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Abstract

Magnetic iron oxide nanoparticles (IONPs) are one of the most extensively studied
materials for theranostic applications. IONPs can be used for magnetic resonance imaging
(MRI), delivery of therapeutics, and hyperthermia treatment. Silk is a biocompatible material
and can be used for biomedical applications. Previously, we produced spheres made of
H2.1IMS1 bioengineered silk that specifically carried a drug to the Her2-overexpressing
cancer cells. To confer biocompatibility and targeting properties to IONPs, we blended these
particles with bioengineered spider silks.

Three bioengineered silks (MS1Fel, MS1Fe2, and MS1FelFe2) functionalized with
the adhesion peptides F1 and F2, were constructed and investigated to form the composite
spheres with IONPs carrying a positive or negative charge. Due to its highest IONP content,
MS1Fel silk was used to produce spheres from the H2.1MS1:MS1Fe silk blend to obtain a
carrier with cell-targeting properties. Composite H2.1MS1:MS1Fel/IONP spheres made of
silks blended at different ratios were obtained. Although the increased content of MS1Fel silk
in particles resulted in an increased affinity of the spheres to IONPs, it decreased the binding
of the composite particles to cancer cells. The H2.1MS1:MS1Fel particles prepared at a ratio
of 8:2 and loaded with IONPs exhibited the ability to bind to the targeted cancer cells similar
to the control spheres without IONPs. Moreover, when exposed to the alternating magnetic
field, these particles generated 2.5 times higher heat. They caused an almost three times
higher percentage of apoptosis in cancer cells than the control particles.

The blending of silks enabled the generation of cancer-targeting spheres with a high

affinity for iron oxide nanoparticles, which can be used for anti-cancer hyperthermia therapy.
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1. Introduction

Despite the development of diagnostic techniques and multiple novel therapies, the
death rate of cancer patients has not changed substantially for decades [1]. Conventional
cancer treatment includes surgery, radiotherapy, and chemotherapy. Although chemotherapy
is often a first-line therapeutic approach for the treatment of a variety of cancer types, it may
damage healthy tissues, leading to irreversible side effects. For example, the highly effective
anti-cancer drug doxorubicin (Dox) [2, 3] can cause long-term and potentially lethal
cardiovascular toxicity, which may occur many years after chemotherapy [2, 4, 5].
Additionally, to avoid undesirable side effects, chemotherapy dosages are limited, which can
ultimately lead to insufficient destruction of cancer. Moreover, according to the World Health
Organization (WHO), the early detection of cancer significantly increases the chances for
successful treatment (https://www.who.int/cancer/detection/en/). To overcome these
limitations, it is necessary to improve the diagnostic techniques and design a drug delivery

system that can transport and release chemotherapeutics directly at the tumor site.

The recently developed nanomedicine theranostic platform, which combines specific
targeted therapy based on specific diagnostics, has become a promising step in the
improvement of cancer therapy efficiency [6, 7]. This system allows for the simultaneous
implementation of diagnostic and therapeutic strategies. Several essential theranostic tools is
currently under investigation, such as particles based on quantum dots, gold, carbon (graphene
oxide, carbon nanotubes), polymeric liposomes, micelles, dendrimers, biodegradable
polymers and superparamagnetic iron oxide [8-10]. Magnetic iron oxide nanoparticles
(IONPs) have been extensively investigated for their application in magnetic resonance
imaging (MRI) [11] and as carriers of therapeutic agents against cancer cells [12-16]. The
anti-cancer activity of IONPs is also based on hyperthermia generation [17]. The application

of an alternating magnetic field leads to the thermal activity of IONPs, which causes the
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selective disruption of tumor cells. Due to the activation of heat shock proteins, healthy cells
exhibit better tolerance to high temperature than tumor cells [18]. The potential application of
IONPs as agents for hyperthermia against cancer cells has been demonstrated in various
studies [19, 20]. On the other hand, the in vivo administration of iron oxide particles may be
restricted by their toxicity and nanotoxicity [21]. It was already reported that a high
concentration of iron ions might cause neuronal damage in certain brain areas [22]. Pisanic et
al. showed that the accumulation of IONPs resulted in the inhibition of the growth of neural
cells [23]. To limit their toxicity, the IONPs can be combined with various materials obtaining

more biocompatible and tunable composite structures.

The extraordinary properties of silk make it a suitable material for application in
cancer treatment. Moreover, the implementation of genetic engineering and biotechnological
processes enables the extension of the potential application of bioengineered spider silk
proteins. Biocompatibility, biodegradability, and the ability to self-assemble into various
morphological forms are the key attributes of silk [24-27]. Among silk fibers, films, scaffolds,
hydrogels, spherical microparticles and nanoparticles demonstrate the greatest applicability as
drug carriers. The silk fibroin obtained from Bombyx mori cocoons was successfully used for
the production of drug-delivering nanoparticles [28, 29]. The efficient binding and release of
therapeutic molecules was reported for nanoparticles made of bioengineered eADF4(C16) silk
based on the ADF4 protein of the Araneus diadematus spider [30-32] and MS1 and MS2 silks
based on the Nephila clavipes proteins MaSpl and MaSp2, respectively [33, 34]. Moreover,
the bioengineering of spider silk enables modification of its sequence to functionalize the
material with new features or functions [35]. This functionalization can be achieved by
changing the amino acid sequence of silk or by addition of functional peptides. These

modifications may change the isoelectric point of silk protein [36, 37], enhance the binding
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and cellular uptake of silk nanoparticles [38, 39] or enable the binding of therapeutic nucleic

acids to silk particles [40, 41].

The possibility of combining silk and iron oxide nanoparticles has been previously
shown. Composite magnetic spheres have been obtained from both silk fibroin [42, 43] and
the bioengineered spider silk EMS2 [44]. The EMS2 silk was constructed by the addition of
glutamic acid into a monomer unit of MS2 silk [37]. EMS2/IONP composite spheres
demonstrated good magnetic properties and morphology; however, the Fe*" ion content was
relatively low [44]. The IONPs tended to aggregate and formed clusters on the surface of
composite spheres [44]. Moreover, studies by Florczak et al. showed that the increasing
content of functionalized MS2 silk in the functionalized MS1/MS2 blended silk particles
caused reduction in the efficiency of their binding to cancer cells, which suggested a crucial
role of MS1 protein in this process [45]. Considering all these aspects, we decided to

investigate a new therapeutic system based on functionalized MS1 silk proteins.

