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Abstract

A novel optical immunosensor for the screening of ampicillin (Amp) residues has been developed. The biosensor is based on
fiber optic particle plasmon resonance detection and uses an enhancement method called as fiber optic nanogold-linked immu-
nosorbent assay (FONLISA) for the sensitive detection of antibiotics. A commercial antibody which had a higher affinity for
ampicillin than for other -lactam antibiotics was chosen. A surface competitive binding assay was used in which a fixed
concentration of antibiotic-conjugated gold nanoparticles (AuNPs) competes with free unlabeled antibiotic molecules to measure
the amount of binding with antibody molecules immobilized on an optical fiber. The synthesis of the 11-mercaptoundecanoic
acid (MUA)-ampicillin conjugate facilitates the attachment of the Amp molecules to AuNPs via MUA which acts as a linker
between them. This AuNP—-Amp conjugate was then used for the detection of 3-lactam antibiotics. The practical limit of
detection obtained for Amp was 0.74 ppb (7.4 x 10 '® g/mL) which is lower than the recommended maximum residue limit
(MRL) for 3-lactams. The method also shows a wide linear range of 4 orders. Its applicability to the determination of ampicillin
in spiked milk samples has been demonstrated with good recovery and reproducibility.
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Introduction of antibiotics by the animal and poultry industries has also
increased. Antibiotics are used in animal rearing to prevent
diseases and for therapeutic purposes. The most commonly
used antibiotics are f3-lactams. Some {3-lactams have also
been reported to be used as feed additives which act as growth
enhancers for poultry and swine [2—4]. The overuse of antibi-
otics has resulted in the development of drug-resistant bacteria
which pose a serious risk to animal and human health [5-9].

As a measure of precaution, the European Union has banned

An increase in the human population has driven up the de-
mand for livestock consumption. Globally, the products of
animal origin consumption contribute 17% to kilocalorie con-
sumption and 33% to protein consumption [1]. Due to the
increased demands of livestock production, the consumption
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all nontherapeutic antimicrobials (NTAs). The maximum res-
idue limit (MRL) for {3-lactam antibiotics has been set to be
4 ug/kg in milk and 50 pg/kg in animal tissues (EU
Regulation no 37/2010). Similarly, very strict regulations
have been set up by other countries about the MRLs of f3-
lactam antibiotics in animal products. So it becomes necessary
to develop a sensitive and fast sensor to detect the (3-lactam
antibiotics in animal products.

A number of methods have been reported for the detection
of 3-lactam antibiotics in different matrices such as water and
animal products. In general, these methods can be classified
into two groups: confirmatory and screening [10].
Confirmatory methods are mostly based on liquid chromatog-
raphy (LC) coupled to mass spectrometry (MS) to quantify
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analyte concentration [11-13]. However, such methods are
time-consuming, expensive, and require sophisticated equip-
ment and trained personnel. Screening methods can detect an
analyte or a family with ideal characteristics such as high
throughput, ease of use, short analysis time, and low cost.
Several commercial microbial inhibition tests are available
for screening of (3-lactam antibiotics [14, 15]. However, this
approach exhibits limited specificity and sometimes gives
false positives due to natural inhibitors. Interpretation of re-
sults is subjective and may lead to false negatives and posi-
tives. In addition, it requires constant monitoring of the strains
to ensure they have not become resistant to antibacterials.

Immunological methods are more specific and have been
classified according to the detection label: enzyme-linked im-
munosorbent assays [16] and fluoroimmunoassay [17].
Nevertheless, the need for a rapid and low-cost test with a
low limit of detection (LOD) has encouraged the development
of biosensors for the detection of (3-lactam antibiotics. The
bioreceptors in these biosensors can be based on enzyme in-
hibition [18], immunological [19-21], bacterial receptor pro-
teins [22], DNA aptamers [23], and molecular imprinting [24].
Among the transducers used in biosensors for antibiotic resi-
dues, optical detection is the most used format [25]. However,
the detection of small molecules with low LOD still remains a
challenge using the optical sensors.

