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Abstract We describe a highly sensitive method for the de-
termination of traces of xanthine based on the aggregation of
citrate-stabilized gold nanoparticles (AuNPs). It is found that,
under optimal conditions of pH, the imide group of xanthine is
adsorbed on the surface of the AuNPs, thereby displacing
citrate ions. This leads to an aggregation of the AuNPs via
hydrogen-bond interactions. As a result, the color of the
solution changes from red to blue which can be seen with
bare eyes and also can be measured by spectrophotometry.
The ratio of the absorbances at 630 nm and 520 nm is linearly
related to the concentration of xanthine in the 125 nM to
6.0 uM range (r=0.9988), and the detection limit (30/slope)
is 23 nM. The method is simple, feasible and fast.

Keywords Xanthine - Gold nanoparticles - Aggregation -
Detection

Introduction

Xanthine (3, 7-dihydro-purine-2, 6-dione) is a metabolic prod-
uct of adenine and guanine, presents in most human body
tissues and fluids [1]. As the precursor of uric acid, abnormal
level of xanthine in body has been found to be closely related
to many diseases, including hyperuricemia, gout, xanthinuria,
perinatal asphyxia and pre-eclampsia [2—6]. Meanwhile, xan-
thine is also an important biomarker in the food industries [7].
Nowadays, based on the formation of hydrogen peroxide
(H;0,) according to the xanthine oxidase (XOD) catalyzed
reaction, the detection of xanthine has been developed gener-
ally based on the electrochemical method [8—11]. Although
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these methods make great contributions to xanthine detection,
most of them are suffer from cumbersome, time consuming,
and complicated laboratory procedures. Therefore, it is signif-
icant to develop a simple and sensitive method for the xan-
thine sensing.

Noble metal nanomaterials, especially gold nanoparti-
cles (AuNPs) have attracted much attention in science
and biotechnology area due to their unique chemical and
physical properties [12]. The well-dispersed AuNPs so-
lution shows red color, whereas the color will changes
from red to blue or purple once AuNPs aggregate [13].
Based on the distinct color change, AuNPs have been
employed as a signal transducer on varieties of plat-
forms for many analytes, such as DNA, protein, small
molecule and metal ion [14—17]. The major advantage of
AuNPs based methods is that the detection event can be
simply transformed into color change, which can be
easily observed by the bare eye without use other com-
plicated or expensive instruments. More importantly, the
extraordinarily high extinction coefficient of AuNPs en-
ables the colorimetric methods have extremely high sen-
sitivity [18].

Nowadays, some colorimetric methods for xanthine are
emerging. For example, Wang et al. have reported a colori-
metric method for xanthine by using BSA-stabilized Au clus-
ters as peroxidase mimetics [19]. In their detection case, BSA-
stabilized Au clusters catalyzed the peroxidase substrate 3, 3,
5, 5-tetramethylbenzidine (TMB) to form blue charge-transfer
complex when xanthine was catalyzed by XOD to product
H,0,. The method has good results, however, long analysis
time, complicated procedures and special skills are required.
In this work, we found the color of AuNPs change from red to
blue after the addition of xanthine. Based on the experimental
phenomenon, a new colorimetric method for xanthine was
established. The method is simple, feasible and the detection
can be completed within 15 min at the room temperature.
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Experimental
Materials and reagents

Chloroauric acid tetrahydrate (HAuCl,-4H,0) was ob-
tained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China, www.sangon.com). Trisodium citrate
dihydrate (Na;CgHs0,-2H,0), Vitamin c, uric acid and
urea were ordered from Chengdu Kelong Chemical
Reagent Co., Ltd. (Chengdu, China, www.cdkelong.
com). Xanthine, XOD and hypoxanthine were purchased
from Sigma (St. Louis, MO, USA, www.sigmaaldrich.
com). Other reagents were of analytical reagent grade
and used without further purification. Stock solution of
xanthine (0.1 mM) was prepared by dissolving the amount
of xanthine with distilled water and stored in a refrigerator
at 4 °C. Working solutions were obtained via dilution the
stock solution prior to use. Milli-Q purified water (18.2
MQ-cm) was used throughout the experiments. The pH of
the solutions was adjusted by Britton—Robinson (BR)
buffer.

