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gBSTRACT

ﬂe aim of this study was to develop phosphate decorated lipid-based nanocarriers including self-emulsifying
drug delivery systems (SEDDS), solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) to
extend their mucosal residence time. All nanocarriers contained tetradecyltrimethylammonium bromide (TTAB)
and polyoxyethylene (9) nonylphenol monophosphate ester (PNPP) for surface decoration. Zeta potential,
cytotoxicity, charge conversion and phosphate release studies using isolated intestinal alkaline phosphatase (IAP)
and Caco-2 cells were performed. Moreover, the residence time of nanocarriers was determined on porcine in-
testinal mucosa. Results showed a shift from negative to positive zeta potential due to the addition of TTAB and
charge conversion back to a negative zeta potential when also PNPP was added. Up to a concentration of 0.3 %,
lipid-based nanocarriers were not toxic. Charge conversion studies with IAP revealed the highest zeta potential
shift for NLCrrap-pnpp with almost A22 mV. Phosphate release studies using isolated IAP as well as Caco-2 cells
showed a fast phosphate release for SEDDStraB-PNPP, SLNTTAB-PNPP and NLCrtraB-PNPP. SLN TTAB-PNPP and NLC
TTAB-PNPP pProvided the highest increase in mucosal residence time that was 4-fold more prolonged than that of
blank formulations. In conclusion, phosphate modified lipid-based nanocarriers can essentially prolong the in-

testinal residence time of their payload.

1. Introduction

The treatment efficacy of many drugs is limited by a too short resi-
dence time on mucosal membranes. As in case of local treatments drugs
are eliminated too rapidly from the mucosal target tissues, just a
temporarily and often insufficient therapeutic effect can be achieved
(Kali et al., 2022). In case of systemic drug delivery via mucosal mem-
branes, uptake into the systemic circulation is in particular for poorly
absorbed drugs too low when the time for the absorption process is
short. The design of drug delivery systems providing a prolonged resi-
dence time on mucosal membranes is therefore highly on demand. As
the mucus gel layer covering mucosal membranes has a negative charge
because of sialic and sulphonic substructures, cationic polymers and
nanoparticles are immobilized in mucus via ionic interactions (Griffin
et al., 2016). As these interactions are already taking place on the loose

* Corresponding author.
E-mail address: andreas.bernkop@uibk.ac.at (A. Bernkop-Schniirch).
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outer mucus layer that is rapidly eliminated from the mucosal surface,
however, a prolonged mucosal residence time cannot be achieved with
such cationic drug carrier systems (O’ Driscoll et al., 2019).

A promising strategy in order to address this dilemma are charge
converting drug delivery systems. Nanocarriers exhibiting an anionic
surface charge were already shown to diffuse into the firm deeper mucus
reaching even the underlying epithelium, where they convert their
surface charge to positive due to the cleavage of phosphate substructures
on their surface by the membrane bound enzyme alkaline phosphatase
(Le-Vinh et al., 2022). So far, however, the potential of such charge
converting nanocarriers to provide a prolonged mucosal residence time
has not been evaluated.

It was therefore the aim of this study to design phosphate decorated
lipid-based nanocarriers providing a prolonged mucosal residence time
via the formation of ionic bonds between the nanocarriers and the
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Table 1
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Composition of SEDDS formulations. O1, 02, S1 and S2 refer to glyceryl tricaprylate, caprylic/capric triglyceride, polyoxyl 35 castor oil and polyoxyl 40 hydrogenated

castor oil, respectively.

Code Solvents (oils)(mg) Surfactants (mg) Co-solvent Surface Modifiers (mg) Marker
(mg) (mg)
01 02 S1 S2 Propylene Glycol TTAB PNPP FDL
SEDDS1 plank 300 - 400 - 300 - - 2.5
SEDDS2blank - 300 - 400 300 - - 2.5
SEDDS1tTAB 300 - 400 - 300 5 - 2.5
SEDDS2TTAB - 300 - 400 300 5 - 2.5
SEDDS1TTAB+PNPP 300 - 400 - 300 5 30 2.5
SEDDS1TTAB-+PNPP - 300 - 400 300 5 30 2.5

