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The importance of nano–bio interfacial design in
the sensing performance of nanoparticle-based
affinity biosensors

Xueqian Chen,a Xuejie Li,a Richard D. Tilley bc and J. Justin Gooding *b

Biosensors with good sensing performances with regards to high sensitivity, specificity, shorter response time,

the ability to be multiplexed, excellent stability and reproducibility, are always in high demand. As modern

biosensors are often fabricated using bioreceptors immobilized on nanoparticles to achieve efficient signal

transduction or easier handling, the nanoparticle–bioreceptor (nano–bio) interface has a significant impact on

the final sensing metrics. However, the role of nano–bio interfaces in sensing performance could be better

understood, to facilitate the rational design of high performing nano–bio based devices. Herein, we aim to pro-

vide some basic rules and considerations to optimize nano–bio interfaces to achieve better detection perfor-

mance when fabricating biosensors. The impact of the nano–bio interfaces on sensing characteristics is

discussed from the perspective of bioreceptor–analyte interaction. Four interfacial parameters are included in

this review: (1) the conformation of bioreceptors, (2) the coverage of the bioreceptors, (3) composition of mixed

ligands, such as bioreceptors and other functional molecules and (4) spatial distribution of bioreceptors on

nanoparticle surfaces. Methods to tailor these four interfacial factors are systematically investigated. In parallel,

how these tailored nano–bio factors improve the sensing performances is emphasized with corresponding bio-

sensor examples. The analytical methods for characterization of nano–bio interfaces are summarized, particu-

larly at the single particle level. Additionally, the integration of artificial intelligence (AI) with nano–bio interfaces

is discussed, highlighting how AI can improve nano–bio interfacial design. Finally, future perspectives on the role

of nano–bio interfacial design in enhancing sensing capabilities are presented. This review aims to elucidate the

relationship between nano–bio interfacial factors and sensing performances, as well as strategies for achieving

precisely controlled nano–bio interfaces, which facilitates the rational design of high-performance biosensors.
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1. Introduction

Nanoparticles have become ubiquitous in modern biosensors
as nanoparticles can act as both a carrier for bioreporters and
as a transducer to produce and enhance signals over the back-
ground and improve sensitivity of detection.1,2 In addition,
each nanoparticle can be thought of as an independent sensing
unit, which contributes to the measurement of many events
in parallel. Recording the information from many individual
nanoparticles in parallel creates the potential for both multi-
plex and high-throughput detection.3,4 Furthermore, magnetic
nanoparticles (MNPs) can reduce response times due to mag-
netic forces facilitating mass transport.5,6 In most nanoparticle-
based biosensors, bioreceptors are immobilized on the surface
of nanoparticles.7 Consequently, a number of surface-related
factors are involved during the process of fabricating bio-
sensors, including the surface chemistry of nanoparticles, the
self-assembled monolayer that the nanoparticle is modified
with, the biofunctionalization of nanoparticles with bioreceptor
molecules, and the display of the bioreceptors on nanoparti-
cles.8–11 These surface-related factors can significantly impact
the bioreceptor–analyte interaction and thereby the sensing
performances.

The nano–bio interface is the central component of a
biosensor as it is directly involved in bioreceptor–analyte inter-
action, bridging the process of molecular biorecognition and
signalization during biosensing (Fig. 1). The nano–bio interface
determines the binding properties of nano–bio conjugates
towards analytes and other biomolecules in the sample matrix.
There are already some fabulous reviews about self-assembled
monolayers of organic ligands on nanoparticles and biofunctio-
nalization of nanoparticles.12–15 However, despite the important
role of nano–bio interfaces in bioreceptor–analyte interaction
and downstream analytical performance, there are limited
reviews related to how the nano–bio interfaces affect the sensing
performance of biosensors. If the nano–bio interface can be
tailored and controlled precisely, we can understand the effect

of nano–bio interfaces on bioreceptor–analyte interaction and
how the bioreceptor–analyte interaction correlates with detec-
tion performance. This knowledge is of significance for the
rational design of biosensors. Therefore, in this review, we first
emphasize the important role of nano–bio interfaces in
nanoparticle-based biosensors. Then, we discuss how the nano-
particle surface influences the bioreceptor–analyte interaction
with particular emphasis on surface-based DNA biosensors as a
case study. More deeply, the mechanisms behind the effect of
nano–bio interfaces on interaction between bioreceptors and
analytes are explored. Four interfacial parameters, namely con-
formation, coverage, spatial distribution of bioreceptors, and
compositions of mixed ligands on nanoparticles, are introduced
separately. Approaches to tailor these interfacial parameters and
how these interfacial parameters improve the sensing capabil-
ities of biosensors are demonstrated with corresponding exam-
ples. The sensing performances encompass sensitivity, limit of
detection (LOD), specificity, selectivity, response time, multiplex
detection, stability, and reproducibility. Following this,
analytical approaches for characterizing nano–bio interfaces
are outlined, with an emphasis on single-particle measurement.
Considering the rapid progress of artificial intelligence
(AI)-assisted biosensors, the integration of AI with nano–bio
interfaces is explored. Finally, we conclude with perspectives on
remaining challenges and future trends in this field.

2. Importance of the nano–bio
interfaces
2.1. Effect of nanoparticle surfaces on bioreceptor–analyte
interaction

Bioreceptors, generally including enzymes, antibodies, DNA,
aptamers, peptides and lectin, are normally immobilized on
nanoparticles to give nanoparticles specificity for target
analytes (Fig. 1).16–18 The sizes of nanoparticles adopted are
usually smaller than 100 nm, comparable with the size of
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bioreceptors (2–15 nm). Consequently, when interactions
between bioreceptors and analytes arise at the nanoscale surface
with high curvature, interactions can be significantly different
from that in solution or on a planar surface. Surface curvature,
the accessibility of bioreceptor and heterogeneity of nanoparticle
surfaces will all influence the bioreceptor–analyte interaction as
well as the sensing performance.19,20

DNA-based biosensors are used as examples to clarify how
nanoparticle surfaces affect the interaction between probe DNA
and target DNA. DNA probes with known sequences are immo-
bilized on nanoparticles to capture target DNA or target RNA
through DNA–DNA or DNA–RNA hybridization. The binding
efficiency of probe DNA can reach 100% if equal or excess
amounts of target DNA are added in the solution-phase. When
probe DNA is immobilized onto a planar surface, hybridization
efficiency can be nearly 100% under an intermediate surface
density of 1–2 � 1012 probes per cm2. At higher or lower
coverage, the efficiency of DNA hybridization can drop largely
to only 20%.21 In the case of nanoparticle surfaces with higher
curvature, such as 5 nm gold nanoparticles (AuNPs) with a
higher DNA density of 3.43 � 1012 probes per cm2, the AuNPs–
DNA conjugate diluted with 3-mercapto-1-propanol can also
achieve 100% hybridization efficiency, whereas hybridization
efficiency of nanoparticles without blocking is only 30–50%.22

Therefore, whether the surface is planar or spherical, the
efficiency of surface DNA hybridization is comparable to that
in solution, provided that neither crowding among neighbour-
ing strands nor undesired DNA–surface interactions occur.

The Mirkin group studied the thermodynamics of hybridiza-
tion between AuNPs–probe DNA and fluorophore labelled target
DNA.23 Melting data of AuNPs–probe DNA (total 25 bases,
including adenine (A)10 and a 15-base recognition sequence)
revealed that the binding constant of the nanoparticle-based
probe was 2 orders of magnitude higher than that of the 15-base
molecular quencher/fluorophore DNA pair in solution under
identical conditions. This increasing binding strength was
due to the high surface density of DNA on AuNPs rather than
the absolute amount of DNA on the AuNPs. A further study
conducted by the same group confirmed that the enhancement

of DNA hybridization on the AuNPs compared with DNA hybri-
dization in free solution was enthalpically controlled rather
than entropically.24 The introduction of nanoparticle surfaces
mitigates against DNA from adopting enthalpically unfavorable
conformations like those observed in solution.

Regarding the kinetics of DNA hybridization, the Levicky
group found that hybridization rates on flat surfaces decreased
by one to two orders of magnitude relative to those in solution,
while dehybridization rates on flat surfaces exceeded those in
solution by many orders of magnitude.25 Similar trends have
been observed on the surface of nanoparticles.22 On 5 nm AuNPs,
hybridization rates were slower than that in solution and dehy-
bridization rates were accelerated on the AuNPs–target DNA
conjugate, compared with target DNA in solution.26 The hybridi-
zation rate for 20-base DNA can decrease from 4.2 � 104 to 2.0 �
104 M�1 s�1, while the dehybridization rate can increase from
1.2 � 10�4 to 3.2 � 10�4 s�1.

The hybridization of surface immobilized DNA was investi-
gated at the single molecule level with the assistance of single
molecule imaging technologies. Tao’s group found that the
hybridization rates for individual probe strands were dominated
by the local spatial arrangement of the probe DNA layer, includ-
ing probe density and the degree of clustering.27,28 Recently, the
Zijlstra group quantified the hybridization kinetics of AuNPs–
DNA conjugates at the single particle level and investigated their
dependence on DNA density. They discovered that lower DNA
density could enhance hybridization kinetics by up to 15-fold,
while dehybridization kinetics were almost unaffected by DNA
density.29 Overall, the surface of nanoparticles can affect the
thermodynamics and kinetics of probe–target DNA interaction,
either promoting or inhibiting, depending on specific surface
conditions. Accordingly, the next section examines the detailed
mechanisms behind the impact of nanoparticle surfaces on
bioreceptor–analyte interaction.

2.2. Elucidating the mechanistic basis of nanoparticle
surface-mediated interactions

The surface of nanoparticles affects the bioreceptor–analyte
interaction and sensing performance in several ways.

Fig. 1 Scheme of the nano–bio interface, the interfacial factors, and related sensing performances.
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Firstly, the existence of a surface brings additional interac-
tions beyond the bioreceptor–analyte binding. These additional
interactions are presented in Fig. 2a: (1) bioreceptors are likely
to adsorb onto the nanoparticle surface. Such interactions may
occur at ill-defined places on nanoparticles, potentially altering
the conformation of bioreceptors or even causing denatura-
tion.30,31 (2) Bioreceptors may interact with neighboring bio-
receptors due to high packing density of bioreceptors on the
nanoparticle. Compared with flat surfaces however, high sur-
face curvature allows more bioreceptors to be packed onto the
surface of a particle before significant neighboring interactions
arise.32–34 Overly dense bioreceptor coverage causes steric
hindrance for analyte binding, which reduces both efficiency
and kinetics of bioreceptor–analyte interaction.21 (3) Nonspe-
cific adsorption of interfering proteins or molecules in bio-
fluids can occur onto the nanoparticle surface, hindering the
recognition between bioreceptors and analytes. These unspeci-
fic adsorptions can not only block specific signals but also
exacerbate the selectivity of biosensors.35,36

Secondly, nonspecific but reversible adsorption of analytes
onto nanoparticles can facilitate bioreceptor–analyte inter-
action. This adsorption proceeds via either three-dimensional
(3D) diffusion of analytes in solution to bioreceptors on nano-
particle or two-dimensional diffusion of analytes along the
particle surface after transient adsorption to regions lacking
bioreceptors (Fig. 2b). The Schwartz group studied the hybridi-
zation dynamics of target DNA with immobilized probe DNA at
a solution–solid interface at the single molecule level using

total internal reflection fluorescence microscopy.37 They found
that 31% of target DNA bound to probe DNA on the fused silica
and hybridized immediately, whereas 69% of target DNA
adsorbed nonspecifically on the surface. Only 7% of this adsorbed
population located the probe DNA via a two-dimensional surface
search and successfully hybridized. The remainder desorbed and
returned to solution, thereby repeating adsorption-search cycles.
Meanwhile, the surface-bound DNA duplexes were more likely to
melt into solution (77%) than to melt on the surface (23%). The
DNA strands that melted onto the surface could either rehybri-
dize after a brief lateral search or desorb back into solution.

Thirdly, analytes are more likely to rebind with the neighbor-
ing bioreceptors before diffusing away as the local concentration
of bioreceptors confined on nanoparticles can be 105 fold higher
than that in solution (Fig. 2c).38 This diffusion-limited nanointer-
face can therefore result in a lower apparent dissociation rate
constant for nano–bio conjugate/analyte binding.38,39 The influ-
ence of bioreceptor density on rebinding at a planar surface had
already been analyzed theoretically by Thompson and co-
workers.40 Under analyte-limited conditions, the likelihood of
prompt rebinding increases with the higher association rates and
receptor density, but decreases with increasing dissociation rates
and the diffusion coefficients, following an approximate square
root dependence. Rebinding tends to happen when the distance
a molecule can diffuse in solution during its average surface
bound time is less than a length scale set by the receptor surface
density relative to analyte concentration. More recently, a single
molecule study investigated the impact of DNA grafting density
on surface-mediated DNA transport and hybridization.41 The
threshold value separating low and high grafting density regimes
was B1012 probe per cm2. Only 1–3% of target DNA was observed
to associate with probes at dilute grafting density (o1012 probe
per cm2). Adsorbed target DNA frequently performed unproduc-
tive searches and flew to other distant locations via desorption-
mediated diffusion, rendering rehybridization events rare. In
contrast, approximately 20% of target DNA hybridized to the
immobilized DNA with high density, typically in the vicinity of
initial adsorption sites. Target DNA rehybridized following a
dehybridization event at high density of probe DNA. As target-
induced nanoparticle assembly is widely exploited in biosensing,
dense bioreceptors also induce a cooperative effect to nano-
particle assembly.42 Such multivalent cooperativity between
nanoparticles enhances the equilibrium binding constant and
accelerates agglomerate formation kinetics.43,44 For instance,
the Mirkin group found that the equilibrium binding constant
for a 15 nm AuNPs–DNA conjugate (24 base strands with a
3 base pair recognition domain) is B3 orders of magnitude
higher than that of the corresponding system in the absence of
nanoparticles.45

Lastly, another important aspect is the heterogeneity intro-
duced by nano–bio interfaces (Fig. 2d). Heterogeneity originates
from multiple sources. Primarily, nanoparticles themselves are
heterogeneous in size, shape, charge, roughness, surface defects
and crystallographic facets.46–49 Furthermore, the immobiliza-
tion of bioreceptors onto these surfaces generates additional
heterogeneities.50,51 The presence of multiple attachment sites

Fig. 2 Effects of nano–bio interfaces on bioreceptor–analyte interaction.
Besides the desired bioreceptor–analyte interaction, the other interactions
include undefined interaction between bioreceptors and nanoparticles,
intermolecular interaction between bioreceptors and nonspecific binding
of interferences (a); the adsorbed analyte can diffuse on the nanoparticle
to bind the nearby bioreceptors (b); the analyte disassociating from the
bound bioreceptor can be recaptured by the neighboring bioreceptor
before diffusing away (c); the origins of heterogeneity of nano–bio inter-
faces (d).
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on both nanoparticles and bioreceptors makes precise control
over the conformation, orientation, and density of bioreceptors
on individual particle exceptionally challenging. Consequently,
the surface chemistry of the nanoparticles, the immobilization
strategy and the structure of bioreceptors collectively contribute
to the heterogeneities of nano–bio interfaces. Additionally,
bioreceptor–analyte interactions occurring at a nanoscale sur-
face are inherently heterogeneous processes. This heterogeneity
at nano–bio interfaces has attracted significant attention as
advancements in high-resolution single-molecule techniques now
can unravel properties hidden behind ensemble measurement.52,53

In the context of single molecule biosensing, where the detection
operates at the level of individual entities, this heterogeneity
becomes particularly pronounced. Any variability in the nano–
bio interface can translate directly into signal fluctuation, and
substantial variation will further complicate data interpretation
and compromise measurement precision.54 The Prins group
comprehensively studied how reactivity variability of biofunctio-
nalized nanoparticles was determined by various independent
heterogeneities.55 They classified the contributing factors into
two categories: stochastic heterogeneity and non-stochastic het-
erogeneity. Stochastic heterogeneity arises from the discrete
nature of bioreceptor immobilization, leading to a particle-to-
particle variation in bioreceptor number following Poisson sta-
tistics. Non-stochastic heterogeneity refers to physical and
chemical differences among nano–bio conjugates, such as the
nanoparticle size, surface roughness, and the local chemical
microenvironment. Their work demonstrated that reactivity
variability could be stabilized by employing a large number of
bioreceptors, which indicated the use of large amounts of
nanoparticles, utilization of the available interaction area, sui-
table particle size and bioreceptor density. A key implication is
that a large population of biofunctionalized nanoparticles needs
to be measured to minimize variability in nanoparticle-based
single molecule biosensors.

3. Interfacial parameters affecting
sensing performances

There is no one-size-fits-all solution for the optimal interfacial
design to enhance sensing performance, as specific applica-
tions, bioreceptors, transductions and materials employed all
affect the interfacial design. Here, we focus on four critical
interfacial parameters, including orientation of bioreceptors,
coverage of bioreceptors, compositions of mixed ligands and
spatial distribution of bioreceptors on nanoparticles. How each
interfacial factor boosts the sensing performance is demon-
strated with corresponding examples. Meanwhile, strategies to
tailor and characterize these nano–bio interfacial parameters
are summarized. To standardize the types of nanoparticles and
bioreceptors across various biosensors, if applicable, AuNPs are
preferentially selected as model nanoparticles and DNA serves
as a model bioreceptor with priority. In many cases the same
principles apply to other bioreceptors such as antibodies and
peptides. Where significant differences or considerations from

DNA based bioreceptors are required, these will be highlighted
with an emphasis on antibodies as the representative example
instead of DNA, particularly in the section on bioreceptor
orientation.

