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A B S T R A C T   

Modification of T-lymphocytes, which are capable of paracellular transmigration is a promising trend in modern 
personalized medicine. However, the delivery of required concentrations of functionalized T-cells to the target 
tissues remains a problem. We describe a novel method to functionalize T-cells with magnetic nanocapsules and 
target them with electromagnetic tweezers. T-cells were modified with the following magnetic capsules: Parg/ 
DEX (150 nm), BSA/TA (300 nm), and BSA/TA (500 nm). T-cells were magnetonavigated in a phantom blood 
vessel capillary in cultural medium and in whole blood. The permeability of tumor tissues to captured T-cells was 
analyzed by magnetic delivery of modified T-cells to spheroids formed from 4T1 breast cancer cells. The dy-
namics of T-cell motion under a magnetic field gradient in model environments were analyzed by particle image 
velocimetry. The magnetic properties of the nanocomposite capsules and magnetic T-cells were measured. The 
obtained results are promising for biomedical applications in cancer immunotherapy.   

Background 

According to the World Health Organization (WHO), cancer is the 
second leading cause of death.1 Researchers in cancer therapy are con-
fronted with problems with anticancer drugs such as their poor solubi-
lity and stability, unwanted toxicity, and/or inability to penetrate cell 
membranes.2–4 These problems have led to the development of various 
drug delivery systems. The rapid progress in nanotechnology has made it 
possible to incorporate several therapeutic, sensory, and target agents 
into nanoparticles (liposomes, viruses, quantum dots, etc.) with various 
size ranges, giving hope for the detection, prevention, and treatment of 
cancer. The success of these particles depends largely on the choice of 
suitable design parameters to overcome the physicochemical limitations 
of free drugs (i.e., solubility and stability) and biological barriers to 
targeting (i.e., target deposition).5,6 Polymeric multilayered nano- and 
microcapsules are promising systems that usually consist of core–shell 
structures. In these structures, drugs and/or contrast agents can be 
loaded both in the core and in the shell, which makes it possible to 
achieve sufficiently high drug loading and to functionalize the 

surface.7–18 

Although synthetic drug carriers are being intensely developed for 
many applications, it is still important to investigate natural particles 
(both pathogens and mammalian cells), because they have their own 
delivery mechanisms.6,8,19 Researchers will attempt to mimic or modify 
these carriers to deliver various therapeutic payloads that include DNA, 
vaccines, peptides, and/or proteins and small molecules.11 Currently, 
work is underway to use stem cells, mesenchymal cells, phages, and 
dendritic cells, among others, as such systems.8,20 

Of particular interest is the functionalization of immune cells with 
magnetite-containing particles, which makes it possible to combine the 
target properties of these cells in tissue homing with payloads made of 
synthetic materials.21 This approach allows precise localization of 
modified lymphocytes with particles in the desired area by using a 
magnetic field gradient,22 thereby increasing the efficiency of therapy 
for transferred cells. At present, studies using magnetically guided 
lymphoid cell delivery to treat cancer and autoimmunity are very 
limited and this area remains unexplored in detail. However, manipu-
lating highly motile effector lymphoid cells, such as T or natural killer 

* Corresponding author at: Skolkovo Institute of Science and Technology, Moscow 121205, Russia. 
E-mail address: anatolii.abalymov@gmail.com (A. Abalymov).  

Contents lists available at ScienceDirect 

Nanomedicine: Nanotechnology, Biology, and Medicine 
journal homepage: www.sciencedirect.com/journal/nanomedicine-nanotechnology- 

biology-and-medicine 

https://doi.org/10.1016/j.nano.2024.102742 
Received in revised form 7 February 2024;    

mailto:anatolii.abalymov@gmail.com
www.sciencedirect.com/science/journal/15499634
https://www.sciencedirect.com/journal/nanomedicine-nanotechnology-biology-and-medicine
https://www.sciencedirect.com/journal/nanomedicine-nanotechnology-biology-and-medicine
https://doi.org/10.1016/j.nano.2024.102742
https://doi.org/10.1016/j.nano.2024.102742
https://doi.org/10.1016/j.nano.2024.102742
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nano.2024.102742&domain=pdf