In this study, we produced and characterized a composite material made of IONPs and
a blend of two types of functionalized MS1 silks: 1) one containing the metal-binding peptides
KSLSRHDHIHHH and/or SVSVGMKPSPRP (named Fel and Fe2, respectively, in this
study) and ii) the other containing the Her2-binding peptide H2.1 [38]. The results of previous
studies demonstrated that the Fel and Fe2 peptides have the potential for application as
adhesion molecules. These peptides were investigated in terms of their binding to inorganic
targets, such as silica [46], gallium nitride [47], hydroxyapatite [48], iron-platinum
nanoparticles [49] and other metal compounds [50]. In addition, the functionalization of MS1
silk with the H2.1 peptide enabled the accumulation of H2.1MS1 spheres in Her2-positive
cancer cells [38]. Overexpression of the Her2 receptor can be observed in more than 20% of
breast carcinomas [51]. In combination with its low expression in healthy tissues, the Her2

molecule is an excellent target for specific anticancer treatment.
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The aim of this study was to generate a targeted silk-based delivery system that
efficiently transports iron oxide nanoparticles (IONPs) into cancer cells. We have
incorporated IONP into spheres made of several variants of silk. Selected H2.1MSI:
MSI1Fel/IONP particles bound to targeted Her2-overexpressing cancer cells and, when

exposed to an alternating magnetic field, generated heat leading to cell apoptosis.

2. Experimental

2.1 Construction of the expression plasmids

The construction of the expression plasmids pPETNX-MS1 and pETNX-H2.1MS1 was
described previously [38]. For this study, we used the plasmids pET30a-MS16xFel and
pET30a-MS16xFe2, generously provided by Professor David Kaplan (Tufts University,
Medford, Massachusetts, USA). Both plasmids contained 6 repeated MSI1 silk sequences
based on the MaSpl protein of N. clavipes that were functionalized with the metal-binding
domain Fel or Fe2. The MS16xFel and MS16xFe2 sequences were cleaved out using the
Nhel and Spel restriction enzymes and cloned into the Nhel and Spel restriction sites of the
pETNX expression vector to obtain pETNX-MS16xFel and pETNX-MS1Fe2, respectively.
The final plasmids were constructed by ligation of the MS16xFel and MS16xFe2 inserts into
the Spel restriction sites of the previously obtained constructs pETNX-MS16xFel and
pETNX-MS16xFe2, respectively, and ligation of the MS16xFe2 insert into the Spel
restriction site of the pETNX-MS16xFel plasmid as indicated in Fig. 1. The sequences of the
obtained plasmids were confirmed by sequencing at the Adam Mickiewicz University Core
Facility in Poznan. Enzymes for digestion and ligation were purchased from Fermentas
(Thermo Fisher Scientific Inc., Waltham, MA) and New England Biolabs, Inc. (Ipswich,

MA), respectively.

2.2 Production and purification of bioengineered spider silks
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The Escherichia coli strain BLR (Novagen, Madison, WI) was transformed using the
pETNX-MS1, pETNX-H2.1MS1, pETNX-(MS1Fel):, pETNX-(MS1Fe2) and pETNX-
MSI1FelMS1Fe2 expression plasmids to obtain the MS1, H2.1MS1, MS1Fel, MS1Fe2 and
MSI1FelFe2 proteins, respectively. The proteins were produced in a Bioflo 4000 fermenter
(New Brunswick Scientific, Edison, NJ) under the conditions described previously [38]. The
proteins were purified using the thermal denaturation method (80/20) as performed in
previous studies [38]. The silk proteins were precipitated using 20% ammonium sulfate for
MSI1 and H2.1IMS1 and 25% for the MS1Fel, MS1Fe2, and MS1FelFe2 silks. The protein
concentration was measured by UV spectroscopy (Nanodrop 2000, Thermo Fisher Scientific,
Inc., Waltham, MA) at a wavelength of 280 nm and calculated using molar extinction
coefficients of 19 370 and 43 320 M™' cm™ for sMS1 and H2.1MSI, respectively, and 17 880
M1 cem! for the MS1Fel, MS1Fe2, and MS1FelFe2 proteins. The molecular weights of MS1,
H2.1MS1, MSI1Fel, MS1Fe2 and MS1FelFe2 were 34.31, 41.68, 35.04, 34.52 and 34.78
kDa, respectively. Electrophoretic analysis was performed using a 12.5% SDS-PAGE gel, and

the proteins were stained with colloidal blue (Roti-Blue) (Carl Roth, Karlsruhe, Germany).
2.3 Cell cultures

SKBR3 human breast cancer cells that overexpressed Her2 (ATCC, Manassas, VA)
and MSUI.1 human fibroblast cells (generously provided by Professor C. Kieda, (CBM,
CNRS, Orleans, France)) were used in this study. The cells were maintained in Dulbecco's
Modified Eagle Medium (Sigma, St Louis, MO) supplemented with 10% fetal bovine serum
(Sigma, St Louis, MO) and 80 pg/mL gentamycin (KRKA, Novo Mesto, Slovenia). Cells

were grown at 37 °C in a humidified atmosphere containing 5% COx.

2.4 Sphere preparation
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Spheres were produced by salting out using potassium phosphate buffer. Fifty
microliters of silk solution at a concentration of 2 mg/mL was added to 50 pL of iron oxide
nanoparticles (IONPs; 2 mg/mL; Chemicell GmbH, Berlin, Germany) with positive or
negative charge and thoroughly mixed with 1000 pL of 2 M potassium phosphate buffer
(Sigma, St Louis, MO) at pH 8. The samples were incubated overnight, centrifuged at 10 000

x g for 20 min and then rinsed five times with ultrapure water.

