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ABSTRACT

This study aimed to develop s@f—emulsifying drug delivery systems (SEDDS) containing sulfate-based gﬁctants,
namely, sodium dodecyl sulfate (SDS), sodium octyl sulfate (SOS) and sodium cetearyl sulfate (SCS), and to
evaluate intestinal alkaline phosphatase (IAP)-triggered sulfate release from these SEDDS.

Results showed a time-dependent release of para-nitrophenol from para-nitrophenyl phosphate (p-NPP) and
para-nitrophenyl sulfate (p-NPS) when incubated with isolated IAP indicating that the enzyme can also cleave
sulfate groups. Moreover, sulfate release from p-NPS and sulfate-based surfactants was observed. SEDDS con-
taining sulfate-based surfactants exhibited a narrow droplet size distribution and polydispersity index (PDI). A
droplet size of 35.31 + 0.41 nm to 41.15 + 0.98 nm, PDI of 0.17 + 0.02 to 0.26 + 0.02 and zeta potential of 9.59
+ 0.85 mV to —18.53 + 2.75 mV were recorded. Droplet size and PDI showed a minor increase upon contact
with isolated IAP. Incubation with isolated IAP caused a rapid sulfate release from sulfate-based surfactant-
containing SEDDS (SDS-SEDDS, SOS-SEDDS and SCS-SEDDS). Furthermore, resulting SEDDS exhibited a non-
toxic profile. According to these results, SEDDS containing sulfate-based surfactants can be considered as
valid alternative to IAP-responsive drug delivery systems containing phosphorylated auxiliary agents.

1. Introduction

Charge-converting nanocarriers hold high potential in the field of
nanomedicine [ mong these systems, phosphate-decorated nano-
particles (NPs) are of particular interest since phosphate groups are
efficiently cleaved by alkaline phosphatase causing a charge conversion
from negative to positive. Such systems are of particular interest to
overcome the mucus gel layer and to guarantee an efficient uptake by
epithelial cells. As the mucus gel layer exhibits an anionic charge
because of sialic and sulfonic substructures, anionic nanoparticles can to
a high extent permeate this three-dimensional network of mucus gly-
coproteins [2,3]. Having reached the absorption membrane, the mem-
brane bound enzyme intestinal alkaline phosphatase (IAP) cleaves the
phosphate groups on the surface of these nanoparticles causing charge
conversion [4-6]. The resulting positive surface charge triggers their

cellular uptake as a positive surface charge induces endocytosis [7].
Moreover, the virus-mimicking strategy has been reported to enable
nanocarriers to overcome the mucus barrier and to provide a targeted
release at the underlying epithelium [4,8]. Likewise, ALP-responsive
surface decoration of lipid-based formulations enabled an enhanced
cellular uptake following the cleavage of phosphate moieties revealing
underlying positive surface ché 3 at the target cell membranes [9,10].

Although phosphorylated surfactants have shown potential for the
design of such nanoparticles, none of them is listed in the FDA data base
of inactive ingredients [11,12]. The development of pharmaceutical
products utilizing this technology is therefore unlikely. An alternative
might be sulfate-based surfactants since they are listed in this data base
and widely employed by the pharmaceutical industry [13-15].
Furthermore, alkaline phosphatase was shown to cleave not just phos-
phates but also sulfates [16,17]. In addition, sulfate-based surfactants
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are suitable excipients for ge formation of stable self-emulsifying drug
delivery systems (SEDDS) owing to their amphiphilic properties [18]. So
far, however, the potential of sulfate-based surfactants for the design of
charge-converting nanoparticles has not been evaluated.

According to our study hypothesis, that sulfagroups can be cleaved
from surfactants like phosphate groups, it was the aim of this study to
design IAP-responsive SEDDS containing sulfate-based surfactants and
to evaluate the potential of such systems in vitro. SDS is genégizly
recognized as safe by the Food and Drug Administration [19]. Since
various studies have shown that the hydrophobic tail structure has a
major impact on the performance of drug delivery systems, hydrophobic
tails of different chain length were tested. Sulfate groups can be cleaved
from the surface of SEDDS dropl@ontaining sulfate-based surfactants
triggered by IAP. Moreover, the commercially available sodium dodecyl
sulfate S), sodium octyl sulfate (SOS) and sodium cetearyl sulfate
(SCS) can be considered as alternative excipients to phosphorylated
surfactants since they can form stable SEDDS and their sulfate groups
can be cleaved off by IAP. To that end, SDS, SOS and SCS were incor-
porated into SEDDS. Tg resulting nanocarriers were characterised
regarding droplet size, ydispersity index (PDI) and zeta potential.
IAP-responsive cleavage of sulfate groups from these SEDDS was eval-
uated by quantifying sulfate release as a function of time. Moreover,
cytotoxicity of these SEDDS was investigated on Caco-2 cells.

