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Abstract: Though numerous nanomaterials with enzyme-like
activities have been utilized as probes and sensors for
detecting biological molecules, it is still challenging to
construct highly sensitive detectors for biomarkers using
polymeric materials. Benefiting from the m-d delocalization
effect of electrons, excellent metal-chelating property, high
electron transferability, and good chemical stability of n-
conjugated phthalocyanine, the design of the copper phtha-
locyanine-based conjugated polymer nanoparticles (Cu-PcCP
NPs) as a colorimetric sensor for a variety of biomarkers is
reported. The Cu-PcCP NPs are synthesized through a simple
microwave-assisted polymerization, and their chemical struc-
tures are thoroughly characterized. The colorimetric results of
Cu-PcCP NPs demonstrate excellent peroxidase-like detecting

activity and also great substrate selectivity than most of the
reported Cu-based nanomaterials. The Cu-PcCP NPs can
achieve a detection limit of 4.88 uM for the H,0,, 4.27 uM for
the L-cysteine, and 21.10 uM for the glucose via a cascade
catalytic system, which shows comparable detecting sensitiv-
ity as that of many earlier reported enzyme-like nano-
materials. Moreover, Cu-PcCP NPs present remarkable resist-
ance to harsh conditions, including high temperature, low pH,
and excessive salts. These highly specific m-conjugated
copper-phthalocyanine nanoparticles not only overcome the
current limitation of polymeric material-based sensors but
also provide a new direction for designing next-generation
enzyme-like nanomaterial-based colorimetric biosensors.

J

Introduction

Biosensor-mediated detection of biomolecules has become an
increasingly important issue in a variety of areas, especially in
disease diagnoses and therapies." Abundant natural enzymes,
possessing both high substrate specificity and catalytic effi-
ciency for various biological reactions, have been proven as
excellent biosensors for detecting a number of biomarkers,
such as H,0, L-cysteine, glucose, dopamine, glutathione,
nucleic acids, proteins, and even cells.*® However, the further
applications of enzyme-based biosensors are limited by their
high cost, instability in the nonphysiological environments, and
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difficulty in storage. In this circumstance, abundant nano-
materials with enzyme-like activities have been developed as
substitutes for natural enzymes for detecting biomarkers due to
their low cost, high stability, broad working temperature and
pH, easy storage, and tunable sensing activity and selectivity.*™®

To date, more than fifty types of nanomaterials have been
found with diverse enzyme-like activities (peroxidases (PODs),
oxidases (OXDs), glucose oxidases (GOxs), and so on),” such
as the noble metals/ ' metal oxides ™" carbon
nanostructures,'®?% and metal-organic frameworks (MOFs).?'4
However, the high cost of noble metals, the low operational
stability and high cytotoxicity of metal oxides, the poor
accuracy of carbon-based materials due to their high absorb-
abilities to substrates, severally hindering their applications as
sensors for detecting biomarkers. To meet the ever-increasing
demands of sensors in biological applications, it is still urgent to
explore new nanomaterials with satisfied detecting activity and
physicochemical properties.

Polymeric materials have been gradually recognized as
potential candidates to meet the above requirements on
designing next-generation biosensors.>*?' However, owing to
their low electron transferability, unsatisfactory enzyme-like
activity, and poor sensing stability, it is still challenging to
construct polymeric material-based biosensors with high sensi-
tivity when compared with the state-of-the-art enzyme-like
nanomaterial-based biosensors. Recent studies revealed that
the phthalocyanine-based polymeric materials display unique
advantages over traditional polymers, such as a strong m
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conjugated system, high nt-d delocalization effect of electrons,
good conductivity, excellent metal-chelating property, and high
chemical stability, which may eventually lead to high enzyme-
like sensing activity.?’?®

Here, in this study, we report a new colorimetric sensor
based on copper phthalocyanine conjugated polymer nano-
particles, named as Cu-PcCP NPs, for detecting various
biomarkers. A microwave-assisted polymerization is utilized to
prepare the Cu-PcCP NPs, and their chemical structures are
systematically explored. The colorimetric results of Cu-PcCP NPs
demonstrate not only excellent enzyme-like detecting sensitiv-
ity but also great substrate selectivity than most of the reported
Cu-based nanomaterials. In detail, the Cu-PcCP NPs can achieve
a detection limit of 4.88 uM for the H,0,, 4.27 uM for the L-
cysteine, and 21.10 uM for the glucose via a cascade catalytic
system, which were comparable to many earlier reported
enzyme-like nanomaterials. Moreover, the Cu-PcCP NPs present
noticeable stability and remarkable resistance to harsh con-
ditions, such as high temperatures and low pH, overcoming the
current limitations of polymeric material-based biosensors and
offering a new direction for designing next-generation enzyme-
like nanomaterial-based colorimetric sensors.

