037 µg/mL (AuNP-TNF,
PBMC/TZM-bl, R5/X4 HIV-1); ~15-fold more
potent than free TNF; RT-ase IC50 = 0.067
µg/mL; TI max = 22,897 (PBMC, R5); drug
conjugation ~16 wt%; cellular uptake 78.9% at
120 min.

Covalent conjugation of
drugs to AuNPs can
prolong drug residence
time and optimize
therapeutic delivery

[93]

Aptamer/RVG-
functionalized
AuNRs

Gold nanorods Rabies virus
In vivo
mouse brain
model

~100-fold intracellular virus titer decrease after
5 min NIR; 65.2% apoptosis of infected cells;
in vivo survival 60% (PTT) vs. 0% (untreated);
photothermal temperature 51.3 ◦C at 2.5 mM

Covalent conjugation of
drugs to AuNPs can
prolong drug residence
time and optimize
therapeutic delivery

[116]

Bioconjugated
photothermal
AuNPs

Spherical, star-like,
and popcorn-like
AuNPs

Human
cytomegalovirus

In vitro
infected-cell
model

gB-functionalized 8 nm GNPs achieved
≥10,000-fold reduction in viral yield upon
532 nm laser irradiation (5 min, reaching
~50 ◦C), with no cytotoxicity observed in the
absence of laser treatment.

Nanoparticle
morphology and
ligand-mediated
targeting cooperatively
dictate photothermal
antiviral efficacy

[117]
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Table 5. Cont.

AuNP Design Size or Morphology Virus/Model Evidence
Level

Reported Quantitative/
Semi-Quantitative Readout

Main Design
Implication Ref.

M2e
peptide-conjugated
AuNPs

~12 nm AuNPs Influenza A virus
Animal im-
munization
models

Consensus M2e peptides displayed on 12 nm
AuNPs with sCpG adjuvant conferred 100%
survival against H1N1 and H5N1 lethal
challenge (3 × LD50) and 92% survival against
H3N2. Protection was sustained at 100% up to
8 months after a single vaccination, with
minimal body weight loss (~4%). In aged mice,
M2e-specific antibody responses and functional
memory B cells persisted beyond 15 months,
and passive serum transfer conferred
protection to naive recipients.

Nanoparticle-mediated
antigen display
significantly enhances
immunogenicity and
elicits robust protective
immunity

[132–134]
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5. Current Challenges and Future Research Directions
Functionalized AuNPs have emerged as highly adaptable antiviral nanoplatforms

because they can integrate multiple therapeutic functions within a single construct. As
discussed throughout this review, their antiviral performance is governed not only by the
intrinsic properties of the gold core, but also by the architecture of the interfacial layer.
Parameters such as particle size, morphology, ligand identity, surface density, linker flexibil-
ity, charge distribution, and colloidal stability collectively determine how AuNPs interact
with viral particles, host–cell membranes, serum proteins, and immune components. This
tunability underlies their diverse utility as entry inhibitors, intracellular delivery vehicles,
photothermal agents, and vaccine or immune-modulating platforms. At the same time, it is
precisely this multifunctional complexity that makes clinical translation challenging.

A first major barrier is the still-limited predictability of structure–activity relation-
ships under physiologically relevant conditions. Although many studies demonstrate
promising antiviral effects in vitro, biological performance often changes substantially in
the presence of serum proteins, mucus, extracellular matrix components, or complex tissue
environments. In particular, protein corona formation can alter nanoparticle identity after
administration, thereby affecting ligand accessibility, biodistribution, immune recognition,
and cellular uptake [80]. As a result, formulations that appear highly effective under
simplified experimental conditions may behave differently in vivo. Future progress will
therefore require more rigorous correlation of physicochemical design parameters with
biological performance in relevant media, tissues, and animal models.

A second major challenge concerns safety, biodistribution, and long-term fate. Many
AuNP formulations show acceptable short-term cytocompatibility, but this should not be
taken as evidence of long-term safety across exposure routes, dosing schedules, or particle
classes. Retention in organs, chronic inflammatory responses, off-target accumulation, and
the biological consequences of repeated administration remain insufficiently resolved for
many antiviral AuNP systems. These issues are particularly important for formulations
intended for prophylactic use, repeated dosing, mucosal delivery, or immune modulation,
where safety thresholds may be especially stringent. A more complete understanding of
how core size, shape, surface chemistry, and degradability influence long-term in vivo
behavior will be essential for translational development.

Third, the field is hindered by limited standardization across studies. Differences
in synthesis, purification, ligand quantification, colloidal characterization, antiviral as-
say design, dose reporting, and endpoint selection make it difficult to compare results
across laboratories or to derive robust general design rules. In many cases, nominally
similar AuNP formulations are described without sufficiently detailed characterization
of particle size distribution, surface composition, ligand density, or stability in biologi-
cally relevant media. This lack of harmonization complicates interpretation of antiviral
efficacy and contributes to uncertainty regarding reproducibility. More standardized
reporting frameworks and benchmarking practices will be needed to establish reliable
structure–function–mechanism relationships.

A fourth barrier lies in manufacturing and scale-up. Antiviral AuNPs are often most
effective when they incorporate multiple functional elements—such as stealth coatings,
targeting ligands, therapeutic cargos, and trigger-responsive components—but each added
layer increases synthetic complexity and potential batch variability. Large-scale production
of multifunctional AuNPs with consistent size, surface composition, ligand coverage, and
biological behavior remains a substantial technical challenge. In addition, purification,
storage stability, sterilization, and quality control must all be optimized in ways compatible
with regulatory expectations. Thus, translational success will depend not only on elegant
proof-of-concept designs, but also on manufacturable and reproducible formulations.
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Looking forward, three research directions appear particularly important. First, the
field would benefit from more quantitatively designed multivalent interfaces that better
match the geometry, spacing, and binding characteristics of viral surfaces. Second, greater
emphasis should be placed on smart and context-responsive systems capable of activating
drug release, structural reconfiguration, or photothermal effects selectively within infected
tissues. Third, there is a pressing need for integrated evaluation pipelines that combine rig-
orous nanoparticle characterization with mechanistic virology, pharmacology, immunology,
and long-term biosafety assessment. Advances in these areas would help shift antiviral
AuNPs from isolated proof-of-concept studies toward more predictable and translationally
relevant platforms.

Another important translational issue is the potential emergence of viral resistance
to AuNP-based antiviral platforms. Multivalent AuNPs may impose a higher genetic
barrier to resistance than conventional single-target small molecules, particularly when
they target conserved host–virus interfaces, multiple spatially distributed viral surface
features, or physical properties of virions. However, resistance should not be assumed to be
impossible. Viruses may reduce susceptibility by altering glycosylation patterns, receptor
usage, envelope-protein charge, surface accessibility, or virion stability. Future studies
should evaluate resistance using serial viral passaging under subinhibitory nanoparticle
concentrations, sequencing of escape populations, receptor-usage and glycosylation anal-
yses, cross-resistance testing against related nanoparticle formulations, and fitness-cost
assessment of putative escape variants.

In summary, functionalized AuNPs offer a uniquely versatile foundation for antiviral
nanomedicine, but their future impact will depend on whether interfacial complexity can
be converted into biological precision and manufacturable robustness. The most successful
next-generation systems are likely to be those designed not only for strong antiviral activity
in simplified models, but also for reproducibility, safety, and mechanistic clarity in clinically
relevant settings. By addressing these challenges, AuNP-based antiviral platforms may
progress from promising experimental constructs to credible candidates for broad-spectrum
and precision antiviral intervention.
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