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Abstract Thymol, a potent agent for microbial, fungal, and
bacterial disease, has low aqueous solubility and it is
genotoxic, i.e., is capable of damaging deoxyribonucleic acid
(DNA). This possible problem of DNA toxicity needs to be
solved to allow the use of different doses of thymol. This
study characterized the inclusion compound containing thy-
mol and β-cyclodextrin (β-CD) by measuring the interaction
between these two components and the ability of thymol to
bind DNA in its free and β-CD complexed form. The encap-
sulation approach using β-CD is particularly useful when con-
trolled target release is desired, and a compound is insoluble,
unstable, or genotoxic. The interaction between thymol and
DNA has been studied using electrochemical quartz crystal
microbalance (EQCM), atomic force microscopy (AFM),
and differential pulse voltammetry (DPV). The characteriza-
tion of the inclusion complex of thymol and β-CD was ana-
lyzed by UV-vis spectrophotometry, cyclic voltammetry, and
scanning electrochemical microscopy (SECM). Based on the
free β-CD by spectrophotometry method, the association con-
stant of thymol with the β-CD was estimated to be

2.8 × 104 L mol−1. The AFM images revealed that in the pres-
ence of small concentrations of thymol, the dsDNA molecules
appeared less knotted and bent on the mica surface, showing
significant damage to DNA. The SECM and voltammetry re-
sults both demonstrated that the interaction of thymol-β-CD
complex was smaller than the free compound showing that
the encapsulation process may be an advantage leading to a
reduction of toxic effects and increase of the bioavailability of
the drug.

Keywords Thymol . β-Cyclodextrin . AFM . SECM .

EQCM .DPV

Introduction

Thymol is a natural phenol found in various plant species,
including the Lamiaceae and Verbenaceae families [1].
Thymol (2 isopropyl-5 methyl phenol, Scheme 1) is a major
component of the essential oils extracted from Thymus
vulgaris (40% oil) and Lippia sidoides (66% oil) [2–4]. For
centuries, thymol has been used to flavor home remedies,
perfume, and insecticide. Medicinally, it is used as a spasmo-
lytic, antibacterial, antifungal, expectorant, antiseptic, anthel-
mintic, and antitussive [4–6]. These properties are attributed
to the presence of phenolic compounds such as thymol, car-
vacrol, and hydrocarbons [7–9]. Thymol alone is toxic to lar-
vae of B. microplus [10] and a potent antioxidant [2, 3], there-
fore exhibiting larvicidal and repellent properties.

Thyme volatiles, principally thymol and the other phenol
compounds, and carvacrol are usually present in human food,
beverages, pharmaceuticals, perfumes, and cosmetics [11, 12].
Thymol is present at low levels in human food; however, if the
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use of this compound is extended to other applications that
may require higher doses, the increased exposure of humans
to thymol is a matter of concern.

There are no studies available on the genotoxicity of thy-
mol testing acute and short-term effects in vivo, and a few
reports are available about the damage to DNA in the presence
of thymol [14–17]. Therefore, it is not easy to predict real
exposure tolerances for consumers. The genotoxicity potential
at a low degree of thymol is suggested to be weak in SOS-
Chromotest and DNA repair test, both performed in
Escherichia coli [13]. High levels of genotoxicity are reported
with substantial DNA damage using sister chromatid ex-
change and comet tests in bone marrow and lung fibroblast
mouse, respectively [14, 15].

Other relevant studies have been investigated in human
peripheral lymphocytes. For instance, Aydin and coworkers
[16] evaluated thymol genotoxicity in human lymphocytes by
use of the single-cell gel electrophoresis assay, reporting no
increase in DNA strand breakage for non-toxic doses of thy-
mol (concentrations below 0.1 mmol L −1). However, it was
observed that higher concentration of 0.2 mmol L −1 the dam-
age to DNA increased. On the other hand, Buyukleyla [17]
reported that thymol induced an increase of sister chromatid
exchange (SCE) and structural chromosome aberration (CA),
particularly in the lower concentrations in human peripheral
lymphocytes.

The use of β-cyclodextrin (β-CD) to encapsulate hydro-
phobics substances has garnered increased interest over the
past decade given its potential role in improving drug delivery
regimens. Cyclodextrins (CDs) are cyclic oligosaccharides,
consisting of D-glucopyranose units (α-1,4)-linked with a
somewhat lipophilic central cavity and a hydrophilic outer
surface and are known to, among many other skills, decrease
the toxicity of substances included in its cavity [18–20].
Encapsulations in CDs have been used extensively to increase
the solubility, stability, bioavailability, protection against oxi-
dation, and delivery of the active components in food, phar-
maceutical, and cosmetic industries, in addition to decrease

genotoxicity [19–21]. Thymol exhibits several of these char-
acteristic properties and represents a potential candidate for
complexation with CD as a promising delivery and possible
inclusion complex to decrease a possible thymol toxicity.
Therefore, special attention must be taken in its use and in
the development of methodologies like encapsulation in β-
CD to minimize toxicity effects for high doses of thymol
[15, 17].

