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Levofloxacin (Levo), a second generation fluoroquinolone, has both clinical and environmental

DOI: 20.1039/x0xx00000% relevance. Therefore, the implementation of fast, robust and cost effective techniques for its
monitoring is required. Here, its spectroscopic characterization and its detection in aqueous
environment were carried out using surface enhanced Raman spectroscopy combined with
droplet based microfluidics. The Levo molecule interacts with the silver nanoparticles via the
carboxylate group and it adopts an upright or slightly tilted orientation. Furthermore, it is
shown that the presence of CI ions has a strong influence on the enhancement efficiency of the
Raman signal of the target molecule. Thus, for the determination of the limit of detection
(LOD) the measurements were carried out in the absence of any electrolytes. The estimated
LOD is ~ 0.8 uM and the linear dynamic window ranges between 1-15 uM. These results were
achieved after the normalization of the SERS signal to the Raman mode at 230 cm™'. This band
was attributed to the v(Ag-O) stretching and it accounts for the Levo molecules in the first
layer on the Ag nanoparticles.

www.rsc.org/

Introduction The gold standard to detect Levo is chromatography coupled
with different detection methods, such as fluorescence or mass
spectrometry.” '* '* In spite of the great technological advance,
chromatographic methods are available only in large medical
and academic centres and reference laboratories due to the
complexity of these methods. Therefore, a less complex and
more readily available detection method is required.

The combination of microfluidic platforms with surface
enhanced Raman spectroscopy (SERS) gained interest in the
scientific community during the last years.">'® The method
combines the fingerprint specificity of Raman spectroscopy”®*>
with the high sensitivity resulting from the excitation of
plasmon resonances of the metallic nanoparticles’>*.
Furthermore, high sample throughputs are achieved when
instead of the conventional flow-through devices droplet based
platforms are employed. Additionally, it was shown that
quantitative detection with high reliability can be carried out
either by using an isotope edited internal standard® or by
employing the target analyte itself as a standard®®. Therefore,

Levofloxacin (Levo), also known as Levaquin or Tavanic, is a
second generation fluoroquinolone widely used against
infections caused by both gram negative and gram positive
bacteria.'™ Similar to most antibiotics, the drug has
concentration dependent bacteria killing properties. Thus,
discussions are on-going concerning whether it should be
administered as single high dosage or multiple low dosages.’
Furthermore, the drug undergoes limited metabolism in the
human body. More than 85% of the administered dose is
eliminated in human urine as unchanged drug. The normal
Levo concentrations measured in urine are around 1 mM after 6
hours from the administration of a 500 mg dose and drop to 1
uM after 72 hours.®® This results in the undesired presence of
the antibiotic in surface waters, wastewaters, sediments and
ground water worldwide.'*'? Therefore, the monitoring of Levo
is of high importance for both clinical and environmental
purposes.
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the technique presents a high potential for online drug
monitoring.

Before detecting biologically relevant molecules in complex
matrices, an understanding of the fundamental spectroscopic
characteristics of the pure analytes is necessary. Several studies
have been published concerning the vibrational characterization
of different quinolones.”’>® Among these, Neugebauer et al.”’
focused on the vibrational spectroscopic characterization of
norfloxacin, whereas Gunesekaran et al.*’ performed the
vibrational analysis as well as the description of the electronic
structure and nonlinear properties of Levo. Both works provide
valuable details, however, none is going beyond the
conventional Raman or transform  infrared
spectroscopy. Concerning the detection of quinolones by means
of SERS, the adsorption behaviour of pefloxacin (a 3™
generation quinolone never approved for clinical practice) on
silver colloids prepared by the Creighton method was presented
by Lecomte et al.** However, the preparation of the employed
silver nanoparticles has to be carried out in the presence of an
ice bath and the resulted colloids are known to be weakly
stable.’® Hence, this would present a high limitation for the
online monitoring of any drug.

