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Resveratrol nanoparticles (RNP) formulation was prepared with 0.5% w/v of SDS and confirmed by TEM, XRD,
DSC, XRD, FTIR and NMR. The prepared RNP were evaluated for physicochemical properties like solubility,
stability, dissolution profile and partition coefficient. The anticancer activity of prepared RNP formulation was
determined against HCT 116 human colorectal cancer cells by cell viability and apoptosis studies. An in vivo
pharmacokinetic study in SD rats showed that, the AUC of the RNP was significantly higher (p < 0.0001) than the

pure RSV. The plasma Cp,x was found to be 0.23 + 0.02 pg/mL for RSV and 0.62 + 0.09 pg/mL for RNP. An
increase in AUC and Cpay suggested that, the developed formulation was more bioavailable than the pure RSV.

1. Introduction

Solubility is the major hurdle for many potential bioflavonoids and
synthetic drugs and creates hurdles in their product development and
commercialization [1]. Various bioflavonoids suffer from less water
solubility and poor bioavailability due to their weakly acidic or weakly
basic nature [2]. These molecules produce several important health
benefits, but the therapeutic efficacies of these molecules are limited due
to their poor physicochemical properties and hence unfavourable
pharmacokinetic (PK) profiles after administration. Among the various
type of nanocarriers, the preparation of drug nanoparticles (DNPs) using
a size reduction technique looks like a better approach, particularly
when the solubility and bioavailability enhancement are primary ob-
jectives [3]. Further, a significant decrease in the crystallinity of drugs is
observed during the preparation of DNPs, which also helps to improve
the physicochemical properties of drugs [4].

Resveratrol (RSV) is a naturally occurring, BCS-II polyphenolic
compound and prominently found in grapes, dark berries, red wine or
peanuts etc [5]. The RSV is well reported to show the potential thera-
peutic benefits [6] however, it has poor water solubility (30 pg/mL) and
low oral bioavailability with a partition coefficient of 3.1 which limits its
pharmacological activities [7]. Therefore, we have prepared carrier-
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free, amorphous RSV nanoparticles (RNP) formulation for the
enhancement of solubility, dissolution and oral bioavailability of RSV.
The prepared RNP was explored by TEM, XRD, DSC, FTIR and NMR.
Then, in-vitro dissolution, cytotoxicity and pharmacokinetic studies
were investigated.

2. Experimental section

The carrier-free RNP were prepared by the ultra-nanoprecipitation
method. All these experimental details can be found in Supplementary
Material.

3. Results and discussion
3.1. Preparation and characterization of resveratrol nanoparticle (RNP)

Tables S1 and S2 show the particle size, polydispersity index and zeta
potential of RNP with 0.5% w/v of SDS showing the particle size (76
nm), monodispersity (PDI ~ 0.212) and good zeta potential (-18 mV).
Fig. 1a-c shows the TEM image and Selected Area Electron Diffraction
(SAED) pattern of the final optimized RNP formulation. The suspended
RNP particles were almost spherical and well dispersed with a particle
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size ~ 8 nm Fig. 1b illustrates the SAED pattern of prepared RNP where
no diffraction spots were observed, suggesting the amorphous nature of
the RNP. Fig. 1d represents the PXRD patterns of RSV and RNP formu-
lation where RSV showing the peaks at 20 angles 6.7°, 13.2°, 16.4°,
19.1°, 22.2°, 23.5°, 25.3°, 28.4°, 31.6°, 33.0°, 33.8° and 38.4° which
suggested the crystalline nature of RSV [8]. Interestingly, the diffraction
peaks of RSV were not observed in RNP spectra which indicated the
amorphous nature of the formulation. Fig. 1e depicts the DSC thermo-
gram, which showed a sharp endothermic peak at 263 °C. The DSC
thermogram of RNP shows the two different endothermic peaks at 246
and 235 °C but with peak shifting. The shifting of the sharp endothermic
peak of RSV further confirmed the change in the physical nature of the
RNP. Fig. 1f showed the FTIR spectra of RNP which shows the peaks at
3268 cm ! (O-H stretching), 1608 (C = C stretching of aromatic ring),
1585 and 1465 cm ™! (C = C trans double bond stretching), 1390 cm !
(C-O-C stretching), 1155 cm ! (phenolic C-O stretching), 962 cm!
(trans C = C stretching), 833 e¢m ™! (=C—H vibration bands of phenolic
ring), 616-517 em! (=C-H vibration bands of trans double bond). [9].
Fig. 1g shows the 'H NMR spectra of RSV, SDS, physical mixture (RSV +
SDS 1:1 w/w), and RNP. The FTIR and ' NMR spectra of RNP showed
all protons like pure RSV with a very slight shift confirming the removal
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of SDS and no change in RSV after formulating as drug nanoparticles.