Mulinacci and coworkers [22] studied the conformational
structure of the thymol-β-CD complex using H1 NMR and
molecular modeling techniques. They found that two possible
complexes could be formed since both structures have the
same conformational energy values. The experimental data,
however, revealed the complex that exists in real solution is
that one having the hydrogens of the isopropyl group of thy-
mol on the side of the hydrophobic cavity of β-CD [22].
Additionally, microencapsulation of thymol with β-CD was
described by Tao and coworkers [23]. They described the
successful synthesis and characterization of that complex used
for natural antimicrobial delivery for food safety. Taking into
account that efficient formation of inclusion complexes with
cyclodextrins is achieved, it may be used to decrease the
genotoxicity and increase the solubility of the thymol.

To the best of our knowledge, there are no studies investi-
gating encapsulation of thymol using β-CD, their electro-
chemical properties, and their genotoxic activity together. In
the present work, we reported the characterization of the in-
clusion complex of thymol and β-CD by measuring the inter-
action between these two components and the ability of thy-
mol to bind DNA in its free and complexed form. This work is
divided in two sections. The first section determinates the
DNA-binding properties of thymol that are reflective of
genotoxicity by differential pulse voltammetry (DPV), elec-
trochemical quartz crystal microbalance (EQCM), and atomic
force microscopy (AFM). In the second section, we investi-
gated the DNA-binding properties of thymol and
cyclodextrin-thymol inclusion complexes by cyclic voltamm-
etry, UV-vis spectrophotometry, and scanning electrochemical
microscopy (SECM).

Experimental

Materials

β-Cyclodextrin (β-CD) and calf thymus double-stranded
DNA (dsDNA, length about 1000 bp) were purchased from
Sigma-Aldrich (USA) and used without further purification.
Thymol was obtained from ECIBRA. The stock thymol solu-
tion (c = 1.0 mmol L−1) was prepared by dissolving the com-
pound in ethanol. Ferrocene carboxylic acid (Fc-CO2H) and
sodium methoxide ((NaOCH3) were obtained from Alfa

OH

Scheme 1 Thymol chemical structure of thymol
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Aesar. 11-Mercaptoundecanoic acid (MUA) was obtained
from Merck.

The dsDNA was used for the AFM experiments. The
dsDNA solution was prepared by dissolving 0.5 μg/mL
ctDNA in buffer containing 10 mmol L−1 HEPES, pH 7,
and 1 mmol L−1 NiCl2. In the same way, thymol was diluted
to 0.5 g/L in a buffer containing 10 mmol L−1 HEPES, pH 7.
HEPES was obtained from Applied Biosystems (USA). All
reagents used were of the highest purity. All the buffer solu-
tions were prepared using analytical grade reagents and water
purified in a Millipore Milli-Q system (conductivity
< 0.1 μS cm−1).

Spectrophotometric measurements

AUV-vis spectrophotometer (Shimadzu) was used tomeasure
and analyze the inclusion of thymol in the cavity of free β-CD.
An aqueous solution of thymol (1.0 × 10−4 mol L−1) was
prepared with 1.5% (v/v) ethanol. Seven aliquots of 25 mL
of this solution were removed and mixed with appropriate
amounts of β-CD to obtain concentrations of 5.0 × 10−5–
7.0 × 10−4 mol L−1 of β-CD. The mixtures were stirred
(170 rpm) for 1 h at 25 °C. Absorbance values were measured
in the wavelength range of 240–368 nm. The constant of for-
mation was determined based on the average value of the
absorbance measured.

Electrochemical studies

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) experiments were performed using an Autolab
PGSTAT-30 potentiostat from Echo Chemie (Utrecht,
Netherlands) coupled to a PC microcomputer with GPES 4.9
software with a conventional three-electrode cell. The work-
ing electrode was a glassy carbon (GC) (d = 3 mm) from
Bioanalytical System (BAS); the counter electrode was a Pt
wire, and the reference was a Cl− saturated (Ag/AgCl), all
contained in a one-compartment electrochemical cell, with a
volumetric capacity of 10 mL. The GC electrode was polished
with 0.3 and 0.05 μm alumina on a polishing pad (BAS
polishing kit) and washed with water. After mechanical
cleaning, electrochemical pre-treatment of the GC electrode
involved a sequence of 10 cyclic potential scans from −1.2 to
+1.4 V in 0.1 mol L−1 H2SO4 solution. Argon was used to
avoid contact with oxygen at the solution during the
experiments.

