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ABSTRACT: Selective discrimination of glycosaminoglycans (GAGs) is ~ Nenozyme-porphyrin sensorarray

crucial for drug safety and quality control but remains challenging because ¢ ~pP2 \ )
GAGs share similar disaccharide repeating units and overlapping polyanionic ~©A¢ Machine leaming i &
features. Nanozyme-based sensor arrays offer a cross-reactive fingerprinting Heatmap LDA
strategy, yet many require multiple nanozymes with single readouts and Dual-channel signal outputs

correlated responses, increasing operational complexity and limiting pattern

separability. Herein, we constructed a dual-channel sensor array by ol e Ry S *é,,, .'.
assembling two cationic near-infrared (NIR) porphyrins with a multifunc- 2 ohs i ™ gel
tional Pt—Ni/rGO nanozyme that integrated efficient fluorescence Q fl F ent channel Colorimetric channel
quenching and oxidase-like catalysis. Upon GAG binding, each sensing . o {Oxidaserikeactivity
element generated dual outputs, including NIR fluorescence response driven SRS % y-¢ \é . » @

by competitive association between anionic GAGs and cationic porphyrins, PP2 PP4 L Tme
and characteristic UV—vis absorption changes arising from Pt—Ni/rGO-

catalyzed TMB oxidation to TMBox followed by TMBox—GAG assembly. Machine learning analysis of the four cross-reactive
signals generated by the two sensing elements enabled 100% accurate discrimination of hyaluronic acid, heparin, dextran sulfate, and
chondroitin sulfate in PBS over 25—500 pg/mL. Its practical utility was further demonstrated by identifying trace GAG
contaminants in Hep down to 1%, classifying unknown samples, and discriminating GAGs in serum. This work expands the
analytical utility of multifunctional nanozymes and provides a simple strategy for fingerprint-based GAG analysis with enhanced
signal dimensionality and separability.

Bl INTRODUCTION interpretation, limiting their utility for routine and rapid
screening.””'® Fluorophore-based probes, including BODIPY,
pyrene, porphyrins, rhodamine, and aggregation-induced
emission luminogens, have therefore been developed for
GAG sensing owing to their operational simplicity and high
sensitivity.''~'” Nevertheless, most fluorescent GAG sensors
rely predominantly on multivalent electrostatic interactions
between cationic dyes and anionic GAG chains, making highly
selective “lock-and-key” recognition intrinsically difficult for
this class of structurally similar polyanions.

Compared with highly specific “lock-and-key” recognition,
cross-reactive sensor arrays, inspired by mammalian gustatory
and olfactory systems, distinguish structurally similar analytes
by converting differential nonspecific interactions into finger-
print-like response patterns."®™** In this regard, nanomaterials
with enzyme-like activities (i.e., nanozymes) offer an attractive

Glycosaminoglycans (GAGs) are naturally occurring, un-
branched linear polysaccharides that regulate diverse biological
processes and thus are of considerable clinical significance.' ™
For example, heparin (Hep) is widely used as an anticoagulant
in surgery and hemodialysis, whereas chondroitin sulfate (Chs)
is commonly administered for osteoarthritis.”” Selective
discrimination of GAGs is critical for drug safety and quality
control, particularly for Hep, which is typically isolated from
animal tissues and may be contaminated or adulterated with
structurally related polyanions such as hyaluronic acid (HA),
dextran sulfate (DSS), and Chs.*®” The contamination of Hep
products by related polyanionic polysaccharides caused a
serious safety event in 2008, highlighting the need for reliable
identification of Hep impurities during pharmaceutical quality
control.® However, accurate differentiation remains challenging
because many GAGs share closely related disaccharide

repeating units and overlapping polyanionic features.””’ Received: June 4, 2026
Although established techniques such as nuclear magnetic Revised:  August 23, 2026
resonance (NMR), high-performance liquid chromatography Accepted:  August 27, 2026

(HPLC), and liquid chromatography—tandem mass spectrom-
etry (LC—MS/MS) enable reliable characterization, they
generally require costly instrumentation and expert data
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Scheme 1. Schematic Ilustration of Pt—Ni/rGO—Porphyrin-Based Single-Nanozyme Dual-Channel Sensor Array for Pattern

Recognition of GAGs
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platform for array construction because they combine large
surface areas, tunable catalytic activities, robust stability, and
multifunctionality beyond catalysis.”*>* Accordingly, nano-
zyme-based arrays have been increasingly explored for
fingerprint-style identification.””~** For example, oxidase-like
manganese/cerium-codoped carbon dot—loaded MIL-53(Fe)
nanozymes have been used to generate multicolor outputs for
discriminating structurally analogous antioxidants.*' Similarly,
cerium-based metal—organic framework with multienzyme-
mimicking activities have enabled multichannel discrimination
of perfluoroalkyl substances by converting analyte-dependent
modulation of catalytic pathways into distinct readouts.*
Despite these advances, many nanozyme-based arrays still
require multiple sensing elements that each provide only a
single output, increasing material consumption and operational
complexity.’”*"* In addition, array elements that share similar
recognition and signal-transduction mechanisms often produce
correlated responses, which can reduce cross-reactivity and
pattern separability.”**~* For example, in an oxidase-like
Mn-based metal—organic framework nanozyme array for
antioxidant discrimination, all sensing elements employed the
same inhibition-based signal transduction mechanism. Con-
sequently, antioxidants with different reducing abilities
produced similar response trends across the array, resulting
in correlated outputs. Therefore, integrating distinct signal-
generation pathways into sensor arrays is hi%hly desirable for
improving pattern recognition performance.4