Apparatus

The absorption spectra of AuNPs were measured on a TU-
1901 UV-vis spectrophotometer (Beijing Purkinje Gener-
al Instrument Co., Ltd., Beijing, China, http://www.
pgeneral.com). Dynamic light scattering (DLS) and zeta
(0)-potential analyses were completed on a DLS Zetasizer
Nano-ZS90 System (Malvern, UK, www.malvern.com.

Scheme 1 Schematic illustration
of the method for xanthine
detection based on AuNPs
aggregation

cn). Vortex mixer XW-80A (Shanghai Jingke Industrial
Co., Ltd. Shanghai, China, http://www.jk18.com) was
employed to blend the solution. All measurements were
taken at room temperature.

Synthesis of AuNPs

The synthesis of AuNPs were identical with our previous
works by reducing HAuCl, with trisodium citrate [16, 20].
All glassware used in the following procedures was thorough-
ly cleaned with freshly prepared aqua regia solution (1:3
HNO3/HCI), rinsed with water and dried before to use. Brief-
ly, 4 mL 1 % (w/w) HAuCly solution was added into the
96 mL distilled water and heated to boiling with stirring. Then,
2 mL 5 % (w/w) NazCgHsO7-2H,0 was quickly added with
vigorous stirring, which result in a color change from pale
yellow to red within 3 min. The solution was kept boiling
continued for 5 min, then naturally cooled to room tempera-
ture, and put in refrigerator (4 °C) for reserve. The resulting
solution of AuNPs concentration was calculated to be 11.05
nM according to Beer’s law [21].

Procedure for xanthine detection

BR buffer, appropriate concentration of xanthine, and 2.21
nM AuNPs were subsequently added into the 1.5 mL centrif-
ugal tube, vortex-mixed and incubated at room temperature
for 5 min. The UV—vis absorption spectra were recorded over
the wavelength range from 300 nm to 800 nm. The selectivity
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Fig. 1 UV-vis absorption spectra of AuNPs in the absence (curve a) and
presence (curve b) of xanthine. The inserted picture shows the color
change corresponding to the curves. Concentrations: AuNPs, 2.21 nM.
Xanthine, 4.0 uM; pH 7.0

for xanthine was confirmed by adding other species instead of
xanthine in the same way.

Results and discussion
Sensing principle for xanthine

Articles have reported that imide group can bind to the
surfaces of AuNPs easily than amino and hydroxyl groups
[20, 22], thus we aim to develop a novel colorimetric
method for xanthine (contained imide group). The detec-
tion mechanism is schematically depicted in Scheme 1.
AuNPs used in this work were prepared using the stan-
dard trisodium citrate reduction, so the AuNPs surfaces
capped plenty of citrate ions. The negatively charged
citrate ions on the AuNPs surfaces provided sufficient
electrostatic repulsion between the particles, and thus
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Fig. 2 Effect of pH on Ag30/45,0 of AuNPs in the absence (curve a) and
presence of xanthine (curve b). The error bars represent the standard

deviation from three independent measurements. Concentrations:
AuNPs, 2.21 nM; xanthine, 3.0 uM
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Fig. 3 Influence of incubation time on Ag30/4sy0 in the presence of
different concentrations of xanthine. The error bars represent the standard
deviation from three independent measurements. Concentrations:
AuNPs, 2.21 nM. pH 7.0

AuNPs were dispersed well and the color of the solution
was red. In the presence of xanthine, however, imide
group of xanthine (red part) readily bond to the AuNPs
surfaces than the carboxyl groups of citrate ions and
displaced citrate ions, and farther crosslinking of neigh-
boring nanoparticles through hydrogen-bonding interac-
tions. As a result, aggregation of AuNPs occurred,
resulting in a red to blue color change. The color change
could be seen with the bare eye and monitored by UV—vis
spectrometer. Therefore, a simple and colorimetric method
for xanthine detection can be carried out.

Feasibility of the method for xanthine detection

In order to identify the feasibility of the method for
xanthine, a series of investigations have been made. Fig-
ure 1 shows the UV—vis absorption spectra of AuNPs at
different conditions. Clearly, in the absence of xanthine,
the AuNPs were stable and showed a red color (Fig. 1,
Bottle a), which displayed a maximal absorption peak at
520 nm (Fig. 1, Curve a). However, the presence of
xanthine led to a distinct color change from red to blue
(Fig. 1, Bottle b), accompanying a new absorption peak at
about 630 nm (Fig. 1, Curve b), which was ascribed to the
aggregation of AuNPs.