Nanomedicine: Nanotechnology, Biology, and Medicine 57 (2024) 102742

2

(NK) cells, for targeting and accumulation in areas such as inflamed 
lymph nodes or solid tumors may be a promising approach to the 
therapy and visualization of metastases and tumor cells (if a contrast 
agent is included in the capsule structure).23,24 

Magnetic targeting of T-lymphocytes revolutionizes immunology 
with versatile applications. In cancer immunotherapy, it enhances T-cell 
infiltration into tumor microenvironments, optimizing therapeutic 
impact while minimizing systemic effects.25 Adoptive T-cell therapy 
benefits from improved homing to lymphoid organs, augmenting in-
teractions with antigen-presenting cells for enhanced efficacy.26 Preci-
sion delivery of immunosuppressive agents via magnetic guidance 
proves effective in autoimmune diseases, concentrating regulatory T- 
lymphocytes at sites of inflammation.27 In vaccine development, tar-
geted antigen presentation improves vaccine efficacy by concentrating 
antigen-presenting T-lymphocytes in lymph nodes.28 For infectious 
diseases, magnetic targeting concentrates T-lymphocytes at infection 
sites and guides them to viral reservoirs for effective clearance. In organ 
transplantation, graft rejection is potentially reduced through the 
modulation of immune responses at the graft site. Immunomagnetic 
imaging allows real-time monitoring of T-cell trafficking, providing 
valuable insights into the dynamics of immune responses.29 These ap-
plications collectively position magnetic targeting as a powerful tool in 
immunobiomedical sciences, with ongoing refinements paving the way 
for translational success. 

We hypothesize that lymphocyte cells in a magnetic field can be 
effectively controlled with polymeric magnetic capsules, which do not 
penetrate these cells but instead remain on their surface. In addition, we 
devised a method for making nanoscale magnetic polymer capsules and 
a system for targeting cells with magnetic tweezers. The aims of this 
work were to develop new composite materials and a technique for the 
adsorption of these materials on the T-lymphocyte membrane surface 
and to develop a technique for magnetic cell targeting by using a mag-
netic field in a complex medium such as whole blood under flow con-
ditions. To study biological effects, we made detailed cell studies, 
including analysis of toxicity, cell cumulation, adhesion to the cell sur-
face, and the possibility of capsule transfer from lymphocyte cells to 
cancerous tumors, represented by cell spheroids. 

Methods 

Preparation of magnetic nanocomposite capsules (MNCs) 

The synthesized CaCO3 particles were used as templates to make 
MNCs. CaCO3 cores were loaded by the novel freezing-induced loading 
(FIL) technique,30 by using a TetraQuant R-1 minirotator (TetraQuant, 
Russia). In short, 1 mL of CaCO3 particles was mixed with 1 mL of a 
suspension of magnetic nanoparticles. The mixture was freezed under 
constant mixing at − 20 ◦C for 2 h. After being thawed, the sample was 
centrifuged at 8000 rpm for 2 min and was washed three times with DI 
water. The MNC shell consisted of two bilayers of PARG and DEX or two 
bilayers of BSA and TA (Fig. 3). Next, the CaCO3 cores were dissolved 
with 0.2 M EDTA in the case of PARG/DEX MNCs or with 0.1 M HCl in 
the case of BSA/TA MNCs; this gave rise to polymeric MNCs. After each 
adsorption step and after the dissolution of the cores, the capsule sus-
pension was purified by centrifugation (8000 rpm, 1 min) and was 
double washed with 2 mL of DI water. To obtain 150-nm particles, we 
incubated 300-nm capsules in a thermal shaker at 90 ◦C for 1 h with 
constant stirring. 

Cell culture 

Jurkat cells were cultured in RPMI media supplemented with 10 % 
fetal bovine serum and penicillin/streptomycin. 4T1 cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 
% fetal bovine serum, penicillin/streptomycin, and 4.5 g/L of glucose. 
The media for both cultures were replaced every 3 days, and the cells 

were maintained in a humidified incubator at 5 % CO2 and 37 ◦C. 

