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ARTICLE INFO ABSTRACT
Keywords: This study aimed to compare the performance of dry reverse micelles (ARMs) and wet reverse micelles (WRMs) in
SEDDS self-emulsifying drug delivery systems (SEDDS). Reverse micelles (RMs) were formed using cationic, amphoteric,
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and non-ionic surfactants with various model dyes incorporated into these RMs. Reverse critical micellar con-
centration (rCMC), entrapment efficiency (EE), and partition coefficients (logD) were determined. SEDDS were
loaded with RMs, and their size distributions, polydispersity index (PDI), and zeta potential were evaluated.
Cytotoxicity levels, cellular uptake, and membrane permeability of Caco-2 cells were tested. Furthermore,
horseradish peroxidase (HRP) loaded SEDDS-RMs were administered to rats, and plasma HRP concentration and
bioavailability were determined. Sorbitan monooleate-based dRMs exhibited an rCMC of 0.95 % and 0.6 % for
WRMs, with R values of 4.7 and 43.2, respectively. The lower the hydrophilic lipophilic balance (HLB) of the oily
phase, the lower the water uptake capacity of reverse micelles. Incorporating methylene blue into dRMs resulted
in a logD of 1.56 and an EE of 97 %, compared to 0.59 and 74 % in wRMs. Cytotoxicity studies revealed over 90
% cell survival at concentrations up to 0.5 % for SEDDS-dRMs, while SEDDS-wRMs caused complete cell death at
concentrations exceeding 0.4 %. Transwell diffusion studies showed that SEDDS-dRMs and SEDDS-wRMs
enhanced membrane permeability by 7.5- and 13.5-fold, respectively. SEDDS containing HRP-loaded dry and
wet reverse micelles provided an oral bioavailability of 11.2 % and 7.9 % in rats, respectively. Conclusion: Due to
their ability to achieve higher logD, enhance encapsulation efficiency, and improve the oral bioavailability of a
model protein, dRMs are favored over wRMs in SEDDS.

Statement of significance: Although several strategies have been proposed to improve the bioavailability of
peptide-based drugs, challenges related to stability and oral bioavailability still remain. Reverse micelles, which
are nanoscale structures, have great potential with advantages such as high encapsulation efficiency, protection
against enzymatic degradation, and increased permeability across biological membranes. This study presents a
comparative evaluation of dry and wet reverse micelles in self-emulsifying drug delivery systems. The findings
highlight that reverse micelles are a promising nanocarrier system for enhancing drug solubility, stability, and
cellular permeability, ultimately contributing to more effective oral drug delivery strategies. This advancement
could significantly pave the way for optimizing reverse micelle-based formulations for biomedical applications,
especially in protein and peptide therapeutics.

rCMC Reverse critical micellar concentration
Abbreviations SEDDS-dRMs Dry reverse micelles anchored self-emulsifying drug
RMs Reverse micelles delivery system
dRMs Dry reverse micelles SEDDS-wRMs Wet reverse micelles anchored self-emulsifying drug
wRMs  Wet reverse micelles delivery system
SEDDS  Self-emulsifying drug delivery system MCT Miglyol 812 (medium-chain triglycerides)
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MCM Capmul MCM C8 EP/NF (mono- and diglycerides of caprylic
acid)

MCM/MCT Mixture of MCT and MCM (1:1, w/w)

RMs-isocetyl stereate Reverse micelles formed in isocetyl stereate

RMs- MCM/MCT Reverse micelles formed in MCM/MCT

CB Cascade blue

FSS Fluorescein sodium salt

BG Bromocresol green

MB Methylene blue

MO Methylene orange

SL Soy lecithin

DDAB  Didecyl dimethyl ammonium bromide
GMO 1-oleoyl-rac-glycerol

EE Entrapment efficiency

PDI Polydispersity index

TCNQ  7,7,8,8-tetracyanoquinodimethane
HLB Hydrophilic lipophilic balance

HBSS Hanks’ balanced salt solution

RMFI Relative mean fluorescence intensity
OPD o- phenylenediamine dihydrochloride
HRP Horseradish peroxidase

SGF Simulated gastric fluid

SIF Simulated intestinal fluid

1. Introduction

Biopharmaceutical classification system (BCS) class-III drugs are
hydrophilic compounds with high solubility in gastrointestinal (GI)
fluids but poor permeability of mucosal membranes [1]. For oral de-
livery of these drugs, various strategies such as the use of permeation
enhancers and efflux pump inhibitors have been developed. Recently,
lipid-based nanocarriers containing lipophilic complexes of these drugs
have emerged as new approaches to enhance their oral bioavailability.
In particular, self-emulsifying drug delivery systems (SEDDS) have
attracted the pharmaceutical industry, as the scale-up and production of
such nanocarriers is comparatively simple and less cost-intensive. The
use of SEDDS offers a promising strategy to protect incorporated drugs
from harsh pH conditions and degradation by gastrointestinal enzymes.
Furthermore, SEDDS can improve the cellular uptake of their cargo.
However, forming highly lipophilic complexes to properly embed hy-
drophilic drugs in these lipid-based nanocarriers is challenging.

The aqueous or solvent-containing systems enable the incorporation
of large amounts of hydrophilic drugs. However, problems such as
storage stability due to hydrolytic cleavage of peptide drugs and poor
intestinal membrane permeability should be considered. In order to
overcome these obstacles, methods to increase the lipophilicity of the
drugs or carrier systems have been investigated [2,3]. By the formation
of hydrophobic ion pairs (HIP) the lipophilic character of charged hy-
drophilic drugs can be improved [4]. Nonetheless, this approach has its
shortcomings, as the formation of HIPs depends on anionic or cationic
substructures within the drug, and often, the increase in lipophilicity is
insufficient.

A promising alternative to HIPs is reverse micelles (RMs). Since the
1980s, they have been utilized for the isolation of biological macro-
molecules, including proteins and nucleic acids, via liquid-liquid
extraction. These colloidal systems, characterized by an aqueous core
encased in a hydrophobic shell, offer a classical approach to solubilize
hydrophilic compounds in an organic solvent matrix [5-7]. Based on
their water uptake capacity, RMs are classified as wet reverse micelles
(WRMs) and dry reverse micelles (dRMs). wRMs have larger particle
sizes, allowing the incorporation of a high quantity of hydrophilic drugs
compared to dry ones [8]. In contrast, dRMs lack water or hydrophilic
solvents [9]. Techniques such as the lyophilization of wRMs are
employed to form dRMs [10,11]. Although previous studies have out-
lined the dynamics and structural characteristics of reverse micelles [5,
9,12-16], none have directly compared dry and wet RM systems in the
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context of enzyme-loaded SEDDS formulations. Considering the known
hydrolytic sensitivity of therapeutic peptides and their poor intestinal
membrane permeability [17], the use of SEDDS containing RMs presents
a formulation advantage by reducing water-induced degradation,
thereby enhancing both stability and membrane permeability.

Recent research by our group investigated SEDDS/RM and SEDDS/
HIP combinations [18,19]. Sandmeier et al. reported that RMs improved
semaglutide’s lipophilicity by nearly twofold compared to HIP, resulting
in a 4.2-fold higher SEDDS payload. Permeability studies on Caco-2 cell
lines showed that SEDDS revealed significantly higher semaglutide
permeation across all formulations, highlighting the beneficial role of
lipophilic complexes in enhancing semaglutide delivery [19].

