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HIGHLIGHTS

e Axial chlorine coordination engineering constructs PtN;Cl, single-atom nanozymes inside liposomes via a low-temperature photo-

chemical method.
o The unique structure lowers the reaction energy barrier and enables antibody conjugation without blocking active sites, reducing K, by 50-fold.

e The resulting immunosensor achieves ultra-sensitive detection of viral antigens with detection limits as low as 0.36 fg mL"'.

ABSTRACT Single-atom nanozymes (SANs) are considered as the most
promising candidates for signal amplification in biosensing applications.
However, maintaining the integrity of active sites during functionalization
while preserving catalytic performance in biological environments remains
a critical challenge. Here, we present a low-temperature-photochemical syn-
thesis strategy for constructing platinum single-atoms within liposomes
(PtSANs@Lipo), achieving atomic-level regulation of SANSs active sites
through axial chlorine (Cl) coordination engineering. The PtN;Cl, coordi-

nation structure, validated by synchrotron X-ray absorption spectroscopy, Ice-confinement H1N1 Detection

induces optimal d-band center modulation giving a remarkably low deter- R
mining step energy barrier compared to conventional PtN; configurations. This architecture further enables non-contact functionalization via
liposomal encapsulation, fully preserving catalytic activity while preventing catalytic sites occupation by antibody, thereby reducing the Michaelis
constant (K,,) value by 50-fold compared to direct modification onto Pt single-atoms. The constructed immunosensor based on PtSANs@Lipo
demonstrates highly sensitive detection of viral pathogens, including influenza A virus HIN1, SARS-CoV-2, and influenza B virus antigens
with limits of detection as low as 0.42, 2.23, and 0.36 fg mL ™", respectively. This work establishes a paradigm for bio-adaptive nanozyme design
through synergistic coordination engineering and liposomal functionalization architectures, and may thus provide a universal approach for signal

amplification in point-of-care diagnostics.
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1 Introduction

Nanozymes, which integrate multiple enzyme-like activi-
ties such as peroxidase oxidase, and superoxide dismutase
into a single nanostructure [1-7], offer high stability and
tunable catalytic properties for diverse biological appli-
cations [8—14]. Single-atom nanozymes (SANs) further
maximize catalytic efficiency through fully exposed, atomi-
cally dispersed active sites and unique electronic configura-
tions [15-17]. This unique structural characteristic enables
SANSs to exhibit superior signal amplification capabilities
[13, 18-22], positioning them as promising candidates to
replace natural enzymes and conventional nanozymes in
biosensing applications [23-25]. However, their practical
implementation in biomedical fields faces significant chal-
lenges regarding compromised catalytic performance espe-
cially in complex physiological environments. Firstly, the
prevalent planar metal-N coordination configuration of most
SANSs reported so far fails to adequately optimize the geo-
metric arrangement and electronic distribution of catalytic
centers, thereby restricting enzymatic activity enhancement
and resulting in unsatisfactory intrinsic signal amplification
efficiency [26]. Secondly, conventional conjugation strate-
gies for attaching recognition elements often induce partial
occlusion of active sites and impede efficient energy transfer
processes [27, 28]. These undesirable effects substantially
diminish atomic utilization efficiency, ultimately compro-
mising the intrinsic signal amplification capability of SANs
[29, 30]. Therefore, the development of innovative strategies
that simultaneously modulate coordination environment to
improve catalytic efficiency and maintain catalytic site integ-
rity while enabling targeted biorecognition is highly desired.

Regarding refinement of the enzyme-like catalytic perfor-
mance of SANs, axial coordination engineering has emerged
as a rational strategy [31-33]. Unlike conventional planar
coordination configurations, this approach establishes a ver-
tical coordination field perpendicular to the metal-N active
centers, enabling direct modulation of the electronic con-
figuration and spatial geometry of catalytic sites [18, 34].
Such directional regulation significantly enhances substrates
adsorption and activation along the axial dimension, offering
distinct advantages in accelerating catalytic kinetics. Com-
pared with axial coordination using elements such as N, O,
P, S, Br, or I, axial chlorination offers a simpler and more
rational synthetic strategy. This advantage arises because

© The authors

common metal precursors such as H,PtCl,, HAuCl,, and
CoCl, naturally contain chlorine (Cl), enabling direct par-
ticipation in axial coordination during synthesis without the
need for additional ligands or pre-modification steps. This
straightforward integration simplifies the reaction pathway
and facilitates more precise investigation of catalytic mech-
anisms and structure—activity relationships. Moreover, Cl
is a biocompatible element naturally present in biological
systems, rendering axial chlorination in SANs particularly
promising for biomedical applications [26, 35, 36]. Thus,
the construction of axial Cl coordination engineering is a
promising heteroatom doping strategy for designing SANs
with high intrinsic signal amplification efficiency.