2. Material and methods
2.1. Materials

4-Nitrophenyl sulfate potassium salt (p-NPS), 4-Nitrophenyl phos-
phate disodium hexahydrate (p-NPP), sodium octyl sulfate (SOS), Cre-
mophor EL (polyoxyl 35 hydrogenated castor oil), Tween 80 (poly
oxyethylene sorbitan monooleate), propylene glycol, oleic acid ethyl
ester, triacetin, Triton X-100, alkaline phosphatase from bovine intes-
tinal mucosa (7165 units/mg protein), ammonium molybdate tetrahy-
drate (81-83 %), glucose-D-(+) > 99.5 % anhydrous, hydrochloric acid,
sodium hydroxide, minimu@sential medium (MEM), phosphatase
inhibitor cocktail-2 (PIC-2) and resazurin sodium salt were purchased
from Sigma-Aldrich, Austria. Lanette E (alcohol sulfate mono-C16-18
sodium salt, SCS) was purchased from BASF (St. Augustin, Germany).
Sodium dodecyl sulfate (SDS) and 4ffehydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) > 99.5 % were obtained from ROTH
GmbH (Karlsruhe, Germany). Capmul MCM (caprylic/capric mono and
diglycerides) and Captex 355 (glyceryl tricaprylat@icaprate) were
received from Abitec, USA L friochrome® Black T was obtained from
Fluka Analytica, Austria. All other chemicals were analytical grade.

2.2. Engyme-triggered release of sulfate

2.2.1. Para-nitrophenol release from p-NPS and p-NPP by isolated IAP

To investigate the catalytic activity of IAP on sulfate groups, p-NPS
and p-NPP were employed as substrates. Accordingly, 5 mg of p-NPS and
p-NPP were dissolved in 50 mM HEPES buffer pH 7.2 reaching a final
gume of 3 mL. Thereafter, 13 pL of isolated IAP solution (10 U/mL)

as added to each mixture and incubated at 37 °C under constant
shaking at 350 rpm using a Thermomixer (Eppendorf, Gdehany). Ali-
quots of 100 L from each mixture were transferred to 96 well plates at
set time intervals (0, 2, 4 and 24 h) and bance of para-nitrophenol
was measured at a wavelength of 405 nm using a microplate reader
(Tecan Infinite M200; Grodig, Austria). The p-NPS and p-NPP solutions
incubated without isolated IAP served as control groups.

To determine also the sulfate release from p-NPS upon @vage of
the sulfate bond, a titrimetric assay was performed based on a previously
described method with slight modifications [20]. In brief, 150 mg of
p-NPS was dissolved in 6 mL of 50 mM HEPES bu@yH 7.2. Thereafter,
780 pL of 5 U/mL and 10 U/mL of isolated IAP e added to 6 mL of
sample solution. Thereafter, all samples were incubated at 37 °C under

@al of Drug Delivery Science and Technology 96 (2024) 105717

constant shaking at 950 rpm using a Thermomixer (Eppendorf,
Hamburg, Germany). At predetermined time points (0, 2, 4 and ZQ), 1
mL of aliquots was collected and diluted with distilled water up to a 0@
volume of 50 mL. Then, 7.5 mL of 0.05 M BaCl> wa@ided to this so-
lution under constant stirring for 5 min. Afterwards, 5'mL of buffer so-
lution containing 54 g/L ammonium chloride and 87.5 g/L ammonia
was added under constant stirring for 5 min. Thereafter, pH was
adjusted to 3.3 with 1 M HCI. Dispersions were filtered through a 0.2 pm
pore-sized cellulose acetate membrane (Sartorius AG, Gottingen, Ger-
many|{eYhe indicator Eriochrome Black T (EBT) was added to the sam-
ples. Titration was performed with 100 mM EDTA until equivalence
points. In parallel, the experiment was carried out without substrate
under the same conditions serving as blank.
The released sulfate was quantified using the following equation:

(BLK —Veq) x C EDTA x MWs
Sample Volume (L)

SO = X103

where SO% is sulfate content in mg/L (pg/mL), BLK is volume of barium
chloride solution in L, Veq is titrant consumption until the equivalent
point in L, C EDTA is concentration of the selected titrant in mol/L
(EDTA = 0.05 mol/L), MWs is molecular weight of the sulfate in g/mol
(96.063 g/mol).

