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Background: Spider silk protein is a biocompatible and biodegradable protein that can self-assemble into various morphological
materials for biomedical applications including drug delivery carriers. Spiders can spin up to seven types of silk fibers, each containing
multiple silk proteins. Despite the numerous potential applications of these silk proteins, comprehensive and in-depth research on their
specific roles and efficacy in drug delivery has yet to be conducted. The authors designed three new bioengineered spider silk proteins
(M4R2, M4R4, and M4R6) and examined its property as a carrier of polypeptided drugs.

Materials and Methods: To obtain the M4R2, M4R4, and M4R6 proteins, three constructs comprising 2, 4, and 6 repeat units of
Araneus ventricosus major ampullate spidroin 4 (MaSp4) were engineered for prokaryotic expression using the Escherichia coli
expression system. The particles made of M4R2, M4R4, and M4R6 silks were produced using a high concentration of potassium
phosphate buffer. The physical properties of these particles were characterized by scanning electron microscopy (SEM) and zeta
potential analysis. The cytotoxicity of particles was analyzed using MTT assay. The loading and release profiles of drugs were
examined spectrophotometrically.

Results: The three bioengineered silk proteins, M4R2, M4R4, and M4R6, were constructed, produced, and purified. These proteins
exhibit self-assembly properties and formed particles. Furthermore, the these particles were not cytotoxic and had similar particle sizes
but differed in loading efficiency and drug release rate. The loading of drugs into the M4R2 particles was more efficient (>95%) than
that into the M4R4 and M4R6 particles. In addition, the continuous release of ChMAP-28 from M4R2 particles over 30 days indicates
its potential as a sustained-release carrier for positively charged peptide drugs. The high stability, excellent loading efficiency, and
sustained-release performance of M4R2 particles make them an ideal choice for the delivery of positively charged peptide drugs.
Conclusion: We developed three recombinant silk proteins, M4R2, M4R4, and M4R6, demonstrating that M4R2 particles, with stable
colloidal properties, high loading efficiency of positively charged drugs, and controlled release rates, are promising new particulate
drug carrier systems for the delivery of polypeptided drugs.
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Introduction

Owing to their outstanding delivery efficiency and controllability, various biodegradable polymers have been fabricated
as nanoparticles for drug delivery systems (DDS).' Nanoparticles and microspheres have been extensively employed to
achieve controlled-release delivery of multiple therapeutic agents such as peptides and proteins. Because these pharma-
ceutical ingredients are prone to protease degradation, chemical modification, and denaturation or aggregation during
storage, special formulation designs are indispensable to safeguard their stability and activity.* Therefore, an ideal
particulate drug delivery system must have a variety of characteristics, including biodegradability, no toxicity, controlled
drug release, easy processability, and low cost.”® Among these materials, polylactic-co-glycolic acid (PLGA) has
received much biomedical attention and is the most extensively studied drug carrier owing to its biodegradability and

low cost.”® However, the utilization of organic solvents and the creation of an acidic microenvironment during the
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preparation process render PLGA unsuitable as a carrier for protein drug delivery.”'® As PLGA degrades within the
body, it releases lactic acid and glycolic acid, which can accumulate inside the carrier and lead to a decrease in pH. This
acidic environment may adversely affect both the stability of the encapsulated drug and the surrounding cellular milieu.
Therefore, a series of protein-based biomaterials are urgently needed to overcome the aforementioned limitations that
have hindered the progress and development of the drug delivery field.

