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a  b  s  t  r  a  c  t

In  this  contribution,  bovine  serum  albumin  stabilized  gold  nanoclusters  as  novel  fluorescent  probes  were
successfully  utilized  for the  detection  of ciprofloxacin  for the  first  time.  Our  prepared  gold  nanoclusters
exhibited  strong  emission  with  peak  maximum  at  635  nm. Cu2+ was  employed  to  quench  the  strong
fluorescence  of  the  gold  nanoclusters,  whereas  the  addition  of ciprofloxacin  caused  the  fluorescence
intensity  restoration  of  the  Cu2+–gold  nanoclusters  system.  The  increase  in fluorescence  intensity  of
eywords:
old nanoclusters
iprofloxacin
luorescence
uenching

Cu2+–gold  nanoclusters  system  caused  by  ciprofloxacin  allows  the  sensitive  detection  of ciprofloxacin  in
the  range  of  0.4  ng mL−1 to  50 ng  mL−1. The  detection  limit  for  ciprofloxacin  is  0.3  ng mL−1 at a  signal-to-
noise  ratio  of  3.  The  present  sensor  for  ciprofloxacin  detection  possesses  a low  detection  limit  and  wide
linear  range.  In  addition,  the  real  samples  were  analyzed  with  satisfactory  results.

© 2012 Elsevier B.V. All rights reserved.

estoration

. Introduction

Few-atom noble-metal nanoclusters that exhibit strong, robust,
nd size-dependent fluorescence emission have been developed as

 new class of fluorescent materials recently [1–4]. They typically
onsist of several to tens of atoms and are <1 nm in size. A vari-
ty of methods have been applied to the generation of noble metal
lusters through the reduction of metal cations in different scaf-
olds such as thiolate, polymers, peptides and DNA that endowed
hese fluorophores with special properties [5–8]. Increasing inter-
st has been focused on the application of fluorescent noble-metal
anoclusters in numerous fields especially bioanalytical fields due
o their unique optical properties. Based on their unique optical
roperties, they are employed in copper(II) ion detection [9,10],
ercury(II) ion detection [11], proteins detection [12], amino acids

dentification [13], single nucleotide mutation identification [14],
rug–DNA interaction investigation [15], and so forth.

Ciprofloxacin is the third generation member of quinolone
ntibiotics that displays wide spectrum activity against both
ram positive and Gram negative bacteria. So far, ciprofloxacin

as shown growth-inhibitory effects against human bladder
ells, leukemic cell lines, human osteosarcoma cells, human
rostate cancer cells, human colorectal carcinoma cells and human

∗ Corresponding author. Tel.: +86 75482903330; fax: +86 75482902767.
∗∗ Corresponding author. Tel.: +86 75583923333.

E-mail addresses: kqlu@stu.edu.cn (Z. Chen), chenjupush@126.com (J. Chen).

039-9140/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.talanta.2012.03.033
non-small cell lung cancer cell line [16]. In particular, ciprofloxacin
is useful for the treatment of urinary tract infections, acute cysti-
tis, lower respiratory tract infections, nosocomial pneumonia, skin
and skin structure infections, intra abdominal infections, bone and
joint infections and chronic bacterial infection [17–24]. However,
ciprofloxacin has been reported to occur in aquatic and soil environ-
ments at concentrations that often exceed the suggested minimum
inhibitory levels for various indicator species including many bac-
terial species [25]. Indeed after administration to humans, 50–90%
of quinolone antibiotics are rapidly excreted into wastewater [26].
In recent years, public and scientific concern about the relevance
of trace amounts of pharmaceuticals that occur in the environment
has been continuously increasing.

Several analytical methods for ciprofloxacin have been devel-
oped so far, such as high-performance liquid chromatography
[27], capillary electrophoresis [28], micellar liquid chromato-
graphic [29], luminescence [30] and resonance light scattering [31].
However, these methods have their unavoidable drawbacks. For
example, the high-performance liquid chromatography method is
limited by the complex operation and expensive apparatus; the
capillary electrophoresis method undergoes bad reproducibility
and so on. Thus, a simple, rapid, reproducible and highly sensitive
method for the determination of ciprofloxacin is highly desirable.