2.2. ara-nitrophenol release from p-NPS by Caco-2 cell-derived IAP

rder to investigate the enzyme-responsive cleavage of sulfate
groups from p-NPS forming para-nitrop 1, IAP-expressing Caco-2
cells were utilised. Accordingly, Caco-2 cells were obtained from the
European Collection of] thenticated Cell Cultures (ECACC, health
protection agency, UK). Cells were seeded in 24-well plates at a density
of 25.000 cells/well with MEM supplemented with 10 % of fetal bovine
serum (FBS) and 1 % of penicillin-streptomycin at 37 °C in an atmo-
sphere containing 5 % CO». The old M as changed on alternate days
until a cell monolayer was obtained. re the experiment, cel%re
washed twice with 500 pL of glucose-HEPES buffer pH 7.4. The control
cells were incubated wit@O pL of glucose-HEPES buffer containing
0.1 % and 0.05 % (v/v) phosphatase inhibitor cocktail 1 h before the
experiment. Afterwards, cells were washed again and incubated with
500 pL of 50 mg/mL of subis{sjte solutions in glucose-HEPES buffer. As a
control, the experiment was performed under equivalent conditions
with samples containing 0.1 @d 0.05 % (v/v) phosphatase inhibitor
cocktail. Aliquots of 100 L each well were transferred to 96 well
plates at set e intervals (0, 2, 4 and 24 h) and absorbance of para-
nitrophenol was measured at a wavelength of 405 nm using a micro-
plate reader (Tecan Infinite M200; Grodig, Austria).

2.3. Determination of sulfate release from sulfate-based surfactants

In case of sulfate-based surfactants (SDS, SOS and SCS as shown in
Table 1), 130 pL of isolated IAP 10 U/mL was added to 5 mL of each
m)ound solution (25 mg/mL in 50 mM HEPES buffer pH 7.2).

reafter, all samples were incubated at 37 °C under constant shaki@
at 350 rpm using a Thermomixer (Eppendorf, Hamburg, Germany).
predetermined time points (0, 2, 4 and 24 h)fe) mL of aliquots was
collected and diluted with distilled water up to a'total volume of 50 mL
and released sulfate was quantified as described above.

2.4. Preparation of SEDDS formulations

Blank SEDDS pre-concentrates were prepared using the excipient
ratios as listed in Table 2. Blank SEDDS pre-concentrates were prepared
by mixing surfactants, co-solvents and oils under constant shaking at
1500 rpm using Thermomixer (Eppendorf, Germany) at 37 °C for 1 h. To
prepare SEDDS containing sulfate-based compounds, 1 % (m/v) of SDS,
SOS, and SCS were added to blank SEDDS, respectively.
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Table 1
Chemical structure of sulfate compounds incorporated in SEDDS.

_@ul of Drug Delivery Science and Technology 96 (2024) 105717

Chemical name Chain length

Molecular weight (g/mol)

Structure

Sodium dodecyl sulfate (SDS) C-12 288.38
Sodium octyl sulfate (SOS) Cc8 232.27
Sodium cetearyl Sulfate (SCS) C16-18 694

Table 2
Composition of blank SEDDS and amounts of ingredients as % (v/v).
Formulations Cremophor EL Capmul MCM Captex 355 Propylene glycol Tween 80 Ethyl Oleat Glycerol 85 Triacetin Olive oil
F1 20 20 50 10
F2 50 30 10 10
F3 30 30 30 10
F4 50 10 40

2.5. Characterizing the surface modifications of SEDDS formulations

To determine the surface modification from all SEDDS formulations|
SDS-SEDDS, SOS-SEDDS and SCS-SEDDS were characterized based on a
previously established method with slight modifications [3,21].
Accordingly, all SEDDS pre-concentrates were emulsified 1:1000 (v/v)
in 20 mM HEPES buffer pH 7.4. All SEDDS formulations were then
formed and further mixed for 2 min under constant shaking at 350 rpm
using Thermomixer (Eppendorf, Germany) at 37 °C before character-
ization. Thereafter, all formulations were evaluated regarding mean
droplet size, PDI and zeta potential using Zetasizer Nano ZSP under an
angle of 90° (Malvern Instruments, Worcestershire, UK). Triplicated
evaluations were carried out at 25 °C.

