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Introduction: Oligonucleotide-based drugs, such as siRNA, hold great promise for disease treatment, including cancer. However,
their clinical application has challenges related to cell-specific delivery and susceptibility to degradation. The use of drug delivery
systems (DDS) may address these problems. Nanoparticles of bioengineered spider silk demonstrate significant potential as DDS due
to their biocompatibility and biodegradability. Another advantage of this material is the possibility of functionalization, which allows
the control of its property. The main objective of this study was to develop a strategy for targeted delivery of oligonucleotide-based
therapeutics into cancer cells using bioengineered silk technology.

Materials and Methods: Two spider silk spheres that bind oligonucleotides and target cancer cells that overexpress HER2 (HER2+)
were constructed. One type of sphere was made of a newly designed silk, H2.1MS1KN, which contained two functional peptides: H2.1
for binding HER2 and KN for binding oligonucleotide. The second type of sphere was formed of a blend of two previously described
proteins, H2.1MS1 and MS2KN; these proteins differed not only in the functional domain (H2.1 vs KN) but also in the sequence of
silk (MS1 vs MS2). The ability of proteins to bind oligonucleotides was analyzed via gel electrophoresis. The biophysicochemical
properties of particles were analyzed using an SEM, NanoSight, ZetaSizer, flow cytometry, and scanning confocal microscopy. The
silk particle potential was analyzed using siRNA for silencing STA73 expression in the HER2+ breast cancer model.

Results: Both H2.IMS1KN and H2.IMS1:MS2KN proteins efficiently bound nucleic acid. H2.1MS1:MS2KN formed smaller
spheres than H2.IMS1KN. Although both H2.IMS1KN and blended H2.1MS1:MS2KN spheres were effectively loaded with
oligonucleotides, only H2.1MS1:MS2KN spheres delivered siRNA to HER2+ cancer cells that successfully silenced STAT3
expression.

Conclusion: Not only the selection of functional peptides but also their quantity and type of silk is crucial when developing an
effective silk-based DDS for delivering active siRNA.

Keywords: bioengineered spider silk, spheres, siRNA-delivery, targeted delivery, cancer therapy, STAT3

Introduction

Cancers are currently one of the most significant challenges in modern medicine. It is treated using various methods,
including surgery with chemotherapy and/or radiation therapy, immunotherapy, targeted therapy, or hormone therapy.'
Recently, one of the rapidly advancing methods is gene therapy, which involves controlling the expression of genes that
play a crucial role in the development and progression of cancer.” Targeting STAT3 using oligonucleotides such as
siRNA, shRNA, or ASO is an example of this type of therapy.> ® The molecule siRNA STAT3 (siSTAT3) silenced STAT3
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expression leading to the induction of apoptosis and the inhibition of the proliferation and migration of breast cancer
cells”'? indicating its potential as therapeutics.

Nevertheless, the gene therapy faces considerable challenges. Due to the therapeutic mechanism, most nucleic acid-
based therapeutics must be delivered inside the cells. The large size and negative charge of oligonucleotide therapeutics
hinder their ability to penetrate cell membranes effectively.'' Another limitation is that RNAses and DNAses rapidly
degrade nucleic acid-based therapeutics when applied in vivo.'> A further challenge is that nucleic acid-based ther-
apeutics are target-specific (regarding mRNA sequence) but not selective for the type of cells they should affect.'?

Some limitations associated with applying oligonucleotide-based drugs can be overcome through chemical modifications
such as adding phosphorothioate (PS), locked and unlocked nucleotides, and substituting the ribose 2’-OH group.*'*'¢
Another approach is using a Drug Delivery System (DDS); however, a highly effective DDS should meet several essential
criteria. It should be capable of specifically targeting and interacting with the intended cell type, even within a complex tissue
environment. Moreover, DDS should be internalized by cells via endocytosis, allowing the drug to escape from the endosome,
and its transport functions must be carried out without causing an adverse toxic and immunological response. Desirable is also
that the carrier is biodegradable. It should also exhibit appropriate particle size and stability.'"*!”

DDS has already shown numerous advantages for drug application, including reducing the systemic side effects of
medication, enhancing the efficiency of drug delivery, enabling controlled release, and improving the drug’s specificity.'®
DDS based on different kinds of materials were tested in the delivery of various types of therapeutics, such as small molecule
drugs, chemotherapeutics, gene therapy agents, antibodies, or enzymes.'* ' Despite the numerous advantages associated with
the use of drug delivery systems, they also face certain limitations and challenges. Most DDS utilize the Enhanced
Permeability and Retention (EPR) effect to deliver drugs to tumors. However, the limited specificity of this approach often
leads to drug toxicity in healthy cells. As a result, there is a growing focus on developing DDS that can selectively target cancer
cells or their specific components/characteristics while reducing the exposure of healthy cells to the drugs.”** Further
challenges associated with the use of drug delivery systems include low bioavailability, limited drug loading capacity, and
stability issues.”* Another limitation is that many drug delivery systems require complex and costly manufacturing
processes.”> DDS may require expensive components or complex methods for their production or modification.

Drug delivery systems (DDS) are increasingly being applied in clinical settings.”® Currently, many therapeutics are
administered using dedicated carriers. Nowadays, highly toxic drugs used in cancer treatment, such as doxorubicin
(Doxil) and paclitaxel (Abraxane or Pazenir), may be delivered to tumors through drug delivery systems.>’® This
paclitaxel delivery method significantly reduces its drawbacks, increasing its stability, blood circulation time, and tumor
uptake.””** However, nanomedicines face significant limitations, including high production costs, lengthy commercia-
lization timelines, and complex manufacturing challenges, particularly for biologically based formulations. Clinical
translation is also hindered by regulatory delays and inconsistent toxicological data, limiting their broader adoption.?’

