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The aim of this study was to tackle the polycation dilemma in drug delivery by developing charge-
converting liposomes capable of permeating the mucus gel layer and enhancing cellular uptake.
Positively charged liposomes containing dioleoylphosphatidylethanolamine (DOPE), cholesterol, and
oleyl-oligolysine were formulated via the thin-film method. These liposomes were coated with
polyphosphate to create negatively charged phosphorylated liposomes (pp-liposomes). Liposomes were
characterized regarding droplet size, zeta potential, stability, cytotoxicity, and hemolytic activity. The
cleavage of polyphosphates from the surface of liposomes triggered by intestinal alkaline phosphatase
(AP) was monitored via malachite green assay and shift in zeta potential. Mucus permeation was
assessed using porcine intestinal mucus in Transwell inserts. Cellular uptake was quantified in Caco-2
cells by flow cytometry and confocal microscopy. Liposomes exhibited an average size of 138.7 +
2.9 nm and a zeta potential of +35.4 + 1.5 mV, while the size of polyphosphate-coated liposomes
increased to 168.4 + 1.2 nm with a zeta potential of —24.2 + 2.5 mV; both remained stable over
24 hours. Liposomes were non-toxic and hemolytic in a concentration of 0.1%. pp-Liposomes were less
toxic than uncoated liposomes. Significant phosphate release occurred within first 6 hours of incubation
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with AP, and the zeta potential converted to +12.9 + 519 mV within 24 hours. Mucus permeation studies
showed that pp-liposomes exhibited 12-fold increase in permeability in the absence of AP compared to its
presence. Cellular uptake of liposomes and pp-liposomes in Caco-2 cells demonstrated comparable levels of
internalization. Accordingly, charge-converting liposomes effectively traversed the mucus barrier and

DOI: 10.1039/d5tb00945f

rsc.li/materials-b improved cellular uptake, indicating a promising approach to resolving the polycation dilemma.

Cationic nanocarriers generally show improved cellular
internalization owing to strong electrostatic attraction to

1. Introduction

Efficient drug delivery across mucosal surfaces remains one of
the most significant challenges in pharmaceutical technology.
Mucosal barriers, comprising the mucus gel layer and the
epithelial membrane, serve as the body’s first line of defense
against pathogens. While this protective function is essential
for health, it poses an obstacle to the delivery of therapeutics
administered via mucosal routes such as the oral, nasal, and
pulmonary pathways."* Overcoming these barriers is crucial for
enhancing the bioavailability and efficacy of a wide range of
drugs. A critical factor impeding drug delivery is the polycation
dilemma arising from the interaction between charged nano-
carriers and biological barriers.
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negatively charged cell membranes. This positive charge causes
them to become trapped within the negatively charged mucus
gel, preventing them from reaching their target cells.?
In contrast, nanocarriers bearing a neutral or negative surface
charge permeate the mucus layer more readily, but their
cellular uptake is limited.* This dichotomy presents a signifi-
cant hurdle in designing nanocarriers that can traverse the
mucus barrier and achieve effective cellular internalization.
To address this challenge, the concept of charge-converting
nanocarriers has emerged as a promising strategy. These
nanocarriers are engineered to possess an initial negative or
neutral surface charge, facilitating their diffusion in the mucus
layer. Upon reaching the target site, they undergo a charge
conversion to positive zeta potential, enhancing cellular uptake
through increased electrostatic interactions with cell mem-
branes.”> Several studies have explored this concept using
various nanocarrier systems. Polymeric nanocarriers, micelles,
and nanoemulsions capable of charge conversion have been
developed and have shown promise in improving drug delivery

This journal is © The Royal Society of Chemistry 2025
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efficacy.® "> Despite these advancements, however, the concept
could so far not been transferred to liposomes. A notable
attempt was undertaken by Perttu et al,"® who developed
liposomes using inverse phosphocholine lipids aiming to
achieve a charge conversion by the cleavage of the terminal
phosphate group by phosphatases. Despite this innovative and
elegant concept, a shift in zeta potential from —17 mV to just
—7.5 mV could be achieved.

It is therefore the aim of this study to develop liposomes that
are able to convert their surface charge from negative to
positive. Key to success is likely the surface decoration of lipo-
somes with polycationic peptides that are coated with polypho-
sphates. Oleyl-oligolysine, a cationic peptide with multiple
amino groups, offers a promising approach to achieve this
conversion. When incorporated into the liposomal membrane,
it is possible to achieve a higher positive zeta potential after the
enzymatic cleavage of phosphate groups. This approach can
potentially facilitate a more significant charge reversal, enhan-
cing electrostatic interactions with the negatively charged cell
membrane and improving cellular uptake. Intestinal alkaline
phosphatase (AP), is an enzyme expressed on the epithelial cell
surfaces of various tissues, including the intestine, lung, and
eye.""> AP can cleave phosphate groups from the surface of
nanocarriers, triggering a change in zeta potential.

