Published on 08 april 2022. Downloaded on 27.06.2024 07.09.29.

7 ROYAL SOCIETY
PP OF CHEMISTRY

Biomaterials
Science

View Article Online

View Journal | View Issue

Bile acid linked pB-glucan nanoparticles for liver

’ '.) Check for updates ‘
specific oral delivery of biologics

Cite this: Biomater. Sci., 2022, 10,
2929
Ayreen S. Chowdhury, 2 Renu Geetha Bai,1*¢ Tamanna Islam,®> Muhammad Abir,?

Mahesh Narayan, 2 ¢ Zehedina Khatun*? and Md Nurunnabi & *2<f

Oral delivery remains one of the most convenient routes for drug administration compared to intravenous,
intramuscular, and via suppositories. However, due to the risk of degradation, and proteolysis of mole-
cules in the acidic gastric medium, as well as the difficulty of transporting large molecules through the
intestinal membrane, more than half of the therapeutic molecules are prohibited for oral administration.
Moreover, most of the large molecules and biological therapeutics are not available in oral dosage form
due to their instability in the stomach and inability of intestinal absorption. To achieve expected bio-
availability, an orally administered therapeutic molecule must be protected within the stomach, and trans-
portation facilitated via the small intestine. In this project, we have introduced a hybrid carrier, composed
of Taurocholic Acid (TA) and p-Glucan (TAG), that is shown to be effective for the simultaneous protection
of the biologics in acidic buffer and simulated gastric juice as well as facilitate enhanced absorption and
transportation via the small intestine. In this project, we have used an eGFP encoded plasmid as a model
biologic to prepare particles mediated with TAG. TAG show the potential of enhancing transfection and
expression of eGFP as we have observed two fold higher expression in the cell upon coincubation for 4 h.
In vivo studies on orally dosed mice showed that eGFP expression in the liver was significantly higher in
TAG containing particles compared to particles without TAG. The findings suggest that the TAG carrier is
capable of not only preserving biologics but also transporting them more efficiently to the liver. As a
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particularly with peptides and proteins, including poor stabi-
lity in the gastric environment and low/no bioavailability.” "

1. Introduction

Oral medications are preferred over other routes of adminis-
tration due to their numerous benefits, including patient
compliance, convenience, cost effectiveness, and non-
invasiveness.'™ Besides systemic absorption via oral delivery,
the oral route is also considered as the most effective route of
drug administration to treat local diseases in the gastrointesti-
nal tract.*”® However, oral formulations have several problems,
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The acidic condition in the stomach facilitates proteolyzing or
degrading of the biologics and mucus membrane to prevent
drug penetration and absorption. To overcome these barriers,
formulations of various approaches have been considered and
investigated including mucoadhesive gel, polymeric particles,
enteric coated granules and biocompatible materials based
oral devices.”'>™™® Several steps have been taken to develop
oral dosage forms of these pharmaceutical compounds that
target select transport proteins and are transferred via trans-
porters to improve oral absorption and bioavailability."
Previously, we have studied and reported bile acid transpor-
ter mediated oral delivery of anticancer drugs, imaging agents,
and gene encoded Glucagon-like peptide (GLP)-1."7*° Our
findings demonstrated that the bile acid transporter, which is
over-expressed in the small intestine, enhances the absorption
and transportation of both small and large molecules.
Interestingly, followed by absorption bile-acid-rich vehicles
were found to accumulate within the liver. We also investigated
the potential of f-glucan as an oral drug delivery vehicle.>® We
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observed that p-glucan in association with the GRGD peptide
not only protects the antigen from harsh gastric conditions
but also enhances the absorption of antigens.