3.1. Orientation of bioreceptors

3.1.1. Orientation of antibodies. The orientation of anti-
bodies on nanoparticles is critical to accessibility of antigens,
which directly determines all the sensing characteristics of
biosensors.56 Immunoglobulin G (IgG) is highlighted here as
it is the predominant type of antibody in blood and extra-
cellular fluids, as well as its wide application in biosensing and
diagnostics. The molecular weight of IgG is approximately 150
kDa with dimensions of 14.5 � 8.5 � 4.0 nm.57 A detailed
depiction of IgG consisting of four polypeptide chains—two
heavy chains (50 kDa, in blue) and two light chains (25 kDa, in
green), joined together by disulfide bonds (in red)—is given in
Fig. 3a. Fragment antigen-binding (Fab) is composed of both
constant and variable domains from paired heavy and light
chains. The 3D structure of IgG comprises fragment crystal-
lizable (Fc) and Fab regions, shown in Fig. 3b.58 The antigen-
binding epitopes, complementarity-determining regions, are very
small and localized at the end of the Fab region. In addition to
conventional antibodies, nanobodies, also called single domain
antibodies or variable heavy domains of heavy chains, are the
small antigen binding fragments derived from heavy chains. With
a molecular mass of B15 kDa and dimensions of 2.5 � 4 nm,
nanobodies possess superior thermostability, broader pH toler-
ance, nano-/picomolar affinities and improved permeability across
tissue and blood–brain barrier, rendering them highly attractive
for advanced immunoassays and therapeutic applications.59,60

Technically, the orientations of antibodies on nanoparticles are
depicted to be head-on (both Fabs on the surface), tail-on (Fc on
the surface), side-on (Fc and one Fab on the surface) or flat-on (all
fragments on the surface), as demonstrated in Fig. 3c.10 To achieve
optimal antigen-binding activity, the most favorable orientation of
antibodies on nanoparticles is tail-on as it provides full accessi-
bility of antigen-binding sites.

The approaches of immobilizing antibody onto nanoparticles
include direct physical adsorption, covalent/non-covalent immo-
bilization and antibody-directed synthesis of nanoparticles.61–63

Fig. 3 (a) Schematic depiction of IgG. (b) 3D structure of IgG, consisting
of the Fc region and the Fab region. Reprinted with permission,58 Copy-
right 2018, Springer Nature. (c) Four typical orientations of an antibody on
a nanoparticle.
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Despite its ease of immobilization, direct physical adsorption
based on electrostatic forces or hydrophilicity/hydrophobicity is
relatively unstable and it is difficult to control the antibody
orientation. The pH of the immobilization buffer has been
leveraged to regulate the orientation of antibodies during adsorp-
tion as pH can influence both charge distribution and hydro-
phobicity of antibodies and surface charge of nanoparticles.64–66

Driskell’s group has studied the impact of pH on the orientation
of the anti-horseradish peroxidase (anti-HRP) antibody adsorbed
on AuNPs.67 As the specific sequence and structure of the anti-
HRP antibody are unavailable, IgG1 serves as a model protein due
to its fully characterized structure in the Protein Data Bank (PDB).
The calculated charge distributions of IgG1 at different pH values
are presented in Fig. 4a. As the pH increases from 7.5 to 8.5, the

Fig. 4 (a) Charge distribution calculated for the IgG1 antibody and corresponding hydrodynamic diameters of AuNPs–antibody conjugates and Fab
accessibility at different pH values. Reprinted with permission,67 Copyright 2019, American Chemical Society. (b) Schematic illustration of MPBA-oriented
antibody conjugation and sensing performance for MMP-9 detection. Reprinted with permission,75 Copyright 2025, American Chemical Society. (c)
Oriented immobilization of antibody on nanoparticles based on affinity tags, including protein A/protein G, biotin–streptavidin, SpyTag-SpyCatcher and
Fc-targeting monobody. Reprinted with permission,88 Copyright 2022, American Chemical Society. (d) Pictures of LFA strips and standard curves of
protein A oriented and non-oriented probes. Reprinted with permission,78 Copyright 2023, Elsevier. (e) Oriented antibody conjugates adopting SpyTag-
SpyCatcher and their application in cellphone-based portable detection. Reprinted with permission,87 Copyright 2022, Elsevier.
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degree of protonated amino acids decreases and the number of
localized positive regions of IgG1 decreases. As the electrostatic
interaction between the positively charged region of the anti-
body and negatively charged AuNPs is the main driving force for
adsorption, the surface charge distribution of the antibody can
significantly affect its orientation on nanoparticles. Theoreti-
cally, the thickness of the antibody layer on 60 nm AuNPs is
minimum of 9 nm for flat-on orientation or maximum of 28 nm
for head-on or tail-on orientation. Correspondingly, the foot-
print of an antibody in tail-on/head-on orientation is 38 nm2,
while the footprint in flat-on orientation is 119 nm2. Experi-
mentally, the hydrodynamic sizes of AuNPs–anti-HRP antibody
conjugates were 73.2 nm, 69.8 nm and 67.4 nm at pH 7.5, 8.0,
and 8.5, respectively. The measured antibody loading increased
from 171 to 240 antibodies per AuNP with increasing pH from
7.5 to 8.5. Both the decreasing hydrodynamic size and antibody
loading indicated a higher proportion of antibodies oriented in
tail-on or head-on orientation with decreasing pH. To further
confirm the orientation of the anti-HRP antibody, its binding
capacity toward HRP was tested. The antigen-binding capacities
of anti-HRP antibody–AuNP conjugates prepared at pH 7.5, 8.0,
and 8.5 were 33%, 23%, and 18%, respectively (Fig. 4a). Since
the binding constant of the anti-HRP antibody remained
unchanged across this pH range (dissociation constant (Kd) B
11 nM), the decreased binding capacity suggested that more
anti-HRP antibodies were preferred in tail-on orientation at
lower pH. The orientation of the anti-HRP antibody was further
evaluated using aggregation-based assays with anti-IgG Fab-
specific antibodies. Anti-HRP antibodies adsorbed onto AuNP
at pH 7.5 exposed a larger number of accessible Fab sites,
indicating their tail-on orientation. Similarly, Tonigold’s work
found the anti-CD63 (a cell surface antigen) antibody preferably
adsorbed on polymeric nanoparticles through the Fc region at
pH 6.1.58 The oriented anti-CD63 antibody exhibited better
capture performance to target cells. As pH varies the immobi-
lization microenvironment and largely affects the antibody
orientation, it is reasonable to optimize and control the pH of
immobilization buffer precisely when preparing antibody–
nanoparticle conjugates.

Covalent immobilization based on the abundant functional
moieties of antibodies, such as amino, carboxyl, and sulfhydryl
groups, is relatively simple to achieve but typically results in
random orientation. Detailed reviews on the covalent immobi-
lization of antibody are covered elsewhere.15,68,69 To achieve
orientation-controlled covalent immobilization of antibodies,
functional groups located specifically outside the Fab region are
typically used, such as polysaccharide chains in the Fc region
and disulfide bonds between two heavy chains (Fig. 3a).70,71 For
example, intact antibodies can be reduced into half antibodies
to orientally immobilize on gold surfaces via their two native
thiol groups, exhibiting 2-fold improved sensitivity without loss
of selectivity.72 Wu et al. further introduced half antibody
fragments as bioreceptors in a microcantilever-based immuno-
sensor for ginsenoside Re detection.73,74 Compared with intact
antibodies immobilized via thiolated secondary antibodies,
immunosensors utilizing half antibodies as bioreceptors

exhibited a 1500–4000-fold increase in sensitivity. Meanwhile,
the LOD of immunosensors based on half-antibodies was
1 pg mL�1, whereas the LOD of the immunosensor adopting
an intact antibody was approximately 0.5 ng mL�1. In addition
to disulfide bonds, Sun and coworkers developed lateral flow
immunoassay (LFIA) using plasmonic yolk–shell-satellite nanos-
tructures (YSSNs) functionalized with 4-mercaptophenylboronic
acid (MPBA).75 The boronic acid group of MPBA forms stable
cyclic esters with cis-diol groups on the carbohydrate moieties in
the Fc region of antibodies, orienting the Fab region outward
from the nanoparticle surface, maximizing their accessibility of
Fab regions for the target antigen (Fig. 4b). The YSSN–MPBA
conjugate achieved an antibody conjugation efficiency of 72%,
which was 1.79-fold and 1.06-fold higher than those of YSSNs
(67%) and AuNPs (40%), respectively. Additionally, the antibody
orientation efficiency of the YSSN-MPBA conjugate reached 77%,
significantly exceeding 36% observed for randomly conjugated
antibodies on YSSNs, directly resulting in a higher number of
accessible Fab sites. Furthermore, the test results of YSSN-MPBA-
LFIA and AuNP-LFIA were obtained using a handheld optical
densitometer. Based on the optical density (OD) values of the test
line, the LODs were 0.041 ng mL�1 for YSSN-MPBA-LFIA and
1.71 ng mL�1 for AuNP-LFIA, respectively. Owing to the strong
Raman scattering signal generated by the MPBA–YSSN structure,
this platform was also suited for SERS sensing. The SERS-based
LFIA achieved a 305-fold improvement in LOD (0.0056 ng mL�1)
compared to the conventional AuNP-LFIA (1.71 ng mL�1). Mean-
while, this platform demonstrated robustness against the matrix
effect under Raman detection mode, maintaining high sensitiv-
ity and accuracy in serum and tear, with excellent recovery rates
ranging from 86.4 to 98.2%.

As for non-covalent immobilization, affinity tags are adopted
to modulate the orientation of antibodies.76 Protein A and
protein G are frequently employed to regulate antibody orienta-
tion through specifically binding the Fc region of IgG (Fig. 4c).77

Hu and coworkers conjugated the anti-enrofloxacin antibody
onto carboxyl-functionalized microspheres in an oriented man-
ner utilizing cysteine-tagged recombinant protein A (Fig. 4d).78

The carboxyl on microspheres was activated by EDC (1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide) and 2-chloroaceto-
hydrazide. Next, the recombinant protein A was conjugated
onto the activated microspheres by a substitution reaction
between chloroacetamide and sulfhydryl. The anti-enrofloxacin
antibody was then bound to recombinant protein A on micro-
spheres, resulting in the formation of oriented antibodies. The
proportion of tail-on orientation was significantly higher for the
oriented antibody-microspheres (89.1%) than that for the non-
oriented counterparts (62.1%), indicating more accessible
antigen-binding sites. Consequently, the LODs for enrofloxacin
were 0.035 ng mL�1 for the oriented probe and 0.079 ng mL�1

for the non-oriented probe. Moreover, the linear range for the
oriented probe was 0.25–10 ng mL�1, which was wider than that
of the non-oriented probe (0.1–2.5 ng mL�1). However, protein A
and protein G themselves are typically immobilized on nano-
particles via EDC-NHS (N-hydroxysuccinimide) crosslinking in a
random orientation, which inevitably leads to partially random
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orientation of the capture antibodies. Biotin–streptavidin is
another affinity tag to orientally immobilize antibodies, requiring
site-specific biotin modification of antibodies (Fig. 4c). Sulfhydryl
groups located at the hinge region of antibodies are commonly
harnessed for site-selective biotinylation.79 A site-selectively bioti-
nylated Fab fragment of an antibody demonstrated 20-fold higher
recognition capacity than random biotinylation.80

Except for natural antibodies, engineered antibodies have
been utilized to achieve oriented immobilization. Specific amino
acids can be recombinantly introduced at particular positions
within an antibody, thereby offering distinct anchoring sites for
tethering antibodies onto nanoparticles.81 In parallel, genetic
fusion of proteins with binding modules can also provide active-
site accessibility for immobilization.82,83 SpyTag and SpyCatcher
are a pair of peptide partners that can form irreversible isopep-
tides within minutes.84 A nanobody-SpyTag fusion protein can
selectively couple to SpyCatcher functionalized surfaces with
controlled orientation.85 Compared with a random-oriented
nanobody dimer, the signal/background ratio of detecting Den-
gue virus nonstructural protein 1 (DENV NS1) increased by at
least a factor of 5 using the oriented nanobody dimer built on
SpyTag-SpyCatcher.86 In a recent study, Jongnam Park orientally
conjugated an antibody onto polystyrene-co-poly(acrylic acid)-
coated quantum beads utilizing SpyCatcher and a SpyTag-
fused Fc-specific nanobody (Fig. 4e).87 This oriented conjugate
resulted in an B91% accessibility of the Fab region, a significant
increase compared to randomly conjugated antibodies using
EDC-NHS chemistry (B23.4% accessibility). The number of
accessible antigen-binding sites per bead increased dramatically
from 389 to 1978. The LFA utilizing oriented conjugates demon-
strated an LOD of 5.1 pg mL�1 for human chorionic gonado-
tropin, an B6-fold improvement in sensitivity compared to that
of the LFA using randomly oriented antibodies. While effective,
antibody engineering is of high-cost and labor-intensive, requir-
ing screening and engineering distinct antibodies according to
specific antigens. To overcome the above limitations, a more
adaptable approach was creatively developed.88 An engineered
Fc-binding monobody, including a cysteine to enable thiol-based
coupling onto poly(lactic acid)–poly(ethylene glycol) (PLA–PEG)
nanoparticles, acts as an adapter between nanoparticles and
antibodies (Fig. 4c). The conjugation efficiency of antibodies
with a monobody adapter was substantially higher than that
coupled by EDC-NHS (47 vs. 23 mg of Ab per mg of NPs). This
novel immobilization strategy resulted in a significant improve-
ment in binding efficiency (41000-fold) relative to the standard
EDC-NHS coupling. In addition to the above adapters, DNA,
aptamers and peptides have also been harnessed as affinity tags
to mediate the orientation of antibodies.89–92

Besides conjugating antibodies on the pre-synthesized nano-
particles, antibody-directed synthesis of nanoparticles has
emerged as a novel approach to regulate antibody orientation.
Metal–organic frameworks (MOFs) have emerged as a suitable
scaffold for antibody and enzyme immobilization because of
their well-defined pore structure, excellent chemico-thermal
stability and high surface area. One-step synthesis of an
oriented antibody-decorated MOF was presented by Falcaro’s

group.93 A Zn-based zeolitic imidazolate framework (ZIF),
(Zn2(mIM)2(CO3)), produced from Zn2+ and 2-methylimidazole
(mIM), was triggered by the Fc region of the antibody (Fig. 5a).
As the negatively charged carboxyl and histidine groups were
mostly located in the Fc region of the antibody, Zn2+ accumu-
lated in the Fc region and triggered the formation of ZIFs. The
Fc region of antibodies was partially inserted within ZIFs while
the Fab region protruded from ZIFs, yielding oriented antibody-
ZIF conjugates. Quantum dots (QDs) were then encapsulated in
the antibody–ZIF conjugates to generate a fluorescence signal for
diagnostic applications. This ordered configuration preserved
target binding capacity compared to the antibodies randomly
conjugated on QDs. Similarly, Zhang et al. coated various nano-
particles including gold nanorods (AuNRs), layered double hydro-
xide, superparamagnetic iron oxide nanoparticles, and ultrasmall
superparamagnetic iron oxide using an orientated antibody-ZIF-8
composite via a generalizable film-coating approach (Fig. 5b).94

The antibodies selectively bound to ZIF-8 through histidine-rich
Fc regions, thereby exposing the functional Fab regions to targets.
The generated ZIF8-antibody@NPs exhibited high antibody load-
ing and targeting efficiencies. Notably, the MOF-orientated anti-
bodies in both studies exhibited the enhanced capture efficiency
in targeting cancer cells. Recently Tian et al. applied the oriented
antibody–MOF to wearable, label-free and persistent sweat corti-
sol detection (Fig. 5c).95 This full integrated system exhibited
satisfactory on-body biosensing performance with a good linear
detection range from 1 pg mL�1 to 1 mg mL�1 and a LOD of
0.26 pg mL�1. Meanwhile, this wearable sensor demonstrated
good persistence in detecting cortisol, with only 4.1% decay
after 9 days of storage.

