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An atomically precise Aug nanocluster (dppm/dppp) synthesized via
ligand exchange exhibits oxidase-like activity. Alkaline phosphatase
(ALP) quenches O,*~, enabling sensitive and specific colorimetric
detection and demonstrating diagnostic potential.

Alkaline phosphatase (ALP) serves as a crucial clinical diagnostic
indicator, with abnormal levels associated with hepatic disorders
(obstructive jaundice, cholestatic hepatitis), bone diseases (osteo-
porosis), and cancers." The development of ALP detection
methods” is important. Current methods are generally based on
electrochemistry, chromatography, and fluorescence, which are
limited by the need for bulky precision instruments, extended
detection times, and complex operational steps. This creates a
pressing need for simple, rapid, and sensitive detection strategies.
Colorimetry based on nanozymes has emerged as a promising
alternative.® Nanozymes,® nanomaterials with intrinsic enzyme-
like catalytic activities, catalyze the conversion of O, to reactive
oxygen species (ROS), which subsequently oxidize 3,3',5,5'-
tetramethylbenzidine (TMB) to produce blue coloration. Based
on the mechanism, a cascade can be established as follows: ALP
hydrolyzes 2-phospho-i-ascorbic acid (AAP) to generate ascorbic
acid (AA) that acts as a ROS scavenger and effectively suppresses
TMB oxidation,” enabling quantitative ALP activity measurement
through colorimetric signal modulation.

Metal nanocluster-based nanozymes (nanoclusterzymes)
have recently garnered significant attention in the field of nano-
technology due to their atomic precision and sensitivity.®** They
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exhibit remarkable accuracy and efficiency across a broad spec-
trum of analytical applications, underscoring their potential as
valuable tools in catalysis and detection methodologies."* The
synthesis of atomically precise metal nanoclusters has been a
major research focus, with significant advancements in controlling
their size, composition, and surface chemistry.15 Furthermore,
integrating nanoclusterzymes into various platforms has expanded
their applications.”®'> For example, single-atom regulation of
Au,5(SR);5 resulted in its high antioxidant activity that is approxi-
mately 160 and 9 times higher than that of natural vitamin E and
antioxidant anthocyanin molecules.® The exceptional catalytic
performance of nanoclusterzymes allows efficient target reaction
catalysis within detection systems, thus enhancing sensitivity and
speed. However, current applications of nanoclusterzymes primar-
ily focus on disease treatment, with few reports on their use in
biosensing detection fields."""'® These studies indicate the vast
potential of nanoclusters in detection and sensing systems.

A previous report demonstrates that a diphosphine-
protected gold nanocluster [Auy4(Dppp)sls]** efficiently activates
0, and exhibits oxidase (OXD)like properties,"" while it suffers
from a stability issue (Fig. S1A, ESIf). Introduction of relatively
strong-coordinating thiol ligands would enhance the stability of
nanoclusters, but this may compromise their catalytic activity."” To
strike a balance between nanoclusters’ catalytic activity and stabi-
lity, we selected bis(diphenylphosphino)methane (dppm), a ligand
with higher structural rigidity, as the preferred choice for ligand
exchange in this study. Fortunately, a more stable nanocluster was
synthesized through ligand exchange. Electrospray ionization
mass spectrometry (ESI-MS) and single-crystal X-ray diffraction
(SCXRD) confirmed the precise composition and structure of this
newly formed nanocluster, which exhibits oxidase-like activity
under light excitation. By utilizing the ALP enzyme’s catalytic
reaction, we established a biosensor that provides a novel method
for detecting ALP by preventing the oxidation of TMB.