The electrochemical studies of thymol were conducted
in a protic medium using cyclic and pulse differential volt-
ammetry techniques in glassy carbon and a SAM-modified
gold electrode and the scan rate (0.020–1.0 Vs−1) and pH
effects were investigated.

Preparation of SAM-modified gold electrode

The monolayer preparation of SAM electrode of HS-β-CD
was built upon the gold bead electrode by immersing it for
20 h in a solution containing an appropriate ratio of HS-β-CD,
MUA, and ferrocene carboxyl acid in the mixed solvent
(DMSO: EtOH: H2O = 5:3:2, v/v/v) [24]. The modified elec-
trode was denoted as CD-SAM electrode. This electrode was
prepared by dropping this solution (5 μL, three times) onto the
gold electrode (GE) and then heating it at less than 60 °C to
remove the solvent [25].

After optimizing experimental parameters for the proposed
CD-SAM electrode, the analytical curve was built up by the
addition of aliquots of stock thymol solution into a measure-
ment cell containing phosphate buffer solution 0.2 M, pH 7.

Electrochemical quartz crystal microbalance

The dsDNAwas immobilized on self-assembled monolayers
on gold electrodes for electrochemical quartz crystal micro-
balance. The bare electrode (Au-quartz crystal, Methron,
6 MHz) was first immersed in a 40 μmol L−1 aminothiol
solution for 6 h to obtain a SAM-modified gold electrode
(SAM/Au). The SAM/Au electrode was placed in contact
with 1 mg mL−1 dsDNA in the presence of 1 mg mL−1 1-
ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochlo-
ride (EDAC) in a 40 mmol L−1 2-[N-morpholino]ethanesulfonic
acid (MES) buffer (pH 5.6) for 1 h, applying a potential at 0.0 V
[26]. A SAM-modified GE with dsDNAwas obtained and was
denoted as dsDNA/SAM/GE.

AFM images experiments

The mica surface was prepared for imaging by treatment with
poly-L-lysine. A drop of 0.02% solution of poly-L-lysine was
applied to the surface of freshly cleaved mica. Then, it was
then incubated for 15 min and gently rinsed with 2 mL of
deionized water. Finally, the mica was gently blown dry with
argon gas to minimize surface contamination. dsDNA (5 ng
DNA, diluted in 10 mmol L−1 HEPES and 1 mmol L−1 NiCl2)
was then pipetted on mica treated for 10 min, rinsed, and
allowed to dry completely under a flow of clean argon gas.
It was stored in a vacuum cabinet under argon for an hour to
allow optimum sample drying; 5.0 × 10–2 mmol L−1 thymol
was added to the mica fixed with DNA and incubated for
10 min, rinsed with 3 mL of deionized water and dried under
a continuous flow of argon gas. Finally, it was stored in a
vacuum cabinet for 1 h.

The AFM images were taken in the air with a Multiview
1000TMAFM (Nanonics, Israel) operating in TappingMode,
mounted on a dual light Olympus microscope (BXFM).
AppNano (California, USA) silicon cantilevers ACT-SS with
nominal spring constants between 36 and 75 N/m were used.
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The typical tapping frequency was 270–300 KHz, the nominal
scanning rate was typically 1.5 Hz per line, and the modula-
tion amplitude was a few nanometers [27–29]. All images
presented in this report derive from the original data except
that the images were processed by flattening to remove the
background slope. Also, the complete setup was acoustically
isolated to reduce the interference of ambient noise during the
measurements.

Differential pulse voltammetry of ssDNA in the presence
of the thymol

Single-stranded DNA (ssDNA) was produced by acid-base
treatment of dsDNA. The dsDNA (1 mg) was dissolved in
1.0 mol L−1 HCl (100 μL) by heating (at 100 °C) in a sealed
glass tube in a boiling water bath for 1 h, followed by neutral-
ization with 1.0 M NaOH [30]. The solution was completed
using acetate buffer. This solution was added to the electro-
chemical cell and single-scan DPVexperiments were conduct-
ed in the range 0 to +1.4 V vs. Ag|AgCl, Cl− (0.1 mol L−1),
using the following DPV parameters: pulse amplitude of
50 mV, step potential of 10 mV, scan rate of 10 mVs−1, and
modulation time of 50 ms. The GCE was immersed into a
solution containing thymol, β-CD, and thymol:β-CD inclu-
sion complex (with different β-CD concentrations: from 0.1
to 10 mmol L−1) and ssDNA, and the DPV experiment was
repeated. A clean GCE was also employed in DPV experi-
ments with a 0.05 mmol L−1 solution of thymol alone, and
the current of the peak was used for comparison purposes. All
results of thymol ssDNA experiments were compared to the
blank (1 mL of EtOH/acetate buffer solution (20%), pH 4.5,
without thymol).

