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a b s t r a c t

In this study, the surface enhanced Raman spectra (SERS) of two prohibited veterinary drugs, metro-
nidazole (MNZ) and ronidazole (RNZ), have been acquired, and compared to the theoretically calculated
spectra using density function theory (DFT). The experimental Raman and SERS spectra of MNZ and RNZ
exhibit high resemblance with the DFT calculations. SERS detection of MNZ and RNZ from standard
solutions as well as real environmental samples (tap, lake, swamp waters and soil) was performed on
highly sensitive and reproducible silver nanorod array substrates. The limits of detection for MNZ and
RNZ are 10 and 1 mg/mL in methanol and ultra-pure water, respectively, and 10–50 mg/mL in the
environmental samples. The SERS-based method demonstrates its potential as a rapid, simple, and
inexpensive means for the onsite screening of banned antibiotics from the aquatic and sediment
environments, with minimal requirement for sample pretreatment.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

It is estimated that over 100,000 t of antibiotics are being
produced worldwide every year [1]. Although antibiotics have
been extensively used to treat infections for decades, their nega-
tive impacts on human and animal health as well as on the
environment have not been widely recognized until the past two
decades [2,3]. The intense use of antibiotics is linked to the
emergence and spread of drug resistant or even multi-drug resis-
tant pathogen strains, as in the notorious examples of methicillin-
resistant Staphylococcus aureus (MRSA), and carbapenem-resistant
Enterobacteriuaceae (CRE) [4]. The induced antimicrobial resis-
tance can in turn lead to ineffective treatment of potentially
deadly infections. In addition to the growing difficulty in disease
treatment, some antibiotics have also exhibited in vitro and in vivo
carcinogenic properties [5]. Based on these concerns, there is an
increasing restriction on the access to antimicrobial drugs through
human medicine. Nonetheless, antibiotics are still capable of
entering the human diet through transference from animal feed

or veterinary drugs to edible tissues of farm animals, fish, and
seafood [5]. Moreover, since current household water treatment
only aims at removing bacterial and particulate hazards, small,
water-soluble antibiotics may still well reside in potable water if
the source has been contaminated. Consequently, their use in
animals, particularly the use of carcinogenic antibiotics, is also
strictly controlled by regulatory bodies.

Metronidazole (MNZ) and ronidazole (RNZ) are two antiproto-
zoal drugs from the nitromidazole family, which were primarily
labeled for the treatment of histomoniasis and trichomoniasis in
poultry and hemorrhagic enteritis in pigs, but were later banned
by the European Commission and the US food and drug adminis-
tration (FDA) in food-producing animals due to their suspected
genotoxic, carcinogenic, and mutagenic properties [6,7]. None-
theless, the drugs' side effects on growth promotion and improve-
ment in feed efficiency have led to continued misuse in animals for
short-term economic gain. In order to monitor such illegal uses, a
number of methods based on liquid (LC) or gas chromatography
(GC) coupled with mass spectroscopy (MS) or fluorescence detec-
tion have been developed for identifying nitroimidazoles from
water, animal tissues, food and feedstuffs, and clinical samples
[8–12]. In spite of high sensitivity, these methods have also
encountered drawbacks from long assay duration, complicated
pre-treatment, low throughput, and high demands on instrumen-
tation. Apparently, the lack of rapid and inexpensive routine
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screening for these antibiotics has placed a technical hurdle for
effective enforcement of regulations in animals and animal farms.
To overcome this challenge, several alternative techniques are
being developed. Immunoassays such as enzyme-linked immuno-
sorbent assay (ELISA) have been used for rapid sensing of nitroi-
midazoles [13]. A surface plasmon resonance (SPR) method was
recently developed and validated for screening of nitromidazoles
from animal tissues and serum samples [14]. These immuno-
capture-based methods could achieve excellent detection sensi-
tivity within a relatively short time, but still face some challenges
caused by the cross-reactivity and limited availability of drug-
specific antibodies.

