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ABSTRACT: The work described a new colorimetric sensor for
the quantitative detection of clindamycin based on Au@Ag core−
shell nanoparticles (Au@Ag NPs). The obtained Au@Ag NPs were
characterized by transmission electron microscopy (TEM) and
ultraviolet and visible spectrophotometry (UV−vis). When Au@Ag
NPs were added to a clindamycin solution, it can be observed that
the color immediately changed from bright yellow to gray-blue and
the absorption spectrum also changed, realizing the visual detection of clindamycin. Under optimal conditions, the absorption ratio
(A546/A400) of the UV−vis spectra increased linearly with the concentration of clindamycin ranging from 6.25 × 10−7 to 7.50 × 10−6

mol/L (R2 = 0.9945), with a limit of detection (LOD) of 2.00 × 10−7 mol/L and good recovery of 100.0−102.0% (relative standard
deviation (RSD) < 2%). The detection process was convenient without complicated instruments. Compared with other analytes, the
Au@Ag NPs detection system has good selectivity for clindamycin. In addition, the Au@Ag NPs colorimetric sensor was successfully
used to determine clindamycin in human urine samples. This study provides a simple, rapid, intuitive, and low-cost visualization
analysis method of clindamycin, which was helpful for the visualization detection of other targets.

■ INTRODUCTION

Clindamycin,1−4 as a lincosamide antibiotic, has a similar
mechanism to that of action macrolides. It has a strong
inhibitory effect on Gram-positive and Gram-negative
anaerobic pathogens, Gram-positive aerobes, and Staph-
ylococcus aureus. However, it often causes local reactions,
gastrointestinal reactions, allergic reactions, secondary in-
fections, etc. in clinical use. So the dosage should be accurately
monitored to ensure reasonable safety of the medication.
Currently, the detection methods of clindamycin mainly

include chemiluminescence,5 high-performance liquid chroma-
tography-mass spectrometry (HPLC-MS),6 high-performance
liquid chromatography (HPLC),7 gas−liquid chromatography
method (GLC),8 capillary electrophoresis (CE),9 micro-
biological analysis method,10 adsorption voltammetry,11 and
so on. Although all of the abovementioned methods can be
used for the determination of clindamycin, unfortunately, there
are also some shortcomings. For example, the operation of
GLC is complicated, the CE method has a small injection
volume and low sensitivity, the microbiological analysis
method has a long cycle and tedious steps, and the
electrochemiluminescence (ECL) method has relatively low
reproducibility, the possibility of cross-contamination, and
environmental sensitivity. According to the structure of
clindamycin, it only has weak UV absorption in the low-
wavelength range, which is not suitable for the conventional
UV method and the fluorescence method. Therefore, it is
necessary to develop a more simple, efficient, fast, low-cost,
and selective method for the detection of clindamycin.

Recently, the surface plasmon resonance absorption (SPR
effect) of noble metallic nanoparticles (such as Au and Ag) has
been a hot research direction for the study of trace drug
detection with a great potential research value.12 In particular,
silver nanoparticles (Ag NPs), gold nanoparticles (Au NPs),
and bimetallic silver/gold nanostructure-based spectral sensors
have attracted wide attention in the field of rapid and sensitive
analysis.13−18 Among noble metallic nanoparticles, Au NPs
have good stability and biocompatibility, while Ag NPs have
more sensitive SPR characteristics and better conductivity. At
the same time, Au and Ag have the same lattice constant so
they are easy to mix. Compared with a single kind of noble
metallic nanoparticles, Au@Ag NPs19 have not only the
advantages of single-metal nanoparticles but also the highly
symmetrical dipole resonance and the synergistic effect
between bimetallic particles, which can better reflect the SPR
effect. In addition, Au@Ag NPs have new optical properties,
good stability, and easy size control. At present, Au@Ag NPs
have been widely used in biological imaging and biosensing,
drug loading, catalysis, and other aspects.20−22 In addition, the
colorimetric sensor based on Au@Ag NPs has realized the
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determination of heavy metal ions,23−25 nuclease,26 glucose,27