Protein-based biomaterials for drug delivery have garnered significant attention due to their biocompatibility,
biodegradability, and versatility in encapsulating and releasing therapeutic agents, such as zein (from corn), soy proteins,
and silk fibroin (from silkworms and spiders).'""'> Among these animal and plant-derived proteins, silk fibers from
Bombyx mori and spiders are promising candidates for delivery systems because of their biocompatibility, biodegrad-
ability, and noncytotoxic properties.'> Compared to silkworm silk, spider silk demonstrates greater strength, higher
extensibility, and lower natural yield. Owing to the rapid development of spider silk protein production and purification,
a large variety of spider silk proteins with different molecular weights has been produced under laboratory conditions and
can be processed into various types of materials, including hydrogels, fibers, nanoparticles, and capsules.'*'> Moreover,
multiple bioengineered spider silk proteins (spidroins) have been explored for drug delivery applications, demonstrating
that spidroin-based particles are stable, nontoxic, highly efficient, and easy processability.'®'® Most of the reported
spidroin-based particles used as DDS are fabricated based on two major ampullate spidroins (MaSp1 and MaSp2), which
are components of spider dragline silk.'*?° However, previous studies have indicated that dragline silk is composed of
more than two spidroins with distinct amino acid composition and physical properties.”’** Recently, a novel major
ampullate spidroin (MaSp4) was identified, which possesses unique repeat motifs compared to MaSp1 and MaSp2.*
MaSp4 contains GPGPQ motifs that form B-turn structures, but it lacks the poly-alanine motifs characteristic of MaSpl
and MaSp2. Given the uniqueness of this sequence, it is necessary to further explore the applications of MaSp4 as a drug
carrier.

In this study, we designed and fabricated three bioengineered spidroins, M4R2, M4R4, and M4R6, based on the core
domain of MaSp4 from Araneus ventricosus. M4R2, M4R4, and M4R6 were composed of two, four, and six repetitive
units of the MaSp4 consensus motif, respectively.

The colloidal stability of particles based on these recombinant spidroins was studied at varying pH, ionic strength, and
long-term storage. To investigate the feasibility of loading silk particles with functional peptides, the antitumor peptide
ChMAP-28, which exhibits a positive net charge, was selected as a model peptide. We examine the loading and release
behaviors of ChMAP-28 under varying ionic strength and pH conditions of the release buffer. Fluorescein isothiocyanate
(FTIC)-labeled MaSp4 particles were used for subsequent analysis of the corresponding particle dispersions by
fluorescence microscopy. The antitumor activity of ChMAP-28 loaded MaSp4 particles was analyzed using flow
cytometry.
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Materials and Methods
Production of the Recombinant Spidroins M4R2, M4R4, and M4Ré6

All three recombinant spidroins contained amino acid sequences from the natural core sequence of A. ventricosus
MaSp4. M4R2, M4R4, and M4R6 contained two, four, and six repeat units of MaSp4, respectively, and their sequences
are presented in Figure 1A. The molecular weights of M4R2, M4R4, and M4R6 are 11.2, 22.4, 33.6 kDa, respectively.
Since the isoelectric point of these three proteins is 5.5, they have an overall negative charge (physiological condition) at
pH 7.4.

To obtain recombinant proteins, these three recombinant spidroin genes were synthesized by Beijing Tsingke Biotech
Co., Ltd., ligated into the pEHS expression vector, and transformed into E. coli BL21 cells. Gene expression was induced
at ODggpp = 0.8 using 0.1 mm IPTG followed by further 20 h of shake culture in LB medium containing 50 pg/mL
ampicillin at 20°C. Following induction, the cells were harvested by centrifugation, suspended in lysis buffer (20 mm
Tris-HCl, 300 mm NaCl, pH 8.0), and lysed using a Pressure Cell Press JN-3000 Plus (JNBIO, China). The samples were
then centrifuged to remove insoluble materials. For protein purification, the supernatant was combined with a Ni-NTA
column and gently rocked at 4°C for 1h, then the resin was washed three times with wash buffer (20 mm Tris-HCI,
300 mm NaCl, 20 mm imidazole, pH 8.0), followed by elution with elution buffer (20 mm Tris-HCl, 300 mm NaCl,
250 mm imidazole, pH 8.0). Finally, the purified samples were lysed in lysis buffer at 4°C overnight and then analyzed
using SDS-PAGE. The silk protein concentration was calculated by measuring the absorbance by UV spectroscopy at
280 nm. The peptide ChMAP-28 was synthesized by Beijing Tsingke Biotech Co. Ltd.
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Figure | Analysis of M4R2, M4R4, and M4Ré proteins. (A) Schematic illustration and amino acid sequences of M4R2, M4R4, and M4Ré proteins. The molecular weight and
the number of amino acid residues of each recombinant spidroin are shown. (B) SDS-PAGE analysis of purified recombinant proteins, followed by visualization via Coomassie
Brilliant Blue staining.
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Preparation of M4R2, M4R4, and M4Ré6 Particles

Three recombinant MaSp4 solutions (¢ = 1.5 mg/mL) were dialyzed against 2 M potassium phosphate (pH 8.0) at room
temperature, using a regenerated cellulose membrane. After dialysis, the particles were collected by centrifugation and
washed thrice with ultrapure water. Subsequently, the obtained particle dispersions were sonicated for 15 minutes. The
particle concentrations were determined gravimetrically.

