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ABSTRACT: Thermal instability, photodegradation, and poor bioavailability of natural active Y, FR— N
ingredients are major drawbacks in developing effective natural product-based antimicrobial ;’ TP
formulations. These inherited issues could be fruitfully mitigated by the introduction of natural 1 o) +

active ingredients into various nanostructures. This study focuses on the development of a ot A3 i
novel green mechanochemical synthetic route to incorporate curcuminoids into Mg-Al-layered ro— \

double hydroxides. The developed one-pot and scalable synthetic approach makes lengthy T /
synthesis procedures using toxic solvents redundant, leading to improved energy efficiency.  Zzzzrr S

The hydrotalcite-shaped nanohybrids consist of surface and interlayer curcuminoids that have — zgze~ . —

" ids-Lay
Double Hydroxide Nanohybrid

formed weak bonds with layered double hydroxides as corroborated by X-ray diffractograms, = ~~~~~
X-ray photoelectron spectra, and Fourier transmission infrared spectra. The structural and \
morphological properties resulted in increased thermal stability of curcuminoids. Slow and sass
sustained release of the curcuminoids was observed at pH S.5 for a prolonged time up to 7 h.

The developed nanohybrids exhibited zeroth-order kinetics, favoring transdermal application.
Furthermore, the efficacy of curcuminoid incorporated LDHs (CC-LDH) as an
anticolonization agent was investigated against four wound biofilm-forming pathogens, Pseudomonas aeruginosa, Staphylococcus
aureus, methicillin-resistant Staphyloccocus aureus, and Candida albicans, using a broth dilution method and an in vitro biofilm model
system. Microbiological studies revealed a 54—58% reduction in biofilm formation ability of bacterial pathogens in developed
nanohybrids compared to pure curcuminoids. Therefore, the suitability of these green-chemically synthesized CC-LDH nanohybrids
for next-generation antimicrobial applications with advanced dermatological/medical properties is well established.

1. INTRODUCTION successfully intercalated natural a-, -, and y-cyclodextrins
into Mg-Al-LDH via the calcination—rehydration reaction

L d double hydroxides (LDH 1 f ior host
ayered double hydroxides ( s) are a class of superior hos pathway.® Perera and co-workers have successfully synthesized

compounds that are capable of intercalating a wide range of " - : ) )
. o > : an antifungal formulation using citrate intercalated LDH by a
guest ions. Their unique structural characteristics derived from

.. . 7 -1 .
the arrangement of layers of the brucite-like structure, which co—Preapltatlon method.” Attempts to stabilize curcumin
has a general formula of [M", .M (OH),], + (A™),,yH,0O derived from Curcuma longa have also been reported by

8
where MY is a divalent metal ion, M™ is a trivalent metal ion, magy re;ee}tlrch groups. - ad lecules th 14
and A" is an anion, have enabled them to find many practical ut of the many potential natural drug molecules that cou

e . 1 .2 . 3 be stabilized within the layers of LDH and thus used as
applications in biomedical fields, catalysis,” polymer industry, . T
and food and agriculture.4a_c LDHs and its composites are controlled release drug formulations, curcuminoid intercalated

widely used in controlled drug and nutrient delivery since they LDdH l}llas shown. p fo'mcllsmg a(;) pChcatlon§ lr%dthe cosrlne;eutlci.al
can act as a good cargo. In these attempts, besides anionic and pharmaceutical industry. (urcuminoids, a polyphenolic

inorganic guests, drug macromolecules and unstable organic compound extracted from the rhizome of C. longa, have

molecules derived from biological extracts have been

successfully intercalated in LDH in order to obtain stability Received:  January 10, 2021
of guest molecules and slow-release properties. Although there Accepted:  March 17, 2021
had been many previous attempts to synthesize drug/nutrient- Published: March 30, 2021

intercalated LDHs hybrids for controlled release, only few
research articles are available on intercalation/incorporation of
natural active compounds in LDH.’ Sasaki et al. have
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Figure 1. (i) TEM and (ii) HRTEM images of CC-LDH nanohybrids. (iii) PXRD, (iv) full XPS, and (v) Mg Is and (vi) Al 2p core—shell level of

(A) LDH and (B) CC-LDH.

