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ABSTRACT: Although RNA therapeutics hold great promise for treating different diseases, their administration across
physiological barriers remains challenging. This study explores a supramolecular (SM), bioerodible, and injectable hydrogel,
composed of an ad hoc synthesized Poloxamer 407-based poly(ether urethane) (PEU) and a-cyclodextrins (a-CDs), as a carrier for
localized delivery of poly(f-amino ester) (PBAE) and siRNA polyplexes. Polyplexes assembled within a-CDs showed higher sizes
(150—300 nm) and positive charges (+20 to +30 mV) compared to those in HEPES buffer (<100 nm, —20 to +20 mV). SM
hydrogels, prepared by mixing aqueous solutions of PEU and a-CDs at final concentrations of 0.9—1.4 and 10% w/v, respectively,
preserved thixotropic and self-healing characteristics after polyplex embedding. Intact polyplexes were released from the hydrogel
over 48 h and showed efficient gene knockdown in phagocytic cells. These findings underscore the potential of SM hydrogels as gene
delivery vehicles, premised upon their injectability and favorable release profiles.

KEYWORDS: polyplexes, supramolecular hydrogels, injectability, small interfering RNA, gene delivery

1. INTRODUCTION

Injectable hydrogels are a class of materials with relevant shear-
thinning behavior, allowing them to flow easily under shear
stress, and self-healing capabilities, enabling them to recover

active mechanisms.””® RNA molecules can be incorporated
into hydrogels in two ways: either directly by including the
naked RNA itself or by embedding RNA-containing nano-
carriers within the hydrogel network. Phagocytic T-cells pose a

their structure when the applied stress is relieved. Due to these
features, injectable hydrogel formulations have found wide-
spread application for controlled and prolonged release of
various compounds, such as small molecules, proteins, and
nucleic acids.”” Indeed, payloads can be homogeneously
included into the hydrogel while it is still in the liquid form,
but, once in the gelified state, the typical shear-thinning and
self-healing properties of these hydrogels enable smooth
injection through needles without clogging and allow for
recovery to their initial state once fully injected, with the
advantage of being delivered to difficult to access sites without
the need for surgery.3’4 In case of RNA therapeutic release,
hydrogels enable precise management of both spatial and
temporal aspects, thus enhancing the therapeutic efficacy of
RNA treatments. Several hydrogel designs have been utilized
to achieve controlled RNA release, employing either passive or
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special challenge in RNA delivery due to low uptake rates or
moderate endolysosomal acidification and thereby low trans-
fection efficiencies using classical nanocarriers.” ' However,
there have been numerous strategies to overcome these
obstacles such as the utilization of special polymers like VIPER
(virus-inspired polymer for endosomal release) or targeting
ligands.'>"?

Utilizing RNA nanocarriers (e.g,, liposomes/lipid nano-
particles, polymeric nanoparticles, inorganic nanomaterials)
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loaded within a hydrogel network offers distinct advantages
over the direct delivery of naked RNA. This approach
decreases the need for chemical modifications of both the
RNA and hydrogel-forming materials while potentially
enhancing the loading capacity, stability, and transfection
efficiency. Furthermore, when RNAs are encapsulated in
carriers, they are protected from nucleases, with a consequent
increase in their longevity, and their endocytosis-mediated
internalization followed by cargo release in the cytosol
improves RNA uptake compared to extracellular release of
naked RNA molecules. Among RNA-based drugs, small
interfering RNAs (siRNAs) silence the expression of their
target RNAs by exploiting the endogenous RNA interference
(RNAi) pathway,'*"® thus playing a crucial role in altering the
expression or activity of its targeted molecules.’

Based on these premises, in this work, we report the
incorporation of siRNA-based polyplexes into a custom-made
injectable and bioerodible supramolecular hydrogel as a new
nucleic acid delivery system for localized, sustained, and
prolonged in situ release of RNA therapies through a passive
mechanism.

Specifically, polyplexes were selected as nonviral siRNA
nanocarriers overcoming the typical drawbacks of viral vectors
(i.e,, complex preparation, limited size of the foreign gene they
can carry, potential for immunogenicity, and undesired
mutations'®). The majority of nonviral vectors is positively
charged under physiological conditions (e.g., cationic polymers
and cationic liposomes'”'®) in order to interact with negatively
charged nucleic acids.'” These vectors enter target cells
through endocytosis, and their preparation process is relatively
straightforward.”® In this category, poly(f-amino ester)s
(PBAEs) are among the most extensively researched cationic
polymers”' due to their numerous advantages such as (i) the
presence of positive charges for nucleic acid complexation, (ii)
the presence of easily degradable linkages in the polymer
backbone (ie., hydrolyzable ester bonds) enhancing biode-
gradability and biocompatibility, and (iii) flexibility to
customize the properties of the polymer through a
combination of various monomers.””>> PBAEs have found
successful application in numerous studies’>**** as trans-
fection agents because they contain amino groups with pH-
dependent positive charges that can engage in electrostatic
interactions with the negative charges of nucleic acid
phosphate groups,”*° thus forming a _})olyelectrolyte complex,
commonly referred to as a polyplex.”” In this work, a PBAE-
based polyspermine with 75% oleyl amine side chain®*’
(Figure S1) was complexed with siRNA to obtain polyplexes at
different N/P ratios, further characterized regarding their
hydrodynamic diameters, {-potentials, and siRNA encapsula-
tion efficiency.

