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Double-headed Nanosystems for Oral Drug Delivery?
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Abstract

We demonstrate a novel strategy to engineer double-headed nanosystems by chemical
modification of the carboxyl terminal polyester with a linker that offers tripodal arrangement of
ligands on particle surface. The ex vivoand in vivo results suggest that the bioavailability is
proportional to the ligand density rendered by double-headed nanosystems.

Graphical Abtsract

In treating any disease by oral medication a fundamental problem is the delivery of
molecules across the gastrointestinal tract (GIT) so that they reach their target site in
minimum therapeutic concentrations.l:2 Biodegradable nanosystems are expected to lead
innovative therapeutic and diagnostic methods.3# In order to meet the changing paradigm in
drug delivery, innovation in biomaterials is as important as discovering new drugs.>-8
Several approaches to drug delivery utilizing passive, active and physiologically responsive
systems have been attempted.®-12 The best results are currently obtained when ligands that
bind cell surface receptors decorate the outer shell of nanosystems.13-15 In such cases, the
ligand-receptor stoichiometry plays an essential role in receptor-mediated drug delivery.16:17
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Till date, in receptor-mediated drug delivery application of nanosystems, we and others have
used terminal functional polyesters such as polylactide-co-glycolide (PLGA) that involves
coupling with single ligand through single-headed linkers.18-20

The tripodal arrangement of ligands on a scaffold is considered ideal for molecular
recognition for cell surfaces and biological applications.?! Tris(2-aminoethyl) amine
(TREN), a flexible C3 symmetric linker, has been extensively utilized in co-ordination
chemistry as tri- or tetradentate ligand for various metal ion interactions and sensor based
applications.22-25 |t has been reported that the flexibility of TREN assisted in self-assembly
of the collagen mimetic scaffold due to effective adjusting of the three peptide chains to
form triple helical packing.2® The TREN binding site in the artificial L-serine derivative
based metallocatalyts has been reported to act as allosteric regulation sites due to
conformation change upon metal binding.2” TREN-based materials also find applications in
areas such as recognition and separation of tetrahedral oxo-anions,28 as a membrane
transporter for chloride/bicarbonate anions,2? and as a T-junction to create self-assembled
nanostructures for dual-drug delivery.30

We, herein, describe for the first time the design and development of double-headed
nanosystems using TREN as a linker to carboxyl terminal end of PLGA that permits
coupling with two-fold higher ligand densities as opposed to single head. In this study, we
have used gambogic acid (GA) as a ligand specific for transferrin receptors (TfR) found in
all regions of the intestinal tract.20:31 These functional polyesters upon emulsification lead to
surface active submicron sized particles encapsulating water-insoluble bioactives e.g.,
curcumin. These double-headed nanosystems show increase in receptor binding ex vivoand
oral bioavailability of the encapsulated curcumin /n vivothat is proportional to the ligand
density.

The polymer was synthesized through EDC coupling method (Scheme 1). The synthetic
process is simple and scalable. The commercially available PLGA 50:50 (Resomer® 503H)
was coupled with the linker (TRENdiBoc). The deprotection of boc anhydride introduced
the two free -NH, ends which became available for further coupling to ligand (GA).

The PLGA-TGA, was characterized using various spectroscopic techniques such as NMR,
FT-IR, Raman, and UV-Vis. The 1H NMR of PLGA-TGA,; revealed the disappearance of —
COOH peak (at 13.146 ppm) of PLGA, the disappearance of -COOH peak (12.80 ppm) of
GAB32 and the appearance of amide peaks (at range of 8-9 ppm) (Fig 1a). Further, the
formation of amide bonds was confirmed by FT-IR spectroscopy (1670-1630 cm™1 for C=0
stretching; 1650-1560 cm™1 for N-H bending in amides; 15601530 cm™1 for C-N
stretching) (Fig 1b) and Raman spectroscopy (Fig S1).

The UV-vis spectrum of GA showed peak at 365 nm32, which shifted to 392 nm
(bathochromic shift) upon coupling with PLGA, confirming the coupling of GA to PLGA
(Fig 1c). Furthermore, the absorption intensity in UV-vis spectrum revealed the density of
ligand in PLGA-TGA, was twice as compared to PLGA-EDA (ethylenediamine)-GA
(PLGA-EGA).
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Further, GA concentration in PLGA-TGA, was quantified by HPLC confirming double the
amount of GA as compare to PLGA-EGA (Fig S2). The molecular mass of polymer was
confirmed by gel permeation chromatography (GPC).

