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Abstract

In this study, an ethnonanocomposite was produced by using Curcuma zedoaria and ZnO nanoparticles. This was immo-
bilised on poly (e-caprolactone) (PCL) microspheres for effective delivery. The presence of curcuminoids in C. zedoaria
extract was confirmed by GC-MS and LC-MS analyses. The ZnO/C. zedoaria. nanocomposite synthesised in this study
was subjected to X-ray diffraction and field emission scanning electron microscopy, which revealed the crystalline nature of
formed nanocomposite. The nanocomposite was then immobilised on PCL microspheres by emulsion solvent evaporation.
Further, XRD and FE-SEM confirmed the presence of nanocomposites and the spherical nature of the polymeric micro-
spheres with diameter ranging from 4 to 36 um. The antimicrobial activity analysis revealed the remarkable effectiveness
of the nanocomposite loaded microspheres. The ethnonanocomposite loaded PCL microspheres generated in the study can

thus be an effective antimicrobial agent with diverse biomedical applications.
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Ethnic-nanomedicine

1 Introduction

The quest for antimicrobial agents has been going on for
centuries and hence nanotechnological exploration of ethno-
medicine offers great promise. Curcuma zedoaria has been
well documented in ethnic pharmacotherapy [1]. It has been
known for its antibacterial as well as fungicidal properties.
Moreover, it has shown pronounced analgesic, anti-oxidant,
anti-tumor, and anti-clastogenic properties [2]. The dark
orange colored rhizhome contains several active ingredi-
ents that are highly sought out among traditional medicine
practitioners [3]. With the alarming increase in antibiotic
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resistance among pathogens, an emerging interest to explore
the efficiency of age-old herbal remedies through nanotech-
nological methods has evolved [4, 5]. Such combinatorial
therapeutics are likely to possess multi-targeting capabilities
against pathogenic microbes and could hold great potential
in managing drug resistant pathogens.

Metal nanoparticles have been established as effective
antimicrobial agents [6—10]. In this study, ZnO NPs with
well known antimicrobial and anti-inflammatory properties
were selected to develop nanoparticle-based phytomedicine
[11, 12]. ZnO NPs have proved to be highly efficient in con-
jugation with materials of plant origin [13—15]. The ZnO
NPs have superior effect to eradicate microbes at signifi-
cantly low concentration. By using a carrier to house ZnO
NPs, a small amount of material can be effectively delivered
to the target site [16, 17]. PCL has proved its versatility in
biomedical applications over the past few decades [18-20].
PCL has been used to immobilise nanoparticles, bioac-
tive agents, enzymes as well as live cells [21, 22]. It has
also been engineered into various morphologies according
to the need for delivery of the therapeutic materials. For
this, PCL has been converted into electrospun mats, cast
into thin films, freeze dried into monoliths, 3D printed, and
emulsified into nano/microparticles [23-25]. Biocompatible
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polymeric nanoparticles have been extensively prepared and
applied for various biomedical purposes [26-29].

The current study reports the preparation of a novel
phytoformulation with microbicidal properties using C.
zedoaria, complexed with ZnO nanoparticles. The phytofor-
mulation was further loaded onto polymer microspheres for
effective delivery of the antimicrobial composite. The bio-
compatibility, biodegradability and stability of PCL along
with the unique features of the phytonanoformulation make
the study significantly important.

2 Materials and Methods
2.1 Preparation of Crude Extract

Fresh C. zedoaria rhizomes were acquired from Indian Insti-
tute of Spices Research, Kozhikode, Kerala, India. The col-
lected rhizomes were cleaned, steamed for 7 min and sliced
into small pieces before drying in a hot air oven at 50 °C for
6 h. The dried material was collected and ground into fine
powder using a high-speed blender. The dry, ground rhizome
was used for further study [3].

2.2 Preparation of Sample

The finely powdered rhizome sample (0.3 g) was extracted
using 30 mL of methanol in a probe sonicator at 35 kHz
for 60 min at room temperature. The solution was filtered
using a 0.22 um syringe filter and the residue was treated
with 20 mL methanol and mixed well. This was filtered
using Whatman filter paper no: 1, and finally filtered using
0.22 um syringe filter [30].

