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a  b  s  t  r  a  c  t

In  this  work,  we  developed  an  immunosensor  for electrochemical  detection  of penicillin  G  at  trace  level.
The biosensor  was  fabricated  by immobilizing  anti-penicillin  G in a supported  bilayer  lipid membrane
(s-BLM)  modified  with  gold  nanoparticles,  and  the  modified  electrodes  were  characterized  by the  scan-
ning electron  microscope  (SEM), cyclic  voltammetry  and  electrochemical  impedance  spectroscopy.  The
biosensor  was  able  to detect  penicillin  G with  a linear  correlation  ranging  from  3.34  ×  10−3 ng/L  to
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eywords:
iosensor
upported bilayer lipid membrane
old nanoparticles
enicillin G

3.34  ×  10 ng/L  and  a  detection  limit  of  2.7 × 10 ng/L, much  lower  than  the maximum  residue  limit
(MRL)  of  penicillin  G  in  milk  (4 ppb,  equal  to 4 × 103 ng/L)  set  out by the  European  Union.  The  mean
coefficient  variation  (CV)  of  the  intra-assays  and  the  inter-assays  were  5.4%  and  7.7%,  respectively.  In
addition,  the  concentration  of penicillin  G in  milk  samples  determined  by  this  biosensor  was  in  good
agreement  with  that  determined  by high  performance  liquid  chromatography  (HPLC)  assay.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Penicillin G is widely used to treat dairy cows infected with mas-
itis. However, the overuse of penicillin G can lead to penicillin
esidues in dairy products, which could induce allergic reactions
n sensitive individuals as well as the development of drug resis-
ant bacteria (Aarestrup, 1999; Mitchell et al., 1998). European
nion (EU) has established EU Regulation 508/1999 to avoid these
azards. It sets the maximum residue limit (MRL) for penicillin G in
ilk at 4 ppb or 4 × 103 ng/L. As a consequence, analytical methods
ith detection limit under the MRL  are urgently demanded.

A number of methods have been developed for the detection

f penicillin G residues in dairy products. However, conventional
icrobial inhibition assays fail to identify and quantify the indi-

idual residues. The immunoassay methods are also widely used,
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for example enzyme-linked immunosorbent assays (ELISA), but
they require specific antibodies and would be expensive and time-
consuming when large numbers of samples need to be analyzed.
Thus, a simple, highly specific and sample-saving method needs
to be developed to overcome the shortcomings of these existing
methods.

The biosensor technologies have been widely used for detec-
tion of target biomolecules. They show excellent performance with
good selectivity and high sensitivity (Liu et al., 2015; Lv et al.,
2015). Recently some biosensors have been reported for the analy-
sis of penicillin G, which usually based on enzyme or ion selectivity
(Dawan et al., 2011; Santos et al., 2004; Wu et al., 2014; Zhang
et al., 2013). However, most of them rely on complex equipment,
and do not have a low enough detection limit. Immunosensors
are affinity ligand-based biosensor devices in which the immuno-
chemical reaction is coupled to a transducer (Thakur and Ragavan,
2013). The fundamental of immunosensors is the specificity of
the antigen–antibody reaction. This reaction shows high sen-
sitivity, and forms stable immune complexes. In recent years,
modern transducer technology enables the label-free detection
and quantification of the immune complex. Therefore, a label-free

immunosensor could detect signals directly and might provide a
better detection limit.

When fabricating an immunosensor, it is very important to
choose a suitable matrix to immobilize the antibody. In recent
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ears, the supported bilayer lipid membrane (s-BLM) has been
idely used in electrochemical biosensor and molecular devices

s a matrix (Dong and Chen, 2002; Moradi-Monfared et al., 2012;
ia et al., 2010). Bilayer lipid membranes (BLMs) have been used
s models of actual living cell membranes (Dolfi et al., 2002; Eray
t al., 1995). It can also provide a natural environment for immobi-
izing various kinds of substances such as proteins, antibodies, and
ven whole cells (Abdel-Hamid et al., 1999; Hu et al., 2001; Lamken
t al., 2004). Several biosensors based on BLMs have provided very
ow detection limits (Eray et al., 1995). Thus, BLMs would be useful
o further stretch the detection limit and enhance the stability of
he material. Compared with pure s-BLM, the mechanical, electrical
nd optical properties of s-BLM doped with nanoparticles change
ignificantly (Rieck et al., 2010). The nanoparticles, which act as

 nanoelectrodes array, with good biocompatibility, increase the
lectrochemical signals alteration of the s-BLM. In addition, because
f their good biocompatibility in cells and animals, the nanoparti-
les retain the biocompatibility of the s-BLM (Hicks et al., 2001;
u et al., 2005; Yin et al., 2005). In short, the sensitivity of the
iosensor based on s-BLM will be improved when modified with
anoparticles.

