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Ammonia uptake by transmembrane pH gradient
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Transmembrane pH gradient poly(isoprene)-block-poly(ethylene glycol) (PI-b-PEG) polymersomes were

investigated for their potential use in the detoxification of ammonia, a metabolite that is excessively present in

patients suffering from urea cycle disorders and advanced liver diseases, and which causes neurotoxic effects
(e.g., hepatic encephalopathy). Polymers varying in Pl and PEG block length were synthesized via nitroxide-
mediated polymerization and screened for their ability to self-assemble into polymersomes in aqueous media.
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Ammonia sequestration by the polymersomes was investigated in vitro. While most vesicular systems were able
to capture ammonia in simulated intestinal fluids, uptake was lost in partially dehydrated medium mimicking
conditions in the colon. Polymeric crosslinking of residual olefinic bonds in the Pl block increased polymersome

stability, partially preserving the ammonia capture capacity in the simulated colon environment. These more
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Introduction

Ammonia is a nitrogen metabolite essential to the health of the
human body (e.g., amino acid metabolism). It coexists with its
protonated form ammonium (NH,", pK, of 9.25)" in an equilibrium,
which is governed by pH (and is shifted towards the protonated
species at plasma pH). The majority of systemic ammonia is
produced in the large intestine by bacterial cleavage of urea, before
entering systemic circulation. In healthy individuals, ammonia is
detoxified in the liver by the urea cycle, as well as by glutamine
synthesis in the muscles, and is excreted through the kidneys as
urea.” A diseased or dysfunctional liver can impair hepatic detox-
ification and cause a rise in systemic ammonia levels resulting in
hyperammonemia (HA) (blood ammonia levels >50 pmol L™ in
adults and >100 umol L™" in newborns).> Impairment of hepatic
detoxification can be caused by an inherited metabolic disease, as is
the case in urea cycle disorders, where the incidence is reported
to be 1 in 35000 live births,* or acquired, as is the case in liver
cirrhosis.”® Ammonia and ammonium are capable of penetrating
the blood brain barrier. Under hyperammonemic conditions the
concentration of ammonia metabolites are neurotoxic, likely due
to the accumulation of glutamine (produced by the condensation
of glutamate with ammonia) within the brain. In the case of liver
cirrhosis this is referred to as hepatic encephalopathy (HE).”®
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stable vesicular systems hold promise for the chronic oral treatment of hyperammonemia.

Neurotoxic effects range from cognitive impairment to coma and
even death, depending on the severity of the disease.

Current treatments for HE mainly target the generation and
uptake of ammonia in the colon. These include the laxative,
lactulose, and the marginally bioavailable antibiotic, rifaximin.
Lactulose acidifies the colon, thereby impairing bacterial
growth and reducing ammonia production; it also promotes
ammonia excretion through its laxative effect.’ Rifaximin lowers
ammonia levels by eliminating urease-producing bacteria.'®"*
These approaches are viewed as poorly effective or might
negatively affect normal human microbiota.'” Of further con-
cern, and as relates to the use of rifaximin and other chronically
applied antibiotics, antibiotic resistance is a growing concern;
this generally renders chronic antibiotic therapy as ill-advised
for long term use.">**

In 2015, Forster et al. reported a transmembrane liposomal
pH gradient formulation capable of effectively capturing ammonia
when applied via peritoneal dialysis."® This approach lowered
plasma ammonia concentrations in bile duct ligated rats (a model
of HA),'® implying its potential for the management of acute and
severe hyperammonemic crises. The demonstration of effective
liposome-based ammonia capture was a positive stepping-stone,
but for chronic treatment of HA an oral formulation would be
more practical. Liposomes have been investigated in oral drug
delivery for years, but so far no oral product has been successfully
developed, mainly due to poor stability within the conditions of
the gastrointestinal (GI) tract."”””'® Polymersome HA therapeutic
strategies, a variant of liposomal strategies, may bridge this gap.
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In the past two decades polymersomes (synthetic analogues
of liposomes) have emerged as biologically resilient, targetable drug
delivery tools, and have therefore drawn the interest of the drug
delivery community.'**® These synthetic vesicles are more stable
than their liposomal analogues due to thicker vesicle membranes,
while simultaneously also being more functional,” due to their
capacity to be tuned by incorporating function-specific monomers.
Recently, transmembrane pH gradient polymersomes consisting of
poly(styrene)-b-PEG (PS-b-PEG) have been shown to efficiently
sequester ammonia in simulated intestinal fluids.>® However, this
system failed to lower ammonia levels in bile duct ligated rats after
oral administration, possibly due to insufficient ammonia
uptake and partial destabilization of the vesicles in the colon
upon dehydration of the intestinal chyme. Our work explores
optimization of these potential points of failure.

It is well known that the properties of the hydrophobic
polymer block and especially its glass transition temperature
(Tg) strongly influence functional and structural characteristics
of the polymeric vesicles.”* We therefore hypothesized that
hydrophobic polymer blocks having a low T,, such as poly-
(isoprene) (T, p; = —69 to —64 °C),”” might result in polymersomes
with a more fluid bilayer and subsequently superior ammonia
capture as compared to polymersomes containing a hydrophobic
polymer block with a high T, (resulting in a more crystalline
membrane), such as poly(styrene) (7, ps = 105-109 °C).** We further
hypothesized that the stability of the vesicle system could be
increased by polymeric crosslinking of the vesicular bilayer.”” In
this work, we screened different PI-b-PEG vesicles for the ability to
take up ammonia under simulated intestinal conditions and sub-
sequently optimized the system to improve vesicular stability.