With regard to the hydrogel counterpart, supramolecular
(SM) hydrogels relying on the combination of a synthetic
poly(ethylene oxide) (PEO)-containing polymer with a-
cyclodextrins (a-CDs) have been identified as potential
polyplex carriers due to their relevant shear-thinning and
self-healing properties and thus injectability.’® Among
commercially available PEO-based polymers, Poloxamer 407
(P407), also known as Pluronic F127, has been widely
investigated for SM hydrogel design.’' Although P407-based
supramolecular gels exhibit relevant thixotropic and self-
healing properties, making them easily injectable, being at
the same time biocompatible, bioadhesive, and allowing for
controlled drug release,”” several drawbacks have also been

reported in the literature, including phase separation, poor
mechanical performances, and rapid dissolution.”” In order to
overcome these limitations and widen the tuning potential of
P407-based SM hydrogel formulations, in the past years, we
reported on the possibility of using P407 as macrodiol for the
synthesis of high-molecular-weight poly(ether urethane)s and
exploiting the resulting polymers as constituents of SM
hydrogels upon mixing with a-CDs.**™*° Within our group,
supramolecular hydrogels have been employed as drug delivery
systems for curcumin upon complexation with a-CDs>® and
lignin—cobalt nanoparticles for the treatment of bacterial
infections in chronic wounds.”” As a step forward, in this work,
we report on the possibility of encapsulating siRNA-containing
polyplexes into PEU-based SM gels. Specifically, PBAE-based
polyplexes (PXs) containing siRNA were loaded into PEU-
based SM hydrogels during their preparation by exploiting the
possibility of preparing the polyplexes directly within the a-CD
solution. Hydrogel gelation kinetics was then qualitatively
evaluated through a tube inverting test, and mechanical and
self-healing characteristics were assessed through rheological
analysis, comparing PX-loaded hydrogels with the correspond-
ing placebo formulations. The hydrogel’s ability to release
intact polyplexes over time was also assessed through dynamic
light scattering, nanoparticle tracking analysis, and trans-
mission electron microscopy. Finally, the polyplexes released
from the hydrogels were tested on monocytes to investigate
their gene silencing effects.

2. MATERIALS AND METHODS

2.1. Materials. 4-(2-Hydroxyethyl)-1-piperazine ethanesulfonic
acid (HEPES), heparin sodium salt, dimethyl sulfoxide (DMSO),
Triton-X 100, Atto 647, RPMI-1640 medium, heat-inactivated fetal
bovine serum (FBS), penicillin/streptomycin solution, G418 disulfate
salt solution, and Dulbecco’s phosphate buffer saline (DPBS) were
purchased from Sigma-Aldrich (Darmstadt, Germany). Double-
stranded human glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) siRNA (5'-pGGUCGGAGUCAACGGAUUUGGUCgt,
3’-UUCCAGCCUCAGUUGCCUAAA-CCAGCA) and scrambled
siRNA (S’-pCGUUAAUCGCGUAUAAUACGCGUat, 3'-CAG-
CAAUUAGCGCAUAUUAUGCGCAUAp) were purchased from
Integrated DNA Technologies (IDT, Coralville, Iowa, USA). Real-
time PCR reagents and kits, 0.05% and 0.25% trypsin/ethyl-
enediaminetetraacetic acid (Trypsin EDTA), Lipofectamine 2000
(LF), and Opti-MEM Serum Reduced Medium were purchased from
Thermo Fisher Scientific (Schwerte, Germany). a-Cyclodextrins (a-
CDs) were purchased from Glentham Life Sciences (Corsham, U.K.).

2.2. Polyplex Preparation and Characterization. A spermine-
based ampbhiphilic poly(f-amino ester) (PBAE) containing 75% oleyl
amine (OA) monomer was synthesized according to a previous
protocol (Figure S1).*® Hereafter, the polymer will be referred to with
the acronym PBAE_75OA.

2.2.1. Polyplex (PXs) Preparation. The preparation of polyplexes
took place either in sterile filtered 10 mM HEPES buffer (pH 5.4) or
in 10 mM HEPES buffer (pH 5.4) containing a-CDs at 14% w/v
concentration. To this aim, an a-CD solution at 14% w/v
concentration in HEPES buffer (10 mM, pH 5.4) was first prepared
and filtered through a 0.22 um pore-sized syringe filter (Rotilabo-
syringe filters, Carl Roth GmbH, Karlsruhe, Germany). In parallel, a
DMSO stock solution containing PBAE_7SOA at 25 mg/mL
concentration was diluted at 1:10 volume ratio either in HEPES
buffer or in @-CD containing HEPES buffer to obtain a PBAE_750A
final concentration of 2.5 mg/mL. For preparing the polyplexes,
PBAE_750A and siRNA solutions were then diluted to determined
concentrations in a total volume of 100 yL of HEPES or a-CD
containing HEPES buffer in order to obtain polyplexes at desired N/P
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Table 1. Volume of Each Solution Needed to Prepare 1 mL of Each Hydrogel Formulation and the Corresponding Sample

Acronyms
hydrogel formulation CHP407 3% w/v (uL)
CHP407 0.9% + a-CD 10% 286
CHP407 1.4% + a-CD 10%
CHP407 0.9% + a-CD 10% + PX 286

CHP407 1.4% + a-CD 10% + PX

CHP407 5% w/v (uL)

a-CD 14% w/v w/o PXs (uL)  a-CD 14% w/v with PXs (uL)

714
714
357 357
357 357

ratios (i.e., S, 7, 10, and 15). The amount of PBAE_750A needed for
each N/P ratio was quantified through eq 1

mPBAE77SOA = NgrNA X 52 X N/P X Mprotonablefunit (1)

where mippag 7504 iS the mass of the polymer in pg, ngyya is the
amount of siRNA in pmol, 52 is the number of RNA’s nucleotides,
and Mjroeonable unie i the molar mass of the protonable unit within the
PBAE_750A in pg/pmol. Finally, the two solutions of PBAE_750A
and siRNA were gently mixed at a volume ratio of 1:1 using a pipet
(15—20 consecutive pipet mixing procedures) and allowed to
incubate for 90 min at room temperature to allow PX formation.
Hereafter, the prepared polyplexes will be referred to with the
acronyms PX_HEPES and PX HEPES + a-CD depending on the
composition of the 10 mM HEPES buffer used for their assembly (i.e.,
the buffer as such or containing a-CDs at 14% w/v concentration).
The hydrodynamic diameter and {-potential of both PX_HEPES and
PX_HEPES + a-CD were tested using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK).