To the best of our knowledge, this is the first time when Levo is
detected by means of SERS and insights concerning its
adsorption behaviour and orientation on the surface of Ag
metallic nanoparticles are provided. Here, silver nanoparticles
were produced at room temperature according to the Leopold-
Lendl protocol.>' Furthermore, the detection in purified water
by means of lab-on-a-chip SERS (LOC-SERS) is also carried
out. The linearity of the SERS signal vs. the in droplet
concentration of the target molecule is improved by using the
Raman mode due to the Ag-O vibration located at 230 cm™ as a
standard.

Fourier

Materials and methods

Chemicals and reagents

Levo (HPLC, 98%), silver nitrate (ACS reagent,>2 99%),
hydroxylamine hydrochloride (ReagentPlus, 99%) and sodium
hydroxide have been purchased from Sigma Aldrich and used
as received.

Sample preparation

Stock solutions of 1 mM concentration of Levo were prepared
by solving the appropriate quantity of powder in purified water.
The solutions were stored in the fridge at 4°C and used within
one week. Working solutions of 107 and 10 M were obtained
by diluting the stock solutions with purified water and used on
the day of preparation.

The silver colloids were prepared according to the Leopold-
Lendl protocol.*! Briefly, 0.1 mmol silver nitrate was added to
a mixture of hydroxylamine hydrochloride (0.15 mmol) and
sodium hydroxide (0.3 mmol) under vigorous stirring. The
solution turned instantaneously to grey-yellow colour. Stirring
was continued for 10 s.
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Instrumentation

UV-Vis absorption spectra were recorded in the 200-800 nm
spectral range with a Jasco V650 diode array
spectrophotometer. The acquisition speed was set to 200
nm/min with a spectral resolution of 1 nm.

For Raman, SERS and LOC-SERS measurements a WITec
Raman microscope (WITec GmbH, Ulm, Germany) was used.
As excitation a continuous wave diode-pumped solid-state laser
with a wavelength of 514 nm and a maximum output power of
100 mW measured before the objective has been employed
(Cobolt™). The same objective (Zeiss EC “Epiplan” DIC, 20x,
N.A. 0.4) was used for focusing the laser beam and collecting
the backscattered light. During measurements a 600 lines/mm
grating was employed with a spectral resolution of ~5 cm™. The
detection was carried out with a thermo-clectric cooled (down
to -70° C) CCD detector with 1024x127 active pixels and a
pixel size of 26 pm x 26 pm.

In the case of the reference Raman spectra of Levo powder and
saturated aqueous solution the laser power at the sample surface
was set to 2 and 95 mW, respectively. The plotted spectra are
the average of five acquisitions with an integration time of 5 s
each. Concerning the SERS spectra acquired in cuvettes a laser
power of 35 mW and 1 s integration time with ten acquisitions
was chosen.

In order to determine the limit of detection of Levo in aqueous
solution a microfluidic platform (see Figure 1) was employed.
A detailed description of the platform has been published
elsewhere.” Briefly, the glass chip has six different inlets and
one outlet. All reagents are pumped into the chip through a
computer controlled pump system (neMESYS Cetoni). At the
first unit Levo/H,O droplets are generated in the continuous
phase of the mineral oil. At the second unit the Ag
nanoparticles and the 1M KCI solution or H,O are dosed into
the already existing droplets. The mixing of the analytes is
assured by the two meandering channels. Furthermore, the
microchannels were functionalized with octadecyltrichloro-
silane in order to obtain a hydrophobic surface. As a result, a
minimum wettability of the aqueous droplets is achieved
leading to the of memory effects
characteristic for flow through microfluidic platforms. The flow
rates of mineral oil (10 nl/s), Ag nanoparticles (9 nl/s) and 1M
KCI1/H,0 (2 nl/s) were kept constant during the measurement.

exclusion usually

Mineral
Levo .
oil
H,O
Blocked
Ag colloid
1 M KCI/H,O »Waste

measurement poim

Figure 1 Picture of the droplet based microfluidic chip used for LOC-SERS
measurements together with the depiction of the droplets and the inlets.
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In order to have different in-droplet concentrations, the flow
rates at the two ports of the droplet generator unit have been
varied as follows: 0, 1, 2, 4, 6, 8, 10, 12, 14 nl/s for Levo and
14, 13, 12, 10, 8, 6, 4, 2, 0 nl/s for H,O. For LOC-SERS
measurements the chip was mounted on the microscope table.
The SERS spectra were acquired continuously with 1 s
integration time in the third channel. For every concentration
step 1200 spectra were recorded containing pure droplet, pure
mineral oil and also mixed spectra.