2.6. Cytotoxicity studies

To evaluate potential cytotoxicity of SEDDS containing sulfat@

compounds, resazurin assay was utilised on Caco-2 cells based on a
previously described method with minor modifications [3,22]. Before
the experiment, Caco-2 cells were cultivated as described above and
washed twice with glucose-HEPES. Thereafter, SEDDS were diluted
with glucose-HEPES buffer in ratios of 1:1000, 1:500 and 1:250 v/v and
500 pL of these diluted formulations were transferred to the well plates
containing Caco-2 cells following an incubation at 37 °C for 6 and 24 h.
Glucose — HEPES buffer pH 7.4 was utilised as negative control and 0.5
% (m/v) Triton X@ solution in glucose-HEPES buffer served as pos-
itive control. At predetermined time points, cells were washed twice
with 500 pL of the pre-warmed ose-HEPES buffer. Afterwards, 250
HL of 2.2 mM resazurin solution added to each well and incubated at
37 °C in dark conditions for 3 h. Then, 100 pL of aliquots from each well
were transferred to a 96-well black plate and fluorescent intensity was
measured at an excit: wavelength (aex) of 540 nm and an emission
wavelength (aem) of using a microplate reader (Tecan Infinite
M200; Grodig, Austria). viability was evaluated using the following
equation:

Sample fluorescence

% Cell viability = R
negative control fluorescence

100

2.7. Engyme-induced changes in g)plet size and zeta potential

5
I@rder to evaluate the destabilisation of SEDDS containing SDS,
SOS and SCS isolated IAP was added to formulations. In detail, each

A

SEDDS formulation was diluted 1:500 (v/v) in 5 mL of ﬂ]\ﬂ HEPES pH
7.4 and 10 U/mL isolated IAP was added to this dilution. Afterwards,
these samples were incubated at 37 °C under constant shaking at 350
rpm using a Thermomixer (Eppendorf, Germany). At predetermined
time points, (0, 1, 2, 3 and 6 h), aliquots of 100 pL we@ollected and
analysed regarding droplet size, PDI and zeta potential using a Zetasizer

ZS (Malvern Instruments, UK). Triplicated evaluations were car-

out at 25 °C with a detection angle of 173°.

2.8. Sulfate cleavage from SEDDS by isolated IAP

@n‘der to investigate the sulfate cleavage from SEDDS containing
SDS, SOS and SCS, isolated IAP was utilised. In detail, S containing
SDS, SOS and SCS were diluted 1: 500 (v/v) in 5 mL of M HEPES pH
7.4 buffit-and 86.4 pL of isolated IAP (10 U/mL) was added to this so-
lution. n, samples were incubated under constant sg(ing at 350 rpm
using Thermomixer (Eppendorf, Germany) at 37 °C. At predetermined
time points (0, 2, 4 and 24 liquots of 1 mL were collected and diluted
with distilled water up to a“total volume of 50 mL. Samples omitting
isolated IAP served as control. Time-dependent sulfa@lease from
SEDDS containing SDS, SOS and SCS was evaluated as described in
section 2.3,

2.9. Statistical data analysis

The statisti@nnalysis of data was performed by Graph Pad Prism
5.01 software. + standard deviation (SD) of the results were based
on at least three experiments. Unpaired student’s t-test was employed to
analyse the differences between two independent groups. The level of
significance was set as significant (*p < 0.05), very significant (**p <
0.01) and highly significant (***p < 0.005).