2.2.2. siRNA Encapsulation Efficiency. The amount of siRNA
encapsulated within the polyplexes was estimated through a
fluorescence-based quantification assay using the SYBR Gold Nucleic
Acid Stain®® (Life Technologies, Darmstadt, Germany). To estimate
the encapsulation efficiency, 10 uL of each sample was incubated with
12 uL of RNase-free water for 1 h at 37 °C under shaking (300 rpm).
After that, the samples were added in a 384-well black microplate
(Greiner Bio-One, Frickenhausen, Germany) together with 3 uL of
4X SYBR Gold Nucleic Acid Gel Stain and incubated in the dark
under shaking (300 rpm) at 37 °C for 10 min. As blank
measurements, the same volumes of HEPES buffer or HEPES buffer
containing a-CDs at 14% w/v were employed, while as 100% free
siRNA reference, 10 uL of siRNA solution with the same
concentration of the siRNA present in the formulations was used.
Fluorescence was measured by means of a Spark microplate reader
(Tecan, Minnedorf, Switzerland) at 492 nm excitation and 537 nm
emission wavelengths.

2.3. Hydrogel Preparation and Characterization. The poly-
(ether urethane) (PEU) used in this work for SM hydrogel
preparation was synthesized according to a previous protocol (Figure
$2)** starting from Poloxamer 407 (P407), 1,6-hexamethylene
diisocyanate (HDI), and 1,4-cyclohexanedimethanol (CDM). The
successful synthesis of a high-molecular-weight PEU (number-average
molecular weight of 30 kDa and dispersity index of 1.8) was proved
by size exclusion chromatography (SEC) (Agilent Technologies 1200
Series (Agilent Technologies, Inc., Santa Clara, CA, USA)), and
attenuated total reflectance-Fourier transformed infrared (ATR-
FTIR) spectroscopy (PerkinElmer Spectrum 100 (Waltham, MA,
USA)). Based on its constituent blocks, the PEU used for hydrogel
preparation will be identified with the acronym CHP407, where C, H,
and P407 refer to CDM, HDI, and P407, respectively.

2.3.1. Preparation of SM Hydrogels Loaded with Polyplexes.
CHP407 was solubilized at 3 and 5% w/v concentrations in HEPES
buffer (pH S.4) previously cooled to 4 °C and stored overnight at the
same temperature to allow the polymer to fully dissolve. The
polyplexes (N/P of 10) were prepared directly in HEPES buffer
containing a-CDs at 14% w/v concentration as described in Section
2.2.1 and mixed with the CHP407 solutions by vortexing for 10 s. A
schematic of the preparation protocol is illustrated in Figure S3. The
ratio at which CHP407 and a-CDs solutions were mixed was defined
to achieve a final @-CD concentration in the hydrogel of 10% w/v and
a CHP407 concentration of 0.9 and 1.4% w/v, depending on the

concentration of the starting CHP407 solution (i.e,, 3 and 5% w/v,
respectively). Based on nanoparticles tracking analysis (NTA) results
(data not shown), the polyplexes were loaded at a final concentration
of around 2:10" particles/ml of hydrogel, corresponding to a siRNA
loading of ca. 0.107 nmol/mL of hydrogel (defined considering a
mean siRNA encapsulation efficiency of 84%). The resulting
formulations were incubated at room temperature overnight to
ensure gelation. Control samples were also obtained by mixing
CHP407 aqueous solutions with an a-CD solution prepared in
HEPES buffer without polyplexes. Table 1 reports the volume of each
solution needed to prepare 1 mL of each hydrogel formulation and
the corresponding sample acronyms.

2.3.2. Evaluation of Hydrogel Gelation Time. Hydrogel gelation
time was qualitatively assessed by performing the tube inverting test.
To this aim, 500 #L of each SM hydrogel formulation was prepared in
2 mL Eppendorf tubes according to the protocol reported above. The
samples were then incubated at 25 °C and their sol or gel states were
monitored over time through vial inversion. The sol and gel states
were defined by the “flow” or “no-flow” conditions over 30 s of vial
inversion, respectively. During the first hour of incubation, the
samples were monitored every 10 min, while for the remaining
observation time, their sol or gel state was evaluated every 20 min.

2.3.3. Rheological Characterization. Rheological tests were
performed on CHP407 1.4% + a-CD 10% and CHP407 1.4% + a-
CD 10% + PX using a stress-controlled rheometer (MCR 100, Anton
Paar GmbH, Graz, Austria) equipped with a temperature control unit
and a 25 mm parallel plate geometry. Each sample (approximately
600 pL) was loaded on the lower plate of the instrument previously
equilibrated at 25 °C, and the gap and normal force were set,
respectively, at 0.6 mm and 0 N. Three tests were performed per
sample at a temperature of 37 °C: (i) strain sweep test with strain
range from 0.01 to 500% and angular frequency kept constant at 1
rad/s; (ii) frequency sweep test with angular frequency varying
between 100 and 0.1 rad/s at 0.1% strain (within the linear
viscoelastic region (LVE) defined through the strain sweep test);
and (iii) strain test performed at 1 rad/s angular frequency through
application of three cycles of low and high strain (0.1% applied for
120 s and 100% applied for 60 s) to better investigate the dynamic
self-healing properties of the hydrogels. The last applied deformation
was low strain in order to assess the residual mechanical properties.