Like SPR, surface enhanced Raman spectroscopy (SERS) has also
been proposed as a sensitive yet simple, rapid, and inexpensive
alternative to GC or LC-based techniques. But unlike SPR, SERS can
directly reveal the characteristic vibrational modes of the drug
molecule, thus it does not rely on the use of antibodies. SERS takes
advantage of the enhanced local electromagnetic field due to the
specific geometry of the nanostructures of noble metals (Au, Ag and
Cu) to amplify the Raman scattering signal by up to 106–1012 times,
and has been used to achieve single molecule detection [15]. A
variety of antibiotics have been investigated using SERS or surface
enhanced resonance Raman spectroscopy (SERRS), including sulfa
drugs (sulfadiazine, sulfamerazine, and sulfamethazine) [16], peni-
cillin and derivatives [17,18], entrofloxacin, ciprofloxacin, chloram-
phenicol [19], erythromycin [20], nitrofuran antibiotics (furadantin
and furaltadone) [21], moxifloxacin [22], and amphotericin and
derivatives [23]. Though considered as important targets for anti-
biotic surveillance, the SERS signature of any nitroimidazole anti-
biotic is still lacking. Also, since antibiotic standards were detected
from aqueous solutions or organic solvents in most of the reported
antibiotic SERS studies, but few studies have involved detection from
real or spiked samples of environmental, food safety, or clinical
relevance, so there is also a need to test the applicability of the SERS
technique for real sample detection.

In this study, we have acquired the Raman and SERS spectra of
two representative nitroimidazole antibiotics, MNZ and RNZ, and
compared the experimental data with theoretical calculation using
density function theory (DFT). We have also demonstrated that
rapid and facile SERS screening of MNZ and RNZ from tap water,
lake water, and swamp water samples and real soil samples could
be achieved using a highly uniform silver nanorod substrate
prepared by oblique angle deposition.

2. Materials and methods

2.1. Materials and reagents

Metronidazole (MNZ) and Ronidazole (RNZ) were purchased
from Sigma Aldrich (St. Louis, MO). Methanol, sulfuric acid, and
hydrogen peroxide were obtained from J.T. Baker (Phillipsburgm,
NJ). Silver (99.999%) and titanium (99.995%) pellets were obtained
from Kurt J. Lesker (Clairton, PA).

2.2. SERS substrate preparation

SERS-active silver nanorod (AgNR) array substrates were fabri-
cated using oblique angle deposition (OAD) in a custom-built
electron beam evaporation system as described in our previous
studies [24,25]. Briefly, glass slides were cleaned with Piranha
solution (80% sulfuric acid, 20% hydrogen peroxide), rinsed with
deionized (DI) water, dried with nitrogen gas, and loaded into the
deposition chamber. Films of 20 nm of titanium and 200 nm of
silver were sequentially deposited onto the glass slides at a normal
incidence angle at the rates of 0.2 nm/s and 0.3 nm/s, respectively.

In the final step, the substrate surface normal was rotated to an
angle of 861 with respect to the vapor incident direction, and silver
continued to be deposited at a rate of 0.3 nm/s. The chamber was
maintained at a pressure of o10�6 Torr throughout the deposi-
tion process. The last OAD step yielded a film of aligned nanorods
which were �900 nm in length, �100 nm in rod diameter, with a
tilting angle of approximately 731 with respect to the substrate
normal [24,26]. To remove the organic contaminants accumulated
during fabrication and storage, before each use for SERS measure-
ments, the as-deposited AgNR substrates were cleaned for 2 min
using a custom built inductively-coupled RF plasma chamber,
which operated at 30 W under a constant flow of ultra-pure argon
with a chamber pressure �600 mTorr [27].

2.3. Density function theory calculation

In order to identify the corresponding vibrational modes of the
obtained Raman peaks, the Gaussian 03 W DFT package was used
to calculate the Raman spectra of MNZ and RNZ. The DFT
calculations were based on Becke's three-parameter exchange
function (B3) [28] with the dynamic correlation function of Lee,
Yang, and Parr (LYP) [29]. The molecular geometries of the
antibiotics were optimized using the hybrid B3 (exchange) and
the LYP (correlation) function (B3LYP) in conjunction with a
modest 6–311 gnn basis set.

