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Abstract Carvacrol is a phenolic monoterpenoid ob-
tained from the genera of Origanum, Thymus, Satureja,
and Lippia. It is a hydrophobic phytoconstituent that
readily tends to decay while processing leading to
restricting its potential application. In the current study,
zein/rhamnolipid (ZRL of 306 nm) complex nanoparti-
cles were loadedwith carvacrol successfully (CRZRL of
271 nm) to explore its antimicrobial activity and obtain-
ed the MIC value of 135 μg/ml and 270 μg/ml against
P. syringae (bacterial canker) and F. oxysporum (Fusar-
ium wilt) respectively. These complex nanoparticles
were further characterized by DLS, FE-SEM, DSC,
FT-IR, H1NMR, docking, and HPLC studies. The
strong interaction of carvacrol with zein and
rhamnolipid complex nanoparticles which showed char-
acteristic peaks in FTIR as well as H1NMR were also
supported by our docking studies. This strong interac-
tion resulted in higher EE (95%) as well as LE (42%),
confirmed by HPLC studies. Docking studies further
revealed the presence of strongerΠ-Π interaction within

binding and active sites of zein through which
rhamnolipid and carvacrol interact. The developed
nano-formulation could be exploited for controlling dif-
ferent plant diseases and other foodborne pathogens.

Keywords Carvacrol . Rhamnolipid . Antimicrobial
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Introduction

Management and control of plant diseases and
foodborne pathogens associated with vegetables and
other important crops have become very crucial in the
current scenario due to the enormous number of pests,
insects, and microbes affecting the productivity or yield.
Chemicals such as plant growth regulators, fertilizers,
and pesticides are required in large amounts to increase
food production for continuously feeding the rising
human population (Hirano and Upper 2000; van der
Wolf and De Boer 2015). Crops are widely destroyed
by the phytopathogenic microorganisms leading to the
cause of various plant diseases. Some plant diseases like
necrosis, canker, and wilt are caused by bacteria and
fungi and they are reproduced very easily in plants
(Casas-Flores et al. 2019). Phytopathogenic microor-
ganisms like Pseudomonas syringae and Fusarium
oxysporum infects various plants extensively, causing
blight, speck, root rot, and wilt in different crops includ-
ing tomato, banana, rice, sweet potatoes, legumes, etc.
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Various chemicals including bactericides, fungicides,
pesticides, etc. and also methods like UV light treat-
ment, peroxide oxidation, chlorination, etc. have been
used to control microbial infections on vegetables,
crops, cereals, and grains (Hirano and Upper 2000;
Fones and Preston 2013; van der Wolf and De Boer
2015) but its application in the proper amount is very
essential for safety purpose to both human and environ-
ment. Several steps and measurements have been im-
plemented to control the plant pathogenic microorgan-
isms and the associated diseases. Among the various
steps, nanotechnology-assisted synthesis of nanoformu-
lation using phytoconstituents could be a boon to the
serious concerns raised by microbial infections causing
different plant and foodborne diseases.

Carvacrol is a phenolic monoterpene that is a primary
phytoconstituent of several essential oils extracted from
oregano having antimicrobial (Del Nobile et al. 2008;
Guarda et al. 2011), antioxidant (Camo et al. 2011), and
anti-inflammatory (Riella et al. 2012) properties. Its
application as food additives and an alternative to syn-
thetic additives are well established (Mastromatteo et al.
2010; Ramos et al. 2012) but the major limitation is
retaining its bioactivity for a longer period. Many pre-
vious studies have reported the antimicrobial activity of
carvacrol and carvacrol loaded nanoparticles against
various gram-positive (B. cereus, L. monocytogenes,
S. aureus, etc.) (da Rosa et al. 2015) and gram-
negative (E. coli, Salmonella, S. enterica, etc.)
(Keawchaoon and Yoksan 2011) bacteria including fun-
gi (B. cinerea, Aspergillus spp., Cladosporium spp.,
etc.) (Martínez-Romero et al. 2007; Abbaszadeh et al.
2014) but its activity against phytopathogenic microbes
like P. syringae and F. oxysporum is yet to be reported.
The method of encapsulation in polymer or protein
matrices is an alternative to maintain its stability, bioac-
tivity, and retain its intrinsic properties (da Rosa et al.
2015). Zein is a corn prolamine, rich in amino acids such
as proline, leucine, glutamine, and alanine. Hydropho-
bicity makes zein capable of self-assembling in the
presence of polar solvents like water, which has already
been used to encapsulate rotenone, essential oils, includ-
ing oregano, thyme, thymol, curcumin, and carvacrol
(Wu et al. 2012; Paliwal and Palakurthi 2014; Devi et al.
2019). Zein acts as a promising agent to develop various
nanoformulations since it is biocompatible, biodegrad-
able, less toxic, and cost-effective (Li et al. 2017; de
Oliveira et al., 2018). Zein nanoparticles have been
known for their low encapsulation and loading

