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A B S T R A C T   

While microbubbles (MB) are routinely used for ultrasound (US) imaging, magnetic MB are increasingly explored 
as they can be guided to speci昀椀c sites of interest by applied magnetic 昀椀eld gradient. This requires the MB shell 
composition tuning to prolong MB stability and provide functionalization capabilities with magnetic nano-
particles. Hence, we developed air-昀椀lled MB stabilized by a protein–polymer complex of bovine serum albumin 
(BSA) and poly-L-arginine (pArg) of different molecular weights, showing that pArg of moderate molecular 
weight distribution (15–70 kDa) enabled MB with greater stability and acoustic response while preserving MB 
narrow diameters and the relative viability of THP-1 cells after 48 h of incubation. After MB functionalization 
with superparamagnetic iron oxide nanoparticles (SPION), magnetic moment values provided by single MB 
con昀椀rmed the suf昀椀cient SPION deposition onto BSA + pArg MB shells. During MB magnetic navigation in a blood 
vessel mimicking phantom with magnetic tweezers and in a Petri dish with adherent mouse renal carcinoma cell 
line, we demonstrated the effectiveness of magnetic MB localization in the desired area by magnetic 昀椀eld 
gradient. Magnetic MB co-localization with cells was further exploited for effective doxorubicin delivery with 
drug-loaded MB. Taken together, these 昀椀ndings open new avenues in control over albumin MB properties and 
magnetic navigation of SPION-loaded MB, which can envisage their applications in diagnostic and therapeutic 
needs.   

1. Introduction 

Ultrasound (US) imaging is routinely used in the clinic, ensuring the 
procedure advantages of non–invasiveness, low cost, and absence of 
ionizing radiation [1]. However, the contrast resolution of US is limited, 
which may hinder its use in the diagnosis of certain pathologies [2], and 
can be improved by the administration of echogenic contrast agents, i.e. 
microbubbles (MB) [3,4]. MB are gas–昀椀lled vesicles with a diameter of 
1–7 μm, stabilized by nano–sized shells composed of lipids, proteins, or 

polymers [5]. The choice of the shell materials primarily determines the 
acoustic response of the synthesized MB, as well as their functionaliza-
tion capabilities [6]. For instance, soft lipid shells offer a superior 
acoustic pro昀椀le in terms of MB echogenicity, but have 昀椀nite stability and 
limited additive loading capabilities [7]. In contrast, rigid polymer MB 
shells possess long shelf–life stability and high loading capabilities, 
while acoustic response is diminished [8]. MB with soft protein shells act 
as a compromise between lipid and polymeric MB counterparts, yet 
require improvements in their colloidal stability and acoustic pro昀椀le [9]. 

* Correspondence to: O.I. Gusliakova, Science Medical Center, Saratov State University, Saratov 410012, Russia. 
** Corresponding author. 

E-mail addresses: olga.gusliakova17@gmail.com (O.I. Gusliakova), d.gorin@skoltech.ru (D.A. Gorin).   
1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Biomaterials Advances 
journal homepage: www.journals.elsevier.com/materials-science-and-engineering-c 

https://doi.org/10.1016/j.bioadv.2024.213759 
Received 22 September 2023; Received in revised form 31 December 2023; Accepted 1 January 2024   

mailto:olga.gusliakova17@gmail.com
mailto:d.gorin@skoltech.ru
www.sciencedirect.com/science/journal/27729508
https://www.journals.elsevier.com/materials-science-and-engineering-c
https://doi.org/10.1016/j.bioadv.2024.213759
https://doi.org/10.1016/j.bioadv.2024.213759
https://doi.org/10.1016/j.bioadv.2024.213759
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioadv.2024.213759&domain=pdf


Biomaterials Advances 158 (2024) 213759

2

By tuning the composition of MB, the acoustic performance and 
functionalization capabilities of MB can be enriched [10–12]. Recently, 
the concept of “hybrid MB shell” has been proposed, combining both soft 
(lipid or protein) and rigid (polymer) shell materials to balance the 
properties of a single MB composition [13–15]. Thereby, we considered 
bovine serum albumin (BSA) since BSA shares the same molecular 
weight (66.5 kDa), preserved disul昀椀de bonds pattern, and 76 % struc-
tural identity with human serum albumin, with a 5–7-fold reduction in 
cost [16]. Poly–L–arginine (pArg) polymer is a poly(amino acid) that has 
a long record of use in the design of biomaterials to improve their 
biocompatibility [17–19]. The presence of a large number of amine 
groups, which determine the positive charge of pArg chains [20], sug-
gests intense interactions with the negatively charged BSA globules 
[21], which may improve the MB stability. 

In recent years, functional MB have been increasingly explored, 
combining the US stimuli–responsiveness of the MB template with 
additional functional capabilities prescribed by additives [22]. Magnetic 
MB, which can be manipulated by both acoustic and magnetic 昀椀elds, are 
of particular interest because they can be delivered to the region of in-
terest by magnetic 昀椀eld [23], and combined magnetic resonance imag-
ing/therapeutic US devices have recently been approved for clinical use 
[24]. Previous reports have focused on MB functionalization routes with 
superparamagnetic iron oxide nanoparticles (SPION) [25,26] or pre-
clinical evaluation of magnetic MB applications, including sono-
permeation monitoring [27], bimodal molecular imaging [28], and 
magnetically targeted drug delivery [29,30]. However, in vitro studies 
on direct magnetic manipulation of MB can bridge the gap between 
ongoing research in functional MB formulations and their preclinical 
evaluation. 

In this study, we developed SPION-functionalized MB with hybrid 
BSA + pArg shell for in vitro magnetic navigation. We identi昀椀ed the MB 
optimal composition based on BSA + pArg complex, showing that pArg 
of moderate molecular weight distribution [15–70 kDa] provided MB 
with enhanced shell stability, signi昀椀cant in vitro and in vivo acoustic 
response, and did not provide cytotoxicity after 48 h of incubation with 
THP-1 cells. Once BSA + pArg MB were functionalized with SPION, we 
showed the controlled magnetic navigation using a blood vessel 
mimicking phantom with magnetic tweezers and co-incubation with 
RenCa adherent cell culture under external magnetic 昀椀eld. When MB 
shells were loaded with doxorubicin, magnetic co-localization of MB and 
RenCa cells promoted signi昀椀cant cytotoxic effect on cells 48 and 72 h 
after treatment initiation, while MB alone did not show any cytotoxicity. 
These 昀椀ndings demonstrate the bene昀椀ts of tuning MB shell properties 
through the protein–polymer complex incorporation and magnetic 
navigation of SPION-loaded MB, which can envisage their (bio)appli-
cations that require applied magnetic and acoustic 昀椀elds. 

2. Materials and methods 

2.1. Materials  

Reagent Source Identi昀椀er 
Bovine serum albumin (BSA) Sigma Aldrich CAS # 

9048–46–8 
Product # 
A2153 

Poly–L–arginine with molecular weight 
5–15 kDa (pArg [5–15 kDa]) 

Sigma Aldrich CAS # 
26982–20–7 
Product # 
P4663 

Poly–L–arginine with molecular weight 
15–70 kDa (pArg [15–70 kDa]) 

Sigma Aldrich CAS # 
26982–20–7 
Product # 
P7762 

Poly–L–arginine with molecular weight >
70 kDa (pArg [>70 kDa]) 

Sigma Aldrich CAS # 
26982–20–7 

(continued on next column)  

(continued ) 
Reagent Source Identi昀椀er 

Product # 
P3892 

Bradford Reagent Sigma Aldrich Product # 
B6916 

Rhodamine B isothiocyanate (RITC) Sigma Aldrich CAS # 
36877–69–7 
Product # 
R1755 

Fluorescein 5(6) isothiocyanate (FITC) Sigma Aldrich CAS # 
27072–45–3 
Product # 
F3651 

Tetramethylrhodamine isothiocyanate 
(TRITC) 

Sigma Aldrich CAS # 
95197–95–8 
Product # 
87918 

Superparamagnetic iron oxide 
nanoparticles (SPION) with citric acid 
coating, and hydrodynamic diameter of 
10 ± 3 nm 