To study the properties of the blended spheres, H2.1MS1 and MSI1Fel silks were
combined at different weight ratios (10:0, 8:2, 5:5, 2:5, and 0:10 H2.IMSI1:MSI1Fel,
respectively), and then spheres were produced as follows: 50 uL of a solution of blended silks
at a concentration of 2 mg/mL was added to 50 uL of a negatively charged IONP suspension
at a concentration of 2 mg/mL and then mixed with 2 M potassium phosphate solution at pH
8. The spheres were incubated overnight, centrifuged at 10 000 x g for 20 min and then rinsed
three times with ultrapure water. Control spheres were prepared as described above except
that 10 mM Tris-HCI (pH 7.5) was used instead of the IONP suspension. For the cell binding
assay, the silks were first conjugated with the ATTO 647N fluorophore (Sigma, St. Louis,
MO) following the manufacturer's protocol. For drug loading/release, cytotoxicity and
magnetic hyperthermia studies, spheres were prepared using high-pressure syringe pumps as
described previously [52]. The solutions of blended silks (1 mg/mL) with or without IONPs
were mixed with 2 M potassium phosphate (pH 8) at a volume ratio of 1:10. The flow speeds
for silk or silk/IONPs and potassium phosphate buffer were 10 and 100 pL/s, respectively.
The collected suspension of spheres was incubated overnight at room temperature,

centrifuged at 10 000 x g for 20 min, and then rinsed five times with ultrapure water.

2.5 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy

(EDXS)
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The spheres were sonicated using an ultrasonic cell disruptor (Misonix, Inc.,
Farmingdale, New York), and the sphere suspension was placed on a coverslip and left to air-
dry. The sample was sputtered with gold under vacuum using a Quorum Sputter Coater
QI50T ES (Quorum Technologies, Ringmer, UK) and then analyzed with an SEM (JEOL
JSM-7001F, JEOL. Ltd, Tokyo, Japan) at an accelerating voltage of 15 kV. Energy-dispersive
X-ray spectroscopy of the samples for elemental analysis was performed using an X-Max
silicon drift detector (Oxford Instruments, Abingdon, UK) and INCA Energy software

(Oxford Instruments Analytical, High Wycombe, UK).
2.6 Microwave-Induced Plasma with Optical Emission Spectrometry (MIP-OES)

The composite spheres made of IONPs and H2.IMS1:MS1Fel/IONP silk blended at
various weight ratios (10:0, 8:2, 5:5, 2:8, 0:10) were analyzed using a Carl Zeiss Echelle
spectrometer, model PLASMAQUANT 100 (Carl Zeiss AG, Oberkochen, Germany), with
fiber-optical light-guide, photomultiplier tubes (PMTs). The particles were dissolved in 0.5
mL of concentrated HNO3 and 0.5 mL of 30% HCI in a quartz vessel, sonicated for 4 min and
calibrated to 2 mL. The concentration of iron in the spheres was analyzed in continuous mode
using an ultrasonic nebulizer (model NOVA-DUO, Optolab, Warsaw, Poland) with a glass

cyclonic spray chamber. The experiment was repeated three times.
2.7 Sphere binding to the cells

The SKBR3 human breast cancer cells and MSU1.1 human fibroblasts were washed
with PBS and detached using a nonenzymatic cell dissociation solution (Sigma, St Louis,
MO). Subsequently, 30 uL of ATTO647-labeled spheres at a concentration of 10 pg/mL was
added to 1 x 10° SKBR3 or MSU1.1 cells suspended in a 0.5% BSA/PBS solution and then

incubated for 1 h at 4 °C in the dark. Next, the cells were rinsed three times with PBS, and the
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binding of the spheres was analyzed using a FACSAria flow cytometer (BD Biosciences

Pharmingen, San Jose, CA) and FACSDiva (v6.1.2) software.

2.8 Drug loading and release study

The H2.1MS1:MS1Fel and H2.1MS1:MS1Fel/IONP spheres were loaded with
doxorubicin (Dox) (Adriamycin, Pfizer Inc., New York City, NY) using the postloading
method as described previously [33]. In brief, 50 pg of spheres was mixed with 100 pg of a
drug in a final volume of 300 uL and incubated at room temperature overnight with agitation.
Next, the spheres were centrifuged, and the absorbance of the supernatant was measured
spectrophotometrically at a wavelength of 508 nm to determine the Dox concentration. The
drug concentration was quantified based on the standard curves for doxorubicin. The loading
efficiency was calculated using the equation: loading efficiency (%) = (the amount of drug
loaded) / (amount of drug before loading) x 100%. The experiment was performed three times

in triplicate.

Dox-loaded spheres were subsequently suspended in 1 mL of PBS at pH 4.5, 6 or 7.4
and incubated at 37 °C under constant agitation. The samples were centrifuged, and the
supernatant was collected at the indicated time points and replaced with fresh buffer at an
appropriate pH. The concentration of released Dox was determined spectrophotometrically as

described above. The experiment was performed three times in triplicate.

2.9 Thermogravimetric analysis

The thermal behavior of H2.1MSIMSI1Fel/IONPs/Dox was studied using Perkin
Elmer TGA 4000 analyzer (PerkinElmer, Waltham, MA). 5 mg of sample was measured
under a nitrogen atmosphere with a flow rate of 20 mL/min. The samples were heated from 30

°C to 995 °C at a heating rate of 10 °/min.
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2.10 Cytotoxicity study

SKBR3 breast cancer cells (2.5 x 10%well) were seeded in 96-well plates and
incubated overnight. The next day, various concentrations of H2.1MS1:MSI1Fel and
H2.1MS1:MS1Fel/IONPs silk spheres loaded with Dox were added to the cells and incubated
for 4 h. Subsequently, the cells were washed with PBS, and fresh medium was added. After
72 h of incubation, 50 uL (5 mg/mL) of MTT (3-(4,5dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide; Sigma, St. Louis, MO) solution was added to each well and incubated
for 4 h. Next, the insoluble purple formazan was dissolved in 200 puL of dimethyl sulfoxide
(Sigma, St. Louis, MO). A Victor X3 microplate reader (PerkinElmer, Waltham, MA) was
used to measure the absorbance of the solution at a wavelength of 560 nm. The cell viability
was calculated in reference to the untreated control cells. The experiment was repeated three

times in triplicate.
2.11 Measurement of temperature upon treatment of spheres with a magnetic field

