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ARTICLE INFO ABSTRACT

Keywords: Cancer is unquestionably a global healthcare challenge, spurring the exporation of novel treat-
Magnetic nanoparticles ment approaches. In recent years, nanomaterials have garnered significant interest with the
Affibody

greatest hopes for targeted nanoformulations due to their cell-specific delivery, improved ther-

?Ifijnomcs apeutic efficacy, and reduced systemic toxicity for the organism. The problem of successful
. clinical translation of nanoparticles may be related to the fact that most in vitro tests are per-

Targeted delivery | i

BSA formed at pH values of normal cells and tissues, ranging from 7.2 to 7.4. The extracellular pH

MPQ values of tumors are characterized by a shift to a more acidic region in the range of 5.6-7.0 and

represent a crucial target for enhancing nanoparticle delivery to cancer cells. Here we show the
method of non-active protein incorporation into the surface of HER2-targeted nanoparticles to
achieve optimal cellular uptake within the pH range of the tumor microenvironment. The method
efficacy was confirmed in vitro and in vivo showing the maximum binding of nanoparticles to
cells at a pH value 6.4. Namely, fluorescent magnetic nanoparticles, modified with HER2-
recognising affibody Zygro:342, with proven specificity in terms of HER2 recognition (with 62-
fold higher cellular uptake compared to control nanoparticles) were designed for targeting can-
cer cells at slightly acidic pH values. The stabilizing protein, namely, bovine serum albumin, one
of the major blood components with widespread availability and biocompatibility, was used for
the decoration of the nanoparticle surface to alter the pH response of the targeting magnetic
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conjugates. The optimally designed nanoparticles showed a bell-shaped dependency of interac-
tion with cancer cells in the pH range of 5.6-8.0 with maximum cellular uptake at pH value 6.4
close to that of the tumor microenvironment. In vivo experiments revealed that after i.v.
administration, BSA-decorated nanoparticles exhibited 2 times higher accumulation in tumors
compared to magnetic nanoparticles modified with affibody only. Thus, we demonstrated a valid
method for enhancing the specificity of targeted nanoparticle delivery to cancer cells without
changing the functional components of nanoparticles.

1. Introduction

Cancer is a serious global health issue and the second leading cause of death worldwide with commonly diagnosed cancer of the
breast, lung, and prostate [1,2]. Conventional cancer therapies such as surgery, chemotherapy, immuno- and radiation therapy are
widely used but possess serious side effects, including low efficiency in metastatic tumor treatment, resistance of cancer cells to
therapeutic agents, and damage of normal cells outside the treatment site.

Breast cancer among women accounts for 1 in 4 cancer cases and 1 in 6 cancer deaths across the vast majority of countries [3]. This
cancer is divided into several types depending on the expression level of the estrogen receptor, progesterone receptor and the human
epidermal growth factor receptor 2 (HER2). HER2 belongs to the epidermal growth factor receptor family (EGFR) and is frequently
expressed in epithelial, mesenchymal, and neuronal tissues. The overexpression of receptor HER2 in human breast carcinomas is
associated with metastasis of cancer, recurrence, and high mortality among patients. In the treatment of HER2-positive breast cancer
chemotherapy approaches and targeted molecules for receptor HER2 (antibodies, tyrosine kinase inhibitors) are used to achieve the
best outcomes, but mortality from this type of cancer still remains high.

The above-described challenges in cancer treatment can be overcome by the development of different oncotheranostic agents,
which present nanoparticle-based structures with diagnostic and therapeutic modalities for selective binding to molecular cancer
targets. Nanotheranostic agents can be constructed from a wide range of materials, including protein, polymer, gold, silica, and other
organic and inorganic materials [4]. Among the wide variety of nanoparticles, magnetic nanoparticles have proven to be one of the
most effective oncotheranostic nanoagents due to their biocompatibility, biodegradability, small size, delivery and visualization of
nanoparticle formulations using external magnetic fields [5,6].

Targeted delivery of nanoagents to the receptor HER2 is traditionally performed by clinically approved monoclonal antibodies,
namely, trastuzumab and pertuzumab [7,8]. However, the use of full-size IgG as targeting tools for nanoparticle delivery to cancer cells
often leads to a broad range of undesirable side effects, especially in vivo, such as the interaction of antibodies with components of the
immune system, treatment-emergent resistance of cells to antibodies and cardiac toxicity [9].

In recent decades, artificial scaffold proteins have emerged as much more effective targeting tools compared to full-size IgG.
Namely, 8 kDa affibody molecules, a group of engineered affinity proteins, possess unique properties for biomedical applications, such
as resistance to proteolysis, tolerance to extreme pH values and temperatures, N- and C-terms available for genetic engineering and
others [10-12]. The efficacy of anti-HER2 affibody molecules is confirmed by the fact that the Zyggro:342 (ABY-002) molecule is
clinically approved for computed tomography imaging for patients with breast cancer. Moreover, based on ABY-002, the next gen-
eration of affibody molecules was developed, in particular, ABY-025 and bivalent affibody ABY-027 [13,14].

Since magnetic nanoparticles are clinically approved for diagnostics and therapy (e.g., Ferumoxytol for the treatment of anemia in
patients with renal failure, NanoTherm for the treatment of brain glioblastoma) [15], the combination of magnetic nanoparticles with
affibody Zygro:342 represents the fastest clinical translation platform for cancer theranostics in consequence of application for (i)
targeting, (ii) imaging and (iii) nanoparticle-mediated hyperthermia.

The development of a nanoagent for diagnostics or therapy typically includes three main steps — i) synthesis and modification, ii) in
vitro tests, and iii) in vivo tests. Each step goes through a series of optimizations, and it is important to note that during the second step
in vitro, nanoparticles are commonly tested at standard extracellular pH values to evaluate their behavior and interactions with
biological systems. Indeed, the extracellular pH in healthy tissues typically ranges from 7.2 to 7.4, which represents a neutral or
slightly alkaline environment. However, nanoagents may exhibit reduced specificity of binding with cancer cells in the acidic pH
values of the tumors. Tumor cells are characterized by normal intracellular pH, but produced increased amount of ions lead to a shift in
extracellular pH in the acidic region. Extracellular pH distribution in human tumors is maintained in the range of 6.4-7.0, although
highly acidic tumors with a pH of 5.6 are also reported [16]. Various strategies have been employed to target the slightly acidic pH of
tumors, such as pH-sensitive polymers [17,18], pH-triggered ionized materials, and pH-triggered drug release mechanisms [19-21],
however, the problem of strictly selective nanomaterials delivery remains unresolved.

Since the receptor HER2 is expressed to a certain degree in normal tissues, the extracellular pH level of the tumor microenvi-
ronment can be employed as the second combinative target along with HER2 overexpression for enhancing the specificity of nano-
particles binding to HER2-positive cancer cells. Here we introduce the strategy for modifying the surface of nanoparticles with the
specific targeting molecule affibody Zyggro.342 and the non-active stabilizing protein for the most effective delivery to cancer cells only
at slightly acidic pH values. A selected combination of two oppositely charged molecules in an optimal ratio on the MNP surface allows
to achieve favorable targeting according to a mechanism that will be described further. We performed screening of HER2-targeted
nanoparticles under different conjugation conditions, including different ratios of HER2-targeting and stabilizing proteins, to get
nanoagents for selective targeting of HER2-positive cancer cells at pH values of tumor microenvironment. The synthesized magnetic
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nanoparticles were functionally tested in vitro and in vivo and demonstrated 2-fold higher accumulation in tumor allografts in vivo
compared to control conjugates. Therefore, the obtained magnetic nanoparticles possess significant potential in the development
approaches for tumor targeting, bioimaging, and treatment.

