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Sweat sensors play a significant role in personalized healthcare by dynami-

cally monitoring biochemical markers to detect individual physiological
status. The specific response to the target biomolecules usually depends on
natural oxidase, but it is susceptible to external interference. In this work,
we report tryptophan- and histidine-treated copper metal-organic frame-
works (Cu-MOFs). This amino-functionalized copper-organic framework
shows highly selective activity for ascorbate oxidation and can serve as an
efficient ascorbate oxidase-mimicking material in sensitive sweat sensors.
Experiments and calculation results elucidate that the introduced trypto-
phan/histidine fundamentally regulates the adsorption behaviors of bio-
molecules, enabling ascorbate to be selectively captured from complex
sweat and further efficiently electrooxidized. This work provides not only a
paradigm for specifically sweat sensing but also a significant understanding
of natural oxidase-inspired MOF nanoenzymes for sensing technologies

and beyond.

Wearable sensors can continuously provide health-related parameters
by tracking the biological fluid of the human body' ™. Sweat rich in
metabolites and electrolytes can be monitored electrochemically in
real time to reflect an individual’s physiological status at the molecular
level, which is essential for personalized healthcare’. However, owing
to the high complexity of sweat components, it is difficult to achieve a
stable and selective response to target sweat biomarkers, especially
biomolecules'. Basically, the responses to sweat biomolecules, such as
ascorbate, lactate, and uric acid, are determined by their electro-
oxidation behavior. These biomolecules have similar oxidation
potentials, and their corresponding oxidation reactions occur simul-
taneously and cannot be effectively distinguished". As a bioreceptor,
natural oxidase can selectively catalyze substrate biomolecules and

produce specific responses” . However, depending on the active
characteristics of dissolved oxygen and its rapid deactivation in vitro,
the performance of the sensor is rapidly decreased™, which seriously
limits the practical application of oxidase in sweat sensors.

In recent years, the development of nanoenzymes has brought
opportunities for sweat biomolecular sensing'*?°. Some nanoenzymes,
such as nanoscale carbon and metal-based materials, show high
activity against sweat biomolecules and are regarded as natural oxi-
dase mimetics*>. However, compared with natural oxidases, com-
mon nanoenzymes do not contain any recognition sites to specifically
lock biomolecules®, and sweat-containing complex biomolecules will
be adsorbed and electrooxidized indiscriminately. Consequently,
these open-ended molecular oxidation behaviors and low substrate
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selectivity cannot realize highly sensitive identification and the
response of targeted biomolecules®. Therefore, it remains a great
challenge to customize nanoenzymes and achieve specific capture and
electrooxidation of targeted sweat biomolecules.

In this work, we report an effective histidine (His)- and tryptophan
(Trp)-functionalized copper metal-organic frameworks (Cu-MOFs),
Cu(Cy00sHg) (HT-STAM-17-OFEt)), which was successfully achieved by
epitaxial growth and postsynthetic treatment with Trp and His. HT-
STAM-17-OFEt with a similar ascorbate oxidase structure can effectively
function in sweat sensors, with a high sensitivity of 0.18 and 0.48 mA cm
2mM™ in acidic and alkaline sweat, respectively. Comprehensive
experimental results and theoretical calculations reveal that HT-STAM-
17-OEt follows a working mechanism similar to that of natural oxidase;
that is, amino acids induce the specific capture and recognition of
ascorbate and then rapidly oxidize it on the copper sites. This work
demonstrates an effective MOF nanoenzyme platform inspired by
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Fig. 1| Customizing nanoenzymes inspired by natural ascorbate oxidase for
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natural oxidase, which may provide significant understanding for tar-
geted identification in sensing technologies and beyond.

Results

Structural characterization of ascorbate oxidase mimicking
Cu-MOF

Among many sweat biomolecules, ascorbate is one of the most
important biomarkers related to nutrition and immunity (Fig. 1a)*.
Ascorbate plays an indispensable role in many body functions, such as
iron absorption, collagen production, infection protection, and neu-
rological disorder prevention® . Thus, ascorbate sensing in sweat is
of significance in evaluating and preventing the risks of these diseases.
Ascorbate is specifically captured and recognized by natural ascorbate
oxidase (Fig. 1b), which has a pocket formed by Trp/His and copper
sites as specific binding and catalytic centers for precise capture
and rapid oxidation, respectively**>. Essentially, the specific binding
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histidine (His) and tryptophan (Trp) for selective catalysis of ascorbate, and
c concept of ascorbate oxidase mimicking MOF. The blue, red, gray, and white balls
represent Cu, O, C, and H atoms, respectively.
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Fig. 2 | Structure characterizations of STAM-17-OEt and HT-STAM-17-OEt.

a Crystal structures of Cu,(OH);Cl and STAM-17-OEt. The blue, red, brown, green,
and gray balls represent Cu, O, C, Cl, and H atoms, respectively. b XRD patterns of
Cu,(OH);Cl, STAM-17-OEt and HT-STAM-17-OEt. FESEM images of ¢ STAM-17-OEt
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and d HT-STAM-17-OEt. e HRTEM image of HT-STAM-17-OEt; the inset shows the
selected area electron diffraction pattern. f ATR-IR spectra of STAM-17-OEt and HT-
STAM-17-OEt.