In addition, C-potential and DLS analyses were used to
confirm the state of AuNPs in the reaction solution. At
pH 7.0, the C-potential and hydrodynamic diameter of the
negatively charged AuNPs were determined to be —38.3 mV
and 29.32 nm, respectively. After addition of 2 uM xanthine,
the (-potential was changed to —37.2 mV and a larger aggre-
gate size of 265.6 nm was obtained. The phenomenon can be
ascribed to that xanthine bond to the AuNPs surfaces with the
displacement of citrate ions, then aggregation of AuNPs oc-
curred due to the screen of surface charges and cross-linked
neighboring nanoparticles.
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Fig. 4 (a) UV-vis absorption spectra of AuNPs in the presence of
different concentrations of xanthine. The arrows indicate the signal
changes with the increase of xanthine concentrations. (b) The plot of
Agz0/As20 vs. the concentrations of xanthine from 125 nM to 6.0 uM. The
error bars represent the standard deviation from three independent mea-
surements. Concentrations: AuNPs, 2.21 nM; xanthine (from curves 1—
15: 0, 0.125, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0,
6.0 uM); pH 7.0

xanthine

Effect of pH

The pK,; of citric acid is 3.13, thus the AuNPs can be
stabilized by the negatively charged carboxyl groups in citrate
ions when pH is higher than 3.13 [23]. Figure 2 shows the
influence of pH over the range from 6.8 t010.88. It could be
found that the Ag30/4500 almost remains unchanged in the
absence of xanthine (curve a in Fig. 2), which illustrates that
the pH has little effect on the aggregation of AuNPs. Addition
of 3.0 uM xanthine could obviously change the Ag30/4520.
The Ag30/A520 decreased gently over the pH range of 6.8—7.54,
while decreased sharply in the range of 7.54-9.73. When the
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Fig. 5 Values of Ag30/Asp0 and a photographic images (inset) of the
AuNPs in the absence and presence of different species. The error bars
represent the standard deviation from three independent measurements.
Concentrations: AuNPs, 2.21 nM; xanthine, 6.0 uM; glucose, vitamin c,
urea, 1 mM; hypoxanthine, 0.4 mM; uric acid, 0.8 mM; XOD, 0.5
UmL'; Na*, 5 mM; K', 2.5 mM; Cu*", 0.5 mM; Ca**, Mg*", Zn*",
Fe**, 0.3 mM; pH 7.0

pH was higher than 9.73, the Ag3¢/45:0 nearly a constant,
which was possibly due to the xanthine deprotonated at high
pH (the pK, of xanthine is 7.7) [24], and could not effectively
induce negatively charged AuNPs aggregation because of the
strong electrostatic repulsion. At last, pH 7.0 was chosen as
our experimental acidity.

Effect of incubation time

The aggregation kinetics of AuNPs with different concentra-
tions of xanthine is exhibited in Fig. 3, which was performed
by monitoring the 4¢30/4520. As shown in Fig. 3, the Ag30/4520
gradually increased along with incubation time and quickly
reached a maximum within several minutes. The results indi-
cated that xanthine induce AuNPs aggregation almost com-
plete within 5 min, so, 5 min was selected as the optimal time
in this paper.

Sensitivity for xanthine detection
To quantitative detect xanthine under the optimal conditions,

AuNPs without and with different concentrations of xanthine
were tested. As shown in Fig. 4a, AuNPs dispersed well,

Table 1 Comparison of the dif-

ferent methods for xanthine Method Materials used Analytical range LOD Reference

detection
Electrochemical method ~ PAP/RGO/GC 1.0 uM =120 uM 0.5 uM 8
Electrochemical method =~ GNPs—-SWCNH 2.0 uM-37.3 uM 0.72uM 9
Electrochemical method ~ ZnO-NP/CHIT/c-MWCNT/PANI ~ 0.1 uM —-100 pM 0.1 uM 10
Electrochemical method ~ CuPtCly/ (GC) 0.6 ytM 02 mM 0.1 uM 11
Colorimetric method BSA-Au clusters 0.5 uM —20 uM 0.5 uM 19
Colorimetric method AuNPs 125nM-6.0 uM 23 nM This work
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Table 2 The results for the determination of xanthine in synthetic
samples