Materials and methods
Materials

Isoprene, isobutyraldehyde, ammonium chloride (NH,CI), 2-
methyl-2-nitropropane, magnesium, bromobenzene, copper"
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acetate (Cu(OAc),), sodium bicarbonate (NaHCOj;), sodium
hydroxide (NaOH), sodium sulfate (Na,SO,), poly(ethylene glycol)
(PEG) monomethyl ether (M, = 5000 g mol '), potassium
dihydrogen phosphate (KH,PO,), iodine, palladium on activated
charcoal (10%), trisodium citrate dehydrate, bile salts (mixture
of sodium cholate and sodium deoxycholate), alkaline hypochlorite
solution, phenol nitroprusside solution, and 8-hydroxypyrene-1,3,6-
trisulfonic acid trisodium salt (HPTS) (pyranine) were purchased
from Sigma Aldrich (Steinheim, Germany). Copper powder, zinc
powder, as well as N,N,N,N,N-pentamethyldiethylenetriamine
(PMDETA) were supplied by Acros (Geel, Belgium). PEG mono-
methyl ether (M;, = 2000 ¢ mol ') was obtained from Fluka (Buchs,
Switzerland). Sodium taurocholate and PEG monomethyl
ether (M, = 700 g mol ') were obtained from ABCR (Karlsruhe,
Germany). Triethylamine (Et;N) was purchased from Merck
(Darmstadt, Germany). Citric acid monohydrate and sodium
chloride (NaCl) were obtained from Fisher Scientific (Leicester,
UK). Copper" bromide (CuBr) was obtained from Alfa Aesar (Kandel,
Germany). 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
was purchased from TCI (Zwijndrecht, Belgium). SilicaFlash
P60 (40-63 um, 230-400 mesh) was obtained from Silicylce
(Quebec City, QC, Canada). Deuterated chloroform (CDCls)
was supplied by Armar (Dottingen, Switzerland). Ammonium
hydroxide (NH,OH) 25% aqueous solution was purchased from
VWR (Fontenay-sous-Bois, France). All solvents were obtained from
VWR, Fisher Scientific, Acros, or Sigma Aldrich. Metamucil®
Regular (fiber and saccharose) was from Procter & Gamble
(Petit-Lancy, Switzerland).

2,2,5-Trimethyl-4-phenyl-3-azahexane-3-nitroxide
95%) was synthesized as described elsewhere.?®

(TIPNO,

Polymer synthesis and characterization

Three polymer libraries were synthesized using PEG monomethyl
ether 700, 2000, or 5000 g mol *, respectively, as the starting
material (Scheme 1). The polymer syntheses were conducted in
the same fashion for all three libraries, unless stated otherwise.
The synthesis of several polymers of the PEG 2000 library is
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Scheme 1 Synthesis of PI-b-PEG amphiphiles by NMP and subsequent hydrogenation.
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reported in a previous publication from our group (i.e., polymers
with PI/PEG,0q0 (W/W) ratios of 1.32, 1.99, 2.30, 2.90, and 3.62).*°

Synthesis of PEG monomethyl ether 2-bromopropionate
(PEG-Br) (3). PEG monomethyl ether (1) (1 eq.) was dried under
vacuum at 60 °C overnight to remove residual traces of water.
After dissolving 1 in anhydrous tetrahydrofuran (THF), triethyl-
amine (5 eq.) was added under inert atmosphere. The reaction
mixture was then cooled to 0 °C and a solution of 2-bromo-
propionyl bromide (2) (5 eq.) in anhydrous THF was added
dropwise. After stirring for 24 h, the hydrobromine salts were
removed by centrifugation and the supernatant was concen-
trated under reduced pressure. The residue was dissolved in
water and extracted with dichloromethane (DCM), followed by
washing with saturated sodium bicarbonate solution and brine,
and subsequently dried over sodium sulfate (Na,SO,). After
concentrating under reduced pressure, the residue was dissolved in
DCM, precipitated in cold diethyl ether (Et,0), and dried under
vacuum overnight. 3 was obtained as a white solid (light brown
in case of PEG;y-Br) Yield: PEG;oy-Br: 40%; PEG,g00-Br: 93%);
PEGs000-Br: 71%.

'H NMR (400 MHz, CDCl,) (Fig. $1-83, ESIt): 6 4.34 (q, 1H),
4.25 (t, 2H), 3.78-3.37 (m, 4H per PEG unit), 3.31 (s, 3H), 1.76 (d, 3H).

Synthesis of PEG monomethyl ether alkoxyamine (PEG-TIPNO)
(5). PEG-Br (3) (1 eq.), copper’ bromide (0.6 eq.), and copper
(2.6 eq.) were placed in a Schlenk flask under argon atmosphere
and deoxygenated using several vacuum argon cycles. Sub-
sequently, dry toluene, PMDETA (2.1 eq.), and TIPNO (4) (2.5 eq.)
were added and the mixture was degassed by 3 freeze-thaw cycles,
then flushed with argon and sealed. The flask was placed in a pre-
heated oil bath at 80 °C and the reaction was stirred for 48 h.
Afterwards, the crude mixture was precipitated in Et,O and
residual copper was removed using silica flash chromatography
(20:1 chloroform (CHCl;)/methanol (MeOH)). After concentration
under reduced pressure, the residue was dissolved in CHCl; and
precipitated in cold Et,O, before being dried in vacuum. 5 was
obtained as a white solid (slightly brown in case of PEG,,,TIPNO)
Yield: PEG,o,-TIPNO: 86%; PEGy0o"TIPNO: 76%; PEGs0q-TIPNO:
70%. In case of PEG,y,TIPNO, a slightly modified purification
process, based on the purification of TIPNO was used.®

'H NMR (400 MHz, CDCI;) (Fig. S4-S6, ESI{): & 7.58-7.03
(m, 5H), 4.50 and 4.43 (q, 1H), 4.32-4.17 (m, 2H), 3.78-3.37
(m, 4H per PEG unit), 3.31 (s, 3H), 3.24 (d, 1H), 2.09 and 1.95
(m, 1H), 1.50 and 1.36 (d, 3H), 1.14 and 0.99 (d, 3H), 0.91 and
0.85 (s, 9H), 0.44 and 0.37 (d, 3H).