In  the present study, novel luminescent gold nanoclusters

(AuNCs) were synthesized by utilizing bovine serum albumin (BSA)
as templates with a simple, rapid and one-pot procedure. Lumi-
nescence studies indicated that these BSA–AuNCs exhibited strong
emission with peak maximum at 635 nm.  Cu2+ is a well-known
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no change in the gold nanoclusters fluorescence intensity in the
Fig. 1. The structure of CIP.

ighly efficient fluorescent quencher due to its paramagnetic prop-
rties via electron or energy transfer [32]. Besides, Cu2+ can bind to
he C3-carboxyl and C4-ketone groups of the quinolone antibiotics
Fig. 1 shows the structure of ciprofloxacin). Enlightened by the
bove facts, we think that a fluorescent assay for ciprofloxacin can
e developed by utilizing the interaction between ciprofloxacin and
u2+ to restore the fluorescence of Cu2+–AuNCs systems. Herein, a
imple, rapid and highly sensitive fluorescent method for the quan-
itative determination of ciprofloxacin has been presented by using
he fluorescence restoration of Cu2+–AuNCs after the addition of
iprofloxacin.

. Experimental

.1. Materials and reagents

Ciprofloxacin  (CIP) was purchased from Huamei Biology Tech-
ology Co. Ltd. 0.1 g CIP was dissolved by 0.1 mol  L−1 hydrochloric
cid to prepare a 2.0 mg  mL−1 stock solution. The subsequent con-
entrations of the needed working solutions were prepared by
erial dilution of proper amounts of the stock solution. 0.0125 g
uSO4·5H2O was dissolved directly in 50 mL  freshly obtained dou-
ly distilled water to prepare a 1.0 × 10−3 mol  L−1 stock solution.

The synthesis of protein–AuNCs was in accordance with the
eported method [33] with minor modification. Briefly, 1.0 g
AuCl4·4H2O was dissolved in 100 mL  doubly distilled water to
repare a 10 mg  mL−1 stock solution. Then 4.1 mL  aqueous HAuCl4
olution was added to BSA solution (10 mL,  50 mg  mL−1, 37 ◦C)
nder vigorous stirring. Two minutes later, NaOH solution (1.0 mL,
.0 mol  L−1) was introduced, and the mixture was  incubated at
7 ◦C for 12 h.

All  chemicals used were of analytical grade or the best grade
ommercially available, and doubly distilled water was  used
hroughout.

.2. Apparatus

The fluorescence spectra were recorded by an LS-55 spectroflu-
rometer (Perkin-Elmer, USA) equipped with a quartz cuvette
1.0 cm × 1.0 cm). DF-101S collection hot-like magnetic force heat-
ng mixer (Gongyi City Yuhua Instrument Co., Ltd, Henan, China)
as employed to control the temperature. The circular dichroic
CD) spectra were recorded on a MOS450 spectropolarimeter (Bio-
ogic, France) over the range of 200–270 nm,  using 1.0 cm cells.
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2.3.  Fluorescence experiments

A  15 �L portion of the prepared gold nanoclusters was  added
into a 10 mL  calibrated flask. Then a certain volume of Cu2+ and
ciprofloxacin solutions were added into the gold nanoclusters. The
final volume of the mixture was  diluted to 5.0 mL by doubly distilled
water. Under the excitation wavelength of 480 nm,  the fluorescence
spectra of gold nanoclusters were recorded.

3. Results and discussion

3.1.  Characterization of the obtained gold nanoclusters

The as-prepared gold nanoclusters (BSA–AuNCs) are highly dis-
persed in aqueous solution and emit an intense red fluorescence
under UV light (365 nm), as shown in Fig. 2A. They exhibit strong
fluorescence and the maximum excitation and emission wave-
lengths of the predominant fluorescent emitters are 506 nm and
635 nm,  respectively (Fig. 2B). To explore the structural change of
BSA, CD spectra of BSA and BSA–AuNCs were measured. As dis-
played in Fig. 2C, BSA shows a strong minimum at 217 nm, and
BSA–AuNCs reveals a decreased minimum, which is indicative of
change in helicity of BSA in the synthesis processes of BSA–AuNCs.
We also studied the effect of different excitation wavelengths on
the fluorescence of BSA–AuNCs. With the increase of excitation
wavelength, the fluorescence intensity increased, but the maxi-
mum emission wavelength remained at 635 nm,  which indicates
that the optical signal is real fluorescence from the BSA–AuNCs
rather than mere light scattering (Fig. 2D) [34]. We  selected 480 nm
as the excitation wavelength. Therefore, the BSA–AuNCs have a
large Stokes shift (more than 150 nm), which can prevent self-
quenching of fluorescence and measurement errors caused by
excitation light and scattering [35].