The ligand-exchange synthesis is based on the parent
nanocluster [Au;,(Dppp)sls]”" (Scheme 1, more details in the
ESIt). The reaction mixture was sampled at different time
intervals for UV-vis-NIR, ESI-MS and TLC (thin-layer
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Scheme 1 Schematic of Aug synthesis and the ALP detection mechanism.

chromatography) analyses (Fig. S2, ESIT). As shown in Fig. S2A
(ESIT), upon addition of dppm, the characteristic absorption
peaks at 343 and 436 nm of Au,4(dppp)sls disappeared within
5 minutes. After completion of the reaction, four new absorption
peaks emerged. Remarkable changes were also observed in ESI-
MS and TLC analyses (Fig. S2B and C, ESIt). The UV-vis-NIR
spectrum of the purified nanocluster exhibits four notable absorp-
tion bands centered at 332 nm (3.73 eV), 410 nm (3.02 eV), 460 nm
(2.70 eV) and 522 nm (2.38 eV) (Fig. S3A, ESIf). By extrapolating
the lowest energy absorption peak to zero absorbance, the optical
energy gap is determined to be ~2.07 eV (inset of Fig. S3A, ESIY).
ESI-MS was applied to determine the exact formula of the as-
prepared nanoclusters. As shown in Fig. S3B (ESIt), under the
positive mode, an exclusive peak at m/z 3393.93 was observed,
which is assigned to [Aug(dppm)s(dppp)l,]” (calculated m/z
3394.07; deviation, 0.14). This assignment is supported by com-
parison of the calculated and experimental isotopic patterns (inset
of Fig. S3B, ESIt). The purity of the nanocluster was further
confirmed by TLC (Fig. S3C, ESIt), X-ray photoelectron spectro-
scopy (XPS, Fig. S4, ESIt), inductively coupled plasma (ICP, Table
S1, ESIt), and thermogravimetric (TGA, Fig. S5, ESIT) analyses.
SCXRD analysis® reveals that [Aug(dppm);(dppp)L,]™ crystal-
lizes in the monoclinic P 2; chiral space group, with two
nanoclusters in a unit cell (Fig. S6, ESIT). The chirality originates
from the asymmetric arrangement of the ligands on the surface
and the metal atoms in the kernel.'® [Aug(dppm);(dppp)L,]” con-
sists of an Au; kernel comprising two I atoms, two dppm ligands,
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Fig. 1 Analysis of the [Aug(dppm)s(dppp)lol* nanocluster structure: (A) the
complete structure of [Aug(dppm)s(dppp)lol*; (B) the Auy kernel; (C) the
Aug unit; (D) the Aus unit; (E) | atom; (F) dppm ligand; and (G) the “dppm-
Au-dppp” staple. For clarity, H is omitted. Red, magenta and dark purple
denote Au, cyan denotes P, gray denotes C, and green denotes .
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and a special staple unit “dppm-Au-dppp”, as shown in Fig. 1A.
The Au; kernel (Fig. 1B) can be visualized as a triangular pyramid
Au, unit with Au-Au bond lengths ranging from 2.68 to 2.86 A
(Fig. 1C and Fig. S7A, ESIt) fused with a pyramidal Au; unit (Au-
Au bond lengths range from 2.62 to 2.89 A, Fig. 1D and Fig. S7B,
ESIt) by sharing two gold atoms. Two I atoms (Fig. 1E) are located
at both ends of the Au; kernel with an average Au-1 bond length of
2.91 A. One dppm ligand binds to the Au; unit, while another
dppm ligand bridges both the Aus and the Au, units, reinforcing
the connection between them. The distinctive staple of “dppm-
Au-dppp”(Fig. 1G) also spans both Aus and Au, units.