We hypothesize that coating cationic liposomes with sodium
polyphosphate will result in liposomes that initially possess a
negative surface charge, facilitating their permeation through the
mucus layer. Upon contact with IAP expressed on the epithelial cell
surface, the phosphate groups will be cleaved, resulting in a shift
to a positive zeta potential. This charge reversal will enhance
electrostatic interactions with the negatively charged cell
membrane, promoting cellular uptake and improving the bio-
availability of the encapsulated therapeutic agents.

2. Experimental
2.1. Materials

Sodium polyphosphate (PolyP, Graham’s salt), calcein, choles-
terol, alkaline phosphatase from bovine intestinal mucosa
(7165 units per mg protein, 19.4%), phosphatase inhibitor
cocktail 2, Triton X-100, ammonium molybdate tetrahydrate
(81-83%), and malachite green (MLG) oxalate salt >90% were
purchased from Sigma-Aldrich (Vienna, Austria). Phosphate
buffered saline (PBS), penicillin, streptomycin, and fetal bovine
serum (FBS) were purchased from Merk (Tutzing, Germany).
Minimal Essential Medium (MEM), and OptiMEM were
obtained from ThermoFisher Scientific, Austria. DiD (DiIC18(5);
1,1’-dioctadecyl-3,3,3’,3'-tetramethylindodicarbocyanine, 4-chloro-
benzenesulfonate salt) and DAPI (4’,6-diamidino-2-phenylindole)
were purchased from Biotum (Fremont, CA, USA). All chemicals
used were of analytical grade.

2.2. Synthesis and characterization of oleyl-oligolysine

Oleyl-oligolysine was synthesized using the following proce-
dure.’® In brief, N°~(tert-butoxycarbonyl}1-lysine N-carboxyanhydride
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(Boc-Lys-NCA) monomer was prepared by reacting N*,N€-di-(tert-
butoxycarbonyl)-t-lysine (5 g, 14.5 mmol) with triphosgene
(2.85 g, 0.009 mol) in 350 mL of ethyl acetate in the presence
of triethylamine (1.33 mL, 0.0095 mol) under a nitrogen atmo-
sphere, carried out overnight. Afterward, the reaction mixture
was kept at —20 °C for 1 hour, filtered, and washed twice with
water and twice with 0.5% aqueous NaHCOj;, then precipitated
into n-hexane. The white solid product was collected after
recrystallization from a mixture of ethyl acetate/n-hexane
(20/80), and freeze drying for 48 h, with a yield of 2.2 g (59%).
The recovered Boc-Lys-NCA (1.5 g, 5.5 mmol) was polymer-
ized, initiated by oleyl amine (0.15 g, 0.55 mmol) in anhydrous
DMF at room temperature under N, for 5 days. After polymer-
ization, the mixture was precipitated in water, filtered, and
lyophilized for 48 hours. Finally, the Boc protecting groups
were cleaved with trifluoroacetic acid in methylene chloride
(1:5 ratio), and the product was precipitated in diethyl ether
and dried under vacuum, resulting in a white solid (0.85 g).
NMR measurements were performed on a “Mars” 400 MHz
Avance 4 Neo spectrometer from Bruker Corporation (Billerica,
MA, USA, 400 MHz) in methyl sulfoxide-ds (DMSO-d;) solution.

2.3. Preparation and characterization of liposomes

Liposomes were prepared by a thin-film hydration technique as
described by Coban et al.'” Specifically, DOPE (15 mg) and
cholesterol (10 mg) were first dissolved in 5 mL chloroform,
and oleyl-oligolysine (2 mg) was dissolved in 0.5 mL methanol,
together in a 100 mL round-bottom flask. The solvents were
then evaporated at 40 °C under reduced pressure using a rotary
evaporator, yielding a dry, homogeneous lipid film after
30 minutes. This film was hydrated with 25 mM HEPES buffer
(pH 7.4), and the mixture was stirred at 60 °C (oil bath) for
6 hours. The resulting liposomes were subsequently ultrasoni-
cated to reduce size for 15 minutes in pulses (10 s on, 5 s off;
100 W, 100% amplitude) using a Hielscher UP200Ht sonicator.

To obtain polyphosphate-coated liposomes (pp-liposomes),
200 pL of Graham’s salt solution (0.25% w/v in water) was
added to 1 mL of the liposomes. The mixture was gently
agitated on a thermomixer at 300 rpm for 30 minutes at room
temperature. Unbound polyphosphate was removed by centri-
fugation (13 400 rpm, 10 min, using Amicon Ultra filters), and
the liposomes were resuspended in fresh HEPES buffer for
further use.'®