efficiencies. Thus, the fabrication of zein nanoparticles
by coating or complexing with polysaccharides, pro-
teins, and small molecular weight emulsifiers (Dai
et al. 2018) proved to be a very effective technique for
enhancing these attributes. In our previous study, zein
has been complexed with sodium caseinate using an
antisolvent precipitation method (Devi et al. 2019) but
in our present study, we used an alternative promising
way to encapsulate carvacrol using rhamnolipid, a
biosurfactant to form a stable complex with zein for
controlling the infection caused by phytopathogenic
microorganisms.

Rhamnolipid is a type of glycolipid produced by
bacteria, Pseudomonas aeruginosa (Dwivedi et al.
2015). It generally consists of one or two polar rham-
nose units and one nonpolar fatty acid chain containing
a β-hydroxylalkanoate, leading to an anionic character
(Bai and McClements 2016). Rhamnolipids show a
good emulsifying behavior because of their amphiphilic
nature and used in food-grade emulsion extensively (Bai
and McClements 2016). Researchers have reported that
rhamnolipids could stabilize o/w nanoemulsions con-
taining small droplets of curcumin for nutraceutical
application, against a range of temperatures, salt con-
centrations, and different pH (Dai et al. 2018) but ex-
tensive studies are required for exploring rhamnolipids
as a stabilizer to improve the encapsulation and loading
efficiencies of the protein nanoparticles. We hypothe-
sized to develop a completely green approach towards
the synthesis of nano-formulation where each compo-
nent is either derived from plants (zein) or microorgan-
isms (rhamnolipid), making it a completely biodegrad-
able system for controlling plant pathogens or other
foodborne pathogens.

To achieve this, we fabricated zein nanoparticles
using rhamnolipid to encapsulate carvacrol, enhancing
its encapsulation as well as loading efficiencies and
explored its efficacy against plant pathogens, e.g.,
P. syringae and F. oxysporum. These microbes cause
mainly bacterial canker, necrosis, and Fusarium wilt to
many important crops including vegetables and fruits.
Till date, there are no reported studies where each single
component of the nanocarrier, i.e., matrix, active ingre-
dient, and stabilizing agent is either derived from plants
or of biological origin, have been utilized in the form of
biodegradable nano-formulation for controlling plant
pathogens. Exploration of such biodegradable nano-
formulation is the need of hour to control various plant
diseases causing microorganisms in a sustainable
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manner. Thus, we can say that the prepared nano-
formulation could help in managing certain pant dis-
eases of important crops and also able to assist in food
production (by preventing the crop yield loss from mi-
crobial attack) for the continuously rising human popu-
lation. The characteristics of the fabricated complex
nanoparticles were explored in terms of size, stability
by DLS, structural and functional characters by
H1NMR, FTIR, morphology by FE-SEM, and encapsu-
lation and loading efficiencies by HPLC. Furthermore,
to improve our understanding about the molecular in-
teraction between zein/rhamnolipid matrix and an active
ingredient like carvacrol we used molecular docking
studies to find the actual amino acid residue within the
matrix responsible for binding with carvacrol which is
very crucial for regulating the loading and encapsulation
efficiency by controlling pH, ionic strength, electrostatic
interaction, etc., of protein (Srivastav et al. 2020). The
present study gives a new insight to control plant infec-
tion and disease caused by P. syringae and
F. oxysporum in an environment-friendly manner.

Materials and methods

Materials

Zein (Z 3625; CAS Number: 9010-66-6), carvacrol
(282,197; 98%; CAS number 499-75-2), and rhamnolipid
(R90, 90%) were purchased from Sigma Aldrich. Ethanol
was purchased from the Bioscience laboratory. Nutrient
agar (NA), potato dextrose agar (PDA), nutrient broth
(NB), and potato dextrose broth (PDB)were obtained from
Himedia laboratories. Pseudomonas syringae was obtain-
ed from Junagadh Agricultural University, and Fusarium
oxysporum was purchased from the division of plant pa-
thology, IARI, New Delhi. All the solvents and chemicals
usedwere of analytical grade.A syringe filter was obtained
from Axiva.

