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A J-aggregating cyanine-based NIR-II optical
sensor for DNA aptamer-mediated detection and
imaging of quinine

Gaowei Deng, † Chaobang Zhang,† Jiawei Chen, Fang Zeng * and
Shuizhu Wu *

We report a dye-displacement assay for quinine detection integrating a

DNA aptamer with a J-aggregating NIR-II cyanine dye. This platform

achieves sensitive, selective, and label-free NIR-II colorimetric and

fluorescence sensing, with a fluorescence-based detection limit as

low as 0.014 lM in urine solution, and enables NIR-II fluorescence

imaging.

Aptamer-based sensors have emerged as powerful tools in
analytical chemistry due to their high specificity, tuneable
affinity, and compatibility with a wide range of targets, from
small molecules to proteins and even whole cells.1–3 By inte-
grating DNA aptamers with optical reporters, a variety of signal
transduction strategies can be realized, among which dye
displacement assays have gained considerable attention.4,5 In
these systems, a reporter dye—often a small chromophore or
fluorophore—is non-covalently associated with the aptamer
through electrostatic or hydrophobic interactions. Upon target
binding, the dye is competitively displaced due to the stronger
affinity between the aptamer and its analyte, leading to changes
in the dye’s optical properties, such as absorption or fluores-
cence. These spectral changes can be directly correlated with
analyte concentration, enabling rapid, label-free, and highly
sensitive detection.1c,6,7 Some aptamer–dye displacement sys-
tems have been developed for clinically and environmentally
relevant targets. Recently, Xiao and coworkers developed a
series of colorimetric assays based on aptamer–cyanine sys-
tems. Their approach allows for the detection of various small
molecules, providing a rapid and sensitive method suitable for
sensing applications.7b–d

While these platforms are elegant and adaptable, there is
still room for improvement. For instance, the previously

reported sensors operate in the visible and near-infrared I
(NIR-I) range, which is suboptimal for biological applications
due to high background autofluorescence and limited tissue
penetration. In contrast, optical detection and imaging in the
NIR-II range can substantially reduce the autofluorescence and
improve tissue penetration. Moreover, many of the dye-aptamer
systems are used as the colorimetric sensors, which generally
exhibit relatively lower detection sensitivity compared to
fluorescence detection.8 Cyanine dyes, particularly those cap-
able of forming supramolecular aggregates, are well suited for
dye displacement assays due to their sharp spectral signatures
and responsive optical behaviour.7 Cyanine J-aggregates
demonstrate distinct bathochromic shifts, enhanced molar
absorptivity, and narrowed spectral linewidths compared to
their monomeric counterparts, making them attractive for
signal amplification in biosensing applications.9 How-
ever, designing a cyanine dye capable of forming NIR-II
J-aggregates is not an easy task, let alone obtaining stable
J-aggregates that can function in biological media. Recently,
we developed a strategy for constructing a series of cyanine-
based J-aggregates with their absorption/emission spectra in
the NIR-II region.10

Quinine remains a critical therapeutic agent for treating
severe malaria. However, its narrow therapeutic window,
potential toxicity, and inter-individual pharmacokinetic varia-
bility require precise monitoring in clinical and pharmacologi-
cal settings.11 Thus, sensitive and selective detection of quinine
in biological fluids is essential.

In this study, we aimed to make use of our strategy to
develop a displacement assay system capable of detecting
quinine through target-triggered J-aggregate formation and
associated spectral transitions. By screening our existing
J-aggregating cyanines and designing new NIR-II cyanine
J-aggregates, we successfully achieved NIR-II colorimetric and
fluorescent detection and imaging of quinine in biological
fluids. Our experiments also indicate that the limit of detection
(LOD) of fluorescence assays is an order of magnitude lower
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than that of the colorimetric assay. This work further verifies the
generality of the aptamer-based dye-displacement assay and high-
lights the potential of combining J-aggregate-forming NIR-II cya-
nine dyes with aptamer-based displacement assays to create
sensitive and spectroscopically tuneable sensors (Scheme 1).

