Open Access Article. Published on 02 March 2022. Downloaded on 6/12/2026 9:50:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Advances

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: Nanoscale Adv., 2022, 4,
2124

Received 2nd January 2022
Accepted 2nd March 2022

DOI: 10.1039/d2na00005a

rsc.li/nanoscale-advances

Introduction

Biocompatible nanocarriers for passive transdermal
delivery of insulin based on self-adjusting N-
alkylamidated carboxymethyl cellulose
polysaccharidest

Yael Cohen,® Guy Cohen, @ <@ Dmitry Tworowski,® Noy Eretz-Kdosha,
Eldad Silberstein,’ Elazar Fallik? and Elena Poverenov & *2

In this work, we present biocompatible nanocarriers based on modified polysaccharides capable of
transporting insulin - macromolecules through human skin without any auxiliary techniques. N-
Alkylamidated carboxymethyl cellulose (CMC) derivatives CMC-6 and CMC-12 were synthesized and
characterized using attenuated total reflectance Fourier transform infrared (ATR-FTIR) and nuclear
magnetic resonance (NMR) spectroscopy, gel permeation chromatography and thermogravimetric,
calorimetric and microscopic techniques. The prepared modified polysaccharides spontaneously
assemble into soft nanoaggregates capable of adjusting to both aqueous and lipid environments. Due to
this remarkable self-adjustment ability, CMC-6 and CMC-12 were examined for transdermal delivery of
insulin. First, a significant increase in the amount of insulin present in lipid media upon encapsulation in
CMC-12 was observed in vitro. Then, ex vivo studies on human skin were conducted. Those studies
revealed that the CMC-12 carrier led to an enhancement of transdermal insulin delivery, showing
a remarkable 85% insulin permeation. Finally, toxicity studies revealed no alteration in epidermal viability
upon treatment and the absence of any skin irritation or amplified cytokine release, verifying the safety
of the prepared carriers. Three-dimensional (3D) molecular modeling and conformational dynamics of
CMC-6 and CMC-12 polymer chains explained their binding capacities and the ability to transport insulin
macromolecules. The presented carriers have the potential to become a biocompatible, safe and feasible
platform for the design of effective systems for transdermal delivery of bioactive macromolecules in
medicine and cosmetics. In addition, transdermal insulin delivery reduces the pain and infection risk in
comparison to injections, which may increase the compliance and glycemic control of diabetic patients.

penetration of active molecules, especially hydrophilic ones,
delivery systems must be developed.*
Biopolymer-based delivery systems are widely studied and

Transdermal delivery of therapeutic agents is a very promising
field in modern medicine. However, it is challenging because of
the strong lipid skin barrier. To facilitate transdermal
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utilized in numerous fields such as medicine, tissue engi-
neering, cosmetics and food science.>® Among all biopolymers,
polysaccharides are favourable candidates for the construction
of biocompatible delivery systems since they are hypoallergenic,
non-toxic, biodegradable and widely available.” In addition,
polysaccharides also possess the significant advantage of
a defined monomer structure that allows their rational modi-
fication and the precise tuning of their properties.*™*
Numerous delivery systems, including polysaccharide-based
systems, have been investigated for transdermal applications
and demonstrated notable success in the delivery of small
molecules.***”

However, transdermal delivery of high molecular-weight
molecules remains challenging. Molecules with molecular
weights (MWs) higher than 500 Da are usually injected."® For
instance, insulin is an eminent example of a macromolecule for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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which transdermal delivery could significantly improve the
quality of life of numerous patients.*>** The hormone insulin is
a daily treatment for patients suffering from diabetes mellitus,
a metabolic disorder that causes abnormal accumulation of
glucose in the blood.”* As a hydrophilic macromolecule that is
5.5-6.0 kDa in size, insulin can barely pass dermal barriers.
Therefore, millions of patients must inject insulin at least once
every day or more, or use subcutaneous insulin devices. These
options are unpleasant, require strict self-discipline and involve
risks of microbial infection, local tissue necrosis and nerve
damage." In addition, using non-invasive transdermal delivery
of insulin is less painful than hypodermic injections and can
also be used by patients with needle phobia. Transdermal
delivery is also pharmacokinetically preferable to other non-
invasive methods such as oral administration due to the lack
of first-pass effect of insulin. Collectively, these benefits can
increase patients' compliance and glycaemic control.**>*

