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Abstract

Integrating nucleic acids (NAs) with nanomaterials has substantially advanced biomedical research, enabling critical
applications in biosensing, drug delivery, therapeutics, and the synthesis of nanomaterials. At the core of these
advances are the reactions of NAs on nanomaterial surfaces, encompassing conjugation (covalent and non-covalent),
detachment (physical and chemical), and signal amplification (enzyme-mediated signal amplification, enzyme-

free signal amplification, and DNA Walker). Here, we review the fundamental mechanisms and recent progress

in nucleic acid reactions on nanomaterial surfaces, discuss emerging applications for diagnostics, nanomedicine,

and gene therapy, and explore persistent challenges in the field. We offer a forward-looking perspective

on how future developments could better control, optimize, and harness these reactions for transformative advances
in nanomedicine and biomedical engineering.
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Graphical abstract
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Introduction

Nucleic acids (NAs), encompassing oligonucleotides,
aptamers, and DNAzymes, are central to numerous
cutting-edge breakthroughs in biomedical research [1,
2]. Their extraordinary capacity to specifically recognize
and bind a wide variety of biological and chemical targets
(e.g., proteins, viruses, small molecules, and cells) under-
pins critical applications in genomics, bio-detection, and
therapeutic development [3, 4]. However, translating
these fundamental capabilities into clinically viable tools
has long been hampered by challenges related to NA sta-
bility, bioavailability, and sensitivity in complex biologi-
cal environments. A powerful strategy to overcome these
limitations is to exploit the interfacial properties of nano-
materials. Owing to their large surface area and tailorable
physicochemical features, nanomaterials significantly
enhance NA performance by providing robust, multi-
functional platforms [5]. Consequently, NA-functional-
ized nanomaterials have emerged as a promising frontier
for applications in biosensing, drug delivery, gene ther-
apy, and medical imaging [6-8]. Yet, the full therapeutic

and diagnostic potential of these systems cannot be real-
ized without a deeper understanding of how NAs interact
with, attach to, or detach from nanomaterial surfaces.
Recent advances demonstrate that NA attachment,
or “conjugation,” onto nanomaterial surfaces often uses
either covalent or non-covalent methods, such as thiol-
gold linkages, biotin-streptavidin recognition, hydrogen
bonding, or electrostatic attraction [9-11]. These
techniques reliably anchor NAs to the nanomaterial
interface, improving stability and enabling targeted
functions. Conjugated complexes have seen particular
success in biosensing, where specific NA sequences
enable sensitive detection of disease biomarkers, and
in targeted drug delivery platforms, where precise
NA design directs nanomaterials to specific tissues or
cell types. Equally important, though less frequently
discussed, is the process of NA detachment. Physical or
chemical stimuli can disrupt the connection between
NAs and nanomaterials, allowing on-demand release
of NA payloads. For instance, adjusting an external
magnetic field can cause DNA probes to detach
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from magnetic nanomaterials, permitting reversible
in vitro diagnostics [12]. Meanwhile, photothermal
nanomaterials facilitate NA desorption via laser
irradiation, enabling controllable gene delivery or smart
photothermal-chemotherapeutic strategies [13]. An
in-depth understanding of these mechanisms is essential
for designing advanced biomedical devices that require
precise NA release profiles.

In addition to conjugation and detachment, another
dimension of NA—nanomaterial interactions centers on
signal amplification. By housing NA signal amplification
on nanomaterial surfaces, scientists can dramatically
boost the sensitivity of analytical assays [14, 15]. This
amplification approach effectively addresses a critical
bottleneck in early disease detection: the extremely low
abundance of diagnostic molecules in bodily fluids. For
example, nanomaterial-based nucleic acid amplification
can detect trace pathogens or cancer-specific sequences
with minimal false positives, opening new horizons for
early-stage intervention. This concept of “NA reactions
on nanomaterial surfaces” thus spans a complete
spectrum: (i) anchoring NAs (conjugation), (ii) releasing
them (detachment), and (iii) leveraging their signal
amplification capacity. Despite significant achievements,
fundamental questions remain unresolved. How can
researchers systematically select the most suitable
conjugation strategies for specific biomedical tasks?
What factors enable fine control of NA detachment
under physiological conditions? And how might signal
amplification be further refined to improve throughput,
cost-effectiveness, and clinical performance?

Although  various reviews address NA-based
nanotechnologies, most focus on  functional
modifications of NAs or the downstream applications
of NA-functionalized nanomaterials [16-21]. Relatively
few consider the crucial mechanistic underpinnings
of NA-nanomaterial surface reactions. As a result,
researchers and practitioners may lack vital insights
into selecting optimal conjugation or detachment
strategies, accurately modeling reaction kinetics, or
integrating advanced signal amplification mechanisms
into emerging biomedical devices. To bridge this gap, we
provide a reaction-oriented perspective, systematically
examining the ways in which NAs can be covalently
or non-covalently attached, detached via physical or
chemical means, and amplified on nanomaterial surfaces.
By explicitly discussing these reaction classes, we aim
to offer a unified framework that not only consolidates
knowledge but also stimulates future research directions
in nanomedicine and biomedical engineering.

In this review, we first analyze conjugation reactions,
from classical covalent linkages (e.g., amide and disulfide
bonds) to more dynamic non-covalent interactions (e.g.,
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hydrogen bonding, n-nt stacking, and electrostatic attrac-
tion). We then delve into detachment reactions, high-
lighting both chemical (e.g., competitive displacement
and chelating agents) and physical (e.g., thermal and
photothermal) methods. Next, we cover signal amplifi-
cation reactions, encompassing enzyme-mediated NA
amplification, enzyme-free signal amplification, and
DNA walker, with a focus on leveraging nanomaterial
properties to boost sensitivity and specificity. Following
this foundational discussion, we spotlight advanced bio-
medical applications—including nanomaterial synthesis
guided by NAs, cutting-edge gene delivery strategies, and
next-generation biosensors. Finally, we offer a perspective
on current challenges (e.g., reproducibility, in vivo stabil-
ity, biocompatibility) and speculate on future avenues,
emphasizing data-driven and machine learning-based
approaches. Our overarching goal is to demonstrate how
a deeper, mechanistic understanding of these NA reac-
tions can foster the design of robust, high-impact tools
for diagnostics, therapeutics, and beyond, ultimately
advancing the frontier of nanomedicine.

Conjugation reaction of nucleic acids

on nanomaterial surface

The conjugation of nucleic acids to nanomaterial surfaces
constitutes a pivotal process in numerous biomedical
applications, as it significantly influences the stability,
dispersibility, and biocompatibility of the resultant
complexes. By establishing a reliable NA—nanomaterial
interface, researchers can enhance the effectiveness
of biosensors, drug delivery vehicles, imaging agents,
and other clinical technologies [22]. As summarized in
Tables 1 and 2, two broad strategies, i.e., covalent and
non-covalent approaches, govern NA conjugation. In
the following sections, we focus on covalent conjugation
reactions, detailing the chemical bonds and reaction
mechanisms that confer strong, durable, and tunable
interfaces.

Covalent conjugation reactions provide secure and stable
NA-nanomaterial assemblies

Covalent attachment ensures a robust linkage between
NAs and nanomaterial surfaces, safeguarding the func-
tionality of both components in aqueous and physio-
logical environments [59]. This section highlights major
covalent chemistries—amide, thioether, disulfide, Au-S
bonds, Schiff base formation, and click reactions—
that researchers commonly employ to generate stable
nanomedicine platforms. Figures la and 2 illustrate the
diverse covalent bonds that can be harnessed for NA
conjugation.
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Fig. 1 Conjugation and detachment reactions of NAs on the surface of nanomaterials. a Covalent conjugation. b Non-covalent conjugation. ¢

Chemical detachment. d Physical detachment. Created by Figdraw

Forming amide bonds: overcoming the challenge of direct
condensation

Amide bonds are among the most widely used linkages
for creating NA-functionalized nanomaterials.
However, direct amide condensation at high
temperatures (often above 140 °C) risks denaturing
NAs [60]. To circumvent these harsh conditions,
researchers typically activate carboxylic acids before
coupling them to amines on NAs.

