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ii\cftiss:i:dlzgosxzrsebrezr 55323 curcumin (CUR), a natural bioactive, chiefly present in Curcuma longa
L. rhizomes, exerts therapeutic potential for numerous chronic disorders
by virtue of its profound anti-oxidant, anti-inflammatory and anti-
tyrosinase action. Nonetheless, its therapeutic utility is hinders owing to
its poor solubility, stability issues, fast metabolism, poor absorption and
bioavailability issues. Polymer based nano systems have fascinated
scientific community over the past few decades. As a potential polymer
system, B-cyclodextrin nanosponges demonstrated the potential to entrap
bioactives and aid in their solubility, stability and bioavailability. Hence,
the current research work is aimed to formulate, characterize curcumin
enriched nanosponges (CUR-NSs) and evaluate the anti-oxidant, anti-
tyrosinase and anti-inflammatory activities. Initially, curcumin enriched
nanosponges were fabricated by varying polymer: cross-linker ratios
resulting in expectable entrapment, size and release profile. Besides
successful characterization, solubility and photostability of CURNS4
were found enhanced in comparison to pure bioactive. Further, findings

of anti-oxidant, anti-tyrosinase and anti-inflammatory activities were
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found promising for CUR nanosponges. In vitro release of CUR was
found enhanced in CURNS4 compared to pure bioactive. Hence, findings
of this research work highlight the significance of CUR enriched
nanosponges to appraise its effectiveness.

CC License Keywords; Bioactive; p-cyclodextrin; Colloidal delivery system;

CC-BY-NC-SA 4.0
Nanosponges, Polymer

1. Introduction

Currently, snowballing in epidemiologic and experimental reports demonstrated that plants and
their derived products exhibit huge potential to prevent and treat various disorders (Manna et al.,
2020). Plant products have been utilized as a folklore medicine since days of yore, which is
directly linked to their promising medicinal properties and lower adverse effects in comparison
to synthetic drugs (Anwar et al., 2021). In this context, curcumin (CUR), a natural bioactive,
chiefly present in Curcuma longa L. rhizomes has a rich history of traditional usage in East
Asian countries as a turmeric (curry powder) (Hafez Ghoran et al., 2022). This bioactive exerts
therapeutic potential for numerous chronic disorders including neurodegenerative diseases,
metabolic syndromes, arthritis, liver disorders, and in various cancers mainly by virtue of its
profound anti-inflammatory and anti-oxidant action (Giordano and Tommonaro, 2019; Kah et
al., 2023). However, CUR exhibit numerous challenges such as poor solubility, stability issues,
fast metabolism, poor absorption and bioavailability issues, which hinders its utility (Iriventi et
al., 2020).

To resolve the above-mentioned issues of CUR, selection of a suitable delivery system is very
crucial. Nano-delivery systems demonstrated effective targeting, good pharmacokinetics,
reduction in side-effects (Lalami et al., 2022). Polymer based nano systems have fascinated
scientific community over the past few decades (Monfared et al., 2022). As a potential polymer
system, [B-cyclodextrin nanosponges aid in improvement of solubility, stability and
bioavailability of the encased moieties (Kumar et al., 2019; Tejashri et al., 2013). NSs are hyper-
crosslinked colloidal carriers which are biodegradable and possess good biocompatibility and
low cytotoxicity to normal cells. Further, nanosponges have been widely employed as carrier
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systems for various bioactives which helps in protecting the drug, enhance the stability and
therapeutic potential of encased moieties (Gupta et al., 2021).

In view of the above-mentioned merits of nanosponges, the present study was designed to
formulate and characterize curcumin enriched nanosponges and evaluate the effect of

nanosponges on anti-oxidant, anti-tyrosinase and anti-inflammatory properties of curcumin.

