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Real-time monitoring of uric acid (UA) is essential for preventing and managing chronic diseases. While
enzymatic methods are the clinical standard, they are limited by slow reaction times and strict environ-
mental requirements. Enzyme-free sensors offer alternatives but face challenges in analyte selectivity and
clear optical signal readouts. In this study, we developed an enzyme-free UA detection method based on
corona phase molecular recognition (CoPhMoRe). We developed a near-infrared (NIR) optical nanosensor
by functionalizing single-walled carbon nanotubes (SWCNTs) with single-stranded DNA (ssDNA). Through
high-throughput screening, we identified the optimal corona of the sensor as (AAT);o/SWCNT and further
optimized it with studying the pH effects to account for the natural pH variation in urine. To facilitate point-
of-care (POC) application, we integrated the corona nanosensor with an optical paper strip, achieving a
rapid and intense turn-on NIR response up to 4 times stronger when exposed to urine samples containing
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UA concentrations ranging from 5.7 to 500 pM. Moreover, the corona nanosensor-integrated paper strip
exhibited reliable performance even under harsh conditions of 70% relative humidity and 40 °C. This study
demonstrates the enzyme-free UA detection capability of SWCNT-based CoPhMoRe in complex biofluids,

rsc.li/nanoscale establishing its potential for future application as an optical test strip in POC diagnostics.
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Uric acid (UA), the product of metabolizing purine-rich foods,
has low solubility and readily forms white crystals."* Elevated
UA levels can result in hyperuricemia, which is strongly linked
to gout. Gout arises when excessive UA in the bloodstream
accumulates in joints, forming crystals that incite inflam-
mation.® This inflammatory response leads to swelling, pain,
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and immune activation in the affected joints. Moreover, hyper-
uricemia is associated with crystal deposition in the kidneys,
contributing to kidney stone formation, and is linked to a 30%
increased risk of hypertension and ischemic stroke, highlight-
ing its significant health implications.*® Given these risks,
persistently high UA levels can lead to chronic diseases,
emphasizing the need for continuous monitoring to aid in
disease prevention and effective management of UA levels.

In clinical practice, enzyme-based detection remains the
gold standard for UA monitoring (Fig. 1a). This method relies
on enzymes such as uricase and peroxidase. Uricase catalyzes
the oxidation of UA to allantoin, and then peroxidase produces
a measurable color change through chromogenic reactions
with the by-product hydrogen peroxide.”® Current at-home test
kits are commonly composed of test strips based on colorime-
try, whereas in hospitals, more accurate diagnoses are achieved

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic illustrations of the enzyme-free UA monitoring through CoPhMoRe of NIR fluorescent SWCNTs. (a) Conventional UA detection
method based on the enzymatic reaction converting UA to allantoin. (b) Design of ssDNA/SWCNT nanosensors for enzyme-free UA detection utiliz-
ing CoPhMoRe. (c) Overall workflow for optimizing an optical strip integrated with the corona nanosensor for UA detection in human urine with a

wide pH range.

by measuring the ultraviolet (UV) absorbance difference
during the enzymatic UA conversion.’ Electrochemical sensors
employing enzymatic methods have also been developed for
point-of-care (POC) application.’® These enzymatic methods
provide high sensitivity and broad linear response, facilitating
early detection of UA, and remain the primary approach for
clinical diagnosis."* Despite its widespread use, this approach
faces notable limitations. The enzymatic process requires a
prolonged reaction time, typically around 30 minutes, which
hinders its suitability for realtime monitoring."> Enzyme
activity also highly depends on environmental factors such as
temperature, ionic strength of the buffer, and enzyme concen-
tration, as it requires incubation at 37 °C for enzyme activity."?
In addition, peroxidase reactions can lack specificity, leading
to interference from other substances, and result in a short
shelf life due to its incompatibility with preservatives such as
sodium azide.'*'*

To overcome these limitations, enzyme-free electrochemical
sensing methods have gained attention. Materials such as
metal oxides, noble metals, and carbon-based materials are
commonly employed for their catalytic properties in UA oxi-

This journal is © The Royal Society of Chemistry 2025

dation, with a porous structure enhancing the surface-to-
volume ratio."”"® However, this approach faces challenges due
to signal interference from mixed analytes with similar oxi-
dation-reduction potentials, such as ascorbic acid and tyro-
sine."” External factors such as solution pH, ion concentration,
and temperature further affect signal reliability. Additionally,
electrochemical methods lack imaging capabilities, which
highlights the need for POC diagnostic systems incorporating
optical transduction for easy and reliable visualization.
Therefore, sensor constructs that enable enzyme-free mole-
cular recognition can serve as an effective POC solution for UA
monitoring, overcoming the existing limitations."®°