mucosa due to charge conversion from negative to positive. Lipid
nanocarriers including self-emulsifying drug delivery systems (SEDDS),
solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC)
were selected as carriers in this study. As lipid nanocarriers, they pro-
vide biocompatible and non-toxic properties as well as can increase the
effectiveness of drugs therapy. In addition, NLC provide high drug
loading since they consist of solid and liquid lipids as carrier matrix
(Severino et al., 2012; Wissing et al., 2004). Lipid-based nanocarriers
were decorated with tetradecyltrimethylammonium bromide (TTAB) as
a cationic surfactant supplying a positive charge and polyoxyethylene
(9) nonylphenol monophosphate ester (PNPP) as phosphorylated sur-
factant providing a net negative charge. Zeta potential and particle size
of lipid-based formulations before and after the modification were
determined. Furthermore, cytotoxicity of these formulations was eval-
uated on Caco-cells via resazurin assay. Charge conversion and phos-
phate release studies utilizing isolated intestinal alkaline phosphatase
(IAP) as well as Caco-2 cells were performed. Moreover, the residence
time of these lipid nanocarriers was determined on porcine intestinal
mucosa.

2. Materials and methods
2.1. Materials

Captex 8000 (glyceryl tricaprylate) and Captex 300 EP (caprylic/
capric triglycerride) were supplied by Abitec, USA. Dynasan 116
(glycerol tripalmitate) was obtained from IOI Oleo GmbH, Germany.
Transcutol HP (diethylene glycol monoethyl ether) was received from
Gattefosse, France. Cremophor EL (polyoxyl 35 castor oil), Kolliphor RH
40 (polyoxyl 40 hydrogenated castor oil), propylene glycol, oleic acid,
Brij 93 (polyethylene glycol oleyl ether), trimethyl tetradecyl ammo-
nium bromide (TTAB), fluorescein dilaurate (FDL), bovine intestinal
alkaline phosphatase (IAP, >10 DEA units/mg protein) and phosphatase

Table 2

inhibitor cocktail 2 (PIC2) were provided by Sigma-Aldrich, Germany.
Polyoxyethylene (9) nonylphenol monophosphate ester (PNPP) was
obtained from Ashland Inc, Switzerland. Porcine intestine was supplied
by slaughterhouse, Innsbruck, Austria.

2.2. Methods

2.2.1. Preparation of lipid nanocarrier formulations

2.2.1.1. Preparation of .§$emulszfying drug delivery systems (SEDDS).
SEDDS formulations were prepared by mixing all components including
oil, surfactant and cosolvent as shown in Table 1 using a vortex mixer for
20 min, followed by shaking in a thermomixer (Eppendorf, Germany) at
1000 rpm at a temperature of 60°C for about one hour. For the purpose
of mucosa residence time studies, 0.25 % (m/v) FDL as a marker was
incorporated in the lipid nanocarriers by mixing in a thermomixer at
60°C and a speed of 1000 rpm for 20 min. Modified SEDDS formulations
were prepared by addition of TTAB and PNPP according to Table 1.

2.2.1.2. Preparation of s%id lipid nanoparticles (SLN) and nanostructured
lipid carriers (NLC). Preparation of SLN and NLC was carried out based
on modifications of previously published methods (Luan et al., 2014;
Schubert and Miiller-Goymann, 2003). Briefly, the lipid phase was
prepared by melting the lipid components as shown in Table 2 with
ethanol at 68 °C using a thermomixer at 1000 rpm for 30 min. Glycerol
tripalmitate was used as a solid lipid component in the lipid phase of SLN
and NLC formulations, whereas in the NLC formulation, oleic acid was
added as a liquid lipid. FDL serving as marker was incorporated by
dissolving it in 50 pL of ethanol prior to be added to the lipid phase.
Mixing was continued for 20 min to evaporate ethanol. The aqueous
phase containing the hydrophilic surfactant at the same temperature
was added dropwise to the lipid phase while stirring continuously using
a thermomixer at a temperature of 68 °C and a speed of 650 rpm for 20

Composition of SLN and NLC formulations prepared in 1 mL of demineralized water. L1, L2, S1, S2, S3 and CS refer to glycerol tripalmitate, oleic acid, polyoxyl 35
castor oil, polyoxyl 40 hydrogenated castor oil, polyethylene glycol oleyl ether and diethylene glycol monoethyl ether, respectively.