DDS for oligonucleotide-based therapeutics can be based on viral and non-viral carriers.”’ Currently, non-viral
systems are considered more promising.®? Polymeric, lipid-based, or inorganic nanostructures are most commonly
utilized.*"*3-** These nanostructures can be functionalized with aptamers, peptides or antibodies to provide specificity
toward target cells.*>¢

Spider silk is regarded as a material with significant potential for biomedical applications, including cancer
treatment.’” Silk can be obtained from nature, but the procedure is inefficient.’® Spider breeding is impossible due to
their territorial and cannibalistic behavior. Moreover, silk harvested from nature can be a mixture of several types of
spider silk proteins, which is inappropriate for some application (including medical) due to the problem of lack of
reproducibility. Therefore, bioengineered silk was proposed as a more applicable material due to control over silk
composition, purity, and reproducibility. Recombinant spider silk proteins were used to produce various biomaterials,
including drug carriers, films, foams, and scaffolds.>®*' The process of obtaining recombinant spider silk protein begins
with constructing a synthetic gene encoding the desired silk. The frequency of codon sequences occurring in the new
gene is consistent with the codon frequency occurring in the future host, which can improve protein production yield.
The prepared expression vector containing a gene encoding bioengineered silk is then inserted into the chosen expression
system. The bacterial expression system is the most frequently employed for producing recombinant silk proteins due to
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its relatively simple production, rapid bacterial generation time, cost-effectiveness, and scalability of the process, which
are key advantages of this method.***

An additional advantage of constructing synthetic genes of bioengineered proteins is the ability to introduce sequences that
encode functional peptides.*” Such DNA modification results in each protein molecule containing a functional peptide. The
functional peptides can modify the properties of the carrier and influence tumor targeting, cellular binding, or inorganic molecules
binding.**** Various studies have shown that modified spider silk spheres can be efficient drug delivery carriers.***>~*

In addition to the wide range of possibilities for producing different variants of bioengineered silk, the silk blending
strategy broadens its potential applications. To generate more advanced materials with multiple functions, two types of
silk designed for different purposes can be combined.®” In such strategy, silk functionalized to enhance its specificity to
target cell can be blended with silk functionalized with a peptide that control drug-loading.’®>' Moreover, blending two
types of silk can modify the physicochemical property of spheres.>>

Our team previously demonstrated that spheres made of functionalized spider silk can effectively deliver doxorubicin to
the HER2-overexpressing cancer cells.”® The human epidermal growth factor receptor 2 (HER2) belongs to the epidermal
growth factor receptor (EGFR) family of receptor tyrosine kinases, which are situated on the cell membrane.>® It is not only

3557y but is often used as a ligand for functionalized particles for intracellular

a target for therapy itself (important clinically
drug delivery.”®®* In our system, the spider silk spheres modified with the H2.1 peptide (H2.IMS1) were effectively
internalized and delivered the drug to HER2-overexpressing cancer cells.”> Once inside the cells, the silk spheres
accumulate in lysosomes and undergo degradation; the lysosomal function is essential for silk-based carrier
elimination.®> The therapeutic efficacy of the drug delivered by H2.1MS1 spheres was indicated in both in vitro and
in vivo studies.>**** The spheres did not cause toxic and immune adverse side effects, confirming its biocompatibility.®> ¢’
We also demonstrated in another study that incorporating the poly-lysine peptide (KN) into different type of spider silk
protein MS2 (MS2KN) made it an effective carrier for oligonucleotide-based drugs.®® Adding the KN peptide to silk
significantly enhanced its ability to bind nucleic acids. Furthermore, encapsulating the oligonucleotide therapeutic within
the spheres protected it from degradation by nucleases and extended its target gene silencing property.®® Although the
oligonucleotide-loaded spheres were effectively internalized by macrophages, it should be pointed out that such system
delivers oligonucleotide therapeutics to cells in a non-specific manner.

In the presented study, we generated a DDS that binds to HER2-overexpressing cancer cells through the H2.1 peptide
but also effectively binds nucleic acids by KN peptide. Such DDS should specifically deliver oligonucleotide-based
therapeutics to HER2+ cancer cells. We compared two systems designed to fulfill this objective. In the first system, we
constructed an H2.1MSI1KN silk containing both peptides to produce nanocarriers. The second strategy involved using
a blend of two proteins, H2.1MS1 and MS2KN, each containing one of the desired peptides. We compared these two
strategies regarding nanoparticle properties including their efficiency in binding nucleic acids and HER2-overexpressing
cancer cells. Finally, we evaluated the effectiveness of STAT3 silencing as a result of siSTAT3 delivery by both types of
spheres to the HER2+ cancer cells. We indicated that not only the selection of functional peptides, but also their quantity

and type of silk is crucial when developing an effective silk-based DDS for delivering active siRNA.

Materials and Methods

Construction of Expression Plasmids pETNX-H2.IMSIKN

MS1, H2.1MS1, and MS2KN constructs have been previously designed.”***® The new construct H2.1IMSIKN was
generated by cloning an oligonucleotide sequence encoding poly-lysine to bind nucleic (KN) into the Spel restriction site
of the H2.1MS1 (13mer) construct for its 3'-terminal functionalization. The sequences of the added oligonucleotides were:
KN.F:5-CTAGCAAAAAGAAAAAAAAGAAAAAGAAAAAAAAGAAAAAGAAAAAGAAAA KN R:3-GTTTTTCT

TTTTTTTCTTTTTCTTTTTTTTCTTTTTCTTTTTCTTTTGACT. The KN.F and KN.R oligonucleotides were annealed to
form double-stranded DNA fragments with cohesive ends complementary to those generated by Nhel and Spel. The sequence

of the resulting plasmid was confirmed by sequencing at the Adam Mickiewicz University Core Facility in Poznan. The
restriction enzymes and alkali phosphatase were supplied by Fermentas (Thermo Fisher Scientific Inc., Waltham, MA), while
ligase by New England Biolabs, Inc. (Ipswich, MA).
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Production and Purification of Bioengineered Spider Silks