In this study, we developed an enzyme-free UA detection
technique using corona phase molecular recognition
(CoPhMoRe).>! The amphiphilic moieties of a synthetic
polymer form a three-dimensional (3D) structure resembling a
corona phase on the surface of nanomaterials, creating a
binding pocket for specific molecules. CoPhMoRe nanosen-
sors corroborate their potential for detecting a wide range of
target molecules, from small molecules to oligonucleotides

and macromolecules, including even proteins or
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pathogens.”” > We designed a nanosensor library by generat-
ing synthetic binding sites on near-infrared (NIR) fluorescent
single-walled carbon nanotubes (SWCNTs) through
functionalization with single-stranded DNA (ssDNA) (Fig. 1b).
In particular, when ssDNA is used as the functionalizing
agent, its binding affinity and surface coverage on SWCNTs is
highly sequence-dependent, resulting in uniquely adaptable
3D molecular recognition sites.’>® Our CoPhMoRe library
was then subjected to high-throughput screening to evaluate
each nanosensor’s ability to detect UA with selectivity and
specificity among six common analytes in urine. Considering
the pH fluctuations of human urine, we also investigated the
effects of analyte pH on the corona phase of the SWCNT nano-
sensor by analyzing changes in the surface zeta potential and
surface coverage. The optimized nanosensor was then immobi-
lized onto a porous paper membrane, forming a practical
optical paper strip (Fig. 1c). Based on the findings in this
study, we suggest the potential of corona phase SWCNT nano-
sensors as a practical and efficient strip test method to detect
specific molecules such as UA in complex biological fluids
such as urine.

Results and discussion

Synthesis and characterization of the corona nanosensor for
UA detection

The SWCNT powder produced through the high-pressure
carbon monoxide (HiPCO) process was dispersed in a design
library of 15 ssDNA to form corona phases on the sidewalls of
SWCNTs. Due to the varying degrees of polymer binding
affinity and the distinct corona phase structures formed
depending on the CNT chirality, we utilized HiPCO SWCNTs,
which contain a mixture of multiple chiralities, to ensure com-
prehensive coverage of binding interactions.>**° Considering
that UA has a molecular mass of 168 Da and a chemical struc-
ture similar to that of neurotransmitters, particularly in its
heterocyclic structure and hydrogen bonding capacity, we
selected ssDNA as the wrapping material with non-covalent
functionalization.®* The hydrophobic bases of ssDNA
engage in strong n-n stacking with the SWCNT surface, while
the hydrophilic ssDNA backbone enables supramolecular
interactions with target molecules.>®> We employed mutational
base sequences, fixing the total sequence lengths to either 30
or 32 nucleotides, to generate a structurally diverse library of
corona phases. The ssDNA sequences and analytes used in
this study are summarized in Tables S1 and S2,} respectively.
The resulting dispersions of ssDNA/SWCNT were characterized
by ultraviolet-visible-near-infrared (UV-Vis-NIR) absorption
spectroscopy (Fig. 2a). The spectra confirmed the successful
suspension of SWCNTs, as evidenced by the distinct transition
peaks in the short-wave infrared region E;; and the visible
wavelength region E,,. The chiralities of SWCNTs were identi-
fied by referencing previous studies.** 32