Herein, an assay was developed for the detection of ampicillin
(Amp) and its analogs using a fiber optic particle plasmon reso-
nance (FOPPR) biosensing system [26-28] based on a direct
competition assay using ampicillin-conjugated gold nanoparticles
(AuUNP@Amp). As an antibody-based optical sensor is the most
often used biosensor for antibiotic residues, we chose 3-lactam
antibiotic ampicillin as a model to design an antibody-based
FOPPR biosensor for ampicillin and its analogs. The FOPPR
biosensor is based on nanoplasmonic absorption by gold nanopar-
ticles (AuNPs) via fiber-optic evanescent wave excitation. When
light propagates in an optical fiber via multiple total internal re-
flections (TIR), the evanescent wave on the fiber core surface
excites the particle plasmon resonance (PPR) of AuNPs on the
surface and thus, the light transmitted through the fiber is attenu-
ated by interaction with the AuNPs. The multiple TIRs increase
the optical path length and the excitation of guided modes in TIR
drastically increases light/matter interaction [29, 30], thus resulting
in large sensitivity enhancement in biosensing measurements.
Since the FOPPR sensing system is a versatile platform, it can
easily be converted to biosensors based on receptors or aptamers.

Recently, a new enhancement method called fiber optic
nanogold-linked immunosorbent assay (FONLISA) was used
to improve the sensitivity of the FOPPR biosensor [28]. The
instrumentation used in this method is identical to that of the
traditional label-free direct assay in FOPPR biosensor. The
difference lies in the design of the biosensor which greatly
affects the sensitivity of the sensor. In the traditional method
(Fig. 1a), the signal is obtained by calculating the change in

@ Springer

intensity caused by the specific binding of the recognition
molecule with the analyte present on the surface. Since the
surface is already coated with AuNPs, this change is propor-
tional to the change of absorption coefficient (Aca) of the
AuNP layer. In the FONLISA method (Fig. 1b), no AuNPs
are present on the fiber surface at the beginning so the change
in intensity is calculated from the absolute increase of absorp-
tion coefficient (o) against the zero absorbance background.
As « typically is several orders of magnitude larger than A«
[31], the FONLISA method leads to higher signal, higher
sensitivity, and lower limit of detection.

Experimental
Reagents and materials

Ampicillin sodium salt was purchased from Biovision (USA).
Penicillin G sodium salt was purchased from Acros Organics.
Levofloxacin was purchased from Tokyo Chemical Industries.
Amoxicillin, nitrofurantoin, and aminoundecyltriethoxysilane
(AUTES) were purchased from Alfa Aesar. Hydrogen tetrachlo-
roaurate trihydrate (HAuCl,) was purchased from Showa
Chemical Industry. Mercaptoundecanoic acid (MUA),
6-mercapto-1-hexanol (MCH), (3-mercaptopropyl)-
trimethoxysilane (MPTMS, 98%), and bovine serum albumin
(BSA) were purchased from Sigma Aldrich while disuccinimidyl
suberate (DSS) was purchased from Ark Pharm, Inc.
4-Dimethylaminopyridine (DMAP) and N,N’-
dicyclohexylcarbodiimide (DCC) were obtained from BCH
pharmaceuticals. Dichloromethane (DCM) was purchased from
Emsure. Ethanolamine was purchased from Janssen Chimica.
Tris(hydroxymethyl)aminomethane (Tris) was purchased from
J.T.Baker. Sulfuric acid was purchased from Applichem.
Sodium chloride (NaCl) was obtained from Honeywell. Sheep
polyclonal anti-penicillin antibody (ab30592), mouse immuno-
globulin G (IgG) (ab198772), and horseradish peroxidase-
conjugated goat anti-mouse IgG (anti-IgG-HRP, ab6789) were
obtained from Abcam. ELISA plate (Nunc MaxiSorp™, 44-
2404-21) was purchased from ThermoFisher Scientific. 3,3’
5,5'-Tetramethylbenzidine (TMB) substrate kit was purchased
from ThermoFisher Scientific.

Sulfobetaine silane (SBSi) was synthesized according
to previously reported work [32]. All the aqueous solu-
tions were made with purified water through a Millipore
system (18.2 M cm, Millipore). The phosphate-
buffered saline (pH 7.4) used in this study was obtained
from Diasorin Inc. (USA). Full fat milk was obtained
from a local grocery store. The microfluidic chips were
manufactured by an injection molding technique using
polycarbonate. The design and fabrication procedures
have been described previously [33].
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Synthesis of AuNPs

AuNPs were synthesized according to the previously reported
procedure [34]. A 20 mL solution of 0.88 mM HAuCl, was
heated until vigorous boiling was observed with bubbling and
was stirred continuously throughout the synthesis. Then,
2.4 mL of 1% sodium citrate solution was added in the boiling
solution all at once. It was observed that the color of the
solution transitioned from golden yellow to completely color-
less to dark purple and finally converting to a ruby red color.
This solution was boiled for 20 min, then cooled down to
room temperature with stirring continued during the cooling
down process.