Beyond catalytic activity, nanozymes also inherit the intrinsic
physicochemical properties of nanomaterials, including optical,
magnetic, and surface plasmon resonance features.*™*
Integrating enzyme-like catalysis with these properties enables
multifunctional nanozymes to couple target interaction, signal
transduction, and amplification within a single material
system.”® For example, nanoceria can adsorb fluorophore-
labeled single-stranded DNA and quench its emission; upon
exposure to H,O,, surface changes weaken DNA binding and
restore fluorescence.*® Plasmonic nanozyme hybrids can also
combine catalytic conversion with electromagnetic enhance-

ment for ultrasensitive surface-enhanced Raman scattering
detection, extending nanozyme readouts beyond conventional
colorimetry.*”~>" These examples indicate that rational use of
nanozyme multifunctionality can allow a single nanozyme-
based sensing element to generate multiple, mechanistically
distinct outputs, increasing signal dimensionality while
simplifying array construction.’">**

Herein, we reported a dual-channel sensor array based on a
multifunctional Pt—Ni/rGO nanozyme that integrated eflicient
fluorescence quenching with oxidase-like catalysis. Two
cationic near-infrared (NIR) porphyrins, PP2 and PP4, were
assembled onto Pt—Ni/rGO to form two nanozyme-—
porphyrin composites as sensing elements (Scheme 1). Upon
exposure to GAGs, each sensing element produced dual
outputs. Competitive association between anionic GAGs and
cationic porphyrins weakened the nanozyme—porphyrin
interaction, resulting in NIR fluorescence response. Mean-
while, Pt—Ni/rGO catalyzed the oxidation of 3,3',5,5'-
tetramethylbenzidine (TMB) to oxidized TMB (TMBox),
whose subsequent assembly with GAGs induced characteristic
UV—vis absorption changes (Scheme 1). The two sensing
elements therefore provided four cross-reactive signals for
GAG discrimination. Through machine learning-assisted
pattern recognition, the array accurately discriminated
representative GAGs, including HA, Hep, DSS, and Chs, in
PBS over 25—500 pug/mL with 100% classification accuracy. It
also identified trace GAG contaminants in Hep down to 1%
and demonstrated practical utility through unknown-sample
identification and GAG discrimination in serum. Overall, this
work expands the analytical utility of multifunctional nano-
zymes and provides a simple, robust strategy for fingerprint-
based GAG analysis with enhanced signal dimensionality and
separability.
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B EXPERIMENTAL SECTION

Chemicals and Materials

3,3',5,5 -tetramethylbenzidine (TMB), sodium hyaluronate (HA),
chondroitin sulfate (Chs), benzyl alcohol, low-molecular-weight
heparin (M,, 2000—3000) and benzoic acid were purchased from
Aladdin Chemical Co., Ltd. Heparin sodium salt (Hep) were obtained
from TCI Development Co., Ltd. Dextran sulfate sodium (DSS) was
purchased from MP Biomedicals, USA. Polyvinylpyrrolidone (PVP,
M,, 55,000) were obtained from Sigma-Aldrich. Fetal bovine serum
was obtained from Zhejiang Tianhang Biotechnology Co., Ltd.
Platinum(II) acetylacetonate (Pt(acac)2) and nickel(Il) acetylaceto-
nate (Ni(acac)2) were obtained from J&K Scientific Co., Ltd.
Graphene oxide (GO) was purchased from Jiangsu Xianfeng
Nanomaterials Technology Co. Ltd. Acetone and nitric acid
(HNO;) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. Hydrochloric acid (HCI) was purchased from Nanjing Chemical
Reagent Co., Ltd. All aqueous solutions used in the experiments were
prepared with deionized water (18.2 MQ-cm, Millipore).

Instrumentation

Transmission electron microscopy (TEM) imaging was performed on
a Tecnai 12 (Philips company, Holland) transmission electron
microscope at an acceleration voltage of 120 kV. High-resolution
transmission electron microscopy (HRTEM) was performed on a
JEM-2800 (JEOL, Japan) transmission electron microscope at an
acceleration voltage of 200 kV. High-angle annular dark-field scanning
TEM (HAADF-STEM), and the corresponding energy-dispersive
spectroscopy (EDS) elemental mappings were performed on an FEI
Tecnai G2 F30 S-Twin TEM equipped with an acceleration voltage of
300 kV and an EDS detector, respectively. Scanning electron
microscopy (SEM) imaging was performed on an FEI Inspect FSO0.
Powder X-ray diffraction (XRD) patterns were measured by a Bruker
D8 advance diffractometer at 5°/min using a Cu Ka radiation. X-ray
photoelectron spectra (XPS) were obtained by using a Thermo
Scientific Nexsa G2 surface analysis system. Inductively coupled
plasma-optical emission spectroscopy (ICP-OES) measurements were
conducted using a Thermo Scientific iCAP PRO spectrometer. 'H
NMR spectra were obtained using a Bruker Advance 500 MHz
spectrometer with tetramethylsilane as the internal standard. High
resolution mass spectrum (HRMS) was measured on an AB SCIEX
TripleTOF 5600" mass spectrometer. Absorption spectra were
collected using a UV-2700 spectrophotometer (Shimadzu, Japan).
Fluorescence spectra were recorded using an FSS fluorescence
spectrometer (Edinburgh Instruments, UK). The fluorescence at
670 nm and absorption at 370 nm of the 96-well plate was recorded
by a BioTek Cytation 3 microplate reader (Agilent, USA).