2. Materials and Methods
2.1. Materials and Reagents

Curcumin was provided as gift sample by Sunpure Extract Pvt. Ltd., Delhi. B-cyclodextrin,
mushroom tyrosinase, diphenyl carbonate, kojic acid, bovine serum albumin and 3-(4,5-
dimethylthiazal-z-yl)-2,5-diphenylterazolium (MTT) were obtained from Sigma Aldrich, India.
2,2-diphenyl-1-picryl hydrazine (DPPH) was acquired from SpectroChem Pvt. Ltd., Mumbai,

India. All other reagents and solvents used in this research were of analytical grade.

2.2.  Preparation of CUR enriched Nanosponges

The five different molar proportions of p-CD and DPC i.e., 1:2, 1:4, 1:6, 1:8 and 1:10 were used
for fabrication of nanosponges. In this green approach, both polymer and cross-linker were
heated gradually without making use of any solvent. The mixture was continuously stirred during
heating at constant temperature (6 hours) to allow reaction of both (B-CD and DPC).
Subsequently, the obtained mixture was cool down to room temperature followed by washing
with double distilled water to separate surplus B-CD. Thereafter, it was subjected to soxhlet
extraction to expel out other impurities including phenol. The solid product (nanosponges) was
dried at room temperature. To encapsulate bioactive, NSs were dispersed in distilled water with
excess CUR and sonicated for 10 minutes followed by stirring for 24 hours. This solution was
subjected to centrifugation (to isolate unreacted CUR) and filtered. Finally, lyophilization (at -
20C) was carried out to obtain final CUR loaded nanosponges (Nair et al., 2022).

2.2. Evaluation of Solubilization Potential of Nanosponges

Solubilization potential of CUR with different batches of nude nanosponges as well as B-CD was

evaluated. For the same, excess quantity of bioactive was dispersed in 10 ml water. Thereafter, a
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specific portion of nanosponges/polymer was added to above dispersion and agitated for
overnight. The resultant solution was centrifuged and analyzed at Amax 424 nm (Kumar and Rao,
2022).

2.3. Determination of Entrapment Efficiency, Particle Size and Zeta Potential

The nanosponge formulations were dispersed in methanol, followed by sonication. The obtained
solutions were subjected to filtration and filtrate was diluted appropriately (Dora et al., 2016).
Finally, absorbance was analyzed at 424 nm employing UV spectrometer. The encapsulation of
CUR was calculated by using following formula:

Actual amount of drug in nanoformulation

Drug Encapsulation Potential (%) = 100 (1)

Theoretical amount of drug in nanoformulation

The particle size analysis of CUR enriched nanosponges was carried out by employing Malvern
Instrument, UK. The suspension of test samples was prepared in distilled water and evaluated for
particle size and poly dispersity index (PDI). Same procedure was adopted for zeta potential

measurement (Kadian et al., 2023).
2.4. Structural and Morphological Analysis

Structural and morphological analysis of nude NS4, CUR and CURNS4 was performed by
fourier transform infrared spectrum (FTIR) (Perkin Elmer FTIR, Waltham, MA, USA; 4000 -
400 cm™), differential scanning calorimetry (DSC) (PerkinElmer Thermal Analyzer, USA; 0-
350 C temperature range), powder X-ray diffraction (P-XRD) (Rigaku Miniflex-1I table top X-
ray diffractometer; scanned at 26 angle between range 5°-80° under t25 mA and 40 kV), *H
NMR (BRUKER Ascend™ 400) and field emission scanning electron microscopy (FE-SEM)
(JSM-7610FPlus, JOEL, Japan; gold coated) (Dalal and Rao, 2023).

2.5. Photostability study

Photostability was performed employing UVA lamp having wavelength range from 320-400 nm.
The diluted solution (10 ml) of CUR and CURNS4 was kept under UV irradiation at a distance
of 10 cm. At predetermined time intervals (over 1 hour), fixed amount of sample was taken out
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and diluted with methanol to analyze under UV spectrometer (Anandam and Selvamuthukumar,
2014).