DNA aptamer 38-GC can bind to an antimalarial drug
quinine with a dissociation constant KD of 2.4 � 0.1 mM in its
binding buffer.7c,12 In this study, we tried to find a suitable
NIR-II J-aggregating cyanine to form a complex with aptamer
38-GC and achieve optical (both colorimetric and fluorescence)
detection as well as fluorescence imaging of quinine. First, we
tried our previously obtained J-aggregating dyes to see if they
can work with 38-GC to detect quinine by measuring the
absorption spectra of our cyanines (compounds 9, 17 and 23)
upon addition of DNA aptamer 38-GC of varied concentrations
in HEPES buffer, as presented in Fig. S1 (SI). It turns out
that the addition of 38-GC could hardly interfere with the
J-aggregation of the three cyanines in buffer solution, indicat-
ing that these three cyanines cannot form a complex with 38-GC
and are thus not applicable in dye-displacement assays. We
then continued our exploration by fine-tuning the structures of
the meso-substituent of our cyanines. 5 new cyanines (from Cy-
BN-1 to Cy-BN-5, shown in Fig. S2, SI) have been obtained and
well-characterized (with their 1H and 13C NMR and HR-MS
spectra listed in Fig. S3–S17, SI). We tested their capability of
J-aggregation and forming a complex with the 38-GC aptamer.
As demonstrated in Fig. S18 (SI) and Fig. 1A, among the five
new cyanines, Cy-BN-1 and Cy-BN-5 can self-assemble into
J-aggregates in HEPES buffer (containing 5 v/v% or 10 v/v% of
DMSO), and only the latter can form a perfect J-aggregate. We
tested Cy-BN-5’s capability of forming a complex with 38-GC.
Fig. 1B shows the absorption spectra of Cy-BN-5 in HEPES
solution upon addition of 38-GC of varied concentrations. The
presence of 38-GC substantially reduces the absorption band
at ca. 1040 nm (the J-band of the cyanine), and causes
the emergence of an absorption band at around 750 nm

(the H-aggregation band). With the concentration ratio of dye
to aptamer at 1 : 2, the absorption peak at 1044 nm completely
disappears. This result suggests that the aptamer can disrupt
the J-aggregates and form a complex with the dye molecules in
HEPES buffer. Some forces, such as p–p stacking, hydrophobic
and electrostatic interactions, may contribute to the binding
between Cy-BN-5 and the 38-GC aptamer.1e Next, we prepared a
Cy-BN-5/38-GC (1 : 2) complex and tested its spectral response
to quinine. As shown in Fig. 1C, the Cy-BN-5/38-GC complex
exhibits a characteristic response to quinine in the buffer
system. When the concentration of quinine was increased from
0 mM to 200 mM, the absorption peak of the J-aggregate at
1044 nm gradually enhanced, whereas the absorption band of
the H-aggregate at 750 nm synchronously attenuated, suggest-
ing that the higher affinity between the aptamer and quinine
resulted in the release of quinine molecules into the solution.
To rule out the possibility that the pure Cy-BN-5 can detect
quinine alone, varied amounts of quinine were added into
HEPES solution of Cy-BN-5, and the subsequent absorption
measurement (Fig. S19, SI) shows that Cy-BN-5 cannot detect
quinine alone. The released Cy-BN-5 molecules rapidly
assembled to form J-aggregates. The formed J-aggregates exhi-
bit much higher photostability than ICG (Fig. S20, SI) and its
fluorescence quantum yield has been determined as 0.39%.
The absorbance of J-aggregates at around 1044 nm in Fig. 1C
was plotted against quinine concentration in Fig. 1D, while
Fig. S21 (SI) demonstrates a linear fitting curve of the maximum
absorbance of J-aggregates with quinine concentration in the
linear region. The results show that the maximum absorbances
for the dye J-aggregates are significantly linearly correlated with

Scheme 1 (A) Schematic illustration of the assay of quinine using an
aptamer-dye complex. (B) Synthetic route for cyanine dyes (Cy-BN-1 to
Cy-BN-5).

