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Abstract: The present study has been aimed to assess the antibacterial effects of the glucosinolate hydrolysis product
phenyl isothiocyanate (PITC) against Escherichia coli and Staphylococcus aureus. Aspects on the antibacterial mode of
action of PITC have also been characterized, such as the changes on surface physicochemical characteristics and mem-
brane damage. The minimum inhibitory concentration of PITC was 1000 pg/mL, for both bacteria. The antimicrobial po-
tential of PITC was compared with selected antibiotics (ciprofloxacin, erythromycin, streptomycin, tetracycline and spect-
inomycin), that reported a moderate effect. The combination of PITC with ciprofloxacin and erythromycin against S.
aureus exhibited a good antimicrobial efficacy, due to an additive effect (the diameter of inhibition zones increased from
30 to 40 mm for ciprofloxacin and almost the double for erythromycin). The other combinations reported unsatisfactory
results against both bacteria. The study of the physiological changes induced by PITC action demonstrated the interaction
between the electrophilic compound and the bacterial cells at several points that causes changes in membrane properties
(decreases negative surface charge, increases surface hydrophilicity and electron donor characteristics). PITC was also
found to disturb membrane function, as manifested by phenomena such as cellular disruption and loss of membrane integ-

rity, triggering cell death.
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INTRODUCTION

Antibiotics are one of the most successful chemothera-
peutic agents in history due to their extreme efficiency in
early recognition and treatment of infections, previously un-
treatable and fatal [1, 2]. However, as the access to antibiot-
ics has become quite feasible they are being used to treat
even the most common infection [1]. These treatments are
commonly performed not only in humans, but also in ani-
mals and agriculture sometimes in inadequate doses and over
any time period. This practice allows the spread of resistant
bacteria [3].

The increasing of bacterial resistance to antimicrobials
has now emerged as a global threat that poses enormous
health hazards, such as the increased frequency of treatment
failures and severity of infections [4, 5]. This situation de-
mands the moderation of antibiotic use in the community
and both the prescriber and the consumer must be made
aware of this reality [4, 6]. Moreover, substantial resources
have been invested in the research of new antimicrobial
compounds, mainly of microbial and plant origin [7, 8]. Ac-
cording to the report of World Health Organization, plants
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are the best source of products highly rich with antimicrobial
properties [4]. Additionally, since there are approximately
250,000 species of such plants and most of them have not yet
been examined [9], the prospects of finding new therapeutic
compounds seem promising. The curative potentials and
efficacy of these medicinal plants are well documented and
considerable amount of work have been published [4, 8-12].

Glucosinolates are a class of organic compounds that
contain sulfur and nitrogen and are extracted from glucose
and amino acid. They occur as secondary metabolites of al-
most all plants of the order Brassicales (including the fami-
lies Brassicaceae, Capparidaceae and Caricaceae) [13],
which include common vegetables such as cabbage, broccoli,
cauliflower, brussels sprouts, kohlrabi and kale [14]. The
antibacterial activity of glucosinolates has been recognized
for many decades [10, 15, 16]. These compounds, which are
present in the cell vacuole, are known to play roles in cell
defense and signaling, being converted to isothiocyanates
(ITCs), thiocyanates, nitriles or oxazolidinethiones by an
endogenous myrosinase (thioglucoside glucohydrolase EC
3.2.3.1) upon wounding of the plant [16-20]. Glucosinolates
possess limited biological activity but some studies already
demonstrated the broad biocidal activity of glucosinolate
hydrolysis products (GHP) [21]. ITCs are known as the most
common and predominant GHP and as major inhibitors of
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microbial activity [20]. Most ITCs are electrophiles due to
the presence of a -N=C=S group [22, 23]. This group is
likely to react with various nucleophilic compounds, espe-
cially those that are S-based (thiocarbamoylation), but also
with -NH,; and -OH groups [23, 24].

In the present study, phenyl isothiocyanate (PITC) was
tested against two clinically significant bacteria: Escherichia
coli and Staphylococcus aureus. The antimicrobial activity
of PITC and its ability to act synergistically with selected
antibiotics to control bacterial growth were investigated.
Also, the physiological changes induced by PITC action on
bacterial cells were determined.