numerous functional properties such as antioxidant, anti-
inflammatory, and skin lightening agents, without side
effects.'” However, poor water solubility and stability of
curcuminoids due to photodegradation and enzymatic
degradation have limited their practical applications.'’ Out of
the few attempts to stabilize curcuminoids into LDH,
Megalathan et al.** and Samindra and Kottegoda have reported
the extraction of curcuminoids using acetone followed by
intercalation into Mg-Al-LDH using a co-precipitation
approach.®” They have studied the structural characteristics
of the resulting nanohybrids and also established the release
mechanisms of intercalated curcuminoids. In addition, Gayani
and co-workers have studied the controlled release properties
and their antimicrobial characteristics with reference to the
mechanisms involved in the activity of curcuminoid-LDHs."”

There are different methods to synthesize LDH, out of
which sol—gel synthesis that involves precipitation at a basic
pH followed by hydrothermal synthesis has been commonly
adopted."® In addition, the ion exchange approach, calcination
method, and rehydration method have also been exploited for
guest anions that have a lesser affinity toward the layers."*
However, all reported methods have their inherent drawbacks
due to the need for carrying out an exothermic reaction at the
solution phase. As a result, the processes are lengthy and time-
consuming and generate large volumes of waste materials. It is
also noteworthy that these preparatory methods lead to low
yields due to extensive washing and filtration and in particular
low affinity toward the layers when large organic macro-
molecules are intercalated."’

Water-assisted mechanochemical grinding is a common
synthesis approach in the drug-developing industry. Although
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it is a facile method to synthesize LDH too, only a few
literature studies are available on the synthesis of large
macromolecules’ respective anion intercalated LDH.'® Mecha-
nochemical preparation of LDH is cost-effective compared to
the other methods since it does not require heating, inert
atmospheres, and solvents as in the traditional methods, and as
a result, it allows obtaining LDHs within a short reaction
time.'” This method is also a facile method to force
intercalation of macromolecules that are poorly water-soluble
and have a lower affinity toward the layers. Moreover, this
water-assisted mechanochemical grinding method uses a lower
amount of water, thus making this approach more attractive
and economical. Briefly, it leads to an easily scalable cleaner
reaction with selective intercalation potential for guest
molecules.

In our previous study,86 we have demonstrated the
antimicrobial potential of curcumin intercalated LDH prepared
by a co-precipitation approach. Herein, we report a relatively
greener, energy-efficient synthesis of naturally extracted
curcuminoid incorporated layered double hydroxide nano-
hybrids via a water-assisted mechanochemical grinding path-
way. LDH plays a dual role by enhancing the stability of
curcuminoids and acting as a delivery vehicle for the slow,
precise, and sustained release of curcuminoids for prolonged
periods.”® The increased stability and slow release of
curcuminoids in CC-LDH nanohybrids exhibit excellent
antimicrobial properties.*

2. RESULTS AND DISCUSSION

Morphological, structural, and behavioral patterns of the
synthesized CC-LDH nanohybrids were evaluated to establish

https://doi.org/10.1021/acsomega.1c00151
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Figure 2. (i) Full FTIR spectra, (ii) carbonyl stretching region, and (iii) OH stretching region of (A) curcuminoids, (B) LDH, and (C) CC-LDH.

the structure—property relationships and investigate the
suitability of nanohybrids as a futuristic antimicrobial material.
First, the successful extraction of curcuminoids from natural
turmeric powder was confirmed by thin-layer chromatography
(see Figure S1), indicating the presence of three curcuminoids,
namely, curcumin, demethoxycurcumin, and bisdemethoxy-
curcumin, in the extract.'® Furthermore, it was determined that
the percentage yield of total curcuminoids from C. longa
extracts was 5.40 + 0.48% (w/w).