In this study, we fabricated an electrochemical immunosensor,
sing gold nanoparticles modified s-BLM as the matrix to immo-
ilize the anti-penicillin G antibody. The s-BLM was  formed on

 cleaned glassy carbon electrode surface, and the gold nanopar-
icles were electrodeposited in the s-BLM. Then we immobilized
he anti-penicillin G antibodies in the s-BLM. The specific binding
etween anti-penicillin G and penicillin G lead to the alteration
f the impedance. The gold nanoparticles in s-BLM can provide

 better microenvironment for s-BLM to maintain the bioactivity
f anti-penicillin G. Meanwhile, the high conductivity of the gold
anoparticles can improve the electrical resistance and capacitance
f the s-BLM. (Liu and Lin, 2007; Sperling et al., 2008; Voevodin
t al., 2007).

. Materials and methods

.1. Reagents and chemicals

Gold nanoparticles (16 nm)  were purchased from Sigma (St.
ouis, MO,  USA). Penicillin G sodium salt was purchased from
mresco (USA). The mouse anti-penicillin G (Glycerol Free)
ntibodies were obtained from United States Biological, Inc.
Swampscott, MA,  USA). Egg phosphatidylcholine (PC, ≥99%,
LC) and cholesterol (CH) were bought from Shanghai Chemical
eagent Company (Shanghai, China). N-decane, K3[Fe(CN)6] and
4[Fe(CN)6] were obtained from Tianjin Kermel Chemical Reagent
orporation (Tianjin, China). Tetrabutylammonium bromide solu-
ion, acetonitrile (HPLC grade), benzoic anhydride, 1,2,4-triazole
nd mercuric chloride were purchased from Thermo Fisher Scien-
ific (Waltham, MA,  USA). All the glassy carbon electrodes (GC, 3 cm
iameter) were purchased from Tianjin Scientific Apparatus Com-
any (Tianjin, China). All other chemicals and solvents used were
f analytical grade. Double distilled water was used throughout the
ork.

The s-BLM forming solution was n-decane containing 4% PC
nd 1% CH, stored at 4 ◦C. The working solution (redox mediator)
onsisted of 10 mM K3[Fe(CN)6]/K4[Fe(CN)6] and 0.1 M KCl.

.2. Apparatus
Cyclic voltammetric and AC impedance measurements were
arried out with a CHI 660C electrochemistry workstation. All
he experiments were performed with a three-electrode sys-
em in which a modified glassy carbon electrode acts as the
logy 203 (2015) 97–103

working electrode, and a platinum wire acts as the counter elec-
trode and a saturated calomel electrode (SCE) acts as the reference
electrode.

2.3. Electrode preparations

The modified glassy carbon electrodes were prepared as fol-
lows: a glassy carbon electrode was  firstly polished respectively
with 1.0, 0.3, and 0.05 �m alumina slurry, followed by sonica-
tion in nitric acid (1:1), ethanol and bi-distilled water for 5 min
successively. The electrodes were dried in the air. Then a 10 �L
aliquot of the s-BLM forming solution was dropped onto the sur-
face of the cleaned electrode by a microsyringe, and the electrode
was kept at room temperature for 15 min. Next, the electrode was
immersed into Phosphate Buffered Saline (PBS) for another 15 min,
during which the s-BLM was formed spontaneously on the surface
of the electrode (s-BLM modified electrode was described as s-
BLM/GC). Subsequently, the prepared s-BLM/GC was immersed into
the gold nanoparticle solution under a potential of 1.5 V for 20 min
for the electrodeposition of gold nanoparticle through the s-BLM
(gold nanoparticles modified s-BLM/GC electrode was  described
as gold/s-BLM/GC). For comparison, gold nanoparticles were elec-
trodeposited on the surface of a bare glassy carbon electrode
following the same procedure (gold nanoparticles modified bare
glassy carbon electrode was described as gold/GC). After that, a
2 �L aliquot of anti-penicillin G solution (150 ng/mL) was dropped
onto the surface of gold/s-BLM/GC electrode for the immobiliza-
tion of anti-penicillin G, and the electrode was incubated in a
wet box for 12 h at 4 ◦C (Scheme 1). Then the incubated electrode
was gently washed with PBS to remove the remaining free anti-
penicillin G (the anti-penicillin G modified electrode was described
as AP/gold/s-BLM/GC). The obtained modified electrode (working
electrode) was stored at 4 ◦C before using.