(See figure on next page.)

Carbodiimides, particularly water-soluble
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC-HCI), generate O-acylisourea

intermediates that subsequently react with amines
to form amide bonds [61, 62]. Adding a nucleophilic
additive, such as N-hydroxysuccinimide (NHS), fur-
ther increases reaction efficiency [63]. This multi-
step process is the backbone of EDC/NHS-based
functionalization for numerous nanoparticles, including

Fig. 2 Schematic lllustration of Chemical Reactions between Nanomaterials and NAs. a Amide bond (EDC/NHS): Carboxyl-NPs react with crosslinker
EDC and sulfo-NHS to generate amine-reactive NPs, then react with amine-NAs to form stable amide bond. b Thioether bond (Maleimide): The
formation of thioether bond between maleimide-NAs/NPs and thiol-NPs/NAs. ¢ Thioether bond (SMCC): Amine-NPs/NAs interact with thiol-NAs/
NPs to form thioether bond in the existence of SMCC. d Disulfide bonds (SPDP): SPDP active NAs/NPs generate Pyridyldithiol (PD) group, which

can interact with thiol-NPs/NAs generate disulfide bond. e Click chemistry (DBCO/N,): Azide-NAs/NPs react with DBCO-NPs/NAs. f Schiff base:
Glutaraldehyde react with amine-NPs and amine-NAs generate schiff base. Catechol-NPs react with amine-NAs generate different products

in different pH. g Au/Ag/Pt-S bond: Thiol-NAs linked to mental surface through Au/Ag/Pt-S bond
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b. Thioether bond (Maleimide)
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Graphene-encapsulated gold nanoparticles (Au@gra-
phene NPs), Magnetic nanoparticles (MNPs), Quantum
dots (QDs), and Upconversion nanoparticles (UCNPs)
[23-27]. Conversely, amino-functionalized nanomateri-
als, such as SiO,-encapsulated magnetic nanoparticles
(Fe;0,@Si0, NPs) or Gold nanoclusters (AuNCs), can be
paired with carboxyl-modified oligonucleotides via the
same principles [64, 65].

Beyond EDC/NHS coupling, several eco-friendly
approaches are emerging. For example, boronic
compound-catalyzed dehydration amidation offers low-
toxicity conditions, bypassing the need for stoichiometric
activating agents [66]. Organosilane chemistry is also
promising, with one study employing diphenylsilane
and NMPi to directly couple unactivated amines and
carboxylic acids in a single step under ambient conditions
[67]. Together, these varied amide-bond strategies widen
the toolkit for designing stable and biocompatible
nanocarriers, biosensors, and diagnostic reagents.

Forming thioether and disulfide bonds: maleimides,
crosslinkers, and novel approaches
Sulthydryl groups on NAs can yield thioether (via Michael-
type addition) or disulfide bonds with nanomaterial surfaces.
Thioether formation often leverages maleimide-activated
nanomaterials, which react specifically with thiols at physio-
logical or near-physiological pH values (6.5-7.5) [28, 68]. For
instance, Maleimide (MAL)-treated mSiO,-encapsulated
upconversion nanoparticles (UCNP@mSiO,) and Gold nan-
oparticles (AuNPs) conjugate effectively to thiolated DNA,
while MAL-modified oligonucleotides can be bound to
thiol-bearing Silica nanoparticles (SiNP) [29, 30, 69].

Disulfide linkages arise from oxidation of free thi-
ols and are generally less stable due to potential thiol—
disulfide exchange [70]. Nonetheless, employing cyclic
disulfide anchors can confer enhanced stability on sil-
ver or gold nanoparticle systems [32-34]. Heterobi-
functional crosslinkers such as Sulfo-N-Succinimidyl
4-(Maleimidomethyl)cyclohexane-1-carboxylate, Sodium
Salt (Sulfo-SMCC) and 3-(2-pyridyldithio)propionic
acid n-hydroxy-succinimide ester (SPDP) greatly expand
these functionalities. Sulfo-SMCC combines an NHS
ester (for primary amines) with a maleimide group
(for thiols), facilitating stable thioether bond forma-
tion on a wide range of nanoparticles, including QDs,
SiO,-encapsulated silver nanoparticles (Ag@SiO, NPs),
AuNPs, and MNPs [31, 71-75]. SPDP, in contrast, yields
reducible disulfide bonds, enabling reversible conjuga-
tion but with slightly lower stability at physiological pH
[76-79].

Despite their versatility, maleimide-thiol linkages can
degrade in thiol-rich or reducing biological environments
through undesired side reactions [80]. Contemporary
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research focuses on stabilizing the maleimide—thiol
products or employing next-generation bifunctional rea-
gents [81-84]. While these innovations show promise,
classic maleimide chemistries remain widely used, owing
to their simplicity and adaptability across most biomedi-
cal research scenarios.

Formation of Schiff base: leveraging imine chemistry

for versatile coupling

Schiff base formation, involving the nucleophilic addition
of amines to carbonyl-containing aldehydes or ketones,
introduces another robust route to NA-nanomaterial
conjugation [85]. For instance, polydopamine (PDA)
nanoparticles or PDA-modified nanoparticles leverage
their oxidized catechol (o-quinone) species to react
with primary amines on NAs, forming stable Schift base
[86]. Similarly, glutaraldehyde (GA), featuring aldehyde
moieties at both ends, can serve as a homobifunctional
crosslinker to tether amino-modified Fe;O, NPs or SiNPs
with NA strands via a five-carbon bridge [38, 39, 87-90].
These Schiff base chemistries often proceed under mild
conditions and can be reversed or modulated by pH,
providing a flexible platform for dynamic biosystems or
controlled-release applications.

Click chemistry reactions: bioorthogonal, fast, and efficient
coupling

Click chemistry offers a set of reactions characterized
by high specificity, insensitivity to water or oxygen, and
near-quantitative yields [91]. In nucleic acid conjugation,
strain-promoted azide-alkyne cycloadditions (SPAAC)
and copper-catalyzed azide-alkyne cycloadditions
(CuAAC) stand out. By labeling nanomaterials with
azide groups and NAs with alkyne groups—or vice
versa—researchers can achieve selective linkage under
physiological conditions in under two hours [40-42, 92].
Furthermore, Dibenzoazacyclooctyne (DBCO) enables
copper-free reactions, removing potential cytotoxicities
associated with Cu(I) [93-97]. Commercially available
DBCO-DNA or amino-modified DNA with azide-
activated nanomaterials expands the scope to metal—
organic frameworks, QDs, or polymeric colloids [98, 99].

Formation of Au-S bonds: streamlined pathways to precious
metal nanopatrticles

Gold, silver, and platinum nanoparticles can directly bind
thiolated NAs through covalent-like Au-S, Ag-S, or Pt-S
linkages [35—37]. Taking Au-S bonds as a prototypical
example, the standard “salt-aging” method incremen-
tally raises ionic strength to stabilize AuNPs and facili-
tate DNA attachment over one to two days (Fig. 3a) [100,
101]. To accelerate this process, several approaches have
emerged. One strategy employs a low-pH environment
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(pH 3-4) to suppress electrostatic repulsion and rapidly
functionalize AuNPs within minutes (Fig. 3b) [102, 103].
Alternatively, freeze—thaw cycles, “solid solution” dehy-
dration in solvents like butanol, and microwave-assisted
heating can condense reagents into microdomains,
boosting coupling efficiency and minimizing nanoparti-
cle aggregation (Fig. 3c-e) [104-106].