Transmission electron microscopy images revealed that the
CC-LDH nanohybrids possess a hydrotalcite-like morphology,
as depicted by Figure 1. The interlayer distances along the
(015) and (012) planes originating from the LDH were
observed at 2.31 and 2.58 A, respectively. Noteworthily, these
mechanochemically synthesized nanohybrids exhibited in-
creased crystallinity comparative to the previously reported
curcumin/curcuminoid-encapsulated nanohybrids via co-pre-
cipitation synthetic routes.” This elevation in crystallinity
awards these CC-LDH nanohybrids better slow-release
properties.8b

The PXRD patterns (Figure 1(iii)) provided evidence that
the structural modifications especially pertaining to the
interlayer distances have taken place upon the incorporation
of curcuminoids to layered double hydroxides. Even though
the appearance of new peaks was not observed, a peak shift of
1.02° was observed at the basal peak corresponding to the
(003) plane in the CC-LDH nanohybrid. The original d-
spacing value of 8.90 A reported for the Mg-Al-NO;-LDH of
the (003) plane has been reduced to 7.66 A in the CC-LDH
nanohybrid. These values are in good agreement with the
previously reported basal spacing for Mg-Al-NO;-LDH and
CC-LDH." This decrease in the interlayer distance results
from the strong interactions arising between the phenolic
functional groups of curcuminoids and the hydroxyl layers of
LDH and aligns with the values from the antecedent work."" It
was observed that two different modes of interactions have
been established between LDH and curcuminoids. During the
synthesis, when strong mechanical forces are applied, the
nitrate ions originally present in the LDH are driven out of the
layers and the basic pH medium facilitates the keto—enol
tautomerism, leading to the formation of negatively charged
curcuminoid structures. As a consequence, curcuminoids have
the opportunity to move in between the layers of the LDH.
The remaining curcuminoids bind from the sides of the layers,
which results in further reduction of the interlayer spacing.

The successful replacement of nitrate ions by curcuminoids
was further confirmed by XPS analysis with the absence of
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nitrogen peaks in the spectra (Figure 1(iv)). The changes in
the chemical environment around Mg** and AP** ions in LDH
upon the introduction of curcuminoids were evident from the
shifting of Mg 1s and Al 2p peaks to higher binding energy
(Figure 1(v),(vi)). These shifts account for the ion—ion
electrostatic interactions between Mg>" and A’ ions present
in the LDH with curcuminoid ions, which result in the
decrease in electron density around Mg®* and AI** due to the
induction of weak electrostatic shielding. These shifts in Mg*"
and AP** ions are observed in previously reported mechano-
chemical ground ascorbic acid-intercalated LDH, and the
obtained results are compatible.* The significant shift in full
width at half-maximum (FWHM) values of CC-LDH
compared to that of LDH further represents the chemical
state changes and physical influences from the external
environment such as changing of surface charges, whereas
the broadening of a peak indicates the presence of various
modes of bonding with varying strengths.”” XPS quantitative
results for the nitrate-LDH and CC-LDH are provided in
Table SI in the Supporting Information.

FTIR analysis data also encouraged the formation of new
bonds between curcuminoids and LDH (Figure 2). A cogent
peak shift of 29 cm™ was observed in the O—H stretching at
3398 cm ™' in the CC-LDH followed by peak broadening. This
blue shift in the —OH group is reported in previous CC-LDH,
which was prepared in a co-precipitation route.** These
changes have been brought by the newly formed H bonds
between the hydroxyl groups of curcuminoids and metal
hydroxides and interlayer water molecules. Additionally, the
peak shifts in the —OH bending regions of CC-LDH also
support the formation of H bonds.”" The carbonyl stretching
peak has shifted by 15 cm™ to a lower wavelength in the
nanohybrid, indicating the reduction of electron density
around an oxygen atom due to the emanation of H bonds
with LDH layers and intermolecular water molecules. The Mg-
O-H stretching peak and Al-O-H stretching peak also showed
FTIR peak shifts as a result of forming H bonds. These metal-
oxygen stretchings are specific in LDH, and the obtained
values for metal-oxygen stretchings are well aligned with the
previously reported FTIR spectra of CC-LDH.* The
appearance of a new peak at 815 cm™
FTIR spectra of CC-LDH corresponding to the metal-oxygen
stretching vibrations originating from interactions between
curcuminoids and the Mg-Al-layered double hydroxide
structure.”” Assignment of functional groups in FTIR is further
illustrated in Table S2.

was observed in the
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Thermogravimetric studies unveiled that the thermal
stability of curcuminoids has been elevated by virtue of
incorporation into LDH (Figure 3). The TGA curve of CC-
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Figure 3. (i) TGA and (ii) DTA of (A) curcuminoids, (B) LDH, and
(C) CC-LDH.