Liposomes were labeled with calcein as a fluorescent marker
to facilitate further analysis. In detail, a 50 mM calcein solution
in phosphate-buffered saline (PBS, pH 7.4) was added to the
thin-lipid film during liposome preparation. After 6 h of
stirring in an oil bath at 60 °C, liposomes were homogenized
for 15 minutes using an ultrasonic homogenizer. To separate
unencapsulated calcein from the liposomes, suspension was
centrifuged 2 times at 50 000 rpm, 10 °C, and under vacuum for
1 hour using an Optima MAX-XP Ultracentrifuge (Beckman
Coulter). The supernatant was carefully removed, and the pellet
was resuspended in PBS. To ensure complete resuspension,
liposomes were gently vortexed." Size, polydispersity index
(PDI), and zeta potential of liposomes and pp-liposomes were
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determined by photon correlation spectroscopy and laser Doppler
anemometry using a Zetasizer Nano ZS (Malvern Instruments,
UK). In brief, 0.05% (m/v) of liposomes were prepared in deminer-
alized water before analysis. Each measurement was performed in
triplicate at 37 °C with a detection angle of 173°.

2.4. Phosphate release studies

2.4.1. Malachite green (MLG) assay. Phosphate release
from pp-liposomes was evaluated following incubation with
AP, using an established protocol.>® Liposomes were prepared
in 25 mM HEPES buffer as previously described. For the
enzymatic reaction, 100 uL of isolated AP (10 U mL ™" enzyme
activity) was added to 1000 pL of pp-liposomes suspension.
The mixture was incubated at 37 °C with constant shaking at
300 rpm for 24 h. At specific time intervals (0, 1, 3, 6, 12, and
24 h), 50 uL aliquots were withdrawn, and the enzymatic
activity was halted by adding 5 pL of 3.6 M H,SO,. pp-
Liposomes without isolated AP served as negative control.
The released phosphate was quantified using the MLG assay.
MLG reagent was prepared by dissolving 0.15% (w/v) malachite
green oxalate in 3.6 M H,SO,, followed by the addition of
400 pL of an 11% (w/v) Triton™ X-100 aqueous solution. The
mixture was stirred at room temperature for 20 minutes.
Subsequently, 6 mL of an 8% (w/v) aqueous solution of ammo-
nium molybdate was added dropwise to 10 mL of the malachite
green solution under vigorous stirring. For each sample, 100 pL
of the MLG reagent was added and thoroughly mixed. Absor-
bance was measured at 630 nm using a microplate reader, and
the amount of released phosphate was calculated using a
calibration curve constructed with KH,PO, standards.?®*!

2.4.2. Enzymatic phosphate cleavage by Caco-2 cell. Human
colon cancer Caco-2 cells, recognized for their expression of AP
upon differentiation into monolayers, were employed to evaluate
the enzymatic cleavage of phosphate.”® Cells were cultured in
minimum essential medium (MEM) supplemented with 10% fetal
bovine serum (FBS), 2 mM t-glutamine, and 1% penicillin-strep-
tomycin, incubated at 37 °C under 5% CO, and 95% relative
humidity conditions. For experiments, cells were seeded at a
density of 25000 cells per well in 24-well plates and cultured for
10 days, with the medium replaced every other day. Cells were pre-
incubated with phosphatase inhibitor cocktail II or buffer for 1 h.
Before the addition of test solutions, cells were rinsed twice with
500 pL of physiological HEPES buffer (25 mM, pH 7.4). Subse-
quently, 500 pL of test solutions prepared by diluting pp-liposomes
at a ratio of 1:1 in HEPES buffer were added to each well.
At designated time points (0, 1, 3, 6, 12, and 24 h), 50 pL aliquots
were collected, and the reaction was halted by adding 5 uL of 3.6 M
H,S0,. Phosphate released during the reaction was quantified
using the MLG assay, as described above.

2.5. Zeta potential change

To evaluate changes in surface charge, zeta potential of pp-
liposomes was determined before and after incubation with AP.
Liposomes were prepared as described earlier, and the initial
zeta potential was measured. To initiate the reaction, 100 pL of
AP solution (10 U mL™") was added to 1500 pL of pp-liposomes.
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The mixture was incubated at 37 °C with continuous shaking at
300 rpm, and zeta potential measurements were conducted at
predefined time intervals (0, 1, 3, 6, 12, and 24 h) to monitor
dynamic changes in surface charge over time. To facilitate the
removal of released phosphate during the reaction, the suspen-
sion was maintained in a dialysis membrane (Float-A-Lyzer G2,
Type Float-A-Lyzer, 8-10 kDa) throughout the incubation pro-
cess. Control samples, consisting of liposome suspensions
without IAP, were incubated under identical conditions. Zeta
potential measurements were performed in triplicate at each
time point to ensure precision and reproducibility, providing
insights into the dynamic changes in liposomal surface charge
over the 24-hour period.