Scanning electrochemical microscopy

Scanning electrochemical microscopy (SECM) was per-
formed with a CHI 900 setup (CH Instruments Inc., USA).
A homemade carbon fiber with 10-μm-diameter
ultramicroelectrode (UME) was employed as the SECM tip
while a GCE with a 3 mm diameter (Model CHI104, CH
Instruments) was used as the SECM substrate. The auxiliary
and reference electrodes were a Pt wire and Ag/AgCl/KCl(sat)
electrode, respectively. Themodified electrode was made after
immobilization of dsDNA on the surface (12 mg/mL acetate
buffer).

SECM experiments were performed using the feedback
mode. The experiments were carried out in 0.2 mol L−1 phos-
phate buffer, PBS, pH 7.4, using ferrocene methanol (FcOH)
as the redox mediator. The tip potential was held at 0.500 V to
produce the oxidation of FcOH, while the potential of the bare
or modified GCE (called the substrate) was kept at 0.000 V to
allow for feedback between the electrodes (for more details
about the SECM procedure see ref. [31]).

Results and discussions

Interaction of thymol with DNA by electrochemical quartz
crystal microbalance, atomic force microscopy images,
and differential pulse voltammetry

Electrochemical quartz crystal microbalance experiments

Of the various methods and techniques used to study damage
to DNA caused by toxic substances and environmental pollut-
ants, EQCM enables observation of the interaction of a sub-
stance with the DNA by increasing the mass deposited on the
surface of a quartz crystal [32, 33].

Amplification of the oligonucleotide-DNA sensing pro-
cesses by the electronic transduction of the recognition event
by microgravimetric quartz crystal microbalance assay has
been reported in the literature [33]. Here we report on the
recognition of dsDNA using functionalized gold crystal and
an electrochemical quartz crystal microbalance (EQCM)
through amplification and electronic transduction, respective-
ly. EQCM measurements are employed to investigate the
dsDNA-binding properties of thymol.

Electronic dsDNA sensors were assembled. The
aminothiol was assembled on an Au-quartz crystal and acts
as the sensing interaction interface between the functionalized
transducer and the dsDNA. The amount of composite depos-
ited in the Au-quartz crystal was determined before and after
the interaction of dsDNA with 40 μM amine-thiol. Figure 1
shows the EQCM transduction of the amplified sensing of the
analyte and the interaction of the functionalized crystal with
the thymol. An accumulation of 3.95 × 1015 molecules of
thymol by square centimeter on the dsDNA surface was ob-
served, demonstrating the interaction of the compound with
the macromolecule. The above results indicated that mass gain
has happened on the dsDNA modified Au-quartz crystals.

Fig. 1 EQCM of the interaction between dsDNA and thymol. Graph
shows a time-dependent mass changes on the crystal. AET amine ethanol
deposition,α-LP α-lapachone. Inset: dsDNA deposition and interaction
with dsDNAwith thymol

1486 J Solid State Electrochem (2018) 22:1483–1493



There is one possible reason for the mass gain explained by
thymol molecules intercalated into dsDNA.

Atomic force microscopy experiments

Atomic force microscopy (AFM) image of DNA in the air is a
convenient alternative to electron microscopy for determining
conformations of DNA and DNA-ligand complex [27, 33].
Some researchers have reported that AFM is a reliable option
for determining DNA damage for non-toxic doses in different
compounds and it is supported by several genotoxicity assays
where DNA damage has been demonstrated [34, 35].

Mica is a layered mineral with a negative surface charge,
and DNA is a negatively charged polymer. Thus, positive
charge probably binds DNA to mica by bridging the negative
charges on the DNA and the mica. The modification of mica
surface using poly-L-lysine provides a vigorous and firm bond
with DNA [36]. This strong fixation of DNA allows the study
of DNA conformational change on mica when interacting
with thymol. The DNA-thymol complex on the mica shows
excellent information of alterations or conformational changes
in the DNA strands. The results from imaging DNA/ poly-L-
lysine mica samples are shown in Fig. 2. The image illustrates
that DNA strands are distributed over the surface (Fig. 2a). In
Fig. 2b, the DNA-thymol complex on the mica shows alter-
ations or conformational changes in the DNA strands. These
changes were measured with the heights of the DNA strands.
Any change in the height of the DNA control shows drastic
DNA changes after contact with thymol. As shown in the
Fig. 2b, the height of 0.5 nm of DNA-thymol complex shows
conformational changes not observed for DNA strands with-
out thymol. The height of 1 nm of DNA strands represents a
control image (Fig. 2a).

In this work, we used 0.05 mmol L−1 thymol to evaluate its
genotoxicity, and we have found relevant information of tox-
icity with DNA despite the low level of thymol. These

findings are supported by two critical studies where the
genotoxicity of thymol, using comet assay and sister chroma-
tid exchange was examined. The results from comet test indi-
cated some clastogenic DNA damage in V79 Chinese hamster
lung fibroblast cells treated with 0.025 mmol L−1 thymol [15].
Also, has been reported DNA damage in rat bone marrow
cells for non-toxic doses of thymol [14].

