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A Xanthan-Gum-Stabilized PEG-Conjugated Nanocurcumin

Complex: Telescoping Synthesis for Enhanced Permeation

Potential

Prem Pandey*,” Supriya Chaturvedi*,” Rutuja Gumathannavar,” Mandar M. Shirolkar,”
Vijay Kanuru, Atul Kulkarni,*® and Sang Hyun Moh*

We report a facile room temperature telescoping synthesis of a
nanocurcumin complex  with 17.5-fold permeation
enhancement as determined by comparative in vitro perme-

Introduction

Curcumin (Curcuma longa), a turmeric plant extract, has been
one of the most widely studied natural phytochemicals owing
to its diverse biological properties such as being anti-
inflammatory,”"” an antioxidant,'? anti-depressant,”®! mitigating
risk of heart disease,” showing anti-cancer properties,” and
helping to clear amyloid plaques in Alzheimer's.” However,
curcumin, being a polyphenol, is hydrophobic in nature,” has
poor absorption, low drug-receptor binding activity, expeditious
metabolism, and shows systemic clearance leading to curtailed
biocavailability.® The poor bioavailability of curcumin is aggra-
vated by the fact that it binds with enterocyte proteins which
modify its structure and prevent its passive diffusion across the
cell membrane.” These limitations have limited curcumin usage
to a mere nutritional supplement despite possessing immense
therapeutic potential and thus a clinical lead molecule.
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ation study with raw curcumin. The permeation results were
further validated with in silico drug absorption prediction using
ADMET predictors.

Globally, researchers are working to solve the long-standing
problem of oral bioavailability of phytochemicals."” To date,
innumerable attempts have been made, including chemical
complexation (curcumin-lecithin, curcumin-alginate),"" encap-
sulated curcumin formulations (curcumin-PEG, curcumin-
phospholipids),"'? non-symmetrical aza-aromatic
curcuminoids,” and various nano-delivery systems (curcumin
conjugates of non-steroidal anti-inflammatory drugs, curcumin-
loaded PLGA-PEG nanoparticles).®“) However, the use of
organic solvents or unsaturated compounds to solubilize
curcumin produces cytotoxic effects and may not make for
ideal therapeutic candidates."® It is also difficult to achieve
batch reproducibility during commercial curcumin—polymer
complex synthesis." Another study reported a 3-fold increase
in stability for hyaluronic acid polymer-coated curcumin. They
also reported slow release of curcumin from the complex in
simulated gastrointestinal fluid, yet did not mention anything
about cellular uptake."™ Dey et al. reported the development of
a curcumin-alginate conjugate using an esterification reaction
to improve solubility and stability.'® However, an ester linkage
can be cleaved by acid or esterases in the stomach at acidic pH
and the desired delivery to the intestine may thus not be
attained.® Li etal. reported the controlled release of the
conjugated drug camptothecin-poly(carboxybetaine) mediated
by esterase in an acidic environment that resembles the acidic
environment of the stomach."” Therefore, it is imperative to
design a permeable curcumin with an appropriate chemical
complex which could prove to be a potential therapeutic
candidate without adverse effects.

Results and Discussion

Herein, we report a facile room-temperature telescoping
emulsification process (Figure 1) of raw curcumin (RC) by
selectively combining hydrophilic solubilizers PEG-400, XG and
PS-80 for preparation of bioavailable nanocurcumin complex
(CurNP) (See Supporting Information section 1.2 for details).

It has already been reported that particle conjugation by
low molecular weight polyethylene glycol (PEG-400) is one of