2.6. Hemolysis

In the hemolysis assay, red blood cell (RBC) membranes serve
as a model for the endosomal membrane encountered during
cellular uptake.” The extent of hemolysis (release of hemoglobin)
was measured spectrophotometrically to quantify membrane-
disruptive activity, following the protocol of Friedl et al.** A human
blood sample, provided by Tirol Kliniken GmbH (Innsbruck,
Austria), was diluted in sterile HEPES buffer (20 mM, pH 7.4) at
a 1:200 volume ratio. Written informed consent was obtained
from all participating blood donors by the Central Institute for
Blood Transfusion and Immunological Department, Innsbruck,
Austria. The use of anonymized leftover specimens for scientific
purposes was approved by the Ethics Committee of the Medical
University of Innsbruck. Test solutions, including liposomes and
pp-liposomes at varying concentrations (0.5%, 0.25%, and 0.1% in
HEPES buffer), were mixed with the RBC suspension at a 1:1
volume ratio. The samples were incubated in a shaked incubator
(300 rpm) at 37 °C for 4 and 24 h. Triton X-100 (0.1% v/v) served as
the positive control, representing 100% hemolysis. Following
incubation, the samples were centrifuged at 2700 rpm for 10
minutes, and the absorbance of the supernatant was measured
at 415 nm to quantify hemoglobin release. Hemolysis was calcu-
lated using the following equation:*!

(Absorptiong,yje — AbSOrption g, ive)

Hemolysis [%] = x 100

(Absorpﬁonpositivc - Absorptionnegative)

2.7. Assessmentof cell viability

Caco-2 cell viability after exposure to liposomes was assessed
using a resazurin assay, adapted from Perera et al. with
minor modifications.'® Cells were incubated at a density of
25000 cells per well in a 24-well plate with serum-supple-
mented MEM at 37 °C in an atmosphere with 5% CO, and
95% humidity. The MEM was replaced with fresh medium on
alternate days until a cell monolayer was obtained. One day
prior to the experiment, liposomes were diluted in HBS to
prepare test concentrations of 30 mM, 15 mM, 7.5 mM, 3.25 mM,
and 1.8 mM. Afterward, cells were washed twice with HBS, and the
samples were added to the wells. Buffer and 0.1% (m/v) Triton
X-100 solution were utilized as the positive and negative control,
respectively. At predetermined time points (4 and 24 h), cells were

This journal is © The Royal Society of Chemistry 2025
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washed twice with HBS, and 2.2 mM resazurin solution was added
to each well and incubated at 37 °C in dark conditions for 2 h.
Subsequently, 100 pL of aliquots from each well was transferred
into a 96-well black microtiter plate and fluorescence intensities
were measured at excitation wavelength 540 nm and emission
wavelength 590 nm (Tecan Infinite M200; Grodig, Austria). Cell
viability was assessed according to the following equation:

Sample — Negative control

Cell viability [%] = —— -
ell viability [%] Positive control — Negative control

100

2.8. Mucus preparation and permeation study of pp-
liposomes

Freshly porcine intestines were obtained from a local slaughter-
house, and kept on ice during transport. The intestines were
opened longitudinally, rinsed with ice-cold 0.1 M sodium
chloride solution to remove debris. The mucus was gently
scraped from the intestinal surface. Approximately 1 g of the
collected mucus was suspended in 5 mL of 0.1 M sodium
chloride and stirred at 100 rpm for 1 hour at 4 °C. The mixture
was centrifuged at 10400g for 2 hours at 10 °C, and the clean
mucus pellet was resuspended in half the original volume of
sodium chloride solution. This process was repeated to obtain
purified mucus, which was stored at —20 °C until use.

Mucus permeation experiments were conducted using
Transwell® chambers with a pore size of 3 um were utilized
in a 24-well plate format. Approximately 50-60 mg of purified
mucus was evenly spread on the Transwell™ insert membranes.
Calcein labeled liposomes (250 pL, 0.05% w/v in HBS) were
added to the donor chambers, while 500 uL of HBS buffer filled
the acceptor chambers. For controls, inserts without mucus
served as a 100% permeation reference, while buffer alone
acted as the 0% ref. 25. The plate was incubated at 37 °C under
continuous shaking at 300 rpm for up to 6 hours. At set time
points (0, 1, 2, 3, and 6 hours), 100 pL samples were collected
from the acceptor chamber, and an equivalent volume of fresh
HBS was added to maintain a constant volume. Fluorescence
intensity (Lex = 485 nm, Zem = 535 nm) was measured in a 96-
well microplate reader (Tecan Infinite M200; Grodig, Austria).
Liposome permeation across the mucus layer was quantified as
a percentage relative to the fluorescence intensity of the 100%
reference control.