2.6. In Vitro Biological Activities

2.6.1.  Anti-oxidant Assay

The DPPH assay is most widely employed in vitro assay to analyze the anti-oxidant activity of
test samples. The DPPH+ combine with anti-oxidant molecules, get reduced and color change
was observed. The DPPH assay of CUR, CURNS4 and ascorbic acid (positive control) was
performed according to method described by Fang and his research team (Fang et al., 2011).
Various dilutions of samples were prepared (in methanol). Additionally, 0.1 mM solution of
DPPH was prepared and kept in dark till further use. In 0.5 ml test samplel.5 ml DPPH solution
was mixed and incubated at room temperature (for half hour). After incubation, absorbance was
recorded at Amax 515 nm. Absorbance for control sample was recorded with methanol.

Antioxidant potential (%) was evaluated employing the formula given below:

Sample absorbance

% Inhibition = [1 — ( )1 x 100 @)

Control absorbance

2.6.2. Anti-inflammatory Assay

The difference in anti-inflammatory potential of pure CUR and CURNS4 was evaluated with the
help of protein denaturation assay employing bovine serum albumin. Bovine serum albumin (0.20
ml; 1%) solution was added in 2 ml of test samples (at different concentrations). The obtained
solutions were incubated firstly, for 20 minutes at 37 °C, thereafter, heated for 5 min at 70 °C.
After heating, solutions were cool down. Then, added phosphate buffer saline (7.4 pH; 2.80 ml) to
each test sample. The control group was prepared without test samples. The turbidity of obtained
solutions was measured spectrometrically at 660 nm (Marrelli et al., 2022). Protein denaturation

inhibition (%) was calculated employing following equation:

% Inhibition= [100 _ Absorbance of sample— Absorbance of control] % 100 (3)

Absorbance of control

2.6.3.  Anti-tyrosinase Assay
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The anti-tyrosinase assay of CUR, CURNS4 and kojic acid (positive control) was done
according to protocol mentioned by Gupta et al., with some adaptations (Gupta et al., 2021). For
this assay, firstly, tyrosinase enzyme (10 pL) was added in mixture of phosphate buffer (pH 6.8;
50 mM) and different dilutions of test samples (10 uL). Thereafter, these samples were incubated
(20 minutes; room temperature) and solution of L-dopa (20 puL) was mixed in each sample. After
recording absorbance at 475 nm, tyrosinase inhibition (%) of samples were calculated employing

given formula:

[Absorbance of control - Absorbance of sample]

% Tyrosinase Inhibition = x 100 4

Absorbance of control
2.7. In Vitro Release Assay

The in vitro release assay was performed for CUR and CURNS4 via dialysis method using
phosphate buffer saline (PBS; pH 7.4) and methanol (1:1) as a release media. The samples were
dispersed in release media (3 ml) in dialysis bag which was then immersed in beaker having
release media (50 ml) at room temperature with continuous stirring (500 rpm; 24 hours). At fixed
intervals, each sample (3 ml) was drawn out and restored with equivalent volume of fresh media
(Nair et al., 2022). By using a UV-Visible spectrometer, the samples were examined at Amax 424

nm. The release assay was performed in triplicate for each sample.
2.8. Statistical Analysis

All the experiments were analyzed thrice and experimental data was demonstrated as mean +
SD. Bonferroni post tests were employed for multiple comparisons with the help of GraphPad

Prism 5.01 software.