Over the last few decades, p-glucan has been well-studied
for various drugs and vaccine delivery.”’>® Recently, we have
investigated how p-glucan interacts with lipid molecules in the
presence of water and that resulted in the formulation of
nano/microparticles.”” In this study, we have hypothesized
that the use of f-glucan, an acid-resistant polysaccharide, can
protect a sophisticated biological molecule from the hostile
intra-gastric environment. On top of protection, p-glucan also
works as an intestinal drug transporter and enhancer by
binding to the dectin-1 receptor on dendritic cells.”*>" We
have also hypothesized that the incorporation of a bile-acid
moiety can further facilitate the absorption and transportation
of the biological payloads at higher rates. Therefore, we have
synthesized a vehicle composed of Taurocholic Acid (TA), a
hydrophilic bile acid, and B-Glucan (TAG) to test this hypoth-
esis. This vehicle is expected to demonstrate higher transpor-
tation, intestinal absorption, and transportation profiles via
the synergistic interaction of the individual components.
B-Glucan is employed to fabricate nanoparticles; loaded vac-
cines will be shielded from stomach acid and enzymes; and
B-glucan can induce immunological responses.

Over 95% of bile acid-drug conjugates reabsorb in the
small intestine during recirculation.® Therefore, the incorpor-
ation of bile acid derivatives as a part of the oral drug delivery
vehicle demonstrated excellent liver accumulation. TAG
vehicles are expected to be transported via bile acid transpor-
ters, found in the apical compartment of ileum enterocytes of
the small intestine. Once the TAG is absorbed and transported
to the systemic circulation, it is anticipated that they deposit
within the liver through the basolateral compartment of hep-
atocytes. In the basolateral compartment of liver cells, sodium
taurocholate cotransporting polypeptide reabsorbs bile acid-
drug conjugates from the hepatic portal vein, completing one
enterohepatic circulation cycle.

To provide a proof-of-concept, we have prepared a multi-
layered particle composed of TAG and eGFP (enhanced green
fluorescent protein), a model plasmid. The 'H-NMR spectrum
confirms the chemical conjugation between TA and p-glucan
via the formation of an amide bond. The plasmid (eGFP) was
condensed with cationic bPEI in varying ratios followed by
wrapping by TAG. Characterization data reveal that particle
sizes range from 20 to 30 nm, and 100 to 200 nm in diameter,
for bPEI/eGFP (polyplex) and TAG/polyplex, respectively.
Stability studies conducted under a variety of conditions,
including acidic conditions, demonstrate that the TAG coated
polyplex has better stability in the acid buffer than the free
polyplex. In vitro studies with EaHY cell lines with TAG/poly-
plex show 2x higher expression of eGFP than polyplex, an indi-
cation of the potential of TAG for cellular uptake induction.
Both polyplex and TAG/polyplex were orally administered to
healthy mice to establish pharmacokinetic and biodistribution
profiles of eGFP. The results show that TAG/polyplex is
absorbed via the small intestine and deposited within the
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liver. Furthermore, the expression of eGFP within the liver
tissues even indicated their specificity toward liver cells. Non-
specific accumulations were limited to kidney tissue which is
indicative of the excretion/elimination mechanism of the par-
ticles via kidney filtration. In summary, our platform can be
used for the delivery of oral biologics to liver-specific diseases
including liver cancer, fibrosis hepatitis, and fatty liver
disease.

2. Materials and methods
2.1. Materials

B-Glucan extracted from barley (low viscosity) (MW: 166 000
Da) was  purchased from  Megazyme (Island).
4-Nitrophenylchloroformate (4-NPC) (>98%), 1-ethyl-3-(3-(di-
methylamino)propyl)carbodiimide (EDC) (>98%), and triethyl-
amine (TEA) (>99%) were purchased from TCI (Japan).
Branched polyethylenimine (BPEI), taurocholic acid (TA),
enhanced green fluorescence protein (eGFP) plasmid, ethyle-
nediamine (EDA), and N-hydroxy-succinimide (>98%) (NHS)
were purchased from Sigma-Aldrich (St Louis, MO).