amino acid,28 small molecules,29 and other substances. For
example, Zeng et al.30 prepared Au@Ag NPs with the Au NP-
assisted Tollens reaction and used them as a platform to realize
the colorimetric sensing of cyanide with a detection limit of 0.4
mM. Sasikumar et al.31 reported a Au@Ag NP probe for rapid
detection of trace cysteamine (CSH) with a detection limit as
low as 0.33 nM. In addition, Zhang’s group32 first developed a
colorimetric sensor array for detection of oxidizing anions
using two core−shell Au@Ag nanoparticles, and it was
successfully applied to the recognition of oxidizing anions in
river water and tap water samples. However, as far as we know,
there are few colorimetric studies on the detection of
clindamycin with Au@Ag NPs. The colorimetric method is
focused on the recognition of the existence of the target by the
naked eye as the color change of the nanoparticle system,
which has the characteristics of low cost, fast detection, simple
operation, and does not need complex and expensive
instruments.33

Herein, we have prepared Au@Ag NPs modified by sodium
citrate and realized the simple, rapid, and highly sensitive
colorimetric sensing to clindamycin using its adjustable SPR
characteristics, as shown in Scheme 1. In the presence of
clindamycin, Au@Ag NPs aggregated under the action of
electrostatic attractive force and hydrogen bond attraction,
which made the solution color change from bright yellow to
gray-blue and showed a new absorption spectrum. For us, this
is the first time to use colorimetry to detect clindamycin in a
simple, rapid, and visual way, without large and expensive
instruments. In addition, the method has been successfully
used for the determination of clindamycin in human urine,
which provides a basis for the analysis and detection of trace
substances in a clinical complex system. It also provides a new
idea for the determination of a weak UV absorption target
without a conjugated group.

■ RESULTS AND DISCUSSION
Mechanism of Clindamycin. The surfaces of Au@Ag

NPs modified by Na3C6H5O7·2H2O are electronegatively
charged. They can be uniformly dispersed and stabilized in
water through electrostatic repulsion to increase the surface
affinity, which is beneficial to the reaction between the
substance to be tested and the Au@Ag NPs. From Figure 1A,
the stable Au@Ag NPs showed a peak of an SPR absorption
band at 400 nm. The methylthio group (−SCH3) on the
surface of clindamycin (Figure 2) could form the structure of
clindamycin-Au@Ag NPs.34 The protonation of a tertiary
amino group (−N<), a primary amino group (−NH−), and an
ether group (−O−) into (−NH2

+−), (−NH3
+), and (−OH)

structures was beneficial to clindamycin adsorption on Au@Ag
NPs by electrostatic interaction. It can be seen that when
clindamycin was added, the distribution state, the surface
charge density, and the particle size (aggregation) of Au@Ag

NPs changed, resulting in the change of the color of the Au@
Ag NP solution (from bright yellow to gray-blue), the
absorption peak intensity (decreased at 400 nm), and the
absorption wavelength (new absorption band at 546 nm)
(Figure 1B). This clustering phenomenon could also be clearly
observed in transmission electron microscopy (TEM) images
(Figure 3C). Therefore, the change of color and the absorption
spectrum of the Au@Ag NPs solution could be developed into
a reliable, simple, and rapid UV−vis spectrum or a visual
detection method for clindamycin.