The two arms of tripodal linker TREN have been utilized to enhance the GA (ligand)
densities on the polymer by simple EDC coupling method. It is hypothesized that the
flexibility and tripodal arrangement of the linker will provide enough space and orientation
to the attached GA molecules for effective interactions with TfR receptors.

PLGA-TGA, nanosystems were prepared v/a oil-in-water emulsification and solvent
evaporation method. The PLGA-TGA, (50 mg) was dissolved in 2 mL ethyl acetate;
curcumin, a water-insoluble drug-like compound (7.5 mg) dissolved in 0.5 mL ethyl acetate;
polyvinyl alcohol (PVA, 60 mg) dissolved in 5 mL water separately. After 30 min of
dissolution, PLGA-TGA, and curcumin were mixed together and the ethyl acetate mixture
was added to PVA solution dropwise forming o/w emulsion. After 7 min of emulsification at
1500 rpm, the emulsion was homogenized at 15000 rpm for 7 min. The final homogenized
emulsion was poured into 20 mL of water and allowed the organic solvent to evaporate. The
final o/w emulsion was centrifuged at 15000 xg for 30 min at 4 °C in order to collect the
pellet that was re-suspended in 5% sucrose solution and lyophilized for further use. The
curcumin-loaded nanosystems were spherical in shape as revealed by scanning electron
microscopy (SEM) (Fig 2a, 2b) and the size distribution obtained by dynamic light
scattering (DLS) is in the range from 210-250 nm (Fig 2c). Zeta potential of nanosystems
was found to be —2.65 mV at 6.2 pH. The fresh and freeze dried nanosystems showed
similar size profiles (Fig S3). PLGA-TGA, and PLGA-EGA showed similar curcumin
entrapment efficiencies of ~60% (Fig S4).

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6 heptadiene-3,5-dione) is a naturally
available, water insoluble, polyphenol that is an integral part of traditional medicines, has
shown promise of turning into modern medicine.33 However, extensive metabolism leading
to poor systemic bioavailability is a perceived limitation of curcumin.3* The passive PLGA
nanosystems have been used effectively, in the past, for enhancing the bioavailability of
curcumin leading to improved outcomes in inflammatory diseases.3°38 Despite the
enhanced performance of passive-nanosystems, a significant dose remained unabsorbed in
the intestine, indicating potential for further improvement through active-nanosystems.3”

Recently, the focus is shifting towards exploiting intestinal receptors to improve therapeutic
index of drugs encapsulated into the nanosystems.38 The ligand-receptor stoichiometry plays
an essential role in receptor mediated drug delivery. In order to test the hypothesis, we have
conducted ex vivo ligand-receptor binding study using fluorescent nanosystems (detailed
protocol in SI) and /n vivo pharmacokinetics using curcumin encapsulated nanosystems. The
ex vivo results demonstrate significant co-localization of PLGA-TGA, with TfR compared
to that of PLGA-EGA nanosystems (Fig 3a) suggesting an increase in ligand-receptor
binding that is expected to facilitate better transport. A kinetic study was performed on
healthy rodents (Sprague Dawley rats, weighing approximately 200-250 g, n=4). The rats
were administered with a single dose of 20 mg/kg (curcumin equivalent) curcumin
encapsulated PLGA, PLGA-EGA and PLGA-TGA, nanosystems. The curcumin
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concentration (curcumin and curcumin glucuronide) in plasma was monitored from 0-48 h
which revealed the maximum concentration (Cpax) Was reached at 30 min (Tpay) in rats.
The area under curve (AUCq_sg) and Cpax for plasma concentration of curcumin were
higher in case of PLGA-TGA; as compare to PLGA-EGA and PLGA indicating the double-
headed nanosystems were more actively transported across the intestinal barrier as opposed
to single-headed or the respective passive nanosystems (Fig 3b). The /n vivo data
corroborates with the ex vivo ligand-receptor binding assay.