Synthesis of PP2 and PP4

Two cationic NIR porphyrins (PP2 and PP4) were synthesized
following our previously reported procedure.™

Synthesis of Pt—Ni/rGO

Pt—Ni/rGO nanozyme was synthesized as follows. Briefly, Pt(acac)2
(60.63 mg, 0.15 mmol), Ni(acac)2 (39.60 mg, 0.15 mmol), benzoic
acid (300 mg), PVP (80 mg), and GO (64 mg) were dispersed in
benzyl alcohol (30 mL) under vigorous magnetic stirring. The
mixture was sonicated for 30 min to obtain a homogeneous
dispersion, transferred to a Teflon-lined autoclave, and heated at
180 °C for 12 h. After cooling to room temperature, the product was
collected by centrifugation (11,000 rpm, S min) and washed 3X with
ethanol. The purified Pt—Ni/rGO was then dried under vacuum at 40
°C overnight.

Pt—Ni/rGO composites with different Pt—Ni to GO mass ratios
were synthesized using the same procedure, except that the amount of
GO was varied. Specifically, GO amounts of 32, 128, and 192 mg
were used to obtain Pt—Ni/rGO-2, Pt—Ni/rGO-8, and Pt—Ni/rGO-
12, respectively. As a control, Pt—Ni nanoparticles (NPs) were
synthesized under identical conditions, except that GO was not added
to the reaction mixture.

Fluorescence Spectrum Measurements

Stock solutions of PP2 and PP4 (10 mM) were prepared in DMF and
diluted with PBS (pH 6.8) to the desired concentrations immediately
before use. For fluorescence quenching measurements, PP2 or PP4
(final concentration, 4 uM) was incubated with Pt—Ni/rGO in PBS
(pH 6.8) for 20 min, with the Pt—Ni/rGO concentration varied from
0 to 100 pg/mL. Emission spectra were collected under excitation at
423 nm. For fluorescence response measurements, PP2 or PP4 (4
uM) was mixed with Pt—Ni/rGO (60 pug/mL) and the indicated
GAG in PBS (pH 6.8), incubated for 20 min, and then subjected to
fluorescence measurement.

Oxidase-like Activity Measurements

The oxidase-like activities of Pt—Ni NPs and Pt—Ni/rGO were
evaluated by steady-state kinetics assays using TMB as the substrate.”*
Briefly, the assays were performed at 25 °C in 96-well microplates
using acetate buffer (0.2 M, pH 4.5) as the reaction medium. Pt—Ni
NPs (S pg/mL) or Pt—Ni/rGO (16.67 ug/mL, containing S ug/mL
of Pt—Ni) was mixed with varying concentrations of TMB. The
absorbance at 652 nm was immediately monitored using a microplate
reader, and the resulting absorbance—time curves were used to
calculate the initial reaction velocity (v). The kinetic parameters,
including the Michaelis—Menten constant (K,) and maximum
reaction velocity (v,,), were obtained by fitting the data to the
Michaelis—Menten equation

v [S]

max

V= ——
K,, + [S] (1)

where v represents the initial reaction velocity and [S] is the substrate
concentration. K, and v,,,, were calculated from the corresponding
double-reciprocal plots.

UV-Vis Absorption Measurements

PP2 or PP4 (final concentration, 4 yM), Pt—Ni/rGO (60 ug/mL),
and the indicated GAG were mixed in PBS (pH 6.8) and incubated at
room temperature for 20 min. TMB was then added to a final
concentration of 200 uM, followed by further incubation for 10 min at
room temperature. The UV—vis absorption spectra were subsequently
recorded using a UV—vis spectrophotometer.

GAG Discrimination Assay

Discrimination experiments were performed in 96-well plates, and the
responses were recorded as data matrices. For each Pt—Ni/rGO—
porphyrin composite, namely Pt—Ni/rGO—PP2 and Pt—Ni/rGO—
PP4, a 4 X 5 block of wells was assigned, with each GAG measured in
five replicates. In each well, PP2 or PP4, Pt—Ni/rGO, and the
indicated GAG were mixed in PBS (pH 6.8) to a final volume of 200
UL, giving final concentrations of 4 M porphyrin and 60 yg/mL Pt—
Ni/rGO. After incubation for 20 min, the fluorescence intensity at
670 nm was recorded using a microplate reader upon excitation at 423
nm. TMB was then added to each well to a final concentration of 200
#M, mixed thoroughly, and incubated for 10 min before measuring
the absorbance at 370 nm. The fluorescence and UV—vis absorption
outputs from the two composites were combined to construct a
training matrix with five replicates per GAG, which was subsequently
analyzed by linear discriminant analysis (LDA) for pattern
recognition.