Dynamic Light Scattering (DLS) and Zeta-Potential Analysis

Dynamic light scattering and zeta potential measurements were performed using a Zetasizer Nano ZS instrument
(Malvern Instruments). For DLS, the samples were diluted to a concentration of 0.01 mg/mL in the corresponding
buffer before analysis of the Z-average values of the particles. The zeta potential of the particles was also determined at
the same concentration and temperature as those used for particle size analysis. In addition, the width of the particle size
distribution expressed by the polydispersity index (PI) was also determined using a Zetasizer Nano ZS instrument
(Malvern Instruments). All measurements were performed in triplicates.

Scanning Electron Microscopy (SEM)

The particle suspension was placed on a slip and dried. Next, the samples were coated with gold alloy in a Pelco SC-7
autosputter coater with a thickness monitor. Particle morphology was observed using a Hitachi SU8010 instrument at an
accelerating voltage of 3 kV. The SEM experiments were conducted at 25°C and 55% humidity.

Colloidal Stability of M4R2, M4R4, and M4Ré6 Particles

To investigate the colloidal stability of the particles under tumor microenvironment conditions (characterized by low pH
and ionic strength) and physiological conditions, the stability was examined at pH values of 6, 6.5, and 7, and at different
ionic strengths of 50 mm, 100 mm, and 154 mm NaCl. After the centrifugation of the stock dispersion, the particle
concentration was adjusted to 0.2 mg/mL. Subsequently, the samples were analyzed to determine the particle size and
zeta potential using a Zetasizer Nano ZS, as described in the above sections. Furthermore, storage stability of the three
particle dispersions in ultrapure water was investigated at 4°C over a period of 3 months.

Cytotoxicity Study

Cytotoxicity was determined by measuring cell viability using the MTT assay. NIH 3T3 fibroblasts (ATCC, Manassas,
USA) were grown in DMEM supplemented with 10% fetal bovine serum and 80 pg/mL gentamycin. Next, the cells were
seeded at 1x10*well in 96-well plate and cultured at 37°C for 24 h. After incubation, the particle suspensions were added
to the cell cultures at different concentrations and incubated for an additional 72 h. Subsequently, 50 pL of the MTT
reagent was added to each well and incubated for 4 h. After removing the medium, insoluble purple formazan was
dissolved in 200 uL DMSO. The absorbance of each cell line was measured at 570 nm using a microplate reader (BioTek
Instruments, USA). The experiments were performed in triplicate. Cells without particles were used as negative controls.

Loading of Particles With ChMAP-28

ChMAP-28 was loaded in 10 mm phosphate buffer (pH 7.0) with different ionic strengths (50, 100, and 154 mm NaCl).
Spider silk particles were collected from the stock dispersion via centrifugation and redispersed in different phosphate
buffers before loading. Lyophilized ChMAP-28 was dissolved in an identical buffer solution to prepare a ChMAP-28
stock solution. The obtained particle suspension and ChMAP-28 stock solution were mixed at room temperature to
achieve a final silk particle concentration of 0.5 mg/mL and the desired w/w-ratio (%) of ChMAP-28 to silk particles.
After 1 h of incubation, the samples were used for DLS measurements, and the supernatant obtained by centrifugation
was analyzed for residual protein content using a BCA Protein Assay Kit. The encapsulation efficiency and loading were
calculated using Equations (1) and (2), respectively.