LDH showed 7.5% weight loss around 100 °C and 8.1%
weight loss around 200 °C corresponding to the removal of
physisorbed and chemisorbed water, respectively. These
weight loss percentages are well aligned with the previously
reported thermograms of LDH." The presence of curcumi-
noids has helped in reducing the degree of hydration, resulting
in only a 15.6% weight reduction below 200 °C. The complete
dehydroxylation of the nanohybrid accounted for a 5.1%
weight loss within a temperature range of 200—400 °C.
Importantly, the complete decomposition of the CC-LDH
occurred at 412 °C, which escalated the decomposition
temperature of curcuminoids by 37 °C, exhibiting the thermal
stabilization of curcuminoids in the presence of LDH matrix.
This enhancement of thermal stability makes CC-LDH
nanohybrids an excellent candidate in developing novel
antimicrobial formulations with increased shelf life and
manufacturing stability.

The successful incorporation of curcuminoids into the
nanolayers of the LDH was further expressed by the increase in
the particle size of CC-LDH to 604 nm while pure nitrate-
LDH showed a particle size of 125 nm. However, it should be
noted that LDHs are two-dimensional materials possessing
morphology of macroplates with nanosize thickness. In such
structures, the particle size measurements obtained from
dynamic light scattering experiments do not confirm the real
size of the materials as they depend on the hydrodynamic
radius of the material assuming the spherical shape of a solid
particle.”® Therefore, it is unfair to determine the size of the
CC-LDH based only on the particle size measurements.
Additionally, transmission microscopy images, which were
discussed earlier (Figure 1(i),(ii)), clearly showcase the
nanosize interlayer distances. The elevation of the polydisper-
sity index from 0.227 in nitrate-LDH to 0.578 in CC-LDH
clearly indicates the emergence of heterogeneity”” with the
introduction of curcuminoids into the LDH structures (Table
1).

The zeta potential of the nitrate-LDH was recorded as 34.7
mV, showing its higher stability”’ in a colloidal suspension.
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Table 1. Particle Size, Polydispersity Index, and Zeta
Potential of Nitrate-LDH and CC-LDH

parameter nitrate-LDH CC-LDH
size (nm) 125 604
polydispersity index 0.227 0.578
zeta Potential (mV) 34.7 -23.1

However, CC-LDH showed moderate stability’® with a
reduced zeta potential of —23.1 mV. This is due to the
increase in ionic strength of the dispersion medium originating
from the presence of charged molecules like hydroxyl groups
(—OH). This can be attributed to the formation of negative
charges during the keto—enol tautomerism at the intercalation
of curcuminoids and the presence of surface hydroxyl groups in
curcuminoids. However, the conclusion of the stability of the
nanohybrids should not solely be derived from their colloidal
stability as it does not provide a complete view of the stability
of materials due to the exclusion of factors like van der waals
forces and steric interactions.”*

The slow, precise, and sustained release of curcuminoids at
pH 5.5 was disclosed by the release behavioral studies
demonstrating the appropriateness of CC-LDH nanohybrids
as an advanced material in developing novel antimicrobial
applications (Figure 4). Curcuminoids present on both the
surface and interlayers and are weakly bound to LDH gradually
release out in a slow-release manner up to 7 h. This release
behavior will be advantageous over conventional materials.
Kinetic modeling suggested that the release patterns of CC-
LDH fit the zeroth-order kinetic model with a 0.99 R? value,
representing that the release of curcuminoids is a function of
time and the rate of release does not depend on the
concentration of curcuminoids. The obtained kinetic results
are well aligned with the release of curcuminoids from CC-
LDH synthesized from the co-precipitation method.** These
kinetic properties of CC-LDH nanohybrids are well suited for
transdermal delivery systems, making them an ideal candidate
for developing skin-care formulations.”

Bacterial and fungal skin infections are one of the most
prevalent types of infections in developing countries*® that may
lead to serious health issues including sepsis, endocarditis, etc.
Pseudomonas aeruginosa, Staphyloccocus aureus, methicillin-
resistant Staphyloccocus aureus (MRSA), and Candida albicans
are four major etiological agents of microbial skin infections,””
especially in patients with predisposing factors like uncon-
trolled diabetes mellitus, surgical wounds, suppressed im-
munity, poor hygiene, and extremes of age.”® Biofilms are
surface-attached microbial aggregates embedded in a self-
produced extracellular matrix. This microbial phenotype
exhibits more resistance to available antimicrobial agents
compared to its free-floating planktonic phenotype.”” The
current study further evaluates the efficacy of CC-LDH
nanohybrids as an antimicrobial and antibiofilm agent against
common human skin colonizers, P. aeruginosa, S. aureus,
MRSA, and C. albicans. Table 2 shows the minimum inhibitory
and minimum bactericidal/fungicidal concentrations of CC-
LDH and pure curcumin determined using the in vitro broth
macro dilution method.