2.4. TEM and SEM imaging

The shape and size of gold nanoparticles were confirmed by
a transmission electron microscope (TEM) (JEM 2100F STEM/EDS,
JEOL Japan, Inc.). In addition, a scanning electron microscope (SEM)
(S-3000N, Hitachi High Technologies Japan, Inc.) was  used to visu-
alize the electrode’s surface, before and after the modification of
bilayer lipid membrane and gold nanoparticles.

2.5. Electrochemical measurements

Electrochemical experiments were performed with a conven-
tional three-electrode system in 5 mL  working solution at room
temperature. Cyclic voltammetry (CV) swept from −0.4 to 0.6 V
(vs. SCE) at a sweeping rate of 0.10 V/s was used to monitor
the electrochemical characters of the modified electrode during
the self-assembling process. Electrochemical changes during the
detection phase was  characterized by electrochemical impedance
spectroscopy (EIS) with a frequency range from 10−1 to 105 Hz
at the formal potential of 330 mV,  and an alternating voltage of
10 mV.  Impedance data were analyzed by ZVIEW software (Ver-
sion 3.1C) (Romer and Steinem, 2004; Vockenroth et al., 2007). The
change in the electron-transfer resistance is calculated with the fol-
lowing equation: �Rct = Rct(P-AP) − Rct(AP), where Rct(AP) is the value
of the electron transfer resistance produced by AP/gold/s-BLM/GC

scanned in working solution, and Rct(P-AP) is the value of the electron
transfer resistance after penicillin G binding to AP/gold/s-BLM/GC.
In essence, the value of �Rct is correlated to the concentrations of
analyzed penicillin G.
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ing the enhancing effect of the gold nanoparticles on the electron
transfer of the electrodes (Liu and Lin, 2007; Vockenroth et al.,
2007).
Scheme 1. The schematic representati

.6. Sample pretreatment for biosensor

Raw milk samples were purchased from local markets in Wuhan.
efore spiking the raw milk samples with penicillin G, the sam-
les were confirmed penicillin G free by HPLC analysis. For spiking,
0 mL  of raw milk sample was spiked with different concentra-
ions of penicillin G. The mixtures were centrifuged for 20 min  at
4,000 × g at room temperature. The fat layer was  discarded and
he supernatant was diluted 40 times with PBS (pH 5.7) and used
or analysis.

.7. HPLC analyses

HPLC assay was performed as described by Sorensen et al.
1997). Briefly, milk samples were extracted by tetrabutylammo-
ium bromide solution, and purified by C18 solid phase extraction
artridges (AccuBOND ODS-C18, Agilent, Santa Clara, CA, USA), then
luted with the acetonitrile solution. The eluent was  derivatized by
enzoic anhydride and 1,2,4-triazole containing mercuric chloride,
nd then determined by HPLC (Agilent 1220 Infinity, Agilent, Santa
lara, CA, USA). A sample amount of 100 �L was injected on a C18
olumn (HC-C18, 5 �m,  150 mm × 4.6 mm,  Agilent, Santa Clara, CA,
SA), and separated by gradient elution at 1 mL/min flow rate and
0 ◦C. The penicillin G was detected at 325 nm.

. Results and discussion

.1. Surface morphology of the modified electrode

TEM micrograph was used to observe the distribution and gen-
ral morphology of the particles. TEM examination of the gold
anoparticle revealed the mean particle size to be 16 nm (Fig. 1).
he particles were uniform in distribution and mostly spherical in
hape.

