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Abstract

Objective

The main objective of this work was to formulate a nanodispersion containing grape seed
extract and analysed its release profile, antioxidant potential of the prepared formulations.
Methods

The grape seed extract (GSE) containing proanthocyanidins (PC’s) has been dispersed in
polymer matrix soluplus (SOLU) by the freeze-drying method. The morphological analysis
was carried out using atomic force microscopy (AFM), scanning electron microscopy (SEM)
and Transmission electron microscopy (TEM). The in-vitro release of the nanodispersion
formulations was evaluated by simulated intestinal fluid (SIF). The antioxidant activity of GSE
and the formulation were evaluated by employing various in-vitro assays such as 2, 2’-azino-
bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), 2, 2-diphenyl-1- picrylhydrazyl
(DPPH), Ferric reducing antioxidant power (FRAP) and peroxidation inhibiting activity.
Results

The formulation FIII (1:5) resulted in a stable formulation with a higher loading efficiency of
95.36 %, a particle size of 69.90 nm, a polydispersity index of 0.154 and a zeta potential value
of -82.10 mV. The antioxidant efficiency of GSE-SOLU evaluated by DPPH was found to be
96.7 %. The ABTS and FRAP model exhibited a dose-dependent scavenging activity. Linoleic
model of FIII formulation and GSE exhibited a 66.14 and 86.58 % inhibition respectively at
200 pg/l.

Conclusions

The main reason for excellent scavenging activity of the formulations can be attributed to the
presence of monomeric, dimeric, oligomeric procyanidins and the phenolic group. The present
work denotes that GSE constitutes a good source of PC’s and will be useful in the prevention

and treatment of free radical related diseases.
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1. Introduction

Many diseases are as a result of oxidative stress on the cells due to the release of free radicals.
The reactive oxygen species (ROS) are superoxide anion, hydroxyl radicals, hydrogen peroxide
and singlet oxygen were said to be different forms of free radicals [1]. Therefore, antioxidative
defence system is necessary to act against the free radicals production (Fig 1). Moreover, the
damage on cells due to free radicals causes several chronic diseases such as cancer, arthritis,
atherosclerosis, wound, neurodegenerative diseases and diabetes mellitus [2, 3]. For this

reason, antioxidants are commonly used in the treatment and prevention of chronic diseases.

Currently, the use of natural therapeutics based on nanotechnology in healthcare is greatly
utilised in areas such as drug delivery, imaging, rapid diagnosis, tissue regeneration and
development of new therapeutics [4-7]. The preparation of the green synthesis of
nanodispersion is growing into a key approach in nanotechnology. Proanthocyanidins (PCs)
are a class of polyphenols and chemically, they are oligomeric flavonoids found in a variety of
plants. It is an important constituent found in varying concentrations in GSE and the antioxidant
activity of PCs are higher than the widely used antioxidant molecules such as ascorbic, trolox
and rutin. This is because of the position of the hydroxyl groups in the PCs [8, 9]. The
flavonoids are quickly hydrolysed in the intestine by bacteria to generate aglycones which are
then metabolized into phenylacetic, phenylpropionic, and phenylvaleric form of PCs. They are
retained in the large intestine after an oral intake and are found not to be stable which is

probably due to damage of the C-ring of proanthocyanidins [10, 11].
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Apart from antioxidant activity, PCs shows anticancer [12], antidiabetic [13], anti-
inflammatory [14] and antibacterial activities [15]. Despite the extensive range of
pharmacological properties, the usage of PCs in pharmaceutical arena is very limited owing to
its poor bioavailability, poor permeability and poor stability in a biological medium [16].
Therefore to circumvent the problems, PCs are entrapped/adsorbed into a biodegradable
polymer. Recently, SOLU is widely used as a biodegradable polymer for many therapeutically
active moieties due to its amphiphilic nature, biocompatibility, low toxicity, good mechanical
strength and controlled release [17]. Selection of a proper carrier is a significant step in the
formulation of nano dispersions containing compounds with low permeability and high
molecular weight. Soluplus has polyvinyl caprolactam (PVC) (57 % vinyl caprolactam) —
polyvinyl acetate (PVA) (30 %) — polyethylene glycol (PEG) graft copolymer vinyl acetate).
SOLU carrier is one of the 4™ generation of dispersions proposed in enhancing the stability of
the formulation [18]. It is reported that SOLU efficiently increase the absorption of the low
permeable molecules when used as a drug carrier [19]. SOLU improved the dissolution of the
low bioavailable molecules by electrospinning and extrusion technology [20]. It is also reported
that PC molecule has been incorporated into liposomes and nanoparticles [21] but in-depth

characterisations of PCs are not reported.