3.2. Physicochemical properties of resveratrol nanoparticles (RNP)

Solubility and partition coefficient (log P) of RSV and RNP are shown
in Fig. 2a-b. The solubility of RSV in water was 36.6 + 1.92 pg/mL with
Log P value of 3 whereas RNP had the solubility of about 321.43 + 7.07
pg/mL with 2.5 Log P value. From the observed solubility data, it was
observed that the solubility of RSV was significantly (8.7 times, p <
0.0001) increased with decreasing Log P value after nanoparticle for-
mation. The reduction in particles and the amorphous nature of the RNP
might be responsible for solubility enhancement and a decrease in the
Log P value of RSV [10]. The dissolution profile was higher for RNP than
the pure RSV in both the media. After 2 h, dissolution of RSV and RNP in
0.1 N HCl was found to be 11.4% and 51.3%, respectively. In phosphate
buffer pH 6.8, dissolution of RSV and RNP was 30.4% and 91.01%,
respectively after 30 min (Fig. 2¢-d) which may be due to reduction in
particle size, decrease in hydrophobicity and amorphous nature of RNP
[10]. Table S3 shows the change in physicochemical properties of the
RNP formulation after three months of storage. No significant changes
were observed in particle size, PDI and zeta potential of RNP. The
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Fig. 1. Characterization: (a) TEM image of RNP, (b) SAED pattern of RNP, (c) Size distribution of RNP, (d) PXRD patterns of RSV and RNP (e) DSC scans of RSV and
RNP, (f) FTIR spectra of RSV, sodium dodecyl sulphate (SDS), physical mixture (RSV + SDS 1:1 w/w) and RNP and (g) '"H NMR spectra RSV, SDS, RSV + SDS

and RNP.
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Fig. 2. (a) Solubility of RSV and RNP in water, (b) partition coefficient (Log P) of RSV and RNP; (c and d) In vitro dissolution of RSV and RNP in 0.1 N HCI (pH 1.2)
and phosphate buffer (pH 6.8).

observed RSV content in RNP was 99.1 + 0.4%. Therefore, it can be 3.3. In vitro cytotoxicity study of RNP against human colorectal cancer
concluded that the prepared surfactant-free RNP formulation was stable cells
at refrigeration conditions.
Fig. 3a-b showed the in vitro cytotoxicity of RSV and RNP against
HCT 116 cancer cells The half-maximal inhibitory concentrations (ICsp)
of RSV and RNP were found to be 37.2 + 1.2 pg/mL and 32.6 + 0.8 pg/

120

B

Cell viability [%]

24 h I Control [l RSV [l RNP [c]

24 h

48 h
7.5 15 30 60
Concentration |pg/mL|
[b] 120 48 h I Control I RSV Il RNP [d]

24 h

48 h

Cell viability [%]

7.5 15 30 60
Concentration [pg/mL]| Control

Fig. 3. (a and b) Cytotoxicity of RSV and RNP against HCT 116 colorectal cancer cell lines at 24 h and 48 h, respectively, (c) Acridine orange-ethidium bromide
staining of HCT 116 colorectal cancer cell lines after exposure of RSV and RNP, and (d) Hoechst 33,342 staining for the detection of apoptotic nuclei of HCT 116
colorectal cancer cells after incubation with RSV and RNP. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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mL after 24 of incubation, respectively. The ICs, values were decreased
to 23.5 + 2.8 pg/mL for RSV and to 19.7 + 3.5 pg/mL for RNP after 48 h
(Fig. S1). Fig. 3c shows the AO/EB staining assay, as the time of incu-
bation was increased, the number of necrotic cells was increased while
the number of live cells (with green fluorescence) was decreased. It was
found that the induction of apoptosis was more in RNP-treated cells than
RSV-treated cells. Fig. 3d, the bright nuclei (chromatin concentration)
represent the late apoptosis or necrosis cells. The results showed the
HCT 116 cells treated with RNP showed more bright nuclei which
further confirmed that the prepared RNP formulation was more toxic to
the human colorectal HCT 116 cells than the native RSV.

3.4. Pharmacokinetic study

Fig. S2 shows the RSV plasma concentration versus time profile, and
the pharmacokinetic (PK) parameters are listed in Table S4. The AUC of
the RNP (2.32 + 0.28 pg/ml x h) was 2.36 times significantly higher (p
< 0.0001) than the pure RSV (0.98 + 0.03 pg/ml x h). The plasma Cpax
was found to be 0.23 + 0.02 pg/mL for RSV and 0.62 + 0.09 pg/mL for
RNP. The increased AUC and Cp,qx values suggested the higher absorp-
tion of the RSV after administration as RNP. This demonstrated that the
as-made RNP had greater anticancer activity and bioavailability as
compared to pure RSV.

4. Conclusion

The RNP formulation prepared using 0.5% w/v of SDS exhibited the
lowest particle size (81 nm) distribution with 0.202 PDI and —15.4 mV
zeta potential values. Solid-state characterization of the amorphous RNP
confirmed by the PXRD and DSC analysis and the complete removal of
surfactant from the nanoparticle surface confirmed by the 'H NMR and
FTIR spectroscopy. The carrier-free and amorphous RNP significantly
enhance the water solubility, dissolution, stability with decreasing hy-
drophobicity as compared to crystalline RSV. Therefore, the amorphous
RNP exhibited better in vivo performance compared to raw RSV powder.
The increase in Cyax and AUC confirmed the increase in oral bioavail-
ability due to enhance solubility, amorphous nature, and better disso-
lution profile of RSV from the RNP formulation.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
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