Characterization of Au@Ag NPs. The microstructure of
Au@Ag NPs was clearly shown by TEM. It can be seen from
Figure 3A,B that most of Au@Ag NPs were spherical shaped,
homogeneous, evenly distributed, and showed electronic
inheterogeneity. In addition, it can be seen from the figure
that the dark core of the composite is wrapped by the lighter
shell. The inset of Figure 3A exhibits the EDX spectroscopic
spectrum of Au@Ag NPs, which can be seen as the presence of
gold and silver elements, which are, respectively, located in the
middle and outside. Therefore, the preparation of the Au@Ag
NPs structure was successful. From the TEM image of Au@Ag
NPs, it can be seen that the average particle size of Au@Ag
NPs was about 16.7 ± 3.2 nm. Its ζ-potential measurement
result was −42.9 ± 1.2 mV (see Figure 4A), which was
consistent with the results reported by Zeng et al.30 The
abovementioned results indicated that the surface of the Au@
Ag NPs may also be closed by sodium citrate, which increases

Scheme 1. Preparation of Au@Ag NPs and the Schematic Diagram of Clindamycin Detection

Figure 1. UV−vis absorption spectra of Au@Ag NPs without (A) and
with clindamycin (8 × 10−7 M) (B).

Figure 2. Structure of clindamycin.
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its stability to make it not aggregated because of electrostatic
rejection. Figure 3C shows the characteristics of Au@Ag NPs
after adding clindamycin, which has significant aggregation and
larger particle size. When clindamycin was added, Au@Ag NPs
had obvious aggregation and larger particle size (see Figure
3C), and the ζ-potential also changed (for 39.3 ± 1.1 mV, see
Figure 4B).

Optimization of Colorimetric Detection Conditions.
To obtain better detection performance and colorimetric
conditions, this paper optimized the parameters that affect
analysis performance, including the key factors such as the pH
value of the solution, Au@Ag NPs concentration, incubation
time, and reaction temperature. In this paper, the absorbance
ratio at 546 and 400 nm (A546/A400) was selected to evaluate

Figure 3. TEM images of Au@Ag NPs before (A and B) and after (C) clindamycin addition; the inset in (A) represents the energy-dispersive X-
ray (EDX) elemental map of Au@Ag NPs (the green represents Au and the red represents Ag).

Figure 4. ζ-Potential of Au@Ag NPs before (A) and after (B) clindamycin addition.

Figure 5. Effect of the pH value (A), Au@Ag NPs concentration (B), incubation time (C), and reaction temperature (D) on the ratio of the A546/
A400 system.
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the aggregation degree of Au@Ag NPs. The higher the ratio,
the greater the aggregation degree.
Effect of the pH Value. The existence of Au@Ag NPs is

different when the pH of the solution is different. Therefore,
the effect of pH on Au@Ag NPs in A546/A400 was studied. A
BR buffer solution was used to prepare the solution with pH in
the range of 2.21−10.38, i.e., pH was 2.21, 3.29, 4.1, 5.02, 6.8,
7.96, 9.15, and 10.38, respectively. Figure 5A (the black line)
shows the change of Au@Ag NPs at A546/A400 without
clindamycin in the pH range of 2.21−10.38. It was found that
the Au@Ag NPs were not stable when the pH was 9.15 and
10.38, so they needed to be removed. When the pH < 8, the
color of the Au@Ag NP mixed solution remained unchanged,
indicating that it was stable. After adding clindamycin (0.2 mL,
3.00 × 10−6 mol/L) (Figure 5A, the red line), the A546/A400
ratio increased significantly with the increase of the pH value
from 2.21 to 5.02. But when pH < 4 or pH > 7, the absorption
ratio (A546/A400) was very low (excluding the two sets of data
after deterioration), which was not conducive to the detection
of clindamycin. This was due to the fact that the surface of the
Au@Ag NPs modified by Na3C6H5O7·2H2O was filled with
ionized citrate anions, which can stably exist without
aggregation under the effect of electrostatic repulsion. Because
the strong acid environment inhibited the ionization of a citric
acid carboxyl group, it could not be protonated. The
electrostatic repulsion between Au@Ag NPs was reduced,
and the Au@Ag NPs were induced to aggregate. A strong alkali
environment had the same mechanism as strong acid. When
pH = 5.02, A546/A400 reached the maximum value, and a part of
the carboxyl group of citric acid dissociated into an anion with
a negative charge. However, the other part did not dissociate.
The protonated clindamycin has a positive charge. At this time,
the electrostatic attraction was the largest. Under the action of
hydrogen bonding interaction and electrostatic attraction, the
surface charges of the Au@Ag NPs were reduced, resulting in
agglomeration. Therefore, the pH value of 5.02 was selected
for further optimization.
Effect of Au@Ag NP Concentration. The concentration