In this study, proanthocyanidin molecule was dispersed into SOLU by the freeze-drying
method. The GSE-SOLU dispersion was characterised by atomic force microscope (AFM),
scanning electron microscope (SEM) and transmission electron microscope (TEM). The
antioxidant activity was carried out to enhance its application in the food and Pharmaceutical
industries. PCs dispersed in the SOLU matrix showed a controlled release behaviour indicating
that the PCs dispersed SOLU may improve bioavailability and stability of PCs. The addition
of SOLU in GSE retards oxidative spoilage and extends the shelf life of formulation. Moreover,

this study provides better insights of GSE-SOLU as an effective antioxidant compound in food

4
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and Pharmaceutical industries. The higher antioxidant activity in formulations is attributed to
the SOLU which is used to scavenge or drain radicals that are harmful. This property of SOLU
incorporated GSE molecule paved way for dispersing various antioxidant moieties for

developing better therapeutic compounds.

2. Materials and Methods

Polyethylene glycol-polyvinyl acetate-polyvinyl caprolactam (Soluplus) were received from
BASF Corporation, Mumbai. GSE (Proanthocyanidins) from JF Naturals, China. DPPH,
ABTS, Linoleic acid, potassiumpersulphate, potassium ferric cyanide, Aluminum chloride,
Ferrozine, Ferric chloride were obtained from Sigma Chemicals (Mumbai). The solvents used

in this study were of analytical grade purchased from E-Merck (Mumbai).

2.1 Lyophilisation

The different ratios of GSE-SOLU (1:1 (F1I), 1:3 (FII), 1:5 (FII1), 1:7 (FIV)) were dissolved in
water and the prepared aqueous solution was dispersed using magnetic stirrer at 125 rpm for
30 min. Then, the dispersion was sonicated for about 10 mins at room temperature and it was
frozen at —45 °C. Finally, the frozen sample was subjected to lyophilisation at —84 °C with a

pressure of 7x1072 mbar for 12 h using freeze-dryer (Sub-Zero, USA) to obtain the dried solid.

2.2 Optimization of GSE loading

GSE-SOLU was prepared using different loadings such as 1 %, 3 %, 5 % and 7 % of the SOLU
to estimate the percentage of GSE in the soluplus matrix and the changes in the particle size,
polydispersity index, zeta potential and loading of GSE-SOLU. The stirring time, sonication

time and aqueous ratio were kept constant.
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2.3 Loading efficiency (LE)

The content of GSE dispersed in SOLU was estimated by membrane filter method. GSE-SOLU
(0.5 ml) was filtered through the membrane (0.22-um), whereas the undispersed GSE was
retained. The filtrate containing GSE-SOLU was mixed with methanol and determined the
dispersed GSE content by HPLC (high-performance liquid chromatography) assay method.

The experiments were done three times to ensure optimal loading.

2.4 Fourier transform infrared spectroscopy (FT-IR)

The infrared spectrum of the polymer SOLU, GSE and lyophilized GSE-SOLU (FIII)
formulations were analysed using FT-IR spectrometer (Perkin Elmer). The potential
interactions among the GSE and the SOLU are analysed in the solid form with a frequency of

4000-400 cm™,

2.5 Powder X-ray diffraction
X-ray diffraction (XRD - D8- Bruker, Germany) with the wavelength of 1.5405980 A using
Cu-kal radiation were used to study the diffraction patterns and crystal structures of GSE,

SOLU and GSE-SOLU nanodispersion formulations.

2.6 Distribution of particle size and zeta potential measurements

Particle size, zeta potential and poly dispersity index (PDI) of GSE-SOLU were determined by
nano zetasizer (Horiba Instruments, UK). The GSE-SOLU formulations, GSE, SOLU were
dispersed in distilled water for analysis. Cumulative percentage of particle size and PDI were

obtained using the Horiba software. All experiments were repeated three times.
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2.7 Morphological analysis

2.7.1 Atomic force microscopy (AFM) analysis

The experiments were performed using A.P.E.R research nanotechnology instrument (Italy) in
contact mode imaging method. The samples were diluted with deionized water and a drop of
all the samples was placed separately over the silica wafers surface and dried. After drying, the

samples were subjected to AFM analysis.

