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ABSTRACT: Essential oil from peppermint plants was used
to prepare luminescent nanoparticles via a simple, one-step,
thermal synthesis process. The peppermint oil nanoparticles
(NPs) had a narrow particle size distribution (1.5 ± 0.5 nm)
with prominent blue emission under UV irradiation. Photo-
luminescence (PL) spectra of the peppermint oil NP disper-
sion exhibited characteristic emission peaks when excited from
350 to 540 nm. The characteristic fragment from GC/MS
shows the peppermint oil contains various components with
antimicrobial activities. These components underwent con-
version while forming the NPs via heat treatment. Transmission Fourier transform infrared (FTIR) spectra and X-ray photo-
electron spectroscopy (XPS) were used to characterize the NP chemical composition, and revealed that functional groups, such
as CO, C−O, and −CH, were present on the NP surfaces, which could act as fluorescent emissive traps. Additionally, the NPs
exhibited strong antimicrobial efficiency and demonstrated good fluorescent emission during bacteria imaging, making them
good candidates as antibacterial agents and multifluorescence tracers for bacterial disease treatment.
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■ INTRODUCTION

Nanomedicine is a rapidly growing field of research that strives to
address biological questions and problems from a nanoscale-
centric viewpoint.1,2 Nanparticles (NPs) are an important subset
of this emerging discipline with the traditional uses of sensing,3

imaging,4 and drug delivery,2 being further advanced to include,
for example, antimicrobial activity.5,6 Several metallic nano-
particles and their derivatives, such as Au, Ag, ZnO, CuO, Fe2O3,
etc., have been effectively used as antibacterial agents against
Gram-positive and Gram-negative bacteria.5−7 Quantum dots
(QDs) have also been shown to exhibit antibacterial proper-
ties.8,9 Lu et al. demonstrated that CdTe QDs can kill bacteria in
a concentration-dependent manner with excellent optical pro-
perties.9 Luo et al. further suggested a method to dynamically
monitor bacteria concentration based on fluorescence detection.10

However, these materials can be costly and hazardous; thus, a
readily available low toxicity substitute is needed.
Due to the spread of multidrug-resistant pathogens and its

serious threat to public health, interest in the antibacterial activity
of essential oils has grown.11,12 Essential oils, particularly those
extracted from aromatic plants, have well-known antibacterial,
antimicrobial, and insecticidal properties in various therapeutic
uses.13,14 Some essential oils have even shown antidiabetic,15

anti-inflammatory,16 or anticancer activity.17,18 Although essen-
tial oils exhibit a wider range of application over antibacterial
nanoparticles, the optical properties of essential oils and their
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constituents have thus far received very little investigation.
Recently, it was reported that the luminescent emission of
Wild Camomile oil was detected on the skin of mice.19 This
demonstrates that some essential oils have luminescent prop-
erties and may have potential as specific biomarkers. Further,
because they are nontoxic and readily available, some essential
oils may be attractive alternatives to replace conventional QDs
for biomedical applications.
Peppermint is one of the most well-known herbs for its wide

medicinal uses as well as its multifunctional properties including
antibacterial, antifungal, antiviral, and anti-inflammatory activity.
In addition, it has been shown that peppermint oil exhibits visible
fluorescence, making it a strong candidate as a bifunctional agent
for bactericidal and bioimaging applications.20 In the present
study, we investigate the use of peppermint oil nanoparticles as
a new type of fluorescent label and bactericidal agent for
pathogenic bacteria.