Lab-scale production of MS1, H2.1MS1, H2.IMS1KN, and MS2KN proteins was performed in a Bioflo 415 fermentor
(New Brunswick Scientific, Edison, NJ). MS1 and H2.1MST1 silk proteins were purified by using the thermal method 80:20,
as previously described.® In brief, the bacterial pellet was resuspended in lysis buffer containing 100 mm NaCl, 20 mm
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 7.5, and Pierce™ Protease Inhibitor Tablets, EDTA-free
(ThermoFisher, Waltham, MA). Lysozyme (Sigma, St. Louis, MO), 0.2 mg/mL, was added to the solution to lyse the
bacteria; then the mixture was incubated at 4°C with agitation for 30 min. Additionally, the bacteria and their structures
were damaged by sonication. DNA was degraded by incubation with DNasel (Sigma, St. Louis, MO; 0.1 mg/mL)
supplemented with 3 mm MgCl, (Sigma, St. Louis, MO). Then, bacterial proteins were denatured at 80°C for 10 min
and removed by sedimentation at 21,000 x g for 30 min at 4°C. The thermal treatment was repeated at 80°C for 20 min,
followed by centrifugation as described above. Next, the spider silk protein was precipitated overnight at 4°C with 20%
ammonium sulfate (VWR, West Chester, US). The next day, the protein was sedimented (30 min, 7000 x g) and washed
with 20% ammonium sulfate. The precipitated silk was dissolved in 6 M guanidine thiocyanate and dialyzed using
Cellulose Dialysis Tubing cutoff 14,000 Da (Sigma, St. Louis, MO) against 10 mm TRIS-HCI buffer pH 7,5- or 50 mm
Sodium Borate pH 8,5 depending on further application.

To purify proteins with a nucleic acid-binding peptide (KN), the propionic acid-based method was employed as
described before with a modification.®® Five milligrams of bacterial pellets were thoroughly disrupted in 5 mL of 13.43
N propionic acid. The resulting mixture was then diluted with 19 mL of sterile water and incubated at 4°C for one hour
with agitation. The precipitated proteins and cells debris were centrifuged at 21,000 x g for 30 min, and the supernatant
was collected. Next, NaCl was added to the supernatant at a final concentration of 2 M, incubated at 4°C for 1 h, and then
centrifuged at 21,000 x g, for 30 min. After collection of supernatants, silk proteins were precipitated using 20%
ammonium sulfate, and further steps of protein purification were processed according to the 80:20 method. The predicted
molecular weight of the H2.1IMS1KN protein is 38.56 kDa, and the extinction coefficient is 40340 M-1 cm-1.

All proteins underwent a rigorous analysis using the standard scientific method of SDS-PAGE gel electrophoresis.
A 12.5% gel was used, and the proteins were stained with colloidal blue (Roti-Blue; Carl Roth, Karlsruhe, Germany).
This method provided us with a comprehensive understanding of the proteins’ characteristics and purity.

Nucleic Acid Binding Assay

To test the protein’s ability of nucleic acids binding, 1 pL of 50 uM siRNA Luc (siLuc) (Table 1) was mixed with
H2.1MS1, H2.1MS1KN, MS2KN, or H2.1MS1:MS2KN blend (80:20) at a ratio of 1:0, 1:1, 1:10, 1:100, and 1:200,
respectively. The binding was performed in 10 mm Tris-HCI pH 7.5. After 5 min of incubation at RT, complexes were
analyzed in 2% agarose gel stained with 1,5% Ethidium Bromide (Sigma, St. Louis, MO). The gel was imaged using
a G-box transilluminator (Syngene, Frederick, MD) and analyzed using GeneTools software (Syngene, Frederick, MD).

Protein Labeling

MSI1, H2.1MSI1, or H2.1MSKN protein (1 mg) in 50 mm Sodium Borate, pH 8,5, was mixed with Cy®5 Mono NHS
Ester (50 pg) (Cytiva, Danaher Corporation, Washington, DC) and incubated in the dark for 1 hour, according to
manufacturer’s protocol. After incubation, the excess dye was removed using PD10 desalting columns (Cytiva, Danaher
Corporation, Washington, DC) following the producer’s instructions.

Table | List of siRNA Sequences Used for Treatment

Name Sequence Sequence

siLuc 5-UCGAAGUACUCAGCGUAAGTT-3’ 5- CUUACGCUGAGUACUUCGATT -3’

siSTAT3 5-CAGGGUGUCAGAUCACAUGGGCUAA-3’ | 5-UUAGCCCAUGUGAUCUGACACCCUGAA-3’

iFam-siScr | 5’- AUGUAUUGGCCUGUAUUAGTT -3’ 5’- /56-FAM/CUAACAUAGGCCAAUACAUTT - 3
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Silk Spheres Production

The spheres were formed using the micropipette method or by a micromixing device. For the blended spheres, H2.1MS1
protein [0,5 mg/mL] was mixed with MS2KN silk [0,5 mg/mL] at a ratio of 80:20. In the micropipette method, 100 pL silk
solution at 0.5 mg/mL concentration was mixed by pipetting with 1000 pL of 2 M Potassium Phosphate, pH 8 (Sigma,
St. Louis, MO). In the micromixing method, 1 mL of protein at a concentration of 0.5 mg/mL was mixed with 10 mL of 2
M Potassium Phosphate, pH 8, using a Nemesys ultra high-pressure syringe pump (CETONI GmbH, Korbuflen, Germany).
The silk and 2 M Potassium Phosphate (pH 8) solutions were delivered through tubing with a diameter of 250 nm at flow
rates of 10 uL/s and 100 pL/s, respectively, and subsequently mixed at a 1:10 ratio in T-element with a diameter of 500 nm.
The obtained particles were incubated in 2 M Potassium Phosphate, pH 8 overnight at room temperature. After dialyzing
against ultrapure water, the spheres were centrifuged at 21,000 x g for one hour and redispersed in PBS or deionized water
for further analysis.

Loading of siRNA into Silk Spheres

Spheres loaded with siRNA were formed by mixing the silk and nucleic acid complexes with a 2 M Potassium Phosphate, pH 8.
First, 50 pL of H2.IMS1KN 1 mg/mL [26uM] soluble silk protein and 50 pL of 20 uM iFam-si Scrambled (iIFAM-siScr),
siLuc, or siSTAT3 (Table 1) were mixed and incubated at room temperature for 5 min. The following production strategy was
employed for blended spheres: first, 10 uL. of MS2KN 1 mg/mL [20uM] soluble silk protein and 50 pL of 20 uM iFam-siScr,
siLuc, or siSTAT3 were mixed and incubated at room temperature for 5 min. Then, 40 pL of H2.1MS 1 mg/mL [23uM] soluble
silk protein was added. The complexes silk:siRNA were then used to form sphere as described at point 2.5.