Preparation of zein/rhamnolipid complex nanoparticles
(ZRL) and carvacrol-loaded zein nanoparticles
(CRZRL)

ZRL and CRZRL were prepared by antisolvent precip-
itation with slight modifications (Dai et al. 2018). Zein
was dissolved in an aqueous ethanol solution of 85%
(v/v) and stirred overnight at room temperature (25 °C).
The prepared zein solution was filtered through a

0.45-μm syringe filter. ZRL was prepared and opti-
mized considering different ratios (w/w) of zein and
rhamnolipids. The different zein and rhamnolipid mass
ratio were 1:0.5, 1:1, and 1:2 denoted as ZRL. The
filtered zein solution and carvacrol solution (carvacrol
dissolved in absolute ethanol) were mixed and dissolved
in aqueous ethanol (85%, v/v) to reach a concentration
of 0.9 mg/mL of carvacrol, with magnetic stirring at
600 rpm at room temperature for 1 h. Then rhamnolipid
was added into the zein and carvacrol-mixed solution
and continued the stirring (600 rpm) for further 2 h to
obtain a homogenous colloidal suspension (CRZRL).
The prepared colloidal suspension was freeze-dried for
24 h and used for further physicochemical and morpho-
logical characterizations using different techniques.

Hydrodynamic size, polydispersity index, and zeta
potential measurement

The hydrodynamic size, polydispersity index (PDI), and
zeta potential of the freshly prepared samples were
measured using the Metrohm DLS instrument. The
samples were prepared at 25 °C, and signals with a
backscattering angle of 173° were captured for data
generation. Two hundred microliters of the prepared
samples were diluted 20 times with Milli Q water and
then samples were sonicated for 15 min. A cumulative
mean diameter was obtained as particle size (hydrody-
namic size, nm). The polydispersity index (PDI) and
zeta potential were also thus obtained. All measure-
ments of the samples were examined in triplicate.

Encapsulation and loading efficiency (EE% and LE%)
by high-performance liquid chromatography (HPLC)

The EE and LE of CR in the nanoparticles were esti-
mated as reported (Zhang et al. 2014). The freshly
prepared CRZRL was centrifuged at 6000 rpm for
20 min at 4 °C to evaluate the amount of carvacrol.
The encapsulated amount of carvacrol was measured
using Jasco PU-2080 Plus. The method of analysis
was optimized by using HPLC grade water, methanol,
and acetic acid at a volume ratio of 30:70:3 as a mobile
phase in an isocratic mode at a flow rate of 1 mL/min.
The amount of sample injected was 20 μL and the
absorbance was detected at 274 nm at 17.4 min (reten-
tion time). The carvacrol concentration was determined
based on the sample peak area and the measurement was
conducted in triplicate.
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The encapsulation efficiency (EE) and loading
efficiency (LE) were calculated using Eqs. 1 and
2, respectively.

EE% ¼ Encapsulated carvacrol μgð Þ
Total initial carvacrol μgð Þ � 100 ð1Þ

LE% ¼ Encapsulated carvacrol μgð Þ
Total weight of zein and rhamnolipid μgð Þ
� 100

ð2Þ

Field emission scanning electronmicroscopy (FE-SEM)

The surface morphology of the prepared CRZRL and
ZRL was characterized using FESEM (Zeiss ultra 55
FESEM). Ten microliters of sonicated colloidal solution
(CRZRL and ZRL) dropped cast on a silicon wafer,
attached to SEM stubs using carbon tape. The samples
were sputter-coated with gold-palladium mixture
under vacuum for 5 min before measurement and
were evaluated by FESEM, operated at an accel-
erating voltage of 10 kV.

Thermal stability by differential scanning calorimeter
(DSC)

The thermal degradation and shifting, if any, in the
endothermic peaks (thermograms) of CR, ZRL,
CRZRL, and RL were studied by DSC (Perkin Elmer,
DSC 6000). Previously lyophilized samples were
weighed approximately 5 mg in an aluminum pan. The
samples were heated in the aluminum pan at the rate of
10 °C min−1, with 20 mL min−1nitrogen flow. The
samples were analyzed at temperatures between 55
and 300 °C. An empty sealed aluminum pan was used
as a baseline.

Fourier transform infrared spectroscopy (FTIR)

To confirm the functional groups in pure carvacrol
(CR), rhamnolipid (RL), ZRL, and CRZRL, were per-
formed through FTIR (Perkin Elmer Spectrum 65). The
KBr pellet was run as a baseline and mixed with the
sample in a ratio of 1:99. The analysis was recorded

over 64 cumulative scans in the wavenumber between
4000 and 400 cm−1, with a 4 cm−1 resolution limit.