Fig.1 Schematic representa-
tion of the PCL microsphere
preparation using the W/O/W
emulsion solvent evaporation
technique
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2.3 Development of Nanoparticle Based Conjugate
of C. zedoaria Extract

2.3.1 Selection of Nanoparticles

ZnO NPs were purchased from Sigma Aldrich, India. The
ZnO nanoparticles specifications were as follows: TEM par-
ticle size: < 100, average particle size: < 40 nm. ZnO was
selected due to its excellent antimicrobial activity in associa-
tion with phytochemicals.

2.3.2 Preparation of Nanoparticle Samples

ZnO nanoparticles in water was prepared at a concentration
of 1 mg/mL. C. zedoaria extract (1 mL) was mixed with
the nanoparticle solution at 1:1 ratio and sonicated for 4 h
at 35 kHz for 60 min at room temperature to produce the
nanoconjugate. The mixture was then filtered using a What-
man filter paper no: 1 and stored at 4 °C.

2.4 Preparation of PCL Microspheres Loaded
with ZnO/C. zedoaria nanocomposite

The PCL microspheres loaded with ZnO/C. zedoaria nano-
composite was prepared using W/O/W emulsion solvent
evaporation technique (Fig. 1). Polycaprolactone (PCL)
(MW ~80,000) was purchased from Sigma Aldrich, St.
Luis, USA. Dichloromethane (DCM) (purity ~99.5%) was
purchased from Himedia, India. Polyvinyl Alcohol (PVA)
(MW ~92,500) was purchased from Himedia, India. 1%
solution of PVA in water was prepared and stored until
further use. The PCL beads (100 mg) were dissolved in
10 mL of DCM. To the polymer solution, 3 mL of aque-
ous medium containing ZnO-C. zedoaria was added and
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stirred vigorously at 6000 rpm for 2 min. This emulsion was
then introduced into 30 mL of aqueous phase containing
PVA (1%), and stirred at 4500 rpm for 150 min at 30 °C.
The solution was further stirred for 5 h at 30 °C in order to
evaporate the residual DCM. Complete evaporation of the
organic solvent resulted in polymer hardening and eventual
entrapment of the phytoformulation on the polymer [31].
The procedure for preparation of PCL microspheres has been
schematically presented in Fig. 1.

3 Characterization Techniques
3.1 Metabolite Analysis of the Crude Extract
3.1.1 Gas Chromatography Mass Spectrometry (GC-MS)

GC-MS was carried out to analyse and identify the active
ingredients in the prepared extract. GC-MS analysis was
carried out using Shimadzu GC-MS System model num-
ber QP 2010S. The filtered and diluted rhizome extract
(1 uL) was injected into the GC system provided with
30 mx 250 um X 0.25 um Rxi-5Sil MS column. Helium was
used as the carrier gas with a column flow rate of 1.00 mL/
min. The GC oven was held at 80 °C and then ramped from
80 to 260 °C at 5 °C/min. The chromatogram and mass spec-
tra were recorded and analysed [32].

3.1.2 Liquid Chromatography Mass Spectrometry (LC-MS)

Filtered extract was also used for metabolite analy-
sis by liquid chromatography—mass spectrometry using
Acquity H Class (Waters, Milford, MA, USA) ultra per-
formance liquid chromatography with BEH C18 column
(50 mmx2.1 mmx 1.7 um) and a Xevo G2 (Waters) mass
spectrometer. A mixture of methanol and water was used
as mobile phase and was delivered at a flow rate of 0.3 mL/
min for a scan time of 9 min. The source temperature and
desolution temperature were 135 and 350 °C respectively.
The capillary voltage of 3 kV was used [32].

3.2 UV-Vis Spectroscopy

For the characterization of prepared ZnO-zedoaria conju-
gate, UV-Vis absorbance spectrum analysis was conducted
using a Shimadzu UV 2600 142 spectrophotometer in the
range 200-700 nm at a resolution of 1 nm [33].

3.3 X-ray Diffraction (XRD)

XRD measurements for all the samples were carried out in
Bruker D8 Advance X-Ray Diffractometer with nickel-fil-
tered CuKa radiation operating at 45 kV and 44 Ma, with

minimum step size 20: 0.001° and w: 0.001°; divergence
and receiving Slit Size of 0.4354 and 0.3000 mm respec-
tively. All data were collected in the 20 range of 2°-40°
with a scanning rate of 5°/min. XRD was carried out on
purified and dried samples [33].