We conducted high-throughput screening of the con-
structed ssSDNA/SWCNT sensor library (n = 15) against six
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representative human urinary components—creatine (Cr),
glucose (Glu), lactic acid (LA), tyrosine (Tyr), urea (U), and UA
—to identify a sensor with selective sensitivity to UA
(Fig. 2b).*>*° The sensor response was measured based on the
NIR fluorescence emission of the library after 30 min of incu-
bation with each analyte at a concentration of 100 pM. Given
the low solubility of UA in water, approximately 360 uM, and
its strong dependence on ion composition and temperature,
the maximum concentration was set to 100 uM to ensure the
use of a stable and fully dissolved solution during the
experiments.*’**> The screening results revealed a selective
response for UA, showing an average 75% increase in the NIR
fluorescence intensity for the (AAT);,/SWCNT nanosensor
(sensor ii). UA induces on-responses in all of our libraries, pre-
sumably by acting as a reducing agent though electron
donation or passivation of defective sites on the SWCNT
surface.”®> The particularly strong turn-on response was
achieved through the uniquely formed corona structure,
depending on the DNA sequence, when the surface coverage
and hydrodynamic radius of the 3D structure were optimized
for UA. All sensor responses were calculated using the formula
(I — Iy)/I,, where I represents the integrated area of the NIR
spectrum with the analyte and I, represents the area in DI
water in the absence of the analyte. The responses were quanti-
fied considering all chiralities that show NIR fluorescence
between 950 and 1400 nm. For measuring NIR fluorescence, a
721 nm laser was used as the excitation source, which exhibits
the strongest and most distinct fluorescence, while simul-
taneously exciting multiple other chiralities.** The NIR fluo-
rescence emission spectra with the 721 nm laser demonstrated
that the (AAT),;,/SWCNT nanosensor is primarily composed of
(6,5), (7,6), (8,3), and (9,4) chiral SWCNTs (Fig. 2c).>*36738

We then evaluated the sensitivity and selectivity of the
(AAT);(/SWCNT nanosensor over 0.01-100 pM of UA in DI
water and pooled human urine from six different donors
(Fig. 2d and Table S31). The UA concentrations of the actual
urine samples were determined using high-performance liquid
chromatography (HPLC) (Fig. S1t). We performed a pretreat-
ment process to oxidize ascorbic acid, a major interfering
molecule in urine, thereby preventing false negative results.*?
Calibration curves were plotted and fitted using Hill’s model,
and the limit of detection (LOD) was calculated as 69 nM with
a dynamic sensing range of 1.66-169 pM in DI water and 163
nM with a dynamic range of 2.85-95.6 pM in human urine.*®
The LOD was determined by defining the noise level as the
nanosensor response in the absence of UA and calculating
three times the signal-to-noise ratio. The dynamic range was
defined as the UA concentration range exhibiting a linear
response change determined by UA concentrations corres-
ponding to 10% and 90% sensor responses in each fitting
model. Despite the potential interference from variations in
urine composition among six different donors, the nanosensor
exhibited a selective response that consistently increased with
increasing UA concentration without significant deviation.
Notably, these detection limits are significantly lower than the
hyperuricemia diagnostic threshold (approximately 400 pM for

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Design and characterization of the ssDNA/SWCNT corona nanosensor for enzyme-free UA detection. (a) UV-Vis-NIR absorption spectra of
the ssDNA/SWCNT nanosensor library featuring over 10 different SWCNT chirality types. (b) High-throughput sensor screening results presented as
an NIR fluorescence response heatmap for UA detection, alongside responses of creatine (Cr), glucose (Glu), lactic acid (LA), tyrosine (Tyr), and urea
(U). The blue dashed rectangle indicates the optimal nanosensor for UA detection, (AAT);o/SWCNT. (c) NIR fluorescence spectra of the (AAT);o/
SWCNT nanosensor in response to the six analytes and buffer. (d) Calibration curve of the (AAT);o/SWCNT nanosensor with the UA concentration
ranging from 0.01 to 100 pM in DI water and from 5.7 to 73.7 pM in pooled human urine (n = 3). (e) Comparison of the (AAT);,/SWCNT nanosensor
response from pooled human urine spiked with 5.7 and 73.7 pM UA with the expected value from the calibration curve using UA in DI water (n = 3).

males and 350 pM for females in serum, and 600 mg day~ ' in
urine), demonstrating its potential for clinical monitoring.*”~*°
Compared to water, UA exhibits higher solubility in urine,
reaching approximately 571 uM, due to pH variations and the
presence of salts and ions.*"*°

The difference in the nanosensor performance between the
DI water-based and urine-based systems can be quantitatively
assessed by comparing the experimental sensor response from
human urine samples with the expected values derived from
the calibration curve measured with UA in DI water (Fig. 2e).
When comparing the expected values from the calibration
curve using UA in DI water with the experimental sensor
response using human urine, the difference was 8% at the
lowest UA concentration as 5.7 M but significantly decreased
to 0.5% at the highest concentration as 73.7 pM. These mar-
ginal differences might be due to the interferences by the
reference molecules and pH variation in human urine. As a
result, these findings validate the functionality and selectivity
of our ssDNA/SWCNT nanosensor even in a complex human
Unlike conventional methods using
uricase that enzymatically degrade UA into specific metab-

urine environment.

olites such as allantoin for detection, our nanosensor achieved
direct recognition of UA without requiring enzymatic proces-

This journal is © The Royal Society of Chemistry 2025

sing, demonstrating its robustness and simplicity in real urine
samples.

