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The management of ascorbic acid (AA) in biological fluids is of significant importance for body functions
and human health, yet challenging due to the lack of high-performance sensing catalysts. Herein, we
report the design of Rh single-atom nanozymes (Rh SAzymes) by mimicking the active sites of ascorbate
peroxidase toward efficient electrocatalytic oxidation and detection of AA. Benefiting from the enzyme-
mimicking single-atom coordination, the Rh SAzyme exhibits an unprecedented electrocatalytic activity
for AA oxidation with an onset potential as low as 0.02 V (vs. Ag/AgCl). Combined with the screen-print-
ing technology, a miniaturized Rh SAzyme biosensor was firstly constructed for tracking dynamic trends
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of AA in the human subject and detecting AA content in nutritional products. The as-prepared biosensor
exhibits excellent detection performances with a wide linear range of 10.0 pM-53.1 mM, a low detection
limit of 0.26 uM, and a long stability of 28 days. This work opens a door for the design of artificial single-
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Introduction

Ascorbic acid (AA) plays an essential role in the maintenance of
various health-determining substances, including collagen, car-
nitine, and neurotransmitters, thus representing one of the
most common and effective nutrition supplements." Moreover,
the latest studies have revealed that AA plays a unique role in
the prevention and treatment of COVID-19 and other similar
coronaviruses.” Thus, maintaining a balanced AA level in the
human body is essential to support physical and mental
resilience.>* To this end, tremendous research and commercia-
lization efforts have been devoted to developing novel bio-
sensors to continuously monitor personalized health status.’®
Among them, non-enzymatic electrochemical sensors have
attracted immense attention due to their rapid, noninvasive,
and miniaturization features. Their sensing performances are
strongly dependent on the selectivity and activity of the electro-
catalytic AA oxidation reaction. Due to the lack of high-perform-
ance electrocatalysts, however, further developments and practi-
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atom electrocatalysts to mimic natural enzymes and their subsequent application in biosensors.

cal applications remain a significant challenge.”™
Furthermore, the realization of efficient redox processes of AA
in electrochemistry is highly desirable in the elucidation of its
physiological and pharmacological action, the mechanism of
which has been the subject of debate for decades.

Single-atom catalysts (SACs) with enzyme-mimicking struc-
tures have emerged as a new frontier in the field of catalysis and
hold promise to mimic ascorbate peroxidase."*>' Unlike the
conventional nanocatalysts, SACs possess the active metals in a
single-atomic scale, thus facilitating the exposure of active sites
and promoting atom-utilization efficiency.’®*** In addition,
the active sites of SACs usually exhibit uniform geometric
environments, which differ from those of the conventional
nanocatalysts with diverse active sites (i.e. facets), thus leading
to similar adsorption states to reaction intermediates and high
selectivity. Recently, SACs have exhibited significant potential in
various catalytic reactions, such as the ORR,>** water
splitting,”®** CO, reduction,"?® and nitrate reduction.'®'”!
However, few studies have been reported on the design of SAC-
based electrochemical sensors.>>* Furthermore, the active site
of natural ascorbate peroxidase has been characterized as a
central iron ion coordinated by the four pyrrole nitrogen
atoms,*”*® yet the design of SACs to mimic such structures with
desirable activity remains a significant challenge.

Herein, we demonstrate the design of Rh single-atom nano-
zymes (Rh SAzymes), based on which a non-enzymatic electro-
chemical sensing platform has been developed. Rh is selected as
the metal center due to its high electronegativity, which is ben-
eficial for oxidative reactions, particularly dehydrogenation.®”
Combined with screen printing technology, miniaturized Rh
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SAzyme sensors were fabricated for continuously tracking the
dynamic trends of AA in the human subject and also detecting
AA content in nutritional products. Our work opens the door for
the design of artificial single-atom catalysts to mimic natural
enzymes and the development of corresponding biosensors.