2.4. SERS measurements

All SERS measurements were performed using an Enwave
ProRaman-L-785A2 Raman analyzer (Enwave Optronics, Irvine,
CA) equipped with a 785 nm diode laser, a spectrometer, and an
integrated fiber optic Raman probe for excitation and signal
collection through a 10� objective lens. Two microliters of the
antibiotic solutions or samples were applied to the substrate
surface, allowed to dry under ambient conditions, and SERS
spectra were acquired from five randomly selected spots at a laser
power of 30 mW and spectral collection time of 10 s.

2.5. MNZ and RNZ standards

To determine the limit of detection (LOD) of SERS measure-
ments, MNZ and RNZ were serially diluted in methanol or DI
water, and the dilutions were immediately applied to the surface
of the AgNR substrate for SERS measurements. The lower LOD was
determined using the 3s method [30], in which the intensities of
characteristic SERS peaks was compared with a threshold value
determined by 3� standard deviation of the spectral intensity at a
featureless spectral region (1700–1800 cm�1).

2.6. Collection and analysis of environmental samples

Water samples were collected directly from a tap in the labo-
ratory, Lake Herrick in the University of Georgia campus, and from
the swamp in the Okefenokee National Wildlife Refuge. MNZ and
RNZ were spiked into the water samples at concentrations
between 0.01 mg/mL and 1 mg/mL, which were then used for SERS
analysis.

Soil was collected from a garden outside the laboratory build-
ing after a rainy day, and dried at ambient conditions (the final
moisture content was determined to be 0.32%). Aliquots of 1 mL
methanol containing different concentrations of MNZ or RNZ were
added to 200 mg of soil, mixed on a rocker at 50 rpm for 1 h and
then allowed to settle overnight at room temperature (RT). On the
second morning, the mixture was Vortexed again and centrifuged
at 5000 rpm for 2 min. Two microliters of the supernatant was
used for SERS measurements.
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2.7. Data analysis

The obtained SERS spectra were analyzed using Origin 8.5
(OriginLab, Northampton, MA). Unless otherwise specified, the
raw spectra obtained from the Raman analyzer were used without
further processing. Principle component analysis (PCA), partial
least square discriminant analysis (PLS-DA), and partial least
square regression analysis (PLS) were performed using PLS_Tool-
box (Eigenvector, Wenatchee, WA) running under the Matlab
2011b (Mathworks, Denver, CO) environment. The spectra were
derivatized to the first order, normalized using the peak height,
and mean-centered before PCA, PLS-DA, and PLS analyses.

3. Results and discussion

3.1. SERS spectra of MNZ and RNZ

The major peaks revealed by quantum chemical calculations
based on DFT (Supplementary Tables S1 and S2) agree well with
the bulk Raman spectra acquired from the antibiotic powder
(Fig. 1). Still, several noticeable discrepancies between DFT calcu-
lated and experimental spectra are observed, including the dis-
appearance of some DFT-calculated peaks and peak intensity
changes, which can be attributed to the DFT's inherent drawbacks
[31] as well as the merging effect of adjacent experimental Raman
peaks. The Raman spectrum of MNZ obtained in this study is
consistent with those acquired in previous reports [32,33], with
minor differences in relative peak intensities. This is likely to be
caused by the use of different excitation wavelengths. Overall, the
DFT and measured bulk Raman spectra of MNZ are quite similar to
those of RNZ owing to their similar molecular structures
(Supplementary Fig. S1). The most obvious differences are found
in the spectral regions near 1100–1170 cm�1 and between 1250
and 1380 cm�1, which are attributed to O–H bending, C–H
twisting and N–O stretching.

The SERS spectra of MNZ and RNZ (1 mg/mL in methanol)
obtained on AgNR substrates further demonstrate the effect of
peak merging as fewer peaks are observed (blue curves in Fig. 1).
The differences between the Raman and SERS spectra of the
antibiotics are expected as the molecules adopt different confor-
mations on the SERS substrate from those in the crystalline
powder. Peak shifts could also originate from the interaction
between the antibiotic and the silver substrate. On the other hand,
like DFT and bulk Raman spectra, the SERS spectra of MNZ and
RNZ share high level of resemblance, except for subtle differences

near Δν¼1380 cm�1, which is attributed to O10–N12–O11 asym-
metrical stretching. Further PCA analysis also indicates that
despite the spectral similarity, MNZ and RNZ can be well separated
into two distinct clusters in the PCA chart, with their binary
mixture grouped as a third cluster in between the two (Supple-
mentary Fig. S2).