Cell binding to MNCs 

Cells (106 cells/mL) were placed in a test tube in 1 mL of the culture 
medium. Capsules were added at 100 MNCs/cell. Then, the tube was put 
on a rotating panel and placed in an incubator for 2 h. The suspension 
was centrifuged at 300 rpm for 3 min, and the supernatant liquid was 
replaced with a fresh culture medium. 

Optical setup for lymphocyte imaging 

Fig. 1A shows a schematic representation of the experimental setup 
used for blood cell visualization and for magnetic trapping of func-
tionalized lymphocytes in a phantom capillary. The lymphocytes sus-
pended in the cell medium and those suspended in the whole blood 
stream were magnetically guided with electromagnetic tweezers, as 
shown in Fig. 1B and C, respectively. 

An optical system for blood cell imaging was constructed on the basis 
of a self-made inverted microscope that consisted of an M Plan Apo NIR 
10×/0.27 microscope objective (Mitutoyo, Japan), a tube lens with a 
focal length of 200 mm (Thorlabs Inc., Germany), and an acA2040- 
120um monochrome CMOS image sensor (Basler AG, Germany). Func-
tionalized magnetic lymphocytes were stained with calcein (Sigma-
–Aldrich) to enable their imaging in the whole blood flow. The 
fluorescence of the stained lymphocytes was excited with a continuous 
laser light source (OXlasers, China; 488 nm, 80 mW) and opto-
mechanical components to deliver the laser light through the micro-
scope objective. For this purpose, the laser light was guided coaxially 
into the optical path of the microscope setup by using two mirrors (M1 
and M2) and a long-pass dichroic mirror (D1) with a cut-off wavelength 
of 500 nm (Fig. 1A). A laser beam with a diameter of 8 mm was focused 
in the rear focal plane of the objective by using an achromatic doublet 
with a focal length of 150 mm for the uniform illumination of the 
sample. Additionally, a dichroic emission filter was placed in front of the 
microscope tube lens for the fluorescence imaging of lymphocytes. All 
image sequences were recorded at 114 fps. The exposure time was 5 ms, 
and the resolution of each micrograph was 2040 × 1536 pixels. 

Phantom capillary 

The phantom glass capillary had a rectangular cross section with 
plane-parallel faces to avoid unwanted overreflections on the rounded 
edges. The capillary had the following dimensions: capillary length, 20 
mm; inner channel height, 0.2 mm; inner channel width, 2.68 mm. The 
capillary was prewashed with heparin and was attached to the edge of 
the microscope slide with 3D printed clamps. 

Magnetic tweezers 

These consisted of two electromagnets (Fig. 1A), representing in-
duction coils 70 × 45 mm in size with steel concentrators 120 mm long 
and 12 mm in diameter, pointed at one end and interconnected at the 
other with a jumper of the same material to form the southern and 
northern poles. Each coil consisted of 2000 turns of copper wire with a 
diameter of 0.5 mm and was powered by an individual laboratory power 
supply (30 V and 1 A), with opposite polarity for greater efficiency. One 
of the electromagnets was mounted on the rotary stage to allow precise 
adjustment of the gap between the two concentrators, the size of which 
was 2 mm. 

The maximum induction of the magnetic tweezers was 0.4 T and the 
magnetic field gradient G was 1000 G cm− 1 (Fig. 1D). 

G = ΔB/ΔS, (2)  

where B is the magnetic flux density and S is the distance. 
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Results 

The carriers for lymphocyte modification were polymeric MNCs, 
prepared by layer-by-layer polymer deposition. This technology ensures 
high loading of both drugs and magnetic nanoparticles for control under 
the influence of a magnetic field, because it becomes possible to use both 
core volume and shell capsules.13,17,18 In addition, the FIL technology, 
developed by our group, affords even higher loading levels both in the 
core and in the shell.30 In search of the optimal size for lymphocyte 
modification, 150-, 300-, and 500-nm MNCs were prepared. Fig. 2A 
shows the scheme for MNC preparation. 