Advanced physical methods to help transport bioactive
macromolecules, including insulin, across the skin barrier have
been reported. These methods include the use of micro-
needles,*¢ ultrasound-mediated penetration,’**” transdermal
photopolymerization*® and skin electroporation.”?° Delivery
methods enabling the transport of insulin without the auxiliary
physical penetration techniques are more feasible. Therefore,
molecular systems for passive transdermal delivery have
recently attracted a great deal of attention. To date, only a few
examples of such vehicles have been reported; those systems
have been based on synthetic peptides, phospholipids and
polysaccharides.®***  Coadministration = with  synthetic
peptides,* CaCOj; based nanoparticles, poly(ester amide) based
hybrid hydrogels*® or choline ionic liquid*” and solid-in-oil
nanodispersions® presents examples of advanced approaches
that have been used to facilitate the transport of insulin.
Nanoparticles containing insulin had also been shown to
enhance insulin permeation. For instance, Zhao et al. demon-
strated that a supercritical antisolvent (SAS) micronization
process can produce nanoparticles with a high permeation rate
that was linear for 6 h.** Gold nanoparticles® as well as nano-
rods with near infrared light irradiation** had been found active
in vivo. To the best of our knowledge, no polysaccharide-based
systems for transdermal delivery of insulin have been previ-
ously reported.

Here, we report the synthesis of polysaccharide-based
carriers capable of adjusting their structure to various envi-
ronments and consequently facilitating cross-phase transport.
The prepared systems were used for passive transdermal
delivery of insulin. Skin toxicity studies were also performed to
verify the efficacy and safety of the prepared materials.

Experimental section

Materials

Sodium carboxymethyl cellulose (MW = 250 kDa; DS = 0.9), n-
dodecylamine and N-hydroxysuccinimide (NHS) were
purchased from Acros Organics (Geel, Belgium). n-Hexylamine
pyrene, insulin (monomer, human recombinant) and insulin
labeled with fluorescein isothiocyanate (FITC; human
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recombinant) were purchased from Sigma Aldrich (Steinheim,
Germany). 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) was purchased from Alfa Aesar (Lanca-
shire, UK). Dextran standards were purchased from PSS Poly-
mer (Mainz, Germany). Ethanol and absolute ethanol were
purchased from Gadot Group (Netanya, Israel). Water, high
performance liquid chromatography (HPLC) grade, was
purchased from Bio Lab (Jerusalem, Israel). Organic cold
pressed sunflower oil (SO) was purchased from Joe & Co.
(Vicenza, Italy). Deionized (DI) water was obtained by mechan-
ically filtering water through a Treion TS1173 column. Deuter-
ated solvent for the NMR analysis (D,0) was purchased from
Armar Chemicals (Doéttingen, Switzerland). All reagents and
solvents were used without any further purification.

Methods

Synthesis of CMC-6 and CMC-12. N-Alkylamidated modifi-
cations were performed by dissolving 0.58% (w/w) carbox-
ymethyl cellulose (CMC) in 100 mL DI water at 60 °C. Once the
solution achieved homogeneity, it was cooled down to room
temperature and 1.3 mmol of EDC and 1.3 mmol of NHS were
added. After 2.5 h of stirring, 1.3 mmol of a selected amine
(hexyl amine or dodecyl amine) were added and the solution
was stirred overnight (dodecylamine was first dissolved in
15 mL of absolute ethanol and then added to the reaction
solution at 40 °C). According to the manufacturer, commercial
CMC's DS is 0.9, so the amount of carboxymethyl groups [mole]
available for N-alkylamidation was calculated as [(0.58 g/270 g
mol ™) x 0.9], where 0.58 g is the mass of the CMC polymer, 270
is the MW of the CMC monomer and 0.9 is the monomer molar
fraction. Amines, EDC and NHS were added at 0.7 eq. with
respect to CMC's carboxymethyl groups. The N-alkylamidated
derivatives CMC-6 and CMC-12 were precipitated by adding six
times the volume of ethanol (vs. the reaction solution volume),
isolating the material via centrifugation, washing it with
ethanol three times, and then drying it in a vacuum desiccator
overnight.

Characterization of CMC-6 and CMC-12

Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy. ATR-FTIR spectroscopy was per-
formed using a Thermo Scientific Nicolet iS5 FTIR spectrometer
(USA), equipped with a diamond ATR unit (Thermo Scientific
Everest ATR), fast recovery deuterated triglycine sulfate
detector, KBr/Ge midinfrared optimized laser beam splitter,
temperature-controlled solid state near-IR diode laser and mid-
infrared Ever-Glo source. Calibration was done using an air
sample and modified CMC powders were subjected to 32 scans
at a 0.5 cm ™" resolution between 500 and 4000 cm ™.

