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Abstract

This study evaluates the in vivo mucoadhesive properties of thiolated cyclodextrins (CDs) with varying S-protection using
polyethylene glycol (PEG) of different chain lengths. Free thiol groups of thiolated -CDs (CD-SH) were S-protected with
1 kDa and 2 kDa PEG bearing a terminal thiol group, leading to third-generation of thiolated CDs (CD-SS-PEG). The
structure of these thiolated CDs was confirmed and characterized by FT-IR, 1 H NMR, and colorimetric assays. Thiolated
and S-protected CDs were evaluated regarding viscosity, cellular uptake and, in vitro and in vivo mucoadhesion. The
viscosity of CD-SH, CD-SS-PEG 1 kDa, and CD-SS-PEG 2 kDa mixtures with mucus increased 9-, 7-, and 5.5-fold,
respectively, compared to unmodified CD within 3 h. Cellular uptake on Caco-2 cells was 1.75 times higher for highly
thiolated CDs than for unmodified CD. In vitro residence time on porcine intestine was prolonged 7-, 8.4-, and 7.9-fold
for CD-SH, CD-SS-PEG 1 kDa, and CD-SS-PEG 2 kDa, respectively. In vivo results indicated CD-SS-PEG 1 kDa had
the highest potential. Our comprehensive in vitro, ex vivo, and in vivo ffindings demonstrate that CD-SS-PEG 1 kDa is
a highly promising candidate for mucoadhesive drug delivery systems.
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Introduction CDs allow for the incorporation of lipophilic drugs, result-

ing in enhanced aqueous solubility, improved chemical sta-

Cyclodextrins (CDs) and their derivatives serve as effec-
tive excipients with the potential to enhance the bioavail-
ability of a wide array of active pharmaceutical ingredients
(APIs) [1]. Due to their ability to enhance drug solubility,
CDs are used in a variety of pharmaceutical products [2].
Because of their relatively less hydrophilic central cavity,
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bility, and masking undesirable tastes or odors associated
with the APIs [3]. Because of their benefits in drug deliv-
ery, several cyclodextrins (CDs) and their derivatives have
been officially recognized as pharmaceutical excipients.
These include a-CD, B-CD, y-CD, hydroxypropyl B-CD
(HP-B-CD), hydroxypropyl y-CD (HP-y-CD), randomly
methylated f-CD (RM-B-CD), and sulfobutylated B-CD
(SB-B-CD) [2]. Nevertheless, their limited mucoadhesive
characteristics constrain their suitability for administration
through this pathway, given the relatively brief duration
of contact with mucosal membranes [4]. To overcome this
shortcoming, mucoadhesive thiolated CDs were introduced
[5]. Evidence for their potential has been provided by numer-
ous studies in recent years [4, 6-9]. These carriers can form
disulfide bonds with cysteine-rich subdomains of mucus
glycoproteins, resulting in robust mucoadhesive properties
[10]. As the crucial factor for mucoadhesion is the degree
of thiolation, the more hydroxyl groups are substituted by
thiol groups, the stronger the mucoadhesion [11]. The main
limitation of thiolated CDs is that the free thiol groups are
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prone to oxidation, making them susceptible to oxidation to
disulfide bonds, decreasing the number of free thiol groups
[12]. Furthermore, the thiol groups of these CDs read-
ily interact with cysteines within the outer, loosely bound
mucus gel layer, which is rapidly eliminated by the mucus
turnover process. This underscores the clear requirement for
enhanced interactions of thiolated CDs. Second and third
generations of thiolated CDs, named as S-protected ones,
received more interest recently [11, 13]. Free thiol groups
can be partially and reversibly deactivated using various
S-protecting agents. Depending on the reactivity of these
agents, 2nd and 3rd generation thiomers can be synthe-
sized. The second generation is produced by highly reactive
sulthydryl ligands, for example, 2-mercaptonicotinic acid
(MNA). In contrast, in case of the 3rd generation, sulthy-
dryl ligands with lower reactive, such as cysteine or gluta-
thione, are used for S-protection [14]. Because of their low
reactivity 3rd generation thiolated CDs can freely diffuse
into deeper mucus regions as they do not immediately form
new disulfide bonds with mucus glycoproteins [11], result-
ing in higher mucoadhesion [15]. To date, third-generation
thiolated CDs have been subjected to in vitro assessments
of their mucoadhesive properties, with no corresponding in
vivo evaluations.

Hence, the objective of this study was to synthesize
first and third-generation thiolated CDs featuring differ-
ent degrees of thiolation (low and high), as well as distinct
densities and lengths of S-protecting PEG chains. This
synthesis aimed to comprehensively compare their muco-
adhesive characteristics through both in vitro and in vivo
assessments. Unprotected thiolated B-CD (1st generation)
was synthesized by substituting hydroxyl groups with thiol
moieties on the glucose subunits via direct conversion with
phosphorous pentasulfide for high thiolations. In the case of
third generation thiolated CDs, thiol-terminated PEG chains
of 1 and 2 kDa were employed to provide S-protection for
the thiolated CDs. We evaluated how varying degrees of thi-
olation and distinct types of S-protection affect in vitro cell
viability. Furthermore, the assessment involved membrane
toxicity, cellular uptake, and mucoadhesion. Conclusively,
the in vivo mucoadhesive characteristics of thiolated cyclo-
dextrins loaded with the model drug Coumarin 6 (C,z) were
assessed using a rat model.

