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1. Introduction

Novel zwitterionic densely charged neutral
sulfobetaine polymeric micelles for oral delivery of
therapeutic peptides: a proof-of-concept study

Muthanna Abdulkarim,**° Catia Neto,? Flavia Laffleur,® Victor Ramos-Pérez,®
Andreas Bernkop-Schnurch, (2 © Salvador Gémez Borros (2 € and
Mark Gumbleton (22

Densely charged but neutral sulfobetaine polymeric micelles (PMs) were designed with the aim of
efficiently permeating the intestinal mucus and releasing the intact peptide cargo close to the intestinal
epithelial surface. Using RAFT chemistry, butyl methacrylate and dimethyl aminoethyl methacrylate copo-
lymers were synthesised and then reacted with propane sultone to form amphiphilic block copolymers
comprising hydrophilic zwitterionic sulfobetaine and lipophilic butyl methacrylate (BMA). Small (diameter
<50 nm), spherical BMA-sulfobetaine PMs with a near neutral surface charge potential and loaded with a
model peptide cargo, the GLP1-agonist peptide exenatide, were then formed by nanoprecipitation. In
vitro peptide release studies from the PMs showed that less than 0.9% of the peptide load was released
within the first 2 h (i.e. there was no ‘burst’ effect), with the release unaffected by highly acidic conditions.
Thereafter, a sustained release was evident with 43% of the peptide load released in 24 h. In vitro screen-
ing (cytotoxicity assay) showed that the PMs did not cause loss of epithelial cell viability. Multiple particle
tracking showed that the PMs were very highly permeant through the intestinal mucus. An in vivo non-
clinical rodent pharmacokinetic study demonstrated the oral delivery of the exenatide-loaded PMs to
achieve an extent of peptide bioavailability of 13% relative to subcutaneous (s.c.) exenatide solution injec-
tion. A pharmacodynamic study showed the efficacy of the oral exenatide-loaded PMs with significant
reductions in blood glucose following a glucose challenge test. In conclusion, a novel family of sulfobe-
taine PMs have been demonstrated as stable carriers, efficiently permeating the intestinal mucus and with
the potential for exploitation in the oral delivery of therapeutic peptides.

network® which has a mesh size ranging from 1000 nm down
to less than 100 nm (ref. 4) within which other intestinal

Efficient oral absorption of polypeptide-based therapeutics is
challenged by not only by the lack of permeability of the intes-
tinal epithelium to such agents but also the harsh environ-
ment of the gastro-intestinal lumen."” Compared to other
mucosal barriers, the intestinal mucus is thicker with higher
mechanical strength due to the condensed mucin fibre
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mucus constituents (lipids, proteins and DNA) either exist
freely within the voids of the network or are adsorbed to
mucin fibres.”> To reach the gastrointestinal (GI) absorption
surface itself, therapeutic peptides must not only show stabi-
lity to pH and enzymatic challenges but also diffuse through
the mucus barrier.®

Currently there are more than 60 therapeutic polypeptides
in the global market and over 150 agents at different stages of
development.”® Most of these peptides have short half-lives
resulting in more frequently repeated daily injection doses
that may impair patient adherence.® A major growth area in
pharmaceutical technology is the oral delivery of peptide hor-
mones. The potential for the oral administration of glucagon-
like peptide 1 (GLP-1) agonists exemplifies the possibilities
and need.'® These agents can provide effective control of
blood glucose levels and promote central satiety, leading to
weight loss benefit, an outcome impacting not only type 2 dia-
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betes mellitus but also a number of other -chronic
conditions.’"'? Currently, only one of the six marketed GLP-1
agonist products is administered orally (semaglutide)'*'* with
a reported extent of bioavailability of 1%."

Nanoparticles (NPs) may efficiently protect orally delivered
peptides in the gastro-intestinal lumen'® although the strategy
does not necessarily prevent the NPs from entrapment in the
intestinal mucus and failure to reach the absorption surface."”
Our strategy to improve the mucus permeation of nanocarriers
is to design ‘slippery nanocarriers’ possessing a highly hydro-
philic surface that can reduce interactions with lipophilic com-
ponents of the mucus and enabling a closer and more pro-
longed apposition of the nanocarrier with the intestinal
absorption surface.'® The principle of ‘slippery surface nano-
carriers’ mimics the capsid virus with a very dense distribution
of closely aligned negative and positive surface charges, pre-
senting to the exterior a hydrophilic surface that bears an
overall near neutral electrical character."’

Polybetaines are zwitterionic (co)polymers characterized by
the presence of electrically opposite groups in the same
monomer unit;>* each betaine monomer unit possesses a
terminal anionic group next to an amino cationic group, with
betaine monomers termed sulfobetaine when the anionic
species is a sulphate group.?! Previous studies have shown that
sulfobetaine film coatings can form an anti-adherent densely
charged layer which can minimise electrostatic or lipophilic
interactions.?** Recent work using carboxybetaine nano-
technology, in which the carboxyl group serves as the terminal
anion, showed highly improved oral delivery of insulin.**
Hence, synthesising nanosized micelles from sulfobetaine
polymers could provide an oral delivery system with excep-
tional mucus permeation properties. While these sulfobetaine
polymers are well known to be anti-bioadherant, the literature
has to date not revealed any studies using sulfobetaine nano-
technology for oral delivery of peptides. The hypothesis of this
study was therefore that slippery-surface sulfobetaine PMs
would have enhanced mucus permeation, allowing these car-
riers to achieve close proximity to the oral absorption barrier
itself, and providing efficient controlled oral delivery of a
peptide, e.g. the model GLP-1 agonist exenatide.

For the chemistry in this study, we used the reversible
addition fragmentation chain transfer (RAFT) technique to
create precise size-controlled sulfobetaine polymeric micelles
(PMs) bearing a surface chemistry that minimises mucus inter-
actions through mimicking highly mucus-diffusive viruses. We
first synthesised low molecular weight butyl methacrylate
(BMA) to serve as the lipophilic segment for the sulfobetaine
PMs prior to copolymerising the BMA polymer with different
ratios of dimethyl aminoethyl methacrylate (DMAEMA). The
BMA : DMAEMA copolymers were then reacted with 1,3-
propane sultone to form  block copolymers of
BMA : sulfobetaine, again making a variety of PMs with
different ratios of BMA to sulfobetaine, with the zwitterionic
block serving as the hydrophilic component of the PMs.

With the aim of creating a range (different ratios of
BMA : sulfobetaine) of small-diameter PMs with neutral
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surface charge that were highly permeant through the mucus,
these PMs were physicochemically characterised using a
Malvern Zetasizer Nano ZS and by transmission electron
microscopy (TEM). The peptide loading capacity (LD%) and
peptide (exenatide) release from the PMs were examined using
standard in vitro techniques. The cytotoxicity of the PMs was
studied in epithelial cell-culture models, and the diffusive pro-
perties of the PMs in the mucus was assessed by a state-of-the-
art multiple particle tracking (MPT) technique. The pharmaco-
kinetic (PK) and pharmacodynamic (PD) in vivo effectiveness
of the PMs was assessed in a rodent model and with respect to
the oral delivery of a medium length GLP-1 agonist peptide,
exenatide; the PD impact of peptide delivery explored the
responsiveness of the animals to a glucose-tolerance test after
having been first exposed to the GLP-1 agonist exenatide deli-
vered via oral and (s.c.) routes of
administration.

subcutaneous

2. Materials and methods

2.1. Materials

The following materials were obtained from Fisher Scientific:
BMA, DMAEMA, 1,3-propane sultone, 2-cyano-2-propyl dodecyl
trithiocarbonate, 2,2'-azobis(2-methylpropionitrile) (AIBN) and
tetrahalose were purchased from Sigma-Aldrich. Methanol,
dioxane, dimethyl sulfoxide (DMSO), hexane, tetrahydrofuran
(THF), and Dulbecco’s modified Eagle’s medium (DMEM). The
fluorescent dye Lumogen Red-305 was a gift from Nanomi, the
Netherlands. Other routine chemicals NaCl, KCI, Na,HPO,,
KH,PO,, NaOH and HCI were also obtained from Fisher
Scientific. A dialysis tubing (MW cut-off 20 kDa), the 3-[4,5-di-
methylthiazol-2-yl]-2,5-diphenyl-tetrazolium  bromide  salt
(MTT) kit for cell viability testing, and pepsin (porcine gastric
mucosa-derived) were from Sigma-Aldrich. Fetal bovine serum
(FBS) and penicillin-streptomycin solution were from Gibco.
Glass bottom imaging dishes (35 mm diameter dish with a
glass coverslip with 1.5 mm thickness and 10 mm diameter)
were from MatTek Corporation (USA). Exenatide acetate was
from Carbosynth Limited, UK. The exenatide ELISA kit
(exendin-4 (Heloderma suspectum) — chemiluminescent EIA Kkit)
was from Phoenix Pharmaceuticals Inc. (USA).

2.2. Synthesis of the zwitterionic BMA-sulfobetaine polymer

2.2.1. Synthesis of the lipophilic BMA block polymer. The
BMA block polymer was synthesized by RAFT chemistry using
AIBN as the initiator, 2-cyano-2-propyl dodecyl tri-thiocarbo-
nate as the chain transfer agent (CTA) and dioxane as the reac-
tion medium (Scheme 1). Prior to the synthesis, AIBN was pur-
ified by recrystallization in cold methanol and the BMA
monomer was purified by passing the monomer solution
through a bed of aluminum oxide to eliminate stabilizers.
Using the standard RAFT equation (eqn (1)) for the target
MW of the desired polymer,*® pilot experiments optimised
the ratio of BMA:CTA:AIBN to 25:1:0.1, respectively, in
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Scheme 1 Steps in the synthesis of BMA—sulfobetaine polymers, where
the first step [A] includes the RAFT polymerisation of the BMA polymer
using the CTA. The second step [B] includes the copolymerization of
BMA-DMAEMA in which BMA-CTA serves as the macro-initiator to
control the polymerisation of DMAEMA monomers. The third step [C]
includes the synthesis of BMA—sulfobetaine, where the tertiary amino
group of the DMAEMA unit was reacted with the y carbon of 1,3
propane sultone.

order to synthesise BMA block polymers comprising 25 units
per chain.

mole (monomer)

M, =
" mole (CTA)

X MW (monomer) + MW (CTA) (1)

In eqn (1), M, = target MW of the polymer; [mole
(monomer)/mole (CTA)] = molar ratio of the monomer to the
CTA; MW (monomer) = MW of the monomer; and MW (CTA) =
MW of the CTA.