Synthesis of poly(ethylene glycol)-block-poly(isoprene) (PI-b-
PEG) (6). PEG-TIPNO (5) (1 eq.) and isoprene (eq. varying) in
xylenes were placed in a 30 mL pressure tube and sealed.
Subsequently, the mixture was degassed by 3 freeze-thaw cycles,
backfilled with argon, and sealed. The reaction was then placed
in a pre-heated oil bath at 125 °C and stirred for 48 h. After
quenching at room temperature, residual solvent and monomer
were removed by co-evaporations using Et,O at 50 °C. Drying
under vacuum afforded a yellow semi-solid.

'H NMR (400 MHz, CDCl;) (Fig. S7-S9, ESI{): 8 5.79-5.59
(m, 1H per unit of 1,2-PI), 5.18-4.93 (m, 1H, 1,4-PI), 4.92-4.72
(m, 2H, 1,2-PI), 4.72-4.50 (m, 2H 3,4-PI), 4.17-4.05 (m, 2H),
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3.79-3.35 (m, 4H 19 per unit of PEG), 3.31 (s, 3H), 2.09-1.84 (m,
2H, 1,4- and 3,4-PI), 1.68-1.45 (m, 3H, 1,4- and 3,4-PI).

Hydrogenation of PEG-b-PI (7). PEG-b-PI (6) (approx. 300 mg)
was put in a round-bottom flask and dried under vacuum.
Subsequently, 4 mL of anhydrous DCM and 1.5 mL of anhydrous
MeOH, both degassed using argon, and 60 mg palladium on
activated charcoal (10%) were added. The mixture was then placed
in a high-pressure autoclave and conditioned with three vacuum-
hydrogen cycles, before applying a pressure of 600 kPa in hydrogen.
The reaction was then stirred overnight at room temperature. The
mixture was purified by filtering over Celite and drying in vacuum.
Hydrogenated polymers 7 (PI(H)-b-PEG) were obtained in close to
quantitative yield.

'H NMR (400 MHz, CDCl,) (Fig. S7-S9, ESIt): & 4.21-4.07
(m, 2H), 3.79-3.35 (m4, H 19 per unit of PEG), 3.31 (s, 3H),
1.71-0.52 (m, 10H per unit of isoprene).

Nuclear magnetic resonance spectroscopy (NMR). 'H NMR spectra
were recorded on a AV-400 400 MHz spectrometer (Bruker, Billerica,
MA). Samples were dissolved in CDCl;, at concentrations of roughly
10 mg mL~". Measurements were performed at room temperature
over 256 cycles. Chemical shifts, reported in ppm, were adjusted to
the corresponding solvent peak (7.26 ppm).

Size exclusion chromatography (SEC). SEC was performed on a
Viscotek TDAmax system (Viskotek, Houston, TX). The system
consisted of two ViscoGEL columns (GMHyg-M, poly(styrene-co-
divinylbenzene)), employing THF as the mobile phase. A differential
refractive index detector (TDA 302, Viskotek) was used to determine
macromolecular characteristics relative to a poly(methyl metha-
crylate) (PMMA) standard curve (PSS polymer Mainz, 2500-
89300 g mol ). All samples were filtered using 0.2 pm syringe
filters (PTFE) and measured at a flow rate of 0.5 mL min .

Vesicle preparation

Vesicles were prepared using a previously reported emulsification
procedure.” Briefly, 30 mg of polymer were dissolved in 100 pL of
DCM and agitated for 1 h at room temperature. The mixture was
then added to 1 mL sodium chloride-containing citrate buffer
(250 mmol in citrate, pH = 2, 300 mOsmol kg™ "), followed by
sonication with a FB-705 sonic dismembrator (Thermo Fisher
Scientific, Waltham, MA), at an amplitude of 5% for 1 min.
During the sonication process, the sample was cooled using an
ice bath. Afterwards, excess DCM was removed under vacuum
(7 min, 40 °C, 70 kPa).

In order to achieve an inner pH of 6.8, the above protocol
was modified, switching to a sodium chloride-containing phos-
phate buffer (60 mM in phosphate, pH = 6.8, 300 mOsmol kg )
instead of the citrate buffer.

Encapsulation of pyranine was achieved using the afore-
mentioned vesicle preparation method, dissolving the hydrophilic
dye pyranine in milliQ water (10 mM). Excess dye was removed
using PD Miditrap G-25 size exclusion columns (GE healthcare,
Uppsala, Sweden), applying the following protocol: after con-
ditioning the column with milliQ water, 200 pL of pyranine-loaded
vesicles were added, followed by 800 pL of milliQ water.

Soft Matter, 2020, 16, 2725-2735 | 2727
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Subsequently, 600 pL of milliQ water was added, and the eluent
was collected.

Crosslinking of vesicles was performed using the photo-
initiator 2-hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone.
Varying amounts of crosslinker were mixed with 1 mL vesicle
solution in sodium chloride-containing citrate buffer (250 mM in
citrate, pH = 2, 300 mOsmol kg '), yielding crosslinker con-
centrations of 0.5, 1, 2, 5, and 10 mM. Crosslinking was carried
out at room temperature under UV light (365 nm) for 6 h.

Vesicle characterization

Samples were analysed in phosphate buffer at pH 6.8, unless
stated otherwise.

Polymer concentration in vesicle suspensions. Polymer con-
centration in the vesicle suspension was determined by SEC.
Briefly, 75 pL of suspension in citrate buffer were lyophilized,
and subsequently dissolved in 1 mL of THF. The obtained peak
integrals were compared to a standard curve of the native
polymer (0.1, 0.2, 0.5, 1, and 2 mg mL™%).

Particle yield was calculated dividing the obtained polymer con-
centration by the maximal achievable concentration (30 mg mL ™).

Optical microscopy. Optical microscopy images were obtained
using a Leica DMI6000B inverted epifluorescence microscope
(Leica Microsystems, Wetzlar, Germany). Samples were either
analyzed using the differential interference contrast (DIC) or
fluorescent channel, applying 10 pL of sample on a glass slide.
Image analysis was performed using Image] (V 1.52a).