Inspired by the previous work where gold atoms in staple
motifs are beneficial for catalysis,"""'® we investigated the enzyme-
like activity of the Aug nanocluster bearing the special staple unit
“dppm-Au-dppp”. As shown in Fig. 2A, Aug efficiently catalyzed
the oxidation of TMB under light irradiation, giving the oxidized
product oxTMB with a characteristic absorption peak at 652 nm.
Control experiments show that light irradiation is essential, which
is also confirmed by the light on-and-off experiments (Fig. 2B).
The optimized conditions were found to be pH 4.0, 10 min, TMB
and Aug concentrations of 1 mM and 150 mg L™, respectively
(Fig. S8, ESIT). Given the swift detection and the fact that the
reaction had already achieved 92% completion within the first five
minutes, a five-minute time point was consequently chosen for
subsequent analyses. Aug remained stable at pH 4.0 for 48 h, as
shown in Fig. S9 (ESIT). Approximately 65% of its initial OXD-like
activity was retained after 6 cycles (Fig. S10, ESIt). The steady-
state kinetic assay was performed to obtain the Michaelis-
Menten curve and the Lineweaver-Burk plot under the optimal
conditions. As shown in Fig. 2C and D, the K;,, and V;,ax values
were determined to be 0.558 mM and 32.35 x 10 ® M s},
respectively.
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Fig. 2 Catalytic properties of Aug (the concentration of Aug in the solution
is 30 mg L™): (A) UV-vis absorption spectra of four samples in 0.01 M
acetate buffer solution (pH 4.0) containing: (1) Aug + light; (2) TMB + light;
(3) Aug + TMB; and (4) Aug + TMB + light. (B) Photo-controllable oxidase-
mimicking activity of Aug. (C) Reaction velocity curves under different TMB
concentrations and (D) the corresponding double reciprocal plot.
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The above experimental results suggest that Aug nanoclusters
exhibit OXD-like activity under light irradiation by catalyzing the
conversion of dissolved oxygen to generate O, radicals, which
act as the real oxidative species for oxidizing TMB. To verify this
assumption, we performed the following experiments. First, we
conducted the catalytic reaction under atmospheres of nitrogen,
oxygen, and air, respectively. As shown in Fig. S11 (ESIY),
the chromogenic intensity of Aug/TMB under N,, air, or O,
atmospheres demonstrates that oxygen serves as an essential
oxidant in the reaction. Second, various scavengers, including p-
benzoquinone (PBQ), thiourea and tryptophan (Try), were added
to the reaction mixture to confirm the type of reactive oxygen
species (ROS) during the oxidase-like reaction. The results
showed that only PBQ (O,°” scavenger) significantly inhibited
the catalytic process, suggesting that O,*~ plays an essential role
in the catalytic process. The signal for DMPO-0,*~,"" is clearly
observed (Fig. S11C, ESIt) in the Aug/DMPO system based on the
electron paramagnetic resonance (EPR) spectrum, further con-
firming the generation of O,*~ during the catalytic process. Zeta
potential analysis®® elucidated interactions among Aug, O,, and
TMB (Fig. S12, ESIf). Upon TMB addition, the potential
increased to +23.49 mV, confirming TMB adsorption onto Aug.
Subsequent illumination decreased the potential to +19.58 mV,
indicating the O,°*~ mediated TMB oxidation and desorption.

To identify the catalytic sites responsible for the OXD-like
activity of the Aug nanocluster, we conducted Density Func-
tional Theory (DFT) calculations. Three distinct locations were
selected for detailed analysis: (a) Au sites within the Au; kernel;
(b) Au sites on the surface of the Au, kernel; and (c) ‘“dppm-Au-
dppp” staple ligand site (inset, Fig. 3A). According to the
previous DFT studies,”" five steps are involved in the activation
process of O, over the catalyst surface. Each process was
calculated herein. The initial adsorption of O, at the surface
Au sites results in the formation of an intermediate species, int-
1 (step i). In step ii, int-1 is converted to int-2 through the
reduction of O,* to OOH* (i.e., O,° "), with an associated energy
change of —0.48 eV. Following this, the OOH* species undergo
further reduction to O* by reacting with a molecule of TMB-H",
which entails an energy change of —1.50 eV (step iii). Subse-
quently, the adsorbed O* species can be further reduced to H,O
through steps iv and v, as depicted in Fig. 3. Analyzing the
Gibbs free energy in Fig. 3A, each reaction step at the three

Gibbs free energy (eV)

Reaction coordinate

Fig. 3 (A) Corresponding free energy diagram for the OXD-like reaction
on three sites. (B) Proposed reaction pathways of O, reduction to H,O with
optimized adsorption configurations on the b site of Aug.
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activation sites is found to exhibit a negative energy change.
Notably, activation site (b) (i.e., Au sites on the surface of the
Au, kernel) demonstrates a more pronounced overall energy
reduction compared to the other sites. The marked thermo-
dynamic superiority suggests that oxygen molecules preferen-
tially adsorb on the activation site (b) during -catalytic
processes. Furthermore, we calculated the adsorption capabil-
ities of TMB at the three sites (a, b, and c) on the nanocluster.
As shown in Fig. S14A and B (ESIf), since TMB molecules
cannot access site (a), we only performed calculations for sites
(b) (—=0.22 eV) and (c) (—0.27 eV) (Fig. S14C and D, ESIt). The
results indicate that TMB has better adsorption capability at
site (c). Collectively, these findings support a synergistic cata-
lytic mechanism: both the Au;, kernel and the “dppm-Au-dppp”’
staple in the Aug nanocluster significantly contribute to the
catalysis by working on oxygen and TMB, respectively.