For the synthesis using the optimized ratio, we first dis-
solved 3.52 x 1072 moles of the BMA monomer, 1.40 x 10™*
moles of the CTA and 1.40 x 10~ moles of AIBN in 2 ml of
dioxane in a borosilicate glass tube. This medium was flushed
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with nitrogen gas for 30 min before the reaction was initiated
by placing the tube in a silicon oil bath at 70 °C under continu-
ous nitrogen flushing and 100 rpm stirring. The reaction was
continued for 6 h (optimised in a pilot study) after which the
reaction was stopped by exposure to air.

The BMA polymer produced was then purified by precipi-
tation in excess cold methanol and centrifugation at 2600g for
20 min. The precipitate was washed twice with cold methanol
and the supernatant was removed. The final precipitated
polymer was dried under vacuum at room temperature ahead
of the co-polymerisation steps.

2.2.2. Co-polymerisation of the BMA-DMAEMA di-block
copolymer. The above dried BMA polymer was co-polymerised
with DMAEMA monomers using RAFT chemistry to produce a
size-controlled BMA-DMAEMA di-block copolymer. Here the
BMA block polymer, holding the CTA, served as a macro-CTA*”
controlling the RAFT polymerisation of DMAEMA (Scheme 1).
Using the ratios of reactants as defined by eqn (1), the BMA
polymer was co-polymerized with DMAEMA to achieve the fol-
lowing five BMA-DMAEMA lipophilic di-block copolymer pro-
ducts differing in molar ratios (P is the polymer designation
number): P1, 70 : 30; P2, 60 : 40; P3, 50 : 50; P4, 40 : 60; and P5,
30:70. The copolymerisation was carried out for 24 h under
the same conditions of BMA polymerisation. The formed
BMA-DMAEMA lipophilic di-block copolymers were precipi-
tated in cold hexane (2600g) and the precipitates were washed
twice in cold hexane prior to drying under vacuum pressure at
room temperature.

2.2.3. Synthesis of the BMA-sulfobetaine di-block copoly-
mer. In this step, each of the BMA-DMAEMA di-block copoly-
mers (P1 to P5, above) was reacted with 1,3-propane sultone at
a molar ratio of 1:2, respectively (Scheme 1). The reactions
were conducted in THF for three days under mild stirring and
under nitrogen as described for other sulfonation reactions.?®
The resultant BMA-sulfobetaine di-block copolymer was preci-
pitated in excess acetone, centrifuged (2600g), and then
washed twice with acetone before being left to dry under
vacuum at room temperature. Each of the resulting BMA-sulfo-
betaine di-block copolymers was re-designated corresponding
to the respective designations used above. Hence, the
BMA : sulfobetaine di-block copolymers (with different molar
ratios of BMA-DMAEMA) were designated respectively as P1S
(70:30), P2S (60:40), P3S (50:50), P4S (40:60) and P5S
(30:70).

2.2.4. Structural analysis of the synthesized polymer: NMR,
IR and gel permeation chromatography (GPC). NMR spectra
were recorded at 400 MHz (Varian NMR Instruments, Claredon
Hills, IL) auto-calibrated to the deuterated solvent reference
peak. The NMR spectrum was used to determine the degree of
polymerization and purity of the synthesised polymers; CDCl;
was the solvent in all NMR studies.

IR structural spectra were recorded using a Nicolet Magna
560 (Thermo Fisher Scientific, Waltham, MA) with a KBr beam
splitter in an evaporated film.

GPC was performed to determine the polymer MW and
polydispersity index (PDI). The analysis was performed using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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an HPLC system (Elite LaChrom system, VWR-Hitachi)
equipped with a GPC Shodex KF-603 column (6.0 mm ID,
150 mm) with THF as the mobile phase. The average MW
(M,,) was calculated by comparing the retention time of each
assessed polymer with the retention times of polystyrene stan-
dards. The polymer PDI was calculated using eqn (2):

M,,
M,

PD =

(2)

where M,, = weight average MW and M, = number average
MW.

2.3. Preparation and characterisation of the zwitterionic
sulfobetaine PMs

Sulfobetaine PMs were prepared using a modified nano-pre-
cipitation method in which the BMA-sulfobetaine di-block
copolymers were dissolved in a mixture of organic and
aqueous co-solvents. Instead of dissolving co-polymers in one
solvent, solubilisation media for each di-block copolymer con-
sisted of solutions comprising different ratios of 2 M NacCl to
methanol.?® The ratios of 2 M NaCl to methanol were based on
the ratios of BMA to sulfobetaine in each copolymer. The
ratios of 2 M NaCl: methanol were 50:50 for the P2S formu-
lation, 55:45 for P3S, 65:35 for P4S and 75:25 for P5S. To
form sulfobetaine PMs, 5 mg of each di-block co-polymer was
dissolved in 500 pl of its specified 2 M NaCl : methanol solubil-
isation medium and then added dropwise at a rate of 20 pl
min~" into 5 ml of a stirred external aqueous phase (PBS pH
6.8) using a programmable syringe pump (Razel, USA). Upon
completion, the formed PM suspension was stirred for a
further 45 min to ensure the evaporation of methanol prior to
PM physiochemical characterisation. Thereafter, sulfobetaine
PMs were freeze-dried as follows: PM suspensions were dia-
lysed (molecular weight cut-off, MWCO: 20 000) against 500 ml
of PBS at pH 6.8 for 24 h followed by collection of the PM sus-
pension in the dialysis tube. A cryo-protectant (tetrahalose)
was added at a weight ratio of 5: 1 to the total PM weight. The
samples were freeze dried for 24 h (ref. 30) and then particle
sizes and zeta potentials were measured. For any further
studies, freeze dried samples were stored at 4 °C for further
studies.

To track the particles using the MPT technique, the dye
Lumogen Red was loaded into the PMs during their formation.
Here, 5 pg of the dye was mixed with each copolymer prior to
the nano-precipitation process.

Sulfobetaine PM characterisation involved the assessment
of zeta potential and particle size using a Malvern Zetasizer
Nano ZS, standardised using calibration standards. Particle
size and zeta potential were measured using both freshly pre-
pared sulfobetaine PMs and resuspended lyophilised PMs at
time intervals following formation or resuspension of 0.5 h,
1 h,2h,3h,4hand 6 h at both 25 °C and 37 °C. Particle size
and zeta potential were also measured before and after loading
with Lumogen Red dye to assess the effect of freeze drying and
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loading of dye on the physicochemical properties of the
particles.

While sulfobetaine PMs can be delivered within enteric-
coated capsules to ensure greater protection of the peptide
cargo against acid and pepsin, we undertook particle charac-
terisation in acid and pepsin environments. Particle size was
measured as above using resuspended lyophilised P5S PMs at
37 °C over a time of 2 h following resuspension. Sulfobetaine
P5S PMs were suspended under four conditions: PBS buffer
pH 7.2; PBS buffer pH 1.2; PBS buffer pH 7.2 + pepsin; and
PBS buffer pH 1.2 + pepsin. The pepsin concentration
employed was as previously described®' for such experiments
at a concentration of >800 I.U. per ml.

2.3.1. Micellar characterization by cryogenic transmission
electron microscopy (cryo-TEM). The freezing of samples was
conducted using an EM-CPC vitrification system (Leica
Microsystems, Germany). A 4 pl sample aliquot was deposited
onto a copper grid covered with a perforated polymer film. Any
excess sample was removed with filter paper and then the grid
was immersed in liquid ethane at 94 K. The vitreous sample
was imaged using a JEOL JEM-2011 microscope (JEOL Ltd,
Tokyo, Japan) operating at 120 kV. To avoid ice crystal for-
mation during processing and imaging, the samples were
maintained at a lower temperature (77 K).

2.4. Diffusion kinetics of sulfobetaine PMs within the
intestinal mucus

PM diffusion through the intestinal mucus was assessed using
a multiple particle tracking (MPT) technique using previously
described mathematical and methodological approaches by
our group.**~ Briefly, fresh samples (0.5 g) of porcine intesti-
nal mucus were incubated in glass bottom MatTek imaging
dishes at 37 °C. The fluorescently labelled PMs (i.e. those
loaded with Lumogen Red) were inoculated into 0.5 g of
mucus sample each in a reproducible manner that avoided
particle aggregation at the point of inoculation. Particle track-
ing videos were captured using a high-speed camera (Allied
Vision Technologies, UK) attached to a Leica DM IRB wide-
field epifluorescence microscope (x63 magnification oil
immersion lens). For each distinct PM formulation, a
minimum of 360 individual micelle trajectories were tracked.
These trajectories afforded calculation for each PM formu-
lation: (i) a mean squared displacement (MSD) parameter; (ii)
an ensemble mean squared displacement (MSD) parameter;
(iii) an ensemble diffusion coefficient (D.g) within the mucus;
(iv) the proportion of the diffusive PMs within the mucus; and
(v) the percentile heterogeneity of PM ensemble diffusion
coefficients within the mucus. For the latter parameter, the
individual micelle diffusions were ranked to allow comparison
of, for example, the slowest (10™ percentile) to the fastest (90"
percentile) PMs; describing respectively the average effective
diffusion for the slowest 10% of diffusion values, with the 90"
percentile is the average effective diffusion below which 90%
of the D values within the micelle population accrue.
The PM diffusion coefficients in water (D°) were calculated
using the Stokes-Einstein equation at a temperature of
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37 °C. The diffusions of all PMs were also expressed by the %
ratio (Degr)/DO.