For loading efficiency determination, the iFam- siScr loaded spheres were used. After loading and spheres sedimen-
tation, the supernatant was measured for fluorescence of unloaded iFam- siScr using Victor X2 Multilabel Microplate
Reader (PerkinElmer, Waltham, MA). A standard calibration curve for the iFam- siScr was used for drug quantification.
To calculate the efficiency of iFam- siScr loading into spheres, the following formula was used:

the amount of drug added — the amount of drug remained in supernatant

loading efficiency (%) = amount of drug added x 100%

Characterization of Silk Spheres by Scanning Electron Microscopy (SEM)

The suspension of silk spheres in water was applied onto coverslips (Thermo Scientific/Nunc, Langenselbold, Germany)
and allowed to air-dry. Samples were sputtered with gold under a vacuum in a Quorum Sputter Coater Q150T ES
(Quorum Technologies, Ringmer, UK) and analyzed using SEM (JEOL JSM-7001F, JEOL Ltd., Peabody, USA) at 10 kV
of accelerating voltage.

Analysis of the Size of Silk Spheres

The sphere size was measured using two distinct methods. The first method involved analyzing images acquired through
Scanning Electron Microscopy (SEM), with particle sizes determined using ImagelJ 1.46r software. The size analysis was
conducted based on three SEM images taken from three independent silk sphere preparation. Thirty measurements were
taken from each photo. The second method utilized the NanoSight instrument (Malvern Panalytical, Malvern, GB). To
measure the particle size, the spheres were suspended in 3 mL of distilled water at a concentration of 50 pg/mL and
sonicated for 5 minutes in an ultrasonic water bath. The experiment was performed three times.

Zeta Potential (ZP) Analysis of Silk Spheres

To measure the zeta potential of particles, 5 pL of spheres (1 mg/mL) were suspended in 10 mL of distilled water and
sonicated for 5 min in a sonic water bath. The spheres were then analyzed using a ZetaSizer (Malvern Panalytical,
Malvern, GB). The experiment was conducted three times in triplicate.
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Cell Cultures
Human HER2 overexpressing ovarian cancer cells SKOV3 (ATCC, Manassas, VA) and HER2 negative breast cancer
cells MDA-MB-231 (ATCC, Manassas, VA) were used in the study. Cells were cultured at 37°C in a humidified
atmosphere containing 5% CO,. Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM; Coring,
New York, NY) supplemented with 10% FBS (Biowest, Nuaillé, France) and 80 pg/mL gentamicin (KRKA, Novo
Mesto, Slovenia).

Cytotoxicity of Silk Spheres

A total of 2x10% SKOV3 cells per well were seeded into a 96-well plate and incubated overnight. The following day,
varying H2.1MS1KN or H2.1MS1:MS2KN silk spheres concentrations were introduced into the cell cultures. Untreated
cells served as a negative control. After 3 hours, the unbound particles were removed from the medium, and the cells
were cultured for 48 hours. Mitochondrial activity was then measured using the MTT assay. A solution of
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) at a concentration of 1 mg/mL (VWR,
Radnor,r, PA) was added to the cells, followed by incubation at 37°C for 4 hours. After incubation, the medium was
removed, and the resulting formazan crystals were dissolved in Dimethyl Sulfoxide (DMSO) (Chempur, Pickary Slaskie,
Poland). The relative cell viability (%) was calculated as (test sample/negative control) x 100%. This experiment was
performed in triplicate and repeated three times.

Cell Binding Assay of Silk Spheres

For flow cytometry analysis, SKOV3 cells were washed with PBS and detached using a non-enzymatic cell dissociation
solution (Sigma, St. Louis, MO). Next, 10 pg/mL spheres labeled with Cy5 were mixed with 1x10° cells suspended in
PBS with BSA [1%] and incubated for one hour at 4°C in the dark. After three times washing with PBS, cells were
investigated with a Navios flow cytometer (Beckman Coulter, Brea, CA) and analyzed using FlowJo Software (Becton
Dickinson, Franklin Lakes, NJ).

Cellular Uptake of Silk Spheres

The SKOV3 and MDA-MB-231 cancer cell lines were seeded at a quantity of 3x10* on 8-well Lab-Tek®™ IT chambered
coverglass (Nunc, Rochester, NY) 24 hours before the experiment. Next, cells were incubated for 4 hours with 5 pg/
mL of CyS5-labeled spheres at 37°C, washed twice with PBS, and finally fixed with 4% paraformaldehyde (Agar
Scientific, Rotherham, UK) for 10 min. After fixation, the cell membrane was stained with 50 pg/mL FITC-labeled
Concanavalin A (Sigma, St. Louis, MO) for 30 min and then coated with a FluoroShield containing DAPI (Sigma,
St. Louis, MO). The cells were imaged using a Confocal Laser Scanning Microscope Zeiss LSM 880 Airyscan system
(Jena, Germany). Filter sets used included a 488 nm filter with band pass 491-553 nm (laser Argon2), 410—480 nm
DAPI (laser Diode 405), and 543 nm with band pass 584—632 nm (laser HeNel). Plan-Apochromat 63x/1.4 Oli DIC
M27 objective was used.

Real-Time Quantitative PCR

The SKOV3 cells were seeded at 1x10° per well of a 12-well plate and cultured for 24 h. Subsequently, cells were
treated with siSTAT3 delivered by spheres at a dosage of 250 nM. The spheres loaded with siLuc were used as
a control. After 48 hours, RNA was extracted using Fenozol (A&ABiotechnology, Gdansk, Poland) according to the
manufacturer’s protocol. RNA was quantified using NanoDrop (Thermo Scientific, Wilmington, DE), and 1 pg of total
RNA was used for cDNA synthesis with iScript Reverse Transcription Supermix (Bio-Rad, Irvine, CA). QPCR primers
specific for human STAT3 and GAPDH were designed using Primer3Plus software and are listed in Table 2. Sequence-
specific amplification was performed with Maxima SYBR Green/ROX qPCR Master Mix (ThermoFisher Scientific,
Waltham, MA) and LightCycler 480 (Roche, Basel, Switzerland). Data was normalized to GAPDH expression, and the
relative expression levels compared to siLuc were calculated using the 2—AACt method. The experiment was repeated
Six times.
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Table 2 List of Primer Sequences Used for qPCR

Gene Forward Primer Reverse Primer

GAPDH | 5’-TCACTGCCACCCAGAAGACT- 3 5- ATGCCAGTGAGCTTCCCGTT- 3’

STAT3 5’- GGAATAACGGTGAAGGTGCT -3’ | 5- CATGTCAAACGTGAGCGACT- 3

Statistics

To analyze the significant differences between H2.IMSI1KN and H2.IMS1:MS2KN groups, for samples of normal
distribution, the #-test was used. In cases of non-normal distribution, the Mann—Whitney test was employed to establish
the level of significance between the groups. The differences were considered significant when p < 0.0001 (****), p <
0.001 (***), p < 0.01 (**), p < 0.05 (*). The data presented are expressed as mean + standard error of the mean. The

statistical differences were calculated with GraphPad Prism 8 software.