Code Solid lipid Liquid lipid Surfactants Co-surfactant (mg) Surface modifiers Marker
(mg) (mg) (mg) (mg) (mg)
L1 L2 S1 S2 S3 CS TTAB PNPP FDL
SLN1plank 18 - 12 - 6 - - - 2.5
SLN2blank 18 - - 12 6 - - - 2.5
NLC1blank 12 6 12 - - 6 - - 2.5
NLC2blank 12 6 - 12 - 6 - - 2.5
SLN1TTAB 18 - 12 - 6 - 8 - 2.5
SLN2tTAB 18 - - 12 6 - 8 - 2.5
NLC1trAB 12 6 12 - 6 8 - 2.5
NLC2t1TAB 12 6 . 12 . 6 8 - 2.5
SLN1TTAB+PNPP 18 - 12 - 6 - 8 20 2.5
SLN2TTAB+PNPP 18 - - 12 6 - 8 20 2.5
NLC1TTAB+PNPP 12 6 12 - - 6 8 20 2.5
NLC2TTAB+PNPP 12 6 - 12 - 6 8 20 2.5
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min. Mixing was continued at room temperature for 30 min prior to
centrifugation at 3500 rpm at a temperature of 4 °C for 20 min. The
supernatant containing SLN and NLC was collected and used for further
experiments.

For the preparation of surface decorated SLN and NLC as listed in
Table 2, TTAB and PNPP were added to the lipid phase followed by the
addition of the aqueous phase. TTAB was dissolved in 50 pL of ethanol
prior to be added to the lipid phase, whereas PNPP was added directly.
All further preparation steps were the same as described above.

2.2.2. Characterization of lipid nanocarrier formulations

SEDDS, SLN and NLC were characterized regarding size, poly-
dispersity index, and zeta potential utilizing a Zetasizer (Nano-ZSP,
Malvern P analitycal, UK). The buffer used within this experiment was
20 mM HEPES buffer pH 7.0 containing 150 mM NaCl (HBS). This buffer
was also used for further studies. For zeta potential measurements,
samples were dispersed (1:100) in HBS and further diluted 10 times with
water to adjust conductivity during measurement at about ~ 1 mS/cm
(Le-Vinh et al., 2021). The buffer capacity of this dilution was 0.79
pmol/mL/ApH which is still in the range of the buffer capacity of in-
testinal fluids(Hens et al., 2017).

2.2.3. Studies of cytotoxicity on Caco-2 cells

Cytotoxicity of formulations was evaluated on Caco-2 cells. For this
purpose, Caco-2 cells were grown in 24-well plates in an incubator at
37°C. The feeding of cells was conducted every-two days with red
minimum essential medium (red MEM) containing 10 % fetal bovine
serum and 1 % penicillin antibiotic till two weeks of cultivation. After-
wards, cells were washed using sterile HBS (HBSS), and incubated with
the HBSS at 37°C for 30 min, followed by replacing the buffer with 500
uL of 0.1 % dispersion of sample in HBSS prior to be incubated at 37°C
for 4 h. HBSS and Triton-X were used as negative and positive controls,
respectively. After completion of incubation, samples were removed and
cells were rinsed using HBSS followed by the addition of 250 uL of 2.2
mM resazurin solution and incubation at 37 °C for 3 h. Cell viability was
determined by quantifying the fluorescein intensity of each sample using
Tecan microplate reader at an excitation wavelength of 540 nm and an
emission wavelength of 590 nm.

2.2.4. Charge conversion studies

Concisely, 20 pL of IAP solution were added to 1 mL of 1 % formu-
lation dispersion in HBS, yielding a final enzyme activity of 2 U/mL
which does not exceed the enzyme level on human intestinal mucosa
(Hirano et al., 1987). Thereafter, the mixture was incubated in a ther-
momixer at 37 °C and a speed of 500 rpm prior to zeta potential mea-
surements(Akkug-Dagdeviren et al., 2021; Perera et al., 2015).