Preparation of MUA-Amp conjugate

A solution of 1 mmol of MUA and 0.2 mmol DMAP in
10 mL DCM was stirred and allowed to react for 2 h.
This solution was then added dropwise to a mixture of
1 mmol of ampicillin sodium salt and 1.2 mmol DCC in
DCM at 0 °C. The resulting mixture was then stirred
for 48 h at room temperature and then filtered and dried
using a rotary evaporator and high vacuum [35]. A yel-
low colored solid was obtained which was further used
without any purification (Scheme 1). Attaching the ter-
minal alkyl thiol group to ampicillin facilitates its ad-
sorption on the AuNP surface.

Preparation of AuNP@Amp conjugate

The AuNP@Amp conjugate can be visualized as shown in
Fig. 2. In order to form a mixed self-assembled monolayer
(SAM) on the AuNP surface, an AuNP solution was mixed
with an equal volume of Tween-20 (2 mg/mL) and allowed to
stand for 30 min. Tween-20 is a nonionic surfactant that sta-
bilizes the AuNPs [36]. These Tween-20 capped AuNPs were
then used for the preparation of the AuNP@Amp conjugate.
In order to obtain a well-ordered SAM on AuNP surface,
400 pL of a mixed solution containing the MUA—Amp crude
compound (0.7 mg/mL) and 6-MCH (1.2 mM) in methanol

with the volume ratio of 1:5 was added to 1.6 mL of the AuNP
solution. The ratio of MUA—Amp and MCH (1:5) has not
been optimized yet but preliminary results show that the sen-
sitivity of the biosensing system is not significantly affected
by the ratio. In addition, various concentrations of MUA—
Amp in increments of 0.05 mg/mL were added to the AuNP
solution to test the saturation point, adding 0.75 mg/mL
causes aggregation of the AuNPs in solution and turns it pur-
ple. The resulting solution was incubated for 18 h to allow the
alkane thiols to be well adsorbed on the surface of AuNPs [37,
38]. The solution was then centrifuged at 10,000 rpm for
20 min, the supernatant was removed, and the centrifugate
was dissolved in PBS and centrifuged again at same condi-
tions. The concentration of the AuNP@Amp solution was
maintained by adding a PBS solution to the centrifugate.

Preparation of sensor fibers

The optical fibers were cleaned with a soap solution and rinsed
with water followed by ethanol and then thoroughly cleaned
with ultrapure water and dried using nitrogen. The fibers were
then cleaned with Piranha solution (mixture of 30% H,0O, and
H,SO4 1:3 v/v) and subsequently annealed in an oven at
110 °C overnight. After the fibers were cooled down, they
were treated with oxygen plasma to remove any residual sur-
face contaminants. The fibers were then immersed in a solu-
tion consisting of 10 mM SBSi and 5 mM AUTES in anhy-
drous ethanol for 18 h. After washing with ethanol and then
rinsing with ultrapure water, the fibers were immersed in a
0.08 M solution of DSS in DMSO overnight. Finally, the
fibers were washed first with DMSO and then with PBS to
remove any excess unbound compounds. These surface-
activated fibers were then used to immobilize the anti-
penicillin antibody on the fiber core surface by immersing
them in 0.1 mg/mL of the antibody solution for 4 h. The
biofunctionalized fibers were then treated with 1 M ethanol-
amine (pH 8.5) for 30 min to remove the unbound antibody
molecules and to deactivate any unreacted sites and then
rinsed with PBS solution for further experiment.
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Quantitation of immobilized antibody on fiber surface
by ELISA

The amount of mouse IgG that can be immobilized on the SBSi/
AUTES-modified fiber surface was quantified using anti-IgG-
HRP. A standard calibration curve was obtained by preparing a
series of solutions (0.5 to 15 ng) of mouse IgG in PBS which
were then incubated in wells of an ELISA plate for 18 h. The
solution was aspirated from the wells, washed thrice with TBST
(20.0 mM Tris, 150 mM NaCl, 0.1% Tween-20, pH 7.4) solu-
tion, and then the unbound sites on the plate were blocked with
BSA (1.0 mg/mL) for 30 min. Afterwards, the contents were
aspirated and the wells were washed with TBST solution.
Then, a solution of anti-IgG-HRP (60 pL, 0.04 pg/mL) was
injected in each well. After 60 min, all solutions were removed
and the plate was washed with TBST buffer. Sixty microliters of
TMB substrate was added to each well and incubated for 15 min.
The reaction was stopped with 60 pL 2 M sulfuric acid. The
absorbance of each well was measured at 450 nm. To measure
the amount of mouse IgG immobilized on the fiber surface, the