Results and Discussion

Production and Purification of Bioengineered Spider Silk Variants

The aim of this study was the construction of an efficient, stable, and cell-specific silk-based delivery system for
therapeutic siRNA molecules to HER2-overexpressing cancer cells. Our team previously designed, produced, and
purified two bioengineered silk variants, MS1 and MS2.°>7° The bioengineered silk MS1 was based on the MaSpl
protein and the MS2 silk on MaSp2 from N. clavipes spider. Both MS1 and MS2 proteins can be modified by the addition
of short peptides, which control their properties.*>>%>*%® Previous studies have shown that spheres made of the MS1
protein functionalized with H2.1 peptide (H2.1MS1, MYWGDSHWLQYWYE) can effectively bind and internalize into
HER2+ cancer cells,” while the modification of MS2 silk with poly-lysine KN (K15) peptide enables it to bind nucleic
acids.®® In this study, we examined the possibility for construction of DDS based on properties of H2.1MS1 and MS2KN
for delivery oligonucleotide therapeutics into HER2+ cells. The first strategy involved adding a KN peptide into
H2.1MST1 spider silk protein sequence. The second strategy involved mixing both spider silk proteins to obtain blend
of protein with desired properties.

The schematic representation of the spider silk protein constructs used in this study is illustrated in Figure 1A. As
mentioned above, the proteins MS1, H2.1MS1 and MS2KN have been previously characterized.”***® A novel bioen-
gineered spider silk H2. IMS1KN was constructed by adding oligonucleotide sequence encoding KN peptide to H2.1MS1
(13mer) silk. The average yield of purified MSI silk protein was approximately 1.5 mg, H2.1MS1 0.8 mg, MS2KN

A BkDa 1 2 3 4 5

250

MS1 _ 150
wsakh (D -
wamstn o
H2.1Ms1:MS2KN [ + (T s2 I 37

Figure | Spider silks constructs and SDS-PAGE analysis of silks. (A) A schematic representation of the spider silk protein constructs. Building blocks: - MS1 — MS| silk (green),
MS2 — MS2 silk (Orange), KN — nucleic acid binding peptide (pink), H2.1 — HER2 binding peptide (blue). Constructs: MS| — control MS| silk, MS2KN — MS2 silk functionalized
with KN peptide, H2.IMSIKN - MSI silk double-functionalized with H2.1 and KN peptides, H2.IMS1:MS2KN - blend of H2.IMS| (MS| silk functionalized with H2.| peptide)
and MS2KN (MS2 silk functionalized with KN peptide) silks. (B) Electrophoretic analysis of control and hybrid proteins using 12.5% SDS-PAGE gel. |. Protein molecular weight
marker (Precision Plus Protein™ Kaleidoscope™ Prestained Protein Standards, BioRad), 2. MS| silk (MW 39.25 kDa), 3. H2.IMSI silk (MW 41,68 kDa), 4. H2.IMSIKN silk
(MW 38.56 kDa), and 5. MS2KN silk (MW 48,83 kDa).

International Journal of Nanomedicine 2025:20 hetps: 8029



Molenda et al

0.6 mg, and H2.1IMS1KN 0.2 mg per gram of bacterial pellets. The SDS-PAGE analysis indicated that except for the
H2.1MS1 variant, silks did not show a sense of degradability, and all proteins exhibited high purity (Figure 1B).
Moreover, the proteins MS1, H2.1MS1, and H2.IMSIKN migrate in accordance with expected molecular weight,
however, MS2KN displayed higher molecular weight than expected (Figure 1B). Previously, we indicated that various
types of MS2 silk (9-mer or 15-mer), although migrated in the SDS-PAGE gel not in accordance with expected molecular
weights, the MALDI-TOF results aligned with the predicted values.”””" One of the possible explanations for the
impaired migration on the SDS-PAGE gel of the MS2-type silk is a relatively high content of proline residues
(15.7%) in contrast to the MS1-type protein. It is considered that high proline content affects the conformation of the
protein/SDS complex, causing low mobility on SDS-PAGE.”* The cyclic structure of proline imparts rigidity to the
polypeptide chain, hindering the complete unfolding of the protein under SDS-PAGE conditions and altering its
electrophoretic migration. Overestimation of molecular mass based on SDS-PAGE analysis has been reported for proline-
rich proteins such as gliadin, hordein, secalin, calf thymus histone I, and collagen fragments.””

To obtain all silk variants, we applied two purification protocols. The standard method utilizes high temperature (80°C) to
denature the bacterial proteins, while the soluble silk in the supernatant is then precipitated with 20% ammonium sulfate
(method named 80/20). Although initially, we purified all silk variants using a thermal method, the procedure had to be
changed due to the high endogenous nucleic acid contamination of H2.1MS1KN and MS2KN silks (data not shown,
manuscript in preparation). The KN peptide could bind the bacterial nucleic acids, and during the standard purification
protocol, the nucleic acids did not separate from silk, ultimately causing contamination. Modifying the purification protocol
using an acid environment® proved to be a superior method for the purification of the proteins with the KN peptide
(manuscript in preparation). Shortly, the application of a high concentration of NaCl in acid condition led to the dissociation
of the nucleic acids from the protein, which then allowed silk to be salted out using ammonium sulfate. The silk-purification
protocol was modified based on the method used for the extraction of proteins, which are known to interact with DNA in
cells, like histones.”> "> High salt decreases a non-specific interaction between the protein and impurities (like DNA) due to
the interruption of the electrostatic interactions between them. Such an approach improved the H2.1MSI1KN quality since the
silk purity, expressed by the ratio of absorbance measured at 260 and 280 nm (260/280), was less than 0.6.