Discrimination Experiments in Serum Media

To demonstrate the practical applicability of the sensor array to real
samples, discrimination experiments were performed in fetal bovine
serum (FBS). The assay followed the same protocol as in PBS, except
that the concentrations of Pt—Ni/rGO and TMB were increased to
100 pug/mL and 400 uM, respectively, and the incubation time after
TMB addition was extended to 20 min before measuring the
absorbance at 370 nm. GAG stock solutions were prepared in PBS
containing 2% or 5% (v/v) FBS.
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Figure 1. (a) Schematic illustration of synthesis for Pt—Ni/rGO. (b) TEM image of Pt—Ni/rGO. (c¢) HAADF-STEM image and corresponding
EDS elemental mapping of Pt—Ni/rGO. (d) Powder X-ray diffraction patterns and (e) Raman spectra of GO and Pt—Ni/rGO. (f) Schematic
illustration of fluorescence quenching of porphyrins by Pt—Ni/rGO. (g) Fluorescence titration profiles of PP4 (4 uM) upon addition of Pt—Ni/
rGO at increasing concentrations (0—100 yg/mL) in PBS (10 mM, pH 6.8). (h) Fluorescence emission intensity of PP4 at 670 nm as a function of
added nanozyme concentration. (i) Plots of initial reaction velocity versus TMB concentration for Pt—Ni (S yg/mL) and Pt—Ni/rGO (16.67 ug/
mL, containing S #g/mL Pt—Ni) in acetate buffer (0.2 M, pH 4.5). Error bars represent standard deviation of three independent measurements.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Pt—Ni/rGO

Previous studies have shown that Pt—Ni NPs can exhibit
enhanced oxidase-like activity relative to Pt.”> Guided by this
rationale, Pt—Ni/rGO (reduced graphene oxide, rGO) was
synthesized via a one-pot hydrothermal route by in situ growth
of Pt—Ni NPs on graphene oxide (GO) (Figure la; see the
Experimental Section for details), using a GO mass 4X that of
Pt—Ni obtained from the GO-free synthesis. TEM images
showed that Pt—Ni NPs were uniformly distributed on rGO
sheets (Figures 1b and S1), whereas Pt—Ni NPs synthesized
without GO showed severe aggregation (Figure S2), high-
lighting the dispersion-stabilizing role of rGO. HAADF-STEM
imaging and EDS mapping further confirmed the homoge-
neous distribution of C, Pt, and Ni in the composite (Figure

1c). HRTEM revealed a lattice spacing of 0.219 nm, slightly
smaller than that of fcc Pt(111) (0.225 nm), consistent with
lattice contraction caused by Ni incorporation (Figures S1 and
S2). XRD provided evidence for both GO reduction and Pt—
Ni formation. The GO (001) diffraction peak at 26 ~ 10.80°
was markedly weakened after hydrothermal treatment, while a
broad peak near 20 & 24.60° emerged, which can be assigned
to the rGO (002) reflection and indicated partial deoxygena-
tion and restacking of GO (Figure 1d). In addition, an fcc
diffraction peak centered at 26 = 40.95° was observed,
consistent with the formation of Pt—Ni NPs.”> Raman spectra
showed pronounced D (1349 cm™) and G (1602 cm™") bands
for Pt—Ni/rGO (Figure le). The overall enhancement may
arise from the surface-enhanced Raman scattering effect of the
bimetallic NPs, while the increased I,/I; ratio suggests defect
generation accompanying GO reduction.’® XPS further

https://doi.org/10.1021/acs.analchem.6c03852
Anal. Chem. XXXX, XXX, XXX-XXX

9202 Joquialdas 0 uo Jasn AINN ONIFNYN AQ Jpd ZG8E099" WayoleUE SOB/799 | ZE89/ZG8E099 WAYD[BUE SOB/LZ0 L 0 |/10P/Pd-ojoile/Wweyoue/Bio"soe sqnd wolj papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6c03852/suppl_file/ac6c03852_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6c03852/suppl_file/ac6c03852_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6c03852/suppl_file/ac6c03852_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6c03852/suppl_file/ac6c03852_si_001.docx
https://pubs.acs.org/doi/10.1021/acs.analchem.6c03852?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c03852?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c03852?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c03852?fig=fig1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.6c03852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

a s | - b e ——NoGAGS
(@) 6x10 M—rler 4] (b) ( )8.0x105- .
5 -~ -10
- 5x10 E 3
5 < ? 6.0x10°
& 4x10° = &
2 £ -20 2
= = =
2 3x10° ) 2 4.0x10°4
g g g
£ 2x10° g .
o S L 2.0x10°4
S
1x10 40
04 0.0+
550 600 650 700 750 800 850 WG o PP LpPA* e 550 600 650 700 750 800 850
Wavelength (nm) o s orNie© Wavelength (nm)
(C) 07+ ——No Hep (f) 1.8 1
=10 pg/mL No GAGs
——— 20 pg/mL ——HA
AO.G‘ _AgOWML 3] Umv —
5 —= 3 | &
& 0.5 T 12
@ @
(&) (]
g 0.4 4 g 0.9
Q0 Kol
2 2
@ 03 2 06
Q Q
< <

°
[N}
s

o
N
L

400 500 600 700 800
Wavelength (nm)

o
w

o°
=)
L

400 500 600 700 800
Wavelength (nm)