2.2.5. Phosphate release studies

2.2.5.1. Malachite green phosphate assay. Released phosphate was
quantified utilizing the malachite green (MLG) assay(Baykov et al.,
1988; Carter and Karl, 1982). Succinctly, malachite green phosphate
reagent was prepared freshly by mixing 200 L of Tween 20 (11 % m/v
in water) with 5 mL solution of malachite green oxalate (0.15 % (m/v) in
3.6 M HyS0y4) in a thermomixer at a speed of 750 rpm, at room tem-
perature for 20 min. Mixing was continued for 20 min after dropwise
addition of 3 mL of 8 % (m/v) ammonium molybdate tetrahydrate so-
lution in water. For the purpose of phosphate quantification, 5 uL of 3.6
M H2SO4 was added to 50 uL sample to terminate the enzymatic reac-
tion, followed by the addition of 100 uL of malachite green reagent and
mixed for 15 min prior to the phosphate quantification using Tecan
(Spark® Multimode Microplate Reader, Switzerland) at a wavelength of
630 nm. A standard curve was created from a series of 9-115 pM
KH,PO4 solution with the same procedure as for sample preparation.

International Journal of Pharmaceutics 625 (2022) 122096

2.2.5.2. Enzymatic phosphate cleavage assay using isolated IAP. Briefly,
samples of SEDDS, SLN and NLC were dispersed in 1 % HBS followed by
the addition of 20 uL of IAP prior to the incubation in a thermomixer at
37 °C and a speed of 500 rpm for 4 h. The same procedure but without
IAP was also carried out for control. At predetermined time points, ali-
quots of 50 uL were withdrawn and 5 uL of 3.6 M H2SO4 was added to
stop the enzymatic reaction. Thereafter, the released phosphate was
quantified using the malachite green assay as described above.

2.2.5.3. Engymatic phosphate cleavage assay on Caco-2 cells. Phosphate
cleavage was also analyzed on Caco-2 cells expressing IAP. Cells were
grown until a monolayer was formed in approximately 12 to 14 days by
feeding every-two days with red minimum essential medium (MEM).
Cells were seeded in 24-well plates at a density of 25,000 cells/well in an
incubator containing 5 % of CO2 at 37 °C. On the day of experiment, cells
were washed two times with 25 mM HEPES buffer pH 7.4 containing
268 mM glucose followed by incubation for one hour with the same
buffer comprising of PIC2 as control or merely buffer. Afterwards, the
buffer was exchanged with 500 uL of sample diluted (1:1000) in glucose-
HEPES buffer prior to incubation for 4 h. At predetermined time points,
aliquots of 50 uL were withdrawn for phosphate quantification utilizing
malachite green assay as described above (Akkus-Dagdeviren et al.,
2021).

2.2.6. Residence time studies on porcine intestinal mucosa

The capability of droplets and nanocarriers containing FDL as a
marker to adhere on porcine intestinal mucosa was determined using a
modified falling liquid film method (Gradauer et al., 2012). Three
groups of samples namely blank formulations, TTAB-PNPP modified
formulations with intestinal pre-incubation using phosphatase enzyme
inhibitor (PIC2) and TTAB-PNPP modified formulations without pre-
incubation of intestine using PIC2 were tested.

Briefly, the intestine was cut in a size of 4 cm x 10 cm and attached to
a semi-cylindrical plastic tube with a facing up of mucosa followed by
placing in a tightly closed humidity-maintained chamber to keep it moist
prior to be put in an incubator at 37 °C with controlled humidity. Sub-
sequently, the intestine was incubated with 1 % (v/v) PIC2 solution in
HBS for one hour prior to experiment. In parallel, incubation with HBS
omitting PIC2 was also conducted. Thereafter, 500 pL of 1 % dispersion
of lipid formulations in HBS was applied to the intestinal mucosa evenly
followed by incubation at 37 °C for 4 h. The intestinal mucosa was rinsed
using HBS at a rate of 1 mL/min for 5 min prior to be extracted by
shaking using 5 mL of 96 % ethanol (v/v) at 37 °C for 30 min. Subse-
quently, the samples were centrifuged at 12000 rpm at 4°C for 20 min
continued by hydrolyzing FDL due to the addition of 100 pL of 5 M
NaOH to 500 L of samples withdrawn from the supernatant. To quan-
tify the FDL content, the hydrolyzed samples were measured using
Tecan microplate reader at an excitation and emission wavelength of
485 nm and 535 nm, respectively.