of Au@Ag NPs has a great influence on the interaction
between Au@Ag NPs and clindamycin. Therefore, the change
in system absorbance caused by Au@Ag NPs in the volume
range of 0.10−1.00 mL was investigated. In Figure 5B, when
Au@Ag NPs were added in a lower amount, the sensitivity of
the system reaction was higher, and the aggregation was more
likely to occur. It was because nanoparticles with low
concentration are more likely to have electrostatic interaction
with the drug in the same volume. As the concentration of
Au@Ag NPs increased, the amount of clindamycin was
gradually insufficient to react with it. The absorption ratio
(A546/A400) was lower than that of low concentrations, so the
sensitivity was significantly reduced. After the volume of Au@
Ag NPs was increased to more than 0.40 mL, the absorbance
ratio (A546/A400) rapidly decreased to a very low level, no
obvious visualization phenomenon could be observed, and
accurate quantitative analysis could not be carried out.
Therefore, a high concentration of Au@Ag NPs was not
suitable for practical applications. When the volume of Au@Ag
NPs was increased up to 0.30 mL, the absorption ratio (A546/
A400) reached the maximum and the reaction was most
obvious. However, a too rapid and violent reaction at a lower
concentration leads to errors and the experimental operation
becomes difficult. Therefore, a moderate concentration of 0.40
mL was used. At this concentration, the reaction was easy to

control and the light absorption ratio (A546/A400) was more
appropriate

Effect of Incubation Time. The incubation time of Au@
Ag NPs and clindamycin was an important factor affecting the
aggregation of Au@Ag NPs. From Figure 5C, it can be seen
that the absorption ratio (A546/A400) increased rapidly in the
initial 20 min of the reaction. The absorption ratio (A546/A400)
increased slowly and remained almost unchanged after the
incubation time exceeded 20 min, indicating that the
aggregation reaction was basically completed at 20 min.
Therefore, the incubation time of 20 min was chosen for UV
detection.

Effect of Reaction Temperature. The reaction temper-
ature has a great influence on the interaction between Au@Ag
NPs and clindamycin. As shown in Figure 5D, the absorption
ratio (A546/A400) was the highest at 25 °C. When the
temperature was higher than 25 °C, the molecular motion
was severe, which restrained the interaction between the
molecules. When the temperature was below 25 °C, the
reaction rate was slower. Therefore, room temperature (25 °C)
was chosen for experiments.

Selectivity Investigation of the Au@Ag NP Detection
System. To investigate the practicability of this method, the
selectivity of this method was investigated. Urine composition
mainly refers to water, glucose, protein, inorganic salts, and
some small molecular particles. Therefore, the coexisting
substances such as sugars (glucose and lactose), amino acids
(threonine and serine), and potential interfering ions (Na+, K+,
Ca2+, NH4

+, Cl−, SO4
2−, and PO4

3−) were detected.
Clindamycin (5.00 × 10−6 mol/L) and other analytes (5.00
× 10−4 mol/L) were added to the Au@Ag NP solution to
obtain each mixed solution. Figure 6 shows the ratio A546/A400

of Au@Ag NPs, and the visual color changed under each
coexisting substance. When clindamycin was added to the
Au@Ag NP micelle solution, the ratio of A546/A400 was higher
and there was a significant color change (see illustration);
while, when other interfering substances were added to the
Au@Ag NP micelle solution, the ratio of A546/A400 was almost
unchanged, and there was no visible color change. Therefore,
the abovementioned data could prove that this method had
good selectivity for the detection of clindamycin, and 100
times of coexisting substances had little effect on Au@Ag NPs.