3. Results and discussion
3.1. IAP-responsive sulfate cleavage from p-NPS

Phosphatase-responsive prodrugs and drug delivery systems enable a
targeted drug release employing this membrane bound enzyme of
eukaryotic cells that can cleave phosphate groups from a variety of
substrates [23-27]. p-NPP is utilised as well-established substrate of IAP
for the development of such enzyme-responsive DDS [28]. In order to
confirm these results the time-dependent formation of para-nitrophenol
from p-NPS upon cleavage of sulfate bonds following IAP treatment was




A. Saleh et al.

44

investigated. ults are shown in Fig. 1 p-NPP " used as positive
control to confirm enzymatic activity of IAP under the studied
col ns.

shown in Fig. 1, within 24 h the absorbance of released para-
nitrophenol from p-NPP was 12.6-fold higher than that from p-NPS,
whbx as without the addition of IAP there was no significant difference
in the increase in absorbance of these two substrates (p > 0.001, Stu-
dent’s t-test). These results indicate that absorbance of para-nitrophenol
increased in a time-dependent manner due to the cleavage of both
phosphate and sulfate groups from the substrates. Moreover, similar to
results obtained with p-NPP, a significantly higher al~z¢bance increase
was observed when p-NPS was incubated with IAP compared with the
control group omitting IAP indicating that sulfate cleavage was also IAP-
dependent like phosphate cleavage. Since IAP is to a minor extent also
released from the cellular membrane cleaving anionic substructures on
the surface of nanocarriers already on their way to the absorp@
membrane, a too rapid cleavage might be disadvantageous [24,29].
proof of concept study, we evaluated the ALP-responsiveness of
SEDDS-containing surface sulfate groups using commercially available
sulfate-based surfactants namely SOS, SDS and SCS. Other
sulfate-containing s@ctams, however, might exhibit higher
ALP-responsiveness. Generally, these experiments demonstrated that
both p-NPS and p-NPP are accessible for isolated IAP. The chemical
mechanism of sulfate cleav@is illustrate in Fig. 2.

This result was in good agreement with a previous study carried out
by Andrews et al. demonstrating that alkaline phosphatase can catalyse
the hydrolysis of p-NPS releasing sulfate [16]. Nikolic-Hughes et al.
confirmed also the cleavage of sulfate groups from p-NPS by alkaline
phosphatase [30]. @

Furthermore, sulfate release from p-NPS monitored using two

ferent concentrations of isolated IAP under physiological conditions.

e results are shown in Fig. 3.

As illustrated in Fig. 3, within 24 h approximately 16.29 % of sulfate
was released from p-NPS, when the substrate was incubated with 10 U/
mL of isolated IAP. In case of 5 U/mL of IAP addition only 7.72 % of
sulfate was released within 24 h. Moren@l negligible amounts of sul-

were released from the substrate i e absence of isolated IAP.

se results indicate that the extent of sulfate release correlates with

increasing concentrations of isolated IAP cleaving sulfate bonds from p-

NPS. Similarly, Hock et al. reported a concentration-dependent catalytic

activity of isolated IAP when incubated with amikacin-loaded poly-
phosphate nanoparticles under physiological conditions [31].

3.1.1. Para-nitrophenol release from p-NPS by Caco-2 cell-derived IAP
To confirm that membrane-bound IAP can also cleave sulfﬁom p-
NPS, Caco 2-cells were utilised which express IAP resembling the un‘e
intestinal brush border membrane [32-34]. Results of this study are
shown in Fig. 4.
As shown in Fig. 4, a significantly increased absorbance was
observed within 24 h of incubation as a result of sulfate release (p <

A

E ¢ - \
'a% =

N

) I

E.:*.i I.l llt ]L

Tirma [h)

and red circles) and without (blue and red squares) isolated IAP at 37 °C, respectively. Data are indicated as means
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0.001, Student’s t-test). I trast, only a negligible amount of para-
nitrophenol was relea$. o i e presence of an inhibitor cocktail (PIC-
2). The observation is in accordance with previous studies, showing that
the activity of IAP on Caco-2 cells is lower in presence of PIC-2 [35].
According to these results, p-NPS is also accessible for membrane-bound

IAP.
3.2. Enzymatic sulfate cleavage from sulfate-based surfactants

Within this study the sulfate-based surfactants SDS, SOS and SCS
were incorporated into SEDDS.SDS is a sulfate ester of lauryl alcohol
(C12) and mostly used for the development DDS [36,37]. SOS as an alkyl
sulfate has a shorter chain length (C8) linked to a polar sulfate group
[38]. SCS[;izjanother alkyl sulfate c ting of a long carbon chain
(C16-18) which has also been utilised for the development of lipid based
nanocarriers [39]. The amphipathic properties of sulfate compounds
make them suitable for incorpzztion into SEDDS. In order to confirm
IAP-triggered sulfate relea@ these compounds, they were incu-
bated with isolated IAP. Kesults of the resulting sulfate release are
shown in Fig. 5.