Pl
S
0
W NH
S H
S 0 N
0 ONa
0
OH
Fig. 2 Schematic representation of the mixed self-assembled monolayer
formed on the surface of an AuNP
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optical fibers were modified and activated using AUTES, SBS;,
and DSS as previously described. Mouse IgG (0.1 mg/mL) was
then immobilized on the fiber surface. The biofunctionalized
fibers were then treated with BSA (1 mg/mL) for 15 min to
minimize nonspecific adsorption and then rinsed with TBST
solution. Then, the fibers were immersed in a solution of anti-
IgG-HRP (60 pL, 0.04 pg/mL). After 60 min, the solution was
removed and the fibers were washed with TBST buffer.
Subsequently, the fibers were immersed in a 60 pL TMB sub-
strate for 15 min. The reaction was stopped with 2 M sulfuric
acid. The absorbance of each solution was measured at 450 nm.
The results were performed in triplicate and the standard devia-
tion was calculated in each case.

Biosensing system

Our biosensor system as shown in Fig. 3 consists of a light-
emitting diode (LED, model IF-E93, Industrial Fiber Optic,
Inc.) with a peak wavelength of 530 nm, a LED driver circuit
to drive the LED with 1-kHz frequency modulation (home-
made), a FOPPR sensor chip that holds the biofunctionalized
fiber as described in the “Preparation of MUA—Amp conjugate”
section, a photodiode (S1336-18BK, Hamamatsu), a
photoreceiver amplification circuit (home-made), a power supply
(PMT-D1V100W1AA, Delta Electronics), a signal acquisition
module (NI-9234, National Instruments), and a graphical user
interface programmed by LabVIEW® (National Instruments).
Quantitative analysis is performed by comparing the normal-
ized transmitted light intensity of the sensor in a blank (/\/Iy) to
that in a sample containing an analyte (Is/ly), where Iy, Iy;, and Ig
are the steady-state transmitted light intensities of the sensor in a
buffer solution, a blank containing a fixed concentration of
AuNP@Amp conjugates in the absence of the analyte, and a
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Fig. 3 Schematic representation
of the experimental setup used for
the FOPPR biosensor. The setup
consists of a, light-emitting diode;
b, sensor fiber; ¢, sensor chip; d,
photodiode; e, power supply; f,

LED driver and photoreceiver

amplification circuits; g, data ac-

quisition card; h, computer. The
line arrows indicate the direction
of flow of electricity and the dot-
ted yellow arrow represents the

Analyte flow in Analyte flow out

G—
m J —

direction of flow of light

| 1 []]

sample containing a fixed concentration of AuNP@ Amp conju-
gates in the presence of the analyte, respectively. A calibration
curve is set up by plotting the sensor response, (Is — Iyy)/Iy, which
is the difference in the normalized transmitted light intensity of
the sensor in the sample to that in the blank, versus log concen-
tration of the analyte. The use of normalized intensity provides a
means to allow a certain variation of I, and thus alleviates the
demand for precise optical alignment [39].

Nonspecific adsorption tests

In order to test the nonspecific adsorption of modified AuNPs
onto the sensor fiber, three different approaches were used. For
the first approach, the AuNPs were coated only with a monolayer
of 6-MCH (1.2 mM in MeOH), to form AuNP@MCH. This
solution was then injected in a sensor chip consisting of the
antibody-functionalized sensor fiber as described earlier.

For the second approach, the AuNPs were conjugated with
BSA (107> g/mL) (AuNP@BSA) using the following proce-
dure. The AuNPs were mixed with an equal volume of Tween-
20. A mixture of MUA (0.5 mM) and MCH (0.5 mM) in the
ratio of 1:4 (v/v) was then added to the AuNP solution and
allowed to incubate overnight. The mixture was then centri-
fuged, the supernatant was removed, and the centrifugate was
rediluted to the original volume to maintain the concentration.
Fifty microliters of EDC (2 mg/mL) and NHS (2 mg/mL) so-
lution in PBS buffer was then added to the AuNP solution. This
solution was then centrifuged, the supernatant was removed,
and the centrifugate was diluted to the original volume. Then,
100 pg/mL of BSA was added to the solution and allowed to
incubate for 1 h. The centrifugation process was repeated and
then, the solution was injected in the sensor chip.

For the third approach, the nonspecific adsorption test was
conducted in the absence of antibody on the fiber surface. The
fiber was modified with AUTES and SBSi and activated by
DSS in the same manner as mentioned earlier except the

antibody was not immobilized on the fiber surface. The sur-
face was then blocked using ethanolamine. A solution of
AuNP@ Amp conjugate was then injected in the sensor chip.