© 2023 The Authors. Published by Wiley-VCH GmbH
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Figure 1. (A) Raw curcumin (RC) form-I structure as confirmed by X-ray c
powder diffraction studies and possible interaction site as illustrated with 3] 1640 1630 1620 1275 1250
the help of DFT simulation; (B) schematic diagram of Bead mill used for E (E)
CurNP nanocomplex formation. The bead mill image has been recreated and E
the original image was provided by Jay Instrument, Mumbai (India). (C) RC n 2934 2885
and CurNP water dispersion (actual image). (D) Representative CurNP c
absorption in the most abundant simple columnar epithelial cell lining of E \lz 18 cm-!
small intestine, i.e. an enterocyte (intestinal absorptive cell). (E) Intestinal villi = -0 bendi C-0 bending
anatomy (epithelial cells with microvilli and capillary network) demonstrating (Carboxnlilc:'g T (Enols)
representative transport of CurNP to blood capillaries. (The standard license keto/aldyehydes) 1605 2024 3671
for the background images of Figures 1D & 1E have been obtained from 1740 1 1620 1
Adobe Stock images). 740 1680 1620 1560 3000 2900 2800
(§) (H)
. . . N -OH
the most widely used methods in medical applications. PEG CHy bending Stretching
chains provide a good molecular hydration layer."® They C-0 Stretchjhg
surround the conjugated particle by formation of a steric shield 1375
around it and reduce stereo-electronic as well as hydrophobic 1457
interactions of biomolecules to attain a stable aqueous 1470 1400 1330 3250 3000 2750
dispersion even in an extreme range of pH conditions."® PEG- Wavenumber(cm™)

particle conjugation protects particles from phagocytosis, .
Figure 2. FTIR spectra of CurNP (magenta), RC (blue), XG (grey) and PEG400

reduces liver metabolism and prolongs blood circulation."® In (green). (A) Comparative spectra of CurNP & RC. (B) Transmission intensity
contrast, long-chain polysaccharide xanthan gum (XG), a natural  difference plot between CurNP & RC. No. 1 & 2 demonstrate —OH group
polysaccharide and a dispersant, abets the non-ionic surfac- intensity, 3&4 -0 (carboxyliF/keth/aI(:!eh){des) apd e.nol group, and 586 the
, . X . i —CH, bending & C—H stretching vibration intensity difference. (C) C=0
tant’s polysorbate-80 (PS-80) ability to reduce interfacial tension stretching at 1627 cm™' for CurNP and RC. (D) C—O phenolic band bending
of water and RC's polyphenols and steers the emulsification  at 1273 cm™ for RC and 1284 cm™' for CurNP with a blue shift of 11 cm™". (E)

process.[w] Therefore, amalgamation of the above-mentioned The CurN.Ps and stabilizer XG demonstrating pi?aks perta}ining to C44)
(carboxylic/keto/aldehydes) at 1736&1718 cm™' (blue shift of 18 cm™' for

molecules with RC could be a novel approach to prepare a CurNP) and C—O (enols) at 1602&1605 cm ™, respectively. (F) CurNP and RC
potential therapeutic permeable candidate. show C—H bond axial deformation in the range of 2934-2871 cm™' with

Interestingly, FTIR spectral analysis reveals notable differ- ~ CurNP exhibiting a slight red shift of 10 cm . (Gfgﬁ H) CurNP and PEG400

. N . demonstrate —CH, bending vibration at 1457 cm™' & C—O stretching

ence in functional groups of RC and CurNP (Flgures 2A and 2B). vibration at 1375 cm™', while —OH & C—H stretching vibrations are visible at
A detailed analysis divulges important functional groups such  3332&2875 cm™, respectively.
as enol and carbonyl groups from p-diketone moiety (Fig-
ure 2C), phenolic hydroxyl groups (Figure 2D), phenyl rings,
unsaturated carbon and methoxy groups (Supporting Informa-
tion, Figure $2).% These functional groups serve as a potential  of symmetrical as well as asymmetrical stretching vibrations of
binding site, along with additional functionality provided by  aromatic —CH; and —CH, groups and enol C-O stretching
keto-enol tautomerism for other molecules present in the  vibrations®® indicates the interaction of RC with XG (Figures 2E
CurNP.2" The important bands observed in CurNP at 1627 cm™'  and 2F) and PEG400 (Figures 2G and 2H). The —OH stretching
(aromatic moiety C=C stretching), 1457 cm™' (olefinic CH, vibration peak with higher intensity observed at around
bending vibrations) and 1284 cm™' (C—O phenolic band bend- 3300 cm™' for CurNP (Figure 2A) indicates the role of the —OH
ing) are the characteristic peaks of curcumin.”? The peak shifts  group in intermolecular hydrogen bonding.**
of 1284 from 1273cm™' (Figure2D) and of 1736 from This observations were further corroborated with the
1718 cm™" (Figure 2E), the strengthening of the absorption  density functional theory (DFT)-simulated calculation of molec-
peak around 3300 cm™' (Figure 2A), the presence of bands in  ular electrostatic potential values (MESP).*® The large negative
the range of 2950-2850 cm ™' and 1375 cm™' due to absorption  values of MESP in the range of —50 to —30 kcalmol™' (parrot
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green colour, Figure 3A) has been attributed to the negatively
charged oxygen atoms of carbonyl and hydroxyl groups
(electrophilic reactive centre).”® Similarly, the C—O bending
observed at around 1736 cm™" (Figure 2E) with its considerable
change in frequency (Figure 2B) suggests formation of a pz-pm
bond between carbon and oxygen atoms.”” The observed peak
shift may be due to the altered nature of carbonyl group as a
result of unequal distribution of bonding electrons between
two atoms and the presence of a lone pair of electrons at the
oxygen atoms.”” The shift observed at 1602 cm™' is attributed
to enolic C—O bending.”® Furthermore, the C—O stretching
vibration observed at around 1375 cm™' has been attributed to
the primary —OH group from PEG400.”*” The MESP-mapped
van der Waals surface of simulated CurNP complex also
suggests that PEG-400, XG and PS-80 selectively interact with
the phenol ring of the curcumin molecule and their interaction
sites exhibit large positive value of ESP within the range + 20 to
+70kcalmol™" (Represented with magenta colour, Fig-
ure 3A).”® The binding energy profile further confirms that PEG-
400 and XG strongly interact at values of +65 kcalmol™' and
+47 kcalmol ™', respectively, while the hydrophilic part of PS-80
interacts with RC with an energy of —15kcalmol™' (See
Supporting Information, Figure S4(B)). Thus, FTIR spectroscopy
along with MESP results conclusively show the stabilization of
the RC molecule through the interactions with PEG-400, XG and
PS-80 for the formation of CurNP.