behavior of ascorbate oxidase originates from the high affinity of Trp/
His to ascorbate, and its oxidation capability depends on the redox of
copper species. Although some nanoenzyme-related research works
have demonstrated that CuO nanoparticles® and Pt nanoparticles®*
both have ascorbate oxidase-like activity and can efficiently catalyze
ascorbate, these artificial nanoenzymes cannot specifically recognize
ascorbate owing to chemical structure limitations. Based on these
results, STAM-17-OEt with excellent hydrolytic stability is selected to
mimic natural ascorbate oxidase because STAM-17-OEt with kagome-
type topology centered by Cu paddle wheel clusters may show the
electro-oxidation behavior of ascorbate under an electrical field*. The
initial STAM-17-OEt does not contain selective binding sites for
ascorbate. We introduced Trp and His on Cu paddlewheel clusters by
postsynthetic amino acid treatment, trying to change the capture
behavior of MOF to ascorbate and make it specific (Fig. 1c).
Cu,(OH)sCl is selected to induce the formation of STAM-17-OEt in
light of their close crystal axes (Fig. 2a). The X-ray diffraction (XRD)
patterns in Fig. 2b show that STAM-17-OEt can be obtained by using
Cu,(OH)3CI nanocuboids as the copper source. No distinct XRD peak
variation is observed in HT-STAM-17-OEt after postsynthetic treatment
by mixing His and Trp at moderate concentrations, which indicates
that the whole crystal structures of STAM-17-OEt are not obviously
destroyed after amino acid soaking and ligand exchanging reaction
does not occur in this case. Field-emission scanning electron micro-
scopy (FESEM) images of STAM-17-OEt in Fig. 2c show the microslate
structure with a smooth surface and layered stack (Supplementary
Fig 5). However, some small cubic holes can be clearly observed on the
surface (Fig. 2d), and the microslate architectures remain. The pore
shape depends on the concentration of mixed amino acids (Supple-
mentary Fig. 7). Moreover, smooth and flat internal exfoliation layers
in HT-STAM-17-OEt are observed by high-resolution transmission

electron microscopy (HRTEM) (Fig. 2e). The selected-area electron
diffraction (SAED) pattern of the inner exfoliation layers shows the
ordered lattice of (270) (Fig. 2e inset), indicating the single crystal
structure® %, The unit cell parameters of Cu,(OH);Cl are 6.010, 9.130,
and 6.840 A for a, b, and c, respectively**. STAM-17-OEt closely mat-
ches the lattice parameters with a (18.567 A) and c (6.805 A). Therefore,
the growth of the ac plane of STAM-17-OFEt can align with the bc plane
of Cu,(OH);Cl, i.e., heteroepitaxial growth. In addition, continuous
ionization of 5-ethoxyisophthalic acid induces the slow dissolution of
Cu,(OH)sCl, which leads to a gradual size increase for the STAM-17-OEt
crystal. Therefore, the STAM-17-OEt crystal inherits the cuboid mor-
phology of Cu,(OH);Cl and finally forms a slat-like structure. On the
other hand, since the defects formed on crystals come from the
etching of Lewis acids*"*?, the HRTEM image also indicates this etching
of Trp/His only remains on the crystal surface. The integrity crystal
structure of STAM-17-OEt indicates that the absorption of amino acids
is dominant on the crystal surface and only a small amount of Trp or
His may diffuse into the micropores. Elementary mapping results
confirm the successful modification of amino acids on HT-STAM-17-
OEt crystal surface (Supplementary Fig. 6).

Attenuated total reflectance infrared spectrum (ATR-IR) was
further employed to examine STAM-17-OEt and HT-STAM-17-OEt.
As shown in Fig. 2f, the peaks at 3387 and 3334 cm™ correspond to N-H
scissoring, and the peak at 3269 cm™ corresponds to NH stretching
vibrations. The peaks at 2907, 1226, 845, and 581 cm™ are attributed to
O-H stretching (COOH), C-NH- stretching, N-H in-plane rocking, and
O-H out-of-plane deformation in Trp, respectively. The peaks 1150 and
822 cm™ are assigned to C=N-C stretching and N-H in-plane rocking
vibrations in His, respectively. Apart from the characteristic bands
of His and Trp, HT-STAM-17-OEt shows a characteristic peak of N-Cu-
(696 cm™), which is attributed to Cu-N stretching vibrations.

Nature Communications | (2023)14:69



Article

https://doi.org/10.1038/s41467-022-35721-4

Additionally, Cu-O stretching increases from 490 to 494 cm™, which
originates from the influence of the coordination of NH, to the Cu
paddle wheel structure. The ATR-IR results demonstrate that His and
Trp attack the Cu paddle wheel and coordinate to Cu on STAM-17-OEt.
Therefore, the surficial Cu paddle wheel on STAM-17-OEt could be
confirmed as the loading site for His and Trp. The ratio of Trp/His is
calculated as 1.88 by normalization of the common peak (O-H out of
plane bending) in His and Trp (Supplementary Fig. 8). The quantity
loading amounts and ratios of amino acids are investigated by liquid
chromatograph mass spectrometer (LC-MS). According to the estab-
lished standard curve and dilution relationship (20 times), the loading
amount of Trp and His on HT-STAM-17-OEt (100 mg) is calculated as
3.4776 x107% and 1.7796 x 102 mmol (Supplementary Fig. 10), respec-
tively. Thus, the mass loading of Trp and His is calculated as 7.10% and
2.76%, respectively. And the mole ratio of Trp/His can be counted as
1.95, whichis near to the result of ATR-IR analysis (1.88:1). And the mole
ratio of Trp/His can be counted as 1.95, which is consistent with ATR-IR
result (Supplementary Fig. 8) and the ratio of amino acids (2:1) initially
used for treatment. Moreover, X-ray photoelectron spectroscopy
(XPS) demonstrates a negative shift of binding energy for Cu 2p
(0.17 eV), and electron paramagnetic resonance (EPR) shows an addi-
tional Cu®* resonance signal in HT-STAM-17-OEt (Supplementary
Figs. 11 and 12), suggesting a surface Cu coordination structure dif-
ferent from that of STAM-17-OEt. These results also prove that His and
Trp interact with copper through coordination.