SEM was used to observe the surface of the electrode and verify
he binding of the bilayer lipid membrane and gold nanoparti-
les. Fig. 2(A) shows the surface of a bare GC electrode at a 2 �m
cale. Modification of the bare surface with bilayer lipid membrane
s-BLM/GC electrode) is demonstrated in Fig. 2(B). Then, Fig. 2(C)
roves that gold nanoparticles are bound on the s-BLM/GC success-
ully (gold/s-BLM/GC electrode).
.2. Cyclic voltammetric behavior of the modified electrode

The cyclic voltammogram (CV) is performed as the electron
ransfer kinetics of Fe(CN)6

4−/3−. It will be changed when the
the electrode surface of the biosensor.

electrode surface was modified by some materials. Therefore, the
CV was used to confirm that s-BLM and gold nanoparticles were
successfully assembled on the electrode. The CVs of the modified
electrodes in working solution are shown in Fig. 3. According to
Liu and Wei  (2008), gold nanoparticles with a diameter of 16 nm
were selected to modify the s-BLM. Compared with the CV of the
bare GC electrode (Fig. 3b), which has a redox current with a large
peak, the CV of s-BLM/GC electrode shows a decreased peak in
response (Fig. 3d), demonstrating that the s-BLM has been formed
on the electrode surface and acted as an insulated layer on the
electrode surface. However, the s-BLM was  not completely ion-
impermeable. It was found to be loosely packed on the electrode
surface with some pinholes in it. Such a surface was  conducive
to the electrodeposition of nanoparticles. As anticipated, after the
gold nanoparticles were electrodeposited through s-BLM (Fig. 3c)
or directly on the bare glassy carbon surface (Fig. 3a), an increase
of current response of the respective CV was  observed, indicat-
Fig. 1. TEM images of gold nanoparticles at 10 nm.
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Fig. 2. SEM images of the electrodes. (A) Bare electrode surface; (B) the surface
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Fig. 3. Cyclic voltammograms of different electrodes in working buffer. (a) Gold/GC
electrode; (b) bare GC electrode; (c) gold/s-BLM/GC electrode; (d) s-BLM/GC elec-
trode.

Fig. 4. Cyclic voltammograms of AP/gold/s-BLM/GC electrodes prepared with dif-
ferent concentrations of penicillin G after incubated with goat anti-penicillin G IgG
oated with the bilayer lipid membrane at 2 �m; (C) the surface coated with the
ilayer lipid membrane and modified with gold nanoparticles at 20 �m.

.3. Immobilization of anti-penicillin G in gold nanoparticles
odified s-BLM

S-BLM has been widely used as an excellent matrix for protein
mmobilization, since it could maintain the biological activities of
roteins well (Janshoff and Steinem, 2005). In order to investigate
he optimized concentration of anti-penicillin G, the AP/gold/s-
LM/GC electrodes immobilized with different concentration of
nti-penicillin G were incubated with Goat anti-penicillin G and

hen ALP-labeled Rabbit anti-Goat IgG antibody. The electrodes
ere scanned at the potential between 0 and 600 mV  (vs. SCE)

n Tris–HCl buffer (pH 8.0) containing 5 mM �-naphthyl phos-
hate, and the scanning rate was 100 mV/s. The �-naphthyl was
and ALP-labeled rabbit anti-goat IgG in Tris–HCl buffer (pH 8.0) containing 5 mM
�-naphthyl phosphate. Concentration of penicillin G: (a) 60 ng/mL; (b) 90 ng/mL;
(c)  110 ng/mL; (d) 130 ng/mL; (e) 150 ng/mL; (f) 160 ng/mL; (g) 170 ng/mL.

hydrolyzed under the catalytic reaction of ALP labeled on the
IgG in the s-BLM. The CVs of the electrodes are shown in Fig. 4.
The well-defined oxidation peaks were observed in the region
around 300 mV  indicated that the anti-penicillin G had been immo-
bilized in the S-BLM modified by gold nanoparticles. When the
anti-penicillin G amount approached 150 ng/mL, the peak current
reached an activity peak (Fig. 4). Therefore, we chose 150 ng/mL
as the concentration of anti-penicillin G for the preparation of the
biosensor.