Results and discussion
Synthesis and characterization of Rh SAzymes

The Rh SAzymes were synthesized via the well-developed host-
guest strategy. Fig. 1a depicts the preparation process of Rh
SAzymes. Zeolite imidazolate framework 8 (ZIF-8) was selected
as the host, while Rh(acac); acted as the guest, as its diameter
(9.36 A) falls in between the diameters of ZIF-8 pores (3.4 A)
and cavities (11.3 A). Therefore, Rh(acac); could be trapped
within the molecular cages of ZIF-8 during crystallization.
After being pyrolyzed at high temperatures, Rh atoms could be
anchored in situ onto nitrogen-doped carbon derived from
ZIFs. Inductively coupled plasma optical emission spec-
troscopy (ICP-OES) revealed a Rh loading of about 1 wt% for
the as-synthesized Rh SAzymes.

The morphology of the as-synthesized Rh SAzymes was
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As shown in Fig. 1b
and c, the Rh SAzymes retain a dodecahedral shape with a
uniform diameter of about 400 nm. Energy-dispersive X-ray
spectroscopy (EDS) maps (Fig. 1d) demonstrate the homo-
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Fig. 1 The design and characterization of Rh SAzymes. (a) Schematic
illustration of the preparation process. (b) SEM image, (c) TEM image, (d)
EDS element maps, and (e) aberration-corrected HAADF-STEM image of
the Rh SAzymes. (f) XANES and (g) EXAFS spectra of the Rh SAzymes,
RhClsz, and Rh foil at the Rh k-edge.
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geneous distribution of C, N, Zn, and Rh elements throughout
the entire architecture. As shown in Fig. 1e, the aberration-cor-
rected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image displays numerous
bright dots with sub-angstrom size, further confirming the
construction of isolated Rh single-atom sites (part of them is
marked by circles). Moreover, no obvious Rh nanoparticles or
clusters were detected. The XRD pattern of the as-obtained Rh
SAzymes shows two broad diffraction peaks at 24° and 43°
(Fig. S17), which can be indexed to the (002) and (101) planes
of N-doped graphitic carbon, respectively. Notably, no peaks
related to metallic Rh or other Rh species has been observed,
which is consistent with the HADDF-STEM results.

To elucidate the atomic structure of Rh SAzymes, X-ray
absorption spectroscopy (XAS) was further employed. Fig. 1f
shows the X-ray absorption near edge structure (XANES) of the
Rh k-edge region. Ru metal foil and RuCl; powder were
measured as a reference. The XANES spectrum is strongly
influenced by the local electronic structure and configuration
around the absorbing atom. The oxidation state of the central
metal atom can be determined by its edge position. As shown
in Fig. 1f, the absorption edge position of Rh is comparable to
that of RhCl;, indicating that the Rh valence state is close to
+3. The local coordination environment of Rh is further inves-
tigated by the extended X-ray absorption fine structure (EXAFS)
analysis. EXAFS oscillations of the Ru k-edge from Rh
SAzymes, Rh foil, and RhCl; in k spaces are shown in Fig. S2.t
As shown in Fig. 1g, the Fourier transform (FT) EXAFS spectra
show a distinct peak at about 1.5 A for the as-obtained Rh
SAzymes, which could be attributed to the Rh-N/O coordi-
nation shell. Meanwhile, the Rh-Rh coordination shell peak at
about 2.4 A is not detected, further proving the construction of
isolated Rh sites in our Rh SAzymes. A combination of XRD,
TEM, and HAADF-STEM analyses revealed that the single-atom
Rh active sites have been successfully achieved.

