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Early drug discovery is a time- and cost-consuming task requiring enzymes.
Although nanozymes with metal sites akin to metallocofactors display similar
activities, the lack of proximal amino acids hinders them from more ade-
quately mimicking enzymes for drug discovery purposes. Hence, the rational
design of the nanozyme second coordination sphere is desirable yet remains
challenging. Herein, we report a nanozyme featuring atomically dispersed Cu-
N, sites with proximal hydroxyl groups (CuNC-OH). Experimental and theo-
retical results reveal that Cu-N, site and hydroxyl respectively behave as
cofactor and amino acid of the enzymatic pocket to interact with adsorbates,
regulating nanozyme activity and inhibition. This mechanism involving dual
sites is similar to that of thyroid peroxidases, which enables specific inhibition
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of CuNC-OH by antithyroid drugs. Based on these findings, a nanozyme-
assisted drug discovery kit is established to analyze inhibition features of
thyroid peroxidase inhibitors and screen out promising antithyroid drugs with
a significant cost reduction compared with traditional enzyme Kkits.

Drug discovery is a complex process requiring a substantial commit-
ment of time, money, and effort'. To effectively screen out candidate
drugs, most strategies have been developed based on drug targets™,
such as enzymes, metabolites, receptors, and so on. The success in
both clinics and businesses makes enzyme inhibitors become the
major focus*, which occupy approximately half of the drugs in the
market. Facing various candidate molecules, the enzyme inhibition
assay is carried out in the primary screen stage for identifying and
classifying inhibitors possessing a specific mechanism. Notably,
enzyme kinetic study is informative in the understanding of drug act
yet restricted by some intrinsic drawbacks of native enzymes’®. Due to
the difficulty in separation and purification, obtainable enzymes are
commonly expensive with poor yield and uneven quality, while more
enzymes remain unavailable in the market. Moreover, the protein
skeleton is susceptible to many environmental factors (e.g., tempera-
ture and pH) and the denaturation of enzymes increases costs and

influences the reliability of assay results. Therefore, advanced alter-
natives to enzymes are anticipated to assist in early drug discovery.
As one of the state-of-the-art artificial enzymes, nanozymes have
received great interest in various traditional enzymatic applications as
the alternative to enzymes®®, such as pollutant degradation®™",
therapy”™, and biosensing'®®, Inspired by the enzyme structure,
attempts have been made to engineer atomic metal-nitrogen sites
(M-N,) akin to that of native metallocofactors'®~?, which successfully
endow nanozymes with superior enzyme-like activities>*. Never-
theless, most approaches neglect to equip the metal site with a prop-
erly designed second coordination sphere®?, as various amino acids
surround the metallocofactor in the enzymatic pocket. Given the cri-
tical role of proximal amino acids in controlling the access to
metallocofactors®®, most nanozymes with only exposed metal sites fail
to mimic the specificity of native enzymes and further perform com-
plex catalytic applications, including drug discovery. Thus, tailoring
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the second coordination sphere of nanozymes is of great importance,
which, however, is full of challenges for advancing their practical
applications.

Herein, we report a class of nanozymes featuring Cu-N, sites with
proximal hydroxyl groups (CUNC-OH) for assisting in the discovery of
antithyroid drugs. The atomic structure akin to the heme of native
peroxidases enables the expression of peroxidase-like activity. The
specific activity per Cu-N, sites of CUNC-OH (343.92 M™ min™) is 7.19
times higher than that of bare CuNC (47.82M™ min™). Mechanistic
investigations reveal that the proximal hydroxyl group functions like
an amino acid side chain to optimize the conformation of adsorbed
H,0, for activity enhancement. Moreover, proximal hydroxyl groups
can regulate the binding to inhibitors, enabling CuNC-OH to exhibit
different inhibition modes toward various mercapto inhibitors. Spe-
cifically, a similar spatial arrangement to the pocket of thyroid per-
oxidase endows CuNC-OH with a more specific binding strength
toward antithyroid drugs. Finally, a nanozyme kit was designed to
analyze inhibition features of different inhibitors, which is applicable
to not only the primary screening of thyroid drugs in the early stage
but also the quality analysis of commercial drugs.