Notably, we prepared CurNP in aqueous medium (Fig-
ure 1C) and the dispersion stability has been corroborated with
high negative zeta potential (—44.07 £0.54 mV) value com-
pared to RC's (—22.244+1.23 mV) less negative value (Fig-
ure 3B).*? Interestingly, the CurNP zeta potential value is in line
with the simulated surface charge density value (—45.0 mV) of
CurNP (Figure 3B, inset). These trends were also evident from
the zeta potential values measured over a period of 144 h for
CurNP and RC (See Supporting Information, Figure S5). In order
to obtain reliable dispersion stability information, the slope of
the curve was obtained (See Figure S5). The higher the slope,
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the lower was the dispersion stability. RC showed a 50%
reduction in zeta potential values during 144 h vs. CurNP (15%
reduction). Thus, the above-detailed observations conclusively
demonstrate the estimated enhancement (3.3-fold) of CurNP
dispersion stability over RC.*** Interestingly, a blue shift of
49 nm in localized surface plasmon resonance (LSPR) peak of
CurNP as compared with RC was observed (Figure 3C).*% The
shift may be the result of a quantum confinement effect leading
to the quantization of band levels and a shift of the band gap
to shorter wavelengths with reduction in particle size.®"

The PS-80 present in the reaction mixture undergoes
reorganisation, leading to change in the medium dielectric
constant and subsequently resulting in the LSPR peak position
shift. The reorganised PS-80 contributes to the increased
dispersion stability that is evident from CurNP’s zeta potential
values (Figure 3B) and the DFT simulation calculations (Fig-
ure 3G, inset).*? The DFT simulation supports the experimental
LSPR observations by estimating RC (5.9 eV) to CurNP (2.80 eV)
HOMO-LUMO energy gap change (See Supporting Information,
Figure S7 and Table S2). This decreasing energy gap shift
indicates higher molecular interaction that leads to a stable
aqueous CurNP dispersion.