3. Results and Discussion
3.1. Evaluation of Solubilization Potential of Nanosponges

Solubility of curcumin was examined in polymer and fabricated NSs (as shown in Fig. 1). The
solubility of CUR was found maximum (18.23+0.15 pg/ml) in 1:4 ratio (CURNS4), followed by
1:6 (CURNSG) (12.43£2.52 pg/ml). The solubility of CUR was enhanced by four folds in NS4

compared to pure bioactive.
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Fig. 1. Solubility study of CUR with B-CD and various prepared batches of nanosponges

3.2.  Determination of Entrapment Efficiency, Particle Size and Zeta Potential

The entrapment efficiency of CURNS4 was obtained maximum i.e., 62.27 % * 1.44 compared to
other formulation batches (Fig. 2a). The particle size of formulations was found between 289 to
568.4 nm with desirable range of PDI. In case of CURNS4, the particle size was found minimum
i.e. 289 nm with PDI 0.211 (Fig. 2b). Further, zeta potential was observed good from -21.0 to -
25.5 and this was also found highest for CURNS4 (Fig. 2¢).

g Taa P———

Fig. 2. Graphical representation of a) entrapment efficiency b) particle size and c) zeta potential
of CUR loaded NS
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On the basis of solubility, entrapment and particle size CURNS4 batch was chosen for further
characterization and evaluation. The NS4 exhibited maximum solubility, encapsulation and
smaller particle size. The porosity and cavity size of NSs are directly dependent on the number
of functional groups and amount of cross-linker used. The cavities formed help in encapsulating
the bioactives and modulate their crystallinity, which further leads to enhancement in their
physical characteristics. Consequently, optimum ratio of polymer and cross-linker is required as
it finally affects solubility, entrapment potential and solubilizing ability of the nanosponges
(Omar et al., 2020). Further, molecular weight and structure of guest moiety also impact the
polymer to drug ratio, which influence the particle size of nanosponge formulation (Jain et al.,
2020). Hence, in some nanosponge formulations optimized batch is 1:4 (Kumar et al., 2021,
2018), whereas in others it is 1:6 (Kumar and Rao, 2020, 2021; Nair et al., 2022).

3.3.  Structural and Morphological Analysis

FTIR spectra of CUR, CURNS4 and nude NS4 was assessed to get confirmation about bioactive
enrichment into nanosponges (Fig. 3a). Firstly, FTIR spectrum of pure CUR was recorded to
check its authentication. The spectrum exhibited characteristic peaks at 3511cm™, 1627 cm™,
1602 cm™, 1509 cm™, 1365 cm™, 1280 cm™ and 1026 cm™, which were assigned to phenolic O—
H stretching, C=C and C=0 conjugation, stretching of the benzene ring, C=0 vibration, -C-C
stretching, enol C-O peak and C-O-C stretching, respectively (Rachmawati et al., 2013).
Furthermore, spectrum of nude NS4 showed vibrational bands at 1774 cm™, 2933 cm™, 1419 cm’
! and 1029 cm™ which were attributed to carbonate bond, C-H stretching, C-H bending and C-O
stretching vibrations, respectively, supporting the synthesis of nude nanosponges. The CUR
enrichment into NS4 was verified by the presence of almost similar wavenumbers as that of nude
NS4 as well as signature peaks of native bioactive were either shifted, expanded or masked,
which strengthened the evidence of bioactive loading. These results are in consistent with
previously reported findings (Shah et al., 2019).

The thermal behavior of CUR, nude NS4 and CURNS4 was investigated by DSC (Fig.3b). The
thermogram of CUR revealed a single sharp and clear endothermic peak at 175 C, corresponding
to its melting point (Yadav and Kumar, 2014). The nude NS4 exhibited peak at around 56 °C;

which was typically attributed to the release of water molecules. Further, no other endothermic
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or exothermic peak was observed (Gharakhloo et al., 2020; Srivastava et al., 2021). With
enrichment of CUR in nanosponges, peak of bioactive was shifted to 147C indicating its

inclusion in nanosponges.