2.3.4. Polyplex Release from the Hydrogel. The release kinetics of
siRNA-loaded PXs from CHP407 1.4% + a-CD 10% + PX was
characterized by preparing 500 uL of hydrogel in 2 mL Eppendorf
tubes. CHP407 1.4% + a-CD 10% hydrogels were also prepared as
negative control samples. Upon gel equilibration at 37 °C, 500 uL of
HEPES buffer (pH 5.4) was added on top of the SM hydrogels (i.e.,
gel to buffer volume ratio set at 1:1). The samples were incubated (37
°C, 300 rpm) and centrifuged (12,000 rcf, S min, room temperature)
at different time points (i.e., 2, 4, 8, 24, and 48 h). Thereafter, S00 uL
of the supernatant was collected for siRNA quantification and
replaced with the same volume of fresh buffer. All the supernatants
collected were analyzed both at the DLS and at the microplate reader
performing the SYBR Gold assay as described in Section 2.2.2. All the
samples were stored at —20 °C and at the last time point they were
thawed, and the released polyplexes were further analyzed at the
NanoSight NS300 (Malvern Panalytical) with the NTA technique.
Transmission electron microscopy (TEM, TECNAI G2 s-Twin
microscope, Thermo Fisher Scientific, voltage 300 kV) was also
exploited to observe the morphology of the polyplexes released from
the hydrogel. To ensure accurate observation of the released
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Figure 1. (a) Hydrodynamic diameter and PDI values of polyplexes prepared in 10 mM HEPES buffer pH 5.4 (light blue, PX_HEPES) and in 14%
w/v a-CD solution in HEPES buffer (dark blue, PX_HEPES + a-CD). Hydrodynamic diameters (left y-axis, indicated as bars) and PDI (right y-
axis, indicated as dots) at different N/P ratios: S, 7, 10, and 15. (b) {-potential values of polyplexes prepared in 10 mM HEPES buffer pH 5.4 (light
blue, PX HEPES) and 14% w/v a-CD solution (dark blue, PX HEPES+ a-CD). {-potential at different N/P ratios: S, 7, 10, and 15. (c) siRNA
encapsulation efficiency in PBAE polyplexes measured by the SYBR Gold assay at N/P ratios of 7, 10, and 15. Light blue bars: polyplexes prepared
in HEPES buffer at pH 5.4 (PX_HEPES). Dark blue bars: polyplexes prepared in a-CD solution at 14% w/v concentration in HEPES buffer
(PX_HEPES + a-CD). Data points indicate mean = SD, n = 3. The statistical analysis reported on the graph is referred exclusively to the
hydrodynamic diameter, {-potential, and encapsulation efficiency values. (d) Representative TEM image of as prepared polyplexes at an N/P ratio
of 10. TEM imaging was performed on polyplexes in HEPES buffer 90 min after their assembly. Scale bar: 500 nm.

polyplexes, a 250 uL hydrogel sample was prepared by concentrating
the polyplex solution up to 6 times. Subsequently, the hydrogel was
incubated at 37 °C for 48 h under shaking conditions (300 rpm) in
contact with S0 yL of HEPES buffer. For sample preparation, the
supernatant was placed on a carbon-coated copper grid, and a staining
solution (2% w/v phosphotungstic acid, Sigma-Aldrich) was placed
on the top.

2.4. In Vitro Cell Testing. The MH-S cell line, which is an
alveolar macrophage murine cell line, was cultured in RPMI-1640
medium supplemented with 10% FBS, 1% penicillin/streptomycin (v/

15859

v), and 0.05 mM f-mercaptoethanol. The cells were passaged every
2—3 days employing 0.25% Trypsin EDTA.

The THP-1 cell line, which is a cell line isolated from peripheral
blood from an acute monocytic leukemia patient, was cultured in
RPMI-1640 medium supplemented with 10% FBS, 1% penicillin/
streptomycin (v/v), and 0.05 mM fS-mercaptoethanol. The cells were
passaged every 4 days. All the cell lines were cultured in 75 cm®
culture flasks (Greiner Bio-One, Frickenhausen, Germany) and
maintained in a humidified atmosphere (5% CO,, 37 °C).

2.4.1. Polyplex Cellular Uptake. The ability of the polyplexes to
enter the cells was verified through an uptake test run on the MH-S
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cell line. Macrophages were seeded in a 24-well plate (50,000 cells/ml
in 500 uL of medium) and incubated for 24 h (5% CO,, 37 °C).
Thereafter, the cells were treated with 100 yL of the following
solutions: (i) polyplexes freshly prepared in HEPES buffer (pH 5.4)
(PX_HEPES), (ii) polyplexes prepared in a-CD (14% w/v)
containing HEPES buffer (pH 5.4) (PX_HEPES + a-CD), (iii)
polyplexes released from the hydrogel (CHP407 1.4% + a-CD 10% +
PX) after 24 h of incubation at 37 °C (RELEASED PX 24h), and
(iv) polyplexes released from the hydrogel (CHP407 1.4% + a-CD
10% + PX) after 48 h of incubation at 37 °C (RELEASED_PX 48h).
Lipofectamine 2000 lipoplexes were used as a positive control. The
negative control was represented by untreated cells. PX_HEPES and
PX_HEPES + a-CD were prepared as explained in Section 2.2.1 with
50 pmol/well of siNC labeled with 10% Atto 647 siRNA. For what
concerns the polyplexes released from the hydrogel, they were
concentrated up to 6 times their initial concentration before
embedding them into the hydrogels, to obtain a release medium
containing PXs at the same concentration as in the control samples. In
more detail, both the PBAE and the siRNA concentrations were
increased by 6-fold during PX preparation to obtain more polyplexes
within the same volume. The hydrogels (500 uL, CHP407 1.4% + a-
CD 10% + PX) were incubated in 2 mL Eppendorf tubes with 350 uL
of HEPES buffer (37 °C, 300 rpm) for 24 and 48 h, and the collected
supernatant was used to treat the cells. After 24 h of incubation, the
cells were collected and analyzed by means of a flow cytometer using
638 nm excitation and a 670/14 nm bandpass emission filter set.
Median fluorescence intensity (MFI) was obtained by analyzing at
least 10,000 viable cells.