Nuclear magnetic resonance (NMR). '"H NMR spectra were
recorded using Bruker Avance I and Avance III NMR 400 MHz
spectrometers (USA). Chemical shifts are reported in parts per
million (ppm). "H-NMR spectra were calibrated to the solvent
residual peak (H,O at 4.79 ppm). All of the NMR samples were
prepared using D,O as a solvent at 298 K.
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Degree of substitution. The total organic carbon (TOC) and
the total nitrogen (TN) contents of CMC, CMC-6 and CMC-12
were determined in water by high temperature -catalytic
combustion and chemiluminescence detection using a Shi-
madzu (USA) ASTM D 8083 elemental analyzer (USA, TOC-L with
TNM). CMC, CMC-6 and CMC-12 powders were dissolved in
distilled water to a final concentration of 0.2 mg mL ™. The
percentage of CMC substitution by hexyl/dodecyl amide was
calculated using the following equation:

% substitution = 100 x [TN(CMC6 or CMC12)/M(N))/
[TOC(CMC)/ M (C)]

Gel permeation chromatography (GPC). The molecular
weights and polydispersity indices of CMC, CMC-6 and CMC-12
were determined using gel permeation chromatography (GPC).
Waters' Alliance system e2695 separation module was used
(Waters, USA), equipped with a refractive index detector, model
Blue 2414. The mobile phase was HPLC-grade water under
isocratic elution for 30 min at a flow rate of 0.7 mL min~". The
injection volume was 20 pL and the temperature of both the
detector and the columns was 30 °C. Analyses were carried out
using an ultrahydrogel column: 1000 A, 12 pm, 7.8 mm x 300
mm, 2-4000 kDa (Waters, USA). The molecular weights were
determined according to a dextran standards kit with a number
average molecular weight [M,,] range of 3300-333 000 Da (PSS
Polymer Standards Service GmbH, Germany). All data provided
by the GPC system were collected and analyzed with the
Empower 3 personal dissolution software. CMC, CMC-6 and
CMC-12 powders were dissolved in the mobile phase to a final
concentration of 1 mg mL™'. The solutions were filtered
through a 0.22 pm nylon syringe filter.

Thermogravimetric analysis (TGA). Thermogravimetric
analysis (TGA) was performed using a PerkinElmer TGA 8000
device (TA Instruments, USA). Ceramic crucibles were loaded
with 1-3 mg of each sample and heated from 50 °C to 800 °C at
a rate of 10 °C min~" under a flow of N, (20 mL min™").

Differential scanning calorimetry (DSC). Differential scan-
ning calorimetry (DSC) measurements were conducted with
a PerkinElmer DSC 6000 instrument (USA) calibrated using
indium and zinc standards. Thermograms of each sample were
obtained from the second heating run up to 440 °C, after the
first run of heating up to 160 °C and cooling to 50 °C at
a constant rate of 20 °C min ', under a N, purge of 20
mL min~*. Aluminum crucibles with pierced lids were loaded
with 5-15 mg of each sample.

Critical aggregation concentration (CAC) measurements.
The critical aggregation concentrations of CMC-6 and CMC-12
were studied using the pyrene fluorescent probe method.*
The ratio between two specific peaks (i.e., I3 ~ 383 nm and I1 ~
373 nm) in pyrene's spectrum was used as a quantitative
measurement for the aggregation point. The diluent was
prepared by adding 25 uL of the pyrene stock solution (0.49 mg
mL ") to 50 mL of distilled water to give a final concentration of
1.2 uM. A 15 mg mL~' CMC-6 solution or 1.5 mg mL~ " CMC-12
solution was dissolved in the diluent and the mixture was
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stirred overnight. Then, the prepared solutions were repeatedly
diluted by a factor of 2 with the above-mentioned diluent. 150
uL of each solution were loaded onto a 96-well plate. The fluo-
rescence emission intensity was scanned for each well using
a Synergy HTX multimode reader device (BioTek Instruments,
USA). The excitation wavelength for pyrene is 340 nm and the
emission band was recorded at 360-400 nm, with a resolution of
1 nm. All samples measured were kept at 26 + 1 °C. All
measurements were done in triplicate. Critical aggregation
concentration values were calculated as the intersection
between two linear lines depicting aggregate formation depen-
dent on concentration in solution.”

Transmission electron microscopy (TEM). Samples (3 pL
drops) of aqueous solutions of CMC-6 and CMC-12 (CMC-6:
20 mg mL'; CMC-12: 1.5 mg mL ™ ') were placed on glow dis-
charged TEM grids (ultrathin carbon on carbon lacey support
film, 400 mesh copper grids, Ted Pella, Inc.). The excess liquid
was blotted with filter paper and the grids were allowed to dry in
the air. The samples were examined using an FEI Tecnai 12 G2
TWIN TEM operated at 120 kV. Images were recorded using 4k
x 4k FEI Eagle CCD camera (Thermo Fisher Scientific, USA).

Solubilization of CMCs in sunflower oil (a lipophilic
medium). Aqueous CMC, CMC-6 and CMC-12 solutions (0.5 mL
each) at a concentration of 25 mg mL ™" were added to 10 mL of
sunflower oil. The resulting solutions were then heated at
100 °C with stirring to evaporate any water and to yield a final
polymer concentration of 1.25 mg mL ™" in the oil.