To investigate the heating potential of the H2.1MS1:MSI1Fel and
H2.IMS1:MS1Fel/IONP particles, spheres were subjected to an alternate magnetic field
(AMF) study. The compact EASYHEAT (Ambrell Corporation, Scottsville, NY, USA)
induction heating system was used as a source of the AMF. The induction heating setup
consisted of a high-frequency power supply and a water-cooled heating coil. The sphere
suspension (2 mg) in a 15-mL tube was placed centrally inside the induction coil with a length
of 60 mm and five turns with a 56-mm diameter. The frequency of the alternating magnetic
field was /=356 kHz, and the intensity was H=16.2 kA/m. The temperature variation induced
during the experiment was registered by a digital thermometer (FLUOTEMP, Photon Control

Inc.) with the optic fiber temperature probe (model FTP-NY2) placed centrally in the sample.
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The samples were treated with a magnetic field for 180 seconds. The experiment was

performed three times.

2.12 Evaluation of the hyperthermia effect

SKBR3 cells (2 x 10°) were seeded on a 6-cm culture plate and incubated overnight.
Next, the control and composite spheres were added at a concentration of 100 pg/mL. After
12 h of incubation, the cells were washed with PBS and detached, and then, magnetic
treatment was performed for 5 minutes as described above. Next, to determine the
hyperthermia effect, the treated cells were stained with an Annexin V-FITC Apop Kit
(Invitrogen, Waltham, Massachusetts, USA) according to the manufacturer's protocol. The
cells were analyzed using a FACSAria flow cytometer and FACSDiva (v6.1.2) and FlowJo

V10 software. The experiment was repeated three times.
2.13 Statistics

To estimate the significant differences between the samples, the analysis of variance
(ANOVA) post hoc test with the Bonferroni correction was used. An unpaired t-test was
performed to analyze the differences in drug loading efficiency. The results were considered

significant if the p-value was < 0.05.

3. Results

3.1 Construction, production, and purification of bioengineered spider silk proteins

The construction scheme and amino acid sequences of three functionalized spider silk
proteins (MS1Fel, MS1Fe2, and MS1FelFe2) are shown in Fig. 1A. A 13-mer of MS1 silk
was used as a control (sMS1). The bioengineered proteins were expressed in E. coli and

purified using the thermal denaturation method. The yields of purification were approximately
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as follows: 1.9, 2.4, 1.2, and 1.3 mg per 1 g of bacterial pellet for sMS1, MS1Fel, MS1Fe2,
and MS1FelFe2, respectively. SDS-PAGE analysis showed the high quality of the proteins
and confirmed their expected molecular masses of approximately 35 kDa (Fig. 1B). The

quality and molecular mass of the H2.1MSI1 protein was analyzed previously [38].
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Fig. 1. Schematic construction and analysis of bioengineered spider silk proteins
functionalized with the metal-binding peptides Fel and Fe2. (A) The amino acid
sequences of the repetitive motif of silk and the peptides Fel and Fe2 are shown. (B)
Electrophoretic analysis of silk proteins by 12.5% SDS-PAGE: M, molecular weight protein
marker (Precision Plus Protein Kaleidoscope, Bio-Rad, California, USA); 1, sMS1; 2,

MS1Fel; 3, MS1Fe2; 4, MS1FelFe2.
3.2 Production of bioengineered silk/iron oxide composite spheres

The composite spheres were formed upon mixing the silk solution and positively or
negatively charged iron oxide nanoparticles with concentrated potassium phosphate buffer
(Fig. 2). The SEM analysis demonstrated that the functionalization of spider silk with the
metal binding peptides Fel and Fe2 did not impede sphere formation (Fig. 2). The mixing of
sMSI silk with both positively and negatively charged IONPs resulted in compact aggregate
structures covered with iron oxide nanoparticles. According to the EDXS examination, the
functionalization of spider silk with Fel and Fe2 increased the capacity of the spheres for

binding iron oxide nanoparticles in comparison with spheres made of control sMSI1 silk (Fig.
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2). The IONPs could be observed as aggregated bumps on the surface of the composite
spheres. The Fel peptide was more effective in the binding of IONPs than the Fe2 peptide, as
indicated by the elemental analysis using EDXS. The SEM image analysis showed that the
addition of IONPs with negative charge resulted in the formation of particles that were more
separated and had a more spherical morphology than the IONPs with positive charge.
Moreover, the efficiency of the binding of negatively charged IONPs was higher than that of

positively charged IONPs.

Due to their highest iron oxide nanoparticle binding capacity and most favorable
morphology, we chose the MS1Fel silk protein and negatively charged IONPs for further

analysis.
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Fig. 2. SEM images and EDXS analysis of sMS1, MS1Fel, MS1Fe2, and MS1FelFe2
control and composite spheres. Silk solution at a concentration of 2 mg/mL was mixed with
IONPs (2 mg/mL) with negative (A) or positive (B) charge prior to sphere formation upon
salting out with 2 M potassium phosphate buffer. For control spheres, 10 mM Tris-HCI was
used instead of IONPs (C). Scale bar, 6 um. The white squares indicate the iron percentage

content according to the EDXS analysis.
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3.3 Production and iron oxide nanoparticle content in composite blended spheres

The next step involved the investigation of spheres composed of the blend of two
silks: 1) H2.1MS1 silk (MS1 silk functionalized with the peptide H2.1 that binds to Her2) and
i1) MS1Fel silk. The silks were blended at different weight ratios (10:0, 8:2, 5:5, 2:8, and 0:10
H2.1IMS1:MSI1Fel, respectively), mixed with negatively charged IONPs and used for sphere
formation. First, these spheres were analyzed in terms of their affinity for iron oxide
nanoparticles. As expected, we observed an increasing concentration of iron ions in samples

with more MS1Fel silk than H2.1MSI1 silk in the composite blended particles (Table 1).