Size measurements. Diameter and dispersity of samples
were determined using dynamic light scattering (DLS). A DelsaNano
(Beckman Coulter, Indianapolis, IN) was used in backscattering
mode, employing 20-fold diluted particle samples. For samples
having diameters larger than 800 nm, additional measurements
using laser diffraction (LD) were performed on a Malvern Master-
Sizer2000 (Malvern Instruments, Malvern, UK).

Transmission electron microscopy (TEM). 5 pL of sample
was placed on glow-discharged (Emitech K100X, GB) carbon-
coated grids (Quantifoil, D) and allowed to remain for 1 min.
Afterwards, interval excess fluid was removed with filter paper
and the wet sample was stained in 2% sodium phosphotung-
state (pH 7.2) for 1 s, followed by a second step for 15 s. Excess
moisture was drained with filter paper and images of the air-dried
grids were taken with a TEM Morgagni 268 (Thermo Fisher
Scientific, Waltham, MA) operated at 100 kV.

Cryo-TEM. The sample (5 puL) was applied on a gold grid,
covered by holey gold film (UltrAuFoil 2/1 Quantifoil Micro Tools
GmbH, Jena, Germany). Excess of liquid was blotted between two
filter paper strips automatically. The sample was then plunged
into liquid ethane (—180 °C) in a cryobox (Carl Zeiss NTS GmbH,
Oberkochen, Germany). After removing excess ethane with a
piece of filter paper, the sample was immediately transferred
into the pre-cooled cryo-electron microscope (Philips CM 120,
Eindhoven, Netherlands), using a Gatan 626 cryo-transfer holder
(Gatan, Pleasanton, CA), and viewed under low dose conditions
(microscope operated at 120 kV). A 2k CMOS camera (F216,
TVIPS, Gauting, Germany) was used to record images, averaging
4 images to one in order to minimize the noise.

2728 | Soft Matter, 2020, 16, 2725-2735
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Ammonia capture experiments

Ammonia capture in phosphate buffer. Ammonia capture
experiments were performed in a side-by-side diffusion cell setup
(PermeGear, Hellertwon, PA), consisting of a reference and a
sample cell having 3.4 mL total volume each. The two cells were
separated by a 0.1 um polycarbonate membrane (Sterlitech, Kent,
WA). The sample cell was prepared by mixing 2.8 mL of sodium
chloride-containing phosphate buffer (60 mM in phosphate,
pH = 6.8, 300 mOsmol kg "), 145 pL 2 M NaOH, 29.5 pL of
water, and 400 pL of vesicles in sodium chloride-containing
citrate buffer (250 mM in citrate, pH = 2, 300 mOsmol kg™, PI-b-
PEG 10.2 mg mL™"). The reference cell was prepared the same
way, using citrate buffer without vesicles. The system was incubated
for 15 min at 37 °C, before addition of 25.5 pL of 100 mM NH,CI
solution (0.75 mM in the cell). Aliquots (20 pL) were sampled at
regular time intervals from the reference cell.

Ammonia capture in the absence of a pH gradient was conducted
using the same setup, preparing the two cells as follows: the
sample cell was prepared by mixing 2.97 mL of sodium chloride-
containing phosphate buffer (60 mM in phosphate, pH = 6.8,
300 mOsmol kg ') and 400 uL of vesicles in sodium chloride-
containing phosphate buffer (60 mM in phosphate, pH = 6.8,
300 mOsmol kg™, PI-b-PEG 10.2 mg mL™"). The reference cell
was prepared using 3.375 mL of sodium chloride-containing phos-
phate buffer (60 mM in phosphate, pH = 6.8, 300 mOsmol kg ).
NH,CI was added as described above.

Ammonia concentration was determined using the Berthelot
assay.’® Briefly, samples, as well as a series of standards (62.5-
1000 pM in NH,CI) were pipetted in a 96-well plate (UV-Star,
Greiner Bio-One, Kremsminster, Austria). After addition of
nitroprusside solution and alkaline hypochlorite solution to
all wells (5:1 v/v solution/sample for both), the plate was
incubated for 20 min at room temperature. Subsequent absor-
bance measurement at 636 nm on an infinite M200 PRO plate
reader (TECAN, Minnedorf, Switzerland) yielded ammonia
concentrations. Ammonia capture (in pmol of ammonia per g of
polymer) was calculated using the following formula (eqn (1)):

(C(NH,),g — C(NH,),)pmol L™
Cpolymerg L-!

Capture capacity(t) =

(1)

where C(NH3),, is the concentration of ammonia in the reference
cell, at the start of the capture experiment.

Ammonia capture in simulated intestinal fluids. Ammonia
capture experiments in simulated intestinal fluids were performed
as described above for capture in phosphate buffer. However,
sodium cholate, sodium deoxycholate, and sodium taurocholate
(30 mM each) were added to the phosphate buffer (pH 6.8).

Ammonia capture in a colon-mimicking environment. In a
2 mL microcentrifuge tube, Metamucil® (400 mg) was mixed
with 127.5 pL phosphate buffer (15.7 mM, pH 6.8), 72.5 uL of
2 M NaOH, and 200 pL of vesicles in citrate buffer. The mixture was
briefly stirred with a spatula and then incubated at 37 °C overnight
on a rotary shaker before being placed in the sample cell.
After addition of 2 mL of phosphate buffer (60 mM, pH 6.8)
to both cells, 20 uL of NH,Cl (100 mM in water) were added to