Electrochemical performances of HT-STAM-17-OEt
nanoenzymes

Figure 3a shows identical cyclic voltammetry (CV) curves for STAM-
17-OEt and HT-STAM-17-OEt in 0.1M NaCl solution, which suggests
that surface amino acids will not change the electrochemical
behavior of STAM-17-OEt. The peaks at 0.3 and —-0.2'V (vs. Ag/AgCl)
correspond to the Cu(l)/Cu(ll) redox processes, while the peak at
0.05/-0.55V (vs. Ag/AgCl) is attributed to the irreversible redox of
Cu(0)/Cu()**. However, both STAM-17-OEt and HT-STAM-17-OEt

exhibit a dramatically enhanced current response in the presence
of ascorbate, manifesting the electrochemical activity of both MOFs
toward ascorbate. A selectivity study was carried out by using a high
concentration of interfering biomolecules in sweat (Fig. 3b). We find
those interfering biomolecules, including uric acid, glucose, ethanol,
and cortisol, with their corresponding highest concentrations in
sweat, do not generate interference signals with STAM-17-OEt at 0.5V
(vs. Ag/AgCl), but the current response to ascorbate (10uM) is
directly offset by lactate (20 mM). In addition, further lowering the
applied potential would increase the response of ascorbate as well as
interference of lactate (Supplementary Fig. 15a). This phenomenon
indicates that ascorbate and lactate are both easily adsorbed and
oxidized by STAM-17-OEt and those other molecules, including glu-
cose and uric acid, cannot. In comparison, HT-STAM-17-OEt has good
selectivity in that any interference would not be caused by high
concentrations of lactate, uric acid, glucose, ethanol, and cortisol,
and the current response to ascorbate increases with increasing
applied potential (Supplementary Fig. 15b). Different from high
concentrations, these interfering biomolecules at low concentrations
(50 nM) cannot generate any interference current signals for HT-
STAM-17-OEt and STAM-17-OEt (Supplementary Fig. 16). Moreover,
HT-STAM-17-OEt can quickly respond to ascorbate when ascorbate is
added with high concentrations of interfering biomolecules at the
same time, while STAM-17-OEt has no response in this case (Supple-
mentary Fig. 17). This result demonstrates that HT-STAM-17-OEt can
favorably recognize ascorbate from other biomolecules, but STAM-
17-OEt cannot. To explore the action of His and Trp, we further use
one type of amino acid to modify STAM-17-OEt to study the selec-
tivity. It is found that STAM-17-OFEt treated with His or Trp alone still
had lactate interference (Supplementary Fig. 18). Integrating with
ATR-IR results, these findings further illustrate that the structures
composed of His and Trp on the STAM-17-OEt surface, rather than
structures composed of the same amino acids, determine ascorbate
specificity due to higher affinity to ascorbate. It should be noted
that ascorbate specificity cannot be achieved by using Trp/His at
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Fig. 3 | Electrochemical behavior and ascorbate sensing performances of HT-
STAM-17-OEt. a CV curves and b amperometry response at 0.5V vs. Ag/AgCl for
STAM-17-OEt and HT-STAM-17-OEt in 0.1M NaCl (pH=7) at 20 mVs™.

¢ Amperometry response of HT-STAM-17-OEt to successive addition of ascorbate at
0.5V vs. Ag/AgCl and the corresponding calibration curve (relative standard
deviation was obtained from three groups of samples). d Sensitivity map of HT-

STAM-17-OFEt in different electrolytes with different pH values, where the 1-4
electrolyte types represent aqueous solutions containing 0.1 M NaCl, 0.1 M NaCl/
18.5mM KCI, 0.1 M NaCl/18.5 mM KCl/12.4 mM CaCl,, 0.1 M NaCl/18.5 mM KCI/
12.4 mM CaCl,/1 mM NH,CI, respectively. e, f Platform model supported by poly-
ethylene glycol terephthalate (PET) substrate and data collection of the HT-STAM-
17-OEt-based sensor.
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relatively high (50 mM/25mM) or low concentrations (0.5mM/
0.25 mM) to treat STAM-17-OEt (Supplementary Fig. 19).