In parallel with thiolated DNA, phosphorothioate
(PS)-modified DNA also attaches to AuNP surfaces
by substituting a sulfur atom into the DNA phosphate
backbone [56, 107-109]. Although PS-DNA typically
demonstrates a slightly weaker affinity for gold, it offers
cost advantages and tunable coupling density by varying
the polyA tail length. This flexibility makes PS-DNA an
appealing alternative for large-scale or cost-sensitive
nanomedicine applications.

In summary, covalent conjugation methods,
ranging from amide bonds and thioether linkages
to click chemistries and Au-S, form the foundation
for stable, high-fidelity NA-nanomaterial interfaces

in nanomedicine. These strategies facilitate precise
reaction control under mild conditions, critical for
preserving nucleic acid integrity and nanomaterial
functionality. Nonetheless, specific challenges occur
with different nanomaterials, requiring careful
consideration.

(1) Hydrophobic-to-Hydrophilic Phase Transition:
Nanomaterials like UCNPs, QDs, and MNPs are
typically synthesized in organic solvents with
hydrophobic surface ligands such as oleic acid and
Tri-n-octylphosphine/Trioctylphosphine oxide
(TOP/TOPO). To enable nucleic acid conjugation,
amphiphilic ligand exchange or surface functionali-
zation is essential to render them water-dispersible.
Post-modification functional groups (commonly
amino, carboxyl, or thiol groups) dictate the choice
of covalent conjugation strategy. Reactions must be
conducted under optimized pH, low ionic strength,
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and controlled temperatures to prevent aggregation
and maintain colloidal stability.

(2) Ligand Displacement in Gold Nanoparticle
Conjugation: For citrate-stabilized gold
nanoparticles, thiolated oligonucleotides replace
citrate ligands via stronger Au-S bonds. This
process requires a substantial molar excess of
thiolated oligonucleotides (typically >100-fold) to
drive ligand displacement. In salt-aging protocols,
reactions occur under weakly acidic conditions (pH
3-5) to protonate citrate ligands, thereby weakening
their binding to gold surfaces. Subsequent gradual
addition of NaCl (final concentration 0.1-0.3
M) screens electrostatic repulsion, facilitating
oligonucleotide adsorption onto gold surfaces.

(3) Limitations of Click Chemistry: Click chemistry
is unsuitable for conjugating nucleic acids to silver
nanoparticles or certain metal oxides (e.g., ZnO,
CuO). Reaction conditions such as acidic pH or
copper ion presence may trigger redox reactions
that degrade nanomaterial functionality.

(4) Challenges with Carbon-Based Materials: The
chemical inertness of carbon-based materials
(e.g., graphene, carbon nanotubes) necessitates
harsh oxidation (e.g., carboxylation) or covalent
modification to introduce reactive groups (e.g.,
amino or carboxyl groups). However, such
treatments often compromise structural integrity or
electrical properties (e.g., reduced conductivity in
graphene), making covalent conjugation strategies
generally impractical.

As the field expands, it’s vital to enhance eco-
friendly, safe, and cost-effective solutions. Scaling these
chemistries while preserving bioactivity and ensuring
compliance is essential for advancing these technologies
to biomedicine.

Non-covalent conjugation reactions provide simple

and rapid NA-nanomaterial assemblies

Noncovalent conjugation of NAs to nanomaterials relies
on intrinsic molecular interactions such as electrostatic
attraction, hydrogen bonding, m-m stacking, and
hydrophobic forces. The sequence programmability
and structural versatility of DNA further enhance
noncovalent binding. These methods are cost-effective
and preserve NA functionality without requiring
chemical modifications but are less stable than covalent
methods, being sensitive to environmental factors such
as pH and ionic strength [6]. In this section, we discuss
common strategies for noncovalent conjugation and their
applications (Fig. 1b).
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Electrostatic attraction: surface charge modification
Nanomaterials with charged surfaces enable conjugation
by attracting oppositely charged NAs. For example,
negatively charged nanomaterials bind to positively
charged nucleobases in  Single-stranded DNA
(ssDNA) but repel the negatively charged phosphate
backbones of double-stranded DNA (dsDNA) [110].
Surface charge modification can prevent charge
repulsion, with molecules like Polyethylenimine (PEI),
Cetyltrimethylammonium  bromide (CTAB), and
Poly(diallyldimethylammonium chloride) (PDDA)
commonly used to shift charges from negative to positive
[111, 112]. This strategy is widely applied to functionalize
AuNPs, carbon dots, and QDs [44, 45, 113]. Additionally,
phosphate groups in NAs can adsorb directly onto
positively charged nanomaterials, including Gold
nanorods (AuNRs) and nanoclusters [46, 114, 115]. These
electrostatic interactions improve biosensor performance
and facilitate stimuli-responsive release of NAs.

Hydrogen bonding, m-m stacking, and van der Waals forces:
Key interactions in DNA conjugation with nanomaterials

The hydrogen bonds between base pairs in DNA form
the structural framework of the DNA double helix and
ensure its stability. Additionally, m-n stacking and van
der Waals forces between adjacent bases in the same
strand further enhance the molecule’s stability and
compactness [116]. These interactions are essential
for DNA aggregation, assembly, and conjugation
with nanomaterials. For example, NAs bind directly
to carbon-based nanomaterials like Graphene oxide
(GO), Graphitic carbon nitride (g-C;N,), and Carbon
nanotube (CNTs), as well as to organic frameworks such
as Metal-organic frameworks (MOFs) and Covalent
organic frameworks (COFs) [47, 48, 117]. Similarly, van
der Waals forces enable NA conjugation with transition
metal oxides and disulfides, including Molybdenum(IV)
sulfide (MoS,), Tungsten disulfide (WS,), and Manganese
dioxide (MnO,) [118, 119]. These interactions simplify
the design of biosensors and nanocarriers by eliminating
the need for complex chemical modifications.

Hydrophobic interactions: hydrophobic lipids and host-guest
chemistry

Hydrophobic interactions drive the clustering of
hydrophobic groups, facilitating processes such as
micelle formation, vesicle and bilayer assembly, and
protein folding [120]. These interactions are used to
conjugate NAs to extracellular vesicles, liposomes, and
micelles via hydrophobic lipids such as 2-Distearoyl-
sn-Glycero-3-Phosphoethanolamine (DSPE)-
PEG2000, diethyl ester-Polyethylene glycol (PEG), and
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1,2-Bis(diphenylphosphino)ethane (DPPE) [121-123].
Hydrophobic head groups also enhance conjugation
efficiency. For instance, cholesterol-linked ssDNA can
attach to exosomal lipid bilayers to create functional
exosomes carrying NAs [49]. Similarly, tocopherol-
modified DNA can anchor DNA to liposome surfaces
by integrating into the phospholipid layer through
hydrophobic interactions [50].

Hydrophobic interactions in host—guest chemistry have
emerged as an effective strategy for conjugating NAs to
nanomaterials. In this approach, NAs modified with host
or guest molecules can bind to complementary guest or
host molecules on nanomaterial surfaces. Cyclodextrins
(CDs), Calixarenes (CAs), and their respective guest
molecules are commonly used in these systems. For
example, sulthydrylated CDs on AuNPs enable non-
covalent conjugation with azobenzene-modified NAs
acting as guest molecules [124]. Similarly, azo-modified
DNA can be conjugated to CD-coated MNPs to create
an azoreductase-activated imaging probe with"on/
off "functionality [51].