As illustrated in Fig. 5, within the first 24 h approximately 23.1 %,
16.4 % and 6.96 % of sulfate was released from SDS, SOS and SCS,
respectively. However, after 4 W:lslower release of sulfate was observed
in the presence of isolated IAP. At the end of the experiment, the amount

of rele?d sulfate followed the rank order: SDS > SOS > These
results were in accordance with the catalytic activity of IAP wn in
Fig. 3. Moreover, the lipophilic chain length of the surfactant plays a key

role in sulfate release from SEDDS. Since concentrations of 1 % (m/v)
sulfate-based surfactants in each formulation and the number of sulfate
groups in the surfactant molecule are the same, lipophilic chain length
might have an effect on the IAP-responsive sulfate release from SEDDS.
Surfactants with longer lipophilic chains exhibited lower sulfate release
from the surface of SEDDS that can be explained by a m fficient
incorporation of such surfactants into the oily droplet core to their
longer lipophilic moiety limiting the contact of IAP with surface sulfate
groups.

3.3. Preparations and characterization of SEDDS

Blank SEDDS formulations were investigated regarding their size,
PDI and zeta potential as shown in Table 3.

Since formulation F3 exhibited a narrow droplet size of 35.70 + 0.62
nm, PDI of 0.08 + 0.02 indicating a more homogeneous dispersion and a
zeta potential of —13.70 + 2.98 mV, it was chosen for further studies.
Moreover, F3 contains Cremophor EL, a surfactant provifghg PEGylation
on the nanodroplet surface. The presence of PEG chains on the surface of
the n@,arrier prevents digestive enzymes to access and degrade the
lipid content of the nanocarrier [40]. In addition, stability of the
lipid content in the nanocarrier is also determined by the length of the
fatty acid chain and the degree of glycerol esterification. Long fatty acid

Absorbhancs ol
para-nifrophenal st 403 nm
ke

\

. 3
H 2 " 4
Tirma {h}

(n = 3). (*** = p < 0.001). (For inter-

Fig. 1. Time-dependent absorbance increase of para-nitrophenol upon hydrolysis of (A) p-NPP as positive control and (@NPS. Samples were incubated with (blue

pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Schematic illustration of cleavage of sulfate groups by IAP releasing p-nitrophenol.
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Fig. 3. Released sulfate from p-NPS incubated with isolated 10 U/mL (blue
circles) and 5 U/mL (green squares) of IAP and without IAP (red triangles).
Evaluations were made at 37 °C by triple titration using 0.1 M EDTA as titrant
and EBT as indicator. Data are shown as means £ SD (n = 3). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

As illustrated in Table 4, all SEDDS exhibited a small size (<50 nm)
with a PDI ranging from 0.17 + 0.02 to 0.26 + 0.02. Since the PDI of all
formulations was <0.3, a narrow droplet size distribution was provided.
Zeta potential of the formulations followed the rank order: SOS-SEDDS
< SDS-SEDDS < SCS-SEDDS. These results might be explained by the
combination of caprylic/capric mono- and diglycerides used for F1 and
F3 to obtain a smaller droplet size. Furthermore, Leichner et al. reported
that by the addition of polyoxyl 35 hyz@nated castor oil, SEDDS show
sufficient self-enizG}ifying properties to the high HLB value of this
surfactant [42]. Moreover, another study showed that polar lipids with a
shorter carbon chain enable formation of SEDDS with a smaller droplet
size [22,43,44].

3.4. Cytotoxicity of SEDDS

The cytotoxic potential of SDS-SEDDS, SOS-SEDDS and SCS-$e/gPS
on Caco-2 cells was evaluated by resazurin assay [45,46] and results
are shown in Fig. 6. This assay enables assessment of viable cells owing
to reduction of resazurin to its highly fluorescent analogue resorufin by
alive cells [47,48].

As depicted in Fig. 6, Caco-2 cells well tolerated all formulations in
all studied concentrations displaying >85 % viability after 6 h. As re-
ported previously [49], compounds leading to > 85 % of cell viability

"E = can be regarded as not toxic. However, all formulations exhibited a cell
E B eal j viabil_ity _§_80 % after 24 h and a concentratign—dependent _decrease .in
2 cell viability was observed. In general, the highest cytotoxic potential
2 r v was recordegn case of SCS-SEDDS followed by SDS-SEDDS and
E o — b SOS-SEDDS. These results are in agreement with other studies where
- = - - authors reported a tolerability of SEDDS containing polyoxyl 35 hy-
g 2 0.24 ' a drogenated castor oil by Caco-2 cells in vitro [50-52].