■ EXPERIMENTAL SECTION
NP Synthesis. Peppermint oil (BIO−DIÄT Berlin GmbH,

Germany) was used without further purification. All glass vials were
cleaned using surfactant solution (ExtranMA02 neutral,Merck, Darmstadt,
Germany) followed by rinsing with ethanol and water (Millipore,
Milford, MA, U.S.A.) and then dried in the oven at a constant tempera-
ture of 100 °C. A total of 2 mL aliquot was placed into thoroughly
cleaned glass vials and held at a constant temperature of 120 °C on a hot
plate (Suntex Inc. Co., Taiwan, SH-301) using heat-stirring (1100 rpm)
for 1 h in an ambient air atmosphere and then stir-cooled to room
temperature. Finally, the heat-treated peppermint oil solution was
passed through a 0.45 μm polyvinylidene fluoride (PVDF) syringe filter
(Millipore Millex-HV). This stock solution was then used to prepare
samples for characterization by PL, XPS, and FTIR analysis.
Nanoparticle Characterization. Nanoparticle samples were

prepared for atomic force microscopy (AFM) analysis by diluting the
stock solution with methanol at a 1:1000 V/V ratio, drop-casting a 3 μL
aliquot of the diluted solution onto mica surfaces at room temperature
and allowing them to dry. Topographic images were acquired in AC
mode using an AFM (MFP-3D, Asylum Research, Santa Barbara, CA,
U.S.A.) under ambient conditions. A silicon cantilever (Olympus
AC240TS) with a nominal spring constant of 2 N m−1 was used for all
images, with a scan rate of 1.0 Hz and an image resolution of 512 pixel ×
512 pixel.
Photoluminescence (PL) spectra of the NP stock solution were

acquired using a HITACHI F-4500 fluorescence spectrometer. The
excitation wavelengths were 300 to 500 nm at 20 nm intervals in the
excitation domain. Emission spectra were recorded from 200 to 800 nm.
The GC/MS system consisted of a Trace GC2000 (Thermo Finnigan,

U.S.A.) and a TraceMS detector (Thermo Finnigan, U.S.A.). Peppermint
oil and peppermint oil NPs were diluted in methanol at 1:200 V/V, and
0.4 μL was injected into an HP-5MS column [low bleed (5%)-diphenyl-
(95%)-dimethylsiloxane copolymer; dimensions 30 m × 0.25 mm ×
0.25 μm]. The GC/MS inlet temperature was maintained at 250 °C, and
the carrier gas was helium at a flow rate of 1 mL/min. The splitless mode
was employed. The temperature program used was as follows. The
temperature was kept at 75 °C for 1 min and then elevated at a rate of
10 °C/min up to 275 °C. The MS worked in selected-ion monitoring
(SIM)mode, and the electron impact energy was set at 70 eV (Ion Source
Temp. 200 °C).
X-ray photoelectron spectroscopy (XPS) was used to investigate the

elemental composition of peppermint oil NPs using a JEOL JPS 9010
MX equipped with a monochromatic Mg Kα X-ray radiation source.
Samples were prepared for XPS by depositing an aliquot of peppermint
oil NP solution onto clean silicon substrates at room temperature. We
used Fityk (0.9.8), an open-source spectra modeling program, for peak
fitting. The intensity and position of the peaks corresponding to the
C−O, CO, and −COO bonds in these mixtures were quantified by
fitting Gaussian functions to features in the pair distribution function
within Fityk.

Transmission Fourier transform infrared (FTIR) spectra were
acquired (8 cm−1 resolution, 256 scans, sample compartment vacuum
pressure of 0.12 hPa) using a Bruker 66 v/s FTIR spectrometer. A
double side polished silicon (100) wafer substrate was cut into 20 mm ×
20 mm pieces with a diamond-tipped stylus. A droplet of the diluted
peppermint oil NP solution (10 μL) was drop-cast onto the substrate,
which was then mounted horizontally on the spin-coating machine at
3000 rpm for 2 min. A spectrum from a freshly plasma-cleaned silicon
wafer sample was collected before each measurement to obtain the
background spectrum.