2.2. Synthesis and characterization of TAG

2.2.1. Taurocholic acid modification. TA was modified
according to the methods reported elsewhere.® Briefly, TA
(0.1 M) was dissolved in dichloromethane (DCM) followed by
adding 4-NPC (0.4 M). The reaction was allowed to proceed at
4 °C for 30 min. Then, ethylenediamine (0.4 M) and 4-methyl-
morpholine (0.4 M) were added and the reaction was allowed
to continue for 12 h at room temperature. The final product
was purified via extraction using a cosolvent of water:
acetonitrile (50:50, V/V). The aqueous phase was collected
and lyophilized using a freeze dryer.

2.2.2. TA and fB-glucan (TAG) conjugation. To introduce
NPC into B-glucan (to facilitate conjugation with TA via amide
bond formation), first p-glucan (0.01) was dissolved in the
DMSO solvent and stirred until it was completely soluble at
55 °C. The temperature was reduced to 4 °C after 30 minutes,
prior to 4-NPC addition. The system was then brought back to
room temperature. TEA (0.1 M) was introduced as a reaction
catalyst, along with excess EDA (0.1 M), to facilitate the conju-
gation of EDA into f-glucan (to facilitate the introduction of
amine groups). The amine group conjugated f-glucan was dia-
lyzed for 6 h against deionized water followed by lyophilization
for 48 h. The modified p-glucan was then dissolved in de-
ionized water until it was completely dissolved. Following that,
catalysts EDC (0.1 M) and NHS (0.1 M) were used to generate
amide bonds between the TA (0.1 M) and the f-glucan and the
reaction was allowed to proceed for 12 h. The final product
was dialyzed in deionized water overnight and freeze-dried for
48 h. The conjugate and individual entities were characterized
using "H-NMR. BG, TA, and TAG were separately dissolved in a
deuterated DMSO-d6 solvent, and the NMR was performed
using NMR spectroscopy (Bruker Instrument). The sample was
equilibrated at a constant temperature of 295 K and the recei-
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ver gain and the pulse width employed were 194.2 and 15,
respectively.

2.3. Preparation of formulations

We have followed the previously reported and optimized
methods for polyplex and layer-by-layer wrapping.'® eGFP and
bPEI were separately diluted with saline (PBS) at 0.1 mg mL™".
To prepare the polyplex, an eGFP encoded plasmid DNA
(pDNA) was initially condensed with branched polyethyl-
eneimine (bPEI) at a N/P ratio of 5:1 to form a stable gene
complex, viz. the polyplex (PP). Equal volumes of bPEI and
eGFP were simultaneously introduced into a round bottom
flask with constant stirring. The electrostatic interaction
between the cationic bPEI and anionic eGFP facilitates the for-
mation of particles upon stirring (at room temperature). The
pre-synthesized TAG was dissolved in PBS at a concentration of
1 mg mL~". Then an equal volume of the TAG solution and PP
solution were simultaneously introduced into a round bottom
flask with concurrent stirring with a ratio of 1/1 (w/w). The
TAG wraps around the surface of PP and forms TAG/polyplex
nanoparticles via a layer-by-layer coating strategy. Both PP and
TAG/polyplex were characterized for their morphology and
stability.

2.4. Characterization of the formulations

Morphological characterization of PP and BTCA-PP was per-
formed wusing a transmission electron microscope/TEM
(ELS-8000, Photal, Osaka, Japan).** Particle sizes and mor-
phology of the nanocomplex were estimated by dynamic laser
scattering (DLS) (Malvern Panalytical, United Kingdom).
Particle charge was measured using a zeta analyzer (JEOL,
Japan). The chemical conjugation and amide bond formation
between B-glucan and TA was evaluated by using 'H-NMR.>°

For TEM analysis, the formulations were dispersed in water
and sonicated in a water bath for 30 seconds before dropping
on the TEM grid.>* After 1 min of adding solution to the grid,
excess water was eliminated using dry paper tissue and
allowed to further dry in air under a fume-hood. The hydro-
dynamic volume and size changes, in various buffers, and the
duration of the nanocomplex were measured and the charge of
the particle was also evaluated.