a

Stirring 750 °C

—_—

-

Cu-OPD@KCI

R
@
Q. L

O

KClI

—_—

Results

Typically, a salt-template strategy was employed to synthesize CuNC-
OH (Fig. 1a). First, Cu(NOs),, o-phenylenediamine (OPD), and KCI
template were mixed in methanol. The obtained dry powders were
further annealed under the nitrogen flow. After removing KCI with
ultrapure water, the resultant samples were etched with sulfuric acid to
remove aggregated Cu species and CuNC was obtained. Finally, CUNC-
OH was prepared after treating CuNC with oxidative nitric acid.
Transmission electron microscopy (TEM) images first show the ultra-
thin nanosheet structure of CUNC-OH and CuNC (Fig. 1b and Supple-
mentary Fig. 1), where the treatment by nitric acid has negligible
influences on the morphology of carbon supports. High-resolution
TEM (HR-TEM) images reveal their amorphous crystalline without
aggregated species (Supplementary Fig. 2), according well with X-ray
diffraction patterns (Supplementary Fig. 3). High-angle annular dark-
field scanning TEM (HAADF-STEM) together with energy dispersion
spectroscopy (EDS) images indicate that all Cu, N, O, and C elements
disperse evenly in two samples (Supplementary Fig. 4). Aberration-
corrected HAADF-STEM was employed to visualize the dispersion of
Cu atoms (Fig. 1c and Supplementary Fig. 5). Combining the intensity
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Fig. 1| Synthesis and characterization. a Synthesis scheme of CuNC and CuNC-
OH. b TEM and (c) AC-HAADF-STEM images of CuUNC-OH. Inset: corresponding
intensity profile of grayscales. d FTIR spectra of CUNC-OH and CuNC. e XANES and

(f) EXAFS spectra of CUNC-OH, CuNC, and standard references. g WT-EXAFS of
CuNC and CuNC-OH. Source data are provided as a Source Data file.
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Fig. 2 | Characterization of the peroxidase-like activity. a Absorption spectra of
H,0, + TMB in the absence and presence of CuUNC and CuNC-OH, respectively.

b EPR spectra with DMPO trapping agent of H,0,, H,0, + CuNC, and H,0, + CuNC-
OH. ¢ Time-dependent in situ FTIR spectra of H,0, + CuNC and H,0, + CuNC-OH.
d Theoretical models of CuNC and CuNC-OH. e Energy profiles of CUNC and

Reaction Coordinate

CuNC-OH for peroxidase-like activity. Insets are the optimized models of adsorbed
H,0, on CuNC and CuNC-OH, respectively. Cu: amaranth; N: blue; C: gray; O: pink;
H: white. f PDOS plots for O p states of *O and *OH of CuNC-OH and CuNC. Source
data are provided as a Source Data file.

profile, abundant isolated bright dots demonstrate the atomic dis-
persion of Cu sites. The Cu loading of CuUNC and CuNC-OH was further
determined by inductively coupled plasma optical emission spectro-
scopy (ICP-OES) as 0.89 wt% and 0.74 wt%, respectively. The Fourier
transform infrared (FTIR) spectroscopy was performed to characterize
the carbon support (Fig. 1d). In comparison, CUNC-OH possesses an
increased -OH signal at 3210 and 1383 cm™, indicating that nitric acid
with strong oxidability introduces more -OH in the carbon support.
Correspondingly, X-ray photoelectron spectroscopy (XPS) confirms
the increased O content in CuNC-OH (9.30 at%) in comparison to CUNC
(7.42 at%) (Supplementary Fig. 6 and Supplementary Table 1). In
comparison, the shift of O 1s to the high binding energy is assigned to
the increase of -OH peak (Supplementary Fig. 7), while the contents of
other oxygen species are not affected. Moreover, Zeta potential ana-
lysis shows an opposite result of CUNC-OH (-35.5mV) from that of
CuNC (9.1 mV), which can be well explained by implantation of -OH
(Supplementary Fig. 8).

X-ray absorption spectroscopy was subsequently carried out to
study the electronic structure of CuNC-OH. As expected, In the Cu
K-edge X-ray absorption near edge structure (XANES) spectra (Fig. 1e),
the adsorption edge of CuNC-OH is located nearly to that of CuNC,
indicating the electronic structure of Cu is not affected by the intro-
duction of -OH. In comparison to Cu,O and CuO references, the
valence state of Cu is +1~+2%, Extended X-ray absorption fine struc-
ture (EXAFS) further provides the coordination information of Cu sites
at the atomic level. As shown in Fig. 1f, the prominent peak approxi-
mately at 1.40 A observed in two samples can be assigned to the Cu-N

coordination by contrasting to referring Cu,O and CuO*°. Moreover,
the lack of the Cu-Cu path further reveals that Cu sites disperse
atomically. According to fitted EXAFS results (Supplementary Fig. 9),
Cu sites of CUNC-OH (3.79 and 1.95A) share a similar coordination
structure with that of CuNC (3.96 and 1.94 A) (Supplementary Table 2).
Likewise, the same signal maximums at -4.5 A emerging in wavelet-
transformed (WT) EXAFS spectra of two CuNC verify the Cu-N primary
coordination (Fig. 1g). The difference at -7.0 A further confirms the
changed second coordination sphere of CUNC-OH, where the R-value
range (3.5-4.0 A) indicates the approximate distance between Cu and
proximal hydroxyl.