Fig. 1 (A) Absorption spectra of dye Cy-BN-5 in pH 7.4 HEPES solutions
with varied ratios of DMSO to water. (B) Absorption spectra for Cy-BN-5
upon addition of aptamer 38-GC of varied concentrations. (C) Absorption
spectra of Cy-BN-5/38-GC in pH 7.4 HEPES solution after addition into
quinine solutions with varied concentrations (0, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 7,
8, 12, 20 and 50 mM). (D) Plot of maximum absorbances (indicated by the
cyan line) for the Cy-BN-5/38-GC complex vs. concentration of quinine
(0, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 7, 8, 12, 20 and 50 mM) in pH 7.4 HEPES
solutions. n = 3.
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quinine concentrations in the range of 0 to 7 mM. It was
calculated that the absorbance-based limit of detection (LOD)
of this dye replacement analysis was 0.35 mM in HEPES buffer
solution. This result confirms that the dye/aptamer complex
can serve as a dye-replacement assay to detect quinine spec-
trally in the NIR-II region.

The dissociation constant Kd between the aptamer and Cy-
BN-5 complex was determined as 16.9 � 0.5 mM (Fig. S22, SI),
which is much higher than that between the aptamer and
quinine (2.4 mM)7c under the same conditions, verifying the
feasibility of the dye-displacement process in the presence of
quinine. We tried to observe the size and morphology of the
Cy-BN-5/38-GC complex before and after exposure to quinine.
As shown in Fig. S23 (SI), only after quinine treatment,
J-aggregate particles form, which can then be observable by
DLS and TEM. Moreover, the investigation on the effect of ionic
strength on both the J-aggregation and the response behaviour
(Fig. S24, SI) shows that the sensor itself, its response to
quinine and the J-aggregation can withstand a high ionic
strength environment (300 mM of NaCl). To evaluate the
selectivity of the Cy-BN-5/aptamer complex for the quinine
assay, the absorption spectra of the Cy-BN-5/38-GC complex
were determined after mixing with either quinine or a potential
interfering substance. As shown in Fig. S25 (SI), the measure-
ment of absorbance at 1044 nm reveals a significant increase in
absorbance only in the presence of quinine, while the absor-
bances for other potential interfering substances shows no
significant difference compared to the control, verifying the
high selectivity for the quinine assay.

To investigate the capability of the Cy-BN-5/aptamer
complex in detecting quinine under simulated physiological
conditions, HEPES buffer solutions containing fetal bovine
serum (FBS) (2%, w/v) and synthetic urine (2.5%, v/v) were
prepared. First, the J-aggregation of Cy-BN-5 in the FBS and
urine solutions was tested. As shown in Fig. S26 (SI), Cy-BN-5
could form J-aggregates in both FBS and urine solutions with
their absorption spectra slightly or moderately changed com-
pared to those in HEPES buffer, which indicates that Cy-BN-5
exhibits a high tendency of forming J-aggregates in simulated
physiological conditions and it is potentially applicable in dye
displacement assays in these solutions. The spectrometric
assays of quinine by using the Cy-BN-5/38-GC complex in the
FBS and urine solutions are presented in Fig. 2. In FBS and
urine-containing buffers, the maximum absorbance at around
1000 nm (Fig. 2A, for FBS) and 1050 nm (Fig. 2C, for urine)
corresponding to the J-aggregate peaks of Cy-BN-5 gradually
increased with rising quinine concentrations. The relationship
between maximum absorbances (in FBS and in urine) and
quinine concentration are depicted in Fig. 2B and C, while
linear ranges for the curves are presented in Fig. S27 and S28
(SI), respectively. And the absorbance-based LOD for this dis-
placement assay in FBS and synthetic urine was calculated to be
0.43 mM and 0.37 mM, respectively. Due to the interference of
biological substances in FBS and urine, the LODs for the
quinine assay are higher than that in pure HEPES buffer, but
they are very much lower than that in the urine of malaria

patients.13 This is likely attributable to the exceptional
J-aggregate formation capability of Cy-BN-5 in biological fluids.