2.2.7. Statistical data analysis

In order to compare the effect of surface modification using TTAB
and PNPP on lipid nanocarriers properties, one-way ANOVA followed by
Tukey HSD test was carried out, while the independent sample t-test was
used to define the impact of surface modification of each composition in
lipid nanocarrier formulations on mucosal residence time. The program
software namely SPSS 17 was used to perform the statistical analysis.

3. Results and discussion
3.1. Preparation and characterization of lipid nanocarrier formulations
Phosphate decorated lipid-based nanocarriers were developed via

incorporation of a phosphorylated surfactant into nanocarriers
including SEDDS, SLN and NLC. The properties of lipid nanocarriers
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Fig. 1. Zeta potential values of SEDDSplank, SLNblank and NLCplank (white bars), SEDDStraB, SLNTTAB and NLCrrap (brown bars) and SEDDStraB-pPNPP, SLNTTAB-PNPP

and NLCrras-pnpp (blue bars). Data are presented as mean + SD (n = 3).
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Fig. 2. Mean droplet size (bar) and PDI (dot) values of SEDDSblank, SLNblank and NLCblank (White), SEDDStraB, SLNTTAB and NLCrTaB (brown) and SEDDStTAB-PNPP,

SLNTTAB-PNPP and NLCrrAB-pNPP (blue). Data are presented as mean + SD (n = 3).

before and after modification were characterized. Polyoxyethylene
surfactants, namely polyoxyl 35 castor oil and polyoxyl 40 hydroge-
nated castor oil were used in present study. These surfactants provide
the ability to produce PEGylated nanocarriers which can inhibit lipid
digestion thereby increasing bioavailability (Feeney et al., 2014). In
lipid nanocarriers, the hydrophilic moiety of these surfactants, namely
glyceryl polyoxyethylene, is on the surface determining the zeta po-
tential by adsorption of ions. Due to the similarity of the hydrophilic
moieties, each pair of unmodified nanocarriers, SEDDSlplank and
SEDDS2 blanks SLN1 blank and SLN2 blank> aS well as NLC1 blank and NLC2
blank, exhibited almost the same zeta potential as shown in Fig. 1. The
negative charge of these nanocarriers exhibiting a polyoxyethylene
surface is in line with previous research on nanomicelles (Grotz et al.,
2017; Liu et al., 2016), nanodroplets (Kurpiers et al., 2020; Sharifi et al.,
2019; Suchaoin et al., 2016), nanolipids (Almousallam et al., 2015) as
well as nanoparticles (Sis and Birinci, 2009) displaying also a polyoxy-
ethylene surface.

Regarding the size of unmodified nanocarriers, the addition of pol-
yoxyl 40 hydrogenated castor oil resulted in larger particles, except
SEDDS formulations as shown in Fig. 2. The determined particle size was
assumed for single particles or droplets and not aggregates (flocculate)
since the negative charge of nanocarriers repulses them from each other.
Since surfactants “stand-up” on the surface of nanocarrier, total surface

area of surfactant is the product of cross-sectional area and the number
of surfactant molecules. Therefore, at the same mass, polyoxyl 40 hy-
drogenated castor oil exhibiting a higher molecular weight has a lower
total surface area than polyoxyl 35 castor oil, since both surfactants have
the same cross-sectional area. The ratio of total surface area of surfactant
to lipid volume determines subsequently the nanocarrier’s size.

Furthermore, the match between the HLB of surfactant and the rHLB
of lipid has an impact on the size of lipid nanocarriers (Keck et al., 2014).
The difference between surfactant HLB and lipid rHLB in SLNplank and
NLC1pjank Was lower than that in SLN2pjankx and NLC2pjank, respectively,
resulting in a smaller size of SLN1plank and NLClplank than of their
counterparts. The combination of polyoxyl 35 castor oil and poly-
ethylene glycol oleyl ether in SLN1bjank provides a HLB of 10.1 that is
closer to the rHLB of glycerol tripalmitate than that of the combination
of polyoxyl 40 hydrogenated castor oil and polyethylene glycol oleyl
ether. The combination of glycerol tripalmitate and oleic acid in NLC
yielded an rHLB of 10.7 that is closer to the HLB of surfactants mixture in
NLC1pjank than in NLC2pjank. SEDDS formulations containing polyoxyl
40 hydrogenated castor oil showed a smaller size. It is likely that the
conformity between HLB and rHLB in SEDDS2blank is higher than that in
SEDDS1blank.