Proton nuclear magnetic resonance spectroscopy
(1HNMR) analysis

The various types of hydrogen bonds present in pure
carvacrol (CR), rhamnolipid (RL), ZRL, and CRZRL
were studied using 1HNMR spectroscopy, Bruker 500-
MHzUltra shield plus NMR instrument. Each sample of
approximately 5 mg was dissolved in deuterated chlo-
roform (CDCl3). The

1H NMR analysis was carried out
at 298 K and frequency 500 MHz.

Molecular docking studies

In the current study, the interaction among the com-
pounds, carvacrol, and rhamnolipid with the zein pro-
tein were performed in-silico to determine the binding
affinity and active targeting or binding sites. All 2D and
3D structure of the compounds or drug was obtained
from the PubChem database (https://pubchem.ncbi.nlm.
nih.gov/). The zein protein structure was generated from
the FASTA sequence of the PDB database for docking
studies. Auto Dock Vina software was used to
investigate the molecular interaction among carvacrol,
rhamnolipid, and zein protein (Trott and Olson 2010).
The Lamarckian genetic algorithm was used to analyze
the probability of docking studies (Fuhrmann et al. 2010
). Docking results were analyzed by Autodock 4.2,
pymol version.

Antimicrobial activity

P. syringae and F. oxysporum are plant pathogenic
gram-negative bacteria and fungi respectively procured
from Junagadh Agricultural University, Gujarat, and
Division of plant pathology, IARI, New Delhi. The
microorganisms were cultured in their respective media
with their optimum 1 × 106–107 CFU/mL (P. syringae)
and 2000 spores count (F. oxysporum) as reported ear-
lier (Broekaert et al. 1990; Zhang et al. 2014). The
selected organisms have been studied in our previous
work (Devi et al. 2019) but the effect of carvacrol
against these selected plant pathogenic microorganisms
(P. syringae and F. oxysporum) has not been reported
yet as per our knowledge. So, we intended to study the
efficacy of this developed nanoformulation against
P. syringae and F. oxysporum. Antibacterial activity of
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CRZRL was studied at different concentrations ranging
from 45 to 225 μg/mL while for antifungal activity the
concentration range was 90–450 μg/mL. The final vol-
ume was made up to 250 μL with nutrient broth (NB)
and potato dextrose broth (PDB) in each well of the 96-
well microplate for antibacterial and antifungal studies
respectively. P. syringae and F. oxysporum suspensions
without adding any samples (ZRL, CRZRL, and CR)
were kept as the negative control (NC as included in
Fig. 6a. b). The minimum inhibitory concentration
(MIC) value of CRZRL was determined by the broth
dilution method with some modifications (Weerakkody
et al. 2010; Zhang et al. 2014). The readings for anti-
bacterial activity against P. syringae and antifungal
against F. oxysporum were measured at 600 nm from
0 to 24 h and 595 nm from 24 to 120 h respectively at
different time intervals using a Biotek synergy hybrid
microplate reader. The plate assay of the antibacterial
and antifungal activity was given in Figs. ES1 and ES2
as Supporting Information and the details of the meth-
odology already reported in our previous study (Devi
et al. 2019). Each sample measurement was prepared
and studied in triplicate for both antibacterial and anti-
fungal assay.

Results and discussion

Hydrodynamic size, polydispersity index (PDI),
and zeta potential measurement

Table 1 shows the cumulative mean of particle size,
PDI, and zeta potential measured from DLS studies of
ZRL at different (zein:rhamnolipid) mass ratio of 1:0.5,
1:1, and 1:2 and carvacrol-loaded CRZRL. Among the
various recorded DLS data, ZRL with zein:rhamnolipid
mass ratio of 1:1 was considered for further studies
based on PDI and zeta potential as 1:1 ratio showed

monodispersed particles indicating less aggregation and
higher stability. Thus, ZRL with zein:rhamnolipid mass
ratio of 1:1 was further used for encapsulating carvacrol.

CRZRL showed 276 ± 10 nm particle size with 0.24 ±
0.07 PDI and − 29.13 ± 1.60 mV zeta potential which is
lesser in particle size and higher zeta potential as compared
to ZRL. This may be due to the interaction of
phytoconstituents in the dispersion acting as a better stabi-
lizing agent and thus preventing the particles from aggre-
gating to larger particle size (Rhein et al. 2006; da Rosa
et al. 2015). This was quite evident visually by the fact that
ZRL started showing precipitation whereas CRZRL was
as it is even after 45 days of storage. The PDI value lesser
than 0.3 indicates a narrow size distribution and well-
dispersed homogeneity of the formulations (Wu et al.
2012). The negative polarity of the surface particle charge
was due to the rhamnolipid as per the previous report (Dai
et al. 2018) and this negative charge will keep on increas-
ing with a higher amount of rhamnolipid. Zeta potential
(mV) generally evaluates the stability of the colloidal
dispersion. As rhamnolipid is an anionic biosurfactant so
negative charge was observed. The higher zeta potential in
CRZRL (− 29.13 ± 1.60 mV) as compared to ZRL (−
24.61 ± 1.71 mV) could be due to strong electrostatic
repulsion of carvacrol with zein and rhamnolipids (da
Rosa et al. 2015). The current study shows a biosurfactant,
rhamnolipids with carvacrol provide better stability caus-
ing a steric hindrance in the external layer nanoparticles
leading to higher zeta potential and lower particle size of
the carvacrol-encapsulated nanoparticles.