Considering the higher sensitivity of fluorescence detection,
we have further evaluated the fluorescence detection of quinine
using the Cy-BN-5/38-GC complex in HEPES buffer containing
2.0% (w/v) FSB and 2.5% (v/v) synthetic urine. As shown in
Fig. 3A and B, in the absence of quinine, the Cy-BN-5/38-GC
complex displayed almost no fluorescence emission within the
NIR-II region, as there was no J-aggregate of Cy-BN-5 formed in

Fig. 2 Absorption spectra of the Cy-BN-5/38-GC complex after addition
into quinine solutions with varied concentrations (0, 1.5, 2.5, 3.5, 4.5, 5.5,
6.5, 7, 8, 12, 20 and 50 mM) in HEPES solutions with 2% (w/v) FBS (A) and in
HEPES solutions with 2.5% (v/v) synthetic urine (C). Plot of maximum
absorbances (indicated by the cyan lines) for Cy-BN-5/38-GC vs. con-
centrations of quinine (0, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 7, 8, 12, 20 and 50 mM) in
HEPES buffer with 2% (w/v) FBS (B) and in HEPES solution with 2.5% (v/v)
synthetic urine (D). n = 3.

Fig. 3 Fluorescence spectra of the Cy-BN-5/38-GC complex after addi-
tion into quinine solutions with varied concentrations in HEPES buffer with
2% (w/v) FBS (A) and in HEPES buffer with 2.5% (v/v) synthetic urine (B).
Excitation wavelength: 980 nm; (C) NIR-II fluorescence images of the
Cy-BN-5/38-GC complex in the presence of quinine of varied concentra-
tions. Excited with a 980 nm laser.
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the FSB or urine-containing buffer solutions. When quinine
was added into the solutions, a distinct NIR-II fluorescence
peak emerged at 1015 nm (in FSB) or 1062 nm (in synthetic
urine), which corresponded to the emission peaks of
J-aggregates formed in the two solutions because of the repla-
cement of dye molecules by quinine. The fluorescence inten-
sities of the J-aggregates at around 1015 nm and 1062 nm
gradually increased with increasing quinine concentrations.
The fluorescence enhancement (FE) factors in FBS and in urine
are calculated as 45 and 97, respectively. The correlations
between fluorescence intensity at 1015 nm (or 1062 nm) and
quinine concentration are plotted in Fig. S29 and S30 (SI),
respectively. A linear relationship was observed over the
concentration range of 0–8 mM in both FSB and urine-
containing buffers. The calculated fluorescence-based LOD
for this displacement assay was 0.018 mM (in FSB) and
0.014 mM (in synthetic urine), respectively, reflecting the sensi-
tive fluorescence detection of quinine by using the dye/aptamer
complex. Moreover, fluorescence detection in the NIR-II win-
dow effectively minimizes interference from endogenous sub-
stances such as hemoglobin in biological fluids and
significantly reduces tissue autofluorescence.

Given that the J-aggregate emission band of the Cy-BN-5 dye is
located at 1062 nm, we further explored its application in NIR-II
fluorescence imaging in vitro. The Cy-BN-5/38-GC complex was
added to HEPES buffer solutions containing varied concentrations
of quinine and placed in centrifuge tubes. Imaging was performed
with a 980 nm laser for excitation. As shown in Fig. 3C, the
fluorescence intensities increase progressively with rising quinine
concentrations. This indicates that, upon displacement by quinine,
Cy-BN-5 was released from the aptamer complex into solution,
where it self-assembled into J-aggregates, generating a detectable
fluorescence signal. A comparison between this sensor and some
others is presented in Table S1, SI.

In conclusion, we developed a NIR-II aptamer-based dye-
displacement assay by integrating a quinine-binding aptamer (38-
GC) with a J-aggregating cyanine dye (Cy-BN-5). The displacement
of Cy-BN-5 upon quinine recognition triggered the formation of
NIR-II-emissive J-aggregates, enabling both colorimetric and
fluorescence-based detection. The system demonstrated excellent
sensitivity and selectivity, achieving low fluorescence-based LOD,
significantly outperforming absorption-based assays. Its robust
performance in biological fluids and capability for NIR-II fluores-
cence imaging highlight the platform’s promise for biomedical
sensing applications. This study not only validates the feasibility of
using J-aggregating dyes in aptamer-based assays, but also paves
the way for future development of high-performance biosensors in
the NIR-II window.
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