Electrocatalytic AA oxidation

The electrochemical oxidation of AA involves a two-electron,
two-proton transfer process, yielding dehydroascorbic acid
(DHAA) as the product.’®*° The oxidation process therefore
may follow two types of mechanisms: (i) a stepwise mecha-
nism, where electron transfers occur sequentially followed by
bond formation, and/or (ii) a concerted mechanism, where
both electron transfer and bond formation occur simul-
taneously. The electrochemical transfer coefficient (f) is shown
to be a sensitive probe of the mechanism by which electron
transfer and bond cleavage may be coupled in dissociative
electron transfer.’® The charge transfer coefficient of an irre-
versible electron transfer process is related to activation free
energy (AG(E)) and reaction free energy (AG®). Combining with
Butler Volmer’s equation, the transfer coefficient is related to
the peak potential and peak width (AE,,) as in the following
equation:

_ AG(E)

A :
- _ AG(E) 1.86RT

AG® ~ F(E—E°) F[E, By

(1)
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The above theoretical approaches can be adjusted for inves-
tigating the oxidation mechanism occurring at the Rh
SAzymes. Fig. 2a presents the electrochemical redox behaviors
at different scan rates in the presence of 10 mM AA. The
corresponding f values at different scan rates are estimated as
shown in Fig. 2b. As a result, the § remains nearly constant
regardless of the applied scan rate, indicating the irreversible
oxidation reaction. As well-demonstrated previously,’®*! a
charge transfer coefficient higher than 0.5 corresponds to a
stepwise oxidation mechanism. Thus, the electrocatalytic oxi-
dation reaction of AA proceeds stepwise, which is schemati-
cally illustrated in the inset of Fig. 2b. The first step is deproto-
nation leading to deprotonated AA molecules (intermediate a)
with usually fast kinetics, which further convert into inter-
mediate b by losing an electron. Subsequently, it transforms
into intermediate c¢ via further deprotonation. Eventually, the
intermediate ¢ is oxidized to DHAA by releasing another
electron.

To further explore the importance of single-atomic coordi-
nation of Rh SAzymes, Rh-based nanocrystals were chosen for
comparisons. The Rh and RhO, nanocrystals were prepared
according to the literature®" and further dispersed on carbon
for following explorations (i.e., Rh/C and RhO,/C). Rh/C exhi-
bits a uniform porous and dendritic morphology with an
average diameter of 70 nm (Fig. S31). The corresponding XRD
pattern (Fig. S471) further confirms the successful synthesis of
metallic Rh.>! The as-obtained Rh/C was calcined in air to
obtain the oxidized form of RhO,, which retains a similar mor-
phology indicated by TEM characterization (Fig. S51). The
electrocatalytic oxidation of AA upon Rh SAzymes, RhO,/C,
and Rh/C were evaluated by cyclic voltammetry (CV) in 0.1 M
PBS solution. Fig. 2c¢ shows the background-corrected CV
curves, among which the peaks at ~0.02 V can be ascribed to
the oxidation of AA to DHAA. Surprisingly, the Rh SAzymes
exhibit a peak current of 170 pA, which is much higher than
those of RhO,/C and Rh/C (Fig. 2d). The electrocatalytic per-
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Fig. 2 Electrocatalytic oxidation of AA. (a) CVs of Rh SAzymes in 10 mM
AA and 0.1 M PBS at different scan rates (20, 40, 60, 80, 100, and
120 mV s and (b) the corresponding g versus scan rate. (c)
Background-corrected CV curves of Rh SAzymes, RhO,/C, and Rh/C at a
scan rate of 50 mV s™* in 10 mM AA and 0.1 M PBS. (d) The corres-
ponding peak currents and mass activities of Rh SAzymes, RhO,/C, and
Rh/C for AA oxidation. (e) Comparison of the anodic peak potential for
Rh SAzymes and previously reported catalysts.#2~°
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formance of Rh SAzymes was further compared with those of
Pd/C and Pt/C which have been widely used as benchmark cat-
alysts (Fig. S9t). The results reveal that Rh SAzymes exhibit
superior current density and onset potential. Although the AA
oxidation reaction is a reversible two-electron process, the oxi-
dation of ascorbate is accompanied by a rapid hydration reac-
tion, thus leading to a hardly detectable cathodic peak for this
redox process.>® It should be noted that the small peaks that
appear before AA oxidation are assigned to the oxidation of Rh
species.” To diminish the effect of Rh loading, the peak cur-
rents were normalized by Rh mass. The resultant mass activity
is given in Fig. 2d, in which the value of Rh SAzymes is about
13 and 19 times higher than those of RhO,/C and Rh/C,
respectively. Furthermore, the anodic peak potential of
Rh SAzymes is 0.02 V which is much lower than those of
the recently reported catalysts, as shown in Fig. 2e, further
demonstrating the promising electrocatalytic activity of Rh
SAzymes.**™°