On the other hand, the liposome-based encapsulation
strategy, featuring core-shell architecture for non-contact
functional modification and stimuli-responsive payload
release, presents a promising solution to address the per-
sistent challenges in surface engineering of SANs [37].
As a versatile nano-platform, liposomes have been widely
employed in hybrid nano-constructs owing to their unique
lipid bilayer properties: capacity for programmable func-
tionalization via conjugation with targeting biomolecules,
enhanced colloidal stability through shielding of encapsu-
lated components, and spatiotemporal control over cargo
release triggered by endogenous/exogenous stimuli [38—40].
Despite these advantages, the integration of lipid membranes
with SANSs to confer biological functionality remains largely
underexplored, with only sporadic reports in literature [41,
42]. Conventional SANs support matrices, such as carbon-
based materials, metal oxides, MOFs, and two-dimensional
materials, typically exhibit bulky dimensions that exceed the
optimal encapsulation threshold (< 6.5 nm) for maintaining
lipid bilayer integrity [43]. Additionally, harsh processing
conditions during liposome fabrication, particularly ultra-
sonication-induced cavitation and organic solvent exposure,
can provoke metal atom leaching from support materials,
causing irreversible loss of catalytic activity [44, 45]. Thus,
although passive encapsulation strategies can mitigate direct
interference of SANs active sites by recognizing biomol-
ecules through spatial isolation, current methodologies still
face compromised structural robustness and suboptimal
single-atom retention rates.

Here, we propose a facile synthesis strategy for construct-
ing platinum (Pt) single-atoms within liposomal nano-reac-
tors (PtSANs@Lipo) using low-temperature photochemical
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reduction. This one-pot photoreduction protocol enables
simultaneous metal precursor (H,PtCly) reduction and
atomic anchoring onto encapsulated graphene quantum dots
(GQDs) as coordination scaffolds under UV irradiation at
— 20 °C, achieving precise spatial confinement within the
liposome’s aqueous core. GQDs play a dual role in both
the synthesis and photocatalytic function of the material.
Structurally, their nitrogen-rich surface provides abundant
anchoring sites for stabilizing Pt species, enabling high load-
ing of single-atom Pt centers [46]. Under UV irradiation,
GQDs function as photosensitizers and electron donors,
transferring photoexcited electrons to PtCl>~ precursors
via a photo-induced electron transfer mechanism to facili-
tate the reduction of Pt ions into isolated single atoms [47].
X-ray absorption fine structure (XAFS) analysis uncovers a
unique PtN;Cl, coordination featuring an axially symmetric
structure, which reduces the O, adsorption energy barrier
compared to conventional PtN; configurations. This asym-
metric coordination environment results in superior oxidase
(OXD)-like catalytic efficiency among previously reported
SANs. Moreover, antibody conjugation to the liposomal sur-
face preserves the intrinsic OXD-like activity of PtSANs@
Lipo, confirming effective isolation of catalytic sites from
surface functionalization interference. The PtSANs@Lipo-
based immunosensor achieves a limit of detection (LOD) as
low as 0.42 fg mL~" with an accuracy of 100% as compared
with the gold-standard real-time quantitative polymerase
chain reaction (RT-qPCR) approach in detection of influenza
A virus (Flu A/HIN1) antigen using clinical samples. The
demonstrated synergy between axial coordination engineer-
ing and non-contact liposomal functionalization establishes
a generic paradigm for developing bio-adaptive SANs with
preserved catalytic fidelity, opening new avenues in point-
of-care diagnostics and other applications in which high
catalytic activity and structural stability of SANs in complex
environments are required.

2 Experimental Section

2.1 Synthesis of PtSANs@Lipo

DPPC, Cholesterol, and DSPE-PEG,,,,-COOH were dis-
solved in 15 mL of chloroform at a molar ratio of 65:31:4. A

lipid film was formed on the inner wall of a pear-shaped flask
through evaporation at 37 °C under reduced pressure using
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a rotary evaporator. The lipid film was then rehydrated with
5 mL of H,PtCl (1 mg mL™") solution containing GQDs
at a molar ratio of 3:1, forming a turbid suspension. This
suspension was sonicated for 10 min to achieve a uniform
liposome size distribution. Finally, the H,PtCl,-GQDs@
liposome solution was stabilized by incubation in a water
bath at 55 °C for 30 min.

To prepare PtSANs@Lipo, 5 mL of H,PtCl,-GQDs @
liposome solution was rapidly frozen at — 80 °C in an
ultra-low- temperature freezer. Subsequently, the fro-
zen H,PtCle-GQDs@liposome sample was transferred to
— 20 °C fridge and immediately irradiated using a UV lamp
for 10 min. The power density of the UV light near the ice
was measured to be 2 mW cm™ using a radiometer (PL-MW
2000). Following UV irradiation, the frozen sample was
allowed to thaw at room temperature. All procedures were
conducted in darkness except during UV irradiation. After
centrifugation, the collected solution contained the prepared
PtSANs@Lipo. The preparation of GQDs-PtSANSs followed
a similar protocol: H,PtCl, (1 mg mL™") and GQDs solution
(in a molar ratio of 3:1) were mixed, the mixture was then
subjected to the same freezing and UV irradiation conditions
as described for PtSANs@Lipo.