2.7.2 Scanning electron microscopy (SEM) analysis

The morphologies of GSE, SOLU and the GSE-SOLU formulations were obtained by Jeol-
JSM-5300 scanning electron microscope (Tokyo, Japan). The samples were placed on the glass
stump with double-sided adhesive tape and they are gold coated prior to analysis. Different

magnifications of the images were obtained to study the morphology of the formulations.

2.7.3 Transmission electron microscopy (TEM) analysis

The morphology of SOLU, GSE, GSE-SOLU solid dispersions was also analysed by
transmission electron microscopy (JEOL Model-JEM2100). The samples were diluted with
deionized water and a drop of all the samples was individually placed on the grid and dried

prior to analysis. Then, the samples were subjected to TEM analysis.

2.8 In-vitro release

The in-vitro release of GSE from SOLU was evaluated by simulated intestinal fluid (SIF),
water and water-ethanol mixture. The procedure of Wang et al’s was followed to prepare the
SIF which consists of trypsin - 10 g/l, NaCl - 9 g/l, pancreatin - 10 g/l and bile salts - 3 g/l and
this solution was adjusted to a pH of 6.8 [22]. The SIF was kept at 37 °C for incubation and
stirred with a magnetic stirrer continuously. The solution (1 ml) was withdrawn at different

time intervals of 1 h for the first 6 h, then every 3 h for the next 6h and every 8 h for 48 h. They

7
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were centrifuged at a rotational speed of 14,000 rpm for 5 min and filtered using Millipore
paper (0.45 pum). Finally, the PCs content in GSE was estimated by Waters HPLC. The mobile
phase used was acetone/water/acetic acid (70/29.5/0.5 v/v/v) and stationary phase was silica
column (5 um, 250 x 4.6 mm). Standard and sample were injected separately and the
components eluted was detected by spectrometer. The peaks were quantified and evaluated for

the PCs percentage in the GSE.

2.9 Antibacterial activity

The GSE-SOLU solid dispersion was tested for antimicrobial activity by agar well diffusion
method against pathogenic bacteria Proteus sp, Staphylococcus aureus, Escherichia coli and
Bacillus sp. Luria Bertani Agar medium was used to cultivate bacteria. The agar plate surface
is inoculated by spreading a volume of the microbial inoculum over the entire agar surface.
Fresh overnight culture of each strain was swabbed uniformly onto the individuals plates using
sterile cotton swabs. Then, a hole with a diameter of 6 mm is aseptically punched with a sterile
borer and a measured volume of the GSE-SOLU at desired concentration is introduced into the
well. 3 wells were made on each Luria Bertani Agar plates. Then the centrifuged solution 5 pl
of streptomycin (standard), pure GSE, GSE-SOLU solid dispersion, were poured into each well
on all plates and incubated for 24 h at 37°C. After incubation the different levels of zonation

formed around the well was measured.

2.10 Antioxidant Assays

2.10.1 DPPH free radical scavenging assay

The antioxidant potential was studied on DPPH free radical. The stock solution for this assay
was made by mixing 50 ug of the freeze-dried powder in methanol. Various concentrations of
the stock solutions were mixed with 450 pl of Tris-HCI buffer (50 mM-pH 7.4) and free radical

DPPH (0.1 mM) in methanol. The mixture was vigorously shaken and it was kept in the dark

8
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for 20 min. After 30 min of incubation, the decrease in the DPPH free radicals was measured
at 517 nm. The scavenging activity of GSE, GSE-SOLU formulations were calculated by the

following formula,

% Scavenging Activity = Absorbance of Control <100
Absorbance of Test Sample

2.10.2 ABTS scavenging activity

Arnao et al method was used for evaluating the ABTS radical scavenging activity [23]. ABTS
solution (7.4 mM) was added to potassium persulphate solution (2.6 mM) in equal amounts
and the solution was kept for 12 h in the dark at 25°C. This was referred to as the stock solution.
The stock solution was diluted again by addition of ABTS solution; 1 ml in 50 mL of methanol
and the absorbance was measured by UV spectrophotometer at 734 nm. For each assay, a
freshly prepared ABTS solution was used. ABTS solution and the samples with different
concentrations were mixed together and kept at room temperature in dark for 2 h. Methanol
was used as blank instead of ABTS solution and the samples absorbance were measured at 734
nm. The scavenging activity was calculated by Trolox equivalents (TE) / ml of the

proanthocyanidins.