In vitro examination of the abilities of CMC-6 and CMC-12 to
introduce insulin into a lipid environment

Encapsulation studies involving a spectrofluorometer.
Labeled insulin (insulin-FITC) was added to the sunflower oil
solutions of the CMC derivatives prepared as described above to
reach an insulin-FITC concentration of 1 mg mL~" and stirred
at 23 °C for 48 h while they were kept covered with aluminum
foil. The prepared solutions were kept for a week at ambient
temperature covered by aluminum foil for gravitational filtra-
tion. Then, 100 uL of each solution were loaded onto a 96 well
plate. The fluorescence emission intensity was scanned for each
well using a Synergyneo2 multimode reader device (BioTek
Instruments, USA). The excitation wavelength for FITC was
490 nm and the emission band recorded was 510-700 nm, at
increments of 5 nm. The fluorescent emission of insulin-FITC
added to sunflower oil that did not contain any CMC was
used as a control.

Encapsulation studies - confocal laser scanning microscopy
(CLSM). Labeled insulin (insulin-FITC) was added to the
sunflower oil solutions of the CMC derivatives prepared as
described above to reach an insulin-FITC concentration of
0.5 mg mL™~". The mixtures were stirred for 48 h, while they were
kept covered by aluminum foil. The prepared solutions were
kept for a week at ambient temperature, and covered by
aluminum foil for gravitational filtration. About 20 pL of each
solution were loaded onto microscope slides. Images were
acquired using a Leica SP8 laser scanning microscope (Leica,
Wetzlar, Germany), equipped with an OPSL 488 nm laser, HC PL

© 2022 The Author(s). Published by the Royal Society of Chemistry
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APO CS2 63x/1.20 water objective (Leica, Wetzlar, Germany) and
Leica Application Suite X software (LASX, Leica, Wetzlar, Ger-
many). The FITC emission signal was detected with a HyD
(hybrid) detector in the range of 500-550 nm.

Ex vivo transdermal delivery studies

Transdermal insulin delivery was assessed using a Franz cell
apparatus (Scheme 1; PermeGear, PA, USA). For preliminary
evaluation, human skin (full thickness) was obtained from
Zenbio (NC, US). All other experiments were performed on
healthy women (between 30 and 65 years old) who were
undergoing aesthetic abdominal surgery and had signed an
informed consent form. The experiments were conducted with
the approval of the IRB (Helsinki Committee) of Soroka Medical
Center, Beer Sheva, Israel. A mechanical skin press apparatus
was used to section the skin (with an average thickness of 2.2 &
0.36 cm) and it was kept at —20 °C until it was used, but it was
stored for no more than three months to retain the normal skin
barrier.*** On the day of the experiment, the skin samples were
pre-equilibrated with PBS for 1 h prior to use, with the dermal
side submerged in the buffer. Then, the skin samples were
clamped between the donor and receptor chambers, with the
epidermal side facing the donor compartment (0.64 cm” diffu-
sion areas and 5 mL receptor volumes were used). The donor
chamber was loaded with 200 uL of the sunflower oil solutions
of the biopolymers, all containing insulin (0.2 mg mL™"). The
sunflower oil containing insulin without biopolymer was used
as a control treatment. The receptor chamber was filled with
5 mL of PBS containing sodium azide (to prevent microbial
growth) and kept at 37 £+ 0.5 °C under constant stirring (500
rpm). Samples (200 uL each) were taken at the indicated time
points and an equal volume of the buffer was added
immediately.

To determine mass balance, the residual compounds in the
donor chamber were collected, and five D-SQUAME® disc strips
of the upper stratum corneum (nonspecific binding) were
added and labeled as ‘Donor’. 15 additional tape strips were
then taken to remove the stratum corneum and placed in
glycine buffer supplemented with 0.5% Triton X-100 to elute the
insulin. Then the epidermis and dermis were cut with a scalpel,
submerged in glycine buffer supplemented with 0.5% Triton X-
100 and vortexed for 5 min to elute the insulin (labeled as ‘viable
skin’).

Scheme 1 Efficacy experiments with a Franz diffusion cell apparatus
(PermeGear, PA, USA).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The amount of insulin permeated was quantified by enzyme-
linked immunosorbent assay (ELISA; Mercodia, Uppsala, Swe-
den), using a designated standard curve. All of the samples were
tested in three repetitions.