Figure 2. (a) Fluorescence response of Pt—Ni/rGO—PP4 nanocomposite toward increasing concentrations of Hep (0—1000 yg/mL) in PBS (10
mM, pH 6.8). (b) Zeta potentials of Pt—Ni/rGO and Pt—Ni/rGO—PP4 nanocomposite measured in the absence and presence of Hep (100 pg/
mL). Error bars represent standard deviation of three independent measurements. (c) UV—vis absorption spectra of Pt—Ni/rGO—PP4—TMB
system in the presence of Hep (0—1000 pg/mL). (d) SEM images of reaction products obtained after incubating PP4 (4 uM) and Hep (200 ug/
mL) with Pt—Ni/rGO (60 pug/mL) for 20 min, followed by addition of TMB (200 yM) and further incubation for 10 min. (e) Fluorescence
response of Pt—Ni/rGO—PP4 nanocomposite toward various GAGs (100 pg/mL). (f) UV—vis absorption spectra of Pt—Ni/rGO—PP4—TMB
system in the presence of various GAGs (200 g/mL). Inset: corresponding photographs showing visual color changes from left to right: no GAGs,

HA, Hep, DSS, and Chs.

supported these results, showing decreased O 1s intensity
together with Pt 4f and Ni 2p signals (Figure S3). Collectively,
these characterizations confirmed the in situ growth and
effective immobilization of Pt—Ni NPs on rGO, affording a
well-dispersed Pt—Ni/rGO composite for subsequent bio-
analysis.

In addition to the above Pt—Ni/rGO (denoted Pt—Ni/
rGO-4), composites with GO loadings of 2X, 8%, and 12X
were synthesized and labeled as Pt—Ni/rGO-2, Pt—Ni/rGO-8,
and Pt—Ni/rGO-12, respectively (Figures S4—S6).

Fluorescent-Quenching Property and Oxidase-like Activity

Two cationic NIR porphyrins, PP2 and PP4, were synthesized
following our previously reported procedure'’ and confirmed
by 'H NMR and mass spectrometry (Figures S7—S10). Their
different numbers and positions of 4-N-methylpyridyl groups
may tune their binding affinities toward GAGs, potentially
facilitating differential fluorescence responses for array-based
discrimination. We first examined the fluorescence-quenching
ability of bare Pt—Ni NPs toward the two porphyrins. As
shown in Figure S11, Pt—Ni NPs partially quenched PP2 but
showed only weak quenching toward PP4, indicating that Pt—
Ni NPs alone were insufficient to provide an efficient
fluorescence-responsive interface. Considering that GO can
quench cationic porphyrins through electrostatic adsorption,
m—7 interactions, and assembly-induced effects,”> we next
evaluated the Pt—Ni/rGO composites (Figures 1f,g and S12—
S15). Quantitative analysis showed that the quenching
efficiency generally increased with increasing GO content
(Figures 1h and S16). Pt—Ni/rGO-4, Pt—Ni/rGO-8, and Pt—

Ni/rGO-12 exhibited comparable quenching efliciencies,
whereas Pt—Ni/rGO-2 showed weaker quenching, likely
because the high surface density and partial aggregation of
Pt—Ni NPs limited effective porphyrin and rGO interactions
(Figures 1h, S4—S6, S12 and S16). Although Pt—Ni/rGO-8
and Pt—Ni/rGO-12 showed quenching performance similar to
that of Pt—Ni/rGO-4, their lower Pt—Ni loading would be less
favorable for producing strong catalytic colorimetric signals
(Figure S17). Pure GO showed the highest quenching
efficiency toward both porphyrins at 100 ug/mL (Figure
S18), which can be ascribed to abundant oxygen-containing
groups that facilitate porphyrin adsorption and z—z stacking."”
However, GO exhibited negligible oxidase-like activity (Figure
S19a). Therefore, considering both fluorescence quenching
and catalytic output, Pt—Ni/rGO-4 was selected for sub-
sequent experiments and is hereafter referred to as Pt—Ni/
rGO.

The oxidase-like activity of Pt—Ni/rGO was evaluated using
TMB as the chromogenic substrate (Figure S19). At an
equivalent Pt—Ni content (30 pg/mL, calculated from ICP
results; Table S1), both Pt—Ni NPs and Pt—Ni/rGO
efficiently catalyzed TMB oxidation to blue oxidized TMB
(TMBox). Notably, Pt—Ni/rGO produced a stronger
absorbance at 652 nm than bare Pt—Ni NPs, suggesting that
rGO-supported dispersion improved catalytic efliciency by
exposing more accessible active sites and facilitating substrate
contact (Figure S19). Steady-state kinetic assays further
quantified this enhancement. Michaelis—Menten curves were
obtained by plotting the initial reaction velocity against TMB
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Figure 3. Fluorescence (a) and colorimetric (b) response patterns of Pt—Ni/rGO—PP2 and Pt—Ni/rGO—PP4 sensor array toward GAGs (100
pug/mL). Error bars represent standard deviation of five independent measurements. (c) Hierarchical clustering heatmap of normalized response
signals. (d) HCA dendrogram for discrimination of GAGs (100 pg/mL). LDA canonical score plot for the first two factors obtained from (e)
fluorescence and colorimetric responses of Pt—Ni/rGO—PP2 and Pt—Ni/rGO—PP4 sensor array toward GAGs (100 ug/mL), (f) fluorescence
responses only of the same sensor array, and (g) fluorescence and colorimetric responses of Pt—Ni/rGO—PP4 single sensor toward GAGs (100
ug/mL). (h) Confusion matrix plot of LDA classifier for blind test in PBS (10 mM, pH 6.8). (i) LDA canonical score plot for the first two factors
obtained from fluorescence and colorimetric responses of Pt—Ni/rGO—PP2 and Pt—Ni/rGO—PP4 sensor array toward Hep at different

concentrations (10—1000 yg/mL).