Biotin and streptavidin: high specificity and affinity
conjugation

Biotin and streptavidin exhibit exceptional specificity and
affinity, forming highly stable complexes [125]. Their rapid
binding kinetics and resilience to high pH, temperature
fluctuations, and chemical reagents make them widely
used in bioconjugation applications. Biotinylated NAs,
which are commercially available through nucleic
acid synthesis, facilitate straightforward conjugation
to streptavidin-functionalized nanomaterials. These
include carbon-based, metallic, silicon-based, magnetic,
and fluorescent nanomaterials [52-55, 126]. However,
a key limitation of the streptavidin—biotin system is the
substantial size of the resulting complex. Streptavidin,
as a protein, increases the overall dimensions of the
construct when biotin is attached to a nanomaterial
or biomolecule via spacers (e.g., PEG chains) or cross-
linking agents. This added bulk may influence binding
kinetics and potentially affect the performance of the
final conjugate.

Base affinity: binding patterns of DNA nucleobases

with various nanomaterials

DNA can conjugate to nanomaterials through nucle-
obases, with imine (Metal-N) and ketonic (Metal-O)
groups as primary binding sites [127]. The binding
affinities of nucleobases vary significantly across dif-
ferent nanomaterials [57]. PolyA induces hydropho-
bic collapse on the surface of AuNPs, resulting in
strong adsorption (Fig. 4a)[128] [129]. The interaction
between polyA DNA and AuNPs at high temperatures
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enables rapid oriented conjugation of non-thiolated
DNA (Fig. 4b)[130]. PolyC DNA exhibits stronger affin-
ity for nanocarbons (e.g., GO and single-walled carbon
nanotubes), transition-metal disulfides (e.g., WS, and
MoS,), and metal oxides (e.g., ZnO and Fe;O, nanopar-
ticles) (Fig. 4c) [58]. On the same nanomaterial, single
nucleotides and polynucleotides exhibit different bind-
ing patterns. Single nucleotides bind to 5 nm AuNPs
in the order dA >dG >dC >dT, while polynucleotides
bind in the sequence polyA = polyC = polyT > polyG
[131]. The affinity of single nucleotides to GO was dT
>1C >1A >rG [132]. The binding affinity of polynucleo-
tides for single-walled carbon nanotubes follows the
order polyA >polyG >polyT >polyC, whereas for flat
graphite, the affinity order is polyT >polyA >polyG =~
polyC (Fig. 4d)[133].

In summary, non-covalent coupling techniques utilize
the inherent properties of NAs and nanomaterials for
efficient assembly without chemical modifications,
simplifying production. However, the performance of
these assemblies varies based on interaction strength,
stability, and reversibility, necessitating careful
optimization in specific applications.

(1) Weak Interactions and Composite Conjugation
Strategies: Non-covalent interactions like hydrogen
bonds, m-m stacking, and van der Waals forces are
weak, but their stability can be improved with
composite conjugation strategies. For example,
nucleic acids can be stably attached to graphene
oxide surfaces by combining hydrogen bonds, m-nt
stacking, and base affinity.

(2)  Hydrophobic Interactions and Cholesterol-
Linked DNA: DNA with two cholesterol linkages
aggregates more than single-linked DNA,
decreasing conjugation stability. Adding single-
stranded DNA overhangs near hydrophobic groups
can regulate the hydrophobic interactions of
cholesterol-tagged DNA.

(3) Electrostatic Adsorption of DNA on AuNPs: In the
DNA and AuNPs electrostatic adsorption system,
a NaCl concentration of 0.1-0.3 M reduces charge
repulsion and enhances adsorption. Exceeding 0.5
M leads to DNA compaction, decreasing contact
area by 30%—40%. Different salts impact adsorp-
tion, with monovalent cations like K* being about
1.8 times more effective than Na® due to higher
charge density.

(4) Thermal Stability of Streptavidin: Streptavidin loses
its biotin-binding ability at high temperatures, with
75 °C causing irreversible inactivation and reduced
ssDNA capture. Co-conjugating with PEG can
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greatly improve its thermal stability and maintain
efficient capture of biotinylated ssDNA.

Future development should aim to: (1) create hybrid
conjugation systems with multiple interaction modes
for improved stability, (2) use computational modeling
to design specific binding interfaces, and (3) advance
nanomaterial surface engineering for precise control
of NA orientation and release. Combining these with
stimuli-responsive nanomaterials could lead to advanced
smart biosensors and targeted delivery systems with
precise spatiotemporal control.

Nucleic acid detachment reaction on the surface

of nanomaterials

The detachment of NAs from nanomaterial surfaces is a
key focus in numerous studies and applications. Selec-
tive detachment and detection of specific DNA or RNA
sequences are crucial for diagnosing genetic diseases,
identifying pathogens, and monitoring gene expression
[134]. In drug delivery, nanomaterials act as carriers for

NA-based therapies, enhancing therapeutic payloads
while minimizing off-target effects. Controlled release
of NAs at target sites improves efficacy and reduces sys-
temic side effects [7]. A thorough understanding of the
methods and factors influencing NA detachment is vital
for developing advanced nanomaterial-based platforms
in biomedical and biotechnological applications. Con-
tinued exploration of novel detachment strategies and
elucidation of their underlying mechanisms will drive
progress in the field, paving the way for innovative appli-
cations. This section examines common types of NA
detachment reactions on nanomaterial surfaces, high-
lighting their advantages and limitations. Further details
are summarized in Table 3.

Chemical methods

Chemical methods for detaching NAs from nanomaterial
surfaces typically involve agents that disrupt the interac-
tions between NAs and nanomaterials (Fig. 1c)[135, 138].
For instance, urea or dimethyl sulfoxide (DMSO) can dena-
ture NAs by forming hydrogen bonds with nucleotide bases,
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Table 3 Strategies for nucleic acid desorption on the surface of nanomaterials
Detachment Reagents or factors Mechanism Application References
Strategies
Chemical Urea Disruption of the hydrogen bonding Graphene oxide [135]
DMSO Disruption of hydrophobic interactions Hydrogel NPs [136]
Tris—EDTA or Phosphate Buffer Raise the pH and destroy the high-salt Magnetic NPs [137]
environment
DTT Destruction of the Au-S bond or Ag-S bond AuNPs, AgNPs [138-140]
KCN Direct dissolution of nanomaterials AuNPs [141]
cDNA or Non-cDNA Specific hybridization versus non-specific Graphene oxide, TiO, NWs, AuNPs, [142-144]
displacement Metal — organic coordination
polymers
pH-responsive Acid-sensitive chemical bonds or protonation AuNPs, inorganic nanoparticles [145, 146]
of surface groups
UV-responsive Photolysis of linkers or photoisomerization AuNPs, UCNPs [147,148]
Physical Heating Disruption of the Au-S bond AuNRs, Graphene oxide, AUNPs [140, 149, 150]
Laser Disruption of the Au-S bond, melting gold nanomaterials [151,152]

of the dsDNA

causing ssDNA to detach from nanomaterials (Fig. 5a)
[136, 153]. Magnetic beads modified with silanol or car-
boxyl groups create'salt"or"electrostatic bridges"with NAs.
Tris—EDTA or phosphate buffers disrupt these interactions
by lowering the salt concentration or increasing pH, which
induces repulsion between the negatively charged NAs and
the beads (Fig. 5b)[137, 154, 155]. For metallic nanomateri-
als, such as AuNPs, chemical destabilizers like dithiothreitol
(DTT) can cleave Au-S bonds, effectively detaching conju-
gated NAs (Fig. 5¢)[139]. Additionally, potassium cyanide
(KCN) can solubilize metallic nanomaterials directly, facili-
tating complete release of bound NAs (Fig. 5d)[141].