Bacterial Colony Experiment. Microbial strains of E. coli were
cultured in 50 mL of Luria−Bertani (LB) broth. After incubation
overnight at 37 °C (OD570 0.57; cfu count 1.3 × 109 per mL), the
bacterial cells (1 mL) were centrifuged for 5 min at 6000 rpm. For
the aerobic plate determination, the bacteria were washed twice with
a sterilized phosphate buffered saline (PBS) at pH 7.4 and then
resuspended in PBS under gentle vortex mixing. Peppermint control
or nanoparticles were premixed with glycerol at a 1:1 ratio and then
placed into each group at a final concentration of 5%, 10%, and 25%,
respectively. These assay groups were shaken at 25 °C for 3 h and then
harvested for subsequent experiments. For the three-phase streaking
pattern assay, the bacteria were directly streaked onto the agar plate and
incubated at 37 °C for 16 h; the bacteria streaking patterns were imaged
using an inverted optical microscope. For colony formation assay, these
assay groups were washed twice and adequately diluted with PBS;
bacteria were then inoculated onto nutrient agar plates and incubated
at 37 °C for 16 h. The numbers of colonies formed was counted and
recorded.

Fluorescence Microscopy. Fluorescence microscopy was used to
assess the fluorescent labeling capability of peppermint oil NPs using
E. coli cells prepared and suspended in PBS (1.0 × 108 per mL).
Peppermint oil or nanoparticles were premixed with glycerol at a 1:1
ratio, and then each was placed into a group at a final concentration of
10%. A glycerol control sample was also tested. The samples were mixed
well using a vortexer (VORTEX-2 GENE), and each group was kept at
25 °C and 155 rpm for 3 h. These samples were subsequently washed
twice with PBS, and the images were recorded using a fluorescence
microscope (DM 6000B, Leica, Germany). Blue fluorophores, λex =
359 nm, were detected with a 461 nm DAPI filter. Green fluorophores,
λex = 499 nm, were detected with a 520 nm FITC filter.

Antibacterial Activity of Peppermint Oil NPs. The antibacterial
activity of the peppermint oil NPs was validated using the Kirby−Bauer
disc diffusion test. A bacterial suspension (108 CFU/ml) was swabbed

Figure 1. AFM topographic image (1 μm × 1 μm) of peppermint oil
NPs deposited on mica. The red line in the image indicates where the
corresponding line section (bottom graph) was acquired.
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onto LB Agar plates. Eight millimeter diameter sterile discs (Whatman,
U.S.A.) were impregnated with one of three different components:
glycerol, peppermint oil, and synthesized peppermint oil NPs at
concentrations of 5%, 10%, and 25% at 30 μL/disc. Kanamycin was used
as a positive control. The discs were gently pressed and incubated at
37 °C for 24 h. The diameter of the zone of inhibition for each disc was
measured in millimeters using a zone measuring scale. The experiments
were executed in triplicate.

■ RESULTS AND DISCUSSION
Structural and Optical Characterization. The pepper-

mint oil NP structure and size were characterized using AFM.

Figure 1 shows a topographic image (1 μm2 scan) and a single
line section profile of NPs deposited on a freshly cleaved mica
substrate. The AFM images show that the NPs are essentially
spherical and are well-dispersed on the mica surface. The average
diameter of the NPs was 1.5 ± 0.5 nm, as determined by histo-
gram analysis of the measured heights of 75 NPs in the image
(Figure S1, Supporting Information). This small size of the pep-
permint oil NPs is important for potential applications, where it
has been shown that NP diameters <5.5 nm minimize steric ef-
fects and can result in rapid urinary excretion and renal clearance
from the body in biomedical applications.21

Photoluminescence spectra characterization of peppermint oil
NPs was carried out at several excitation wavelengths, from
300 to 500 nm. As shown in Figure 2, the emission spectra from
peppermint oil NPs was broad, ranging from 350 (violet) to
540 nm (green), and exhibited a peak-maximum wavelength
dependence on the excitation wavelength. The PL spectrum of
peppermint oil NPs excited by a 420 nm laser, for example, had
an emission peak maximum at 495 nm. Further, the NP solution
exhibited strong blue visible emission under UV irradiation as
shown in the inset of Figure 2. These results are consistent with
similar behavior observed for other types of NPs and nanodots
where particle size,22 surface emissive traps,23,24 and aromatic
conjugate structures25 are thought to contribute to bright and
multicolor fluorescence under UV and visible irradiation.
The GC/MS chromatogram analysis of peppermint oil ex-

hibited fivemain peaks, including 1,8-cineole (10.7%), menthone
(25.9%), menthol (44.9%), pulegone (9.7%), and caryophyllene
(2.6%), as shown in Figure 3a I−V, respectively. This com-
position is in agreement with previous literature reports.26 Con-
version of these components occurred while peppermint oil
was heated to form NPs, resulting in the generation of three
new compounds (Figure 3b VI−VIII). We propose that

Figure 3. GC/MS total ion chromatograms from pure peppermint oil (a) and peppermint oil NP (b) samples also described in Table 1.