In addition to MOFs, Chen’s group prepared IgG-
encapsulated gold nanoclusters (IgG-AuNCs) with high photo-
luminescence quantum yield and satisfactory bioactivity via a
facile biomineralization process.96 By contrast, IgG/AuNC con-
jugates produced by coupling IgG to pre-synthesized AuNCs via
EDC-NHS chemistry exhibited poor stability, leading to the
pronounced nonspecific adsorption and elevated background
signals. Consequently, under identical concentration of anti-
human IgG, the signal change obtained in IgG/AuNC conjugate-
based assay was markedly lower than that achieved with IgG-
AuNCs in dot-blot immunoassay (Fig. 5d). Later, IgG-AuNCs were
adopted as a ‘‘two in one’’ probe in electrochemiluminescence
immunoassay, offering facile preparation, rapid detection, and
good analytical performance in spike-and-recovery tests using
0.1% diluted serum.97 More recently, his group developed human
epidermal growth factor receptor 2 (HER2)-specific monoclonal
antibody (herceptin)-functionalized AuNCs for the quantitative
detection of HER2 expression levels in breast cancer patients
using electrochemiluminescence immunoassay (Fig. 5e). This
assay showed high consistency with the standard and commer-
cial ELISA kit with the Pearson correlation coefficient of 0.993.
Serum HER2 extracellular domain levels were positively corre-
lated with tissue HER2 expression determined by immunohisto-
chemistry and fluorescence in situ hybridization, with particularly
pronounced differences among the immunohistochemistry 3+,
2+, 1+, and 0 groups (p o 0.001).98
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3.1.2. Orientation of DNA. Single-stranded DNA (ssDNA) is
more conformationally flexible compared with antibodies. The
persistence length of ssDNA is 1–3 nm, equating to 3–10 bases,
whilst the persistence length of double-stranded DNA (dsDNA)
is approximately 40–50 nm. Therefore, surface bound probe
DNA is prone to lying on or forming a coil on nanoparticles,
which restricts hybridization between target DNA and probe
DNA. The ideal conformation of probe DNA to achieve efficient
hybridization is in an upright and extended conformation with
sufficient flexibility. Meanwhile, the spacing between neighboring
DNA strands on nanoparticles should be large enough to mini-
mize interstrand physical contact or electrostatic interactions.99

DNA can directly adsorb on various nanomaterials via coordina-
tion between the phosphate backbone and metal atoms (e.g. Au
and Ag), electrostatic attraction, or p–p stacking (for carbon-
based materials).100 For more details on how DNA interacts with
various nanoparticles, refer to other reviews.101,102 As the che-
mically synthesized DNA is easily functionalized with thiol,
amine, biotin or other functional groups, DNA can be conju-
gated onto nanoparticles through these ligands. Among them,
the strong affinity of gold–thiol (Au–S) bonds allows thiolated
DNA to form a self-assembled monolayer on AuNPs. In addition,
AuNPs possess well-developed synthesised methods and unique
optical/electrochemical properties. Therefore, AuNPs–DNA con-
jugates are adopted as model systems in this section due to their
wide range of applications and well-established interfacial
knowledge.103,104

Strategies for achieving an upright and extended conforma-
tion of probe DNA on AuNPs include adding spacers, back-
filling after bioconjugation, freezing-directed stretching, and
utilizing DNA frameworks. Spacers, including alkyl, short DNA
sequences or polyethylene glycol (PEG) units, are inserted in the
end of probe DNA to avoid undesired interaction between the
recognition region of DNA and nanoparticle surface (Fig. 6a).105

As the recognition region of the probe DNA is spatially isolated
from the AuNPs, the probe DNA maintains a higher binding
capacity for the target. The affinity of nucleobases toward gold
ranks as: thymine (T) o cytosine (C) o guanine (G) o adenine
(A).106 The Fan group creatively adopted a polyadenine (polyA)
tail as an effective anchoring block and systematically investi-
gated its effect on DNA hybridization (Fig. 6b). The hybridization
efficiency of AuNPs–thiolated DNA conjugates without polyA as a
spacer was only 5–10% at a loading density of 50 strands per
AuNP.107 In contrast, once introducing polyA as an anchoring
block instead of thiol, the hybridization efficiency increased with
the length of polyA, from 42% for polyA5 to 90% for polyA30, even
though the number of DNA per AuNP decreased from 70 to 10.
Furthermore, how the polyA feature affected the hybridization
kinetics and response time was investigated using a plasmonic
sensor. The working principle is that target DNA would bring two
AuNPs–probe DNA conjugates together, resulting in red shift in
the plasmonic resonance peak. This plasmonic sensor exhibited
a visualizable color change within 10 min for AuNPs–DNA
conjugated with polyA. However, it took more than 12 h to

Fig. 5 (a) The nucleation of ZIFs was triggered by the Fc region of the antibody. Reprinted with permission, Copyright 2022, Wiley-VCH.93 (b) Illustration
of the site-specific antibody coating on nanoparticles based on the interaction between the histidine-rich Fc region of antibodies and ZIF-8. Reprinted
with permission, Copyright 2023, Wiley-VCH.94 (c) Scheme of the working electrode for cortisol sensing. The ZIF-8@antibody was drop-coated after the
electrodeposition of Prussian blue. PEDOT:PSS stands for poly(3,4-ethylenedioxythiophene):polystyrene sulfonate. Reprinted with permission, Copyright
2023, American Chemical Society.95 (d) Illustration of the dot-blot immunoassay using IgG-AuNC conjugates. Reprinted with permission, Copyright
2019, American Chemical Society.96 (e) ECL platform for detecting HER2 in breast cancer patients using herceptin-functionalized AuNCs. Reprinted with
permission, Copyright 2025, American Chemical Society.98
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display a color change for AuNPs–DNA conjugates without polyA.
Quantitative analysis of kinetics was performed by fitting
response curves using the Avrami law (inset of Fig. 6b). In the
equation, t0 is the reaction onset time, t is the characteristic time
that depends on the reaction rate and aggregation geometry, and
n is the Avrami exponent related to the physical mechanism of
aggregate growth. The t and n for AuNPs–DNA conjugates with
polyA were 112 min and 0.77, while t and n for AuNPs–DNA
conjugates without polyA were 595 min and 0.99, respectively.
Later on, the Fan group further quantitatively studied the
hybridization thermodynamics and kinetics of AuNPs–DNA con-
jugates with polyA.108 Regarding the thermodynamics of DNA

hybridization, the free energy of the DNA duplex in solution
(�31.96 kcal mol�1) is higher than that of the DNA duplex on
AuNPs immobilized via the Au–S bond (�22.09 kcal mol�1). The
free energy cost between the DNA duplex in solution and the
DNA duplex on AuNPs is 9.87 kcal mol�1, indicating that DNA
duplexes are less stable on AuNPs. When the length of polyA
increases from 5 to 40 nucleotides, the free energy cost
decreases from 11.02 to 4.5 kcal mol�1, suggesting the
improved DNA duplex stability on AuNPs. Consistent with this
trend, the apparent binding constant enhances over 4 orders of
magnitude with the increasing length of polyA, from 2.3 �
1015 to 1.4 � 1020 M�1 cm�1. Meanwhile, the rate constants of

Fig. 6 (a) Different spacers for probe DNA. (b) Detection principle of plasmonic biosensors and kinetic plots of AuNPs–DNA nanoconjugates. Reprinted
with permission,107 Copyright 2013, American Chemical Society. (c) Regulate the conformation of DNA through backfilling. (d) Schematic illustration of
nanoflare probes and their response curves. Reprinted with permission,114 Copyright 2018, American Chemical Society. (e) Freezing-directed conjugation
of DNA onto AuNPs and other nanomaterials. Reprinted with permission,116,117 Copyright 2019, American Chemical Society and Copyright 2019, Wiley-
VCH. (f) Schematic representation of the signal transduction mechanism of an ssDNA-tetrahedral DNA framework complex and its sensing
performances. Reprinted with permission,121 Copyright 2020, American Chemical Society. (g) Sensing characterization of recognition interfaces
assembled by a tetrahedral DNA framework. Reprinted with permission,122 Copyright 2025, American Chemical Society.
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hybridization increase from 0.003 to 0.021 s�1 when the polyA
tail is extended from 5 to 40 nucleotides.

Backfilling using alkanethiols and thiolated PEG also con-
tributed to the upright orientation of DNA (Fig. 6c).109–111 The
alkanethiol 6-mercaptohexanol (MCH) is commonly used to
backfill the prepared AuNPs–DNA conjugates. The hybridization
efficiency can reach 100% for a mixed layer of ssDNA and MCH
on planar gold.112 Nevertheless, the suitable concentration
range for MCH backfilling is narrow (around 100 mM). If the
added MCH concentration is too high, AuNPs would undergo
aggregation as less DNA strands to maintain stability of
AuNPs.113 Bromide was reported as an alternative backfiller
with higher tolerable concentration to 300 mM by the Liu
group.114 The hybridization efficiencies of AuNPs–DNA conju-
gates without backfilling and backfilling with MCH or Br� were
investigated. Fluorescein (FAM)-labeled complementary DNA
was added to hybridize with probe DNA on AuNPs. Each AuNP
hybridized with only B7 cDNA strands without backfilling. The
number of hybridized complementary DNA per AuNP increased
to 22 and 20 after backfilling with Br� (200 mM) and MCH
(100 mM), respectively. A nanoflare probe was constructed based
on AuNPs–DNA conjugates and FAM–complementary DNA for
preliminary biosensing applications. Nanoflares are spherical
nucleic acids (SNA) assembled on AuNPs that release a fluor-
escent reporter upon target binding.115 The fluorescence of the
FAM fluorophore on complementary DNA was quenched by
AuNPs in the absence of target DNA. Upon target DNA binding
and displacing the FAM-complementary DNA from AuNPs, the
fluorescence intensity significantly increased (Fig. 6d). The
saturated signal of the nanoflare backfilled with Br� was 50%
higher than that with MCH. Also, the sensitivity of nanoflares
was 70% higher for Br� backfilling than that for MCH, indicat-
ing superior sensing performance of Br� in this DNA biosensor.
Additionally, the Liu group also found that freezing can stretch
and align the probe DNA based on lateral DNA–DNA interac-
tions (Fig. 6e). DNA oligonucleotides can be readily adsorbed
onto a range of nanomaterials, including AuNPs, graphene
oxide (GO), iron oxide, and WS2 with a stretched conformation
upon freezing.116,117 The freezing-directed assembly of DNA on
gold electrodes was used to enable robust electrochemical
sensing in whole blood.118

Similarly, DNA frameworks, regarded as organic nano-
particles, are also utilized to tailor the conformation of probe
DNA on selective sites.119 The Song group employed a tetrahe-
dral DNA framework to keep capture DNA extended from the
surface of screen-printed carbon electrodes.120 The rough sur-
face of screen-printed carbon electrodes results in the disorder
of capture DNA and the nonspecific adsorption of signaling
probes, which sterically hinders the target binding. The capture
DNA hanging on tetrahedral DNA frameworks possesses enhanced
capturing efficiency, leading to hundred times increase in both
the signal-to-noise ratio and sensitivity compared with the sur-
face directedly decorated with a capture probe. This sensing
platform can be extended to a variety of target molecules as the
recognition DNA sequences on tetrahedral DNA frameworks can
be tailored to match different targets. Three representative

targets, including miRNA-141, thrombin, and ATP, have been
successfully detected. Beyond single tetrahedral DNA frame-
works, Fan and his coworkers creatively utilized two tetrahedral
DNA frameworks to extend probe DNA, shown in Fig. 6f.121 A
tetrahedral DNA framework-based electrochemical biosensor
was built to investigate the stretching effect on DNA hybridiza-
tion. Probe DNA–tetrahedral DNA frameworks were immobi-
lized on a gold electrode, one end of target DNA was hybridized
to the tetrahedral DNA framework, and the other end of target
DNA was hybridized with biotin labeled signaling DNA. Subse-
quently, avidin-HRP bound to a biotin labelled signaling strand
and catalyzed the oxidization of tetramethylbenzidine, generat-
ing an electrochemical signal proportional to the concentration
of target DNA. The LOD of this stretching DNA-enabled electro-
chemical biosensor can be as low as 1 fM. This response time
was within 30 min, substantially faster than that of many
previously reported biosensors. Both the hybridization kinetics
and hybridization efficiency of the probe DNA were significantly
improved by stretching DNA with two tetrahedral DNA frame-
works. More recently, the same group further utilized tetrahe-
dral DNA frameworks to engineer a biosensing interface with
densely monodispersed DNA probes.122 Tetrahedral DNA frame-
works serve as rigid and programmable frameworks to precisely
control the conformation and spatial organization of pendant
ssDNA probes on the electrode (Fig. 6g). By effectively suppres-
sing the nonspecific adsorption and inter-probe entanglement,
the tetrahedral DNA framework-programmed interface exhib-
ited superior performance: the hybridization kinetics of a tetra-
hedral DNA framework immobilized DNA probe exhibited a 16-
fold higher rate constant due to the improved probe accessi-
bility (0.16 min�1 for tetrahedral DNA framework immobilized
ssDNA vs. 0.01 min�1 for ssDNA). The Kd of tetrahedral DNA
framework immobilized ssDNA was 18.12 nM, 3-fold lower
compared with that of ssDNA (55.11 nM). A dramatically higher
signal-to-noise ratio of 214 (vs. 17 for ssDNA) was achieved by
maximizing the specific signal while minimizing nonspecific
background noise, enabling reliable detection of target DNA
down to 200 fM. Collectively, all these works highlight tetrahe-
dral DNA frameworks as a powerful tool for interfacial engineer-
ing. Tetrahedral DNA frameworks overcome the fundamental
limitation of conventional probe immobilization by program-
ming DNA conformation at the nanoscale, providing a general
and effective framework for constructing biosensors with excep-
tional speed, specificity, and sensitivity.

Collectively, the orientation of bioreceptors on nanoparticles
is critical to accessibility of analytes to bioreceptors, which
directly determines the sensitivity, LOD, signal-to-noise ratio
and response time of biosensors. A range of approaches have
been illustrated to regulate the orientation of bioreceptors on
nanoparticles for superior sensing performance, listed in
Table 1. The approaches to modulate the orientation of anti-
body are classified into pH regulation, affinity tags, genetically
engineered antibody and antibody-directed synthesis of nano-
materials. pH regulation is straightforward to perform; however,
it may not be applicable for all antibodies as it depends on the
protonation/deprotonation of amino acid residues. Meanwhile,
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pH can affect both antibody activity and colloidal stability of
nanoparticles.123 Genetic modification of antibodies based on
protein engineering requires detailed knowledge of protein
structure, high cost and long preparation time.124 The strategy
of antibody-directed synthesis remains nascent with limited
types of nanomaterials. Compared with antibodies, DNA is much
easier to synthesize chemically with tailored functional groups.
Strategies to orientate DNA in upright and extended conforma-
tion include incorporating spacers, backfilling, freezing or tetra-
hedral DNA framework-direct alignment. Except for approaches
described above, applying electric field is also a promising
approach to modulate the orientation of bioreceptors.125 Kim’s
group applied an electric field to align the antibody orientation
on planar surfaces.126 The impedance change was maximized
when antibodies were directionally aligned. The sensitivity
enhancements from aligning the Fab and Fc regions were
reported to be 1.31- and 1.60-fold in phosphate-buffered saline
(PBS) and 1.41- and 2.18-fold in plasma, respectively. Similarly,
Ye et al. found that the DNA conformation was sensitive to the

applied electric field on planar gold. DNA tends to coil around
the edge of large defects under positive potential, whereas it is
lifted out of defects under negative potentials.127 However, there is
no study of tailoring orientation of antibodies or DNA on nano-
particle surfaces via electric field yet. Given its cost-effectiveness,
scalability, and ease of integration with chemical and biological
modification strategies, substantial opportunities remain for
exploiting electric fields to control the orientation of bioreceptors
on nanoparticles.

3.2. Coverage of bioreceptors

3.2.1. Optimal coverage of bioreceptors. The most preva-
lent question regarding coverage is what is the optimal cover-
age of a bioreceptor on nanoparticles for the best analytical
performance? To optimize the coverage of bioreceptors, it is
essential to control and quantify the amount of bioreceptors on
nanoparticles. The typical approaches to tailor the coverage of
bioreceptors include varying the ratio of bioreceptors and
nanoparticles, adding other ligands to form a mixed layer or

Table 1 Enhanced sensing performance of nanoparticle-based biosensors by tailoring orientation of bioreceptors

Surface-bioreceptor Tailoring approach Analyte
Signal
strategy Enhanced sensing performance Ref.

AuNPs–antibody pH HRP Abs. 2-fold increase in the percentage of active antibody 67
Gold–antibody Thiol groups GRe Optical 1500–4000-fold improved sensitivity; LOD: decrease

from 0.5 ng mL�1 to 1 pg mL�1
71, 73
and 74

YSSNs–antibody Carbohydrate moiety MMP-9 OD Linear range: 0.1–20 ng mL�1 (OD mode) and 0.01–
1000 ng mL�1 (SERS mode) for YSSN-MPBA-LFIA;
5–200 ng mL�1 for AuNP-LFIA (OD mode)

75

SERS LOD: 0.041 ng mL�1 (OD mode) and 0.012 ng mL�1

(SERS mode) for YSSN-MPBA-LFIA; 1.71 ng mL�1 for
AuNP-LFIA (OD mode)

Microsphere-
antibody

Protein A Enrofloxacin FL Linear range: 0.25–10 ng mL�1 for an oriented probe;
0.1–2.5 ng mL�1 for a non-oriented probe

78

LOD: 0.035 ng mL�1 for an oriented probe and
0.079 ng mL�1 for a non-oriented probe

Polystyrene surface-
antibody

Avidin–biotin cTnI Abs. 20-fold higher detection capability; LOD: decrease
from 2.65 ng mL�1 to 0.13 ng mL�1

80

Polystyrene sphere-
antibody

SpyTag-SpyCatcher DENV NS1 FL Signal-to-noise ratio: 5-fold increase; LOD: decrease
from 0.32 ng mL�1 to 0.064 ng mL�1

86

Quantum bead-
nanobody

SpyTag-SpyCatcher Human chorionic
gonadotropin

FL LOD: 5.1 pg mL�1 87
Sensitivity: 6-fold improvement compared to the ran-
domly oriented antibodies

PLA–PEG NPs–
antibody

Monobody adopter Vascular endothelial
cells

FL 41000-fold improvement in binding efficiency 88

MOF-antibody con-
taining QDs

Ab-directed synthesis SKOV-3 cells FL Fully preserved targeting efficiency 93

ZIF-8–antibody Ab-directed synthesis Cortisol Current Linear range:1 pg mL�1 to 1 mg mL�1 95
LOD: 0.26 pg mL�1 and good storage stability

AuNCs–antibody Ab-directed synthesis Goat anti-human IgG FL Excellent sensitivity 96
Good storage stability

AuNPs–DNA Spacer DNA Abs. Hybridization efficiency increased from 5% to 90%;
5-fold faster in aggregate time

107

AuNPs–DNA Backfilling DNA FL Sensitivity: 2-fold improvement 114
DNA framework-
DNA

DNA framework miRNA-141, throm-
bin, ATP

Current Hundred times higher sensitivity and signal-to-noise
ratio

120

DNA framework-
DNA

DNA framework DNA Current Higher hybridization efficiency and LOD:1 fM;
response time: 2 times faster than other sensors

121

DNA framework-
DNA

DNA framework DNA Current Rate constant: 10.16 min�1 for tetrahedral DNA
framework-ssDNA vs. 0.01 min�1 for ssDNA

122

Kd: 18.12 nM for tetrahedral DNA framework-ssDNA vs.
55.11 nM for ssDNA
Signal-to-noise ratio: 214 for tetrahedral DNA frame-
work immobilized ssDNA vs. 17 for ssDNA

Notes: FL represents the fluorescence signal.
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changing the ionic strength of the immobilization buffer.128,129