The use of complementary DNA (cDNA) to detach NAs
from nanomaterial surfaces is classified as a chemical
method. Since ssDNA and dsDNA have different affinities
for nanomaterial surfaces, cDNA-mediated displacement
reactions can promote the release of fluorescently labeled
NAs [141, 142]. In this process, single-stranded fluorescent
probes initially adsorbed onto nanomaterial surfaces are
quenched due to their proximity. cDNA, complementary to
the single-stranded probes, forms double- or triple-stranded
DNA structures away from the surface, restoring fluores-
cence. Based on this principle, many interesting nanomate-
rial-based direct nucleic acid detection platforms have been
developed (Fig. 5e-f) [143, 156]. Further systematic investi-
gation of cDNA-induced detachment of probe DNA from
GO surfaces proposed several mechanisms (Fig. 5g): (1)
Langmuir—Hinshelwood model: ¢cDNA adsorbs, diffuses,
hybridizes with probe DNA, and desorbs in two phases. (2)
Eley—Rideal model: cDNA hybridizes directly with probe
DNA without adsorbing. (3) Displacement model: cDNA
replaces probe DNA in the solution and hybridizes with
another cDNA. (4) Surface Heterogeneity: Probe DNA

adsorbed to GO with varying affinities may follow one or
both of the above mechanisms [144, 157]. Despite these
insights, the mechanisms underlying DNA desorption via
strand displacement remain complex and subject to ongoing
debate. Experimental evidence suggests that no single model
fully accounts for all observed detachment phenomena. Fur-
ther research is required to quantitatively elucidate these
processes and improve our understanding of DNA desorp-
tion mechanisms.

Stimuli-responsive NA detachment strategies enable
controlled release of nucleic acids from nanomateri-
als under specific external stimuli like pH and UV light,
through designed surface chemistry. In pH-responsive
systems (Fig. 5h), DNA release is achieved by using pH-
sensitive sequences (e.g, i-motif, triplex) [145, 158, 159],
or by breaking acid-labile bonds (e.g,, hydrazone, ketal)/
protonating surface groups (e.g., amines, carboxyls) on
nanomaterials [146, 160, 161]. In UV-responsive systems
(Fig. 5i), DNA release relies on photolabile linkers or pho-
toisomerization. For example, DNA linked to positively
charged AuNPs via photolabile nitrobenzyl ester bonds is
released upon UV irradiation (> 350 nm) [147]. Similarly,
Ortho-nitrobenzyl (ONB)-functionalized nucleic acids
can partially release from nanomaterials under UV light
[148]. Additionally, azobenzene-modified DNA on nano-
particles is released when UV converts azobenzene to its
cis form, facilitating its detachment from the cyclodex-
trin cavity [162, 163].

Physical methods

Physical methods for detaching NAs from nano-
material surfaces primarily involve altering the sur-
face temperature of the nanomaterial to disrupt
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NA-nanomaterial interactions (Fig. 1d) [140]. Increased facilitates the thermal diffusion of NAs, further aiding
temperature enhances nanomaterial motion, weakening  their release [149]. Common approaches include direct
interactions with NAs and promoting detachment. It also  heating and photothermal conversion. Research on these
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mechanisms has primarily focused on AuNPs. One study
examined the kinetics of DNA detachment from AuNP
surfaces at temperatures from 40 to 95 °C [164]. Another
study investigated the thermal stability of DNA-AuNP
conjugates with various organosulfur anchor groups
from 25 to 85 °C, finding that bidentate Au-S bonds with
cyclic disulfides were less thermally stable than those
with thiol or acyclic disulfides (Fig. 6a) [150].

The excellent photothermal conversion efficiency of
AuNPs has enabled advanced methods for light-stimu-
lated detachment of NAs. Research has shown that near-
infrared (NIR) light can detach DNA from AuNRs by
generating’hot electrons’that cleave Au-S bonds [166].
Similarly, AuNRs absorb light, causing localized heating
that unwinds and releases DNA without significantly rais-
ing the solution’s temperature, indicating a non-thermo-
dynamic mechanism [167, 168]. Additionally, the effects
of continuous wave (CW) and femtosecond pulse lasers
on DNA release from gold nanoparticle complexes were
different. CW lasers caused photothermal release of dehy-
bridized ssDNA while the complementary strand stayed
bound. Femtosecond pulse lasers generated non-equilib-
rium hot electrons, breaking Au-S bonds and releasing
intact dsDNA (Fig. 6b)[151]. Another study with different

conclusions noted that silicon core/Au nanoshells irradi-
ated with near-infrared pulsed laser and continuous laser
released single- and double-stranded NAs, but pulsed
irradiation resulted in higher dsNA release [169]. The size
and shape of nanomaterials significantly affect the release
process. Smaller AuNPs release ssDNA more rapidly
than larger particles (Fig. 6¢) [165]. AuNRs demonstrate
more efficient siRNA release than Hollow gold nanoshells
(HGNS) or Hollow gold nanocages (HGNC) when sub-
jected to 800 nm pulsed laser excitation (Fig. 6d)[152].
In summary, light-stimulated NA detachment using the
plasmonic properties of metal nanoparticles offers precise
control over release by tuning the wavelength, intensity,
and irradiation mode of light. Additionally, the inher-
ent characteristics of nanomaterials and the type of NA
conjugation significantly influence detachment outcomes
[170].

Detaching NAs from nanomaterial surfaces is complex,
influenced by factors like nanomaterial size, shape, sur-
face features, and environmental conditions. Advances
in light-responsive and strand displacement nanomate-
rials enable precise NAs release. Hybrid structures and
environmental triggers also enhance responsiveness to
biological or external stimuli, boosting nanomaterial
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applications in biomedicine. Ongoing research aims to
create more efficient, targeted, and biocompatible systems

Enzyme-mediated nucleic acid amplification reaction
Nucleic acid amplification reactions (NAAR) are enzyme-

for gene therapy and biosensing.

Nucleic acid signal amplification reaction

on the Nanomaterials Surface
Signal amplification on nanomateria
significant potential for achieving hig

1 surfaces holds
h sensitivity and

selectivity in the in situ detection of NAs, thanks to its
rapid analytical process and ease of miniaturization
[171]. In this section, we divide the NA signal ampli-
fication reactions that occur on the surface of nano-
materials into enzyme-mediated signal amplification
(nucleic acid amplification) and enzyme-free signal
amplification (HCR and CHA), as well as DNA Walker
that enables signal amplification in both enzymatic and

enzyme-free systems (Fig. 7).

mediated molecular biotechnologies used to replicate
NAs within specific systems [172]. Nanomaterials have
been integrated into NAAR development since its early
stages, with nanomaterial-assisted PCR (nano-PCR)
demonstrating enhanced amplification sensitivity, speci-
ficity, and efficiency (Fig. 7a)[173, 174]. Using AuNPs as
a representative case, the introduction of optimal AuNP
concentrations into NAAR systems induces substantial
interfacial interactions between nanomaterial surfaces
and key components, including DNA polymerases, dou-
ble-stranded templates, single-stranded primers, salt ion
buffers, and magnesium ions [175]. Lou et al. systemati-
cally investigated the interactions between AuNPs and
PCR components, revealing dynamic adsorption—des-
orption processes of these components on AuNP surfaces
during thermal cycling. The mechanism is threefold:



Xue et al. Journal of Nanobiotechnology (2025) 23:308 Page 18 of 31
Table 4 Nucleic acid amplification reaction on the surface of nanomaterials
Reaction type Methods Nanomaterial Effect Ref

Thermal cycling PCR

Metal
nanomaterials
(AUNPs, AgNPs,
PtNPs)
Carbon-based
nanomaterials
(SWCNTs, GO,
MWCNTSs, GNFs,
CNPs)

Oxide
nanomaterials

(TiO,, Fe;0,, ZnO,

SiO,, MgO)
Fluorescent
nanoparticles
(QDs, UCNPs)

