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Background: Nucleic acids are increasingly being recognized for their potential as therapeutic agents for the treatment of a variety of
pathologies, such as genetic diseases, viral infections, and cancer. However, the safe delivery of these negatively charged macro-
molecules to their intended sites of action remains a major challenge.

Purpose: This study aimed to design and characterize cationic particles for use as nonviral vectors for nucleic acid delivery; another
primary objective was to evaluate the biocompatibility between the particles and DNA.

Methods: The particles were synthesized via a polyaddition process between isophorone diisocyanate and a mixture of polyethylene
glycol and polycaprolactone diol. The structural characteristics were assayed using a variety of techniques, including measurements of
pH, refractive index, and Zetasizer, drug release and penetration through an artificial membrane, SEM, FTIR and Raman spectroscopy,
thermal analyses, cell viability, and in vivo evaluation of skin parameters.

Results: The findings revealed that nearly neutral-pH particles were successfully synthesized, displaying a broad size distribution
ranging from 400-900 nm, a prolonged release profile, and an encapsulation efficacy of 72.5%. Thermal analyses demonstrated that
the samples remained stable at temperatures up to 200 °C, and the results of the spectroscopy, cell assay, and evaluations on mouse
skin suggest that the obtained particles are safe for use as DNA carriers.

Conclusion: Cationic polyurethane carriers present a potential alternative to the more established polyethylenimine. However,
additional studies are necessary to fully assess the therapeutic effectiveness of these formulations.
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Introduction

Usually, nucleic acids cannot penetrate the cell membrane unless their entry is facilitated by different active cellular uptake
mechanisms (pinocytosis, endocytosis, phagocytosis) or by the creation of transient holes by physical meaning.! Thus, two
major delivery approaches have been intensively investigated: viral vectors based on retrovirus, herpes virus, pox virus,
adenovirus, lentivirus, human foamy virus, and non-viral vectors which include physical methods (microinjection, electro-
poration, laser, controlled short electric impulses, elevated temperature, and ultrasounds) and natural or synthetic compounds
that promote the transfer of exogenous nucleic acids into target cells.”® Various nonviral delivery systems have been
developed in the last four decades owing to their multiple advantages: they are often less immunogenic and toxic than their
viral counterparts, the possibility to repeat the administration, and the ease pathway to obtain. The chemical vectors consist of
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inorganic particles based on gold, silica, calcium phosphate, supermagnetic iron oxide, carbon nanotubes, quantum dots, and
cationic polymers (polyplexes), lipids (lipoplexes), cationic polymer/lipid (lipo-polyplexes).*

The use of nano- and micro-particles in transmembrane transport systems has gained significant importance in
contemporary medical practice. These systems offer a promising approach for treating human diseases by enabling
targeted delivery of various compounds while ensuring constant therapeutic doses. Polymeric materials are frequently
used in this field of research because of their ease of synthesis at various sizes and degradation rates as well as their inert
and biodegradable nature. They improve the pharmacokinetic and pharmacodynamic properties of the encapsulated
compound, reduce immunogenicity, and increase its stability. All of these factors are crucial for improving the
bioavailability of transported biologically active agents.

The delivery of nucleic acids is often crucial for the treatment of rare skin diseases, and the development of new and effective
carriers is essential for genetic manipulation. Introduced by Behr in 1995 as a non-viral vector, branched polyethyleneimine (PEI)
represents the gold standard in this field.” Poly-L-(lysine) and its derivatives are among the earliest polymers used in non-viral
delivery of genetic materials. Previous research has focused on the use of polymer particles for DNA delivery; however, the
development of cationic polyurethane particles offers a new and potentially superior option. The acquisition and characterization
of cationic polyurethanes based on N,N-diethylethylenediamine commenced at the dawn of the new millennium.®

Polyurethane (PU) is a synthetic material obtained by the reaction between di- or poly-isocyanates and mixtures of
polyesters and/or polyethers (Figure 1). The urethane linkages (-NH-CO-O-), which also appear in carbamates, are specific to
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Figure | General scheme for the formation of PU chains.
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PU but are present in the macromolecular chains alongside different terminal groups or to allophanate and biuret groups
obtained from side reactions. The variety of functional groups in a PU structure and the different aliphatic/aromatic character
of the raw materials opens the possibility of designing new biomaterials with applications in different industries, medical, and
pharmaceutical fields, as the final products exhibit a diverse range of hardness, high resistance, and tensile properties, as well
as blood compatibility and biocompatibility. Despite the toxicity of isocyanates used as raw materials, PU safety for humans
has been certified for a large variety of biomedical applications by the US Food and Drug Administration.”*®

The earliest syntheses of PU delivery systems were based on aromatic compounds, such as methylene-diphenyl
diisocyanate and toluene diisocyanate. These substances are routinely employed as raw materials for the fabrication of
foams and elastomers. However, their propensity for causing cancer and the generation of particles with large sizes and
low penetration rates presented significant shortcomings, hindering their viability for further use in clinical settings.’
A set of studies conducted by Bouchemal et al'®'? describes the creation of PU capsules that have considerably smaller
sizes than previous models. To create the capsules, isophorone diisocyanate, polyethylene glycol, ethylene glycol,
butanediol, hexanediol, and two surfactants - Span® 85, a lipophilic agent, and Tween® 20, a hydrophilic agent - were
used in spontaneous emulsification and interfacial polyaddition processes.