Assessment of pH impact on CoPhMoRe of the nanosensor

The pH of urine varies from 4 to 8, influenced by diet and
hydration, making it essential to consider the effects of ion
concentrations and pH on sensor performance.”’>* Enzymatic
sensors are constrained by the pH variation of analytes due to
their reliance on enzyme activity.'"® Similarly, electrical
sensors, such as those utilizing electrolyte-gating methods,
face challenges from drift and threshold voltage interference
caused by ion penetration.>® While enzyme-based and electri-
cal sensors are affected by ion charges, our CoPhMoRe-based
sensor also exhibits sensitivity to these factors.**>” To ensure
its reliability in urine across the typical pH range from 4 to 8,
we evaluated its sensing behavior under this range.

To isolate the effect of pH on the corona nanosensor, we
first measured the NIR fluorescence intensity of the corona
nanosensor diluted in two different media, phosphate-
buffered saline (PBS) and DI water, following the addition of
diverse pH buffers without UA, as a sensor-to-buffer ratio of
9:1 (Fig. 3a). The fluorescence intensity was normalized, with
the signal standardized at pH 7 for comparison. The results

Nanoscale, 2025,17,10652-10662 | 10655
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revealed that the unbuffered nanosensor, diluted in DI water,
was significantly influenced by the pH of the added buffers,
showing a substantial increase of 111% at pH 4. In contrast,
the buffered nanosensor, diluted in PBS, was relatively
unaffected, exhibiting only a minor change of about 10%.
Specifically, the unbuffered nanosensor exhibited increasing
fluorescence intensity as the added buffers became more
acidic. However, this phenomenon was not observed in the
buffered SWCNT sensor, which already possesses a high ionic
strength, thereby preventing protons from readily interacting
with ssDNA. The slight fluorescence increase at pH 8 might be
due to a higher presence of anions compared to pH 7 solution,
which suppresses non-radiative recombination of excitons and
electron holes in SWCNTs.>®°

We hypothesized that the observed increase in NIR fluo-
rescence intensity of SWCNTs with decreasing pH is due to the
protonation of the ssDNA backbone, leading to a compact con-
formation of the ssDNA on the SWCNT surface. A previous
study demonstrated that the increased quantum yield of
ssDNA/SWCNT complexes could be attributed to a reduction
in quenching sites, resulting from the compact configuration
of ssDNA under high ionic strength conditions.>® Similarly, in
more acidic solutions, the higher concentration of protons
facilitates the protonation of the ssDNA backbone, which
reduces the electrostatic repulsion between SWCNTs and
ssDNA and promotes the formation of a compact corona struc-
ture. To validate this hypothesis, we first measured the zeta
potential to assess the surface charge of ssSDNA wrapping on
SWCNTs. The results indicated an increasing trend in zeta
potential with decreasing pH, with the maximum peak of zeta
potential distribution shifting from —-36.8 mV at pH 7 to
—12.7 mV at pH 4 (Fig. 3b). Raw data of the zeta potential are
shown in Fig. S2.1 This aligns with our expectation that the
higher proton concentration under lower pH conditions facili-
tates the protonation of the ssDNA backbone.

To further demonstrate the structural change of the ssDNA
corona on SWCNTs, we investigated the surface coverage
changes of the nanosensor after the addition of diverse pH
buffers utilizing a molecular probe adsorption (MPA) assay.
MPA is a method used to measure the accessible nanoparticle
surface area using a titration with a quenchable fluorescent
molecule.®® The probe can exist in three states: free in solu-
tion, adsorbed on the SWCNT surface through n-n stacking
interactions, or adsorbed on free ssDNA. The adsorption
follows a type 1 Langmuir isotherm. The probe was added to
the solution after the pH buffers induced changes in the nano-
sensor. The equilibrium constant for dissociation between the
probe and the nanosensor, Kp, is defined as follows.

_ Cprobe(qcswcnt - Cad) _ (qcswcnt . 1>

K; =
D Cad probe A

Cswcnt _ KD 1 + 1

A 7 Cprobe q

Here, Cswenty Cprobe; and Cyq represent the concentrations of
the nanosensor, the probe, and the probe adsorbed on the
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nanosensor, respectively. g denotes the number of vacant sites
per nanosensor and A represents the difference between the
total concentration of the probe and the concentration of the
free probe after adsorption.