Encapsulation and loading efficiency (EE% and LE%)
calculation by HPLC

Encapsulation and loading efficiency are the main pa-
rameters to evaluate the affinity of the carvacrol
(phytoconstituents) towards the zein and rhamnolipid
complex nanoparticles which proved to be a better

Table 1 Particle size, PDI, and zeta potential of ZRL with different mass ratios (zein:rhamnolipid) and the encapsulation and loading
efficiency (EE% and LE%) of carvacrol-loaded zein nanoparticles (CRZRL) as per DLS studies

Sample Hydrodynamic size (nm) PDI Zeta potential (mV) EE % LE %

ZRL (1:1) 309 ± 10 0.15 ± 0.06 − 24.61 ± 1.71 – –

ZRL (1:2) 354 ± 21 0.43 ± 0.06 − 30.42 ± 1.23 – –

ZRL (1:0.5) 291 ± 6 0.29 ± 0.02 − 21.11 ± 1.01 – –

CRZRL 276 ± 10 0.24 ± 0.07 − 29.13 ± 1.60 95.50 ± 2.65 41.61 ± 1.16

± values are considered in triplicate measurements

Page 5 of 13 307J Nanopart Res (2020) 22: 307



matrix as compared to others like chitosan (Dai et al.
2018). Furthermore, the method applied to encapsulate
the compound should also be highly efficient as the case
with antisolvent precipitation leading to a 95% EE and
42% LE which is the highest LE than any previous
reports for zein nanoformulation in zein matrices (Wu
et al. 2012), zein, and rhamnolipid complex (Dai et al.
2018) and also in chitosan (Keawchaoon and Yoksan
2011). The higher EE and LE could be due to strong
electrostatic interaction, hydrogen bonding, and hydro-
phobic interaction between carvacrol, zein, and
rhamnolipid which improved the embedding ability of
the colloidal particles (Dai et al. 2018) which is also
supported by our docking studies. The higher LE of
loaded carvacrol as compared to other previous studies
could also be due to the smaller size and higher solubil-
ity of carvacrol in absolute alcohol as compared to other
botanicals or phytoconstituents (Dai et al. 2019).

Morphological study by FE-SEM

The morphology of the samples was analyzed by
FE-SEM (Fig. 1). Both the CRZRL and ZRL
showed the features of spherical shapes with
smooth surfaces. The carvacrol-loaded CRZRL
had a smaller size of 271 nm as compared to
ZRL with a larger size of 306 nm which is as
per our DLS data. Interestingly, the carvacrol en-
capsulation had a major influence in the size but
there was no influence in the shape of the com-
plex nanoparticles which could be due to stronger
steric repulsion and hydrophobic interactions
among the particles (Keawchaoon and Yoksan
2011; Wang and Zhang 2017). There was no vis-
ible aggregation in the carvacrol-loaded CRZRL as
reported previously (Keawchaoon and Yoksan
2011; Zhang et al. 2014).

Fig. 1 FE-SEM micrographs of ZRL (a, b) and CRZRL (c, d)
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Thermal study by DSC

The thermal stability of each component and com-
plex nanoparticles was investigated by DSC (Fig.
2). The DSC thermograms of CR, CRZRL, ZRL,
and RL showed broad endothermic peaks at 184,
68, 73, 132, and 225 °C. Compared to the RL,
there is only one peak at 73 °C in ZRL indicating
that the thermal stabili ty of the zein and
rhamnolipid has been improved (Wei et al.
2019). The presence of only a single endothermic
peak at 68 °C in CRZRL indicates that carvacrol
was well dispersed and encapsulated in zein/
rhamnolipid complex nanoparticles (Wei et al.
2019).