Skin integrity evaluation

Prior to the Franz cell permeation studies the integrity of the
skin samples was visually evaluated. When indicated the
following tests were also performed:

Trans-epidermal water loss (TEWL). Trans-epidermal water
loss was measured before and after the application of the
biopolymers to determine the initial integrity of the barrier and
any change due to the compounds, respectively. Before appli-
cation, the epidermal side was dried to remove residual mois-
ture from the buffer and hydration process, and left for 20 min
for equilibrium before TEWL measurement (Multi Probe
Adapter 6, Courage + Khazaka, Germany). After application, the
compounds were removed, and the epidermal side was washed,
dried with cotton applicators, and left for 20 min to achieve
equilibrium before TEWL measurement.

Methylene blue permeation test. Following exposure to the
compound, they were removed, and the epidermal side was
washed, dried with cotton applicators and 100 pL of methylene
blue solution (1% w/v) was added. After 30 min the receptor
chamber was sampled, and colorimetric measurement was
performed concomitantly with the generation of a standard
curve. An increase in absorbance in comparison to the control
was regarded as reduced barrier capacity of the skin.

Skin viability and irritation

All cell-culture media and reagents were purchased from Bio-
logical Industries (Beit-HaEmek, Israel). The skin samples were
obtained from healthy women (between 30 and 65 years old)
who were undergoing aesthetic abdominal surgery and had
signed an informed consent form. The experiments were con-
ducted with the approval of the IRB (Helsinki Committee) of
Soroka Medical Center, Beer Sheva, Israel. Human skin culture
preparation and treatments were performed under aseptic
conditions. A mechanical skin-press apparatus was used to
section the skin into 0.64 cm? pieces, as previously described
(Scheme 2; left).** The skin explants were maintained in an air-
liquid interface, with the dermal side submerged in the liquid.
The biopolymers were applied topically (3 pL). After 48 h, the
spent media were discarded and IL-1a. was evaluated by ELISA

- Processing

Scheme 2 Skin processing (left) and ex vivo safety measurements of
human skin organ cultures (right).
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(Biolegend, CA, US). In addition, the epidermis was separated
and viability was determined by MTT, as previously reported
after 48 h (Scheme 2; right).*® For morphological evaluation, the
samples were fixed with 4% formaldehyde for 1 h at room
temperature. Then, the tissues were washed with PBS and kept
in 70% ethanol at 2-8 °C until use. Following dehydration,
paraffin sections (10 pm) were prepared, and slides were stained
with hematoxylin-eosin solution.

Computational modelling

The 3D structures of cellulose 100mer chains were built using
CarbBuilder program,” and 90 hydroxyls in p-glucose units
were randomly substituted by carboxymethyl moieties (corre-
sponding to a DS of 0.9) using our python program Sub-
RandoMol.py and the Indigo library/modules.*® Next, structures
of CMC-6 and CMC-12 polymers were modelled by random
replacement of CMC carboxy groups by 20 N-hexyl and 18 N-
dodecyl-amide groups, according to our experimental DS values
of 20% and 18% determined for CMC-6 and CMC-12,
respectively.

Multiple molecular dynamics (MD) trajectories (10-50 ns)
were generated for different single 100mer CMC-6 and CMC-12
polymer chains by GROMACS 2021.2 (ref. 49) using the MD
protocols.**** Different CMC-6 and CMC-12 single chains were
placed into the 53 x 3.5 x 3.5 nm® box filled with solvent
(water) molecules. Total charges of CMC-6 (—78 e) and CMC-12
(=72 e) molecules were neutralized by 78 and 72 sodium (Na")
cations, respectively. Molecular topologies based on the
amber99SB and carbohydrate GLYCAMO06 force fields** were
prepared for MD simulations using AmberTools and acpype
programs.®® For each trajectory, snapshots were collected, and
the persistence length of CMC-6 and CMC-12 chains and
conformational flexibility of CM groups and N-octyl-amide-CMC
chains were analysed.

Results and discussion
Synthesis and characterization

The N-alkylamidated polysaccharides were synthesized in a one-
step reaction of carboxymethyl cellulose (CMC) with hexylamine

N

H
Uj,n Na® oj/n Na® nj/\,(v’,
oH B CH;(CHynNH, i P &
nes,11
0, o . o o Q
HO of JHo o o HO offHo. ofHo of
OH o OH y OH OH OH 4

CMC sodium salt N-alkylamide-CMC-(n#1)

