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h i g h l i g h t s

� Levofloxacin adsorbs strongly on
silver surface by carboxylate moiety.
� Tetracycline adsorbs strongly on

silver surface by carbonyl and
hydroxyl moieties.
� Benzylpenicillin adsorbs weakly on

silver surface by carbonyl from
acyclic amide.
� SERS spectroscopy is outstanding

technique for molecular adsorption
analysis.

g r a p h i c a l a b s t r a c t

The adsorption geometries of the antibiotics tetracycline, levofloxacin and benzylpenicillin on the sur-
faces of silver nanoparticles were investigated by SERS spectroscopy.
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a b s t r a c t

In this work the adsorption of the antibiotics levofloxacin (LV), tetracycline (TC) and benzylpenicillin (BP)
on the surface of silver nanoparticles (AgNP) have been investigated through both surface-enhanced
Raman scattering (SERS) and UV–VIS–NIR spectroscopies. The SERS spectra were obtained using
1064 nm exciting radiation. Theoretical models for the antibiotic molecules were obtained from DFT cal-
culations, and used in the vibrational assignment. The adsorption geometries were proposed based on the
changes in the spectral patterns. The LV compound adsorbs through carboxylate group, TC compound
interacts with silver atoms through carbonyl from intermediate ring, and BP compound adsorbs by car-
bonyl moieties from carboxylate and acyclic amide.

� 2014 Elsevier B.V. All rights reserved.

Introduction

The surface-enhanced Raman scattering (SERS) effect is respon-
sible for the enhancement of Raman signal of molecules adsorbed
on metallic nanostructures. The enhancing factor can attain 1011

times [1–4], allowing to obtain SERS spectrum from very diluted
solutions. The signal enhancement is explained by two mecha-
nisms: the electromagnetic one, by which the interaction of light
with metallic nanoparticles produces large amplifications of the
electric field on the surface through electronic excitations known
as localized surface plasmon resonance [5–14], and the chemical
one, which implies in a resonance involving a photon assisted
charge transfer process [15–18]. The interpretation of SERS
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spectrum gives information about the orientation of molecules on
the metallic surfaces in submonolayer regime, the molecular moi-
eties involved in such interaction, and how strong is the adsorption
process [19–23].

In the last decades antibiotics have been losing effectiveness
due to the emergence of biological resistance [24–26]. Such prob-
lem leads to demand for the development of new strategies for the
treatment of infections [25]. The use of silver nanoparticles (AgNP),
which are known by the antibacterial properties [27–31] in associ-
ation with antibiotic drugs can be an alternative for such treat-
ments [32,33]. The knowledge of the molecular sites that are
interacting with the metallic surface allows inferring if the mech-
anism of action of the drug is preserved or not. In another way
the intensity of the interaction of the molecule with the silver sur-
face could be useful for estimate the capability of AgNP to act as a
vehicle for drug delivery as well as to facilitate the drug entrance
through cell walls and membranes [34]. In suitable conditions,
the antibiotic activity could be enhanced by silver nanoparticles
in the biological medium [35]. In this way, SERS spectroscopy is
an outstanding technique for investigations of the surface interac-
tions of organic compounds on metallic surfaces. In this work SERS
spectroscopy have been using aiming to obtain information about
the adsorption of the antibiotics levofloxacin (LV), tetracycline (TC)
and benzylpenicillin (BP) on silver surface for understanding some
additive or synergic antibacterial effects observed in vitro in our
previous results [36].

The antibiotic LV is a fluoroquinolone compound, with broad
action range against Gram-positive and Gram-negative bacteria,
and such class of antibiotics acts by inhibition of DNA synthesis
[37]. The mechanism is not completely known, but possibly
involves interactions with fluorine and others lateral structures
around aromatic nucleus [38,39]. Copper(II)–LV complex involving
coordination by carboxylic moiety, presented enhanced antibacte-
rial activity [40,41]. In another system, gold(III)–LV complex,
formed by coordination through piperazine moiety, presents anti-
cancer properties [42]. The antibiotic TC has a mechanism of anti-
bacterial action involving the presence of dimethylamine moiety
[43]. Such a compound forms complexes with different metals as
platinum(II) [44], palladium [45] or copper(II) [32,46], changing
its chemical properties, and being used in biological applications
such as anticancer action [44,47], DNA interactions [32], and anti-
microbial activity against resistant bacteria [48–50]. The antibiotic
BP has the beta-lactam ring as the biological active site, acting
through inhibiting of protein syntheses, which are necessary for
the formation of bacterial cell wall [51]. Complexes involving
beta-lactam ring have been synthesized and characterized by
infrared spectroscopy, shown that such molecular moiety is an
important interaction site with metals [52,53].