However, despite advances in reverse micelle technology, a direct
comparison of their properties, particularly between dry and wet reverse
micelles, is missing. Hence, the aim of this study was to design and
evaluate both dry and wet reverse micelles and to compare their per-
formance in SEDDS. RMs were created using non-ionic, cationic, and
amphoteric surfactants in various oily phases to obtain dRMs and wRMs.
Key parameters, such as reverse critical micellar concentrations (rCMC)
and water uptake capacities, were determined. Various model dyes were
incorporated into RMs, and the entrapment efficiency (EE) and logD of
dyes were determined. SEDDS formulation loaded with RMs was
developed and characterized regarding size, polydispersity index (PDI),
zeta potential, payload, and dye release. Cellular uptake and permeation
studies of SEDDS containing these RMs were conducted on Caco2 cells.
Finally, horseradish peroxidase (HRP)-loaded SEDDS-RMs were
administered to rats, and the plasma HRP concentration, along with
bioavailability, was evaluated using enzyme-linked immunosorbent
assay (ELISA).

2. Experimental section
2.1. Materials

Polyethylene glycol oleyl ether (Brij 93, average Mn ~357), didecyl
dimethyl ammonium bromide (98 %), 1-oleoyl-rac-glycerol, n-octanol
(99 %), bromocresol green, fluorescein sodium salt, methylene blue,
methyl orange, safranin-o, dialyses tubing cellulose membrane and
7,7,8,8-tetracyanoquinodimethane (98 %) were obtained from Sigma-
Aldrich (Steinheim, Germany). Cascade blue™ hydrazide trilithium
salt, horseradish peroxidase (HRP, >85 units per mg dry weight) and
QuantaRed™ Enhanced Chemifluorescent HRP Substrate (ELISA Kkit)
were purchased from Thermo Scientific. Soy lecithin (Lipoid S 100,
phosphatidylcholine, content > 94.0 %) was a gift from Lipoid GmbH
(Ludwigshafen, Germany). Miglyol 812 (medium-chain triglycerides -
MCT) was supplied by Caelo (Hilden, Germany). Capmul MCM C8 EP/
NF (mono- and diglycerides of caprylic acid - MCM) was a gift from
Abitec Corporation (Janesville (WI), USA). Sorbitan monooleate (Span
80) was obtained from Carl Roth (Karlsruhe, Germany). Isocetyl stearate
was supplied by Crodamol (Yorkshire, UK). Cell culture materials were
supplied by Biochrom GmbH (Germany), and other chemicals and re-
agents were obtained from commercial sources. HPLC quality water and
solvents were obtained from VWR (Vienna, Austria).

2.2. Formation of reverse micelles

Reverse critical micellar concentration (rCMC) of polyethylene gly-
col oleyl ether, didecyl dimethyl ammonium bromide (DDAB), soy
lecithin (SL), and sorbitan monooleate was determined by the dye sol-
ubilization method using 7,7,8,8-tetracyanoquinodimethane (TCNQ) as
the indicator for oil-soluble surfactants in non-aqueous media. These
surfactants were selected for their ability to form nanoemulsions at low
HLB and their safety profiles as approved excipients in oral drug de-
livery. Oily phases were used due to their generally recognized as safe
(GRAS) status, compatibility with oral delivery, and high solubilization
capacity for lipophilic drugs.
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Oily stock solutions, comprising 5 % (w/w) of polyethylene glycol
oleyl ether, SL, and sorbitan monooleate, and 1 % (w/w) of DDAB in
each oily phase (isocetyl stearate, n-octanol, MCT, and MCT/MCM (1:1,
w/w)) were meticulously prepared. Following homogenization through
vortex mixing, the solutions were subjected to ultrasound treatment
(Bandelin Sonorex, Germany) for 2 min. The incubation process was
executed at 1500 rpm and 70 °C for 3 h using a Thermomixer C
(Eppendorf ThermoMixer® C, Eppendorf AG, Germany) to ensure
complete dissolution of the surfactants in the oily phase.

Subsequently, oily stock solutions prepared in isocetyl stearate and
MCT/MCM were diluted to obtain a surfactant concentration range of
0.005 % to 5 %. To 0.2 mL of each dilution, 0.2 mg (~0.6 umol) of dye
was added. After vortex mixing and ultrasonic treatment for 3-5 min,
the samples were shaken vigorously at 1500 rpm for 24 h on a Ther-
momixer C at 37 °C, leading to TCNQ containing RMs. Undissolved dye
was separated by centrifugation at 13,400 rpm for 20 min. Aliquots of
100 pL were withdrawn from the supernatant, and the absorbance of
solubilized dye was measured using a microplate reader (Tecan; Salz-
burg, Austria). The rCMCs were determined as the inflection points of
the curves obtained at a wavelength of 480 or 850 nm for TCNQ against
the logarithm of surfactant concentrations, with plain oil serving as a
reference.

The water uptake of reverse micelles was investigated for each oily
phase and surfactant, following a previously established method with
minor changes [18]. In brief, demineralized water was titrated in in-
crements of 1 L to the surfactant-in-oil solution (surfactant concen-
tration range of 0.005 % to 5 %). After the addition of each aliquot of
water, samples were homogenized by vortex mixing and subjected to
ultrasonic treatment for 2-3 min, followed by an incubation period of
15-30 min. The addition of water was continued until the samples had a
cloudy or milky appearance, or water droplets were observed at the
bottom of the Eppendorf tubes. By the same method, the water uptake
capacity of plain oily phases was determined.

The water-to-surfactant molar ratio (wy or R value) of the solution
was calculated with Eq. (1). This equation can be used to differentiate
between dry and wet reverse micelles.

[H20]
[Surfactant]

= (€))

Furthermore, the water content of reverse micelles was determined
by NMR spectroscopy. The 'H NMR measurements were performed on a
“Mars” 400 MHz Avance 4 Neo spectrometer from Bruker Corporation
(Billerica, MA, USA, 400 MHz) in dimethyl sulfoxide-dg (DMSO-dg)
solution with the addition of 5 % (m/m) N,N-dimethylformamide
(DMS), and utilizing prolonged relaxation delay (D1=10 s). The mass
percentage of water in the reverse micelle systems was calculated based
on the integral values of the methine proton of DMF and water by the
following Eq. (2):

XHgO(m/m%) = (05 * (IHZO, 3.33 ppm /IDMF. 7.95 ppm) >kMI~120/rnsample) * 100

@

where Iy,0, 333 ppm and Ipur, 7.95 ppm are the integral values of water at
3.33 ppm and DMF at 7.95 ppm, Mpy,o is the molar mass of water, and
Mygmple is the mass of the sample in grams. For sample preparation, an
appropriate amount of water was added to RMs to saturate them to their
water uptake capacity according to their R values. Samples were also
centrifuged to remove water that was not taken up by micelles.

Ruckenstein and Karpe (1990) have calculated the average radius of
the inner water cavity of reverse micelles [20]. With the help of this
calculation, Azevedo et al. (2000) studied the behavior of AOT reverse
micelles models and applied k value of 0.164 nm for AOT [21]. In a
similar approach, the average radius of the inner cavity of reverse mi-
celles (rrys) can be calculated using Eq. (3).

3

rrvs (NM) =k X wy
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where k is a proportionality constant that depends on the surfactant and
system. The proportionality constant of sorbitan monooleate is not
explicitly defined in the literature as a singular constant. Given the
relatively high viscosity and long-chain structure of our oily phases
(isocetyl stearate and MCT/MCM) compared to lighter oils (e.g., isooc-
tane as used by Azevedo et al.), the proportionality constant may be
slightly lower due to reduced micelle dynamics and mobility. It should
be in the range of 0.05-0.15 nm, depending on the oily phase and system
conditions. In our system, we accepted it as 0.15 nm.

2.3. Dye experiments

An excess amount of bromocresol green (BG), fluorescein sodium salt
(a fluorescent dye, FSS), methylene blue (MB), methyl orange (MO), and
safranin-O was added to RMs formed with isocetyl stearate (RMs-iso-
cetyl stearate) and MCT/MCM (RMs-MCT/MCM) that were prepared
with surfactants in different concentrations (below, around, and above
rCMC). They were mixed by vortexing, sonicated for 3-5 min, and left
for homogenization overnight in a thermomixer at 1500 rpm and 37 °C.
Then, an appropriate amount of water around the water uptake ratios, 1
% for RMs-isocetyl stearate and 20 % for RMs-MCT/MCM was added.
The remaining undissolved dyes were removed by centrifugation at
13,400 rpm for 5 min.