2.9. Cellular uptake studies

2.9.1. Flow cytometry. Cellular uptake of liposomes by
Caco-2 cells was quantified by flow cytometry. The procedure
was adapted from Knoll et al.*® with modifications. Caco-2 cells
were chosen for their well-documented expression of IAP and
their ability to differentiate into enterocyte-like monolayers,
mimicking the intestinal epithelial barrier.">***” Cells were
seeded at 25 000 cells per well in 24-well plates and cultured for
10 days (to reach a fully confluent monolayer). Before exposure,
cells were washed twice with warm HBS to remove serum.
Fluorescently labeled liposomes (either uncoated or pp-lipo-
somes, 0.05% w/v in HBS) were added to the cells and

This journal is © The Royal Society of Chemistry 2025
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incubated for 4 hours or 24 hours at 37 °C. After incubation,
the cells were washed twice with PBS to remove any liposomes
that were not internalized. The cells were then detached by
adding 150 pL of trypsin-EDTA solution (0.05%/0.02%) and
incubating at 37 °C for ~7 minutes. The trypsinization was
stopped by adding 500 pL of MEM containing FBS. The cell
suspension was collected and transferred to 15 mL Falcon
tubes, then centrifuged at 800 rpm for 6 minutes to pellet the
cells. The supernatant was discarded, and the cells were
washed by resuspending in 3 mL of cold PBS followed by a
second centrifugation (800 rpm, 6 minutes). The final cell pellet
was resuspended in 500 pL of PBS. To ensure single-cell
suspension, the cell suspension was passed through a 70 pm
cell strainer, followed by a PBS rinse to collect all cells. The
samples were analyzed on an Attune NXT flow cytometer
(Thermo Fisher Scientific, MA, USA). For each sample, 10 000
events were recorded. The relative mean fluorescence intensity
(RMFI) of the cell populations was analyzed to quantify uptake
on a per-cell basis. Data analysis was performed using FlowJo™
v10.8.1 software.

2.9.2. Confocal microscopy. Confocal laser scanning
microscopy was used to visualize the intracellular localization
of liposomes in Caco-2 cells. Cells were seeded in an 8-well
chambered coverglass (p-Slide, Ibidi) at an initial density of
1 x 10 cells per mL (3 x 10" cells per well).>® Once the cells
reached confluency, they were gently washed twice with pre-
warmed Opti-MEM to remove serum proteins that could inter-
fere with imaging. The cells were then incubated with 300 pL of
0.05% (w/v) fluorescently labeled liposomes in Opti-MEM for
24 hours at 37 °C. After incubation, the cells were washed twice
with warm Opti-MEM to remove non-internalized liposomes.
To visualize cellular compartments, nuclei were stained with
DAPI (10 pg mL ") for 20 minutes, while the cell membranes
were labeled with DID (5 pM) for 30 minutes. After staining,
cells were washed twice with Opti-MEM to remove excess dye.

The live cells were then imaged using a Leica TCS SP8
confocal microscope (Leica Microsystems, Vienna, Austria) with
appropriate laser and filter settings for DAPI (blue), DiD (red),
and calcein (green). All images were captured using identical
gain and exposure settings for consistency. Image analysis was
performed using Image] software. For each field, z-stacks were
collected (optical sections through the cell). Orthogonal yz- and
xz-projections were reconstructed from five consecutive XY
slices (z-step = 0.2 pm) to verify that green fluorescent signals
(calcein-loaded liposomes) were inside the cell. A spectral
unmixing algorithm was applied to minimize any bleed-
through between channels. Additionally, a mild Gaussian blur
filter was applied to improve image clarity and signal-to-noise
ratio.*

2.10. Statistical data analysis

In this study, statistical analysis was performed using Graph-
Pad Prism 5.01 software. Differences between two independent
groups were assessed using an unpaired Student’s ¢-test.
Statistical significance levels were set at *p < 0.05 for signifi-
cant differences, **p < 0.01 for very significant differences and
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***p < 0.001 for highly significant differences. Data were
expressed as mean =+ standard deviation (SD), calculated from
at least three independent experiments.

3. Results and discussion

3.1. Synthesis of oleyl-oligolysine

Oleyl-oligolysine was synthesized according to a multistep
method'® via ring opening polymerization of the beforehand
synthesized N€-(tert-butoxycarbonyl)-L-lysine N-carboxyanhy-
dride (BOC-Lys-NCA) monomer with oleyl amine initiator. The
synthetic procedure is summarized in Scheme 1. The chemical
structure of the product was confirmed by "H NMR and NOESY
NMR, and the spectra are depicted in Fig. 1(A) and (B),
respectively. Based on the integral values of the oleyl double
bond (5.35 ppm) and the methine (4.25 ppm) protons of
the lysine repeating units, the degree of polymerization of
lysine is ~7.

3.2. Development of liposomes

Liposomes were successfully prepared by thin-film hydration,
followed by ultrasonication to reduce particle size. The formu-
lation contained DOPE, cholesterol, and oleyl-oligolysine,
(1.5:1:0.2), each contributing specific functionalities for opti-
mal stability. This ratio was chosen based on preliminary
optimization studies aimed at achieving stability, sufficient
membrane fluidity, and cationic surface potential while avoid-
ing cytotoxicity, supported by previous literature.’°**> DOPE
provides biocompatibility, low toxicity, and fusogenic proper-
ties suitable for effective drug delivery and cellular uptake.
Cholesterol enhances membrane fluidity and structural integ-
rity. The concentrations of DOPE and cholesterol were opti-
mized to achieve a balance between membrane stability and
flexibility.>*2* Oleyl-oligolysine introduces a cationic surface
charge, promoting interactions with negatively charged cellular
membranes and mucus layers, which is critical for improved
adhesion and uptake. In addition to the size and surface charge
differences detailed in Table 1, the stability of liposomes and
pp-liposomes was evaluated in 25 mM HEPES buffer at 37 °C
over 24 hours (Fig. 2) by measuring particle size and PDI.