3.2. Detection limits of MNZ and RNZ in aqueous solutions

Serial dilutions of MNZ and RNZ prepared in ultra-pure water
were used to probe the LODs using SERS (Fig. 2). Though the blank
AgNR substrates do not show any significant SERS peaks, the
addition of water has led to elevated background and several
broad peaks in the spectra (Fig. 2a and b). These peaks are caused
by trace amounts of remaining surface contaminants, as water
evaporates and causes SERS hot spots to form through the
bundling effect of nanorods [34]. At lower concentrations of
MNZ and RNZ (below 1–5 mg/mL), these contamination peaks
dominate the spectra. But as MNZ and RNZ concentrations
increase, characteristic peaks of the antibiotics start to emerge,
and displace the peaks from the background. The LODs for MNZ
and RNZ in ultra-pure water are thus determined to be 10 and
1 mg/mL, respectively, with the 3smethod. As shown in Fig. 2c and
d, the intensity of the MNZ and RNZ peaks experience a noticeable
rise in a non-linear fashion as their concentration increases. At
�50–100 mg/mL, the peak intensity of the 1267–1268 cm�1 peak
reaches a plateau and begins to decrease for RNZ at 1000 mg/mL.
Based on the AgNR geometry, the actual surface area of the spread
2-mL sample spot is approximately 3.75�1014 nm2, and the
number of molecules within the spot is 6.02�1014–7.03�1014.
Therefore, the average surface coverage of the antibiotics is
between 1.6 and 1.9 molecules/nm2, which implies that the sur-
face coverage of the antibiotics is very close to what is sufficient to
form a monolayer if a uniform coverage is assumed, and the
surface will be packed by the antibiotic molecules at �100 mg/mL.
Since previous studies have reported a reduction in SERS intensity
due to adsorbate excited state quenching [35], it is not surprising
that the peak intensities of RNZ decline at 1000 mg/mL.

Conventionally, the LOD of a detection method refers to the
lowest detectable concentration of the bulk analyte solution. It is
influenced by the area on the substrate which liquid samples
spread into, the area of the incident laser spot, and the true mass
sensitivity of the sensing platform. Taking these factors into
consideration, the true mass sensitivity of the SERS platform can
be expressed as the lowest amounts of MNZ and RNZ that could be
detected, i.e., lowest detectable mass (LDM) of the analytes, which

Fig. 1. The Raman spectra calculated by DFT (black) and corresponding bulk Raman (red) and SERS (blue) spectra of (a) MNZ and (b) RNZ. Spectra are normalized to the most
intensive peaks and offset for clarification.
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can be calculated by

LDM¼ CVA
A0

; ð1Þ

where C is the concentration of MNZ or RNZ, V is the volume of
solution (V¼2 mL), A is the area of the Raman laser spot
(A¼0.0143 mm2), and A0 is the area of the circular spot which
the sample has spread into (A0¼78.5 mm2). The LDMs are esti-
mated to be 10–12 g for MNZ and 2�10–14 g for RNZ, demonstrat-
ing high inherent sensitivity of the SERS method. The sensitivity of
the current SERS assay matches with previous reports on other
antibiotics which utilized silver or gold nanoparticles as SERS
active substrates (1.5–5 mg/mL) [22,36]. Since the AgNR substrate
is noted for its superior signal reproducibility compared with
nanoparticle substrates [24], it may be better suited for real-
world applications.