Nanoparticles of 500 nm were synthesized in a glycerol solution, and 
those of 300 nm were prepared in an 85 % ethylene glycol solution 
(Fig. 2A, Step 1). Then, SPIONs were loaded into CaCO3 particles by the 
FIL method (Fig. 2A, Step 2).30 The average size of the SPION, as 
measured by transmission electron microscopy (TEM) and dynamic light 
scattering (DLS), was 7 ± 2 nm. The iron concentration was 1.06 ± 0.03 
mg/mL. The TEM image, size, and z-potential of the SPIONs are shown 
in Fig. S1. After that, the composite CaCO3/SPION particles were coated 
with BSA–Cy5/TA (for 500- and 300-nm particles) and PARG–Cy5/DEX 
(only for 150-nm particles) (Fig. 2A, Step 3). Finally, the dissolution of 
the CaCO3 cores yielded polymeric magnetic microcapsules of 500 and 
300 nm (Fig. 2A, Step 4). The 300-nm capsules were thermally com-
pressed to obtain 150-nm ones (Fig. 2A, Step 5). As shown in Fig. 2A, the 
PARG/DEX polymers were chosen for 150-nm particles because the 
BSA/TA capsules degraded when exposed to 90 ◦C for 1 h.31 

The results of SEM, DLS, and magnetometer investigations are shown 
in Fig. 2B–F. The z-potential of the capsules for 150, 300 and 500 nm 
capsules was − 21 ± 1 mV, − 17 ± 2 mV, − 18 ± 2 mV, respectively. 

The MNCs were visualized by SEM (Fig. 2B–D). Fig. 2B shows that 
the 150-nm MNCs appear denser after thermal shrinkage, which is 
consistent with our data obtained for 250-nm MNCs made from 500-nm 
MNCs.31 The size distribution (150, 300, and 500 nm) obtained by DLS is 
shown in Fig. 2E. The concentrations of magnetic nanoparticles in the 
capsules were 0.28, 0.3, and 0.32 pg/capsule for 150-, 300-, and 500-nm 
MNCs, respectively. 

The magnetic properties of the MNCs were evaluated with a 
magnetometer and optical tweezers. Fig. 2F shows that MNCs of all three 
sizes have similar magnetic properties, which can be explained as fol-
lows. (1) When the particles were loaded by the FIL method, we loaded 

the same amount of SPIONs into the 500- and 300-nm MNCs. (2) The 
difference in size between the capsules was relatively small. All hys-
teresis loops show superparamagnetic behavior, as expected for mag-
netic nanoparticles of this size. The results obtained with the optical 
tweezers are presented in Table S1. 

We can see that the magnetic moments of the SPIONs are 2.0 ± 0.6, 
1.3 ± 0.4, and 2.2 ± 0.3 fA/m2 for 150, 300 and 500 nm, respectively. 

We next developed a protocol for MNC adsorption on the surface of 
the T-lymphocyte cells (Fig. 3). We used the Jurkat cell culture, which is 
a widely applied and easy-to-handle model of human T-lympho-
cytes.23,32 The most successful adsorption method was to mix 2⋅106 cells 
with 2⋅108 MNCs in 1 mL of the culture medium for 2 h in a culture 
incubator. After that, it was important to remove unadsorbed MNCs 
from the solution. To do this, we used centrifugation at low rotor speed 
(300 rpm, 3 min). At such low speeds, no MNCs sedimented; yet, the 
cells sank to the bottom, which enabled us to separate cells with MNCs 
adsorbed on their surface from unadsorbed MNCs. 

The viability of cells in the presence of MNCs was determined by 
using PrestoBlue fluorescent dye (Fig. 3B–C). Initially, we had to be sure 
that cell viability was not altered in the presence of MNCs. For this 
purpose, there was no adsorption of MNCs on the cell surface; instead, 
MNCs were simply added to the cells in a 96-well plate. The results 
showed that even at high MNC concentrations (500 MNCs/cell), there 
was no statistically significant reduction in survival (Fig. 3D). 