The peroxidase-like activity was tested using the classic colori-
metric regent 3,3,5,5-tetramethylbenzidine (TMB)**, and the oxi-
dized production of TMB possesses a typical absorption maximum at
652 nm (Fig. 2a). According to kinetic experiments (Supplementary
Fig. 10), CuNC-OH with a low Michaelis constant (K,,) of 41.30 mM
shows superior H,O, affinity to CuNC (69.36 mM) (Supplementary
Table 3). Furthermore, the specific activity per Cu sites of CUNC-OH
(343.92M™ min™) is about 7.19 times higher than that of CuNC
(47.82M™ min™). To explore the catalytic processes of CuNC-OH,
electronic paramagnetic resonance (EPR) and in situ attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectroscopy were
performed to probe the active intermediates produced in the catalysis.
Using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the spin-trapping
agent (Fig. 2b), the typical signals of the sDMPO-OH adduct indicate
the existence of hydroxyl radicals (*OH). However, the signal intensity
is reduced in the presence of CUNC-OH and CuNC, which means the
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common H,0, homolysis mechanism of nanozymes is not applicable
here. According to in situ ATR-FTIR spectra (Fig. 2c), similar variations
observed in CuNC-OH and CuNC reveal that the second coordination
sphere does not influence the catalytic routine of Cu-N, sites. The
increases of OOH bending at 1390 cm™ indicate the H,0, adsorption®.
Notably, the 0-O peak (767 cm™) of CuNC-OH shifts to the high
wavenumber relative to that of CuNC (730 cm™), which can be attrib-
uted to the impact of proximal hydroxyl on adsorbed peroxide
species®. Furthermore, increasing signals at 1680 cm™ reveal the for-
mation of *O-H,0 intermediates®. Notably, native copper-dependent
enzymes follow a Fenton-type H,0, activation rather than the het-
erolysis mechanism involved in some heme peroxidases®. As depicted
in Supplementary Fig. 11, Cu sites first prompt the homolysis of O-O
bonding, where the produced transient *OH readily induces the
hydrogen atom abstraction (HAA) from the other intermediate Cu-OH
and finally forms *O-H,0. Given the consumption of «OH and the
production of *O-H,0 observed above, this mechanism can be applied
to describe the catalytic processes of CUNC-OH and CuNC.

Theoretical calculations based on density functional theory (DFT)
were further carried out to understand the influences of the second
coordination sphere on the peroxidase-like activity of CUNC-OH. CuNC
was first modeled using a Cu-N, doped graphene (Fig. 2d), where the
Cu-N distance of 1.93 A matches well with the fitted EXAFS results of
1.94 A. Subsequently, the carbon site neighbor to Cu-N, sites was
modified with -OH to serve as the model of CUNC-OH. In comparison
with other possible models (Supplementary Fig. 12), its Cu-N, site is
slightly affected by the proximal hydroxyl, and both Cu-N (~1.95 A) and
Cu-0 (3.91 A) distances are consistent with EXAFS results. The catalytic
profiles of CUNC and CuNC-OH were further investigated (Fig. 2e).
First, the Cu-N, site binds with H,O, to obtain *H,0, (Supplementary
Fig. 13). For CuNC-OH, proximal -OH can interact with H,0, via
hydrogen bond, resulting in a more significant Gibbs energy change
(AG) of -0.34 eV than that of CuNC (-0.16 eV). Notably, adsorbed H,0,
on CuNC-OH presents a prolonged O-O length, a shortened Cu-O
length, and a reduced H-O-OH angle. These changes are beneficial to
the interaction between H and OH, where the *OH produced in the
subsequent Fenton-type activation more readily induces the HAA and
further produces *O-H,0. As expected, CuNC needs to overcome a
higher energy cost of 0.65eV than CuNC-OH (0.57 eV). More impor-
tantly, the activation serves as the rate-determining step, explaining
that the superior activity of CUNC-OH originates from the enhanced
H,0, activation. The following step of H,O desorption is thermo-
dynamically favorable in both CuNC-OH and CuNC. Finally, *O is
sequentially reduced into *OH and H,0, accompanied by the oxidation
of two TMB molecules. The partial density of states (PDOS) analysis
was employed to study the reactivity of active *O and *OH inter-
mediates (Fig. 2f). In comparison, similar p states of O indicate the
reactivity of *O remains the same in two nanozymes, which is also
reflected by the similar Cu-O lengths (Supplementary Fig. 14). Likewise,
the reactivity of *OH is weakly affected by the proximal hydroxyl.
Based on the analysis above, the proximal hydroxyl in the second
coordination sphere boosts the peroxidase-like activity of Cu-N, sites
by improving the adsorption and activation of H,O, rather than
directly affecting the structure of Cu-N, sites, which is similar to the
function of amino acid residue in the enzymatic pocket.