2. Materials and methods
2.1. Materials

Sigma, Darmstadt, Germany: sodium phosphate dibasic, sodium phosphate monobasic, N-(3-Dimethylaminopropyl)-N-ethyl-
carbodiimide hydrochloride, dimethyl sulfoxide, carboxymethyl dextran, iron (III) chloride hexahydrate, iron (II) sulfate heptahy-
drate, sodium dodecyl sulfate, boric acid. Paneco, Moscow, Russia: Versene solution, L-glutamine, penicillin-streptomycin,
gentamicin, and bovine serum albumin. HyClone, Logan, UT, USA: DMEM medium and fetal bovine serum. Dia-M, Moscow, Russia:
ammonium hydroxide, potassium dihydrogen phosphate. Lumiprobe, Moscow, Russia: sulfo-Cyanine5 NHS-ester. Thermo Fisher
Scientific, Waltham, MA, USA: N-hydroxysulfosuccinimide and Fluorescein isothiocyanate. AppliChem, Darmstadt, Germany: sodium
chloride. Chimmed, Moscow, Russia: n-hexane, n-butanol, ethanol. Chemical line, Saint Petersburg, Russia: sodium chloride, potas-
sium chloride. AppliChem, Darmstadt, Germany: 2-(N-morpholino)ethanesulfonic acid.

2.2. Synthesis of MNP

Magnetic nanoparticles (MNP) were synthesized by microemulsion method using organic solvents as an oil phase. Firstly, 2 g of
sodium dodecyl sulfate (SDS) was dissolved in a mixture consisting of 20 mL of n-hexane and 12 mL of n-butanol. The obtained solution
was homogenized by sonication and heated at 40 °C in a glass flask for 20 min under magnetic stirring. Next, 0.5 M FeSO4 in 0.6 mL of
Milli-Q water was added to the organic emulsion and 2 min later 0.5 M FeCls in 1 mL of Milli-Q water was added to the solution to
receive an orange-colored solution. The temperature of the mixture was maintained at 40 °C for 20 min under magnetic stirring. After
this step, the solution was heated to 70 °C and 2 mL of NH4OH was added dropwise while magnetic stirring to obtain the black-colored
solution. The obtained mixture was mixed under magnetic stirring for 1 h with a maintained temperature of 70 °C. After this stage, the
solution was cooled to room temperature, the organic solution was removed from the flask and EtOH was added. The obtained
magnetic NPs were magnetically separated and washed 3 times from the organic solvent with EtOH and then washed 3 times from
EtOH with Milli-Q water.

2.3. Electron microscopy

MNP were characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM images were
obtained by using a MAIA3 electron microscope (Tescan, Czech Republic) at an accelerating voltage of 5 kV. The samples were
deposited onto a silicon wafer on carbon film and air-dried at room temperature. TEM images were performed by using a JEM-
2100plus transmission electron microscope (JEOL, Japan) with an accelerating voltage of 200 kV. The samples were applied at for-
mvar/carbon film on a gold grid and air-dried at room temperature. Particle size distribution was obtained from the analysis of several
SEM microphotographs using ImageJ software and counting a minimum of 100 nanoparticles.

2.4. Polymer coating of the surface of MNP

Carboxymethyl dextran (CMD) was covalently bound to the surface of previously washed magnetic nanoparticles. 100 pL of MNP
and 300 pL of CMD solution at 300 g/L in Milli-Q water were used for the reaction. The mixture was stirred using ultrasound and then
incubated for 5 min at 90 °C in a water bath. Next, the nanoparticles were cooled for 5 min at 4 °C. These manipulations were repeated
3 times, after which the nanoparticles were left overnight and then washed from the unbound polymer three times with Milli-Q water.

2.5. DLS measurements

The hydrodynamic diameter of uncoated MNP and CMD-coated MNP were measured by dynamic light scattering technique using
Malvern Zetasizer Nano ZS (Malvern Instruments, UK). To perform this analysis, several samples were prepared: MNP resuspended in
Milli-Q water, MNP resuspended in PBS, CMD-coated MNP resuspended in Milli-Q water and CMD-coated MNP resuspended in PBS.

2.6. Nanoparticle tracking analysis

The nanoparticle tracking analysis (NTA) technique is capable of measuring the concentration of nanoparticles, scattering in-
tensity, and hydrodynamic diameter simultaneously. NTA uses the relative scattering intensities as a function of the refractive index
and allows the distinction of nanoparticles with comparable diameters ranging from 3 nm to 1000 nm. CMD-coated MNP were pre-
pared in 10 % glucose solution at concentrations of 1 g/L and 0.001 g/L. Particles in the sample were analyzed with an NTA device
(Abisense, Russia), which visualizes individual nanoparticles by detection of scattered light. The trajectories of nanoparticles in the
field of view were recorded and analyzed with the Stokes-Einstein equation, which measures the mean squared displacement (x, y) of
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the NP in two dimensions: (x,y)? = 3‘2‘:;7.

2.7. Expression and purification of affibody Zygr2:342

E. coli strain BL21 (DE3), transformed with the pET39-Z342 gene, was grown in 500 mL 2 YT medium containing 100 pg/mL
kanamycin for 24 h at 37 °C. Protein expression was induced using 1 mM isopropyl 5-p-1-thiogalactopyranoside and overnight shaking
at 37 °C. The cells were harvested by centrifugation at 3400g at 4 °C for 30 min and resuspended in lysis buffer (20 mM Na-Pi, 300 mM
NacCl, pH 7.5, 50 pg/mL lysozyme). The suspension was incubated on ice for 30 min. Cells were sonicated on ice with the Bandelin
Sonopuls HD2200 (Bandelin, Germany). Cell debris was centrifuged at 10 000 g at 4 °C for 30 min. The protein was purified from the
lysate using Ni-AZUR resin (Abisense, Russia) using affinity chromatography under native conditions. Lysate was incubated with 2 mL
of Azur Agarose for 1 h using gentle agitation to keep the resin suspended. Next, the suspension was placed into a purification column
and settled by low-speed centrifugation (500 g). The resin was washed 3 times with 5 column volumes of wash buffer (20 mM Na-Pi,
300 mM NacCl, 10 mM Imidazole). The bound protein was eluted with 2 mL of elution buffer (20 mM Na-Pi, 300 mM NacCl) with various
concentrations of imidazole (50, 100, 150, 200, 250, and 500 mM).

The elution fractions were analyzed by SDS-PAGE (15 %) using the Tris-glycine electrophoresis system consisting of a separating
gel (14.7 % acrylamide/0.3 % bisacrylamide, 0.1 % ammonium persulfate, 0.08 % TEMED, 0.1 % SDS, 375 mM Tris-Cl, pH 8.8), a
stacking gel (3.9 % acrylamide/0.1 % bisacrylamide, 0.1 % ammonium persulfate, 0.001 % TEMED, 0.1 % SDS, 0.13 M Tris-Cl, pH 6.8),
an electrophoresis buffer (0.025 M Tris base, pH 8.9, 250 mM Glycine, 0.1 % SDS), and a sample buffer (10 % glycerol, 1 % SDS, 0.02 %
Bromphenol blue, 0.1 M b-MeEtOH, 0.05 M Tris-Cl, pH 6.8). The fractions on the gel were visualized with a Coomassie blue staining.