Preparation of standard (calibrator) samples in buffer
and milk samples

Solutions of ampicillin sodium salt (M. W. =371.39) were pre-
pared in PBS solution with concentrations ranging from
40,000 ppb (4 x 107> g/mL) to 4 ppb (4 x 10~° g/mL). The
milk samples were prepared by spiking different concentra-
tions of ampicillin and then were pretreated using an earlier
reported method [23] but with slight modification as in the
following way. After spiking 2-mL milk samples, 2 mL of
PBS was added to the solution and was blended for 20 min.
Ethyl acetate (7 mL) was added to the solution and was shaken
vigorously on vortex for 45 min. This solution was then cen-
trifuged for 20 min at 4000 r.p.m. at 4 °C. The supernatant was
removed and the centrifugation process was repeated again.
The excess ethyl acetate was removed from the supernatant by
gentle nitrogen blowing. The dry residue was then dissolved
in 2 mL PBS.

Results and discussion
Traditional assay

The assay was first done using the traditional label-free direct
assay in FOPPR biosensor [26] as shown in Fig. 1a without
using the compound Amp@MUA, since the traditional assay
is simple in design and easy to use [26]. The experimental
procedure for the traditional assay is described in more detail
in the Supplementary Material. In the traditional assay, ampi-
cillin is first tethered covalently to a mixed self-assembled
monolayer (SAM) containing MUA and MCH on the surface
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of AuNPs which were immobilized on an optical fiber. The
ratio of MUA and MCH was used according to a previous
study [31] where it was observed that a ratio of 1:4 yield
optimum results. The hydrophilic terminal hydroxyl group
of MCH in the mixed SAM is employed to minimize nonspe-
cific adsorption [40, 41]. The results of nonspecific adsorption
tests were shown in Fig. S1 of the Supplementary Material.
When the antibody molecule in sample solution bind with the
immobilized ampicillin, it causes a change in the refractive
index (RI) of the local medium thus generating a biosensor
signal due to the change of plasmon resonance condition [26,
27], as shown in Fig. S2 of the Supplementary Material. The
LOD obtained by this method was found to be 1.3 x 107 g/
mL which is much higher than the MRL for (3-lactams anti-
biotics in food; thus, a more sensitive competitive method
based on the principle of fiber optic nanogold-linked immu-
nosorbent assay (FONLISA) [28] had to be developed to im-
prove the sensitivity of the assay for (3-lactams antibiotics.

FONLISA

This assay is a surface competitive assay where the unlabeled
free ampicillin molecules compete with the ampicillin at-
tached to the AuNPs (AuNP @ Amp) to bind with the antibody
immobilized on the fiber core surface, as shown in Fig. 1b. In
the absence of free ampicillin molecules, there will be absence
of competition and the “blank” containing AuNP @ Amp con-
jugates will have the maximum binding with the immobilized
antibody molecules, this binding leads to a maximum de-
crease in transmitted light intensity (/y;) through the sensor
fiber relative to that in a buffer (/y). In the presence of different
concentrations of free ampicillin mixed with a fixed concen-
tration of AuNP @ Amp conjugates, there is a competition be-
tween free ampicillin molecules and AuNP @ Amp conjugates
for the antibody binding sites. Thus, the higher the concentra-
tion of free ampicillin molecules in a tested sample, the lower
the amount of AuNP@Amp conjugates that bind to the
immobilized antibody on the fiber surface, so lower is the
decrease in transmitted light intensity (/s).

Characterization of AUNPs

The AuNP solution was characterized by a UV-visible spec-
trophotometer (Jasco, V-570). The peak wavelength was at
about 520 nm and the peak absorbance was about 3.0. This
AuNP solution was further diluted by 0.12% sodium citrate
solution until the absorbance was 2.0 (Fig. S3) and was used
as a stock AuNP solution. Histograms of the images derived
from transmission electron microscopy (TEM) revealed that
the mean diameter of the AuNPs was 12.2 £0.7 nm (inset of
Fig. S3). The particle concentration of the AuNPs in the stock
solutions was about 16.6 nM, estimated by using a molar
extinction coefficient of 1.99 x 10 M™' c¢cm™' at the
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wavelength of 520 nm for this core size of AuNP [42]. Such
a particle concentration is overestimated as the molar extinc-
tion coefficient of a modified AuNP is larger than that of an
unmodified AuNP.

Characterization of MUA-Amp conjugate

The identification of the compound was confirmed by high-
resolution electrospray ionization-mass spectrometry
(HRMS-ESI).