Figure 2. PL spectra of peppermint oil NPs. A stock sample solution was
analyzed at progressively longer excitation wavelengths from 300 to
500 nm in 20 nm increments. The inset shows digital photographs of
peppermint oil NP solutions under visible (left), and under 365 nm UV
irradiation (right).
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diphenylmethane (compound VI) was formed from 1,8-clineole
(compound I) via a serial of dehydration and dehydroxylation.
The cyclization of pulegone (compound IV) formed menthofur-
an, which could undergo a Diels−Alder reaction with pulegone
to form compound VII. Finally, compound VIII is presumed to
be formed by compound VII and pulegone (compound IV).
These compounds are identified in Table 1.
X-ray photoelectron spectra indicated that the peppermint oil

NPs were composed of oxygen and carbon as shown in Figure 4a
and b. The O 1s spectrum exhibited a single peak at 534 eV
(Figure 4a), which is attributed to carboxyl group O−CO,27

and the C 1s spectrum had one peak at 286.6 eV, which can be fit

to three peaks at 286.6, 287.8, and 290.7 eV, which are assigned
to C−O,CO, and−COO species, respectively (Figure 4b).24,28

The peppermint oil NP FTIR spectrum (Figure 4c) showed char-
acteristic bands associated withmethyl andmethylene groups, with
peaks at 2954 cm−1 (−CH3 asymmetric stretching), 2931 cm

−1

(−CH2 asymmetric stretching), 2869 cm−1 (−CH3 symmetric
stretching), and a peak at 1712 cm−1, which is representative of
the CO stretch.29 Together, the XPS and FTIR results shown
in Figure 4 suggest the presence of a variety of functional groups
on the surface of the peppermint oil NPs including CO, C−O,
and −CH, which may contribute to a series of fluorescent emis-
sive traps between π−π* states.24

Inhibition Effect of Peppermint Oil NPs on Bacterial
Growth. Peppermint oil has been shown to inhibit the growth of
bacteria such as Gram-positive cocci and rods and Gram-negative
rods30,31 and has a bactericidal activity against pathogenic bac-
teria, including E. coli 015:H7,H. pylori, and S. enteritidis.32 Here,
we compare the effects of peppermint oil and peppermint oil NPs
on the colony formation behavior of the bacteria E. coli.
Figure 5 shows the effects of increasing peppermint oil

and peppermint oil NP preincubation concentrations on the
subsequent growth of E. coli colonies on an LB agar plate. Here,
the peppermint oil NPs (Figure 5f,g,h) exhibited much better
bacterial growth inhibition than peppermint oil (Figure 5b,c,d).
Even with a low dose of 5% peppermint oil NPs, an obvious
decrease in colony density was observed (Figure 5f). Conversely,
no significant colony formation inhibition was observed for the
peppermint oil group at the 5% dose (Figure 5b). Further, the
peppermint oil NPs exhibited a much higher bactericidal activity
at 10% (Figure 5g) compared with the peppermint oil group
(Figure 5c). At the highest concentration (25%), both groups
exhibited strong bacterial growth inhibition.
The colony forming units were further counted and compared,

and the resulting histogram as shown in Figure 6. When E. coli
was treated with 5% peppermint oil and peppermint oil NPs for
16 h, the cfu inhibition efficiency reached 70 ± 3.0% and 99 ±
0.2%, respectively. Furthermore, peppermint oil NPs revealed
full cfu inhibition (100%) at a 10% concentration treatment.
These results indicate that peppermint oil NPs have superior
bactericidal performance over normal peppermint oil.