The theoretical Raman spectrum was calculated by employing
the density functional theory (DFT) method. The theoretical
frequencies were determined by using the B3LYP functional, 6-
31G(d,p) basis set and a scaling factor of 0.97. The vibrational
modes were assigned with the help of the Gauss-View
molecular visualization program package.*?

Results and discussions

Spectroscopic characterization of Levo

The chemical structure of Levo (full name: (S)-9-fluoro-2,3-
dihydro-3-methyl-10-(4-methylpiperazin-1-yl)-7-oxo-7H-
pyrido[1,2,3-de]-1,4-benzoxazine-6-carboxylic acid) is depicted
in Scheme 1. Its main backbone is formed by the quinolone
ring system having attached a fluorine atom and a piperazine
moiety. The first one provides increased potency against
organisms while the second one is responsible for pseudomonal
activity.”® The molecule exists as a zwitterion in the aqueous
phase at the neutral pH range (pK,;= 6.02 and pK,, = 8.15)**3*
due to the presence of both anionic (carboxylic group) and
cationic (piperazine ring) groups.

In Figure 2 the reference Raman spectra measured on Levo
powder and in the saturated aqueous solution is shown together
with its calculated spectrum. In the case of the powder, the
signal shows a high number of well-defined Raman modes.
Most of the Raman bands involve the vibration of several
atoms, their assignment to particular vibrational modes is
difficult.?® Nevertheless, the calculated Raman spectrum is in
good accordance with the one presented by Gunesekaran et al.>
Hence, the detailed vibrational assignment is not the subject of
this publication.

By comparing Figure 2 (a) with 2 (b) one may see that the
signal of the molecules in an aqueous environment strongly
differs from the one of the powder. This can be explained by
considering that in the case of the solid state molecules form
crystals. Singh et al.** performed the conformational analysis of

OH

O O

Scheme 1 Chemical structure of the Levo molecule (CigH20FN304).
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Figure 2 Recorded Raman spectrum of (a) Levo powder and (b) saturated
aqueous solution. (c) Calculated Raman spectrum obtained using B3LYP /6-31
G(d,p) method.

the Levo molecule and they also predicted the crystal structure
of the hydrated and anhydrous forms. According to their
results, the molecular packing is obtained through strong m---m
the O-H:-*N (N-
methylpiperazine ring) and O-H:--O (carboxylate group)

interactions and bridges formed via
hydrogen bonds.

Once Levo is solved in water the close packing might be
destroyed inducing a change in the polarization and, hence, in
the Raman spectrum. The Raman modes with the highest
intensities present in the case of the saturated aqueous solution
are centred at 1614 cm™ and 1395 cm™. The first one is
ascribed to the C=C vibration of the quinolone ring system
while the second one is due to the combined contribution of the
vibration of the same aromatic moieties with the COO”
symmetric stretching. The presence of the carboxylate group is
due to the zwitterion characteristic of the molecules. Thus,
upon protonation, the carboxylic unit converts into a
carboxylate group. Here, the two C-O bonds have the same
length with the negative charge centred equally on the two
oxygen atoms rather than on the single bonded O. Hence, one
may speak about the delocalization of electrons. This is also
further supported by the very weak Raman mode at 1726 cm™
assigned to the v(C=0O) vibration of the carboxylic group
the

completely absent in the aqueous solution as zwitterions are

measured on powder. Nevertheless, same band is
more stable as the uncharged Levo molecules.*

Generally, regardless of the preparation protocol, different salts
are added to the Ag colloids in order to overcome the
electrostatic repulsion between the particles.* *®*” As a result,

a considerable enhancement of the SERS signal of the target

J. Name., 2012, 00, 1-3 | 3
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Figure 3 SERS spectra of (a) Ag + H,0, (b) Ag + H,0 + 1 M KCl, (c) Ag + 1M KCI +
Levo, (d) Ag + Levo + 1M KCl, (e) Ag + Levo + H,0 mixtures. The ratio of Ag
colloids to Levo or H,0 was 1:1. The final concentrations of Levo and KCl in the
mixture was 4.5-10°M and 0.9 mM, respectively.