Experimental
Materials
Beta CD (B-CD, catalogue code: CY-2001; a-1,4 glyco-

sidic bond connected cyclic anhydroglucose; fine chemi-
cal grade; purity>95%; molecular weight: 1135.0 g/mol)
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and thiolated B-CD (catalogue code: CY-2224; heptakis
(6-deoxy-6-thio)-beta-cyclodextrin; purity>97%; molecu-
lar weight: 1247.4 g/mol) were obtained from CycloLab
Ltd. 3-(2-Pyridyldithio) propionic acid methoxy polyeth-
ylene glycol (mPEG-OPSS) with PEG chains of 1 kDa
and 2 kDa were sourced from Abbexa. Chemicals such
as thioureca (CS(NH2)2, >99%), 2-mercaptonicotinic
acid (2-MNA, >98%), and 5,5'-dithiobis(2-nitrobenzoic
acid) (Ellman’s reagent, >98%) were supplied by Sigma-
Aldrich, Vienna, Austria. Additional materials from Sigma-
Aldrich included Spectra/PorO dialysis membranes with
molecular weight cut-offs (MWCO) of 1000 and 3500 Da,
Hanks’ balanced salt solution (HBSS), resazurin sodium
salt (7-hydroxy-3 H-phenoxazin-3-one 10-oxide, dye con-
tent>75%), cysteine (>98%), sodium borohydride (NaBH4,
>99%), dimethyl sulfoxide-d6 (DMSO-d6, >99.9%), Cou-
marin 6 (C6), minimum essential eagle medium (MEM),
sodium chloride (NaCl), methanol (>95-99%), phosphorus
pentasulfide (P4S10, 99%), tetramethylene sulfone (sul-
folane, 99%), and Triton-X 100. The cell culture medium
was prepared in line with published protocols. Fetal bovine
serum (FBS) and 100 mM phosphate-buffered saline (PBS)
at pH 6.8 were obtained from Gibco, a part of Invitrogen,
Lofer, Austria. All other reagents used were of analytical
grade and sourced from commercial suppliers.

Synthesis of first-generation of thiolated CD
Synthesis of highly thiolated cyclodextrin (h CD-SH)

Highly thiolated CDs (h CD-SH) were synthesized accord-
ing to a previously described method [2]. In brief, a mixture
of B-CD (0.5 g, 0.44 mmol) and phosphorus pentasulfide
(2.4 g, 5.3 mmol) was prepared in 15 mL of sulfolane at
30 °C. Triethylamine (1 mL, 13.5 mmol) was then intro-
duced into the reaction. The solution was gradually heated
to 130 °C and left stirring overnight. Afterward, the temper-
ature was reduced to 80 °C, followed by the gradual addi-
tion of water. The resulting h CD-SH precipitate formed in
the hot water, was filtered, rinsed with hot water, and dried
to achieve a constant weight. The yield for highly thiolated
cyclodextrins was observed to be 85%. In this research,
heptakis(6-deoxy-6-thio)-B-CD was referred to as low thio-
lated CD (1 CD-SH). Blue illustrations are used to represent
the first generation of thiolated CDs in this study.

Synthesis of third generation of thiolated CD
Synthesis of PEG-protected CDs (CD-SS-PEG 1 kDa)

To develop 3rd generation thiolated CDs (CD-SS-PEG),
the thiolated CDs were reacted with methoxy PEGylated
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3-(2-pyridyldithio) propionic acid (mPEG-OPPSS 1 kDa).
For this purpose, 50 mg of the first-generation thiolated CDs
were dissolved in demineralized water, followed by the addi-
tion of increasing amounts of mPEG-OPPSS. Specifically,
150 mg (0.11 mmol) of mPEG-OPPSS 1 kDa was added
to the low thiolated CD (I CD-SH) solution, and 400 mg
(0.27 mmol) of mPEG-OPPSS 1 kDa was added to the high
thiolated CD (h CD-SH) solution. The reaction mixture was
stirred for 24 h and then dialyzed in the dark for three days
using a Spectra/PorO dialysis membrane (MWCO: 3500
Da). After dialysis, the product was freeze-dried. The purity
of the resulting CD-SS-PEG was confirmed through thin-
layer chromatography, utilizing silica as the stationary phase
and a chloroform/methanol mixture (85/15%) as the mobile
phase. Detection was carried out by exposing the chromato-
graphic plates to iodine vapor. PEGylation provided protec-
tion for the low thiolated CD (1 CD-SS-PEG 1 kDa) and the
high thiolated CD (h CD-SS-PEG 1 kDa). The yield for 1
CD-SS-PEG 1 kDa and h CD-SS-PEG 1 kDa was observed
to be 29.8% and 37%, respectively. Throughout the study,
purple illustrations, including those in the graphical abstract,
were used to represent CD-SS-PEG 1 kDa.

Synthesis of PEG-protected cds (CD-SS-PEG 2 kDa)

To produce 3rd generation thiolated CDs (CD-SS-PEG
2 kDa), the thiolated CDs were reacted with methoxy
PEGylated 3-(2-pyridyldithio) propionic acid (mPEG-
OPPSS). For this synthesis, 50 mg of the first-generation
thiolated CDs were dissolved in demineralized water, and
varying amounts of mPEG-OPPSS were incrementally

added. Specifically, 250 mg (0.11 mmol) of mPEG-OPPSS
2 kDa was added to the low thiolated CD (1 CD-SH) solu-
tion, while 600 mg (0.27 mmol) of mPEG-OPPSS 2 kDa
was added to the high thiolated CD (h CD-SH) solution.
The mixture was stirred for 24 h, followed by a three-day
dialysis in the dark using a Spectra/PorQ dialysis membrane
(MWCO: 3500 Da). The remaining steps of this procedure
were carried out similarly to those described in the “Syn-
thesis of PEG-protected CDs (CD-SS-PEG 1 kDa)” section.
As a result of PEGylation, protection was achieved for both
low thiolated CD (1 CD-SS-PEG 2 kDa) and high thiolated
CD (h CD-SS-PEG 2 kDa). The yield for I CD-SS-PEG
1 kDa and h CD-SS-PEG 1 kDa was observed to be 41%
and 45.3%, respectively. Green illustrations, including those
in the graphical abstract, were used to represent CD-SS-
PEG 2 kDa throughout this study. The chemical reactions
are depicted in Fig. 1.