Normally, the ratios of added bioreceptors to nanoparticles are
many hundreds to ensure excess bioreceptors per nanoparticle
in most affinity biosensors. The impact of antibody coverage on
capturing activity and binding kinetics was investigated by
Prins.130 As shown in Fig. 7a, antibody1 functionalized MNPs
firstly captured anti-cardiac troponin I (cTnI) and then moved
towards an antibody2 immobilized surface under an applied
magnetic field. Finally, the surface-bound MNPs were optically
detected by scattering and absorption of an evanescent optical
field. For MNPs with low antibody coverage, there are many
randomly oriented antibodies with low affinity or without
affinity to antigens. With the increase of antibody coverage, the
number of oriented and unoriented antibodies both increases.
The number of active antibodies initially increased and then
saturated. As a result, MNPs with a higher number of antibodies
possessed faster kinetics than MNPs with a smaller number of
antibodies (Fig. 7b). The MNPs with 15 � 102 antibodies reached
a steady state in about 50 min, whereas the MNPs with 236 �
102 antibodies took only 20 min. The immunoassay response
scaled with the increasing number of antibodies. The sensitivity
of MNPs with 236 � 102 antibodies was 5 times higher than that
of MNPs with 15 � 102 antibodies. The optimal sensing perfor-
mance in terms of sensitivity and kinetics is achieved with the
highest coverage of antibodies. The Gooding group also studied
the impact of aptamer coverage on AuNPs on the binding
equilibrium and kinetics between the aptamer and the target

protein.131 It was found that the AuNPs–aptamer conjugate with
the highest coverage of the aptamer is the most favorable in
biosensors considering LOD, sensitivity and response time. In a
more recent report, the Jiang group modulated the surface ligand
of AuNPs from strongly ionized citrate to weakly ionized ascorbic
acid to engineer nano–bio interfaces for ultrasensitive point-of-
care sensors (Fig. 7c).132 AuNPs stabilized by citrate (Cit-AuNPs)
form a dense and highly negative electrostatic layer that strongly
repels antibodies. In contrast, the weakly ionized ascorbic acid–
AuNPs (AA-AuNPs) with a looser electrostatic interface minimize
the charge repulsion and allow for efficient Ab conjugation at
neutral pH. Consequently, approximately 2-fold more antibodies
adsorb onto AA–AuNPs than that onto Cit-AuNPs. Molecular
dynamics (MD) simulations further indicate that antibodies bind
to AA-AuNPs primarily via their heavy chains (H-chains), thereby
preserving the antigen-binding domains. By comparison, anti-
bodies on Cit-AuNPs interact via both heavy and light chains,
potentially compromising their activity (Fig. 7d). Due to the
simultaneously enhanced antibody coverage and improved
bioactivity, AA-AuNPs-based LFAs achieve detection limits in the
pg mL�1 range for biomarkers such as a-fetoprotein (Fig. 7e),
C-reactive protein, and procalcitonin, representing a 100-fold
enhancement in sensitivity relative to Cit-AuNPs LFAs. The
time-related stability tests exhibit a variable coefficient below
6%, indicating good stability of AA-AuNPs-based LFIA after 6
months of storage. This work highlights rational surface design
of nanoparticles as a powerful and versatile tool to control

Fig. 7 (a) Detection principle of the optomagnetic immunoassay. (b) Response performances of MNPs with different antibody coverages. Reprinted with
permission,130 Copyright 2014, American Chemical Society. (c) Schematic illustration of the strong and weakly ionized AuNPs for ultrasensitive LFIAs. (d)
The snapshots of IgG on Cit-Au and AA-Au surfaces at different simulation times. (e) Testing strips of AA-AuNPs LFIAs responding to a-fetoprotein with
different concentrations and the correlated linear fitting curve. Reprinted with permission,132 Copyright 2024, American Association for the Advancement
of Science.
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nano–bio interfaces, enabling the development of ultrasensitive,
simple and cost-effective point-of-care sensors.

Regarding the optimal coverage of bioreceptors, other
groups investigated the effect of bioreceptor coverage on the
enhanced sensing performance and obtained the opposite
conclusion. The Fan group studied how DNA coverage on
AuNPs affected the sensing performance of a stochastic DNA
walker and found that loosely packed SNA gave the lowest
LOD.133 In Fig. 8a, an exonuclease III (Exo III)-powered stochas-
tic DNA walker autonomously move on a SNA-based 3D track.
The driving force is derived from the unidirectional digestion of
DNA tracks with Exo III. As DNA tracks on AuNPs were tagged
with FAM, the digestion of DNA tracks led to FAM release and a
corresponding increase in fluorescence intensity. The amount
of DNA on AuNPs was regulated via ionic strengths of immo-
bilization buffer.33,134 The low, medium, and high densities of
DNA on 15 nm AuNPs were 25, 56, and 100 DNA per AuNP,
respectively. LODs were 10 fM, 1 pM, and 200 pM for AuNPs–
DNA conjugates with coverages of 25, 56, and 100 DNA per
particle. Similarly, Liang et al. investigated the impact of DNA

coverage on an enzyme-assisted target recycling assay to detect
DNA via colorimetric assay.113 In the presence of target DNA, Exo
III rapidly cleaved hybridized probes from AuNPs and induced
the nanoparticle aggregation. The colour of AuNP solution
changed from red into purple and even blue. AuNPs–DNA
conjugates with low (30 strands per NP), medium (43 strands
per NP), and high (54 strands per NP) coverage of DNA were
prepared by adding different amounts of dithiothreitol. The
LODs of low, medium, and high DNA covered AuNPs were
100 nM (red to purple), 250 nM (red to blue) and 50 nM
(red to blue), respectively. Meanwhile, the decrease in DNA
coverage also markedly shortened the response time. Specifi-
cally, AuNPs–DNA conjugates with 53 and 29 strands per NP
changed into purple colour after 17 and 6 min, respectively.
Overall, AuNPs with lower surface coverage imparted shorter
response time and lower LOD in the above studies.

The Zako group performed a comprehensive investigation
into the critical role of probe DNA density in the performance of
AuNPs–DNA conjugate-based colorimetric biosensors. Consis-
tent experimental condition was employed in their series of

Fig. 8 (a) Schematics of Exo III-powered stochastic DNA walkers on SNA and response curves of AuNPs–DNA conjugates with different amounts of
DNA. Reproduced with permission,133 Copyright 2017 Wiley-VCH. (b) Schematic illustration of AuNPs–DNA conjugate based colorimetric biosensors
with controlled amounts of ssDNA. (c) Images (middle) and normalized redness values (right) of AuNP solutions with different densities of DNA.
Reproduced with permission,135 Copyright 2023 The Royal Society of Chemistry. (d) Effect of probe DNA density on sensing performances for DNA with
two different structures. (e) Representative images and redness values of AuNP solutions functionalized with different amounts of immobilized ssDNA,
with linear DNA on top and stem-loop DNA on bottom. Reproduced with permission,137 Copyright 2025 Springer Nature.
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studies: 40 nm AuNPs–ssDNA conjugates were prepared via a
freeze–thaw method, with various concentrations of ethylene
glycol (EG) added to control the density of ssDNA. The colour of
AuNP solution transited from red to blue/purple, quantified
using redness value from digital image analysis and/or UV-vis
spectroscopy (OD530/OD630). The effect of linear ssDNA probe
density in salt-induced non-crosslinking aggregation was initi-
ally investigated (Fig. 8b).135 As AuNPs–ssDNA conjugates pos-
sessed superior dispersion stability against salts compared to
AuNPs–dsDNA conjugates, increasing the amount of target
ssDNA caused the colour of AuNP–DNA solution to change
from red to blue/transparent. When the amount of ssDNA per
AuNP increased from 654 to 1042, the detection sensitivity
significantly decreased, confirmed by the normalized redness
value of solutions (Fig. 8c). The LODs of AuNPs–ssDNA con-
jugates with 654 and 1042 ssDNA per AuNP were 17.5 nM and
10 nM, respectively. Subsequently, this sensing strategy was
extended to the crosslinking aggregation, in which target DNA
hybridized with two different AuNPs–ssDNA conjugates and
induced the aggregation of AuNPs.136 Both the colour change
and varying OD530/OD630 ratios indicated that sensitivity
increased as the density of immobilized ssDNA decreased. This
trend was ascribed to the alleviated electrostatic repulsion and
steric hindrance at low probe density, leading to the improved
hybridization efficiency. They further extended the work to
explore the interplay between density and the secondary structure
of probe DNA in non-crosslinking aggregation assay (Fig. 8d).137

Notably, the benefit of low probe density is structure-dependent:
low probe density enhanced the sensitivity for linear probes, but
decreased the sensitivity for stem-loop and G-quadruplex
probes, as their stable secondary structures hindered the target

hybridization (Fig. 8e). The above nanoparticle-based DNA
biosensors highlight that both the sensing strategy and the
configuration of probe DNA are key determinants when opti-
mizing the coverage of DNA on nanoparticles.

3.2.2. Monovalent nanoparticles. Instead of nanoparticles
modified with many bioreceptors, nanoparticles with a small
and defined number of bioreceptors have gained significant
attention.138 Nanoparticles with a controlled number of bio-
receptors (valence) can not only serve as building blocks for
nanoparticle-assembly and complex nanoarchitecture but are
also critical sensing units in biosensors.139,140 Especially, mono-
valent nanoparticles ensure interaction between single biore-
ceptors and analytes, which provides valuable information at
the single molecule level.141 However, controlling the number of
bioreceptors on a nanoparticle remains challenging, particularly
preparing uniform monovalent nanoparticles. A common strat-
egy involves functionalizing nanoparticles with a limited num-
ber of bioreceptors, resulting in a mixture of particles with
varying valences. Then nanoparticles with mixed valences are
fractionated into discrete conjugates with a certain number of
bioreceptors using gel electrophoresis, high-performance liquid
chromatography (HPLC), size exclusion chromatography and
affinity chromatography (Fig. 9a).142–145 Li et al. fabricated a
reversible single aptamer-Au plasmon ruler for single molecule
detection of secreted recombinant mouse matrix metalloprotei-
nase 3 (MMP3).146 The MMP3 aptamer was functionalized with
a thiol group at one end and a biotin group at the other end
(Fig. 9b). AuNPs modified with an MMP3 aptamer and mixed
ligands (HS-PEG-OH and HS-PEG-COOH) were purified using
HPLC to obtain monomeric aptamer–AuNPs. In parallel, avidin-
AuNPs were prepared by reacting AuNPs with the mixed ligands

Fig. 9 (a) DNA valency sorting by gel electrophoresis and affinity chromatography. Reproduced with permission,144,145 Copyright 2022 and 2001,
American Chemical Society. (b) Structure of a plasmon ruler composed of two AuNPs linked by an MMP3 aptamer. The plasmonic resonance wavelength
of an aptamer-Au plasmon ruler in the presence and absence of MMP3. Reproduced with permission,146 Copyright 2015, American Chemical Society. (c)
One-pot synthesis of chimeric DNA-functionalized QDs. Chimeric DNA includes a ligand domain (ps, in orange) and a recognition domain (po, in green).
Reproduced with permission,147 Copyright 2008, Springer Nature. (d) DNA scaffolds self-assembled from the different sets of chimeric DNAs for valence-
engineered QDs. Reproduced with permission,150 Copyright 2017, Wiley-VCH. (e) Programmable atom-like nanoparticles prepared with ssDNA encoders
containing polyA. Reproduced with permission,151 Copyright 2019, Springer Nature.
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of biotin-PEG-OH and HS-PEG-COOH. The monomeric aptamer-
AuNPs and avidin-AuNPs were then assembled into AuNP
dimers based on avidin–biotin interaction. Once the secreted
MMP3 bound with the aptamer, the interparticle distance
decreased, leading to a pronounced spectral redshift observed
in dark-field microscopy. This aptamer-Au plasmon ruler can
detect single secreted MMP3 in mammary epithelial cells with
outstanding reversibility and high specificity.

Modified DNA with specific sequences can be utilized to
obtain valence-controlled nanoparticles. For instance, a chimeric
DNA containing two moieties, phosphorothioates (ps) and phos-
ophodiester (po) backbone, has been utilized to prepare mono-
valent QDs (Fig. 9c).147 Since metal ions of QDs (e.g. Cd2+ and
Zn2+) exhibit thousand-fold higher affinity for sulfur than that for
oxygen, domains with the ps backbone direct the passivation of
nanocrystals while domains with the po backbone mediate
biorecognition.148 The number of ps oligomers can be regulated
to obtain QDs with a range of valences. Compared with all po
DNA, a significant increase in target binding efficiency was
observed for the ps–po oligonucleotide. He and colleagues
further assembled multi-color ps–po DNA-QDs to construct a
QD-based computing system. Seven fundamental logic gates
(AND, OR, NOR, NAND, INH, XNOR, and XOR) were achieved
using binary and ternary QD complexes based on DNA strand
displacement reactions.149 Beyond monovalent QDs prepared
with ps–po DNA, multiple ps–po DNAs could be firstly assembled
into programmable scaffolds and then employed to fabricate
bivalent or multivalent QDs (Fig. 9d).150 More recently, the Fan
group constructed AuNPs with a controlled valence bond using
ssDNA containing polyA as an encoder (Fig. 9e).151,152 Atom-like
nanoparticles with programmable n-valence were obtained by
regulating the order, length and sequence of each encoder with
alternating polyA/non-polyA domains. Subsequently, AuNPs with
a precisely programmable bond length and bond energy were
successfully fabricated using polyA-based encoders.153 In sum-
mary, nanoparticles with defined DNA valency can be assembled

into complex nanostructures or used to implement Boolean logic
operations, which have enormous potential in smart sensing
applications.154

In summary, the coverage of bioreceptors on nanoparticles
could influence sensitivity, LOD and response time of biosen-
sors, with related examples in Table 2. The optimal coverage of
bioreceptors depends largely on the configuration of biorecep-
tors and the adopted sensing strategy in the given biosensor. As
for monovalent nanoparticles, delicate design of DNA sequences
or modified nucleotide bases, such as DNA sequences contain-
ing ps–po oligonucleotides or polyA, enables precise control over
DNA valency on QDs or AuNPs. The obtained programmable
atom-like nanoparticles have shown great potential in nanoarch-
itecture assembly, distance-based energy transfer and intelligent
biosensing.155 Compared with various preparing strategies of
nanoparticles with well-defined DNA valency, controlling the
valence of antibody still depends on stoichiometric conjugation
followed by purification.142,156,157 Recently, Choi and colleagues
developed a one-pot strategy to conjugate tandem repeat protein
chains on AuNPs, enabling controlled valency without puri-
fication.158 The specific designed proteins contain multiple
and regularly spaced hexa-histidine tags, which can bind multi-
valently onto nanoparticles. However, controlling the number of
antibodies per nanoparticle directly without purification and
protein engineering remains challenging.

3.3. Composition of mixed ligands

3.3.1. Antifouling molecules. Introducing two or more
types of molecules onto nanoparticles provides a broader range
of potential properties for nano–bio conjugates.159 As discussed
in Section 3.1, backfilling agents are employed to preserve the
proper conformation of DNA on AuNPs. In addition to back-
filling agents, antifouling molecules are frequently incorporated
into the recognition layer to reduce nonspecific adsorption of
interfering species, thus improving both the sensing sensitivity
and selectivity, which is particularly necessary for complex

Table 2 Enhanced sensing performance of nanoparticle-based biosensors by tailoring coverage of bioreceptors

Surface-
bioreceptor Tailoring approach Analyte Signal strategy Enhanced sensing performance Ref.

MNPs–antibody Ratio of antibody/NPs cTnI Scattering Sensitivity: 5-fold increase for high antibody coverage 130
Abs. Response time: 2-fold faster for high antibody coverage

AuNPs–aptamer Ratio of aptamer/diluent
DNA

Interferon-
gamma

FL Sensitivity: 2 times increase for high aptamer coverage
(256 vs. 9.6 aptamers/per AuNP)

131

Response time: 4 times decrease (36 min vs. 137 min)
AuNPs–antibody Ionic strength of the ligand a-fetoprotein OD Lower LOD in the pg mL�1 range and good stability 132

100-fold enhancement in sensitivity
AuNPs–DNA Ionic strength DNA FL LOD: 200 pM, 1 pM, and 10 fM for AuNPs–DNA

conjugates with 100, 56, and 25 strands per NP
133

AuNPs–DNA Dithiothreitol amount DNA Abs. LOD: 100 nM, 250 nM and 50 nM for AuNPs–DNA
conjugates with 54, 43 and 30 strands per NP

113

Response time: 17 and 6 min for AuNPs–DNA conju-
gates with 53 and 29 strands per NP, respectively

AuNPs–DNA EG amount DNA Redness Value,
OD

Increase in sensitivity for low DNA coverage 135
LOD: 17.5 nM and 10 nM for AuNPs–DNA conjugates
with 654 and 1042 strands per NP, respectively

AuNPs–aptamer HPLC separation MMP3 Plasmonic l Detect single MMP3 based on a plasmonic ruler 146
QDs–DNA po–ps DNA DNA FL Intelligent molecular diagnostics 149
AuNPs–DNA PolyA DNA FL Intelligent sensing 151
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biological fluids.160,161 Antifouling agents typically include PEG
and its derivatives, zwitterionic ligands (carboxybetaine, sulfo-
betaine and phosphorylcholine) and peptides (glutamic or
aspartic acid (E/D) and lysine (K)), as well as hydrophobic
fluorinated coating.162–167 When designing antifouling nano–
bio interfaces, both the functionality of bioreceptors and prop-
erties of antifouling chemicals should be taken into account.
Taking PEG as an example, a dense PEG layer with brush
conformation is vital to reducing nonspecific adsorption. At
low packing density, the distance between adjacent PEG exceeds
their Flory radius, resulting in a mushroom-like conformation
within a thin layer. While the packing density is elevated, the
intermolecular spacing of PEG is smaller than the Flory radius,
leading to the formation of a thick PEG layer with brush confor-
mation. Apart from the packing density, the length of antifoul-
ing molecules also matters. The Chan group investigated the
antifouling performance of PEG with different chain lengths.
The PEG length should be shorter than that of the bioreceptor
linker to ensure optimal target efficiency.168 The Luo group has
designed a series of antifouling peptides and implemented

them in AuNP-based electrochemical biosensors. The designed
peptides were initially monofunctional, serving only as antifoul-
ing agents for AuNPs modified with a mixed layer of both
peptides and bioreceptors.169,170 The introduction of these ant-
ifouling peptides enabled the electrode to exhibit strong resis-
tance to interferences and maintained long-term antifouling
performance—up to nearly 20 days in 20% serum. Beyond
monofunctional design, his group further developed multifunc-
tional isopeptides integrating an antifouling segment (cyclotide
cyclo-C(EK)4) with a carbohydrate-mimetic recognition motif for
annexin A1 detection (Fig. 10a).171 This multifunctional iso-
peptide immobilized onto AuNPs was deposited on a poly 3,4-
ethylenedioxythiophene (PEDOT)/glassy carbon electrode. This
nano–bio interface possessed excellent antifouling ability and
resistance to proteinase hydrolysis stability, making it well
suitable for clinical blood samples. More recently, the Luo
group proposed a novel platinum–selenium (Pt–Se) interface
as an alternative to the conventional Au–S interface to anchor
multifunctional peptides for murine double minute 2 (MDM2)
detection (Fig. 10b).172 The corresponding calibration curves of