7Y g*
'3
g o>:
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Scheme 1 Synthetic pathways of oleyl-oligolysine via triphosgene-induced
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As shown in Fig. 2, a clear distinction was observed between
liposomes and pp-liposomes. The initial size of liposomes was
approximately 140 nm, while pp-liposomes displayed a larger
size of around 170 nm, attributed to the additional phosphate
coating. Throughout the 24-hour incubation period, both lipo-
somes demonstrated remarkable stability, with particle sizes
consistently in the ranges of 140-170 nm for liposomes and
170-210 nm for pp-liposomes, showing slight size variation.
The PDI values for both formulations remained below 0.4
during the entire period, confirming a uniform size distribu-
tion and homogeneity. Both liposomes exhibited no significant
aggregation or drastic changes in size over the 24-hour period,
indicating good stability under the experimental conditions.

3.3. Phosphate release studies

The time-dependent release of phosphate groups from pp-
liposomes was analyzed using MLG assay in the absence and
presence of AP (10 U mL™ '), as illustrated in Fig. 3A. In the
presence of AP, a rapid release of phosphate was observed
during the first 6 hours, reaching 512.6 + 18.4 umol g~ '. After
this initial phase, the rate of phosphate release slowed, culmi-
nating in a total release of 537.8 + 12.7 umol g~ " at 24 hours.
In contrast, negligible phosphate release was detected in the
absence of AP, underscoring the pivotal role of enzymatic
activity in the cleavage of phosphate groups. The initial rapid
release phase within the first 6 hours can be attributed to
efficient enzymatic hydrolysis of surface-bound phosphate
groups. The subsequent plateau phase suggests either the
depletion of readily accessible phosphate groups or reduced
enzymatic efficiency due to substrate limitations or structural
changes in the liposomal surface. These findings align with
previous studies investigating the enzymatic cleavage of poly-
phosphate chains, which demonstrated a time-dependent
release of free phosphate associated with the catalytic activity
of AP. Similar trends have been reported for polyphosphates
with chain lengths ranging from 12-23 residues, where the
majority of phosphate release occurred within the first few
hours of enzymatic treatment. Caco-2 cell monolayers have
been shown to express AP. The presence of AP in these cells
was verified by Priifert et al. using immunocytochemistry.*>

o o

Iz
X

carboxyanhydride formation of lysine (a), followed by oleylamine-initiated

polymerization (b) and subsequent deprotection using trifluoracetic acid in methylene chloride (c).
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Fig. 1 (A) 'H NMR and (B) NOESY spectra of the synthesized oleyl-oligolysine in DMSO-ds.

Table 1 Mean droplet size, PDI, and zeta potential values of liposomes.
All values are mean of at least three independent measurements + SD

Zeta potential

Formulations Size (nm) PDI (mVv)
Before coating with PP 138.7 £ 2.9  0.106 + 0.05 354 + 1.5
After coating with PP 168.4 £ 1.2 0.121 +£0.02 —24.2 +2.5
250+ r1.0
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Fig. 2 Size (filled bars) and PDI (stripped) of liposomes (pink) and pp-
liposomes (green) in 25 mM HEPES buffer at indicated time points at 37 °C.
Data are shown as mean £ SD (n = 3).

To evaluate phosphate release under physiological conditions,
pp-liposomes were incubated on Caco-2 cell monolayers, as
depicted in Fig. 3B. In the absence of a phosphatase inhibitor

This journal is © The Royal Society of Chemistry 2025

cocktail, phosphate release followed a kinetic profile similar to
that observed with isolated AP, reaching 122.8 + 6.3 pmol g~ *
at 24 hours. However, when the cells were treated with a
phosphatase inhibitor cocktail, phosphate release was signifi-
cantly reduced, achieving only 74.6 + 4.1 pmol g ' at 24 hours.
This reduction highlights the inhibitory effect of the cocktail on
phosphatase activity, as well as the role of cellular alkaline
phosphatases in mediating phosphate release. Caco-2 cells
cleaved the phosphate group to a significantly lower extent
compared to isolated AP. This observation might be explained
by several washing steps prior to the experiment, which can
lead to a partial loss of AP by Caco-2."®

