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[13_TD$DIFF]A B S T R A C T

Ribonucleotides are usually functioned as biomarkers to diagnose diseases andmonitor the life activities
in living organisms, and their discrimination is of great significance but challenging. Taking advantage of
the unique characteristics of gold nanorods (AuNRs), herein, a colorimetric sensor array for
discrimination of twelve ribonucleotides was developed based on the chemical etching of AuNRs with
controllable aspect ratios. During the etching process, AuNRs were preferentially shortened and
eventually turned into Au(III) state by Fenton’s reaction. The morphological change of AuNRs led to the
significant color change and blue shift in the corresponding extinction spectrum. However, when Fe2+

bound with ribonucleotides, the Fenton’s reaction was prevented and the ability to etch AuNRs was
weakened or disappeared. Due to the different structures of nucleotides, the binding ability of themwith
Fe2+ was distinct, resulting in the discrepancy in the chemical etching of AuNRs, which could be
developed for distinguishing ribonucleotides. Moreover, the proposed sensor array was successfully
explored to distinguish ribonucleotides in complex human urine samples.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Ribonucleotides species are one linchpin in biological field,
which play vital roles in physiological processes such as energy
supply, metabolism, and transmission of genetic information in
organisms [1]. For example, guanosine triphosphate (GTP) is
involved in the synthesis of RNA, DNA proteins and intracellular
nutrient metabolism [2,3]. Adenosine diphosphate (ADP) plays an
important role in the fundamental biological reactions catalyzed
by adenosine triphosphatase (ATPases) and kinases [4]. Moreover,
these small biomolecules often functioned as biomarkers to
diagnose diseases and monitor the life activities in living
organisms. Therefore, sensors for physiological ribonucleotides
are of vital importance for investigating the metabolic processes
and diseases diagnosis. With this issue in mind, great efforts have
been devoted to developing sensitive and selective methods for
ribonucleotide detection in the past decades, including fluorome-
try [5–7], spectrophotometry [8], nuclear magnetic resonance
spectroscopy [9], chromatography [10], electrochemical analysis
[11,12], and aptamer-based optical sensing [13], and so on. These
methods can only selectively detect one kind of ribonucleotide
and/or require sophisticated instrumentation, and just few
attempts have been reported for distinguishing twelve
itute of Materia Medica, Chinese
ribonucleotides at the same time. Accordingly, the development
of simple, rapid, and novel strategies for large-scale determination
of ribonucleotides is highly desirable.

The array sensing and colorimetric methods have been
receiving considerable attention [14]. By now, a large number of
sensor arrays have been proposed to detect and distinguish some
similar biomolecules, such as metal ions [15–17], bacteria [18],
phosphate [19,20] and proteins [21–25]. Despite the progress,
further developments in the pattern-based assay for large-scale
applications are hampered by limitations with respect to some
complex or expensive operations, such as high-cost and compli-
cated synthesis and the difficult design of pattern recognition
elements. Therefore, developing usable and cost-effective but
versatile pattern recognition elements is indispensable for the
development of "chemical nose/tongue" with excellent discrimi-
nation capabilities.

With the development of nanotechnology, noble metals nano-
material attracted considerable attention [26]. As a one-dimen-
sional nanomaterial with unique optical properties, gold nanords
(AuNRs) present two attractive and independent transverse and
longitudinal localized surface plasmon resonances (LSPR) bands,
which correspond to the transverse and longitudinal electronic
vibration [27], respectively. Especially, the longitudinal plasmon
resonance absorption (LPRA) is closely relatedwith the aspect ratio
[28], which show a variety of colors and promising applications in
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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the visual assays. Numerous investigations have reported that the
aspect ratios of AuNRs can be adjusted by H2O2, I�, Fe3+ and other
oxidizing substances (such as �OH), which are accompanied by the
significant color diversification and thus enable the visual sensing
[29,30]. Therefore, this property makes AuNRs possible to act as an
ideal probe for colorimetric detection. In addition, it is well known
that under acidic conditions, Fe2+ can act as a catalyst to
disproportion H2O2, thereby yielding two different kinds of
oxygen-radical species of �OH and �OOH, which is called Fenton’s
reaction [31]. On the one hand, in the Fenton’s reaction, Fe2+ reacts
with H2O2 to form Fe3+ and �OH, and the oxidizability of �OH is
much stronger than H2O2. On the other hand, the formed Fe3+ also
can react with H2O2 to form Fe2+ and �OOH, resulting in the
Fenton’s reaction to accelerate the oxidation rate [32], which could
be utilized to adjust the aspect ratio of AuNRs to realize the visual
detection of biomolecules [33–35].