The data obtained from PXRD analysis of CUR, nude NS4 and CURNS4 is illustrated in Fig. 3c.
The PXRD pattern of pure CUR showed strong and sharp diffraction peaks in 26 region 12° to
29° indicating its crystalline nature (Peram et al., 2019). In contrast, intense peaks of bioactive
either disappeared or their intensity was found reduced in PXRD of CUR enriched NS4 which
might be attributed to its conversion to amorphous form (Srivastava et al., 2021). The intense and
sharp peaks of nude NS4 were observed at 11.67°, 13.68°, 18.56°, 20.11°, 21.23°, 25.96°, and
29.11° highlighting formation of nanosponges.

'H-NMR spectroscopy is a useful tool which offer quantitative evidences about the encapsulation
of drug in nanoformulation. Fig. 3d shows the 'H-NMR spectra of CUR, nude NS4 and
CURNS4. The proton NMR spectrum of pure curcumin showed signals at 3.85, 6.07, 6.72, 6.81,
7.15, 7.33, 7.53 and 9.65 ppm (Singh et al., 2018). After enrichment in nanosponges, these
signals were either disappeared or shifted revealing its encapsulation. Whereas, nude NS4
exhibited signals at 2.52, 3.64, 3.33, 4.45, 6.75, 7.40, 7.20, 7.90 and 9.32 ppm. Thus, all these
findings from *H-NMR spectra advocated successful encapsulation as well as complexation of
CUR in hydrophobic cavities of nanosponges.

FE-SEM photomicrographs of nude NS4 and CURNS4 were taken to assess the surface and
morphological changes (Fig. 3e). The images depicted that nude nanosponges are nanoporous,
spongy and spherical in shape. Whereas, FE-SEM image of CURNS4 revealed that porous
structure of nude nanosponges were taken up with bioactive and ascertained its successful
loading in the nanoporous formulation. The results of FE-SEM are interrelated with literature
(Suvarna et al., 2021).
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Fig. 3. Graphical representation of a) FTIR, b) DSC, c) P-XRD, d) H NMR and e) FE-SEM of
CUR, nude NS4 and CURNS4

3.4.  Photostability study

This study was performed to investigate the effect of nanosponges on curcumin phostability and
results are shown in Fig. 4. Percent drug residual for CUR and CURNS4 were found to be 33.58
+ 1.80 and 68.62 + 2.77, respectively, after 1 hour of UV irradiation. Hence, results revealed that

nanospnges exhibited improved photostability of bioactive after its encasement in NS.
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Fig. 4. Photodegradation of CUR and CURNS4

3.5. In Vitro Biological Activities
3.5.1. Anti-oxidant Assay

Our body exhibits various protective mechanisms against harmful free radicals and other reactive
species. These free radicals are one of the key factors for etiology of various disorders. The anti-
oxidants play a crucial role in suppressing excessive production of these free radicals
(Sebastiammal et al., 2020). In this context, DPPH assay was employed to evaluate the
scavenging potential of pure CUR, CURNS4 and ascorbic acid (as a standard) (Fig. 5). All the
test samples at concentrations 10, 20, 50, 100, 200, 350 and 500 pg/ml tended to significantly
boost anti-oxidant behavior which was found enhanced with increasing concentration. The
results demonstrated that CUR enriched NS4 (79.12 % to 98.15 %) exhibited greater scavenging
behavior in comparison to free form (74.72 % to 97.62 %) at all selected concentrations. The
improved anti-oxidant capacity of CUR-NS4 confirmed improvement in bioactive solubility and

its potential enrichment in nanoformulation architecture.

150 %** Kkk *kk

ok 4 ns o NS NS EE CUR

E=== CUR-NS4
E= Ascorbic acid

DPPH radical scavenging activityl (%)

" .
SR S S S S
Concentration (pg/ml)

Fig. 5. Anti-oxidant potential of CUR, CURNS4 and Ascorbic acid at different concentrations
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(n=3; ***p<0.001; **p<0.01 and ns is non-significant)