concentration (Figure 1i), and kinetic parameters, including
K, and v, were derived from Lineweaver—Burk plots
(Figure S20 and Table S2). Consistent with the activity
assay, Pt—Ni/rGO exhibited a higher v, toward TMB than
bare Pt—Ni NPs under equivalent Pt—Ni content, with values
of 7.23 and 3.86 yM/min, respectively (Table S2). These
results indicated that Pt—Ni/rGO integrated eflicient
fluorescence-quenching capability with strong oxidase-like
catalysis, providing a suitable dual-channel fluorescence—
colorimetric platform for subsequent GAG discrimination.

Sensing Mechanism for GAGs Detection

To elucidate the response mechanism of GAGs toward the Pt—
Ni/rGO—porphyrin composites, Hep was first used as a model
analyte to evaluate both the fluorescence and colorimetric
outputs of Pt—Ni/rGO—PP4. As shown in Figure 2a, the
quenched fluorescence of PP4 was progressively restored with
increasing Hep concentration, giving a clear concentration-

dependent response. Zeta-potential measurements supported
the electrostatic assembly between negatively charged Pt—Ni/
rGO and cationic PP4, leading to formation of the Pt—Ni/
tGO—PP4 composite (Figure 2b). Upon addition of highly
anionic Hep, surface-bound PP4 was partially displaced from
Pt—Ni/rGO through competitive PP4—Hep association,
resulting in fluorescence response. Meanwhile, partial
adsorption of Hep onto the Pt—Ni/rGO—PP4 assembly
further shifted the surface potential to more negative values
(Figure 2a,b). The colorimetric response was then investigated
based on the oxidase-like activity of Pt—Ni/rGO, which
catalyzes the oxidation of colorless TMB to blue oxidized TMB
(TMBox). After TMB was introduced into the Pt—Ni/rGO—
PP4 system, the generated positively charged TMBox
assembled with Hep through electrostatic interactions,”’
producing new absorption features and inducing blue shifts
of the original TMBox absorption peaks at approximately 370
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and 650 nm (Figure 2c). With increasing Hep concentration,
the absorption intensity in the 300—400 nm region gradually
changed, indicating progressive formation of Hep—TMBox
assemblies (Figure 2c). Zeta-potential measurements con-
firmed Hep—TMBox assembly, with the Hep—TMBox
complex showing a distinct zeta potential of —19.67 mV
compared with positive TMBox and highly negative Hep
(Figure S21). SEM imaging further supported this assembly
process, revealing distinct fibrous structures in the presence of
Hep, whereas the control without Hep showed only Pt—Ni/
rGO nanozymes (Figures 2d, S22 and $23). Concentration-
dependent fluorescence and UV—vis responses were also
observed for the Pt—Ni/rGO—PP2 system (Figures S24 and
S25). Notably, in the Pt—Ni/rGO—PP2 system, the
fluorescence intensity slightly decreased at low Hep concen-
trations and then gradually increased with further increasing
Hep concentration (Figure S24). This behavior may arise from
concentration-dependent PP2—Hep assembly, in which low
Hep concentrations promote the binding of multiple PP2
molecules to one Hep chain and induce aggregation-caused
quenching, whereas higher Hep concentrations weaken this
effect and gradually increase fluorescence.

We further examined the responses of Pt—Ni/rGO—PP4
toward representative GAGs, including hyaluronic acid (HA),
Hep, dextran sulfate (DSS), and chondroitin sulfate (Chs)
(Figure S26). After incubation with each GAG (100 pg/mL)
for 20 min, Pt—Ni/rGO—PP4 showed distinct degrees of
fluorescence response (Figure 2e). These differentiated
responses arise from variations in anionic group content,
charge density, and polysaccharide structure, which affect the
binding affinity of each GAG toward cationic porphyrins and
its ability to perturb the Pt—Ni/rGO—porphyrin assembly.
Because PP2 and PP4 differ in charge density and molecular
structure, the same GAG also produced different fluorescence
responses in the two porphyrin-based systems (Figures 2e and
S27), providing two independent fluorescence outputs. The
UV—vis response of the Pt—Ni/rGO—PP4—TMB system
toward different GAGs was also evaluated (Figures 2f and
$28). Except for HA, the other GAGs induced varying degrees
of blue shift of the TMBox absorption peak at 370 nm, likely
due to distinct TMBox—GAG assembly behaviors governed by
charge density, sulfation degree, and chain structure. SEM
observations further confirmed GAG-dependent TMBox
assembly. Besides the fibrous Hep—TMBox assemblies, HA
induced rod-like assemblies, whereas DSS and Chs generated
worm-like aggregates (Figure S29), consistent with their
differentiated UV—vis absorption responses. By recording the
absorbance at 370 nm, the two Pt—Ni/rGO—porphyrin—TMB
systems thus provided two additional colorimetric outputs
(Figures 2f, S28 and S30). Together, the fluorescence response
signals and UV—vis absorption changes generated four cross-
reactive readouts, establishing the basis for dual-channel sensor
array-based GAG pattern recognition. Notably, although both
channels involve electrostatic interactions, their response
trends are not simply correlated, suggesting that the
fluorescence and colorimetric outputs provide complementary
information for GAG pattern recognition.