Depending on the R values, 'H NMR results, and dye solubility ex-
periments, we referred to RMs-isocetyl stearate formed with sorbitan
monooleate as dRMs and RMs-MCT/MCM formed with sorbitan mono-
oleate as wRMs. The solubility of dyes was tested via the same method as
described above, and RMs prepared with the 1-oleoyl-rac-glycerol
(GMO) as another surfactant with a similar structure to sorbitan
monooleate.

The payload of MB was determined for the dRMs and wRMs. Cali-
bration curves were established using MB dilutions in ethanol, with
absorbance measured at 668 nm. A slightly modified dry-addition
technique was applied to dissolve the dyes in the RMs [22]. The
excess amount of dry dye powder was added to both dry and wet RMs.
To ensure the entire dissolution, the mixtures were incubated for 12 h at
1500 rpm and 37 °C after sonication for 1 hour. Samples were centri-
fuged for 20 min at 13,400 rpm to collect the undissolved dyes. The
precipitated dyes were first dissolved in ethanol to determine the
amount that remained undissolved. After measuring absorbance, the
amount of undissolved dye was calculated using a calibration curve. The
amount of dye incorporated in the reverse micelles was determined by
calculating the difference between the initially incubated amount of dye
and the insolubilized dye, and recorded as the maximum payload.

The entrapment efficiencies (EE) were determined using the cali-
bration curve method. The calibration curve for MB in water was
established (R? > 0.99) using a microplate reader as described above. EE
of dye was calculated by at first certain amount of MB was dissolved in
both dry and wet RMs and underlain with an aqueous phase of demin-
eralized water (w/w, 1:1). Afterwards, the samples were kept in the
thermomixer at 37 °C and 300 rpm for 24 h to reach equilibration,
followed by centrifugation at 13,400 rpm for 20 min to ensure complete
phase separation. Aliquots of 100 pL were withdrawn from the aqueous
phase and analyzed by measuring the absorbance of dye contents. The
entrapment efficiency of the dye was calculated using Eq. (4). Basically,
the equation relies on the difference between the MB concentration in
the oily phase at the beginning (Cg4y._rum;) and that released into the
aqueous phase in the final state (Caye in water)-

Cd e—RMs — CEI e in water
FE === e n ey

x 100 @
CdyefRMs
Log D value was calculated using Eq. (5).
C e—RMs
logD = log (ﬂ) 5)
Cdye in water
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2.4. Preparation of HRP-loaded RMs

HRP was encapsulated within both reverse micelles prior to its
incorporation into SEDDS. HRP-loaded RMs were prepared by the dry
addition method. Briefly, HRP powder was added directly to the reverse
micelles. Afterwards, 1 hour sonication was applied to reach complete
solubilization of HRP in the RMs core. Centrifugation at 13,400 rpm was
performed to remove undissolved HRP residues.

The concentration of encapsulated HRP molecules in dRMs and
wRMs was quantified using a high-performance liquid chromatography
(HPLC) system as described below. A XBridge ™ C8 column (130 10\, 3.5
um, 150 x 4.6 mm) with a security guard column was used. The mobile
phases consisted of 0.1 % (v/v) trifluoroacetic acid (TFA) in water/
acetonitrile (v/v, 60:40) at a flow rate of 0.8 mL/min. The volume
injected was 100 pL, and the detection wavelength was 220 nm with a
retention time of 5.4 min. Payloads were determined from the calibra-
tion curve, established by HPLC.

2.5. Preparation of self-emulsifying drug delivery systems with empty and
loaded RMs

The prepared dRMs and wRMs were loaded with dye and HRP as
described above. SEDDS were formed by preparing a pre-concentrate
followed by emulsification. For the pre-concentrates (Supplementary
Material Table S2), 10 % Chremephor ®EL, 20 % Capryol 90, and 20 %
isopropanol were homogenized by shaking at 1500 rpm at 37 °C for 1
hour. This mixture and reverse micelles (empty or loaded) were ho-
mogenized at a 1:1 (w/w) ratio. After vortexing to ensure homogeni-
zation, pre-concentrates were shaken at 1500 rpm for 1 hour at 37 °C.
Afterwards, SEDDS-dRMs and SEDDS-wRMs were emulsified in demin-
eralized water, resulting in the formation of nano-emulsions. The size
distribution of reverse micelles and SEDDS formulations containing
reverse micelles was measured using dynamic light scattering (DLS).
Further morphological evaluation was conducted using energy-filtered
transmission electron microscopy (EFTEM) to visualize the structural
features of the SEDDS containing reverse micelles [23]. SEDDS samples
containing reverse micelles were prepared at 0,5 % (v/v) in deminer-
alized water and subsequently transferred to 200-mesh
Formvar/carbon-coated copper grids (Balzers Union, Liechtenstein).
After drying, SEDDS containing reverse micelles were analyzed by a
Zeiss Libra 120 (Carl Zeiss AG, Oberkochen, Germany). EFTEM images
were taken by a 2 x 2 k high-speed camera (Troendle, Germany) and
ImageSP software (Troendle, Germany).

2.6. Dialysis studies

Dialysis studies with SEDDSs were performed to determine whether
the dye remained stable in RMs. In order to minimize the interaction of
the dialysis membrane with the dye, the dialysis membrane used in the
study was pre-treated. Dialysis membrane with a molecular weight cut-
off of 14 kDa was soaked in a solution of NaCl (10 %) for 24 h, followed
by rinsing with demineralized water to remove NaCl residues. The
dialysis membrane was then saturated in MB solution for 30 min to
reduce dye absorption capacity of the membrane. In order to remove the
excess dye that did not adsorb to the membrane, it was incubated in
demineralized water until the water remained clear after repeated
refreshes.

Dialysis was performed for MB loaded SEDDS-dRMs and SEDDS-
wRMs. Also, solubilized MB in water was used as a control. The absor-
bance of dyes diffusing through the membrane was measured over five
hours to determine their release using a microplate reader. The empty
saturated membrane was used as a blank. The same procedure was
carried out using simulated gastric fluid (SGF, pH 1.2) and simulated
intestinal fluid (SIF, pH 6.8) (Supplementary Material Table S4) to
investigate the release in the biorelevant environments. The amount of
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released MB was calculated for both dry and wet systems based on the
calibration curve in the relevant media.

2.7. HRP activity determination

HRP activity was determined according to a previously established
method with some modification [24]. A substrate solution was prepared
by mixing 24 mg of o- phenylenediamine dihydrochloride (OPD), 2.4 mL
of 1 M phosphate buffer (pH 6.5), 24 uL of Hy05, and 9.6 mL of water. 50
uL of substrate solution, mixed with 350 uL of phosphate buffer and 50
uL of HRP-loaded SEDDS-RMs were added. The enzymatic reaction was
carried out at room temperature for 5 min and stopped by the addition of
50 pL of 1 M HCL. HRP activity was determined by monitoring the in-
crease in absorbance of the reaction mixture at 428 nm and plotted as
absorbance change per minute.

2.8. Cell viability and hemolysis studies

Empty SEDDS-dRMs and SEDDS-wRMs were prepared as described
above with a slight modification in the emulsification step, using Hanks’
Balanced Salt Solution (HBSS) buffer instead of demineralized water for
the treatment of cells.