molecules is achieved. However, in the case of the Levo
molecules the addition of potassium chloride induces the
reverse effect. SERS spectra of different mixtures have been
recorded and are presented in Figure 3. As reference, the blank
spectra of Ag colloids with and without salt addition are also
plotted. The presence of KCl in a final concentration of 0.9 mM
results in the increase in the intensity of the band located
around 238 cm™' due to the absorption of CI” ions on the surface
of the nanoparticles. Apart from this, only bands assigned to the
vibrations of the water molecules are present. Hence, no
interferences of the background are expected when the SERS
spectrum of the analyte is acquired.

The influence of the salt addition on the SERS spectrum of the
analyte is significant as it can be observed by comparing the
spectra in Figure 3 (c-e). The highest intensities were recorded
when no electrolyte is added to the mixture. This may indicate
that a so called “analyte induced aggregation” of the silver
nanoparticles takes place. Nevertheless, the intensity strongly
dropped when KCI was present in the solution. In both cases,
the Levo molecules are allowed to interact with the Ag colloids,
the 1M KCI being pipetted in the cuvette as last. Furthermore,
when the salt is added first and only afterwards the analyte, the
signal is almost completely disappearing. This phenomenon
may be attributed to the strong affinity of the negatively
charged chloride ions for the silver nanoparticles.’® % 3°
Consequently, a competition at the metallic surface takes place
between the Levo molecules and the CI. This is particularly
proved by the importance of the order in which the target
analyte and potassium chloride is added to the Ag
nanoparticles.

The presented hypothesis is further supported by the recorded
UV-Vis spectra. For reference, in Figure 4 the extinction
spectrum of the Ag colloid mixed with purified water in a ratio
of 1:1 is presented. The absorption band centred at 407 nm is in
good accordance with the already published results’' proving
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Figure 4 UV-Vis spectra of different solutions.

that the synthesis was carried out with success. When Levo
with a concentration of 0.5 mM is added to the Ag
nanoparticles the colour of the colloid turns from yellow to
grey. This is a clear indication for the induction of silver
nanoparticle aggregates. Furthermore, in the recorded UV-Vis
spectrum of the mixture one may see that the absorption band at
407 nm considerably decreases in intensity. Additionally, a
second broad band centred at 750 nm appears in the high
wavelength region due to the presence of silver clusters. Beside
these, strong absorption bands located in the 200-350 nm region
and assigned to the strong m-m* molecular transitions of the
Levo molecule” were detected. The absorption spectrum of the
pure analyte is plotted for reference with blue line in Figure 4.
By further adding 1 M KCI solution to the Ag colloid:Levo
mixture the intensity of the 407 nm absorption band and the one
at 750 nm decreases further. This may indicate the creation of
larger poli-dispersed Ag clusters which are no longer able to
support plasmonic resonances, leading to the decrease of the
SERS signal.

Furthermore, it is well known, that in order to obtain SERS
spectra of the target analyte the molecules have to adsorb
efficiently to the SERS substrate.*’ This occurs either via van
der Waals forces or forces which involve valence bindings. In
the first case no relevant differences are expected between the
normal Raman and the SERS spectra. In the second case, the
band intensities and positions can be affected due to the
formation of metal-molecule complex. By closely comparing
the normal Raman and SERS spectra (see Figure 2 and Figure
3) no significant band shifts are noticed. However, the ratio of
the two most intense Raman modes at 1395 and 1614 cm™ is
changing in the following way: for powder I;395/1614= 0.98, for
aqueous solution the ratio is 1.31, in the presence of silver
nanoparticles it amounts to 1.33 while after KCI addition it
increases to 1.47. The difference in the band ratio for the
Raman spectra of powder and saturated aqueous solution arises
due to the fact that the zwitterion is slightly more stable in
aqueous environment than the uncharged form of the Levo.**
As a result, the number of molecules with deprotonated
carboxylic group increased. This leads to the disappearance of
the 1726 cm™' band ascribed to the C=0 stretching and an