Table 1 Iron ion content in the composite blended spheres. The spheres were obtained by
mixing 2 M potassium phosphate with H2.1MS1 and MS1Fel silks blended at various weight
ratios (10:0, 8:2, 5:5, 2:8, and 0:10) in the presence of iron oxide nanoparticles. The results

represent the mean value and SD of three experiments.

Ratio of H2.1MS1:MS1Fe1 Iron content

silks in composite (Mg Felug +/- SD
blended spheres spheres)
10:0 0.064 0.03
8:2 0.098 0.02
5:5 0.112 0.01
2:8 0.125 0.01
0:10 0.140 0.02

3.4 Cell binding analysis of composite blended silk spheres

Next, the composite blended particles were incubated with Her2-positive cells
(SKBR3) and control fibroblasts (MSU1.1) and then analyzed using flow cytometry. All
variants of spheres containing the Her2-binding peptide demonstrated affinity for Her2-
overexpressing cells (Fig. 3). The percentage of binding was dependent on the amount of

H2.1MS1 and decreased with decreasing percentage of this silk in the blends (Fig. 3A). All
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sphere variants containing Her2 peptide exhibited approximately 6% nonspecific binding to
MSU1.1 control cells. The composite spheres that did not contain H2.1MSI1 silk did not bind

to either cancer or control cells (Fig. 3).
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Fig. 3. Flow cytometric analysis of the cell binding of composite blended spheres. Her2-
positive SKBR3 and control MSUI1.1 cells were incubated with spheres composed of a
H2.1MS1:MS1Fel blend (at various weight ratios) and IONPs. (A) Percentage of binding
of the sphere variants to cancer cells and control fibroblasts. The means and standard
deviations of three experiments are shown. ** indicates statistical significance with p < 0.01;
*#* indicates statistical significance with p < 0.001. (B) Representative graphs of the flow

cytometric analysis of the composite blended spheres. Non-treated cells were the control.
3.5 Morphology of composite blended spheres

The SEM analysis indicated that the blending of silks did not interfere with the
production of the composite spheres (Fig. 4A). The IONPs were observed as aggregates on
the surface of silk spheres. The particles made of the H2.1MS1:MS1Fel blend (at a ratio of
8:2) were less covered by IONPs (Fig. 4A) than spheres containing only MS1Fel silk (Fig.
4B). The results were in agreement with the spectrometry analysis of iron ion content in

composite spheres (Table 1).
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Due to their highest iron ion content and affinity for SKBR3 cells that was comparable

to that of the H2.1MS1 particles, the H2.1MS1:MS1Fel spheres blended at an 8:2 ratio were

selected for further study.

Fig. 4. SEM images of composite spheres. Spheres were made of IONPs (-) and A) a
H2.1MS1:MS1Fel blend prepared at 8:2 or B) MS1Fel silk. The silk solutions (2 mg/mL)
were mixed with IONPs (-) (2 mg/mL), and then, the composite spheres were prepared in the

presence of 2 M potassium phosphate buffer. Scale bar, 1 um.

3.6 Drug loading and release study using composite blended spheres

The ability of composite blended spheres to serve as drug carriers was examined by
performing doxorubicin (Dox) loading/release studies. The efficiency of Dox loading into
H2.IMS1:MS1Fel/IONP spheres was approximately 1.3x higher than that into
H2.1MS1:MS1Fel particles without IONPs, which was significant (Fig. 5A). Although the
functionalization of silk with binding domains significantly decreased the binding of Dox by

MSI1Fel silk, the presence of IONPs compensated for this difference.
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Fig. 5. Doxorubicin loading and release. (A) Efficiency of Dox loading into silk sphere
variants. The means and standard deviations of three independent experiments are shown.
Doxorubicin was released from blended (B) and (C) composite blended spheres over 7 days in
PBS at pH 7.4, 6 or 4.5 at 37 °C. Dox release was measured on the first day after 1, 3, and 6 h
of incubation and then after every 24 h. The mean and standard deviation of three experiments
are shown. ** indicates statistical significance with p < 0.01; *** indicates statistical

significance with p < 0.001

The release of incorporated doxorubicin was performed at 37 °C in PBS at a pH of 7.4,
6 or 4.5 over 7 days. For both types of spheres, we observed pH-dependent release profiles.
Incubation in an acidic environment resulted in faster release of drug from the particles than

that under neutral conditions (Fig. 5B, C).

The blended spheres that contained IONPs released approximately 1.2 times less drug
at a pH of 7.4 after 7 days of incubation than the blended particles. At a pH of 4.5,
approximately 1.1 times higher Dox release was observed from H2.1MS1:MS1Fel/IONPs

than from particles without IONPs (Fig. 5B, C).

3.7 Thermogravimetric analysis of composite blended spheres

The thermal behavior of the composite blended spheres loaded with Dox was

investigated by performing thermogravimetric (TGA) analysis (Fig. 6). The initial weight loss
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of H2.1MS1:MS1Fel/IONPs/Dox particles was approximately 8% until the 100 °C what can
be attributed to solvent evaporation. The weight remained relatively stable until the
temperature reached 250 °C. The second major weight loss was observed at the temperature

range of 250-750 °C, and it for approximately 75% (Fig. 6).

H2.1MS1:MS1Fe1/IONPs/Dox

Weight (%)
g

100 200 300 400 500 600 700 800 900 1000
Temperature (°C)
Fig. 6: TGA thermogram of composite blended spheres loaded with Dox. The
H2.1MS1:MS1Fel/IONPs/Dox particles were heated over the temperature range of 30-995 °C

at a constant rate of 10 °C /min.