Cationic PU were initially synthesized for fabric processing, the treatment of wood and metal surfaces, as a leather primer
and fiberglass infiltrating agent, used tertiary amines to obtain salts that present enhanced compatibility, optical, mechanical,
thermal, and static stability compared to non-ionic products.'* Nowadays, novel antibacterial and nonhemolytic biomaterials
based on cationic PU and foams for wound healing have been developed for medical applications;'*'* these studies reveal the
versatility of PU and the obtaining of safety products that can be used as medical devices in health care.

PU particles suitable as delivery systems for different extracts and drugs have been developed by our research team in the

16221 the raw materials and synthesis recipes have been continuously modified to enhance encapsulation efficacy,

recent years;
membrane permeation, and release time. The advantages of developing a PU-type vector over PEI carriers for DNA include
reduced toxicity (immune response and adverse reactions) and versatility in design to optimize the degradability rate, DNA
binding, and cellular uptake. PU can be tailored to achieve a controlled release of DNA, potentially improving gene delivery
efficiency. To our understanding, the employment of PU as carriers in genetic therapies has been quite restricted.

The present research aims to design, characterize, and check the biocompatibility of PU particles based on
N-methyldiethanolamine, with possible applications in the transport of DNA. After a “classical” synthesis, the bare and the
DNA containing capsules were chemically (FT-IR, RAMAN), morphologically (SEM, SANS), thermally (thermogravimetry)
and biologically characterized (cell viability, and in vivo evaluation of skin parameters) by using a set of complementary
methods. The novelty of this study lies in the utilization of inexpensive, biodegradable, and biocompatible PU particles
derived from aliphatic raw materials, without the use of heavy metal salts as catalysts, as a delivery system for nucleic acids.

Materials and Methods

Raw Materials and Animals

Chemicals used in the study were purchased from various sources, as follows: Tween™ 20 and caffeine powder were
obtained from Merck (Darmstadt, Germany), while isophorone diisocyanate (IPDI), polyethylene glycol (PEG 400),
polycaprolactone diol (PCL Mn~530), 1,6-hexanediol (HD), N-Methyldiethanolamine (MDEA), and inorganic salts
(sodium, potassium, and magnesium chlorides, Na,HPO,4, K,HPO,, KH,PO,, and sodium bicarbonate) were purchased
from Sigma-Aldrich (St. Louis, MI, USA). Acetone was obtained from Honeywell Riedel-de Haen (Seelze, Germany).
All of the reagents utilized in the experiment were of analytical-grade purity and were employed without having
undergone any prior purification procedures. The preparation of double-distilled water was undertaken in-house using
a JP Selecta Dest-4 distiller.

In vitro cell culture experiments used human dermal fibroblasts (HDFa), which were obtained from Invitrogen
(Waltham, MA, USA), along with reagents and culture supplies from Thermo Fischer Scientific (Waltham, MA, USA).
These reagents included culture media, fetal bovine serum (FBS), antibiotics, phosphate-buffered saline (PBS), 0.25%
trypsin-EDTA solution, MTT solution, and dimethyl sulfoxide. The culture supplies comprised of culture flasks, Pasteur
pipettes, pipette tips, conical tubes, and 96-well microplates.
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The study utilized female 6-8-week-old CB17SCID and Nu/Nu BALB/c mice, which were purchased from Charles
River (Sulzfeld, Germany).

DNA Extraction

The procedure was already published in the literature.”” Briefly, a solution of peeled banana fruit (25 g) and water
(50 mL) was prepared to separate the fruit’s cells, which was then strained to obtain a banana-fruit solution. Next, 10 mL
of a 10% Sodium Dodecyl Sulfate (SDS) solution was added to break down the cells and release the DNA. The mixture
was stirred for 10 minutes at room temperature, and then centrifuged for 5 minutes at 8000 rpm to separate the debris
from the solution. The clear supernatant was then stirred for 5 minutes with sodium chloride salt to obtain a 4.00 mM salt
concentration. The next step was to add 2 mL of 99.5 mM isopropanol to precipitate the DNA. The mixture was then
applied to the QIAamp Mini column and centrifuged at 8000 rpm for 1 minute to bind the DNA to the silica column. The
DNA was washed using 0.5 mL of Qiagen DNA wash buffers, and eluted in 100 pL of water. The DNA concentration
was then determined using a spectrophotometer.