The amperometry measurements are performed at 0.5V (vs. Ag/
AgCl) to analyze the ascorbate sensing performance of HT-STAM-17-
OEt. As shown in Fig. 3¢, the current densities increase stepwise on
aliquot additions of ascorbate, and well-defined steady-state current
responses are achieved within 5s. The HT-STAM-17-OEt-based ascor-
bate sensor shows a linear dynamic range over the concentration from
3 uM to 0.897 mM with a high sensitivity of 0.41mAcm?mM™ and a
low detection limit of 1.0 uM (signal-to-noise ratio S/N =3) in neutral
NaCl solution. In addition, the HT-STAM-17-OEt-based ascorbate sen-
sor exhibits good repeatability and stability (Supplementary Figs. 21,
22), much superior to the performance of ascorbate oxidase-based
electrodes (Supplementary Fig. 23). Considering the actual sweat
sensing application, we evaluated the sensitivity of the HT-STAM-17-
OEt-based ascorbate sensor in different electrolytes in the presence of
different ions (Fig. 3d). The sensitivity of the HT-STAM-17-Oet-based
ascorbate sensor shows different levels in different types of electro-
lytes: 0.18, 0.41, and 0.48 mAcm?mM™ for NaCl with other ions,
neutral and alkaline NaCl, neutral and alkaline NaCl with other ions,
respectively. This means that electrolyte pH influences the actual
sweat ascorbate sensitivity of HT-STAM-17-OEt. The sensitivity dis-
crepancy originates from the different charge transfer resistances of
HT-STAM-17-OFEt in different electrolytes (Supplementary Fig. 24). In
addition, a mixture of high (20 mM) and low (50 nM) concentrated
sweat biomolecules, including lactate, uric acid, glucose, ethanol,
and cortisol, did not influence the response to ascorbate of HT-STAM-
17-OFEt in artificial salt solutions with different pH values (5-8) (Sup-
plementary Fig. 25). These results demonstrate the suitability of
HT-STAM-17-OEt as an oxidase-mimicking electrocatalyst for the
determination of sweat ascorbate levels based on the relationship
between sweat pH and sensitivity. Furthermore, we integrated HT-
STAM-17-OEt, Ag/AgCl reference, and Pt electrodes on a polyethylene
glycol terephthalate (PET) substrate to construct a sensor platform
and explore the functionality in actual sweat ascorbate sensing
(Fig. 3e). At an applied potential of 0.5V (vs. Ag/AgCl), this sensing
platform is highly sensitive to continuous sweat flow and gives a fast
current response to sweat ascorbate with a low background current
(0.01 mA cm™) within 5 s (Fig. 3f). By evaluating the pH value of sweat
pH (pH=5.0) and reading the current response, the sweat ascorbate
concentration was measured to be 38.9 uM.

Specific binding behavior analysis of HT-STAM-17-OEt
nanoenzymes

We first studied the binding of HT-STAM-17-OEt to ascorbate and lac-
tate by isothermal titration calorimetry (ITC). As shown in Fig. 4a, the
ITC result reveals the spontaneous interaction between HT-STAM-17-
OEt and ascorbate (Gibbs free energy, /\G < 0) and favored enthalpy
(AH<0). Additionally, the number of ascorbate adsorption sites
per Cu unit is 2.58 for HT-STAM-17-OEt. HT-STAM-17-OFEt has a higher
level of affinity (K) and a more negative enthalpy change
(A\H=-5.67 x10* calmol™) for ascorbate, which indicates a more
favorable binding effect of Trp/His on ascorbate compared with STAM-
17-OEt (Supplementary Fig. 26a). In comparison, low heat compensa-
tion for binding to lactate of HT-STAM-17-OEt can be observed, indi-
cating that Trp/His on STAM-17-OEt has a much higher affinity for
ascorbate than lactate. The ascorbate binding of HT-STAM-17-OEt
exhibits a negative entropy change (A\S=-171 cal mol™ deg™), illus-
trating the dominant role of hydrogen bonding and van der Waals
forces in the interaction of HT-STAM-17-OEt and ascorbate. Impor-
tantly, AG, /AH, and AS with all negative values are generally con-
sidered signs of specific interactions for ligand binding of proteins****,
Consequently, it is certain that Trp/His structures enable ascorbate
capture to switch from open type to specificity. Through exploration
of the influence on changing the Trp/His modification sequence, we

discovered that STAM-17-OEt was modified by first using Trp and then
His still has lactate interference. STAM-17-OEt modified by first using
His and then Trp also has lactate interference (Supplementary Fig. 27).
This result hints that His/Trp structures that can preferentially bind to
ascorbate would not form by changing the modification order owing
to full occupation of Trp or His on the Cu paddle wheel. Based on ATR-
IR results, ~-HN-Cu originates in two ways. One is the direct axial
coordination of amino acids, and the other is that amino acids connect
to ligands through destruction on the surface Cu paddle wheel due to
Cu Lewis acid property-induced activation of carbonyl carbon. Thus,
there are six possible structures of amino acids on the Cu paddle wheel
(Supplementary Fig. 28). Due to the overall ratio of Trp/His (2:1) on the
STAM-17-OEt surface, the structure in which one His is connected to Cu
along the axial direction and two Trp are connected to Cu on both
sides is the most reasonable structure because the central amino acid
can be shared by two different amino acids, ensuring the combined
effect of Trp/His. Such Trp/His on Cu paddle wheel structures dom-
inate on the MOF surface and is responsible for ascorbate selectivity.

We then used density functional theory calculation (DFT) to
explore the interaction with ascorbate and lactate of this Trp/His
structure (Fig. 4b). After geometric optimization, one His and two Trp
could form two pocket-like structures on the copper paddlewheel by
coordination. For ascorbate binding, due to lactone rings and multiple
hydroxyl groups in ascorbate, this Trp/His-formed pocket with
appropriate geometry could effectively fix ascorbate through m-1
stacking and more hydrogen bonds, forming a staggered system with
the lactone ring of ascorbate and the side chain of Trp as well as His.
For lactate binding, a single lactate molecule could also be adsorbed
on the Trp/His pocket by a single hydrogen bond. However, in com-
parison, the energy for ascorbate adsorption is calculated as —0.78 eV,
which is more negative than the lactate adsorption energy, suggesting
that ascorbate capture on the Cu paddle wheel is a spontaneous pro-
cess, whereas lactate capture requires additional energy. Calculation
results show that ascorbate binding occurs more easily than lactate
binding because of the more negative Gibbs free energy. This also
reasonably explains the ascorbate selectivity phenomenon. Such Trp/
His pockets on the STAM-17-OEt surface determine the significant
specific capture of ascorbate, and other biomolecules would be
directly excluded (Fig. 4c). Interestingly, ascorbate specificity of other
Cu-MOFs with a Cu paddle wheel can be achieved by using this post-
synthesis modification approach (Supplementary Fig. 29), suggesting
the universality of Trp/His structure formation for specific binding to
ascorbate.