3.4. Charge conversion

Phosphate release studies were supported by time-dependent
zeta potential measurements of pp-liposomes. As illustrated in
Fig. 4, upon incubation with AP, a notable zeta potential shift of
4 37.1 mV was observed over 24 hours. In contrast, negligible
changes were detected without AP, indicating that charge
conversion is directly related to enzymatic activity. The most
pronounced change occurred during the first 6 hours, during
which the zeta potential rapidly increased from —24.2 & 2.6 mV
to —1.4 + 4.45 mV. This initial phase corresponds to efficient
enzymatic hydrolysis of surface-bound phosphate groups,
leading to a substantial reduction in the anionic charge of
the liposomal surface. Beyond the 6-hour mark, the rate of zeta
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Fig. 4 Time-dependent charge conversion of pp-liposomes with (blue)
and without (red) isolated AP (10 U mL™). Data are shown as means + SD
(n = 3), ***p < 0.001.

potential change slowed down, suggesting the onset of a plateau
phase where fewer accessible phosphate groups remained for
enzymatic cleavage. By 24 hours, liposomes exhibited a stabilized
positive zeta potential of approximately +13 mV. This charge
conversion over time was in good agreement with the phosphate
release from pp-liposomes. The observed shift in zeta potential
highlights the dynamic nature of the liposomal surface charge in
response to phosphatase activity. The removal of negatively
charged phosphate groups exposes underlying cationic structures
causing charge conversion. This behavior aligns with previous
findings demonstrating similar zeta potential shifts in phosphory-
lated nanoparticles after phosphatase treatment. Nguyen Le et al.”
confirmed that PP-coated nanoemulsions exhibit charge conver-
sion from a negative value up to +8.5 mV due to cleavage of
phosphates by AP.

3.5. Cytotoxicity and hemolysis

The cytotoxicity of liposomes was evaluated by resazurin assay
on Caco-2 cells after 4 and 24 h of exposure at various
concentrations. As depicted in Fig. 5, for both incubation
periods, pp-liposomes demonstrated significantly lower cyto-
toxicity compared to uncoated liposomes. At the highest tested
concentration (30 pmol mL™"), cell viability was markedly

9106 | J Mater. Chem. B, 2025, 13, 9100-911

reduced for both liposomes, with uncoated liposomes showing
a more pronounced effect. At lower concentrations (1.86-
7.5 umol mL™ "), pp-liposomes consistently maintained higher
cell viability, highlighting their improved biocompatibility.
Over 24 h a similar trend was observed, with pp-liposomes
showing lower cytotoxic effects compared to uncoated lipo-
somes across all concentrations. The hemolytic activity of the
liposomes was assessed to evaluate their effect on red blood
cells. After 4 hours of incubation, liposomes exhibited signifi-
cantly higher hemolytic activity compared to pp-liposomes,
especially at higher concentrations (0.5% and 0.25%), with
hemolysis exceeding 80% for liposomes at 0.5%. In contrast,
pp-liposomes caused considerably lower hemolysis, demon-
strating improved membrane compatibility. At lower concen-
trations (0.1%), both formulations showed lower hemolysis,
with pp-liposomes maintaining a more favorable profile. After
24 hours of incubation, pp-liposomes showed lower hemolytic
activity compared to uncoated liposomes at all tested concen-
trations. A dose-dependent decrease in hemolysis was observed
for both liposomes, pp-liposomes exhibited a markedly safer
profile.

DOPE enhances liposome biocompatibility by reducing toxi-
city, promoting membrane stability, and mitigating the harm-
ful effects of cationic surfactants.*® Cholesterol further
supports membrane integrity and fluidity without causing
significant hemolytic activity, ensuring the liposomes remain
structurally stable and non-toxic.>®*” In contrast, oleyl-oligo-
lysine, while beneficial for imparting a positive surface charge
and enhancing interactions with negatively charged biological
membranes, is known to exhibit cytotoxic properties. Its strong
cationic nature can destabilize cell membranes, resulting in
increased hemolysis and limited biocompatibility.>* The observed
hemolytic and cytotoxic effects in this study are primarily attrib-
uted to the presence of oleyl-oligolysine.

3.6. Mucus permeation

The mucus permeation ability of calcein-loaded pp-liposomes
was evaluated using an in vitro model incorporating purified
porcine intestinal mucus and Transwell™ inserts. This model

This journal is © The Royal Society of Chemistry 2025
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mimics the complex physiological properties of intestinal
mucus, characterized by negatively charged and hydrophobic
domains that pose significant challenges to nanocarrier trans-
port. Fig. 6 showed that after 6 h, pp-liposomes displayed an
approximate 12-fold increase in mucus permeability, compared
to de-pp-liposomes, which were generated by treating pp
liposomes with AP to cleave the phosphate groups. This
enhanced permeation of pp-liposomes can be attributed to

*kk

Permeated calcein-labeled
pp-liposomes [%]
-—
<

T T T T T

Time [h]

Fig. 6 Permeation studies of calcein-labeled pp-liposomes through
native porcine intestinal mucus using transwell chambers at 37 °C for
6 h with (yellow) and without AP (blue). Data is presented as mean + SD
(n =3), **p < 0.001, **p < 0.01.