Additionally, the H2.1MS1KN silk demonstrated a considerably lower (four times) final yield than the H2.1MS1
protein. It could result from the double functionalization of MS1 silk, especially adding a poly-lysine peptide, which

could be toxic to bacterial hosts.”®’®

Analysis of siRNA Binding by Soluble Silk Variants

The study aimed to construct carriers for nucleic acid-based drug delivery. Thus, we compared the silks in terms of their
nucleic acid binding capabilities. The ability of MS1, H2.IMS1KN, H2.1MS1, and H2.1MS1:MS2KN soluble proteins to
bind oligonucleotides was tested in agarose gel assay. As indicated in Figure 2, the MSI silk variant cannot form
complexes with siLuc. Although adding H2.1 peptide to MS1 silk constructs slightly increased the nucleic acid binding
property, the KN peptide was the one that considerably increased the oligonucleotide binding to both tested silk variants
H2.IMS1KN and the blend of H2.1MS1:MS2KN (Figure 2).

Interestingly, the H2.1 peptide increased the nucleic acid binding potential. Based on the H2.1 peptide composition,
the additional negatively charged amino acids were introduced to the construct (Asp and Glu), which should decrease the
oligonucleotide binding due to electrostatic repulsion. On the other hand, additional histidine (His) was also introduced,
which could increase oligonucleotide attachment. However, the reaction was performed at 10 mm Tris pH 7.5, and
H should be relatively neutral at such pH. Nevertheless, the most pronounced effect induced poly-lysine peptide. At the
pH neutral, the positively charged Lysine (pK 10.5) effectively interacts with nucleic acid. It should be pointed out that
despite only 20% content of the MS2KN protein in the H2.IMS:MS2KN blend, the oligonucleotide binding property was
similar to one with silk with both functionalizations, in which each molecule possesses one KN peptide.

The Properties of H2.IMSIKN and H2.1MSI:MS2KN Silk Spheres
Both H2.1MS1KN and a blend of H2.IMS1:MS2KN proteins formed spheres, indicating that neither the KN peptide nor
the addition of MS2KN protein impeded sphere formation. The morphology of the H2.1MS1KN and blend of H2.1MS1:
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Figure 2 Efficiency of siRNA binding to spider silk proteins. The siLuc and the soluble bioengineered silks (MS| (control), H2.IMSI (control), H2.IMSIKN, and blend of
H2.IMSI and MS2KN (H2.1MSI:MS2KN) were mixed at different molecular ratios and incubated for 5 min at room temperature. The binding of oligonucleotides to silk
proteins was analyzed using agarose gel electrophoresis.

MS2KN spheres was quite different (Figure 3A). Although both H2.IMSIKN and blended spheres indicated the
spherical shape, the spherical form of the blended H2.1MS1:MS2KN spheres was more clearly distinguished. These
spheres were more defined and separated. Additionally, based on the analysis of SEM images, it can be concluded that
the H2.1IMS1KN spheres exhibited lower stability. After two weeks of storage, they exhibited a less spherical shape and
reduced structural distinction. Moreover, the mean size of spheres indicated by analysis of the SEM images was
approximately 336.2 = 20 nm (mean + standard error of the mean) for H2.IMS1:MS2KN and 393.1 + 29 nm for
H2.1MS1KN spheres, while by using NanoSight analyzer 148 + 12 nm and 190 + 8 nm, respectively. The discrepancies
in the obtained mean size of particles may result from difference in sample preparation and the experimenter’s subjective
selection of larger, well-defined spheres during SEM image analysis. Since the mean + standard error of the mean value
did not show the particle size distribution, we presented the D90 obtained from the NanoSight analyzer in Figure 3B.
Analysis indicated that 90% of the H2.IMS:MS2KN particles were of size 205 + 30 nm or smaller, while H2.1IMS1KN
spheres 286 + 50 nm (Figure 3B). Regardless of the measurement method, H2.1MS1:MS2KN particles were consistently
smaller than H2.IMS1KN spheres, and analysis of D90 values indicated a significant difference in particle size.

Our previous results indicated that MS1- and MS2-based spheres differed in shape and size.”*’"' The SEM picture
analysis indicated that the MS2-based spheres were smaller (426 (£109) nm vs 246 (+66) nm for MS1 vs MS2), and the
spherical morphology was more distinct compared with MS1-type particles.’? The observed differences were probably
due to their higher beta-sheet content (crystallinity) and the presumed presence of beta-spirals in MS2 spheres, which
could lead to the tight packing of the silk molecules into particles.”’ Additionally, we performed the study for blended
silk particles (MS1:MS2), indicating that 20% MS2 content in the MS1:MS2 spheres resulted in the smaller and more
spherical in shape spheres formation comparing with MS1, however the content of beta-sheet in blended spheres was
similar to the plain MS1 particles.’® The data indicated in this study are in agreement with our previous result in terms of
the size and morphology of spheres; the addition of the MS2 component to MS1 silk influenced the characteristics of silk
particles. On the other hand, the analyzed spheres also contained KN peptides, which could be critical for their
physicochemical characterization. Indeed, the addition of poly-lysine molecules decreased the size of MS2 spheres
from 246 (£66) nm to 182.7 nm (6.4 nm).’**® Moreover, Numata et al indicated that the size of plain MS1-type
particles changed from 570 nm to 210 nm after adding poly-lysine peptide, and their size depended on the number of
Lysine repeats.”® Thus, the size and morphology of both spheres presented in this study were probably modified by poly-
lysine peptide and MS2 silk, resulting in more favorable characteristics for blended H2.1MS1:MS2KN particles.
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Figure 3 Physicochemical properties of the H2.IMSIKN and H2.IMSI:MS2KN spheres. (A) The morphology of H2.IMSIKN and H2.IMSI1:MS2KN spheres analyzed by
SEM (scale bar - | um). (B) The size of H2.IMSIKN and H2.IMS1:MS2KN spheres (D90) was measured using NanoSight at the spheres concentration of 0.05 mg/mL (C)
Zeta potential of H2.IMSIKN and H2.IMS1:MS2KN spheres was measured at 25 °C in ddH,O at the sphere concentration of 0.0 mg/mL. (D) Loading efficiency of iFam-si
Scr into silk spheres. The results are expressed as the mean * SD. * Indicates significance at p < 0.05.