Lipid nanocarriers were decorated with TTAB and PNPP to modulate
their zeta potential. The concentrations of TTAB and PNPP as indicated
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Fig. 3. Cell viability of Caco-2 cells incubated with formulations in 24 well plates for 4 h. White, black, light blue, blue and dark blue bars represent negative control,
positive control and 0.1 %, 0.3 % and 0.5 % of formulations containing TTAB-PNPP, respectively. Data are presented as mean + SD (n = 3).

Q)

1@ Tables 1 and 2 were chosen based on orientating studies of formu-
lations. As TTAB bears a quaternary ammonium substructure, it exhibits
a permanent positive charge. In Fig. 1, the ability of this quaternary
ammonium ion to increase the zeta potential is depicted. The highest
zeta potential shift was observed for SLN27rap with almost A35 mV. On
the one hand, the addition of TTAB increases the ratio of total surface
area to lipid volume triggering size reduction. On the other hand,
however, the ionic surfactant increases HLB resulting in the decrease in
HLB and rHLB conformity. In case of SEDDS2trap, SLN1rrap and
NLC1rras, TTAB increased significantly (p < 0.05) the particle size by
1.3, 1.6 and 5.7-fold, respectively. Modification of lipid nanocarriers
using PNPP provided negative charges originating from the phosphate
moiety as shown in Fig. 1. The addition of PNPP increased the total
surface area of surfactant mixture resulting in a significant (p < 0.05)
reduction in the size of nanocarriers compared to TTAB modified for-
mulations as depicted in Fig. 2.

3.2. Cytotoxicity studies on Caco-2 cells

The cytotoxic effect of lipid nanocarriers was evaluated utilizing
resazurin assay on Caco-2 cells as shown in Fig. 3. At a concentration of
0.1 %, all lipid nanocarriers including SEDDStrap pnpp, SLNTTAB PNPP
and NLCrras-pnpp exhibited cell viability > 96 %, whereas at a con-
centration of 0.3 % it was > 87 %. Increasing the concentration of
SLN1tTAB-PNPP and SLN2TTAB-PNPP tO 0.5 % resulted in a decrease in cell
viability to 24 % and 46 %, respectively, whereas all other formulations
provided still a viability of more than 77 %. Based on these results, it can
be concluded that all formulations up to a concentration of 0.3 % were
not toxic as indicated by a cell viability of greater than 85 % (Lopez-
Garcia et al., 2014). Since the resting volume of gastric fluid is about 35
ml (Mudie et al., 2014), for the oral administration of one gram of these
formulations at least 298 mL of water have to be co-administrated to
obtain a final concentration of 0.3 %, that was shown to be non-toxic in
our experiments.
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Fig. 4. Zeta potential of SEDDStTAB-PNPP, SLNTTAB-PNPP @and NLCrrAB-PNPP fOormulations before (blue bars) and after (grey bars) incubation with isolated IAP for 4 h.

Data are presented as mean + SD (n = 3).




N.A. Efiana et al.

{a) 300 7
1 4
.-"r
300 4 ~ 1
. J— ;"'i B
a!__ 1
200 _."' 3
100
_ 0 . + 1 i
= 0 1 2 3 4
o -
£ (b) 300
Z
= 400 -
"]
=
[=]
E 00 4 -
E ) e
= -
3 200
T
& 1
o 100 4
=
=
g-. a . . N ,
= o 1 2 3 4
[
‘f’ 500 5
400 -
300 4 .
T R
Ty
200 o — +
100 4 #
0
L] 1 2 3 4

Incubation time (h)

Fig. 5. Phosphate release of 1:100 diluted formulations of (a) SEDDStraB-
pnep (b) SLNTraB-PNPP and (c) NLCrrap-pnep by enzymatic cleavage with
isolated IAP. Each nanocarrier consists of SEDDS1traB-pNPP, SLN1TTAB-PNPP
and NLCltragenee (=) and SEDDS2tras-pnep, SLN2trappnep and
NLC2t7AB-PNPP (4 ). Data are presented as mean SD (n = 3).