Electrooxidation mechanism analysis of HT-STAM-17-OEt
nanoenzymes

Figure 5a presents the potentiodynamic polarization curves of HT-
STAM-17-OEt in 0.1M NaCl (pH=7) in the absence and presence of
ascorbate. The current density values for anodic reactions increase
with increasing overpotential, indicating the diffusion-determined
anodic process. This result indicates that HT-STAM-17-OEt would be
activated to species with strong oxidation capability under positive
potential. In the presence of 0.2 mM ascorbate, no clear change in the
polarization curve was observed. In the presence of 2 mM ascorbate,
the anode current densities increase and remain nearly constant across
all overpotential values, demonstrating that diffusion-controlled
ascorbate electrooxidation could further facilitate the electric field-
induced activation of HT-STAM-17-OEt. In situ electrochemical infrared
spectroscopy (in situ EC-IR) was employed to directly observe the
spectroscopy signal variation of HT-STAM-17-OEt under an electric
field (0.5V vs. Ag/AgCl). As seen in Fig. 5b, the adsorption peak cor-
responding to the -OH stretching vibration was observed after
applying a potential for 1 min, and the adsorption peak intensities
slightly increased after 10 min. The in situ EC-IR results suggest that
-OH groups are eliminated in HT-STAM-17-OEt under a positive
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ascorbate by Trp/His on the STAM-17-OFEt surface.

potential of 0.5V. The —~OH groups can be divided into two types:
adsorbed water (3726 and 3703 cm™) and free H,0 in MOF pores (3625
and 3599 cm™). Accordingly, the activation of HT-STAM-17-OEt is
accompanied by the ionization of H,O, which drives the formation of
intermediates with strong oxidation. The collected HT-STAM-17-OEt
powders after activation were characterized by XPS. The binding
energies of Cu 2ps/, and Cu 2py/, decrease by 0.5 and 0.4 eV, respec-
tively (Fig. 5¢), indicating different Cu coordination after electrical
activation. This means that ionization-induced oxidation state gen-
eration is also accompanied by a partial change in the Cu paddle wheel
structure.

Owing to the huge tendency of H,O adsorption on the oxygen of
-C-0-Cu- in the Cu paddle wheel*®, H,O ionization occurs on this
site. Fourier transform alternating current voltammetry (FT ac vol-
tammetry), as a technique for studying the underlying electron
transfer reaction*’*%, is employed to verify the structural variation.
Harmonics at all levels from FT ac voltammetric data for HT-STAM-17-
OEt electrocatalyst are displayed in Fig. 5d. The fundamental ac
harmonic shows two well-defined processes for Cu(l/Il) at 0.4/0.1V
and Cu(0/I) at —0.4/-0.1V. The asymmetric shape of the harmonics
demonstrates the coupling of a fast chemical reaction to electron
transfer. A Cu paddle wheel structure with positive charges can be
confirmed as a catalytic oxidation center based on the above

experimental results, and the positive charges stem from electrical
field-induced ionization of H,O (Fig. 5e). Integrating these results
with the XPS results, the involved chemical reaction should be the
coordination of H,O with unsaturated Cu(ll) generated from pulling
the positively charged ligand. Through high-resolution mass spec-
trometry (HRMS) analysis, the oxidation product of ascorbate by HT-
STAM-17-OEt was confirmed to be 2,3-diketo-L-gulonic acid (Supple-
mentary Fig. 34). The whole ascorbate oxidation process can be
summarized, as exhibited in Fig. 5f. Once ascorbate is captured by
Trp/His on the Cu paddle wheel, a positively charged Cu paddle
wheel with strong oxidability would push ascorbate to quickly
dehydrogenate and generate dehydroascorbic acid. Then, the
dehydroascorbic acid is further oxidized through a ring-opening
reaction and produces 2,3-diketo-L-gulonic acid. After oxidation, the
final product 2,3-diketo-L-gulonic acid would escape from the Trp/His
binding sites, leaving space for the next ascorbate molecule. Despite
the FT ac voltammetry results hinting that the Cu paddle wheel in HT-
STAM-17-OEt after positive potential activation would not return to
its initial structure under negative potential, the ascorbate electro-
oxidation performance of HT-STAM-17-OEt can still be maintained
over a long working time.

In addition to chemical structures, how the morphology of MOF
crystals substantially influences the electrocatalytic performance also
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Fig. 5 | Electrochemical ascorbate oxidation mechanism of HT-STAM-17-OEt.
a Potentiodynamic polarization curves of HT-STAM-17-OEt in 0.1 M NaCl (pH=7) in
the absence and presence of ascorbate. b In situ EC-IR spectrum of HT-STAM-17-OEt
in 0.1 M NaCl (pH = 7) at different times at 0.5 V vs. Ag/AgCl. ¢ Cu 2p XPS profiles of
HT-STAM-17-OFEt. d Resolved 1st, 2nd, 3rd, and 4th harmonic components of AC
voltammograms for HT-STAM-17-OEt in 0.1 M NaCl (f=9 Hz, AE=0.080 V).
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e Positively charged Cu paddle wheel as an oxidation center. f Electrooxidation
process of ascorbate. The blue, red, brown, and gray balls represent Cu, O, C, and H
atoms, respectively. Finite element simulated current distribution on the g 3D
STAM-17-OEt microslate, h 3D HT-STAM-17-OEt with cubic defects, and i 2D HT-
STAM-17-OFEt layer with cubic defects at different overpotentials.