All elution fractions containing affibody were combined and concentrated using Pierce Protein Concentrator PES, 3 K MWCO.
Protein concentration was determined by BCA protein assay. The protein content was also confirmed with the Nanodrop UV-Vis
spectrophotometer (Thermo Fisher Scientific, USA).

2.8. Fluorescent labeling of affibody Zygr2:342 with FITC

For the labeling reaction, 100 pg of affibody Zygr2:342 and 10 pL of fluorescein isothiocyanate (FITC) in dimethylsulfoxide (DMSO)
at a concentration of 7 g/L were mixed and incubated overnight at room temperature. The excess of unreacted reagents was removed
using Zeba Spin Desalting Columns, 7 MWCO.

2.9. Covalent modification of the surface of MNP with proteins

Previously obtained CMD-coated MNP were modified with 2 proteins: HER2-recognising affibody Zgggra.342 and bovine serum
albumin (BSA) as a control. Proteins were covalently coupled to the surface of MNP using the standard bioconjugation method with 1-
ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS) as cross-linking agents. Firstly,
EDC/sulfo-NHS solution in 0.1 M morpholino ethanesulfonic acid (MES) with pH 5.0 was added to MNP for activation of carboxyl
groups on the surface of CMD-coated MNP for 15 min. Then, the excess of crosslinkers was removed by magnetic separation. In the next
stage, proteins were prepared in borate buffer, containing 0.4 M H3BO3 and 70 mM NayB407-10H,0 with pH 8.0.70 pg of proteins in
buffer were added to MNP and incubated at 4 °C overnight, then unreached proteins were removed by magnetic separation.

For the experiment with different amounts of affibody Zyggr2:342 conjugated to the surface of MNP, several concentrations of protein
were used during the chemical reaction: 20 pg of affibody Zyggro:342 to 1 mg of MNP (MNP-AF1), 47 pug of affibody Zyggro:342 to 1 mg of
MNP (MNP-AF2), 93 pg of affibody Zyggr2:342 to 1 mg of MNP (MNP-AF3), 160 pug of affibody Zyggro:342 to 1 mg of MNP (MNP-AF4), 334
pg of affibody Zygra:342 to 1 mg of MNP (MNP-AF5).

For the experiment with the addition of bovine serum albumin in the bioconjugation process, several concentrations of proteins
were used: 93 pg of affibody Zygr2:342 and 930 pg of bovine serum albumin to 1 mg of MNP (MNP-AF-BSA1), 93 pg of affibody Zygro:342
and 279 pg of bovine serum albumin to 1 mg of MNP (MNP-AF-BSA2), 93 ng of affibody Zyggro:342 and 93 pg of bovine serum albumin to
1 mg of MNP (MNP-AF-BSA3), 930 pg of bovine serum albumin to 1 mg of MNP (MNP-BSA), 93 pg of affibody Zygg2:342 to 1 mg of MNP
(MNP-AF).

In the next stage, MNP modified with proteins were fluorescently labeled by using sulfo-cyanine5 NHS ester (Cy5). Conjugates were
prepared by mixing 1 mg of MNP with 10 pg of Cy5 in Milli-Q water, the mixture was incubated for 12 h at 4 °C. Then the excess of
unreached dye was removed by magnetic separation, and nanoparticles were washed eight times with phosphate-buffered saline
(PBS), containing 137 mM NacCl, 2.7 mM KCl, 10 mM NapHPOj4, 1.8 mM KH,PO,, adjusting pH value to 7.4 using NaOH.

2.10. Calculating the number of affibody molecules on the surface of a single MNP

MNP-AF1 - MNP-AF5 conjugates after incubation with the protein in the borate buffer were magnetically separated from unbound
protein. The protein from the supernatant was analyzed using the BCA Protein Assay Kit (Abisense, Russia). Reagent 1 was mixed with
Reagent 2 at a ratio of 50:2 and dropped into a 96-well assay plate. Control samples of affibody with a known concentration in the
range of 0.1-2 g/L were prepared in PBS. Control or protein solution under investigation was added to each well of the plate in a ratio
of 1:10 to the volume of the well. The obtained solution was mixed for 20 min at room temperature. After incubation, the absorbance at
562 nm was measured. The quantity of protein per 1 mg of MNP was calculated by a calibration curve. The number of conjugated
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affibody molecules per single nanoparticle was evaluated by recalculating the amount of conjugated protein to the number of
nanoparticles per mL. Based on the above measurements, the following data were obtained: 24 affibody molecules per single MNP
(MNP-AF1), 57 affibody molecules per single MNP (MNP-AF2), 114 affibody molecules per single MNP (MNP-AF3), 122 affibody
molecules per single MNP (MNP-AF4), 238 affibody molecules per single MNP (MNP-AF5).

2.11. ({-potential measurements

{-potential was measured by electrophoretic light scattering technique using Malvern Zetasizer Nano ZS (Malvern Instruments,
UK). To perform this analysis, five magnetic conjugates were resuspended in PBS: MNP, MNP-AF-BSA1, MNP-AF-BSA2, MNP-AF-BSA3,
MNP-BSA, and MNP-AF.

2.12. Buffer system for in vitro tests

Firstly, stock solutions of 0.5 M NaH3POy4, 0.5 M NayHPO4, and 5 M NaCl were prepared. Buffer 1 with a pH value of 5.5 and buffer
2 with a pH value of 8.0 were obtained by mixing the stock solutions with Milli-Q water and fetal bovine serum (FBS). The final
composition of buffer 1 included 50 mM NaH,PO4, 100 mM NacCl, and 10 % FBS, while buffer 2 contained 50 mM Na;HPO4, 100 mM
NacCl, and 10 % FBS. Eight buffers within a pH value in a range of 5.6-8.0 were prepared by combining varying proportions of buffer 1
and buffer 2.

2.13. Cy5 fluorescence measurement

To measure the Cy5 fluorescence intensity at different pH values, the solution of Cy5 in saline buffers at a concentration of 5 mg/L
was prepared. 100 pL of the obtained mixture was added to a 96-well plate and fluorescent imaging was performed with a LumoTrace
FLUO bioimaging system (Abisense, Russia) with 630 nm excitation wavelength and 650LP nm emission filter, and exposure of 500 ms.

2.14. Cell culture

EMT6/P cells (a mouse mammary cell line, ECACC collection) and EMT-HER2 cells (EMT6/P cells with transduced receptor HER2
obtained in our previous work [22]) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 %
heat-inactivated fetal bovine serum, 2 mM L-glutamine, sodium pyruvate, and antibiotics (penicillin/streptomycin, gentamicin). Cells
were incubated at 37 °C in a humidified atmosphere with 5 % COs.