Results and Discussion
Synthesis and Characterization

The Cu-PcCP NPs were synthesized via a facile microwave-
assisted polymerization of a benzene-1,2,4,5-tetracarbonitrile
building block with CuCl,, where the addition of 1,8-
Diazabicyclo[5.4.0]lundec-7-ene (DBU) guaranteed the formation
of conjugated networks through cyclization (Figure 1a, Fig-
ure S1).%7 The scanning electron microscopy (SEM) (Figure 1b,
Figure S2) and transmission electron microscopy (TEM) (Fig-
ure 1¢) show that the Cu-PcCP NPs present a spherical
morphology of about 200 nm while the control sample,
phthalocyanine-based conjugated polymer (PcCP) without Cu,
presents a 2D-like microscale morphology (Figure S3). The
morphologic difference indicates that the Cu ions play an
essential role in regulating the spherical morphology. The
crystalline structure and elemental distribution are analyzed by
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). Figure 1d and Figure S4 show that
there is no obvious crystal structure observed for Cu-PcCP NPs.
The amorphous morphology is further confirmed by the
obtained selected area electron diffraction (SAED, Figure 1e),
which displays no apparent bright spots. The powder X-ray
diffraction (PXRD) patterns (Figure 1f) only give a typical
conjugated polymer peak at about 26° of Cu-PcCP NPs, and no
crystalline peaks of Cu (JCPDS no. 04-0836) or CuO (JCPDS no.
34-1354) appear, which are consistent with the STEM and SAED
data. The energy dispersive spectroscopy (EDS) patterns (Fig-
ure 1g) confirm the existence of Cu in the conjugated
phthalocyanine-based polymers, and elemental mapping (Fig-
ure Th) shows the homogeneous distribution of C, N, Cu atoms.
Figure 1ij present the EDS line scanning elemental signals, and
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there are relatively low but uniform Cu and N signals along the
whole plane of materials, indicating the formation of Cu—N
coordination structures.

Then, the chemical structures were thoroughly investigated.
First, the *C NMR spectrum displays three peaks at 165.5, 133.4,
and 115.9 ppm, which attribute to the phthalocyanine macro-
cycle in the phthalocyanine-based conjugated polymer network
(Figure S5). The Raman spectra are used to study the carbon
structure of Cu-PcCP NPs (Figure 2a) and the in-plane vibrations
of the phthalocyanine molecule are verified as shown in A,
B, and B,, modes at 677, 744, and 1456 cm ™', respectively.®”
Moreover, Fourier transform infrared (FTIR) spectroscopy (Fig-
ure 2b) reveals that the signal at 1118 cm™' decreases dramati-
cally compared to the copper phthalocyanine (CuPc) small
molecules, indicating decreased peripheral C—H in-plane bend-
ing vibration on the benzene ring and confirming the polymer-
ization of phthalocyanine monomers into the Cu-PcCP NPs.®@
Most importantly, ultraviolet-visible (UV-vis) spectra are applied
to detect the conjugated structure, and the distinct blue shifts
of B band and redshifts of Q bands for Cu-PcCP NPs (compared
with CuPc motif) are observed (Figure 2c), which demonstrates
the generation of the extended conjugated structure by linking
benzene ring.?"

The detailed valence state and atom ratio of Cu coordinated
structure are further probed by X-ray photoelectron spectro-
scopy (XPS). As shown in Figure S6, the existence and atom
ratio of C (69.2 at%), N (11.0 at%), and Cu (1.1 at%) in Cu-PcCP
NPs are confirmed. Meanwhile, the high-resolution XPS spec-
trum of Cu 2p orbital clearly verifies the simultaneous presence
of Cu (I) and Cu () (Figure 2d), in which Cu (I) is dominant
(63.75%). Additionally, the N 1s spectrum of Cu-PcCP NPs
(Figure 2e) displays not only the isoindole rings (-Ng=,
400.19 eV), but also the nitrogen atoms adjacent to the central
Cu (—N-M, 398.86 €eV), suggesting the good coordination
between phthalocyanine ring cavities with Cu ions. As demon-
strated in Figure 2f, it could be deconvoluted into C,, Cg, C,, and
n-t* satellite peaks in the case of C 1s spectrum. The high
intensity of the deconvoluted m-mt* in relation to the Cu-PcCP
NPs can be ascribed to the extended conjugation and strong
bonding between the central Cu ions and phthalocyanine
macrocycles.® The above data confirm the successful con-
struction of the Cu-coordinated phthalocyanine polymeric
skeleton. For the control sample, PcCP, the corresponding FTIR
spectra, and XPS survey spectra also confirm the successful
synthesis of metal-free phthalocyanine polymers (Figure S7).