3.5.2. Anti-inflammatory Assay

Along with free radical generation, inflammation represents another hallmark associated with
progression and development of various disorders (Diakos et al., 2014). On that account, bovine
serum albumin denaturation assay was employed to evaluate the anti-inflammatory effect of
CUR and CURNS4. Herein, outcomes point out that both samples exhibited concentration
dependent anti-inflammatory effect. From results, it could be discerned that CURNS4 (69.54 %
to 94.92 %) inhibited protein denaturation slightly better than pure CUR (68.18 % to 89.62 %),
as it obvious in Fig. 6. The results of this assay were found in close agreement with anti-oxidant

data (concentrations of samples were same in both studies).
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Fig. 6. Anti-inflammatory potential of CUR and CURNS4 at different concentrations
(n=3; ***p<0.001)

3.5.3. Anti-tyrosinase Assay

The pharmaceutical and cosmetic industries are very interested in finding novel tyrosinase
inhibitors due to their potential use in pigmentary diseases. (Harris et al., 2016). Hence, targeting
this enzyme is an in-situ weapon for treatment of pigmentary disorders (Pu et al., 2020).
Therefore, evaluation of anti-tyrosinase assay of nanoencapsulated bioactive is of vital
significance in present investigation. Keeping this in view, herein, tyrosinase inhibition assay
was performed for CUR, CURNS4 and kojic acid (as a standard). Tyrosinase inhibition of CUR,

CURNS4 and kojic acid was found to be 92.26 %, 98.17 % and 98.19 %, respectively at highest
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chosen concentration (Fig. 7). These results clearly depicted that enrichment of CUR in
nanosponges significantly enhanced its anti-tyrosinase potential. It is worth mentioning here that

results of CURNS4 were found almost near the standard i.e. kojic acid.

150 sk .. .
. . ns . Kojic Acid
' L **'* = CUR

100- P =3 CUR-Ns4

e

S

% Inhibition

501

Concentration (pg/ml)

Fig. 7. Anti-tyrosinase potential of CUR, CURNS4 and Kojic acid at different concentrations

(n=3; ***p<0.001and ns is non-significant)

3.6. InVitro Release Assay

In vitro release of CUR and CURNS4 determines the release rate of bioactive at physiological
pH conditions i.e., phosphate buffer saline (pH 7.4) (Fig. 14). A remarkable improvement in
release profile of CUR was observed with CURNS4 than CUR alone. After, 24 hours, the
cumulative release rate of CUR from NS4 was almost 90%, while only 59% of free bioactive
was found released. These outcomes confirmed that curcumin enrichment into nanosponges
significantly enhanced release profile of curcumin compared to free form. Herein, improvement
in the release profile of CUR from CURNS4 may be ascribed owing to the various unique
attributes of this nanosystem. Firstly, distribution of CUR in amorphous form in the cavities of
nanosponges, secondly, enhancement in solubility of this poorly soluble bioactive, which might
have promoted its fast dissolution and lastly, increase in surface area, owing to nano size
formulation with porous structures. Nano size porous formulation further results in enhanced
contact area and higher penetration of dissolution medium. All these features might have been
responsible for augmented release of bioactive from nanosponges (Chilajwar et al., 2014,

Mashagbeh et al., 2021; Pushpalatha et al., 2019, 2018).
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Fig. 14. In vitro release of CUR and CURNS4
4. Conclusion
In this study, curcumin enriched nanosponges were developed to enhance the therapeutic
effectiveness of curcumin. Herein, different batches of CUR loaded NSs were successfully
formulated and among them CURNS4 exhibited superior solubility, PSA and encapsulation,
which was selected for further characterization and assessment. CURNS4 was found to
significantly enhance various biological activities including anti-oxidant, anti-inflammatory and
anti-tyrosinase when compared to pure CUR. Further, in vitro release demonstrated enhanced
release profile of bioactive in CURNS4 compared to pure CUR. Taking all these aspects into
consideration, it is suggested that CUR enrichment in nanosponge was found to be a promising
strategy to enhance the functional properties of curcumin.
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