2.15. Cell viability in buffer systems

For this analysis EMT-HER2 cell line was used: 150 x 10° cells were incubated in saline buffers with pH values in the range of
5.6-8.0 for 30 min. Then cells were washed 3 times from solutions with PBS with 1 % BSA and seeded on a 96-well plate at con-
centration of 2 x 10° cells per well in 100 pL of DMEM supplemented with 10 % heat-inactivated fetal bovine serum. The cells were
cultured for 3 days, then cellular viability was analyzed by using of resazurin-test. The medium solution was removed from wells,
resazurin solution (13 mg/L in PBS) was added to each well and the cells were incubated for 2 h at 37 °C in a humidified atmosphere
with 5 % CO,. The fluorescence signal from each well was measured by CLARIOstar microplate reader (BMG Labtech, Germany) at
wavelengths of Aex = 570 nm, Aem = 600 nm. Data are presented as percent from the cells incubated in solution with the standard pH
value of 7.4.

2.16. Flow cytometry

For the analysis of FITC-labeled affibody Zyggro:342 binding efficiency, 1 pg of fluorescently-labeled protein was mixed with 150 x
10 cells (EMT6,/P and EMT-HER2 cells) in 150 pL of PBS with 1 % BSA. Cells were incubated for 30 min and then washed 3 times from
unbound protein by centrifugation. Flow cytometry analysis was performed using the Novocyte 2000R flow cytometer (ACEA Bio-
sciences, USA) in the BL1 channel (excitation laser 488 nm, emission filter 530/30 nm).

For the analysis of magnetic conjugates’ interaction with EMT-HER2 cancer cells at different pH values, 102 pg for minimal
concentration (1), 220 pg for middle concentration (2), and 365 pg for maximal concentration (3) of magnetic conjugates were mixed
with 150x 102 cells in 100 pL of buffers with pH values in the range of 5.6-8.0. Cells were incubated for 30 min and washed 3 times
from unbound nanoparticles with buffers of corresponding pH values. After washing, the cells were transferred to a PBS (pH 7.4) and
analyzed with the Novocyte 2000R flow cytometer in the following channel: Aex = 640 nm, Aem = 675/30 nm.

The interaction of MNP with different amounts of conjugated affibody Zyggro.342 (MNP-AF1 — MNP-AF5) with EMT-HER2 cells was
studied as follows: 102 pg of MNP was mixed with 150 x 10> cells in 100 pL of buffers with pH values in the range of 5.6-8.0. Washing
from unbound MNP and analysis were performed with the Novocyte 2000R flow cytometer in the following channel: Aex = 640 nm,
Aem = 675/30 nm.

To determine nanoparticles with conjugated affibody Zygro:342 and BSA (MNP-AF-BSA1, MNP-AF-BSA2, MNP-AF-BSA3, MNP-AF,
MNP-BSA) EMT-HER?2 cell-binding efficiency, all steps as for MNP-AF1 — MNP-AF5 were repeated.
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2.17. Fluorescent microscopy

Visualization of the interaction of affibody Zygg2.342-FITC with cells was performed as follows: EMT-HER2 cells and EMT6/P cells
as control were seeded on 96-well plate at 10 x 10° cells per well in 100 pL of DMEM supplemented with 10 % FBS and cultured
overnight. In the next stage, cells were incubated with 1 pg/mL of affibody Zyggr2.342-FITC for 15 min in PBS at room temperature and
washed from unbound proteins. Confocal laser scanning microscopy imaging was carried out using the FV3000 laser-scanning confocal
microscope (Olympus Optical Co. Ltd., Tokyo, Japan) with a 488 nm laser and emission detector of 500-600 nm.

The confocal microscopy images of MNP-BSA and MNP-AF-BSA binding with EMT-HER2 cells were obtained as follows: EMT-HER2
cells were seeded on a 96-well plate at 10 x 10° cells per well in 100 pL of DMEM supplemented with 10 % FBS and cultured overnight.
Then, cells were incubated with 0.3 mg/mL of MNP for 30 min at 4 °C and washed from unbound nanoparticles thrice with PBS with 1
% BSA. Cells were analyzed by fluorescence microscopy with epifluorescent Zeiss microscope at the following conditions: excitation
filter —595-645 nm, emission filter —670-725 nm.
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Fig. 1. Magnetic nanoparticle synthesis and characterization. (A) Scheme of experiment: (i) fluorescent carboxymethyl-dextran-coated MNP
functionalization with affibody Zyjggr2.342 and decoration with bovine serum albumin; (ii) screening the optimal HER2-specific magnetic nanoparticle
for targeting cancer cells in pH value of the tumor microenvironment and biodistribution study of the selected conjugate in vivo. (B) Scanning
electron microscopy micrograph of MNP, scale bar 100 nm. (C) Transmission electron microscopy images of nanoparticles, scale bar 100 nm. (D)
Histogram of MNP size distribution obtained by SEM image processing. (E) Hydrodynamic particle size distribution by frequencies obtained for
MNP-CMD in H,0 by nanoparticle tracking analysis. (F) Hydrodynamic particle size distribution by intensities obtained for MNP in H,O and PBS.
(G) Hydrodynamic particle size distribution by intensities obtained for MNP-CMD in H;O and PBS.
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2.18. Tumor-bearing mice

Male BALB/c mice of 20-25 g weight were purchased from the Puschino Animal Facility (Shemyakin-Ovchinnikov Institute of
Bioorganic Chemistry Russian Academy of Sciences, Pushchino branch of the Institute, Pushchino, Russia) and maintained at the
Vivarium of the Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry Russian Academy of Sciences (Moscow, Russia). All
experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the Shemyakin-Ovchinnikov
Institute of Bioorganic Chemistry Russian Academy of Sciences (Moscow, Russia), protocol # 375/2023 (20 September
2023-September 19, 2026). Mice were subcutaneously injected with 3 x 10% EMT-HER2 cells in 100 pL of serum-free culture media
into the right flank to create tumor allografts. Biodistribution studies were started 14 days after inoculation.

2.19. Biodistribution of MNP in mice

Tumor-bearing mice were i.v. injected with 1 mg of MNP through the retroorbital sinus injection. Then, 16 h after injection mice
were anesthetized with a mixture of Zoletil (Virbac, France) and Rometar (Bioveta, Czech Republic) and placed into a chamber of
LumoTrace FLUO bioimaging tomograph (Abisense, Russia). Fluorescent images of mice were received with excitation wavelength of
630 nm, 650LP nm emission filter, and exposure of 2000 ms.

2.20. MPQ-measurements

After studying MNP biodistribution in vivo, mice were euthanized and organs were extracted. Magnetic signals in organs were
measured using our original MPQ device [23].

2.21. Magnetic resonance imaging (MRI)

1 mg of MNP-AF or MNP-AF-BSA in 100 pL of PBS were intravenously injected into BALB/c mice. Then mice were euthanized and
imaged with an ICON 1T MRI system (Bruker, USA) using a mouse whole-body-volume radiofrequency coil. Non-injected BALB/c mice
were used as control. We applied FLASH sequence with the following parameters: repetition time — 1000 ms, echo time - 5 ms, flip
angle — 60°, field-of-view — 8/5 cm, 17 slices per scan, slice thickness — 1 mm.

3. Results
3.1. Design of experiment
The design of the research is schematically presented in Fig. 1A, which includes two parts:

(i) Synthesis, characterization, and modification of magnetic nanoparticles. Nanoparticles were synthesized by the microemulsion
method, stabilized with carboxymethyl-dextran polymer, and characterized by electron microscopy. Then, the obtained
nanoparticles were modified with two proteins: HER2-recognising molecule, namely, affibody Zyggr2.342, and bovine serum
albumin. Magnetic conjugates were labeled with the fluorescent dye Cy5, which is characterized by fluorescence emission in the
transparency window of biological tissues, for visualization of cell*nanoparticle complexes.