TetraQuant Ltd. N/A 

Sodium chloride (NaCl) Sigma Aldrich CAS # 
7647–14–5 
Product # 
S9888 

Dulbecco’s Modi昀椀ed Eagle Medium 
(DMEM) 

Gibco Cat # 
11965092 

Roswell Park Memorial Institute medium 
(RPMI-1640) 

Gibco Cat # 
11875093 

One Shot Fetal Bovine Serum (FBS) ThermoFisher 
Scienti昀椀c 

Cat # 
A3160802 

2–Mercaptoethanol ThermoFisher 
Scienti昀椀c 

Cat # 
125472500 

Penicillin–Streptomycin (10,000 U/mL) ThermoFisher 
Scienti昀椀c 

Cat # 
15140122 

AlamarBlue™ Cell Viability Reagent Invitrogen Cat # DAL1100 
Hanks’ Balanced Salt Solution (HBSS) ThermoFisher 

Scienti昀椀c 
Cat # 
14175095 

Calcein AM solution Sigma Aldrich CAS # 
148504–34–1 
Product # 
C1359 

Hoechst 33258 Invitrogen Cat # H3569 
Doxorubicin hydrochloride (Dox) Sigma Aldrich CAS # 

25316–40-9 
N-(3-Dimethylaminopropyl)-N′- 

ethylcarbodiimide hydrochloride (EDC) 
Sigma Aldrich CAS # 

25952–53-8 
N-Hydroxysuccinimide (NHS) Sigma Aldrich CAS # 6066-82- 

6 
Propidium Iodide (PI)–1.0 mg/mL Solution 

in Water 
ThermoFisher 
Scienti昀椀c 

Cat # P3566  

Deionized (DI) water produced with a MilliQ water treatment system 
(Merck Millipore, Germany) was used in all experimental stages. 

2.2. Methods 

2.2.1. BSA and pArg conjugation with 昀氀uorescent dyes (BSA–RITC, 
BSA–FITC, pArg–TRITC) 

BSA–RITC and BSA–FITC: BSA was labeled with RITC or FITC similar 
to the method described previously [31]. Brie昀氀y, BSA (160 mg) was 
dissolved in PBS buffer (0.1 M, 40 mL, pH 8.3). RITC or FITC (25 mg) 
were dissolved in ethanol (5 mL). BSA and RITC or BSA and FITC so-
lutions were mixed under gentle stirring for 12 h in dark and 4 çC. Next, 
freshly prepared BSA–RITC or BSA–FITC solutions were dialyzed for 3 
days in DI water. Finally, BSA labeled with RITC or FITC was freeze–-
dried and stored at −20 çC. 

pArg–TRITC: pArg [15–70 kDa] (10 mg) was dissolved in PBS buffer 
(0.01 M, 50 mL, pH 7.8). TRITC (5 mg) was dissolved in DMSO (5 mL). 
Solutions were mixed under gentle stirring for 12 h in dark and 4 çC. 
Next, solution was dialyzed for 3 days in DI water and 昀椀ltered. Finally, 
pArg–TRITC was freeze–dried and stored at −20 çC. 
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2.2.2. BSA conjugation with doxorubicin hydrochloride (BSA–Dox) 
BSA (100 mg) was dissolved in DI water (7 mL). Dox (3 mg), NHS 

(2.7 mg), and EDC (9.9 mg) were dissolved in DI water (each in 1 mL). 
All solutions were mixed together with gentle stirring for 45 min in the 
dark. Next, freshly prepared BSA–Dox solutions were dialyzed for 3 days 
in saline. Finally, BSA–Dox was freeze–dried and stored at −20 çC. 

2.2.3. BSA and pArg complexation study (turbidimetry and dynamic light 
scattering measurements) 

Solutions of BSA (400 μL, 100 mg/mL) and pArg with selected mo-
lecular weight distributions (400 μL, 1 mg/mL) were mixed in an 
Eppendorf tube and placed in the water bath under moderate heating 
(55 çC). 50 μL of the mixture was taken before and 1, 5, 10, 15, and 60 
min after the start of the heating. 950 μL of physiological saline was 
added to each aliquot. 200 μL of the diluted aliquot was used for 
absorbance spectral analysis on a Synergy H1 microplate reader (BioTek 
Instruments, Inc., USA) and 750 μL was used for size distribution anal-
ysis with dynamic light scattering (DLS) measurements on a Zetasizer 
Nano ZS analyzer (Malvern Panalytical, UK). 

2.2.4. MB synthesis and functionalization with SPION 
MB with the shell of BSA–pArg complex were synthesized similar to 

our previous reports [32]. Brie昀氀y, a mixture of BSA (100 mg/mL, 1 mL) 
and pArg of speci昀椀ed molecular weight distribution (1 mg/mL, 1 mL) 
solutions was placed in a glass vial, preheated in a water bath at 55 çC 
for 15 min and subsequently sonicated for 3 min at 100 W (Sonopuls HD 
2070 equipped with MS 73 sonotrode, Bandelin Electronic GmbH & Co 
KG, Germany). After MB synthesis, MB were left overnight in a refrig-
erator (+4 çC) to allow MB to 昀氀oat to the air–liquid interface of a vial, 
forming a “MB cake”. The liquid phase was then carefully removed, 1 mL 
of physiological saline was added, and the MB cake was slowly redis-
persed. The washing procedure was repeated until the saline solution 
under the MB cake was clear. 

For functionalization with SPION, 1 mL of uniformly dispersed BSA 
+ pArg MB was mixed with a 1 mL of SPION suspension, keeping the 
ionic strength of the mixture equal to the physiological saline to prevent 
aggregation. The resulting MB and SPION mixture was gently stirred and 
left overnight in a refrigerator (+4 çC). Next, washing was performed as 
for plain MB until the solution under the MB cake was clear. The 
composition of resulting magnetic MB was 5 mg of BSA, 50 μg of pArg 
and 0.4 mg of SPION. 

To con昀椀rm the uniform distribution of BSA and pArg in MB shells, 2 
mg of BSA–FITC and 0.2 mg of pArg–TRITC were added to unstained 
BSA and pArg prior to MB synthesis. To perform microscopy with cell 
cultures, 2 mg of BSA–RITC was added to unstained BSA prior to MB 
synthesis. For study of RITC 昀氀uorescence quenching after SPION 
adsorption, lyophilized BSA–RITC of various weights (0.4, 1.0, 2.0, and 
4.0 mg) were added to unstained BSA prior to MB synthesis. To study the 
interaction between MB and cells, 1 mL of BSA–RITC (1 mg/mL) or 
BSA–Dox (10 mg/mL) were added to intact BSA prior to MB synthesis. 
Further manipulations were performed according to procedures 
described above. 

2.2.5. Microscopy characterization 
Confocal laser scanning microscopy (CLSM) was carried out on an 

Axio Observer.Z1/7 with a Plan–Apochromat 40×/1.3Oil DIC (UV) 
VIS–NIR M27 objective (Carl Zeiss Microscopy GmbH, Germany) to 
evaluate the distribution of BSA and pArg in the MB shell, and on a CLSM 
Leica TCS SP8 X (Leica Biosystems GmbH, Germany) using a Secure-
–Seal™ Spacer (8 wells, 9 mm diameter, 0.12 mm deep, ThermoFisher 
Scienti昀椀c) to conduct in vitro experiments, as well as imaging of 
BSA–RITC labeled MB before and after SPION adsorption. 405 nm, 488 
nm, 514 nm or 532 nm lasers were used for imaging of THP–1 and RenCa 
cells incubated with MB containing BSA–RITC or BSA–Dox. The detec-
tion ranges were set as follows: 415–475 nm, 500–550 nm, 570–700 nm, 
590–650 nm to image nuclei, cytoplasm and MB or PI, respectively. To 

record images, a sequence scan was performed, in which each channel 
was irradiated and detected sequentially. Three–dimensional scans were 
performed to determine the localization of MB in experiments using a 
magnet. The z–stack height was 320 μm. The imaging parameters of MB 
containing BSA–RITC before and after SPION adsorption were as fol-
lows: 514 nm laser and 550–650 detection range. The lambda scan was 
performed in the range of 530–700 nm in 30 steps with a detection width 
of 20 nm. 

