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The aggregation of gold nanoparticles (GNPs) capped with nonionic fluorosurfactant (FSN) could be
induced rapidly and selectively by cephradine degradation products, but not by cephradine and other
excipients in pharmaceutical formulations. A new detection method for cephradine has been developed
based on the cephradine degradation products-induced aggregation of the GNPs. The present approach
offers various advantages, such as simplicity and high selectivity. Under optimum conditions, the lowest
detectable concentration of cephradine through this approach (S/N=3) is 0.8 wgmL-!. The calibration
curve was linear over the range of 2.0-10.0 ug mL-! for the detection of cephradine. The recoveries of
cephradine were found to fall in the range between 97% and 105%. We have validated the applicability of
our method through the analyses of cephradine in pharmaceutical formulations. Good agreements were
obtained for the determination of cephradine between the present approach and official method.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Cephradine (C1gH19gN304S), a member of the first genera-
tion cephalosporins, is widely used in the treatment of bacterial
infections of the urinary and respiratory tract, ear, skin and
soft tissues, due to its activity against Gram-positive and Gram-
negative microorganisms, and its inhibition of bacterial cell wall
synthesis [1,2]. Several analytical methods have been devel-
oped for cephradine determination in pharmaceutical formulations
including spectrophotometry [3,4], electrochemical technique [5],
fluorometry [6,7], and chemiluminescence [8,9]. However, the
reported detection methods for cephradine often suffer from differ-
ent disadvantages, such as the sophisticated procedures, expensive
instrumentation and unsuited analysis for lower concentration
range.

Interest is rapidly emerging in the exploration of GNPs for
the detection of biological molecules because of their strongly
distance-dependent optical properties and large surface areas.
Excellent examples included the colorimetric sensing of duplex
DNA formation [10-12], protein-ligand interaction [13-15], and
metal ion ligand complexation [16-19]. Some researchers were
interested in exploring interfacial reactivities of modified GNPs
with biologically relevant thiol-containing amino acids such as cys-
teine, homocysteine and glutathione, leading to the red-shift of
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the surface plasmon resonance (SPR) absorption peak, and then
developed colorimetric detection methods [20-22]. Thomas and
his coauthors used gold nanorods stabilized with cetyltrimethy-
lammonium bromide (CTAB) to detect thiol-containing amino acids
[20]. Chen and Chang described the detection of thiols with Nile
red-adsorbed gold nanoparticles [21]. Recently, we found that
much more rapid aggregation of fluorosurfactant-capped gold
nanoparticles (FSN-capped GNPs) could be induced by cysteine
and homocysteine at a high temperature (70°C) and in the pres-
ence of high salt [23,24]. The results stimulated us to enlarge the
application of FSN-capped GNPs for other biomolecules.

Cephradine is a kind of compound containing sulfur, and its alka-
line or acidic degradation can produce thiols [6,25] (Fig. 1). In our
study, we found that the FSN-capped GNPs present high selectivity
to thiol-containing compounds. The acidic degradation product of
cephradine can produce thiols, while cephradine without degrada-
tion did not contain thiols (see Fig. 1). Therefore, the aggregation
of FSN-capped GNPs could be induced by the acidic degradation
product of cephradine but not by cephradine directly.

Herein, we synthesized 14-nm GNPs capped with FSN, and
examined its interaction with cephradine and its acidic degrada-
tion production. It was found the aggregation of GNPs could be
induced by its acidic degradation production, but not by cephra-
dine and other excipients in pharmaceutical formulations, such as
glucose and starch. To demonstrate the usefulness of the present
method for the determination of cephradine, the selectivity, recov-
ery, precision, and linear dynamic range were examined. The results
showed that the proposed method was developed for the detection
of cephradine in pharmaceutical formulations, and the results were



C. Lu et al. / Talanta 81 (2010) 698-702 699

O, _OH

)
0 O\ A
: H .
i s
NH, H ¢

¢
(|7H—C— NH—Cl'H—CH: N—(lT:C—CHZ—SH

NH, COOH COOH
0 at
Il l
NH
HN\)—CH:N—CH:CH—SH
Il
0

Fig. 1. The process of cephradine degradation in acidic medium.

compared with certified values. Compared with the other meth-
ods for cephradine, the proposed method showed the wide linear
range by tuning the aggregation temperature and higher selectivity
(only toward thiols). Although the limit of detection (LOD) is almost
same as the reported methods [3-9], it is enough for detection of
cephradine in pharmaceutical formulations.