2.10.3 FRAP assay

The ability of the GSE-SOLU formulations, GSE and SOLU to reduce ferrous ions was
estimated by Oyaizu method [24]. Phosphate buffer (0.2 M- pH 6.6) and potassium ferricyanide
(2.5 ml) mixed with various concentrations of formulations (1 % w/v) and kept in incubator for
30 min at 50 °C. After incubation, 10 % w/v trichloroacetic acid (2.5 ml) was mixed to the

above solution and treated as stock solution. 2.5 ml of stock solution was added to 0.1 % w/v
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ferric chloride (0.5 ml) and distilled water (2.5 ml) and it is allowed to react for 10 min. Then,

the absorbance of the samples was evaluated by a UV-VIS spectrophotometer at 700 nm.

2.10.4 Lipid peroxidation inhibition

The inhibitory activity of GSE, SOLU and GSE-SOLU formulations was measured using the
Osawa and Namiki [25] method. Linoleic acid (0.13 ml), 50 mM phosphate buffer (10 ml-pH
7.0) and 99.5 % ethanol (10 ml) were dissolved in different concentrations of sample and the
volume was made up with distilled water to 25 ml. Each mixture was subjected to incubation
for 5 days at 40 °C in dark. Ferric thiocyanate method was used to measure the degree of
oxidation. The incubated mixture (0.1 ml) was added to 20 mM of 0.1 ml ferrous chloride, 30
% of 0.1 ml of ammonium thiocyanate and 75 % ethanol (4.7 ml) solution and incubated for 3
mins. After incubation, the inhibition of peroxide formation was evaluated at 500 nm. The
scavenging activity was calculate by;

Absorbance of Sample y
Absorbance of Control

% Lipid Peroxidelnhibition=1—

2.11 In-vitro cytotoxicity study

In-vitro cytotoxicity of Pure GSE, SOLU and GSE-SOLU nanodispersion were evaluated by
measuring the viability of HCT-116 cells in the presence of different concentrations of
nanodispersion. Cell viability was determined by MTT assay (3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide). After plating for about 24 hrs, different amounts of GSE,
SOLU and GSE-SOLU nanodispersion which are suspended in the culture medium were added
in the wells. After incubating at 37°C for 24 hrs, MTT solution (100 uL) were added into each
well and incubated for 3 h. MTT is cleaved by mitochondrial succinate dehydrogenase and
reductase of viable cells which yields a measurable purple product formazan. The production

of formazan is proportional to the viable cell number and inversely proportional to the degree

10
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of cytotoxicity. Then each of the prepared sample solution was read on a Lark LIPR-9608
microplate reader at a wavelength of 540 nm. The cytotoxicity and the biocompatibility of the
nanodispersion were stated as % cell viability. It was calculated from the ratio between the

number of cells treated with the nanodispersion and that of control (non-treated cells)[26].

3. Results and discussion

3.1 Optimisation of GSE loading

Several presentations of GSE-SOLU were formulated with different ratios of SOLU loading,
i.e.,, 1%, 3%, 5 % and 7 % of polymer to examine the accurate percentage of GSE in SOLU
matrix. Table 1 shows that initial SOLU loading affected the particle size distribution
significantly (p < 0.05). It is clearly shown that an increase in SOLU loading from 1 % to 5 %
resulted in a decrease in the particle size of the formulation. Subsequently, the particle size of
the formulation increased as SOLU loading was further increased to 7 %. The 5 % SOLU
loading produced a highly stable formulation with highest loading efficacy of about 95.36 % +
2.06 % and negative zeta potential (-82.1 £ 1.07). The particle size of the FII1I formulation was
found to be the smallest particle size (69.90 £ 2.12 nm) with PDI of 0.154 + 0.023. FllI
formulation showed the highest loading and stability and therefore, it was selected for further

physicochemical analysis.