3.3. Charge conversion studies

IAP, a member of the alkaline phosphatase family, being expressed
on intestinal epithelial cells was used for charge conversion studies. This
enzyme is located on the apical surface of intestinal membrane (Ghosh
et al.,, 2021). It has been used for drug delivery in previous studies
(Kurpiers et al., 2020; Akkus-Dagdeviren et al., 2019; Wolf et al., 2020).
In this study, the capability of IAP to convert the charge of lipid nano-
carriers from negative to positive was evaluated as depicted in Fig. 4.
The shift in zeta potential originating from cleavage of phosphate esters
by IAP was also investigated in several studies by our research group
using various phosphorylated surfactants (Akkus-Dagdeviren et al.,
2021; Wolf et al., 2020; Nazir et al., 2019). As shown in Fig. 4, all for-
mulations exhibited a shift in zeta potential from negative to positive
ranging from A13 to A22 mV. PNPP was used in previous studies as a
surface modifier for SEDDS droplets utilizing a PEGylated surfactant at
concentrations of 18 % (Kurpiers et al., 2020) and 36.7 % (Akkus-

International Journal of Pharmaceutics 625 (2022) 122096

(=]
b o

400 4

Phosphate released (umol/g surfactant)

(¢} 1200 -

:

A
600 1 1 1
400 - _,,!"" |
200 | L 2 i ...
B e = A L
N e £
0 1 2 3 4

Fig. 6. Phosphate release of 1:100 diluted formulations of (a) SEDDStraB-
pnep (b) SLNTrAB-PNPP @and (c¢) NLCrras-pnpp by enzymatic cleavage using
Caco-2 cells. Each nanocarrier consists of SEDDS1traB-pNPP, SLN1TTAB-PNPP
and NLC1trap-pnep (without inhibitor: — & -, with inhibitor: - — & - ) and
SEDDS2t7AB-PNPP, SLN2TTAB-PNPP and NLC2trap-pnpp (without inhibitor:
_A, with inhibitor: - 4 -). Data are presented as mean SD (n = 3).

Dagdeviren et al., 2021) resulting in a shift in zeta potential of A33 mV
and A22 mV, respectively. The higher surfactant concentration used in
the SEDDS formulation of the present study led to a lower zeta potential
shift. The degree of shift in the zeta potential which was inversely pro-
portional to the polyoxyethylene concentration might describe the effect
of PEG corona density on phosphate cleavage (Rabanel et al., 2014).

3.4. Phosphate release studies

In Fig. 5, phosphate release starting with a burst release within the
first hour of about 250, 190 and 200 pmol/g surfactant per hour for
SEDDSTTAB_prp, SLNTTAB-PNPP and NLCﬂAB_prp formulations, respec-
tively, is shown. After one hour of incubation, the rate of phosphate
release was determined to be 40, 37 and 24 ymol/g surfactant per hour
for SEDDStTAB-PNPP, SLNTTAB-PNPP @and NLCrraB-PNPP, respectively. The
hydrophilic spacer connecting the phosphate group with the lipophilic
moiety in PNPP contains 9 oxyethylene subunits, whereas the surfac-
tants containing polyoxyethylene such as polyoxyl 35 castor oil and
polyoxyl 40 hydrogenated castor oil exhibit at least 11 oxyethylene
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Fig. 7. Percentage of FDL remaining on the intestinal mucosa after 4 h of
experiment, in case of control (blank formulations) (white bars), formulations
containing TTAB-PNPP in the presence of 1 % (v/v) phosphatase inhibitor
cocktail IT (PIC2) (orange bars) and formulations containing TTAB-PNPP in the
absence of PIC2 (blue bars). Data are presented as mean + SD (n = 3).