3.8 Cytotoxic effect of Dox-loaded composite blended spheres

SKBR3 cells were incubated with different concentrations of H2.1MS1:MS1Fel and
H2.1MS1:MS1Fel/IONP spheres loaded with Dox. The composite blended spheres reduced
the viability of Her2-positive breast cancer cells slightly more than the blended particles
(without IONPs) (Fig. 7). The significant difference between spheres was indicated at the

highest particle concentrations—12.5 and 25 pg/mL.
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Fig. 7. Cytotoxicity studies of Dox-loaded spheres measured by the MTT assay. SKBR3
cells were incubated with various concentrations of H2.IMSI:MS1Fel and
H2.1MS1:MS1Fel/IONP Dox-loaded spheres for 4 h and then cultured for 72 h. The % of
MTT reduction was calculated in reference to nontreated control cells. The means and
standard deviations of three experiments are shown. * indicates statistical significance with p

< 0.05; ** indicates statistical significance with p < 0.01.

3.9 Thermal properties of composite blended spheres

An alternating magnetic field was used to assess the capability of spheres to generate
temperature increase. Under magnetic treatment, the H2.IMS1:MS1Fel/IONP spheres
exhibited an increase in temperature that was 2.5 times higher than that of the particles
without IONPs (Fig. 8). The H2.1MS:MS1Fel spheres generated heat at the same level as
pure water which acted as a reference medium. Pure water does not have magnetic properties
and cannot itself generate heat. The registered for water temperature increase results from not

ideal adiabatic condition during experiments.
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Fig. 8. Temperature measurement upon alternating magnetic field treatment of silk
spheres. Spheres were prepared using an initial silk concentration of 2 mg/ml (with or
without IONPs) and 2 M potassium phosphate buffer. The analysis was performed over 180
seconds under an electric current of 300 A that fed the induction coil to achieve magnetic

field of H=16.2 kA/m. The graph represents the mean of three measurements.

3.10 Hyperthermia effect of composite blended spheres

Her2-positive SKBR3 cells were treated with blended and composite blended spheres,
and then, the magnetic field was applied. To investigate the effect of hyperthermia induced by
magnetically treated spheres, cells were analyzed for apoptosis/necrosis. The results
demonstrated that the experimental procedure caused a decrease in the viability of the cells,
including the control cells that were not treated with particles (Fig. 9A).
H2.1MS1:MS1Fel/IONP spheres caused significant changes in the vitality of cells compared
with H2.1MS1:MS1Fel particles, which resulted in an approximately 2.7 times higher
percentage of cells being in the late phase of apoptosis (Fig. 9B, C). Moreover, we observed
that the percentage of necrotic cells was approximately 6.4 times higher in cells treated with

IONP-containing spheres than in nontreated cancer cells, which was significant (Fig. 9).
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Fig. 9. Analysis of apoptosis and necrosis of SKBR3 cells treated with magnetically

% of cells

induced spheres. Representative graphs of the flow cytometry analysis of (A) cells not
treated with spheres, (B) cells treated with H2.1MS1:MS1Fel spheres, and (C) cells treated
with H2.1MS1:MS1Fel/IONP particles. Quadrant designation: Q1 = necrosis, Q2 = late
apoptosis, Q3 = apoptosis. (D) The diagram represents the means and standard deviations of
three independent experiments of Annexin V/Pl-stained hyperthermia-treated cells (N,
necrosis; N/A, late apoptosis; A, apoptosis). * indicates statistical significance with p < 0.05;

*#* indicates statistical significance with p < 0.001

4. Discussion
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Due to the enhanced permeability and retention (EPR) effect, magnetic nanoparticles
with sizes varying between 10 and 200 nm could be preferably accumulated in tumor tissue
[53]. On the other hand, circulating IONPs in the bloodstream are susceptible to opsonization,
which may result in their restricted accumulation at the tumor site [54]. The functionalization
of magnetic nanoparticles by the addition of targeting domains may help overcome this
phenomenon. Li et al. demonstrated that conjugation of an anti-Her2 antibody to Fe3Oa
nanoparticles resulted in a threefold increase in IONP uptake into MBT-2 (Her2-
overexpressing) cells compared with conjugation with nonspecific mAb [55]. The uptake of
these IONPs by healthy control cells was significantly lower, indicating an effective targeting
strategy. Moreover, magnetic drug targeting (MDT) can be applied to improve the selective
administration of nanoparticles into the cancer environment. The intravascular injected drug-
loaded IONPs were guided by the external magnetic field to the tumor site [56]. Tian et al.
indicated that intravenously injected doxorubicin-loaded magnetic silk fibroin nanoparticles

were guided specifically to MCF-7 breast cancer cells via magnetic forces [57].

Several studies have investigated the simultaneous application of both delivery
methods, i.e., magnetic field and targeting peptides. Sang and coworkers produced polymeric
micelles that contained iron oxide nanoparticles and were functionalized with hyaluronic acid
(which can target the CD44 receptor). After application of the magnetic field, these particles
exhibited significantly stronger affinity and intercellular penetration of 4T1 cancer cells than
the control [58]. Effective targeting was also observed during in vivo imaging of tumor-
bearing mice after intravenous injection of these magnetic nanoparticles and exposure to a
magnetic field [58]. Angelopoulou et al. examined magnetic nanoparticles functionalized with
folic acid (FA). FA binds to a folate receptor (FRa) that is overexpressed on certain types of

cancer cells. The application of these functionalized nanoparticles and a magnetic field
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resulted in highly accelerated uptake into FRa-overexpressing MDA-MB 231 breast cancer

cells in comparison with control MCF-7 cells [59].

We previously investigated the possibility of obtaining biocompatible magnetic
particles made of a composite material containing bioengineered spider silk protein and iron
oxide nanoparticles [44]. Among the tested silks (MS1, MS2, and EMS2), the EMS2 variant
exhibited the highest affinity for IONPs [44]. However, the level of IONPs bound to EMS2
spheres was relatively low. Unfortunately, the bioengineered silks based on the MaSp2
spidroin of the N. clavipes spider exhibited poor binding to cells [45], and the EMS2 silk
originated from this spidroin [37]. On the other hand, in another study, we indicated the
specific and selective binding of H2.1MSI1 spheres to Her2-positive cancer cells [38]. The
H2.1MST silk was functionalized with the H2.1 peptide, which determined the specificity of
the silk spheres. Thus, to improve the magnetic properties and simultaneously the cell binding

properties of silk spheres, we applied a new approach.