Due to the strong interaction between thiol and metal, mercapto
molecules, like cysteine (Cys), are widely reported as nanozyme inhi-
bitors yet being unselectively***°. For enzyme inhibitors with higher
specificity, interactions with proximal amino acid residues are also
important. Typically, methimazole (MMI) as an antithyroid drug tar-
gets the thyroid peroxidase*®*!, wherein the S atom can coordinate
with metal sites while imidazole forms a hydrogen bond with histidine
in the second coordination sphere (Fig. 3a). Inspired by this, MMI and
Cys as two model inhibitors were used to explore the function of
second coordination spheres in regulating inhibition. XPS spectraon O

1s of CuNC-OH with an obvious shift (—0.36 eV) of -OH first reveal its
electron loss upon the inhibition by MMI (Supplementary Fig. 15). In
comparison, peaks of CuNC are weakly affected, confirming the shift is
induced by the interaction between inhibitors and the second coor-
dination sphere. In addition, a peak at 167.4 eV emerging in XPS on S 2p
can support that the reducibility of thiols also induces the inhibition
(Supplementary Fig. 16). Furthermore, kinetic experiments reveal that
CuNC is significantly inhibited by both inhibitors (Fig. 3b), while CUNC-
OH presents a more specific inhibition behavior by MMI. Based on the
Michaelis-Menten equation, variations of the maximum reaction
velocity (Ve and K, further reveal the different inhibitory effects of
MMI and Cys (Fig. 3c). For this redox system catalyzed by metal sites,
both the reducibility and coordination ability of thiols can induce the
inhibition of peroxidase-like activity*”. In the presence of MMI, both
Vinax and K, of CUNC-OH decrease at almost the same rate, revealing
that the uncompetitive inhibition is dominating (Supplementary
Note 1)*’. However, V. and K,,, of CuNC follow different variation
rates, verifying the existence of more inhibition modes besides
uncompetitive inhibition. Given the sole Cu-N, binding site, the loose
adsorption of MMI may cause this complex inhibition mode, and the
type of other modes is difficult to be verified. In contrast, the proximal
hydroxyl in CUNC-OH is considered to synergize with the Cu-N4 site for
adsorbing MMI in a more stable conformation, reflected by its single
uncompetitive inhibition mode. A more complicated inhibition occurs
when using Cys as the inhibitor. The decreased V4, of CuNC is
assigned to the competitive inhibition (Supplementary Note 2), while
increased K, originates from the non-competitive inhibition (Supple-
mentary Note 3). The coexistent multiple inhibition modes are
explained by the lack of second coordination spheres as well. While for
CuNC-OH, the inhibition of Cys is weak. Given that Cys contributes a
lot in maintaining redox balance redox in vivo**, the reducibility of Cys
is responsible for the minor change of K, (Supplementary Note 4).
Therefore, CUNC-OH with a superior peroxidase-like activity can
quickly consume Cys. As a result, the non-competitive inhibition of Cys
is also weakened, further explaining the minor decrease of V4.