2.5. Stability analysis

We measured the stability of the formulations in simulated
gastric juice and different acidic buffers (pH 3 and 5) and
investigated changes in their size distribution and surface
charges.” To evaluate the stability of the nanoparticles (poly-
plex and TAG/polyplex), the material is dispersed in 1 mg
mL™" simulated gastric juice (Sigma Aldrich) and their size
and zeta potential are measured by DLS. To further investigate
their stability in an “empty” stomach, the formulations were
dissolved in an acidic buffer at a concentration of 1 mg mL™".
Size distribution and zeta potential were measured at different
time points.

This journal is © The Royal Society of Chemistry 2022
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2.6. Invitro gene expression study

Human umbilical vein cell line EaHy926 was purchased from
ATCC and cultured according to the instructions provided
(CRL-2922™ ATCCA). The cells were transferred to a 8-well
chamber and incubated for another 24 h prior to adding the
formulation. 200 pL of solutions (1 pg mL™" equivalent to
eGFP) of both polyplex and TAG/polyplex was added to each
well and incubated for 4 h to facilitate internalization of the
particles and expression of eGFP.>> The cells were then imaged
using a confocal microscope with a green filter to capture com-
parative expression levels.

2.7. Biodistribution of the eGFP

C57BL/6 was purchased from Charles River Lab (Waltham,
MA) and housed at the University of Texas at El Paso (UTEP)
vivarium. The protocol (#A-201910-1) for the animal studies
was evaluated and approved by UTEP’s Institutional Animal
Care and Use Program (IACUP) committee. Polyplex and TAG/
polyplex were dissolved in PBS at a concentration of 100 mg
mL™" (equivalent to eGFP) and 100 pL of the solution was
administered via oral gavage (equivalent to 10 pg of eGFP). The
animals were sacrificed within 24 h of post administration and
the organs were harvested for quantitative and qualitative ana-
lysis of eGFP expression in various organs.’® The tissues were
fixed with 10% paraformaldehyde for 30 min and transferred
into paraffin block, followed by transferring and storing at
—80 °C. Regarding microscopic imaging, the tissue block was
cut at 10 pm thickness and embedded on glass slides. The
tissue embedded glass slides were imaged using a confocal
microscope with a green filter to capture the degree of eGFP
expression. Regarding quantitative analysis, the tissue was dis-
solved in PBS and homogenized. The homogenized tissues
were centrifuged, and the precipitated tissues were discarded.
The supernatant was used to measure the intensity of eGFP
using a microplate reader. Tissues from untreated healthy
mice were used as a negative control and subtracted from the
reading to correct for auto fluorescence."’

3. Results and discussion

The chemical conjugation of TA with BG was achieved using
different amine catalysts and confirmed by 'H-NMR analysis.
Fig. 1 shows the 'H-NMR of BG (A), TA (B), and TAG (C),
respectively. The NMR peak, chemical shift, and J-coupling
were analyzed by the MestReNova (version 14.2.3) software.
The values of the chemical shift obtained for each of the
different proton contents in the samples from the 'H-NMR
(400 MHz, DMSO) experiment are listed below:

The chemical shift for BG: § 4.68 (s, 3H), 3.34 (d, J =
15.1 Hz, 1H). The chemical shift for TA: § 7.67 (s, 1H), 4.32 (d,
J = 4.4 Hz, 1H), 4.12 (d, J = 3.5 Hz, 1H), 3.99 (dd, J = 27.6, 5.3
Hz, 1H), 3.78 (s, 1H), 3.61 (s, 1H), 3.25 (dq, J = 15.1, 6.6 Hz,
2H), 3.18 (s, 2H), 2.90 (s, 1H), 2.74 (s, 1H), 2.21 (dt, J = 23.4,
11.8 Hz, 1H), 2.08-1.90 (m, 1H), 1.64 (d, J = 12.6 Hz, 2H), 1.42
(s, 3H), 1.37 (d, J = 13.5 Hz, 1H), 1.25 (s, 1H), 1.15 (q, J = 7.0