Synthesis of the Carrier

The process of obtaining a polyurethane delivery system involves an exothermic reaction between an active hydrogen-
containing component (a mix of PEG 400, PCL, HD, MDEA) and an organic component based on IPDI. In order to
determine an optimal ratio between the reagents and identify the most effective synthesis parameters, the synthesis
process was conducted 12 times, varying the quantities and temperature settings. Regrettably, the majority of the
resulting samples were unsuccessful due to the increased adhesiveness of the final material, which manifested as
a duromer that was insoluble in common solvents. During the trials stage, it was found that MDEA allows for better
control and improved characteristics in the final polyurethane product compared to other alternatives. Thus, the first
component (3.65 g PEG 400, 3.00 g PCL, 2.60 mL HD and 1.20 mL MDEA), 40.00 mg caffeine as a catalyst of PU
synthesis, and 90 mL of distilled water were added to a Duran™ beaker and stirred on a Velp hot plate stirrer (Usmate,
Italy) at 400 rpm and room temperature overnight; the selection of these reagents and their proportions was informed by
the exceptional outcomes achieved by our laboratory in synthesizing a polyurethane carrier for isosorbide derivatives,
which demonstrated superior performance compared to carriers employed for ginger extract and triclosan.'®2° The other
component (6.00 mL IPDI in 50.00 mL acetone) was homogenized in a cone-shaped flask in the same conditions
according to previous researches on PU materials based on isophorone- and hexamethylene-diisocyanate.'®'”" Then,
the content of the beaker was rapidly injected in the flask and the reaction mixture was stirred at 400 rpm and 40+0.2 °C
for 4 hours to complete the synthesis of the macromolecular chains in the absence of any polymerization and chain
propagation initiators; the temperature was monitored using a P700 Universal thermometer from Dostmann electronic
GmbH (Wertheim, Germany). Our previous comparative studies served as the basis for the selection of the current
temperature-time regime.'® >' The content of the flask was sonicated for 5 min using a Bandelin Sonorex Digitec bath
sonicator (Berlin, Germany). The procedure was repeated twice in order to obtain a reference sample, without DNA
(labeled as sample PU_0), and another sample containing 2.00 mL DNA extract in the aqueous component, that was
labeled as sample PU 1.

The suspensions were thoroughly cleaned using a 1:1.35 (v/v) mixture of water and acetone, then were centrifuged at
2000 G using an Ika Mini G micro-centrifuge (Staufen, Germany) to increase the concentration of samples, and analyzed
to determine the free DNA content. Finally, the samples were dried in borosilicate glass Petri dishes at 45 °C in-side
a PolEko SL115 drying oven to a constant mass, taking approximately 48 hours.

Pre-Formulation Characteristics

The pH of the sample was measured using a Mettler Toledo FiveGo F2 portable pH meter, InLab® Expert Go Sensor
(Schwerzenbach, Switzerland), and aqueous solutions with a concentration of 2.0 mg mL-1 at a temperature of 25 °C.
The instrument was previously calibrated using standard solutions with pH values of 4.01, 7.00, 9.21, and 11.00, which
were provided by the same manufacturer. The refractive index of the synthesized samples was determined using a few
drops of the aqueous solutions on a Kern digital refractometer (Balingen, Germany) at 25 °C.
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DNA Encapsulation Efficacy

The percentage of DNA successfully encapsulated within PU particles was determined by comparing the amount of free
nucleic acid to the total amount added. The quantity of free DNA was determined by measuring the absorbance at 260 nm
relative to the concentration. The quantity of free DNA collected in the washing solution from the final step of the
synthesis process was calculated using a previously established method,>* which involved plotting the absorption values
against its concentration to construct a calibration curve, as described by Equation 1:

y = 0.012x + 0.053, R = 0.9918 (1)

where y = absorbance, x = dilution (ng/mL), R* = coefficient of determination.

The Release Profile

The total cumulative release percentage has been determined by keeping the sample of particles containing DNA (PU 1)
in a simulated body fluid (SBF) based on a recipe by T. Kokubo for 60 hours:** 2.00 mL solution of the PU_1 sample
(2.0 mg mL-1) were added to 30 mL SBF, and every 12 hours, 3 aliquots of 0.50 mL each were replaced with fresh
medium. This SBF, formulated based on the ionic composition and physiological conditions of human blood plasma,
serves as a valuable in vitro model for assessing the behavior of biomaterials in an environment that mimics physiolo-
gical conditions; it enables the examination of degradation kinetics and drug release profiles under simulated physiolo-
gical conditions.”>® The maximum absorption was measured at 260 nm according to the literature,”’ and the average
concentrations + standard deviations were used to plot the release profile. The investigation into release was conducted
by characterizing the kinetic profiles using zero-order and first-order models, as well as the Higuchi, Korsmeyer-Peppas,
and Hickson-Crowell models.

Penetrability Measurements

The permeability of PU particles, both with and without DNA, was evaluated using a Spectra/Por™ PVDF artificial
membrane and a Franz-type vertical static diffusion cell system having a diffusion area of 1.77 cm” and receptor volume
of 12.0 mL. Phosphate buffer saline was poured into the receptor compartment, and the experiment was run at 25+1 °C;
after every 12 hours, 1.0 mL of the receptor compartment’s liquid was replaced with fresh buffer, and the liquid was
analyzed using a UVi Line 9400 (SI Analytics, Germany) at 362 nm.