2.2 OXD-like Activity Test

The kinetic interaction between PtSANs@Lipo and TMB
substrate was evaluated using a UV—Vis spectrophotometer
in kinetic mode to record the time-dependent increase in
absorbance at 652 nm (A652). In a typical assay, varying
concentrations of TMB (0-800 uM, dissolved in DMSO)
were added to a sodium acetate buffer (pH =4) to maintain
a total reaction volume of 200 pL. The initial rate of absorb-
ance increase at A652 was immediately recorded. The V.
and K,, were determined by plotting the initial rates against
substrate concentrations using Microsoft Excel. The curves
were fitted to the Michaelis—Menten equation using Origin
software.

3 Results and Discussion
3.1 Synthesis and Characterization of PtSANs@Lipo

The synthesis of PtSANs@Lipo is achieved through a dual-
strategy approach that integrates photochemical reduction
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with ice-confinement anchoring (Fig. 1a) [48]. Under
365 nm UV irradiation, amino-rich GQDs act as coordina-
tion scaffolds, facilitating the stabilization of Pt single-atoms
within the liposomal nanoconfinement. Simultaneously, the
ice phase effectively suppresses uncontrolled nucleation.
This process enables the photoreduction of H,PtCl, into
atomic Pt species, which are subsequently anchored onto the
surfaces of GQDs within the aqueous core of the liposome.
Key synthesis parameters are systematically optimized
to ensure high efficiency and structural integrity. First, a
H,PtClg/GQDs molar ratio of 3:1 is identified as optimal for
maximizing Pt single-atoms loading (Fig. S1). Second, the
UV power density is set to 2 mW cm™2 to ensure adequate
photon penetration through the ice-cold reaction mixture, as
verified by light transmittance measurements (Fig. S2) [48].
Third, the irradiation time is restricted to 10 min to prevent
atomic aggregation. As evidenced by characteristic Pt X-ray
diffraction (XRD) peaks, prolonged exposure (> 30 min)
leads to the formation of Pt nanocrystals (Fig. S3). These
findings collectively establish the optimal conditions for the
synthesis of PtSANs@Lipo, and detailed characterization of
PtSANs@Lipo is subsequently performed based on these
synthesis conditions.

The GQDs substrates exhibit monodisperse distribution
with a size range of 2—-3 nm (Fig. 1b), which facilitates uni-
form single-atom nucleation. Transmission electron micros-
copy (TEM) imaging shows the intact spherical morphol-
ogy of PtSANs@Lipo (Fig. 1c), while high-resolution TEM
(HR-TEM) further confirms the homogeneous distribution
of GQDs within liposomes (Fig. 1d). Dynamic light scatter-
ing (DLS) analysis reveals a narrow hydrodynamic diameter
distribution of 106.5 +2.4 nm in the prepared PtSANs@Lipo
(Fig. S4) and a zeta potential of — 15.6 +2.4 mV due to
the surface carboxyl modification (Fig. S5). Atomic-scale
characterization by high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) reveals
abundant Pt single-atoms in PtSANs@Lipo (bright spots,
orange circles in Fig. le). The average size of Pt single-
atoms is calculated to be 0.15 +0.02 nm based on the quanti-
fication of 140 distinct bright dots (Fig. 1e inset). The Z-con-
trast intensity profiles demonstrate interatomic distances of
0.41-0.45 nm (Fig. 1f), which are substantially larger than
the metallic Pt—Pt bond lengths (0.277 nm). This confirms
the absence of Pt nanoparticle formation in the prepared
PtSANs@Lipo. Spatial mapping via HAADF-STEM indi-
cates a radially increasing Pt density gradient toward the

© The authors

liposome core (Fig. 1g). This finding is further supported
by energy-dispersive X-ray spectroscopy (EDS) elemental
analysis, which confirms a homogeneous Pt distribution
(Fig. 1h).

To benchmark our strategy, we also employ a conventional
passive encapsulation method, wherein pre-synthesized
GQDs-PtSANSs are loaded into liposomes (GQDs-PtSANs-
Lipo). This approach leads to severe Pt loss, reducing the
Pt concentration by a factor of 2.6 compared to its initial
level before liposomal encapsulation (Fig. S6). Additionally,
the HAADF-STEM image shows a sparse atomic disper-
sion within liposomes (Fig. S7). This phenomenon is likely
attributed to the desorption of single-atoms from the GQDs
supporting materials during liposome preparation. Further-
more, PtSANs@Lipo exhibits long-term stability in PBS at
4 °C, with minimal hydrodynamic diameter changes over
4 weeks (Fig. S8). Above all, our methodology establishes
a robust platform for synthesizing lipid-encapsulated SANs
with preserved atomic dispersion and catalytic integrity,
overcoming critical limitations of traditional post-synthesis
encapsulation techniques. The demonstrated structural pre-
cision and stability position PtSANs@Lipo as a versatile
nanoplatform for advanced biosensing.