Biomater. Sci, 2022, 10, 2929-2939 | 2931
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Fig.1 A, B, and C represent the 'H-NMR plots of BG, TA, and TAG, respectively. The peak-assignment confirms the chemical conjugation between

BG and TA via amide bond formation.

Hz, 1H), 0.92 (d, J = 6.4 Hz, 3H), 0.84 (s, 1H), 0.81 (s, 3H), 0.59
(s, 3H). The chemical shift for TAG: § 5.43 (s, 3H), 5.30 (s, 1H),
4.69 (s, 7H), 4.35 (s, 4H), 3.80 (s, 3H), 3.70 (s, 1H), 3.56 (s, 3H),
3.13 (s, 2H), 3.06 (s, 1H). Based on the analysis, it can be con-
cluded that BG can effectively interact with TA to form TAG via
preferentially creating the -OCO-NH-C,H,-NH-O- linkage.
The following reaction presented in Scheme 1 potentially rep-
resents the trajectory towards the formation of TAG.

Fig. 2A outlines the steps of polyplex and TAG/polyplex for-
mation. Polyplex is formed by the assembly of bPEI and
plasmid DNA, whereas TAG is formed by the combination of
B-glucan and TA. During the formation of polyplex, we observe
that the polyplex of 1:3 and 1:5 (N:P ratios) is saturated as
the size was very much stable, based on the size distribution
data (Fig. 2B). The zeta potential data also reveal that the
surface charge of 1: 2 polyplex is cationic and higher than that
of 1:3 polyplex. The measured average charge of bPEI was
37.1 mV, whereas the charge of TAG was —78.8 and —151 mV
for 1 mg ml™" and 0.5 mg mL™" respectively. The size and
charge analysis were performed by various EGFP : bPEI ratios.
From the analysis the optimal lowest size was observed for the
N:P ratio of 1. However, depending on the increase in the
N: P ratio the charge of the system changed from negative to

2932 | Biomater. Sci, 2022, 10, 2929-2939

positive values as shown in Fig. 2B. As the N: P ratio increases
the size and charge of the polyplex showed a more stable
profile in Fig. 2C. Therefore, based on the size distribution
and zeta potential value, we selected polyplex (1:2 N: P ratio)
for the next step.

During the process of TAG/polyplex complex preparation,
polyplex acts as the solid core where TAG is the shield covering
and protecting the biologic containing inner core. The particle
size and charge of the TAG/polyplex were evaluated using DLS
and zeta analyses. The particle size analysis of the TAG/poly-
plex is displayed in Fig. 2D and the zeta potential analysis is
shown in Fig. 2E. As the w/w ratio increases, the particle size
of TAG/polyplex increases and the zeta values shifted from
positive to negative. The TAG creates a layer on the outer
surface of the polyplex via electrostatic interactions where
f-glucan is expected to provide protection from the acidic
environment in the lumen of the stomach. TA is expected to be
exposed on the outermost surface of the particles to be able to
interact with bile acid transporters of the intestine. Therefore,
polyplex wrapping by TAG not only results in a size increment
but also impacts surface charge. The TAG/polyplex (1:0.5 and
1:1 w/w) particles exhibited positive surface charges of 10 and
6 mV, respectively.

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 The scheme shows the chemical conjugation process and
bond formation between p-glucan and TA. The feed molar ratio of
B-glucan and TA was 1:10. The chemical conjugation and amide bond
formation between p-glucan and TA were confirmed by *H-NMR.