FTIR-UATR Spectroscopy
The FTIR-UATR analysis was conducted utilizing a Shimadzu FT-IR IRTracer-100 spectrometer with the Attenuated
Total Reflectance (ATR) methodology, without the need for sample pretreatment. The data was collected over 20

consecutive readings, with a resolution of 4 cm™' within the range of 4000-280 cm .

Raman Spectra

The spectra were acquired using a LabRAM Soleil V1.0 — Confocal Raman Microscope (Horiba Scientific, Kyoto,
Japan). Dried samples were transformed into circular discs by applying pressure with a hydraulic press, and a 785 nm
(red) laser with a deviation angle and a diffraction grating of 500 nm was utilized. The Raman shift range of 30 to
2000 cm™ " was probed using a 5% objective lens, and each spectrum was recorded with an acquisition time of 30 seconds
and two accumulations.

Thermal Stability

Using the Mettler Toledo Thermal Analyzer TGA/DSC3+ STARe System (Melbourne, Australia), the samples’ thermal
analysis was investigated. The studies were performed in a dynamic air environment (100 mL/min, synthetic air) with
a heating rate of 10°/min, and the temperature range covered was 25-500 °C. A DSC-204 Netzsch calorimeter (Selb,
Germany) was used to measure the very small quantities of each sample (around 4 mg) in aluminum melting crucibles
with punctured lids to seal them under the same temperature range, heating rate, and atmosphere.
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DLS Parameters

The assessment of sample size and surface charge was executed using a Cordouan Technology system (located in Pessac,
France) that comprised a size detector (Vasco analyzer) and a charge measurement module (Wallis). The following
parameters were established to determine the particle size and its distribution: temperature (23.0+0.5 °C), time interval
(2142 ps), number of channels (440+10), laser power (80+£5%), continuous acquisition, and Pade-Laplace analysis. The
parameters set to detect surface charge were as follows: the same temperature, automatic applied field, medium
resolution, 5 measures/sequence, laser power (70%), and Henry function (Smoluchowski).

SEM

The morphology of the sample was examined utilizing a TESCAN 3 VEGA scanning electron microscope secondary
electron detector (Brno, Czech Republic). The following settings were employed: the accelerating voltage at 20.0 kV and
the magnifications to 500x and 1000x.

Small-Angle Neutron Scattering

Small-angle neutron scattering (SANS) experiments were conducted on the samples as dry powders that were placed into
2mm-thick quartz cuvettes from Hellma (Miillheim, Germany) and measured without any pre-treatment. Neutron
scattering experiments were conducted on the Yellow Submarine instrument at the Budapest Neutron Centre, which is
a pin-hole type instrument with a two-dimensional neutron detector. The instrument was used with two sample-to-
detector distances (1.2m and 5.3m) and two wavelengths (4.95A and 9.70A). The beam diameter was 7mm. The samples
were measured for 60—120 minutes at each setting, at room temperature. By changing the wavelengths and sample-to-
detector distances, a Q range of 0.006-0.400 A™' was covered. The Q (scattering vector) was calculated using the

0= i (§'> @)

where A is the wavelength of the monochromatic neutron beam, and 20 is the scattering angle.

Equation 2:

After accounting for background scattering, detector sensitivity, empty cell scattering, and sample transmission, the
observed scattering intensity was averaged radially. The values of neutron intensity are expressed in arbitrary units since
the amount of in-beam material was overlooked.

Cells Proliferation

For the experiment, human dermal fibroblast (HDFa) cells were utilized, which were seeded in a medium supplemented
with FBS and penicillin-streptomycin mix. The cells were grown under standard conditions in a specific environment that
was previously established.”® The cells were cultivated in such a manner that the medium was modified every 2-3 days in
order to promote optimal growth. The proliferation of the cells was assessed using the MTT colorimetric technique. To
analyze the cytotoxicity, HDFa (2x10"4 cells/well) were seeded in 100 uL of medium in 96-well cell culture plates and
allowed to adhere for 24 hours. After 24 hours, the growth medium was replaced with samples diluted in different ratios:
90 uL medium + 10 uL sample, 95 uL medium + 5 pL sample, and 99 uL medium + 1 pL sample. Control cell batches
were treated with DMSO at equivalent concentrations to the test samples. All tests, performed in triplicate, involved
samples suspended in DMSO. Cell proliferation was assessed at 24, 48, and 72 hours post-treatment using the MTT
assay, and absorbance at 590 nm was measured with a Bio-Tek Synergy H1 spectrophotometer. The proliferation of cells
was calculated using Equation 3:%*

A
Proliferation (% control) = (A_t) -100 3)

c

where At is the absorbance for the test solutions and Ac is the absorbance for the control. The calculation was based on

the average of three successive measurements.
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Skin Irritation

A comprehensive pharmaco-toxicological evaluation was carried out on newly synthesized compounds using specially-
sensitive mice, which were divided into five groups. The first two groups served as controls, one consisting of mice
treated only with the solvent, while the other received a 2.0% SDS solution, a known skin irritant. The hair on the back of
CB17SCID mice was shaved at the beginning of the experiment and each subsequent week, providing a surface area of
3-4 cm?”. The samples under investigation (40+3 pL each) were applied to the back skin of the mice every third day for
a period of 15 days. Measurements of various parameters were taken 30 minutes later by the same operator under
standardized conditions of temperature and humidity. Erythema was assessed using a Mexameter™ MX 18 probe, while
skin hydration levels were determined using a Corneometer™ CM 825 probe. Both devices were connected to
a Multiprobe Adapter System (MPAS5) from Courage-Khazaka (Koln, Germany).