Caco-2 cell viability was evaluated by resazurin assay. Resorufin is a
pink and fluorescent end product of the metabolism of resazurin by
viable cells. For the experiment, Caco-2 cells were seeded on 96 well
plate and fed with Red-MEM for 3-4 days. On the day of the experiment,
cells were washed with sterile HBSS buffer twice, and then the buffer
was removed. 100 uL of each sample was added to wells, and 0.1 %
Triton X-100 was applied as a negative control, while HBSS buffer was
used as a positive control. The cells were incubated with samples (0.1 to
1 % v/v, SEDDS nanoemulsions) for 4 h at 37°C and washed with sterile
HBSS buffer. 150 pL of resazurin was applied to cells and incubated for 3
h in the dark. Aliquots of 100 uL were transferred to black well plate to
measure fluorescence intensity (FI) at an emission wavelength of 590
nm of resorufin when excited at 540 nm. Cell viability ( %) was calcu-
lated according to Equation 6;

FI of Sample — FI of TritonX

Cell Viability (%) =G~ HBSS — FT of TritonX

100 (6)

The hemolytic activity of SEDDS was assessed by measuring hemo-
lysis in erythrocyte concentrates, which were generously provided by
Tirol Kliniken GmbH (Innsbruck, Austria). The erythrocyte concentrates
were suspended in sterile HEPES-buffered saline (HBS) at a ratio of
1:200. For the experimental procedure, 250 pL of SEDDS, prepared at
various concentrations in sterile HBS, was mixed with an equal volume
of the diluted erythrocyte suspension, resulting in SEDDS concentrations
ranging from 0.125 % to 0.5 % (v/v). Sterile HBS served as negative
control, while a 0.5 % (v/v) Triton X-100 solution was used as positive
control for hemolysis. Samples were incubated for 3 h at 37 °C and
agitated at 100 rpm using an orbital shaker incubator (Orbital Shaker
Incubator ES-80, Grant Instruments Ltd, United Kingdom). Following
incubation, samples were centrifuged at 2700 rpm for 10 min. Subse-
quently, 100 pL of the supernatant was transferred to a 96-well micro-
plate, and absorbance at 415 nm was measured using a plate reader
(Tecan Spark, Tecan Sales Austria GmbH, Austria). Hemolysis was
quantified using the following Eq. (7).

absorptionggmpe — absorptionyegaive

- . x 100
absorptionsie — absorptionnegave

)

Hemolysis (%] =

2.9. Invitro cellular uptake and permeation studies with caco-2 cell
monolayer

Fluorescein sodium salt (FSS) was used for cellular uptake studies as
a fluorescence marker. Fluorescein-labelled SEDDS were prepared as
described above using HBSS buffer to a final non-toxic nanoemulsion
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concentration of 0.2 % (v/v). 1.6 ug of FSS was dissolved in sterile HBSS
buffer, serving as positive control. Negative control was HBSS buffer.

In vitro cellular uptake study was performed on Caco-2 cells
following a previously established method with some minor modifica-
tions [25]. Caco-2 cells were seeded at a density of 5 x 10* cells/mL and
grown for 11 days. On the day of the experiment, the feeding medium
was removed, and cells were washed twice with pre-warmed sterile
HBSS buffer. 500 uL of each sample and controls were applied to Caco-2
cells and incubated for 3 h at 37°C. At the end of the exposure period,
samples were removed, and cells were washed twice with HBSS buffer to
ensure that no sample residue remained. Afterwards, 150 pL of trypsin
was added to each well and incubated for 5 min to detach the cells, and
the plate was carefully tapped and shaken. 500 pL of Red-MEM was
added to quench the trypsin activity. Samples were collected in 15 mL
Falcon tubes and centrifuged at 800 rpm for 4 min. Then, supernatant
was removed, and cells were washed with sterile phosphate-buffered
saline (PBS). PBS was trashed after centrifugation, and 700 pL of ster-
ile PBS was added. After quick and careful resuspension of the cells in
PBS, they were filtered through a cell strainer with a pore size of 70 pm.
The amount of FSS-loaded SEDDS taken up by Caco-2 cells was quan-
tified via flow cytometry (Attune NxT Flow Cytometer, Thermofisher
Scientific). Data were analyzed using FlowJoTM v10.8.1 software.
Relative mean fluorescence intensity values (RMFI) were calculated
from the mean fluorescence intensity values (MFI) using Eq. (8):

MF. Isample

RMFI] = ———
MFi Ibuffer

-1 (®

Cascade Blue (CB) was used as a fluorescence marker for permeation
studies. CB- SEDDS-dRMs and CB- SEDDS-wRMs samples were prepared
for in vitro permeation study across Caco-2 cell monolayer on transwell
plate in the same manner as for in vitro cellular uptake studies. The
permeation study was performed following a previously established
method with some minor modifications [26]. Caco-2 cells were inocu-
lated onto a 24-well transwell plate at a cellular density of 6 x 10*
cells/cm?. The cells were cultured for 21 days, with the culture medium
being replenished every alternate day. The Red-MEM exchange with the
Opti-MEM was performed 12-24 h prior to the experimental procedure.
Permeation study was conducted from the apical to the basolateral
compartment.

On the day of the experiment, trans-epithelial electric resistance
(TEER) measurements of each well were taken before and after the
experiment using an Evom2 apparatus (World Precision Instrument Inc.,
USA) to ensure the integrity of the cell monolayers. Only cell monolayers
with TEER values above 800 Q.cm? were used for the permeation
studies. Afterwards, cells underwent a washing step with PBS, followed
by equilibration of cell monolayers with HBSS for 30 min. Subsequently,
the buffer was aspirated, and 100 pL of the test substance comprising CB
was added to the apical compartment. Simultaneously, 500 pL of HBSS
was added to the basolateral compartment. Basolateral chamber sam-
ples of 100 uL were collected at 30-minute intervals. Following each
sampling event, an equivalent volume of HBSS was replenished to
maintain a constant volume and sink conditions. The experiment was
conducted over a duration of 180 min. CB was dissolved in sterile HBS
buffer, serving as positive control. Negative control was HBSS buffer.
Quantification of permeated samples was performed by fluorescence
measurements (Aex = 402 nm and Aem = 447 nm) on a microplate
reader. Cumulative corrections were made for previously removed
samples. The apparent permeability coefficient (Papp) was determined
using Eq. (9):

Q

TAxcxt

Py (C)]
where Q = total permeated sample amount during the time of experi-
ment (mg), A = diffusion area (cmz), ¢ = initial concentration in the
donor chamber (mg/mL) and t = time of experiment (s). Accumulation

549

Acta Biomaterialia 202 (2025) 545-558

of CB in the acceptor chamber was plotted as a function of time.
2.10. In vivo HRP experiments

The process received authorization from the Animal Ethical Com-
mittee in Vienna, Austria, and conformed to the Principles of Laboratory
Animal Care (GZ: 2022-0.792.904). Male Sprague Dawley rats, aver-
aging a body weight between 370 and 470 g, were sourced from Janvier
Labs in Le Genest-Saint-Isle, France. Animals were randomly assigned to
four groups of three as follows:

. Oral reference group (Oral HRP administration)

. Intravenous reference group (Intravenous HRP administration)
. HRP loaded SEDDS-dRMs group

. HRP loaded SEDDS-wRMs group

A WN -

First, the formulations were prepared, including a sterile HRP solu-
tion for intravenous administration, HRP solution for oral gavage, HRP-
loaded SEDDS (dRMs and wRMs) for oral gavage. On the day of the
experiment, SEDDS preconcentrate was diluted (1:10) in HEPES buffer
(pH 7.4) to achieve the desired HRP concentration (0.006 mg/mL), and
400 uL of HRP-loaded SEDDS formulations were administered. HRP
solution in HEPES buffer for subcutaneous injection was prepared at a
concentration of 0.0015 mg/mL.