(ii) Screening the optimal magnetic conjugate for interaction with cancer cells at slightly acidic pH in vitro and in vivo. First, five
types of magnetic conjugates with affibody and/or BSA were studied for the specificity of interaction with HER2-positive cancer
cells at pH values in the range of 5.6-8.0. Then, magnetic conjugate with maximal cellular uptake at the pH value of the tumor
microenvironment and control magnetic nanoparticles were injected into HER2-positive tumor-bearing mice to visualize the
tumor location and analyze the distribution of nanoparticles in vivo.

3.2. Synthesis and characterization of magnetic nanoparticles

MNP were synthesized by the water-in-oil microemulsion method as described by us previously [8]. Briefly, a water phase con-
taining Fe3*/Fe?* jons was added to the oil phase with surfactants, the obtained solution was heated to 70 °C, and NH4OH aqueous
solution was added for precipitation of MNP.

The synthesized MNP were characterized by SEM and TEM. Fig. 1B and C present SEM and TEM images of obtained MNP. The size
of the nanoparticles was characterized by processing SEM microphotographs using ImageJ software. Fig. 1D demonstrates the
nanoparticle size distribution, the average size of MNP was 25.2 + 5.4 nm.

Colloidal stability of MNP in saline solutions, namely, the ability of nanoparticles to remain dispersed without aggregation or
precipitation, is a crucial parameter for vitro and in vivo studies that are used as models of physiological conditions. To stabilize
nanoparticles in saline solutions, a stable coating of nanoparticle surface with a biocompatible polymer, namely, carboxymethyl-
dextran was used. Moreover, CMD polymer that possesses terminal ~-COOH groups was previously shown to be an effective inter-
mediate coating of nanoparticle surface for further chemical conjugation to different protein molecules through carbodiimide (EDC/
NHS) chemistry [24,25]. Fig. 1F and G demonstrate successful coating and stabilization of MNP with CMD. Namely, the hydrodynamic
sizes of uncoated MNP and CMD-coated MNP in water showed no significant difference and were 201 + 81 nm and 266 + 140 nm,
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respectively. CMD-coated MNP demonstrated stability in saline solution with the hydrodynamic size of 329 + 229 nm, whereas the
hydrodynamic size of uncoated MNP was changed significantly compared to aqueous solution and was 686 + 233 nm.

To carry out the quantitative analysis of CMD-coated MNP, namely, to quantify the concentration of nanoparticles, the NTA was
performed using an AstraTrace device (Abisense, Russia, Fig. S1). The number of MNP at concentration 1 g/L was calculated and found
to be equal to 7.32 x 10'® MNP/L. The stabilization efficiency of the CMD polymer was also confirmed by NTA, the hydrodynamic size
distribution of CMD-coated MNP is presented in Fig. 1E with an average size of 182 + 15 nm.

3.3. Affibody Zygrz:342 as a targeting molecule for nanoparticle delivery to HER2-positive cancer cells

Targeted delivery of MNP to HER2-positive cancer cells was ensured by the functionalization of MNP surface with anti-HER2
affibody Zpgro:342. Our previous studies demonstrated that affibody Zpggra:.342 significantly outperforms other HER2-recognising
protein agents (scaffold protein DARPin G3 and full-size IgG trastuzumab) for targeted delivery of magnetic and polymer nano-
particles to HER2-positive cancer cells [8,26]. Affibody Zyggra.342 was produced in E. coli strain BL21 (DE3) and purified through metal
chelate affinity chromatography. The result of electrophoretic separation of affibody by SDS-PAGE is shown in Fig. 2A and indicates
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Fig. 2. Affibody Zygr2:342 as a HER2-recognising molecule for targeted delivery of nanoparticles to cancer cells. (A) SDS-PAGE of affibody Zygr2:342
from eluted fractions. The red frame demonstrates the target protein fractions. (B) Confocal laser scanning microscopy of EMT6/P and EMT-HER2
cells labeled with affibody Zygr2:342-FITC. Left panels — confocal images of the cells (Aex = 488 nm, Aem = 500-600 nm), middle panels — bright-
field images, right panels — overlayed images. Scale bar, 100 pm. (C) Flow cytometry histograms of EMT6/P and EMT-HER2 cells labeled with
affibody Zygra:342-FITC with median MFI of FITC (Aex = 488 nm, Aem = 530/30 nm). Grey color — cells’ autofluorescence, green and violet — cells
labeled with Zpygg2:342-FITC conjugates. (D) AF-FITC pH-dependent interaction with EMT-HER2 cells measured with flow cytometry quantitative
analysis. The dots represent cell populations at several solutions with pH values in the range of 5.6-8.0 in the fluorescent channel corresponding to
the FITC fluorescence (Aex = 488 nm, Aem = 530/30 nm). (E) Visualization of MNP-BSA and MNP-AF interaction with EMT-HER2 cancer cells by
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dependent viability after incubation in saline buffers with pH values in the range of 5.6-8.0. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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that affibody was presented in each elution fraction. According to the intensity of protein bands on the gel, the higher the concentration
of imidazole was, the more affibody molecules eluted. The UV-Vis spectrum of the purified affibody molecule had a single peak at 280
nm and confirmed the protein content, which is presented in Fig. S2A.

To evaluate the specificity of purified affibody in terms of HER2 binding in vitro, purified affibody Zyggo:342 was labeled with the
fluorescent dye fluorescein isothiocyanate (FITC). Two cell lines were used for this test: EMT-HER2 cells with receptor HER2 over-
expression and EMT6/P cells without HER2 expression as a control cell line [22]. EMT6/P and EMT-HER2 cells were incubated with
affibody Zyggro:342-FITC conjugates (AF-FITC) and analyzed by confocal microscopy (Fig. 2B) and flow cytometry (Fig. 2C). The
analysis of median fluorescence intensities (MFI) showed that MFI of EMT-HER2 cells labeled with AF-FITC was 75.3 higher than that
for EMT6/P cells, thus proving the high specificity of Zygro:342.

Next, the optimal pH values for the interaction between affibody and the HER2 receptor were established. As can be seen from
Fig. 2D, the binding capacity of AF-FITC to HER2-positive cancer cells was minimal at slightly acidic pH values, while the maximal
interaction was observed at standard pH range of 7.4-8.0.