Added (uM) Main additives Found (uM) * Recovery (%)

3.0 Hypoxanthine, urea, Na* 2.91+0.07 97.0

5.0 Uric acid, glucose, K" 5.03+0.11 100.6

#Mean=SD of six measurements

Concentrations: hypoxanthine, urea, uric acid, glucose, Na*, and K*,
200 uM; Other conditions are the same as those described in the text

which displayed a maximal absorption peak at 520 nm. How-
ever, in the presence of xanthine, two distinct peaks located at
520 nm and 630 nm were observed. With the increase of
xanthine concentrations, the absorption peak located at
520 nm gradually decreased (Fig. 4a, Curves 1-15) and a
peak located at 630 nm gradually increased (Fig. 4a, Curves
1-15). Visual color change (Fig. 4a, Insetted picture) was
consistent with the absorption spectral measurements. Partic-
ularly, as low as 2.0 uM xanthine (red circle in picture) could
be easily monitored by the bare eye without use other instru-
ments. The intensity of 4g30/4550 Was plotted as a function of
xanthine concentrations. Figure 4b shows Ag3¢/4520 Was in-
creased gradually when xanthine concentration was raised
from 125 nM to 6.0 uM. The linear equation could be
expressed as Ae30/A520=0.07142+0.2211cxanthine (um) With a
correlation coefficient of 0.9988. The limit of the detection
(defined as 30/slope) was estimated to be 23 nM (where o was
the relative standard deviation of a blank solution, n=11).

The analytical performance of the developed colori-
metric method has been compared with other detection
methods in Table 1. It can be seen that our method is
simple and shows a lower detection limit.

Selectivity for xanthine detection

To examine the selectivity of the method towards xanthine,
varieties of other compounds were investigated in this paper. It
is well known that hypoxanthine can be catalyzed to xanthine
and xanthine can further be catalyzed to uric acid based on
xanthine oxidase (XOD) sequential oxidation. Because hypo-
xanthine do not contain imide group, so it cannot adsorb on
the AuNPs surfaces and hence do not induce AuNPs aggre-
gation. Meanwhile, although uric acid contains imide group, it
is negatively charged at pH 7.0 due to the pK, of uric acid is
about 5.5 [25] and hence do not induce AuNPs aggregation.
Figure 5 shows the color change and A43¢/452¢ in the presence
of xanthine and other interferences. It is clear that only xan-
thine showed a drastic color change from blue to red and
exhibited the largest Ag30/A520, Which clearly demonstrated
the AuNPs aggregated obviously. Whereas almost no change
of color and A4g3¢/4520 Was observed in the presence of a
considerable excess of interferences. These results implied

that this method showed a highly selective response to
xanthine.

Application to sample analysis

Finally, in order to evaluate the practical applicability and
accuracy of the method for the detection of xanthine, recov-
eries were carried out by analyzing the xanthine together with
other species. The determination results resulting from the
average of six determinations were shown in Table 2. The
recoveries of this method were calculated to be in the range
between 97.0 and 100.6 % under the optimal conditions. On
the other hand, healthy urine obtained from Southwest Hos-
pital was used as real samples. The urine samples were stored
frozen until deproteinization and used directly after filtration.
The concentration of xanthine was found to be 1.32+
0.40 uM, which is very close to reported values in urine
sample [19, 26].

Conclusion

In summary, we have described a highly selective and sensi-
tive method for the detection of trace amount of xanthine in
this paper. This method is based on the imide group of xan-
thine easily adsorbs onto the AuNPs surfaces and displace-
ment of weakly bound citrate ions, then induce AuNPs aggre-
gation through hydrogen-bonding interaction. As a conse-
quence, the color of the solution changes notably from red to
blue, as a correlation with the concentration of xanthine.
Compared with other methods, this method offers several
advantages. First, as low as 23 nM xanthine could be easily
monitored by UV-spectrophotometer, and 2.0 uM xanthine is
visualized by the bare eye without use any other sophisticated
instruments. Second, the method is enzyme free, which is
facile and low-cost. Third, cumbersome and labor-intensive
AuNPs modification procedures are avoided, so the method is
fast and the detection can be completed within 15 min.
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