Characterization of thiolated and S-protected CD by
FTIR spectroscopy and 1 H NMR

Fourier transform infrared (FT-IR) spectra of both thio-
lated and S-protected CDs were acquired using a Bruker
ALPHA FTIR system (Billerica, MA, USA) equipped with
a platinum attenuated total reflection (ATR) module. The
powdered samples were directly placed on the ATR crystal
for analysis. Spectral data were collected over a range of
4000 cm™ to 500 cm™, with a resolution of 4 cm™ and 32
scans per sample. The final FT-IR spectra represented the
average of these 32 scans. For nuclear magnetic resonance
(NMR) measurements, all analyses were conducted using a
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Fig. 1 Synthetic pathways for hCD-SH, hCD-SS-PEG (1 kDa), and
hCD-SS-PEG (2 kDa). The hydroxyl groups of native CD were
directly converted into thiol groups. The formation of hCD-SS-PEG

h CD-SS-PEG 2 kDa
(1 kDa) and hCD-SS-PEG (2 kDa) was achieved through disulfide

bond formation between the thiolated CD and mPEG-OPSS (1 kDa
and 2 kDa, respectively)
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Bruker “Mars” 400 MHz Avance 4 Neo spectrometer (Bil-
lerica, MA, USA) in DMSO-d6. Approximately 5 mg of
each dry sample was dissolved in 0.7 mL of the deuterated
solvent. Chemical shifts were recorded in parts per million
(ppm), with the DMSO-d6 solvent peak serving as the inter-
nal standard at & 2.49 ppm.

Thiol content

The free thiol content on the backbone of thiolated CDs
and S-protected thiolated CDs was assessed using Ellman’s
reagent, following a method previously established by our
research group, which involved a standard curve generated
with varying cysteine concentrations [5]. In brief, a pho-
tometric assay was performed at a wavelength of 450 nm
with Ellman’s reagent (DTNB) to measure the levels of
free thiols and disulfides, both before and after reduction
with NaBH4. Free thiol groups were quantified in a 0.5 M
phosphate buffer at pH 8.0. For disulfide quantification, the
samples were reduced with sodium borohydride in 8.3 mM
Tris buffer at pH 7.6, using a final NaBH4 concentration of
2.8% (w/v).

Safety screening
Resazurin assay

The cytotoxicity of CDs at a concentration of 0.25% (w/v)
was assessed on four distinct cell lines: Caco- 2 (human
caucasian adenocarcinoma cell line, ECACC: 86010202),
HEK (human embryonic kidney cells, ECACC: 85120602),
HT-29 (human colorectal adenocarcinoma, ECACC:
12040401), and HeLa (human cervical carcinoma, ECACC:
93021013). A total of 2.5 x 10* cells per well were plated in
a 24-well plate and maintained for 10 days in Earle’s bal-
anced salts, supplemented with 2.0 mM L-glutamine, 10%
FBS, and 1% penicillin-streptomycin, under a 5% CO:
atmosphere at 37 °C. The culture medium was refreshed
every other day. Cells exposed to 1% (w/v) Triton X-100
served as the positive control, whereas a buffer composed of
25 mM HEPES and 268 mM glucose at pH 7.4 was used as
the negative control. Test samples were formulated in glu-
cose HEPES buffer at a final concentration of 0.25% (w/v).
Prior to testing, cells were washed twice with 100 pL of
phosphate-buffered saline (PBS), followed by the addition
of 500 puL of test solutions to the wells. The plates were then
incubated at 37 °C in a 5% CO- environment for 24 h. After
incubation, the test solutions were removed, and cells were
washed twice with PBS. Subsequently, 500 pL of a 2.2 mM
resazurin solution was added to each well, and cells were
incubated for an additional 3 h under the same conditions.
Fluorescence intensity was determined by collecting 100 uL
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aliquots from each well and measuring with a microplate
reader at excitation and emission wavelengths of 540 nm
and 590 nm, respectively. Cell viability was then calculated
using the following equation:

intensity of sample

— intensity of negative control
intensity of positive control

— intensity of negative control

Cellviability (%) = «10

In vitro hemocompatibility assay

The impact of various types of CDs on the integrity of
human erythrocyte membranes was assessed using an in
vitro hemolysis assay with human erythrocyte concentrate,
generously donated by Tirol Kliniken GmbH, Innsbruck,
Austria [16]. For the experiments, erythrocyte concentrate
was used without undergoing filtration or centrifugation but
was instead diluted with a buffer before testing. A 1:100
(v/v) dilution was prepared in glucose-HEPES buffer (268
mM glucose and 25 mM HEPES, pH 7.4). To verify the
structural integrity of red blood cells (RBCs) before analy-
sis, the diluted suspension was centrifuged at 8000 rpm for
10 min using a MiniSpin Centrifuge (Eppendorf, Hamburg,
Germany). Test solutions containing 0.25% (w/v) of both
thiolated and unmodified CDs, formulated in the same
HEPES buffer, were mixed with the RBC suspension in
equal volumes. The samples were incubated at 37 °C with
continuous shaking at 200 rpm in an orbital shaker (Orbital
Shaker — Incubator ES-80, Grant Instruments Ltd., Cam-
bridge, England) for various durations (1, 4, 8, and 24 h).
After incubation, another centrifugation step was performed
at 8000 rpm for 10 min using the same centrifuge, and the
supernatants were examined at 415 nm using a UV-spec-
trophotometer (Tecan Infinite M200; Grodig, Austria). A
glucose-HEPES buffer served as the negative control, while
the positive control consisted of a 1% (w/v) Triton X-100
solution in the same buffer. The percentage of hemolysis
was then calculated using the following equation:

Absorbance of sample

— Absorbance of negative control
Absorbance of positive control

— Absorbance of negative control

Hemolysis% = *100

Purification of mucus

Porcine small intestines were obtained from a local slaugh-
terhouse. A 10 to 20 cm segment was collected from freshly
slaughtered pigs and then longitudinally dissected. Any
parts containing chyme were removed and discarded. The
mucus was carefully scraped off the mucosa using the tip of
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a finger. The collected raw mucus was placed into a falcon
tube and diluted with a 0.1 M aqueous NaCl solution at a
ratio of 2 g of mucus to 10 mL of NaCl. This mixture was
gently stirred on ice for one hour, followed by centrifuga-
tion at 10,500 rpm for another hour. The supernatant, along
with any blood and granular yellowish-dark material adher-
ing to the sides and bottom of the tube, was discarded. The
remaining mucus was resuspended in a 0.1 M NacCl solu-
tion and gently stirred on ice for one hour, using half the
volume of NaCl as in the initial step, then subjected to the
same centrifugation process. After the final centrifugation,
the supernatant was removed, and the purified mucus was
homogenized for further use.