3.4. Functionalization of MNP with affibody for targeted delivery to HER2-positive cancer cells

Previously synthesized CMD-coated MNP were used for covalent modification with 2 types of proteins: affibody Zyggra:342 for
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Fig. 3. Screening of affibody-modified MNP for HER2-binding efficiency at various pH values. (A) Flow cytometry histograms of EMT-HER2 cells
labeled with MNP-AF-Cy5 and MNP-BSA-Cy5. Histograms represent cell populations in the fluorescent channel corresponding to the Cy5 fluo-
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conjugates, respectively. (B) Flow cytometry quantitative analysis of MNP binding efficiency to EMT-HER2 at different concentrations of MNP. The
bars represent cell populations at several solutions with pH values in the range of 5.6-8.0 in the fluorescent channel corresponding to the Cy5
fluorescence (Aex = 640 nm, Aem = 675/30 nm). Grey color — cells labeled with MNP-BSA-Cy5 conjugates with different concentrations, pink — cells
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targeting HER2-positive cancer cells (MNP-AF) and bovine serum albumin to get non-specific nanoparticles for control experiments
(MNP-BSA). Conjugation was performed by the standard carbodiimide reaction consisting of 1-ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC)-mediated activation of carboxyl groups on the surface of MNP and N-hydroxysulfosuccinimide stabilization of
intermediate product through ester formation. In the next stage, nanoparticles were labeled with the fluorescent dye Cy5 with fluo-
rescence emission in the near-infrared wavelength region between 650 and 800 nm. The binding efficiency of targeted conjugate MNP-
AF-Cy5 compared to control conjugate MNP-BSA-Cy5 was performed using confocal microscopy and is presented in Fig. 2E. MNP-AF-
Cy5 exhibited high cellular uptake by HER2-positive cancer cells compared to control conjugates MNP-BSA-Cy5, as evidenced by the
higher fluorescence intensity of cells in the corresponding fluorescence channel (Fig. 2E).

3.5. pH-dependent binding of affibody-modified MNP to HER2-overexpressing cancer cells

First of all, we evaluated the pH dependence of Cy5 fluorescence with the optical tomograph LumoTrace (Abisense, Russia). Fig. 2F
shows that the fluorescence intensity of the Cy5 remained relatively constant within the 5.0-8.0 pH range, thus proving the validity of
the choice of this dye for fluorescence measurement at different pH values.

The pH-dependent cellular survival in various saline solutions was studied at EMT-HER2 cell line, while cells were shortly incu-
bated in buffers within the pH range of 5.6-8.0. Fig. 2G demonstrates a high level of cell viability except the most acidic pH value,
which deviates by almost 2 units from standard cell culture conditions.

In the next step, EMT-HER2 cells were labeled with previously obtained magnetic conjugates in phosphate saline buffers with pH
values in the range of 5.6-8.0 and analyzed by flow cytometry. Three concentrations of MNP were chosen for this test, namely, 1.02 g/
L (1), 2.2 g/L (2), and 3.65 g/L (3), to investigate the binding specificity of MNP depending on their concentration and pH values.
Fig. 3A presents a quantitative analysis for the minimal concentration of MNP (1) and demonstrates the effective and specific
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interaction of MNP-AF-Cy5 compared to control conjugates MNP-BSA-Cy5 for all tested pH values. The highest cellular uptake was
observed at pH 7.4, where the MFI of EMT-HER2 cells labeled with MNP-AF-Cy5 was 62 higher than that with MNP-BSA-Cy5,
respectively. Accordingly, MNP-AF-Cy5 is an optimal conjugate for specific binding with cancer cells at a standard pH 7.4, but not
for a slightly acidic pH.

We hypothesized that the binding efficiency of affibody Zyggro.342 at acidic pH would be higher due to the positive charge of
affibody Zpgro:342 with the isoelectric point of 9.1 and the negative charge on the cells at low pH values [27]. However, data presented
in Fig. 3B demonstrates that the binding efficiency of MNP-AF-Cy5 increased as the pH value of the buffer was changed to the alkaline
region, this trend was observed across all concentrations of the conjugates and correlated with the curve of AF-FITC interaction with
the receptor HER2 (Fig. 2D). It can be assumed that affibody*HER2 interaction occurs with a Kd of 22 pM [28-30] and prevails over
much weaker electrostatic interaction. The decline in MNP binding efficiency within the slightly acidic pH range can be attributed to a
shift in the protein surface charge caused by protonation.

3.6. The number of affibody Zygr2:342 molecules on the surface of MNP affects the binding specificity of MNP with cancer cells at acidic pH

The number of molecules that are chemically attached to the surface of nanoparticles plays a crucial role in target recognition. For
example, Drew R. et al. experimented with different amounts of ligands during the modification of the MNP surface. The authors
showed that the most optimal MNP for cell labeling were generated via the conjugation of 23 affibody Zygro:340 molecules to the
surface of 30 nm MNP [31].

We assumed that along with binding efficiency, the different densities of targeted molecules on the surface of MNP can probably
affect the pH-dependent behavior of MNP. To assess the binding efficacy of MNP to cancer cells at acidic pH values, we utilized various
concentrations of affibody Zyggs.342 molecules in the carbodiimide reaction. The number of affibody Zyggr2.342 molecules conjugated
per particle was calculated based on NTA data and BCA protein assay and amounted from 24 to 238 affibody molecules per MNP for
different conjugation conditions.

Affibody binding site includes arginine, tryptophan, and tyrosine, which are mainly involved in the formation of intermolecular
hydrogen bonds with HER2 [32]. It can be assumed that in a more acidic pH range arginine undergoes protonation, while the electron
density of polar molecules, namely, tyrosine and tryptophan molecules may be rearranged. Consequently, these changes may lead to a
decrease in the binding affinity of the affibody to HER2. In particular, Fig. 4A displays that conjugates MNP-AF3 (114 molecules of
affibody/MNP), MNP-AF4 (122 molecules of affibody/MNP), MNP-AF5 (238 molecules of affibody/MNP) demonstrated low binding
efficiency to cancer cells in the slightly acidic pH range but exhibited the maximum binding capacity within the pH range of 7.0-8.0.

MNP-AF1 (24 molecules of affibody/MNP) and MNP-AF2 (57 molecules of affibody/MNP) conjugates showed effective cellular
uptake in the pH range of 5.6-6.4 and reduced binding capacity in the pH range of 7.0-8.0 in contrast to MNP-AF3 — MINP-AF5 with the
high number of affibody molecules on MNP. This trend may be related to the fact that since MNP were coated with carboxymethyl
dextran, carboxyl groups were exposed on the surface of MPN. At lower pH levels, these carboxyl groups can undergo protonation,
causing a shift in electron density. Due to the low number of affibody molecules on the nanoparticle surface, protonated carboxyl
groups can lead to predominant electrostatic interactions and enhance the binding efficiency of MNP at slightly acidic pH.

3.7. The method for affibody-functionalized MNP decoration with non-active protein to achieve pH-dependent bell-shaped dependency of
cellular uptake

The aforementioned data suggests that the local charge on the particle surface with various pH solutions plays a crucial role in the
cellular uptake of nanoparticles along with specific interactions. To maintain constant the number of targeted affibody molecules on
the surface of MNP and reduce the local charge of nanoparticles, we performed the chemical conjugation with the mixture of affibody
and BSA. Firstly, the pH-dependence of BSA interaction with cancer cells in saline buffers was studied. BSA is a negatively charged
protein within the pH range of 5.6-8.0 due to the isoelectric point of albumin of 4.5. Fig. S3 demonstrates that the maximal binding of
MNP-BSA with the receptor HER2 was observed at pH value of 5.8, which is due to its proximity to the isoelectric point of BSA. In the
next stage, the ability of albumin to hinder the binding specificity of affibody to the HER2 receptor was studied. As depicted in Fig. S2B,
results of the flow cytometry method revealed that BSA did not significantly reduce the interaction efficiency of affibody with cancer
cells. Thus, albumin was chosen for subsequent modification of the surface of nanoparticles without reducing their targeting effect.