2.5. Cytotoxicity of sulfobetaine PMs

The cytotoxicity of sulfobetaine PMs was tested using the MTT
viability assay in the wild-type Madin-Darby Canine Kidney
(MDCK-II) cells and in the Caco-2 epithelial line (European
Collection of Authenticated Cell Cultures (ECACC)). The experi-
ment was carried out following the protocol of the MTT kit
supplier (Sigma-Aldrich). This assay is based on the ability of
metabolically active cells to enzymatically reduce MTT salt to
an insoluble coloured formazan crystal which is solubilised by
addition of solubilisation buffer. The spectrophotometric
quantification of the solubilised formazan is directly related to
the quantity of the metabolically active cells. MDCK-II
(passage 7) and Caco-2 (passage 20) cells were cultured under
standard conditions (humidified atmosphere at 37 °C with 5%
CO,) using DMEM supplemented with 10% FBS and 1% peni-
cillin-streptomycin.

For the MTT assay, MDCK and Caco-2 cells were seeded in
96-well plates (5 x 10* cells per well; 100 pl culture medium)
and cultured for 24 h to reach confluence. Freeze-dried sulfo-
betaine PMs were then re-suspended in culture medium over a
concentration range of 10° (polymer concentration of 10 ng
ml™" to 1 mg ml™"). Two control arms were employed: (i) nega-
tive control - no treatment, i.e. lacking PMs, and (ii) positive
control - no PMs but includes 1% Triton for complete cell
lysis. Upon introduction of treatment (or controls), cells were
incubated for 24 h after which 10 pl of the MTT reagent was
added into each well, followed by further incubation for 4 h.
Solubilisation buffer (100 pl) was then added into each well,
followed by further incubation for 24 h to enable the solubil-
isation of any formazan crystals to fully proceed. The absor-
bance of the wells (corresponding to formazan turnover) was
measured at a wavelength between 550 nm and 600 nm and a
reference wavelength of 650 nm using an ELISA reader
(LT-5000 MS, Taiwan).

2.6. Sulfobetaine PMs: ion-pairing, exenatide encapsulation
and in vitro release kinetics of exenatide

The ion-pairing technique was utilised to adjust the physico-
chemical properties of the hydrophilic peptide exenatide for
loading into the lipophilic core of the sulfobetaine PMs.>®
Ion pairing was carried out as follows: exenatide and
sodium dodecyl sulphate (SDS) were solubilised separately
in dilute glacial acetic acid solutions of the same pH values
and then the SDS solution was added into the exenatide
solution dropwise, followed by mixing for a further 2 h.
Exenatide was mixed with SDS in two different pH solutions
of dilute glacial acetic acid (pH 3.0 and pH 4.0) and at
molar ratios of 3:1, 4:1 and 5:1 (Table 4). The formation
of exenatide-dodecylsulphate was visually confirmed by the
formation of a precipitate which was washed and centri-
fuged at 5000g twice, and then the powder was freeze dried
for the next step.
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To encapsulate exenatide-dodecylsulphate into the lipophi-
lic core of the sulfobetaine PMs, 1 mg of each BMA-sulfobe-
taine polymer formula was dissolved in a 2 M NaCl : methanol
solvent mixture, with the ratio of the solvents varying accord-
ing to the ratios of BMA to sulfobetaine. For each 1 mg of PMs,
150 pg of exenatide-dodecylsulphate was dissolved in 75 pl of
methanol. The solubilised polymer and exenatide-dodecylsul-
phate solutions were then added dropwise into an aqueous
phase (PBS pH 6.8) to allow self-assembly of the PMs with the
incorporation of exenatide into the PM core. The PM suspen-
sions were then dialysed (dialysis tubing, MWCO: 20 000)
against PBS pH 6.8 for 6 h and the exenatide entrapment
efficiency (EE%) (eqn (3)) and % loading capacity (LD%) (eqn
(4)) were calculated for the four different sulfobetaine PMs
species, ranging from those with a large hydrophilic sulfobe-
taine segment (ie. P5S) to a relatively small hydrophilic
segment (i.e. P2S).

The exenatide concentration was measured as described by
our group previously using the chemiluminescent ELISA tech-
nique (Phoenix Pharmaceuticals Inc., linear range of 1 pico-
gram (pg)-10 ng mL ") using 50 pl of samples.*”

Amount of exenatide loaded into PM

EE (%) = n
(%) Total amount of exenatide

x 100 (3)

Amount of exenatide loaded into PM
LD (%) =

= : : — %X 100
Total amount of exenatide available for loading

(4)

All in vitro release studies were conducted using the dialysis
tube method, which involved a 1 ml dialysis tube (MWCO:
20 kDa) against 200 ml of external media of PBS buffer pH 6.8
at 37 °C. Studies on the in vitro release of exenatide from all
PM formulations (P2S, P3S, P4S and P5S) and the transfer of
free exenatide acetate across the dialysis tubing were carried
out initially for 8 h in PBS pH 6.8 (at or close to intestinal pH).
All experiments involved 150 pg of exenatide as the initial drug
mass (either free in solution as exenatide or loaded within
PMs) and placed in each dialysis tube. For the PMs, this was
150 pg of exenatide loaded into 1 mg of PM mass making an
overall 1.15 mg mass containing the polymer and 150 pg of
peptide. Following the initial release studies, the PM formu-
lation which showed the most optimum in vitro release profile
(P5S) was subjected to more extended-release studies. They
were conducted over 24 h in which the first 2 h studies were
carried out in PBS buffer pH 1.2 and then the PM formulation
was transferred to PBS buffer pH 6.8 for the following period
between 2 and 24 h.

2.7. Invivo PK and PD studies in a rodent model

The in vivo efficacy of orally administered sulfobetaine-exena-
tide PMs was assessed in PK and PD studies using healthy
male Sprague-Dawley rats following similar experimental pro-
cedures mentioned in our previous work.>” All animal pro-
cedures were performed in accordance with the Guidelines for
Care and Use of Laboratory Animals of the University of
Innsbruck and approved by the Animal Ethics Committee of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Austria (Vienna) (BMWFW-66.008/0027-WF/V/3b/2016). Male
Sprague-Dawley rats (mean BW 250-300 g) were obtained from
Janvier Labs (Saint Berthevin, France). The animals were
fasted 12 h prior to the experimental procedures and had free
access to water throughout.

PK studies involved the measurement of exenatide plasma
levels up to 10 h after exenatide administration. Ethical issues
constrained the volume of blood that could be sampled across
the full temporal profile of the PD and PK readouts; hence the
PK study was undertaken in a different group of animals to
those used for the PD studies. The PD studies included
measuring blood glucose levels in response to administration
of intraperitoneal (i.p.) injection of 2 g kg™" glucose using 50%
dextrose solution in sterile water (glucose challenge test -
GCT).

Before conducting the full scale PK and PD studies, pilot
investigations were conducted to determine: (i) the lower limit
of quantification (LLQ) for PD measurements (glucose via
Glucometer AccuCheck® Active, F. Hoffmann-La Roche AG)
and for PK measurements (exenatide blood levels measured
using ELISA, Phoenix Pharmaceuticals Inc.); (ii) the timing of
peak glucose levels following the GCT; and (iii) the timing of
the administration for each treatment arm involving exenatide
(PMs, subcutaneous (s.c.) injection, oral solution) relative to
peak glucose levels.

PK studies involved three treatment arms without GCT
administration (n = 3 animals for each arm): (i) s.c. exena-
tide solution, dose 20 pg as above; (ii) oral sulfobetaine-exe-
natide PMs in a suspension, dose of 150 pg of exenatide
(=1.15 mg PM mass within which was loaded 150 pg of exe-
natide); and (iii) oral exenatide solution dose of 150 pg of
exenatide. Following exenatide administration, 200 pl of
blood samples were withdrawn from the tail vein and
plasma was separated and stored at —80 °C until analysis
(maximum time between collection and analysis did not
exceed three months). Blood sample collections were timed
at 0 min, 0.5 h, 1 h, 1.5 h, 2 h, 3.5 h, 6 h, and 10 h after
exenatide administration. The s.c. and oral doses of exena-
tide in the PK study were based on the pilot experiments
and the LLQ of exenatide and drew some reference to pre-
vious studies performed on the oral and s.c. delivery of
exenatide.*®*°

For concentration analysis, exenatide was extracted from
the plasma samples following the protocol described by
Phoenix Pharmaceuticals Inc. Briefly, plasma samples
(50 pl) were mixed with an equal volume of an acidic buffer
(supplied by Phoenix) and centrifuged for 20 min at 17 000g
(4 °C). The supernatants were extracted as per the protocol
through an acidified C18 column with the acidic buffer. The
eluent was then freeze-dried prior to measurement using
luminescent immunoassay (ELISA - Phoenix
Pharmaceuticals Inc.) which displayed a linear range of
1-10000 pg ml™'. Exenatide plasma concentration-time
curves were plotted and the data were analysed through
non-compartmental approaches. The relative bioavailability
of the oral dosed exenatide was determined using eqn (5)

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

from the plasma levels between time 0 h and the last collec-
tion of 10 h only.

AUCa X Doseg e

F, e = o T T 8C 5
oral relative AUCs.c, < DOSGora1 ( )

Note: AUC based only on timepoints 0 to 10 h.

The PD studies involved four treatment arms (n = 4 animals
for each arm): (i) GCT i.p. alone (no treatment) comprising the
i.p. administration of 2 g kg™ glucose; (ii) s.c. injection exena-
tide (dose 20 ug of exenatide into the thigh in 60 pl of PBS
solution) 10 min prior to i.p. GCT; (iii) oral sulfobetaine-exe-
natide PMs (suspension as 1 ml oral gavage with exenatide-
dodecylsulphate equal to 150 pg of exenatide dose) adminis-
tered 4 h prior to i.p. GCT; and (iv) oral exenatide solution
(dose 150 pg of exenatide as 1 ml oral gavage) administered
4 h prior to i.p. GCT.