Scanning electron microscopy (SEM) was performed with a MIRA II 
LMU instrument (Tescan, Czech Republic) at an operating voltage of 30 
kV. Prior to measurements, 5 μL drops from the puri昀椀ed MB samples 
were dried on silicon substrates and then sputtered with gold. The MB 
diameter distribution was calculated using the free ImageJ software 
(National Institutes of Health, USA) by measuring the diameter of 100 
MB for each sample. 

Transmission electron cryomicroscopy (CryoTEM) analysis was 
performed with Tecnai G212 instrument (SPIRIT FEI, USA) in liquid N2. 
Prior to measurements, 3 μL of the sample was applied to a 200 mesh 
copper grid pre–treated with plasma and covered with lacey 昀椀lm. Excess 
sample was removed by blotting the grid for 1 s and immediately 
immersed in liquid ethane (automated immersion system, Vitrobot FEI, 
USA). 

2.2.6. US imaging in phantoms 
MB were tested for echogenicity using the DUB Skinscanner device 

(Taberna Pro Medicum GmbH, Germany) equipped with Doppler 
transducer with the frequency of 22 MHz and mechanical index of 0.16. 
To mimic in vivo vessel conditions, polyethylene tubes were 昀椀lled with 
MB samples or physiological saline used as a control, sealed on both 
sides with Para昀椀lm and embedded in the US gel prior to B-mode US 
imaging. Calculation of the observed echogenicity was performed using 
the ImageJ software (National Institutes of Health, USA) by estimating 
the mean gray signal intensity value (corresponding to the B–mode US 
signal) in uniform ROIs at 3 different image locations for each sample. 
The 昀椀nal intensity value is presented as the mean ± standard deviation 
of three samples. Statistical signi昀椀cance was evaluated by one–way 
ANOVA test using GraphPad Prism 6 software. 

2.2.7. Cytotoxicity assay 
The human monocyte suspension (THP-1) cell line was used for the 

cytotoxicity study. THP-1 was cultured in RPMI–1640 medium supple-
mented with a 10 % FBS, 0.05 mM 2–mercaptoethanol, and 1 % peni-
cillin/streptomycin. The relative metabolic activity of THP–1 cells after 
incubation with MB was determined by metabolic activity within 
reduction of the AlamarBlue reagent. Cells were seeded in 96–well 
plates at a density of 10 × 103 cells per well. The next day, the MB 
suspension was diluted 10–fold and all separate shell components (10 μg 
of BSA, 0.1 μg of pArg, 20 μL of saline) were added to the wells with fresh 
media after aspiration of the old media. For control cells group, only 
medium replacement was performed. The cells were incubated together 
with the added samples for 48 h, followed by media aspiration. Next, 90 
μL of the fresh culturing media was added to each well, followed by the 
addition of AlamarBlue reagent (10 μL). Cells were incubated with 
resazurin agent for 3 h, and 昀氀uorescence intensity was measured at 
excitation/emission wavelengths of 560/590 nm using a Synergy H1 
microplate reader (BioTek Instruments, Inc., USA). 

The mouse renal carcinoma (RenCa) cell line was used in a 
comparative cytotoxicity study with implemented magnetic co- 
localization of MB with adherent cells. RenCa was cultured in 
RPMI–1640 medium supplemented with a 10 % FBS, and 1 % penicillin/ 
streptomycin. The relative metabolic activity of RenCa cells after incu-
bation with MB in the absence and presence of a magnetic 昀椀eld gradient 
was measured using AlamarBlue reagent. Cells were seeded in 96–well 
plates at a density of 5 × 103 cells per well. The next day, the MB loaded 
with BSA–Dox and SPION (10 nM of Dox per well) were added to the 
wells with fresh media after aspiration of the old media. For control cells 
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group, only medium replacement was performed. Nine wells were 
placed on an external magnetic 昀椀eld source and left for 30 min after the 
addition of MB–containing media. Another nine wells were left without 
the exposure to a magnetic 昀椀eld gradient. After 30 min, 70 % of the 
culture medium was carefully aspirated from the top and replaced with 
fresh medium. Further cell incubation was carried out at 37 çC and in an 
atmosphere containing 5 % CO2. Every 24 h (24 h, 48 h, 72 h), the media 
was aspirated and replaced with 90 μL of the fresh media, followed by 
the addition of AlamarBlue reagent (10 μL). Cells were incubated with 
resazurin agent for 4 h, and 昀氀uorescence intensity was measured at 
excitation/emission wavelengths of 560/590 nm using a Synergy H1 
microplate reader (BioTek Instruments, Inc., USA). After the measure-
ments, the medium was renewed in each well and the cells were left for 
further incubation. The 72–hour time point was the terminal time point. 

Relative metabolic activity was calculated as the ratio of the mean 
value of the relative 昀氀uorescent units of the experimental group to the 
mean value of the control group, expressed as a percentage. 

2.2.8. In vivo US imaging 
The laboratory animals were treated according to the rules of Saratov 

State Medical University (Ethics Committee Protocol No. 8, dated 7th of 
March 2023) and the Geneva Convention of 1985 (International Guiding 
Principles for Biomedical Research Involving Animals). All experimental 
procedures were performed on the Wistar rat (230–250 g weight) using 
general anesthesia (Zoletil mixture (30 mg/kg, 75 μL, Virbac SA, France) 
and Ksila (20 mg/kg, 25 μL, Interchemie Werken ‘de Adelaar’ BV, the 
Netherlands)) via intraperitoneal injection. At the end of the experiment, 
the animals were euthanized by an overdose of anesthesia. 

Brie昀氀y, 200 μL of MB suspension in saline was administered intra-
venously (via the tail or jugular vein) for US imaging of the large vessels 
and the heart. An insulin syringe with a 27 G needle was used for tail 
vein injection, while a butter昀氀y catheter was used for jugular vein in-
jection. In vivo US images were recorded using the same DUB Skin-
scanner setup used for in vitro US imaging. 

2.2.9. Assessment of RITC 昀氀uorescence quenching degree in MB after 
SPION adsorption 

To assess the degree of quenching of RITC 昀氀uorescence in MB after 
SPION adsorption, a lambda scan was recorded on a CLSM. The exci-
tation wavelength was 昀椀xed (514 nm) and a series of images with nar-
row detection ranges were taken (image size 1024 × 1024 px; detection 
width per image, 20 nm; total detection range, 550–650 nm; number of 
recorded images per sample, 30). Next, square areas of 200 × 200 px in 
size were cropped from the lambda scan, and a 昀氀uorescence graph was 
plotted from the average pixel intensity. This resulted in 25 昀氀uorescence 
spectra obtained from the lambda scan. 

Lambda scans were recorded for eight samples: MB were produced 
with four concentrations of the BSA–RITC conjugate (0.4, 1.0, 2.0, and 
4.0 mg per synthesis) in the presence or absence of SPION in MB shells. 
Since the MB concentration decreased with the incorporation of SPION, 
the intensity of the obtained spectra was additionally normalized by the 
percentage of the image area 昀椀lled with MB, calculated using the mask 
according to the Otsu method in the Gwyddion software (Czech 
Metrology Institute, Czech Republic) [33]. The 昀椀nal 昀氀uorescence 
quenching coef昀椀cient was estimated as the difference between the 
concentration normalized 昀氀uorescence intensity of MB without SPION 
(taken as 100 %) and with SPION embedded in the shells. 

2.2.10. Magnetic moment and magnetic polarizability measurements with 
optical tweezers 

Measurements of MB magnetic properties with optical tweezers were 
performed according to the method described in [34], and details of the 
experimental setup are similar to ones reported in [35,36]. Brie昀氀y, 45 μL 
of MB suspension was placed in a sealed cell consisting of two coverslips 
separated by a layer of adhesive tape and soft paraf昀椀n. In the sample 
area, two optical traps of the experimental setup were created using 

tightly focused radiation from two single–mode lasers with a wavelength 
of 980 nm and an optical power adjustable from 0 to 330 mW. A system 
of four electromagnets was placed around the sample to apply an 
external magnetic 昀椀eld. The MB trajectories were recorded using 
quadrant photodiodes, registering the radiation of two additional lasers 
scattered by MB. A comprehensive analysis of the thermal motion of 
trapped MB and the correlated motion of a pair of interacting MB in an 
external alternating magnetic 昀椀eld made it possible to determine the 
magnetic characteristics of the single MB. The detailed procedure is 
described in Section S1 of Supporting information. 