3.2. Quenching of gold nanoclusters by Cu2+

The quenching effects of Cu2+ with different concentrations on
the fluorescence emission of BSA–AuNCs were shown in Fig. 3A,
and the quenching effect of Cu2+ on the fluorescence intensity was
observed once Cu2+ was added into the gold nanoclusters solution.
As shown in Fig. 3A, with addition of an increasing concentration of
Cu2+ to BSA–AuNCs solution, an obvious decrease in the fluorescent
peak at 635 nm was clearly detected, and 2.0 × 10−4 mol  L−1 Cu2+

quenched the fluorescence intensity to ∼26.99%. The surface of our
prepared BSA–AuNCs was  stabilized by a small amount of Au+, and
the fluorescence quenching of AuNCs was due to the interaction
of Cu2+ with Au+. As shown in Fig. 3B, upon addition of increasing
concentrations of Cu2+, a gradual decrease in the fluorescence of
AuNCs was observed in the image characterized by a UV lamp with
excitation at 365 nm.

3.3. Restoration of Cu2+–gold nanoclusters by ciprofloxacin

Fig. 4A revealed that the addition of CIP caused the fluorescence
intensity restoration of the Cu2+–AuNCs system. As presented in
Fig. 4B, increasing concentrations addition of CIP induced a gradual
increase in the fluorescence of Cu2+–AuNCs system in the image
characterized by a UV lamp with excitation at 365 nm.  Fig. 4C
depicted the CD spectra of Cu2+–AuNCs with and without CIP, which
indicated that the surfaces of AuNCs had no obvious changes after
the addition of CIP. Control experiments showed that there was
presence of CIP. All the phenomena above were due to the facts
that Cu2+ interacted with CIP and was thus unable to quench the
fluorescence emission of the gold nanoclusters.
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ig. 2. (A) The photograph of AuNCs under UV light with excitation at 365 nm;  (B) 

pectra of BSA and BSA–AuNCs; (D) emission spectra of BSA–AuNCs at different exc

The protocol of our strategy is displayed in Scheme 1. The sen-
itivity and selectivity of our assay depended on the interaction

etween Cu2+ and CIP which induced the fluorescence intensity of
he Cu2+–AuNCs system to restore.

ig. 3. (A) Emission spectra of BSA–AuNCs in the presence of different concentra-
ions  of Cu2+, the concentrations of Cu2+ from a to f (10−5 mol L−1): 0, 4.0, 8.0, 12,
6,  20; (B) photograph of BSA–AuNCs incubated with various concentrations of Cu2+

from left to right (10−5 mol  L−1): 0, 4.0, 8.0, 12, 16, 20) illuminated by a UV lamp
ith  excitation at 365 nm.
aximum excitation and emission wavelengths of the prepared BSA–AuNCs; (C) CD
n wavelengths.

3.4. Fluorescence detection of ciprofloxacin

The influence of the concentration of BSA–AuNCs on fluores-
cence quenching by Cu2+ was also studied. The strong fluorescence
quenching was  observed at low BSA–AuNCs concentration in the
presence of the same Cu2+ concentration, and this suggested that
the detection limit can be reached with low BSA–AuNCs concentra-
tion. A 15 �L portion of our prepared BSA–AuNCs was the minimum
gold nanoclusters concentration for CIP detection by the fluores-
cence instrument with reasonable signal-to-noise ratio (S/N > 3).