During modification of the MNP surface with 2 types of proteins the affibody concentration was maintained constant (equal to that
concentration that resulted in 114 affibody molecules per MNP), while several BSA concentrations were tested in combination with
fixed affibody concentration.

The following conjugates of MNP were obtained: MNP-BSA (modified with BSA only), MNP-AF (modified with affibody only),
MNP-AF-BSA1 (modified with BSA:affibody w/w ratio of 10:1), MNP-AF-BSA2 (modified with BSA:affibody w/w ratio of 3:1), and
MNP-AF-BSA3 (modified with BSA:affibody w/w ratio of 1:1). Fig. 4B indicated that the efficiency of MNP binding to cells at different
pH values varied depending on the amount of BSA used with the highest cellular uptake at BSA:affibody ratio of 1:1. Interestingly, each
type of conjugate with affibody and BSA showed a bell-shaped dependency of interaction with HER2-positive cells within the pH range
of 5.6-8.0, with the highest cellular uptake observed at pH 6.4 close to that of tumor microenvironment.

To elucidate the mechanism of such bell-shaped interaction, we measured the {-potential and hydrodynamic sizes of conjugates to
determine any changes in MNP modified with BSA. However, the {-potentials of BSA-modified conjugates at standard pH value did not
show any significant differences from the control conjugates (Fig. 4C). The same trend was observed for the hydrodynamic diameters
of MNP, whereas the sizes were 286 + 88 nm and 295 + 73 nm for MNP-AF and MNP-AF-BSA, respectively (Fig. S4).
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We proposed a possible mechanism for the formation of a bell-shaped dependence of MNP-AF-BSA interaction with cells, sche-
matically illustrated in Fig. 4D. We assume that the main contribution is made by the charge characteristics of proteins on the surface of
nanoparticles. In particular, BSA introduces local negative charges on the nanoparticle, while affibody remains a positively charged
molecule. Thus, we reduce nonspecific interactions between nanoparticles and cells, while maintaining targeted delivery.

3.8. Biodistribution study of AFF MNP and AFF-BSA MNP in vivo and ex vivo

The efficacy of the developed method for chemical conjugation was proved by in vivo and ex vivo studies confirming the enhanced
MNP delivery to HER2-positive tumors. Particularly, conjugates of MNP-AF and MNP-AF-BSA with BSA to affibody w/w ratio of 10:1
were utilized to compare the efficacy of MNP delivery and accumulation in the acidic tumor microenvironment in vivo.

To create the EMT-HER2 allograft tumor model, EMT-HER2 cancer cells were s.c. injected into BALB/c mice in the right flanks. The
growth of the tumor was monitored for 14 days to establish an overgrown vasculature and reach the maximum level of acidification in
the tumor microenvironment. Fluorescently labeled magnetic conjugates were i.v. injected into BALB/c mice with tumors. The
accumulation of MNP was examined both in vivo and ex vivo 16 h after the injection of nanoparticles, and the accumulation dynamics
of MNP in vivo are presented in Fig. S5.

A comparison between the accumulation efficiency of two types of magnetic conjugates was performed using the fluorescent
tomograph LumoTrace Fluo (Abisense, Russia). Fluorescent images of mice after administration of MNP-AF and MNP-AF-BSA, along
with the distribution of MNP in organs ex vivo, are presented in Fig. 5A. The distribution of the fluorescent signal in the extracted
organs is shown in Fig. S6, however, the difference in the accumulation of the two types of MNP was not statistically significant.

Fluorescence detection is not a quantitative method for assessing the accumulation of nanoparticles in organs due to different light
absorption and scattering by tissues, the presence of different autofluorescence signals in different organs, different depths of fluo-
rescent labels, and a number of other factors. Therefore, we used the quantitative method for detection of magnetic materials to assess
the biodistribution of MNP in mice. The MPQ technique (magnetic particle quantification) which is based on the detection of a
magnetic signal with a high sensitivity limit and absence of a background signal from non-magnetic materials was used [28]. To get the
distribution of MNP, magnetic signals of mouse organs were measured using the MPQ device for two groups of mice: mice injected with
MNP-AF and mice injected with MNP-AF-BSA (n = 6 in each group). The efficiency of nanoparticle accumulation in tumors was 1.7 +
0.7 % of the injected dose for the MNP-AF group and 3.4 + 1.4 % for the MNP-AF-BSA group at the same administered dose of
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Fig. 5. Biodistribution of MNP-AF and MNP-AF-BSA in mice: in vivo imaging and ex vivo evaluation of MNP accumulation in tumors. (A) Fluo-
rescent images of mice 16 h after i.v. injection of MNP and fluorescent images of extracted organs (Aex = 630 nm, Aem = 650 nm). (B) The percent of
injected dose (ID) of MNP accumulated in organs that was measured with the MPQ technique. Data are presented in a logarithmic scale (n = 6 for
each group). *p < 0.05. (C) Representative MRI images of nanoparticle distribution in tumors. The tumor boundaries are indicated by red circles.
Higher MNP content corresponds to the darker color and is indicated by red arrows. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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nanoparticles, which is presented in Fig. 5B. The statistical difference between groups was calculated using two-sided unequal vari-
ances t-tests and p-value was found to be 0.03, which indicates an effective improvement in the accumulation of MNP in tumor when
using magnetic conjugates with affibody and BSA. The obtained results were visualized using MRI, images with accumulated MNP are
shown in Fig. 5C.

As a result, incorporation of BSA into the HER2-specific MNP surface improves the efficiency of nanoparticles accumulation in the
tumor, namely, the delivery of MNP-AF-BSA was 2 times higher than MNP-AF. Dual-modal nanoparticles MNP-AF-BSA provide
enhanced tumor imaging capabilities through the utilization of three distinct physical analysis methods: detection of the fluorescence
signal, non-linear magnetization (MPQ) and nuclear magnetic resonance (MRI).

4. Discussion

Nanomedicine has emerged as a highly promising field in cancer treatment, offering innovative approaches and solutions compared
to conventional methods. With an enhanced understanding of tumorigenesis mechanisms, highly specific nanoagents that can bind to
molecular cancer targets are being actively developed to generate new drug delivery strategies and minimize the side effects of the
treatment.

The properties of nanoparticles, such as size, shape, surface chemistry, and charge, play a crucial role in their delivery efficacy to
tumor targets in vivo. In particular, hydrophobic and strongly charged nanoparticles are recognized by immune cells and are quickly
removed from the bloodstream before reaching tumor cells. To avoid this, nanoparticles are designed with a hydrophilic shell and
neutral charge using polyethylene glycol (PEG). Currently, Caelyx is the PEGylated liposomal formulation of doxorubicin, which was
approved in Europe and the United States for advanced ovarian cancer treatment [33]. However, PEGylation can also hide nano-
particles from cancer cells, reducing their targeted delivery efficiency. To address this, strategies have been developed to enhance
nanoparticle delivery to cancer cells without modifying their surface or structure. One approach involves saturating macrophages with
allogeneic anti-erythrocyte antibodies, which increases the circulation time of nanoparticles [34]. Another strategy is
RBC-hitchhiking, where nanoparticles are delivered using red blood cells as a platform to avoid recognition and removal by macro-
phages [35]. The combination of targeted nanoparticles and the reduction of the immune response in vivo is the most effective
platform for improving the delivery efficiency of nanoagents to tumor molecular targets, respectively.