The TEM images reveal the morphological features of the
“as-prepared” polyplex and TAG/polyplex (Fig. 3). The polyplex
showed a homogeneous distribution of the complex in the size
range of 10-50 nm diameter. Nevertheless, after wrapping with
negatively charged TAG the size increases to 147.5 + 1.3 nm in
diameter. The size and morphology results indicate that the
polyplex is completely wrapped by TAG as an outer shell,
which causes an increase in particle size. Furthermore, the
TEM analysis displayed the formation of a shield (thin
coating) of TAG covering the comparatively compact polyplex
core. The larger size of the TAG/polyplex particles also indi-
cates that the individual nanoparticle may consist of multiple
polyplexes loaded into it. The coating of TAG conjugates over
the polyplex was initiated to cover the cationic surface, thus
protecting the pDNA from gastrointestinal degradation and
finally facilitating intestinal absorption and transportation of
the entrapped eGFP via transporters across the small intestine.

The stability of the polyplex and TAG/polyplex was tested for
0-12 h duration in simulated gastric juice. Simulated gastric

This journal is © The Royal Society of Chemistry 2022
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juice contains pepsin on top of hydrochloric acid, sodium
chloride and water. Upon incubation the formulation interacts
with the pepsin as well as free protons. Polyplex revealed a tre-
mendous increment in size from 147.5 nm to 467.4 nm, attrib-
uted to the possible interaction between the cationic polyplex
and the proton concentration in the acidic stomach. Another
possible reason for size increment is the potential aggregation
of the complex, which may have played a vital role in size incre-
ment. By contrast, the size distribution of TAG/polyplex formu-
lation remained almost constant without many changes in the
size of the particles (Fig. 4A), which showcases the stable
nature of TAG/polyplex under stomach simulated conditions.
This finding provides a proof of our hypothesis that TAG wrap-
ping can potentially protect the entrapped polyplex as well as
eGFP from being aggregated, dissociated or proteolyzed. The
zeta potential profile of polyplex and TAG/polyplex also
showed similar trends. The negative zeta potential of the poly-
plex slowly increased which is directly proportional to the incu-
bation period, whereas the zeta potential value of the TAG/
polyplex particle remained stable without much difference in
the duration of incubation, as displayed in Fig. 4B.

To evaluate the stability profile of the oral biologic in the
stomach, size distribution and zeta potential of the particles
were analyzed by dissolving the formulations (polyplex and
TAG/polyplex) in acidic pH buffer (pH 3 and pH 5) for a dur-
ation of 16 h. Fig. 5A depicts the changes in particle size
changes of polyplex and TAG/polyplex in pH 3 and pH 5
buffers. In pH 3 buffer, the size of the polyplex fluctuated up
to 4 h, and then stabilized in size until 8 h. This was then fol-
lowed by a gradual decrease in size until 16 h. In pH 5, poly-
plex gradually increased in size up to 8 h and then showed a
decrease in size. The size of TAG/polyplex in pH 3 buffer also
showed an increase in size <400 nm due to possible aggrega-
tion of the complex till the 4 h. Then, due to charge stabiliz-
ation it showed a decrease in size afterwards. In the case of
polyplex in pH 3and 5 and TAG/polyplex in pH 3 the change in
size after 8 h showed a similar stable size profile showing a
decrease in size. However, TAG/polyplex in the pH 5 buffer
showed a different profile. For TAG/polyplex in pH 5, the size
~140 nm at 0 h has increased to >300 nm due to the charge
interactions and aggregation process, however, after 4 h it
showed a stable profile with almost the same size until 16 h.
The findings demonstrate the ability of TAG to maintain the
physical stability of the particle for a duration that is enough
for them to pass through the stomach and reach out to the
intestine.