(1) 10-10* times more sensitive
(2) Improved the specificity
(3) Enhanced the efficiency (Increased the yield)

[180, 183, 184]

gPCR AuNPs, QDs Improved the specificity and sensitivity [185, 186]
Two-round PCR  AuNPs, MWCNTs  Improved specificity and efficiency [174,187]
Multiplex PCR QDs, AuNPs Improved the specificity [189,191]
Long PCR CNTs Significantly improved the amplification efficiency [190]
AS-PCR AuNPs AuNPs can selectively inhibit the amplification of mismatched primer— [191]
template pairs and enhance the specificity of AS-PCR
Isothermal LAMP AuNPs False positive decreased from 76 to 0% [179]
RPA TiO, NPs Shortened the reaction time and the nonspecific amplification of the RPA [192]
reaction with TiO, nanoparticles was reduced by 39 —87%
SDA AuNPs The sensitivity of the detection of telomerase activity in complex samples [175]
is improved five-fold compared with the traditional assay
SDA GNFs tenfold enhancement in the PCR yield [193]
HDA AuNPs Improved sensitivity and specificity [177]

(1) AuNPs non-specifically adsorb polymerase, binding
tightly at lower temperatures to suppress nonspecific
amplification; (2) AuNPs facilitate dsSDNA product dis-
sociation during denaturation; (3) AuNPs preferentially
adsorb ssDNA primers over dsDNA, reducing primer-
template mismatch through competitive adsorption
[176]. Sedighi et al. demonstrated that AuNPs preferen-
tially bind ssDNA in Helicase-dependent amplification
(HDA), enhancing DNA unwinding and subsequently
improving amplification speed and sensitivity [177].
Our previous studies corroborate these findings, reveal-
ing that AuNPs establish energy barriers to optimize
nucleic acid interactions, thereby boosting amplification
sensitivity [178]. Although physicochemical properties
vary among nanomaterials, their common characteristic
of high surface-to-volume ratios universally enhances
nucleic acid molecular interactions. Table 4 summarizes
the influence of various nanomaterials on NAAR, catego-
rized by temperature requirements into thermal cycling
and isothermal amplification [177, 179-193].

In addition, the rational design of nanomaterial-medi-
ated nucleic acid (NA) amplification systems is essential
for practical implementation. For instance, excessive gold
nanoparticle (AuNP) concentrations (> 1 nM) suppress

NA amplification, whereas optimal concentrations (0.4
nM) significantly enhance amplification efficiency [174].
Larger AuNPs are more inhibitory to PCR than smaller
ones at the same concentration [194]. Primers containing
palindrome sequences (GGATCC or ACCGGT), when
combined with 60 nm AuNPs, demonstrate remarkable
enhancement in quantitative real-time PCR amplification
performance [195]. Polyvinylpyrrolidone (PVP)-mod-
ified and methoxy polyethylene glycol thiol (mPEG-
SH)-modified AuNPs exhibit no interference with PCR,
whereas PDDA- and CTAB-functionalized particles may
demonstrate inhibitory effects on the reaction [196].
Ongoing research focused on optimizing nanomaterial
physicochemical properties and surface functionalization
strategies will drive technological innovations, thereby
providing more efficient and precise solutions for nucleic
acid amplification and detection.

Enzyme-free signal amplification on the surface

of nanomaterials

Unlike enzyme-mediated NAAR on nanomaterials,
Hybridization Chain Reaction (HCR) and Catalytic
Hairpin Assembly (CHA) represent enzyme-free
amplification systems triggered by short DNA strands
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[197]. This process initiates a cascade reaction that
unfolds hairpin probes, ultimately forming dsDNA
polymers. The fundamental distinction between
CHA and HCR lies in their reaction mechanisms:
In CHA, the target molecule is regenerated into the
system after initiating cascade amplification to act as
a'catalyst"for subsequent reaction cycles, rather than
being incorporated into the final product. Owing to
their unique optical properties and high specific surface
area, nanomaterials not only transduce molecular signals
from HCR/CHA into detectable physical signals, but
also enable the loading of functional biomolecules,
thereby significantly enhancing detection sensitivity
[198]. Figure 7b classifies nanomaterial-based HCR/
CHA systems according to optical detection principles,
including colorimetric, fluorescent, and surface-
enhanced Raman spectroscopic methods.

Colorimetric detection in HCR/CHA systems can be
divided into two methods. The first involves attaching
DNA initiators to nanomaterials, triggering HCR/CHA
and causing nanomaterial aggregation, which changes
color visibly [199]. For instance, when target DNA
opens a hairpin, it hybridizes with a complementary
sequence on AuNPs, causing aggregation and a color
shift [200]. This method was used for detecting miRNA-
21, ATP, thrombin, and acetylcholinesterase activity
[201, 202]. The second method uses DNA polymers
from HCR/CHA as conjugates with nanomaterials that
mimic peroxidase activity, catalyzing substrates like
3,3,5,5’-Tetramethylbenzidine (TMB) or 2, 2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) with
H,0, to produce a color change [203, 204].

Fluorescence detection in HCR/CHA systems mainly
follows two approaches. The first involves using nano-
materials to quench fluorescence by adsorbing labeled
hairpins. When a target molecule triggers HCR/CHA,
the hairpins open, restoring fluorescence [205, 206]. For
instance, Miao et al. used a GO/Au nanocluster system to
detect Aflatoxin B1 (AFB1), where AFB1 weakened hair-
pin adsorption on graphene oxide, allowing fluorescence
recovery for detection [207]. Similarly, Li et al. detected
microRNAs (miRNAs) by fluorescence generated by a
local CHA on AuNPs [208]. The second approach uses
nanomaterials to alter fluorescence by interacting with
HCR/CHA products [209]. He et al. developed a method
to detect the tumor biomarker transmembrane glycopro-
tein mucin 1(MUC1) using HCR with luminescent ruthe-
nium (II) complexes and CdZnTeS quantum dots. MUC1
initiated HCR to form long dsDNA attached to MNPs.
Ruthenium (II) complexes embedded in the dsSDNA were
magnetically separated, leaving minimal complexes in the
supernatant and causing negligible fluorescence quench-
ing of the QDs. Significant quenching occurred when
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complexes remained [210]. Similarly, Zhang et al. devel-
oped a miRNA-10b detection sensor based on target-
triggered CHA signal amplification and Luminescence
resonance energy transfer (LRET) between UCNPs and
AuNPs [211].

In SERS detection, nanomaterials like AuNPs and Sil-
ver nanoparticles (AgNPs) are linked with organic dyes
through biotin-avidin interactions or nucleic acid hybrid-
ization to serve as Raman signal probes for quantifying
target substances [212, 213]. Systems using nanoparticles
with HCR/CHA achieve high sensitivity, detecting as low
as femtomolar levels and even single cells. For instance,
a SERS biosensor combining gold Nanowires (AuNWs),
silver staining, and HCR was developed for ultra-sensi-
tive miRNA detection, achieving a detection limit of 0.03
fM [214]. A CHA and SERS-based dual signal amplifica-
tion method was developed for the simultaneous detec-
tion of miRNA-21 and miRNA-155 with detection limits
of 77 aM and 93 aM, respectively [215].