3.3. Detection of MNZ and RNZ in spiked water samples

Aquatic systems are an important source for human exposure to
antibiotics. Though treatment of sewage water from hospitals or
pharmaceutical plants is strictly enforced in many countries, con-
tamination from other sources is largely unpredictable [37]. Hence
quick testing for antibiotic residues in the water systems is desirable
to ensure food safety and animal health. Here we chose three types
of water sources, i.e., tap drinking water, lake water, and swamp
water to evaluate the effectiveness of the SERS-based test. The water
samples were subject to no further treatment after sampling except

spiking of antibiotics, and the spiked samples were directly measured
on the SERS substrates. As shown in Fig. 3, water from tap, fresh
water lake, and swamp exhibits distinct spectral features. The SERS
spectrum of tap water is a broad hum across the region between
Δν¼600–1800 cm�1 with no apparent peaks. Comparing with the
spectrum of ultra-pure water (Fig. 2), the featureless spectrum of tap
water clearly suggests that tap water is somehow able to mask the
spectral contribution from surface contaminant residues. Interest-
ingly, as the antibiotic concentration increases, contamination peaks
at Δν¼690, 818, 881, 1052, 1187, 1296–1330, and 1432 cm�1 which
are seen in ultra-pure water begin to reemerge (Supplementary Fig.
S3). Though the exact mechanisms of this “peak scavenging” effect
are not within the scope of this study, we speculate that it involves
the AgNRs' tendency to be oxidized by chlorine in tap water that has
led to a loss in SERS activity of the substrate. In the presence of
higher concentrations of antibiotics, however, the added molecules
protect the AgNRs by competing with adsorption sites on the silver
surface, even though the SERS signal of antibiotics themselves is still
too weak to reach the detection threshold. The spectrum of lake
water (Supplementary Fig. S4), on the other hand, shows similar
peaks to that of ultra-pure water, with additional peaks atΔν¼1160
and 1620 cm�1, which may be contributed by trace amount of humic
acids that have diffused into surface water from the lake sediment
[36]. The swamp water spectrum displays two broad peaks near
Δν¼1320 and 1590 cm�1, but these two peaks are likely to result
from a series of convoluted peaks, as the composition of wetland
water is expected to be much more complex due to biological
diversity.

Fig. 2. SERS spectra of (a) MNZ and (b) RNZ at different concentrations in ultra-pure water and characteristic peak intensities of (c) MNZ and (d) RNZ. Spectra are offset for
clarification. The blue lines in (c) and (d) indicate the threshold 3s values used to determine positive or negative responses. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Despite complex compositions of the lake and swamp water
compared to ultra-pure and tap water, only small interference from
these constituents was observed in the obtained SERS spectra for
MNZ and RNZ detection. The LODs of MNZ in tap, lake, and swamp
water are determined to be 10, 50, and 50 mg/mL, respectively, and

the LODs of RNZ are found to be 10 mg/mL in all three cases (see
Supplementary Fig. S5 for spectral and peak intensity analyses). The
interference from impurities in the lake/swamp water samples has
led to an LOD for MNZ roughly ten times higher than in pure water,
while the LODs for RNZ remain unaffected. This suggests that during
competitive adsorption on the substrate, RNZ has a slight advantage
over MNZ, possibly as a result of its carboxyl and end-amino groups,
which have stronger binding tendency to silver. In fact, this also
explains the lower LOD of RNZ observed in ultra-pure water.

PLS-DA prediction models have also been established to eval-
uate the detection accuracy in water samples. Except for one
positive RNZ data point (10 mg/mL in swamp water) which is
misclassified as negative, all other measurements of MNZ/RNZ in
tap, lake, and swamp water samples were accurately classified
using the prediction model (see Supplementary Figs. S6–S8 for
more discussions on PLS-DA analysis). In addition, PLS regression
also reveals good linear correlation between the spectral response
and the true concentration of the samples (R2¼0.81–0.99; see
Supplementary Figs. S10–S13 for more details).