Blood samples were collected at 30- and 60-minutes intervals over a
six-hour period to test the total HRP concentration using the ELISA
(QuantaRed™ Enhanced Chemifluorescent HRP Substrate, Thermo
Scientific) kit. For sample collection, 100 pL of blood from the tail vein
was added to tubes containing 5 pL of 3.6 % (w/v) EDTA solution and
vortexed briefly to prevent clotting. The samples were stored on ice and
centrifuged at 13,400 rpm for 5 min. The supernatant was stored in the
freezer until analysis. For analytical purposes, a calibration curve was
constructed by spiking the pre-injection rat sample with HRP solution
and serially diluting with water to obtain linear concentrations. Water
was used instead of HEPES buffer because HEPES interacts with fluo-
rescence. 10 uL of HRP-loaded solution and blanks were added to a black
96-well plate, followed by 100 uL of HRP substrate enhanced solution.
The reaction was stopped after 1 min by adding 10 pL of stop solution.
Fluorescence intensity was measured using an excitation wavelength of
570 nm and an emission wavelength of 620 nm. Bioavailability was
calculated using the area under the time-dependent change curve of
HRP concentration in rat blood.

2.11. Statistical design and analysis of data

All experiments were conducted in triplicate or more, with the re-
sults expressed as mean values + standard deviation (SD). Statistical
analysis was carried out using one-way and two-way ANOVA (GraphPad
Prism 8), with a significance threshold set at p < 0.05. In figures, sig-
nificance levels are denoted as *p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results and discussion
3.1. Preparation and characterization of reverse micelles

The behavior of reverse micelles such as their size, water uptake
capacity, and stability highly depends on the specific surfactant and the
non-polar solvent used. Surfactants exhibit different behaviors in sol-
vents according to their ionic strength and chemical structure. In-
teractions between these components play a crucial role in determining
the properties of reverse micelles. In addition, the hydrophilic-lipophilic
balance (HLB) of the oily phase plays a crucial role in the formation and
properties of RMs. The size of the polar cores in reverse micelles was
directly related to the surfactant’s HLB value. Therefore, the lower the
HLB of the oily phase, the lower the water uptake capacity, which favors
the formation of reverse micelles [13]. However, when using oily phases
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with low HLB, a sufficiently high solubility of many surfactants cannot
be achieved. Prior to application of the surfactants, we conducted pre-
liminary screening to assess their ability to form stable reverse micelles
in oily phases. Because of the highly lipophilic nature of the solvent,
surfactant selection was limited by their solubility and stability in this
non-polar environment. Not all surfactants are compatible with highly
lipophilic solvents, so we carefully selected those capable of forming
stable reverse micelles under these conditions. The properties of reverse
micelles, including size, shape, and stability, are greatly influenced by
the nature of the oil phase. The choice of oil influences the interfacial
tension, the critical packing parameter, and the hydration of the sur-
factant headgroups, all of which play a crucial role in determining the
reverse micellar properties. By carefully selecting the oil phase and
optimizing its composition, it is possible to control the size, shape, and
stability of reverse micelles for various applications in fields such as
nanotechnology, drug delivery, and catalysis [27-30].

For this study, oily phases with low water uptake capacity and high
lipophilicity were preferred to facilitate the formation of dRMs. The
availability of surfactants soluble in these oily phases above rCMC
needed to form dRMs was limited. The surfactants were solubilized up to
a maximum of 5 % in isocetyl stearate. When a mixture of MCT and
MCM was used as the oily phase, achieving high solubility was not an
issue for any tested surfactants. In order to form reverse micelles, four
different surfactants with cationic, nonionic, and amphoteric properties
were employed (Fig. 1A). Reverse micelles were formed by dissolving
these surfactants in isocetyl stearate and a mixture of MCT with MCM,
serving as oily phase for SEDDS. The rCMC for both RMs- isocetyl
stearate and RMs-MCT/MCM was determined to be 0.45 % and 0.85 %
for polyethylene glycol oleyl ether, 0.14 % and 0.06 % for DDAB, 0.48 %
and 0.8 % for SL, and 0.95 % and 0.6 % for sorbitan monooleate,
respectively (Fig. 1B-C). These rCMC results are in agreement with
several previously published reverse micellar studies [18,31,32]. Sup-
plementary Material Table S1 summarizes rCMC values in the two oily
phases.
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The water uptake capacity of RMs is highly dependent on the sur-
rounding oily phase. The maximum water pool size is related to the oil
used, as the oily phase will penetrate the surfactant interface and in-
crease the hydrocarbon core volume [7]. In addition, the water uptake
capacity of the oily phase should be taken into account. The water up-
take ratios of RMs formed in oily phases with different water solubili-
zation capacities and R values are shown in Fig. 2. Experimental water
uptake capacities of plain oily phases used in this study were determined
as <0.05, ~0.4, ~5.7, and ~8 for isocetyl stearate, MCT, and n-octanol,
MCT/MCM, respectively.

Subtracting the water solubilization capacities of the oil phases from
those of the oily solutions containing RMs shows that the water uptake
capacity of the RMs itself is <2.5 %. In particular, the water solubili-
zation study of RMs formed in isocetyl stearate showed that the reverse
micelles contain almost no water. As shown in Fig. 2A, the water solu-
bilization capacity is partly dependent on the surfactant concentration.

The water-to-surfactant molar ratio (R) is the key parameter for
assessing whether RMs are dry or wet [33]. As there is no specific R
value that defines dry and wet RMs in the literature, we defined reverse
micelles with R < 10 as dry and those with R > 10 as wet (Fig. 2B).

The water content of the formed dry and wet reverse micelles was
determined via 'H NMR spectroscopy in DMSO-dg, using 5 % (m/m)
DMF as an internal standard (Supplementary Material Figure S1). As
shown in Fig. 2C, the water content of dry reverse micelles is negligible,
below 1 % (m/m). In case of wet reverse micelles, a significantly higher
water content was observed, slightly above 9 % (m/m).

3.2. Dye integration

In general, the more polar a drug is, the better it solubilizes in the
core of reverse micelles [7]. So far, reverse micelles have been used to
extract many different proteins, including cytochrome-c, lysozyme,
a-chymotrypsin, and albumin by utilizing this core [34-37]. The core
phase formed by the surfactant provides a more polar environment,
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HLB:4.3
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.
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Fig. 1. A. Structures of surfactants used to form RMs — non-ionic: polyethylene glycol oleyl ether, cationic: DDAB, amphoteric: SL and non-ionic: sorbitan mono-
oleate, and rCMCs determination by dye solubilization method with TCNQ; RMs prepared in B. isocetyl stearate, C. in MCT/MCM, Data are shown as means + SD (n

> 3).
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Fig. 2. A. Water uptake percentages of RMs formed in different oily phases as a function of the logarithm of surfactant concentration [wt %]. a. isocetyl stearate, b.
MCT, c. n-Octanol, d. MCT/MCM, B. R values of the RMs represent the water-to-surfactant molar ratio, which is defined as the moles of water per mole of surfactant,
C. Water content of RMs formed with sorbitan monooleate in isocetyl stearate (dRMs) and MCT/MCM (WRMs) determined by H NMR spectroscopy.

allowing molecules to dissolve in it. To confirm that, the dyes can be
dissolved in the core of RMs, MB and safranin O were employed as
cationic dyes, and MO, BG, and FSS as anionic dyes. The use of different
dyes based on charge was included to demonstrate the selective solu-
bilization capabilities of RM systems. The use of diverse dyes allowed us
to reveal how reverse micelle components and structure influence the
solubilization of various molecules, thereby enabling the proper selec-
tion of surfactants for reverse micelle formulation. All dyes were dis-
solved in RMs-MCT/MCM formed with each surfactant (Fig. 3B). No dye
was dissolved in RMs formed with polyethylene glycol oleyl ether in
isocetyl stearate, while methyl orange, bromocresol green, and fluo-
rescein sodium salt dyes were dissolved in RMs formed with DDAB and
soy lecithin in isocetyl stearate (Fig. 3A). Furthermore, dye solubility
may vary with surfactant concentration. Dye solubility in RMs was
enhanced with increasing surfactant concentrations. None of the dyes
used were soluble in plain isocetyl stearate.