Fig. 10 (a) Schematic diagram of a multifunctional isopeptide based electrochemical biosensor for annexin A1 detection. MISP represents the
multifunctional isopeptide. Reproduced with permission,171 Copyright 2023, American Chemical Society. (b) Chemical structure of the designed
multifunctional peptide for MDM2 detection. (c) Schematic representation of Pt–Se, Au–S, and Pt–S interfaces and their sensing performances.
Reproduced with permission,172 Copyright 2024, American Chemical Society. (d) Utilization of mixed ligands for detecting multiple analytes based on
nanoparticle aggregation. Reproduced with permission,159 Copyright 2020, American Chemical Society. (e) The principle of a SERS-based sandwich
assay for one (i) and two (ii) target DNA detection. Reproduced with permission,173 Copyright 2011, The Royal Society of Chemistry. (f) SERS encoded Ag-
pyramidal detection of multiple biomarkers. Reproduced with permission,174 Copyright 2015, Wiley-VCH.
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Pt–Se, Pt–S and Au–S interfaces for MDM2 detection are pre-
sented in Fig. 10c. Regarding the Pt–Se interface, the linear
range and LOD almost unchanged from PBS to undiluted fetal
bovine serum (FBS). As for the Au–S and Pt–S interfaces, the
substantial decrease in the signal intensity of undiluted FBS
indicates lower detection sensitivity. The sensing responses to
1.0 ng mL�1 MDM2 in the control and in the presence of bovine
serum albumin (BSA), glutathione (GSH) and the mixture of BSA
and GSH were also investigated. The Pt–Se interfaces possess
stronger binding energy and improved resistance to both bio-
thiols and nonspecific protein. Additionally, the reproducibility
of this built electrochemical sensor was assessed with multiple
tests using a single biosensor or independently prepared bio-
sensors. The relative standard deviation of eleven scans from one
biosensor was only 0.15% and the relative standard deviation of
eleven different biosensors was 3.47%, demonstrating that Pt–Se
interfaces exhibited reliable performance across inter-batch and
intra-batch measurements. Compared with analogous Au–S and
Pt–S interfaces, Pt–Se interfaces demonstrated superior sensi-
tivity, satisfactory reproducibility and improved antifouling
performance in real serum.

3.3.2. Mixed bioreceptor layer for multiplex detection.
Nanoparticles functionalized with multiple bioreceptors enable
multiplexed detection. More than one type of bioreceptor---each
specific to a distinct target—could be conjugated onto nano-
particles and form a mixed-ligand layer. Such multifunctional
nanoparticles are suitable for rapid screening a range of targets
but without capability to distinguish each analyte, shown in
Fig. 10d.159 To achieve the multiple detection of each analyte,
SERS is an ideal solution because of its fingerprint-like spectral
signatures provided by a Raman reporter. The Song group pre-
pared mixed DNA functionalized silver nanoparticles (AgNPs)
for SERS-based multiplex DNA detection (Fig. 10e).173 Three
probe DNAs were modified on AgNPs with equal molar ratios

(con1). Three detection DNAs and three Raman reporters
(4-aminothiophenol (4-ATP), 6-mercaptonicotinic acid and
2-mercaptopyrimidine) were grafted on AgNPs, named con2a,
con 2b, and con 2c, respectively. Target DNAs (tDNA1, tDNA2
and tDNA3) were hybridized with probes and detection DNAs,
resulting in the aggregation of AgNPs and the enhanced Raman
signals. Hence, by selectively switching on characteristic
Raman peaks, a barcode-like diagram was generated to visua-
lize spectral differences of distinct one-, two-, and three-target
DNA detection. Moreover, multiplex detection can be achieved
by assembling nanoparticles functionalized with different bior-
eceptors. For instance, Xu et al. assembled four AgNPs into
pyramids with dsDNA as a scaffold to detect multiple biomar-
kers at the attomolar level.174 In Fig. 10f, aptamers for prostate
specific antigen (PSA), thrombin and mucin-1 were inserted in
each side of the DNA pyramid. Three AgNPs at the bottom of
pyramid were modified with different Raman reporters, includ-
ing 4-ATP, 4-nitrothiophenol, and 4-methoxybenzyl mercaptan,
respectively. Multiple biomarkers can be detected based on
unique Raman spectral signatures. Compared with uncontrolled
aggregates in solutions, formation of pyramids consisting of four
AgNPs provides a more controlled architecture, improving both
sensitivity and reproducibility of detection.

3.3.3. Cooperative effect of multiple functional compo-
nents. The attachment of multiple functional components onto
nanoparticles can generate cooperative effects that significantly
enhance the sensitivity of nanoparticle-based biosensors. As for
bio-barcode assay developed by Hill and Mirkin, AuNPs are
functionalized with a mixed layer of antibodies and DNA
strands, where the antibodies act as recognition elements and
hundreds of ssDNA work as barcodes (Fig. 11a).175 MNPs are
modified with a secondary antibody to capture antigens. Upon
target binding, AuNPs and MNPs form an antibody–antigen–
antibody sandwich complex, which was subsequently isolated

Fig. 11 (a) Schematic representation of antigen detection using the bio-barcode assay. Reproduced with permission,175 Copyright 2006, Springer
Nature. (b) Preparation of dual aptamer-modified Fe3O4 MNPs and clinical applications. Reproduced with permission,178 Copyright 2022, American
Chemical Society. (c) Schematic diagram of GOD/HRP-DNA@MMS. Reproduced with permission,180 Copyright 2023, Wiley-VCH.
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under a magnetic field. Afterwards, the barcode DNA strands
were then released by treatment with dithiothreitol and identi-
fied on a microassay chip through scanometric detection. A
similar DNA-based biosensor was built by replacing the recogni-
tion antibodies on AuNPs with DNA strands. In both designs, the
bioreceptor and barcode DNA operated in concert to achieve
extraordinary detection sensitivity, comparable to that of poly-
merase chain reaction. Meanwhile, an aptamer-based dual recog-
nition strategy, using dual aptamers or the combination of
aptamers with other recognition elements, is also widely applied
in nanoparticle-based biosensors to address the growing demands
of precision diagnosis and medicine.176,177 For instance, Li et al.
conjugated both the epithelial cell adhesion molecule (EpCAM)
and protein tyrosine kinase 7 (PTK7) aptamers onto Fe3O4 NPs for
precise capture of circulating tumor cells (CTCs) in gastric cancer
(Fig. 11b).178 This nano–bio conjugate effectively captured hetero-
geneous CTCs, including both EpCAM+ and PTK7+ subtypes. Such
an approach overcomes the inherent limitations of single-marker
strategies, which fail to recognize EpCAM-negative CTCs. The dual-
aptamer strategy exhibited satisfactory CTC capture efficiency and
enabled effective downstream analysis for gastric cancer patients.
Clinical validation with 72 patient samples revealed strong correla-
tions between CTC numbers and chemotherapy cycles, as well as
CTC numbers and the different stages of gastric cancer.

Nanoparticles can serve as versatile platforms for the co-
immobilization or encapsulation of multiple enzymes, enabling
their cooperative operation in cascade reactions. Yang’s group
developed polyphenol-encapsulated enzyme–DNA conjugates
on SiO2@Fe3O4 magnetic microspheres (MMSs) with different
enzymes confined within separate compartments.179 Two model
enzymes, glucose oxidase (GOx) and HRP, were precisely immo-
bilized on opposing hemispheres of MMS. This system exhibited
a Michaelis constant (Km) of 1.19 mM, which was lower than
those of randomly immobilized (1.47 mM) and free enzymes
(3.45 mM), indicating the enhanced substrate affinity. Moreover,
its catalytic efficiency (kcat/Km) was 5.32 � 10�8 s�1 mM�1,
significantly higher than that of randomly immobilized enzymes

(4.01 s�1 mM�1) and free enzymes (0.41 s�1 mM�1), highlighting
the enhanced performance afforded by spatial organization. In
a more refined design, GOx and HRP were co-immobilized
on epoxy modified polyvinyl acetate (PVAC) MMSs utilizing
Y-shaped DNA scaffolds assembled from two partially comple-
mentary ssDNA (Fig. 11c).180 The cascade activity was strongly
dependent on the inter-enzyme distance, which could be pre-
cisely adjusted by varying the length of the DNA strand. Max-
imum activity (0.97 U mg�1) was achieved at an optimal spacing
of 13.6 nm, 3.5-fold enhancement compared with that of free
enzymes. The maximum reaction rate of GOD/HRP-DNA@MMS
(0.97 U mg�1) exceeded that of free enzymes (0.28 U mg�1), while
its Km (9.04 mg mL�1) was lower than that of the free system
(14.71 mg mL�1), reflecting higher apparent cascade activity.
The turnover number (kcat) of 385.6 min�1 further demonstrated
the exceptional catalytic efficiency of this spatially organized
enzyme system. Beyond post-synthetic immobilization, multi-
enzyme systems have also been co-encapsulated within MOFs
for intracellular lactate detection, achieving a 650-fold signal-to-
noise ratio higher than that of conventional approaches.181

Moreover, multi-shelled MOFs provide a hierarchical scaffold
for the spatial organization of enzymes at the nanoscale, leading
to substantial enhancements in catalytic efficiency. For exam-
ple, a GOx-HRP cascade encapsulated in multi-shelled ZIF-8
showed a 5.8- to 13.5-fold increase in catalytic efficiency com-
pared to free enzymes in solution.182

Collectively, the composition of mixed ligands on nano-
particles affects the specificity, sensitivity, stability, and multi-
plexing capacity of biosensors (Table 3). The integration of
antifouling agents into nano–bio interfaces can significantly
enhance the specificity, sensitivity and operational stability of
biosensors. More importantly, the antifouling molecules enable
the nanoparticle-based biosensor to operate reliably in complex
samples with matrix effects, such as human serum and whole
blood, with satisfactory accuracy. Furthermore, nanoparticles
co-functionalized with multiple bioreceptors and Raman repor-
ters can serve as ideal platforms for multiplexed detection.

Table 3 Enhanced sensing performance of nanoparticle-based biosensors by tailoring the composition of mixed ligands

Surface-
bioreceptor

Tailoring
approach Analyte

Signal
strategy Enhanced sensing performance Ref

AuNPs–
aptamer

Antifouling
peptide

Cancer antigen125 Current Antifouling performance can last 1–2 days; applicable to clinical serum
samples

169

AuNPs–
peptide

Multifunctional
peptide

Annexin A1 Current LOD: 0.43 pg mL�1 in 50% human blood; applicable to clinical blood
samples

171

PtNPs–peptide Multifunctional
peptide

MDM2 Current Linear range and LOD unchanged from PBS to undiluted serum 172
Satisfactory specificity and reproducibility

AgNPs–
aptamer

Multiple aptamer PSA, Mucin-1,
Thrombin

SERS Multiplex detection and rapid response 174

AuNPs–
antibody

Antibody and
DNA

Protein Optical Sensitivity comparable with PCR 175

Fe3O4 NPs–
aptamer

Dual aptamer CTCs FL Capture heterogeneous CTCs, including EpCAM+ and PTK7+ subtypes 178
Clinical validation with 72 patient samples

MNPs–enzyme GOx and HRP Cascade activity Abs. 3.5-fold enhanced activity compared with those of free enzymes 180
Reaction rate: 0.97 U mg�1 for GOD/HRP-DNA@MMS and 0.28 U mg�1 for
free enzymes
Km value: 9.04 mg mL�1 for GOD/HRP-DNA@MMS and 14.71 mg mL�1

for free enzymes
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By developing additional Raman reporters with distinct char-
acteristic peaks, the number of detectable analytes can be
expanded from a few to several tens. Lastly, mixed bioreceptor
layers, such as combinations of antibodies and DNA and dual-
aptamer or multi-enzyme systems, can act cooperatively to
enhance the sensitivity and precision of detection.

3.4. Spatial distribution of bioreceptors

3.4.1. Regioselective biomodification based on surface
accessibility. The spatial distribution of bioreceptors on nano-
particles plays an important role in determining the overall
sensing performances of biosensors. Anisotropic nanoparticles
can be exploited to prepare site-selective bifunctional nano-
particles as those nanoparticles terminate in distinct crystal
facets with varying binding energies or distinct functional
regions. Taking AuNRs as an example, cetyltriethylammonium
bromide (CTAB) preferentially binds the {100} facet on the side of
AuNRs, while the thiolated molecule conversely binds the {111}
facet on the end of AuNRs.183,184 Noticeably, the edges and tips of
anisotropic nanoparticles, known as hot spots, usually serve as
signal amplifiers to improve analytical sensitivity.185 The Gooding
group systematically compared the plasmonic hot-spots formed by
gold nanobipyramids and AuNRs and their SERS performances.186

The hot spots located at tips of individual particles or in
nanometer-scale gaps between end-to-end assembled particles
were investigated. It was demonstrated that both individual and
assembled gold nanobipyramids exhibited significantly higher
enhancement factors than their nanorod counterparts. Particu-
larly, the well-defined hot spot formed between assembled
nanobipyramids yielded an SERS enhancement factor on the

order of 107, which was two orders of magnitude higher than
those of individual nanobipyramids and roughly an order of
magnitude greater than assembled nanorods, approaching the
sensitivity required for single-molecule detection. Subsequently,
they rationally designed regioselectively functionalized AuNRs
as an SERS probe (Fig. 12a).187 Antibodies and protein resistant
layers ((1-mercaptoundec-11-yl) dodeca(ethylene glycol) (OEG12)
and monocarbox(1-mercaptoundec-11-yl) penta-(ethylene glycol)
(OEG5)) were modified on the side of AuNRs, while a Raman
reporter, 4-mercaptobenzoic acid, was attached to the tip of
AuNRs. This sophisticated surface design ensures comprehen-
sive performance in terms of biorecognition activity, antifouling
capability and colloidal stability of AuNRs, allowing single
molecule detection of Salmonella bacteria in complex food
matrices prepared by chicken meat, baby spinach and lettuce.
Additionally, regioselectively functionalized anisotropic Au
nanoparticles can also serve as building blocks for nanoparticle
assemblies. By controlling the addition order of DNAs with a
predetermined ratio, two distinct DNA strands could be selec-
tively attached onto either the ends or the sides of AuNRs.188

Three types of AuNP-AuNR assemblies, denoted as end, side,
and satellite assemblies, were constructed with 4-ATP as a
Raman reporter based on this regioselective modification strat-
egy (Fig. 12b).184 The SERS intensities of these three assemblies
all increased significantly compared with non-assembled AuNPs
(Fig. 12c). In vivo data indicated that those assembled AuNPs
could be utilized as label-free intracellular probes to acquire
real-time information of local metabolic processes with high
sensitivity, especially for low molecular weight metabolites such
as lipids in HeLa cells. The precise spatial control of bioreceptor

Fig. 12 (a) Schematic illustration of fabricating an AuNR-antibody based SERS label and its performance in food matrices. Reproduced with
permission,187 Copyright 2021, American Chemical Society. (b) Schematic representation of regioselective modification of AuNRs and three types of
AuNP–AuNR assemblies. (c) Raman spectra of HeLa cells with three types of assemblies. Non-assemblies represent the mixture of AuNPs and AuNRs
modified without complementary DNA. Reproduced with permission,184 Copyright 2012, American Chemical Society.
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placement on nanoparticles enables the rational design and
synthesis of complex nanoarchitectures for subcellular sensing
and imaging applications.189

The anisotropy of Janus NPs can also be utilized to modify
two distinct bioreceptors to achieve multiplex detection. The
Yuan group fabricated Janus SiO2 NPs for the simultaneous and
sensitive fluorescence detection of dual miRNAs in cancer cells
(Fig. 13a).190 One hemisphere of Janus NPs is functionalized
with amine groups while the other hemisphere is decorated
with AuNPs. Carboxyl-labeled H2 DNA strands are immobilized
on the amine-functionalized hemisphere through amide bonds,
whereas sulfhydryl-labeled H1 DNA strands selectively anchor
onto the AuNP-functionalized hemisphere via the Au–S bond.

Target miRNAs, miRNA-21 and miRNA-155, act as catalysts to
initiate catalytic hairpin assembly reactions. Even trace amounts
of target miRNA can result in numerous dsDNA walker com-
plexes. These DNA walkers subsequently traverse along the 3D
DNA tracks on their respective hemispheres of Janus NPs, driven
by strand displacement amplification. During this process, the
fluorophores (FAM and Cy5) are spatially separated from their
quenchers (AuNPs or black hole quencher), leading to a signifi-
cant fluorescence recovery. The spatial segregation of the two
DNA probes on Janus SiO2 NPs effectively prevents single mole-
cule Förster resonance energy transfer (FRET) and minimizes
signal crosstalk between distinct fluorophores, a common issue
in homogeneous nanoparticle-based biosensors. The integration

Fig. 13 (a) Schematic illustration of a Janus DNA nanomachine for simultaneous detection of miRNA-21 and miRNA-155. (b) Reaction rate of
homogeneous and Janus DNA nanostructure in the presence of target miRNA. (c) 3D and individual enlarged 3D images of dual-color fluorescent Janus
NPs. Reproduced with permission,190 Copyright 2020, The Royal Society of Chemistry. (d) Schematic representation of enterobacterial contamination
detection using a self-propelled Janus microsensor. (e) Time-lapse fluorescence images and (f) Fluorescence decay curves of Janus micromotors.
Reproduced with permission,192 Copyright 2018, American Chemical Society. (g) Scheme of catalytic and magnetic driven GO/PtNPs/Fe2O3 Janus
micromotors modified with Nisin for S. aureus. (h) SEM images of modified moving catalytic micromotors in S. aureus. and E. coli cultures, static modified
micromotors, unmodified moving micromotors, modified magnetic moving micromotors (from left to right) in S. aureus and E. coli cultures. (i) Selectivity
and capture efficiency of Nisin modified micromotors in bubble and magnetic modes. Reproduced with permission,194 Copyright 2021, Wiley-VCH.
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of catalytic hairpin assembly reaction and the 3D DNA walker
provides dual amplification, enabling ultra-sensitive detection
with LODs as low as 0.35 pM for miRNA-21 and 0.48 pM for
miRNA-155. Compared with homogeneous SiO2 NPs, Janus SiO2

NPs exhibited higher walking efficiency and accelerated reaction
kinetics due to the reduced steric hindrance and ordered probe
arrangement. Notably, the fluorescence signal of homogeneous
SiO2 NPs failed to reach equilibrium even after 5000 s while the
Janus SiO2 NPs attained a stable plateau within only 2500 s
(Fig. 13b). Additionally, the Janus architecture allows for the
precise visualization of both miRNAs in the same subcellular
location within living cells, providing more accurate and reliable
co-localization information than the conventional fluorescence
in situ hybridization and single-probe approaches (Fig. 13c).