3.2 Fourier transform infrared (FT-IR) spectroscopy

Fig. 2(a) shows the FTIR spectra of SOLU, GSE and FIII dispersion. SOLU displayed a broad
peak at 3613 cm™ which can be attributed to O—H vibrational stretching. The peaks at 2914
cm?, 1737 cm™ and 1627 cm™ are attributed to C—H stretching, C=O and N-H bending
vibration respectively. The ether C—O—C has a characteristic peak at 1443 cm™. GSE show
characteristic bands representing O-H stretching at 3319 cm™, C-C stretching at 1590 cm ™ and

C-O stretching at 1094 cm ™. The position of the carbonyl peak in the dispersion SOLU- GSE
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(FI) was shifted to 1737.93 cm™t and this shifting led to polar-polar interactions. The FlII
formulation, also show a peak broadening from 3619 cm™ to 3265 cm™ indicating an
intermolecular hydrogen bonding between GSE and SOLU. The interaction between soluplus
and GSE is hydrogen bonding, which results in the shifting and peak broadening of the
absorption bands at the interacting functional groups on the FT-IR. The observed FT-IR results

are well corroborated with the reports of Dian et al and Bakshi et al [27, 28].

3.3 X-ray diffraction study

The diffraction pattern in Fig. 2(b) for the neat SOLU and GSE show broad peaks at 20 and
22, indicating their amorphous nature. The addition of SOLU to the GSE completely eliminate
the broad peak, indicating a hydrogen bonding and a n-x interactions between GSE and SOLU
molecules. The FIII formulation showed no characteristic peak which indicated that GSE was
completely amorphous. Soluplus has been demonstrated to retard and inhibit the
crystallization, giving amorphous solid dispersions. A similar result has been previously

reported by Shamma et al [29] on carvedilol-SOLU dispersion.

3.4 AFM Analysis

The surface topography of the prepared GSE-SOLU dispersion was studied with atomic force
microscopy. The pure SOLU exhibited a sheet-like morphology (Fig. 3(a) while GSE is
spherical in shape (Fig. 3(b). As shown in Fig 3(c-f), the GSE-SOLU formulations (FI-FIV)
show particles that are dispersed in the polymer matrix. In the FI formulation, the particle size
is deformed and very large. The GSE-SOLU dispersion in the FIlI formulation show
agglomeration with less distribution over the polymer surface. The Flll formulation displays
particles with relatively uniform size distribution throughout the polymer matrix. The FIV
formulation micrographs clearly demonstrated a highly crosslinked morphology with increase

aggregates over the polymer matrix. Liu et al reported that the proanthocyanidins-Insulin
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hybrid nanoparticles showed a controlled morphology with spherically shaped particles. They
also mentioned that medium concentration showed good stability to form uniform sized
particles [30]. The surface roughness data is displayed in Fig. 3 (g-1). The AFM 3D surface
imaging study of GSE-SOLU formulations help us to understand the surface morphology of
GSE-SOLU and their interactions. The AFM images indicates the amorphous nature of GSE
in the SOLU of the dispersions and showed high surface interaction. Bhagel et al., revealed
that SOLU showed uniform distribution and stability of the dispersion. Therefore the results

are similar with the reports of Bhagel et al and Fule et al [31, 32].

3.5 SEM Analysis

SEM images of GSE and the FIII formulations were used to examine their morphological
changes Fig 4. Fig 4(b) reveals that GSE exists as spherically shaped smooth surfaced particles
and SOLU (Fig 4(a) appears to be thin flat sheet-like in appearance. The FIlIlI formulation
exhibited a homogenous dispersion in which the spherically shaped particles of GSE (Fig 4(c)

& (d)).

3.6 TEM Analysis

The morphology of the SOLU, GSE, FIII GSE-SOLU dispersions and the selected area
diffraction pattern (SAED) of FIII freeze-dried formulation are shown in Fig 4. From the
micrographs, it is evident that SOLU (Fig 4(e)) has a flat thin sheet-like morphology, GSE (Fig
4(f)) appears to have a spherically shaped structure and in Fig 4(g) it is clear that the spherically
shaped particles of GSE are embedded on the surface of the polymer which has a thin flat sheet-
like morphology. The freeze-dried solid dispersion FlIl (Fig 4(g)) show that the spherically
shaped particles of GSE are well distributed in the polymer matrix. The SAED image (Fig 4(h))
show the absence of the diffused rings which confirms the amorphous nature of the freeze-

dried solid dispersion.
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3.7 In-vitro release