MATERIALS AND METHODS
Bacterial Strains

Bacteria used in this study were Escherichia coli CECT
434 and Staphylococcus aureus CECT 976. Mueller-Hinton
broth (Merck, Portugal) was used to culture both bacteria, at
37 °C. These bacteria have been used as model microorgan-
isms for antimicrobial tests with phytochemical products [8,
20].

Phenyl Isothiocyanate and Antibiotics

PITC (Fig. 1; Sigma, Portugal) was prepared in dimethyl
sulfoxide (DMSO; Sigma). Ciprofloxacin (CIP), erythromy-
cin (ERY), streptomycin (STR), tetracycline (TET) and
spectinomycin (SPT) were obtained from Sigma (Portugal).
The antibiotics used were according to the Clinical and
Laboratory Standards Institute (CLSI)/NCCLS guidelines
[25]: CIP — 5 pg/disc; ERY — 15 pg/disc; STR — 30 pg/disc;
TET - 30 pg/disc; and SPT — 100 pg/disc.

N
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s

Fig. (1). Chemical structure of PITC.

Minimum Inhibitory Concentration Determination

To determine whether the presence of PITC affects the
bacterial growth in a liquid culture, the minimal inhibitory
concentration (MIC) was determined using the standard
CLSI/NCCLS broth microdilution method [25]. MIC is de-
fined as the lowest concentration of the antimicrobial prod-
uct that inhibits bacterial growth under laboratory conditions.
The experiments were repeated at three different intervals.

Disc Diffusion Assay

The bacteria were obtained from overnight cultures in
Mueller-Hinton agar (Merck, Germany). Antibacterial activ-
ity was tested using a modification of the disc diffusion
method originally described by Bauer ef al. [26]. The sus-
pensions were prepared in sterile saline solution (0.9%) by
adjusting the turbidity as to match 0.5 McFarland standards.
The bacteria suspensions were vortexed (Heidolph, model
Reax top — 50% of maximum power input) and seeded over
hardened Mueller-Hinton agar (1.0% w/v; Oxoid, England)
Petri dishes (90 mm diameter) using a sterilized cotton swab.
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Sterile filter paper discs (6 mm diameter; Oxoid) impreg-
nated with 15 pL of PITC (at MIC) were placed on the agar
plate seeded with the respective bacteria. The plates were
incubated at 37 °C for 24 hours. Discs of antibiotics were
used as positive controls and discs impregnated with DMSO
were used as negative controls. After incubation, the diame-
ter in mm of the inhibition halos or clear zones around the
discs was recorded. All tests were performed in triplicate and
the antibacterial activity was expressed as the mean of inhi-
bition diameter.

Antibiotic-PITC Dual Combination

Bacteria obtained from an overnight growth cultures (log
phase cultures) were suspended in 0.5 mL of saline solution
(0.9%) and mixed with 5 mL (0.7% w/v) of Mueller-Hinton
agar at 45 °C [27]. PITC dissolved in DMSO was added to
the cell/Mueller-Hinton agar mixture yielding a final concen-
tration corresponding to the MIC. The final cell concentra-
tion was reported as approximately 0.5 McFarland standards.
The vortexed mixtures were poured over hardened Mueller-
Hinton agar (1.0% w/v) plates using a sterilized cotton swab
and allowed to set. Antibiotic discs were placed on the sur-
face of plates containing the PITC and bacteria [8]. After an
incubation of 24 hours at 37 °C, growth inhibition zones
were measured according to CLSI/NCCLS [25]. All tests
were performed in triplicate and the antibacterial activity
was expressed as the mean of inhibition diameter.

Antibacterial Activity Classification

The antibacterial effects of PITC were classified accord-
ing to the scheme proposed by Aires ef al. [28]: non-
effective (-) - inhibition halo = 0; moderate efficacy (+) - 0 <
inhibition halo < antibiotic inhibition halo; good efficacy
(++) - antibiotic inhibition halo < inhibition halo < 2 X anti-
biotic inhibition halo; strong efficacy (+++) - inhibition halo
> 2 x antibiotic inhibition halo.