ChMAP — 28 loaded on silk particles (u g)
ChMAP — 28 initially added (4g)

Loading efficiency (%) = x 100 @)
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ChMAP — 28 loaded on silk particles (u g)
silk particles (u g)

Loading (%) = x 100 2)

In vitro Release Studies of ChMAP-28 From Silk Particles

In order To investigate the effects of pH and ionic strength on the release of ChMAP-28, all release experiments were
performed with a payload of 15% ChMAP-28 and a silk particle concentration of 1 mg/mL at 37°C. In vitro release
studies were performed under physiological (pH 7.4, 154 mm NaCl) and non-physiological (pH 3.0, 5.0, 6.5, and 7.4)
conditions to examine the release mechanism. After the loading procedure, the ChMAP-28-loaded silk particles were
collected via centrifugation and redispersed in the corresponding release medium. To investigate release kinetics, the
supernatant in the release medium was obtained by centrifugation at different time points and analyzed for total protein
content using the BCA Protein Assay Kit, as described above. Each release experiment was conducted in triplicate over
30 days. The timepoints for drug release measurements were 1, 2, 4, 6, 8, 10, 12, 15, 17, 20, 22, 25, 30 d of incubation.

Flow Cytometry

Flow cytometry was performed on a NovoCyte flow cytometer (ACEA Biosciences). Cell death analysis with annexin
V-FITC/propidium iodide (PI) double staining was conducted 4 h after the addition of ChMAP-28-loaded particles, up to
a final concentration of 5 pM. The Each experiment was performed in triplicates.

Statistics

The statistical significance of the differences between groups was evaluated using analysis of variance (ANOVA) by
GraphPad prism. Post hoc tests with the Bonferroni correction were performed. Differences between groups were
considered significant when the p-value was less than 0.01.

Results and Discussions
Preparation and Colloidal Stability of M4R2, M4R4, and M4Ré6 Particles

To investigate the effect of molecular weight on the properties of the silk particles, we expressed and purified three
recombinant silk proteins: M4R2, M4R4, and M4R6. M4R2, M4R4, and M4R6 possess different numbers of repeat units
(2 for M4R2, 4 for M4R4, and 6 for M4R6), which are derived from the spider silk protein MaSp4 of 4. ventricosus.>
Despite their distinct molecular weights, all three proteins share the same isoelectric point (5.5) and hydrophilic value
(—0.77). Unlike other MaSp proteins, the repetitive region of MaSp4 lacks the poly alanine motifs typical of MaSp1 and
MaSp2 but is rich in the unique motif GPGPQ that forms p-turns.”>** The Hise-tag was added to the C-terminus to
facilitate purification. The average yields of purified proteins for M4R2, M4R4, and M4R6 were approximately 30, 20,
and 10 mg/L, respectively. SDS-PAGE analysis showed that the purity of the recombinant proteins was >90%, and that
they exhibited migration patterns similar to the predicted molecular masses (Figure 1B).

Spider silk particles were produced using the salting-out method through rapid mixing with a high molar concentra-
tion of potassium phosphate buffer, which has been widely utilized for the production of nanoparticles from bioengi-
neered spider silk.'®?*2¢ The preparation of M4R2, M4R4, and M4R6 particles using the salting-out method resulted in
particle sizes of 122 £ 12 nm, 131 £ 10 nm, and 122 + 9 nm, respectively, as confirmed by scanning electron microscopy.
(Figure 2A and B). Furthermore, the colloidal stability of silk particles in potassium phosphate solution was analyzed at
different pH values (7, 6.5, and 6) and ionic strengths (50, 100, and 154 mm NaCl). We found that all three particles were
colloidally stable at pH 7, 6.5, and ultrapure water over a period of 24 h, whereas a decrease in pH towards (pH 6) the
isoelectric point (pl) of proteins led to significant particle agglomeration (Figure 2C). Conversely, at pH 6, all three spider
silk particles demonstrated instability at all ionic strengths and presented agglomeration, which might be explained by the
effect of ionic strength on zeta potential (Figure 2D). In addition, agglomeration of the M4R6 particles was more
pronounced than that of the M4R2 and M4R4 particles, which may be due to their higher molecular weights (Figure 2D).
To further determine whether ionic strength strongly influences the zeta potential of the charged particles, the zeta
potentials of these three particles at different pH and ionic strengths were analyzed. The results demonstrated that the zeta
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Figure 2 Size and morphological analysis of the M4R2, M4R4, and M4Ré particles. (A) SEM micrograph of the M4R2, M4R4, and M4Ré particles. (B) Particle size
distribution of the M4R2, M4R4, and M4Ré particles. (C) Particle size of M4R2, M4R4, and M4Ré particles after | h and 24 h storage at 10 mm phosphate buffer with varying
pH values (pH 7, 6.5, and 6). Ultrapure water is indicated by UW. (D) Particle size of M4R2, M4R4, and M4Ré particles incubated for 24 h at pH 7 and 6 at different ionic
strengths (50 mm, 100 mm, 154 mm NaCl). A Student’s t-test was used to evaluate statistical significance (***p<0.001).
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Figure 3 Zeta-potential of M4R2, M4R4, and M4Ré particles at different pH and NaCl concentration.