DFT calculations further demonstrate the critical role of proximal
hydroxyl in enhancing the adsorption of MMI. Similar to the con-
formation of MMI adsorbed in thyroid peroxidase, the thiol and imi-
dazole of MMI interact with the Cu-N, site and -OH of CuNC-OH,
respectively (Supplementary Fig. 17). With the assistance of -OH, the
Cu-S distance is shortened from 2.352 A of CuNC to 2.326 A of CuNC-
OH. Further comparing the adsorption energy (AE), the stronger
adsorption toward MMI than H,0, by both nanozymes explains the
inhibition phenomena (Fig. 3d), where the AF differences of CUNC-OH
(0.78 eV) and CuNC (0.68 eV) further correspond to their inhibition
levels. According to the differential charge density (DCD) analysis
(Fig. 3e), S atoms of two *MMI models present similar changes in
electronic structures with almost the same Mulliken charges (-0.376
and -0.373), indicating the Cu-S interaction contributes equally to the
adsorption of MMl in the two models. Meanwhile, the Mulliken charge
of the hydroxyl O atom changes from -0.396 to —0.473, supporting the
electron loss in the XPS characterizations above. The imidazole H atom
of *MMI on CuNC-OH shows a decreased electron density and a more
positive Mulliken charge (0.298), attributing to the interaction with
proximal hydroxyl. In comparison, the electronic structure of the
imidazole H atom of *MMI on CuNC (0.244) is close to that of free MMI
(0.241) (Supplementary Fig. 18). Hence, the boosted adsorption of
MMl is attributed to the function of the second coordination sphere.

The mechanism of action of antithyroid drugs, including MMI, is
mainly attributed to their inhibitory effect on thyroid peroxidase,
where thiol groups can not only block the metal center but also reduce
oxidative intermediates*’. Based on this protocol, the enzyme-based
drug discovery kit (EDDK) is employed in the drug primary screen
stage to obtain the inhibition features of various molecules and find
drug candidates (Fig. 4a). However, the high cost of enzymes becomes
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Fig. 3 | Inhibition of peroxidase-like activity. a Scheme of MMI adsorption in
thyroid peroxidase and CuNC-OH, respectively. b Kinetic experiments and (c) K,
and V,pq, of CuNC and CuNC-OH in the absence and presence of different inhibitors
(33.33 uM). The error bars correspond to the standard deviation of at least three
independent measurements. d Adsorption energy of CuNC and CuNC-OH for MMI

and H,0, adsorption, respectively. e DCD analysis of *“MMI on CuNC and CuNC-OH.
Light yellow regions represent the electron accumulation and light blue regions
represent the electron consumption. Cu: amaranth; N: blue; C: gray; O: pink; H:
white; S: yellow. Inset: Mulliken charges of S and H atoms. Source data are provided
as a Source Data file.

the main limitation since a large consumption of enzymes is required
for abundant drug candidates. To address this issue, we achieved a
nanozyme-assisted drug discovery kit (NDDK). Specifically, by using
existing drugs as the internal reference, NDDK can recognize those
molecules with similar inhibition features, which can be subsequently
confirmed by enzymes with a reduced dosage. For high-throughput
screening with fewer operating errors, a microfluidic chip was further
established to efficiently perform experiments (Fig. 4b). The micro-
fluidic chip is composed of a body with channels, a cap, and two valves
(Supplementary Fig. 19), where CUNC-OH and CuNC are immobilized
to drive the chip. Specifically, CUNC-OH with enhanced peroxidase-like
activity and inhibitor specificity can well reflect the inhibition of
antithyroid drugs, while CuNC can also provide information on the
inhibition toward Cu-N, sites. Scanning electron microscopy (SEM)
images show that 3-5 layers of nanosheets stack loosely on the chip
with sufficiently exposed surfaces (Supplementary Fig. 20), enabling
subsequent interactions with either substrates or inhibitors. To oper-
ate the chip, the drug analyte is first put in as depicted in Fig. 4c, which
is subsequently brought by the buffer to CuUNC-OH and CuNC for
inhibition. After spinning valves to switch channels, H,O, and TMB are
introduced for catalysis, where color signals can be further collected in
two semicircular regions.

As proof of concept, NDDK was performed on several commercial
antithyroid drugs, including MMI, propylthiouracil (PTU), methyl-
thiouracil (MTU), carbimazole (CBZ). Notably, many other mercapto
drugs also utilize the coordination ability and reducibility of thiols for
therapy®, which were included as invalid antithyroid drug models.