Curcuminoids exhibited a <10.0 mg/mL MIC value and
<40 mg/mL bactericidal or fungicidal concentration against all
four test strains, whereas CC-LDH exhibited a 40.0 mg/mL
MIC value. CC-LDH did not show any bactericidal/fungicidal
activity on test organisms at any concentration tested. Based
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Figure 4. (i) Release profiles of curcuminoids from CC-LDH at pH S.5 under ambient conditions and (ii) best linear fit (zeroth-order model) of

the release of curcuminoids

Table 2. MIC and MBC (or MFC) Values of Pure Curcumin
and CC-LDH for the Four Test Strains P. aeruginosa, S.
aureus, MRSA, and C. albicans

treatment (mg/mL)

Curcuminoids CC-LDH
MBC or
organism MIC MEC MIC MBC or MEC
P. aeruginosa 10.0 40.0 40.0 no MBC point
(ATCC 27853)
S. aureus (ATCC 25923) 5.0 20.0 40.0 no MBC point
MRSA S.0 20.0 40.0 no MBC point
C. albicans (ATCC 10231)  10.0 40.0 40.0 no MFC point

on the classification of antimicrobial potency of natural
products published by Aligiannis et al.,”® Curcuminoids show
weak antimicrobial activity on test strains. Furthermore,
curcuminoids exhibited a bactericidal effect on test strains
according to criterion published by Krishnan et al.”'
Importantly, CC-LDH possesses bacteriostatic activity on P.
aeruginosa, S. aureus, MRSA, and C. albicans.

Biofilm prevention and control at the early stages of biofilm
accumulation are very important since mature biofilms are
more resistant than initial immature biofilms®* and this high
resistance of microbial biofilms to routine antimicrobial
therapeutics causes serious clinical outcomes such as treatment
failure, prolonged hospitalization, or even mortality when the
treatment and control of biofilm-associated infections are the
concern.”® The present study evaluates the efficacy of CC-
LDH and pure curcumin on controlling the biofilm develop-
ment of P. aeruginosa, S. aureus, MRSA, and C. albicans.
Percentage reduction of the viability of developing microbial
biofilms under the exposure of three concentrations of CC-
LDH and curcuminoids determined by MTT viability assay is
presented in Table 3.

Both curcuminoids and CC-LDH exhibited a high inhibitory
effect on developing microbial biofilms. The 50.0 mg/mL CC-
LDH and pure curcumin inhibit in vitro biofilm development
by >50% compared to the negative control. The 25.0 mg/mL
pure curcumin reduces the biofilm development of all test
strains except MRSA by 50%. Importantly, both curcuminoids
and CC-LDH at 50.0 mg/mL concentration do not show any
significant difference in biofilm viability reduction of all test
strains. However, both treatments show active biofilm
prevention at all tested concentrations.
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Table 3. Percentage Reduction of the Viability of
Developing of Biofilms of P. aeruginosa (ATCC 27853), S.
aureus (ATCC 25923), MRSA, and C. albicans (ATCC
10231) in the Presence of 10.0, 25.0, and 50.0 mg/mL
Treatment (Compared to Negative Control)

treatment (mg/mL)

Curcuminoids CC-LDH
organism 10.0 25.0 50.0 10.0 25.0 50.0
P. aeruginosa 49% 71% 76% 13% 30% 60%
(ATCC 27853)
S. aureus (ATCC 25923)  37% 55% 70% 12% 34% 70%
MRSA 12% 42% 59% 7% 24% 53%
C. albicans (ATCC 5% 56% 70% 6% 17% 71%
10231)

However, when considering the incorporated amount of
curcuminoids into LDH, it was estimated that there is 8.2 mg
of curcuminoids present in 100 mg of CC-LDH. Though 50
mg/mL CC-LDH and curcuminoids exhibit the viable biofilm
biomass reduction of developing microbial biofilms by similar
percentages, CC-LDH achieves >50% reduction of viability
with low concentrations of the active compound, curcumin. It
emphasizes that CC-LDH expresses a similar biological effect
(depletion of the biofilm development) by producing low
curcuminoid concentration in the medium (around 4.2 mg/
mL) for a prolonged period compared to pure curcumin.