needs to be comprehended. Considering that the catalytic activity is
governed by the electrical field, it is desirable to explore the relation-
ship between the applied electrical field and Faraday current on the
MOF geometry surface. To this end, two microscale geometry models
of STAM-17-OEt and HT-STAM-17-OEt have been built as anodes to
study the current density distribution under an electrical field by finite
element simulation (see details in Supplementary Information).
Because of limited active sites, we use the concentration-dependent
Butler-Volmer equations*:

.. afn SLidd
i=iy <CRe & — C)T ) @

where ig is the exchange current density, i is the charge transfer
current density, 17 is the overpotential, R is the gas constant, T is the
temperature, and Cg and Co are the reduction and oxidation
species coefficients, respectively. a, and a. are the anode and cath-
ode charge transfer coefficients, respectively. The dimensionless
current density presents a completely different distribution pattern
on the two geometric model surfaces at the same boundary condi-
tions when the whole electrochemical system reaches a steady state.
As seen in Fig. 5g, the dimensionless current density on the smooth
cuboid surface shows a “lake-like” distribution at a potential of 0.5V,
and the distribution is relatively random. However, for the geometry
of HT-STAM-17-OEt, the dimensionless current density on and
around the cubic defect region is higher than that on the other

regions at a potential of 0.5V (Fig. 5h). We have further discovered
that the dimensionless current density around these cubic holes is
dramatically enhanced with increasing overpotential (Fig. 5i). These
simulation results illustrate that the introduction of cubic defects
would directly change the surface Faraday current distribution on
STAM-17-OEt. The current density around such geometric defects is
highly “sensitive” to overpotential variation. This discovery also
delivers an important point that the geometric defects of MOF
crystals are the most catalytic active sites in the electrocatalytic
process.

Discussion

In summary, we customize an ascorbate oxidase-mimicking MOF HT-
STAM-17-OEt for selective sweat ascorbate sensing. This MOF could
specifically capture ascorbate from sweat biomolecules and electro-
oxidize, showing a high sensitivity of 0.18 and 0.48 mAcm?mM™ in
acidic and alkaline sweat, respectively. Tryptophan/histidine on a
copper paddlewheel with high affinity selectively recognizes ascorbate
by multiple hydrogen bonding interactions, determining the specific
and targeted identification behavior. The electro-oxidation mechan-
ism of HT-STAM-17-OFEt is that the electrical field triggers the ionization
of H,0 to generate a positively charged copper paddlewheel with a
strong oxidation capability. This work provides MOF nanoenzymes
with specific performance for sweat sensors, which may inspire sig-
nificant understanding in mimicking natural enzymes for biological
and healthcare applications.
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Methods

Synthesis of Cu,(OH);Cl nanocuboids, STAM-17-OEt and HT-
STAM-17-OEt

The Cuy(OH);Cl nanocuboids were synthesized with a hydrolysis
method. CaCO; flexible paper (2cmx3cm) as the substrate was
immersed in 0.5M CuCl, aqueous solution for 24 h at room tempera-
ture. For this process, the light green Cu,(OH);Cl nanocuboids would
grow on the surface of CaCOj3 paper. Then, the CaCOs flexible paper
was removed and washed with water. After that, the substrate was
immersed in ethanol to collect Cu,(OH);Cl nanocuboids by an ultra-
sonic method. Next, the collected Cu,(OH);Cl nanocuboids were
washed, centrifuged, and dried under the air. The synthesis of STAM-
17-OFEt single crystals was performed by using Cu,(OH)3;Cl nanocu-
boids and 5-ethoxyisophthalic acid as the copper source and organic
ligand, respectively. The conversion solution was prepared by adding
10 mg Cu,(OH)3Cl nanocuboids and 19.684 mg 5-ethoxyisophthalic
acid to 10 mL H,O. This solution was held at 40 °C for 12 h without
stirring. After the reaction, the blue STAM-17-OEt microslates were
obtained by centrifugation and washing. For the postsynthesis treat-
ment, the resultant 4 mg STAM-17-OEt microslates were dispersed in
20 mL H,O0 containing 20.4 mg tryptophan (Trp) and 7.75 mg histidine
(His) for 12h at room temperature. After washing and drying, the
product HT-STAM-17-OEt with cubic defects was obtained.

Sweat collection

Sweat samples were obtained from one healthy volunteer (male) who
provided informed consent, and it is confirmed that they complied
with all ethical regulations.

Statistics and reproducibility

Each experiment’s results are indicated in Fig. 2c-e, Supplementary
Figs. 1a-d; 2; 3a-d; 5a, b; 6a-f; 7a, b was repeated three times inde-
pendently with similar results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.

References

1. Yang,Y. & Gao, W. Wearable and flexible electronics for continuous
molecular monitoring. Chem. Soc. Rev. 48, 1465-1491 (2019).

2. Kim, J., Campbell, A. S., de Avila, B. E.-F. & Wang, J. Wearable bio-
sensors for healthcare monitoring. Nat. Biotechnol. 37,
389-406 (2019).

3. Tehrani, F. et al. An integrated wearable microneedle array for the
continuous monitoring of multiple biomarkers in interstitial fluid.
Nat. Biomed. Eng. 6, 1214-1224 (2022).