The genotoxicity of thymol in human lymphocytes have
been investigated by evaluating the genotoxicity of thymol
for several doses (concentrations below 0.1 mmol L−1).
Others results indicated strong DNA damage for all concen-
trations of thymol confirmed by the increase of sister chroma-
tid exchange (SCE) and structural chromosome aberration
(CA) in human peripheral lymphocytes [17]. Aydin [16] and
Ündeger [15] also reported that thymol induces breaks in
DNA strand at concentrations above 50–100 mmol L−1,
resulting in the clastogenic effect of DNA.

Taking into account a previous reported study about DNA
damage, it has been established that the sites of interaction of
thymol with dsDNA occur by hydrogen bonds in the hydroxyl
group of phenol, principally the N7 atoms of guanine and the
N3 of cytosine [37]. Hydrogen bond also occurs with the O2

atoms of thymine, the N7 of adenine and, a high concentration
of thymol. There is also an interaction with the phosphate
skeleton.

It can be concluded that the genotoxic potential of thymol
in DNA is high, although it worked with a lower level of
thymol. Therefore, the use of encapsulation of thymol with
β-cyclodextrin offers a promising application to minimize
genotoxicity effects for toxic doses of thymol.

Differential pulse voltammetry of ssDNA in the presence
of thymol

The electrochemical behavior of ssDNA in presence of thy-
mol, β-CD, and thymol: β-CD inclusion complex was

Fig. 2 Atomic force microscopic
images of bound DNA in the
absence and presence of
0.05 mmol L−1 thymol. These
DNA samples are prepared using
poly-L-lysine onto mica surface.
The image (a) DNA on mica
treated with poly-L-lysine. The
image (b) DNA on mica treated
with poly-L-lysine and thymol.
The heights of the DNA strands
were 1 and 0.5 nm in the absence
and presence of thymol,
respectively (upper left image).
Both images were obtained by a
semi-contact technique in air.
Image scan area for each figure
corresponds 1 μm × 1 μm
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evaluated by differential pulse voltammetry (DPV). As shown
in Fig. 3, DPV was run in protic medium, acetate buffer pH
4.5 on the glassy carbon electrode (GCE). The ssDNA volt-
ammogram showed two peaks centered at 960 and 1240 mV
(Fig. 3).The peaks described below were characterized for
purine bases taking into account the characteristic potential
of each base.

In the presence of thymol ,three peaks were observed. The
first peak at 770 mV corresponds to the oxidation of thymol,
and the next two peaks corresponds to the oxidation of the
DNA bases. It is clear that the oxidation peak currents of
ssDNA are largely decreased (51% for guanosine and 83%
for adenosine) and the oxidation peaks potentials are slightly
shifted to more positive values. This behavior proves that
thymol interacts with guanine and adenine DNA bases. In
the same way, the β-CD and the inclusion complex
(thymol:β-CD) were also tested. When ssDNA interacts with
β-CD, there is a decrease of 24% of the peak current for
guanosine and 31% of the peak current of adenosine. This
probably is due to hydrogen bond formation between the ol-
igosaccharide and the ssDNA. Thus, confirming a possible
interaction between ssDNA and β-CD. When thymol is en-
capsulated for β-CD, the peak associated to the oxidation of
thymol still appears but the intensity of the peak is smaller
than the obtained with thymol alone. This indicates that the
redox center of thymol is partially introduced into the β-CD
cavity. Also, for the purine bases, no shift in peak potentials
were observed.

Mulinacci [22] proposed a model that includes molecular
modeling and confirmed by 1H NMR and NOE. They showed
that the complex formed between thymol and β-CD, the phe-
nolic hydroxyl, its main functional group, is next to the sec-
ondary oligosaccharide hydroxyl, then forming hydrogen

bonding. This allows us to conclude that when encapsulated,
thymol is partially unavailable to interact with the active sites
of DNA, which probably reduces its toxicity.

In this first section, the data obtained by EQCM and AFM
showed that thymol, even in non-toxic doses, strongly inter-
acts with DNA to cause breaks the double helix. Also, this
damage is confirmed more precisely in adenine and guanine
bases by DPV using ssDNA in solution. The study by DPV
proves that thymol forms inclusion complex with β-CD and
interacts strongly with DNA, respectively. The DPV results
have also consisted with the EQCM further confirmed the
interaction between DNA and thymol was reasonable. Thus,
the encapsulation may represent a strategy to combat or de-
crease thymol toxicity. So the second section, of the experi-
ments were focused on the electrochemical methods and UV-
vis spectrophotometric to study the thymol-β-CD complex in
addition to the use of the scanning electrochemical microsco-
py (SECM) to understand the effect of the thymol- β-CD
complex on DNA and their resulting genotoxicity effects.