SEM images of biofilms of MRSA (clinical isolate) and C.
albicans (ATCC 10231) developed under the chemical stress
of CC-LDH and pure curcumin are shown in Figure 5. SEM
images clearly demonstrate cell wall damages, cellular
shrinkages, cell wall abnormalities, leakages of intracellular
components, and importantly reduction of biofilm cell mass.
These observations are in agreement with previously published
data by various scientists on the membrane-active nature of
curcumin.'” However, most importantly, the magnitude of
cellular destruction and extent of cell density reduction are
higher in biofilms formed with CC-LDH treatment compared
to biofilms formed with the presence of pure curcumin. We
have studied the cytotoxicity of curcuminoids and CC-LDH
toward mammalian cells by exposing them to the normal lung
cell line MRC-5."? This study revealed that curcuminoids show
relatively high cytotoxicity compared to CC-LDH where the
cytotoxic effect of CC-LDH onsets later at 72 h and is more
than 17 times lower than the LDS0 of curcuminoids.
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Figure 5. SEM images of the biofilms of (A—C) MRSA and (D—F) C. albicans formed with the presence of 10.0 mg/mL pure curcumin and CC-
LDH. (A, D) Negative control biofilms. (B, E) Biofilms developed with curcuminoids. (C, F) Biofilms developed with CC-LDH. White solid
arrows: leakages of intracellular components. Red solid arrows: cell wall deformities/shrunk cell envelop.

The antimicrobial properties exhibited by CC-LDH have
originated from curcuminoids bearing amphipathic and
lipophilic properties. Curcuminoids can disturb the cell wall
and cell membrane integrity by acting on membrane-associated
proteins and phospholipids.”* This causes alterations in cell
membrane permeability and cellular transportation systems,
which ultimately lead to cytoplasmic leakages and microbial
cell death.®® At the same time, curcuminoids inhibit the
microbial cell division by attaching to structural protein
tubulins, which may cause the reduction of the cell densities of
treated biofilms.*®

Furthermore, curcuminoids can interrupt protein synthesis
and cellular enzymes by disrupting RNA associated with
microbial metabolism.”” Not only that, natural curcuminoids
exhibit a downregulating effect on gene expression of bacteria
and inhibition of DNA damage responses, and importantly,
these DNA—curcuminoid interactions are the basis of the
bacteriostatic effect of curcuminoids.®®

The ability to reduce the pathogenic biofilm formation
shown by CC-LDH is due to the interference of curcuminoids
with the intercellular communication system, which facilitates
community behaviors and biofilm establishment of microbial
pathogens. Biofilm formation is a complex and dynamic
process that involves four major steps including adhesion to
host surfaces, biofilm maturation, and dispersion of planktonic
cells to form microcolonies in distal sites.”” By interrupting the
signal transduction pathways, curcuminoids inhibit the
adhesion and biofilm development of microbial pathogens
without causing microbial cell death. Additionally, it reduces
the biomass and the structural stability of the biofilm.

Even though pure curcuminoids demonstrate a good
antimicrobial activity, its instability causes implications in the
practical usage in medical applications. The increased stability
and the extended release of the active antimicrobial compound,
curcuminoids, by the CC-LDH can maximize the therapeutic
efficacy of the antimicrobial agent while minimizing the
occurrence of antimicrobial resistance.

3. EXPERIMENTAL SECTION

3.1. Materials. All chemicals and reagents in the analytical
grade were purchased from Sigma Aldrich, USA. and were used
as received. Commercially available natural turmeric powder
was used to extract curcuminoids. Distilled water was
employed for sample preparations.
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3.2. Extraction and Identification of Curcuminoids.
Curcuminoids were extracted from natural turmeric powder
according to the method reported by Kwon and Chung.'®
Extracted curcumin was analyzed by thin-layer chromatog-
raphy with a chloroform:methanol (95:5) solvent system as the
mobile phase.