The solubility of dyes in sorbitan monooleate can be attributed to the
properties of this surfactant. GMO was also tested to better understand
the structural effect on solubilization. Sorbitan monooleate and GMO
have similar hydrocarbon chain lengths (oleic acid chain) as steric sta-
bility group and two hydroxyls, serving as anchor groups. In GMO, the
hydrophilic head group is glycerol, while in sorbitan monooleate, it is
sorbitan. Both can form dRMs and dissolve dyes in their core phase. For
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instance, methylene blue may interact with the hydrophilic head groups
of sorbitan monooleate and GMO at the reverse micelle core interface. In
case of polyethylene glycol oleyl ether, its lack of a charged group might
cause weaker interactions with dyes. This reduced affinity can lead to
lower solubility compared to surfactants, where a charged dye interacts
with anionic, cationic, or zwitterionic surfactants.

The size and structure of reverse micelles can also influence the
solubility of various compounds. The confined space inside the micelles
can facilitate the solubilization of certain molecules, like methylene
blue. Molecules solubilized in reverse micelles can alter structural
properties such as size and shape or water content of reverse micelles
and cause conformational changes in molecular-level equilibria at the
surfactant interface and in water pools [7]. Some works have even
referred to these structures as “swollen reverse micelles” [12,38]. Smaller
micelles have smaller polar cores, which may limit the amount of polar
molecules they can accommodate.

3.3. Characterization of self-emulsifying drug delivery systems containing
RMs

The maximum MB payload in dRMs was determined to be 1.24 mg/g,
while for wRMs it was 5.4 mg/g. This observation can be attributed to
the larger size of wRMs compared to dRMs, as also mentioned in the
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Fig. 3. Cationic dyes (MB and safranin O) and anionic dyes (MO, BG, and FSS) were incorporated in formulations containing indicated surfactants below, around,
and above the rCMC in A. isocetyl stearate used as oily phase, B. MCT/MCM used as oily phase.

literature [8]. Another possibility is that MB also dissolves in the plain
MCT/MCM used to form wRMs. In the case of dRMs, however, the MB is
only involved in the core of the reverse micelles. MB solubilized in the
plain MCT/MCM oily phase diffused into the water phase. Therefore,
both the entrapment efficiency and Log D of wRMs are lower than those
obtained for dry ones (Fig. 5A-B).

The self-emulsifying properties generally depend on environmental
factors such as the chemical composition and structure of the surfac-
tants, HLB values, the presence of co-surfactants, and the system’s
temperature. Oily phase, surfactants, and co-surfactants used for SEDDS
play a significant role in creating these chemical compositions. For self-
emulsification in oil-in-water systems, it is necessary to use a surfactant
with a high HLB value (>14). In the course of the SEDDS, it is important
to have a clear phase and avoid any precipitation or phase separation.
After testing various formulations that did not mix homogeneously, we
developed a formulation that successfully formed SEDDS structures.
Experimental results showed that for the pre-concentrate, the molar
ratio of Cremophor EL/Capryol 90/Isopropyl alcohol/RMs resulted in a
clear transparent phase. The mean droplet size ranged from 96 (SEDDS-
wRMs) to 127 nm (SEDDS-dRMs) with a PDI < 0.3. The size distribution
of dry and wet reverse micelles was further characterized by dynamic
light scattering, and the results are provided in the Supplementary
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Material (Table S3, Figure S3, and Figure S4).

Fig. 4 illustrates the clear difference between SEDDS containing
reverse micelles. SEDDS-dRMs exhibit more compact and aggregated
features, consistent with dehydrated or low-water-content reverse mi-
celles. The morphology indicates a small internal aqueous phase,
potentially affecting drug encapsulation and release profiles. SEDDS-
wRMs show distinct, well-dispersed spherical structures, typical of
reverse micelles formed in hydrated environments. The relatively uni-
form size distribution and clear contrast suggest the presence of a sta-
bilized aqueous core. These structural differences highlight the impact
of water content on the morphology and internal architecture of reverse
micellar formulations within SEDDS platforms. DLS measures the hy-
drodynamic diameter of particles in solution, while TEM reveals dehy-
drated particles under high vacuum. Sample preparation and drying can
lead to aggregation or deformation, resulting in apparent enlargement
and selective visualization of larger structures in TEM.

The zeta potential usually depends on the type of surfactant. Both
SEDDS-dRMs and SEDDS-wRMs showed a similar zeta potential,
because the surfactant was the same (sorbitan monooleate) (Fig. 5C and
Supplementary Material Figure S2). The zeta potential reflects the
properties of the surfactant’s head group, and since the same surfactant
is used, the charge characteristics remain similar across formulations.
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Fig. 4. Energy-filtered transmission electron microscopy images of reverse micellar systems within self-emulsifying drug delivery systems A. SEDDS-dRMs B.

SEDDS-wRMs.

Differences may only occur if external factors like pH, ionic strength, or
surfactant concentration significantly alter the carrier environment.
Variations in the internal core (e.g, water content) or external solvent
have little impact on the surface charge density. Even if the size of the
micelles or the water content in the core varies across formulations, the
surface composition (i.e., surfactant head groups) remains the same.
This maintains a consistent electrostatic profile, resulting in similar zeta
potential values.

MB in the water was used as a control and was able to release by 75
%. MB release from dRMs-loaded SEDDS did not exceed 8 %, while it
reached over 25 % in case of wRMs-loaded SEDDS (Fig. 5D). Since MB
can dissolve in the plain MCT/MCM oily phase and exhibits approxi-
mately 11 % release. It is challenging to determine whether the released
MB originates from the MB entrapped in the wet reverse micelles.
However, as MB is not soluble in plain isocetyl stearate, all MB released
must be that trapped in dRMs. To evaluate the pH-dependent release
profile of methylene blue, SEDDS-dRMs and SEDDS-wRMs were sub-
jected to in vitro dialysis in simulated gastric fluid (SGF, pH 1.2) and
simulated intestinal fluid (SIF, pH 6.8). As shown in Fig. 5E, the release
of MB from both SEDDS systems was negligible under acidic SGF con-
ditions, suggesting high stability of the micellar assemblies and strong
retention of the hydrophilic cargo in gastric-like environments. In SIF, a
higher cumulative release was observed from SEDDS-dRMs compared to
SEDDS-wRMs and free MB (Fig. 5F). This result suggests that SEDDS-
dRMs are more prone to release MB at higher pH, potentially due to
changes in micellar dynamics, hydration, or core accessibility in
intestinal-like environments. The ionic strength and buffer components
in SIF may enhance water penetration into the SEDDS-dRMs, disrupting
the compactness of the hydrophobic interior. This could decrease the
encapsulation efficiency or retention capacity of MB, favoring its release
in SIF.

3.4. Cell viability, cellular uptake, and permeability studies with Caco-2
cell line

As cellular uptake and epithelial translocation of SEDDS were
examined on Caco-2 cell monolayers, the toxicity level of SEDDS was
determined on Caco-2 cells. The viability of Caco-2 cells was tested in
the presence of SEDDS emulsion ranging from 0.1 % to 0.5 % v/v. When
using SEDDS containing dRMs, a high level of cell survival, exceeding 90
% was observed at concentrations around 0.5 % as illustrated in Fig. 6A.
The same level of cell viability was also observed with a 1 % SEDDS
formulation containing dRMs. In contrast, wRMs significantly reduced
cell viability, with complete cell death observed at concentrations
exceeding 0.4 % SEDDS. Surfactant properties, including charge, HLB
values, and chemical structures, significantly influence the behavior of
reverse micelles. The toxicity of a surfactant is associated with its Gibbs
free energy of adsorption and the minimum area it occupies at a surface
[39]. The larger particle size of wRMs compared to dRMs may lead to
higher Gibbs free energy and different cellular uptake pathways,
potentially increasing the likelihood of intracellular stress or toxicity.
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The presence of water in wRMs makes them more prone to hydrolytic
reactions. Furthermore, the higher water content in wRMSs can increase
the local concentration of surfactants at the interface, which may more
easily disrupt cell membranes. Surfactants, particularly at high con-
centrations, can destabilize lipid bilayers, causing cytotoxic effects.