Fluorescence Images of E. coli Labeled with Pepper-
mint Oil NPs. To evaluate the NP photoluminescence
properties, we treated E. coli cells with peppermint oil NPs,
peppermint oil, and glycerol for 3 h, and then prepared sam-
ples of each on microscope slides to acquire fluorescence

Figure 4. Elemental and chemical analyses of peppermint oil NPs using
XPS and FTIR. XPS data of particles deposited on silicon substrate,
showing (a) O 1s and (b) C 1s binding energy peaks. (c) FTIR spectra
showed peaks at 2954 cm−1 (−CH3 asymmetric stretching), 2931 cm

−1

(−CH2 asymmetric stretching), 2869 cm−1 (−CH3 symmetric
stretching), and 1712 cm−1 (CO stretching), indicating the presence
of methyl and methylene groups.

Table 1. Chemical Composition of Peppermint Oil and Peppermint oil NPs by GC/MS

peak constituents

aRT
(min)

barea
(%) cmass range (m/z)

Peppermint oil
I 1,8-cineole 3.97 10.7 (154), 93, 81, 43, 139, 69, 108, 41,55
II menthone 5.45 25.9 (154), 139, 97, 41, 84, 112, 69, 55, 155
III menthol 5.68 44.9 (156), 139, 123, 109, 95, 81, 79, 67, 55, 43, 41
IV pulegone 7.18 9.7 (152), 138, 123, 109, 95, 81, 79. 67, 55, 43, 41
V caryophyllcne 10.91 2.6 (204), 205, 187, 161, 133, 119, 105, 91,79, 67, 55, 43, 41
Peppermint oil NPs
VI diphenylmethane 5.37 49.3 (167), 167, 137, 107,91
VII 1,3,3,4′,6- pentamethyl-2,3,5,6,7,8-hexahydrospiro[2,4a-epoxynaphthalene-

4,l′-cyclohexan]-2′-one
13.47 31.6 (303), 303, 273, 241, 211, 165, 138, 91

VIII 1,3,3,4′,6-pentamethyl-2′-((5-methyl-2-(propan-2-ylidene)cyclohexyl)oxy)-
2,3,5,6,7,8-hexahydrospiro[2,4a-epoxynaphtlialene-4,l′-cyclohexane]

19.07 8.9 (439), 439, 407, 377, 361, 329, 315, 299, 269, 239, 196, 91

aRT (min): Retention time obtained by chromatogram. bArea (%) was determined by GC/MS. cMass range (m/z) was determined by mass
spectrometry.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc500242k | ACS Sustainable Chem. Eng. 2014, 2, 1769−17751772



images (Figure 7). The images clearly show that the E. coli cells
incubated with peppermint oil NPs exhibited much brighter

blue and green fluorescence (Figure 7c and f, respectively)
compared to those incubated with glycerol (Figure 7a and d) or
with peppermint oil (Figure 7b and e). The photoluminescence
measurements were conducted using two excitation wavelengths
(359 and 499 nm) with corresponding long-pass filters for
detection (461 and 520 nm, respectively). These results indicate
that peppermint oil NPs can be very effective as bioimaging
probes.

Antibacterial Activity of Peppermint Oil NPs. The
antimicrobial efficacy of the pure peppermint oil and peppermint
oil NPs was tested using E. coli bacteria (Figure 8). Preliminary
screening revealed that the as-synthesized peppermint oil NPs
showed much greater antimicrobial activity compared to pure
peppermint oil in the same proportions. At the highest concen-
trations, (25%), peppermint oil NPs exhibited nearly 2-fold
greater antimicrobial activity compared to peppermint oil as
measured using the Kirby−Bauer disc diffusion test (zone diam-
eter was 20.50 ± 1.20 mm vs 11.06 ± 0.68 mm, respectively).
The complete results for this test are shown in Table 2.
Peppermint has been reported to provide the benefits of anti-

bacterial activity and medicinal value.33,34 The principal active
constituents of peppermint are the essential oils, which are
dominated by monoterpenes, mainly menthol, menthone, and
their derivatives such as isomenthone, neomenthol, acetylmen-
thol, and pulegone. These essential oils dilate peripheral blood
vessels and inhibit bacteria growth. Peppermint oils, especially
menthol, have broad spectrum antibacterial activity because
Gram-positive and Gram-negative bacteria were found suscep-
tible to the oils.31