3.3. Preparation of Curcuminoid-LDH (CC-LDH)
Nanohybrids. First, Mg-AI-NO; LDH was synthesized by
following the mechanochemical synthetic route described by
Ay et al.'"” To the synthesized Mg-AI-NO; LDH (1 g) in a
ceramic mortar were added extracted curcuminoids powder
(6.0 g), NaOH pellets (2.8 g), and water (3 mL) and were
ground manually using a ceramic pestle for 1.5 h at room
temperature under an inert environment in a glove box. The
resultant paste was washed thrice with distilled water (20 mL)
and dried at 90 °C to obtain CC-LDH nanohybrids.

3.4. Characterization. The morphology of the synthesized
nanohybrids was analyzed with a JEOL JEM-2100 transmission
electron microscope. In order to establish structure—property
relationships, structural characteristics were studied via several
techniques. Powder X-ray diffraction (PXRD) patterns were
recorded over a 2-theta angle of 4°—70° at a step size of 0.02°
with Cu Ka radiation in a Rigaku-Ultima IV X-ray
diffractometer. A Thermo Fisher Scientific X-ray photoelectron
spectrometer with a 165 mm ESCALAB Xi+ hemispherical
electron energy analyzer with monochromatic Al Ka X-rays
was used to obtain X-ray photoelectron spectra. Fourier
transform infrared (FTIR) spectral analysis was performed
with a Bruker Vertex 80 FTIR spectrophotometer in diffuse
reflection mode within a wavelength range of 600—4000 cm™".
The thermal stability of nanohybrids was investigated via a TA
Instruments SDT 650 thermogravimetric analyzer over a
temperature range of room temperature to 900 °C under a
nitrogen atmosphere at 10 °C/min ramp. A Thermo Scientific
GENESYS 10S series UV—Vis spectrophotometer was
employed to procure UV—Vis spectra. A Malvern Zetasizer
Nano ZS particle size analyzer was used to determine the
particle size, zeta potential, and polydispersity index (PDI) of
the nanohybrids in water. SEM characterization was done
using the secondary electron mode of an SU6600 microscope.

3.5. Release Behavior of Curcuminoids at pH 5.5. To
study the release of curcuminoids from CC-LDH under
simulated conditions equal to human skin, a synthesized
phosphate buffer of pH 5.5 was utilized. CC-LDH powder
(100 mg) was dispersed in the buffer solution (100.0 mL), and
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5.0 mL of aliquot was eluted. The release of curcuminoids into
the buffer was quantitatively measured at room temperature
using the UV—Vis spectrometer at a wavelength of 427 nm.

3.6. Amount of Incorporated Curcuminoids in CC-
LDH. Determination of the total amount of incorporated
curcuminoids was carried out by dissolving CC-LDH
composite (2 g) in ethanol (15 cm’) and stirring for 12 h.
After 24 h, the absorbance of the filtrate was measured using a
UV—Vis spectrometer, and the concentration of curcuminoids
was determined at a wavelength of 427 nm.*

3.7. Kinetic Modeling. The data resulting from the release
behavioral study was fitted into zeroth-order, first-order,
Higuchi, Korsmeyer—Peppas, Avrami-Erofe’ev, Elovich, and
Freundlich kinetic models to obtain rate constants and R
values to establish the release mechanism of curcuminoids
from nanohybrids at pH 5.5."° Release behavioral kinetic
studies and kinetic models used to analyze the release behavior
of curcuminoids from CC-LDH and R* values of applied
kinetic models (Table S3) are provided in the Supporting
Information.

3.8. Antimicrobial and Antibiofilm Activity of CC-LDH
Nanohybrids. 3.8.1. Microorganisms and Culture Con-
ditions. P. aeruginosa (ATCC 27853), S. aureus (ATCC
25923), methicillin-resistant S. aureus (MRSA: a clinical
isolate), and C. albicans (ATCC 10231) cultures were obtained
from the Department of Microbiology, Faculty of Medical
Sciences, University of Sri Jayewardenepura, Sri Lanka. Stock
cultures of bacteria and Candida were maintained on Nutrient
Agar (NA, Sigma-Aldrich, USA) slants and Sabouraud
Dextrose Agar (SDA, Sigma-Aldrich, USA) slants. In order
to obtain 24 h fresh microbial cultures, test strains were
subcultured on Brain Heart Infusion (BHI) agar plates (Sigma-
Aldrich, USA) and incubated at 35 °C for 24 h.