DNA walker on the surface of nanomaterials
DNA walkers are nanomachines made of DNA that move
autonomously along a DNA track using a driving force, a
walking chain, and a track. Activation of the driving force
disrupts equilibrium, converting energy into motion and
propelling the walker. Consuming fuel molecules restores
equilibrium and generates a signal, which can be ampli-
fied through repeated cycles [216, 217]. This unique
movement and signal amplification make DNA walkers
valuable for target detection and biological analysis, often
enhanced by nanomaterials like AuNPs and MNPs that
stabilize and facilitate their movement (Fig. 7c) [218—
221]. DNA walkers can be categorized by their driving
force into enzymatic and non-enzymatic reactions.
Enzymatic reactions harness restriction endonucle-
ases, exonucleases, and DNAzymes to act on the DNA
phosphate backbone, using the energy from covalent
bond cleavage to drive DNA walker movement [222]. As
shown in Fig. 7d, the process includes: (1) DNA walker
attachment to the track via complementary pairing; (2)
enzyme recognition of a specific site on the DNA walker;
(3) enzyme-mediated cutting or extension of the DNA
chain to release the walker; and (4) walker movement to
an adjacent site based on enzyme action direction. These
reactions offer high catalytic efficiency and specificity,
facilitating rapid and precise DNA walker movement.
For instance, Cheng et al. developed a Flap endonucle-
ase 1 (FEN 1)-powered DNA walker for mutant DNA
detection. The target DNA binds to the DNA track on the
AuNP surface, enabling FEN 1 to cleave the overlapping
DNA track chain, generating a fluorescent signal and
enhancing signal amplification [223].
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Non-enzymatic reactions include strand displace-
ment reactions (Fig. 7e) and environmentally responsive
reactions (Fig. 7f). Strand displacement reactions are
based on the principle of strict complementary pairing
in DNA double strands, enabling DNA strand displace-
ment and walker movement through hybridization and
de-hybridization between the walking strand and the
substrate or fuel strand [224]. Jiang et al. designed an
enzyme-free three-dimensional DNA walker that uses
hairpin catalytic assembly to facilitate its movement
[225]. Environmentally responsive reactions are driven
by chemical agents (e.g, H*/OH", Hg**/cysteine) or light
stimuli, which interact with the DNA walker or track to
propel its movement [226]. Xian et al. developed a NIR
light-regulated DNA walker system that uses UCNPs to
convert NIR light into ultraviolet light, initiating DNA
walker movement for precise biological imaging [227].

In conclusion, Enzymatic reaction-based DNA
Walker system utilize a'biocatalytic drive"to prioritize
efficiency over stability, whereas enzyme-free systems
employ a'structural programming drive'to prioritize
controllability over speed. The selection of different
systems should be tailored to specific application
scenarios. For instance, enzymatic reaction systems are
typically preferred for in vitro diagnostics, while enzyme-
free systems are more suitable for in vivo applications.

Application of nucleic acid reactions

on the nanomaterials surface for biomedicine

The seamless integration of NAs with nanomaterials
has unlocked numerous applications in the biomedical
field, attributed to their exceptional biocompatibility
and stability. In this section, we explore several key
application areas arising from the interactions of NAs
on nanomaterial surfaces and highlight representative
examples.

NAs-guided nanomaterial synthesis and assembly

Nucleic acid-based conjugation with nanomaterials has
greatly advanced precision assembly of nanomaterials.
NAs act as templates for controlled synthesis, allowing
precise regulation of nanoparticle size and shape, and
imparting unique properties. Thiol-modified ssDNA
or poly A/C/G/T chains have been used to shape metal
nanocrystals. Specifically, ssDNA with 30 cytosine (C30)
or adenine (A30) units turned spherical AuNP seeds into
stable, spiky nanoflowers, while thymine-based DNA
(T30) formed spherical nanoparticles (Fig. 8a)[228].
Similarly, Different DNA sequences affect the shape and
fluorescence of AgNPs made from nanoseeds. Poly-oligo-
A10 and -T10 convert nanocubic seeds into stellate octa-
hedral AgNPs with different truncations. Poly-oligo-C10
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produces truncated tetrahedral AgNPs, while oligo-G10
maintains the cubic shape and size of the AgNPs (Fig. 8b)
[229].

Beyond synthesis, NAs serve as'glue"for organizing
nanoparticles, allowing imperfect shapes to form
ordered structures. Flexible DNA enhances assembly,
enabling complex crystals with improved symmetry.
For instance, ssDNA can wrap CNTs and integrate
them with DNA origami via hybridization, resulting in
parallel CNT arrays with uniform spacing of 10.4 nm
(Fig. 8¢)[230]. Mirkin and his team have made significant
contributions in this field [232-234]. They developed
space-filling nanocrystals by pairing DNA-guided, shape-
complementary polyhedra, expanding the possibilities
for designing metamaterials (Fig. 8d)[231].

Nanoplatforms of nucleic acid therapeutics
The conjugation and detachment of nucleic acids on
nanomaterials are crucial processes in nucleic acid thera-
peutics. Nucleic acid drugs, including DNA, miRNA, and
siRNA, must enter cells to function effectively. However,
their large molecular size and negative charge lead to
repulsion against the cell membrane’s lipid bilayer, hin-
dering their entry into cells [235]. Spherical nucleic acids
(SNAs), synthesized by conjugating oligonucleotides to
nanoparticles, represent a promising platform for nucleic
acid delivery, attributed to their distinctive three-dimen-
sional architecture [236, 237]. SNAs are composed of
densely functionalized and highly oriented nucleic acids
on the surface of a nanoparticle. Since the properties
of SNAs originate from their nucleic acid shell, diverse
core materials can be employed, including metal nano-
particles (e.g, Au, Pt), liposomes, and polymers (Fig. 9a)
[238]. SNAs exhibit low immunogenicity, enable reagent-
free transfection, and possess the capability to cross bio-
logical barriers, such as the blood-brain barrier [238].
Covalent coupling stands as an effective strategy for
immobilizing nucleic acids on the surface of nanomateri-
als, such as conjugating nucleic acids to gold nanoparti-
cles via thiol groups [239]. However, given the negative
charge of siRNA, non-covalent electrostatic interactions
are frequently employed as an alternative. For instance,
nitrogen-doped graphene quantum dots can directly
bind to siRNA [240]. Typically, nanomaterial surfaces
are modified with molecules like PEI and PDDA to alter
their surface charge from negative to positive [241, 242].
Nevertheless, these modifications may compromise bio-
compatibility, thereby necessitating the development of
improved strategies. For instance, tyrosine-modified PEI
and PEGylated PEI coatings can enhance both efficiency
and biocompatibility [243, 244].

Once stable SNAs have successfully translocated across
the target cell membrane, the subsequent detachment of
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nucleic acids from the nanomaterial surface becomes a
critical factor for achieving effective nucleic acid therapy.
Commonly employed nucleic acid detachment mecha-
nisms encompass reduction, enzymatic cleavage, pH
sensitivity, and photo-stimulation (Fig. 9b)[245]. The
choice of an appropriate release strategy depends on
the stimulus-responsive design of the delivery system.
For instance, disulfide bonds enable reduction-sensitive
nanocarriers to release nucleic acid drugs in response to
cellular reductants [248]. Polycationic micellar nucleic
acid carriers, which rely on electrostatic interactions
and are coated with thiolated hyaluronic acid, facilitate
the delivery of plasmids in the presence of hyaluroni-
dase-mediated degradation [249]. Imine bonds and pH-
sensitive coatings introduced into PEGylated liposomes
enable targeted delivery of chemotherapeutic and gene
therapy agents to tumors [250]. pH-sensitive nanomateri-
als, including metal—organic frameworks, quantum dots,
and micelles, are capable of directly releasing gene drugs
[251]. The exceptional photothermal properties of AuNPs
facilitate the light-induced release of nucleic acids,

thereby promoting significant restoration of target gene
expression [147]. Moreover, the system design permits
the integrated control of siRNA release through multiple
mechanisms. Yi et al. developed a Matrix metalloprotein-
ase-2 (MMP-2)-responsive immunotherapy that releases
siRNA via reduction and enzymatic cleavage-stimulation
(Fig. 9¢)[246]. Gao et al. created a pH/reduction-respon-
sive polycation for delivering Multidrug resistance gene
1 (MDR1) siRNA and doxorubicin to combat multidrug
resistance (Fig. 9d)[247]. While multi-stimuli-responsive
nanocarriers are promising, it’s unclear if their benefits
outweigh the associated complexity. Through compre-
hensive investigation of nucleic acid conjugation and
detachment reactions on nanomaterial surfaces, it is
anticipated that more efficient and intelligent stimulus-
responsive nanoparticles will soon demonstrate their
clinical utility.