./-,:awth: ’G‘r" \/ Ve

Fig. 1 (Top) Synthesis of N-alkylamidated carboxymethyl cellulose
derivatives, referred to as CMC-6 and CMC-12. (Bottom) 400 MHz *H-
NMR (left) and ATR-FTIR (right) spectra of CMC and N-alkylamidated
CMC-6 and CMC-12.
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or dodecylamine to yield CMC-6 or CMC-12, respectively (Fig. 1).
The isolated products were characterized by ATR-FTIR and 'H-
NMR spectroscopy, which confirmed the successful coupling.
The ATR-FTIR scans included new peaks for alkyl C-H bending
at 680-720 cm ', amide frequencies at 1560-1580 cm ' and
N-H stretching at ~3300 cm™'. The "H-NMR scans showed the
aliphatic protons of the coupled alkyl chains at 0.8-2.1 ppm and
the o to amide bond protons at 2.8-3.2 ppm. The peaks of the
original CMC were found to be in accordance with those re-
ported in previous publications.> The newly appearing peaks of
the modified CMC-6 or CMC-12 correlate with the FTIR>>*® and
'"H-NMR*#® data of previously reported modified poly-
saccharides. Both characterization methods verify the forma-
tion of new secondary amide bonds confirming N-alkylamide
CMC modifications.

The modified polymers remain thermally stable. In the TGA
spectra, CMC-6 displayed a thermal decomposition pattern
similar to that of the original CMC with a water weight loss
event at ~57 °C and main pyrolytic decomposition events at
286.0 and 283.5 °C for CMC and CMC-6, respectively. The
dodecyl substituted CMC-12 spectra were different, showing
two defined pyrolytic decomposition events, one at 187.3 °C
(with 20.3% weight loss) and the other at 290.0 (with 38.5%
weight loss). The total weight loss for CMC, CMC-6, and CMC-12
was 77.6%, 71.9% and 87.2%, respectively. The water evapora-
tion area points to ~10% water content, which is expectable for
polysaccharides. DSC studies showed thermal decomposition,
without any prior glass transition because of the semi-rigid
nature of the polysaccharide backbone (Fig. 2 and S11).

The degree of substitution was determined using the total
organic carbon (TOC) method and was found to be 24% and
18% for CMC-6 and CMC-12, respectively. Conjugation with
aliphatic amines provides the modified polysaccharides with
amphiphilic properties, allowing spontaneous self-assembly
that takes place above a specific concentration, termed the
critical aggregation concentration (Table 1). While the original
CMC does not undergo self-assembly, CMC-6 and CMC-12
derivatives spontaneously assemble at concentrations above
1.66 and 0.05 mg mL™", respectively. Transmission electron
microscopy (TEM) studies confirmed the formation of stable
nanometric aggregates, 50-150 nm in size for CMC-6 and 150-
230 nm in size for CMC-12 (Fig. 3).

Gel permeation chromatography (GPC) revealed that the
coupled aliphatic chains caused a decrease in the retention
time; the longer the chain, the shorter the retention time. The

Fig. 2 Thermal gravimetric analysis — TGA (left) and differential
scanning calorimetry — DSC (right) of CMC, CMC-6 and CMC-12.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical properties: degree of substitution (DS),
critical aggregation concentration (CAC), retention time (RT), number
average molecular weight (M,,) and polydispersity (PDI) for CMC, CMC-
6 and CMC-12

DS[%] CAC[mgmL™'] RT[min] M,[kDa] PDI
cMC — — 10.397 154 1.97
CMC-6 24 1.66 + 0.58 9.486 584 2.95
cMC-12 18 0.05 + 0.004 8.653 5423 2.85

CMC-12

Fig. 3 TEM images of CMC-6 (left) and CMC-12 (right). Scale bars are
set to 500 nm.

number average molecular weight (M,) of the prepared poly-
mers was calculated using dextran as a calibrating standard. M,
increases with the length of the coupled chain. It should,
however, be noted that it is better to view M,, as a comparing
parameter and not as an absolute value, since the spontaneous
assembling ability affects the gel permeation properties of the
prepared CMC-6 and CMC-8, and their M,, values (Table 1).

Transdermal delivery of insulin

First, in vitro studies of the abilities of CMC-6 and CMC-12 to
introduce insulin into a lipid environment were performed. For
this purpose, insulin labeled with the FITC fluorescent probe in
sunflower oil was used. The encapsulation ability of the
prepared systems was measured by spectrofluorometry and
confocal laser scanning microscopy (Fig. 4). It can be seen that

A B

Insulin InsulintCMC

Insulin+CMC-6 Insulin+CMC-12

Fig. 4 (A) Fluorescence emission spectra and (B) confocal laser
scanning microscopy (CLSM) images of insulin labeled with fluorescein
isothiocyanate dissolved in sunflower oil (SO) in the presence of CMC,
CMC-6 and CMC-12. Scale bars are set to 20 um.
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among all of the examined treatments, the CMC-12 nanocarrier
demonstrated the best performance.