Rheological studies

A cone-plate rheometer (HAAKE Mars Rheometer, 40/60,
Thermo Electron GmbH, Karlsruhe, Germany, Rotor: C35/1,
D =35 mm) was used to perform rheological measurements,
maintaining the temperature at 37 °C with a 0.052 mm gap
between the plate and cone. Samples of unmodified, thio-
lated, and PEG-modified CDs were prepared in 0.1 M phos-
phate buffer (pH 6.8) and combined with purified mucus at
a 1:5 mass ratio. The mixtures were incubated at 37 °C for
3 h. To determine the linear viscoelastic region, oscillatory
strain sweep tests were conducted at 37 °C with a 1 Hz fre-
quency and a strain range of 0.01-50 Pa. A sample contain-
ing only unmodified CD and mucus was used as a reference.
Before measurements, samples were placed on the lower
plate and allowed to stabilize for 60 s. Rheological charac-
teristics were then analyzed at a shear stress of 0.1 Pa across
a frequency spectrum of 0.1-20 Hz. The dynamic viscos-
ity as a function of frequency was recorded using HAAKE
Rheo Win 3 software.

Labeling with C6

To assess mucoadhesive properties, unmodified and thio-
lated CDs were fluorescently labeled using host-guest com-
plexation with C6. Specifically, 50 mg of both modified and
unmodified CDs were hydrated in 50 mL of demineralized
water, with the pH of the solutions adjusted to 6.5 using 100
mM HCIL. Subsequently, 1 mL of a 0.02% (m/v) C6 solution
in 96% ethanol was added to each CD solution and stirred
at room temperature. After a 24-hour incubation period,
the suspensions were filtered to remove any unbound dye,
and the resulting filtrates were freeze-dried. The resulting
complexes were then subjected to fluorescence analysis to
evaluate their properties.

In vitro evaluation of mucoadhesive properties

To evaluate mucoadhesive properties, porcine intestinal
mucosa was freshly collected from a local slaughterhouse.
Sections of the small intestine (4 X2 cm) were prepared and
attached to modified 50 mL Falcon tubes, positioned at an
80° angle inside an incubation chamber set at 37 °C with
100% humidity. The tissue surfaces were rinsed continu-
ously for 10 min with 0.1 M phosphate buffer (pH 6.8) at
a flow rate of 0.5 mL/min. Afterward, 5 mg of C6-labeled
CD samples were applied separately to each mucosal sec-
tion. Following a 20-minute incubation, buffer flow was
resumed. Samples (5 mL) of the buffer that had passed over
the mucosal tissue were collected at various time points (10,
20, 30, 40, 50, and 60 min). For reference, control samples
containing 100% CD were prepared by dissolving 5 mg of
CD in 5 mL of collected buffer after washing the mucus.
Each sample was then combined with 1 mL of ethanol,
incubated at 37 °C with shaking for one hour in the dark,
and centrifuged at 13,400 rpm for 10 min at room tempera-
ture. A 100 uL aliquot from each supernatant was analyzed
using a microplate reader (M200 spectrometer; Tecan Infi-
nite, Grodig, Austria) to measure fluorescence intensity,
with excitation and emission wavelengths set at 445 nm and
510 nm, respectively. All tests were conducted in triplicate.

Cellular uptake studies

Cellular uptake was examined using Caco2 and HEK cell
lines. Cells were seeded at a density of 5% 10* cells/mL and
cultured for 11 days. After removing the MEM, the cells
were incubated with CDs at a concentration of 0.05% (v/v).
The experiment was conducted at both 37 °C and 4 °C. Fol-
lowing the incubation, the formulations were removed by
washing the cells with ice-cold PBS, and 150 pL of trypsin
was added for 5 min. To prevent trypsin-induced cellular
damage, 500 pL of MEM was added to reduce its activ-
ity. The cells were then singularized by pipetting for 30 s.
Cells from two wells were pooled into tubes to achieve
adequate cell density, centrifuged at 800 rpm for 4 min, and
washed twice with PBS to thoroughly remove any residual
trypsin and MEM. Afterward, the cells were resuspended in
PBS and passed through a cell strainer with a 70 um pore
size. The fluorescence signal of more than 10,000 cells was
measured to determine the uptake of C6-labeled CDs, with
consistent gating settings applied. Data were analyzed using
FlowJo™ v10.8 software.
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In vivo studies
Animal research information

The study involving thiolated cyclodextrins was conducted
on 16 male Sprague—Dawley rats, sourced from Janvier
Labs (Saint Berthevin, France), with body weights ranging
from 250 to 350 g. The authors have adhered to the ARRIVE
guidelines. All experiments were performed in accordance
with the Regulations of the Experimental Animal Adminis-
tration, followed the Principles of Laboratory Animal Care
and received approval from the Animal Ethical Committee
in Vienna, Austria (Reference code: 2021 —0.721.001). The
in-vivo studies followed the EU Directive 2010/63 for the
protection of animals used for scientific purposes guide-
lines. The rats were housed in a controlled-environment
facility, maintaining stable temperature and humidity lev-
els, with unlimited access to food and water. Rats were
chosen as the model animal for this study due to their well-
established use in biomedical research, offering a robust and
reproducible system for studying physiological and pharma-
cological processes relevant to humans. Their genetic, bio-
logical, and behavioral characteristics closely mimic those
of humans, making them suitable for investigating complex
biological mechanisms. Additionally, their size facilitates
ease of handling and sample collection, while their rela-
tively short reproductive and life cycles allow for efficient
observation of study outcomes. The extensive background
knowledge available for Sprague—Dawley rats further sup-
ports their use, enabling comparison with existing literature
and ensuring reliability in interpreting results. To minimize
suffering, all procedures involving rats were carried out in
strict adherence to ethical guidelines and under the supervi-
sion of trained personnel. At the end of the study, the rats
were humanely sacrificed using CO: inhalation, a method
recognized as a humane and effective means of euthanasia
by the American Veterinary Medical Association (AVMA)
Guidelines. This approach ensured minimal pain and dis-
tress to the animals while maintaining the integrity of the
experimental outcomes.