potential values for the M4R2, M4R4, and M4R6 particles decreased from approximately —25 mV at pH 7 without NaCl
to lower than =5 mV at pH 6 and an ionic strength of 154 mm (Figure 3). Given the pl value of 5.5 for these three
proteins, the reduction of particle charge led to the weakening of the electrostatic repulsive force between particles when
the pH value decreased from 7 to 6 (close to pI). Moreover, the increase in ionic strength can reduce the charge of the silk
particles to a certain extent, thereby contributing to their aggregation.”” Nevertheless, the reduction in particle charge
caused by high ionic strength can effectively promote drug release under physiological conditions (pH 7.4, 154 mm
NaCl).?° To evaluate the long-term stability of M4R2, M4R4, and M4R6 particles in ultrapure water, the particle size was
monitored at 4°C over a period of three months, and exhibited colloidal stability during storage. In addition, the particle
size was also stable under physiological conditions (pH 7.4, 37°C) over one month. These results demonstrate that the
M4R2, M4R4, and M4R6 particles are colloidally stable in neutral solutions without ionic strength.

Cytotoxicity

There is no doubt that the biocompatibility of medical biomaterials must be guaranteed,”>°

the cytotoxicity of these
three particles was investigated. The cytotoxicity study showed that M4R2, M4R4, and M4R6 particles were not toxic,
and a slight decrease in cell viability was observed at the highest particle concentrations, similar to other MaSp-based silk
particles (Figure 4).'®3173% Furthermore, the differences between different particle types were not significant.

Loading of Silk Particles With ChMAP-28

All three silk particles exhibited an overall negative charge in ultrapure water and potassium phosphate buffer with a pH
of 6 or higher, owing to their pI value of 5.5 (Figure 3). Previous studies have shown that recombinant spider silk
particles can be loaded with positively charged molecular drugs of low molecular weight.'® To evaluate the possibility of
loading these three silk particles with peptide drugs, the antitumor peptide ChMAP-28 was chosen as a peptide
compound with an isoelectric point of 12 kDa and molecular weight of 3.3 kDa.>> Owing to its high pI value,
ChMAP-28 exhibits a positive net charge at pH 7.

The results showed that ChMAP-28 was loaded onto all three silk particles in large quantities (Figure 5A). It was
possible to load more than 40% (w/w) of ChMAP-28 by simple incubation of M4R2, M4R4, and M4R6 particles in
ChMAP-28 containing phosphate buffer (pH 7) without NaCl. Given the relatively low zeta-potential of these silk
proteins, the electrostatic interaction strength between particles and ChMAP-28 may be insufficient to achieve higher
drug loading. Therefore, genetic modifications that introduce negatively charged amino acid residues to further decrease
protein pl could enhance the loading capacity. Although the loading efficiencies of these three silk particles declined with
increasing w/w ratio, the associated loading efficiency for M4R2 particles remained above 90% for w/w ratios ranging
from 2.5% to 30%, which was significantly higher than that of the other two particles, indicating a highly effective
loading of ChMAP-28 for M4R2 particles (Figure 5A). Moreover, the influence of ionic strength on the loading and
loading efficiencies of the three silk particles was analyzed. An increase in NaCl concentration from 50 to 100 mm led to
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Figure 4 Cytotoxicity study of M4R2, M4R4, and M4Ré6 particles by MTT assay.