2.2.11. MB magnetic entrapment with magnetic tweezers 
Magnetic entrapment of MB was performed with the homemade 

electromagnetic tweezers consisting of two separate electromagnets 
with concentrators connected by a steel contactor of the same material 
and sharpened at one end. The distance between the sharpened ends of 
the concentrators was adjusted with micron accuracy using the precision 
rotary stage. The tweezers were mounted on a base to allow us to adjust 
their position in a controllable manner. The magnetic 昀椀eld in the gap 
between the magnetic tweezer tips was measured using a TM-197 
magnetic 昀椀eld meter (Tenmars Electronics, Taiwan). The gap between 
the magnetic tweezer tips was adjusted to 3 mm in all experiments. 

The capillary phantom had a square cross–sectional shape with an 
internal channel size of 2680 × 200 μm. The capillary was pre–treated 
with heparin to prevent the MB from adhering to the inner wall of the 
channel and was located in the gap between the sharp tips of the 
tweezers. The MB suspension was pumped through the channel with a 
syringe pump at an average 昀氀ow rate of 4.5 mL/min. The tweezers were 
activated 1 min after the channel was 昀椀lled with the MB suspension. 

An inverted optical microscope was used to image MB, and the 
con昀椀guration is described in [37]. A series of gray-scale images were 
recorded at a frame rate of 114 fps, an exposure time of 5 ms, and a 
resolution of 2048 × 1536 px. The MB 昀氀ow dynamics in the phantom 
capillary before and after magnetic 昀椀eld activation was analyzed using 
the micro–scale Particle Image Velocimetry approach with the interro-
gation regions size of 30 × 30 px. In addition, the motion of isolated MB 
under an applied magnetic 昀椀eld was tracked and imaged using fra-
me–by–frame digital image processing based on the Niblack local 
brightness threshold [38], with Niblack adaptive 昀椀ltering applied 
separately for each image interrogation region size of 60 × 60 px. 

2.2.12. In vitro MB magnetic navigation in the presence of cell culture 
The mouse renal carcinoma (RenCa) cell line was used for in vitro MB 

magnetic navigation experiments. RenCa cells were cultured in RPMI- 
1640 supplemented with 10 % FBS and 1 % penicillin/streptomycin. 
RenCa cells were seeded in a Nunc™ Lab–Tek™ 4–well Chambered 
Coverglass at a density of 150 × 103 cells per well. Cells were incubated 
at 37 çC and 5 % CO2 overnight. For 昀氀uorescence microscopy, cells were 
stained with Calcein AM and Hoechst 33258. A staining mixture was 
prepared in culture medium without FBS and antibiotic/antimycotic (6 
mL of RPMI–1640, 2 μL of Calcein AM, 2 μL of Hoechst 33258). A 
staining mixture (600 μL) was added to the wells containing cells 
pre–washed with HBSS buffer. Dye incubation lasted for 15 min, fol-
lowed by washing with HBSS. MB (20 MB per cell) were then added to 
the cells in two wells located at opposite ends of the Chambered Cov-
erglass. One edge of the Chambered Coverglass was placed on a cylin-
drical NdFeB permanent magnet (diameter of 45 mm, height of 30 mm) 
for 10 min, as shown in Fig. S1a (incubation was performed at room 
temperature). The relation between magnetic induction and distance 
from the permanent NdFeB magnet of a cylindrical shape is presented in 
Fig. S1b, showing similar values of magnetic induction in the centre and 
the edge parts of the magnet. Measurements were carried out at room 
temperature. After the speci昀椀ed time, the Chambered Coverglass was 
immediately transferred to the CLSM Leica TCS SP8 stage and confocal 
images of the co–incubation of cells and MB were obtained. 

Similar procedure was performed in the experiment with MB loaded 
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with BSA–Dox and SPION. RenCa cells were seeded at a density of 100 ×
103 cells per chambered coverglass well. Cells were incubated overnight 
at 37 çC and in 5 % CO2. Drug–loaded magnetic MB were added to the 
wells. One group of chambers were placed on the magnetic 昀椀eld gradient 
source for 30 min. Another group remained without magnetic 昀椀eld 
exposure. Culture media was carefully aspirated from the top and the 
fresh media was added. Further incubation was performed at 37 çC and 
in a 5 % CO2 atmosphere. Prior to CLSM visualization (30 min, 24, 48 
and 72 h after MB addition) cells were stained with Сalcein AM, Hoechst 
33258 and PI. A staining mixture was prepared in culture medium 
without FBS and antibiotic/antimycotic (6 mL of RPMI–1640, 2 μL of 
Сalcein AM, 2 μL of Hoechst 33258, 30 μL of PI). A staining mixture 
(600 μL) was added to the wells containing cells prewashed with HBSS 
buffer. The staining incubation lasted for 15 min, followed by washing 
with HBSS and addition of fresh medium. Cells were visualized using a 
Leica TCS SP8 X. 

3. Results 

3.1. Synthesis of the protein–polymer complex between BSA and pArg of 
different molecular weight distributions 

Prior to the MB synthesis, we evaluated the interaction of the BSA 
protein and pArg polymer with a molecular weight distribution of 5–15 
kDa, 15–70 kDa, and >70 kDa (labeled as pArg [5–15 kDa], pArg 
[15–70 kDa], pArg [>70 kDa], respectively) to promote a stable pro-
tein–polymer complex formation. 

Initially, we assessed the turbidity of the 昀椀nal solution after the 
addition of pArg to BSA, followed by mixing and heating at 55 çC 
(representative photographs of vials are shown in Fig. S2). The tem-
perature was chosen as optimal for BSA pre–treatment to form MB with a 
stable shell [32,39]. The absorption spectra of BSA solutions were 
measured before and after the addition of pArg to note changes in the 
absorbance (referring to turbidity) of the resulting mixtures (Fig. 1a–c). 
The absorption band of the BSA in aqueous solution was located at a 
wavelength of 278 nm [40], and this band did not shift after the pArg 

Fig. 1. BSA + pArg complex formation. Absorption spectra of solutions of the BSA + pArg complex before and after 1, 5, 10, 15, and 60 min of heating in a water 
bath at 55 çC for polymers with a molecular weight distributions of (a) 5–15 kDa, (b) 15–70 kDa and (c) >70 kDa (labeled as pArg [5–15 kDa], pArg [15–70 kDa], 
and pArg [>70 kDa], respectively). (d) The hydrodynamic diameter of BSA + pArg complex formation measured by DLS. (e) SEM images of particles formed as a 
result of BSA + pArg complex formation, showing their mean hydrodynamic diameter (D) ± standard deviation and polydispersity index (PDI). 
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introduction, but increased in its intensity. Absorption also increased in 
the near infra–red region, which is not typical for true BSA and pArg 
solutions, whose optical density tends to zero in this spectral region. 
Both facts indicate the formation of large–sized complexes similar to 
previous reports [41]. When pArg [5–15 kDa] was added, the absor-
bance intensity at a wavelength of 278 nm gradually increased with the 
time of incubation at 55 çC and reached its maximum value after 15 min 
(Fig. 1a), and a similar trend was also presented at a wavelength of 800 
nm. For pArg [15–70 kDa], the maximum value of optical density at a 
wavelength of 278 nm was reached after 10 min of heating (Fig. 1b). In 
contrast, the addition of pArg [>70 kDa] resulted in an instantaneous 
achievement of maximum absorbance (Fig. 1c). 