Design of miniaturized AA sensors

The high electrocatalytic activity of Rh SAzymes for AA oxi-
dation endows them with great potential toward high-perform-
ance sensors. As shown in Fig. 3a and b, a portable AA sensing
platform has been developed by using Rh SAzymes as the elec-
trocatalysts. Working, counter, and reference electrodes are
screen-printed with an insulating layer to be coated afterward.
The printed electrodes exhibit well-defined redox peaks of fer-
ricyanide ions with a reduction-oxidation potential difference
of 86 mV (Fig. S61), indicating a fast rate of heterogeneous
electron transfer. The drop-casting of a Rh SAzyme catalyst
layer was followed by that of a permeable Nafion layer for
immobilization and to prevent possible interferences. By corre-
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Fig. 3 Miniaturized electrochemical sensor. (a) The optical image and
cross-section view of a screen-printed sensor. (b) Scheme of the
modified working electrode. (c) Amperometric responses of the Rh
SAzyme sensor to the successive addition of AA, and (d) a zoomed-in
area of the red square region. (e) The corresponding concentration—
current fitted curve. (f) The selectivity, (g) reproducibility and (h) stability
tests of the Rh SAzyme sensor.
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lating the peak currents (I,) and the square root of the scan
rates (Fig. S77), the as-obtained sensor demonstrates similar
diffusion-controlled reaction kinetics.

Owing to the excellent electrocatalytic activity of Rh
SAzymes, an amperometric AA sensor has been developed. The
sensing capability of the as-obtained sensor was demonstrated
by a linear relationship between the current response and AA
concentration for a large range of 2 to 20 mM (Fig. S8F).
Furthermore, chronoamperometry tests were carried out to
evaluate the linear range and sensitivity of Rh SAzymes in 0.1
M PBS solution. As shown in Fig. 3c and d, the current
response steadily increases with the continuous addition of
AA. Fig. 3d shows the excellent amperometric signals for the
low concentration region. Further numerical fitting in Fig. 3e
yielded a wide linear response range from 10.0 pM to
53.09 mM with excellent linearity (R*> = 0.9998). Notably, the
linear range of the Rh SAzyme sensor for AA detection sur-
passes those of most of the reported non-enzymatic sensors
(Table S1t), highlighting an excellent potential for practical
applications. The corresponding sensitivity is calculated to be
31.42 pA mM™" em™? after the slope of the calibration curve
was divided by the geometrical area of the working electrode.
The detection limit was estimated as 0.26 pM, which is much
lower than the median salivary AA levels of healthy humans
(about 90 pm).>*

The anti-interference performance was assessed by compar-
ing the current response of the Rh SAzyme sensor to AA in the
presence of common possible interfering chemicals, including
NacCl, KCl, glucose, sucrose, lactic acid, and uric acid (Fig. 3f).
The as-obtained sensor shows a significant signal to 1.5 mM
AA, whereas the interference response ratio is less than 4.96%.
Such good selectivity of this AA sensor is ascribed to the
uniform structure of the Rh active sites, ensuring the accurate
detection of the target in the complex physiological environ-
ment. The reproducibility was evaluated by the I, of 10 mM
AA in 0.1 M PBS with seven identical working electrodes modi-
fied by the same method. Excitingly, the relative standard devi-
ation (RSD) values were calculated to be less than 5% (Fig. 3g),
demonstrating the high repeatability of the Rh SAzyme sensor.
Moreover, the long-term stability of the Rh SAzyme sensor was
also evaluated over a period of 28 days, and it exhibited nearly
constant signal responses with a standard deviation of 1.05%
(Fig. 3h).