Biosensor
NA reactions on nanomaterial surfaces, including
conjugation, detachment, and signal amplification,
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have revolutionized biosensors by improving detection
sensitivity, specificity, speed, and functionality.
These advancements overcome traditional biosensor
limitations, enabling trace detection, dynamic
monitoring, and adaptability to complex samples, thereby
advancing biosensing technology from lab research to
clinical diagnosis.

NA conjugation reactions form the foundation for
constructing robust and highly specific biosensors. NA
probes are securely anchored to the surface of nanomate-
rials through covalent and non-covalent coupling strate-
gies. This anchoring prevents probe detachment during
detection and enhances biosensor stability. The high spe-
cific surface area of nanomaterials significantly increases
probe loading density, thereby ensuring efficient target
molecule capture by each detection unit and enhanc-
ing the biosensor’s directional identification capability.
Moreover, the surface modification of nanomaterials

participating in the conjugation reaction, such as PEG
and Polyacrylic acid (PAA), reduces non-specific adsorp-
tion in complex biological samples, thereby enhancing
the detection accuracy of biosensors [252]. NA detach-
ment reactions are essential for developing dynamic bio-
sensors. By utilizing competitive and stimulus-responsive
detachment processes, targets can dynamically modu-
late the binding and dissociation equilibrium between
nucleic acids and nanomaterials. This modulation can
induce rapid alterations in the optical and electrical
properties of nanomaterials. For instance, when a target
binds more strongly to the nanomaterial’s surface nucleic
acid than to the nanomaterial itself, the nucleic acid
detaches, rapidly changing the solution’s color (Fig. 10a)
[253]. This dynamic reversibility also enables sensor
reuse, significantly reducing inspection costs [254]. NA
signal amplification reactions are pivotal in transcend-
ing the detection sensitivity thresholds of biosensors.
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of nucleic acid desorption reaction on the surface of AuNPs in the colorimetric detection of bacteria. Reprinted with permission from [253]. b
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Leveraging enzymatic amplification techniques (e.g,
PCR and isothermal nucleic acid amplification), enzyme-
free self-assembly methods (e.g, HCR and CHA), and
the synergistic enhancement provided by nanomateri-
als within cascade amplification effects, a singular target
binding event can be converted into a detectably ampli-
fied signal of exponential magnitude [255]. The combined
efforts of the three have accelerated the development of
many cutting-edge biosensors in the field of biomedicine.
For instance, surface coupling of magnetic nanoparticles
with capture nucleic acids for target enrichment ena-
bles the construction of electrochemical biosensors for
miRNA detection following magnetic dissociation or sig-
nal amplification (Fig. 10b)[256]. Quenched fluorescent
probes non-covalently adsorbed on graphene surfaces
can be restored to fluorescence by the target’s rolling
circle amplification products, enabling single-cell imag-
ing (Fig. 10c)[257]. AgNPs coated with biotin-streptavi-
din coupled single guide RNA (sgRNA) can trigger the
CRISPR/dCas9 signal amplification system, construct-
ing a surface-enhanced Raman scattering biosensor for

gene mutation detection (Fig. 10d)[258]. Similar strate-
gies have also been employed to construct biosensors
for detecting bacterial pathogens and cancer biomarkers
[259, 260]. As materials science and molecular biology
become increasingly integrated, biosensor development
is expected to accelerate toward enhanced portability,
intelligence, and multifunctionality.

Challenges and perspectives

Despite extensive research into nucleic acid interactions
with nanomaterial surfaces, significant challenges remain
in the field. Variations in the size, shape, and surface
properties of nanomaterials introduce heterogeneity,
complicating the assurance of reaction specificity
and reproducibility. Structural alterations of NAs on
nanomaterial surfaces—such as folding, aggregation, or
fragmentation—can impair target binding and reduce
reaction efficiency. Optimizing coupling and dissociation
reactions requires precise control of environmental
factors, including pH, temperature, and ionic strength.
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Biocompatibility is another critical concern, as nano-
material-induced toxicity or adverse biological effects
must be minimized. While current research often
emphasizes the functional capabilities of NAs post-cou-
pling with nanomaterials, less attention is given to the
stability of these conjugates during storage and applica-
tion. Additionally, the reactions of NAs on nanomate-
rial surfaces generate complex datasets, encompassing
thermodynamic and kinetic parameters. This complexity
demands multidimensional analysis and diverse analyti-
cal techniques, necessitating interdisciplinary expertise
and effective communication among researchers.

Fortunately, advances in machine learning are
poised to transform the study of nucleic acid reactions
on nanomaterial surfaces. By analyzing extensive
experimental datasets, machine learning can uncover
patterns and underlying principles governing these
reactions, aiding researchers in elucidating their
mechanisms. Furthermore, machine learning models
can predict the outcomes of nucleic acid reactions under
specific conditions, reducing reliance on trial-and-error
experimentation. Currently, machine learning is making
substantial strides in understanding nanomaterial-
protein interactions, generating innovative theories and
technologies. It is only a matter of time before these
insights are applied to nucleic acid research, driving
further advancements in the field.

Conclusions

In summary, this review explores the prevailing meth-
odologies for conjugating NAs to nanomaterial surfaces
and their subsequent detachment in response to external
stimuli. It also provides an in-depth analysis of nucleic
acid signal amplification mechanisms on nanomaterial
surfaces, including enzyme-mediated signal amplifica-
tion, enzyme-free signal amplification, and DNA Walker.
The specific recognition properties of NAs, when syner-
gistically integrated with the versatile and robust signal
transduction capabilities of nanomaterials, make surface-
functionalized nanomaterials highly suitable for both
in vitro and in vivo nanomedicine applications.

NAs conjugation reactions on nanomaterial surfaces
can be broadly classified into covalent and non-covalent
interactions. Covalent conjugation relies on pre-modified
NAs or nanomaterials linked via chemical cross-linking
agents, forming stable complexes ideal for long-term
storage and in vivo delivery. Non-covalent conjugation,
by contrast, uses weaker intermolecular forces—such as
hydrogen bonding, van der Waals forces, and electrostatic
interactions—offering enhanced biocompatibility and
safety, though with reduced stability. NAs detachment
from nanomaterial surfaces can be achieved through
physical or chemical methods. Physical methods, such
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as heating and laser techniques, desorb NAs by altering
the surface energy state or nanomaterial properties.
Chemical methods employ replacement chains or
specific chemicals to modulate adsorption equilibrium,
facilitating the detachment process. In amplification
reactions, particular emphasis is placed on the adsorption
of amplification components onto nanomaterial surfaces.
This creates a concentrated microenvironment that
enhances specificity, sensitivity, and efficiency. In HCR/
CHA, nanomaterials primarily act as signal amplifiers,
categorized into colorimetric, fluorescence, and SERS
detection methods. In DNA walkers, nanomaterials serve
critical roles as carriers, signal amplifiers, and facilitators
of imaging processes. These applications introduce
innovative approaches for biomedicine.

Collectively, these NAs reactions on nanomaterial
surfaces represent a multidisciplinary research field
bridging materials science, chemistry, and biology.
Detailed study of these interactions unveils new insights
into the complex behaviors of NAs on nanomaterials,
offering a theoretical foundation and technical support
for advancing bio-detection technologies, medical
diagnostics, and therapeutic treatments.
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