2.4.2. Polyplex-Mediated Gene Silencing. The ability of the
polyplexes to silence gene expression was assessed by conducting
qPCR tests. THP-1 cells were seeded in a 24-well plate (50,000 cells/
ml in 500 uL of medium) and incubated for 24 h (5% CO,, 37 °C).
Thereafter, the cells were treated with 100 uL of the following
solutions: polyplexes freshly prepared with siGADPH in (i) HEPES
buffer (PX_HEPES) and in (ii) a-CD (14% w/v) containing HEPES
buffer (pH 5.4) (PX_HEPES + a-CD), (iii) polyplexes released from
the hydrogel (CHP407 1.4% + a-CD 10% + PX) after 24 h of
incubation at 37 °C (RELEASED_ PX 24h), and (iv) polyplexes
released from the hydrogel (CHP407 1.4% + a-CD 10% + PX) after
48 h of incubation at 37 °C (RELEASED PX 48h). Lipofectamine
2000 lipoplexes were used as positive control. The negative control
was represented by untreated cells. Fresh polyplexes and hydrogel
release media were prepared as described above (Section 2.4.1). After
48 h of incubation, the cells were collected and RNA extraction was
carried out using a PureLink RNA Mini Kit (Thermo Fisher
Scientific), following the manufacturer’s protocol. Subsequently,
complementary DNA (cDNA) was synthesized using a high-capacity
cDNA reverse transcription kit (Thermo Fisher Scientific) and
subjected to 40 cycles of gPCR amplification. For this purpose, SYBR
Green gqPCR kit was utilized (Thermo Fisher Scientific). The
expression of the GADPH gene’s mRNA was normalized to the
expression of f-actin. Data were elaborated according to the following
equations of normalization to endogenous expression control (eq 2),
normalization to the reference sample (eq 3), and to finally obtain the
fold change calculation (eq 4)

ACq = Cq[Target] - Cq[Endogenouscontrol] (2)
AACq = ACq[Sample] - ACq[Reference] (3)
RQ =2 - AAC, (4)

where C, refers to the cycle number at which the fluorescence signal
generated by the amplification of the target DNA molecule crosses a
specific threshold level. Cq[Target] is the C, value related to the
GADPH gene, while Cq[Endogenous control] is the C, value related
to the f-actin gene. Finally, the value of AC/[Reference] was
determined using a reference sample composed of water.

2.5. Statistical Analysis. Results are presented as the mean +

standard deviation. The notation “n = 3” indicates an experimental

triplicate; i.e., it specifies that the experiment has been repeated 3
times with technical replicates to obtain more reliable results.

To assess the data, a two-way ANOVA analysis was conducted on
data regarding polyplex characterization, while one-way ANOVA
analysis was performed on data related to in vitro cell testing.
Statistical analysis was carried out employing GraphPad Prism 9
software (La Jolla, CA, USA). The notation * refers to p < 0.05, ** to
p < 001, *** to p < 0.001, and **** to p < 0.0001.

3. RESULTS AND DISCUSSION

3.1. Polyplex Characterization. 3.1.1. Hydrodynamic
Diameter and {-Potential. The hydrodynamic diameter and
PDI values of polyplexes prepared in HEPES buffer as such
and added with @-CDs (PX_HEPES and PX_HEPES + a-CD,
respectively) are shown in Figure la. The hydrodynamic
diameter of the polyplexes prepared in pure HEPES buffer was
below 80 nm (as confirmed by TEM imaging in Figure 1d)
with slight variations depending on the N/P ratio. On the
other hand, the polyplexes prepared in HEPES + a-CD
solution showed a hydrodynamic diameter below 200 nm
except for the N/P value of 5 where the PX size was
approximately 380 nm. This high variation was most likely due
to the presence of @-CDs that, at a low N/P ratio, destabilized
the PX formulation colloidally. The PDI of the polyplexes
prepared in HEPES buffer was below 0.2, indicating a narrow
size distribution. On the contrary, the PDI values of the
polyplexes prepared in HEPES + a-CD solution were between
0.3 and 0.5. This increase may be due to the occurrence of a-
CDs aggregation phenomena in an acidic environment (pH
S.4), resulting in the detection of bigger and more dispersed
particles by DLS analysis.’”” Overall, the conducted DLS
measurements highlighted that the prepared particles exhibited
favorable characteristics for subsequent uptake and gene
knockdown,*® in particular for higher N/P ratios (ie., 10
and 15).

With regard to the {-potential (Figure 1b), an increasing
trend starting from negative values (approximately —10 mV)
to positive values (+25 mV) was observed as the N/P ratios
increased in the case of polyplexes prepared in HEPES buffer.
On the contrary, it remained constant at +30 mV in the case of
polyplexes prepared in HEPES + a-CD solution, irrespective of
the tested N/P ratios. This outcome can be explained by
referring to the a-CD pK, value that is between 12.1 and 13.5;
therefore, when in an acidic solution, @-CDs are protonated,
thus enhancing the superficial charge.”

3.1.2. siRNA Encapsulation Efficiency. Since positive (-
potential values, and lower PDI and hydrodynamic diameters
are favorable for a successful cellular uptake,40 the N/P ratio of
S was excluded from the encapsulation efliciency analysis.
Hence, the siRNA encapsulation efficiency was investigated on
polyplexes prepared at N/P ratios of 7, 10, and 15. In detail,
the SYBR Gold stain was used to quantify the amount of free
siRNA (i.e., not encapsulated siRNA remaining in solution
after polyplex assembly) thanks to its ability to emit
fluorescence when intercalating with nucleic acids. The assay
was performed both on the polyplexes prepared in HEPES and
HEPES + a-CD, and the results are summarized in Figure 1c.
The encapsulation efficiency values were comprised between
70 and 100% for the poly})lexes prepared in HEPES, consistent
with previous studies,”’ while they were lower for the
polyplexes prepared in HEPES + a-CD. Therefore, it is
reasonable to conclude that a-CDs slightly affected the
encapsulation efficiency, with a more remarkable effect at the
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Figure 2. Progressive sol-to-gel transition of the hydrogel solution with the acronym CHP407 1.4% + a-CD 10% + PX. Appearance of the hydrogel
solution (A) immediately after preparation and (B) after 1 h incubation. (C) Appearance of the assembled gel after the completion of the gelation
process. The sample was incubated at room temperature (25 °C) and inverted at predefined time points to assess gelation.