The zeta potential of the H2.1MS1KN and H2.1MS1:MS2KN particles was similar. The average of ZP for H2.1MS1:
MS2KN was 23 (£ 4) mV and for H2.IMS1KN 23 (£ 6) mV (Figure 3C). It was interesting that blended spheres
indicated similar ZP to H2.1MS1KN spheres. The H2.1MS1KN nparticles are built of silk in which each molecule
contains poly-lysine peptide (KN), while in the blended H2.1MS1:MS2KN spheres, only 20% of silk is functionalized
with KN. It indicates that the number of positively charged residues in the silk particles is not a dominant factor for its
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overall ZP value, but rather their distribution and manner of packing the silk molecules into spheres. A similar ZP in both
types of spheres is also associated with a comparable potential for loading nucleic acids. The loading efficiency of
oligonucleotides was similar, approximately 53% for H2.IMSIKN and 56% for the H2.IMS1:MS2KN spheres
(Figure 3D). There was an increase in a negatively charged oligonucleotide embedding into blended particles compared
with plain H2.1MS1KN, but the difference was insignificant.

The Cytotoxicity Analysis H2.IMSIKN and H2.IMSI:MS2KN Spheres

Spheres made of H2.1MS1KN and a blend of H2.1MS1 and MS2KN?2 silks were not cytotoxic when examined at a wide
range of concentrations (Figure 4). There was no significant difference between H2.1MS1KN and H2.1MS1:MS2KN
spheres in terms of cytotoxicity. As demonstrated in our previous study, plain MS2KN spheres unloaded with siRNA
exhibited toxic properties when tested at a high concentration in contrast to MS2 particles, indicating potential
cytotoxicity of KN peptide.® Using only 20% of MS2KN protein in the H2.1MS1:MS2KN blend did not induce
a similar effect. Interestingly, H2.1MS1KN particles were also not cytotoxic despite containing a high KN content. It
may suggest that MS1-type protein may mask the cytotoxic effects of the KN peptide.

The Binding Property of H2.IMSIKN and H2.IMSI:MS2KN Silk Spheres to HER2+

Cancer Cells

To assess the binding property of functionalized spheres to HER2+ cancer cells, we incubated HER2-overexpressing
SKOV3 ovarian cancer cells with fluorescently labeled (Cy5) spheres for 1 hour without transfection reagents. Flow
cytometric analysis confirmed that the H2.1 peptide increased the binding of silk spheres to HER2-overexpressing cancer
cells (Figure 5) Additionally, adding positively charged KN peptide increased the cell-binding potential of H2.1MS1KN
and H2.IMS1:MS2KN particles and the percentage of cells that bound fluorescently labeled spheres were higher than
controls (Figure 5). However, the MFI analysis indicated the considerable difference between cells that interact with the
H2.IMS1KN and H2.IMS1:MS2KN spheres, the H2.IMS1:MS2KN being one significantly more accepted by cells
(number of bound-spheres per cell).

. H2. 1MS1KN
H2.1MS1:MS2KN

I .
1“-| | I ‘ | | |
1 1 | | 1 | 1

04 08 16 31 63 125 25.0 50.0
Spheres concentration [ug/mL]

MTT reduction [% of control]
(%))
?

Figure 4 Cytotoxicity evaluation of silk spheres. SKOV3 ovary cancer cells were incubated with various concentrations of H2.IMSIKN and H2.IMSI:MS2KN silk spheres,
and cell metabolic activity was assessed using the MTT assay. The percentage of MTT reduction was determined relative to untreated control cells. Data are presented as the
mean of three independent experiments, with error bars representing the standard error of the mean.

International Journal of Nanomedicine 2025:20 hetps: 8033



Molenda et al

1007 B control I H2.Ms1
) B ms1 I H2.1MS1KN

80"

B H2.1MS1:MS2KN

60=

Normalized to Mode
N
(e}
A

20"

10" 10° 10’ 10? 10° 10*
FL6-A:: FL6 INT LOG

Binding
(%] MFI
MS1 10.7 31.8

H.1MS1 32.3 132
H2.1MS1KN 51.7 46.4
H2.1MS1:MS2KN 45.1 210

Spheres

Figure 5 Flow cytometry analysis of sphere binding by HER+ cancer cells. The human SKOV3 ovary cancer cells were incubated for | h with Cy5-labeled H2.|MSIKN or
H2.1MS1:MS2KN silk spheres and analyzed by flow cytometry.

The Internalization of H2.IMSIKN and H2.IMSI:MS2KN Silk Spheres into HER2+ Cancer

Cells
The flow cytometry analysis indicated unequal distribution of cells that bound of H2.1MS1KN vs H2.1MS1:MS2KN

spheres suggesting different efficiency of their internalization. Thus, the cellular internalization of silk spheres into
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HER2- (MDA-MB-231) and HER2+ (SKOV3) cancer cells was analyzed using confocal microscopy (Figure 6). The
singular MS1 particles (control) were visible inside the HER2- and HER2+ cancer cells. Some H2.IMS1KN spheres
were internalized into HER2+ cancer cells and were present on the cell surface of HER2- cells; however, their fluorescent
signal (red) was co-localized with FITC-labelled membrane structures. The H2.1MS1:MS2KN spheres were present in
the cytosol of the HER2+ cancer cells at the highest quantity compared with other particles. Although H2.1MS1:MS2KN
spheres indicated some binding to the HER2- MDA-MB-231 breast cancer cells, most of the particles remained on the
cell surface and did not internalize (Figure 6).