The  fluorescence intensity of Cu2+–AuNCs increased with the
increasing concentration of CIP, as displayed in Fig. 4A. Mean-
while, the maximum fluorescence wavelength was  constant with
the addition of increasing ciprofloxacin concentrations, indicating
that the surface state of the BSA–AuNCs had no change. Conse-
quently, it was  the interaction between Cu2+ and CIP that caused
the fluorescence intensity restoration of the Cu2+–AuNCs system.
As Fig. 4D showed, there existed linear correlation between the

expression F/F0 and the concentration of ciprofloxacin over the
range of 0.4 ng mL−1 to 50 ng mL−1, which could be expressed as
F/F0 = 0.34 + 0.014CCIP (CCIP is the concentration of CIP) with the

Scheme 1. Schematic illustration of the fluorescent BSA–AuNCs for CIP detection.
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Fig. 4. (A) Emission spectra representing the fluorescence intensity restoration of Cu2+–AuNCs by the addition of CIP with concentrations a–j: 0, 0.4, 4.0, 8.0, 12, 16, 20, 24, 32
and  36 ng mL−1; k: fluorescent spectra of AuNCs; (B) from left to right: the photograph of AuNCs and photograph of Cu2+–AuNCs incubated with different concentrations of
CIP  (0, 0.04, 0.1, 0.2, 12, 16, 20, 24, 32, 36 ng mL−1) under a UV lamp with excitation at 365 nm;  (C) CD spectra of AuNCs, Cu2+–AuNCs and Cu2+–AuNCs–CIP; (D) the relationship
between F/F0 and the concentration of CIP.

Table 1
Comparison with the results of the determination of CIP by other assays.

Quinolone antibiotics Methods Linear range (ng mL−1) Detection limit (ng mL−1) References

CIP HPLC 20–12,500 20 25
CIP  CE 170–170,000 78 26
CIP  MLC  100–5000 24 27
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CIP Luminescence 30–1500
CIP  RLS 8000–20
CIP  Fluorescence 0.4–50 

orrelation coefficient R of 0.9958 and the limit of detection (3�)
round 0.3 ng mL−1.

Comparisons with other determination methods of CIP were
hown in Table 1. As listed in the table, our developed assay was
emonstrated to be superior to that of other assays for the quan-
ification of CIP, which had the advantages of low detection limit
nd wide linear range.

.5.  Incubation time and stability of the systems

The effects of time on the fluorescence intensities of
u2+–AuNCs and Cu2+–AuNCs–CIP systems were tested. The incu-
ation time and stability were studied by determining the
uorescence intensities of the two systems every 2 min  for 2 h

mmediately after mixing. The results showed that the reaction

etween Cu2+ and CIP occurred rapidly at room temperature and
he fluorescence intensity of the assay system reached the max-
mum in 5 min. Moreover, the intensity remained constant for at
east 100 min. Thus, this assay did not require crucial timing.
9.0  28
6000 29

0.3 This work

3.6.  Effect of ionic strength

There  exists a high concentration of sodium chloride in
ciprofloxacin injections and tablets. In this work, the effect of ionic
strength on the fluorescence intensity of the assay system was
controlled by NaCl. The experimental results showed that the fluo-
rescence intensities of Cu2+–AuNCs and Cu2+–AuNCs–CIP systems
hardly changed with the changing concentration of added sodium
chloride. Therefore, the system can be allowed in solutions with
high ionic strength such as injections and tablets.

3.7. Tolerance of potentially interfering substances

Some cationic and anionic species normally found in
ciprofloxacin injections and tablets are studied by the addi-
tion of potentially interfering substances. The results reveal that
metal ions such as Na+, K+, Mg2+, Cu2+, Pb2+, Al3+, Ba2+, Fe3+,

Ca2+, Ag+, Zn2+, Cl−, HCO3

− and Fe2+ can be tolerated at high
concentrations. However, Co2+ and Hg2+ can be tolerated at rel-
atively low concentrations, but the concentrations of them were
low in real analysis of samples, so they did not interfere with



244 Z.  Chen et al. / Talanta 94 (2012) 240– 245

Table  2
Determination results of CIP in injections and tablets.

No. Samplesa Labeled amount
(�g  mL−1)

Found amount
(�g  mL−1)

Recovery
(n = 6, %)

1 Injection 2000 2025.41 101.27
2 Injection 2000 1995.78 99.79
3 Injection 2000 2013.09 100.65
4 Tablet 2500 2519.01 100.76
5 Tablet 2500 2490.74 99.63
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Table 4
Determination results of CIP in human serum.