In addition, hemolytic activity is another method commonly used to
assess cytotoxicity. Hemoglobin release correlates with membrane
damage and endosomal escape. Hemoglobin release can be assessed in
relation to the interaction between SEDDS formulations and the cell
membrane. According to the hemolysis assay, SEDDS formulations
containing wRMs induced significantly higher hemolysis at all tested
concentrations compared to those containing dRMs. At 0.25 % con-
centration, wRMs caused approximately 80 % hemolysis, while dRMs
resulted in <50 % hemolysis (Fig. 6B). Biocompatibility of both dRMs
and wRMs was evaluated through cytotoxicity and hemolysis assays.
While both systems demonstrated acceptable safety profiles at low
concentrations, wRMs exhibited slightly higher cytotoxicity and hemo-
lytic potential at concentrations above 0.3 %. Therefore, the concen-
tration (0.2 %) used in subsequent cellular uptake and epithelial
translocation studies was selected based on the threshold where no
significant cytotoxic or hemolytic effects were observed.

Cellular uptake study on Caco-2 cells was performed utilizing flow
cytometry. High cellular uptake is generally characterized by fluores-
cence shifts to higher values and also higher RMFI values. Flow
cytometry histogram in Fig. 6C, obtained after processing the data with
FlowJo, shows a prominent shift in the fluorescence intensity distribu-
tion of SEDDS towards higher values compared to the control, indicating
enhanced cellular uptake. Furthermore, RMFI values show that SEDDS
containing wRMs are 1.5 times higher than those containing dRMs
(Fig. 6D). The presence of water in wRMs may facilitate higher solubi-
lization of the fluorescent marker, maintain its fluorescence, and
therefore, the RMFI value may appear higher. The dye may be more
evenly distributed and exposed to the aqueous phase, enhancing its
fluorescence. In dry reverse micelles, the absence of water can cause
fluorescence quenching of fluorescein sodium salt. The dye may be more
confined or trapped within the hydrophobic core, which reduces its
fluorescence. Fluorescein exhibits reduced fluorescence in non-aqueous
environments, which could explain the lower RMFI in the sample with
dry reverse micelles. Nevertheless, analysis of the fluorescence histo-
grams suggests that the extent of the fluorescence shift (which reflects
cellular uptake efficiency) was similar between dRM and wRM formu-
lations, indicating comparable levels of internalization despite differ-
ences in absolute fluorescence intensity.

To compare the effect of SEDDS containing dRMs and wRMs on
transport efficiency, transwell diffusion studies with Caco-2 cell mono-
layer were performed. Results are shown as a permeation profile over
time in Fig. 6E. Cascade blue was preferred as a marker in the perme-
ation study due to its high solubility in water. Moreover, it has excellent
fluorescence and, unlike most dyes, resists quenching upon protein
conjugation. For these reasons, small molecules such as CB (530 Da) are
often used in lab-on-a-chip systems to demonstrate apparent
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Fig. 5. A. Payload of MB in RMs formed with sorbitan monooleate, B. Log D and EE values of CB, FSS and MB in RMs after 24 h of incubation at 37 °C, C. Droplet size
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permeability (Papp), which is typically determined to be in the range of
1077 to 107® cm/s [40-42]. The concentration of CB that permeated the
cell monolayer was measured in the effluent, and apparent permeability
was calculated using a standard curve (Fig. 6F). SEDDS formulated with
dry and wet reverse micelles resulted in 7.5- and 13.5-fold enhanced
permeation, respectively. The P,p, of WRMs was found to be 1.75 times
higher than that of dRMs. As highlighted in the dialysis studies, the dye
solubilization in the plain oily phase can complicate determining its
origin. The dye passing through the cell barrier can originate from wet
micelles or from dye dissolved in the oily phase. More dye leaks because
it dissolves in the oily phase, rather than due to transport by the mi-
celles. In contrast, for dry reverse micelles, permeation can be entirely
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attributed to the micelles as the dye is completely trapped inside the
hydrophilic core. This distinction suggests that the relatively greater
permeability observed with wRMs may, at least in part, result from dye
diffusion through the oily phase, rather than solely from
micelle-mediated transport alone. Thus, although both systems
demonstrated the ability to enhance payload transport across intestinal
epithelial models, mechanistic differences arising from micelle archi-
tecture and water content should be considered when designing
SEDDS-RMs for oral delivery.

The choice between dry and wet reverse micelles for oral drug de-
livery should be based on a multifactorial assessment of drug properties,
formulation stability, and therapeutic goals. Hydrophilic payloads
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Fig. 6. Cell studies, A. Cell viability ( %) of Caco-2 cells after incubation with indicated SEDDS emulsified in HBSS buffer in increasing concentrations at 37 °C for 3
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FSS in SEDDS samples emulsified in HBSS buffer after incubation on Caco2-cells at 37 °C for 3 h, D. Cellular uptake is represented as relative mean fluorescent
intensity (RMFI), E. Permeation of CB across Caco-2 cells at indicated time points during treatment with 0.2 % (m/v) SEDDS samples at 37 °C, F. Permeation of
cascade blue in indicated formulations across Caco-2 monolayer, Data are shown as means &+ SD (n > 3). Significant differences are indicated as * p < 0.05; ** p <

0.01; *** p < 0.001.

benefit from the aqueous cores of wRMs, but their lower stability may
limit practical use in moisture-sensitive formulations. dRMs, on the
other hand, demonstrate superior structural integrity and are especially
suitable for lipophilic peptide complexes or drugs prone to hydrolysis.
Additionally, factors like release kinetics, cytotoxicity thresholds, and
manufacturing scalability should guide the formulation strategy. Sup-
plementary Material Table S5 provides a practical selection matrix to
guide formulation scientists in making such decisions.

3.5. Invitro and in vivo HRP experiments

The activity of HRP solubilized in reverse micelles was studied using
OPD as the electron donor. HRP catalyzes the oxidation of OPD in the
presence of H202, forming the chromogenic product 2,3-diaminophena-
zine (DAP) as shown in Fig. 7A. This product has a distinct yellow-
orange color and absorbs light in the visible range. The intensity of
the color is directly proportional to the concentration of HyO2 or OPD,
allowing quantification of enzymatic activity. This reaction is commonly
used to measure HRP activity in biochemical and analytical studies. This
reaction is a key step in ELISAs, where HRP serves as a reporter enzyme
for detecting specific antigens or antibodies.