We indicated previously that functionalization with the H2.1 peptide significantly increased the cellular internaliza-
tion of silk spheres.’>®® The flow cytometry analysis suggested that further functionalization with KN peptide increased
the cell-binding potential of silk spheres (Figure 5). The positively charged peptides, like poly-lysine or poly arginine,
can penetrate the cell membrane, and they are often used for the functionalization of different types of nanoparticles to
enable their cellular internalization.** ™ In our previous study, we indicated that MS2KN silk spheres (without a specific
targeting peptide) were internalized by macrophages.®® However, the main macrophage’s function is phagocytosis of
various molecules, including bacteria, viruses, cells, and others; thus, the internalization of the MS2KN particles could be
related to such macrophage’s properties. In this study, we indicated that adding poly-lysine peptide caused distinct effects
depending on sphere type. Indeed, there was more abounded number of the blended H2.1MS1:MS2KN particles in the
cytoplasm of SKOV3 cancer cells than H2.1MS1 one, suggesting the synergistic effect of KN and H2.1 peptides.
However, the H2.1MS1KN internalized at a much lower level into SKOV3 cells. Moreover, based on the CLSM pictures,
it can be suggested that the silk particles stuck into the cell membrane (the co-localization of the fluorescent signals of
spheres and cell membrane). Although the MTT assay did not indicate the influence of silk particles on cellular
metabolism, the analysis of microscopic pictures may suggest the influence of H2.1MSIKN particles on cellular
morphology. It was reported previously that poly-lysine, as a cationic polymer, could be toxic to cells when applied at
a high concentration.*™® Summarizing, the obtained data suggests that a high number of poly-lysine residues (again,
each H2.1MS1KN silk molecule contains KN peptide) is not beneficial for cell interaction. Interestingly, some parts of
the blended H2.1MS1:MS2KN particles also co-localized with the cell membrane, contrary to H2.1MSI1 spheres
(Figure 6). Probably, it was an intermediate state since a much larger number of them occurred in the cytoplasm.

MS1 H2.1MS1 H2.1MS1KN H2.1MS1:MS2KN

SKOV3

MDA-MB-231

Figure 6 Confocal microscopy analysis of the cellular uptake of H2.IMSIKN, H2.IMSI:MS2KN and MSI control silk spheres. The HER2-overexpressing human ovary
cancer cells SKOV3, and HER2-negative human breast cancer cells MDA-MB-23| were incubated with silk particles for 4 h. FITC-Concanavalin A was used for staining cell
surface carbohydrates (green), silk spheres were labeled with Cy5 (red), and nucleus was stained with DAPI (blue). Scale bar - 10 pum.
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Figure 7 Analysis of STAT3 mRNA level after treatment with siSTAT3 delivered by H2.IMSIKN and H2.IMSI:MS2KN spheres. (A) The HER2+ SKOV3 cancer cells were
incubated for 48 h with H2.IMSIKN or H2.IMSIMS2KN spheres loaded with siSTAT3 (250nM) or siLuc(250 nM) and then qPCR analysis was performed. STAT3 mRNA
expression level was normalized to GAPDH expression. *Indicates significance at p < 0.05. Results are expressed as means of six independent experiments and error bars
show the standard error of the mean. (B) After being loaded with siRNA, the spheres were stored for (I) | week, Il) 2 weeks, or Ill) 3 weeks and then used for STAT3
silencing. Each experiment was performed once after indicated time of storage (I-lll) in technical repetitions (mean * SD). The mean value and the standard error of the
mean. of the silencing effect of siSTAT3 delivered by H2.IMSIKN shown in 7A were calculated based on the results obtained for stored spheres from different time points.

Analysis of the Gene Silencing Effect Exerted of siRNA Delivered Using H2.IMSIKN

and H2.IMSI:MS2KN Spheres

The siSTAT3 (250 nM) and control siLuc (250 nM) were encapsulated into H2.1MS1KN and H2.1MS1:MS2KN silk spheres,
applied on the SKOV3 HER2+ cancer cells, and the STAT3 silencing effect was determined by quantitative real-time PCR
analysis. The six time repeated experiments indicated that H2.1MS1:MS2KN spheres delivered siS7473 more effectively than
H2.IMSIKN particles, which caused significantly higher downregulation of STAT3 expression into SKOV3 cells (Figure 7A).
The same preparation of silk spheres was used three times with a one-week interval, and the silencing effect of STAT3 was
repetitively achieved for siRNA delivered by H2.IMS1:MS2KN spheres (Figure 7B; I-III). The efficacy of H2.1IMS1KN
particles for delivering functional siSTAT3 decreased in time (Figure 7B; I-I1I). The experimental cycle was repeated, and the
results were similar (data not shown). The reason for the loosing time-related potential of H2.1MS1KN spheres for delivery
active siRNA was not examined in detail. However, it may be related to the unstable morphology of the spheres, releasing of
siRNA, exposure more cytotoxic poly-lysine residues or combination of these. As the MTT study indicated that none silk
particles modified the cellular metabolism, the cytotoxicity was not the direct reason for the lower performance of H2.1IMS1KN
particles. However, SEM image analysis indicated that the spheres’ instability may be responsible for the reduction in siRNA
delivery efficiency of H2.1MS1KN over time. The unstable morphology of the spheres may contribute to the release of siRNA
and inadequate interaction/recognition of the cells, decreasing the overall performance of H2.IMS1KN particles in siRNA
delivery. It needs further detailed explanation; however, it was not within the scope of this study.

Conclusion

We constructed an efficient, stable, and cell-specific delivery system for therapeutic siRNA molecules to HER2+ cancer cells
using bioengineered silk spheres vehicles. The blended H2.1MS1:MS2KN spheres were effectively loaded with oligonucleotides
and delivered siSTAT3 to HER2+ cancer cells that successfully silenced STAT3 expression. The blended H2.1MS1:MS2KN
spheres are better choice than H2.IMS1KN particles due to i) higher efficiency of protein yields, ii) smaller size, iii) more defined
spherical morphology, iv) higher HER2+ cell-binding potential, v) higher specific internalization into HER-overexpressing
cancer cells, and finally vi) more efficient and stable delivery of functional siRNA. The superior property of the H2.1MS1:
MS2KN spheres may be due to lower number of poly-lysine residues in the particles and stabilizing influence of MS2-type silk.
H2.1MS1:MS2KN particles have emerged as a promising siRNA targeted delivery system with great potential for use in the
treatment of HER2-overexpressing cancers. The reasonable next step is in vivo evaluation of the safety and efficiency of the
developed DDS. In the future, the silk-based DDS that precisely delivers oligonucleotide therapeutics can be tested alongside
other strategies to treat cancer, including chemo-, photodynamic, thermal, immune-, or hormone therapy. Nowadays, various
DDSs, including silk-based ones, are being tested to fulfill the requirements of such strategies. Undoubtedly, targeted delivery
systems are key to optimizing safe, side-effect-minimized treatment and will continue to evolve. Silk is very promising for these
applications as a biocompatible and degradable material.
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