It was also important to be sure that the adsorption of MNCs on the 
cell surface and subsequent magnetism did not affect cell survival. To do 
this, MNCs were adsorbed on T-lymphocytes, as described earlier 
(Fig. 3A). The test results showed that after magnetization, a slight 
decrease in cell survival was observed only for MNCs with a size of 150 
nm (91 %). 

For qualitative assessment of the MNC–lymphocyte interaction, we 
used confocal fluorescence microscopy. For this purpose, the cells were 
stained with the intravital dye Calcein Am, which stains the cytoplasm of 
only living cells. Fig. 3D shows the confocal images of cells for all three 
sizes of MNCs. As can be seen from Fig. 3D, 150-nm MNCs not only can 
be located on the membrane surface but also can be taken up by 
lymphocyte cells, which is confirmed by the orthogonal projection. This 
effect may explain the slight decrease in survival after magnetization 
owing to the damage to the cell membrane. Yet, the penetration of 150- 
nm MNCs into lymphocytes is an interesting fact. It is known from the 

Fig. 1. (A) Experimental setup for imaging and magnetic trapping of functionalized lymphocytes using magnetic tweezers. Schematic representations in (B) depict 
trapping in DMEM and (C) in whole human blood. The blue dotted line denotes the imaging system’s field of view, while white ovals represent lymphocytes and pink 
ovals denote erythrocytes. (D) presents the B-field versus distance from the magnet tips, with measurements conducted at 22 ◦C. 
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literature that lymphocytes have no phagocytic function, which makes it 
much more difficult not only for capsules but also for nanoparticles to 
get inside the cells. Previous experiments have shown that unmodified 
MNCs accumulate on the cell membrane even after 2 h of coincubation 
but do not penetrate inside;33 however, modification of their surface 
enables them to penetrate the cells.34,35 

We used two methods to evaluate the adsorption of MNCs on the cell 
membrane. One was the cumulative probability calculation method. To 
do this, we used confocal microscopy images (Figs. 4A, S2A). The cu-
mulative probability graph shows that MNCs with a size of 300 nm 
absorbed the best on the cell surface (Figs. 4B, S2B). MNCs with a size of 
150 nm absorbed the worst, and 10 % of the cells from the total number 
did not have particles on their surface, which may indicate a poor 
linkage between the T-lymphocyte membrane and dextran sulfate (the 
last layer of the 150-nm MNCs). These data confirm the results of flow 
cytometry (Fig. 4C–F). The plot with the 150-nm particles shows a large 
cloud of points that are free particles (18.21 % ~ 3642 MNCs for 2⋅105 

events) (Fig. 4D). MNCs of 300 nm bound to the capsules better (94.08 % 
of the objects that have double fluorescence) (Fig. 4E). On the basis of 
the data from magnetometry, flow cytometry, and fluorescence 

microscopy, we conclude that 300-nm MNCs are the most promising, 
because they best connect to the surface of the lymphocytes and their 
magnetic properties do not statistically differ from those of other cap-
sules. It is also important to note that 300-nm capsules do not penetrate 
inside the cells, which does not violate the integrity of their membranes 
and does not affect their properties. 

When a magnetic field is used in lymphocyte control, it is important 
to know that magnetization of cells is possible in a flow whose velocity 
corresponds to that of the fluid flow in in vivo systems. The system can 
be called successful if we can control the motion of cells in the flow and 
keep them at the desired sites with a magnetic field both in the cellular 
environment and in whole blood. This makes the task much more 
difficult, because in the presence of blood form elements in the flow, the 
sail effect may complicate the magnetization of cells in the moving fluid. 
For this purpose, we developed a system consisting of a capillary and a 
syringe pump that enabled the motion of not only cell medium but also 
whole blood. 