When i.p. GCT followed exenatide administration, the time
period between exenatide and i.p. GCT adminstrations was
optimised such that peak (near-peak) exenatide plasma levels
corresponded to the point of i.p. GCT injection.

For glucose analysis, 40 pl of blood samples were with-
drawn from the tail vein at the following times: 0, 0.5 h, 1 h,
1.5 h, 2 h, 3 h, 4 h and 5 h after the respective i.p. adminis-
tration of glucose as part of the GCT.

2.8. Statistical analysis

Statistical significance was obtained using PRISM10 GraphPad
software. Cytotoxicity and baseline blood glucose level (at time
0) studies were performed using one-way ANOVA followed by
Dunnett’s multiple comparison test. Blood glucose levels
studied (at different time-points) were assessed by two-way
ANOVA with Tukey’s multiple comparison test. P values are
reported as follows: non-significant (ns) > 0.05; * < 0.05; ** <
0.01 and *** < 0.001.

3. Results and discussion

3.1. Synthesis of the zwitterionic BMA-sulfobetaine polymer

Amphiphilic block co-polymers were synthesised using RAFT
chemistry to modify the MW and hence the size of the lipophi-
lic core (BMA) and hydrophilic shell (DMAEMA-sulfobetaine)
within the PMs, an approach similar to that described
previously.**?

3.1.1. Synthesis of the lipophilic BMA block polymer. A low
MW lipophilic polymer, such as the BMA polymer, forms the
lipophilic core in the PMs,** affording the potential to form
overall small diameter PMs.”* Small lipophilic segments
reduce the potential of micelle interaction with mucus com-
ponents within the intestinal lumen, which may otherwise
trap PMs through steric effects*® or through lipophilic inter-
actions with the cysteine domains of the mucus.*®

Based on pilot studies, a ratio of 25:1 (BMA monomer : CTA)
was used in RAFT chemistry to form 25 BMA units in each
polymer chain. The "H-NMR spectrum of the BMA polymerised
for 6 h (Fig. S1A) demonstrates the formation of 24 BMA units
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(3988 Da), which is in accordance with GPC measurement
(Fig. S1B). MW assessment of BMA using 'H-NMR was under-
taken by counting the number of BMA units (peak signal A at
3.85-3.95 ppm in the "H-NMR spectrum) versus a single CTA (1
unit) with a peak signal at 3.15 ppm (Fig. S1A). The 'H-NMR
spectrum of BMA also showed overnight polymerisation, result-
ing in an overgrown BMA polymer (56 units) (data not shown),
which supported the observation that 6 h of polymerisation was
the typical polymerisation time to achieve the desired (ca. 25
BMA units) degree of polymerisation.

Previous studies have shown that the duration of the RAFT
chemistry reaction is critical to controlling the degree of poly-
merisation of active monomers such as BMA;"” BMA is an
active monomer that is known to grow under uncontrolled
polymerisation to tens of thousands of grams per mole with
very high polydispersity.*® Reducing the time and selecting the
appropriate CTA for the RAFT chemistry is essential to obtain
a size and composition-controlled BMA polymer.

The GPC profile of BMA polymerised for 6 h (Fig. S1B)
showed a MW of 3988 and a PDI of 1.28, which authenticates
the suitability of the CTA (2-cyano-2-propyl dodecyl trithiocar-
bonate) for the controlled polymerisation of BMA (PDI being
acceptable within the limit of <1.3).2”*° Again, this is consist-
ent with previous studies where the CTA bearing a cyano group
has been widely reported for controlled RAFT polymerisation
of active monomers such as BMA.**>2

3.1.2. Copolymerisation of the BMA-DMAEMA di-block
copolymer. A CTA was used in the copolymerisation reaction to
synthesise the BMA: DMAEMA di-block copolymer. Table 1
shows the calculated moles of BMA-CTA to DMAEMA reacted
with the AIBN initiator for each of the BMA-DMAEMA lipophi-
lic di-block copolymer products, i.e. P1 to P5, which represent,
respectively, the BMA: DMAEMA molar ratios 70:30, 60: 40,
50:50, 40:60, and 30:70. Fig. S2(A-E) shows the respective
"H-NMR spectra of P1 to P5 copolymers. The "H-NMR spectra
were used to determine (detect) the ratios of BMA to DMAEMA
block polymers by comparing the area under the curve of the
distinctive signal peak from BMA to that of DMAEMA. In
Fig. S2, signal A (3.85-3.95 ppm) represents the methyl group
adjacent to the ester groups in BMA, which was compared to
signal B (4.15-4.25 ppm) representing the methyl group next
to the ester group for DMAEMA (structural description pre-
sented to the left in Fig. S2). Table 1 shows the MW of BMA-
DMAEMA copolymers detected using the "H-NMR spectrum by
summing the MWs of units in each copolymer.
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Comparing (Table 1) the molar ratios of BMA to DMAEMA
detected by 'H-NMR to those calculated using the RAFT
equation showed a very high agreement ie. the number of
DMAEMA monomers copolymerised to BMA was consistent
with the calculated ratios. This indicates that the degree of
polymerisation of the DMAEMA polymer was efficiently con-
trolled by the trithiocarbonate CTA, as in ref. 53; trithiocarbo-
nate as a macro-CTA is broadly described as a good source for
di-block and tri-block controlled copolymerisations.>*>

3.1.3. Synthesis of the BMA-sulfobetaine di-block copoly-
mer. In this step, the DMAEMA block of each BMA-DMAEMA
di-block copolymer was betainised by reacting with propane
sultone. As shown in Scheme 1, each DMAEMA tertiary amino
group was attached to the y-methyl group of propane sultone
to form a zwitterionic, highly charged, amphiphilic BMA-sul-
fobetaine copolymer. In the resulting di-block copolymer, the
BMA and the ester part of DMAEMA form the hydrophobic
segment and the hydrophilic zwitterionic sulfobetaine serves
as the hydrophilic segment. The newly formed BMA-sulfobe-
taine copolymers were designated as P1S, P2S, P3S, P4S and
P5S corresponding to the BMA-DMAEMA lipophilic di-block
copolymers P1, P2, P3, P4 and P5, respectively.

IR analysis was used to investigate the step-by-step struc-
tural transformation of the BMA polymer into the BMA-
DMAEMA copolymer through the formation of BMA-sulfobe-
taine copolymers (P2S, P3S, P4S and P5S). Fig. 1 shows the IR
spectra of the BMA block polymer (1A), the BMA-DMAEMA di-
block copolymer (1B) and the BMA-sulfobetaine copolymer
(1C), in which the functional groups within the respective
structures are highlighted. The presence of methyl
(2850-3000 cm™'), ether (1210-1320 cm™'), ester
(1750-1820 cm™") and amino (1080 cm™') functional groups
indicates the formation of BMA block and BMA-DMAEMA
copolymers (Fig. 1A and B). Consequently, the formation of
sulfonyl (1030-1060 cm™) and sulfanol (3200-3550 cm™")
groups confirmed the formation of BMA-sulfobetaine
(Fig. 1C).

Moreover, it was clear that the rate of betainisation is
related to the ratios of the BMA lipophilic block to DMAEMA.
By observing the reactions over 72 h, copolymers with low
ratios of BMA (P4S, P5S) were formed at a faster rate (precipi-
tation within the first 24 h) compared to P3S with a slower rate
(precipitation observed only after 48 h) and P1S and P2S,
which showed no precipitation after 72 h. The addition of
acetone to the reaction media increased the betainisation yield

Table 1 Calculated versus detected molar ratios of BMA to DMAEMA in the BMA-DMAEMA di-block copolymer synthesis

Calculated ratio of

Calculated molar ratio of DMAEMA to CTA using

BMA : DMAEMA molar
ratio detected by NMR

Ratio of the units in
BMA : DMAEMA detected

MW of the copolymer
detected by "H-NMR

Formula BMA:DMAEMA (n:m)  the RAFT equation (n:m) by NMR (g mol™)
P1 (70:30) 10.2 69:31 24:10 5370

P2 (60:40) 16 58:42 24:16 6265

P3 (50 : 50) 24 49:51 24:24 7517

P4 (40:60) 36 39:61 24:36 9396

P5 (30:70) 56 28:72 24:56 12 528
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Fig. 1 Infra-red (IR) spectrum showing the structural characterisation of BMA—sulfobetaine with respect to step-by-step formation, where [A]
shows the functional groups of BMA, [B] shows the functional groups of BMA-DMAEMA, while [C] shows the functional groups of BMA-sulfobe-
taine. Note: only the main functional groups were highlighted in each IR spectrum.

(precipitation) of all polymers, with the highest yield obtained in the formulation of PMs is unreasonable (P1S was not used
for P5S followed by P4S, P3S and then P2S. P1S (70% BMA) further for PM formation or study). The retarding effect of the
showed negligible yields, meaning that the use of this polymer lipophilic block polymer copolymerised with DMAEMA has

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Pharm., 2025, 2,1558-1579 | 1565


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4pm00202d

Open Access Article. Published on 18 September 2025. Downloaded on 3/7/2026 10:49:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

impacts on betainisation, and was described by Biitiin et al.
(1997)°® showing that an increase in the ratio of the block
polymer (2-diisopropylamino ethyl methacrylate) copoly-
merised to DMAEMA (from 20% to 40%) resulted in signifi-
cant reduction in the betainisation of DMAEMA.>® Biitiin
explained this effect by the steric action of the other block
polymer, reducing the ability of the tertiary amine of DMAEMA
to react with propane sultone.