The surface coverage influenced by the added pH buffers
was confirmed using the above equation and a linearly fitted
calibration curve describing the relationship between the ribo-
flavin concentration and the fluorescence intensity (Fig. S37).
The Kp/g values exhibit an increasing trend with values of
4.13,10.5, 15.8, 14.9, and 22.3 as the pH decreases from 8 to 4,
which implies an increase in surface coverage and a more
compact ssDNA structure at lower pH levels (Fig. 3c).
Therefore, when targeting dynamic biofluids such as urine,
preserving the sensor response through buffer sampling is
crucial to mitigate signal interference caused by pH variations
in the analyte.

We further affirmed the potential interference caused by
urine pH on the corona nanosensor’s performance by observ-
ing the fluorescence spectra of unbuffered (Fig. 3d) and
buffered (Fig. 3e) nanosensors recorded with 100 pM UA solu-
tions at various pH levels. Even at the same UA concentration,
the unbuffered sensor exhibited significantly varied on-
responses depending on the pH, whereas the buffered sensor
demonstrated a highly consistent turn-on response at different
pH levels. In addition, the overall fluorescence intensity was
stronger in the buffered sensor, attributed to the increased
quantum yield resulting from the high ionic strength con-
ditions.”® Fig. 3f summarizes the responses of the nanosensor
to 100 pM UA solutions at various pH levels. We also con-
firmed the preserved sensor performance using UA solutions
at pH 4 with various concentrations (Fig. S4t). In the cali-
bration curve for UA under pH 4 conditions, the LOD was cal-
culated as 0.10 nM, even lower than the 69 nM of the limit for
UA in DI, as shown in Fig. 2d, which still remains below the
diagnostic threshold for hyperuricemia. This demonstrates the
stable performance of the sSDNA/SWCNT nanosensor across a
wide pH range, corresponding to the pH change of urine,
while maintaining high sensitivity and selectivity without the
need for enzymes and biological receptors for UA, compared
to conventional UA detection sensors (Table S41).

Nanosensor immobilization in a paper-based optical test strip

To facilitate application in POC diagnostics, we immobilized
the optimized corona nanosensor onto a paper substrate,
forming an optical UA test strip compatible with existing urine
test strip platforms. By employing the porous structure and
hydrophilic properties of the poly(ether)sulfone (PES) filter
membrane, the sSDNA/SWCNT nanosensor was immobilized
onto the substrate through a drop-cast method.®" We selected
the PES membrane based on its compatibility and stability
under a range of pH conditions. We first diluted the nanosen-
sor in PBS to concentrations of 0.5, 1, 5, and 10 mg L™ and
drop-coated the PES membrane to optimize the sensor per-
formance (Fig. S51). Among these, the 5 mg L™ sensor-coated
PES membrane exhibited the brightest and broadest NIR fluo-
rescence, which was subsequently used for further experi-

This journal is © The Royal Society of Chemistry 2025
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ments. In samples with 10 mg L™, the effective fluorescence
surface area of SWCNTs may have decreased due to sensor
aggregation, potentially resulting in a lower NIR signal.> A
photograph of the sensor-coated PES membrane shows
uniform embedding of the corona nanosensor across the cm-
scale membrane with no visible surface color variations
caused by SWCNT aggregation, indicating successful inte-
gration with the strip support (Fig. 4a).

The NIR spectrum of the paper strip confirms that the
nanosensor retains its NIR emission properties when
embedded within the PES membrane, as evidenced by the
similarity in peak positions and intensities compared to the
spectrum observed in the liquid phase (Fig. 4b). Immediately
after dropping the UA solution, the droplet is not fully
absorbed by the paper substrate, leading to light scattering
and low NIR intensity. However, as the solution gradually
wicks into the paper and achieves uniform distribution, the
fluorescence begins to increase. After around 3 min, the
sensor showed a stable and consistent on-response to UA. It
exhibited a 70% on-response within 10 min of analyte coverage
and a 120% on-response after 30 min, demonstrating higher
sensor reactivity than the previous setup with the solution-
state sensor.