In this study, new variants of functionalized silk proteins were obtained. It was shown
that the Fel (KSLSRHDHIHHH) and Fe2 (SVSVGMKPSPRP) peptides exhibited affinity for
different metal compounds [49, 50]. Thus, we produced three variants of the bioengineered
silks (MS1Fel, MS1Fe2, MS1FelFe2) that contained the functional peptide Fel or/and Fe2.
First, we examined which new variant of silk bound the highest levels of the positively or
negatively charged IONPs. Next, the selected iron-binding silk variant was blended with
H2.1MST silk to obtain composite blended spheres that could enable the delivery of IONPs to
Her2-positive cancer cells. This could be beneficial for tumor diagnostic or/and therapeutic

purposes (for drug delivery and/or to induce hyperthermia).

The spheres were produced using the salting out method as indicated previously [30,

33, 37, 38, 60, 61]. We observed that addition of the Fel and Fe2 peptides increased the [IONP
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content in the examined particles compared with the control sMS1 spheres. The combination
of silk proteins with IONPs with positive charge resulted in the generation of spheres that
were characterized by a sticky morphology. Moreover, the amount of negatively charged
IONPs on the sphere surface was higher than that of positively charged IONPs. All silk
variants exhibited a positive charge at pH 8 (pI approximately 10); thus, electrostatic
interactions may explain this phenomenon. We also demonstrated the difference in the affinity
of IONPs to silk particles according to the functional peptide variant. The Fel peptide was
more effective in binding IONPs than the Fe2 peptide. This may be the result of the amino
acid composition of this peptide. Studies by Lu et al. and Barber-Zucker et al. showed that
Fe*" ions preferentially bind to amino acid residues such as histidine (H) and aspartic acid (D)
[62, 63]. The highest number of histidine and aspartic acid residues (10 and 2, respectively) in
the MS1Fel silk protein sequence could have led to the increased IONP content in the

analyzed spheres compared with the MS1Fe2 and MS1FelFe2 variants.

In the next step of our study, we added H2.1MST1 silk to the MS1Fel protein and then
investigated composite spheres made of such silk blends and negatively charged IONPs. The
idea of blending various types of silk is not novel. Nileback et al. demonstrated the formation
of various morphological structures made of recombinant spider silk combined with silk
fibroin [64]. Studies by Florczak et al. showed the possibility of blending functionalized
spider silk proteins and the production of spheres from an obtained silk blend [45]. Materials
produced from mixtures of two different bioengineered silks containing various affinity
domains displayed combined binding properties [65]. To enable the binding of particles to

Her2-positive cancer cells, we produced a H2.1MS1:MS1Fel silk blend.

First, the silk proteins were blended at different ratios and then used to form iron-
containing composite spheres, and their specific cell binding was investigated. Two factors

could interfere with the binding process: i) the number of H2.1 peptides might not be
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sufficient for allowing specific cell recognition and binding, and/or ii) the IONPs could
mask/impede the external exposure of H2.1 peptides. Our results demonstrated the specific
cell binding for all sphere variants containing the H2.1 peptide, which decreased with
decreasing amounts of this peptide in the silk blend. The blended spheres composed of
functionalized silks, H2.1MS1:MS1Fel, at a weight ratio of 8:2 maintained the binding
efficiency to target cells at the same level as that of H2.1MS1 particles. Interestingly, the
study by Florczak et al. indicated similar findings related to the mixing ratio of various silks
and their biding potential [45]. Moreover, these particles (H2.1MS1:MS1Fel blended at a
ratio of 8:2) contained 1.5 times more IONPs than H2.1MSI1 spheres and 3.4 times more
IONPs than EMS2/IONP spheres as previously reported by our group [44]. Furthermore,
these selected composite blended spheres also retained their potential to load doxorubicin.
The highest drug-loading capacity was indicated for the MS1 spheres. As we indicated
previously, MS1 spheres despite the positive charge efficiently bound the positively charged
Dox probably due to hydrophobic interactions [33]. From the one side, the pores inside the
MSI particles could allow penetrating the drug inside the sphere's core. However, on the other
hand, the increase of the positive surface charge of the MS1 spheres after Dox loading
indicated the presence of doxorubicin on the spheres surface [33]. In this study, the addition
of the functional peptides decreased the doxorubicin-loading potential of the silk spheres.
However, these functionalizations, in addition to specific targeting, also enabled the efficient
binding of IONPs, which in turn allowed restoration of the level of drug loading. The
doxorubicin loading in composite blended spheres was at the same level as that in MS1
particles. The iron oxide nanoparticles on the sphere's surface might provide an additional
binding surface for doxorubicin. The negatively charged IONPs could trigger binding of the
positively charged Dox. Additionally, the thermal analysis of H21MS1:MS1Fel/IONPs/Dox

particles was performed, which indicated two major weight loss phases. The initial weight
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loss of Dox-loaded spheres, observed till 100 °C, could be attributed to the evaporation of
water from the sample, which was mentioned in previous studies for silk based structures [66-
68]. The main weight loss of H2IMS1:MS1Fel/IONPs/Dox particles took place in the
temperature range of 250-750 °C which may be associated with the decomposition of the side

chain groups of the amino acid residues and the breakdown of peptide bonds [69].