The controlled release behaviour of PCs is shown in Fig 5. The release of PCs decreases with
increase in polymer content. The results show that the PCs release at pH 6.8 from SOLU may
be due to the formation of pores after the swelling of the polymer. Dissolution profiles of
formulations FIlI show a lower burst effect with 20.00 % dissolved after 2 h and the final
concentration was about 68.05 % after 48 h. Thus, it is evident that the increased polymer ratio
was responsible for the decreased dissolution rate and lower burst effect. The hydrophobic
ability of the polymer was greater than its hydrophilic capability. When SOLU was blended
with PCs, the interaction or affinity between the polymer and SOLU might be enhanced and
thus caused the slower release. The pure GSE from the solution exhibited about 97.33 % release
in 2 h. FIII formulation containing GSE-SOLU suspension displayed a controlled release
behaviour and the release at 48 h was 68.05%[33]. The inset in the Fig 3 shows that about 45-
50 % of GSE was released in 6 h. The amount of proanthocyanidins in ethanol solutions
depends on the percentage of ethanol in the medium. The presence of ethanol in the
gastrointestinal tract didn’t cause any alterations in the dissolution but the dissolution profile
was found to be very less compared to SIF. The in-vitro release of proanthocyanidins in water
shows a comparable dissolution behaviour as that of SIF. Similar result had been reported in

Lu et al’s work for the procyanidins release in tea after 6 h [34].

3.8 Antibacterial activity

The antimicrobial activity of standard (erythromycin), GSE and GSE-SOLU solid dispersion
was tested using the agar well diffusion method (Fig 6A). The zone of inhibition as seen in
Fig 6B showed the range of 3-6 mm for standard, 5-8.5 mm for GSE and 9-13 mm for GSE-
SOLU solid dispersion (FIII). The result of the present investigation highlights the greater
antibacterial potential of the solid dispersion than for the pure GSE and the standard drug. The

higher antimicrobial activity of GSE-SOLU solid dispersion may be because of the amphiphilic

14



362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

nature of SOLU which interacts with the cell membrane of the bacterial cell wall to release the
GSE promptly from the solid dispersion. Nirmala et al studied the antimicrobial activities of
GSE (10 pl) and they found the zone of inhibition in the range of 8-16 mm [35]. In our study
we have obtained similar results by using only 5 ul of the samples and found good antibacterial

activity with a zone of inhibition of 9-13 mm[33].

3.9 Antioxidant Activity

3.9.1 DPPH

The electron (hydrogen) donating ability of GSE, SOLU and GSE-SOLU formulations were
measured. The reaction between DPPH and the antioxidants gave an estimation of the
scavenging ability. The DPPH solution was purple in colour and upon addition of the GSE-
SOLU formulations, it became colourless. This discolouration indicates a higher scavenging
capacity via donation of the proanthocyanidins hydrogen to the free radicals. In addition, the
GSE and the GSE-SOLU formulations exhibited an increase in scavenging the free radicals

with an increase in concentration.

The scavenging activity of different concentrations of GSE and GSE-SOLU formulations are
shown in Fig 7(b). When the concentration of GSE-SOLU formulation (FIII) was increased to
200 pg/ml, it displayed the highest scavenging ability of about 96.09 % when compared with
GSE. The presence of a functional group —OH and a flavonoid moiety in the proanthocyanidins
performs the scavenging activity against the free radicals such as hydroxyl, superoxide, DPPH
and a reduction in the formation of hydrogen peroxide (Fig 7(a)). Moreover, the reason for
higher antioxidant activity could be due to the presence of monomeric, dimeric and oligomeric
proanthocyanidins [36]. Arora et al., also reported that the antioxidant ability can be determined

by the presence of a functional group and the position of proanthocyanidin molecule [37].
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The data presented in Fig 7 were analyzed to evaluate the % inhibition of DPPH of GSE and
GSE-SOLU formulations (FI-FIV). A Calibration curve was created by plotting the
concentrations of GCE and GSE-SOLU formulations against DPPH scavenging activity. The
corresponding R? values showed the % antioxidant activity. The activity of pure GSE showed
the R? value of 0.95925, FI-0.90647, F11-0.95017, FI11-0.97628 and FIV-0.95132 (Fig 8). From
the R? values, it was found that the equimolar concentration of GSE-SOLU formulations and
pure GSE have similar scavenging ability. This confirms the protection of complete functional

moiety of GSE when dispersed with the SOLU matrix.