Also, inhibitors with other forms of sulfur were introduced, and the
sulfur-free molecule of ascorbic acid (AA) was employed as a control
inhibitor with reducibility. Detailed structures of these inhibitors
(labeled from a-n) can be found in Supplementary Fig. 21. After
determining their inhibition features, the principal component analy-
sis (PCA) was used to reduce dimensionality. Subsequently, a classic
machine learning algorithm, support vector machine (SVM), was per-
formed for the classification (Fig. 4d). The SVM decision region
boundary successfully classifies antithyroid drugs and other mole-
cules. The high prediction accuracy can be supported by the confusion
matrix (Fig. 4e). Notably, the results of four antithyroid drugs tend to
aggregate in the SVM plot owing to their similar inhibition features.
Inspired by this phenomenon, NDDK is promising in the primary
screening of antithyroid drugs by finding similar inhibition features.
The blind tests were carried out to verify the feasibility, where more
samples (labeled from 0-9) possessing similar structures to MMI and
PTU were tested (Supplementary Fig. 22). Consequently, ben-
zylthiouracil (BTU) and captopril were screened, and other multiple
inhibitors were weeded out. Notably, BTU serves as another antithyr-
oid drug in the market, and captopril is reported to inhibit iodination
reactions by thyroid peroxidase*. These results can prove the satis-
fying performance of NDDK in the primary screening stage of drug
discovery. In comparison with EDDK, the test of the above molecules
using NDDK can achieve a significant cost reduction of approximately
1966.88 $, owing to the low cost of CuNC-OH (-0.0085 $ mg™). In
addition, NDDK can be employed for the quality assay in drug dis-
covery (Supplementary Fig. 23). Within the MMI concentration range

Nature Communications | (2025)16:3123


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58291-7

EDDK

o4
S8

9 —

Valve

a Reference‘&
Valid Drugs*&
Invalid DrUQS‘C’

b Input\ C

ol

A 4

High Cost
Limited Efficiency

NDDK
Reduced Cost
Improved Efficiency

&

Promising Drugs

«' &

0%
N—

CuNC-OH\

Output _/ J ,\ 4 CuNC-OH
. tarree
Chip Nail Signals
Microfluidic Chip for Antithyroid Drugs Inhibition Assay
20+
d e .
44 44 “n m- 0
)
- 55552 44144344 % 5 on HW; 2 2 I 5
101 - %i__~ Bt 2% 2222 2 k- 000
~ s 5o = T~ o 2 i
~ Thyroid \\,ﬁ‘% . L\\ 2 2, - " i 0000
° Peroxidase %b % W 2" 0000
2 o : Al g ) o hA 0 0000
o - ’ "m g 91 0 0 02 0
w _-= m m |: f 0 0 0 0 O
e 0 000 0
-10+ ‘ d+ 0 0 00 00
c 00 0 000 0
b4 0 0 0 0 00 0 0
20— : : : : : , a 2 SR
-30 -20 -10 0 10 20 30 abcdefghijkIlmn
Feature 1 Predicted Class

Fig. 4 | Application for primary screening of antithyroid drugs. a Protocols of
the primary screen by EDDK and NDDK. b Schematic compositions of microfluidic
chip. ¢ Schematic illustrating operation protocols. d Decision region boundary plot

obtained from SVM for recognizing inhibitors. e Confusion matrix of the predicted
class and true class when recognizing different inhibitors. Source data are provided
as a Source Data file.

of 16.67-120.00 pM, two linear curves of CuNC-OH and CuNC can
collectively quantify the content of MMI (Supplementary Table 4).
Likewise, the assay of PTU can be successfully achieved. By applying
NDDK to analyze commercial tablets, the active ingredient con-
centration detected is close to the labeled amounts (Supplementary
Table 5), where the difference may be attributed to the interference
from coexistent additives. Moreover, those degenerative commercial
tablets upon simulated stimuli can be recognized by monitoring the
variation of inhibitions to avoid health problems (Supplementary
Fig. 24). In short, by employing NDDK as a supporting tool in the
primary screening stage and quality tests of drug discovery, the con-
sumption of enzymes can be effectively reduced to achieve a sig-
nificant cost saving.

Discussion
In summary, this study creates a CuNC-OH nanozyme with the
engineered second coordination sphere to assist early drug

discovery. We revealed that proximal hydroxyl behaves as the natural
amino acid of enzymatic pocket to contribute to the adsorption on
Cu-N, sites. This interaction can efficiently optimize the conforma-
tion of adsorbed H,0, to boost subsequent activation for the 7.19
times higher peroxidase-like activity. Moreover, the pocket
arrangement is similar to that of native thyroid peroxidase, endowing
CuNC-OH with a more specific binding strength toward antithyroid
drugs. Taking advantage of the nanozyme inhibition regulation, an
assay kit NDDK is developed to quantify the inhibitory effects of
various molecules. Combining the machine learning algorithm,
NDDK can assist in the primary screen of antithyroid drugs with a
significant cost reduction. Moreover, NDDK is capable of monitoring
the variation of inhibition for subsequent quality assay of commer-
cial tablets. Our work attaches great importance to nanozyme inhi-
bition and highlights the role of second coordination sphere design,
and the attempt whereafter in drug discovery can set an example to
broaden the application of nanozymes.
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Methods

Materials

All the chemicals were used as received without further purification.
Cu(NO3),-3H,0, OPD, KCI, H,SO4, HNO;, H,0,, methanol, ethanol,
sodium acetate, and acetic acid were from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). DMPO, TMB, Cys, GSH, and all
drugs were from Aladdin Company. Commercial MMI tablets were
from Merck. Commercial PTU tablets were from Wanbang Bio-
pharmaceuticals. All the chemical reagents obtained are of analytical
reagent grade.