This journal is © The Royal Society of Chemistry 2020
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Table1l Characteristics of the PI-b-PEG amphiphiles and their supramolecular assemblies. Polymer assemblies were formed using a sonication probe at

an amplitude of 5% for 1 min

PI/PEG [w/w] M, [g mol™"] pb d° [nm] PDI d? [um] Span? Yield® [%)]
PI-b-PEG-0 0.92 1300 1.18 240 0.34 — — 55
1.94 2100 1.23 * 5.28 1.14 42
3.03 2800 1.38 * 6.10 1.89 54
4.14 3600 1.25 * 10.3 1.73 44
5.76 4700 1.24 * 10.6 2.45 16
PI-b-PEG 000 0.84 3700 1.34 120 0.30 — — 45
1.32 4600 1.25 240 0.23 — — 50
1.99 6000 1.28 * 8.00 1.93 34
2.30 6600 1.30 * 6.99 1.82 39
2.38 6800 1.25 * 7.48 2.47 33
2.90 7800 1.25 * 6.23 1.09 24
3.44 8900 1.26 * 6.71 3.35 24
3.62 9200 1.27 * 7.79 2.55 24
4.52 11000 1.29 * 6.22 8.96 3
PI-6-PEG:000 0.77 8900 1.20 120 0.27 — — 46
1.51 12600 1.56 230 0.32 — — 50
2.37 16 900 1.22 * 25.6 4.10 11
3.03 20200 1.17 * 18.7 6.63 2
4.63 28200 1.29 — — — — 0

Abbreviations: M,: number average molecular weight, b: dispersity; d: particle diameter, PDI: particle polydispersity index; span: width of
distribution.” Calculated by '"H-NMR. ? Measured by SEC in THF. ¢ Determined by DLS. ¢ Determined by LD.*Diameter larger than 800 nm; ~No
particles detected. PI-b-PEGyq, polymers (PI/PEG (w/w) ratios of 1.32, 1.99, 2.30, 2.90, 3.62) are the same as previously reported.®

each chamber. Control samples were prepared in the same way,
in the absence of Metamucil®. All experiments were performed
at 37 °C for 3 h, after which a sample (20 pL) was taken from the
reference cell.

Due to interference of Metamucil® with the Berthelot assay,
ammonia concentrations were determined using the Randox
assay kit (Randox Laboratories, Crumlin, UK).

Statistical analysis

Statistical analysis was performed using GraphPad Prism (Version
8.2.0). For the ammonia capture kinetic experiment, the area under
the capture capacity vs. time curve from 0-8 h (AUC,g,) were
compared. For multiple groups, an ordinary one-way ANOVA and
subsequent Tukey’s multiple comparisons test was used. In case of
two groups, an unpaired ttest was performed. For the assays
performed in a colon-mimicking environment, and those involving
crosslinked vesicles, statistical analysis was performed on the
ammonia capture obtained after 24 h.

Results and discussion
Polymer synthesis

The synthesis of PI-b-PEG polymers was carried out by nitroxide-
mediated polymerization (NMP), following a previously published
procedure.”” Briefly, PEG monomethyl ethers of different molecular
weight (1) (700, 2000, and 5000 g mol ') were reacted with
methyl 2-bromopropionate (2) to yield PEG-functionalized bromo-
propionate (3). The latter was then radically coupled to the stable
nitroxide TIPNO (4), which was synthesized following a procedure
described by Hawker and coworkers,* to form the corresponding

This journal is © The Royal Society of Chemistry 2020

PEG-functionalized alkoxyamine (5) (Scheme 1). Three PEG-based
macroinitiators for NMP were obtained in high yields (>70%)
and high purity (>95%) (Fig. S4-S6, ESIt). Subsequent poly-
merizations of isoprene were carried out under inert conditions
at 125 °C in xylenes. For each of the three alkoxyamines a library
of amphiphilic block copolymers with different PI/PEG (w/w)
ratios was obtained and characterized by size exclusion chromato-
graphy (SEC) and "H-NMR spectroscopy (Table 1).

To determine the number average molecular weights (M,,) by
NMR, the proton-weighted ratio of the PEG-CH; and the residual
double bonds of the PI block were used (Fig. 1a). Further, the
mode of incorporation of the isoprene units was characterized by
'"H-NMR spectroscopy, comparing the integrals in the region
between 4.5 and 6 ppm. Molar ratios of 1,4-isomers to 1,2- and
3,4-isomers of about 9 : 1 were obtained, which is in accordance
with previous findings for the polymerization of isoprene
(Table $1, ESIT).*>7?

The PI/PEG (w/w) ratio was varied by changing the isoprene
monomer feed while keeping the amount of alkoxyamine and
the reaction conditions constant (Fig. 1b). Increasing the
monomer feed, led to a linear increase in molecular weight,
confirmed by "H-NMR and SEC (Fig. 1c). The discrepancies
between the molecular weights obtained by both methods can
be explained by the use of PMMA standards to calibrate the SEC
system. At lower monomer feed, the PI-b-PEG;q, polymers
deviated slightly from the linear trend. This can be ascribed
to potential loss of monomer during freeze-thaw cycles due to
the small isoprene quantities used in these reactions. Dispersities
observed in the polymerizations (P = 1.2-1.3) were in accordance
with a previous publication.”” While showing the typical shift to
lower retention volumes with increasing monomer feed for all
three of the libraries, the size exclusion chromatograms exhibited

Soft Matter, 2020, 16, 2725-2735 | 2729


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sm00183j

Open Access Article. Published on 02 March 2020. Downloaded on 12/4/2025 11:46:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Soft Matter
a - b
<1 " g el 2000 3
,J[0 o > 2 0—N>L ¢ PIb-PEGgy
—~ e
PH g
=
9 d o .
,«v¥‘___\,_,/j \¥/NCAA_/JCJK._‘ Hﬂ i
c E °
JCDC!; e i
L | 04 . : ;
T T T T T T 1 0 500 1000 1500 2000
i 6 5 4 3 2 1 0
Isoprene (eq.)
& (ppm)
15 — 7, [ — R ———
C |PHo-PEGn PI-b-PEG,00  ® 40,PI-b-PEGs000 d -
25/ - PIPEG ~-=--PEGigoo-TIPNO
[ ] . | [ ]
]
=10 - 201 - = 301 -
s 5 | n s o o
£ £ . £ o 2
g = 2" o _| 22 oz’ =
Sg 5 . - 5:10: = ’_,—’: $= { ./;’, 2
" - ] et g 2
El o i S o | o&r 10, g £
L-e 7~ %1 50 | Z
0 0 L —
14 ° 14 ° 1 4: ®
Qe e @ L -
a, @ o o a.,l e°%ee e » o .
1.0 1.0 101

100 200 300 400 500 O
Isoprene (eq.)