2. Experimental
2.1. Reagents

All reagents were of analytical grade and used with-
out further purification. Zonyl FSN-100 (F(CF,CF,);_7CH,
CH,0(CH,CH;0)g-15H) were purchased from Sigma-Aldrich.
Hydrogen tetrachloroaurate(lll) trihydrate (HAuCly-3H,0) was
purchased from Acros. Cephradine standard was purchased from
National Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China). Trisodium citrate and other chemicals
were purchased from Beijing Chemical Reagent Company. Cephra-
dine capsules were supplied by Sino-American Shanghai Squibb
Pharmaceuticals Ltd. (Shanghai, China). Cephradine injections
were purchased from Youcare Pharma Ceutical Group Co., Ltd.
(Beijing, China). All solutions were prepared with deionized water.
The pH of the phosphate buffer solution (PBS) was adjusted with
NaOH or HCI. The stock solution of cephradine (1 mgmL-!) was
prepared by dissolving 0.05 g of cephradine in 50 mL of deionized
water. The stock solutions were stored at 4°C until analysis, and
working standard solutions were prepared by suitable dilution of
the stock solution with deionized water.

2.2. Apparatus

UV-visible spectra were measured on a USB4000 miniature fiber
optic spectrometer in absorbance mode with a DH-2000 deuterium
and tungsten halogen light source (Ocean Optics, Dunedin, FL) and
a HITACHI-800 transmission electron microscope (TEM) (Hitachi
High-Technologies Corp., Tokyo, Japan).

2.3. Procedure

2.3.1. Gold nanoparticles synthesis

All glassware used for preparation of GNPs was thoroughly
washed with freshly prepared aqua regia (HNO3:HCI=1:3), rinsed
extensively with deionized water, and then dried in an oven at
100°C for 2-3 h. Gold nanoparticles of the different sizes were pre-
pared by varying [Au(lll)]/[citrate] ratio during the reduction step
[26]. For example, colloidal GNPs with average diameters of 14 nm
were prepared following the literature procedure. Briefly, a 50 mL

solution of 0.04% sodium citrate was brought to a vigorous boil with
stirring in a round-bottom flask fitted with a reflux condenser, and
then 85 pL of 5% HAuCly was added to the stirring and refluxing
sodium citrate solution. The solution was maintained at the boil-
ing point with continuous stirring for 15 min. After the solution
was allowed to cool to room temperature with continuous stir-
ring, 2mL of 1% FSN-100 was added. The suspension was stored
at 4°C until further use. The TEM specimens were prepared by
depositing an appropriate amount of the FSN-capped GNPs onto the
carbon-coated copper grids, and excess solution was wicked away
by a filter paper. The grid was subsequently dried in air. Assum-
ing spherical particles and density equivalent to that of bulk gold
(19.30 gcm~3), the concentration of 14-nm GNPs was calculated to
be ~2.9nM.

2.3.2. Degradation of cephradine in standard solution and
pharmaceutical formulations

Into a series of 10 mL test tube, 0.5mL of a standard or sam-
ple cephradine solution with different concentrations, 3.25mL
of deionized water, 1.25mL of 12M HCl was added. Then, the
resulting solution was heated in a boiling-water for about 15 min.
After immediately cooled to room temperature in running water,
the solution containing degradation products of cephradine was
adjusted to neutral pH with 1.0 M NaOH and then were transferred
quantitatively to 10 mL volumetric flask, and the volume was finally
completed with deionized water.