This journal is © The Royal Society of Chemistry 2025

The nanosensor-integrated test strips were then monitored
using a compact NIR camera under laser excitation, addressing
the challenge of incorporating an InGaAs detector in POC diag-
nostics (Fig. 4c). The average NIR intensity profile, along with
the corresponding captured NIR images, showed a consistent
and predictable increase in the NIR fluorescence across the
paper substrate upon the addition of a few drops of 100 pM UA
solution, compared to that without UA (Fig. 4d). A corres-
ponding video is provided in the ESI.{ The test strip emits a
strong NIR signal right after the solution contacts the paper
substrate, showing an average intensity 4 times higher than
that of the strip without UA. Then, we confirmed the perform-
ance of our optical test strip with 5-100 pM UA solutions
based on the NIR intensity 1 min after UA addition, which is
the corresponding time to a 90% response in the time profile
(Fig. 4e). The linear calibration curve shows an LOD of 8.5 uM
and a dynamic range of 5-100 pM, demonstrating the potential
for concentration-specific sensing using the optical test strip.
This detection limit is slightly higher than the LOD of the pris-
tine nanosensor dispersion (69 nM), which may be attributed
to the reduced interfacial area available for analyte interaction
after paper integration. Previous fluorescence-based UA
sensors have predominantly been designed to operate within

Nanoscale, 2025,17,10652-10662 | 10657
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Fig. 4 Immobilization of the (AAT);o/SWCNT nanosensor on a paper substrate for POC UA monitoring. (a) Photograph of the optical test strip with
corona nanosensor integration. (b) Real-time fluorescence variations of the corona nanosensor-integrated test strip following the addition of
100 pM UA in DI water. (c) Photograph of the onsite UA detection setup using an NIR camera. (d) Average fluorescence intensity profile of the
corona nanosensor-integrated optical test strip following the addition of 100 pM UA in DI water at 50 s indicated by the black arrow, with the solid
line representing the mean values and the shaded region indicating the standard deviation (n = 3). The time-series NIR images (i—iv) correspond to
the test strip marked in the profile, where the time denotes the elapsed period after the addition of UA solution. The region enclosed by the white
dashed line represents the entire test strip area, and all images in this paper are presented using the same color scale. (e) Calibration curve of the
corona nanosensor-integrated optical test strip with 5-100 uM UA in DI water (n = 3). The relative fluorescence is defined as the ratio of the test
strip’s fluorescence intensity 1 minute after UA addition to its intensity before addition. (f) Captured images of the corona nanosensor-integrated
test strip (upper) before and (lower) 30 s after the addition of DI water and 5.7 and 500 uM UA in human urine. (g) Average time profile of the fluor-
escence intensity of the optical test strip after dropping 100 pM UA in DI water at 50 s indicated by the black arrow, following incubation at 40 °C
and 70% RH overnight (n = 3). The inset images show the baseline NIR signals before and after incubation. (h) Stably preserved NIR fluorescence
intensity of the test strip for 16 days (n = 3). The inset images show test strip response to 100 uM UA in DI water after 15 days of storage.

the visible light range.®> However, when applied to paper sub- viding a strong signal clarity and effective detection even on
strates, their signals often suffer from scattering and absorp- paper substrates.®®®” We also tested the test strips with pooled
tion, complicating integration into optical strips.®*®> In con- human urine samples with 5.7 and 500 pM UA (Fig. 4f). The
trast, our corona nanosensor leverages NIR fluorescence, pro- increasing NIR signal with increasing UA concentration was

10658 | Nanoscale, 2025, 17, 10652-10662 This journal is © The Royal Society of Chemistry 2025
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maintained after contact with actual urine and the fluo-
rescence intensity with 500 pM UA was approximately twice as
strong as that of 5.7 pM UA, measured 3 min after analyte
addition (Fig. S61). In addition, the absorption behavior of
urine on the paper substrate was also observed, providing
additional diagnostic information beyond fluorescence signals
(Fig. S71). By observing how urine spreads and wicks into the
substrate, properties such as viscosity and surface tension can
be inferred.®®* 7" For instance, higher viscosity may slow down
the absorption rate, resulting in distinct patterns or delayed
fluorescence stabilization. These insights could be leveraged to
complement traditional diagnostic methods, offering a more
comprehensive analysis of the urine sample’s physical and
chemical characteristics in the future.