3.4 Field Emission-Scanning Electron Microscopy

The surface morphology of the prepared nanocomposite
was investigated with the help of FE-SEM. The purified
nanocomposite was air dried and sputter coated with gold.
The morphology of the prepared polymer microspheres
was investigated with the help of FE-SEM. The purified
microspheres were air dried and sputter coated with gold.
The gold coated samples were imaged using Carl Zeiss
SIGMA FE-SEM at an accelerating voltage of 3 kV.

3.5 Antimicrobial Properties

The prepared nanocomposite formulation was assayed for
antibacterial activity against S. aureus. For this, the test
organism was inoculated into 10 mL of nutrient broth and
was incubated overnight at 37 °C. For the antimicrobial
activity analysis, Mullen Hinton (MH) agar plates were
used. The test organism was swabbed onto the surface of
the MH agar plates. To the individual wells made on the
agar, 60 uL each of methanol (control), nanoparticle, plant
extract, and nanoformulation were introduced.

The antimicrobial activity of the prepared polymer
microspheres was analysed against S. aureus as explained
earlier. Two wells were punched on the agar, one each
for neat and ZnO/C. zedoaria nanocomposite loaded PCL
microspheres respectively. The test organism was then
swabbed uniformly on the surface of agar plate. To each
well, 60 pL of the respective microspheres were intro-
duced. This study was performed in triplicate. All the
plates were incubated at 37 °C [34].

4 Results and Discussion

Phytoformulations have increasing demand due to their
low toxicity and easy availability. At the same time, nano-
structured materials have been highly desirable for micro-
bicidal applications due to their ability to penetrate into
cells with ease. Therefore, a combination of an ethnophar-
macological material and a metal oxide NP for antimicro-
bial applications can be considered highly potent due to
their multi-targeted activity.
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4.1 Metabolite Analysis of the Crude Extract of C.
zedoaria

The C. zedoaria crude extract was subjected to metabolite
profiling by GC-MS and LC-MS, in order to confirm the
active ingredients in the extract.

4.1.1 Gas Chromatography Mass Spectrometry (GC-MS)

GC-MS analysis detected the presence of a-curcumene,
B-curcumene, and 8-cuparenol as the major compounds from
the extract of the C. zedoaria (Fig. 2; Table 1) [35]. These
three compounds are well known for their anti-inflammatory
and antimicrobial properties [36].

4.1.2 Liquid Chromatography Mass Spectrometry (LC-MS)

The LC-MS analysis of crude extract indicated the pres-
ence of various compounds (Fig. 3a). Thus elution peak of
C. zedoaria extract at 6.31 min, upon ionisation and mass
spectrometry revealed the presence of curcuminoid deriva-
tives (Fig. 3a, b). The deprotonated ions [M—H]™ of par-
ticular interest in this study were found to have m/z values
of 367, 337 and 307 (Fig. 3b). These indicated the pres-
ence of curcuminoids in the extract. Further these were
subjected to MS/MS analysis which showed these molecu-
lar ions to have daughter ions with m/z values of 217, 173,
149 for 367 (Fig. 3c), 217 and 173 for 337 (Fig. 3d), and
182 & 148 for 307 (Fig. 3e) respectively. The molecular
ion with m/z value 367 indicated the presence of curcumin,
337 that of demethoxy curcumin and 307 of bisdemeth-
oxycurcumin. Thus the presence of the curcuminoids
could be confirmed in the extract as major metabolites by
GC-MS and LC-MS [37-39]. These curcuminoids have

already been demonstrated for their antimicrobial activity
[40]. The presence of these diverse metabolites could be
predominantly responsible for the antimicrobial properties
exhibited by the C. zedoaria extract.

4.2 Characterization of Nanoconjugate
4.2.1 X-ray Diffraction (XRD)

The reflections for ZnO NPs can be observed at 20=31.6°,
34.2°,36.1°, 47.4°, 56.5°, 62.7°, 66.3°, 67.8°, and 68.9°.
These represent hexagonal wurtzite phase of ZnO with lat-
tice constants a=b=0.324 nm and ¢=0.521 nm (JPCDS
number: 36-1451). The high intensity reflections between
30° and 40° are indicative of highly crystalline regions in
the nanoparticles. The XRD diffraction patterns exhibited
by extract of C. zedoaria showed the presence of reflec-
tions at 20 =14.5°, 17.2°, 21.17°, 23.47° and 25.5°. The
presence of sharp reflections between 10° and 30°, could
refer to the presence of crystallite structures in the extract.
The nanocomposite ZnO/C. zedoaria XRD profile showed
the reflections of both ZnO nanoparticles and C. zedoaria
as well (Fig. 4) [13, 34]. The reflections of C. zedoaria
can be observed from 20=10° to 26 =30° and the major
reflections of ZnO can also be observed in the ZnO/C.
zedoaria XRD profile. The presence of highly crystalline
ZnO nanoparticles was confirmed by XRD. The XRD pro-
file of C. zedoaria extract revealed reflections comparable
to those of curcumin. As the presence of curcuminoids in
C. zedoaria extract was previously confirmed by GC-MS
and LC-MS analyses, the XRD results can be concluded
as indicative of presence of curcuminoids [41].