In addition, anionic TCPP and neutral TMBP were
evaluated as controls (Figure S31). Although Pt—Ni/rGO
quenched these porphyrins to different extents, the corre-
sponding Pt—Ni/rGO—TCPP and Pt—Ni/rGO—TMBP sys-
tems showed poorly distinguishable fluorescence responses
toward GAGs, likely because of their lack of favorable cationic

sites for interacting with anionic GAGs. These results further
support the use of PP2 and PP4 as fluorescence-responsive
components for array construction.

Construction of Dual-Channel Sensor Array for GAG
Discrimination

Based on this mechanism, a dual-channel sensor array was
constructed by assembling two cationic porphyrins, PP2 and
PP4, with negatively charged Pt—Ni/rGO, which quenched the
porphyrin fluorescence to different extents. After addition of
GAGs, the fluorescence intensity at 670 nm was first recorded
under 423 nm excitation. TMB was then added to the same
system at a final concentration of 200 uM, followed by
incubation at room temperature for 10 min, and the
absorbance at 370 nm was measured (Scheme 1). Accordingly,
a dual-channel response matrix of four GAGs X 4 channels X §
replicates was obtained, with the four outputs consisting of two
fluorescence responses from the PP2 and PP4 systems and two
UV-—vis responses from the corresponding TMBox assemblies
(Scheme 1). Using the responses to GAGs at 100 yug/mL as a
representative example, the four channels exhibited distinct
response amplitudes and trends for the four GAGs, indicating
good cross-reactivity of the array (Figure 3ab). After
normalization, the response patterns were visualized using a
hierarchically clustered heatmap, in which the characteristic
fingerprints of different GAGs could be directly observed
(Figure 3c).

Hierarchical cluster analysis (HCA) was further performed
to assess the similarity among the response patterns. As shown
in Figure 3d, the four GAGs formed separate clusters based on
Euclidean distances, confirming that the four-dimensional
response array could effectively discriminate these polysac-
charides. HA was clearly separated from the other GAGs,
mainly because its repeating disaccharide unit lacks O-sulfate
groups and its negative charge primarily arises from carboxyl
groups, resulting in a much lower charge density than Hep,
DSS, and Chs (Figure S26). Accordingly, HA exhibited weaker
interactions with both cationic porphyrins and TMBox,
resulting in the smallest fluorescence response and only
minor UV—vis spectral changes. In contrast, sulfate-rich Hep,
DSS, and Chs generated stronger interactions and more
pronounced fluorescence and absorption responses. Further
inspection of the HCA dendrogram showed that Hep formed a
separate subgroup, whereas DSS and Chs clustered together
(Figure 3d). This separation likely arises from differences in
their repeating units and functional groups. Hep contains a
carboxylate-bearing uronic acid unit compared with DSS but
lacks the amide-containing N-acetyl group present in Chs
(Figure S26). These structural differences may modulate their
interactions with cationic porphyrins and TMBox. Overall, the
Pt—Ni/rGO-based four-dimensional array effectively captures
charge- and structure-dependent differences among GAGs,
enabling pattern-based discrimination.

To further evaluate the feasibility and reliability of the dual-
channel array, the data matrix of four GAGs X 4 channels X §
replicates was used as the training set for linear discriminant
analysis (LDA). As shown in Figure 3e, the training samples
were clearly classified into four groups with 100% accuracy.
Three canonical factors were extracted from linear combina-
tions of the response variables, accounting for 64.36%, 30.34%,
and 5.30% of the total variance, respectively. To assess the
advantage of dual-channel readout, LDA was also performed
using only the two fluorescence responses. In this case, the four
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Figure 4. (a) Hierarchical clustering heatmap of normalized response signals of Pt—Ni/rGO—porphyrin sensor array toward GAGs (100 pg/mL)
in 2% serum. (b) HCA dendrogram for discrimination of GAGs (100 pg/mL) in 2% serum. LDA canonical score plot for the first two factors
obtained from fluorescence and colorimetric responses of sensor array toward GAGs (100 pg/mL) in (c) 2% serum and (d) 5% serum. (e)
Confusion matrix plot of the LDA classifier for blind test in 2% serum. (f) LDA canonical score plot of sensor array for discrimination of Hep and
Hep samples contaminated with DSS/HA (1:1) at a total concentration of 200 yg/mL.

clusters became closer and less separated (Figure 3f),
indicating reduced pattern separability. In contrast, the
combined fluorescence and colorimetric responses from a
single Pt—Ni/rGO—porphyrin sensor still enabled effective
discrimination of the four GAGs (Figures 3g and S$32),
confirming that one nanozyme-based sensing element can
generate information-rich dual-channel outputs.