Electrochemical, spectrophotometric, and scanning
electrochemical microscopy DNA analysis with an
inclusion complex of thymol and beta-cyclodextrin
(thymol-β-CD complex)

The interaction mechanism between thymol-β-CD complex
and dsDNA was characterized by electrochemical methods,
UV-vis spectrophotometric, and SECM.

Electrochemical DNA analysis of thymol-β-CD complex

Structural studies of the inclusion compounds of thymol, and
the other phenol compounds in β-CD were quite studied by
cyclic voltammetry (CV) [14, 15, 23]. CV was run for
1.0 mmol L−1 thymol in absence and presence of several β-
CD concentrations on the glassy carbon electrode (GCE) in
0.2 mol L−1 Na2SO4. An oxidation peak was observed at
612 mV in the absence of β-CD, which means the thymol
characteristic potential is centered at this position. To analyze
the effect of the thymol encapsulation in β-CD, three different
β-CD concentrations were evaluated. As shown in Fig. 4, an
initial increase in the peak current was observed up to a molar
ratio of [β-CD]/[Thymol] = 0.1due increase of solubility. A
further increase of β-CD concentration caused a decrease in
the oxidation peak current and a positive shift in the peak
potential. A further decrease and anodic shift of potential
can be explained by the formation of an inclusion complex
with β-CD. Once an electroactive guest forms a stable inclu-
sion complex with a β-CD host, the corresponding electro-
chemical reaction is suppressed in the complex.

The formation constant complex was determined by elec-
trochemical experiments, using the self-assembled monolayer
(SAM) of a β-CD modified electrode (SAM HS-β-CD).

Fig. 3 Difference pulse voltammograms of ssDNA on glassy carbon
electrodes in 0.2 mmol L−1 acetate buffer solution (pH 4.5) containing
0.05 mmol L−1 thymol, β-cyclodextrin, and thymol: β-CD inclusion
complex

1488 J Solid State Electrochem (2018) 22:1483–1493



Firstly, the formation of the SAM of a β-CD modified elec-
trode was confirmed by the absence of peaks of Fe(CN)6

3−

(Fig. 5, curve a) and the presence of redox peaks of FcCO2H
(Fig. 5, curve b), used as an electroactive marker for cyclic
voltammetry since it undergoes encapsulation in β-CD. This
behavior is expected for Fe (CN)6

3− because of its size, which
is larger than the cavity of the β-CD, precludes its arrival on
the surface, and hence, its detection. On the other hand, the β-
CD monolayer does not suppress Fc-CO2H redox processes,
indicating that it is possible to build selective systems based
on this mixed monolayer film SH β-CD and MUA [38, 39].
The HS-β-CD-modified electrode showed an irreversible

voltammetry response in the presence of 6 × 10−5 mol L−1

thymol suggesting an inclusion process (Fig. 5, curve c).
Also, we have estimated the apparent surface coverage by

using the following equation (Eq. (1)):

Γ ¼ Qt=nFAe ð1Þ
whereQt is charge from the area under the desorption wave of
the thiolate cyclodextrin, and all other symbols have their
usual meanings. In the present case, the calculated surface
coverage Γ is 3.43 × 10−11 mol cm−2.

The potential dependence of the peak currents on the con-
centration of thymol in the solution was investigated using
cyclic voltammetry technique. As shown in Fig. 6, our results
exhibited a peak current saturated at a high concentration of
thymol. Also, the graph shows a similar shape to that expected
for a Langmuir adsorption isotherm. Thus, the association
stability constant of the complex was calculated according to
the following equation: [38, 39] (Eq. (2)):

Thymol½ �0
I

¼ 1

KImax
þ Thymol½ �0

Imax
ð2Þ

where I is the peak current when the initial concentration of
thymol is [Thymol]0, Imax is themaximum peak current, andK
is the association inclusion constant of thymol with surface-
confined β-CD. The K value was calculated to be
3.46 × 104 L mol−1.

Spectrophotometric measurements

A UV-vis spectrophotometric investigation of the interaction
between thymol and β-CD was performed. To determine the

Fig. 5 Cyclic voltammogram of 1 × 10−3 mol L−1 K3[Fe(CN)6] (curve a),
1 × 10−4 mol L−1 FcCO2H (curve b), 6 × 10−5 mol L−1 thymol at a SAM
electrode of HS-β-CD (curve c) in 0.2 mol L−1 Na2SO4. Scan
rates = 10 mVs−1

Fig. 6 Cyclic voltammograms recorded in 0.2 mol L−1 Na2SO4 solution
for the detection of various concentrations of thymol: (from 5 to
35 μmol L−1) using GCE. Inset graph: Plot of peak current versus
different concentrations of thymol for GCE

Fig. 4 Cyclic voltammograms for 1.0 mmol L−1 thymol on GCE
scanned at 100 mVs−1 in 0.2 mmol L−1 Na2SO4 (pH 7.0), in the
absence (solid line) and presence of three different β-CD concentrations
(broken lines)
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apparent formation constant (KF) of the thymol- β-CD com-
plex, experimental data were analyzed using the Benesi-
Hildebrand method [40]. According to this approach, the dis-
sociation constant of the complex can be calculated by Eq. 3,
followed by the fit to the Benesi-Hildebrand equation in wave-
length from λ = 274 nm at a contact time of 1 h (Fig. 7).