After that, we used the previously described system (Fig. 1A) to see 
whether it was possible to capture the modified lymphocytes in a 
magnetic field. Lymphocytes moved along the capillary in a flow of the 

Fig. 2. (A) Schematic representation of MNC preparation. (B–D) SEM images of (B) 150-, (C) 300-, and (D) 500-nm MNCs. Scale bar is 500 nm. (E) Sizes of the MNCs 
prepared by DLS. (F) Normalized hysteresis loops for water suspensions of various MNCs. 

A. Abalymov et al.                                                                                                                                                                                                                              



Nanomedicine: Nanotechnology, Biology, and Medicine 57 (2024) 102742

5

culture medium (Fig. 5A, C and E). After the beginning of the motion, 
magnetic tweezers were switched on, which attracted the cells to the 
capillary wall through the magnetic field (Fig. 5B, D and F). As seen from 
the figure, after 10 min of magnetization, the results are very different. 
In the case of 150-nm MNCs, the cells have very weak magnetization and 
are practically not entrapped by the magnetic tweezers (Fig. 5B). In the 
case of 300- and 500-nm MNCs, one can observe the formation of cell 
colonies on the capillary surface, which indicates that the cells can be 
captured. However, the number of cells modified by the 300-nm cap-
sules on the surface of the capillary is much higher, indicating the 
possibility of capturing cells not only at the walls of the capillary but also 
from the center, where the flow speed is higher (Fig. 5B). Then, to 
simulate the magnetic trapping of the cells in blood vessels, we used 
300-nm MNCs, which performed the best in our preliminary 
experiments. 

At first, the functionalized lymphocytes were resuspended in DMEM 
and were pumped through this capillary (Fig. 6A–D). In all experiments, 
the flow rate of the liquid pumped through the capillary was 1 mm/s. 
After that, sequential microphotographs of the motion of functionalized 
lymphocytes through the model capillary without magnetic field acti-
vation were recorded for 5 min. Then, the magnetic tweezers were 
activated and the lymphocytes were magnetically captured for 10 min. 

As shown in Fig. 6B, after activation of the magnetic tweezers, a zone 
with trapped lymphocytes was formed in the near-wall area of the 

capillary, where the tweezer tips were located. The lymphocytes were 
captured from the flow through their motion along the magnetic field 
gradient toward the tweezer tips. PIV analysis (Fig. 6C) indicated that 
cell flow motion before tweezer activation was uniform, straightfor-
ward, and parallel to the capillary wall. After the magnetic tweezers had 
been activated, the direction of lymphocyte motion changed from that 
straight along the DMEM flow to that toward the tweezers, including 
against the flow direction (Fig. 6D). Because the rate of motion of 
functionalized lymphocytes under a magnetic field was, on average, two 
times higher than the rate of blood flow through the capillary and 
because the lymphocytes in the flow were unevenly distributed owing to 
the effect of the magnetic gradient, there were cell-free zones in the 
optical system’s field of view, corresponding to the low-velocity areas on 
the PIV map. Similar effects have also been described in our previous 
work.36 

For evaluating the possibility of capturing modified lymphocytes 
from the blood stream while they move through the blood or lymphatic 
vessels, functionalized lymphocytes were dispersed in whole blood and 
then pumped through the phantom capillary (Fig. 6E–L). The bright- 
field microscopy images of the flow of functionalized lymphocytes 
mixed with whole blood are presented in Fig. 6E–H. As can be seen, it 
was difficult to detect targeted cells in whole blood, but the magnetic 
motion of the lymphocytes created enough brightness fluctuations, so it 
was possible to visualize changes in the direction of lymphocyte motion 

Fig. 3. (A) Scheme for the loading of T-lymphocytes with MNCs. (B–C) Results of experiments on lymphocyte survival during (B) co-incubation with particles and (C) 
after binding of cells to MNCs. (D) Confocal images of cells, with MNCs present on the cell membrane and into the cells. 
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through PIV analysis (Fig. 6G–H). 
We next analyzed the fluorescence images of calcein-stained lym-

phocytes in the whole blood flow before (Fig. 6I) and after (Fig. 6J) 
tweezer activation. Because functionalized lymphocytes are not evenly 
distributed in whole blood, the velocity vectors on the PIV maps will not 
be evenly distributed in their values. In Fig. 6J, L, the area of captured 
lymphocytes is marked in gray with an overlay of transparency. The 
fluorescence in this region is less owing to the high cell density in this 
region along with the large number of iron oxide particles, which 
quench cell fluorescence. 