After heat treatment of the peppermint oil to form NPs,
three new larger compounds were observed in GC/MS spectra
(Figure 3). These new compounds were likely formed from
several of the active peppermint oil constituents such as 1,8-
clineole and pulegone, etc. (Table 1), which have demonstrated
antimicrobial activity,3335, and may contribute and enhance
the antibacterial properties of the resulting peppermint oil NPs.

Figure 7. Fluorescence images of treated E. coli cells. (a,b,c) λex = 359 nm, detected with 461 nm long-pass filter. (d,e,f) λex = 499 nm, detected with
520 nm long-pass filter. E. coli cells (approximately 108 cfu/mL) were treated with 10% glycerol (as a control) (a,d), peppermint oil (b,e), and
peppermint oil NP suspension (c,f) for 3 h at room temperature. E. coli cells treated with peppermint oil NPs exhibited bright blue and green
luminescence compared to the control and peppermint oil groups.

Figure 6. Comparison of colony forming unit (cfu) count among E. coli
after treatment with peppermint oil and peppermint oil NPs. Bacteria
were incubated with peppermint oil and peppermint oil NPs and grown
on LB agar plates for 16 h at 37 °C in an incubator. The numbers of
colonies formed were counted and plotted in the graph as a function of
concentration. The peppermint oil-treated samples exhibited some cfu
inhibition; however, the NP-treated samples strongly inhibited the cfu,
with nearly 100% inhibition at 5% and 10% concentrations.

Figure 5. Colony growth inhibition of E. coli by peppermint oil NPs
using streaking pattern assay. Bacteria (2 × 106 cfu/mL) were
preincubated with 0%, 5%, 10%, and 25% peppermint oil and
peppermint oil NPs for 3 h at room temperature. The bacterial cells
were then grown on an LB agar plate overnight at 37 °C in an incubator.
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The antibacterial activity of the peppermint oil NPs may be
attributed to (a) size effects (Figure 1) (the NPs were 1.5 ±
0.5 nm, which facilitates ease of cell membrane penetration), (b)
the new compounds may have a higher affinity toward the
bacterial cell membrane and interact strongly with intracellular
sites (which is critical for antibacterial activity), or (c) enhanced
antimicrobial effects of the new compounds (Figure 3) and
monoterpenes, such as menthol, by a perturbation of the lipid
fraction of bacterial plasma membrane, resulting in alterations
of membrane permeability and in leakage of intracellular
materials.34

The peppermint essential oils contain a mixture of different
chemical compounds. When the peppermint oil was heated to
form NPs, three new larger compounds were formed. It is diffi-
cult to attribute the biological activities of peppermint oil NPs to
a simple single component or mechanism. In addition to the
major compounds, minor compounds may also contribute signi-
ficantly to the oil’s antibacterial activity.36 However, it is clear that
the peppermint oil NPs exhibited a significant change in fluo-
rescence properties as well as a nearly 2-fold enhancement in
antibacterial activity (at 25%) by simply heating the peppermint
oil at 120 °C for 1 h.

■ CONCLUSIONS
Peppermint oil NPs were synthesized using a simple and
economical one-pot method. No chemical agents or organic
solvents were used in the process, thus minimizing any hazardous
impact on human health and the environment. Further, pep-
permint oil is an environmentally benign substance that is safe
and easily obtained, making it an affordable and readily available
resource for producing NPs. The derived NPs exhibited both
strong antibacterial activity and multicolor fluorescence in E. coli

testing, thus demonstrating their bifunctionality as agents for
bactericidal and bioimaging applications. This type of dual
purpose NPmay lead to new strategies for bacterial disease treat-
ment and hygienic device coatings and to further advances in the
fields of microbiology and biomedical research.
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