3.2 Atomic Structure Analysis

To elucidate the atomic dispersion and coordination chem-
istry of PtSANs@Lipo, complementary crystallographic
and electronic state analyses are subsequently performed.
The XRD pattern displays a characteristic broad peak at
approximately 28°, consistent with the amorphous car-
bon structure of GQDs (Fig. 2a). The absence of dis-
tinct diffraction peaks corresponding to metallic Pt (PDF
#04-0802) confirms the exclusive presence of atomic Pt
species without crystalline nanoparticle formation. X-ray
photoelectron spectroscopy (XPS) survey scans confirm
the elemental composition of C, N, O, Cl, and Pt elements
(Fig. 2b), aligning with the designed Pt—-N—ClI coordina-
tion architecture. High-resolution Pt 4f spectra in Fig. 2¢
deconvolute into two primary components of dominant
Pt>* states (72.4 and 75.7 eV) and a minor metallic Pt°
contribution (70.5 and 73.9 eV), consistent with the elec-
tron-deficient nature of single-atom sites in N-coordinated
systems [49, 50]. Notably, the complete absence of Pt**
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Fig. 1 Synthesis and characterization. a Illustration of the synthesis of Pt single-atoms within liposomes. b TEM image of GQDs. ¢, d TEM and
HR-TEM of PtSANs@Lipo. e HAADF-STEM image of PtSANs@Lipo, the Pt single-atoms are circled in orange with the corresponding size
distribution inset. f Line-scanning intensity profiles of the distance between Pt atoms in representative of PtSANs@Lipo along the green line. g
HAADEF-STEM intensity maps and h EDS elemental mapping of PtSANs@Lipo

signatures excludes over-oxidation during synthesis. The
N 1s spectral evolution reveals critical light-induced
coordination dynamics (Fig. 2d). Pre-irradiation spectra
for H,PtClc@Lipo show pyridinic N (398.5 eV), N-H
(399.3 eV), and N-C (400.2 eV), while post-irradiation
spectra for PtSANs@Lipo exhibit predominant Pt—-N
coordination bond at 399.7 eV. This spectral progression
demonstrates UV-triggered activation of N vacancies,
facilitating Pt anchoring through ligand exchange. The
Cl 2p spectrum in Fig. 2e confirms stable Pt—Cl bond-
ing (197.9 eV) alongside residual ionic CI (199.5 eV),

SHANGHAI JIAO TONG UNIVERSITY PRESS

suggesting partial CI retention in the axial coordination
sphere.

The atomic coordination environment PtSANs@Lipo is
also rigorously investigated using synchrotron-based X-ray
absorption spectroscopy (XAS). The K-edge X-ray absorp-
tion near-edge structure (XANES) spectra reveal an absorp-
tion edge energy that lies between those of Pt foil and PtO,
(Fig. 2f). This observation confirms the coexistence of P>t
and Pt° oxidation states, which is in agreement with the XPS
results. This electronic configuration suggests partial charge
transfer from Pt to coordinating N/Cl ligands, creating elec-
tron-deficient active sites favorable for catalytic activation.

@ Springer
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Fig. 2 Atomic coordination characterizations of PtSANs@Lipo. a XRD pattern. b XPS spectrum. c—-e High-resolution XPS spectra of Pt 4f, N
1s and Cl 2p. f Pt L;-edge XANES spectra. g K>-weighted FT-EXAFS spectra. h The fitting curves in R-space. i Wavelet transformation images

of the EXAFS signals

Fourier-transform extended XAFS (FT-EXAFS) analysis in
Fig. 2g identifies a dominant scattering path at 1.59 A, dis-
tinct from Pt—Pt metallic bonding (2.51 AinPt foil) or Pt-O
interactions (1.62 A in PtO,). Quantitative R-space fitting
is subsequently performed to elucidate the precise atomic
structure (Figs. 2h and S9; Table S1). Both Pt—N and Pt—Cl
coordination modes co-exist, with coordination numbers
determined to be 3 and 2, respectively, thereby forming a dis-
torted square pyramidal geometry of PtN;Cl,. The absence
of higher-shell coordination paths excludes Pt—Pt clustering,

© The authors

in agreement with HAADF-STEM observations. Wavelet
transform (WT) EXAFS analysis provides K-space resolved
structural fingerprints (Fig. 2i). Pt foil exhibits intensity
maxima at 11.3 A™! (K-space) and 2.51 A (R-space) from
Pt—Pt metallic bonds, and PtO, shows characteristic Pt-O
WT signals at 7.50 Al (K-space) and 1.68 A (R-space).
PtSANs@Lipo displays hybridized Pt—N/CI contributions at
5.90 A~! (K-space) and 1.57 A (R-space). This multimodal
XAS analysis conclusively establishes asymmetric PtN,;Cl,
coordination geometry with axial Cl ligands. The synergistic

https://doi.org/10.1007/s40820-026-02136-5
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combination of equatorial N; and axial Cl, coordination cre-
ates a polarized electronic structure that facilitates substrate
activation while maintaining atomic stability.