- L NS = - = p

2 = ti‘f'._ —4 3.5. Enzyme-induced changes in droplet size and zeta potential

i - o {Ip 12 18 24 Enzyme-induced changes in droplet size, PDI and zeta potential on

Time (h)

Fig. 4. Time-dependent increase in absorbance of para-nitrophenol formed by
release of sulfate groups from p-NPS by Caco-2 cell-derived IAP. Green squares
and green circles represent the absorbance of p-NPS incubated by absence and
presence of PIC-2 (0.1 %v/v), while orange triangles and reverse triangles
represent absorbance of p-NPS incubated by absence and presence of PIC-2
(0.05 %v/v) and t e triangles represent glucose HEPES buffer. Data are
indicated as means (n = 3). (*** = p < 0.001). (For interpretation of the
references to colour 1n this figure legend, the reader is referred to the Web
version of this article.)

chains show higher stability than short and medium chains. Regarding
the degree of glycerol esterification, mono- and di—glyc@es are more
easily degraded by lipase than triglycerides [40,41]. Moreover, long
chain fattfyhicids and high levels of esterification tend to cause larger
droplets. It this study, medium chain triglycerides (Captex 355) were
selected and combined with mono- and di-glycerides (Capmul MCM) to
obtain small droplet sizes. Apart from functioning as solvents, mono-
and di-glycerides also act as lipophilic surfactants which provide a
beneficial effect in reducing droplet size. Accordingly, 1 % (m/v) of SDS,
SOS and SCS were incorporated into formulation F3 and characterised as
displayed in Table 4.

SDS-SEDDS, SOS-SEDDS and SCS-SEDDS were investigated using iso-
lated IAP. The results are shown are in Fig. 7. @

As depicted in Fig. 7, not all formulations remained stable when
incubated with IAP as increases in their droplet size and PDI were
observed over time. Nevertheless, all formulations still exhibited a
narrow droplet size distribution between 34.84 + 0.95 nm to 96.65 +
1.05 nm. In detail, after 6 h SDS-SEDDS, SOS-SEDDS and SCS-SEDDS
displayed A13.6, A17.15 and A0.18 nm total nges in droplet size,
respectively. PDI also increased to >0.3 after d 6 h for SDS-SEDDS
and SOS-SEDDS, while only SCS-SEDDS exhibited a PDI of <0.3. Over-
all, among the three SEDDS containing sulfate-based surfactants,
SEDDS-SCS was sufficiently stable exhibiting minor changes in droplet
size and PDI over time. These results revealed that when incubated with
isolated IAP droplet size and PDI of SEDDS change depending on the
carbon chain length of the sulfate compounds. These results were also in
line with the findings of Akkus et al. where the authors utilised various
phosphorylated surfactants to form suitable SEDDS resulting also in
slight changes in droplet size and PDI when incubated with IAP for 6 h
[22]. Moreover, Le-Vinh et al. reported about an increasing size and PDI
of solid lipid nanoparticles (SLNs) upon contact with isolated IAP in a
time-dependent manner [53]. Apart from size and PDI, an
enzyme-triggered shift in zeta potential might have also occurred by
incubating SEDDS with isolated IAP. However, within 6 h, no significant
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difference in the zeta potential of SEDDS was observed (Gata not shown).
These results might be derived from SEDDS surfaces limiting their entire
exposure to isolated IAP and resulting in an insufficient cleavage of
sulfate moieties during the studied time period.

3.6. Sulfate cleavage from SEDDS by isolated IAP

In order to confirm cleavage of sulfate moieties from the surface of
SDS-SEDDS, SOS-SEDDS and SCS-SEDDS, time-dependengsulfate
release was investigated upon incubation with isolated IAP."qw results
are shown in Fig. 8.