As shown in Fig. 5B, in the pH 3 buffer, the presence of
protons (H+ ions) did not interfere with the original positive
charge of the polyplex and thereforethe charge remained
almost stable for the entire incubation duration. However, in
the pH 5 buffer the polyplex showed fluctuations in charge
(from +15 to —15 mV) due to the interaction of protons in the
buffer until 8 h and then gradually increased and stabilized to
a neutral charge during the tested duration. In the case of
TAG/polyplex, in pH 3 buffer, the system showed a very stable
zeta profile without many significant changes in values.

Biomater. Sci,, 2022,10, 2929-2939 | 2933
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Fig. 2 The scheme represents how the TAG/polyplex complex was formed (A). Particle size (B) and zeta potential (C) of polyplex. Particle size (D)
and zeta potential (E) of TAG/polyplex. An EGFP : bPEI ratio of 1: 2 was considered to prepare TAG/polyplex particles.

Whereas, in the pH 5 buffer the charge of the TAG/polyplex
also showed some variations (from a negative charge to an
almost neutral charge) until 8 h and then displayed stable
charge and, thus, zeta values.

The transport and update of the oral delivery system in the
liver and small intestine are regulated by a bile acid uptake
protein such as sodium/taurocholate co-transporting polypep-
tides (NTCPs) and apical sodium dependent bile acid transpor-
ter (ASBT) receptors.’®® The quantitative cellular uptake and

2934 | Bjomater. Sci., 2022, 10, 2929-2939

transfection efficiency of the polyplex and TAG/polyplex was
tested on EaHY cells upon co-incubation for 4 h. The TAG
modified polyplex (TAG/polyplex) exhibited higher expressions
of enhanced green fluorescence in the treated cells compared
to the polyplex. The green fluorescence intensity within EaHY
cells correlates with its cellular uptake and expression of eGFP.
The presence of bile acid on the TAG/polyplex particle enables
increased cellular uptake and cell internalization, thereby
enhancing transfection efficiency of TAG/polyplex (Fig. 6A).

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Size and morphology were measured using transmission electron microscopy (TEM) for polyplex (A) and TAG/polyplex (B). Scale bars rep-

resent 200 nm.
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Fig. 4 Stability of the particles in the simulated gastric juice. The size distribution (A) and zeta potential (B) stability profile, for 12 h of incubation,
shows that the TAG/polyplex particles are more stable compared to that of polyplex within the gastric juice.
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Fig. 5 Stability profile of polyplex and TAG/polyplex in various pH buffers to mimic stomach acid. Both particle size (A) and zeta potential (B) show

that the TAG containing particles are relatively more stable than polyplex.

The relative quantitative fluorescence intensity (RFU) is dis- titative analysis of the cellular uptake comparison between
played in Fig. 6B, where TAG/polyplex showed ~350 RFU, polyplex and TAG/polyplex.

which is almost 2-fold higher fluorescence intensity than that The TAG/polyplex was designed to improve intestinal
of polyplex treated cells at ~170 RFU. This facilitates the quan- absorption, cellular uptake, and transfection efficiency of the

This journal is © The Royal Society of Chemistry 2022
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entrapped eGFP via specific intestinal receptors. The in vivo
studies were performed, on mice models, to evaluate the oral
absorption profile and biodistribution of eGFP and compared
between TAG/polyplex and polyplex. A total of 5 treatment
groups were used in the study with each group containing
5 mice. After 24 h of administration via oral gavage, the

Stomach  Duodenum

Jejunum lleum Liver

L Spl
A-----hﬁ

Saline

animals were sacrificed and dissected to collect the organs —
small intestine (jejunum, duodenum, ileum), lungs, liver,
heart, kidneys, and spleen to evaluate organ specific accumu-
lation and expression of eGFP. As shown in Fig. 7A, the biodis-
tribution of the entrapped eGFP in polyplex and TAG/polyplex
corresponds to the green fluorescence in the images, whereas