The effect of dual combinations of antibiotics and phyto-
chemicals was classified according to Saavedra et al. [20]:
antagonism (-) - if [inhibition halo — (antibiotic inhibition
halo + PITC inhibition halo)/2] < 0; indifference (+) - if 0 <
[inhibition halo — (antibiotic inhibition halo + PITC inhibi-
tion halo)/2] < antibiotic inhibition halo or PITC inhibition
halo; additive (++) - if antibiotic inhibition halo < [inhibition
halo — (antibiotic inhibition halo + PITC inhibition halo)/2] <
2 x antibiotic inhibition halo or PITC inhibition halo; syn-
ergy (+++) - if inhibition halo > 3 x antibiotic inhibition halo
or PITC inhibition halo. The classification was made to de-
termine the highest inhibition halos caused by the antibiotic
or PITC application for each condition tested.

Determination of Zeta Potential of Bacteria

Zeta potential experiments were performed according to
Simdes et al. [29]. Overnight grown cultures of E. coli and S.
aureus were centrifuged at 3999 g for 10 min and then
washed twice with sterile water. Cell suspensions were incu-
bated with PITC (at MIC and 5 x MIC) for 1 hour at 37 °C.
Samples without PITC were used as control. The zeta poten-
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tial experiments were performed using a Malvern Zetasizer
instrument (Nano Zetasizer, Malvern instruments, UK) [30].
All experiments were performed in triplicate and were re-
peated at three different occasions.

Physico-chemical Characterization of Bacterial Surface

The physico-chemical properties of the bacterial surface
were determined using the sessile drop contact angle method
on bacterial lawns [31]. Samples with PITC (at MIC and 5 x
MIC) were incubated for 1 hour. Determination of contact
angles was performed automatically using a model OCA 15
Plus (DataPhysics, Germany) video based optical contact
angle measuring instrument, allowing image acquisition and
data analysis. Hydrophobicity was evaluated after contact
angles measurements, following the van Oss approach [32-
34]. The degree of hydrophobicity of a given surface (s) is
expressed as the free energy of interaction between two enti-

ties of that surface, when immersed in water (w) - AG

(mJ/mz). When AG

entities is stronger than the interaction of each entity with
water and the material is considered hydrophobic. Con-

SWS

aws < 0, the interaction between the two

versely, if AG,,> 0, the material is hydrophilic. AG,, can

SWS SWS

be calculated through the surface tension components of the
interacting entities, according to:

AGyys =—2(\/7/st —raY )2 +4(\/Vs Yo TV —YIYE —Jm;)

Where, yLW accounts for the Lifshitz-van der Waals com-

ponent of the surface free energy, and y* and y~ are the
electron acceptor and electron donor parameters of the Lewis
acid-base component (y*?), respectively, as y**= 'y .
The measurements were carried out at room temperature
(23 °C + 2) using three different liquids: water, the polar
formamide and the apolar a-bromonaphtalene (Sigma, Por-
tugal). The liquids surface tension components were ob-
tained from literature [35]. Once the values are obtained,
three equations of the type below can be solved:

(1+cos0)y™ 22(\/VSLW7\]§/W +\/Vs+7;/ "'\/Vs_?/\;)

Where, 0 is the contact angle and yTOT =y }/AB . Meas-

urements of the contact angle were performed at least with
20 determinations for each liquid and for each microorgan-
ism at three independent experiments.