The spatial distribution of bioreceptors can also accelerate
response time and reduce sample volume in combination with
self-propelled nanoparticles. Alberto Escarpa’s group has engi-
neered a series of self-propelled Janus nanoparticles as mobile
sensors with satisfactory sensing metrics in terms of extremely low
sample volumes and ultra-fast response time.191 The micromotors
are partially functionalized with catalytic layers to produce bubbles
and propulsion forces, while the remaining surface is functiona-
lized with bioreceptors to enable selective detection. For instance,
the group pioneered a polycaprolactone micromotor encapsulated
with PtNPs for bubble propulsion and 3-aminophenylboronic
acid functionalized QDs for selectively binding to the lipopolysac-
charide core of Salmonella enterica (Fig. 13d).192 The interaction
between the lipopolysaccharide core and QDs induced rapid
fluorescence quenching. The LOD of this micromotor-based assay
is as low as 0.07 ng mL�1, far below the level considered toxic to
humans (275 mg mL�1). Additionally, this micromotor can success-
fully detect Salmonella toxin in food within 15 min, compared with
approximately 24 h required by the existing gold-standard Limulus
amoebocyte lysate test (Fig. 13e and f). Subsequently, the same
group further developed a smartphone-based portable device in
combination with Janus micromotors for glutathione detection.193

The detection can be completed in less than 30 s, requiring only
dropping human serum or plasma, along with the micromotors
and fuel solution, onto a glass slide. The average cost per analysis
is estimated to be 0.05h, considering the cost of fuel, micromotors
and surfactants. Furthermore, GO/PtNPs/Fe2O3 wrapped Janus
micromotors of dual-mode propulsion, including catalytic self-
propulsion and fuel-free magnetic actuation, have been con-
structed (Fig. 13g).194 The surface of GO was modified with
lanbiotic Nisin for specific binding to Lipid II in the cell walls of
Gram-positive bacteria and biofilms. This Janus micromotor
exhibited B85% capture efficiency for Staphylococcus aureus
(S. aureus), compared with only 20–28% capture efficiency for
Escherichia coli (E. coli) (Fig. 13h and 13i). Over 90% inactivation
of S. aureus and approximately 80% removal and inhibition of
S. aureus biofilms were achieved under dual propulsion modes.
Additionally, the GO/PtNPs/Fe2O3 Janus micromotors remained
effective in complex media, such as juice, serum, tap water, and
even whole blood.

3.4.2. Regioselective modification based on DNA frame-
works. Despite regioselectivity achieved in these above nano–bio

interfaces, precise control of all interfacial parameters, including
conformation, coverage, components and spatial distribution,
remains elusive. DNA frameworks, including two-dimensional
structures (square, triangle and cross) and 3D objects (cubes,
tetrahedra, hemispheres, toroids and ellipsoids), can act as pro-
grammable nanoparticles in biosensors.195–197 DNA frameworks
offer an unique advantage to control the position and valency of
diverse sensing elements with nanometer-scale resolution.198–200

Hu and coworkers constructed a valency-controlled DNA frame-
work with tunable biosensing performances.201 Two hairpin
DNAs, H1 and H2, were modified on DNA frameworks with
controlled valency for hairpin assembly reaction based on
toehold-mediated strand displacement. miRNA-21 could cata-
lyze the hybridization between H1 and H2 and subsequently was
released to trigger additional H1–H2 hybridization cycles. The
DNA framework probe adopts a quenched hairpin structure
with both FAM (fluorophore) and DABCYL (quencher) modified
on the stem of H2. When H2 was hybridized with H1, the DNA
framework probe was lit up, enabling the amplified detection of
miRNA-21. The valency of H2 per DNA framework is 1 with a
tunable valency of H1 from 1 to 7 in Fig. 14a. The time required
to reach the same fluorescence response decreased with increas-
ing number of H1 (Fig. 14b). Correspondingly, the LODs gradu-
ally increased from 1 nM to 8 nM with the decreasing number of
H1 (Fig. 14c). Moreover, the dynamic ranges of DNA frameworks
shifted to a lower concentration with increasing H1 (Fig. 14d).
The performance of heterogeneous DNA frameworks could be
precisely modulated by tuning the different valencies of DNA
ligands, providing the tunable biosensing ability according to a
specific situation.

Mao and colleagues have developed DNA origami with
multivalent aptamers to boost the binding affinity for tumor cells
(Fig. 14e).202 The effect of aptamer valency and interspacing of
multiple aptamers on cellular binding affinity was investigated,
including the EpCAM aptamer, epidermal growth factor receptor
(EGFR) aptamer and HER2 aptamer. By precisely adjusting the
valency and spatial arrangement of multiple aptamers, a spe-
cific topology to match spatial distribution of target membrane
protein clusters on cancer cells was constructed, termed as
O(I)3O(II)3O(III)3. The binding sites O(I), O(II), and O(III) on DNA
origami refer to inner loop regions with radii of 19 nm, 35 nm,
and 62 nm, respectively (Fig. 14f). Specifically, the DNA nanos-
tructure O(I)3O(II)3O(III)3 was functionalized with three EpCAM
aptamers at a 19 nm radius region, two EGFR aptamers and one
HER2 aptamer at a 35 nm radius and three EpCAM aptamers
on a 62 nm radius region. For comparison, O(III)3, O(I)3, and
O(I)3O(III)3 were all modified by EpCAM aptamers. The Kd values
of designed DNA nanostructures against the Michigan Cancer
Foundation-7 cell were 263.9 pM for O(I)3O(II)3O(III)3, 613.7 pM
for O(III)3, 2089.5 pM for O(I)3, and 4889 pM for O(I)3O(III)3,
respectively. O(I)3O(II)3O(III)3 possessed 3000-fold higher binding
affinity towards the Michigan Cancer Foundation-7 cell than
that of the DNA nanostructures with a monovalent aptamer. Hu
et al. designed a series of adjustable multivalent aptamer-based
DNA frameworks with tube or patch-like structure to precisely
regulate their interactions with the receptor of tumor cells.
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These frameworks enabled multi-heteroreceptor-mediated reco-
gnition through precise control of aptamer type, valency, and
geometric arrangement. This strategy not only favored the spe-
cific binding of nanostructures to tumor cells but also promoted
clathrin-dependent endocytosis and intracellular uptake. Nota-
bly, tube-like structures with different diheteroaptamer pairs
exhibited more than 5-fold higher uptake across various tumor
cell types, demonstrating their strong potential for targeted drug
delivery. In contrast, patch-like structures with triheteroaptamers
were able to selectively direct specific macrophage towards tumor
cells, leading to effective immune clearance.203

Advances in DNA nanotechnology enable precisely pattern-
ing DNA onto nanoparticles regarding coverage, components
and spatial position. For instance, Sleiman et al. transferred
DNA strand motifs from a parent 3D DNA template onto AuNPs,
which provided arbitrary control over sequence, DNA number
and their relative placement and directionality.204 Instead pla-
cing AuNPs onto DNA templates, Xie and coworkers encapsu-
lated AuNPs into a DNA icosahedron cage and then transferred
the molecular recognition elements from DNA nanocages to the

inner AuNP surface.205 Various combinations of overhangs
extended from the DNA icosahedron cage can be retained onto
AuNPs via Au–S bonds. The DNA nanocage allows DNA to be
transferred into a larger area on AuNPs compared with placing
AuNPs onto DNA templates. Recently, the asymmetric pattern
on DNA origami templates has been accurately transferred onto
the surface of thiolated DNA functionalized gold nanocubes
(TF-AuNCs) (Fig. 14g).206 The prepared specific functionalized
gold nanocubes (SF-AuNCs) were named V1 to F9, with 9 DNA
strands at their vertices, edges and faces. When small AuNPs
with densely packed complementary DNA were hybridized with
the DNA strands on the vertices, edges and face of SF-AuNCs, a
series of high-order and discrete nanostructures formed. Single
molecule Raman spectra of three representative types of SF–
AuNCs–AuNP nanoassemblies with different gap morphologies
were studied. Raman signals of on-vertex and on-edge SF–
AuNC–AuNP nanoassemblies were significantly stronger than
that of on-face SF–AuNC–AuNP nanoassemblies, while the for-
mer two exhibited comparable intensities (Fig. 14h). Due to the
high SERS enhancement factor, these plasmonic AuNC–AuNP

Fig. 14 (a) Construction of DNA framework probes with an equal amount of H2 and tunable numbers of H1. (b) Time-dependent fluorescence intensity,
(c) LOD, and (d) dynamic range of DNA framework probes with controlled valency. Reproduced with permission,201 Copyright 2019, American Chemical
Society. (e) Scheme of DNA frameworks with precise recognition and high-affinity binding for target cells. (f) Determination of Kd of different DNA
frameworks. Reproduced with permission,202 Copyright 2023, American Chemical Society. (g) Preparation of SF-AuNCs with the precisely controlled
number and position of DNA and SF-AuNC-AuNP nanoassemblies with different gap morphologies. (h) Comparison of ten sets of Raman intensities
taken from three types of SF-AuNC–AuNP nanoassemblies. Reproduced with permission,206 Copyright 2021 Wiley-VCH.
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nanoassemblies provide an ideal platform for ultra-sensitive
sensing and single-molecule research.

In summary, the approaches of preparing site-specific bio-
functionalized nanoparticles primarily rely on controllable sur-
face accessibility or DNA frameworks listed. DNA strands can
be site-selectively modified on the surface of anisotropic nano-
particles and further assembled into well-defined architectures,
mainly improving the sensitivity of SERS-based biosensing.
Janus NPs with two different types of bioreceptors on opposite
hemispheres can achieve multiplexed detection, thereby facil-
itating precision medicine. Beyond multiple detection, self-
propelled Janus NPs integrating both bioreceptor and catalytic
regions can significantly accelerate response time and minimize
sample volume. Additionally, DNA frameworks allow precise
control over the number, the type and the spatial distribution of
DNA strands, either within the framework or by transferring
predefined DNA patterns onto nanoparticle surfaces. This
powerful capability provides substantial opportunities for bio-
sensors with tunable analytical performances. Although regio-
selective modification of bioreceptors on nanoparticles has
opened new avenues for improving various sensing merits,
current research in this field has mainly focused on developing
stable and easily implementable synthetic strategies, while their
applications in quantitative biosensors remain at an early stage.
In contrast to DNA, precise control over antibody functionaliza-
tion on nanoparticles is more challenging due to the larger
molecular size, structural diversity and unpredictable physico-
chemical properties of antibodies.158 Moreover, the antibody
bioactivity is more susceptible to perturbation induced by
nanoparticle surfaces. Therefore, there is a longer journey to
realizing precise and reliable control of antibodies on nano-
particles (Table 4).

4. Characterization of the nano–bio
interface

To further elucidate the effect of nano–bio interfacial factors on
sensing performances, surface analysis techniques are required
to precisely probe the orientation, coverage, spatial distribution

of bioreceptors as well as the composition on nanoparticles.
However, such characterization is still challenging and limited
due to the nanoscale size, surface curvature, and inherent
heterogeneity of nano–bio interfaces. This section summarizes
available approaches for characterizing the nano–bio interfa-
cial parameters discussed above, encompassing both widely
accessible conventional techniques and advanced analytical
approaches at the single particle level.

4.1. Characterizing the orientation of bioreceptors

The orientation of the immobilized antibody is often indirectly
estimated from antigen binding efficiency via immunoassay.
However, conclusions inferred from binding efficiency are
easily affected by other factors, such as stability of antibody–
nanoparticle conjugates, antibody coverage and immunoassay
conditions, which may obscure the true orientation of antibo-
dies. To directly probe the orientation of antibodies, time-of-
flight secondary ion mass spectrometry (TOF-SIMS) combined
with principal component analysis has been employed. TOF-
SIMS analyses the mass of secondary ions sputtered from a
surface under primary-ion bombardment (Fig. 15a).207,208 TOF-
SIMS serves a powerful surface characterization tool for both
nanoparticles and biomolecules with a lateral resolution down
to 30 nm. The principle of using TOF-SIMS to characterize
antibody orientation relies on the fact that amino acid-related
secondary-ion fragments reflect the outermost exposed region
of antibodies. As the Fc and Fab domains possess different
amino-acid compositions, multivariate principal component
analysis of these fragments enables the identification of prefer-
entially exposed domains and thereby the orientation of anti-
bodies (Fig. 15b). Gajos et al. investigated how the antibody
coverage governs the molecular orientation and immunological
recognition on silicon substrates.209,210 Physical adsorption and
two covalent coupling strategies—NHS-silane and amino-silane
followed by glutaraldehyde activation–were compared. They
demonstrated that the orientation of antibodies was affected
by both surface coverage and immobilization approaches. NHS-
silane promoted mixed orientations of head-on and tail-on due
to intermolecular interactions, whereas glutaraldehyde activa-
tion favoured a dominant head-on orientation (Fig. 15c). More

Table 4 Enhanced sensing performance of nanoparticle-based biosensors by tailoring spatial distribution of bioreceptors

Surface-bioreceptor
Tailoring
approach Analyte

Signal
strategy Enhanced sensing performance Ref.

AuNRs–antibody Shape Salmonella
bacteria

SERS Single molecule detection of Salmonella bacteria in complex
food matrices

187

AuNRs–DNA Shape Lipid SERS Enhanced Raman signal and works as a Raman probe in live
cells

184

SiO2 NPs–DNA Janus NPs miRNA-21, miRNA-
155

FL Multiplex detection and fast response time 190
Precise visualization of two miRNAs and reliable co-localization

QDs-
saminophenylboronic
acid

Janus NPs Salmonella enterica FL Low LOD and fast response within 15 min 192

GO/PtNPs/Fe2O3-Nisin Janus NPs S. aureus FL Good specificity and effective in complex media 194
DNA framework-DNA DNA framework MicroRNA21 FL 8 times increase in sensitivity with increasing number of H1 201
DNA framework-aptamer DNA framework Cancer cells FL 3000-fold higher binding affinity 202
SF-AuNCs DNA framework — SERS Enhanced Raman signal and ideal platform for ultra-sensitive

sensing
206
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recently, they further observed that the orientations of both
physical adsorbed and covalent bound antibodies were pH-
dependent (Fig. 15d).211 The proportion of antibodies adopting
tail-on and head-on orientations decreased with increasing pH.
The actual fraction of the exposed Fc domain was approximately
0.1 for pH o 7 to about 0.35 for pH 4 10. Overall, these studies
provide a direct and quantitative framework to probe the anti-
body orientation that is affected by the immobilization protocol
and antibody surface coverage. Such quantitative information
on antibody orientation is valuable for the rational design of
high-sensitivity biosensors. However, the above studies deter-
mined the antibody orientation at the silicon substrate rather
than nanoparticles. Future investigations using TOF-SIMS to
characterize the antibody orientation on nanoparticles are
expected. Super-resolution fluorescence microscopy techniques
can map the epitopes of antibodies on nanoparticles at a single
particle level. DNA-point accumulation for imaging in nanoscale
topography (PAINT), based on the short transient interaction of
a labeled DNA probe (imager) to a complementary DNA target,
has become a quantitative method to probe the orientation of
antibodies on a single particle.212 Albertazzi and co-workers
have quantified the orientation of the antibodies based on dual-
color DNA-PAINT using a Fab-specific protein M coupled probe
and Fc-specific protein G (Fig. 15e).213 The numbers of Fab and
Fc binding sites per nanoparticle were quantified simultaneously,
providing a powerful strategy for designing nanoparticles with
controlled Fab and Fc exposure.