3.3 Catalytic Activity of PtSANs@Lipo

Given the unique PtN;Cl, coordination, a standard TMB
oxidation reaction is utilized to evaluate the OXD-like
activity of PtSANs@Lipo. As shown in Fig. 3a, PtSANs@
Lipo can convert the colorless TMB into blue oxidation
product (0oxTMB) in the absence of H,0,, which exhibits
a characteristic absorption peak at 652 nm [51]. In addi-
tion, PtSANs@Lipo exhibits catalytic activity toward mul-
tiple chromogenic substrates, such as 3,3'-diaminobenzidine
(DAB) and o-phenylenediamine (OPD), in the absence of
H,0, (Fig. 3b). Notably, when the reaction system is treated
with N, or Ar to remove dissolved oxygen, the OXD-like
activity is significantly suppressed (Fig. S10). Moreover, the
characteristic 1:2:2:1 quartet electron spin resonance (ESR)
signal of the DMPO-OH adduct is observed in air-saturated
solution but completely quenched upon N, purging (Fig.
S11), directly confirming that ¢OH generation originates
from O, activation by PtSANs@Lipo. These results dem-
onstrate the intrinsic OXD-like activity of the as-prepared
PtSANs@Lipo. The reaction-time curves of the TMB oxi-
dation reaction demonstrate that PtSANs@Lipo possesses
excellent catalytic stability, with no observable decrease in
absorbance over a period of 10 min (Fig. S12). The effects
of the catalytic temperatures and pH values on the OXD-
like activity are also investigated. PtSANs@Lipo exhibits
efficient catalytic activity at an optimal temperature of 35 °C
and pH value of 4 (Fig. S13). Under optimal conditions, the
UV-Vis absorbance exhibits a gradual change as the concen-
tration of PtSANs@Lipo increases (Fig. 3c). A correlation
coefficient of R>=0.998 is obtained within the concentration
range of 1-100 pg mL~! (Fig. 3d).

Subsequently, the Michaelis—Menten equation is
employed to analyze the kinetics of the catalytic process.
The catalytic reaction parameters, including the K,,, maxi-

mum reaction velocity (V,,,,), catalytic rate constant (K_,,),

ax
and catalytic efficiency (K,,/K,,), are determined using the
Lineweaver—Burk plot. Generally, a lower K|, value signi-
fies a higher affinity of enzymes for their substrates [52, 53].
The K,, value of PtSANs@Lipo for TMB is calculated to be

as low as 0.022 mM (Fig. 3e), indicating one of the highest

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

levels of OXD-like catalytic efficiency among previously
reported nanozymes (Table S2). The catalytic activity of
PtSANs@Lipo is also evaluated across a series of H,PtCl/
GQDs molar ratios ranging from 1:1 to 4:1. Although the
similar K, values across all ratios indicate consistent sub-
strate affinity (Fig. S14), the valuesof V,, .., K, and K, /K|,
are achieved at the 3:1 ratio. This optimal performance is
attributed to the higher density of catalytically active sites
resulting from increased Pt loading. Although POD-like
activity is also observed in the fabricated PtSANs@Lipo
nanozymes (Fig. S15), due to advantages such as simplicity
in biosensing operation, OXD-like catalysis behaviors are
subjected to further characterization.

To investigate the protective effect of liposomes on cata-
lytic activity, we compare the catalytic kinetics of four
systems: free Pt single-atoms without antibody modifica-
tion (GQDs-PtSANSs), GQDs-PtSANSs directly conjugated
with antibody (GQDs-PtSANs+Ab), Pt single-atoms syn-
thesized within liposomes (PtSANs@Lipo), and PtSANs@
Lipo further modified with antibody (PtSANs@Lipo+Ab).
The production of reactive oxygen species (ROS) due to
the OXD-like activity is firstly compared. As illustrated
in the ESR spectrum (Fig. 3f), the strong 1:2:2:1 four-line
signal of DMPO-OH can be detected in GQDs-PtSANS,
PtSANs@Lipo, and PtSANs@Lipo+Ab, suggesting the
substantial generation of eOH radicals. Conversely, the
DMPO-OH signal is significantly reduced in GQDs-
PtSANs+Ab. For the catalytic efficiency, PtSANs@
Lipo+Ab shows comparable catalytic reaction parameters
to those of PtSANs@Lipo and GQDs-PtSANs (Fig. 3g).
In contrast, the catalytic performance of GQDs-PtSANSs is
markedly diminished following antibody surface modifica-
tion. Specifically, the K,, value of GQDs-PtSANs+Ab is
approximately 50 times higher than that of GQDs-PtSANSs,
and the K_,/K,, value exhibits a 90-fold decrease. In addi-
tion to the conjugation of recognition biomolecules, which
may occupy active sites, the non-specific and weak adsorp-
tion of interfering biomolecules during TMB catalysis
may also contribute to the reduction in catalytic activity
of nanozymes. Compared to PtSANs@Lipo, bare GQDs-
PtSANSs exhibit significantly decreased TMB catalytic effi-
ciency in PBS buffer containing varying concentrations
of serum (Fig. S16). These results clearly demonstrate
that the non-contact functional modification mediated
by liposomes can effectively protect the catalytic sites of
SANS, preserve their original atomic configuration, and

@ Springer
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thereby maintain their superior signal amplification capac-

ity in biosensing applications.