Enzyme-like Sensing Activity

After validating that the Cu-PcCP NPs display a well Cu-
coordinated phthalocyanine-based conjugated network, which
shares a similar structure to the metal-N, catalytic active
structure of many PODs, such as horseradish peroxidase (HRP),
it is supposed that the Cu-PcCP NPs can be acted as a novel
enzyme-like nanoplatforms for detecting biomarkers. Therefore,
in the following sections, we will carefully study the detection
sensitivity, selectivity, and stability of the Cu-PcCP NPs.
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Figure 1. Fabrication of Cu-PcCP NPs and their morphological characterizations. (a) Schematic illustration of the synthetic route, (b) SEM, (c) TEM, (d) HAADF-
STEM image, (e) SAED pattern of Cu-PcCP NPs. (f) Typical PXRD patterns of Cu-PcCP NPs and PcCP. (g) Corresponding EDS pattern of Cu-PcCP NPs. (h) HAADF-
STEM elemental mapping of C (blue), N (green), Cu (pink), and (i) elements merge. (j) EDS line scan signal of Cu-PcCP NPs in (i).

As a typical chromophoric substrate, 3,3'55-tetrameth- posing H,0, to produce oxTMB (blue color) with a great
ylbenzidine (TMB) is often utilized for examining the enzyme-  increasing characteristic absorbance at 652 nm, while the PcCP
like activity.”® The essay demonstrates that Cu-PcCP NPs can  and CuPc show negligible enzyme-like activities (Figure 3a,b).
rapidly catalyze the oxidation of TMB (transparent) by decom-  This is mainly owing to the m-conjugated structure of Cu-PcCP
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Figure 2. The structural characterization of Cu-PcCP NPs. (a) Raman, (b) FTIR, (c) UV-vis spectra of Cu-PcCP NPs and commercial CuPc. High-resolution XPS

spectra for Cu 2p (d), N 1s (e) and C 1s (f) of Cu-PcCP NPs.

NPs that facilitating hydrogen atoms transfer from the amino
group of TMB to the hydroxyl adsorbate.*” As expected, the
POD-like activity relies on the concentrations of Cu-PcCP NPs
and displays a time-dependent manner (Figure 3c,d). When Cu-
PcCP NPs are used in harsh conditions, they maintain a high
enzyme-like activity over a wide range of pH conditions and
temperatures (Figure 3e,f), which are much superior to natural
enzymes (e.g., HRP).”* We repeatedly conducted the POD-like
activity test via a TMB colorimetric method to verify the cyclic
catalytic ability. The results show that there is no apparent loss
of catalytic activity during the test, indicating good catalytic
stability of the Cu-PcCP NPs (Figure S8a). Besides, the Cu-PcCP
NPs also show excellent stability in the acetic acid-sodium
acetate buffer (pH 4.5), and the catalytic performance maintains
well even after soaking for 30 days (Figure S8b).

The steady-state kinetic assay is performed to examine the
POD-like activity of Cu-PcCP NPs. By using H,0, and TMB as the
substrate, the enzyme kinetic constants (K, V0w Kow and K./
K,) of Cu-PcCP NPs are determined. The typical Michaelis-
Menten kinetic curves are acquired from Cu-PcCP NPs-triggered
catalytic reactions (Figure 4a,c), and their Lineweaver-Burk
double reciprocal plots reflect a good linear relationship with
H,O, and TMB, respectively (Figure 4b,d). Compared with the
reported works, the lower K., and higher V,,,, values of Cu-PcCP
NPs indicate that they have stronger substrate affinity and
faster reaction velocity than most Cu-based nanomaterials.
What's more, the K., and K_,/K,, are also important parameters
to measure the catalytic efficiency (Table 1), which can verify
the outstanding catalytic performance of Cu-PcCP NPs. It is
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noteworthy that Cu-PcCP NPs also display excellent enzyme-like
activity and advantages over other Cu-based and many earlier
reported transition metal-based nanomaterials (Figure 4e, Ta-
ble S1), further illustrating the extraordinary catalytic perform-
ance of Cu-PcCP NPs.