Approaches for monitoring the conformation of DNA gen-
erally rely on distance-dependent optical techniques, including
single molecule FRET, SERS, and surface plasmon resonance.
Single molecule FRET is a powerful technique for probing the
conformation dynamics and interactions of biomolecules.214 In
the context of nano–bio interfaces, Hildebrandt and coworkers

employed time-resolved FRET to systematically investigate the
conformation of DNA attached onto dihydrolipoic acid (DHLA)-
PEG coated QDs (Fig. 16a).215 A terbium complex, serving as a
donor, was conjugated to DNA hybridized at different positions
along a 31-nucleotide DNA strand, which was linked to the QD
acceptor via a peptide-His tag. Terbium-QD distances can be
adjusted from 7 nm to 14 nm by varying the hybridization sites.
It was found that ssDNA exhibited a flexible orientation near
QDs with a compact structure of 0.15 nm per base, while dsDNA
adopted a radial orientation with full extension of 0.31 nm per
base pair. Subsequently, his group extended the terbium-QDs
FRET platform to artificial bidomain proteins. The artificial
bidomain proteins were labeled with a terbium complex on its
C-terminus and a QD acceptor on its N-terminus.216 Specific
binding of one or two protein targets to the artificial bidomain
protein induced a conformational opening of the bidomain
scaffold, accompanied by a corresponding fluorescence change.
The Ju group has employed SERS to probe DNA conformation on
multibranched gold nanostars to determine DNA orientation
(Fig. 16b).217 Cy5 labelled DNA strands were assembled on gold
nanostars via polyA, whose length controlled whether the DNA
strands adopted a ‘‘lie-down’’ or ‘‘stand-up’’ conformation. As
SERS enhancement is extremely sensitive to the distance between
the Raman reporter and the gold surface, especially at electro-
magnetic ‘‘hot spots’’ located at the tips of nanostars, conforma-
tional changes in DNA translate directly into fluctuation in SERS
intensity. Specifically, increasing the polyA length or inducing
DNA hybridization extends the DNA away from the surface of
gold nanostars, resulting in a reduced SERS signal. This study
demonstrates that SERS enables in situ and quantitative monitor-
ing of DNA conformation on nanoparticles. Similarly, surface
plasmon resonance can also be utilized to probe the DNA
conformation based on the distance-dependent plasmonic

Fig. 15 (a) Schematic diagram of TOF-SIMS for probing nano–bio interfaces. Reproduced with permission,208 Copyright 2014, Wiley-VCH. (b) The
principle of characterizing antibody orientation by TOF-SIMS. The exposed Fc and Fab domains in the outermost region exhibit distinct amino acid
compositions. Reproduced with permission from ref. 210, under the CC BY 4.0 license. (c) TOF-SIMS analysis of the orientation of IgG immobilized by
APTES/glugtaraldehyde and NHS-silane. Reproduced with permission,209 Copyright 2020, Elsevier. (d) Schematic representation of the vertical
arrangement of the antibody immobilized by amino-silane at different pH values. Reproduced with permission,211 Copyright 2024, Elsevier. (e) Mapping
the antibodies on the surface of nanoparticles using DNA-PAINT. Reproduced with permission,213 Copyright 2023, American Chemical Society.
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coupling between AuNPs and a neutral cysteine-tagged chimeric
avidin (nChiAvd-Cys) modified planar gold surface (Fig. 16c).218

Dark-field scattering microscopy provides a direct and label-free
optical readout of DNA conformational switching. The spectral
shift of individual AuNPs correlates with the conformation of
the hairpin DNA linker. By varying the applied electric field, the
hairpin DNA can switch reversibly between folded and unfolded
states, producing quantifiable shifts in the scattering responses.
Owing to its single particle sensitivity and straightforward
optical transduction, this surface plasmon resonance-based
strategy is readily extended to monitor conformational changes
of other biomolecules.

Other techniques based on scanning probe microscopes,
such as scanning tunneling microscopy (STM) and atomic force
microscopy (AFM), have been used to explore the orientation or
conformation of biomolecules at the sensing interface. STM
enables the direct visualization of individual biomolecules
with near-molecular resolution. For instance, the IgG antibody
labeled with 5 nm AuNPs, as well as antibody–antigen com-
plexes, has been imaged on atomically smooth pyrolytic graphite
by STM.219 Yarotski and coworkers utilized STM to characterize
the carbon nanotube (CNT)–DNA interface on a p-doped Si
substrate and revealed both the spatial arrangement and inter-
action mechanism of DNA on CNTs (Fig. 16d).220 DNA-coated
CNT segments appear as protruding islands, and the periodic
height modulations in topography directly revealed the DNA
wrapping geometry with a coiling period of 3.3 nm and a

wrapping angle of 631 relative to the CNT axis. Additional width
and height modulations along the DNA strand were also observed
with characteristic lengths of 1.9 and 2.5 nm. This stable wrap-
ping configuration was attributed to the optimal p-stacking,
arising when DNA bases align with the helical orbital and
charge-density pattern of CNTs. Compared with STM, AFM is
not restricted to conductive samples and therefore more widely
used for imaging biomolecules.221,222 The development of high-
speed AFM has significantly improved the temporal resolution
into the millisecond and even microsecond regime, making it
suitable for observing dynamic processes.223 Fan’s group investi-
gated the transient binding conformations of IgG by high-speed
AFM (Fig. 16e).224 DNA origami epitopes decorated with precisely
spaced digoxin ‘‘spikes’’ were designed to capture IgG. Single-
event transitions of IgG from wandering, monovalent binding,
bivalent binding and wagging motions of Fc domains during
the binding process were directly visualized by high-speed AFM.
By varying the digoxin spacing from 3 to 16 nm, it was found
that IgG molecules adopted conformations from highly compact
to fully extended. Despite these advances, probing the orienta-
tion of bioreceptors on nanoparticles utilizing STM and AFM
remains challenging. Both STM and AFM typically require
atomically smooth surfaces as the tip convolution effect
becomes significantly exacerbated on the highly curved surfaces
of nanoparticles.225 In addition, the intrinsic heterogeneity of
nano–bio interfaces complicates the discrimination between
signal variations arising from particle heterogeneity and those

Fig. 16 (a) Schematic diagram of a terbium-QD based FRET nanoruler to investigate the conformation of ssDNA and dsDNA. Reproduced with
permission,215 Copyright 2018, American Chemical Society. (b) Schematic illustration of SERS to monitor DNA conformation on gold nanostars.
Reproduced with permission,217 Copyright 2017, Wiley-VCH. (c) Schematic representation of an AuNP–DNA nanoactuator on gold film and its
application in assembly characterization based on surface plasmon resonance and dark-field scattering microscopy. Reproduced with permission,218

Copyright 2018, The Royal Society of Chemistry. (d) STM topographic image of CNT–DNA hybrids on a Si substrate. Reproduced with permission,220

Copyright 2009, American Chemical Society. (e) Schematic diagram of viral particles and virus-mimicking DNA origami epitopes for IgG binding. The
bottom are high-speed AFM images of a three-stage binding process. Reproduced with permission,224 Copyright 2020, Springer Nature.
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induced by tip artifacts or environmental fluctuations. There-
fore, most existing studies of sensing nano–bio interfaces by
STM and AFM have focused on macroscopic and planar sub-
strates rather than nanoparticles. Moreover, as STM relies on
tunneling current, the presence of insulating bioreceptor layers
on nanoparticles leads to fuzzy images and reduced image
resolution. Finally, STM requires specialized operators in sample
preparation, imaging parameter optimization, and data inter-
pretation, which further limits its wide range of applications in
nano–bio interfacial characterization.226

4.2. Characterizing the coverage of bioreceptors

Methods of quantifying the bioreceptor coverage on nano-
particles at the ensemble level include radio-labeled assay,
UV-vis and fluorescence spectroscopy, mass spectrometry, sur-
face plasmon resonance and quartz crystal microbalance.227–232

The nano–bio conjugates typically require preparatory treat-
ments prior to the measurements. For instance, to quantify the
amount of protein on nanoparticles, the nano–bio conjugates are
subjected to acidic treatment that simultaneously hydrolyses the
grafted protein and degrades nanoparticles. Subsequently, a
spectrophotometric assay is performed to determine the concen-
tration of primary amines in the resultant solution.233 Regarding
bioconjugates of AuNPs, DNA strands or antibodies were

commonly released from nanoparticles by ligand exchange or
decomposing the nanoparticle core.229,234,235

Besides quantification at the ensemble level, determining
the number of bioreceptors at the single particle level is highly
desired. TOF-SIMS can be operated in an event-by-event detec-
tion mode to quantify DNA loading on single gold nanostars in
a label-free manner (Fig. 17a).236 Individual nanostars were
analyzed using massive Au400

4+ cluster projectiles, where each
impact probed a nanometric emission volume with a lateral
diameter of 10–15 nm and a depth of 5–10 nm. DNA loading was
extracted from ion-coincidence analysis between gold cluster
ions (e.g., Au7

�) and DNA-specific phosphate and nucleobase-
related ions. As co-emitted ions originate from the same nano-
volume, their coincidence provides direct evidence of DNA
present within the probed surface region. The coincidental yield,
defined as the fraction of impacts on a nanoparticle that
produces DNA-related ions, is utilized as a quantitative metric
of DNA loading per particle. By normalizing the coincidental
yields to reference particles of 50 nm gold nanospheres, DNA
loading can be quantitatively compared across nanostars with
different morphologies. This event-resolved TOF-SIMS enables
direct determination of DNA loading on individual AuNPs,
revealing how nanoscale curvature and geometry influence the
loading density of bioreceptors. DNA-PAINT can also be adopted
to quantify the coverage of bioreceptors at the single particle

Fig. 17 (a) Schematic diagram of TOF-SIMS to quantify the number of DNA on nanostars. Reproduced with permission,236 Copyright 2019, American
Chemical Society. (b) Schematic illustration of functionalized nanoparticles for quantitative single-molecule counting based on DNA hybridization
kinetics. The temporal analysis of the bursts reveals the number of functional groups on each individual particle. Reproduced with permission,237

Copyright 2020, The Royal Society of Chemistry. (c) Schematic representation of TOF-SIMS to investigate the composition distribution of copolymers
and antibodies. Reproduced with permission,250 Copyright 2025, American Chemical Society. (d) DNA-PAINT based methodology for mapping active
sites of anti-digoxigenin and anti-biotin antibodies on functional nanomaterials. Reproduced with permission,238 Copyright 2018, American Chemical
Society. (e) 3D spatial characterization of biofunctionalized DNA on nanoparticles and calculated distribution score of DNA. Reproduced with
permission,251 Copyright 2025, American Chemical Society. (f) NanoSIMS images of Au nanostructures with elemental distributions of 197Au� and
12C14N�. Reproduced with permission,252 Copyright 2016, Springer Nature.
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level. The Zijlstra group determined the number of DNA on
individual AuNRs (a diameter of 22 nm and a length of 75 nm) in
high-throughput via quantitative PAINT (Fig. 17b). AuNRs immo-
bilized on a coverslip are functionalized with thiolated ssDNA
docking strands. A fluorescent imager strand is introduced and
imaged by total internal reflection fluorescent microscopy. Each
transient binding event generates a burst, which is converted into
a distribution of dark times between successive binding events.
The dark-time histogram is fitted with a single-exponential to
obtain the mean dark time, which scales inversely with the
number of docking strands. Thus, with controlled imager concen-
tration and known kinetic rates, the number of docking strands is
obtained across large particle populations. A significant particle-to-
particle difference in DNA coverage was observed among hundreds
of AuNRs, ranging from 100 DNA per AuNR to nearly 600 DNA per
AuNR.237 The Albertazzi group quantified both antibodies and
streptavidin per NP via multiplexed DNA-PAINT.238 Similarly,
significant heterogeneity of the available functional sites was
found at both inter- and intraparticle levels.

4.3. Characterizing the composition of mixed ligands

Spectroscopy-based approaches are widely adopted to identify
the composition of functional layers on nanoparticles, including
nuclear magnetic resonance (NMR), Fourier-transform infrared
spectroscopy (FTIR), mass spectrometry, and fluorescence micro-
scopy with fluorescence labeling.239–241 Although NMR is readily
utilized to probe small molecules on nanoparticles, characteriz-
ing macromolecular bioreceptors such as antibodies or DNA by
NMR remains challenging. The large molecular size of these
bioreceptors and their slow rotational tumbling lead to severe
line broadening and signal attenuation, which in turn reduce the
signal-to-noise ratio and spectral resolution.242 Meanwhile, the
peak overlap, complex data analysis, and critical requirements in
sample purity and homogeneity further limit the applicability of
NMR in characterizing nano–bio interfaces.243 In contrast, FTIR
enables rapid assessment of the chemical composition of
biofunctionalized layers on nanoparticles by probing the vibra-
tion and rotation mode of bioreceptors.244,245 Key spectral
windows include the protein and peptide region (amide I/II,
1800–1500 cm�1), the carbohydrate region (C–O–C/C–O vibra-
tions, 1200–900 cm�1) and the nucleic-acid region (phosphate
groups, 600–1200 cm�1).246–248

Mass spectrometry provides complementary and composi-
tional information by measuring the mass-to-charge ratio of
characteristic ions, thereby resolving the composition of bior-
eceptor layers. For instance, Chen and colleagues employed
TOF-SIMS operated in event-by-event detection mode to deter-
mine the binding sites of nanoparticle–antibody conjugates
and their surface binding density on cells.249 The binding sites
between AuNPs and antibodies were inferred from coincidence
mass spectra triggered by Au� and AuCN�. The simultaneous
emission of cysteine ions indicated that AuNPs were bound by
sulfur-terminal cysteine residues. Surface binding densities are
then quantified using fractional coverage, defined as the ratio
of effective projectile impacts on a given species to the total
number of impacts. Coincidence of Au�/AuCN� ions was used

to quantify the surface coverage of AuNP–antibody conjugates,
whereas the coincidence of palmitate and oleate ions quantified
the coverage of phospholipid layers of cell membranes. The lipid
membrane and AuNP–antibody conjugates were found to cover
23% and 21% of the cell surface, respectively. More recently, TOF-
SIMS has been applied as a surface and depth sensitive tool to
characterize the interfacial composition of mixed antibody and
antifouling polymers as well as antibody orientation on a silicon
substrate (Fig. 17c).250 The characteristic secondary ions from 2-(2-
methoxyethoxy) ethyl methacrylate (OEGMA) and methacrylic acid
(MAA) confirm the composition of copolymers, and amino-acid
fragments verify the existence of antibodies at the outermost
interface. TOF-SIMS depth profiling further reveals a uniform
copolymer composition through the polymer brush thickness.
Furthermore, multivariate principal component analysis is applied
to quantify the density and the orientation of interfacial antibodies.

4.4. Characterizing the spatial distribution of bioreceptors

DNA-PAINT and SIMS-based approaches have been established to
probe the spatial distribution of bioreceptors on nanoparticles.
DNA-PAINT can resolve the nanoscale distribution of functionally
active sites of anti-digoxigenin and anti-biotin antibodies on
nanoparticles. Each antibody was selectively targeted by its
cognate antigen conjugated to a distinct DNA docking strand.
Sequential introduction of complementary fluorescent imager
strands enables super-resolution localization of each antibody
population in separate imaging rounds using the same fluoro-
phore. Merging the localization datasets produces a dual-color
nanoscale map that directly reveals intraparticle heterogeneity of
the two receptor populations (Fig. 17d).238 More recently, the
Prins group developed a quantitative workflow to determine the
surface density and spatial organization of bioreceptors on planar
substrates using single molecule DNA-PAINT.251 The spatial
distribution of surface-tethered DNA is obtained by extracting
single molecule localizations from transient binding of dye-
labeled imager strands to complementary ssDNA. Within each
small region of interest, the time-accumulated ‘‘localization
clouds’’ are clustered to estimate the center coordinates of
individual immobilized ssDNA, yielding a point pattern of
molecular positions. These coordinates are evaluated using the
nearest-neighbor test against the complete spatial randomness
hypothesis. The standardized mean nearest-neighbor distance
classifies the distribution as significantly clustered, random, or
significantly dispersed. They further extended this framework to
3D DNA-PAINT for the full curved surface of particles, followed
by clustering to assign localizations to individual particle and
compensation for under-sampling to quantify both interparticle
and intraparticle heterogeneity (Fig. 17e).252 In addition, the
heterogeneity of DNA immobilized by two approaches, strepta-
vidin–biotin coupling and PLL-g-PEG-N3/PLL-g-PEG coating fol-
lowed by click coupling, is analysed. Stronger interparticle
variability existed for PLL-g-PEG-based click chemistry, possibly
due to the heterogeneous polymer coating and the dynamic
nature of PLL-g-PEG adsorption. For intraparticle heterogeneity,
both chemistries yielded clustered ssDNA distributions, with
slightly stronger clustering for the PLL-g-PEG click system,
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consistent with clustered reactive sites for multivalent streptavi-
din binding sites and multiple azides per azide-PLL-g-PEG chain.

In parallel, interfacial heterogeneity of different bioreceptors
can be assessed by event-by-event nanoprojectile SIMS, generat-
ing independent mass spectrum per impact within nanoscale
volume.253 By screening millions of events for coincidence
emission of tag-specific ions from antibodies with different
labels, whether species are truly co-localized within the same
nanometric volume or random aggregation can be quantified.
A co-localization factor derived from the yield ratio is used to
estimate the nanoscale inhomogeneity degree of antibodies on
silicon wafer. Tags with different hydrophobicities can affect
their attachment on the surface, while chemically similar tags
produced near-random attachment. Additionally, nanoscale
SIMS (NanoSIMS) offers direct chemical imaging of interfaces
with lateral resolution down to 50 nm, which can directly image
characteristic native ions or labels as stable isotopes halogens,
metal and rare-earth elements.254 Zhai et al. adopted NanoSIMS
to probe the spatial distribution of polyvinylpyrrolidone on
individual Au nanoprisms.255 12C14N� signals attributed to the
adsorbed polyvinylpyrrolidone were localized at the perimeters
of nanoprisms rather than on their top [111] facets (Fig. 17f).

5. AI-driven nano–bio interfacial
design

AI, particularly machine learning and deep learning, has
demonstrated considerable potential in both the realm of

nanomaterial and biomolecule-related tasks, such as control-
lable synthesis and assembly, and the prediction of physico-
chemical and binding properties.256–260 However, within the
biosensing field, AI remains concentrated on the downstream
data analysis.261–264 The integration of AI into the upstream
nano–bio interface design and sensing performance prediction
is still in its infancy. In this section, we first provide an overview
of the typical workflow and key challenges associated with AI-
driven nano–bio interfacial design in biosensors. Essential
computational concepts, such as descriptors, featurization,
model selection and validation, are included to bridge the
knowledge gap for researchers in the biosensing field. The
second section focuses on CNT–DNA interfaces as a model
system to illustrate how AI can improve the sensing perfor-
mances of CNT–DNA biosensors.

5.1. Workflow of AI-driven nano–bio interfacial design

The performance of nanoparticle-based biosensor depends not
only on the nano–bio interaction but also on the specific
bioreceptor–analyte interaction and the effective mitigation of
nonspecific binding. Beyond understanding individual interac-
tions, learning how they collectively interconnect and ultimately
dictate key sensing metrics remains a considerably challenging
task for AI models. In this context, the general workflow and
associated challenges for AI-empowered nano–bio interface
design in biosensing are summarized based on insights from
protein corona studies and other nano–bio interaction systems
(Fig. 18). The proposed framework begins with clarifying the
analyte requirements and application scenarios, including the

Fig. 18 General workflow and associated challenges for AI-empowered nano–bio interfacial design in biosensors.
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various analyte species (e.g., protein, peptide, RNA, DNA, or
small molecule), the matrix (such as biological fluids, cell/
tissue-related matrices, or artificial matrices) and the expected
sensing performance criteria. This initial step establishes a well-
defined objective that guides subsequent data acquisition and
model development.