3.2. Preparation and characterisation of the zwitterionic
sulfobetaine PMs

Zwitterionic sulfobetaine PMs were prepared using the nano-
precipitation method involving the solubilisation of the poly-
mers in solvents, followed by the addition of the polymer solu-
tion to an external aqueous phase.’” BMA-sulfobetaine is com-
posed of lipophilic blocks of BMA and the ester part of
DMAEMA, which is soluble in organic solvents. The very
hydrophilic block, sulfobetaine, which is insoluble in any
organic solvent, is soluble in the aqueous phase. Therefore
BMA-sulfobetaine copolymers are insoluble in any mono-com-
ponent solvent, and different mixtures of organic and aqueous
solvents have to be examined to solubilise these zwitterionic
polymers, as reported for other zwitterionic amphiphilic copo-
lymers.”® We found that using a mixture of 2 M NaCl with
methanol was optimal to solubilise these copolymers (average
solubility 10 mg ml™), with the ratio of the two solvents
varying depending on the ratio of BMA to sulfobetaine.
Optimising solubility is essential for producing more consist-
ent and smaller-sized particles using the nano-precipitation
method; an average solubility of 10 mg ml™" was satisfactory in
this study.’>®® Using 2 M NaCl as the aqueous solvent resulted
in higher solubilisation compared to water. This is explained
by the anti-polyelectrolyte effect of NaCl,>° describing the con-
formation of the zwitterionic polymer in an aqueous phase as
a collapsed globular structure (due to dipolar interactions
between the opposite charges — amino and sulphate groups).
The addition of low MW electrolytes such as NaCl can screen
these dipolar interactions, resulting in a polymer adopting an
extended conformation, which enables an organic solvent
such as methanol to access and solubilise the lipophilic block,
which would be hidden in the collapsed globular structure.
Solubilised copolymers were later nano-precipitated in an
external phase of PBS pH 6.8 to mimic the intestinal pH
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(Table 2). After the formation of PMs, particle sizes and zeta
potentials were measured at temperatures of 25 °C and 37 °C.
Stability in these parameters was studied over 6 h (0.5, 1, 2, 3,
4 and 6 h) to encompass the time of gastric to distal small
intestinal transit of particles administered orally to the rat.5:¢?
Similarly, the effect of freeze drying on the sulfobetaine PM
was explored by measuring the particle size and zeta potential
over 6 hours after resuspension from the lyophilised state. The
impact of the inclusion of Lumogen red (fluorescent dye)
loading on the particle size and zeta potential was also
studied.

Table 2 shows that all sulfobetaine PMs displayed particle
sizes below 50 nm with the smallest being 28 nm for the P2S
formulation comprising 60% BMA. The associated polydisper-
sity indices ranged between 0.42 and 0.48, indicating a rela-
tively broad distribution. This is mainly due to the very rapid
precipitation of the PMs by the nano-precipitation drop-wise
approach, which leads to a greater level of heterogeneity with
the formation of a very small percentage of polymeric aggre-
gates,®® which, in this study, were not subjected to further fil-
tration removal. The zeta potentials of these PMs were, as pre-
dicted by the chemical strategy, close to neutrality with only
slightly negative values of —0.57 to —2.26 mV. As mentioned,
the small size of the BMA-sulfobetaine PMs is associated with
a smaller MW of the lipophilic block.** For example, as others
have found, if the lipophilic block is smaller than 9000 Da,
micelle-like polymeric structures are formed with small par-
ticle sizes;*>®® in our own work with BMA-sulfobetaine PMs
the MW of the BMA lipophilic block polymer is only 3500 Da.
Previous studies have reported the synthesis of self-assembled
zwitterionic sulfobetaine particles with sizes less than
50 nm.®”’°® The near neutral charge of the BMA-sulfobetaine
PMs indicates complete betainisation of the DMAEMA
polymer, where each positively charged amino group is neu-
tralised by a negatively charged sulfonate group on the same
polymer chain.®® The slight negativity of these PMs is the
result of the ‘chameleon effect’,”® where very small amounts of
anions from the external media can be adsorbed onto the
surface of the sulfobetaine polymer.”*

Table 2 also shows that compared to the freshly assembled
dye-free PMs, the Lumogen Red dye loading (at a low concen-
tration of 0.1% w/w) lacked any impact on the physicochemical
properties of the PMs, consistent with previous work incorpor-

Table 2 Particle size and zeta potential of zwitterionic sulfobetaine polymeric micelles at an external phase of PBS pH 6.8 at 37 °C and after 6 h fol-
lowing assembly or after reconstitution from freeze drying. The following conditions are given: fresh polymeric micelles without dye loading; fresh
polymeric micelles loaded with the Lumogen Red dye; and polymeric micelles reconstituted following freeze drying

pH 6.8 Lumogen® loading Freeze drying
Zeta pot. (mV)  Particle size (nm)  Zeta pot. (mV)  Particle size (nm)  Zeta pot. (mV)  Particle size (nm)
Code BMA : sulfobetaine ~ Mean (+SD) Mean (PDI) Mean (+SD) Mean (PDI) Mean (+SD) Mean (PDI)
P2S (60 : 40) —2.13 (+1.59) 8 (0.42) —1.73 (+2.33) 28 (0.34) —4.99 (+4.12) 26 (0.31)
P3S (50: 50) —1.82 (+1.12) 7 (0.48) —2.12 (+3.19) 45 (0.46) —2.78 (+2.52) 46 (0.36)
P4S (40 : 60) —2.26 (+0.36) 5(0.43) —1.31 (1.20) 43 (0.33) —3.45 (+2.31) 39 (0.44)
P5S (30: 70) —0.57 (£0.06) 9 (0.47) —2.44 (+1.59) 48 (0.47) —1.08 (+2.01) 51 (0.48)
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ating low concentrations of lipophilic cargo.”””* The freeze
drying process had little to no impact on both the particle size
and zeta potential, supporting that these PMs can be resus-
pended after freeze drying, if an appropriate cryo-protectant is
used; in this study, trehalose was used at a 5:1 weight ratio.
Trehalose at this weight ratio is reported in many studies to
allow successful re-suspension of particles with retention of
their original physico-chemical characteristics.”>”® In
addition, the PMs showed no tendency to aggregate when
tested over 6 h at both 25 °C and 37 °C after formation. The
stability of zwitterionic sulfobetaine PMs against aggregation
is due to their highly charged nature where both the quatern-
ary amine and sulfobetaine are totally ionized and do not
undergo protonation at any pH value.”” These highly charged
groups at the surface hinder inter-particle interaction.”®”°
Sulfobetaine PMs have shown the required properties in terms
of size and surface charge to mimic capsid shell viruses and to
potentially display high diffusivity through the intestinal
mucus barrier.

3.2.2. Micellar characterization by cryogenic transmission
electron microscopy (cryo-TEM). Cryo-TEM was used primarily
to characterise the shape of sulfobetaine PMs. While DLS
yields average particle sizes that skew towards larger dimen-
sions when compared with TEM, due to the use of dispersants
and tendency to form particle aggregation in solution,***' DLS
analysis provides a more indicative representation of particle
size in solution, as would be experienced with the oral gavage
administration of such micellar structures.®*

For cryo-TEM a single sulfobetaine PM formula was
explored (P3S, a BMA: sulfobetaine ratio of 50:50). Fig. 2
shows that P3S particles displayed a spherical shape with an
average dimension of ca. 50 nm. The spherical shape of the
sulfobetaine polymers is consistent with that expected from a

Fig. 2 Cryo-TEM image of the spherical polymeric micelles. Shown is
the P3S formulation which is assembled with a hydrophilic sulfobetaine
to lipophilic BMA ratio of 50 : 50.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoprecipitation methodology zwitterionic amphiphilic copo-
lymers dispersed in water to form self-assembled micellar
structures.®* ® Typically, block copolymers tend to self-assem-
ble into spherical polymeric micelles when their concentration
surpasses the critical micellization concentration (CMC).5*%”
Moreover, the spherical shape of polymeric micelles is attribu-
ted in many previous studies to the ratio of hydrophilic-to-
hydrophobic components, where block polymers with a hydro-
philic mass fraction exceeding 45% tend to form spherical
micelles, while those with a lower hydrophilic mass fraction
typically self-assemble into vesicles.**®® The P3S formula
studied by TEM has a hydrophilic block polymer of 50% and
all other polymeric micelles in this study are formed from di-
block copolymers in which the hydrophilic block is in the
range of 40% to 70%.

3.3. Diffusion kinetics of sulfobetaine PMs through the
native intestinal mucus

The intestinal mucus barrier is a key rate-limiting barrier, pre-
venting nanocarriers from reaching the intestinal absorption
surface. Table 3 shows the MPT diffusion data for sulfobetaine
PMs (loaded with the Lumogen Red tracking dye) in pig intes-
tinal mucus determined by MPT technology. (D.g) is a
measure of the absolute diffusion of the PMs through the
mucus reflecting both surface chemistry and particle size
differences. The respective diffusion of the PMs in water (D°)
was calculated using the Stokes-Einstein equation and served
to account for differences in PMs’ particle sizes when consider-
ing the particle diffusion in the mucus, ie. it isolates the
impact of surface chemistry alone through the % ratio (Degr)/D
°. Table 3 also shows the % diffusive PMs within the mucus.
This parameter is inversely reflective of the degree of trapping
or slowing of the particle population within the mucus over
time; the higher the % the less the contact time of the popu-
lation (or subpopulation) of any of the particular PM formu-
lations with the mucus components.

Table 3 highlights the diffusion of P3S, P4S and P5S PMs is
dependent upon on the ratio of BMA to sulfobetaine, with the
zeta potential and particle size showing no positive correlation
to either (Deg) or % ratio (Deg)/D°. Statistical analysis (p <
0.05) showed that the % ratio (Dg)/D° increased significantly
with an increase in sulfobetaine content from P2S to P5S. This
reflects the influence of the degree of surface charge density
providing an overall neutral (or very close to neutral) zeta
potential due to the high density of matched +ve and —ve
surface charges. Indeed this is the basis of our hypothesis that
it is the particles’ ‘slippery surface properties’ rather than the
particles’ overall surface charge and particle size per se that is
critical for mucus permeation. This is most clearly exemplified
with the P2S formulation (60:40 ratio BMA to sulfobetaine)
which despite being smaller in size (28 nm), and with a zeta
potential not distinctly different to the other PMs, exhibited a
(D) value of approximately 30% lower than the P5S PMs, and
a (Degr)/D° value 6-7 fold lower.