N/P of 7. This observation could be explained considering that
cyclodextrins can interact with the siRNA, being negatively
charged, thus not permitting an unhindered assembly of the
polyplexes.42 Additionally, the hydrophobic part of the PBAE
could form inclusion complexes with cyclodextrins, or a-CDs
could act as hosts for siRNA molecules.”” Although the
encapsulation efficiency decreased in the presence of a-CDs, it
could still be considered reasonable for the N/P ratios of 10
(no significant differences between PX_HEPES and
PX_HEPES + a-CD) and 15 (significantly higher encapsula-
tion for PX HEPES vs. PX HEPES + a-CD, p < 0.05).
Nevertheless, the N/P ratio of 10 was selected for all
subsequent experiments, since it allowed for a reduction in
the amount of material (both PBAE and siRNA) employed for
PX preparation compared to the N/P ratio of 15, with no
relevant variation in the physicochemical characteristics of the
resulting PXs (200 nm vs. 150 nm (p < 0.05), + 32 vs. +36 mV
(no significant difference), encapsulation efficiency of 84 wvs.
93% (no significant difference)).

3.2. Supramolecular (SM) Hydrogel Characterization.
3.2.1. Gelation Kinetics. The tube inverting test was initially
conducted to macroscopically and qualitatively assess potential
changes in the SM hydrogel gelation potential due to polyplex
encapsulation. Based on a previous study,’* the formulations
were prepared with and without polyplexes (prepared at the
N/P ratio of 10) starting from CHP407 PEU (0.9 and 1.4% w/
v concentration) and a-CDs (10% w/v concentration) stock
solutions. The prepared samples were identified with the
acronyms reported in Table 1.

The gelation process is shown in Figure 2 and schematized
in Figure S4: the opacity of the formulation increased as the
supramolecular interactions occurred to reach a final white gel
that did not show any flow on the walls of the vial upon
inversion.

In general, the inclusion of polyplexes within the hydrogel
strongly affected gelation potential and time of the developed
formulations (Table 2). Indeed, in the absence of PXs, both
CHP407 0.9% + a-CD 10% and CHP407 1.4% + a-CD 10%
underwent gelation at room temperature in a time frame
ranging between 6 and 12 h. Conversely, upon PXs addition,

Table 2. Gelation Time at Room Temperature Qualitatively
Estimated by Means of the Tube Inverting Test

formulation gelation time
CHP407 0.9% + a-CD 10% overnight
CHP407 0.9% + a-CD 10% + PX no gelation

CHP407 1.4% + a-CD 10% 6h

CHP407 1.4% + a-CD 10% + PX overnight

gelation was observed only for the formulation with the
acronym CHP407 1.4% + a-CD 10% + PX upon overnight
incubation at room temperature.

3.2.2. Rheological Characterization. A series of rheological
tests (i.e., frequency sweep test, strain sweep test, and self-
healing strain test) was conducted on the formulations with
acronyms CHP407 1.4% + a-CD 10% and CHP407 1.4% + a-
CD 10% + PX, to better investigate the influence of the
presence of PXs on the gel network features.” First of all,
strain sweep tests were carried out to assess the linear
viscoelastic region (LVE), which was measured to extend (y,)
up to 3% for both CHP407 1.4% + a-CD 10% and CHP407
1.4% + a-CD 10% + PX. Both formulations (PXs loaded and
unloaded) exhibited network complete disruption at strains
around 30%, identified as the crossing point between the
storage modulus (G’) and the loss modulus (G”), as depicted
in Figure 3a. This result confirmed that the encapsulation of
polyplexes within the hydrogel formulation had a low impact
on its thixotropic properties, the flow point being achieved at
approximately the same strain value (yp of 30% vs. 32% for
CHP407 1.4% + a-CD 10% and CHP407 1.4% + a-CD 10% +
PX, respectively). Nevertheless, PX embedding provided the
resulting gels with lower storage and loss moduli values within
the LVE (Table 3), suggesting that they act as defects within
the formulation, influencing gel network assembly and leading
to less packed gels. This difference was further confirmed by
frequency sweep tests that were conducted at 37 °C and 0.1%
to ensure gel network preservation during the test. Indeed, G’
values of 1610 and 1210 Pa were measured at 1 rad/s for
CHP407 1.4% + a-CD 10% and CHP407 1.4% + a-CD 10% +
PX, respectively. Nevertheless, the gel-like behavior of both the
formulations was confirmed by registering the G’ and G”
trends as a function of angular frequency (Figure 3b): G’
constantly surpassed G”, and both the moduli were almost
independent over angular frequency as typical of developed
gels. Finally, the hydrogel capacity to regain its original
properties after experiencing significant deformations was
assessed through self-healing strain tests. As depicted in Figure
3¢ and summarized in Table 3, after three cycles of low and
high strain, the G value decreased by 7 and 14% for CHP407
1.4% + a-CD 10% and CHP407 1.4% + a-CD 10% + PX,
respectively. These results evidenced that the self-healing
properties of the system were influenced by the incorporation
of polyplexes that slightly hindered gel network recovery upon
rupture.

3.2.3. Polyplex Release from the Hydrogel. In order to gain
a comprehensive understanding of PXs release dynamics from
the developed formulations, multiple investigations were
conducted on the samples collected in the polyplex release
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Figure 3. Rheological characterization of CHP407 1.4% + a-CD 10% and CHP407 1.4% + a-CD 10% + PX formulations. (a) strain sweep test at
37 °C, 1 rad/s, and within the strain range between 0.01 and 500%, (b) frequency sweep test at 37 °C, 0.1% strain and within the angular frequency
range from 100 to 0.1 rad/s, and (c) self-healing strain test at 37 °C and 1 rad/s angular frequency through application of three cycles of low and
high strain (0.1% applied for 120 s and 100% applied for 60 s), followed by low strain application for 120 s. G’ (blue) and G” (purple) are plotted
as a function of strain (y) for the strain sweep test, of angular frequency for the frequency sweep test, and time for the self-healing strain test.