3.4. Detection of penicillin G by impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an efficient
and sensitive method for investigating the electron transfer kinet-
ics, and it is usually used for probing the feature of surface-modified
electrode (Haas et al., 2001; Ye et al., 2003). Machius et al. charac-
terized the electrical properties of s-BLM on semiconductor and
gold surfaces in details (Machius et al., 2003). In order to obtain
more detailed information about the modified electrodes, a mod-
ified Randles equivalent circuit was  applied on them (Ye et al.,
2003). The total impedance was determined by several parame-
ters: the electrolyte resistance (Rs); the charge transfer resistance
(Rct); the Warburg element (Zw); the lipid bilayer capacitance (Cdl),
which consisted of the unmodified glassy carbon electrode (CGC)

and a capacitance originated from the s-BLM (Cm) on the sur-
face of the electrode. The complex impedance can be presented
as the sum of the real Zre and imaginary Zim, and it mainly origi-
nates from the resistance and capacitance of the cell. In the Nyquist
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Fig. 5. Electrochemical impedance spectroscopy in working solution. (A.a) Bare GC
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Fig. 6. Calibration curves of the electron transfer resistance change �Rct with differ-
ent concentrations of penicillin G based on the AP/gold/s-BLM/GC electrode (curve
a)  and the AP/s-BLM/GC electrode (curve b). Inset: the linear part of the calibration
curve of AP/gold/s-BLM/GC electrode.

Table 1
Intra-assay and inter-assay precision for the biosensor.

Penicillin G concentration (ng/L) CV (%)a

Intra-assay Inter-assay

3.34 5.8 7.9
33.4 4.8 7.6

2

ate the selectivity. These two kinds of antibiotics used for evaluation
lectrode; (B.b) s-BLM/GC; (B.c) after penicillin G (33.4 ng/L) binding to AP/gold/s-
LM/GC; (B.d) AP/gold/s-BLM/GC; (B.e) gold/s-BLM/GC.

iagram, the diameter of the semicircle of the AC impedance spec-
rum is equal to the charge transfer resistance on the surface
f the electrode. The data were fitted for the parameters with
VIEW software, and the fitting errors were less than 5%. The
mpedances of the bare GC electrode and the modified electrode

ere investigated at a frequency range from 10−1 to 105 Hz. Fig. 5
llustrates the impedance spectroscopy on a bare glassy carbon
lectrode (A.a), s-BLM/GC electrode (B.b), gold/s-BLM/GC electrode
B.e), AP/gold/s-BLM/GC electrode (B.d) and after penicillin G bind-
ng to AP/gold/s-BLM/GC electrode (B.c) in the working solution.
t is shown in Fig. 5(A.a) that the bare glassy carbon electrode
xhibits an almost straight line that was characteristic of a dif-
usional limiting step of the electrochemical process (Feng et al.,
000). With respect to the modified electrodes, apparent differ-
nces in impedance spectra were observed (Fig. 5(B)). Compared
ith the bare GC electrode, the charge transfer resistance of the

-BLM/GC electrode increased greatly, indicating that the s-BLM
locked electron transfer on the electrode surface (Fig. 5(B.b)).
lectrodeposition of gold nanoparticles through the s-BLM pro-
uced a lower interfacial electron transfer resistance (Fig. 5(B.e))
han that of s-BLM/GC, which indicated that the deposition of gold
anoparticles resulted in an increase of the membrane capacitance.
hat was due to the gold nanoparticles acted as nanoscale con-
uctors on the electrode surface, which facilitated the electron
ransfer (Liu and Lin, 2007; Sperling et al., 2008; Voevodin et al.,
007). An increase of electron transfer resistance was  observed
hen AP/gold/s-BLM/GC electrode was obtained (Fig. 5(B.d)). After

inding penicillin G to AP/gold/s-BLM/GC electrode, the resistance
ncreased again (Fig. 5(B.c)). The change of charge transfer resis-
ance could be used as the detection signal for penicillin G in this
ork. The change of electron transfer resistance was calculated

sing the following the equation: �Rct = Rct(AP-P) − Rct(AP), where
ct(AP-P) was the value of electron transfer resistance after peni-
illin G binding to anti-penicillin G in AP/gold/s-BLM/GC and Rct(AP)
3.34  × 10 4.9 7.4
3.34  × 103 5.7 8.0

a n = 6.

was the value of electron transfer resistance of AP/gold/s-BLM/GC
in working solution.