Figure 6. Visualized color change and the absorption ratio A546/A400
of Au@Ag NP solutions in the presence of clindamycin (5.00 × 10−6

mol/L) and other analytes (5.00 × 10−4 mol/L). The experiments
were performed at pH = 5.02, VAu@Ag NPs of 0.4 mL, incubation time
of 20 min, and room temperature.
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This detection system had a strong anti-interference ability,
which could be used to detect trace clindamycin in urine.
Quantitative Detection of Clindamycin. The best

reaction condition was confirmed after optimized experiments.
Under this condition, the concentration of clindamycin was
measured and the probe colorimetry and the standard working
curve were established. The clindamycin solution with a
concentration range of 3.25 × 10−7−9.00 × 10−6 mol/L was
added to the Au@Ag NPs solution. As shown in Figure 7A, as
the concentration of clindamycin increased, the Au@Ag NPs
reaction system had obvious visualization phenomena, which
were bright yellow, orange, yellow-brown, and blue-gray, in
turn. Therefore, the method of color recognition to determine
the concentration of clindamycin was simple, rapid, and did
not need precise instruments. In addition, UV−vis absorption
spectrometry was used to detect the concentrations of
clindamycin, and the results are shown in Figure 7B. It can
be seen that as the concentration increased, the plasmon
resonance absorption peak at 400 nm gradually decreased. A
new and gradually increasing absorption peak appeared at 546
nm, and the wavelength was gradually red-shifted. That is
probably because with the reaction between the outer Ag NPs
and clindamycin, the inner Au NPs gradually exposed and
gathered, and the absorption peak of Au NPs appeared. The
size of the gold nanoparticle increased due to the aggregation,
and the absorption peak was red-shifted. As shown in Figure
7C, the absorption ratio (A546/A400) of the reaction system has
a benign linear relationship within the range of 6.25 × 10−7−
7.5 × 10−6 mol/L clindamycin concentration. The standard
regression equation was as follows: A546/A400 = 0.0582C +
0.0714, R2 = 0.9945, and the limit of detection (LOD) was
2.00 × 10−7 mol/L (3S/N).
The repeatability of Au@Ag NPs was investigated. Six glass

test tubes were taken in which a 5.00 × 10−6 mol/L
clindamycin solution was added to the Au@Ag NP solution;
they were allowed to stand for 20 min. The system absorption
ratio A546/A400 was measured in parallel and the relative
standard deviation (RSD) value was calculated. The
experimental results are shown in Table 1. The RSD value

was equal to 1.57%, indicating that the repeatability of the
method meets the requirements. In addition, 3.00 × 10−6, 5.00
× 10−6, and 7.00 × 10−6 mol/L clindamycin solutions were
prepared, respectively, with each concentration of three parts.
Then, the UV spectrum of the clindamycin reaction system
was measured according to the standard curve determination
method, and the recovery rate was calculated as 100.0−102.0%
and the RSD value was <2%, indicating that the accuracy of
this method was good.
As shown in Table 2, compared with the reported methods

for detecting clindamycin, this method has a lower LOD and

higher sensitivity. In addition, this method also has the
advantages of simple operation, short time consumption, low
requirements for instruments, and visualization of results.

Detection of Clindamycin in Human Urine Samples.
Au@Ag NPs were added to the diluted urine samples
containing clindamycin with different concentrations in the

Figure 7. (A) Image of Au@Ag NPs when clindamycin concentration increased from 6.25 × 10−7 to 7.50 × 10−6 mol/L, (B) UV−vis absorption
spectra of Au@Ag NPs in the presence of clindamycin at different concentrations, and (C) standard curve of the absorption ratio (A546/A400)
versus the concentration of clindamycin in the range of 6.25 × 10−7−7.50 × 10−6 mol/L. Experimental conditions: pH = 5.02, VAu@Ag NPs of 0.4 mL,
incubation time of 20 min, and room temperature.