3.9.2 ABTS radical scavenging activity

The antioxidant ability of GSE, GSE-SOLU formulations was tested against long shelf life
radical ABTS. They formed an intense coloured solution when ABTS reacted with oxidants
and peroxyl radicals. The scavenging activity was measured by the ability of GSE and GSE-
SOLU formulations in decreasing the colour intensity. When they reacted with radical anion
ABTS. This radical scavenging assay could be used to measure both the hydrophobic and
hydrophilic antioxidants because the reagents used in this method acted well in both types of
antioxidants. Table 2 shows the ABTS radical scavenging activity of GSE and GSE-SOLU
formulations. The antioxidant activity of GSE and GSE-SOLU show increased activity as the
concentration increased but the activity varies with the pure GSE and GSE-SOLU
formulations. Hence, both the GSE and GSE-SOLU formulations exhibited a dose-dependent
scavenging activity. In addition, there was no significant difference in the antioxidant activity
when the concentration was increased from 120 to 200 pg/ml (p > 0.05). Our results
corroborated well with the work reported by Sofi et al and Selcuk et al [38, 39]. The dose-
dependent activity is due to the presence of hydroxyl groups, number of aromatic rings in the
chemical structure and molecular weight of the molecule [40]. The formulations exhibited a

strong antioxidant activity because the polymer SOLU also acts as an antioxidant along with
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the GSE. The results suggest that the formulation was found to be a strong ABTS radical

inhibitor when compared with GSE.

3.9.3 FRAP assay

It was found that the reducing ability of GSE and GSE-SOLU formulations could make them
acts as good antioxidants. In FRAP assay, we measured the reduction of ferric (Fe**) 2, 4, 6
tripyridyl-5-triazine (TPTZ) to a ferrous (Fe?*) product. During the reduction, the Fe?* showed
the formation of Perl’s Prussian blue colour. Table 2 shows the reducing capacity of GSE and
GSE-SOLU formulations at different concentrations. The reducing capacity of GSE and GSE-
SOLU formulations increased when the concentration increased. When compare with all the
other formulations, FIIl and FIV show the highest reducing power. The highest reducing power
of the FIII and FIV formulations can be attributed to the presence of many hydroxyl groups in

their structure and the polymer (SOLU).

3.9.4 Linoleic acid emulsion system assay

The quality of food commodities is affected by several factors. Among these, lipid auto-
oxidation is one of the most undesirable factors that can deteriorate the food and food
components. The importance of protecting the food against oxidative damage has prompted the
wider usage of antioxidants from natural origin. Rancidity occurs due to the rapid development
of lipid peroxidation and it is measured as a main mechanism of quality deterioration in lipids.
GSE and GSE-SOLU formulations prevented the lipid peroxidation by means of free radical
scavenging and electron transfer mechanisms. During the processing of lipid foods, these
antioxidants can be added to suppress lipid peroxidation, to improve the stability and quality
of the food product. And also, the lipid peroxidation of the cellular membrane causes
pathological illness which leads to atherosclerosis, inflammation and other diseases. The

reducing property of GSE-SOLU formulation indicates that they can be used as electron donors
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which reduces lipid peroxidation processes [41]. The main mechanism in this assay is that the
polymer SOLU protects the GSE and slowly releases the electron from the proanthocyanidins
to scavenge the harmful peroxidase radical. This property increases the operational stability
and shielding effect of PEG-PCL-PVA (SOLU) in scavenging peroxidase radical. The
percentage of lipid peroxidase inhibition showed increased activity in the GSE-SOLU
formulations compared with GSE (Table 2). This indicates that SOLU does not only possess

antioxidant activity but also increases the stability of the formulations [42].

3.10 In-vitro cytotoxicity

The GSE used in this study contains only proanthocyanidins and in addition, there are no
reported studies on the controlled release formulation of solid dispersions containing
proanthocyanidins and SOLU. To determine the cytotoxic activities of pure GSE and GSE-
SOLU solid dispersion, studies were performed on human colon cancer cells by MTT assay.
The fabricated system did not exhibit any cytotoxicity to the normal cells during the analysis,
confirming that the SOLU act merely as a suitable vehicle for proanthocyanidins. The SOLU
in a concentration of 200 pg/mL were treated with the cells and subjected for 24 h incubation.
They showed cell viability above 96%, indicating that the synthesized hybrid system were
highly biocompatible with the colon cells. Hence it was concluded that the nanoparticles
themselves did not have any harmful effects on living cells. This clearly revealed their safe

application inside the body during proanthocyanidins delivery (Fig 9).