4. Song, Y.etal. Wireless battery-free wearable sweat sensor powered
by human motion. Sci. Adv. 6, eaay9842 (2020).

5. Son, J. et al. Cactus-spine-inspired sweat-collecting patch for fast
and continuous monitoring of sweat. Adv. Mater. 33,
2102740 (2021).

6. Bariya, M. et al. Sci. Adv. 6, eabb8308 (2020).

7. Ly, J. et al. Printable elastomeric electrodes with sweat-enhanced
conductivity for wearables. Sci. Adv. 7, eabg8433 (2021).

8. Mogera, U. et al. Wearable plasmonic paper-based microfluidics for
continuous sweat analysis. Sci. Adv. 8, eabn1736 (2022).

9. Gao, W. et al. Fully integrated wearable sensor arrays for multi-
plexed in situ perspiration analysis. Nature 529, 509-514 (2016).

10. Bariya, M., Nyein, H. Y. Y. & Javey, A. Wearable sweat sensors. Nat.
Electron. 1, 160-171 (2018).

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zen, J.-M., Hsu, C.-T., Hsu, Y.-L., Sue, J.-W. & Conte, E. D. Voltam-
metric peak separation of dopamine from uric acid in the presence
of ascorbic acid at greater than ambient solution temperatures.
Anal. Chem. 76, 4251-4255 (2004).

Emaminejad, S. et al. Autonomous sweat extraction and analysis
applied to cystic fibrosis and glucose monitoring using a fully
integrated wearable platform. Proc. Natl. Acad. Sci. USA 114,
4625-4630 (2017).

Zhao, Y. et al. A wearable freestanding electrochemical sensing
system. Sci. Adv. 6, eaaz0007 (2020).

Sempionatto, J. R. et al. Epidermal enzymatic biosensors for sweat
vitamin C: toward personalized nutrition. ACS Sens. 5,

1804-1813 (2020).

Wang, L. et al. Weaving sensing fibers into electrochemical fabric
for real-time health monitoring. Adv. Funct. Mater. 28,

1804456 (2018).

Zhao, J. et al. A wearable nutrition tracker. Adv. Mater. 33,
2006444 (2021).

Lin, Y. et al. Porous enzymatic membrane for nanotextured glucose
sweat sensors with high stability toward reliable noninvasive health
monitoring. Adv. Funct. Mater. 29, 1902521 (2019).

Wang, Z. et al. Engineering materials for electrochemical sweat
sensing. Adv. Funct. Mater. 31, 2008130 (2021).

Bariya, M. et al. Roll-to-Roll gravure printed electrochemical sen-
sors for wearable and medical devices. ACS Nano 12,

6978-6987 (2018).

Yang, Y. et al. A laser-engraved wearable sensor for sensitive
detection of uric acid and tyrosine in sweat. Nat. Biotechnol. 38,
217-224 (2020).

He, W. et al. Integrated textile sensor patch for real-time and mul-
tiplex sweat analysis. Sci. Adv. 5, eaax0649 (2019).

Wang, L. et al. A portable ascorbic acid in sweat analysis

system based on highly crystalline conductive nickel-based metal-
organic framework (Ni-MOF). J. Colloid Interface Sci. 616,
326-337 (2022).

Tai, L.-C. et al. Drug monitoring with wearable sweat sensors. Adv.
Mater. 30, 1707442 (2018).

Li, M., Chen, J., Wu, W., Fang, Y. & Dong, S. Oxidase-like MOF-818
nanozyme with high specificity for catalysis of catechol oxidation. J.
Am. Chem. Soc. 142, 15569-15574 (2020).

Barragan, J. T. C., Kogikoski, S., da Silva, E. T. S. G. & Kubota, L. T.
Insight into the electro-oxidation mechanism of glucose and other
carbohydrates by CuO-based electrodes. Anal. Chem. 90,
3357-3365 (2018).

Sempionatto, J. R., Montiel, V. R.-V., Vargas, E., Teymourian, H. &
Wang, J. Wearable and mobile sensors for personalized nutrition.
ACS Sens. 6, 1745-1760 (2021).

Calder, P. C., Carr, A. C., Gombart, A. F. & Eggersdorfer, M. Optimal
nutritional status for a well-functioning immune system is an
important factor to protect against viral infections. Nutrients 12,
1181 (2020).

Du, J., Cullen, J. J. & Buettner, G. R. Ascorbic acid: chemistry, biol-
ogy and the treatment of cancer. Biochim. Biophys. Acta Rev.
Cancer 1826, 443-457 (2012).

Sauberlich, H. E. Pharmacology of vitamin C. Annu. Rev. Nutr. 14,
371-391 (1994).

Traber, M. G. & Stevens, J. F. Vitamins C and E: beneficial effects
from a mechanistic perspective. Free Radical Biol. Med. 51,
1000-1013 (2011).

Messerschmidt, A. et al. Refined crystal structure of ascorbate
oxidase at 1.9 A resolution. J. Mol. Biol. 224, 179-205 (1992).
Messerschmidt, A., Luecke, H. & Huber, R. X-ray structures and
mechanistic implications of three functional derivatives of ascor-
bate oxidase from zucchini: reduced, peroxide and azide forms. J.
Mol. Biol. 230, 997-1014 (1993).

Nature Communications | (2023)14:69



Article

https://doi.org/10.1038/s41467-022-35721-4

33. He, S.-B. et al. Ascorbate oxidase mimetic activity of copper(ll)
oxide nanoparticles. ChemBioChem 21, 978-984 (2020).