Three-dimensional cell systems (e.g., organoids and spheroids) can 
be excellent models for tumors in vitro.37,38 Such models make it 
possible to ensure that with a magnetic field, we can provide contact 

between tumor cells and particles in the case of cell-mediated delivery of 
molecules⸻that is, to ensure that T-cells contact tumor cells, if we 
consider this system as a magnetic-mediated cell therapy. For this pur-
pose, we formed spheroids from 4T1 cells, which are breast cancer cells 
and represent an in vitro tumor model. 

Fig. 7A shows the design of an experiment on the magnetic delivery 
of T-cells functionalized with submicron-sized MNCs to target cell 
spheroids, with subsequent transfer of these MNCs from the T-cells to the 
target cell spheroids. A hole with a diameter of 4 mm was formed in a 
plastic cuvette in one of the measuring sides at a distance of 1.5 mm from 
the open end. After that, 1 mL of DMEM was added to the cuvette and 
two cell spheroids were placed in one of the two corners at the base of 
the cuvette opposite to the corners adjacent to the side of the cuvette 

Fig. 4. (A) Confocal images of T-lymphocyte cells with MNCs. Arrows point to MNCs on the cell surface. (B) Fitting of the cumulative probability curves. (C) Example 
of cytometry results for the detection of MNCs on the T-cells surface. (D–F) Flow cytometry after absorbance of (D) 150-, (E) 300-, and (F) 500-nm MNCs on the 
cell membrane. 

Fig. 5. Magnetic capture of lymphocytes functionalized with (A–B) 150-, (C–D) 300-, and (E–F) 500-nm MNCs in a DMEM flow before and after 10 min of 
magnetization by electromagnetic tweezers. 
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with the formed hole. The cuvette was closed with the cap and fixed on 
the microscope stage with the hole upward. Then, magnetic tweezers 
were placed in the area where the spheroids were located at a distance of 
2 mm from them. 

After that, 100 μL of a suspension of T-cells functionalized with 106 

cells/mL of MNCs was added through the formed hole in the cuvette by 
using a micropipette. The magnetic field of the electromagnetic tweezers 
was activated, and the motion of T-cells with MNCs toward the spheroid 
was recorded with 114 fps. The T-cells with MNCs in the area of the 
cuvette with cellular spheroids were magnetically localized for 5 min. 
The dynamics of the T-cells under a gradient magnetic field were visu-
alized on a handmade inverted transmitted light microscope with a Zeiss 
A-Plan 5×/0.12 objective, as shown in Fig. 7A. The bright-field image of 
a cell spheroid with magnetically attracted T-cells with 300 nm MNCs is 
presented in Fig. 7B. The two large black spherical objects in the left half 
of the frame are a pair of cell spheroids, and the smaller spherical pat-
terns shown in Fig. 7B are T-cells, whose color [black (out of focus) or 
white (in focus)] depends on their localization relative to the objective’s 
focal plane. 

Fig. 7C shows the velocity distribution field of the MNC- 

functionalized T-cells under the effect of the magnetic field. T-cell ve-
locities were measured through PIV analysis in 1000 consecutive frames. 
The size of the interrogation regions of PIV analysis was 30 × 30 pix 
each. The velocity map of the T-cells shows that their motion was or-
dered along the magnetic field gradient in the direction of the magnetic 
tweezers’ location. 