Statistics

The IBM SPSS Software version 27.0.0.0 (Armonk, NY, USA) was utilized for data analysis. The mean and standard
deviation of mean were used to present the results for continuous variables. To assess the normality of the dataset,
a Kolmogorov—Smirnov (K-S) test was conducted; Student’s t-test, ANOVA, Kruskal-Wallis, and multiple comparison
Tukey’s post-hoc test was also used. A p-value of less than 0.05 was considered to be statistically significant (* indicate
p > 0.05, * indicate p < 0.05, ** indicate p < 0.01, and *** indicate p < 0.001). The charts were created in Excel, which is
part of the Microsoft® Office Professional Plus 2019 software package from Microsoft Corp. (Washington, USA).

Animals: Before Irritation Testing

The present study was conducted in full compliance with the ethical principles outlined in the Declaration of Helsinki;
prior to commencement, the study protocol underwent evaluation and received approval from the Ethical Committee at
“Victor Babes” University of Medicine and Pharmacy Timisoara, Romania (approval no. 42 from October 29, 2021). The
experimental methodology adhered to the guidelines established by the National Institute of Animal Health; animal
subjects were housed under controlled environmental conditions, including a 12-hour light-dark cycle, unrestricted access
to food and water, ambient temperature of 25+1 °C, and relative humidity exceeding 55%.

Results

Physicochemical Properties

The results of the pH evaluation demonstrated that the samples were neutral and safe, with the following values obtained:
6.77+0.19 (sample PU 0) and 6.75+0.14 (sample PU 1). Both samples had pH values that fell within the acceptable
range for pharmaceutical products. Moreover, the refractive index values were found to be 1.60 for both samples, which
is an important measure for characterizing the samples. The refractive index analysis can be used to verify the purity and

isotropic nature of the samples.

Encapsulation Efficiency and in vitro Release

The quantity of free DNA was used to calculate the loaded amount. A graph of absorbance versus calibration was created
using the absorbance of nine standard solutions with varying concentrations. The average encapsulation efficiency for
samples PU 1 was 72.5+2.1% based on the amount of free DNA reported as a percentage of the total quantity added to
synthesis.

The cumulated DNA release is depicted in Figure 2, which was collected under nearly ideal sink conditions, as
previously described in a study.?’ To more precisely characterize the observed pattern of release, we conducted an
analysis of the data using the principal kinetic models, including zero-order, first-order, Korsmeyer-Peppas, Hickson-
Crowell, and Higuchi models; the highest R? value was recorded at 0.9886 in the case of Higuchi model.
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Figure 2 The evolution of the cumulated DNA release.

Penetrability Rate

The release of DNA to a target can be significantly influenced by its carrier ability to penetrate various membranes,
which is a crucial rate-limiting parameter. The permeation of PU particles from both samples through an artificial
membrane was remarkably similar (Figure 3), with around 40% of the particles penetrating within the first ten hours and
approximately 65% passing through in the first 24 hours.

FTIR-UATR Spectroscopy

FTIR-UATR analysis was used to comparatively determine the functional groups present in the obtained samples, which
is often used in materials science, chemical analysis, and biomedical research to determine the composition of a sample
and gain insight into its properties and behavior. Figure 4 shows the FTIR spectra of the analyzed samples.

The following absorption bands were identified: -NH- stretching (3340 cm™' for PU_0 and 3334 cm™' for PU_1), -
CH,- stretching (sharp peaks between 2851 and 2928 cm'); other vibrations associated with the carbonyl absorption
bands between 1738 and 1624 cm_l, while -CH,- were identified by the bands located at 1452, 1347, and 1256 cm” ! for
PU 0 and at 1466, 1347, and 1247 cm™' for PU_1. The characteristic group of vibrations of the -NH- bond is very
intense at 611 cm ' and 1576 cm ' for PU_1 and at 1586 cm ' for PU_0. The presence of bands in the range of
1079-1069 cm ™' suggests the existence of a C-O-C bond, while the bands at 935 cm™' are characteristic of aliphatic
alcohols, respectively 888—720 cm ' for mono-substituted alcohols. The two spectra have similar characteristics in terms
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Figure 3 The penetrability rates. The significant difference between the samples was indicated by *p < 0.05 and **p < 0.0l from t-test at the same time.
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of composition and functional group presence. Both the samples displayed peaks at identical wavelengths, albeit with

minor variations in intensity.