Functional group study by FTIR

Investigation of the chemical structure and the interac-
tions between zein, rhamnolipid, and carvacrol were
studied by FTIR spectroscopy. The FTIR spectra of
CR, CRZRL, ZRL, and RL were shown in Fig. 3. The
native spectra of carvacrol and rhamnolipid showed
characteristic peaks of O-H stretching bands at 3408
and 3361 cm−1 respectively which was shifted to
3388 cm−1 in the case of ZRL and CRZRL. The two
major characteristic peaks of zein manifested in terms of
amide I band (1750–1600 cm−1) and amide II bands
(1550–1510 cm−1) correspond to C=O and C-N
stretching, respectively. These major characteristic
peaks of zein were observed at 1659 and 1545 cm−1 in

Fig. 2 Thermal studies of ZRL,
CRZRL, RL, and CR by DSC
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ZRL and 1651 and 1543 cm−1 in CRZRL which indi-
cates electrostatic interaction between zein,
rhamnolipid, and carvacrol (Keawchaoon and Yoksan
2011; Dai et al. 2018; Wei et al. 2019). The significant
peak of C-H stretching at 2962 and 2872 cm−1 that were
present in CR is shifted and observed at 2968, 2921, and
2881 cm−1 for CRZRL. The C-H stretching was also
observed at 2928 and 2862 cm−1 in ZRL and 2928 and
2856 cm−1 in RL (Keawchaoon and Yoksan 2011; Dai
et al. 2018; Wei et al. 2019). Furthermore, the charac-
teristic peaks of carvacrol (CR) at 1455 and 1259 cm−1

are due to C-H deformation and the peaks of the aro-
matic ring at 867 and 816 cm−1 (Keawchaoon and
Yoksan 2011). In the spectra of CRZRL, there is a slight
shifting of C-H deformation at 1451 and 1252 cm−1 and
also an aromatic ring at 872 cm−1. The characteristic
peak for rhamnolipid was C–O stretching vibration due
to ether bonds (Wei et al. 2019) which is observed at
1066 and 1060 cm−1 in the spectra of RL and ZRL
respectively (Fig. 3). The C-H stretching in CRZRL
(2968, 2921, and 2881 cm−1) suggests the successful

encapsulation of carvacrol (Keawchaoon and Yoksan
2011). These results observed in the spectra of CR,
CRZRL, ZRL, and RL revealed that hydrogen bonding,
hydrophobic effects, and electrostatic interactions of
zein and rhamnolipid with carvacrol contributed to the
formation of carvacrol-loaded CRZRL (Dai et al. 2018;
Wei et al. 2019) which was also supported by binding
affinity results depicted by molecular docking studies.

H-bond study by H1NMR

The presence of carvacrol, rhamnolipid, zein, and their
interactions were confirmed by H1NMR spectroscopy
(Fig. 4 and Table ST1). In the spectrum of carvacrol
(CR) characteristic peak signal at δ 7.0 ppm (Ar-H), 6.7
and 6.6 ppm (Ar-OH), 4.9 ppm (H attached to alkene
C=CH), 2.9–2.4 ppm (Aromatic methyl, Ar-CH3), and
1.8–1.2 ppm (Alkyl tertiary, H-CR3) (Locci et al. 2004).
The spectrum of rhamnolipid (RL) showed signal peak δ
5.3 ppm (-CH-OOC- on rhamnose moiety), 4.8–
4.1 ppm (-CH2-O- on rhamnose moiety), 3.6 ppm (-

Fig. 3 FTIR spectra of pure
carvacrol (CR), carvacrol-loaded
zein NPs (CRZRL), unloaded ze-
in NPs (ZRL), and rhamnolipid
(RL)
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CH2-CHO-Rha-CH2COO on β-hydroxyfatty acids),
3.3 ppm (-CH-OH on rhamnose moiety), 2.8–2.3 ppm
(-CHO-CH2COO on β-hydroxyfatty acids), 1.6–
1.4 ppm (-CH2-CHO-CH2COO on β-hydroxyfatty
acids), 1.1 ppm (-CH3 on rhamnose moiety), and
0.8 ppm (-CH3 on β-hydroxyfatty acids) (Lotfabad
et al. 2010; Moussa et al. 2014). The signal peaks of
zein powder have already been mentioned in our previ-
ous study (Devi et al. 2019). The shifting of the signal
peak at 5.4 (-CH-OOC- on rhamnose moiety), 4.9–
4.2 ppm (-CH2-O- on rhamnose moiety), 3.7 ppm (-
CH2-CHO-Rha-CH2COO on β-hydroxyfatty acids),
3.4–3.1 ppm (-CH-OH on rhamnose moiety), 2.4–
2.0 ppm (-CHO-CH2COO on β-hydroxyfatty acids of
rhamnolipid and –CH of –NH of zein), 1.7–1.3 ppm (-
CH2-CHO-CH2COO on β-hydroxyfatty acids of
rhamnolipid and –CH2- of zein), 1.2 ppm (-CH3 on
rhamnose moiety), and 0.9 ppm (-CH3 on β-
hydroxyfatty acids) were observed in the spectrum of
ZRL. And also in the spectrum of CRZRL, a signal peak
was observed at δ 6.9 ppm (Ar-H of carvacrol), 6.6–
6.5 ppm (Ar-OH of carvacrol), 5.2 ppm (-CH-OOC- on
rhamnose moiety of rhamnolipid), 2.9 ppm (Aromatic
methyl, Ar-CH3 of carvacrol and -CHO-CH2COO on
β-hydroxyfatty acids of rhamnolipid), − 2.4 ppm (Aro-
matic methyl, Ar-CH3 and -CHO-CH2COO on β-
hydroxyfatty acids of rhamnolipid), and 1.9 ppm (-
CH2-CHO-CH2COO on β-hydroxyfatty acids of
rhamnolipid, Alkyl tertiary, H-CR3 of carvacrol and –
CH2- of zein), 1.2 ppm (Alkyl tertiary, H-CR3 of