In order to gain insights into the enzyme-like catalytic
mechanism of Cu-PcCP NPs, we conducted electron para-
magnetic resonance (EPR) to detect the intermediate reactive
oxygen species (ROS) by applying 5,5-Dimethyl-1-pyrroline N-
oxide (DMPO) as the spin trapping agent®™’ As shown in
Figure 5a, the characteristic peak of the DMPO/*OH adducts
exhibit a clear signal intensity of 1:2:2:1, implying that Cu-
PcCP NPs have generated *OH during the decomposition of
H,0,. Terephthalate (TA) is chosen as a fluorescent probe to
further detect the *OH (Figure 5b). The fluorescence intensity
(at 440 nm) of the reaction solution increases slightly after
adding Cu-PcCP NPs, also confirming the production of *OH.
Moreover, the EPR analysis has a signal intensity of 1:1:1:1:1:1
when the reaction solution is replaced by dimethyl sulfoxide (a
scavenger for *OH) (Figure 5¢), indicating that Cu-PcCP NPs can
produce O, during the decomposition of H,0,. And the O,*~
intermediate can also be captured via an O, -specific probe
hydroethidine (HE) (Figure 5d). However, the production of 'O,
was not detected either from EPR or fluorescence experiments
(Figure S9), so the free radicals involved in the test reaction are
*OH and O,*".

In order to distinguish the relative generation amount of
ROS, tertiary butanol (TBA) and p-benzoquinone (BQ) are
utilized as scavengers for *OH and O,"", respectively. As shown
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Figure 3. Enzyme-like performance of the Cu-PcCP NPs via using TMB as substrate. (a) Schematic illustration of POD-like catalytic mechanism of Cu-PcCP NPs.
(b) UV-vis absorption spectra of the reaction solution containing with or without PcCP, CuPc, and Cu-PcCP NPs. (c) UV-vis absorption spectra of the reaction
solution containing varying concentrations of Cu-PcCP NPs. (d) Time-dependent absorbance changes of oxTMB with varying concentrations of Cu-PcCP NPs.
(e) and (f) POD-like activity of Cu-PcCP NPs under various pH conditions and temperatures, respectively, where the absorbance at pH 4.5 was defined as
100%. The error bars were calculated from three measurements.

Table 1. Catalytic performance comparison of this work with earlier reported Cu-based nanomaterials.
Enzyme-like nanomaterials Substrate K, [mM] Vi [1078 Ms™] Ko [1073s7 Ko/Ko [s7'M7'] Ref.
H,0, 8.86 198.56 50.13 567 )
Cu-PeCP NPs TMB 0.11 30.50 7.70 72.64 This work
CuO H,0, 31.18 28.00 2.23 0.07 [36]
Cu(OH), H,0, 2891 34.00 3.33 0.12 [36]
H,0, 17.98 8.57 3.32 0.18
CuNPs/N-C TMB 157 12.80 495 3.15 371
H,0, 7.90 10.30 450 0.08
Cunanozyme T™B 0.25 21.50 7.30 12.60 [38]
H,0, 52.30 23.70 450 0.08
Cu,0 TMB 0.58 38.40 7.30 12.60 [39]
H,0, 0.50 261 2.09 4.18
CuFe,0, T™B 226 207 0.30 013 401
K, is the Michaelis constant, V,,,, is the maximal reaction velocity. K, is the catalytic constant. K,/K,, value indicates the catalytic efficiency.
Chem. Eur. J. 2022, 28, €202104591 (5 of 11) © 2022 Wiley-VCH GmbH
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Figure 4. Steady-state kinetic analysis of the Cu-PcCP NPs. Michaelis-Menten curves for (a) H,0, and (b) TMB. The error bars were obtained by three
measurements. Lineweaver-Burk plot for (c) H,0, and (d) TMB. (e) Catalytic performance comparison of this work with earlier reported transition metal-based

nanomaterials.

in Figure S10, the absorbance of oxTMB decreases rapidly
regardless of adding TBA or BQ, showing that the *OH and O,*~
intermediates both play important roles in the POD-like activity
of Cu-PcCP NPs. Meanwhile, the BQ has a greater impact on the
absorbance, which certifies that the POD-like activity of Cu-
PcCP NPs is mainly attributed to the production of O,* during
the decomposition of H,0,.