As displayed in Fig. 8, a considerable amount of sulfate was released

from all SEDDS in the presence of isolated IAP. Within 6 h, approxi-
mately 42.9 %, 38.4 % and 15.3 % of sulfate were release from SDS-
SEDDS, SOS-SEDDS and SCS-SEDDS, respectively. In contrast, only
negligible amounts of sulfate were released from SEDDS incubated
without isolated IAP. The results are in a good agreement with sulfate
release data from p-NPS and sglfate-based compounds upon their in-
cubation with isolated IAP as yown in Figs. 3 and S, respectively. Sul-
fate release from SCS-SEDDS was slightly lower compared to SOS-SEDDS
and SDS-SEDDS. This outcome might be explained by the comparatively
longer carbon chain of SCS being to a higher extent embedded in the oily
core of SEDDS droplets.

4. Conclusions

In this study, IAP-responsive sulfate release from a lipigghased drug

delivery system was shown for the first time providing groof of concept

for an IAP-based activation of such systems containing sulfate-based

surfactants. Various sulfate-based surfagtants namely, SDS, SOS and

SCS were found to form stable SEDDS with a small droplet size dis-

playing a low polydispersity. Moreover, the resulting SEDDS remained

Fig. 5. Sulfate release from SDS (blue circles), SOS (pink squares) and SCS (green triangles) when incubated with IAP at 37 C
quantified by triple titration using 0.1

M EDTA as titrant and EBT as indicator. Data are shown as means 1@) (n = 3). (For interpretation of the references to
colour in this figure legend, the reader is

referred to the Web version of this article.)

Table 3

Mean droplet size, PDI anﬁzeta potential of blank SEDDS. Diluted 1:500 in 20
mM Hepes buffer pH 7.4. licubated for 1 h at 37 C. All values are means of n 3
+ SD.

Formulations Size (nm) PDI Zeta potential (mV)
F147.99 +1.95 0.40 = 0.00 18.20 +1.22
F2 28.69 £ 0.89 0.39 = 0.01 15.03 +0.73
F3 35.70 £ 0.62 0.08 £ 0.02 13.70 +2.98
F4 148.97 +£2.90 0.51 £ 0.00 9.29 + 0.60




Table 4

Mean droplet size, PDI and zeta potential of 1 % sulfate-based surfactant con-
taining SEDDS diluted 1:500 (v/v) in 20 mM HEPES buffer pH 7.4. All values are
means of n 3 £ SD.

Formulations Size (nm) PDI Zeta potential (mV)

SDS-SEDDS 41.15 + 0.98 0.25 £ 0.00 12.20 + 0.28

SOS-SEDDS 35.31 £ 0.41 0.17 £ 0.02 9.59 + 0.85

SCS-SEDDS 39.62 + 1.82 0.26 + 0.02 18.53 £2.75

Fig. 6. Cell viakility of Caco-2 cells incubated with indicated SEDDS. Dark-coloured bars and light-coloured bars depict
percentage ofagll viability after incubation

for 6 and 24 h, respectively. Data are indicated as means )@D (n=23).

A. Saleh et al.
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sufficiently stable upon incubation with isolated IAP exhibiting minor
changes in droplet size following the enzymatic treatment. These SEDDS
exhibited a concentration- and time-dependent cytotoxicity on Caco-2
cells. IAP-dependent sulfate release from SEDDS was demonstrated by
monitoring the time-depe t sulfate release from the formulations
using a titrimetric assay. @ering to the findings of this study,
replacing phosphorylated surfactants with@eir well-established sulfate-
based counterparts might be a promising approach for the development
of IAP-responsive lipid-based drug delivery systems. Furthermore, such
sulfate surfaces can be utilised in the future for the surface modifications
of a broad range of nanocarrier systems as an alternative to phosphate-
based surface decorations.
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Fig. 7. Droplet size (A) and PDI (B) of SDS-SEDDS (blue), SOS-SEDDS (pink) and SCS-SEDDS (green) diluted 1:500 in 20
mM HEPES buffer pH 7.4 and incubated

with IAP (10 U/mL) at 37 C. Data are shown as means £ SD (n = 3). (For interpretation of the references to colour in this
figure legend, the reader is referred to the

Web version of this article.)

Fig. 8. Time-dependent sulfate release from SDS-SEDDS (A), SCS-SEDDS (B) and SOS-SEDDS (C). Samples were incubated
with (circles) or without (squares) isolated

IAP (10 U/mL) at 37 C. Time-dependent sulfate release was quantified by triple titration using 100 mM EDTA as titrant and
EBT as indicator. Data are shown as

means = SD (n = 3).
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