In the next stage, the insulin carrying biopolymers were
mounted on the Franz cell apparatus and the kinetics of their
permeation across human skin was measured (infinite dose
settings). As shown in Fig. 5A, the unmodified CMC had no
noticeable impact and did not enhance insulin permeation.
Meanwhile, CMC-6 slightly enhanced insulin permeation, and
a massive increase was obtained using the CMC-12 carrier,
correlating with the results observed in in vitro studies. The
superior performance of CMC-12 can be attributed to a long
dodecyl substituent that increases the membrane penetration
ability of that carrier. The effect of alkyl chain length on mass
transport across membranes has been reported previously.®” In
addition, it can be speculated that the dodecyl substituted CMC-
12 biopolymer facilitates the formation of less tightly self-
assembled structures, making it a better choice for the encap-
sulation of large macromolecules such as insulin. The fast
kinetics shown here without a significant lag time is not char-
acteristic of the permeation of macromolecules, such as insulin.
However, Cevc et al. showed in as early as 1998 that carrier
mediated transcutaneous insulin delivery by transferosomes
can be rapid.*® This was also true for the transdermal delivery of
insulin by iodine facilitators.>®

In addition, the residual insulin in the donor chamber was
examined and a mirror image was seen (Fig. 5B), further sup-
porting the transdermal results. To further investigate the
impact of the leading compound (CMC-12), a mass balance
analysis was performed. The results shown in the lower panel of
Fig. 5 demonstrate the enhanced capacity of the biopolymers,
where less than 30% did not permeate through the stratum
corneum.

As fast kinetics was found together with high efficacy, the
possibility that the barrier capacity of the skin was hampered by
the biopolymers was addressed. For this purpose, two

100 B
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Fig. 5 Transdermal experiments with a Franz diffusion cell apparatus.
(A) Time-dependent permeation profile through human skin by peri-
odic sampling. Insulin was quantified by ELISA, using a designated
standard curve. (B) The residual insulin levels in the donor compart-
ment. (C and D) The complete analysis for CMC-12, the lead
compound vs. the control set (insulin in sunflower oil (SO)).
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additional skin integrity tests were used, Trans-Epidermal
Water Loss (TEWL) and methylene blue permeation.®®* The
results shown in Table 2 depict the TEWL and methylene blue
before the application of the compounds or after 5 or 24 h. As
can be seen, the initial readings were within the expected range.
Importantly, water loss was not affected by the compound,
which implies that the barrier function was unaltered by the
different treatments. SDS treatment was used as a positive
control that indeed increased water loss by almost 3-fold, con-
firming that this experimental setting enables skin damage to
be distinguished. Similarly, no detectable levels of methylene
blue were found, further demonstrating the integrity of the skin
samples after exposure to the biopolymer-based delivery
system.

To assess the potential of the biopolymer for efficient
delivery of a precise dose, a second transdermal evaluation was
performed, but with a 5-fold lower insulin level (defined dose).
As can be seen in Fig. 6A, the system transferred above 85% of
the insulin amount through the dermal barrier. Thus, the
action of the biopolymers can be controlled and seen after 1 h of
application.

Next, an ex vivo human skin organ culture was used to
exclude the possibility of skin damage during the transdermal
delivery process. The biopolymers were topically applied to the
epidermal side of the skin. As expected, sodium dodecyl
sulphate (SDS) markedly compromised skin viability, as seen in
the MTT results (Fig. 6B). However, none of the biopolymers
had any negative effects on the skin, in comparison to the
untreated control (Fig. 6C). Similar results were obtained from
the histological evaluations: SDS markedly disrupted the
epidermal layer, while no morphological alterations by the
media (SO) or biopolymers were recorded. Lastly, the secreted
level of the irritant cytokine IL-1a°*% was used as an indepen-
dent marker to assess the impact of the biopolymers on the
skin. The results (Fig. 6D) clearly showed no enhancement by
the compounds. Thus, the biopolymers were verified to be both
effective and safe. The results of TEWL and methylene blue tests
combined with the skin irritation test shown in Fig. 6 verify that
the observed enhanced insulin penetration is highly unlikely
the result of skin damage.
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Fig. 6 Efficacy and safety experiments in the ex vivo skin. (A) Evalua-
tion of the time-dependent ability of the nanocapsules to transfer
insulin across human skin with a defined insulin content (55 mU ml™).
Insulin in sunflower oil (SO) was used as a control. (B) Epidermal
viability experiments (MTT) as a percentage of the control. (C) Evalu-
ation of cytokine IL-1a by ELISA. (D) Histological evaluation of the
morphology of the control and the topically treated human skin.