The relatively high % diffusive PMs (reflecting reduced
mucus trapping and slowing of particle diffusion) is seen to
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Table 3 Multiple particle tracking (MPT) data for diffusion in the intestinal mucus of sulfobetaine polymeric micelles (PMs) loaded with the
Lumogen Red dye. The diffusion coefficient (Des) is @ measure of the absolute diffusion of the PMs through the mucus. The respective diffusion of
the PMs in water (D°) was calculated using the Stokes—Einstein equation. The % ratio (De¢)/D° accounts for differences in PMs’ particle sizes when
considering particle diffusion in the mucus, i.e. it isolates the impact of surface chemistry alone. The % of diffusive particles within the mucus is
inversely reflective of the degree of trapping or slowing of the particle population within the mucus over time. (N = 3 experiments; mean + SD).
Note: the zeta potential and particle size columns refer to the data as presented in Table 2

(Dege) (mucus)

Code Zeta potential (mV) Particle size (nm) D° (water) em® s x 1070 % ratio % diffusive
BMA : sulfobetaine Mean (+SD) Mean (PDI) em® s x 107° Mean (+SEM) (Deg)/D° particles
P2S (60 : 40) —1.73 (£2.33) 28 (0.34) 160.50 0.2828 (+0.0768) 0.1762 35

P35 (50 50) —2.12 (+3.19) 45 (0.46) 99.87 0.3447 (+0.0683) 0.3452 44

P4S (40': 60) ~1.31 (+1.20) 43 (0.33) 99.87 0.5747 (£0.1019) 0.5754 54

increase with a decrease in BMA to sulfobetaine ratio (P2S to
P58), an effect reflecting the increasing shielding of the lipo-
philic BMA core by the densely charged sulfobetaine external
coating (Fig. S3). For PS2, with the highest BMA : sulfobetaine
ratio (60:40), the lipophilic BMA core is more exposed,

actions between the particle and the lipophilic components of
the mucus. The shielding of BMA by sulfobetaine is consistent
with the work of Lowe et al.,*® who showed that an increase in
sulfobetaine to BMA ratio in polymer coated poly(methyl meth-
acrylate) discs increases their anti-adherent properties (anti-

increasing the potential for hydrophobic-hydrophobic inter- bacterial, anti-macrophage adhesion and dirt resistance).

A
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Fig. 3 Intestinal mucus permeation data showing heterogeneity in mucus diffusion for each of the polymer micelle particle formulations — [A] P2S;
[B] P3S; [C] P4S; and [D] P5S. For each particle type, an effective diffusion coefficient (Det) was calculated from 360 individual particles. The data
were then ranked into percentiles from the 90" to the 10'". Heterogeneity in (De¢) Within the population for a given formulation can be determined
by comparing the 90" percentile (fastest particle) to the 10'" percentile (slowest particle). The ratio for P5S is 28-fold, P4S is1090-fold, P3S is
1731-fold, and P2S is 4755-fold.
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Similar anti-adherent properties of sulfobetaine polymer coat-
ings have been reported.?***

Fig. 3 shows the heterogeneity in mucus diffusion for each
of the PM particle formulations expressed as the percentile
ranking of ensemble diffusion coefficients (D). For example,
the fastest particles for any formulation are ranked in the 90™
percentile, with the P5S PMs in the 90™ percentile displaying
an ensemble D value of 12.7 cm?® s~ x 10™°. Comparing the
Deg values within any PM formulation between the 90™ and
10™ percentiles shows the heterogeneity in diffusion within
that formulation. For the P5S formulation, the 90 (fastest) to
10™ (slowest) percentile ratio is 28-fold (Fig. 3D), while the het-
erogeneity for the other formulations is much greater. For
example, for P4S (Fig. 3C) the ratio is 1090-fold, for P3S
(Fig. 3B) it is 1731-fold, and for P2S (Fig. 3A) it is 4755-fold.
What is apparent is that the heterogeneity in PM diffusion
decreases as the BMA to sulfobetaine ratio decreases, ie. a
higher content of sulfobetaine to BMA, which results in more
uniform and compact distribution of sulfobetaine at the PM
surface, facilitating a more homogeneous diffusion within the
PM population. Overall, the heterogeneity of the BMA-sulfobe-
taine PMs is remarkably lower compared to some of our pre-
vious studies looking at PMs with varying hydrophilic surface
properties.>> The BMA-sulfobetaine PMs also show, in general,
a high diffusion rate, e.g. for the context using the same MPT
technique, PLGA NPs show a (D.g)/D° ratio of 0.0005 (ref. 32)
compared to 1.1895 for P5S in this study (2300-fold higher
diffusivity). This MPT diffusion in the intestinal mucus indi-
cates the slippery properties of sulfobetaine PMs and highly
supports the hypothesis that sulfobetaine PMs can improve
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the bioavailability of loaded peptides through efficient per-
meation across the intestinal mucus barrier.

3.4. Cytotoxicity of sulfobetaine PMs

The cytotoxicity of sulfobetaine PMs was examined in two epi-
thelial cell models (MDCK-II and Caco-2 cell lines) using an

Table 4 lon pairing molar ratios of SDS with exenatide and the result-
ing % of exenatide—dodecylsulphate yield at pH 4.0 and pH 3.0. The
SDS : exenatide molar ratio of 4:1 at pH 4.0 was used to synthesise P5S
PM formulations through in vivo experiments

Media pH 4.0 Media pH 3.0
Molar concentration % yield of exenatide % yield of exenatide
ratio (SDS: exenatide)  dodecylsulphate dodecylsulphate

85.99 (+1.66)
88.47 (+0.29)
82.77 (+4.31)

79.68 (+5.78)
81.68 (+2.69)
80.94 (+2.35)

[S1INOM
[N

Table 5 Entrapment efficiency (EE%) and loading capacity (LD%) of sul-
fobetaine polymeric micelles, where the loading of exenatide dodecyl-
sulphate was performed at pH 4.0 (N = 3; mean + S.D.)

Code
BMA : sulfobetaine

Entrapment efficiency
(%) (+SD)

Loading capacity (%)
(LD%) (+SD)

P2S (60 : 40) 90.51 (+0.74) 13.58 (+0.11)
P3S (50: 50) 92.07 (+0.86) 13.81 (+0.13)
P4S (40: 60) 94.87 (+0.52) 14.23 (+0.78)
P5S (30: 70) 96.46 (+0.26) 14.47 (+0.04)
Caco-2
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In vitro cytotoxicity study of the P5S polymeric sulfobetaine polymeric micelles against the renal epithelial cell line, MDCKII, and the intesti-

nal epithelial cell line, Caco-2. The cells were exposed to the P5S sulfobetaine PMs for 24 h at the concentrations shown. The no particle treatment
was the negative control while 1% Triton treatment was the positive control. Data represent the mean + SEM of three experiments (N = 3). ns: no sig-

nificant difference compared to the negative control group.
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MTT viability assay. Fig. 4 shows the viability of cells in
response to a range of PM concentrations (0.01 pg ml™" to
1000 pg ml™") compared to the no-particle negative control
(100% viability) and the positive control of 1% Triton (0% via-
bility). The maximum polymeric PM concentration (1 mg
ml™") selected for these in vitro viability studies reflects the
indicative maximum possible concentration such that the PMs
can reach the lumen of the gastrointestinal tract following oral
gavage administration of a 1 ml volume containing a 1 mg
dose of PMs loaded with exenatide (this work’s in vivo study).
Fig. 4 shows for both MDCKII and Caco-2 cells no significant
difference in cell viability across all the concentrations of PMs,
compared to the negative control’s 100% viability arm. This
provides encouraging evidence that sulfobetaine PMs are non-
toxic toward at least these renal and intestinal epithelial cell
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models. This finding is in agreement with previous cytotoxicity
studies on sulfobetaine polymers, where no evidence was
found in both in vitro®*°* and in vivo® cytotoxicity tests.

3.5. Oral delivery of exenatide from sulfobetaine PMs

3.5.1. Loading of exenatide into sulfobetaine PMs. The
strategy involved loading exenatide into the lipophilic core
(BMA core) of the sulfobetaine PMs. In this manner, avoiding
the rapid ‘burst release’ of exenatide from the PM surface
while also providing greater protection of the peptide from
catalytic and enzymatic environments, e.g. acid conditions of
the stomach.”® Loading to the core also facilitated a more sus-
tained release profile."®°® To enable this loading approach to
the hydrophobic core, exenatide was ion-paired with SDS, pro-
ducing a lipophilic entity, exenatide-dodecylsulphate.
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w
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Fig. 5 Cumulative release profiles of exenatide from the polymeric micelles (designated P2S to P5S) in pH 6.8 buffer. [A] mass (ug) release profile
through 0 to 8 h; [B] mass (ug) release profile in the first O to 2 h alone. Also shown is the transfer of free exenatide across the dialysis tubing over
the same first 2 h (the recovery of which was 95%). [C] and [D] show the corresponding % release data. An equivalent of 150 pug of exenatide rep-
resented the starting mass for each of the release profiles. Data represent the mean + SD of three experiments (N = 3).
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Exenatide is a 39 amino acid hydrophilic peptide (MW =
4186.6 g mol ") with four basic amino acids and an isoelectric
point of 4.86.°” At low pH, these four basic amino acid units
(i.e. Hy, Ry, Kyp, and K,;) are positively charged enabling the
ion pairing of the peptide with a negatively charged surfac-
tant.”® Exenatide and SDS were mixed at two different buffer
solutions (pH 4.0 and pH 3.0) to drive the ionisation of exena-
tide. As shown in Table 4, ion pairing with SDS at a molar
ratio of 4: 1 (SDS to exenatide) at pH 4.0 leads to the highest %
exenatide-dodecylsulphate yield (88.47%, +0.29); these con-
ditions were then used to synthesise P5S PM formulations for
in vivo experiments. While the lower pH of 3.0 may have been
expected to achieve a higher yield (slightly higher ionisation of
exenatide), this was consistently not evidenced in the prelimi-
nary studies and may reflect some minor conformational
restrictions at pH 3.0, not conducive to a higher ion-pairing
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outcome. The lipophilic exenatide-dodecylsulphate was then
loaded into the sulfobetaine PMs, and Table 5 shows the
resulting entrapment efficiency (EE%; eqn (3)) and loading
capacity (LD%; eqn (4)). An EE% exceeding 90% and an LD%
exceeding 13.5% represent a loading level more than accepta-
ble for pharmaceutical uses.”