Since CoPhMoRe and the paper substrate can be sensitive
to environmental moisture, we assessed the sensing stability
of the nanosensor-coated strip under conditions of elevated
relative humidity (RH) and temperature. Even after exposure to
70% RH and 40 °C overnight, the baseline NIR signal
remained stable (inset, bottom-right) and the sensor response
showed consistent turn-on behavior without significant
changes (Fig. 4g). The slightly delayed response time observed
may be attributed to hindered UA diffusion caused by retained
water molecules. We also evaluated the long-term stability of
the paper strip over 15 days, confirming that the baseline NIR
signal was maintained within 20% (Fig. 4h). Even when stored
in a dried state, the corona nanosensor reliably maintained its
intrinsic NIR signal over an extended period. Additional experi-
ments assessed the sensor’s long-term performance after 15
days of storage (Fig. S87). The fluorescence response remained
stable, with no noticeable decrease in sensitivity or signal
intensity. The robust performance of the CoPhMoRe nanosen-
sor, even when integrated with a paper substrate under harsh
conditions, demonstrates its potential for practical UA testing
applications. This approach provides a simple and cost-
effective process, as the substrate itself is inexpensive and
requires no additional equipment for storage and transport,
making it highly suitable for practical applications compared
to previous UA detection sensors (Table S4t). The detector also
has the potential to be deployed as a future POC device, as it
can effectively capture the NIR signals of the corona nanosen-
sor using even low specification NIR cameras such as
Raspberry Pi.”>”® Moreover, when manufacturing the optical
strips, even slight differences in the concentration and drop-
ping of SWCNT dispersions can affect the resulting NIR
signals. The introduction of automated synthesis processes
and printing technologies can overcome this challenge by
ensuring uniform volume and concentration in the bulk dis-
persions, thus enabling applications with consistent and
reproducible performance across multiple SWCNT batches.

Conclusions

In conclusion, we developed a CoPhMoRe nanosensor capable
of selectively detecting UA in urine without the use of

This journal is © The Royal Society of Chemistry 2025
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enzymes. We utilized the non-covalent functionalization of
NIR fluorescent SWCNTs with ssDNA arrays. Based on high-
throughput screening of the nanosensor library, the (AAT),¢/
SWCNT nanosensor exhibited selectivity and sensitivity even
in actual human urine. We investigated the pH effect on the
surface corona structure and sensing performance of (AAT),,/
SWCNT by examining the zeta potential and MPA. Finally, we
immobilized the optimized SWCNT nanosensor on the PES
membrane to fabricate a paper-based optical UA test strip. We
demonstrated a rapid and strong turn-on NIR response of the
optical test strip, up to 4 times stronger when exposed to UA
solutions at concentrations ranging from 5.7 to 500 uM in
actual urine. Considering the effects of humidity and tempera-
ture, which are potential weaknesses of the nanosensor-inte-
grated paper, our optical test demonstrated a stable response
to UA even after long-term storage for up to 15 days. The
enzyme-free SWCNT nanosensor represents a highly practical
and transformative solution for future UA POC diagnostics.

Experimental section
Materials

All chemical materials were purchased from Sigma-Aldrich
unless stated otherwise. SWCNT powders produced by the
HiPCO process were purchased from Nanolntegris (Batch#
HR27-149A) and used without further processing. ssDNA
sequences were purchased from Integrated DNA Technologies.

Preparation and characterization of the sSDNA/SWCNT
nanosensor

The SWCNT dispersions were prepared by combining 1 mg of
SWCNTs and 1 mg of ssDNA in 1 mL of DNase-free water. This
mixture was bath sonicated (Daihan Scientific, WUC-D03H) for
10 min and tip sonicated (Qsonica, Q125) in an ice bath with a
0.125 in. probe for 30 min at 40% amplitude. The crude
SWCNT dispersions were centrifuged (Labogene, 1730R) twice
at 17 000g for 1 h to remove undispered SWCNT bundles. The
top 80% of the supernatant was collected after each round of
centrifugation. Absorption spectra of the SWCNT dispersions
with 1/60 dilution were recorded using a UV-Vis-NIR spectro-
meter (Shimadzu, UV-2600i) to approximate the concentration
of the stock solutions, utilizing an extinction coefficient of
€632 = 0.036 L (mg cm) ™.

NIR fluorescence measurements of the nanosensors

Screening of the ssDNA/SWCNT sensor library against UA and
significant competitors was performed using a customized
setup, which consists of an inverted microscope (Olympus,
IX73) with a 20x objective and a 900 nm long-pass filter,
coupled to a monochromator/spectrograph (Princeton
Instruments, HRS 300 S) and a liquid nitrogen-cooled InGaAs
detector (Princeton Instruments, PyLoN IR 1024). The samples
were excited with a 300 mW 721 nm photodiode laser (CNI
Optics, PSU-H-LED). The exposure time was held constant
across a given experiment and varied between 2 and 5 s.