3.4 DFT Calculations

To unravel the origin of PtSANs@Lipo’s exceptional cata-
lytic activity, DFT calculations are systematically performed
to clarify the OXD-like reaction mechanism across three
coordination models of PtN; (Cl-free), PtN;Cl (non-axial
mono-Cl), and PtN;Cl, (axial di-Cl). The atomic PtN;Cl,
configuration derived from EXAFS analysis served as the

© The authors

baseline structure, with comparative models constructed
to isolate Cl coordination effects. The OXD-like reac-
tion pathway is decomposed into four elementary steps:
the O, adsorption (O, — *OOH), O-O bond cleavage
(*OOH — *0), hydroxylation (*O — *OH), and desorption
(*OH— H,0). The optimized adsorption configurations of
*OOH, *0, and *OH intermediates are illustrated in Fig. 4a.

As shown in Fig. 4b, the comparative free energy
analysis across PtN;, PtN;Cl, and PtN;Cl, models reveals
distinct coordination-governed catalytic behaviors during
O, reduction. In the initial activation phase (Steps 1
and 2), the PtN; configuration demonstrates superior

https://doi.org/10.1007/s40820-026-02136-5
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thermodynamic driving forces (AG,=— 2.58 eV,
AG,=-2.15 eV) compared to PtN;Cl (AG,=—-1.97 eV,
AG,=— 1.65 eV) and PtN;Cl, (AG,=—- 1.48 eV,

AG,=- 0.88 eV), confirming its enhanced capacity for
O, adsorption and *O intermediate formation due to the
electron-rich Pt center in the Cl-free system. However,
this advantage inversely correlates with later reaction
steps, where PtN; exhibits a prohibitive energy barrier for
*OH desorption (AG; 0.90 eV, AG,=0.71 eV), while
Cl-coordinated systems show progressive improvements:
PtN;Cl (AG;=- 1.30 eV, AG,=0 eV) and PtN;Cl,
(AG;=- 1.81 eV, AG,=- 0.75 eV). The universal rate-
determining step (RDS) at *OH desorption (Step 4)
highlights axial di-Cl coordination’s transformative role.
PtN;Cl, achieves a remarkably low RDS energy barrier

(AGE=- 0.75 eV) and overpotential, surpassing both
PtN; (AG#=0.71 eV) and PtN;CIl (AG#=0 eV). This
enhancement stems from a 1.46 eV reduction in *OH binding
energy through axial Cl-induced electron withdrawal,
which dramatically accelerates product desorption without
compromising early-stage O, activation. The free energy
differences at U=1.23 V (Fig. 4c) also clearly indicate
that the RDS occurs at Step 4, where PtN;Cl, exhibits a
significantly lower energy barrier of 0.48 eV compared to
PtN; (1.94 eV) and PtN;Cl (1.23 eV). To further elucidate
the enhanced catalytic mechanism, we establish optimized
O, adsorption configurations at the catalytic sites and
perform differential charge density analysis. The calculated
adsorption free energies reveal that PtN;Cl, exhibits the
weakest O, binding affinity (Fig. 4d). The progressive
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reduction in electron transfer further confirms that CI
coordination effectively modulates the electronic structure
of the Pt center (Fig. 4e), directly contributing to the
weakened binding of intermediates and facilitating product
desorption [25]. Complementary density of states (DOS)
analysis unveils the electronic origins of this behavior. The
pronounced Pt (5d)-C1 (2p) orbital hybridization between -3
and 3 eV demonstrates strong interfacial electronic coupling.
This synergistic interaction induces a downward shift in the
Pt d-band center from — 2.06 eV in PtN; to — 2.43 eV in
PtN;Cl and further to — 2.68 eV in PtN;Cl, (Fig. 4f-h).
The 0.62 eV displacement in PtN;Cl, enhances d-orbital
electron occupancy near the Fermi level, creating optimized
adsorption sites while weakening *OH binding through
ligand field effects.