C½ �0 S½ �0
ΔA

¼ KD

Δε
þ C½ �0

Δε
ð3Þ

where [C]0 and [S]0 are the initial cyclodextrin and thymol con-
centrations, respectively. KD is the dissociation constant and
KD = 1/KF; ΔA is the absorbance change and Δε is the molar
absorption coefficient change. Plotting the values of [C]0[S]0/
ΔA versus [C]0 led to a straight line. The slope is 1/Δε.

Figure 7 displays the fit to the Benesi-Hildebrand equation
in wavelength from λ = 274 nm at a contact time of 1 h. The
formation equilibrium of Thymol-β-CD complex can be writ-
ten as follows:

Thymol þ βCD⇄Thymol−βCD ð4Þ

The stability of the complex can be described regarding this
formation KF or dissociation (KD = 1/KF) constants:

K F ¼ Thymol−βCDcomplex½ �
Thymol½ � βCD½ � ð5Þ

From these curve, the dissociation and formation constants
were obtained, as 2.80 × 104 L mol−1, which is similar to the
value obtained by electrochemical measurements.

Tao and coworkers [23] studied the synthesis and character-
ization of β-CD inclusion complexes of thymol and found a
significant value (p < 0.05) of entrapment efficiencies for thy-
mol and β-CD (stoichiometry 1:1). Differential scanning calo-
rimetry (DSC) and phase solubility tests confirmed inclusion
complexes formation.

Calibration curve and limit of detection of thymol using SAM
electrode

The analytical performance of the voltammetry method devel-
oped for thymol determination was evaluated using (SAM)-
modified GE of HS-β-CD, at different concentrations of thy-
mol. To improve the selectivity and limit of detection for thy-
mol, different strategies used to modify the electrode surface
was employed. These include modification by SAM,

From Fig. 8, the DPV recorded for increasing amounts of
thymol using the optimized parameters showed that the peak
current increases with the analyte concentration over the range
used. The oxidative peak current of thymol was selected as the
analytical signal. The result showed that the oxidative peak
current was proportional to the concentration of thymol in the
range from 1 to 50 μmol L−1. The detection limit (DL) of
SAM-modified GE was 1.43 × 10−5 mol L−1, meanwhile the
quantification limit (QL) was 4.76 × 10−5 mol L−1. These
values showed that SAMAu/cyclodextrin modified electrodes
are a top working electrode and can be applied for analysis for
thymol determination.

Scanning electrochemical microscopy of thymol-β-CD
complex

Scanning electrochemical microscopy (SECM) has been ex-
tensively used in recent years, since it enables the point of an
ultra-micro-electrode to be used to obtain images of different

Fig. 8 Differential pulse voltammograms recorded in 0.2 mol L−1

Na2SO4 solution for the detection of various concentrations of thymol:
(1 to 50 μmol L−1), using SAM-modified GE of HS-β-CD. Inset graph:
Plot of peak current versus different concentrations of thymol for two
kind ofmodified electrodes. Pulse amplitude = 50mV, pulse time = 70ms,
v = 0.01 mVs−1

Fig. 7 Benesi-Hildebrand graph: plot of the values of [CD] [S]/ΔA
versus [CD]. [S] = [Thymol] = 1.0 × 10−4 mol L−1; [CD] = 5.0 × 10−5

to 7.0 × 10−4 mol L−1. Contact time 1 h
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surfaces of substrate immersed in an electrolytic solution, with
micrometric resolution. In the present study, SECM was also
used to observe the electrochemical interaction between a lay-
er of dsDNA, thymol, and thymol-β-CD complex, making it
possible to obtain images of the surface of this biosensor be-
fore and after interaction with thymol.

As mentioned in the experiment, ferrocene methanol was
used as redox mediator with feedback mode. Figure 9 shows
the surface of a glassy carbon electrode without modification
(Fig. 9a) and modified with dsDNA (Fig. 9b). It can be seen
that the glassy carbon (GC) and dsDNA/GC exhibit homoge-
neous electrochemical activity, as the GC shows itself to be a
common substrate with conductive behavior, with current
values 1.25 higher than in the stationary state [31]. The nor-
malized current decreased from 1.25 to 1.0 in presence of
dsDNA on the surface of GC. This behavior is compatible
with a negative feedback between the point of the ultra-
micro-electrode and the substrate, indicating that dsDNA par-
tially blocks the electrochemical response of the ferrocene
methanol (FcOH) redox mediator.