Table 3. Summary of the Rheological Characteristics of CHP407 1.4% + «-CD 10% and CHP407 1.4% + a-CD 10% + PX
Hydrogels Extracted from the Strain Sweep Test, Frequency Sweep Test, and Self-Healing (SH) Strain Test”

strain sweep test frequency sweep test SH strain test

71, (%) 7 (%) G’ 1vg (Pa) G vg (Pa) G'; rad/s (Pa) G’ recovery (%)
CHP407 1.4% + a-CD 10% 3 30 1250 155 1610 93
CHP407 1.4% + a-CD 10% + PX 3 32 637 110 1210 86

“y, represents the strain value at the limit of the LVE region, ;. represents the strain value at the flow point identified by the crossover between G’
and G” in strain sweep tests, G’ yg and Gy g are the values of G’ and G” measured within the LVE, G’| 4/, is the G" value measured at 1 rad/s in
the frequency sweep test, G’ recovery is the percentage recovery in the G’ value defined by comparing the G’ values measured during the first and

the last recovery phase in the strain test.

tests. DLS measurements were first conducted on the collected
release media at different time points (i.e., 2, 4, 24, and 48 h of
incubation), and the results are summarized in Figure 4a.
However, the interpretation of the measured hydrodynamic
diameter data was challenging due to prior studies indicating
that the destabilization/dissolution of SM hydrogels in
aqueous media is associated with the release of various
components such as free @-CDs and polymeric chains/
micelles.”® Consequently, the DLS device detected all these
components alongside polyplexes, impacting the final results in
terms of both the size and PDI. After 2 h of incubation, the
DLS measurement showed the release of large and highly
dispersed particles with a mean dimension of around 250 nm
and PDI of ca. 0.6. This supernatant probably included the
immediately released erosion products from the hydrogel,
containing PXs. Then, the dimension and PDI of the released
particulate both decreased, showing values suggesting that
some intact PXs were probably released with a size that
increased over time, reaching a maximum value of ca. 180 nm.
Interestingly, the PDI value of the released particles was lower

15862

than the measured value for freshly prepared PXs in HEPES +
a-CD (ie., 0.2 vs. ca. 0.4), suggesting that the dilution of @-CD
upon release decreased interactions with PXs and their
tendency to form aggregates.

In order to improve the accuracy of size measurements, the
nanoparticle tracking analysis of the collected supernatants was
also performed, enabling the tracking of individual particles by
analyzing their Brownian motion, thus providing a particle
individual evaluation. NTA results (Figure 4b) evidenced the
release of polyplexes with increasing size over time, from
around 100 nm at 2 h of incubation up to ca. 150 nm at 48 h.
Additionally, the concentration of the detected PXs increased
over time with a significant increase between the initial time
points (2 and 4 h) and the final one (p < 0.0001), indicating
that the hydrogel released a greater quantity of polyplexes as it
underwent progressive destabilization/erosion (data regarding
the hydrogel erosion rate are shown in Figure S5).

The quantification of heparin-mediated siRNA release in the
supernatants was also carried out by using the SYBR Gold
assay. The release curve reported in Figure 4c indicates that no
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Figure 4. DLS and NTA measurements of released particles from CHP407 1.4% + a-CD 10% + PX gels. (a) DLS measurements of the
supernatants collected at different time points during gel incubation in contact with PBS. Hydrodynamic diameter (left y-axis) and PDI (right y-
axis) of samples collected at different time points (i.e., 2, 4, 24, and 48 h). (b) NTA measurements of the supernatants collected at different time
points during gel incubation in contact with PBS. For analysis, the samples were diluted 1:100 in HEPES buffer. Size (left y-axis) and particles
concentration (right y-axis) of samples collected at different time points (2, 4, 24, and 48 h). (c) Polyplexes cumulative release (%) estimated
through the SYBR Gold assay (2, 4, 24, and 48 h). Data points indicate mean + SD, n = 3. The statistical analysis reported on the graph referred
exclusively to the hydrodynamic diameter and size values.

Figure 5. TEM images of the released particulate from the hydrogel. TEM imaging was performed on the released medium collected after CHP407
1.4% + CD 10% + PX gels incubation in contact with DPBS for 48 h. Intact polyplexes can be observed (red circles), surrounded by other erosion

debris from the hydrogel. Scale bar = 500 nm.

burst release of siRNA occurred in the short term (release of
3% at 4 h of incubation), while complete release was achieved
after 48 h of incubation, with half of the siRNA content
delivered after 24 h. The achievement of a percentage of
release higher than 100% at 48 h of observation can be
correlated to potential interaction of the SYBR Gold assay with
the polymer debris present in the supernatant.

Overall, at 48 h of incubation, corresponding to the
complete release of the payload due to gel dissolution/erosion,
a total siRNA content of 0.107 nmol/mL was delivered.

Lastly, to provide further evidence of the release of intact
PXs from the SM hydrogel, TEM imaging was employed. In
Figure S, distinct spherical particles are clearly visible, although
some background noise is also evident in the images, most
likely due to other debris originating from the dissolution and
erosion of the SM hydrogel. In particular, the polyplexes can be
differentiated from debris by their more uniform shape, well-
defined edges, and a brighter color, whereas the debris
exhibited heterogeneity and appeared darker in comparison.
Additionally, the dimensions and size distribution of these
particles align with the measurements obtained through DLS
analysis of the collected released media.