Characterizations

TEM images were from Titan G2 F30 S-TWIN (Thermo Fisher, USA).
XPS measurements were performed by ESCALAB 250Xi (Thermo
Fisher, USA). XRD characterization was carried out by a D8 ADVANCE
(Bruker, Germany). All UV-visible spectra were obtained via a multi-
mode reader (Tecan Spark, Switzerland). Electron paramagnetic
resonance (EPR) spectra were from Bruker A300. In situ ATR-FTIR
analysis was performed using a Nicolet iS50 FT-IR spectrometer
(Thermo) equipped with a diamond internal reflection element (IRE)
(refractive index n diamond = 2.4, incidence angle r=42°). A Milli-Q
purification system (Millipore, MA) was used to obtain ultrapure water.

Synthesis of CUNC-OH and CuNC

Typically, Cu(NO3)»-3H,O (0.07g) and KCl (40g) were mixed in
methanol (30 mL), where OPD (0.08 g) was added subsequently. After
stirring for 2h, the precursor powder Cu-OPD@KCI was obtained
through a drying process at 80 °C overnight. Then, Cu-OPD@KCI was
annealed under N, flow (750 °C, 5 °C min™). Using H,O to remove KCI
template, the resultant samples were further etched by H,SO, (1 M) to
remove aggregated Cu species and prepare CuNC. Further treating
CuNC with HNO5; (1M), CuNC-OH can be synthesized. The cost of
CuNC-OH was calculated as 0.0085 $ mg™ according to the price of
precursors.

Characterization of peroxidase-like activity

The H,0,-TMB system was used to characterize the peroxidase-like
activity of CUNC-OH and CuNC. Specifically, 10 uL CuNC-OH suspen-
sion (0.1mgmL"), 150 uL acetate buffer solution (0.1M, pH = 3.5),
100 pL H,0, (100 mM) and 50 uL TMB (1 mM dissolved in ethanol) were
incubated at room temperature. The absorbance at 652nm was
recorded for further comparison.

Kinetic experiments

All the assays were conducted in acetate buffer (0.1 M, 150 uL, pH 3.5)
at room temperature. Typically, CuNC-OH suspension (10uL,
0.5mgmL™), H,O (50 uL), different concentrations of H,0, solution
(50 L), and TMB (50 L, 10 mM dissolved in ethanol) were added in
sequence. The absorbance at 652 nm was recorded with the interval of
10 s, which was fitted linearly to obtain the initial velocity. Then, the
initial velocity was plotted versus the concentration of H,O, and fur-
ther fitted by the nonlinear regression following the Michaelis-Menten
equation:

1/V=Kpn/(Vmax[SD +1/Vmax @
where V is the initial velocity, [S] is the concentration of the substrate,
K, is the Michaelis-Menten constant, and V,,,, is the maximal reaction
velocity.

To compare CuNC-OH and CuNC, the catalytic constant (k) can
be calculated by the following equation:

kear =Vimax/C 2)

where c is the molar concentration of Cu sites.

Kinetic experiments with inhibitors

Similar to natural peroxidases, the peroxidase-like activity of CUNC-OH
and CuNC is mainly from the activation of H,0,. Therefore, the
inhibited kinetics toward H,0, are studied in this section. The catalysis
condition is similar to the parameters stated above, except for repla-
cing H,O (50 L) with the Cys/MMI solution (50 uL, 0.05-0.4 mM).
Other procedures are the same as stated above, where V4 and K,
were respectively plotted versus the concentration of mercapto inhi-
bitors to study the activity inhibition.

DFT calculations

All spin polarization calculations were carried out using the DMol®
code"’. The electron interactions were described by Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional within the generalized
gradient approximation (GGA)*®. The empirical correction in Grimme’s
scheme (DFT + D) was utilized to treat the Vander Waals interactions®.
The double numerical plus polarization (DNP) basis set was used for
other elements. Self-consistent field (SCF) computations were per-
formed with the SCF tolerance of 107 on the total energy and electronic
computations. Moreover, the real-space global orbital cutoff radius was
chosen as high as 5.2 A in all the computations. The Brillouin zone was
sampled with a Monkhorst-Pack mesh with a 5x5x1 grid in reciprocal
space during geometry optimizations. The vacuum space was set as 20 A
to avoid the interactions between periodic images.