Inspired by the above facts, we herein for the first time
demonstrate a novel, fast and multichannel colorimetric sensor
array for identifying and detecting twelve ribonucleotides
(Scheme 1). Firstly, AuNRs with four different aspect ratios were
introduced as sensor arrays, which changed from rod-shape to
spheres in morphology and blue-shift of LPRA after etched by �OH.
Then, in the presence of nucleotides that contain phosphoric acid
and base, Fe2+ could bind with ribonucleotides to prevent H2O2

from yielding �OH. Because of the unequal affinity of different
ribonucleotides with Fe2+, it produces certain diversity during the
etching process of AuNRs to realize the distinguishing of twelve
ribonucleotides. In comparison with previous reports [36], this
colorimetric method, which was based on the LPRA shift of AuNRs,
was much faster and simpler. Furthermore, it not only could avoid
the difficult surface modification procedures and chromogenic
reagents, but also distinguish ribonucleotides in human urine
samples.

According to the previously reported seed-mediated method
[37], AuNRs with four different aspect ratios were prepared by
adjusting the amount of reagents in the synthesis process. The
LPRA bands located at 693 nm, 722 nm, 744 nm, and 902 nm
(Fig. S1a in Supporting information) and the corresponding aspect
ratios of AuNRs were 2.3, 2.9, 3.1 and 4.5, respectively (Fig. S1b in
Supporting information). The SEM images of etched AuNRs (Fig.1a)
displayed that in the presence of H2O2 and Fe2+, the morphology of
AuNRs changed from rod-shape to sphere. After introducing ATP,
the morphology of AuNRs restored to a rod shape, indicating that
ATP can bind with Fe2+ and hinder the etching process of AuNRs.

Under the Fenton’s reaction conditions, the LPRA of AuNRs
underwent a significant blue shift in absorption spectra, and the
peak positions were all blue-shifted to about 550 nm (Fig. 1b),
indicating that the morphology of AuNRs changed from rod-shape
to sphere. After introducing different ribonucleotides, the LRPA of
AuNRs underwent distinct degrees of red shift compared with
AuNRs etched by the Fenton’s reaction, indicating that
[(Scheme_1)TD$FIG]

Scheme 1. AuNRs with four aspect ratios as probes for distinguishing twelve
ribonucleotides.
ribonucleotides could bind with Fe2+, thereby inhibiting the
generation of �OH in the Fenton’s reaction and hindering the
etching of AuNRs. The difference in binding ability between various
ribonucleotides and Fe2+ led to different red shift of LPRA. From the
spectral shift, the following conclusions can be drawn that GTP has
the strongest binding ability with Fe2+, followed by
UTP>ATP> CTP, inferring that when the number of phosphate
groups is the same, the binding ability of the four kinds of bases
with Fe2+ can be arranged in the order of guanine> uracil> ade-
nine> cytosine. This phenomenon may be attributed to that the N
atoms on the anthracene ring, or the pyrimidine ring, or the amino
group, have a lone pair of electrons, which can bind with Fe2+. At
the same time, the guanine and uracil structures with carbonyl
groups are capable of forming metal carbonyl complexes with
metal ions, which may result in strong binding affinity of guanine
and uracil with Fe2+.

In order to obtain the greatest distinguishing performance,
discrimination conditions were further optimized. Three critical
factors, including the concentrations of Fe2+, H2O2 and HCl in the
Fenton’s reaction, were taken into consideration. When the
concentrations of Fe2+ and H2O2 were at very low levels, the yield
of �OH was insufficient and AuNRs cannot be completely etched.
When Fe2+ and H2O2 were excessive, many other reactions are also
possible, which include the radical-radical reaction or the reaction
of the �OH radical with H2O2 [38], greatly reducing the utilization
of �OH and the rate of etching AuNRs. When the concentrations of
Fe2+ andH2O2were 180mmol/L and 0.26mmol/L (Figs. S2a and S2b
in Supporting information), it was ideal for discrimination.
Simultaneously, since the Fenton’s reaction can only occur in
acidic solution, thus, the concentrations of HCl was investigated. At
high pH (pH> 4), the generation of �OH became slower because of
the formation of the ferric hydroxo complexes. On the other hand,
in strongly acidic medium (pH< 2.0), the reaction was decelerated
due to the formation of complex species [Fe(H2O)6]2+ [38], which
influenced the balance between the Fe2+ and Fe3+. Therefore, about
85mmol/L HCl was observed to obtain nearly the maximum shift
of absorption (Dl, Fig. S2c in Supporting information).

Under the optimal conditions, twelve ribonucleotides were
distinguished by the multichannel colorimetric sensor array at the
concentrations of 100mmol/L, 250mmol/L, and 500mmol/L,
respectively. The colourful photos (Fig. S3a in Supporting
information) for distinguishing twelve ribonucleotides at
100mmol/L show that besides the three pairs ribonucleotides
(CMP and UMP, CDP and UDP, CTP and GTP), others can be
recognized by the naked eye. To further evaluate the discriminative
capability of this sensing array, PCAwas also performed to provide
further evidence for the array’s recognition capability for
ribonucleotides (Fig. S3c in Supporting information), which shows
that only one pair of ribonucleotides (CDP and UDP) cannot be
distinguished.