Assessment of Membrane Integrity - Propidium Iodide
Uptake

The Live/Dead BacLight™ kit (Invitrogen) is considered
as a quick method for estimating both viable and total counts
of bacteria [30]. The kit consists of two stains, propidium
iodide (PI) and SYTO 9™ which both stain nucleic acids.
Green fluorescing SYTO 9™ is able to enter all cells and is
used for assessing total cell counts, whereas red fluorescing
PI enters only those cells with damaged cytoplasmic mem-
brane. The combination of these two stains generates red
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fluorescing cells [36]. Overnight grown cultures of E. coli
and S. aureus were centrifuged and washed twice with 0.9%
saline solution as described by Simdes et al. [8]. The suspen-
sions (1 X 10® cells/mL) were incubated with PITC (at MIC
and 5 x MIC) for 1 hour. Controls with bacteria non-exposed
to PITC were used. After PITC exposure, bacteria were
transferred to saline solution and diluted 1:10. Three hundred
microliters of each diluted suspension were filtered through a
Nucleopore® (Whatman) black polycarbonate membrane
(pore size 0.22 um) and stained with SYTO 9™ and PI ac-
cording to the instructions provided by the manufacturer.
The microscope used to observe stained bacteria was a
LEICA DMLB2 with a mercury lamp HBO/100W/3 incor-
porating a CCD camera to acquire images using IM50 soft-
ware (LEICA) and a 100x oil immersion fluorescence objec-
tive. The optical filter combination for optimal viewing of
stained mounts consisted of a 480 to 500 nm excitation filter
in combination with a 485 nm emission filter (Chroma
61000-V2 DAPI/FITC/TRITC). Three independent experi-
ments were performed for testing each condition.

Statistical Analysis

The data was analyzed using One-Way ANOVA using
the statistical program SPSS 17.0. The results were presented
as the means + SEM (standard error of the mean). Statistical
calculations were based on confidence level equal or higher
than 95% (P < 0.05 was considered statistically significant).

RESULTS AND DISCUSSION

The development of antibiotic resistance by some patho-
genic bacteria has been a serious global problem, giving rise
to multi-resistant strains wherein treatment is longer and
frequently ineffective. Therefore, there is a constant need of
discovering new antimicrobial products. Plants produce a
huge number of phytochemicals with antimicrobial activity
and a major part of this chemical diversity is related to de-
fense/stress mechanisms against a broad array of microor-
ganisms, insects, nematodes and even other plants [37]. Phy-
tochemicals may inhibit bacterial growth through different
mechanisms than the presently used antibiotics, providing an
interesting approach to drug-resistant infections.

Phytochemicals are generally classified as antimicrobials
on the basis of susceptibility tests that produce inhibitory
concentrations ranging from 100 to 1000 pg/mL [38]. In this
study, the MIC of PITC was 1000 pg/mL for both bacteria.
E. coliand S. aureus are the most clinically significant bacte-
ria due to their ability to develop resistance to multiple and
conventional antibiotics [8]. The MIC values of 1000 pug/mL
for PITC can be very high for a clinical application.

The antimicrobial activity of PITC was also evaluated by
the disc diffusion assay using PITC alone and in combina-
tion (Table 1) with five selected antibiotics (two aminogly-
cosides - STR and SPT, one quinolone - CIP, one macrolide
- ERY and one polyketide - TET). According to the
CLSI/NCCLS guidelines [25], the strains are considered
susceptible to all antibiotics. CIP and TET exhibited high
efficacy against E. coli and S. aureus strains while ERY and
SPT (P < 0.05) were found to be less effective. The negative
control with DMSO did not report any growth inhibitory
effects. PITC also demonstrated weak antibacterial activity
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Table 1. Antibacterial Activity Against E. coli and S. aureus Observed by Disc Diffusion Assay with Single and Antibiotic-PITC (at
MIC) Dual Combinations (the mean + SEM of at Least Three Replicates are Illustrated). Classification of the Antimicro-
bial Potential of Dual Combinations: Antagonism (-); indifference (+); additive (++); synergy (+++). CIP - ciprofloxacin,
ERY - erythromycin, STR - streptomycin, TET - tetracycline, SPT — spectinomycin, PITC - phenyl isothiocyanate

E. coli S. aureus
Diameter of Inhibition Zone (mm) Classification Relative to Diameter of Inhibition Zone (mm) Classification Relative to
Single Antibiotic-PITC Antibiotic Single Antibiotic-PITC Antibiotic

ERY 16.0+1.0 193+1.2 + 235=+1.5 450+1.2 ++

CIp 393+1.2 523=+2.1 + 30.0+2.7 48.0+2.8 ++

SPT 25.7+0.6 277+1.5 + 120+1.0 16.7 £0.6 +

STR 28315 220+1.7 + 21.5+2.1 21.0+1.0 +

TET 27712 347 +0.6 + 43.0+1.0 45715 +
PITC 13.7+0.6 n.a. n.a. 9.67 £0.6 n.a. n.a.