a distinct decrease in the loading and loading efficiencies (Figure 5B and C). For the M4R2 particles, the loading at 60%
w/w ratio decreased from 46% in phosphate buffer (pH 7) without NaCl to 37% in phosphate buffer (pH 7) with 100 mm
NaCl. Meanwhile, the loading efficiency at a w/w ratio of 60% was reduced from 67 to 48% (Figure 5B and C). For
M4R4 particles, the loading at a 60% w/w ratio was reduced from 41% in phosphate buffer (pH 7) without NaCl to 34%
in phosphate buffer (pH 7) with 100 mm NaCl. Furthermore, the loading efficiency of M4R4 particles at a w/w ratio of
60% was reduced from 64 to 43% (Figure 5B and C). For the M4R6 particles, the loading at a 60% w/w ratio was
reduced from 40% in phosphate buffer (pH 7) without NaCl to 31% in phosphate buffer (pH 7) with 100 mm NacCl, and
the loading efficiency of the M4R6 particles at a 60% w/w ratio was reduced from 58% to 42% (Figure 5B and C). These
results clearly suggest that the loading of negatively charged M4R2, M4R4, and M4R6 particles with positively charged
ChMAP-28 is mainly driven by electrostatic interactions.

In vitro Release of ChMAP-28 From Silk Particles

The in vitro release of ChMAP-28 from M4R2, M4R4, and M4R6 particles was investigated in phosphate buffers with
different pH and ionic strengths. At pH 3 and 4, almost 80% and 60% of ChMAP-28 was released from the M4R2
particles within the first 24 h (Figure 6A). Furthermore, nearly 100% of ChMAP-28 was released from the M4R2
particles after 12 days (Figure 6A). In contrast, although ChMAP-28 was released from the other two particles more
rapidly, only 90% of the ChMAP-28 was released from the M4R4 and M4R6 particles after 12 days (Figure 6A). In
addition, no significant amounts of ChMAP-28 were detected for the three silk particles at pH 7.4 and pH 6.5 even after
30 days, indicating the existence of very strong electrostatic interactions between recombinant proteins and ChMAP-28
at these two pH levels. In contrast, the release profiles indicated that reducing the ionic strength from 154 mm to
ultrapure water led to a substantial decrease in the released ChMAP-28 for the three particles from 37% to nearly
undetectable amounts after 30 d of incubation (Figure 6B). In addition, the release of ChMAP-28 from M4R4 and M4R6
particles was faster than that from M4R2 particles, indicating that M4R2 particles can be used as drug sustained-release
carriers for positively charged peptide drugs (Figure 6B). To investigate the relation between particle size and release
behavior, in vitro release of drug from silk particles with different PI and averaged size was analyzed over a week
(Figure 6C and D). Within the first 24 hours, all silk particle types exhibited an initial burst release, followed by a steady-
state drug release. This burst release was beneficial for suppressing cancer cell replication within a short period of time.
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Figure 5 Loading of M4R2, M4R4, and M4Ré particles with ChMAP-28. (A) Loading and loading efficiencies of the w/w-ratio of ChMAP-28-loaded silk particles in the
incubation buffer at 10 mm phosphate buffer (pH 7, 20 mm NaCl). (B) Loading of silk particles with ChMAP-28 at |0 mm phosphate buffer (pH 7) with different NaCl
concentrations. (C) Loading efficiencies of ChMAP-28 at 10 mm phosphate buffer (pH 7) with different NaCl concentrations.