Next, twelve ribonucleotides at concentration of 250mmol/L
was taken into consideration (Fig. 2). The result indicated that the
colorimetric arrays of three ribonucleotides (CMP, CDP, and UDP)
were similar. When PCA was performed, the PCA score map
supported the conclusion that twelve ribonucleotides could be
clearly distinguished. Finally, if twelve ribonucleotides were
distinguished at a higher concentration of 500mmol/L (Fig. S4
in Supporting information), they could be more easily distin-
guished by the colourful photos and PCA score. From the above
results, it can be drawn the conclusion that when the concentra-
tion of ribonucleotides were 100mmol/L, CDP and UDP cannot be
distinguished. However, when the concentrations were greater
than 100mmol/L, various ribonucleotides can be clearly distin-
guished by PCA score. Simultaneously exploiting the data
processing method of PCA, the distinguishing ability of this
multi-channel array can be improved.
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Fig. 1. The etching features of AuNRs. (a) SEM images of AuNRswith controllable aspect ratios under different conditions. Conditions: [H2O2], 0.26mmol/L; [Fe2+], 0.18mmol/L;
[ATP], 500mmol/L; [HCl], 85mmol/L. Scale bar: 100 nm. (b) The UV–vis absorption spectra of AuNRs with four aspect ratios etched by Fe2+ and H2O2 in the presence of different
ribonucleotides: AuNRs (A), AuNRs (B), AuNRs (C), AuNRs (D). Conditions: [H2O2], 0.26mmol/L; [Fe2+], 0.18mmol/L; [ribonucleotides], 250mmol/L; [HCl], 85mmol/L.
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To evaluate the reliability and accuracy of the sensor array,
eleven unknown samples were randomly selected and performed
according to the colorimetric sensor array. After adding the
ribonucleotides to the samples, the absorption spectra of AuNRs
[(Fig._2)TD$FIG]

Fig. 2. The distinguishing of twelve ribonucleotides at [9_TD$DIFF]250mmol/L. (a) The visual
photos of AuNRs induced by twelve nucleotides; (b) and (c) are the fingerprints
(response patterns) of various ribonucleotides generated byAuNRs sensor array and
canonical score plot for the response patterns as obtained from PCA. Conditions:
[H2O2], 0.26mmol/L; [Fe2+], 0.18mmol/L; [ribonucleotides], 250mmol/L; [HCl],
85mmol/L.
were collected and then analyzed by PCA. PC1 and PC2 of unknown
samples were compared with the PCA score map (Fig. 2c). The
results (Table S2 in Supporting information) indicate that the
eleven unknown samples were correctly identified with an
identification accuracy of 100%, indicative of the feasibility of
using this sensor array in identifying unknown ribonucleotides.

To guarantee the feasibility of the proposed sensor array in
accessible biofluids, urine samples were collected from healthy
people, and added the following ribonucleotides and their
mixtures to the urine sample, ADP, ATP, CTP, GMP, GTP, ATP + ADP
(molar ratios = 1:1), ATP + ADP (molar ratios = 3:1). The results of
PCA plots (Fig. 3) indicate that urine samples without

[(Fig._3)TD$FIG]

Fig. 3. The distinguishing of nucleotide in urine samples. Conditions: [H2O2],
0.26mmol/L; [Fe2+], 0.18mmol/L; [ribonucleotides], 250mmol/L; [HCl], 85mmol/L.
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ribonucleotides produce their own unique signals, while urine
samples containing different ribonucleotides showed unique PCA
signals. At the same time, it was found that the mixtures samples
also had unique PCA signals, and the regions did not overlap,
indicating that the method can be used to distinguish the
ribonucleotides in urine samples.

In summary, a multichannel AuNRs sensor array for differenti-
ation analysis of ribonucleotides was developed based on the
etching of AuNRs. Firstly, the sensor array exhibited the advantage
of low cost, time saving, and simplicity. At the same time, four
different aspect ratio AuNRs were used as multichannel sensing
probes to realize the distinguishing of ribonucleotides and their
mixtures in urine samples. Secondly, the proposed sensor array
was successfully explored the binding ability between ribonucleo-
tides and Fe2+ and the following conclusion had been summarized:
when the number of phosphate groups was equal in ribonucleo-
tides, the binding ability of the four kinds of bases with Fe2+ can be
arranged in the order of guanine> uracil> adenine> cytosine. This
conclusion may provide a basis for studying the binding ability
between ribonucleotides and other metal ions. Finally, it is
believed that different aspect ratio of AuNRs that can be used as
sensor array probes may provide new opportunities for the
development of multichannel sensing platforms, as well as the
construction of multi-sensor components.
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