50 100 150 200 o
Isoprene (eq.)

500 1000

1500 Retention volume (mL)

Isoprene (eq.)

2000

Fig. 1 H-NMR spectrum of Pl-b-PEG polymer in CDCls (a). Ratios of PI/PEG (w/w) plotted against equivalents of isoprene after 48 h of polymerization
(b). Molecular weights obtained by SEC (black squares), *H-NMR (white squares), and dispersity values (black circles) obtained via SEC plotted against
equivalents of isoprene after 48 h of polymerization (c). Size exclusion chromatograms of the Pl-b-PEGsgog library (d). Polymers of the PEG 2000 series

(ratios 1.32, 1.99, 2.30, 2.90, 3.62) are the same as previously reported.?®

a slight shoulder peak at higher retention volumes, suggesting
incomplete initiator coupling with increasing monomer feed
(Fig. 1d). In fact, a previous report on alkoxyamine syntheses
via radical coupling to TIPNO indicated a side reaction, namely
the formation of the PEG-propionate ester with an up to 30%
yield.>” However, the characteristic peaks of this by-product could
not be found in any of the "H-NMR spectra measured in this
study. In addition, at lower retention volumes SEC also showed a
small shoulder at higher monomer feeds in the PEG 2000 as well
as PEG 5000 series, which are most likely caused by termination
events, such as radical coupling.>” Therefore, our amphiphiles
exhibited characteristics in line with a previous report.>”

In an effort to change the characteristics of the hydrophobic
block, several of the PI-b-PEG polymers were hydrogenated
(Fig. S7-S9, Table S2, ESIt) yielding polymers 7 (PI(H)-b-PEG,
Scheme 1). Completion of the hydrogenation reaction was
confirmed by the disappearance of the olefinic protons in the
"H-NMR spectrum (Fig. S7-S9, ESIt). In addition, SEC of 7
confirmed that hydrogenation had no effect on the macro-
molecular characteristics (Fig. S10, ESIt). Therefore, libraries of
PI-b-PEG polymers with varied length of both the hydrophobic
and the hydrophilic block, as well as unsaturated and hydro-
genated polymer backbones were obtained (Table 1 and
Table S2, ESIT) and used in subsequent experiments.

Formation of polymersomes

Recently, our group described the formation of transmembrane pH
gradient polymersomes comprised of PI-b-PEG block copolymers,

2730 | Soft Matter, 2020, 16, 2725-2735

that were able to capture the metabolite trimethylamine (TMA),
showing promise for the topical symptomatic treatment of
trimethylaminuria.”® Employing the optimized conditions found
in this previous study, we attempted to prepare vesicles with our
amphiphiles having an inside pH of 2.0 using an emulsification
process.”® Sizes of macromolecular assemblies were analyzed by
DLS. In cases where diameters obtained via DLS exceeded 800 nm,
laser diffraction was employed (Table 1). Overall, diameters in
the upper nanometer or lower micrometer range were targeted
to minimize uptake of vesicles by intestinal cells and with that
avoiding systemic exposure.*®

For all three of the libraries (PI-5-PEGyoo, 2000, or 5000)s
amphiphiles exceeding a PI/PEG (w/w) ratio of 1.5 resulted in
structures in the low micron range with relatively narrow size
distributions (Table 1 and Fig. S11, ESI}). Smaller diameters
(<300 nm) were observed at ratios below 1.5, indicating the
presence of another population than the expected micrometer-
sized polymersomes.

To gain a better understanding of the effect of different
PI/PEG (w/w) ratios on the morphology of the supramolecular
assemblies, TEM experiments using the PI-b-PEG,qy, polymersomes
were performed (Fig. 2). At a PI/PEG (w/w) ratio of 0.84 (i.e., high
fraction of PEG) mainly spherical structures with diameters of
approximately 30 nm were detected (Fig. 2a), correlating with
diameters usually reported for polymeric micelles.>” While
increasing the length of the hydrophobic block (PI/PEG 1.32),
formation of tubes and larger spherical/irregular structures was
observed (Fig. 2b). In fact, large spherical structures with

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Representative TEM images of the supramolecular assemblies of PI-b-PEG,q00 polymers with different PI/PEG (w/w) ratios in phosphate buffer at
pH 6.8 (scale bar set to 500 nm) (a—g). For more images see Fig. S13-S19 (ESIt). Cryo-TEM images (PI/PEG000 1.99) (scale bar: 300 nm) (h).

diameters in the range of 100-600 nm appeared to be the main
species formed at PI/PEG (w/w) ratios over ~2.0 (Fig. 2c-g). The
vesicular structure of these larger spheres was confirmed by
cryo-TEM measurements (Fig. 2h), revealing diameters in the
range of 100-600 nm and a membrane thickness of approximately
20 nm. The observed changes in morphology, from micellar to
tubular and ultimately vesicular structures with increasing length of
the PI block, are in line with literature reports on other block
copolymer systems.*”®

Besides changes in morphology, we observed a decrease in
the amount of large vesicles in the TEM images whilst increasing
the PI/PEG (w/w) ratio from 1.99 to 4.52 (Fig. 2c-g). This finding
was further supported by calculations of particle yields, which
showed a close to linear decrease with increasing length in PI
(Fig. S12 (ESIT) and Table 1). This observation could be explained
by the potential formation of aggregates during the vesicle
preparation procedure, which is usually more pronounced for
longer hydrophobic blocks.***°

In a next step, we aimed at correlating these morphological
data to the ability of the vesicles to capture and retain the
metabolite ammonia.