Practical applications

The practical application of the Rh SAzyme sensors was
further evaluated by direct monitoring of the dynamic changes
of AA from saliva. The i-t curves for artificial saliva®
(Table S2t) containing various concentrations of AA were ana-
lyzed by dropping the sample directly on the sensor (Fig. 4a).
Fig. 4b gives the linear fit of the current response and AA con-
centration, in which the adjusted R-squared value is 0.997,
indicating the accuracy and the potential for practical appli-
cations. Furthermore, we evaluated the temporal profile of
saliva AA by measuring the response in a healthy human
subject every 20 min after the intake of AA pills. The collected
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Fig. 4 Analysis of AA in personalized saliva. (a) Responses of the Rh
SAzyme sensor to different concentrations of AA in artificial saliva, and
(b) the corresponding concentration—current fitted curve. (c) Schematic
diagram of the analysis of saliva samples with the Rh SAzyme sensor. (d)
Response of a Rh SAzyme sensor to AA in saliva before and after taking
1 g AA pills at 20 min intervals. (e) The corresponding signal response vs.
time.

saliva was used directly without further treatment (Fig. 4c).
The change in the saliva AA signal was estimated by measuring
the difference between the signal after taking the vitamin pill
and the initial baseline recorded before taking the vitamin
pill. The amperometric response of saliva AA at 0, 20, 40, 60,
80, and 100 min after taking the 1 g AA pill is shown in
Fig. 4d. The maximum AA signal is achieved at 60 min after
taking the vitamin supplement, followed by a decrease back to
the baseline after 100 min. The corresponding saliva AA tem-
poral profile, shown in Fig. 4e, reflects the pharmacokinetic
profile of AA as described in previous studies.”>®

The Rh SAzyme sensor has broader applicability due to its
wide linear detection range and high selectivity. The as-
obtained Rh SAzyme sensors were applied to a rapid determi-
nation of AA levels in nutritional products (Fig. 5a). The com-
position of the different oral formulations of nutritional pro-
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Fig. 5 Analysis of AA in nutritional products. (a) Illustration of the Rh
SAzyme sensor for onsite detection of AA in nutritional products. (b)
Response of the Rh SAzyme sensor to various types of AA products. (c)
Test results and comparison with theoretical values.
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ducts is given in Table S3.f The amperometric method was
used to determine the concentration of AA in a diluted PBS
solution. The current curves of nine different nutrition pro-
ducts are shown in Fig. 5b, based on which the AA contents
were calculated and are listed in Fig. 5c. The results from our
Rh SAzyme sensor agree well with the indicated contents of
the products within 3% deviation. Compared to conventional
vitamin monitoring techniques, such as liquid chromato-
graphy, our Rh SAzyme sensing platform exhibits excellent
convenience, cost control, and reliability for detecting AA
levels in nutritional products.

Conclusion

In this work, single-atom Rh active sites were constructed to
mimic ascorbate peroxidase, which exhibits an unprecedented
electrocatalytic activity toward AA oxidation with an onset
potential of 0.02 V. The Rh SAzyme-based sensor achieves an
excellent AA detection performance with a very wide linear
range of 10.0 pM-53.1 mM, a low detection limit of 0.26 uM
and a long stability of more than 28 days, as well as desirable
sensitivity (31.42 pA mM ' cm™?) and reproducibility.
Moreover, the miniaturized sensor exhibits a broader appli-
cation potential for rapid analysis of AA levels in nutritional
products. Our work presents a vivid example of designing arti-
ficial single-atom catalysts to mimic natural enzymes and
suggests the potential to develop next-generation electro-
chemical biosensors based on single-atom nanozymes.
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