Beyond the representative concentration of 100 yg/mL, the
array also accurately discriminated GAGs at 25, 50, 200, 300,
and 500 pug/mL (Figures S33—S37), demonstrating a broad
applicable concentration range. The predictive performance of
the trained LDA model was further evaluated using blind tests,
and the corresponding confusion matrix was shown in Figure
3h. The cross-validation accuracy reached 100%, confirming
that the nanozyme sensor array is highly sensitive to subtle
structural differences among GAGs, including sulfation degree,
uronic acid type, and carboxyl-group distribution. Considering
the clinical importance of precise Hep dosage control, the array
was further applied to discriminate Hep at different
concentrations. As shown in Figures 3i and S38, Hep samples
over 0—1 mg/mL were effectively separated, validating the
high selectivity and concentration-resolving capability of the
proposed dual-channel sensor array. Considering that GAG
molecular weight may affect multivalent interactions with the
sensing elements and that low-molecular-weight heparin (Low-
MW Hep) is also clinically used, we further evaluated five
GAG samples, including unfractionated HA, Hep, Low-MW
Hep, DSS, and Chs. Their clear separation in the LDA plot
indicates that the array can capture molecular-weight-depend-
ent response differences, further supporting its robustness
(Figure S39).

Practical Applications of the Dual-Channel Sensor Array

To evaluate the potential of the dual-channel sensor array for
Hep recognition in complex biological matrices, we first
examined its discrimination capability against several common
interferents, including bovine serum albumin (BSA), ATP,
Na;PO,, and Na,P,0,. These species were selected because
albumin is the most abundant plasma protein and may cause
nonspecific adsorption or signal drift; the level of ATP can
increase during platelet activation, cell damage, or inflamma-
tory responses; and phosphate or pyrophosphate species are
commonly present in buffer and biological systems. Discrim-
ination assays were performed at 50 and 100 pug/mL and
further repeated in the presence of 2% serum to assess matrix
tolerance. As shown in Figures S40 and S41, Hep was clearly
separated from the interferents at both concentrations in the
absence of serum, giving well-resolved clusters in two-
dimensional LDA score plots. After introduction of 2%
serum, Hep remained distinguishable from the other species
(Figures S42 and $43), indicating that the array retained good
specificity with minimal interference from serum components.

Given the diverse biological functions and biomedical
relevance of GAGs, we further evaluated the applicability of
the array in biological matrices by discriminating GAGs in PBS
containing 2% or 5% serum at GAG concentrations of 50 or
100 pig/mL. As a representative case, response patterns toward
four GAGs at 100 ug/mL in 2% serum were collected and
analyzed (Figure S44). After normalization, the data were
visualized as a hierarchically clustered heatmap, which
displayed distinct response fingerprints for each GAG (Figure
4a). HCA further showed that the four GAGs occupied
separate clusters according to Euclidean distances, demonstrat-
ing that the four-dimensional response array could discriminate
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GAGs in serum-containing media (Figure 4b). Consistently,
LDA of the same data matrix yielded four well-separated
clusters (Figure 4c). Reliable discrimination was also achieved
under other conditions, including SO ug/mL GAGs in 2%
serum and 100 pug/mL GAGs in 5% serum (Figures 4d, S45
and $46). Although the four GAGs remained distinguishable
by LDA in 10% serum, their response clusters were much
closer than those obtained in 2% and 5% serum, indicating
reduced pattern separability and suggesting that 10% serum is
near the practical upper limit of the current two-element array
(Figure S47). Cross-validation gave 100% classification
accuracy (Figure 4e), further supporting the stability and
anti-interference capability of the array in complex matrices.

Finally, the potential of the array for Hep quality control was
assessed by distinguishing pure Hep from DSS-contaminated
Hep samples. Hep samples containing 1%, 10%, 30%, and 50%
(w/w) DSS were analyzed at total GAG concentrations of 100
and 200 pg/mL (Figures S48 and S49). The array clearly
differentiated DSS-contaminated Hep from pure Hep, even at
a contamination level as low as 1%. Moreover, when Hep was
contaminated with a DSS/HA mixture (total concentration,
200 pg/mL; DSS/HA = 1:1), the array still achieved clear
discrimination (Figures 4f and SS0). These results demon-
strated the practical utility of the dual-channel nanozyme
sensor array for rapid screening of trace GAG contaminants in
Hep and for quality control in complex samples.

B CONCLUSIONS

In summary, we developed a dual-channel cross-reactive sensor
array for accurate discrimination of Hep and structurally
related GAGs. A multifunctional Pt—Ni/rGO nanozyme
integrating fluorescence-quenching capability and oxidase-like
activity was synthesized. By assembling two cationic NIR
porphyrins, PP2 and PP4, with Pt—Ni/rGO, the resulting
nanozyme—porphyrin composites generated four cross-reactive
outputs through fluorescence responses and TMBox-mediated
UV—vis changes. Benefiting from the distinct charge densities
and structural features of different GAGs, the machine
learning-assisted array enabled reliable pattern recognition of
HA, Hep, DSS, and Chs with 100% cross-validation accuracy
over a broad concentration range. The platform also detected
trace DSS contamination in Hep at levels as low as 1% (w/w).
In addition, discrimination assays in serum-containing media
and in the presence of common biological interferents
demonstrated good matrix tolerance, anti-interference capa-
bility, and practical applicability. Although the PP2- and PP4-
based colorimetric channels are partially correlated, which may
limit further gains in pattern separability, future studies could
introduce different chromogenic substrates to generate more
diverse colorimetric outputs and enhance discrimination
performance. Overall, this work provides a simple and effective
strategy for constructing multifunctional nanozyme-based
sensor arrays and expands the utility of multichannel pattern-
recognition platforms for GAG analysis and Hep quality
control.
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