Table 1. Repeatability of the Clindamycin Determination
Method

sample A546/A400 C (×10−6 mol/L) Caverage (×10
−6 mol/L) RSD (%)

1 0.363 5.009
2 0.360 4.961
3 0.368 5.104 5.04 1.57
4 0.365 5.044
5 0.372 5.156
6 0.360 4.958

Table 2. Comparison of Different Methods Reported for
Clindamycin Detection

analysis
method

sample
matrix

concentration range
(μg/mL)

LOD
(ng/mL) refs

HPLC skin 0.50−20.0 120 7
HPLC/UV serum 0.08−6.0 60 35
CE urine 0.21−42.5 5.52 9
CE-ECL urine 0.21−42.5 59.50 36
UV urine 0.27−3.19 85.00 this

method

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01028
ACS Omega 2021, 6, 14260−14267

14264

https://pubs.acs.org/doi/10.1021/acsomega.1c01028?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01028?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01028?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01028?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01028?rel=cite-as&ref=PDF&jav=VoR


range from 6.00 × 10−7 to 8.00 × 10−6 mol/L. The results are
shown in Figure 8; with the increase in the concentration of

clindamycin in the urine samples, the color gradually changed.
The color of clindamycin in the linear experiment could be
compared with the naked eye, so the concentration of
clindamycin in the urine samples could be directly judged
without using large-scale instruments. The absorption ratio
(A546/A400) of the Au@Ag NPs reaction system has a benign
linear relationship in the range of clindamycin concentration of
9.00 × 10−7−7.50 × 10−6 (see Figure 8). The standard
regression equation was as follows: A546/A400 = 0.039C +
0.1625 (R2 = 0.9949). The LOD and the limit of quantification
(LOQ) were 3.00 × 10−7 mol/L (3S/N) and 1.0 × 10−6 mol/
L (10S/N), respectively.
The diluted urine was used to prepare three clindamycin

solutions with concentrations of 1.50 × 10−6, 3.50 × 10−6, and
5.50 × 10−6 mol/L, respectively. Then, the UV spectrum of the
clindamycin reaction system was measured according to the
standard curve method and the recovery rate was calculated.
The results are shown in Table 3; the average recovery range
was 99.0−101.0% and the RSD value was <2%, which
indicated that the Au@Ag NPs had good and reliable
colorimetric detection accuracy for clindamycin in human
urine samples.

■ CONCLUSIONS

In conclusion, a new visual detection method of clindamycin
based on SPR characteristics of Au@Ag NPs was established
by seed synthesis. The principle of visual detection could be
attributed to the fact that under the appropriate pH value (pH
= 5.02), clindamycin and Au@Ag NPs could reduce the
electrostatic repulsion between Au@Ag NPs through electro-
static attraction and hydrogen bond interaction, thus inducing
their aggregation, resulting in the change of the solution color
from bright yellow to gray-blue and the red shift of the SPR
peak. Compared with other methods, this method was simple,
visible, and did not need complex instruments. The detection
range of Au@Ag NPs was wide, and the LOD was low (2.00 ×
10−7 mol/L). It had a good linear response to clindamycin in
the range of 6.25 × 10−7−7.5 × 10−6 mol/L. The LOD and
LOQ of clindamycin in urine were 3.00 × 10−7 and 1.0 × 10−6

mol/L, respectively. More importantly, it could be used for
rapid detection of samples without complex pretreatment and
chemical modification. Therefore, Au@Ag NPs used as the
sensor in this study provide not only a simple and efficient
method for clindamycin detection but also new prospects for
the development of more sensitive clinical detection methods.