Raman Spectroscopy

The Raman spectra of samples (Figure 5) show bands at 235.5 cm™!, 272.5 cm ™!, and 339.9 cm ™' (PU_0), at 211.3 cm™!
and 280.2 cm ' (PU_1) that correspond to the cleavage of C-C aliphatic bonds, a band at 442.9 cm™' (PU_0)
characteristic for alcohols,®® and bands between 536.3 cm ' (PU_1) and 544.7 cm™' (PU_0) attributed to the stretch
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of C-C alicyclic and aliphatic bonds. The C-O-C bond is indicated by the strong bands occurring at 859.6 cm™' (PU_1)
and between 744.9 and 964.8 cm™' (PU_0). The bands between 1226.2 and 1494.9 cm™' (PU_0), between 1108.4 and
1441.8 cm ' (PU_1) are associated with the stretch and asymmetric cleavage of -CH; and -CH,- bonds. The presence of
moderate bands between 1585.1 and 1747.8 cm™ ' suggests the presence of C=0 bonds, while the observation of bands
around 1971.9 cm™ ' indicates the presence of C-O-O bonds. The moderate band at 2141.1 cm™' (PU_0) is associated
with C=C bonds, while the signal of C=N bonds appears between 2238.2 and 2245.1 c¢cm '. The strong band at
2885.8 cm ! (PU_1) is specific to C-CH; groups, while moderate bands around 3150 cm ' can be attributed to amines.

Thermal Analyses

Figures 6-8 illustrate the results of the thermal analyses, including TG/DTG and DSC. The thermal degradation of PU
samples can be attributed to multiple degradation steps and varying stability, which depends on the composition and the
presence of various raw materials. Up to 100 °C, the decomposition of the macromolecular chains is generally considered
to be minimal, but the evaporation of acetone and water can be observed. The most intense degradation step, with a DTG
peak maximum around 200°C, is ascribed to thermolysis processes that disrupt the weakest bonds. This is followed by
two temperature ranges of combustion, whose maximums of the decomposition rates approximately distribute in
300-350°C and in 370-450°C, respectively. The first stage represents the decomposition of PU and the release of
volatile compounds, while the second stage corresponds to the oxidation process of the residues.

DLS Parameters

The necessity of determining the size distribution and Zeta potential via dynamic light scattering before deploying any
delivery system is generally recognized and considered indispensable. These methods have been extensively employed in
numerous research domains such as the stability of nanoparticles, bio-colloids, and polymer science. Table 1 lists the
values obtained from Zetasizer evaluations.

SEM

The morphological aspects of the PU_0 (Figure 9) and PU 1 (Figure 10) samples were investigated at two different
magnifications: 500x (a) and 1000x (b). After a comparison of the figures for DNA loaded and bare PU capsules, no
major differences were observed.
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Figure 6 The TG curves of the synthesized samples.
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Figure 7 The DTG curves of samples.
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Figure 8 The DSC curves of the tested samples.
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In Figure 11, the neutron intensity is represented with respect to Q momentum transfer. The curves were modelled using

a power-law model (Equation 4):

Table | DLS Parameters of the Developed Samples

Sample | Analyzed Parameters

Size (nm) PDI Zeta Potential (mV)
PU_0O 419+ 14 (32%)% | 1.11 £0.01 | 219+ 1.4

832 + 21 (68%)"
PU_I 397 £ 17 (38%)% | 1.07£0.02 | 23.0% 1.8

909 + 25 (62%)*

Note: *Values indicate the percentage of each population of particles.
Abbreviation: PDI, polydispersity index.
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Figure 10 SEM image of the PU_I sample: (a) 500x; (b) 1000x.

I(Q) = AP + Bkg @

where A contains the instrument-related scaling factor and neutron contrast, p is the power value related to the fractal
exponent, and Bkg is the incoherent background scattering.
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Figure 11 SANS intensity versus scattering vector curves.

Cell Viability

The viability of HDFa cells (Figure 12) was determined 24, 48, and 72 hours after stimulation with the samples at
concentrations of 1%, 5%, and 10% to determine their cytotoxicity. At 24 hours, concentration-dependent increases in
cell viability were observed for both samples. The highest values were observed at the concentration of 10% (160% for
PU 0 and 167% for PU 1).

A similar trend was observed in terms of cell viability after 48 hours. Thus, the maximum concentration tested for
samples increased cell viability to 194% (PU_0) and 196% (PU_1) compared to the control. At 72 hours of incubation,
PU 0 increased cell viability compared to the control by 227%, while PU_1 exhibited the highest values at the studied
concentrations (270%).

Skin Irritation

Two mouse strains were used in this study owing to their different skin sensitivities. As shown in Figures 13 and 14,
slight variations in the examined skin parameters (erythema and hydration) were apparent when comparing the
consequences observed in the tested PU samples to those found in SDS.