Ammonia capture by pH gradient PI-b-PEG polymersomes in
phosphate buffer

The ability of pH gradient PI-b-PEG vesicles (pHjysige = 2.0) to
sequester ammonia was investigated in side-by-side diffusion

This journal is © The Royal Society of Chemistry 2020

cells in the presence of phosphate buffer at pH 6.8 over 24 h
(Fig. 3a—c). In comparison to PI-b-PEGs000, ammonia capture
capacity was significantly higher for PI-b-PEG, and PI-b-PEG;400
vesicles. However, almost all tested vesicles seemed to reach a
plateau within the first 2 to 4 h, followed by a slight reduction in
capture capacity towards longer times (24 h). This is most likely
due to an increase in osmolarity of the vesicle core after initial
ammonia uptake resulting in a loss of entrapped ammonia over
time.*" Plotting ammonia capture capacity after 24 h vs. PI/PEG (w/w)
ratio revealed a dependency on the length of the hydrophobic block,
following a bell shaped curve distribution (mainly for PI-b-PEGygo
and PI-b-PEGsgg systems) with increasing PI/PEG ratios (Fig. S20
and Table S3, ESIt). This behavior was most noticeable for the PI-b-
PEG, series, and in accordance with TEM experiments (Fig. 2).
The ammonia capture of the PI-b-PEG,00 Was directly correlated
to the presence of the larger spherical structures. These were
observed at PI/PEG (w/w) ratios above 0.84 and most pro-
nounced at a ratio of 1.99 (Fig. 2c), which was also the polymer
showing the highest ammonia capture capacity of all tested PI-b-
PEG. The subsequent decrease in capture at higher ratios could be
ascribed to the aforementioned decrease in vesicle concentration.
Noteworthy, the ammonia uptake obtained with the polymer having
a PI/PEG (w/w) ratio of 1.99 (720 umol NH; per g polymer, Table S3,
ESIt) was similar to that previously achieved with liposomes
(~800 pmol g ').>* Furthermore, the uptake exceeded those
reported for PS-b-PEG polymersomes (~500 umol g *)** and

Soft Matter, 2020, 16, 2725-2735 | 2731
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Fig. 3 Ammonia capture capacity over time of PI-b-PEG polymersomes of the PEG 700 (a), PEG 2000 (b), and PEG 5000 (c) series (for clarity reasons
error bars are only plotted for the last data points). Ammonia capture by polymersomes comprised of Pl-b-PEG,g00 (PI/PEG of 1.99) in the presence
(same data as in b), or absence of a pH gradient, and its hydrogenated analogue in the presence of a pH gradient (d). Data are presented as mean + SD for
a-c, and mean + SD for d (n = 3). Statistics were performed on the area under the capture capacity vs. time curve from 0-8 h (AUCq_gp) for a—d

(Tables S4 and S7, ESIY).

AST120 (~25 pmol g™ 1), a carbon microparticle based system,
which has shown to lower ammonia levels in vivo.*>

In case of PI-b-PEGyq highest uptake of ammonia was
obtained for PI/PEG (w/w) ratios of 1.9-5.8 (~450 pmol g,
Table S3, ESIT). In contrast, ammonia capture was rather low
for PI-b-PEGsq, (highest amount was 170 umol g~ * for PI/PEG
(w/w) 1.51, Table S3, ESIf). To investigate the effect of PI
hydrophobicity on the polymersome properties, the hydro-
genated polymers (PI(H)-b-PEG) were also tested for their ability
to capture ammonia. These polymersomes yielded rather low
values (<170 pmol g~ ') (Fig. 3d and Table S2, ESIf).

To ensure that ammonia sequestration of PI-b-PEG vesicles
was indeed occurring as a result of the transmembrane pH
gradient, a control experiment using vesicles having an internal
pH of 6.8 was performed (Fig. 3d). As expected, ammonia capture
was negligible, confirming that encapsulation was driven by the
pH gradient.

In order to confirm that vesicular structures of the supra-
molecular assemblies were obtained at certain PI/PEG (w/w)
ratios, encapsulation experiments were carried out, using
the hydrophilic, negatively charged dye, pyranine, which can
only be associated to polymersomes when entrapped in the
aqueous core. For PI-b-PEG,00, encapsulation experiments were
reported previously and the data confirmed a vesicle structure
for PI-b-PEGyg0 With PI/PEG (w/w) ratios of 1.32 to 2.90.%°

2732 | Soft Matter, 2020, 16, 2725-2735

Encapsulation experiments with PI-b-PEG, indirectly revealed
a high proportion of hollow structures (Fig. S21, ESIt), supporting
the elevated ammonia capture values at high PI/PEG,q, (W/W)
ratios. At the same time, supramolecular assemblies of PI-b-
PEGs000 showed very little encapsulation of the dye (Fig. S21,
ESIt), indirectly confirming the low proportion of vesicular
structures. Particles prepared with hydrogenated polymers
resulted in poor encapsulation of pyranine revealing a low
vesicle yield (Fig. S21, ESIt) and were not investigated further.
It is to note, that the solubility of hydrogenated polymers with
PI(H) blocks exceeding 4000 g mol " was limited in DCM resulting
in highly viscous solutions at concentrations >30 mg mL ™},
rendering particle formation difficult (Table S2, ESIt). This was
most likely caused by the decreased polarity of PI(H) chains as
compared to PI.

Since the PI-b-PEGyo0o amphiphiles yielded vesicles with
the highest capture capacity, these polymers were selected for
further experiments.