3.4. Detection of MNZ and RNZ in the presence of soil

Besides aquatic systems, antibiotic residues may also be found
in the sediments, particularly in ground soil, dirt, or mud in
poultry, cattle, and pig farms as a result of carryover from
adulterated animal feed. Antibiotics or their metabolites can also
enter soil with fertilized manure using feces from dosed animals
or from contaminated sewage sludge [1]. It is therefore desired to
detect banned antibiotics such as MNZ and RNZ for monitoring
their use in animals. To mimic this type of environment samples
and to further evaluate detection ability of the proposed method,
we obtained top soil from an outdoor garden and spiked with
different amounts of MNZ and RNZ for testing with SERS. After
overnight incubation, antibiotic molecules have presumably
reached equilibrium between the methanol solution and the
surface of soil particles, and some minerals and organic matters
in soil have diffused into the methanol phase. Vortexing this
mixture forces the antibiotic molecules adsorbed on the soil
particle to reenter into the liquid, and more soil constituents are
likely to dissolve. Hence after overnight equilibration and subse-
quent mixing, the diffusion of soil introduces a new peak to the
SERS spectrum of blank soil sample atΔν¼1610 cm�1 (Fig. 4, also
see spectrum of ultra-pure water in Fig. 2 for comparison), which

Fig. 3. SERS spectra of spiked MNZ and RNZ in (a) tap water (b) lake water and
(c) swamp water samples. Spectra are offset for clarification.

Fig. 4. SERS spectra of (a) MNZ and (b) RNZ in spiked soil samples. Spectra have been offset for clarification.
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may be attributed to humus or humic acids, a major organic
constituent found in soil [36]. Not surprisingly, this also coincides
with the spectrum of lake water, indicating that part of the lake
spectrum may originate from diffusion of soil sediments. Never-
theless, the background spectral features of soil do not appear to
significantly affect the detection of antibiotics. As Fig. 4 shows,
when the antibiotics are mixed with soil, typical MNZ and RNZ
peaks begin to emerge and peak intensities continue to increase
with increasing antibiotic concentrations. Finally, the LODs are
found to be 10 and 2 mg/mL for MNZ and RNZ, respectively, only
marginally higher than those observed with aqueous or methanol
standard solutions, which is further confirmed by the PLS-DA
prediction model (Supplementary Fig. S9). This means that the
interference from soil components is negligible for SERS detection.

The ability to detect MNZ and RNZ in the presence of soil
demonstrates that the current SERS detection platform has a
potential of handling complex environmental samples such as
soil, with relatively simple sample preparation and no require-
ment for cleanup before detection. This could be advantageous
considering that sample preparation is still a major limitation in
conventional antibiotic detection techniques (e.g., LC–MS).

4. Conclusion

In this study we have calculated the Raman spectra of two
prohibited antibiotic drugs, MNZ and RNZ by DFT. The Raman and
SERS spectra of MNZ and RNZ were acquired for the first time, which
show high resemblance with DFT-calculated spectra. SERS measure-
ments based on highly uniform AgNR array substrates were con-
ducted to detect MNZ and RNZ from both standard solutions and real
aquatic and soil samples. The SERS-based detection demonstrates
high inherent sensitivity (as low as 10–12 g MNZ and 2�10–14 g RNZ
could be detected) and LODs at lower ppm levels in aqueous
solutions. Furthermore, a comparison in the spectra and LODs
between standard solutions and real environmental samples reveals
that the detecting ability appears to be minimally affected by matrix
effect from the samples. This implies that complex and time-
consuming procedures used in traditional techniques may be cir-
cumvented or simplified by the SERS-based method, which may
further be developed for rapid onsite screening of antibiotic con-
tamination. Admittedly, in spite of the simplicity and rapidity of
SERS, the detection limits of MNZ and RNZ in terms of bulk
concentrations are still not satisfactory in comparison to the legisla-
tive standards or mainstream techniques such as LC–MS, with LODs
as low as sub-mg/L from water samples [9]. This is primarily because
as a surface technique, SERS requires the analytes to be spread onto
the sensing surface before detection, which means only the mole-
cules within the Raman laser spot can be detected while the majority
of the sample is wasted (roughly only one out of 5500 analyte
molecules on the sensing surface is probed by comparing the area of
the laser spot with the sample spreading area). But for LC–MS, a bulk
volume of samples has been running through the column. Never-
theless, the detection efficiency of SERS can be significantly improved
with further modification of the platform. For instance, SERS can be
used in conjunction with facile electrochemistry techniques to
concentrate analytes on the exact sensing area [38]. For more
complicated samples, a simple pre-detection chromatographic
separation directly on the sensing chip could also be helpful [39].
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