Considering that the reductive properties of AA would
inhibit TMB oxidation, we performed quenching experiments
to confirm this hypothesis and evaluate the effect of AA during
catalysis (Fig. S15, ESIt). Introduction of AA into the Aug/TMB
system led to an immediate decrease in the absorbance of
652 nm (Ags,) (black and red curves), implying effective sup-
pression of oxTMB formation. Furthermore, when AA was added
during the reaction initiation phase (blue curve), a delayed
oxidation profile of TMB emerged, persisting until the complete
consumption of AA. Strikingly, the slopes of these three curves
indicate that the introduction of AA does not significantly impact
the catalytic efficacy of Aug. To achieve highly sensitive AA
detection, the concentrations of Aug and TMB were optimized.
As demonstrated in Fig. $16 (ESIT), 10 mg L' Aug and 0.8 mM
TMB were selected as the optimal concentrations for all subse-
quent experiments. Under the optimized conditions, Ags, was
decreased gradually with the increased concentration of AA
added to the (Aug + TMB) system (Fig. S17, ESIf), confirming
the system’s responsiveness to varying levels of AA.

This colorimetric assay for ALP detection is based on an
enzyme-like conversion of AAP by ALP into AA, which subse-
quently reduces oxidized TMB (blue) to colorless oxTMB.
Consistent with the mechanism, the blue color disappeared
when both ALP and AAP were introduced into the (Aug + TMB)
system (Fig. 4A). As shown in Fig. 4B and Fig. S18 (ESIt), the
decreased amplitude demonstrated a good linear relationship
(R? = 0.992) with the concentration of ALP in the range from 0 to
10 U L™, which is comparable to some results reported in the
literature (Table S3, ESIf). Selectivity is another important
parameter for evaluating the performance of ALP detection.
To assess the efficacy of our method for detecting ALP, control
experiments were conducted with non-target proteins/enzymes
and potential interfering substances. The results, illustrated in
Fig. S19 (ESIT), demonstrate that the sensor exhibits selectivity
exclusively toward ALP. This high degree of selectivity can be
attributed to the high specificity of the enzymatic reaction,
which enhances the applicability of this ALP assay in complex
samples.

In summary, we synthesized a new nanoclusterzyme,
[Aug(dppm);(dppp)L.]’, via a bidentate phosphine ligand
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Fig. 4 (A) The feasibility of the Aug nanoclusterzyme-based system for

ALP detection (AAP (0.05 mM), Aug (0.01 mg mL™%), TMB (0.5 mM), and ALP
(100 U L™Y). (1) TMB + Aug; (2) TMB + Aug + ALP; (3) TMB + Aug + AAP; and
(4) TMB + Aug + ALP + AAP. (B) Relationship between the absorbance of
TMB and ALP concentration.

exchange strategy. SCXRD analysis revealed its structure, contain-
ing an Au, kernel with two I atoms, two dppm ligands, and a
unique “dppm-Au-dppp” staple unit. The Aug nanocluster exhi-
bits OXD-like activity and efficiently catalyzes the conversion of
oxygen to O,°~ under visible light irradiation. The color change of
the TMB system was employed to selectively detect ALP at con-
centrations down to 0.2 mU mL~" (with a signal-to-noise ratio of
3) in a turn-off mode. Additionally, we proposed a detailed
oxidase-like catalysis mechanism for the nanocluster, supported
by DFT calculations. These findings demonstrate that Au nano-
clusterzymes could serve as viable alternatives to natural enzymes
for developing highly sensitive colorimetric assays. Overall, our
work presents a promising strategy for the rational design of
stable nanoclusterzymes with superior oxidase-like activity.
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