During developing approaches for the therapy and diagnosis of tumors, nanoparticles can be effectively targeted to various bio-
markers expressed on tumor cells, blood vessels, and immune cells. The receptor HER2 represents a crucial target due to the fact that
HER2 oncomarker is overexpressed in 20-30 % of human breast carcinomas and other types of cancer [36,37], and high efficacy in the
treatment of breast cancer is still not achieved [38]. Nanoagents can be specifically targeted to the HER2 receptor by utilizing various
types of molecules, particularly, anti-HER2 antibodies [39-41], HER2-recognising affibodies [42-45], HER2-targeting proteins based
on albumin-binding domains derived affinity proteins (ADAPTs) [46], HER2-specific DARPins (Designed Ankyrin Repeat Protein)
[47], peptides with HER2 targeting moiety [48] and glycans [49].

The spectrum of cancer-specific nanoagents activities can be increased by designing nanoparticles that can effectively interact with
tumor-associated targets in the pH range of the tumor microenvironment. Tumor cells maintain normal or alkaline intracellular pH and
produce an increased amount of ions that are transported outside the cells, which leads to a shift in the extracellular pH value towards a
more acidic region (pH 6.0-7.0) and acidification of the tumor microenvironment [50,51]. For effective delivery of nanoagents to the
slightly acidic microenvironment of tumors, various approaches are being developed, including pH-sensitive peptides and
pH-triggered ionized materials, triggered drug release and charge reversal of nanoagents [52-54]. Nevertheless, these materials
possess certain drawbacks, in particular, the commonly employed pH-sensitive polymers are characterized by a lack of targeting and
are unable to direct nanoparticles toward specific biomarkers. Additionally, when nanoparticles modified with pH-sensitive polymers
interact with cells, they tend to exhibit a predominantly sigmoidal dependence on cellular uptake.

Our study was aimed to develop nanoparticles that effectively interact with cancer cells with a maximum cellular uptake in the pH
values of the tumor microenvironment. To meet this challenge, we obtained monodisperse CMD-coated magnetic nanoparticles that
are stable in saline solutions: Affibody Zyggro:342 Was selected for HER2-positive cancer cell targeting due to its successful application
for imaging and elimination of cancer cells in many studies [57-59], which are presented in Supplemental Table SI.
Affibody-functionalized MNP demonstrated high binding selectivity to cancer cells at a standard pH of 7.4, however, at slightly acidic
pH, cellular uptake was reduced.

To alter the local charge on the MNP surface and improve cell“MNP interaction at tumor pH values, our approach involved the
decoration of affibody-functionalized MNP with BSA during the chemical conjugation process. BSA has a plI value ranging from 4.5 to
4.8 [55], while the affibody is characterized by a pl value of 9.1. BSA is the main component of serum proteins of cows, which is
derived from the blood serum. Due to BSA’s high solubility, stability, and versatility in binding to a wide range of molecules, this
protein is extensively utilized in numerous scientific applications, including cell culture, immunoassays, diagnostic tests, and mo-
lecular biology. Furthermore, BSA is well-suited for in vivo applications due to its non-immunogenic and non-toxic nature [56]. We
obtained MNP-AF-BSA, which demonstrated a bell-shaped dependence of interaction with cancer cells in the pH values of tumor
microenvironment with a maximal cellular uptake at pH value 6.4.

This mechanism is attributed to the following factors presented in Fig. 4D:

(i) Atslightly acidic pH values, the binding of MNP-AF to cancer cells is hindered due to the affibody molecules. In the presence of a
large number of hydrogen cations, affibody molecules are being protonated, including the protonation of amino acids of the

recognition site of affibody binding to the HER2. As a result, the efficiency of affibody interaction with the receptor is
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significantly lower at slightly acidic pH compared to more alkaline ones (Fig. 2D). This trend persists for both free affibody
(Fig. 2D) and affibody on the surface of MNP-AF (Figs. 3 and 4A) and MNP-AF-BSA (Fig. 4B).

(i) At alkaline pH values, the binding of MNP-BSA to cancer cells is impeded by BSA. BSA acquires a negative charge, similar to
cancer cells, resulting in electrostatic repulsion and reduced cell binding. This tendency is observed for both MNP-BSA (Fig. S3)
and MNP-AF-BSA (Fig. 4B).

(i) + (ii) = (iii) Therefore, the optimal binding range for MNP-AF-BSA to cancer cells is between pH 6.0 and 7.0, whereas affibody
interaction with cancer cells increases linearly with pH, while that of BSA decreases, collectively superimposing in a bell-shaped
dependence of nanoparticle*cell complexes formation.

The proposed mechanism of MNP-AF-BSA action was confirmed in vivo: incorporation of BSA into the HER2-specific MNP surface
resulted in a two-fold increase in its accumulation in vivo in the tumor compared to MNP-AF. In the field of nanotechnology re-
searcher’s attention is mainly focused on the improving targeted nanoparticles accumulation in the tumor more than 1 % of
administrated dose, whereas typical tumor accumulation rate accounts for 0.7 % [60]. We believe that the enhancement of the ob-
tained MNP delivery in the tumor is noteworthy, taking into account that we achieved accumulation of MNP-AF delivery of 1.7 + 0.7
% and improved this by using BSA to a rate of 3.4 + 1.4 %.

Our findings regarding MNPs biodistribution, including significant accumulation in the liver, are consistent with previously re-
ported studies on similar particles [61-63]. Magnetic nanoparticles are known for its biodegradability and low systemic toxicity as
evidenced in the corresponding study [61]. Therefore, no significant toxicity is anticipated from the accumulation of MNPs in various
organs of mice with further use of nanoparticles for various biomedical applications.

We successfully enhanced the specificity of HER2-targeted MNP delivery to cancer cells by the addition of non-active BSA protein
on the surface of MNP without using pH-sensitive materials. However, this modification can only be used for nanoagents that possess
carboxyl groups on their surface. In our study, we selected the optimal ratio of affibody and non-active protein, for another HER2-
targeting molecule it would be essential to re-evaluate the appropriate ratio with the stabilizing protein, considering the distinct
sizes and structural properties of HER2-specific molecules. Here we created magnetic nanoparticles modified with HER2-specific
molecules and non-active BSA for successful delivery to HER2-positive tumors at slightly acidic pH levels. A combination of target-
ing nanoparticles to receptor HER2 and the pH of the tumor microenvironment could be applied to other nanomaterials to improve the
accumulation of nanoagents in the tumor. The obtained magnetic conjugates represent promising agents for oncotheranostics due to
their ability for tumor targeting and bioimaging, magnetic hyperthermia induction, and mechanical destruction of cancer cells under
the influence of external magnetic fields.

5. Conclusion

Our research demonstrated the successful method of enhancing targeted MNP delivery to cancer cells without changing functional
molecules of nanomaterial. In this work, we showed that the combination of targeting and stabilizing proteins on the surface of
nanoparticles forms a bell-shaped dependency of MNP cellular uptake and improves nanoagents accumulation in tumor. Based on
these findings, we strongly believe that targeting nanoparticles to the acidic pH of the tumor microenvironment will significantly
improve the delivery efficiency of existing nanocarriers and result in notable advancements in tumor therapy and diagnostics.
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