The SERS and resonance Raman spectra of some quinolones and
the FTIR spectrum of LV, with vibrational assignments based on
DFT calculations are reported [54–56]. The Raman, resonance
Raman and FTIR spectra of TC, derivative species and metallic com-
plexes, with the vibrational assignments have also been reported
[44,48,57,58]. The Raman and FTIR spectra of beta-lactam ring
compounds [52,59], as well as the SERS spectra of BP adsorbed
on AgNP aqueous suspension or on silver electrode are reported
[60–62], but the adsorption mechanism is yet no clear.

In the present work it was studied the interaction of LV, TC and
BP antibiotics, with AgNP through SERS experiments, with excita-
tion in the near infrared. The vibrational assignment of each SERS
spectrum was proposed based on DFT calculations of the com-
pounds, in appropriate protonation states, taking into account the
pKa values (Scheme 1). The results allowed inferring the molecular
anchor sites, the adsorption geometries and the nature of the sur-
face interaction forces. All assumptions on the interactions of the
antibiotics with silver surface were also supported by UV–VIS–NIR

spectroscopy studies based on changes in the localized surface plas-
mon resonance (LSPR) features.

Materials and methods

Materials

The chemicals sodium borohydride, trisodium citrate dihydrate,
silver nitrate, BP, LV and TC were purchased from Sigma–Aldrich
and used without additional purification. The deionized water with
Milli-Q pattern (18.2 MX cm resistivity) was used in all aqueous
solution preparation. All glass containers were cleaned using aqua
regia (HCl:3HNO3) and copiously rinsed with deionized water.

AgNP aqueous suspension preparation

AgNP aqueous suspension was prepared as the synthesis
of Creighton et al. [63], modified as described: 20 mL of
2.0 � 10�3 mol L�1 of silver nitrate aqueous solution was added
dropwise to 40 mL of 8.0 � 10�3 mol L�1 sodium borohydride aque-
ous solution in ice bath, with continuous stirring, and 600 lL of
3.4 � 10�2 mol L�1 trisodium citrate dihydrate aqueous solution
was added after 30 min for stabilizing the AgNP suspension. The
resultant colloidal suspension, with 9.8 � 10�4 mol L�1 Ag concen-
tration, was yellowish gray, has been used in SERS experiments
when recently prepared.

Conditions for obtaining spectroscopic results

The UV–VIS–NIR spectra of adsorbates and AgNP aqueous sus-
pensions were obtained in a Shimadzu spectrophotometer, model
UV-1800, using 0.1 cm path length quartz cuvette. The SERS and
Raman spectra were obtained from a Bruker spectrometer, model
RFS-100, using a Nd3+/YAG laser line with wavelength at 1064 nm,
coupled with a germanium detector, cooled with liquid nitrogen.
The spectral resolution used in all Raman spectra was 4 cm�1. The
Raman spectra of the BP, TC, and LV in solid state were obtained
with a 30 mW laser power, accumulated with typically 100 scans.
The SERS spectra of antibiotics were obtained in silver aqueous sus-
pension using 1.0 � 10�3 mol L�1 concentration for TC and BP and
1.0 � 10�4 mol L�1 for LV, and for all samples the pH remained
around 6.0. In SERS experiments it was used a 500 mW laser power,
accumulated with typically 200 scans. Several spectra were
recorded in different points of the suspension to check the repro-
ducibility. It was not observed any light–induced aggregation pro-
cess at these accumulation conditions that was monitored by the
stability of the SERS background [64,65]. Since the Raman signals
from antibiotics solutions were rather weak, even in higher concen-
tration, their contributions were not considered in the SERS spectra,
for all analytes. Such discussion, together the Raman spectra of the
analytes in aqueous solutions are presented in Supplementary
Material.

Computation details

The geometries for the free ligands were fully optimized in gas
phase and characterized as stationary points on the potential
energy surface (PES) through harmonic frequency calculations at
DFT level with the PBE1PBE functional [66] and LANL2DZ ECP basis
set for Ag [67] atom and 6-31 + G(2d) [68] basis set for all other
atoms. Raman spectra were calculated at the same level of theory
and the frequencies and intensities [69] used as input to fit a
Lorentzian function [70] in order to represent the band spectra.
The main bands were assigned by visual inspection of the normal
modes. All calculations were carried out using Gaussian 09 pack-
age, revision A.02 [71].
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