Additionally, for silk particles of the same type, those with larger size and polydispersity index (PI) released the drug
slightly more slowly compared to smaller particles with lower PI (Figure 6C and D). The result showed that ChMAP-28-
loaded silk particles readily penetrated tumor cells (Figure 7). Based on these results, it can be concluded that the release
of ChMAP-28 from silk particles was predominantly controlled by the degree of electrostatic interaction. Specifically,
a decrease in pH and an increase in ionic strength weakened the electrostatic interactions between positively charged
ChMAP-28 and negatively charged M4R2, M4R4, and M4R6 particles, such that ChMAP-28 was released from the
particles at low pH (< 4) or high ionic strength (154 mm), whereas ChMAP-28 sticked to the particles under neutral
conditions and low ionic strength. Recently, Han et al demonstrated that particles composed of recombinant silk protein
rAcSp2 exhibited stability and efficiently bound peptide drugs via electrostatic interactions; however, they also exhibited
a rapid release rate within 10 days.*® By contrast, M4R2 particles not only display high loading efficiency, but also have
better sustained release properties. Due to the limitations of the singularly designed recombinant protein, it is challenging
to identify a promising candidate that possesses both high loading efficiency and excellent sustained-release properties.
Therefore, our three designed recombinant silk proteins, which vary in molecular weight and material properties, enable
the selection of a more ideal drug carrier.
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Figure 6 In vitro release of ChMAP-28 from silk particles. (A) Influence of pH on the in vitro release of ChMAP-28 from silk particles over 30 days. (B) Influence of ionic
strength on the in vitro release from ChMAP-28-loaded silk particles at pH 7.4 over 30 days. (C) Influence of Pl on the in vitro release of ChMAP-28 from silk particles over
a week. (D) Influence of averaged particle size on the in vitro release of ChMAP-28 from silk particles over a week.
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Figure 7 Confocal microscopy analysis of H1299 cells when incubated with M4R2 particles loaded with ChMAP-28-FITC for 4 h. Scale bar: 20 pm.

The Proapoptosis Effect of ChMAP-28-Loaded M4R2 Particles

A previous study has shown that ChMAP-28 can induce apoptosis in tumor cells. H1299 cells were treated with ChMAP-
28-loaded M4R2 particles for 48 h and analyzed by flow cytometry (Figure 8); the results are shown in Figure 8. The
apoptosis rate of the M4R2 particle group was almost equal to that of the control group, indicating excellent biocompat-
ibility, which is consistent with the cell viability results (Figure 8). In contrast, treatment with ChMAP-28-loaded M4R2
particles resulted in an apoptosis rate of 86% in H1299 cells, which was significantly higher than that in the M4R2
particle group, suggesting that ChMAP-28-loaded M4R2 particles can induce apoptosis in tumor cells.
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Figure 8 Cytotoxicity of ChMAP-28 and ChMAP-28-loaded M4R2 particles for human non-small cell lung cancer cells (H1299) was assessed by flow cytometry. A Student’s
t-test was used to evaluate statistical significance (***p<0.001).

Conclusions

In this study, we designed three new variants of recombinant silk proteins, M4R2, M4R4, and M4R6. M4R2, M4R4, and
M4R6 were constructed based on the sequences of different numbers of repeat units from A. ventricosus MaSp4. We
obtained particles with characteristics different from those of the three recombinant proteins. Despite very similar particle
sizes under neutral pH, low ionic strength, and ultrapure water, the M4R4 and M4R6 particles exhibited a higher
tendency to aggregate at acidic pH and high ionic strength than the M4R2 particles. Moreover, large quantities of
ChMAP-28 were loaded onto these three particles with at least 90% loading efficiency because of the strong electrostatic
interactions between the positively charged ChMAP-28 and negatively charged M4R2, M4R4, and M4R6 particles.
Under neutral conditions (in the absence of ions), positively charged drugs are loaded onto negatively charged silk
particles. However, under conditions of high ionic strength, such as physiological conditions (pH 7.4, 154 mm NaCl), the
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electrostatic interactions between the drugs and silk particles are weakened, leading to drug release from the particles.
A faster release rate of ChMAP-28 from M4R4 and M4R6 particles than from M4R2 particles was also observed. Similar
to other recombinant silk proteins, our three combined silk proteins were not cytotoxic. M4R2 particles exhibit superior
performance in colloidal stability and drug loading efficiency compared to other biopolymer-based drug carriers, such as
chitosan and gelatin nanoparticles, demonstrating lower aggregation tendencies and higher drug loading efficiency under
acidic pH and high ionic strength conditions.’” Additionally, M4R2 provides more controlled drug release rates under
neutral conditions, outperforming PLGA nanoparticles.*® In our future work, we will further conduct comprehensive
in vivo studies to evaluate biodistribution, pharmacokinetics, and therapeutic efficacy, thereby ensuring the feasibility and
effectiveness of this system for biomedical applications. In conclusion, the combination of strong colloidal stability, high
loading efficiency, and favorable release rate makes M4R2 particles the most suitable for delivering peptide drug
molecules with a positive charge.
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