Colorimetric Detection of H,0,
Since H,0, plays a critical role in the living system, the
quantitative detection of H,O, concentration possesses great

significance in biosensing application fields. As shown in

Chem. Eur. J. 2022, 28, €202104591 (6 of 11)

Figure 6a, the absorbance at 652 nm increases gradually with
elevated H,0, concentrations in the presence of Cu-PcCP NPs.
By analyzing the linear calibration diagram in the range of 5-
100 uM (Figure 6b), the correlation coefficient was found to be
0.99817. Meanwhile, the calculated limit of detection (LOD) for
H,0, is 4.88 mM. The relative standard deviation (RSD) for LOD
was 1.1% (n=3). As shown from Table S2, Cu-PcCP NPs have a
relatively lower LOD and wider range than other nanomaterials,
thus proving that the Cu-PcCP NPs can act as an ideal biosensor
for H,0,, which lays the foundation for further cascade
detection.

© 2022 Wiley-VCH GmbH
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Colorimetric Detection of L-cysteine

L-cysteine, a typical semi-essential amino acid for human
beings, plays a vital role in various cell functions, such as
protein synthesis, metabolism, and detoxification.*? Thus,
establishing a quantitative method to detect L-cysteine rapidly
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is worth considering.”” It has been reported that L-cysteine can

inhibit the enzyme-like activity of nanomaterials through the
interaction of —SH with metal active centers, thus resulting in
changes of oxTMB absorbance.*” Based on this unique
mechanism, diverse metal-based POD-like nanomaterials have
been designed to detect L-cysteine.***’ Due to the excellent
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plot for L-cysteine. (d) Influence of working pH on the detecting performance. (e) Selectivity analysis by detecting the absorbance in the presence of L-

cysteine or the interferences. The error bars represent the standard deviation of three measurements.

POD-like activity of Cu-PcCP NPs, the catalytic sensing of L-
cysteine is carefully investigated via TMB mediated POD-like
activity assay (Figure 7a). As shown in Figure 7b, the absorbance
of oxTMB decreases gradually with the increase of L-cysteine
concentration, presenting a dose-response inhibition manner.
The linear calibration curve ranges from 20 to 200 uM (R*=
0.99338), and the calculated LOD is about 4.27 uM (n=3)
(Figure 7c). Although the LOD of Cu-PcCP NPs is slightly higher
than that of other nanomaterials, notably, the detection range
and concentration of L-cysteine are obviously larger (Table 2).
Additionally, we find that the Cu-PcCP NPs can maintain a good
detection ability for L-cysteine in a wide range of pH conditions
(Figure 7d). The selectivity of L-cysteine detection was also
verified by several amino acids, homocysteine, and glutathione
as interfering substances (Figure 7e). The results show that the
Cu-PcCP NPs-based sensing system is resistant to other
interferences and has good selectivity for L-cysteine. However,
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Table 2. Performance comparison of Cu-PcCP NPs with other reported
metal-based nanomaterials in detecting L-cysteine.

Enzyme-like nanomaterials Linear range [uM] LOD [pM] Ref.
Cu-PcCP NPs 20-200 4.27 This work
Ga(OH), 0.2-75 2.60 [44]

Cu,O NPs 0-10 0.81 [46]
MoS,-PPy-Pd 1-10 0.08 [47]
MoS,-Au@Pt 0.8-54.4 0.50 [48]
Ce0,/Co0 NCs 5-10 3.71 [49]
CuO/Zn0O nanocomposites  40-96 40.00 [50]

the distinction between L-cysteine and homocysteine remains
highly challenging due to their high structural similarity. In view
of the high sensitivity, selectivity, and stability of Cu-PcCP NPs,
their applicability for detecting L-cysteine in human serum was
studied. According to the results displayed in Table S3, the
recovery rates of L-cysteine range from 98.1 to 103.4%, and the
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RSD is limited to 1.2-2.7%, proving the potential of Cu-PcCP
NPs in clinical diagnosis.