Discussion
To deliver therapeutic nucleic acids into patient cells either to compensate for genetic abnormalities or to introduce new
genetic material capable of resisting disease processes, DNA delivery is an essential part of the treatment.>' The potential
of DNA delivery to alter the course of severe and sometimes fatal genetic illnesses, while providing previously
unattainable effective therapies emphasizes the significance of this technology.*> Although viral vectors have demon-
strated excellent transport efficiency, concerns about their safety have raised interest in non-viral vectors, such as
polymer-based carriers and cationic liposomes. These non-viral vectors offer advantages such as ease of production
and low immunogenicity.*>

Two samples of a polyurethane carrier, one with DNA and one without, were obtained and comparatively character-
ized using physicochemical, in vitro, and in vivo evaluations. These analyses confirmed the spectral properties, stability,
size, charge, and shape of the newly synthesized products. The synthesis process involved combining an aqueous with an
organic phase. PEG400, used in the aqueous phase, served to form soft segments of the macromolecular chains and
control their hydrophilicity and release profile. PEG400 is also commonly used as a pore-forming agent. PCL was
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Figure 13 Comparative evolution of erythema for (a) CBI7SCID mice and (b) Balb-c. *p> 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. Bars represent mean * standard

deviation of the mean (n= 30).
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Figure 14 Comparative evolution of skin hydration for (a) CBI7SCID mice and (b) Balb-c. “p> 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. Bars represent mean # standard
deviation of the mean (n= 30).

included to enhance hydrolysis-induced degradation, while HD functioned as a chain extender. The ratio of these raw
materials was determined based on our previous research to achieve a pro-longed release profile and a specific range of
PU structure sizes.'®>' On the other hand, MDEA was used to introduce cationic groups. IPDI, dissolved in acetone was
chosen for the organic phase due to its non-carcinogenic propertics. Banana DNA has been chosen due to its advantages
for scientific investigations, especially in the genetic diversity analysis and breeding programs.**

The pH evaluation revealed that both samples were neutral and safe, with pH values within the falling within the
acceptable range for the topical application of pharmaceutical products. Previous studies have shown that the refractive
index is a critical parameter for assessing the purity and isotropic nature of samples. The obtained refractive index value
of 1.60 provides valuable information into the safety and purity of samples, which is essential for their use in
pharmaceutical applications.

Encapsulation efficacy has crucial potential for improving therapeutic outcomes through increased bioavailability and
controlled release of the loaded active agent, which can lead to more effective treatment and reduced side effects. On the
other side, the encapsulation efficiency is an important parameter in reducing drug loss during formulation and
manufacturing. A result of 72.5% was obtained by reporting the quantity of free DNA from the washing mixture to
the total amount of DNA added to the synthesis; although the value is acceptable, existing literature indicates that PEI
and lipid nanoparticles exhibit higher values.*>*® Farshbaf et al’’ describe that cationic polymers present very good
values for the encapsulation efficacy and their potential for therapeutic use, particularly in nucleic acids delivery for gene

therapy, is heightened by this aspect, making them a compelling candidate for these applications.
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The discharge of active agents relies heavily on their release profile, which is a crucial factor in the delivery process.
Typically, manipulation of polymer degradation rates and drug diffusion from polymer particles is used to control the
release profile. The study presented a rapid burst release due to the discharge of surface-bound molecules in the first
12 hours (Figure 2),* followed by a slow release that occurred simultaneously with the degradation of the polymer and
diffusion of the active agent through the pores of the polymer particle over the next 24-36 hours. Finally, there was
a stable “plateau” phase that determined the release profile. On the other side, the penetrability rate is an important rate-
limiting parameter that influence the release of the active agent to the target. From our measurements, it was observed
that the penetrability of the particles through the PVDF membrane was approximately 45% in the first ten hours and it is
worth mentioning that almost the entire amount passed through the artificial membrane within the next 50 hours.

The data obtained by FTIR and Raman spectroscopy can be used to optimize the design and performance of carriers,
ensuring that they are safe and effective for use in medical applications. When discussing the safety aspects of polyurethane
products, it is essential to acknowledge the significant toxicity associated with isocyanates, a key raw material used in the
synthesis.*® Figure 5 shows a minor peak for the DNA phosphate at 1108 cm ™' for PU_1, which is consistent with the
literature;*° however, the absence of other signals at 779, 1334, 1484, 1574, and 1665 cm’ might be due to the effective
encapsulation, which may limit the vibrational motions required for IR detection. This incorporation frequently causes the
masking or shifting of distinctive infrared peaks because of the interactions between the drug and carrier.

The synthesized polyurethane particles exhibited excellent thermal stability according to the findings of this study.
The ability to maintain structural integrity and functional properties at a range of temperatures is critical because many
active agents are sensitive to high or low temperatures, which can compromise their potency and efficacy. The current
carrier demonstrates significant thermal stability up to 200 °C. Although assessment above this temperature is not
relevant for topical biomaterials, it provides valuable insights into the macromolecular chains, allowing for the prediction
of the half-life of pharmaceutical formulations and the assessment of compatibility with various excipients.*'

In contrast to our previously generated PU particles,'® 2!

the DNA carrier we developed a larger particle size
distribution and particle size because of the incorporation of a higher amount of chain extender (HD) during the synthesis
process. The benefits of these changes include enhanced encapsulation effectiveness and capacity to sustain DNA release,
thereby guaranteeing therapeutic levels over an extended duration. The SEM images and DLS parameters (Table 1)
demonstrated the emergence of dispersed systems comprising two distinct particle populations. Previous research has
indicated that carriers comprising dispersed particles typically ensure an extended release,* as a result of their differing
degradation rates.