carvacrol, -CH2-CHO-CH2COO on β-hydroxyfatty
acids of rhamnolipid and –CH2- of zein), 1.1 ppm (-
CH3 on rhamnose moiety and Alkyl tertiary, H-CR3 of
carvacrol), and 0.9 ppm (-CH3 on β-hydroxyfatty
acids). The slight shift of δ values of ± 0.1 ppm proved
that among the encapsulated carvacrol, zein, and
rhamnolipid, there must be hydrophobic interaction
and hydrogen interaction and hydrogen bonding as giv-
en in Fig. 4 and Table ST1 (Supporting Information).
Thus, from the results obtained including FTIR, DSC,
and H1NMR, it can be considered that carvacrol is
encapsulated successfully in the zein/rhamnolipid
(ZRL) complex nanoparticles.

Docking studies

The molecular docking studies with carvacrol and
rhamnolipid show the different binding and pocket sites
for the zein protein in Table 2. We also performed
multiple ligand simultaneous docking which helps in a
deeper understanding of the combined effect of interac-
tion between carvacrol and rhamnolipid with zein pro-
tein. Each docking shows 9 (nine) conformation of
binding pockets for targeting sites shown in Fig. 5 and
Fig. ES4 (Supporting Information). Docking study re-
sults for the binding of these compounds are shown in
Table 2, Fig. 5, and in Fig. ES4 (Supporting Informa-
tion). Each conformation has a different binding affinity,
w.r.t, the root mean square deviation (rmsd) value of the
lower base and upper base.

Fig. 4 Chemical shift analysis of carvacrol-loaded (CRZRL), carvacrol (CR), ZRL, and rhamnolipid (RL) by 1H NMR spectra
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Zein has different active binding or targeting sites for
both compounds but while performing multiple ligand
simultaneous docking, we found some common active
sites which show the interaction behavior for both com-
pounds together at the same time. The detailed descrip-
tion of active binding or targeting sites for each com-
pound are shown in Table 2. Furthermore, the analysis
of the molecular docking reveals that the rhamnolipid
has stronger interactions and binding affinity with the
zein protein in comparison with carvacrol. The highest
binding affinity of carvacrol was around − 5.8 Kcal/mol
while the rhamnolipid recorded the highest binding
affinity of − 7.4 Kcal/mol.When we performed multiple
ligand simultaneous docking with carvacrol and
rhamnolipid, they showed the highest binding affinity
of − 5.8 Kcal/mol. This binding affinity was equal with

the carvacrol binding affinity, but due to the presence of
rhamnolipid, we found the more selective binding site.
These binding sites show Π-Π interaction, which de-
picts the stronger interactions and binding affinity of
carvacrol and rhamnolipid with the zein protein (Fig. 5
and Fig. ES4 (Supporting Information)).

Antimicrobial activity of carvacrol-loaded zein/
rhamnolipid complex nanoparticles

In vitro study of antibacterial and antifungal activity of
CRZRL against P. syringae and F. oxysporum is given
in Fig. 6 a and b and in supporting information Figs.
ES1 and ES2. MICs of CRZRL against P. syringae and
F. oxysporum are 135 μg/mL and 270 μg/mL respec-
tively (Fig. 6a, b). The antibacterial and the antifungal

Table 2 Highest docking scores of different compounds with active site residues of zein

List of compounds Highest binding E\energy
(ΔG) (Kcal/mol)

Active site residues Bond strength (Å)

Carvacrol − 5.8 GLN-84, GLN-277 3.3, 2.5

Rhamnolipid − 7.4 ARG-218, ASN-251 2.8, 3.0

Rhamnolipid + carvacrol − 5.8 GLN-84, ARG-218, ASN-251, VAL-232 5.2,5.4, 5.8, 5.2