‘While the PtN; configuration excels in initial O, activation
due to its unperturbed electron-donating N5 coordination,
its strong *OH adsorption (AG,>0) creates a kinetic
bottleneck. The asymmetric PtN;Cl model partially alleviates
this limitation but introduces electronic inhomogeneity. In
contrast, the axially symmetric PtN;Cl, geometry achieves
synergistic optimization between early-stage activation and
late-stage desorption. The PtN;Cl, configuration preserves
sufficient electron density via equatorial N5 coordination
for efficient O, chemisorption, and leverages axial Cl,
ligands to modulate d-band center position, weakening
*OH binding through controlled charge redistribution. This
dual functionality achieved through symmetry-breaking
chlorination engineering reconciles traditionally antagonistic
reaction steps, yielding a significant enhancement in
theoretical turnover frequency relative to conventional PtN,
systems. Unlike conventional single-site or mono-halogen
designs, the dual-Cl configuration generates a synergistic
electronic environment that optimizes charge redistribution
at the Pt center, thereby significantly enhancing catalytic
activity and reducing the reaction barrier. Furthermore, Cl
being an intrinsic component of common metal precursors
enables a simplified synthetic approach, while its inherent
biocompatibility broadens the potential for biomedical
applications. These findings establish dual-halogen
coordination as a rational and efficient design strategy for
advanced single-atom catalysts.

© The authors

3.5 Construction of PtSANs@Lipo-Based
Immunosensor for Respiratory Virus Detection

Based on the superior catalytic performance of PtSANs@
Lipo, we engineer a double-antibody sandwich immunosen-
sor for ultrasensitive detection of respiratory viruses. As
schematically illustrated in Fig. 5a, the assay employs mag-
netic bead-conjugated primary antibodies (MB-Ab1) for tar-
get capture and PtSANs@Lipo-labeled secondary antibod-
ies (PtSANs@Lipo-Ab2) for signal amplification. The lipid
composition was carefully balanced to achieve both lipo-
some stability and high antibody conjugation efficiency [54].
The successful conjugation of antibodies is quantitatively
confirmed by hydrodynamic size analysis and protein assay.
Specifically, an approximately 10 nm increase in hydrody-
namic diameter is observed for MB-Ab1l and PtSANs@
Lipo-Ab2 compared to their unconjugated counterparts (Fig.
S17), and BCA protein assay measurements yield conju-
gation efficiencies of 67.6% and 72.4%, respectively. Upon
target recognition, the immunocomplex is formed and the
encapsulated PtSANs are triggered to release by 0.5% Triton
X-100 (Fig. S18), fully exposing catalytic sites to oxidize
TMB into a blue chromogenic product. Notably, the addi-
tion of Triton X-100 exerts no influence on TMB oxidation
(Fig. S19).

The system demonstrates remarkable sensitivity with a
characteristic absorption peak at 652 nm for the detection
of Flu A/HINI1, showing antigen concentration-depend-
ent signal intensification from 1 fg mL™! to 10 pg mL™!
(Fig. 5b). A robust linear correlation (R*=0.991) is estab-
lished between absorbance and Flu A/HINI1 concentration,
achieving a low LOD of 0.42 fg mL~! by 3N/S (N refers
to the standard deviation of the blank and S is the slope
of the calibration curve) [55]. The modular design also
facilitates rapid adaptation to diverse respiratory pathogens
through antibody pair substitution, enabling the PtSANs@
Lipo-based immunosensor to achieve ultrahigh sensitivity
with LODs of 2.23 fg mL~! for SARS-CoV-2 (Fig. 5¢) and
0.36 fg mL~! for influenza B virus (Flu B, Fig. 5d). These
detection limits represent one of the lowest levels compared
to other biosensors for nanozyme-mediated detection of res-
piratory viruses (Table S3).

To highlight its advantages in sensitivity, we firstly
compare the detection sensitivity of the PtSANs@Lipo
immunosensor with that of commercially available Flu A/
HIN1 antigen test strips as an example. The PtSANs@

https://doi.org/10.1007/s40820-026-02136-5
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Lipo immunosensor displays a distinct blue color even at an
antigen concentration as low as 10® mg mL™". In contrast,
the T-line on commercial test strips becomes undetectable
when the antigen concentration falls below 10~ mg mL™!
(Fig. 5e). This demonstrates an at least three-orders-of-
magnitude sensitivity enhancement over conventional lateral
flow assays. To elucidate the critical role of lipid-mediated
interface engineering, a control immunosensor employing
free GQDs-PtSANs (without liposomal encapsulation) is
also developed. The GQDs-PtSANs immunosensor exhib-
its significantly attenuated colorimetric signals (Fig. 5f),
confirming the protective effect of liposomes on the cata-
lytic sites in complex biological environments. Therefore,
we conclude that the superior detection performance of
PtSANs@Lipo immunosensor can be attributed to two key
factors: firstly, the efficient signal amplification capacity of
PtSANs@Lipo with axial Cl coordination, and secondly, the
liposome-mediated non-contact functionalization.