No. Samples Found amount
(ng  mL−1)

Standard  added
(ng  mL−1)

Found  value
(ng  mL−1)

Recovery
(n = 6, %)

1 Serum ND 16 15.92 99.50
2 Serum  ND 20 19.83 99.15
6 Tablet 2500 2503.58 100.14

a Samples were diluted 1000–10,000-fold with doubly distilled water.

he real determination. Other studied ions have nearly no effect
n the determination when their concentration is the same or
reater than CIP. The organic molecules such as amino acids and
minothiols can be tolerated at high concentrations. Due to the
ood selectivity of this method, assays can be performed without
emoving other coexisting ions.

. Analytical application

With  the purpose of testing the applicability of the investigated
ssay, the analysis of different kinds of real samples was performed.

.1. Detection of ciprofloxacin in injections and tablets

The developed assay was applied to determine the concentra-
ion of CIP in injections and tablets. Weigh accurately a quantity of
he mixed contents of 10 powdered tablets (0.25 g/tablet), equiv-
lent to 2.5 g of CIP, transfer into a 1000 mL  calibrated flask, and
ilute to volume with fresh doubly distilled water to prepare a
.5 mg  mL−1 stock solution. The CIP injections (0.1 g/injection) were
issolved in 50 mL  fresh doubly distilled water in a flask to prepare

 2.0 mg  mL−1 stock solution. Suitable amounts of the solution were
easured by the developed assay. As Table 2 showed, the results
ere satisfactory.

.2.  Detection of ciprofloxacin in human urine

To evaluate whether the Cu2+–AuNCs fluorescent sensor for CIP
s applicable to real samples, human urine was analyzed by this
ssay. One milliliter of fresh urine sample (healthy people) and the
ther sample after oral administration of CIP tablets were pipet-
ed into 10 mL  of calibrated flasks after filtration, respectively. The
xperimental results showed that this sensing system gave no obvi-
us fluorescence response to the blank urine sample of a healthy
erson, suggesting that human urine had little interference in the
erformance of this sensing system. The analytical results were
iven in Table 3. In the table, the found amount was the CIP con-
entration in the detected sample without the addition of standard,

hile the found value was the total CIP concentration with the addi-

ion of standard. The recoveries of CIP in spiked human urine were
n the range of 98.69–99.55%.

able 3
etermination results of CIP in human urine.

No. Samples Found amount
(ng  mL−1)

Standard  added
(ng  mL−1)

Found value
(ng  mL−1)

Recovery
(n  = 6, %)

1 Urine ND 16 15.79 98.69
2 Urine ND 20 19.91 99.55
3 Urinea 20 – 20 –

D: not detected.
a Urine sample was  taken from healthy people after oral administration CIP

ablets.

[
[

3 Serum ND 24 24.17 100.71

ND: not detected.

4.3. Detection of ciprofloxacin in human serum

The developed method was also applied to the analysis of
human serum samples. 10 mL  blood sample was  kept at 37 ◦C in
a water bath for about 0.5 h and the blood coagulation was pre-
conditioned. The sample without blood clot was deproteinized by
adding approximate 10 mL  acetonitrile and centrifuging (40 min
at 4000 rpm) at the room temperature. Then the acetonitrile was
removed under reduced pressure on a rotary evaporator in a 60 ◦C
water bath. The human serum without proteins was dissolved by
100 mL  doubly distilled water and stored at 4 ◦C [36]. A suitable
volume of the solution appropriately spiked with the standard CIP
solution was  taken and three different samples with different CIP
concentrations were obtained for analysis. The results were sum-
marized in Table 4. In all cases quantitative recoveries between
99.15 and 100.71% were obtained. These results showed that this
sensing system has great potential for quantitative determination
of CIP in human serum samples.

5. Conclusion

In summary, a novel methodology for the detection of
ciprofloxacin has been developed based on the fluorescence
intensity restoration of the Cu2+–AuNCs system by ciprofloxacin.
In contrast to the previously reported detection methods for
ciprofloxacin, this new fluorescent assay exhibits high sensitivity
and selectivity. With the developed assay, ciprofloxacin injec-
tions, ciprofloxacin tablets, human urine and human serum were
analyzed with satisfactory results. More importantly, the gold nan-
oclusters functionalized by Cu2+ can provide a variety of specific
recognition which can result in the fluorescence intensity restora-
tion of the Cu2+–AuNCs system. Consequently, the developed assay
would be expected to be extended for the quantitative determina-
tion of other drugs only if there are interactions between Cu2+ and
the drugs.
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