PLGA-TGA; improved the Crax by almost 7-fold and 2-fold compared to PLGA and
PLGA-EGA nanosystems respectively. On the other hand, the AUC between PLGA and
PLGA-EGA are comparable, while PLGA-TGA, showed about 1.5 times higher than PLGA
as well as PLGA-EGA, probably because curcumin is a very low half-life compound. In
order to better understand the curcumin bio-distribution profile, we have conducted a second
study, in which the rodents were sacrificed at the time point (Tax 30 min) showing
maximum plasma levels (Cax). The tissue concentrations of curcumin (curcumin and
curcumin glucuronide) was found 2-times higher for PLGA-TGA,, in plasma and various
tissues such as intestine, liver, kidney, brain and eye (Fig S5). The plasma levels in terminal
sacrifice study seems to be higher compared to those observed in multiple blood withdrawal
study, because the former does not account for elimination, while in both the cases we
estimate free and encapsulated curcumin (Fig S5). It is interesting to note that the eye and
brain levels in PLGA-TGA, group is about 1.5 times higher compared to PLGA and PLGA-
EGA proportional to ligand density. However, the difference between PLGA and PLGA-
EGA curcumin levels in multiple withdrawal study did not translate statistically, but
qualitative to terminal sacrifice study for the above reasons as well as possible inter-
individual variability. The intestine levels indicate that the PLGA-TGA, are still making
their way to systemic circulation and a 30 min sacrifice doesn’t seem to be addressing the
question we pose, and may need a few time points to better understand the curcumin
disposition. While this data does not indicate if PLGA-TGA, nanosystems circumvent
blood-retinal or blood-brain barriers, our prior studies did show that these nanosystems have
the ability to permeate across these barriers.3!

In conclusion, we demonstrate a method by which higher ligand densities can be achieved
for a terminal functional polyesters such as PLGA, which otherwise was not possible. Our
findings suggest that the use of TREN as a linker allowed coupling of two GA molecules as
opposed to one with the routinely used EDA linker. The increase in ligand density led to
proportional increase in oral bioavailability of encapsulated curcumin, which otherwise is
poorly bioavailable. The PLGA-TGA, offers renewed hope for curcumin, alone or in
combination with standard therapeutics, can be effectively used in the treatment of
autoimmune, infectious, vascular, and inflammatory disease conditions, with an exception to
cancer. Further, this method of double-headed nanosystems not only holds great promise for
introducing high ligand densities but also allows dual-ligand coupling for synergistic
transport efficiencies. Thus, the methods described here represent a unique platform for
effective delivery of drugs with enhanced capacity for targeted drug delivery.
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Fig 1.

a) IH NMR of PLGA and PLGA-TGAy; b) FT-IR of PLGA and PLGA-TGA,; ¢) UV-vis
spectrum of PLGA-EGA and PLGA-TGA,.
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Fig 2.
Characterization of PLGA-TGA, nanosystems: a-b) SEM micrographs of PLGA-TGA,
nanosystems; c) Particle size distribution of PLGA-TGA, nanosystems measured by DLS.
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Fig 3.

a) Ex vivo ligand-receptor binding study using intestine tissue section. Representative
confocal images of small intestine sections incubated with fluorescent nanosystems (Red:
TfR; nucleus: blue and nanosystems: green), images acquired at 60X magnification. The co-
localization analysis was performed with default M1 and M2 coefficients in ImageJ
software. Five to six images were used for fluorescent quantification and all data are
presented as mean + SEM of three independent experiments. Statistical comparisons were
made with ordinary one-way ANOVA, Tukey’s multiple comparisons test p value (p < 0.05).
The brown stars are comparison with PLGA nanosystems and black PLGA-EGA vs PLGA-
TGA, nanosystems; b) Pharmacokinetic parameters and plasma curcumin concentration
profile over 48 h (n=4), (inset: plasma concentration for 6 h)
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Scheme 1.
Synthesis scheme for PLGA-TGA,: (i) 20% MeOH/Et3N, 24h; (ii) EDC, 2, DIEA, 24h, N»

atm.; (iii) 30% TFA/DCM, 2 h; (iv) EDC, 4, DIEA, 24h, N, atm.
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