The release kinetics of doxorubicin exhibited pH-dependent profiles for both types of
spheres with slow release at neutral pH (pH 7.4) and fast release in acidic environments (pH
4.5). These results are in agreement with those of previous studies [33, 37, 38, 42, 44]. Sanson
et al. showed that acidic pH stimulates the transition of doxorubicin to its hydrophilic form,
which enhances its rate of release from delivery vehicles [70]. The H2.1MS1:MS1Fel/IONP
spheres released less drug in buffer at pH 7.4 than the H2.1MS1:MS1Fel particles. The
decreased release of doxorubicin from composite spheres at neutral pH may be beneficial for
the potential administration of these carriers into the bloodstream. On the other hand, the
addition of IONPs to H2.1MS1:MS1Fe spheres was not as beneficial in terms of doxorubicin
release as observed for EMS2/IONP spheres [44]. In the case of EMS2/IONPs/Dox, the iron
oxide particles inhibited the burst release of the drug at a pH of 7.4, in contrast to the
composite blended spheres presented in this study. The burst release of Dox from
H2.1MS1:MS1Fel/IONP particles also may indicate the presence of the drug on the surface
of the spheres. The surface localization of the drug would make it more susceptible to being
washed out during the release examination. It needs further study. This finding highlights that
the loading and release of the drug are multifactor processes and depend on the properties of

the silk type as well as IONPs.

Moreover, the H2.1MS1:MS1Fel/IONPs/Dox spheres were not effective in cell
killing. Although the composite blended spheres exhibited higher Dox loading and Dox

release at a pH of 4.5 than the blended silk particles, their cytotoxic effect was not
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significantly improved. These spheres had a significantly stronger toxic effect on cells than
the blended spheres only at the highest concentration. This suggests that
H2.1MS1:MS1Fel/IONPs could bind to Her2-positive cells but could not be internalized.
Previously, we indicated that H2.1MS1 and H2.1MS1:H2.1MS2 spheres not only bound to
the surface of targeted cells but were also internalized through both the clathrin- and caveola-
dependent pathways of endocytosis [71]. These particles were trafficked to lysosomes, where
their degradation occurred [71]. Furthermore, the released Dox was trafficked to the nucleus,
causing cell death [38, 45]. The particles analyzed in the previous study were more effective
than those in this study, as a much lower concentration of silk spheres was needed to cause
cytotoxic effects [38, 45] compared with the concentration of particles presented in this work.
Moreover, the Dox-loaded blended silk spheres (without IONPs) did not effectively exert the
cytotoxic effect. Since both blended spheres (with and without IONPs) contained MS1Fel
silk, functionalization with the Fel peptide could impede the cell internalization of these
spheres. However, this aspect needs to be further studied. It is also worth mentioning that the
rate of doxorubicin release from composite magnetic nanoparticles at acidic pH could be
increased by exposure to the magnetic field [59]. These results suggest that we may achieve
even higher release of Dox from H2.1MS1:MS1Fel/IONP spheres during the magnetic

treatment of cancer.

The concept of hyperthermia involves the induction of cancer cell apoptosis by local
high-temperature generation. One of such approaches is the photo-thermal therapy (PTT) that
utilizes the photo-absorbing agents such as carbon nanotubes, graphene oxide, gold
nanoparticles to produce heat in the tumor lesion to locally destroy cancer cells [73-75]. On
the other hand, the IONPs can be used for heat generation [76]. The superparamagnetic
nanoparticles placed in an alternating magnetic field undergo Brownian relaxation (rotation of

the nanoparticles) and the Néel relaxation (reorientation of the magnetic moment inside the
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magnetic core against an anisotropy energy barrier), which can result in noticeable
temperature increase [77]. Zhao et al. demonstrated the death of human head and neck cancer
cells in a mouse model after IONP-mediated magnetic hyperthermia [78]. Moreover, the
overheating of cells can stimulate the anti-cancer immune response. Baker et al. showed an
increased response involving T lymphocytes in murine melanoma tissue following
hyperthermia treatment [79]. In our studies, a substantial increase in temperature was
observed for the composite sphere sample under the influence of an alternating magnetic
field. = This  phenomenon confirmed the  superparamagnetic  properties  of

H2.1MS1:MS1Fel/IONP particles and their potential application in hyperthermia treatment.

Moreover, the analysis demonstrated a significant increase in the percentage of late
apoptotic and necrotic cell populations in H2.1MS1:MS1Fel/IONP-treated cells in
comparison with the controls. These results indicated successful local heat generation caused
by composite blended spheres and an applied magnetic field, which finally led to cancer cell
disruption and, eventually, cell death. Other studies described the cell apoptosis induced via
magnetic iron oxide nanoparticle hyperthermia [80-83]; however, no results regarding spider
silk/IONP composite material spheres have been published thus far. In future work, we will
examine our system in an in vivo model. Chen et al. investigated the targeting of breast cancer
(4T1)-bearing mice with dual-ligand iron oxide agents for hyperthermia treatment [84]. The
studies showed a preferential increase in temperature in tumor tissue and a significant
reduction in tumor volume after magnetic hyperthermia therapy. The promising effects of
IONPs in thermal treatment evaluation were also reported in the case of a glioblastoma animal
model. After the administration of Fe3sOs-aminosilane-coated nanoparticles and exposure to an
alternating magnetic field, an almost 33% decrease in tumor mass relative to the control was
observed [85]. Anticancer therapy based on magnetite nanoparticles combining chemotherapy

and targeted hyperthermia was described by Li et al. [55]. The application of IONPs
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functionalized with anti-Her2 and loaded with 5-fluorouracil resulted in significant tumor
regression in both early- and late-stage tumors under hyperthermia generation. Taking into
account these reports and the results of our studies, we have developed a system that may

have great potential in targeted hyperthermia-mediated cancer chemotherapy.

5. Conclusions

The composite blended spheres H2.1MS1:MS1Fel/IONP characterized in our study
appear to be a versatile tool in medical applications. The introduction of superparamagnetic
iron oxide nanoparticles and doxorubicin in the biocompatible silk provided the possibility for
both diagnostic and therapeutic applications of the system. Via the functionalization of silk
with H2.1 peptide, we gained the ability to perform the targeted delivery of drug carriers to
Her2-overexpressing cancer cells. On the other hand, via the addition of the Fel peptide, the
increased IONP loading into silk spheres was achieved. In addition to chemotherapeutic
treatment (delivering Dox), hyperthermia-induced apoptosis of cancer cells by the application
of H2.1MS1:MS1Fel/IONP spheres may cause cell death and stimulate the immunological

response through the presentation of tumor-specific antigens.
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