4. Conclusions

GSE was successfully dispersed on the soluplus matrix using the freeze-drying method with a
loading efficiency of 95.36 %. The mean diameter of GSE-SOLU dispersion was ~69.90 and
PDI of 0.154. The FT-IR analysis indicates an intermolecular hydrogen bonding between the

GSE and SOLU. The morphological analysis proved that spherically shaped particles of GSE
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are well distributed in the polymer matrix. In this study, GSE-SOLU formulations were
screened for antioxidant property. In-vitro antioxidant assays showed that the functional
property of GSE was protected after dispersion into the polymer matrix. The study also
revealed that GSE and SOLU possess higher hydroxyl group emphasizing its impact in the in-
vitro anti-oxidative activity assays. Therefore, it can be recommended that the GSE-SOLU be
used as a promising antioxidant compound in the food industry. The results of the present work
denotes that GSE constitutes a good source of PC’s and will be useful in the prevention and
treatment of free radical related diseases. In addition, the resultant GSE-SOLU dispersion could
also be used as an antioxidant in many applications such as antidiabetic, anticancer, anti-

inflammatory and in wound healing applications.
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Table 1 Effects of GSE loading on Size, PDI, ZP and LE

Formulations Ioaﬁ%lélz%) Size (nm) PDI ZP (mV) LE (%)
FI 1 377.9+3.78 | 0.184+0.024 | -46.8+1.04 | 87.16+2.04
al 3 2755+ 154 | 1.761+0.042 | -48.4 +1.24 | 92.58 £2.45
Flll 5 69.90 + 2.12 | 0.154 +0.023 | -82.1+1.07 | 95.36+2.06

FIV 7 75.80 +2.17 | 0.410+0.031 | -43.3+1.00 | 80.41+3.74
PDI-Poly dispersity index; ZP-Zeta potential; LE-Loading efficiency
Table 2 Antioxidant activity of GSE and GSE-SOLU Formulations
ABTS radical scavengin

ug/ml GSE Fl Fll FIll FIV
30 2054 +1.27 21.14 + 2,40 19.65 + 1.65 24,25+ 1.64 22.38+2.31
50 26.59 £ 2.40 25.21 £ 2.80 24.89 £ 1.89 32.15+£1.89 28,57 £3.21
80 310.00+2.09 | 307.14+245 | 302.78+1.64 | 312.67+2.64 | 311.44+3.14
100 | 587.32+£254 | 579.14+158 | 565.55+258 | 590.28+£2.14 | 594.32 + 2.98
120 | 597.34£2.92 | 584.47+1.98 | 576.32+£2.34 | 600.47£1.67 | 599.68 + 2.64
150 | 610.21+2.45 | 592.31+2.38 | 586.34+1.98 | 617.24+2.49 | 615.87+2.70
180 | 612.84+£1.98 | 607.47+£2.84 | 586.34£2.35 | 619.58+1.37 | 618.47 +2.45
200 | 617.53+1.68 | 611.56+2.31 | 586.34+2.86 | 625.34+244 | 626.42 +2.31

Ferric reducing antioxidant power

ug/ml GSE FI Fll FIll FIV
50 0.25+0.84 0.18+0.82 0.2+1.15 0.28+1.11 0.27 +0.89
100 0.38x1.2 0.24 £1.00 0.29£1.65 0.40x1.45 0.38 +1.09
150 057+1.1 0.45+1.45 0.49+1.42 058+1.21 0.58+1.16
180 0.75x1.4 0.64+£1.20 0.68 +1.87 0.78+1.01 0.78 +1.54
200 0.88+1.1 0.75+1.70 0.84+1.24 0.90+0.98 0.87+1.24

Lipid peroxidation inhibition

pg/ml GSE Fl Fll FIll FIV
100 47.45+ 0.85 67.69 + 0.87 70.00+ 1.01 72.04 + 1.06 73.00 £ 1.05
200 52.18 £ 0.56 7422 £ 1.24 75.24 £ 1.58 78.41 £ 0.98 76.87 £ 1.31
500 66.14 + 1.20 81.27+1.14 83.21 +1.07 86.58 + 1.21 87.24 +1.05
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