3.5.2. In vitro release of exenatide from sulfobetaine PMs
and further particle characterisation in acid/pepsin. Here we
first explored the release kinetics of the exenatide peptide
from the sulfobetaine PM particles under pH 6.8 and pH 1.2
conditions. Fig. 5A and B show cumulative mass (pg) release
profiles of exenatide from the PMs through a dialysis mem-
brane in a pH 6.8 buffer. Fig. 5A shows the profile across an
entire 0 to 8 h release experiment, while Fig. 5B shows the 0 to
2 h profile alone, as well as the transfer of free exenatide (i.e.
free in solution and not from a particle) across the dialysis
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Fig. 6 Cumulative release profile of exenatide from the P5S polymeric micelle formulation. [A] mass (ug) release over 24 h, where the first 0 to 2 h
of studies were conducted at pH 1.2 and the remaining 2 to 24 h at pH 6.8. [B] mass (ug) release in the first 0 to 2 h comparing two buffer conditions
of pH 1.2 and pH 6.8 and which show no significant difference (NS) in exenatide release between these two different pH media. [C] and [D] show the
corresponding % release data. An equivalent of 150 pg of exenatide represented the starting mass for each of the release profiles. Data represent the

mean + SD of three experiments (N = 3).
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tubing over the same first 2 h, and which showed 95% dose
recovery. Fig. 5C and D show the respective % release data. An
equivalent exenatide mass of 150 pg represented the starting
mass for each of the PM release profiles, as indeed the starting
mass for the free exenatide.

The overall release rates from the PMs over the first 8 h
averaged for P2S, 2.69 pg h™"; PS3, 2.83 pg h™; PS4, 2.22 g
h™%; and PS5 5.02 pug h™". While the release rates over the more
linear pseudo-steady-state component of the profiles (4 h to
8 h) were PS2, 4.92 ug h™"; P3S, 4.76 pg h™'; P4S, 4.13 pg h™;
and P5S, 5.58 pg h™". By 8 h the formulations P4S, P2S and
P3S had released 17.78, 21.53 and 22.62 pg of exenatide repre-
senting 11.9% to 15.1% of the loaded dose (Fig. 5C). In all
cases the PM formulation with the smallest BMA hydrophobic
core, P5S, showed the greatest rate of release and the greatest
mass released, with 40.12 pg of exenatide released from P5S by
8 h, i.e. 26.7% of the load. The faster release of exenatide from
the P5S particles attributed to the swelling and dissolution of
the exterior hydrophilic surface and diffusion of the drug into
the external media.'®»'" The P5S sulfobetaine polymeric
micelles exhibit the highest hydrophilic component
(BMA : sulfobetaine (30: 70) ratio), which leads to faster swell-
ing and dissolution of the hydrophilic shell and faster drug
diffusion into the external media.'*?

This initial experiment determined which sulfobetaine par-
ticle to take forward for further in vitro release charactersation
and for in vivo experimentation, P5S. It also provided assur-
ance that the exenatide release from the PMs was not signifi-
cantly due to a surface ‘burst’ phenomenon, but rather sus-
tained release from the PM interior; an important efficiency
and protective consideration if the peptide-containing PMs
were to reach the absorption surface below the intestinal
mucus barrier and still retaining the vast majority of their
cargo.16’103’104

We next explored the impact of acid and pepsin exposure
over a 2 h period (37 °C) upon particle characteristics and
found no meaningful impact. In PBS buffer pH 7.2, the P5S
sulfobetaine PMs’ particle size was 45 nm (PDI 0.38), and with
pepsin at pH 7.2, the particle size was 47 nm (PDI 0.48). A
slight increase in polydispersity was noted but nevertheless it
remains very similar between the conditions and close that
reported in Table 2. As pepsin is not activated at neutral pH,
this result is as predicted. At pH 1.2 in the absence of pepsin
the particle size was 54 nm (PDI 0.39) with the addition of
pepsin under these acidic conditions resulting in a particle
size of 50 nm (PDI 0.47). Again the data were similar in the
presence and absence of pepsin, again perhaps not surprising
as the polymer chemistry of these particles is not the one con-
stituted by peptide bonds. If anything, the low acidic pH con-
ditions and no pepsin activation per se showed a marginal ten-
dency for slightly larger particle size measurements (45 nm vs.
54 nm for the pH 7.2 and pH 1.2 conditions, respectively). The
PDIs reported for the P5S polymeric micelles under all con-
ditions in the work were between 0.38 and 0.48. The distri-
bution pattern in the size vs. intensity plots excluded the gene-
ration of smaller more dispersed particles. Incubation of the
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particles at pH 1.2 (whether pepsin was present or not) showed
a zeta potential decrease to —5.0 mV from that observed at a
neutral pH value of —1.0 to —2.0 mV. This was reversible when
the particles were returned to neutral pH. These data support
that low pH conditions and the presence of pepsin did not
have a profound effect on the structural integrity of our par-
ticles. As such we may consider that our particles, to a large
extent, would preserve the integrity (against a low pH value
and pepsin) of any peptide cargo within the inner core of the
P5S sulfobetaine particles.

Next we undertook a more prolonged 24 h extended release
study using P5S, and the first 2 h studies were conducted
under either acidic (pH 1.2 buffer; KCL, HCL) or near to
neutral (pH 6.8 buffer; PBS) conditions. After that the same
PM formulations were transferred to a fresh pH 6.8 buffer for
the remaining 22 h (i.e. between 2 h and 24 h post the start of
the release study). Fig. 6 shows the extended release profile for
P5S with 6A and 6B showing the cumulative mass (pg) release
profiles of exenatide, respectively, across the entire 0 to 24 h
experiment and then just the initial 0 to 2 h. Fig. 6C and D
show the respective % release data. Release from the P5S PM
formulation in this more extended study was similar to that
seen in earlier work (Fig. 5), with the lag phase up to 4 h prior
to the more linear pseudo-steady-state release. By 8 h some
40 pg of exenatide (26%) had been released. By 24 h a mass of
65 ng (43%) had been released, an extent of mass release likely
necessary for in vivo experimentation.'®® During the first 2 h
(Fig. 6B and D) the release was less than 1.4 pg (less than
0.9%) and was not impacted by the very less acidic conditions
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Fig. 7 Exenatide plasma concentration—time profiles for the s.c. admi-
nistered exenatide solution (exenatide dose of 20 pg) and the orally
administered P5S exenatide—sulfobetaine polymeric micelles (PMs) (exe-
natide dose of 150 pg). The levels of exenatide following the oral admin-
istration of exenatide as a solution were undetectable at all timepoints.
The area under the curve (AUC) calculated from the observed data (0 to
10 h) averaged for s.c. exenatide is 53.2 ng ml™* h, while the comparative
AUC (0 to 10 h) for orally administered exenatide—sulfobetaine PMs
averaged 49.7 ng ml™! h. Data represent the mean + S.E.M (N = 3).
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(pH 1.2). These results directly coincide with the conclusions
from the above particle characterisation work, i.e. particles can
be exposed to less acidic conditions and remain stable in
order to release peptide cargo at the same rate as that seen at
neutral pH. Ultimately of course, if the acid or pepsin environ-
ment of the stomach was found to be detrimental to the
effective oral delivery of peptides using sulfobetaine polymeric
micelle particles (which is not evidenced by the in vivo data we
present below), then a final polymeric micelle formulation
could be incorporated into enteric capsules.
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3.6. PK-PD in vivo efficacy in a rodent model

The PK studies followed the exenatide level for 10 h (four
times the elimination half-life of exenatide which is ca. 2.4 h).
Fig. 7 shows exenatide plasma concentration-time profiles for
the s.c. administered exenatide solution (exenatide dose of
20 pg) and the orally administered P5S exenatide-sulfobetaine
PMs (exenatide dose of 150 pg). The levels of exenatide follow-
ing the oral administration as an exenatide solution were
undetectable, indicating total degradation in the gastro-intesti-

Table 6 PK variables in the rats comparing the subcutaneous (s.c.) administration of exenatide solution (dose 20 pg) to the oral administration of
exenatide (dose 150 pg) encapsulated into P5S sulfobetaine polymeric micelle (PM) nanoparticles (N = 3; mean + SEM)

Oral sulfobetaine
PM nanopatrticles (150 pg)

Subcutaneous

PK variable for exenatide solution (20 pg)