The Gibbs free energy change (AG) of every elemental step was
determined by the following equation: AG=AE+AZPE-TAS. The
reaction energy (AE) can be directly determined by analyzing the DFT
total energies. AZPE and AS are the zero-point energy difference and
the entropy difference between the adsorbed state and the gas phase,
respectively, and T is the system temperature (298.15K). For each
system, its ZPE can be calculated by summing vibrational frequencies
overall normal modes v (ZPE=1/2Yhv). The entropies of the free
molecules (H,0,, H,, and H,0) were taken from the NIST database,
while the energy contribution from the adsorbed state was neglected.
One-half of the chemical potential of H, molecule was used as the
chemical potential of the proton-electron pairs. The free energy of «OH
can be calculated in terms of the free energies of H,O and H* according
to the equation: G(H,0) = G(+OH) + G(H") + E(-2.73 V).

Preparation of the microfluidic chip

The microfluidic chip is prepared by a 3D print machine (UnionTech).
To immobilize CuNC-OH onto the chip, the suspension (50 pL,
0.1mgmL™) is mixed with 5% Nafion and dropped on the chip. After
drying at 60 °C for 4 h, CuNC is immobilized using the same protocol.
Subsequently, the chip is assembled using nails and reinforced by
Vaseline to avoid leakage. Different solutions were respectively intro-
duced into the chip through a pump with a flow rate of 1mlmin.

Assay of drugs

The assay of different drugs was carried out using the resultant
microfluidic chip. First, drug molecules (50 uL, 4 mM) were introduced
into the chip. By injecting acetate buffer solution (0.1 M, pH =3.5), drug
molecules were brought to inhibit CUNC-OH and CuNC, respectively.
After switching valves, H,0, (100 mM) and TMB (1mM dissolved in
ethanol) were further injected for an incubation of 15 min. The absor-
bance at 652 nm (A4;) was recorded for further calculations. Similarly,
blank signals were determined in the absence of drugs, which are
denoted as Aq. The inhibition rate of a specific drug is calculated using
(1-AyAp) x100%. Finally, inhibition rates obtained from CuNC-OH and
CuNC were collected for further analysis.

Blind tests using NDDK

To evaluate the efficiency of NDDK, 10 molecules with structures similar
to MMI or PTU were tested. Python (version 3.13) was utilized for clas-
sification and prediction. Python libraries that support data processing
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and analysis include pandas (version 2.2.3), numpy (version 2.1.3), scikit-
learn (version 1.5.2), and joblib (version 1.4.2). Seaborn (version 0.13.2)
and matplotlib (version 3.9.2) were used to generate plots. Data stan-
dardization was performed using StandardScaler, followed by feature
selection through PCA. The dataset was partitioned into training and test
sets using an 80/20 split with stratified sampling to ensure consistent
class distributions and a fixed random state was used for reproducibility.
The SVM with an Radial Basis Function (RBF) kernel was used as the
supervised classification model®’. Model performance was further ana-
lyzed through confusion matrices along with standard evaluation
metrics such as accuracy, precision, recall, and Fl-score.

Cost of EDDK and NDDK

Notably, thyroid peroxidase is not sold in the market anymore,
where the difficult acquisition of enzymes is one important cause
for the design of NDDK. Given that the operation of NDDK is
basically the same as that of EDDK, the cost difference is mainly
attributed to the difference between thyroid peroxidase and
CuNC-OH/CuNC. By referring to a former selling price of thyroid
peroxidase (Aladdin T572858-1mg 2622.54 $ mg™), the single test
of 25 molecules in this work following procedures above requires
about 1966.91 $, while NDDK only consumes 0.026 $.

Quality assay of commercial tablets

Before the assay, commercial tablets were ground into powers for dis-
solution. The powders were respectively treated with H,O (1 mL), H,0,
(100 mM, 1 mL), ethanol (1mL), 80 °C, and UV light. Subsequently, the
assay was achieved based on the same protocols stated above.

Data availability

The data generated in this study are provided in this paper, its Sup-
porting Information file, Source Data and from corresponding author
upon request. Source data are provided with this paper.

Code availability

The source codes of this work are publicly available on GitHub at
https://github.com/L0JI/SVM_CuNC Drug and co-deposited on
Zenodo at https://doi.org/10.5281/zenodo.15003366°°.
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