Polyurethane is known to be prone to phase separation and microphase segregation, which can lead to inhomogene-
ities in the material. The presence of DNA or other additives can further influence the material’s nanostructure,
potentially leading to inhomogeneities. Understanding how DNA affects the nanostructure of this material is essential
for developing biomaterials with specific properties. One of the advantages of SANS is that it provides average
information over the whole volume of the sample (approximately 25 mm?), whereas microscopic methods are limited
to surface-level observations. Therefore, a nanophase separation with or without DNA would clearly alter the power-law
behavior of the SANS curves.

The SANS data in Figure 11 reveal typical power-law behavior, confirming the homogeneity of the material in the
size range of approximately 20-200 nm. The observed volume or mass fractal-like behavior is characterized by
a p-exponent value of 2.7 + 0.1. This type of fractal behavior is typically associated with structures containing branching
and crosslinking, forming three-dimensional networks. Notably, both the PU 0 and PU 1 samples exhibit similar SANS
curves, indicating that the addition of DNA does not compromise the polyurethane skeleton.*?

Polyurethane biomaterials have already demonstrated the ability to promote cell adhesion and growth at specific

1.** A study by Gonzalez-Garcia et al*® also

concentrations, as demonstrated by a study conducted by Zanetta et a
examined the cytocompatibility of two PU-based biomaterials designed for bone tissue regeneration and their results
revealed excellent cell adhesion to the material’s surface, which was completely covered by cells, and good cell
proliferation. Additionally, in a previous study conducted by our research team, we investigated the impact of a PU
carrier containing ursolic and oleanolic acids on skin tumors and found that cell viability was slightly higher in the

sample with encapsulated acids than in the sample with free acids.*® The data presented in Figure 12 (HDFa cell
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viability) provided strong evidence for the non-cytotoxic profile of PU particles as a delivery system for nucleic acids.
After subjecting the cells to 24, 48, or 72 hours of stimulation, the cell viability increased in a time- and dose-dependent
manner. The highest level of cell proliferation (270%) was recorded for PU 1 when tested at the highest concentration
(10%) after 72 hours.

Skin assessment in mouse models is important because it allows researchers to study skin biology and disease in
a controlled and reproducible manner. Furthermore, skin assessments in mouse models can provide insights into the
efficacy and safety of topical treatments. Overall, the use of mouse models is critical for the development of new
therapies.*” Our in vivo noninvasive and quantitative evaluation of erythema and skin hydration was used to investigate
the irritative effects of the PU samples. Figure 13 (erythema differences in a 5-day assessment on two mice strains)
presents the comparative evolution of this skin parameter; it can be noticed that erythema values increase between 1540
arb. units in the control group of CB17SCID mice and 20-60 arb. units for Nu-Nu Balb-c mice because of the higher
sensitivity of hairless mice. The increase in erythema values is often associated with irritation; however, the amplitude of
this increase is very important; for SDS, the difference is equal to 126 arb. units (CB17SCID), and 182 arb. units (Nu-Nu
Balb-c). Similarly, the decrease in skin hydration indicates an irritation potential of a chemical compound of pharma-
ceutical formulation, but it can be noticed that the differences found for mice treated with PU 0 and PU 1 are much
closer to the differences recorded for the control group than for the SDS group.

Physicochemical, in vitro, and in vivo evaluations of the synthesized carrier revealed that the development of
polyurethane particles for the delivery of nucleic acids represents a novel approach to this important research area,
and the results of this study provide valuable insights into the potential of this new technology. However, although the
results of this study are promising, further clinical trials are needed to fully evaluate the safety and efficacy of these
particles as delivery systems for DNA.

The small sample size of this study is its primary drawback; undoubtedly, the quantity of MDEA used plays a significant
role in determining the efficiency of DNA delivery. Therefore, it is essential to examine a series of PU carriers with varying
MDEA concentration. The absence of investigations into the temporal stability of the formulation and the effects of samples
on irritated skin should be recognized as limitations of this study. A comparative study exploring the efficacy of PU and
polyethyleneimine as DNA carriers could yield valuable information. To comprehensively characterize these samples, it is
essential to conduct a long-term cytotoxicity assay to assess carrier biocompatibility, evaluate prolonged DNA release, and
examine skin irritation over extended periods, with a minimum duration of one month.

Conclusion

This study demonstrates the successful fabrication of cationic polyurethane (PU) particles as potential non-viral carriers for
topical DNA delivery. Particles synthesized from aliphatic non-carcinogenic raw materials showed favorable physico-
chemical properties, efficient DNA encapsulation, controlled release, and good membrane penetration. Analytical techni-
ques confirmed that DNA encapsulation did not alter the structural integrity of the carrier, while thermal analysis indicated
stability up to 200 °C. In vitro and in vivo assessments revealed dose- and time-dependent cell proliferation and minimal
skin irritation, thereby supporting the biocompatibility of the system. The small sample size and lack of temporal stability
are the main limitations of this study. Comparing PU and polyethylenecimine carriers would be valuable. Future studies
should assess carrier biocompatibility, DNA release, and skin irritation over one month.
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