Cmax (ng mI™") (observed) 54.8 (+5.6) 10.2 (+0.63)
Timax (h) (observed) 0.50 3.5

AUC(o_10 1) (ng mI™" h) 53.2 (+38.4) 49.7 (+45.1)
Clast,, ,, (ng mI™") (measured) <0.20 4.30 (+1.12)
Relative extent of bioavailability for exenatide N/A 13.0 (+2.16)

from the oral polymeric micelles (versus s.c. route) (%)
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Fig. 8 The PD study based on the measurement of blood glucose levels in response to a glucose challenge test (i.p. GCT 'no treatment’ control).
The exenatide treatments always preceded the i.p. glucose (GCT) administations. For each individual formulation, the time period following exenatide
administration prior to the i.p. GCT was optimised so as to correspond to peak (near-peak) exenatide plasma levels at the point of i.p. GCT adminis-
tration; for s.c. exenatide this was 10 min, while for oral solution exenatide (Exenatide p.o.) and for the sulfobetaine poylmeric micelles (P5S PMs p.
0.) this was 4 h. [A] Endogenous glucose levels at time zero immediately before i.p. glucose administration. The orally administered exenatide—sulfo-
betaine PMs (administered 4 h previously) reduced endogenous blood glucose levels significantly greater than any other treatment arms. [B] Blood
glucose levels following the i.p. glucose challenge test for the treatments. Exenatide oral solution (Exenatide p.o. 150 ug) given 4 h before the i.p.
GCT showed no effect on the glucose levels. Exenatide delivered orally by P5S sulfobetaine PMs (P5S PMs p.o. 150 ug) showed a significant decrease
in glucose levels throughout the 1.5 h to 5 h post-GCT period. Similarly, s.c. exenatide solution (Exenatide s.c. 20 ug) significantly reduced blood
glucose levels over the 1 h to 5 h post-GCT period. From 0.5 h to 5 h post-GCT challenge no statistical differences were observed between the
glucose levels in the oral exenatide—sulfobetaine PMs and the s.c. exenatide solution administration. Data represent the mean + SD (N = 4 or each
glucose time profile). Statistically significant differences were observed (**P < 0.01), (*** < 0.001) when comparing data with those of the glucose
challenge test alone (glucose i.p.).
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nal lumen. This has been observed previously for oral exena-
tide solution.'®%*°”

Table 6 shows some of the PK parameter variables for exe-
natide. The s.c. administration of exenatide solution reached
its maximum observed concentration of 54.8 ng ml™" at 0.5 h
(similar to that reported by others'®>™?) with the levels then
reducing to essentially zero by 10 h. The exenatide delivered
via oral sulfobetaine PMs reached a maximum observed con-
centration of 10.2 ng ml™" at 3.5 h after administration, fol-
lowed by slower decline with extended plasma levels of up to
10 h (Clast 4.30 ng ml™') and beyond. This extended plasma
profile is consistent with the slower release profile of exenatide
from sulfobetaine PMs and the rat gastric emptying, which
will delay, to some extent, the PMs reaching the intestinal
absorption site."'”''! The area under the curve (AUC(o_10 1))
calculated from the observed first 10 h data alone was, for s.c.
exenatide, 53.2 ng ml™* h, while for exenatide delivered orally
via sulfobetaine PMs, it was 49.7 ng ml™* h. From the
AUC(o-10 n) alone we determined the relative bioavailability of
the orally administered exenatide PMs at 13% compared to the
s.c. solution administration. This indicates efficient protection
of the loaded peptide and the high mucus permeability of sul-
fobetaine PMs, at least with respect to this non-clinical model.

The PD study was based on the measurement of blood
glucose levels in response to a glucose challenge test (i.p.
GCT),""* the glucose challenge test having first been preceded
where appropriate by exenatide administrations. For each indi-
vidual formulation the time period following exenatide admin-
istration prior to the i.p. GCT was optimised so as to corres-
pond to peak (near-peak) exenatide plasma levels at the point
of i.p. GCT administration; for s.c. exenatide this was 10 min,
while for oral solution exenatide (Exenatide p.o.) and for the
sulfobetaine poylmeric micelles (P5S PMs p.o.) this was 4 h.
Measuring blood glucose levels following the GCT in this way
also allow the assessment of pharmacodynamic equivalencies
between the various administrations."*®

Fig. 8A shows the endogenous glucose levels at time zero
immediately before i.p. glucose administration. The orally
administered exenatide-sulfobetaine PMs (administered 4 h
previously reduced endogenous blood glucose levels signifi-
cantly greater than any other treatment arms (Fig. 8A). Fig. 8B
shows the blood glucose level profiles for the various adminis-
trations at times 0, 0.16, 0.5, 1, 1.5, 2, 3, 4 and 5 h following
the GCT (glucose i.p. administration); again time 0 refers to
the timepoint immediately before i.p. glucose challenge).
Exenatide oral solution (Exenatide p.o. 150 ug) given 4 h before
the GCT showed no effect on the glucose levels, compared
with the control GCT arm alone. This is not surprising since
the PK study confirmed that there was no evidence of systemic
exenatide levels following this solution dose administration. In
contrast, exenatide delivered orally by P5S sulfobetaine PMs
(P5S PMs p.o. 150 ug) showed a significant decrease in glucose
levels throughout the 1.5 h to 5 h post GCT period. Similarly,
s.c. exenatide solution (Exenatide s.c. 20 ug) significantly
reduced blood glucose levels over the 1 h to 5 h post GCT
period. From 0.5 h to 5 h post GCT challenge there were no

1574 | RSC Pharm., 2025, 2,1558-1579

View Article Online

RSC Pharmaceutics

statistical differences between the glucose levels in the oral
exenatide-sulfobetaine PMs and the s.c. exenatide solution
administrations. Over the period the PD data would also
support a relative PD bioequivalence estimate for the exena-
tide-sulfobetaine PMs (relative to the s.c. administration) of at
least 13%, i.e. considering the glucose response profiles to be
similar between s.c. and oral exenatide-sulfobetaine PM treat-
ments but the oral PMs requiring a 7.5-fold higher dose to that
of the s.c. administration.

4. Conclusion

In this study, novel highly charged zwitterionic sulfobetaine
polymeric micelles (PMs) were designed and synthesised using
RAFT polymerisation. These PMs have not been previously
reported in terms of a biological application as mucus-
diffusive particles for oral peptide delivery. The study showed
the production of uniformly reproducible BMA-sulfobetaine
PMs of small sizes (<50 nm) and with hydrophobic and hydro-
philic components precisely tuneable as needed to accommo-
date different cargoes. These sulfobetaine PMs mimic the
surface chemistry of capsid viruses with a highly densely
charged but overall neutral surface. They efficiently permeate
rate-limiting intestinal mucus layers, showing a direct corre-
lation between diffusivity through the mucus and the degree
of the hydrophilicity of the outer shell coating. The sulfobe-
taine PMs are likely to facilitate the oral delivery of the loaded
peptide, at least to some extent, via their enhanced ability to
permeate the mucus and hence achieve close proximity to the
intestinal epithelial absorption surface.

These PMs were shown to exhibit a high capacity to load a
hydrophilic model peptide, exenatide, into the PMs’ hydro-
phobic core, achieved by an ion-pairing strategy. In in vitro
release studies they provided for a controlled and substantive
release of peptides over 24 h. They are resistant to the effects
of very low pH acidic (and pepsin-containing) environments
and do not display cytotoxicity in standard cell epithelial viabi-
lity assays. An in vivo PK-PD study in rats demonstrated the
oral delivery of exenatide-loaded sulfobetaine polymeric
micelles to achieve a relative extent of peptide bioavailability of
13% compared to a subcutaneous (s.c.) exenatide solution
injection. This favourable PK outcome was paralleled in PD
studies addressing the efficacy of oral delivery of exenatide-
loaded sulfobetaine polymeric micelles to reduce blood
glucose levels following a glucose challenge. This polymeric
micelle technology has very real potential for oral peptide
delivery including the delivery of GLP-1 agents,'®> which are of
intense therapeutic interest at present. Based on the above,
this novel family of stable sulfobetaine polymeric micelles are
promising tools to further explore the oral peptide delivery,
and in particular with respect to the high capacity of these
micelles to permeate the intestinal mucus barrier. Clearly,
while the mucus permeation and PK and PD outcomes have
been the key foci of this work, future studies will need to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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explore in detail the interaction of these particles with the
intestinal epithelium itself.

Author contributions

Muthanna Abdulkarim: conceptualisation, methodology, vali-
dation, investigation, funding acquisition, analysis, and
writing - original draft. Flavia Laffleur: methodology and
reviewing. Victor Ramos-Pérez: methodology. Andreas
Bernkop-Schniirch: conceptualization, reviewing and editing,
and funding acquisition. Salvador Gémez Borros: conceptual-
ization, and reviewing and editing. Catia Neto: methodology,
validation, investigation, and analysis. Mark Gumbleton: con-
ceptualization, methodology, validation, funding acquisition,
and writing - review and editing.

Conflicts of interest

The authors have no conflicts to declare.

Abbreviations

AUC Area under the curve

AIBN 2,2'-Azobis(2-methylpropionitrile)

BMA Butyl methacrylate

CTA 2-Cyano-2-propyl dodecyl tri-thiocarbonate

Degr Diffusion coefficient

(Detr) Ensemble diffusion coefficient

DMAEMA  Dimethyl aminoethyl methacrylate

DMEM Dulbecco’s modified Eagle’s medium

EE% Entrapment efficiency

FBS Fetal bovine serum

GCT Glucose challenge test

GIT Gastrointestinal tract

GLP-1 Glucagon-like peptide 1

GPC Gel permeation chromatography

i.p. Intraperitoneal

LD% Loading capacity

LLQ Lower limit of quantification

MDCK-II Madin-Darby canine kidney cells

cells

MTT 3-[4,5-Dimethylthiazol-2-y1]-2,5-diphenyl-tetra-
zolium bromide salt

M, Number average MW

ns Not significant

MPT Multiple particle tracking

MSD Mean squared displacement

(MSD) Ensemble mean squared displacement
MW Molecular weight

M, Average weight MW

MWCO Molecular weight cut-off

PD Pharmacodynamic

PDI Polymer polydispersity index

PM Polymeric micelles
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Pg Pico gram
PK Pharmacokinetic
RAFT Reversible addition fragmentation chain transfer

S Second
s.c. Subcutaneous

SDS Sodium dodecylsulphate
T2D Type 2 diabetes mellitus
THF Tetrahydrofuran
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