Heart Kidne‘

TAG/polyplex

N
)
1

204

Duodenum
Jejunum
Liver
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Fig. 7 Biodistribution and quantitative expression of eGFP in different tissues/organs of orally administered polyplex and TAG/polyplex. TAG con-
taining particles show duodenum-specific transportation and liver accumulation. Liver accumulation of eGFP for TAG-mediated particles was 3x

higher than polyplex.
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the buffer did not exhibit any fluorescence (negative control).
The microscopic images show a significant enhancement in
the fluorescence intensity of TAG/polyplex compared to the
polyplex within the duodenum region. By contrast, a lighter
green expression was observed in the duodenum and jejunum
for polyplex. This result supports the notion of improved cellu-
lar uptake by the transporter-based targeting mechanism and
transfection efficiency of the TAG containing carriers in 24 h.
Image] was used to perform quantitative analysis of the micro-
scopic images by picking a small region of interest (ROI) and
measuring the mean intensity inside the ROL*>*° Both images
and quantitative analysis based on the distribution profile
showed excellent expression of eGFP for TAG/polyplex in the
liver. Whereas in the kidneys both polyplex and TAG/polyplex
showed similar fluorescence intensities. The highest fluo-
rescence intensity was observed in the duodenum followed by
the liver and kidneys which support the efficient transfection
of the gene complex through TAG/polyplex-mediated transport
through the intestinal receptors. The enterohepatic circulation
of bile acids enables TAG to absorb and transport through the
small intestine and accumulate in the liver, resulting in a
strong fluorescence intensity in liver tissues. Furthermore, the
fluorescence exhibited by the animals treated with polyplex
depicted the nonspecific transfection of eGFP, which could be
due to the electrostatic interactions of polyplex with a nega-
tively charged glycocalyx in mucin, it degrades or destabilizes
the gene complex.

From the in vivo studies, we underscore that the uptake of
the gene complex occurred in the small intestine through
enterocytes by the synergy of the bile acid transporter and
dectin-1 receptor.*"** Following that, the transfection efficacy
of the orally administered TAG/polyplex in comparison with
the cationic polyplex, expression of the gene was evaluated in
different tissues. A relative quantitative biodistribution ana-
lysis (Fig. 7B) was performed in the stomach, duodenum,
jejunum, ileum, heart, liver, lungs, spleen, and kidneys. The
relative fluorescence analysis profile suggests that polyplex
without TAG did not demonstrate any specific absorption
profile in the mice tissues. However, nonspecific absorption is
observed in the case of polyplex, which may result from their
positive charge. The electrostatic interactions between nega-
tively charged surface glycolipids and glycoproteins, and posi-
tively charged polyplex eventually result in nonspecific trans-
portation via the intestine. Compared with polyplex, TAG/poly-
plex showed as much as two fold higher transfection efficiency
in the liver, which indicates the ability of TAG to entrap and
carry the biological payload to the liver.

4. Conclusion

In the current study, TA and f-glucan were synthesized using
biocompatible amide bonds, which are also stable under an
acidic environment. Various independent characterization
approaches were used to validate the accuracy of the chemical
conjugation and nanoparticle formulation via electrostatic

This journal is © The Royal Society of Chemistry 2022
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interactions. Moreover, these nanoparticles remain stable for a
long duration under acidic buffer conditions without compro-
mising their integrity. Both in vitro and in vivo studies depicted
that the TAG, a hybrid vehicle composed of bile acid and
B-glucan, has the potential of shielding the biological mole-
cules from the harsh environment of the stomach, as well as
accelerating oral absorption and transportation to the systemic
circulation. More importantly, the in vivo biodistribution
profile demonstrate that the orally administered vehicle has
target specificity for the liver. This demonstrates the potential
and efficacy of this newly devised and precise method of
administering oral large molecules, including, biologics, pro-
teins, and peptides. We anticipate that, with further develop-
ment, this promising nonviral gene delivery strategy can be
used for the oral delivery of therapeutic genes and vaccines to
treat various liver diseases.
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