This journal is © The Royal Society of Chemistry 2012
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Scheme 2 Sketch of the orientation of the Levo molecule on the surface of the Ag
nanoparticles.

increase in intensity of the 1395 cm™ Raman mode. In the case
of the SERS spectra, the change in band ratios was generally
attributed to a change in the orientation of the target molecule.
The two particular Raman modes have been ascribed to the
stretching of the quinolone ring system with the difference that
in the case of the 1395 cm™ band the v, (COO") also has a
contribution. This might suggest that the Levo interacts with the
surface of the Ag nanoparticles through the COO™ group.
Furthermore, the adsorption should happen via the lone pair
electrons of the oxygen atom rather than through the
delocalized electrons of the carboxylate group. The latter
possibility is ruled out considering that the position of the band
doesn’t change as compared to the normal Raman spectrum.*!
In the literature shifts as high as 13-19 cm™ have been observed
when molecules containing carboxylate groups interact with the
metallic surface via the delocalized electrons.*> ** Beside these
considerations, the downshift by 10 cm™ of the Raman mode at
238 cm™ due to the v(Ag-Cl) present in the SERS spectra when
KCl is added might indicate the formation of Ag-O bonds
instead of Ag-CI.

Moreover, by taking into consideration the surface selection
rules** one may deduce the orientation of a molecule containing
aromatic moieties based on whether the in-plane or out-of-plane
ring vibrations are predominantly enhanced. More exactly,
when the Raman modes assigned to the in-plane ring vibrations
are enhanced an upright orientation is assumed, while in the
case of the enhanced out-of plane vibrations the molecule
adopts a parallel orientation on the surface of the metallic
nanoparticles. In the case of the SERS spectrum measured in
the absence of KCl one may notice the presence of the Raman
band centred at 1554 cm™. This was assigned to the in-plane
mode of the of the quinolone ring system.>* Furthermore, no
out-of plane vibrations are detected in the 900-600 cm™ region.
As a result, it is assumed that the Levo molecules adopt an
upright orientation with the aromatic ring system being
perpendicular or slightly tilted on the Ag surface (see Scheme
2). When CI ions are added to the solution, the 1554 cm™
Raman mode loses intensity while no other new bands appear
in the SERS spectrum as compared with the “no KCI” case.
This might indicate that the target analyte is slightly tilted on
the SERS substrate. This orientation is further supported by
considering the Raman mode ascribed to the C-H stretching
vibrations in the high wavenumber region (2945 cm™). Tt is

This journal is © The Royal Society of Chemistry 2012
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well known, that these vibrations are more enhanced when the
bond is perpendicular than when it lies parallel to the surface of
the metallic nanoparticle.

LOC-SERS measurements

Due to the clinical and environmental relevance of Levo its
detection in concentrations ranging between 1 mM to 1 pM or
below is of major importance. Here, the first determination by
means of LOC-SERS in the 1 — 100 uM range is presented. In
order to provide reproducible measurement conditions and a
high precision for serial dilutions a droplet based microfluidic
setup has been used. According to the picture presented in
Figure 1, aqueous
concentration of 10~ and 10 M were mixed in the chip with

solutions of Levo with a starting

purified water in order to obtain 15 different concentration
steps. The time elapsed between the addition of the Ag colloids
to the analyte containing droplet and measurement was 3
In Figure 5 the mean SERS spectra of all
concentration steps were plotted together with the blank

minutes.

spectrum. For the later one only purified water was pumped at
the first dosing unit. When compared with this, the two Raman
modes characteristic to Levo at 1395 and 1614 cm™ are visible
starting with a concentration of 1.42 uM. For a better
visualization the band due to the quinolone ring stretching
combined with vs(COO’) mode was chosen. The peak area was
calculated according to Simpson’s rule and the mean value and
its standard deviation were plotted against the in-droplet
concentration of the target analyte (see Figure 6, black scatter
plot). The calculation was performed for every single spectrum
of a given concentration step.