subunits. Due to the small difference in the length of the polyoxyethyl
spacer, and the possibility of various conformations of the PEG corona
on the nanocarrier surface (Rabanel et al., 2014), it can be assumed that
the position of phosphate groups on the corona were responsible for the
phosphate release profile. Phosphate groups being covered by the pol-
yoxyethylene corona or glyceryl groups of surfactants were more diffi-
cult to be cleaved by IAP, likely resulting in slow phosphate release after
one hour of incubation. Phosphate release studies were also performed
utilizing IAP-expressing Caco-2 cells. As depicted in Fig. 6, phosphate
release was initiated at a slow rate within the first two hours followed by
a faster release thereafter. In contrast, experiments using isolated IAP
showed a rapid release of phosphate within the first hour. This obser-
vation might the time required for the lipid nanocarrier to propagate on
Caco-2 cells bearing IAP prior to phosphate release. The order of phos-
phate release from highest to lowest was SEDDStrap.pnpp, SLNTTAB-PNPP
and NLCrras-pnpp, Which was in line with results of phosphate release
studies using isolated IAP.

3.5. Mucosal residence time studies

Results of mucosal residence time studies showed that all phosphate
decorated lipid nanocarriers provide significantly (p < 0.05) higher FDL
concentrations remaining on the mucosa than the corresponding blank
formulations. This is illustrated in Fig. 7. SLN2 t1ap_pnpp, NLC1 TTAB-PNPP
and NLC2 traB-pnpp showed the highest increase in mucosal residence
time that was 3.9, 4.4, 3.5-fold more prolonged than that of blank for-
mulations. SLN1trap-pnpp showed a lower increase in mucosal residence
time by 2.1-fold followed by 1.85 and 1.48-fold for SEDDS1rrap.pNpPP
and SEDDS2tTAB-PNPP, respectively. The increase in FDL remaining on
the intestinal mucosa as shown in Fig. 7 correlated with the initial zeta
potential difference between the blank formulation and the TTAB-PNPP
modified nanocarriers (Figs. 1 and 4). In case of SEDDS, zeta potential of
SEDDSblank was less negative than that of SEDDStraB-PNPP as shown in
Figs. 1 and 4. SLN27rap-pnpps NLC1rraR-pNpp and NLC21rap-pnpp initiated
contact with mucus at a less negative zeta potential than the blank
formulations, whereas SLN1trap.pnypp formulation started contact with
mucus with the same zeta potential as SLN1piank. It was also evaluated in
previous study that the ability of phosphate modified nanocarriers with
charge conversion to remain in the mucus was higher than without
phosphate removal (Griesser et al., 2019).

Fig. 7 suggests three findings; (1) The lower ability of the nano-
carriers to adhere to mucus in the presence of PIC2 indicates that IAP
plays a role in charge conversion of lipid nanocarriers. (2) The con-
centration of IAP on intestinal mucosa is sufficiently high to cleave
phosphate thereby altering the zeta potential of nanocarriers. (3) The
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initial zeta potential of modified lipid nanocarriers is an important factor
influencing the ability of nanocarriers to interact with mucus upon
contact with intestinal mucosa. In case of phosphate decorated lipid
nanocarriers, the negative charges of nanocarriers did not cause repul-
sion by mucus resulting in the movement of nanocarriers into deeper
mucus regions, followed by cleavage of phosphate groups by IAP leading
to a shift in zeta potential from negative to positive. Furthermore, ionic
bonds between the positively charged nanocarriers and the negatively
charged mucus were formed resulting in the prolongation of mucosal
residence time of these nanocarriers.

4. Conclusion

Lipid nanocarriers including SEDDS, SLN and NLC were decorated
with the phosphorylated surfactant PNPP in order to prolong their
mucosal residence time. The results of charge conversion studies due to
IAP showed a shift from negative to positive charge for all formulations.
Phosphate release studies using isolated IAP as well as Caco-2 cells
showed a significantly higher phosphate release compared to control.
Mucosal residence time studies demonstrated that modification of lipid
nanocarriers provide a significant higher FDL concentration remaining
on the intestinal mucosa compared to the blank formulations indicating
that the contact time of phosphate decorated lipid nanocarriers was
longer than that of the unmodified ones. Phosphate modified lipid
nanocarriers might therefore be a promising tool to prolong mucosal
residence times.
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