Figure 4 shows the ESI-mass spectrum of MUA—Amp. The
main peak was observed at 572.22 which confirms the forma-
tion of the desired product. As can be seen from the data, the
mass calculated theoretically for C,7H30N3NaOsS, (M*+H) is
572.2229 and from the spectra, it was found to be 572.2220.
The other two smaller peaks around 572 are due to the iso-
topes of the same compound (M*2, M*?). The peak at 561.30
is due to an unknown impurity

The compound was further characterized by FTIR spec-
troscopy, with spectral peaks listed below and spectra shown
in the Supplementary Material (Fig. S4 and S5).

FTIR neat (ampicillin) (Fig. S4): 3366, 3295, 3060, 3032,
2970, 2929, 2866, 1767, 1676, 1607, 1511, 1454, 1400, 1320,
1247, 1206, 1158, 1126, 1070, 1028, 954, 890 cm™'. The
stretching vibrations at 1767 cm_l, 1676 cm_l, and
1607 cm " are due to carbonyl group present in beta-lactam
ring, amide, and carboxylic acid salt, respectively. The ab-
sorption at 2929 cm™ ' and 2970 cm ™' is due to the presence
of two methyl groups in the compound. The stretching fre-
quency at 2866 cm™ ' represents the methylene groups of the
side chain.

FTIR neat (MUA—Amp) (Fig. S5): 3331, 3035, 2928,
2852, 2624, 1773, 1692, 1628, 1576, 1527, 1455, 1387,
1310, 1243, 1185, 1124, 1084, 893, 803 cm ™.

It is observed from the FTIR spectrum that the two weak
absorption bands for primary amine from ampicillin that can
be observed at 3366 cm ™' and 3295 cm ™! are replaced by one
sharp band at 3331 cm™ ' which represents the secondary am-
ide N—H stretching, and so, the formation of the bond between
ampicillin and MUA can be confirmed [35, 43].

Quantitation of antibody immobilized on the fiber

Assuming that the number of antibody molecules that can be
immobilized on the fiber surface depends upon the method on
immobilization and not on the type of the antibody, a method
based on enzyme-linked immunosorbent assay (ELISA) was
developed where mouse IgG was used instead of the anti-
penicillin antibody to quantify the amount of antibody mole-
cules immobilized on the fiber surface. Since both the anti-
bodies are IgG molecules, it can be assumed that the results
will be similar if the experiment is done with anti-penicillin
antibody or with any other IgG antibody.
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The calibration graph for the ELISA experiment is shown
in Fig. S6 of the Supplementary Material. The amount of
antibody molecules on the fiber surface with a surface area
of 25.1 mm?” was found to be 9.47 + 0.36 ng. Considering that
the molecular weight of the IgG molecule is about 150 kD, the
number of antibody molecules per square micrometer was
calculated to be 1.51 x 10°> molecules/um?. This number is
about 8.9% of the theoretical value of the maximum number
of IgG molecules that can be bound on a surface to form a
close-packed monolayer (see Supplementary Material for de-
tails in calculations).

Nonspecific adsorption

The prevention of nonspecific adsorption enables more sensi-
tive detection of the target and also rules out the probability of
false positives signals. Since AuNPs are used as a detection
probe in this biosensor to detect the target, it is important to
determine the effect of nonspecific background adsorption of
AuNP @ Amp on the fiber surface. The success of this method
relies on the prevention of such background adsorption. In this
regard, MCH was used in AuNP@Amp as a diluent in the
mixed SAM using its hydrophilic terminal hydroxyl group
to avoid flocculation of AuNP@Amp [44] and to minimize
the above effect [40, 41]. The three different methods used
here cover all the possibilities that may lead to nonspecific
adsorption.

When the AuNPs were coated only with MCH, it was
found that no specific binding occurs between
AuNP@MCH and the fiber surface. This is evident from the
minor change in the intensity as can be seen from Fig. 5a. The
average change of normalized transmitted light intensity (A/Z/
Iy, where AI=1, — Ig) was found to be (0.000353 +
0.000172), based on the average of 3 measurements.
Nonspecific adsorption was also tested using AuNP@BSA,
a typical sensorgram is shown in Fig. 5b. Based on the average
of 3 measurements of the intensity (/) in the AuUNP@BSA
samples, results show that AZ/l, was 0.000478 +=0.000089.

The signal changes in the above two cases are negligible when
compared with Al/I, for the binding of AuNP @ Amp with the
anti-penicillin antibody on the fiber surface as shown in
Fig. 5d.