To assess the clinical accuracy and applicability of the
PtSANs@Lipo immunosensor, we conduct a comparative
analysis using 30 nasopharyngeal swab samples analyzed
by both our sensor and the gold-standard RT-qPCR method.
Nasopharyngeal swabs are widely recognized as the clini-
cal reference standard for respiratory virus detection and
are routinely used in biosensing studies [56, 57]. As shown
in the RT-qPCR results, 15 out of 30 samples are detected
to be negative for Flu A/HINI1, while the remaining 15
samples are positive (Fig. 5g). The PtSANs@Lipo detec-
tion system exhibits a colorless appearance with negligible
UV-Vis absorption for RT-qPCR-negative samples. In con-
trast, blue color is evident when detecting RT-qPCR-positive
samples using the PtSANs@Lipo immunosensor (Fig. 5h).
Receiver operating characteristic (ROC) analysis confirmed
exceptional diagnostic accuracy, achieving an area under the
curve (AUC) of 1.0 (»p<0.001, Fig. 5h inset), with Youden
index analysis revealing 100% sensitivity and specificity.
These results underscore the outstanding performance of
the PtSANs@Lipo immunosensor, exhibiting sensitivity
and accuracy that rival those of the gold-standard RT-qPCR
method. Notably, the colorimetric detection can be com-
pleted within 20 min, which is significantly faster than RT-
qPCR, typically requiring over 2h. Moreover, the PtSANs @
Lipo exhibits excellent biocompatibility under physiological
pH (Fig. S20), suggesting significant potential for clinical
translation [15]. HAADF-STEM and ICP analyses after

© The authors

6h of incubation in 10% serum confirm the structural and
compositional stability of PtSANs@Lipo, with Pt atoms
remaining atomically dispersed (Fig. S21) and no significant
change in Pt loading (Fig. S22). The demonstrated clini-
cal validity and operational efficiency highlight the great
potential of the established PtSANs@Lipo immunosensor in
addressing critical unmet needs in resource-limited settings
and mass screening scenarios.

3.6 Machine Learning in Colorimetric Assay
of PtSANs @Lipo Immunosensor

Traditional colorimetric detection methods face signifi-
cant challenges in accurately quantifying pathogen anti-
gen concentrations and interpreting complex diagnostic
data networks [58, 59]. To overcome these limitations,
we utilize the high reliability of the established PtSANs@
Lipo immunosensor to construct an integrated artificial
intelligence (Al)-driven platform. This platform enables
real-time clinical decision-making by leveraging the
computational capabilities of DeepSeek, a reinforce-
ment learning-optimized framework that has been viv-
idly adopted in medical image analysis and intelligent
health management [60, 61]. Briefly, the system operates
through a smartphone-based workflow: Users capture
images of the blue chromogenic product using a WeChat
mini-program, which then uploads the images to a server
for analysis (Fig. 6a). The detailed ResNet-50 architecture
and training procedures of the platform are illustrated in
Fig. S23.

Following extensive training with simulated clinical
samples of known Flu A/HINI antigen concentrations,
the model achieves high-confidence detection across nine
orders of magnitude: Negative, 0.5 fg mL™'-5 pg mL!,
5 pg mL™'-5 ng mL~!, 5 ng mL™'-5 pg mL~!,
and>5 pg mL~! (Fig. 6b). A stratified five-fold cross-
validation on all 179 samples is developed to ensure robust
evaluation and stable performance. To enhance accessi-
bility, we develop a lightweight web-based interface. As
demonstrated in Fig. 6¢ and the Video S1, and users can
rapidly obtain accurate pathogen concentration ranges
within 2 min by simply uploading captured images. Vali-
dation using 15 clinical Flu A/HIN1 samples demonstrates
100% accuracy in classifying concentration ranges when

https://doi.org/10.1007/s40820-026-02136-5
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compared to values determined by the calibration curve
in Fig. 5b (Figs. 6d and S24). This Al platform exhibits
strong potential for quantitative detection and intelligent
diagnosis of pathogens and other biomarkers based on
visualized strategies.

4 Conclusions

In this work, we develop a low temperature-photochemical
synthesis strategy for fabricating liposome-encapsulated Pt
single-atoms (PtSANs@Lipo) with axial PtN;Cl, coordi-
nation. This strategy on one hand significantly enhances

SHANGHAI JIAO TONG UNIVERSITY PRESS

the OXD-like catalytic activity of PtSANs, and on the
other hand, overcomes longstanding challenges in SANs
functionalization and biosensing stability. Compared with
traditional passive encapsulation methods, this direct
synthesis approach within lipid bilayers prevents metal
leaching, achieving 2.6-fold higher Pt loading than pas-
sive encapsulation methods. The liposome-mediated non-
contact functionalization not only preserves the active
sites of SANs during the covalent conjugation of recog-
nition biomolecules but also prevents the non-specific
adsorption of interfering biomolecules. DFT calculations
demonstrate that the axial CI coordination of PtSANs@
Lipo optimizes electronic structure with a d-band center

@ Springer
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of — 2.68 eV, enhancing O, activation energy while reducing
*OH desorption barriers by 1.46 eV. The combination of lipo-
somal protection of catalytic sites and the inherently superior
catalytic performance of PtN;Cl, coordination enables ultra-
sensitive detection of respiratory viruses with 100% clinical
agreement with RT-qPCR. In summary, this work develops
a dual engineering strategy integrating atomic-scale coordi-
nation modulation with liposomal functionalization, which
advances the design principles for signal amplification ele-
ments in biosensors and holds potential for applications in
pandemic surveillance and precision medicine.
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