When thymol is present in dsDNA/GC (Fig. 9c), the im-
ages show that the normalized current increases are achieving
currents of the redox mediator similar to those observed on
bare glassy carbon. This behavior can be explained by the
disorganization of the dsDNA layer by the interaction with
thymol causing the desorption of DNA. On the other hand,
when dsDNA/GC is evaluated in the presence of the
thymol-β-CD inclusion complex (Fig. 9d), the conductivity

was similar to that of the dsDNA film. This result is indicative
of significantly lower interaction of Thymol with the DNA
macromolecule, because thymol is encapsulated into a β-CD
cavity. These results are in agreement with the study of the
interaction between thymol and dsDNA, carried out using an
EQCM, DPV, and AFM.

The use of the inclusion complex of thymol:β-CD to re-
duce thymol toxicity by lowering its availability to interact
with DNA is proposed here for the first time. As demonstrated
above according to our EQCM, AFM, and DPV results, the
ability of thymol to bind and alter specific properties of DNA
justifies the necessity of the characterization of inclusion com-
plex containing thymol and β-CD.

The characterization of inclusion complexes containing thy-
mol and β-CD by measuring the interaction between these two
components and the ability of thymol to bindDNA in its free and
β-cyclodextrin complexed form were evaluated by highly spe-
cialized techniques. The use ofβ-CD to encapsulate hydrophobic
substances has garnered increased interest over the past decade
given its potential role in improving drug delivery regimens. The
encapsulation approach is particularly useful when controlled
target release is desired, and a compound is insoluble, unstable,
or DNA toxic. Thymol exhibits several of these characteristic
properties and represents a potential candidate for complexation
with cyclodextrin as a promising delivery option [41].

EQCM, AFM, and DPV were employed to determinate the
DNA-binding properties of thymol that are reflective of
genotoxicity. The combined use of voltammetry and UV-vis

Fig. 9 SECM surface-plot im-
ages of bare glassy carbon elec-
trode (a), dsDNA/GC electrode
(b) dsDNA/GC electrode in pres-
ence of thymol solution (c) and
dsDNA/GC electrode in presence
of thymol: β-CD inclusion com-
plex in solution (d). The images
were made with a carbon fiber tip
positioned at about 10 μm of dis-
tance. 0.01 mol L−1 ferrocene
methanol in 0.2 mol L−1 phos-
phate buffer (pH 7.4) was used as
a redox mediator
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spectrophotometry facilitates characterization of thymol-β-CD
interactions. In the same way, the SECM was applied to inves-
tigate the DNA-binding properties of thymol and thymol-β-CD
inclusion complex.

Conclusions

Herein is the first study using several robust techniques to
corroborated DNA interaction and damage of thymol in
the absence and presence of β-CD. First, we studied thy-
mol in and its interactions with DNA, to shed further light
on the genotoxicity, bioavailability, and reactivity of this
biologically active molecule. Using an electrochemical
quartz crystal microbalance (EQCM), it was possible to
follow the formation of self-organized monolayers of
aminoethane thiol linked to dsDNA, determine the quan-
tity of molecule deposited on each layer, and also to ob-
serve and confirm the interaction between thymol with
dsDNA. The genotoxic potential of thymol was evaluated
using the atomic force microscopy (AFM) and corroborat-
ed by DPV. The AFM results exhibit a high genotoxic
potential on dsDNA despite the low level of thymol in-
ducing noticeable conformational changes in dsDNA and
damage. DPV shows DNA damage recorded in guanine
and adenine bases.

The study of the thymol: β-CD complex on DNA and
their possible resulting genotoxicity effects were achieved
by scanning electrochemical microscopy (SECM), electro-
chemical, and UV-vis experiments. SECM results showed
that the thymol: β-CD inclusion complex formed decrease
interaction of thymol with the DNA. That leads us to con-
clude that when encapsulated in β-CD, thymol is partially
unavailable to interact with DNA, which probably reduces
its toxicity. Nevertheless, it is important to ensure that en-
capsulation does not remove chemical and biological prop-
erties from thymol. Fortunately, previous work has shown
that this encapsulation process in many cases improves the
properties of thymol. Electrochemical analysis and UV-vis
spectrophotometry prove that thymol forms inclusion com-
plex with β-CD. The apparent formation constant (KF)
from UV-vis using the Benesi-Hildebrand equation in the
aqueous solution of thymol-β-CD inclusion complex was
2.8 × 104 L mol−1, at a molar ratio 1:1. Also electroanalyt-
ical studies showed that SAM Au/cyclodextrin-modified
electrodes are a top working electrode and can be used
for analysis for thymol determination.
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