The study of the hydrodynamic diameter distribution of BSA + pArg 
complexes by DLS (Fig. 1d) also indicated the formation of complexes 
whose diameter exceeded that of intact BSA and pArg (reported to be 
about 7 nm [42]). However, the measurement of large aggregates by 
DLS is dif昀椀cult due to their rapid sedimentation. SEM images of the 
complexes showed an increase in the number of submicron particles 
formed over time and an increase in the average particle diameter for 
pArg [5–70 kDa] and pArg [15–70 kDa] (Fig. 1e, detailed quanti昀椀cation 
is presented in Fig. S3). Contrary to the DLS results, the smallest SEM 
particle size of BSA + pArg corresponds to pArg [15–70 kDa], and we 
hypothesize that this may be due to the tendency of the resulting par-
ticles to aggregate, which made DLS measurements challenging [43]. 
For pArg [>70 kDa], particles of two fractions are formed: small parti-
cles (0.5 μm or less) and large particles (>1 μm), leading to high PDI 
values for this sample. Overall, the results indicate the complexation 
between BSA and pArg during the heating to 55 çC. 

For further use of the BSA + pArg complex as a shell stabilizer in the 
MB synthesis, an optimal heating time of 15 min was chosen because the 
absorbance values (refer to turbidity) for all solutions increased to the 
highest values (Fig. 1a–c), indicating the complex formation, but the 
aggregation degree of the complexes (Fig. 1e) did not reach its 
maximum (compared to the particles produced after heating for 1 h), as 
we hypothesize that the MB synthesis involved preferentially small–-
sized free–昀氀oating complexes rather than aggregated particles. 

3.2. Synthesis, cytotoxicity study, and in vivo US imaging of BSA + pArg 
MB 

The MB synthesis route is shown schematically in Fig. 2a and in-
volves preheating a mixture of BSA and pArg solutions for 15 min in a 
water bath followed by 3 min of sonication to form MB, similarly to our 
previous reports [32]. The incorporation and uniform distribution of 
both BSA and pArg into the MB shell is demonstrated by confocal laser 
scanning microscopy (CLSM) (Fig. 2b) using BSA–FITC and pArg–TRITC 
conjugates. The lower intensity and width of the MB shell contour in the 
TRITC channel can be associated with a lower pArg concentration added 
during synthesis compared to the dominance of the BSA concentration. 

The effect of the different molecular weight distributions of pArg 
used in the MB synthesis on the resulting MB yield, mean diameter 
distribution and shell thickness are presented in Table 1 (representative 
SEM images used for MB shell thickness quanti昀椀cation are shown in 
Fig. S4). As the pArg molecular weight distribution increased, the MB 
yield and mean diameters decreased, while all MB samples had mean 
diameters <2 μm. In contrast, MB shell thickness gradually increased 
with increasing pArg molecular weight distribution. Since the concen-
tration of the intact components for MB synthesis was the same for all 
samples, we hypothesize a denser packing of complexes inside the MB 
shell, which may result in lower MB yield and higher MB shell thickness. 
Additionally, the introduction of pArg [15–70 kDa] resulted in the lower 
PDI values compared to other samples. 

B–mode US was used to demonstrate MB echogenicity and to 
determine the optimal pArg molecular weight distribution (Fig. 3). As 
one can see in Fig. 3a, all MB samples showed signi昀椀cant echogenicity 
compared to the control saline solution, con昀椀rming successful air 

entrapment inside MB shells. The analysis of mean US signal intensities 
provided in Fig. 3b highlights that BSA + pArg [15–70 kDa] MB showed 
the highest echogenicity compared to plain BSA MB and MB synthesized 
with pArg of different molecular weights. Therefore, we considered the 
pArg with moderate molecular weight distribution (pArg [15–70 kDa]) 
to be optimal for the MB synthesis, based on the low PDI values of MB, 
increased shell thickness, and improved US B–mode echogenicity 
compared to plain BSA MB counterparts. 

Next, cytotoxicity experiments with BSA + pArg [15–70 kDa] MB 
(hereafter referred to as BSA–pArg MB) were performed to evaluate 
whether the selected MB composition has a negative effect on cell cul-
tures. Since MB are commonly administered intravenously for contrast- 
enhanced ultrasound imaging, ensuring their compatibility with blood 
cells is critical. Therefore, the THP-1 (human monocyte cell line) was 
selected for testing. Representative images of THP–1 cells co–incubated 
with plain BSA MB (Fig. 4a) and BSA–pArg MB (Fig. 4b) demonstrate the 
preservation of the intact state of the cells and the absence of visually 
detectable deleterious effects on cells. 

Cytotoxicity was assessed using the AlamarBlue assay, which is 
based on the degradation of resazurin to resoru昀椀n as a result of altered 

Fig. 2. Synthesis of BSA + pArg MB. (a) Vial photographs illustrating BSA +
pArg MB synthesis steps. (b) Confocal laser scanning microscopy (CLSM) im-
ages of BSA + pArg MB prepared with BSA–FITC and pArg–TRITC conjugates in 
FITC, TRITC, and merged channels con昀椀rm the presence of both components in 
the MB shell. 

Table 1 
Characteristics of MB obtained with the addition of pArg of various molecular 
weights during the synthesis (BSA + pArg [5–15 kDa] MB, BSA + pArg [15–70 
kDa] MB, and BSA + pArg [>70 kDa]) and without (plain BSA MB).  

MB 
formulation 

BSA 
MB 

BSA + pArg 
[5–15 kDa] MB 

BSA + pArg 
[15–70 kDa] MB 

BSA + pArg 
[>70 kDa] MB 

Yield, × 109 

MB 
1.5 ±
0.3 

1.5 ± 0.2 1.1 ± 0.2 0.8 ± 0.6 

Mean 
diameter, 
μm 

1.6 ±
0.7 

1.7 ± 0.9 1.6 ± 0.5 1.2 ± 0.5 

PDI 0.44 0.53 0.31 0.42 
Shell 

thickness, 
nm 

22 ±
4 

21 ± 2 36 ± 7 51 ± 9  
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metabolic activity of damaged cells. To evaluate the metabolic activity 
of MB shell components (taken as controls), we estimated the amount of 
BSA incorporated into MB using the Bradford protein assay (detailed 
description is presented in Supporting information, Section S2), which 
resulted in a concentration of 5 % compared to the amount of intact BSA 
(Fig. S5). Therefore, we considered 5 % of intact concentrations of BSA 
and pArg [15–70 kDa] as controls. As shown in Fig. 4c, no cytotoxicity 
was observed in any MB sample or intact shell material after 
co–incubation with cells for 48 h, as the resoru昀椀n–derived signal did not 
decrease. The signal increases for BSA–pArg MB and pArg, that might be 
related to the ability of pArg to increase the concentration of calcium 
ions inside cells and thereby increase cell metabolic activity (knowing 
that number of cells did not change during experiment) [44,45]. 
Therefore, even large numbers of MB per cell (up to 200 MB/cell) did not 
result in any toxic effects, which is consistent with recent reports on BSA 
MB [46,47]. 

Since MB are traditionally used for US imaging, we evaluated in vivo 

imaging capabilities after the injection of BSA–pArg MB into the jugular 
vein (Fig. 5a) or tail vein (Fig. 5f), by the MB movement (and associated 
increase in echogenicity in US B–mode) along the superior vena cava 
entering the heart (Fig. 5b–e) or inferior vena cava (Fig. 5g–h). During 
the 昀椀rst passage of MB through the observation point (near the injection 
site), a signi昀椀cant increase in US echogenicity (referred to as B–mode 
signal intensity) was noted compared to the signal from the vessel before 
injection. The US signal appeared almost immediately after the start of 
the injection, con昀椀rming the 昀氀ow of MB within the vessel suf昀椀cient for 
detection in B–mode. 

3.3. Magnetic navigation of BSA + pArg MB functionalized with SPION 

We further functionalized BSA–pArg MB with magnetic nano-
particles (namely SPION) to endow MB with the capability of controlled 
movement under magnetic 昀椀eld guidance. SPION were adsorbed to 
BSA–pArg MB shells under gentle mixing, as schematically shown in 

Fig. 3. US B–mode imaging of MB synthesized with pArg [5–15 kDa], [15–70 kDa], and [>70 kDa] in vessel mimicking phantoms. (a) Representative B–mode US 
images of plain BSA MB and BSA + pArg MB obtained by incorporating pArg of various molecular weight distributions into the MB shell structure. (b) The mean US 
B–mode intensities calculated by post–processing B–mode images. (*) indicates groups that are signi昀椀cantly different with p < 0.05 (one–way ANOVA with post hoc 
Tukey HSD test). 