n.a. - not applicable

against the bacteria tested (Table 1). The antibacterial activ-
ity of PITC was considered moderate (+) when compared
with the antibiotics. PITC showed higher activity against E.
coli compared to S. aureus (P < 0.05). This fact was not ex-
pected since Gram-negative bacteria are generally less sus-
ceptible to antimicrobials acting on multiple biochemical
targets of the cell compared to those Gram-positive. The
outer membrane and a set of multi-drug resistance pumps in
Gram-negative bacteria effectively stop the entry of antimi-
crobials [8]. On the contrary, Gram-positive bacteria possess
a permeable cell wall that usually does not restrict the pene-
tration of biocidal products [8]. In general, plant extracts
showed higher antimicrobial activity against Gram-positive
compared to Gram-negative bacteria [14, 39-41].

The synergistic effect from the association of antibiotics
with phytochemicals against resistant bacteria provides new
therapeutic strategies to treat infectious diseases, enabling
the use of antibiotics when they are no longer effective by
itself during therapeutic treatment. PITC was found to have
an additive effect when combined with ERY and CIP in the
control of S. aureus growth (Table 1). The antimicrobial
activity obtained in these situations was significantly higher
compared to the antibiotics action alone (P < 0.05). This
additive effect is most probably due to a double attack of
both agents on different target sites of the bacteria. The other
combinations produced insignificant antibacterial activities
(P> 0.05).

The charge properties of the cell surfaces can play a vital
role in the microbial homeostasis and resistance to antimi-
crobial agent [30]. The surface charge of cells is often de-
termined as its zeta potential, which is calculated from the
mobility of cells in the presence of an electrical field under
well-defined pH and salt concentrations [42]. The results
obtained from the zeta potential measurement (Table 2)
shows that E. coli and S. aureus had a negative surface
charge. This happens because of the presence of anionic
groups, such as carboxyl and phosphate, in their membrane
[30]. The interaction between bacteria and PITC at MIC in-

Table 2. Zeta Potential (mV) Results of Suspensions of E. coli
and S. aureus in Contact with PITC. The Means =
SEM for at Least three Replicates are Illustrated

PITC (ug/mL) Zeta potential (mV)
0 -18.4+04
E. coli MIC -15.8+1.6
5 x MIC -16.2+0.8
0 -254+0.6
S. aureus MIC -20.5+0.5
5 x MIC -19.8 1.1

creased the cell surface charges to less negative values. This
effect was significant for both bacteria (P < 0.05). The re-
sults with PITC at 5 x MIC were found to be similar to those
obtained with PITC at MIC (P > 0.05).

The cell surface hydrophobicity is defined by the energy
of attraction between apolar or slightly polar cells immersed
in an aqueous phase. In this study, the cell surface hydro-
phobicity was determined using the van Oss approach, which
allows the assessment of the absolute degree of hydrophobic-
ity of any surface in comparison with their interaction with
water. The results demonstrated that cell-PITC interaction
causes an alteration of cell surface hydrophobicity (Table 3).
E. coli and S. aureus cells exhibit hydrophilic properties
(AG™" > 0 mJ/m?). The application of PITC promoted the
increase of their hydrophilic character (P < 0.05), especially
for E. coli. The phytochemical decreased the apolar compo-
nent (y*") of S. aureus surface and the polar (y**) component
for S. aureus and E. coli (P < 0.05). The electron donor (y)
component increased with PITC application for both the bac-
teria and, therefore, decreased the electron acceptor (y+)
component (P < 0.05). This result reports that PITC, as an
electrophilic product, significantly interacts with the bacte-
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Table 3. Hydrophobicity (AGbTu?bT ), apolar (*) and polar (»*®) Components of the Surface Tension of Untreated and PITC Treated
Cells. The Means + SEM are Illustrated