3. Results and discussion

3.1. Interaction of FSN-capped GNPs with cephradine and its
degradation products

We examined the spectral changes of the FSN-capped GNP
colloids upon the addition of cephradine and its degradation
products. Fig. 2 showed that, upon the addition of 20 wgmL~!
cephradine, no spectral change occurred. However, in the pres-
ence of 4 ug mL~! cephradine degradation products, the absorption
band at 519 nm decreased while new bands appeared at longer
wavelengths (600-700 nm), suggesting that FSN ligands allowed
thiol-gold interaction while prohibiting the binding of other func-
tional groups on the GNPs. The effects of gold colloids with different
sizes on the color change of GNPs induced by cephradine degra-
dation products were investigated. As shown in Fig. 3, the color
change highly depends on the size of gold nanoparticles. The great
color change was obtained from 14-nm GNPs, which was chosen as
the optimum GNPs size in the further experiments.
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Fig.2. UV-vis absorption spectra of the 14-nm FSN-capped GNPs (a) in the presence
of degradation and undegradation cephradine. The solutions contain 20 pgmL™!
cephradine (b) and 4 pg mL~! cephradine degradation products (c), respectively. All
of the solutions contained 90 mM PBS (pH 7.5). The values were acquired at 4 min
after addition of the analytes at 60°C. Inset, TEM images of the 14-nm FSN-capped
GNPs were in the absence (a) and presence (c) of cephradine degradation products.
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Fig. 3. Effect of GNPs size. The solutions contain 4 g mL~! cephradine degradation
products and 90 mM PBS (pH 7.5). The values were acquired at 4 min after addition
of the analytes for FSN-capped GNPs at 60 °C.

3.2. Optimization of pH and ionic strength of solution

It was found that the solution pH change in the range of 4-10
influenced the rate of the GNPs aggregation obviously. The aggrega-
tion rate reached the maximum at pH 7.5. However, the aggregation
would slow down when the pH became lower or higher. The aggre-
gation kinetics of FSN-capped GNPs was dependent on the diffusion
rate of thiols and the formation of Au-S bonds. When the lower pH
for 4 wgmL—! cephradine at 60 °C was used, HS was dominated due
to its protonation. Therefore, it was difficult to make the formation
rate of Au-S bonds even at longer time (about 30 min at pH 4).
While, in the presence of higher pH, HS was deprotonated to pro-
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Fig. 4. Salt effect on cephradine degradation products-induced absorbance changes
of 14-nm FSN-capped GNPs. The solutions contained 4 pug mL~" at pH 7.5. The values
were acquired at 4 min after addition of the analytes for 14-nm FSN-capped GNPs
at60°C.

04r

Absorbance at 640 nm

0.1 L L L L L L |
0 1 2 3 4 5 6 7

Time (min)
Fig. 5. Time courses of extinction (at 640 nm) of the FSN-capped GNPs upon the

addition of 4 wgmL-! cephradine degradation products at different temperatures.
The solutions contain 90 mM PBS (pH 7.5).
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Fig. 6. Absorbance at 640 nm versus cephradine concentration in the standard solu-
tion at pH 7.5. The solutions contain 90 mM PBS. The values were acquired at 4 min
after addition of the analytes for 14-nm FSN-capped GNPs at 60°C.
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Fig. 7. Calibration curve (absorbance at 640 nm) for detection of cephradine in the
standard solution at 60 °C. Inset, the calibration curve was obtained at 75°C.

duce S, resulting in strong electrostatic repulsion forces between
citrate anions and S~. The GNPs aggregation would slow down
(12min at pH 10) because of its slower diffusion rate. However,
when the solution pH was 7.5, both the diffusion rate of thiols and
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Fig. 8. Absorbance at 640 nm versus some typical interference species in pharma-
ceutical formulation on the determination of 4.0 ugmL~" cephradine degradation
products. The solutions contain 90 mM PBS. The values were acquired at 4 min after
addition of the analytes for 14-nm FSN-capped GNPs at 60 °C.
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Table 1
Determination of cephradine in capsule and injection samples.
Samples Labeled (g/capsule) Measured? (g) Added (g) Found? (g) Recovery (%)
Capsule 0.25 0.245 + 0.009 0.250 0.245 + 0.008 98 +£3.2
0.100 0.097 + 0.003 97 £ 3.0
Injection 0.50 0.500 + 0.019 0.500 0.505 £ 0.013 101 + 2.6
0.200 0.204 + 0.004 102 +£ 2.0

2 Mean + SD of three measurements.

the formation rate of Au-S bonds reached balance, and thus the
GNPs aggregation rate was largest (4 min). Therefore, the solution
with pH 7.5 was operated throughout this study.

The different buffers, such as PBS, Tris-HCl, sodium
citrate-sodium chloride and sodium borate buffer at optimal
pH (7.5) are used to investigate toward colorimetric reaction of
cephradine degradation product. The aggregation rate in all kinds
of buffer is increased with an increase of ion strength. This is due
to the fact that the aggregation could be driven by the London-van
der Waals attraction force, which is facilitated under high-salt
conditions. When we prepared the different buffers with the same
ion strength, the aggregation rate is almost same. In this paper, PBS
buffer was chosen as the optimum buffer on account of its higher
ion strength in the same buffer concentration as the other buffers.