Fig. 4. Cytotoxicity evaluation of MB on THP–1 cells. CLSM images of (a) BSA MB and (b) BSA–pArg MB co–incubated with THP–1 cells. (c) Relative viability of 
THP–1 cells after co–incubation for 48 h with BSA MB, BSA–pArg MB, and corresponding shell materials used as controls. 
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Fig. 6a, followed by several washing steps to remove unreacted com-
ponents. Representative SEM image shown in Fig. 6b con昀椀rmed the 
SPION deposition in the MB shells, as bright, almost white dots and areas 
correspond to heavier Fe atoms compared to lighter H, C, and N atoms of 
the BSA and pArg counterparts. Energy dispersive X–ray spectroscopy 
con昀椀rmed that the brightest regions contain Fe atoms associated with 
SPION (Figs. 6c, SI6, SI7). Also, SPION deposition was con昀椀rmed with 
cryoTEM (Fig. 6d). During in vitro US imaging studies, MB do not lose 
their echo contrast properties after functionalization with SPION 
(Fig. SI.8). The mean US B-mode intensity slightly decreased compared 
to plain MB, which may be due to a reduce in the number of MB after 

functionalization. 
Fig. 6e and f shows CLSM images of BSA–pArg MB with RITC 

embedded in the shell before and after SPION adsorption, respectively. 
The signal intensities in the presented images correlated with the fact 
that after the SPION deposition in MB shells the resulting MB concen-
tration was 60–65 % compared to the intact MB suspension. However, 
SPION may additionally quench the dye signal after the dense packing of 
both additives in the MB shell if the distance between them is of several 
nanometers [48,49]. Therefore, we evaluated the 昀氀uorescence quench-
ing for a set of BSA–RITC concentrations incorporated into MB shells by 
comparing the averaged signal intensities of the dye before and after 

Fig. 5. In vivo US B–mode imaging (DUB Skinscanner, Taberna) of rat large vessels after the injection of BSA–pArg MB. (a) Schematic of MB injection into the jugular 
vein and observation of the superior vena cava 昀氀owing into the heart. Image was generated using Biorender.com. (b) US image of the heart area before MB injection. 
(c) US image of the heart area after MB injection. (d) US image of the superior vena cava before MB injection. (e) US image of the superior vena cava after MB 
injection. (f) Scheme of MB injection into the tail vein and observation of the inferior vena cava. Image was generated using Biorender.com. (g) US image of the area 
near the spine (below the ribs) before MB injection. (h) US image of the area near the spine (below the ribs) after MB injection. 

Fig. 6. BSA–pArg MB functionalization with SPION. (a) Vial photographs illustrating the steps of BSA–pArg MB functionalization with SPION. (b) Representative 
SEM image of MB functionalized with SPION. (c) Energy dispersive X–ray spectroscopy results of the percentage of Fe ions in the selected areas of the SEM images. (d) 
Representative cryoTEM image of MB functionalized with SPION. (e, f) CLSM images of BSA–pArg MB (e) before and (f) after adsorption of SPION into the MB shell. 
(g) Fluorescence quenching results of the RITC dye embedded in the MB shell after SPION adsorption of depending on the amount of BSA–RITC conjugate added 
during MB synthesis. 
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SPION deposition at 昀椀xed MB concentration. As can be seen in Fig. 6g, 
quenching did not occur at low amounts of dye and the effect increased 
with increasing amounts of rhodamine immobilized in the shell. This 
may be related to the close proximity of the 昀氀uorophore and the SPION 
in MB shells: the less dye is added to the shell, the less likely the dye and 
the SPION would be close to each other, and the less effect the SPION 
would have on the 昀氀uorescence intensity. 

Next, we determined the magnetic moment and magnetic 

polarizability values for a single MB using the optical tweezers method 
described by Vavaev, et al [34] The average amplitude of the magnetic 
moment of the MB was evaluated using Eq. (S9) (described in Sup-
porting information, Section S1) and turned out to be (1.79 ± 0.21) ×
10−15 A⋅m2. Using the magnetic moment determined in the experiment, 
we calculated the magnetization of the single MB using Eq. (S11) 
(Supporting information, Section S1): the resulting value is (3.6 ± 0.4) 
× 10−19 m3. 

Fig. 7. In vitro magnetic entrapment of SPION–functionalized BSA–pArg MB with magnetic tweezers. (a) Schematic diagram of the setup used: MB suspension is 
pumped through the capillary phantom with a constant 昀氀ow rate, while magnetic tweezers modify the MB 昀氀ow trajectories and trap MB at the region of interest by 
electromagnetic forces. (b) Diagram of the magnetic 昀椀eld induction (B) distribution in the tweezers gap. The purple arrow indicates the position of the edge of the 
magnetic sensor, which is on the straight line connecting the tweezer tips. Dashed lines mark the dimensions of the inner channel of the capillary relative to the 
position of the tweezer tips. A 昀椀eld of view (FOV) indicates the capillary area observed by the microscope. (c) Demonstration of MB magnetic entrapment: MB 昀氀oat 
through the phantom with rectilinear trajectories while the tweezers are turned off, while the introduction of a magnetic 昀椀eld can change the MB trajectories and 
velocities toward the region of interest, resulting in MB magnetic entrapment within 3 min. (d) Tracking of individual MB trajectories under the action of a gradient 
magnetic 昀椀eld. (e) Demonstration of individual MB movement toward the tips of the tweezers. (For interpretation of the references to color in this 昀椀gure legend, the 
reader is referred to the web version of this article.) 
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In vitro magnetic entrapment of MB was performed using electro-
magnetic tweezers and a vessel mimicking phantom (Fig. 7). Magnetic 
MB were pumped through the capillary at a constant 昀氀ow rate, while the 
introduction of tweezers allowed us to trace the dynamics of individual 
MB movement under the in昀氀uence of the magnetic 昀椀eld gradient and to 
accumulate MB in the desired area, as schematically shown in Fig. 7a. 
The magnetic 昀椀eld induction in the trapping area was 370 mT (Fig. 7b). 

To demonstrate the MB magnetic entrapment, we pumped the MB 
suspension with an initial concentration of 4 × 108 MB/mL through the 
phantom capillary and imaged the MB movement using particle image 
velocimetry with and without an external magnetic 昀椀eld in昀氀uence 
(Fig. 7c). When the tweezers were turned off (“Tweezers OFF” in 
Fig. 7c), the MB velocity distributions followed Poiseuille laws, and the 
velocity vectors of the MB motion corresponded to the direction of 昀氀uid 
motion. After the magnetic 昀椀eld was activated (“Tweezers ON”), the 
direction of MB motion deviated from a straight motion along the liquid 
昀氀ow and began to be pulled toward the area where the tweezer tips were 
placed along the gradient of the magnetic 昀椀eld, resulting in the MB 
magnetic entrapment. After 3 min of magnetic 昀椀eld application, the 
magnetic capture target area was 昀椀lled with captured MB. 

To image the individual trajectories of a single MB, we diluted the 
MB suspension to a concentration of 1 × 108 MB/mL and applied MB 
motion analysis to 700 images at 114 fps. A representative image with 
trajectory analysis is shown in Fig. 7d. In each consecutive frame, in-
dividual MB were detected by bright moving objects (shown as red 
patterns in Fig. 7d) and dark moving objects (shown as blue patterns in 
Fig. 7d), and then plotted together. Further dilution of the MB suspen-
sion to a concentration of 1 × 105 MB/mL allowed us to image the 
frame–by–frame motion of three individual isolated magnetic MB in the 
segment highlighted in Fig. 7e. Differences in MB displacements may 
indicate the heterogeneous distribution of SPION in MB shells within a 
single MB population. 