This journal is © The Royal Society of Chemistry 2025

the electrostatic repulsion between negatively charged phos-
phate groups on liposomes and sialic and sulfonic acid moi-
eties of the mucus gel layer. These repulsive forces facilitate
liposome movement through the mucus, overcoming the
immobilization observed with positively charged nanocarriers.
The hydrophilic nature of the phosphate groups on pp-lipo-
somes further enhances mucus permeability by preventing
hydrophobic interactions that can hinder effective transport
through the mucus layer.*®

This observation aligns with previous findings by Akkus
et al,'® who reported superior mucus diffusion of pp-nano-
carriers compared to de-pp-nanocarriers. Similarly, studies by
Mabhlert et al.*° demonstrated that nanoparticles with hydro-
philic and muco-inert coatings, such as poly(ethylene)glycol
(PEG), exhibited greater mucus permeation than hydrophobic
or positively charged coatings, such as chitosan. The results of
this study provide evidence for the ability of the coated particles
to permeate the mucus layer.

3.7. Cellular uptake

By combining flow cytometry and confocal microscopy, both
quantitative and qualitative analyses of liposome uptake and
intracellular localization were conducted, providing a robust
and comprehensive understanding of cellular internalization
dynamics. Liposomes interact with cells through multiple
pathways: adsorption onto the cell surface with subsequent
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extracellular release of their contents; endocytosis via clathrin-
mediated or clathrin-independent mechanisms; lipid exchange,
where lipophilic molecules transfer from the liposomal bilayer to
the cellular membrane; and fusion with intracellular membranes,
resulting in direct cytosolic delivery of encapsulated agents.*

In confocal laser scanning microscopy experiments, the
nuclei of the cells were stained with DAPI, a nucleic acid-
binding dye that emits blue fluorescence, allowing for clear
visualization of nuclear regions. The cellular membranes were
labeled with DID, a red fluorescent membrane stain. The
internalization of calcein-loaded liposomes was indicated by
green fluorescence signals observed within the cytoplasmic
regions, confirming successful uptake. As shown in Fig. 7A,

liposomes

A pp-liposomes

Nucleus

Membrane

Liposomes

Zoom 4x

View Article Online

Paper

liposomes exhibited higher fluorescence intensity after 4 h of
incubation when compared to pp-liposomes. This suggests that
cationic nanoparticles, such as liposomes, demonstrate enhanced
cellular uptake. The observed dotted green signals within the
cytoplasm and near the nuclei further indicate endocytic uptake,
aligning with the size range of the liposomes.*"

Flow cytometry analysis confirmed substantial cellular
uptake of both liposomes. Quantitative analysis of RMFI
further validated these trends (Fig. 7B), showing that liposomes
exhibited 2-times greater uptake after 4 h of incubation. How-
ever, after 24 h, both liposomes demonstrated comparable
levels of internalization. The shift in fluorescence intensity
through higher values indicated improved cellular uptake
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Fig. 7 Confocal laser scanning microscopy images of calcein-loaded liposomes. Nucleus was stained with DAPI, while cellular membranes were labeled
with DID. The white bar on the bottom of the image represents a length of 20 um (A). Relative mean fluorescent intensity (RMFI) of pp-liposomes (green)
and liposomes (red) in Caco-2 cell line at 37 °C after 4 h of incubation and 24 h (striped green and striped red) (B). Shifts in fluorescence intensity after 4 h

(C) and 24 h (D). Indicated values are means + SD, n = 3, ***p < 0.001.
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(Fig. 7C and D). The initially lower fluorescence intensity of
pp-liposomes after 4 h may be attributed to their anionic
surface charge, which hinders interaction with the negatively
charged cellular membranes. These findings suggest that the
charge conversion of pp-liposomes improved electrostatic inter-
actions with cellular membranes, ultimately facilitating more
efficient cellular internalization.

4. Conclusion

This study confirms the successful development of charge-
converting liposomes, providing a novel and effective solution
to the polycationic dilemma in drug delivery. By leveraging
polyphosphate coatings, we achieved stable, negatively charged
liposomal carriers that efficiently traversed the mucus barrier.
The hypothesis that enzymatic dephosphorylation of the poly-
phosphate layer by AP would induce a charge conversion was
validated, as liposomes transitioned from a negatively charged
state to a significantly positive zeta potential upon enzymatic
activation. The use of oleyl-oligolysine as a polycationic peptide
incorporated into the liposomal membrane played a pivotal
role in this charge transition. The enzymatic cleavage of surface
polyphosphates triggered a controlled and substantial shift in
zeta potential, markedly enhancing electrostatic interactions
with epithelial cells while maintaining biocompatibility.
This mechanism facilitated improved cellular uptake without
excessive cytotoxicity or hemolytic effects, addressing a critical
challenge in the design of polycationic drug carriers.

These findings underscore the potential of charge-converting
liposomes as a highly promising platform for mucosal drug
delivery, capable of enhancing intestinal absorption and therapeu-
tic bioavailability.
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