Fig. 4 showed that the colorimetric evolution of the colloidal
solution upon the addition of cephradine degradation products was
affected significantly by PBS (pH 7.5) concentration. The aggrega-
tion rate was increased with an increased concentration of PBS from
0 to 90 mM, and then kept at a constant when the concentration
of PBS was above 90 mM. This is due to the fact that the aggre-
gation could be driven by the London-van der Waals attraction
force, which was facilitated under high-salt conditions. However,
the shielding effect of the higher PBS concentrations is saturated for
the aggregation GNPs, and thus they were not able to exert further
effect on the absorbance signals. In the present study, the optimum
concentration of PBS is 90 mM.

3.3. Influence of temperature

It is well-known that the kinetic energy of the particles is
increased with the increase of temperature, resulting in higher
opportunity and intensity of the mutual collision, which promoted
the coalescence of the particles. The influence of temperature on
the cephradine degradation products-induced color change of the
GNP colloids in 90 mM PBS was shown in Fig. 5. The aggregation
rate of 14-nm FSN-capped GNPs was strongly dependent on the
processing temperature. However, the FSN-capped colloidal solu-
tion itself displayed aggregation tendency at temperature higher
than 80°C. Moreover, it was noted that there exist a narrow linear
range with the increase of temperature from 30 to 80 °C. A temper-
ature of 60 °C was chosen as the optimum condition in view of the
detection sensitivity and the linear relationship.

3.4. Analytical performances

Under optimum experimental conditions with 75 °C of the pro-
cessing temperature, the calibration curve was found to be linear
from 0.8 to 2.2 wgmL~! for cephradine and the detection limits
(S/N=3)is 0.4 wgmL~! (see inset in Fig. 7). As shown in Fig. 6, when
75 °Cwas used for the aggregation of FSN-capped GNPs, the extinc-
tion change started to occur when cephradine concentration was
higher than 1.5 g mL~1. A linear increase was observed in the con-
centration range of 2.0-10.0 wg mL~!. Further absorbance change
was not obvious upon the addition of a larger amount of cephra-
dine. The standard regression equation between the cephradine
concentration (X) and the absorbance intensity (Y) at 640 nm is

Y=0.0656X —0.119, and the corresponding regression coefficient
is 0.9956 (Fig. 7). The relative standard deviation (RSD) for nine
measurements of the 4.0 ugmL-! cephradine is 1.8. The limit of
detection for cephradine (S/N=3) was 0.8 wgmL~1.

3.5. Interferences

To demonstrate the selectivity of the developed method for the
detection of cephradine, the effects of typical interference species
in pharmaceutical formulations, such as lactose, starch, gulem-
ine, gelatine, sorbitol, glucose, fructose and sucrose maltose, were
investigated. As shown in Fig. 8, the color change of the FSN-capped
GNP colloids with and without the presence of these common inter-
ference species were almost same, which clearly demonstrated
the high selectivity of the present method for the determination
of cephradine. Of course, the other antibiotics, such as cefalexin,
cefalotin, cefazoline were also simultaneously detected by this
present method after separation.

3.6. Analysis of real samples

In order to evaluate the applicability and reliability of the
proposed methodology, it was applied to the determination of
cephradine in commercial pharmaceutical formulations. The ana-
lytical merits of the present method were evaluated by comparing
the cephradine contents obtained between the present method
and the officially taken method. As shown in Table 1, the results
obtained with the two methods were in good agreement for the
determination of cephradine in commercial pharmaceutical for-
mulations. Also, the recoveries for cephradine in spiked samples
were found to be between 97% and 105%. We noted that the recov-
eries of the injection samples were in more than 100%. It may be
resulted from some unknown interference species in the injection
sample. Also, it is acceptable that the recovery falls in the range of
95-105%.

4. Conclusions

In summary, FSN-capped GNPs could respond selectively
toward cephradine degradation products, but not toward cephra-
dine and some excipients in pharmaceutical formulations, such as
lactose, starch, gulemine, gelatine, sorbitol, glucose, fructose and
sucrose maltose. The kinetics of cephradine degradation products-
induced GNPs aggregation could be significantly promoted by the
increase of the ionic strength and temperature of the solution. The
proposed method was successfully used for the sensitive and selec-
tive determination of cephradine in pharmaceutical formulations,
which can greatly develop the application of FSN-capped GNPs as
sensors in pharmaceutical analysis.
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