Fig. 5 The interaction between carvacrol and rhamnolipid compounds with the active site of the zein protein at GLN-84, ARG-218, ASN-
251, VAL-232
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activities of CRZRL are comparatively higher than the
free carvacrol and ZRL. Since rhamnolipid is a
biosurfactant and its activity against few bacteria includ-
ing some foodborne pathogens, e.g., L. monocytogenes,
B. cereus, S. aureus, E. coli have been reported previ-
ously (de Freitas Ferreira et al. 2019) suggesting its pH-
dependent antibacterial activity against gram-negative
bacteria. Besides, this antifungal activity of rhamnolipid
against F. verticilliodes (Borah et al. 2016) was also
reported. Previously, many reports (namely da Rosa
et al. 2015; Rao et al. 2020) had reported antimicrobial
activity of carvacrol and carvacrol-loaded nanoparticles
against B. cereus, L. monocytogenes, S. aureus, E. coli,
Salmonella, and S. enterica and also against fungi
(B. cinerea, Aspergillus spp., Cladosporium spp., etc.)
(Martínez-Romero et al. 2007; Abbaszadeh et al. 2014).
The antimicrobial activity of carvacrol might be due to
the interaction of lipophilic carvacrol with microbial
phospholipid cell membrane components leading to
drastic changes in the cell membrane. The distortion of
the structure would induce expansion, destabilization of
the membrane, and increase membrane fluidity, which
would eventually increase passive permeability
(Cristani et al. 2007; Keawchaoon and Yoksan 2011;
Rao et al. 2020). The enhanced antibacterial and anti-
fungal activity of encapsulated carvacrol CRZRL may
be due to the synergistic effect of rhamnolipid and zein.
The activity of CRZRL against P. syringae is not much
high as compared to ZRL which could be due to the

lower susceptibility of hydrophobic compounds against
gram-negative microorganisms because of their restrict-
ed diffusion across lipopolysaccharides present on the
outer membrane (Burt 2004). The primary action of the
carvacrol at the membrane and inside the cytoplasm was
improved as compared to the previous studies (Wang
et al. 2011) which may be likely because rhamnolipid
enhanced the access of carvacrol to these regions by
increasing carvacrol aqueous solubility (Rao et al.
2020). Although the antimicrobial effect of carvacrol
is reported previously, its activity against phytopatho-
gens like P. syringae and F. oxysporum for preventing
plant diseases using zein-based nanoparticles stabilized
by rhamnolipid is yet to be reported. The selected or-
ganisms have also been studied in our previous work
(Devi et al. 2019) showing the antimicrobial potential of
rotenone-loaded zein nanoparticles which are stabilized
by sodium caseinate.

Thus, phytoconstituents like carvacrol can be used in
lower concentrations in the form of nanoformulation
with improved antimicrobial activity against various
pathogenic microorganisms giving an exciting area for
future research.

Conclusions

The rhamnolipid stabilized zein-based complex nano-
particles prepared with carvacrol encapsulation was

Fig. 6 a) Antibacterial and b Antifungal activity of CRZRL, ZL,
CR, and NC against P. syringae and F. oxysporum. Negative
control (NC) represents the absorbance of the suspension of

P. syringae without adding nanoparticles. Error bars indicate the
standard deviations from three replicates
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confirmed by FTIR, H1NMR, DSC, and molecular
docking analysis. The active sites (amino acids) of zein
determined from docking studies correlate with the re-
sults from FTIR where characteristic peaks of amide I
band (1750–1600 cm−1) and amide II bands (1550–
1510 cm−1) corresponding to C=O and C-N stretching
respectively was shifted to 1651 and 1543 cm−1 in
CRZRL indicating the involvement of electrostatic in-
teraction between zein, rhamnolipid, and carvacrol and
its successful encapsulation. Besides carvacrol encapsu-
lation, its homogenous dispersion in CRZRL was con-
firmed by the absence of endothermic peak at 184 °C as
discussed previously in our DSC results. Further, the
chemical shift obtained from H1NMR spectra indicated
the interactions among carvacrol, rhamnolipid, and zein.
This led to the enhancement in EE% and LE% and
increased aqueous solubility of carvacrol. The observed
MIC value of 135 μg/mL and 270 μg/mL against
P. syringae and F. oxysporum respectively, responsible
for bacterial canker and fusarium wilt in plants
and crops, could be controlled by the prepared
carvacrol-loaded nano-formulation and thus can
be used to manage other plant diseases also. Fur-
ther such kind of prepared nano formulation could
also find application in food packaging material to
control various foodborne pathogens.
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