3.3. In Vitro Testing. 3.3.1. Polyplex Cellular Uptake. The
internalization of polyplexes by cells was assessed through an
uptake experiment performed in the MHS cell line, which is a
murine alveolar macrophage line with phagocytic activity,
widely employed in experiments regarding inflammatory
response due to their ability to produce cytokines. The
measurement was carried out by flow cytometry. Cells were
treated with polyplexes freshly prepared both in HEPES buffer
and in a-CD (14% w/v) containing HEPES solution
(PX_HEPES and PX HEPES + a-CD, respectively) and
polyplexes released from the CHP407 1.4% + a-CD 10% + PX
hydrogel after 24 and 48 h of incubation (RELEA-
SED_PX_24h and RELEASED PX_48h, respectively). The
results presented in Figure 6 provided evidence of a positive
uptake of both the freshly prepared and released polyplexes
from CHP407 1.4% + a-CD 10% + PX gels. In particular, the
median fluorescent intensity (MFI) of the freshly prepared
polyplexes was considerably higher than that of Lipofectamine
(LF, positive control). This discrepancy can be attributed to
the fact that Lipofectamine-based complexes may be taken up
by different pathways depending on the specific cell line under
investigation. This variability is influenced by factors such as
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the cell membrane composition, endocytic pathways, and
intracellular trafficking mechanisms inherent to each cell
type.”* In addition, the MFI of the cells treated with
PX_HEPES+ a-CD was significantly lower (p < 0.0001)
compared to the cells treated with PX HEPES, but still
significantly higher than LF (p < 0.0001). This result can be
explained considering the already reported cytotoxicity of a-
CDs (Figure S6) that could have affected the activity of the
cells.**** Regarding the uptake of the released polyplexes, the
MFI of the cells treated with polyplexes released after 24 and
48 h were lower than the positive control but still considered
acceptable, as their MFI can be considered in the range of the
positive control LF (no significant differences).

3.3.2. Polyplex-Mediated Gene Modulation. The capacity
of the polyplexes to silence gene expression was evaluated
using a qPCR experiment conducted with the THP-1 cell line,
which are human not differentiated monocytes. The selection
of this cell line was based on its phagocytic capabilities, similar
to those of the previously utilized macrophages. Cells were
treated with polyplexes (N/P 10) freshly prepared both in
HEPES buffer and in a-CD (14% w/v) containing HEPES
solution (PX_ HEPES and PX HEPES + a-CD, respectively)
and polyplexes released from the hydrogel after 24 and 48 h of
incubation (RELEASED PX 24h and RELEASED PX 48h,
respectively). Lipofectamine 2000 lipoplexes (LF) and un-
treated cells were used as positive and negative control,
respectively. The obtained results are summarized in Figure 7,
which reports the mRNA levels measured for each tested
condition. Cells treated with PX HEPES showed down-
regulation in GADPH mRNA levels, aligning with expect-
ations. Conversely, cells treated with PX HEPES + a-CD
exhibited an upregulation of GADPH gene expression. These
unusual values can be explained considering the significant
toxicity exerted by cyclodextrins themselves.*** This toxicity
may have triggered gene upregulation and consequent cell
apoptosis, which can skew normalized results. A particularly
promising result emerged from the polyplexes released from
the hydrogel. These polyplexes exhibited an elevated capability
of downregulating gene expression compared to the freshly
prepared ones, and this effect was even more pronounced after
48 h (RELEASED PX 48h). This observation clearly
evidenced that the concentration of polyplexes in the release
medium progressively increased over time. Eventually, the
observed downregulation of GADPH gene expression in cells
treated with RELEASED PX 48h was found to be com-
parable to the performance of Lipofectamine lipoplexes (no
significant difference), thereby confirming a promising result of
the system.

4. CONCLUSION

The research conducted in this work displayed promising
prospects for upcoming investigations regarding the design of
injectable hydrogels for local siRNA therapy. The core of this
system was a supramolecular hydrogel based on a tailored-
made poly(ether urethane) and a-cyclodextrins. This hydrogel
hosted PBAE-based polyplexes. Rheological tests demonstrated
that the PX-loaded SM hydrogel retained its typical thixotropic
and self-healing properties that are essential to ensure an easy
application through injection. Upon confirming the successful
encapsulation and subsequent release of the nanoparticulate
systems from the hydrogels, their effectiveness was evaluated
through in vitro experiments. A macrophage cell line was
selected because of its phagocytic properties enabling PX
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Figure 6. Polyplexes cellular uptake. MHS uptake of polyplexes
quantified by flow cytometry as median fluorescence intensity (MFI)
after treatment with polyplexes freshly prepared in HEPES buffer
(PX_HEPES, light blue) and in a-CD (14% w/v) containing HEPES
solution (PX_HEPES + a-CD, blue) and released from the gel after
24 h (RELEASED PX 24h, light purple) and 48 h (RELEA-
SED_PX_24h, purple) of incubation, and Lipofectamine 2000
lipoplexes (LF, gray). Data points indicate mean + SD, n = 3.
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Figure 7. Polyplexes gene modulation. Measured mRNA levels after
THP-1 cell treatment with polyplexes freshly prepared in HEPES
buffer (PX_HEPES, light blue), polyplexes freshly prepared in a-CD
(14% w/v) containing HEPES solution (PX_HEPES + a-CD, blue),
polyplexes released from the gel after 24 and 48 h of incubation in
contact with the release medium (RELEASED PX 24h and
RELEASED_PX_ 48h, purple), and Lipofectamine 2000 lipoplexes
(LF, green). Untreated cells were used as a negative control
(untreated, black). Data points indicate the mean + SD of technical
triplicates.

internalization and its occurrence in inflamed milieus such as
arthritis, which could represent a potential application of the
developed injectable formulation. With the loaded concen-
tration of polyplexes within the hydrogel, successful cellular
uptake and gene downregulation were achieved.

This study is preliminary and requires further investigation
to delve deeper into the topic. For instance, a more consistent
release protocol should be developed to better replicate real in
vivo conditions. This would assist in creating a system with a
sustained release profile over time. Regarding in vitro studies,
the potential of harnessing a more biomimetic release
mechanism, facilitating direct hydrogel interaction with in
vitro cultures, emerges as a pivotal avenue for deepening our
understanding of these localized drug release systems. For
instance, a step forward could be achieved by designing a
dynamic culture system in which cells are separated from the
hydrogel by a porous membrane that allows nanocarrier
progressive diffusion and direct interaction with cells.
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Nevertheless, given the encouraging outcomes, this study
bears substantial potential for future research in the treatment
of diverse pathological conditions, such as cancer, bacterial
infections, neurodegenerative disorders, skin wounds, and
inflammatory diseases.
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