For the low concentrations an exponential increase is observed,
while for concentrations higher than 20 uM a plateau region
was obtained. The latter phenomenon may be explained by
the the Ag
nanoparticles’ surface. Once the amount of the Levo molecules

considering limited free binding sites at
reaches a critical threshold a further addition will not lead to the

increase of the signal. Furthermore, the SERS effect has a short

Raman Intensity [cts]

2500 2000 1500 1000 500
1
Wavenumber [cm ]

3500 3000

Figure 5 Mean SERS spectra of Levo with concentrations between 0.714 and 100
UM measured in the microfluidic platform. The mean spectrum of the blank
(when only H,0 is pumped through at the first dosing unit) is also shown.
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mode @ 1395 cm™ due to the ring vibration of the quinolone system and v(COO)
and the @ 230 cm™ due to the Ag-O stretching.

range, the high electromagnetic field resulting from the
excitation of plasmon resonances decays strongly with the
distance. Therefore, only the molecules located in the first
several layers on the metallic nanoparticles provide enhanced
Raman signals.

Based on the fundamental characterization of the Levo
molecule it was concluded that a so called analyte induced
aggregation of the Ag nanoparticles takes place. Considering
that no other molecules were present in the microdroplets, the
intensity increase of the Raman mode centred at 230 cm™ and
assigned to the v(Ag-O) is due to the increase of the number of
adsorbed Levo molecules. Concerning the response of the peak
area at the increase of the concentration a slightly different
behaviour, as compared with the 1395 cm’! band, is observed
(Figure 6, red scatter plot). More exactly, for concentrations
below 14 pM the increment for the v(C=C)+v(COO") band is
more pronounced. At 14 pM the two values are similar, while
above this point both reach saturation. However, the peak area
of the 230 cm™' is smaller as compared with the other Raman
Therefore,
increment of the signal has to be different for the two Raman
bands. On one hand, the Raman mode at 230 cm™ band is due
to the Levo molecules in the first layer on the surface of the

mode. the underlying mechanism behind the

metallic nanoparticles. On the second hand, the intensity of the
1395 cm™ is increasing also due to the molecules present in the
upper layers but still found in the hot-spot between the
nanoparticles. Thus, for concentrations lower than 14 pM by
calculating the peak area ratio of the two Raman modes a
normalization of the SERS signal making use of the analyte
induced aggregation can be carried out. In Figure 7 it is shown
that after the normalization a linear response with a correlation
factor of 0.99 is achieved over the 0 — 15 uM concentration
range (inset Figure 7). Furthermore, in order to calculate the
limit of detection (LOD) the so called “three times standard
deviation of the blank” ITUPAC criterion was used. The same
integration boarders applied for the calculation of the peak area
of the Raman mode centred at 1395 cm™ were used for
calculating the area underneath the curve of the blank spectra.
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Afterwards, the value of the three times the standard deviation
of the blank was used as threshold for estimating the LOD.
According to this, concentrations down to 0.8 uM can be
detected by employing the LOC-SERS technique.

Conclusions

In the present study, the spectroscopic characterization of the
Levo molecule and its detection in the 1-100 uM concentration
range in aqueous solution was carried out. It was shown that the
aggregation of the silver nanoparticles is induced in the

presence of the analyte and no additional salts are necessary in
order to achieve high intensity SERS spectra. Furthermore, due
to the competition at the surface of the Ag colloids between the
CI" and the Levo molecules, the order in which these two
chemicals are added to the silver sols has a high importance.
Based on the surface selection rules, the change in the intensity
ratio of selected Raman modes and the presence of the 230 cm™
band ascribed to the v(Ag-O) vibration the orientation of the
molecule at the silver surface was determined. Thus, in the
absence of chloride ions Levo adopts a perpendicular or slightly
titled orientation, while in the presence of KCl it is titled. In
both cases, the interaction of the analyte happens via the lone
pair electrons of the oxygen atoms of the carboxylate group. In
the second part of the paper it was shown that Levo can be
detected in a concentration as low as 0.8 uM. Moreover, the
linearity of the SERS signal vs. the in-droplet concentration of
the analyte can be significantly improved by normalizing the
signal to the Raman mode due to the Ag-O stretching vibration.
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