The standard inocula of test strains were prepared by
dissolving few colonies obtained from 24 h fresh microbial
cultures in BHI broth and adjusting the turbidity of the
inoculum by comparing with a 0.5 McFarland scale.

3.8.2. Minimum Inhibitory Concentration (MIC). MIC was
determined using the broth dilution methods with modifica-
tions. Briefly, the doubling dilutions of nanohybrids and pure
curcumin (2.5, 5.0, 10.0, 20.0, 40.0, and 80.0 mg/mL) were
prepared in sterile bijou bottles (1 mL of the dilution in sterile
BHI). One milliliter of the prepared standard microbial cell
suspension in BHI broth was mixed together with the prepared
dilutions, and then the bottles were incubated at 37 °C for 24
h. The content of each bottle was visually observed to detect
the presence or absence of turbidity after 24 h incubation. The
lowest concentration of the treatment without turbidity was
considered as the MIC point.*'

3.8.3. Minimum Bactericidal/Fungicidal Concentration
(MBC/MFC). After the above mentioned visual inspection, the
content of each bottle was mixed well and 10 L aliquot was
subcultured on BHI agar (bacteria) or SDA (Candida) plates.
These plates were further incubated at 37 °C for 24 h. The
minimum concentration of the treatment with no visual growth
on the agar surface after 24 h incubation was considered as the
MBC or MEC point.

3.8.4. Effects on Microbial Biofilm Development. A 24-well
sterile polystyrene flat-bottom cell culture plate was seeded
with 1 mL of standard microbial cell suspensions of each
organism followed by incubation at 37 °C for 2 h. The plate
was then carefully washed with 2 mL of sterile normal saline,
and 1 mL of the prepared dilutions (10.0, 25.0, and 50.0 mg/
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mL) of the treatments was added separately to the
corresponding wells. One milliliter of BHI broth was added
to the negative control wells instead of the treatment. The
plate was then incubated at 37 °C for 24 h. The extent of
biofilm development of the test strains in the presence of
different concentrations of the treatments was quantified using
the I\i[zTT viability assay explained previously by Weerasekera
et al.

3.8.5. Electron Microscopy Studies. The ultrastructure of
biofilms formed in the presence of different treatment
concentrations was evaluated by SEM. Sterile 10 mm glass
coverslips were placed at the bottom of the 12-well cell culture
cluster separately. Coverslips were then immersed in 1 mL of
the prepared standardized microbial cell suspensions and
incubated for 2 h at 37 °C.

Then, the remaining cell suspensions were replaced with the
treatment (10.0 mg/mL) in sterile BHI (1 mL/well).
Coverslips were incubated for 24 h at 37 °C. After incubation,
the coverslips with formed biofilms were subsequently washed
twice with sterile distilled water. Then, they were transferred to
a new 24-well cell culture cluster containing 2.0% glutaralde-
hyde. After fixing with glutaraldehyde for 24 h, samples were
dehydrated in a series of ethanol solutions and air-dried
overnight in an incubator followed by sputter coating with
gold. Samples were analyzed under 15k magnification and 10
kV voltages.

4. CONCLUSIONS

A novel, slow-release biomaterial was developed by incorporat-
ing curcuminoids as an active natural ingredient into layered
double hydroxides via an energy-efficient, greener mechano-
chemical synthetic route. PXRD and FTIR data revealed the
successful formation of a CC-LDH nanohybrid. TEM images
confirmed the layering pattern of the resulting nanohybrid,
while XPS data further confirmed the structural changes and
electron density variations that arise when curcuminoids are
incorporated into LDH. Furthermore, CC-LDH obtained from
the mechanochemical grinding method has better thermal
stability in contrast to the isolated curcuminoids due to the
strong host—guest interaction involving the hydrogen bonding
and electrostatic interactions. More interestingly, CC-LDH can
be used as an effective decolonizing agent or biofilm
prevention strategy at the early stages of biofilm development,
which would be beneficial to pharmaceutical and cosmetic
applications. Thus, we can assert the aptitude of curcuminoid-
layered double hydroxides as an advanced biomaterial for the
development of the next-generation advanced antimicrobial
applications.
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