Other statement

For the in vivo investigations, test samples were formu-
lated at a concentration of 25 mg/mL. This concentra-
tion was established through preliminary tests. The dye’s
amount needed to enable quantification was considered

while ensuring it wouldn’t excessively obstruct the feed-
ing needle. The rat subjects were stratified into four distinct
cohorts, with each cohort encompassing four individuals.
The initial group underwent oral administration of 500 pL
of a solution containing 2.5% (m/V) unmodified CDs. In
contrast, the second group was administered 500 puL of a
solution comprising 2.5% (m/V) of a complex involving h
CD-SH. The third group received h CD- SS-PEG 1 kDa,
and the fourth group was subjected to h CD-SS-PEG 2 kDa.
The animals underwent a 12-hour fasting period before the
oral administration and were allowed unrestricted access
to water throughout the duration of the experiment. At the
4-hour and 8-hour, four rats from each cohort were eutha-
nized. Subsequently, the stomach and intestine were excised
and subjected to extraction using 96% ethanol. The con-
centration of the solubilized dye was determined through
fluorescence measurements, employing a calibration curve
based on Cg dissolved in ethanol.

Statistical data analysis

Statistical analyses were performed using the Student’s
t-test, applying a confidence level of p<0.05, utilizing
GraphPad Prism (GraphPad Prism®, version 9, GraphPad
Software, Inc.). Differences between multiple groups were
assessed using one-way analysis of variance (ANOVA) with
a 95% confidence interval (p <0.05). For post-hoc analysis,
Bonferroni’s test was employed to evaluate multiple com-
parisons. The data are presented as means+SD, based on
experiments conducted in triplicate.

Results
Synthesis and characterization of H CD-SH

Two distinct generations of thiolated CDs were synthesized,
each with varying degrees of thiolation. The quantities of
immobilized thiol groups and disulfide bonds produced dur-
ing the reactions were quantified using Ellman’s assay and
disulfide testing, with the results presented in Table 1. The
successful formation of thiol groups on the CDs was veri-
fied through FT-IR and '"H NMR spectroscopy. In the FT-IR
spectra, a broad and weak peak between 2550 and 2700 cm™
(Figure S1, Supporting Information) corresponds to the
R-S-H stretching vibrations, which consistently appeared
following the thiolation process. The 'H NMR spectrum of

Table 1 Chemical characterization of S-protected thiolated cds. Indicated values are means+standard deviation of at least three experiments

ICD-SH hCD-SH 1CD-SS-PEG1kDa 1CD-SS-PEG2kDa hCD-SS-PEG1kDa h CD-SS-PEG 2 kDa
Free thiols [umol/g] 3241+98 6168+42 12+5 244417 69+11 127+7
Disulfides 14611 587+26 2696+29 2188+34 4172+£160 3690+534
[umol/g]
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the thiolated product (Figure S2 in Supporting Information),
recorded in DMSO-d6, indicated a decrease in the signals of
hydroxyl groups at positions 2 and 3 (5.90 ppm) and posi-
tion 6 (4.20 ppm). Additionally, new peaks emerged at 2.05
and 1.15 ppm, corresponding to the sulthydryl groups.

Synthesis and characterization of S-protected
thiolated CD (CD-SS-PEG)

Thiolated CDs were S-protected using mPEG-OPSS with
molecular weights of 1 kDa and 2 kDa. The successful
S-protection was verified by FT-IR and 'H NMR spectros-
copy. The absence of the R-S-H stretching vibration in the
IR spectra suggests that a thiol-disulfide exchange occurred.
Additionally, the significant reduction in the intensity of
thiol peaks in the '"H NMR spectra, along with the appear-
ance of PEG-related peaks at 3.5 ppm, further confirms the
successful conjugation of PEG to the CDs.

Fig. 2 Viability of Caco-2 cells
(A), HEK293 (B), Hela (C),

and HT-29 (D) after treatment
with unmodified and thiolated
CDs at a concentration of 0.25%
(w/v) after 4 h of incubation.
Indicated values are means+ stan-
dard deviation of at least three
experiments
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Biological studies
Cytotoxicity

Cytotoxicity is one of the essential features of a poten-
tial new excipient. The results of cytotoxicity studies of
unmodified CD, CD-SH, CD-SS-PEG 1 kDa, and CD-
SS-PEG 2 kDa on Caco-2, HEK 293, Hella, and HT-29
cells are shown in Fig. 2. Native CD and all thiolated, as
well as S-protected thiolated CDs, did not show any sig-
nificant cytotoxic effect during 4 h of incubation (p<0.05)
at applied concentration (viability higher than 80% for all
the cell lines). This pattern was similar for the HT-29 cell
line as well. In contrast, in case of the HEK 293 cell line,
the viability of CD-SH for both low and high thiolated ones
decreased below 80%. Interestingly, after S-protection, the
viability of both | CD-SH and h CD-SH was increased. This

* %
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Toxicity (%)
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improvement in toxicity was more obvious by S-protection
with 1 kDa PEG.