Fig.2 GC-MS analysis of C.
zedoaria extract
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4.2.2 Field Emission-Scanning Electron Microscopy

The SEM micrographs (Fig. 5a, b) were obtained for phytofor-
mulation containing nanosized ZnO particles and C. zedoaria
extract at different magnifications. From this, the nanocom-
posite phytoformulation can be observed as uniform clusters
as in Fig. 5 b [42]. The association between the metal oxide NP
and C. zedoaria extract might have resulted in the formation
of nanosized clusters [42].

@ Springer

4.3 Characterization of Nanoconjugate Loaded
Microspheres

4.3.1 FE-SEM

The PCL microspheres could be clearly observed in the
SEM micrographs (Fig. 6). They were observed to have
good sphericity and were polydisperse with size ranging
from 4 to 36 um (Fig. 6a). On further magnification, the
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Fig.4 XRD profiles of ZnO nanoparticle, C. zedoaria and ZnO/C.
zedoaria nanocomposite showing the characteristic peaks of ZnO
nanoparticle, C. zedoaria extract and the nanocomposite

surface of the microsphere appears to be covered with pores
that vary in size from 49 to 640 nm. The surface of the
microspheres also showed the unidirectional fibril forma-
tions characteristic of neat PCL (Fig. 6b, c) [31]. Solvent
evaporation could induce fibrillary structures and nanosized
pore on the surface of neat PCL microspheres (Fig. 6b, c).
These are the result of crystallisation process of polymer
during solvent evaporation, induced by chain diffusion [34].

The ZnO/C. zedoaria loaded microspheres (Fig. 6d) also
appeared to be polydisperse with a size range of 6 to 39 um.
Their magnified surface morphology revealed the micro-
sphere exterior to be speckled with white particles (Fig. 6e).
These white particles on further magnification revealed
structures similar to the ZnO/C. zedoaria nanocomposite
(Fig. 6f). The pores and characteristic fibril formation on
the surface of the microspheres loaded with nanocompos-
ite were found to be absent when compared to the control
[31]. From the SEM micrographs, the nanoconjugate parti-
cles appear to be coated on the surface of the microspheres
(Fig. 6¢e). This preferential adhesion on the surface of the
microspheres could be attributed to the hydrophilicity of

Fig. 5 FE-SEM micrographs of the prepared nanocomposite at lower
and higher magnifications (a, b), the micrographs depict the uniform
clusters of the nanocomposite material

the ZnO/C. zedoaria phytocomposite. This property of the
phytonanocomposite has been demonstrated to be the basis
of layer formation on the surface of PCL microspheres. This
is also in accordance with the results published by Wang
et al. where hydrophilic rhodamine was observed to be on
the surface of PCL microspheres [43].

4.3.2 X-ray Diffraction (XRD)

The XRD profile of the neat PCL showed the characteris-
tic reflection of the polymer at 20 =21.4° and 23.8°. The
reflections at 20=21.4° and 20=23.8° indicated (110) and
(200) planes in PCL respectively (Fig. 7). The presence
of all the characteristic reflections in the XRD pattern of
neat polymeric microspheres confirmed the microspheres
to be composed of PCL. However, ZnO/C. zedoaria loaded
PCL microspheres did not show any reflection correspond-
ing to the polymer. ZnO/C. zedoaria loaded microspheres
showed reflections for ZnO NPs at 20 values=31.6°, 34.2°,
36.1°, 47.4°, 56.5°, 62.7°, 66.3°, 67.8°, and 68.9°. The
XRD diffraction patterns of C. zedoaria were also observed
occurred at 20=14.5°,17.2°, 21.17°,23.47° and 25.5° [13,
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Fig.6 FE-SEM micrographs of a Neat PCL microspheres, b microspheres at X 6000 magnification, ¢ the surface of microspheres at x 50,000
magnification, d nanocomposite loaded microspheres, e surface of the microspheres at X 50,000, and f the nanocomposites
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Fig.7 XRD profiles of neat PCL and nanocomposite loaded micro-
spheres with masked reflections of the polymer
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34] (Fig. 7). This confirmed the presence of the ZnO/C.
zedoaria nanocomposite on the surface of the PCL micro-
beads as observed by the FE-SEM micrographs. However,
the absence of the PCL reflections in the XRD profile of the
nanocomposite loaded microsphere could indicate the com-
plete covering of microsphere surface by the nanocomposite
phytoformulation thereby hindering the reflections from the
semi crystalline planes of the polymeric material [34].