Ammonia capture in simulated intestinal fluid and mimicked
colon environment

One of the main challenges related to the oral administration of
phospholipid vesicles (liposomes) are their degradation by GI
lipases and destabilization by intestinal surfactants (i.e., bile
salts).** As PI-b-PEG is not biodegradable, vesicles made from

This journal is © The Royal Society of Chemistry 2020
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this polymer would not be digested by GI enzymes. To assess
ammonia capture capacity by the vesicles in the presence of bile
salts, the assay buffer was supplemented with cholate, deoxy-
cholate, and taurocholate at high concentrations (30 mM each)
to simulate intestinal fluid. The concentrations used exceed
what is typically found in GI fluids by a factor of 2,** and were
reported to not only destabilize liposomes®® but also vesicles
comprised of the amphiphilic diblock poly(butadiene)-b-PEG
in vitro.*®> Vesicles prepared with the lead polymer (PI-b-
PEG;000, PI/PEG (w/w) of 1.99) were able to take up ammonia
in bile salt-supplemented medium, showing a decrease of only
~25% in capture after 24 h compared to the experiment
performed in phosphate buffer (540 pmol g~" in bile salt vs.
720 umol g~ ' in phosphate buffer) (Table S3, ESIt). Although

the overall ammonia uptake by the vesicles was reduced due to
the presence of the intestinal surfactants, ammonia capture
plateaued after ~2 to 4 h (Fig. 4a and Fig. S22, ESI{), as was also
observed for vesicles in phosphate buffer. Plotting ammonia capture
capacity after 24 h vs. PI/PEG (w/w) ratio revealed the same bell-
shaped curve profile as seen in phosphate buffer, although with
slightly reduced uptake values (Fig. 4b and Table S3, ESIt).
During transit of the polymersomes through the GI tract, the
external medium in which they are suspended becomes dehydrated,
due to the absorption of water in the colon.*® Such an environment
may further destabilize the vesicles.>® In order to evaluate the
performance of PI-b-PEG polymersomes in a simulated colon
environment, the two polymersome formulations (PI-b-PEGy0,
PI/PEG (w/w) 1.99 and 2.30) showing the highest ammonia
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Fig. 5 Schematic representation of the crosslinking reaction (a). Ammonia capture capacity of crosslinked Pl-b-PEGz000 polymersomes (PI/PEG (w/w)
ratio of 1.99) in phosphate buffer after 24 h (b). Ammonia capture capacity of native and crosslinked Pl-b-PEGq00 (PI/PEG 1.99) polymersomes after a
24 h incubation in medium containing different concentrations of dietary fiber (Metamucil®) (c). Representative TEM (d, scale bars: 500 nm) and cryo-
TEM images (e, scale bars: 300 hm) of PlI-b-PEG,q00 Vesicles (PI/PEG 1.99) after crosslinking. Data are presented as mean + SD (n = 3). Statistics were
performed on the 24 h capture capacity values in (b) and (c) (Tables S8-S9, ESI¥).
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capture in bile salt-supplemented medium were further tested
in dietary fiber (Metamucil®)-based hydrogels containing 50%
water.>® In this partially dehydrated medium, ammonia uptake
was abolished for both vesicle systems (Fig. 4c). These results
are in accordance with a previous report, showing the destabilization
of the PS-b-PEG polymersomal bilayer, and loss of the pH gradient in
this medium partly mimicking conditions in the colon.*

Increasing stability of polymersomes in the environment of the
colon by polymeric crosslinking

In the past, polymeric crosslinking has been reported to
stabilize both PI-b-PEG micelles, and liposomes.>”**” Therefore,
we decided to investigate whether crosslinking of the residual
olefinic bonds in the PI block would enhance vesicle stability
(Fig. 5a) in the environment of the colon. Each isoprene unit
bears one olefinic bond, which can be used for further chemical
modification®®*® or crosslinking.’>" UV-triggered crosslinking
was performed by mixing different amounts of the photo-
initiator 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone
with PI-b-PEG,q, vesicles for 6 h under UV exposure. After the
crosslinking process, vesicles were insoluble upon lyophilization
and resuspension in organic solvents, such as DCM (Fig. S23,
ESIt). Conventional TEM and cryo-TEM experiments of the
crosslinked vesicles confirmed that the vesicular structure
was maintained, showing diameters and membrane thickness
(~20 nm) (Fig. 5d-€) similar to the native vesicles (Fig. 2c and h).
Hence, the crosslinking step did not affect vesicle morphology.

Subsequently, we investigated the ammonia capture capacity
of crosslinked PI-b-PEGy vesicles (PI/PEG (w/w) 1.99). In
phosphate buffer, the uptake decreased with increasing con-
centration of crosslinker, levelling out at a concentration of 2 mM
(Fig. 5b). This was most likely due to a decrease in permeability of
the bilayer membrane after crosslinking.’” In order to minimize
this effect, a concentration of 1 mM of crosslinker was chosen
and ammonia capture was tested under partially dehydrated
conditions to mimic colon environment. After incubation in
50% dietary fiber (Metamucil®)-based medium for 24 h, ammonia
capture was at 200 pmol g™ (Fig. 5¢). Hence, crosslinked vesicles
proved to be far superior to their non-crosslinked analogues in this
environment, preserving approximately 35% of their capture
capacity in phosphate buffer. Furthermore, uptake values were
significantly higher than those reported for PS-b-PEG poly-
mersomes,”> which did not show significant capture after
incubation in dietary fiber-based medium.

Conclusion

In summary, we reported the synthesis of a range of PI-b-PEG
amphiphiles and their hydrogenated analogues, employing
nitroxide-mediated polymerization. Several PI-b-PEG polymers,
especially PI-b-PEG,, were able to self-assemble into vesicular
structures and were found to display superior ammonia uptake
than other vesicular systems investigated for GI delivery
to-date. We discovered that ammonia capture capacity is highly
dependent upon the PI/PEG (w/w) ratio of the polymersomes.

2734 | Soft Matter, 2020, 16, 2725-2735
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The best polymer was PI-b-PEG,0 with a PI/PEG ratio of 1.99,
which produced polymersomes in high yields. The function
and integrity of polymersomes could be further increased
through polymeric crosslinking. The latter proved quite important
because although PI-b-PEG vesicles showed a quite preserved
ammonia capture capacity in simulated intestinal fluids (bile
salts), they readily destabilized under conditions mimicking
the colonic environment. Olefinic bond crosslinking increased
vesicle stability in this environment, preserving roughly 35%
of the ammonia capture capacity of the polymersome in
phosphate buffer. This illustrates the potential for crosslinking
as a key to maintaining vesicular stability within the colon. The
PI-b-PEG polymersomes presented in this study hold great
promise for the development of a stable and efficient oral
biodetoxification system.
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