As a comprehensive dataset is indispensable for effective AI-
assisted modeling, the next step is data acquisition. Experi-
mental, empirical or simulation-derived data are acquired to
describe the structural parameters and physiochemical proper-
ties of nanomaterials and biomolecules, binding attributes of
nano–bio interfaces, and key indicators of sensing perfor-
mances. Important parameters for nanomaterials include size,
shape, composition, morphology, chirality, surface charge, sur-
face modification, and assembly state. Molecular weight, iso-
electric point, hydrophilic–hydrophobic property, and surface
charge are involved in terms of bioreceptors.265 The nano–bio
interfacial binding attributes encompass binding strength of bio-
receptors (covalent or noncovalent bonds), bioreceptor–analyte
affinity, orientation, coverage and spatial distribution of biore-
ceptors, and the driving forces underlying the undesired interac-
tions. The output variables correspond to single, or multiple
biosensing performance metrics as described above. A major
challenge in this step is the scarcity of large-scale and high-
quality, standardized datasets that jointly capture nano–bio
interaction features and biosensing performances. Experimental
values frequently vary across laboratories and protocols, compro-
mising reliability and comparability in the absence of universally
accepted references. The difficulty here also includes the lack of
complex samples, in which matrix effects are more pronounced.
Data obtained from complex biological samples are crucial for
translating laboratory-based strategies into practical methods for
detecting analytes in human fluids or cell/tissue-related matrices.
Furthermore, while most biosensor studies emphasize the sen-
sing performance of sensitivity and LOD, performance metrics
related to stability and reproducibility remain relatively under-
explored, further constraining the robust development of AI-
driven models.

Subsequently, experimental or computational data are trans-
formed into feature sets compatible with AI models, which
requires deliberate encoding of nanomaterial properties. Com-
pared with small organic molecules, generating meaningful
descriptors for nanomaterials is challenging due to their struc-
tural complexity and morphological diversity. To address this
issue, descriptors from experimental properties, quantum
chemical calculations, periodic table properties and full nanos-
tructure representations have been developed to capture the
structural and physicochemical characteristics and to encode
complex nanostructures.266 Common predictors encompass
experimental parameters such as zeta potential, particle size,
surface area, curvature, shape, and surface charge.267 Simulation-
derived descriptors extracted from atomistic MD simulations,
including ligand dynamics, solvation, hydrogen bonding, inter-
action energies, electrostatic potentials, are utilized for quantita-
tive nanostructure–activity relationship models.268 Response-
based descriptors, introduced by Zhong’s group, exploit the

fluorescence change of fluorescamine-labelled protein in the
presence and absence of nanomaterials.269 When used as input
to the machine learning models, these descriptors have demon-
strated enhanced predictive performance compared with inde-
pendent properties of nanomaterials or proteins. Apart from
molecular or nano-level descriptors, the Zhu group pioneered
the concept of virtual molecular projections to digitally represent
complex nanostructures.270 Nanoparticles are simulated in three
dimensions and converted into multidimensional arrays encod-
ing atom types and spatial coordinates. When fed directly into
convolutional neural network (CNN) models, these virtual projec-
tions enable accurate prediction of cellular uptake, lipophilicity,
and zeta potential of nanoparticles. The same team further
established PubVINAS, a publicly accessible online nanomaterial
database integrating 705 annotated nanostructures across 11
material types.271 Despite these advances, the availability of
robust, meaningful and universal nanodescriptors remains
limited due to the inherent heterogeneity and incomplete
characterization of nanomaterials. Moreover, the physicochem-
ical characteristics of nanomaterials are highly sensitive to
media—agglomerating, dissolving, and dynamically adsorbing
or desorbing surrounding molecules—further complicating the
development of efficient and generalizable descriptors.272 There-
fore, incorporating both nanomaterial heterogeneity and environ-
mental variables into descriptor design is essential for establishing
reliable structure–function correlations.

Next, appropriate AI models are selected, trained, and
iteratively refined according to specific biosensing tasks.
Machine learning and deep learning are the two most prevalent
AI models employed in materials science and biomedicine.
Machine learning leverages statistical algorithms to learn pat-
terns from data and generate predictions without being expli-
citly programmed, including decision trees (DTs), random
forest (RF), support vector machine (SVM), k-nearest neighbour
(kNN), logistic regression and Naive Bayes.272,273 In contrast,
deep learning, as a subfield of machine learning, employs
multi-layer artificial neural networks to automatically learn
hierarchical data representations.272 Representative deep learning
architectures include CNNs, recurrent neural networks (RNNs),
graph neural networks (GNNs), as well as multi-task and transfer-
learning frameworks. Deep learning typically requires larger
datasets and often suffers from limited interpretability. Never-
theless, it is particularly effective in cases where the governing
variables and underlying mechanisms are complex, highly inter-
dependent, and not fully understood in advance. For deep and
thorough insights into AI models, refer to previous works.274–276

As datasets describing nano–bio interfaces remain limited at the
current stage, machine learning models are still adopted in most
cases. However, deep learning offers distinct advantages for
capturing the intricate and nonlinear relationships between
nano–bio interfacial structures and biosensing performances,
which is expected to play an increasingly important role in the
future. The final step is experimental validation and closed-loop
feedback.277 Experimental results are reintegrated into the train-
ing dataset, enabling retraining and performance refinement in
subsequent cycles. The model performances are evaluated on
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unseen data, focusing on generalization and key metrics such as
accuracy, precision, recall, and F1 score.

5.2. AI-driven interfacial design of CNT–DNA biosensors

CNT–DNA hybrids are powerful near-infrared nanosensors that
exhibit robust optical signal modulation upon analyte bind-
ing.278 Several machine learning models have been developed to
elucidate CNT–DNA interactions and their fluorescence modu-
lation mechanism, offering a promising route to enhance sen-
sing performance and facilitate rational biosensor design.279

From the perspective of DNA sequence design, Kelich et al.
applied machine learning to discover CNT–DNA biosensors for
serotonin detection (Fig. 19a).280 CNN classifiers and SVM
regressors were trained to map sequence-derived features from
96 CNT–DNA conjugates with experimentally measured fluores-
cence responses at 1195 nm (Fig. 19b). The predictions were
experimentally validated, and the validation results were used to
retrain the models that identified DNA sequences with markedly
enhanced sensitivity and selectivity (Fig. 19c). This study
established a practical ‘‘experiment–machine learning–re-
experiment’’ closed-loop framework, particularly suitable for
the small-sample regime typical of nano–bio interface studies.

Later, the same group further predicted the optical response of
CNT–DNA for serotonin as a function of DNA sequence by
exploiting the whole fluorescence spectra.281 Regression models
trained with SVM successfully distinguished high and low
response DNA sequences. Incorporating multiple spectral wave-
lengths into model increased the prediction robustness and
facilitated the discovery of novel CNT–DNA sensors. Besides
DNA sequence optimization, Kim et al. utilized the spectral
fingerprinting of quantum-defect-modified CNTs for the detec-
tion of ovarian cancer.282 Organic colour centres (OCCs)—atomic-
level quantum defects—are covalently functionalized onto nano-
tubes, creating well-defined and chemically tunable emissive
states. Three OCC terminating groups and four ssDNA sequences
were selected to construct a nanosensor array (Fig. 19d). Spectra
from functionalized nanotubes were collected for patient and
control sera, shown in Fig. 19e. A panel of supervised machine
learning algorithms were evaluated, including logistic regression,
artificial neural networks, DTs, RF and SVM. SVM approaches
achieved the highest F-score among the tested algorithms. This
sensing platform identified high-grade serous ovarian cancer
with high positive and negative predictive values, achieving
87% sensitivity at 98% specificity.

Fig. 19 (a) Discovery of DNA-CNT optical sensors for serotonin detection. (b) Optical responses of 96 unique CNT-DNA conjugates to serotonin.
(c) Main computational approach. Reproduced with permission,280 Copyright 2022, American Chemical Society. (d) OCC-DNA nanosensor array with
different OCC terminating groups and four ssDNA sequences. (e) Representative fluorescence spectra of one OCC-DNA nanosensor. Reproduced with
permission,282 Copyright 2022, Springer Nature. (f) Machine learning models to predict analyte-induced fluorescence changes in CNT-DNA nanosensors
for dopamine. (g) Transformation of analytes into molecular fingerprints with RDKit for the predictive modeling of optical responses. (h) Support vector
classifiers and regression models validated against the original dataset and an independent 21-molecule blind set. Reproduced with permission,284

Copyright 2026, American Chemical Society.
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In parallel, Beyene and co-workers systematically investigated
the molecular determinant of catecholamine-like analytes for
CNT–DNA based fluorescent sensors.283 The large optical
responses strongly correlated with the electronic properties of
bound ligands, such as electron density on the aryl motif, rather
than the binding affinity alone. This insight highlights the
importance of incorporating physicochemical descriptors of ana-
lytes and the local corona environment into machine learning
models, moving beyond DNA sequence-based features toward
physically informed representations. More recently, their group
developed a machine learning model to predict the analyte-
induced fluorescence response of a fixed CNT–(GT)6 dopamine
nanosensor (Fig. 19f).284 Using a dataset of 63 small training
molecules, each analyte was encoded using standard RDKit
fingerprints with optional frontier molecular orbital energy
descriptors. Principal component analysis of these molecular
encodings was employed to map the chemical space and identify
structural motifs associated with strong or weak fluorescence
responses (Fig. 19g). Support vector regression and support vector
classification were then utilized to predict continuous DF/F values
and to discriminate strong or weak responses, respectively
(Fig. 19h). Following cross-validation, the models were evaluated
against an independent blind set of 21 molecules to assess their
generalizability. While the classification model achieved robust
discrimination (F1 E 0.8), the regression performance was
relatively modest (mean R2 E 0.2–0.4). Collectively, this work
demonstrates that analyte-centric molecular descriptors alone
can capture meaningful structure-response relationships for a
fixed CNT-DNA sensor. On the readout side, machine leaning can
decode ‘‘hidden’’ information from full emission spectra of
CNTs.285 By treating entire spectra as high-dimensional inputs,
machine learning models resolve subtle peak shifts, intensity
ratios, and line-shape changes and effectively turn the emission
profile into a rich fingerprint of nano–bio interfacial state,
enabling sensitive and multiplexed detection of analytes. In
summary, the above studies outline a general paradigm for AI-
driven CNT–DNA biosensor design, especially, how to choose
small but high-quality datasets to train machine leaning
models. Extending this framework to broader nano–bio inter-
faces promises to accelerate the discovery of sensitive, selective,
fast response, and interpretable biosensors beyond CNT–DNA
systems.

6. Summary and outlook

Macroscopic sensing performances (sensitivity, LOD, specifi-
city, selectivity, response time, multiplex, reproducibility and
stability) of biosensors are ultimately connected to molecular
scale interfacial parameters at nano–bio interfaces. Unraveling
the relationship between macroscopic sensing performance and
the molecular scale interfacial parameters is crucial for the
rational design of biosensors. In this context, this review dis-
cussed why nano–bio interfaces are central to the bioreceptor–
analyte interaction. The basic design rules for nano–bio inter-
faces facilitating the bioreceptor–analyte interaction are analyzed.

Four key interfacial parameters, orientation, coverage, composi-
tion and spatial distribution of bioreceptor on nanoparticles, are
elaborated to enhance the sensing performance of biosensors.
Approaches to tailor these four interfacial parameters were sum-
marized. In parallel, representative examples are presented to
illustrate how rationally engineered nano–bio interfaces lead to
the improved sensing performance.

Although much progress has been made in tailoring nano–
bio interfaces, challenges still exist in the interfacial design to
boost the analytical performance in nanoparticle-based biosen-
sors. Compared with interfacial properties of bioreceptors on
macro-substrates like electrodes, glass coverslip and metal
film, the approaches to control the interfacial parameters on
nanoparticles require further exploration. For instance, the
conformation of DNA or protein on a planar substrate can be
regulated by an external electric field, while relevant studies on
the nanoparticle surface were rare.218,286 Additionally, DNA
nanostructures, nanoparticles and macromolecules all can
serve as templates to control bioreceptor spacing on macro-
substrates.287 In contrast, due to the small size and high
curvature of nanoparticles, the approach to control the inter-
bioreceptor distance on nanoparticles is currently limited to
transferring predefined patterns from DNA nanostructures.
Except for finite nano–bio interface tailoring approaches,
approaches to characterize the interfacial parameters of bior-
eceptors on particles are also limited, particularly at the single
particle level.288 Conventional characterization techniques,
including UV-vis and fluorescence spectroscopy, FTIR, dynamic
light scattering, mass spectrometry and SERS, are performed at
the ensemble level, which conceals the heterogeneity of nano–
bio interfaces.239,289–291 TOF-SIMS, a highly sensitive surface
analytical technique, is a powerful tool for interfacial character-
ization, enabling the assessment of conformation, surface cov-
erage, spatial distribution of bioreceptor as well as chemical
composition. The emerging single molecule techniques, such as
DNA-PAINT, single molecule FRET, SERS and plasmonic scatter-
ing imaging, enable direct display of bioreceptors at a single
particle.237,238,292–294 Huge potential exists in investigating how
the analytical performances of single particles are related to
their interfacial parameters.295 For instance, how can the spatial
distribution of bioreceptors on nanoparticles be quantitatively
and precisely characterized? Given the same average bioreceptor
density on a nanoparticle, a uniform or heterogenous spatial
distribution of bioreceptor, which one can result in superior
sensing outcome? Addressing these questions is crucial not only
for the rational design of nano–bio interfaces but also for the
stability and reproducibility of nanoparticle-based biosensors.
Therefore, developing novel and facile approaches to tailor and
characterize the nano–bio interfaces is required.

Another challenge is elucidating how various interfacial
parameters correlate with multiple sensing metrics, a task
requiring multivariate regression analysis. Additionally, experi-
mental investigations of nano–bio interfaces, in certain cases,
are difficult to implement as a multitude of interrelated vari-
ables must be simultaneously considered. For instance, variations
in bioreceptor coverage on nanoparticles may be accompanied by
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concomitant changes in conformation and spatial distribution of
bioreceptors. In this regard, AI-based modeling and simulation
approaches are tremendously valuable, as they enable systematic
exploration of numerous parameter permutations. Xu and cow-
orkers developed a model of predicting DNA arrangement on
AuNPs to achieve the optimal detecting activity of human
telomerase.296 Key parameters, including the size of nano-
particles, spacing of probe DNA and distance between two
catalytic pockets of telomerase, were incorporated in this model.
The optimal DNA density obtained from the experiment matched
well with the value from the model. The LOD of AuNPs–DNA
conjugates with optimal DNA density was at least 1 order of
magnitude lower than that of densely packed AuNPs, demon-
strating the effectiveness of this model in guiding interfacial
probe arrangement. Similarly, Sun and coworkers used atomistic
MD simulation to optimize receptor structure and favourable
binding-site on AuNPs.297 The binding between receptors and
guests requires deep penetration of guests into the monolayer of
receptors. Receptor design guided by the simulation exhibited 10-
fold improvement in analyte affinity and a 100-fold decrease in
LOD. With rapid advances in AI-based modeling and simulation,
these approaches are expected to be extended to a broader range
of nanoparticles and bioreceptors, playing an increasingly signi-
ficant role in the design and optimization of nanoparticle-based
biosensors.

In summary, this review dismantles the traditional ‘‘black
box’’ of nanoparticle-based biosensors by systematically eluci-
dating the intrinsic relationships between nano–bio interfaces
and sensing performances (Fig. 20). The proposed closed-loop
framework integrates three aspects: (1) nano–bio interface
tailoring approaches, serving as the hand for fabrication; (2)
nano–bio interface characterization at the single particle level,
acting as the eye for direct observation; and (3) AI-driven
modelling and simulation, working as the brain for rational
analysis. We hope that this review can contribute to a deeper
understanding of the pivotal role of the nano–bio interface in
determining biosensing performances. Ongoing advances in
customizing and characterizing the nano–bio interfaces, parti-
cularly at the single particle level, along with AI modelling
and simulations, are poised to unlock profound insights into

nano–bio interfaces and drive the development of next-
generation nanoparticle-based biosensors with outstanding
performance.
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J. Reinholz, U. Kintzel, A. Kaltbeitzel, P. Renz,
M. P. Domogalla, K. Steinbrink, I. Lieberwirth, D. Crespy,
K. Landfester and V. Mailänder, Nat. Nanotechnol., 2018,
13, 862–869.

59 Y. Tang, X. Zhao, Z. Nie, B. He and D. Deng, ACS Appl. Bio
Mater., 2025, 8, 6252–6260.

60 B.-K. Jin, S. Odongo, M. Radwanska and S. Magez, Int.
J. Mol. Sci., 2023, 24, 5994.

Review Article Chem Soc Rev

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 4
:3

0:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00823a


This journal is © The Royal Society of Chemistry 2026 Chem. Soc. Rev.

61 V. Mora-Sanz, L. Saa, N. Briz, M. Möller and V. Pavlov, ACS
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247 U. Böcker, S. G. Wubshet, D. Lindberg and N. K. Afseth,
Analyst, 2017, 142, 2812–2818.

248 F. Faghihzadeh, N. M. Anaya, L. A. Schifman and
V. Oyanedel-Craver, Nanotechnol. Environ. Eng., 2016, 1, 1.

249 L.-J. Chen, S. S. Shah, J. Silangcruz, M. J. Eller,
S. V. Verkhoturov, A. Revzin and E. A. Schweikert, Int.
J. Mass Spectrom., 2011, 303, 97–102.

250 K. Gajos, O. Lishchynskyi, P. Da̧bczyński, S. Tymetska,
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