Based on the molecular weight of HRP (44 kDa), the Stokes’ radius
was determined to be 2.7 nm. The theoretical average radius of the inner
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cavity of empty dry reverse micelles was calculated from Eq. (3) as 0.7
nm and 5.6 nm for wet reverse micelles. However, these reverse micelles
are known to grow as they swell when loaded with molecules such as
proteins. In a study, the radius before and after loading a-chymotrypsin
into the reverse micelles formed with AOT and having different wy
values was calculated. It was observed that when w( was 4, the radius of
the reverse micelle was 6.55 nm before loading o-chymotrypsin and
increased to 24.71 nm after loading [20]. Protein-loaded reverse mi-
celles were generally observed to be larger in size compared to empty
micelles, particularly at low wq values [43]. Maximum payload of the
reverse micelles with HRP was determined by HPLC, and wRMs had a
higher loading of 0.21 mg/g while dRMs had a loading of 0.01 mg/g
(Fig. 7B). For both enzyme activity and pharmacokinetic evaluations,
dRMs and wRMs were adjusted to an equivalent dose of HRP, allowing a
fair comparison of delivery efficiency and stability without bias due to
loading differences. This ensured that any observed differences were
attributed to the formulation properties rather than variations in HRP
payload. Since wet reverse micelles are larger than the protein, they
provide sufficient free water to hydrate the enzyme. In many cases,
enzyme activity in reverse micelles depends on water content, and
maximum activity occurs when the enzyme size closely matches the
available water pool [21]. Although wet reverse micelles have a higher
payload capacity, the increased water content within their cores causes
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Fig. 7. Investigation of HRP activity in SEDDS formulations loaded with RMs, A. The mechanism of enzyme reaction for the measurement of in vitro HRP activity, B.
The payload amount of HRP encapsulated in reverse micelles as determined by the HPLC, C. HRP enzymatic activity as a change in absorbance per unit of time, D.
HRP blood profile measured using ELISA kit over time after oral administration to rats in solution in water (Oral Control) or encapsulation within SEDDS-dRMs and
SEDDS wRMs, E. Bioavailability rates of HRP in rat blood administered by SEDDS containing reverse micelles. Data with different superscript stars (D) are signif-
icantly different (p < 0.05) according to ordinary two-way ANOVA test of individual variances by Sidak’s multiple comparison test between SEDDS-dRMs and SEDDS-
wRMs, Significant differences are indicated as * p < 0.05; ** p < 0.01; *** p < 0.001, ns: not significant.

dilution of hydrogen peroxide in the local microenvironment sur-
rounding HRP. This reduction in substrate availability diminishes
enzymatic activity, as demonstrated in Fig. 7C. Therefore, despite the
higher loading capacity of wRMs, greater encapsulation does not
necessarily lead to higher enzymatic performance. Conversely, dry
reverse micelles lack a well-defined water pool or have a severely
limited one, resulting in a more constrained and hydrophobic micro-
environment. This environment enhances enzyme-substrate interactions
by increasing local substrate concentration around the enzyme, thus
optimizing enzymatic activity. Additionally, the reduced water content
can help maintain the enzyme in a more catalytically active conforma-
tion. This confinement improves enzyme-substrate interactions, pre-
serves enzyme structure, and maintains HRP in a catalytically favorable
conformation. As a result, HRP encapsulated in dRMs retained higher
enzymatic activity compared to wRMs. This highlights the importance of
microenvironmental conditions over payload quantity in determining
enzyme function in reverse micellar systems.

This is, to our knowledge, the first study to compare dRMs and wRMs
under standardized payload conditions (e.g., HRP-adjusted doses),
enabling a fair comparison of in vivo absorption and enzymatic behavior.
The pharmacokinetic parameters derived from the plasma HRP
concentration-time profiles further support the in vitro enzyme activity
findings (Fig. 7D). The peak plasma concentration and the area under
the curve were both higher for the SEDDS-dRMs compared to the
SEDDS-wRMs formulation.

The oral administration of SEDDS containing horseradish

556

peroxidase-loaded reverse micelles demonstrated a significant effect on
HRP bioavailability in rats. The bioavailability of HRP was quantified
after oral administration of the formulations, and the results are sum-
marized in Fig. 7E. SEDDS containing HRP-loaded dry reverse micelles
exhibited a higher relative bioavailability, reaching 11.2 %. In contrast,
the bioavailability of SEDDS containing HRP-loaded wet reverse mi-
celles was lower, reaching 7.9 %. The results indicate a statistically
significant yet modest difference in bioavailability between the two
formulations. The improved performance of the dry reverse micelle
formulation may be attributed to its increased stability and better
encapsulation efficiency during the preparation process, as well as its
ability to facilitate better protection of HRP from enzymatic degradation
in the gastrointestinal environment. Conversely, the wet reverse micelle
formulation, while effective in encapsulating HRP, may have been less
efficient in protecting the enzyme under physiological conditions,
leading to reduced bioavailability. These findings suggest that the dry
reverse micelle-based SEDDS formulation could be a promising strategy
for the oral delivery of HRP or similar therapeutic proteins, particularly
where incremental increases in bioavailability are crucial (e.g., for drugs
with narrow therapeutic indices). These results align with previous
studies on lipid-based formulations, where even minor improvements in
bioavailability have been clinically significant for specific drug classes
[44]. In a study, the in vivo blood exenatide bioavailability of RM/SEDDS
was shown to be 11 % [45]. Although the 3.3 % higher bioavailability of
dRMs over wRMs was statistically significant (p < 0.05), the clinical
relevance of this difference may depend on additional factors such as
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drug potency, therapeutic index, and patient variability. The trans-
lational impact of this difference warrants further investigation in dis-
ease models to assess its therapeutic relevance.

While this study demonstrates promising results for both dRMs and
wRMs in enhancing the oral delivery of small molecules, several limi-
tations should be acknowledged. First, the scalability of reverse micelle-
based SEDDS remains a technical challenge, particularly for dRMs,
which require precise control over surfactant ratios and phase behavior
at low water content. Industrial-scale emulsification processes might
require reformulation or process optimization to ensure consistency and
reproducibility. Second, in vivo toxicity remains a concern, especially at
higher emulsifier concentrations. Although cytotoxicity and hemolysis
studies were performed in vitro, comprehensive long-term safety,
immunogenicity, and biocompatibility evaluations in relevant animal
models are crucial before clinical application. Third, while dRMs
demonstrated superior enzymatic activity and modestly improved
bioavailability compared to wRMs, their clinical useability will ulti-
mately depend on drug-specific factors such as solubility, dosing fre-
quency, and disease context. Moreover, in complex physiological
environments, reverse micelle-based systems are likely to encounter
additional challenges, such as enzymatic degradation in the gastroin-
testinal tract, mucus entrapment, and pH-dependent destabilization.
These challenges may impair micelle integrity and drug release profiles,
potentially limiting therapeutic effectiveness. Therefore, future research
should also focus on optimizing the surface properties of reverse mi-
celles, improving mucus penetration, and increasing enzyme resistance.
Additional formulation efforts, especially those focusing on patient-
centered factors (e.g., taste-masking, capsule compatibility, excipient
safety profiles), will be crucial for advancing these platforms toward
clinical application.

4. Conclusions

In this study, we developed SEDDS formulations containing dry and
wet reverse micelles with similar sizes, polydispersity indices, zeta po-
tentials, and 24-hour stability, allowing for a fair comparison of their
nanocarrier properties. Due to their ability to achieve higher logD
values, improved encapsulation efficiency, and enhanced oral
bioavailability of a model protein, dry reverse micelles are preferred
over wet reverse micelles in SEDDS formulations. Generally, wRMs
outperformed dRMs only in permeation studies. In wRMs, the dissolu-
tion of dye in the oily phase led to artificially higher apparent perme-
ability, because dye molecules could permeate the membrane
independently of micelle-mediated transport. Notably, SEDDS contain-
ing HRP-loaded dry reverse micelles achieved an oral bioavailability of
11.2 %, representing a significant 1.4-fold improvement compared to
the SEDDS containing HRP-loaded wet reverse micelles. These findings
suggest that dry reverse micelle-loaded SEDDS have significant potential
for clinical use, providing a promising approach to enhance the oral
bioavailability of drugs. Further research on the effects of different
surfactants, oily phases, and the encapsulation methods on cellular up-
take, permeability, and bioavailability is essential to improve dry
reverse micelles for oral drug delivery. Such studies will be crucial in
optimizing dry reverse micelles for oral drug delivery and broadening
their use with a wider range of therapeutic agents.
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