Nanoscale, 2025,17,10652-10662 | 10659
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Fluorescence spectra were background corrected using
SWCNT-free solution in an equivalent volume and collected
from 950 to 1400 nm. The SWCNT stock solutions were
diluted to 0.5 and 1 mg L™ in DI water or PBS. Analytes were
prepared as stock solutions at 100 pM in DI water. Among
them, UA was prepared as a 300 pM solution by overnight
heating at 60 °C with stirring due to its poor solubility, then
diluted to 100 pM and stored in aliquots at room
temperature.*>’* ssDNA/SWCNT and analytes were mixed in a
ratio of 9:1 to achieve a final volume of 200 pL and incubated
for 30 min before collecting measurements. The additional
nanosensor performance measurements involving various
pooled human urine samples were performed in accordance
with the guidelines of the Bioethics and Safety Act of Korea
and approved by the Institutional Review Board (IRB) at
Sungkyunkwan University (IRB approval no. SKKU 2025-02-
025). Informed consent was obtained from human partici-
pants of this study. The human urine samples were treated
with 1 TU ml™" ascorbate oxidase for 10 min at 37 °C to
exclude the effect of ascorbic acid on the nanosensors.

pH effect on UA detection of the nanosensor

The pH level of the analytes was determined using a pH meter
(Trans Instruments, BP3001). The buffers for observing the pH
effect on the ssDNA/SWCNT sensors were adjusted to the
desired pH level using 1 M HCl or 1 M NaOH in 1x PBS solu-
tion (pH 7.2). 100 pM UA solutions at various pH levels were
prepared using the same adjustment method. The zeta poten-
tials of the ssDNA/SWCNT dispersions were measured using
Dynamic Light Scattering (DLS) (Malvern, Zetasizer Nano
Z590). The accessible surface area of the ssDNA/SWCNT nano-
sensor according to the pH level of the analytes was compared
using the molecular probe adsorption technique performed
using a spectrofluorometer (Horiba, Fluoromax Plus C) and a
microwell-plate reader (Horiba, MicroMax 384).°° Riboflavin
was excited at 460 nm and its emission spectra were recorded
from 480 to 600 nm with 1 s integration time and 2 nm step
size. The wavelength at the maximum fluorescence peak was
515-520 nm. The SWCNT stock solution was dialyzed in
DNase-free water overnight to remove free DNA using dialysis
tubes with a molecular weight cut-off of 12 kDa and diluted to
10 mg L. Riboflavin was dissolved in DI water and prepared
as the stock solution at 2 mM. ssDNA/SWCNT, pH buffer, and
riboflavin were combined in a ratio of 9:1:1. sSDNA/SWCNT
and pH buffer were initially mixed and incubated for 30 min.
Then, riboflavin was added to reach final concentrations of
0-50 pM, followed by an additional 30 min of incubation.

Paper immobilization of the nanosensor for POC applications

The SWCNT stock solutions were diluted to a concentration of
0.5-10 mg L™" in PBS and deposited onto a PES membrane for
1 h using a drop casting method. After surface drying, light
agitation around 30 revolutions per minute (rpm) in water was
applied on the sensor-integrated papers for 1 h to remove
unbound SWCNTs, thereby improving the sensor signal and
overall performance. They were later dried and stored in a dried
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state before collecting measurements. The NIR spectra were
recorded using the same customized setup as the screening
measurements. All spectra were background corrected using an
uncoated paper sample acquired with 2 s exposure time.
Spatiotemporal detection with NIR imaging was performed using
an NIR camera (Raptor Photonics, Owl 640 T) with an H1-SW
25 mm SWIR lens (RPL-VS-2514) and an 850 nm long-pass filter
under excitation with a 300 mW 721 nm laser (CNI Optics,
PSU-H-LED). Sequential NIR images were captured starting
10 min after addition of 10-20 pL of DI water, followed by the
introduction of UA solution 50 s later. The calibration curve was
predicted using 5-100 pM UA solutions based on the NIR inten-
sity 1 min after UA addition, which is the corresponding time to
a 90% response in the time profile. To evaluate device stability,
the sensor-integrated papers were exposed to conditions of 40 °C
and 70% relative humidity overnight. For long-term measure-
ments, the sensor-integrated papers were stored at room temp-
erature and ambient humidity.
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