Hemolysis assay

The cell membrane of red blood cells (RBCs) is highly sen-
sitive to environmental impacts [17]. A hemolysis assay is a
valuable tool for assessing the potential membrane toxicity
of CDs by measuring the degree of red blood cell (RBC)
membrane disruption and subsequent hemoglobin release
into the surrounding medium. This release can be quanti-
fied to determine toxicity. In this study, native, thiolated,
and S-protected CDs were tested for their ability to induce
hemoglobin release from fresh human erythrocytes using a
hemolytic assay. According to ASTM (American Society
for Testing and Materials) standards (E2524-08), a hemo-
lysis rate above 5% is indicative of toxicity to RBCs. As
illustrated in Fig. 3, neither unmodified nor thiolated CDs
resulted in significant hemolysis after 1 h at a concentration
of 0.25% (w/v). This finding aligns with a recent study by
Veider et al., which also demonstrated minimal hemolysis
with thiolated CDs, even at a higher concentration of 0.3%
[9]. A higher degree of thiolation in CDs generally led to an
increased percentage of hemolysis. For CDs with high lev-
els of thiolation, hemolysis rose to 10% after 4 h. However,
S-protection with PEG significantly reduced hemolysis to
below 10%. Interestingly, for PEG-protected CDs, partic-
ularly 1 CD-SS-PEG, hemolysis remained under 5% even
after 8 h, staying within the acceptable safety threshold.
These findings suggest that the enhanced membrane inter-
actions observed with CD-SH, compared to unmodified CD,
may improve the potential of B-CD for endosomal escape
due to thiolation.

Unmodified CD

| CD-SH

h CD-SH

| CD-SS-PEG 1 kDa
h CD-SS-PEG 1 kDa
| CD-SS-PEG 2 kDa
h CD-SS-PEG 2 kDa

30

A B c D

Fig. 3 Hemolytic effect of 0.25% unmodified, thiolated, and S-pro-
tected thiolated CD in physiological glucose-HEPES buffer (268 mM
glucose and 25mM HEPES pH 7.4) at time points of 1 h, 4 h, 8 h, and
24 h. Indicated values are means=+standard deviation of at least three
experiments
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Rheological measurement
Viscosity measurement

Thiolated CDs form disulfide bonds with cysteine-rich gly-
coproteins in mucus, leading to the creation of new disulfide
cross-links that increase the viscosity of the mixture. This
in-situ gelling property of thiolated CDs, particularly in the
presence of proteins with thiol groups, has been confirmed
by recent studies. Rheological analyses were performed on
mixtures of unmodified, thiolated, and S-protected thiolated
CDs with mucus at 37 °C. The findings are summarized in
Fig. 4. The viscosity of the unmodified CD/mucus mixture
remained relatively stable over 3 h, serving as the control.
In contrast, H CD-SH, H CD-SS-PEG 1 K, and PEG H CD-
SS-PEG 2 K increased viscosity 5.5-, 7-, and 9-fold within
this time period, respectively. The CD-SS-PEG indicated a
higher increase than the unmodified and CD-SH. These out-
comes may result from the enhanced interactions between
PEG-modified CDs of different chain lengths and the
mucus, involving both covalent bonding and non-covalent
forces within the polymer-mucus mixture. Furthermore, the
delayed cleavage of the less reactive PEG ligand could con-
tribute to this effect by allowing greater interpenetration and
increased interaction between the polymer and mucus.

In vitro mucoadhesion studies

Thiolated CDs are believed to significantly enhance muco-
adhesion, thereby extending their retention on mucosal
surfaces. This prolonged residence time is particularly
advantageous for drugs with limited absorption in the small
intestine, as it can enhance systemic uptake. As illustrated in
Fig. 5, after one hour, over 70% of h CD-SH, 85% of h CD-
SS-PEG 1 kDa, and 80% of h CD-SS-PEG 2 kDa remained
adhered to the intestinal mucosa, whereas unmodified CD
was nearly completely washed away. This translates to a 7-,
8.4-, and 7.9-fold increase in mucoadhesion for h CD-SH, h
CD-SS-PEG 1 kDa, and h CD-SS-PEG 2 kDa, respectively,
compared to unmodified CD. In general, a higher degree of
thiolation correlates with stronger mucoadhesive proper-
ties, a trend that was consistent across all thiolated CDs,
regardless of the protective group used. Another factor con-
tributing to the initially higher retention of 3rd generation
thiolated CDs on the mucosa might be the lower reactivity
of the ligand, which results in reduced binding to the loose
mucins that are quickly washed away from the mucus layer.
This allows more ligands to remain available for interaction
with thiols in the deeper layers of mucus. These findings
align with previous research from our group, suggesting that
less reactive ligands may enhance interactions with mucosal
tissues [18, 19].
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h CD-SS-PEG 2 kDa
| CD-SS-PEG 2 kDa
h CD-SS-PEG 1 kDa
| CD-SS-PEG 1 kDa
h CD-SH

| CD-SH
Unmodified CD

| |
0 20

| | | |
40 60 80 100
Viscosity

Fig.4 Dynamic viscosity of 0.5% (m/v) unmodified, thiolated, and S-protected thiolated CD incubated with mucus in a weight ratio of 1:5 at 37 °C
for 3 h. Samples were prepared in 0.1 M phosphate buffer pH 6.8. Indicated values are means+standard deviation of at least three experiments

Cellular uptake studies

To evaluate the cellular uptake of unmodified versus thio-
lated CDs, complexes were formed with the fluorescent
hydrophobic dye C6. The results of the RMFI calculation are
presented in Fig. 6. The observed increase in fluorescence
intensity indicated that cells treated with CD-SH showed
significantly higher uptake compared to those treated with
unmodified CD or CD-SS-PEG. To gain deeper insight into
the mechanisms behind the uptake of unmodified and thio-
lated B-CD, we conducted experiments at 4 °C to explore
the potential involvement of an energy-dependent endo-
cytosis pathway. Since most endocytic processes rely on
energy, their activity is inhibited at lower temperatures due
to reduced ATP consumption, effectively blocking active
transport [20]. For the Caco-2 cell line, a significant reduc-
tion in cellular uptake was noted at 4 °C compared to 37 °C.
This decline at lower temperatures suggests that the inter-
nalization of B-CDs occurs through an energy-dependent
endocytosis pathway. Among all tested cell lines, CD-SH
showed the highest uptake even at 4 °C. These findings indi-
cate that thiolation markedly enhances the cellular uptake
of B-CD, confirming that the uptake mechanism involves
energy-dependent endocytosis.