A control experiment was also performed by injecting a
solution of AuUNP@ Amp into a sensor chip containing a fiber
without an anti-penicillin antibody on the fiber surface. A
typical sensorgram is shown in Fig. 5c. Based on the average
of three measurements, results show that Al/l, was 0.000445
+0.000108, which is about three hundred times lower than the
value obtained when the binding between AuUNP@Amp and
anti-penicillin antibody occurs as shown in Fig. 5d. This indi-
cates that there is no nonspecific adsorption of AuNP@Amp
on the fiber surface and also that the anti-penicillin antibody
immobilized on the surface remains functional after the im-
mobilization process.

{PBS
1.55- pBS * AUNP@MCH
.PBS * AuNP@BSA
§ 1.50 - c
< ] «— AUNP@Amp
>, 1.454{PBS
=
Z ]
o 1.40
~—
= ]
—
1.35
] d
1.30 4 T T T T T T
0 500 1000 1500 2000 2500 3000
Time (s)

Fig. 5 Real-time sensorgrams showing the responses of the sensor fibers
for injection of (a) a solution of AuUNP@MCH; (b) a solution of
AuNP@BSA; (c) a solution of AUNP@Amp in the absence of antibody
on fiber surface; and (d) a solution of AuNP@Amp in the presence of
anti-penicillin antibody on the fiber surface. For (a) and (c), the curves
have been offset on the y-axis to provide a better visual comparison
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Fig. 6 a Calibration curve for the
sensor. Sensor response = (Is —
Iw)/Iy. Each point is the mean of 3
measurements + SD. b A
representative sensorgram. Steps
1 to 6 in the sensorgram represent
the free ampicillin concentrations
of (1)2x107° g/mL, (2) 2 x

107 g/mL, (3) 2 x 1077 g/mL, (4)
2x10 ¥ g/mL, (5)2x10° g/mL,
and (6) 0 g/mL in the presence of
AuNP@Amp conjugates
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Quantitative analysis of ampicillin in buffer and milk
samples

The experiments for the standard calibration curve were car-
ried out by mixing the solutions of ampicillin with concentra-
tions ranging from 40,000 ppb (4 x 10> g/mL) to 4 ppb (4 x
10~° g/mL) with a solution of AUNP@Amp conjugates in a
volume ratio of 1:1. These solutions were then injected seri-
ally into the sensor chips containing a sensor fiber using a
syringe pump.

The sensorgram and the calibration curve are shown in
Fig. 6. Here Alyy= 1, — Iy represents the change of normal-
ized transmitted light intensity for the average of “blank” read-
ings (0.1163 +£0.000651, n = 3) which is the signal obtained
for AuNP@ Amp conjugates in the absence of free ampicillin.
The linear regression equation was y =0.00653 + 0.02175x
and the correlation coefficient was 7% =0.996. As the defini-
tion of LOD in general does not consider nonspecific adsorp-
tion, which could lead to the false-positive signal due to back-
ground adsorption of AuNP @ Amp on the fiber surface by this
approach. Therefore, in this method, two definitions of LOD
and LOQ are used. The ideal LOD is defined at a signal-to-
noise of 3 where nonspecific background adsorption of
AuNP@Amp on the fiber surface is absent and only system
noise is considered, while the practical LOD considers the
practical effect of such background adsorption and is defined
as the mean plus 3 times the standard deviations for the
“blank” readings. Thus, the ideal LOD was calculated to be
0.51 ppb (0.51 ng/mL) and the ideal limit of quantification
(LOQ) defined by a signal-to-noise of 10 was calculated to be
0.53 ppb (0.53 ng/mL). Because of the very low system noise
(relative standard deviation of transmitted light intensity in
PBS =0.0000570), the calculated LOD and LOQ are very

close. On the other hand, when the uncertainty due to nonspe-
cific background adsorption of AuNP@ Amp on the fiber sur-
face is considered, the practical LOD was calculated to be
0.74 ppb (0.74 ng/mL) and the practical LOQ calculated as
10 times the standard deviations for the “blank” is 1.8 ppb
(1.8 ng/mL). A sensorgram showing the signal for ampicillin
at a concentration of 1.5 ppb which is near the practical LOQ
is shown in Fig. S7 of the Supplementary Material. The meth-
od is highly reproducible with a coefficient of variation (CV)
less than 9% for the whole concentration range.

At this research stage, the AuUNP@Amp had to be freshly
prepared each time before the experiment as it was observed
that aggregation started to occur in the AuNP solution after
24 h even if refrigerated at 4 °C. The stability of these nano-
particles could be improved by using suitable cryoprotectant
and then lypholization of the solution [45]. The antibody-
functionalized sensor fibers stored in dried conditions showed
more stability and could be used for up to months after
modification.