Colorimetric Detection of Glucose

The blood glucose level is an essential physiological parameter,
and an excessive amount will lead to many endocrine-based
metabolic diseases.”" Therefore, it is essential to develop a
sensitive, low-cost, and simple glucose biosensor. Combining
the cascade catalytic activity of GOx (decomposition of glucose
into H,0,) with the POD-like activity of Cu-PcCP NPs, we
designed a biosensing platform integrated with GOx and Cu-
PcCP NPs to detect glucose concentration (Figure 8a). As shown
in Figure 8b, with the increase of glucose concentration, the
absorbance at 652 nm gradually rises, thus proving the high
sensitivity of the method for glucose detection. As can be seen
from the dose-responsive curve (Figure 8c), the calculated linear

calibration curve of the glucose ranges from 0 to 600 uM, with
LOD as low as 21.1 uM (n=3). It is noteworthy that the glucose
sensor constructed by GOx and Cu-PcCP NPs has a comparable
detection limit and even a wider linear range when compared
with many other glucose sensors, as summarized in Table 3.
Meanwhile, this hybrid sensor can maintain a good detection
ability for glucose under a wide range of pH conditions
(Figure 8d). Furthermore, the interfering substances, for in-
stance, glucose analogs, ions, and glutathione, have been
utilized to disclose the interference resistance of Cu-PcCP NPs
(Figure 8e), and the results show that the detection system has
very good selectivity for glucose. In order to study the
interference of O, in the cascade catalytic system, which may
be decomposed by OXD-like nanomaterials and subsequently
oxidize the TMB, the OXD-like enzyme activity of Cu-PcCP NPs is
also evaluated. Interestingly, Cu-PcCP NPs exhibit negligible
OXD-like activity, thus avoiding the interference of O, in the
detection process (Figure S11). Moreover, to verify the feasibility
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absorption spectra of the reaction solution containing varying concentrations of glucose. (c) Dose-response curve for glucose detection. Inset: linear
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Table 3. Performance comparison of the Cu-PcCP NPs with earlier reported
nanomaterials in glucose detection.

Enzyme-like nanomaterials  Linear range (uM)  LOD [uM]  Ref.
Cu-PcCP NPs 0-600 21.1 This work
CuNiAl LDH 10-200 29 [52]
Zn-CuO 25-500 15 [53]
CuBDC 10-500 4.1 [54]
TiO,-CeO, 10-500 6.1 [55]
GOy-hemin nanogels 0-256 4.0 [56]
Au@Pt nanorods 45-400 45.0 [57]
CoPW,;04 33-500 234 [58]

of Cu-PcCP NPs in practical application, the standard addition
method was performed to determine glucose concentration in
the human serum. As listed in Table 4, the recovery rates of
glucose range from 97.9% to 98.2% with RSD limited to 1.4-
2.6%. Therefore, the developed cascade detection biosensor
presents high sensitivity, selectivity, stability in glucose sensing,
which may have a broad application prospect in biological
analysis and medical diagnosis. At last, the potential cellular
toxicity of Cu-PcCP NPs was verified using the CCK-8 assay. The
HUVEC cells can maintain considerable viability after co-
cultured with Cu-PcCP NPs even at a high concentration
(12.5 pg/mL), indicating the good cell compatibility of Cu-PcCP
NPs (Figure S12) and their promising potential for the detection
of biomolecules in cellular condition.

Conclusion

In summary, we have successfully developed a new type of
biosensor for detecting various biomarkers. Through micro-
wave-assisted polymerization, the as-prepared Cu-PcCP NPs
feature strong metal-chelation, fast electron transfer, and good
chemical stability, which are suitable for the construction of
biosensors. Impressively, the Cu-PcCP NPs display excellent
enzyme-like detecting sensitivity and remarkable substrate
selectivity than most of the reported Cu-based nanomaterials.
And the Cu-PcCP NPs exhibit appealing performance for
sensitively detection of H,0O,, L-cysteine, and glucose with LODs
of 4.88, 4.27, and 21.10 uM, respectively. Moreover, the Cu-PcCP
NPs show excellent catalytic stability in different pH and
temperature conditions, which effectively overcome the current
limitations of many polymeric material-based sensors. Thus, we
believe that this work offers a promising strategy for the
rational design of next-generation enzyme-like nanomaterials
to detect various biomarkers.
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Table 4. Recovery tests for glucose analysis in human serum using the proposed assay (n=5).

Sample Measured before [uM] Added glucose [uM] Measured after [uM] Recovery [%] RSD [%]
1 430.3 70 490.8 98.1% 1.4%

2 431.6 100 520.2 97.9% 1.3%

3 428.4 150 567.9 98.2% 2.6%
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