To detect penicillin G, the biosensor was incubated with dif-
ferent concentrations of penicillin G and then monitored by the
impedance spectroscopy. Fig. 6 shows the electron transfer resis-
tance change (�Rct) of the AP/gold/s-BLM/GC electrode (curve
a) and the AP/s-BLM/GC (curve b) after reacted with different
concentrations of the penicillin G in the range of 3.34 × 10−8 to
3.34 × 106 ng/L. It indicated that the gold nanoparticles modified
s-BLM electrode was more sensitive than s-BLM electrode. The
biosensor exhibited an acceptable linear response to penicillin G
concentration ranging from 3.34 × 10−3 to 1.0 × 103 M with R2 at
0.998. The detection limit was 2.7 × 10−4 ng/L at the signal-to-noise
ratio of 3. Therefore, the biosensor was  suitable for quantitative
analysis of penicillin G in milk, since the MRL  of penicillin G was
4 ppb (equal to 4 × 103 ng/L) which was much higher than the
detection limit.

3.5. Precision, selectivity and stability of the biosensor

In order to test the precision, we  evaluated the biosensor by
monitoring the impedance change using the same concentration
of standard penicillin G. We assessed intra-assay precision by
using six different AP/gold/s-BLM electrodes prepared following
the same procedure to test the same samples on the same day.
And all the tests were repeated in three consecutive days in a con-
sistent way  for inter-assay. The mean coefficient variation (CV) of
intra-assay and inter-assay were 5.4% and 7.7% (Table 1).

The impedance change was  measured when the proposed
biosensor was reacting with two  kinds of antibiotics at the same
concentration range (1.0 × 10−19 to 1.0 × 10−5 M),  in order to evalu-
were the penicillin group ampicillin, which has the similar physical
and chemical characteristics as penicillin G, and the streptomycin,
respectively. Both tested antibiotics generated very low signals of
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Table 2
Comparison of results obtained from AP/gold/s-BLM/GC biosensor and HPLC assay for the determination of penicillin G in milk.

Samplings AP/gold/s-BLM/GC biosensor assay HPLC assay P

Penicillin G concentration (ng/mL) CV (%)a Penicillin G concentration (ng/mL) CV (%)a

1 15 2.0 20 1.9 >0.05
2  9 1.9 10 1.7 >0.05
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3  23 1.8 

4  12 1.9

a n = 6.

esponses compared with those obtained from penicillin G. The
esponses of the two other antibiotics were the same for all con-
entrations and were the same as working solution. The response
f working solution was lower than the response at the detection
imit of penicillin G. These are very different from the responses
btained with penicillin G which increased with concentrations.

We tested the stability of the biosensor by exposing AP/gold/s-
LM/GC electrodes to 33.4 ng/L penicillin G at day 7 after storing

n a wet box in the refrigerator at 4 ◦C. We  found that an aver-
ge response to 33.4 ng/L penicillin G on day 7 was 84% of the
nitial response. The stability of AP/s-BLM/GC electrode was also
tudied. The signals retained 75% of its initial response to 33.4 ng/L
enicillin G on day 7. The better long-term stability of AP/gold/s-
LM/GC electrode compared with AP/s-BLM/GC demonstrated that
he incorporated gold nanoparticles could improve the biocompat-
bility of s-BLM, prevent the leakage of biomolecules and maintain
heir biological activities.

.6. Determination of penicillin G in real milk samples

To evaluate the possible application of our biosensor for real
ample analysis, the concentration of penicillin G in milk was
etermined. Meanwhile, a comparison was made between our
ssay and HPLC assay, in order to further validate the biosensor
enicillin G assay result. We  selected four milk samples at local
arkets in Wuhan, each milk sample is quantified by 6 individual
easurements in order to ensure test accuracy. The sample pre-

reatment was described in Section 2.6 sample pretreatment for
iosensor. The results obtained from AP/gold/s-BLM/GC biosensor
ere consistent with those from HPLC assay (Table 2). The result
emonstrated that our biosensor can be used for determination of
enicillin G residues in milk samples.

. Conclusions

In this study we developed a sensitive and easy-to-use nano-
tructured biosensor for the screening and the detection of
enicillin G at trace level. It is based on anti-penicillin G immobi-

ized in s-BLM modified with gold nanoparticles. It can selectively
etect penicillin G in milk with a very low detection limit of
.7 × 10−4 ng/L which is much lower than the MRL  (4 ppb, equal
o 4 × 103 ng/L) officially adopted by the EU. Furthermore, gold
anoparticles deposited through the s-BLM have the effect of
nhancing the sensitivity and stability of the biosensor. Comparing
ith the HPLC method, the biosensor is more convenient for manip-
lations and time-saving since the preparation of the milk sample

s very simple. This biosensor can provide a promising alternative
pproach for the rapid screening of penicillin G in milk samples in
he future.
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