In vivo studies

Building on the strong ex vivo mucoadhesive performance
and minimal toxicity of thiolated CDs, an in vivo study was
conducted to explore the mucoadhesive behavior of thio-
lated B-CD. The distribution patterns of C6-labeled unmod-
ified, thiolated, and S-protected thiolated B-CDs were
examined in Sprague-Dawley rats following oral adminis-
tration, with results depicted in Fig. 7. After 4 h, approxi-
mately 35% of the dye complexed with CD-SS-PEG 1 kDa
was found in the ileum, while 25% remained in the jejunum.
In comparison, the unmodified CD showed only 8.5% reten-
tion in the ileum and 5% in the jejunum. Notably, CD-SS-
PEG 1 kDa displayed a fourfold higher retention in the GI
tract compared to unmodified CD after 4 h, likely due to
its ability to penetrate deeper into the mucus layers, where
the thiol groups are protected. Although the difference in
retention was less pronounced in the duodenum, there was
still a 1.5-fold increase following S-protection with 1 kDa
PEG. After 8 h, the ileum contained 9.3 times more CD-SS-
PEG 1 kDa than the unmodified CD/C6 complex. By this
time, most of the unmodified CD complex had been cleared,
whereas nearly 40% of the CD-SS-PEG 1 kDa/C6 com-
plex remained in the GI tract, primarily in the ileum. These
results highlight the effectiveness of S-protection in extend-
ing GI residence time. This approach could be particularly
beneficial for treating GI diseases locally, as it may reduce
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Fig.5 Percentage of remaining C6 labeled A
CD-SH (A), CD-SS-PEG 1 kDa (B), and

CD-SS-PEG 2 kDa (C) on porcine intesti-
nal mucosa under continuous rinsing with
0.1 M phosphate buffer pH 6.8 at 37° C and
100% relative humidity (e unmodified, m
low, A high degree of thiolation). Indicated
values are means of at least three experi-
ments+standard deviation. Significant
differences are indicated as * % * p<0.001;
* % % % p<0.0001
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Fig. 6 In vitro cellular uptake on A
Caco-2 cells at 37 °C (A), 4 °C

(B), and cellular uptake on Hela

cells at 37 °C (C) and 4 °C (D).

Values are indicated as mean+SD *
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dosing frequency and help maintain a consistent drug con-
centration in the bloodstream. The enhanced in vivo distri-
bution of CD-SS-PEG 1 kDa is likely due to several factors,
including the smaller PEG chains (1 kDa), which may offer
superior conformability and penetration into mucosal layers
compared to larger PEG chains (2 kDa) (Fig. 7).

Discussion

The mucus layer in the gastrointestinal tract plays a key
role in managing interactions within the intestinal lumen,
including those involving orally delivered drugs, microbial
communities, the epithelial and immune systems beneath
it [21]. If systems are designed to be mucoadhesive, one
question arises: How much of a given drug carrier adheres
to and potentially diffuses through mucus as fluid transits
through the GI tract? Medications taken orally offer distinct
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Fig.7 Graphical representation of the distribution of unmodified f-CD
(red columns), h CD-SH (blue columns), h CD-SS-PEG 1 kDa (purple
columns), and h CD-SS-PEG 2 kDa (green columns) in the gastroin-

benefits compared to injectable, suppository, ocular, and
nasal delivery methods, mainly due to their ease of use
and improved patient compliance [22]. Despite extensive
demand and emerging advantages, over 50% of therapeutic
molecules are not available in oral form due to their physi-
cochemical properties [23]. Thiolated CDs and other muco-
adhesive delivery systems help prolong drug residence time
in the GI tract, which can improve absorption and overall
bioavailability [24]. Nevertheless, the task of securing these
mucoadhesive systems in the ever-changing environment of
the GI tract proves to be demanding, primarily due to the
constant regeneration of the mucus layer. To surmount this
challenge, mucoadhesive drug delivery systems must access
and attach to the firm underlying mucus layer. S-protected
thiolated CDs have the capability to merge strong mucoad-
hesive characteristics with the ability to penetrate the mucus
layer [11]. This is achieved through cross-linking with the
resilient mucus, thereby enhancing stability even further.
By combining the benefits of both mucoadhesive and muco-
penetrating systems, this approach effectively prolongs drug
residence in the gastrointestinal tract. As illustrated in Fig. 4,
the viscosity of mucus/CD combinations is impacted by the
extent of thiolation and the specific S-protections employed.
Thiolated CDs establish covalent connections through thiol-
disulfide exchange reactions with the cysteine components
of glycoproteins present in the mucus layer [25]. As the
degree of thiolation increases, the viscosity of the mixture
likewise escalates due to the augmented cross-linking den-
sity, consistent with findings from earlier investigations
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testinal tract of male Sprague-Dawley rats after 4 (A) and 8 (B) hours.
The data are shown as mean+SD (n=4) (***P<0.001, *P>0.01)

[26]. Due to the S-protection, a slight increase in viscosity
was generally detected compared to the thiolated CDs. CD-
SS-PEG 2 kDa, the third generation of thiolated CDs pro-
tected using PEG with a molar mass of 2 kDa, demonstrated
the highest increase in mucus viscosity. This phenomenon
can be attributed to diffusion of PEG S-protected thiolated
CDs into deeper mucus layers. The selection of PEG chain
length holds substantial influence over the characteristics
of the resultant PEGylated nanocarrier, encompassing attri-
butes such as its viscosity. As a result of the extended PEG
chains, enhanced surface coverage occurs on the nanocar-
rier, thereby promoting steric impediment of particles [27].
This effect engenders augmented intermolecular interac-
tions among PEG chains, consequently curtailing the motil-
ity of particles and imparting escalated viscosity. Moreover,
the elevated density of PEG moieties at the nanocarrier
interface can yield amplified steric repercussions and fos-
ter interactions among the PEG constituents, consequently
increasing viscosity.