34. He, S.-B. et al. Acetaminophen sensor based on the oxidase-like
activity and interference self-elimination ability of chondroitin
sulfate-modified platinum nanozyme. Sens. Actuators B 347,
130627 (2021).

35. Chen, C. et al. Platinum nanoparticles inhibit antioxidant effects of
vitamin C via ascorbate oxidase-mimetic activity. J. Mater. Chem. B
4, 7895-7901 (2016).

36. McHugh, L. N. et al. Hydrolytic stability in hemilabile metal-organic
frameworks. Nat. Chem. 10, 1096-1102 (2018).

37. Falcaro, P. et al. Centimetre-scale micropore alignment in oriented
polycrystalline metal-organic framework films via heteroepitaxial
growth. Nat. Mater. 16, 342-348 (2017).

38. Furukawa, S. et al. Heterogeneously hybridized porous coordina-
tion polymer crystals: fabrication of heterometallic core-shell sin-
gle crystals with an in-plane rotational epitaxial relationship. Angew.
Chem. Int. Ed. 48, 1766-1770 (2009).

39. Wang, Y. et al. Lattice matching growth of conductive hierarchical
porous MOF/LDH heteronanotube arrays for highly efficient water
oxidation. Adv. Mater. 33, 2006351 (2021).

40. Wells, A. F. The crystal structure of atacamite and the crystal
chemistry of cupric compounds. Acta Crystallogr. 2,175-180 (1949).

41. Zhang, S. L. et al. Metal atom-doped Co304 hierarchical nanoplates
for electrocatalytic oxygen evolution. Adv. Mater. 32,

2002235 (2020).

42. Zhou, X. et al. Molecular cleavage of metal-organic frameworks and
application to energy storage and conversion. Adv. Mater. 33,
2104341 (2021).

43. Zheng, J. et al. Ambient-pressure synthesis of ethylene glycol cat-
alyzed by Cgo-buffered Cu/SiO,. Science 376, 288-292 (2022).

44. Ross, P. D. & Subramanian, S. Thermodynamics of protein asso-
ciation reactions: forces contributing to stability. Biochemistry 20,
3096-3102 (1981).

45. Kamps, J. J. A. G. et al. Chemical basis for the recognition of tri-
methyllysine by epigenetic reader proteins. Nat. Commun. 6,

8911 (2015).

46. Wang, Z. et al. Hierarchical oriented metal-organic frameworks
assemblies for water-evaporation induced electricity generation.
Adv. Funct. Mater. 31, 2104732 (2021).

47. Zhang, Y. et al. Direct detection of electron transfer reactions
underpinning the tin-catalyzed electrochemical reduction of CO,
using Fourier-transformed ac voltammetry. ACS Catal. 7,
4846-4853 (2017).

48. Bonke, S. A., Bond, A. M., Spiccia, L. & Simonov, A. N. Para-
meterization of water electrooxidation catalyzed by metal oxides
using Fourier transformed alternating current voltammetry. J. Am.
Chem. Soc. 138, 16095-16104 (2016).

49. Ganser, M. et al. An extended formulation of Butler-Volmer elec-
trochemical reaction kinetics including the influence of mechanics.
J. Electrochem. Soc. 166, H167-H176 (2019).

Acknowledgements

This work is supported by the National Key Research and Development
Program of China (2021YFA1501000), the China Postdoctoral Science
Foundation (2021M701292), the National Natural Science Foundation of
China (52171069, 22005109), the Key Laboratory of Material Chemistry
for Energy Conversion and Storage, Ministry of Education (2021), and the
Open Project Program of Hubei Key Laboratory of Materials Chemistry

and Service Failure (2020MCF02). We thank all the funding for sup-
porting this work. We also acknowledge the measurement support of
the Analytical and Testing Center of Huazhong University of Science and
Technology (HUST), the Analytical and Testing Centre of the School of
Chemistry and Chemical Engineering (HUST), and Research Core Facil-
ities for Life Science (HUST).

Author contributions

H.L.and B.Y.X. conceived and supervised the project. Z.W. designed and
performed the experiments, including sample synthesis, characteriza-
tion, and measurements. Z.W. performed finite element analysis with
COMSOL Multiphysics (5.3a). K.X. performed DFT calculations with
Materials Studio (8.0). Y.H., C.H., L.J., J.S., Z.R,, J.Z., J.H., and F.X. per-
formed the characterization and participated in the discussion. Z.W.,
H.L., and B.Y.X. co-wrote and revised the manuscript. All authors read
and commented on this manuscript.

Competing interests
The authors declare no competing interests.

Ethics

We have complied with all relevant ethical regulations for human
research participants. Ethics Committee of Clinical Drug Trials of
Huazhong University of Science and Technology provided guidelines for
study procedures.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-35721-4.

Correspondence and requests for materials should be addressed to
Hongfang Liu or Bao Yu Xia.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:69


https://doi.org/10.1038/s41467-022-35721-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Natural oxidase-mimicking copper-organic frameworks for targeted identification of ascorbate in sensitive sweat sensing
	Results
	Structural characterization of ascorbate oxidase mimicking Cu-MOF
	Electrochemical performances of HT-STAM-17-OEt nanoenzymes
	Specific binding behavior analysis of HT-STAM-17-OEt nanoenzymes
	Electrooxidation mechanism analysis of HT-STAM-17-OEt nanoenzymes

	Discussion
	Methods
	Synthesis of Cu2(OH)3Cl nanocuboids, STAM-17-OEt and HT-STAM-17-OEt
	Sweat collection
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics
	Additional information