To the best of our knowledge, polysaccharide-based systems
for transdermal delivery of insulin have not been reported
before. Synthetic polymers,** fatty substances,*” ionic small

Table 2 Trans-epidermal water loss (TEWL) tests [g m~2 h™] at 5 and 24 h post-Exposure (pE) and methylene blue permeation tests [pg mL™

TEWL test SO CMC CMC-6 CMC-12 SDS 10%

Baseline 9.6 £ 0.79 9.3 £ 0.63 8.1 £ 0.38 9.7 £ 0.19 10.0 = 2.4
5h pE 10.1 £ 2.7 9.2 +£ 0.67 7.0 £1.76 9.1 £1.70 27.1+3.3
Baseline 9.8 £ 0.68 9.7 £1.37 9.7 £ 0.28 10.6 + 0.51

24 h pE 10 £+ 0.45 10.1 + 0.33 10 £+ 0.22 9.7 £ 0.76

Methylene blue

test 5h 24 h

SO <0.01 <0.01
CMC <0.01 <0.01
CMC-6 <0.01 <0.01
CMC-12 <0.01 <0.01
SDS 10% 0.13 + 0.06
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molecules,*” oily formulations,*®** SASs,** and gold nano-
structure-based*>** systems were reported in this regard.
Delivery systems based on polysaccharides benefit from
biocompatibility, safety and cost-effectiveness, since nature
sourced polysaccharides are widely available. Most importantly,
the properties of such systems can be carefully tuned, since
polysaccharides have a well-defined chemical structure of
monomer units allowing predictable rational modification.

Three-dimensional molecular modelling

Three-dimensional molecular modelling and conformational
dynamics studies of CMC-6 and CMC-12 in a dilute solution
show that almost all trajectories of both polymers are converged
after 25-30 ns. The hydrophobic patches on the modified CMC
surface created by N-alkyl groups can (1) interact with non-polar
amino acids of insulin molecules, (2) contribute to self-
aggregation of CMC molecules, and (3) transport the CMC-
bound insulin into a lipid phase. According to our model,
processes (2) and (3) are favoured by long N-alkyl chains and
therefore are most pronounced for CMC-12.

Being solvated, amphiphilic polymers that bear anionic
carboxyl groups, CMC-6 and CMC-12 can be involved in the
electrostatic interactions with cationic lysine (Lys) and arginine
(Arg) moieties. Indeed, significant charge complementarity
between the positive charges on the molecular surfaces of the
insulin hexamer and the negative charges of CMC-based poly-
saccharides was found. Specifically, two arginine (Arg22) and
two lysine (Lys29) moieties from two different subunits on the
insulin hexamer surface are exposed to the bulk aqueous solu-
tion and therefore are accessible for electrostatic attraction to
the carboxyl groups of the modified CMC polysaccharide (Fig. 7
left). These attractions are possibly due to clusters of 4-6
carboxyls on the polysaccharide surface that enhance the
negative charge. These negatively charged clusters are attracted
to the areas of the positive potential (blue) on the molecular
surface of insulin (Fig. 7 right).

Thus, in the N-alkylamidated CMC-based carriers the insulin
binding is driven by electrostatic interactions, while the delivery
into a lipid phase is promoted by long alkyl chains.

Fig.7 3D color map showing the distribution of electrostatic potential
on the surface of insulin, ranging from negative (red, yellow) to neutral
and positive (green, blue) values (left). 3D modelling of the interaction
between CMC-12 and the amino acid of the insulin (insulin — beige;
lysine and arginine amino acids — purple; CMC polysaccharide -
turquoise; carboxyl groups — red) (right).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

This study demonstrates the successful achievement of a chal-
lenging goal: the transdermal delivery of hydrophilic macro-
molecules using biocompatible carriers without any auxiliary
physical treatment. N-Alkylamidated carboxymethyl cellulose
polysaccharides CMC-6 and CMC-12, capable of spontaneously
assembling into soft nanocarriers, were synthesized. These
carriers exhibited a remarkable ability to self-adjust to aqueous
and lipid environments and were, therefore, examined for
transdermal delivery. The CMC-12 carrier led to a remarkable
increase of transdermal delivery of insulin, showing a capacity
of 85% of the compound in the receiver chamber. 3D molecular
modelling and conformational dynamics studies shed light on
the interactions of insulin molecules with the prepared carriers.
Toxicity studies demonstrated high epidermal viability and the
absence of cytokine release amplification, initially verifying
their safety.

The presented materials have the potential to become a safe
and feasible platform for effective transdermal delivery of
bioactive macromolecules in medicine and cosmetics. The
progress in transdermal delivery of insulin is of particular
importance, however additional studies are needed. Additional
challenges need to be addressed prior to clinical usage of this
new delivery system. The permeated insulin levels should be
precisely regulated to reduce the possibility of hypo- or hyper-
glycemia. The topical formulation and application area should
also be controlled. The integration of insulin-containing
carriers into a transdermal patch, for instance, will provide an
easy way to control both the dosage and the surface area. In
addition, in vivo validation of safety (multiple dosage) and
efficacy needs to be done in further studies.
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