On the other hand, the third generation of thiolated
CDs displayed a higher mucoadhesive improvement than
CD-SH. The process of PEGylation introduces a stealth-
like effect facilitated by the “brush-like” conformation
of PEG chains [28]. This phenomenon acts as a deterrent
against swift elimination by the mucus layer and the muco-
ciliary clearance mechanism. The stealth effect extends the
duration of stay of the nanocarrier on the mucosal surface,
consequently permitting more efficacious interaction and
adhesion. PEGylation shields thiol groups from untimely
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interactions and reactions [11]. This protective measure
safeguards the potential of thiol groups to establish disulfide
bonds with mucin upon reaching the deeper mucosal layer,
thereby augmenting mucoadhesion. Thiolation furnishes
specific binding sites that facilitate interaction with mucin,
whereas PEGylation imparts heightened flexibility, hydra-
tion, and evasion of rapid clearance. Collectively, these
attributes engender a nanocarrier that adheres more profi-
ciently to the mucosal layer.

Additionally, higher cellular uptake in case of CD-SH
can be attributed to thiol-mediated cellular uptake mecha-
nisms such as endocytosis, fusion, and direct transloca-
tion across the plasma membrane to the cytosol [29]. By
introducing thiol groups, the carrier system improves drug
transport into cells through interactions with surface thiol
residues, ultimately enhancing cellular uptake efficiency
[30]. Thiol groups can interact with specific cell surface pro-
teins, including CLIC1 chloride channels, EGFR, transfer-
rin receptors, protein-disulfide isomerase, and TMEM16F
scramblase, which have been recently explored as poten-
tial targets [31]. Studies suggest that modifying carrier sys-
tems with thiol groups improves their ability to penetrate
cells more effectively than non-thiolated versions, primar-
ily through thiol-disulfide exchange mechanisms [32—-34].
However, the observed phenomenon of diminished cellular
uptake upon introducing PEG, particularly in the context
of heightened PEG chain density (2 kDa), can be ascribed
to many factors that pertain to the interplay between CD-
based nanocarriers and the cellular milieu. The process of
cellular nanoparticle uptake is intricate and subject to a
spectrum of influences, encompassing nanoparticle dimen-
sions, surface characteristics, and engagements with cellular
constituents [35]. PEGylation is recognized for conferring
a “camouflage” effect on nanoparticles by establishing a
hydrophilic exterior layer, thereby mitigating interactions
with cellular proteins and components [36, 37]. This effect
can impede the recognition of nanocarriers by cells, leading
to decreased uptake [38, 39]. The supplementation of PEG,
notably of higher molar mass (2 kDa), has the propensity
to establish a more prominent steric barricade that restricts
direct interchanges between nanocarriers and cell mem-
branes [40]. The heightened surface density of PEG chains
can yield a more robust steric hindrance, thereby impeding
access to prospective cell surface receptors. A plethora of
cellular uptake mechanisms entails receptor-mediated endo-
cytosis, wherein the internalization process is facilitated by
interactions between ligands on the nanocarrier surface and
cell surface receptors [41]. Elevated PEG density might dis-
rupt these interactions, culminating in diminished uptake.
The length of PEG chains can also govern their associations
with cell membranes. Longer PEG chains (2 kDa), in par-
ticular, could curtail the tendency of nanocarriers to engage

with the cell membrane, thereby decelerating or impeding
the uptake process.

Different formulations were tested for in vivo mucoad-
hesion studies, namely unmodified b-CD, highly thiolated
B-CD, highly thiolated S-protected B-CD with PEG 1 kDa,
and PEG 2 kDa. The incorporation of PEG 1 kDa has dem-
onstrated a substantial prolongation in residence time, par-
ticularly in comparison to CD-SH, CD-SS-PEG 2 kDa, and
the unmodified thiolated CD. The results, comparing the
PEGs with different chain lengths, agree with the hypoth-
esis of Huang et al., showing that increasing PEG chain
length can lead to lower mucoadhesive properties [42].
They hypothesized that because higher PEG chains could
form more self-entanglements than lower PEG chains, there
would be less interpenetration of higher PEG chains into the
mucin gel and, thus, less mucoadhesion [43, 44].

Furthermore, this observation can be elucidated by mul-
tiple factors about the molecular attributes and interactions
inherent to the distinct compositions. PEG 1 kDa boasts a
diminished molecular weight, consequently resulting in a
more compact structure relative to PEG 2 kDa. The reduced
dimensions of PEG 1 kDa enable the formation of a denser
and more efficacious hydrophilic layer on the nanocarrier’s
surface. This layer effectively mitigates engagements with
mucins and other mucosal constituents, facilitating an elon-
gated presence on the mucosal interface.

Thiolated CDs intrinsically possess mucoadhesive char-
acteristics attributed to their capacity for disulfide bond
formation with mucus glycoproteins. Combined with PEG
1 kDa, the nanocarriers presumably maintain a delicate
equilibrium between mucoadhesion and steric hindrance.
This equilibrium permits adherence to the mucosal surface
while circumventing excessive interactions that could pre-
cipitate untimely clearance.

The lower molecular weight of PEG 1 kDa is anticipated
to yield a more favorable surface density on the nanocarri-
ers. This augmented density contributes to optimal coverage,
thus amplifying mucoadhesive attributes while upholding
desirable steric effects. PEGylation augments the nanocar-
riers’ capability to permeate the mucin layer, overlaying the
mucosal surface. This heightened permeation facilitates a
closer and more enduring interplay between the nanocarri-
ers and the underlying mucosal tissues.

Conclusion

Gastrointestinal mucus plays a crucial role in drug-carrier
interactions in the gut. Mucoadhesive drug delivery systems,
like S-protected thiolated CDs, are designed to enhance drug
bioavailability in the GI tract. S-protection via PEGylation,
especially with 1 kDa PEG chains, improves mucoadhesion by
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creating a hydrated envelope around nanocarriers, prolonging
their presence in the mucosal gel layer. However, due to steric
effects, longer PEG chain densities, such as 2 kDa, might hinder
cellular uptake. In vivo studies have confirmed that PEG 1 kDa
extends nanocarrier residence time. The combined approach of
thiolation and PEGylation holds promise for improving oral
drug delivery, bridging gaps in therapeutic molecule proper-
ties. Further research can unlock new opportunities in this field.
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