The possibility of magnetic MB navigation to the region of interest 
under the magnetic 昀椀eld exposure was also demonstrated by 
co–incubation of a RenCa cells (mouse renal carcinoma cells) and MB. 
RenCa cell line was chosen as a cancerous model and one of adherent 
culture line that in ordinary conditions in vitro was opposite to MB 
(RenCa was on the bottom of Chambered Coverglass, MB was near the 
liquid-air surface of the culture media). RenCa cells were grown in 
opposite wells of Chambered Coverglass and later supplemented with 
SPION–functionalized BSA–pArg MB. BSA–RITC conjugate was incor-
porated into the MB shells for CLSM imaging. One well of Chambered 
Coverglass was left to incubate at room temperature without exposure to 
a magnetic 昀椀eld, and a permanent magnet was placed under the bottom 
of the other well. After 10 min of co–incubation, the Chambered Cov-
erglass was transferred to the CLSM and volumetric images were taken 
(from the bottom of the well, where the adherent culture was located, to 
the top liquid surface) (Figs. 8 and S9). Unlike polymeric particles or 
capsules of similar size that sediment in the liquid, MB are 昀椀lled with air 
and will therefore 昀氀oat to the air–liquid interface of a solution, making it 
highly unlikely that MB will be detected at the bottom of the well 
without external in昀氀uence (Fig. 8a). In contrast, MB can be navigated 
against buoyancy to the bottom of the Chambered Coverglass by 
applying an external gradient magnetic 昀椀eld (Fig. 8b). 

After magnetic localization of SPION–functionalized BSA–pArg MB 
at the bottom part of the Chambered Coverglass, we additionally 
examined MB interactions by RenCa cells over longer periods of time, as 
MB can degrade into particles or capsules by gas core dissolution or 
undergo cell uptake (Fig. 9). To distinguish MB and particles, it can be 
noted that in a bright昀椀eld mode MB have a dark core and a bright shell, 
while particles appear as bright objects of irregular shape (Fig. S10). In 
addition, the 昀氀uorescence of particles can be signi昀椀cantly higher than 
the 昀氀uorescence of the MB shell because particles are more likely to have 
a denser packing of components (including 昀氀uorescent labels) in their 

Fig. 8. In vitro magnetic navigation of SPION–functionalized BSA–pArg MB during co–incubation with RenCa cells. Scheme of the experiment and CLSM images of 
top, middle, and bottom parts of the well of Chambered Coverglass after 10 min of co–incubation of RenCa cells and magnetic MB (a) without and (b) with exposure 
to an external magnetic 昀椀eld. Corresponding 3D reconstructions of the CLSM images are shown in Fig. S6. 
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structure compared to the MB shell. In addition, slow dissolution of the 
MB air core followed by replacement by the surrounding liquid can 
result in capsules that do not have a dark core in the bright昀椀eld mode 
but retain a spherical shape and a slightly light shell preserved from 
intact MB (Fig. S10). 

After 1 h of co–incubation, the cells absorbed some MB (indicated by 
yellow arrows in Fig. 9). This is evidenced by the circular regions within 
the cell cytoplasm that lack Сalcein AM staining in the green channel. In 
addition, no 昀氀uorescence was observed in the red and blue channels. 
These circular areas retained a dark appearance surrounded by a small, 
bright shell in the bright 昀椀eld, corresponding to the MB air nucleus. Such 
intracellular structures were not seen in images of cells taken after 10 
min of co–incubation, as this time point was not suf昀椀cient enough for 
MB internalization. In contrast, when the particles (not MB) were 
internalized, the unstained Calcein AM region was 昀椀lled with a signal 
from the BSA–RITC conjugate (originally introduced in the MB shell 
composition). After 6 h of incubation, there were no areas inside the 
cells that showed no 昀氀uorescence in either the green or red channel 

corresponding to Calcein AM or RITC, respectively (Fig. 9). 
To demonstrate the advantages of magnetic MB co–localization with 

cells, SPION–loaded MB were prepared using BSA–Dox complex to study 
DOX–induced cytotoxicity on RenCa cells. The experimental design 
involved magnetic navigation of MB to the bottom of one of four glass 
chambers or groups of wells of a 96–well plate, compared to the group in 
which MB were allowed to 昀氀oat freely to the top. After 30 min of 
co–incubation of cells with MB, the 70 % portion of the culture medium 
was carefully removed from the top of all wells or chambers and 
replaced with fresh medium. The wells were then left for further anal-
ysis. Fig. 10a highlights the cytotoxic effect of DOX–loaded magnetic MB 
when the external magnetic 昀椀eld source was applied compared to the 
group treated with free–昀氀oating MB (without magnetic gradient) and 
control cells. Magnetic co–localization of MB and cells promoted a sig-
ni昀椀cant cytotoxic effect at 48 and 72 h after treatment, which is com-
parable to reports on US–mediated destruction of DOX–loaded MB 
[50,51]. Representative CLSM images obtained 30 min, 24, 48, and 72 h 
after treatment are shown in Fig. 10b, while corresponding bright昀椀eld 

Fig. 9. Interactions of SPION–functionalized BSA–pArg MB with RenCa cells at 10 min, 1 h, 2 h, and 6 h after magnetic co–localization. Cytoplasm was stained with 
Calcein AM (green channel), MB shell was stained with RITC (red channel), nucleus was stained with Hoechst (blue channel). Yellow arrows highlight events of MB 
uptake by cells with the preserved gaseous core. (For interpretation of the references to color in this 昀椀gure legend, the reader is referred to the web version of 
this article.) 
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micrographs are shown in Fig. S11. At the 30–minute time point, MB 
treated with an external magnetic 昀椀eld source were localized at the 
bottom of the chambered glass in proximity to cells (therefore, can be 
seen in Fig. S8), compared to cells that were free of any particles in the 
chamber for groups treated with MB alone or taken as control. PI 
staining was negligible at the 30 minute time point (Fig. 10b), indicating 
that the cell populations were viable immediately after treatment. 
However, cytotoxic activity appeared 24 h after treatment in the group 
where cells were co–localized with Dox–loaded MB, as indicated by a 
decrease in metabolic activity and an increase in PI staining combined 
with a decrease in the intensity of Calcein AM, as shown in Fig. 10a and 
b, respectively. A sharp decrease in the amount of viable cells for the 
magnetic co–localization group was observed at 48 and 72 h after 
treatment, highlighted by a drastic increase in PI staining and a reduc-
tion in the number of cells stained with Calcein AM. Interestingly, a 
slight decrease in the number of cells was observed in the MB alone 
group 48 h after treatment. We hypothesize that a partial release of Dox 
from the MB shells into the culture medium may occur, but such an 
effect did not show statistical signi昀椀cance (Fig. 10a). At the 72–hour 
time point, the number of viable cells and the intensity of Calcein AM 
cell staining for the free–昀氀oating Dox MB group were comparable to the 
control cells. 

Therefore, we demonstrated a successful SPION functionalization of 
BSA–pArg MB shells, which allowed us to perform in vitro magnetic 
navigation of modi昀椀ed MB both in a vascular mimicking phantom using 
magnetic tweezers and in co–incubation with RenCa cells by applying an 
external magnetic 昀椀eld. The advantages of such controlled localization 
and the ef昀椀cacy of suppressing cancer cell growth using MB containing a 
cytotoxic drug and SPION were demonstrated with in vitro experiments 
on RenCa cells. 

4. Discussion 

Ef昀椀cient and intense complexation of BSA + pArg was induced by 
heating a mixture of BSA and pArg solutions in a water bath and was 
con昀椀rmed by an increase in the optical density of the mixture (Fig. 1a–c) 
and the SEM observation of submicron–sized aggregates with moderate 
polydispersity (Fig. 1e), which is in line with current developments in 
protein–polymer complex–based nanoparticles aimed for drug delivery 
[52,53]. Similar temperature and pH conditions have been previously 
reported for the formation of BSA nanoparticles instead of amorphous 
aggregation of the protein [54]. We hypothesize that gentle preheating 
at 55 çC can slightly destabilize the secondary and local tertiary struc-
tures of BSA, facilitating electrostatic interactions with pArg and thereby 
promoting BSA + pArg complexation. The proposed mechanism is in 
agreement with the report on the complexation of BSA with poly-
saccharides [55]. Successful complex formation can be achieved within 
15 min, as observed by the relatively high optical densities of the 
complexes for all molecular weight distributions of pArg considered. 
Therefore, we considered this time point as optimal for further MB 
synthesis based on BSA + pArg complexes. 