4.4 Antimicrobial Properties of ZnO/C. zedoaria
Nanocomposite and PCL Microspheres

The prepared nanocomposite of ZnO and C. zedoaria were
analysed for antimicrobial activity against S. aureus (Fig. 8).
The conjugate showed promising antibacterial activity.
ZnO and C. zedoaria extract separately showed a zone of
inhibition of 11.3 and 11 mm respectively. Remarkably,
the nanoconjugate produced an inhibition zone of 15 mm
[3] (Table 2). Upon combining the metal oxide nanopar-
ticle with the extract, a synergistic effect was observed
which resulted in increased antimicrobial activity. This
could be attributed to the combination of nanosized par-
ticle with the phyto-antimicrobial agent. The conjugation
between these materials might have facilitated easier deliv-
ery of the plant based antimicrobials into the bacterial cells
[44]. Along with this, the multi-targeted action of both ZnO
and C. zedoaria extract might have provided the synergistic
inhibitory effect. This could be the basis of the observed
superior antimicrobial functioning of the nanocomposite.
The PCL microspheres were prepared as delivery
vectors for the metal oxide-plant extract nanoconjugate.
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Fig.8 A Antimicrobial activity against S. aureus by ZnO nanopar-
ticles (a, b), C. zedoaria extract (c, d), nanocomposite of ZnO and
C. zedoaria extract (e) and control (f). B Antimicrobial activity of

Table 2 Summary of the antimicrobial activity against S. aureus

S. no. Sample Inhibi-
tion zone
(mm)

a,b ZnO 11.3

d, c Tz 11

e ZnO0+Tz 15

f Control -

g Neat PCL -

h PCL/ZnO/zedoaria 15

Antimicrobial activity of these polymeric antimicrobial
microspheres were tested on S. aureus. The PCL/ZnO/C.
zedoaria microspheres showed remarkable antimicrobial
property with an inhibition zone of 15 mm [45] (Fig. 8).
The neat PCL microspheres did not show any antimicro-
bial activity as PCL doesn’t have any inherent antimicro-
bial property. The nanocomposite loaded microspheres
exhibited antimicrobial activity similar to that of the
nanoconjugate. This could be explained by the presence of
nanocomposite on the surface of the microspheres which
directly acted against the microbes. According to the dif-
fusion principle, there would be an initial burst release
of the nanocomposite followed by sustained release from
the microsphere surface [43]. Thus, the prepared ZnO/C.
zedoaria loaded PCL microspheres could be very use-
ful in applications where a quick and sustained antimi-
crobial activity is necessary. These microspheres can be
used for eliminating pathogenic microbes from various
fluids including the biological fluids and wound surfaces.

microspheres against S. aureus. Neat PCL microspheres (g) and PCL/
zedoaria/ZnO microspheres (h)

The microspheres can be easily removed from the fluids
by filtration or restrained in an appropriate membrane to
unleash their antimicrobial activity.

5 Conclusion

Development of effective antimicrobials for in vivo as well
as ex vivo applications is a matter of utmost importance,
considering the rapidly evolving resistant species of patho-
genic microbes. In this study, an effective antimicrobial
nano-phytoformulation was synthesised and loaded onto
a delivery vehicle for effective and prolonged release of
the nano-phytoformulation. The C. zedoaria extract used
in the study revealed the presence of various bioactive
metabolites.

The prepared ZnO/C. zedoaria loaded PCL micro-
spheres can be used as an effective antimicrobial in appli-
cations that require immediate and sustained release of
effective antimicrobial. This preliminary study also opens
up the opportunity to test the microspheres in living sys-
tems after further evaluation of the prepared microspheres.
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