We performed PXRD studies on RC and CurNP (Figure 4A
and Figure S3, Supporting Information). The CurNP diffraction
peaks are broad when compared to RC, which evidently
confirmed the conversion of RC to nano form of RC along with
chemical complexes which is nothing but CurNP in our case.
The Rietveld refinement of PXRD pattern of commercially
available RC matches with Form 1 polymorph as reported by
Sanphui et al® Interestingly, the PXRD pattern of CurNP
matches well with Form 1 (62.2%) as well as with Form 2
(37.7%) which indicates a composite form of CurNP (See
Supporting Information Table S1 for detailed structural parame-
ters and % calculation). Thus, the above observations suggest
that the prepared CurNP complex has high possibility of good
dissolution rate as indicated by Sanphui et al.?*
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Figure 3. (A) Electrostatic potential (ESP) mapped van der Waals (vdW) surface of DFT-simulated CurNP complex. The map reveals molecular interaction sites
of XG, PEG-400, PS-80 with RC in parrot green (— ve energy values) and magenta colour (+ ve energy values). There is a substantial portion of vdW, which has
large negative value of ESP (—50 to —30 kcalmol™', in parrot green colour), which is attributed to the carbonyl group and oxygen atoms of the carboxyl and
hydroxyl groups. A tiny part of the vdW surface has very low ESP (—10 to + 10 kcalmol™') that stems from C—H coordination (in pale white colour). The ESP
global minima and maxima on the simulated CurNPs’ surface are —49.83 and +69.92 kcal mol ™, respectively. (B) Zeta potential of RC and CurNP (blue and
magenta colour lines respectively), demonstrating the stability of CurNP. The inset shows COMSOL Multiphysics (Ver. 5.4) simulated surface charge density
around CurNP. (C) Absorption spectra of RC and CurNP (blue and magenta colour lines, respectively) with CurNP showing a blue shift. The insets shows the
HOMO-LUMO molecular energy gap obtained from structural and density functional theory simulation calculations using Materials Studio Software Suite
2017 (Accelrys) for CurNP (top right).
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Figure 4. (A) Rietveld-refined XRD patterns of CurNP showing Bragg peaks
for Form-1 and Form-2. (B) Comparative Permeation study of RC (blue line)
and CurNP (magenta line) over a time interval of 120 min. At 120 min, CurNP
shows 17.5-fold higher permeation than RC as demonstrated by in vitro
Franz diffusion method. Drug absorption prediction (inset) for CurNP
[Discovery Studio 2.1 (Accelrys)]. Two-dimensional polar surface area

(PSA 2D) for CurNP is plotted against their calculated atom-type partition
coefficient (ALogP98), both an ADMET descriptor.

After confirmation of good dispersion stability and dissolu-
tion rate of CurNP, the in vitro intestinal permeation potentials
of RC and CurNP were evaluated (representative Figures 1D and
1E). At all the test time intervals, CurNP demonstrated enhanced
permeation compared to RC and at 120 min duration CurNP
had 17.5-fold better permeation than RC (Figure 4B). The
permeation results were further validated with in silico drug
absorption prediction using ADMET predictors (Discovery
Studio 2.1).5%

In the ADMET predictor analysis, PSA 2D is an indicator of
good human intestinal absorption and AlogP98 for molecular
lipophilicity.®* The relation between AlogP98 and PSA_2D with
95% and 99% confidence ellipses suggests that the molecule
will be well absorbed 95 and 99 out of 100 times,
respectively.®*@ From an ADMET analysis of CurNP, we observed
the PSA_2D value to be 104.19 and AlogP98 as 3.81 which falls
well within the 95% confidence ellipse (Figure 4B inset; Fig-
ure S8, Supporting Information). The above in silico analysis

ChemistryOpen 2023, 12, €202200200 (4 of 5)

DFT Simulation

DFT calculations were carried out using the Discovery studio 2017
(Accelrys, San Diego, CA, USA). The RC molecular structure were
obtained from PubChem (ID: 969516). The molecular structures of
RC, PS-80, XG & PEG-400 were geometry optimized using Dmol3
server, via the use of the Double Numerical Plus Polarization basis
set and B3LYP function. The calculations were performed with fine
quality grid. The interactions of above geometry optimized
molecules were simulated with Conductor-like Screening Model
(COSMO) considering water as a solvent and above-mentioned
calculation functions sets. During DFT calculations binding energy,
binding site, HOMO-LUMO molecular orbitals, electrostatic surface
potential of individual and resultant molecule was simulated.®® The
occupied and unoccupied volumes within CurNP were evaluated by
constructing a supercell of dimension 5x5 x5 followed by Connolly
surface construction with a fine grid resolution (0.25A) and a
Connolly radius set to 1.0 A. We determined binding energy of
interactions of RC with other reactants. The calculation shows that
RC interacts at AF~63.4 kcalmol™' with other reactants (Fig-
ure S3(B)). It is interesting to note that simulated single CurNP unit
contain occupied volume 3709.56 A>, unoccupied volume
6696.89 A® with large surface area 2908.42 A? (Figure S3(C)).
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