■ EXPERIMENTAL SECTION

Instruments and Reagents. Chloroauric acid (HAuCl4·
4H2O, >99.9%) was obtained from Shanghai Aladdin Reagent
Database Inc. Trisodium citrate dihydrate (Na3C6H5O7·
2H2O) was supplied by Shanghai Rongrun Chemical Reagent
Co. Silver nitrate (AgNO3) was obtained from Sinopharm
Chemical Reagent Co., Ltd. Sodium hydroxide (NaOH,
>96%) was obtained from Sinopharm Chemical Reagent Co.,
Ltd. Clindamycin was supplied by the China National Institute
for Food and Drug Control. Acetic acid, phosphoric acid, nitric
acid, concentrated hydrochloric acid, and boric acid were
purchased from Saen Chemical Technology, Ltd. All reagents
were of analytical grade and were used directly without further
treatment. Deionized water was used throughout the experi-
ment.
The obtained samples were characterized by transmission

electron microscopy (TEM, FEI Tecnai G2 F20). Energy-
dispersive X-ray (EDX) elemental mapping measurements
were collected using an X-max 80 T (Oxford, U.K.). The ζ
value was measured using a Zetasizer Nano ZS90 (Malvern
Instruments, U.K.). UV−vis absorption spectra were recorded
on a UV−vis spectrophotometer (UV-1800, Shimadzu, Japan)
at room temperature. The heating test was carried out on a
magnetic heating agitator (79-1, Jiangsu Guohua instrument
factory, China). All pH values were measured using a pH
meter (pHS-25, Shanghai Weiye Instrument Factory, China).

Preparation of Sodium Citrate-Stabilized Au@Ag
NPs. All glassware were thoroughly cleaned with newly
prepared aqua regia (1:3 HNO3/HCl), then cleaned with
Milli-Q water, and finally placed in an oven until completely
dry before use. The preparation of Au@Ag NPs was based on
the synthesis of seed gold nanoparticles and the reduction of
AgNO3 on its surface. In short, 1% Na3C6H5O7·2H2O (1.25
mL, 3.88 × 10−2 mol/L) was rapidly added to the heated and
boiling HAuCl4·4H2O (50 mL, 2.94 × 10−4 mol/L) and stirred
vigorously for 20 min to obtain a red liquid. Then, AgNO3 (3
mL, 5.88 × 10−3 mol/L) and Na3C6H5O7·2H2O (0.75 mL,
3.88 × 10−2 mol/L) were added slowly and stirred vigorously
for 60 min in a boiling state, and then cooled naturally to room

Figure 8. Absorption ratio (A546/A400) and the color change chart
with the concentration of clindamycin in the urine sample of 9.00 ×
10−7−7.50 × 10−6 mol/L.

Table 3. Detection Results of Clindamycin in Urine Samples
Using This Methoda

sample
added amount
(×10−6 mol/L)

found amount
(×10−6 mol/L)

recovery
(%)

RSD
(n = 3, %)

1 1.50 1.50 100.20 0.84
2 1.49
3 1.52
1 3.50 3.53 99.13 1.54
2 3.42
3 3.46
1 5.50 5.47 100.80 1.11
2 5.55
3 5.60

aExperimental conditions: pH = 5.02, VAu@Ag NPs of 0.4 mL,
incubation time of 20 min, and room temperature.
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temperature to obtain brownish-yellow Au@Ag NPs, which
were preserved at 4 °C for standby.
Colorimetric Detection of Clindamycin. Usually, 5 mL

test tubes were added with a Au@Ag NPs solution (0.40 mL),
a Britton−Robinson (BR) buffer solution (0.20 mL, pH 5.02),
and a clindamycin solution (0.20 mL) with different
concentrations. After incubating at room temperature for 20
min, the UV−vis absorption spectra were recorded using a
UV−vis spectrophotometer in the range of 300−800 nm, and
the color of the Au@Ag NPs solution was recorded with a
camera. The experiment used the ratio of the UV−vis
absorption spectrum (A546/A400) at 546 and 400 nm to
quantify the concentration of clindamycin.
Determination of Clindamycin in Human Urine

Samples. Urine samples were collected from healthy
volunteers. All samples were diluted 200-fold with Milli-Q
water before use, and then a series of urine samples containing
different concentrations of clindamycin were prepared. After
incubation for 20 min, the UV−vis absorption spectra of Au@
Ag NPs in A546/A400 were recorded.
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