Surface Tension Parameters (mJ/m?) Hydrophobicity (mJ/m®)
PITC (ng/mL)
yLw YAB Y+ ¥ AG[TV?[?
0 33+0.7 11+£0.5 23+03 52+0.7 28+1.3
E. coli MIC 26+1.3 10£1.0 1.8+04 60£2.1 40+0.6
5 x MIC 29+0.8 8.9+0.7 1.3+£0.6 6124 42 +0.7
0 29+1.6 11+x04 25+0.1 47+ 1.1 24+1.6
S. aureus MIC 30+09 11+1.0 22+05 53+2.0 32+09
5 x MIC 34+38 73+09 1.0+£03 55+0.5 33+04

rial surface constituents, modifying its physico-chemical
properties. PITC is known to react strongly with amino ac-
ids, being the reagent for the Edman degradation, a very im-
portant reaction for protein sequencing (allows the ordered
amino acid composition of a protein to be discovered) [43].
Consequently, the effects promoted by PITC on the bacterial
surface properties are arguably related with its ability to react
with proteins. Unlike most phytochemicals, in which there is
a common sequence of events starting with the interaction of
the compound to the cell surface, followed by penetration
into the cell and action at the target site; ITCs bind to the
external proteins of cell membranes and penetrates to the cell
cytoplasm at a lesser extent [15]. Results with cell incubated
with PITC at 5 x MIC were very similar (P > 0.05) to those
obtained with PITC at MIC, suggesting a possible cell sur-
face saturation with PITC at values higher than the MIC.

The Live/Dead BacLight™ kit determines the membrane
integrity by selective stain exclusion [30]. This kit allows the
distinction of viable and dead cells: those cells fluorescing
green (without membrane damaged) are considered viable
cells while the ones fluorescing red (with membrane dam-
aged) are considered dead cells. Representative microscopic
visualizations of E. coli and S. aureus non-exposed to PITC
and exposed to PITC at the MIC, for 1 hour, were obtained
(data not shown). PITC at MIC and 5 x MIC caused mem-
brane damage of both strains as 100% of E. coli and S.
aureus cells were PI stained (P > 0.05). These results to-
gether with those obtained from zeta potential and contact
angles assessment demonstrate that PITC interacts with the
surface of E. coli and S. aureus cells, causing membrane
damage and the consequent cell death. Therefore, it is pro-
posed that PITC interacts with cell surface constitutes, espe-
cially proteins and other critical biological macromolecules
necessary for microbial growth and survival, forming a
monolayer around the cell that changes the electrostatic po-
tential and disturbs membrane integrity. This mode of antim-
icrobial activity suggests the possibility of the concurrent use
of PITC with antibiotics in the treatment of drug resistant
bacteria. The combination of antimicrobials with a different
mode of action from conventional antibiotics may be instru-
mental in reducing resistance development since the possi-
bility that a pathogen could simultaneously develop resis-
tance against more than one drug is low. For instance, the
presence of efflux systems coupled with the narrow porin

channels in the outer membrane, which restricts diffusion of
antibiotics into the cells, is responsible for the very high in-
trinsic resistance of Gram-negative bacteria. The antibiotic-
PITC association in antimicrobial chemotherapy may be an
interesting strategy to circumvent the antibiotic efflux and
enzyme inactivation resistance mechanisms.

CONCLUSION

The results from this study showed that PITC had signifi-
cant antimicrobial activity on the tested bacteria, particularly
on E. coli. PITC also showed a good efficacy against S.
aureus strains when combined with CIP and ERY due to an
additive effect. PITC was found to interact strongly with
bacterial surfaces (independent from the Gram type), result-
ing in cell death. When incubated with PITC, the bacterial
surface became less negative and more hydrophilic. The re-
action of PITC with proteins at the membrane may be the
cause of the changes on surface properties. Despite PITC
seems to be a promising product for antimicrobial therapy
against the tested bacteria, the conflicting pro- and anti-
oxidative and toxicity effects of ITCs still require careful
management of these compounds in human use. It is manda-
tory to test the toxicity effect of PITC before considering it
for clinical applications. However, immediate practical ap-
plications can be proposed for antiseptic and disinfectant
formulations. Indeed, isothiocyanates are known to be read-
ily inactivated in the environment and are readily and
cheaply synthesized hence they represent potentially accept-
able disinfectants.
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