To investigate the accuracy and precision of this assay,
recovery experiments were performed by using milk samples
spiked with different concentrations of ampicillin. The results
are summarized in Table 1. The percentages of recovery are
between 94.69 and 102.50% while the CV is less than 5.5%,
indicating good detection accuracy and reproducibility of the
sensor.

Selectivity of the sensor

The selectivity of the sensor was tested by comparing the
sensor responses toward different antibiotics. Since the
antibody used is sensitive to many (3-lactam antibiotics,
the antibiotics ampicillin, penicillin, and amoxicillin were

Table 1 Determination of

ampicillin in different matrices. Matrix Amount added (ppb) Amount determined (ppb) Recovery (%) % CV
Each value is the mean of 3
measurements Pretreated milk (n=3) 10,000 10,249.51 102.55 3 3.61
500 484.79 96.96 + 5.2 533
15 14.60 94.69 £ 4.7 497
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Fig. 7 Selectivity of the sensor
for (3-lactam vs non-{3-lactam an-
tibiotics. Each value is the mean
of three readings. The relative
sensor response in percent values
are ampicillin 100, penicillin G
84.59, amoxicillin 74.87,
levofloxacin 9.63, and
nitrofurantoin 15.15%, where
ampicillin is taken to be 100%

100

Relative Sensor Response (%)

Ampicillin

tested, and the non-f3-lactam antibiotics levofloxacin and
nitrofurantoin were also investigated at the concentration
of 2x 10> g/mL. Although the chemical structures of p-
lactam antibiotics are similar, the antibody used in this
study displays the best reactivity to ampicillin, the re-
sponse of which was taken as 100%, but there is a con-
siderable level of reactivity toward penicillin G (84.59%)
and amoxicillin (74.87%), as shown in Fig. 7. On the
other hand, the level of reactivity toward levofloxacin
(9.63%) and nitrofurantoin (15.15%) is small, indicating
good detection selectivity of the sensor.

Comparison with other reported ampicillin biosensors

The comparison of detection performances with different
biosensors is shown in Table 2. As can be seen, this bio-
sensor exhibits low practical LOD and a wide linear
range. In addition, the biosensor analysis time without
consideration of the sample pretreatment steps is less than
15 min. Furthermore, the instrument used in this work is
inexpensive and has a great potential to be miniaturized
into a portable biosensor, thus making the biosensor ideal
as a field-based screening tool for the detection of ampi-
cillin and other (3-lactams in milk. Since the sensor chips
used in this biosensor are low cost, the reusability of the
sensor chips was not determined.

Amoxicillin Levofloxacin Nitrofurantoin

Antibiotics

Penicillin

Conclusion

This work shows a simple, fast, and sensitive biosensor and
method for the detection of ampicillin well below the MRL
advised by the European Union and WHO. The importance of
having a sensitive biosensor for the detection of antibiotics lies
in the following three considerations. First, to reduce the false-
negative rate, LOD should be lower than or at least equal to
MRL. Second, a high precision around MRL is a decisive
factor in quality control. In general, the CV value increases
at decreasing analyte concentration [48, 49]. As such, LOQ
should be lower than or at least equal to MRL. Third, analysis
of real samples often requires dilution of the real samples such
as milk samples to reduce the matrix effect, thus requiring
LOD lower than MRL to incorporate the dilution effect.
Furthermore, this biosensor also provides a wide linear range
(4 orders) for the quantitative determination of ampicillin in
real samples such as milk, making detection of real samples
having a wide concentration range more convenient. This sen-
sor can be slightly modified by changing the antibiotic at-
tached to the probe and then can be used for the detection of
other (3-lactam antibiotics at very low concentrations. Thus,
this sensor can be used as a fast pre-screening method to detect
the presence or absence of antibiotics in samples.
Alternatively, this sensor can also be modified by using one
of the penicillin-binding proteins (PBPs) instead of the

Table 2 Comparison of detection
performances of different

ampicillin biosensors

Detection Method LOD Reference
Microwave electrodynamic resonator using E. coli 4000 ng/mL [46]
Surface plasmon resonance biosensor 2 ng/mL [22]
Amperometry 4 ng/mL [47]
Resonant waveguide grating biosensor 3.1 ng/mL [19]
Gold nanoparticle-based dual fluorescence—colorimetric method 2 ng/mL [23]
FOPPR biosensor 0.74 ng/mL This work
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antibody as these proteins bind covalently with more number
of antibiotics as compared with the antibody [22].
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