After MB were synthesized by sonication as shown schematically in 
Fig. 2a, CLSM images con昀椀rmed the incorporation and uniform distri-
bution of BSA and pArg components into the MB shell (Fig. 2b). Mo-
lecular weight distributions of pArg showed an effect on MB 
physicochemical properties, including MB yield, mean diameter, shell 
thickness (Table 1), with the MB composition based on pArg [15–70 
kDa] showing the narrowest polydispersity, which may promote greater 

US response sensitivity compared to polydisperse counterparts [56,57]. 
While the mean diameters of plain BSA MB and BSA + pArg [15–70 kDa] 
MB were similar, allowing us to accurately compare their in vitro US 
B–mode echogenicity, pArg–modi昀椀ed MB had thicker MB shells 
(Table 1), which may indicate the role of pArg in promoting MB shell 
stability, as thicker MB shells are more dif昀椀cult to destroy by US [10,58]. 
Overall, BSA + pArg [15–70 kDa] MB exhibited the highest in vitro 
echogenicity compared to other pArg–based and plain BSA MB coun-
terparts, suggesting this sample as optimal for further consideration. 
Further in vivo observations of BSA–pArg MB echogenicity during mo-
tion in large vessels during B–mode US imaging (Fig. 5) con昀椀rmed the 
potential use of the proposed formulation as contrast agent for US 
imaging. 

Assessment of the metabolic activity of THP–1 cells co–incubated 
with BSA MB and BSA–pArg MB showed no signi昀椀cant cytotoxicity 
(Fig. 4c). Surprisingly, increase in the concentration of BSA MB per cell 
resulted in a slight increase in metabolic activity, but increase in the 
concentration of BSA–pArg MB resulted in a signi昀椀cant decrease in 
metabolic activity (compared to low concentrations for this MB 
composition). We hypothesize that one of the reasons for this is that MB 
shells can degrade into BSA + pArg aggregates during prolonged 
co–incubation with cell lines, as we observed later with RenCa cells 
(Fig. 9). 

Further modi昀椀cation of BSA–pArg MB with SPION, con昀椀rmed by 
SEM and cryoTEM images (Fig. 6b and d, respectively), as well as direct 
evaluation of a magnetic moment of individual MB trapped by optical 
tweezers, allowed us to magnetically navigate them in a controlled 
manner. At increased amounts of BSA–RITC conjugate incorporated in 
MB shells, SPION deposition could facilitate 昀氀uorescence quenching of 
the 昀氀uorophore (Fig. 6g), which correlates with previous reports on 
microcapsules loaded with SPION and 昀氀uorophores [49,59]. 

The magnetic moment values of individual MB were comparable 
with recently described values for magnetic lipid MB of 3 μm and 
polymeric capsules of 0.5 μm functionalized with SPION [29,34]. 
Thereby, we demonstrated in vitro MB magnetic navigation in the vessel 
mimicking phantom using magnetic tweezers (Fig. 7) and during 
co–incubation with RenCa cells (Fig. 8) by applied external magnetic 
昀椀eld. To our knowledge, this is the 昀椀rst example of magnetic navigation 
with shell–coated MB and magnetic tweezers. Together with a recent 
example of magneto–acoustic device implementation on MB [30], this 
opens up possibilities of SPION–functionalized MB direct manipulation 
with magnetic 昀椀elds, preserving their acoustic responsiveness. 

As demonstrated in Fig. 9, MB were able to internalize after 
magnetically induced co–localization of MB and cells. Presumably, MB 
retain their structure inside the phagocytic vesicle for a very short time, 
because after fusion with the lysosome, whose pH is in the acidic range 
[60], the MB shell packing tends to be destroyed under the action of pH 
and various enzymes. It correlated with the MB elimination detected 
during long–term monitoring of phagocytic Kupffer cells [61]. Along 
with MB, the cells were loaded with signi昀椀cant amounts of BSA + pArg 
particles derived from MB shells. Therefore, cells were able to inter-
nalize MB while maintaining MB shape, while the majority of MB shells 
were destroyed over time, and derived particles were more ef昀椀ciently 
taken up by cells. 

To demonstrate the therapeutic potential of magnetic MB 
co–localization with cells, we synthesized Dox– and SPION–loaded MB 
and conducted the experiment on the cytotoxic effect promoted by 
magnetic co–localization of such MB constructs and cells. The 

Fig. 10. Cytotoxic effect of DOX–loaded magnetic MB promoted by magnetic co–localization of MB and RenCa cells. (a) Metabolic activity of RenCa cells 24, 48 and 
72 h after the treatment initiation. The groups were divided into RenCa cells treated with Dox MB magnetic co–localization, freely 昀氀oating Dox MB without any 
magnetic 昀椀eld source applied, and control cells that received no treatment. (b) Corresponding CLSM micrographs taken 30 min, 24, 48, and 72 h after the treatment 
initiation. Blue color represents nuclear staining with Hoechst, green represents cytosol of viable cells stained with Calcein AM, red represents PI incorporation into 
nuclei of cells with damaged membranes. The magenta color corresponds to the overlay of blue and red colors. (*) indicates groups that are signi昀椀cantly different 
with p < 0.05 (one–way ANOVA with post hoc Tukey HSD test). The corresponding bright昀椀eld micrographs are shown in Fig. S11. (For interpretation of the ref-
erences to color in this 昀椀gure legend, the reader is referred to the web version of this article.) 
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experiment was aimed to mimic the effect of environmental renewal in 
vivo, such as in blood vessels. The complexation of Dox with BSA prior to 
MB synthesis is consistent with the recent report on maximizing 
anthracycline drug loading in albumin MB [62]. As shown in Fig. 10, 
magnetic co–localization of drug–loaded MB with cells induced a sig-
ni昀椀cant cytotoxic effect compared to groups of freely 昀氀oated MB (with 
no magnetic 昀椀eld gradient applied) and control cells. Such magnetic 
targeting strategy may be bene昀椀cial in reducing tumor cell growth by 
direct navigation of drug carriers [18,30,63], as well as reducing the 
known side effects of systemic administration of anthracyclines [64,65]. 

For further development, we envision that direct magnetic naviga-
tion of SPION-functionalized MB could potentiate molecular imaging 
and drug delivery approaches (where MB compositions would addi-
tionally include targeting ligands or therapeutic cargos), as well as 
vesicle separation strategies. 

5. Conclusions 

In summary, we demonstrated in vitro magnetic navigation with 
developed MB composition consisting of a hybrid BSA + pArg shell 
functionalized with SPION. We identi昀椀ed the optimal conditions for 
complexation of BSA and pArg of different molecular weight distribu-
tions followed by MB synthesis and showed that pArg of moderate 
molecular weight distribution [15–70 kDa] provided MB with enhanced 
shell stability, signi昀椀cant in vitro and in vivo acoustic response, and no 
cytotoxicity after 48 h of incubation with THP-1 cells. Once SPION were 
adsorbed on BSA + pArg MB shells, we calculated the magnetic moment 
values provided by individual MB and demonstrated the controlled 
magnetic navigation in a vessel mimicking phantom using magnetic 
tweezers and co-incubation with RenCa cell culture using an applied 
magnetic 昀椀eld gradient. After magnetic co-localization of SPION- 
functionalized MB and RenCa cells, several MB were able to inter-
nalize and retain their gaseous core for up to 2 h. The in vitro experi-
ments on RenCa cells demonstrated the effectiveness of MB containing a 
cytotoxic drug and SPION in suppressing cancer cell growth, showcasing 
the bene昀椀ts of controlled localization. Taken together, these results 
highlight the advantages of tuning MB shell composition by pro-
tein–polymer complex incorporation and magnetic navigation of SPION- 
loaded MB, which can be further used for US combined with magnetic 
resonance imaging, drug delivery, and extracellular vesicles isolation 
and magnetic/acoustic manipulation. 
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