We used fluorescence and confocal microscopy to study spheroids 
after remagnetization of T-lymphocytes. A cuvette with spheroids and 
magnetic T-lymphocytes was transferred to an Operetta CLS confocal 
microscope. At this step, we visualized capsules on the spheroid surface. 
Fig. 7D clearly shows a large accumulation of MNCs (Cy5, red fluores-
cence) at the periphery of the spheroid, confirming the successful 
remagnetization of the T-lymphocytes. Fig. 7E, F shows that the pres-
ence of lymphocytes on the surface is mediated precisely by remagne-
tization with MNCs. In the analyzed segment of the spheroid section in 
Fig. 7F, we can see how the MNCs are distributed as a layer on the 
surface of the T-cells. After the T-cells are localized on the cell spheroid, 
some MNCs are transferred to the surface of this spheroid, which is 
represented as areas of red fluorescence of MNCs Cy5 between the green 
fluorescence of the T-cells and the blue fluorescence of the spheroid in 

Fig. 6. Magnetic capture of functionalized lymphocytes in both DMEM and whole blood flows using electromagnetic tweezers. Panels (A–D) show bright-field 
microscopy images and particle image velocimetry (PIV) maps of lymphocytes in DMEM flow (A, C) before and (B, D) after tweezer activation. (E–H) Images 
and maps for lymphocytes magnetonavigation in whole blood flow (E, G) before and (F, H) after tweezer activation. (I–L) Additional fluorescence microscopy images 
in panels highlighting magnetoresponsive lymphocytes (I, K) before and (J, L) after tweezer activation. 
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the right part of Fig. 7F. This confirms the transfer of 300-nm MNCs from 
the surface of the T-cells to the cell spheroid through the action of the 
magnetic field gradient. 

Discussion 

The presented study on MNCs for lymphocyte modification and 
magnetic manipulation encapsulates a significant stride in the realm of 
nanomedicine. The meticulous exploration of three MNC sizes reflects a 
strategic approach, aligning with the ongoing pursuit of optimal di-
mensions for nanocarrier efficiency. This sizing strategy finds resonance 
in existing literature where tailored nanocarriers have demonstrated 
superior cellular interactions.39,40 

The observed biocompatibility of T-lymphocytes in the presence of 
MNCs, even at heightened concentrations, reinforces the promise of 
these nanocarriers for maintaining cell integrity—a pivotal requirement 
in biomedical applications.41,42 The intriguing capability of 150-nm 
MNCs to penetrate lymphocytes introduces a novel facet, positioning 
these nanocarriers as potential intracellular delivery agents. This unique 
feature diverges from traditional carriers, pointing toward emerging 
trends in intracellular drug delivery strategies.43,44 Comparatively, the 
superior binding efficiency of 300-nm MNCs to T-lymphocyte mem-
branes underscores the critical importance of surface interactions in 
cellular targeting. This finding aligns with existing literature, empha-
sizing the nuanced influence of nanocarrier characteristics on surface 
binding and subsequent cellular responses.45 

Тhe successful simulation of lymphocyte magnetization in a dynamic 
flow system, particularly the adept manipulation observed with 300-nm 
MNCs, brings these nanocarriers into the forefront of applications in 

dynamic biological environments. This controlled motion holds promise 
for addressing challenges posed by physiological flows—an essential 
consideration for in vivo applications.46,47 Drawing on comparative 
insights, the capability of 150-nm MNCs to penetrate lymphocytes and 
the superior surface binding efficiency of 300-nm MNCs highlight the 
versatility and tunability of these nanocarriers for specific applications. 
This aligns with the evolving landscape of nanomedicine where tailoring 
nanocarriers to specific cell types and physiological conditions is pivotal 
for translational success.48,49 

Looking ahead, the observed efficacy in simulated flow systems 
provides a springboard for in vivo applications. Future studies could 
delve into the behavior of MNC-functionalized lymphocytes in complex 
biological milieus, addressing challenges posed by blood flow and dy-
namic cellular environments. The optimization of MNC size and surface 
modifications emerges as a critical avenue for advancing these nano-
carriers toward clinical translation. In conclusion, the discussion eluci-
dates the multifaceted potential of polymeric MNCs, emphasizing their 
role in targeted drug delivery, magnetic manipulation of immune cells, 
and the evolving landscape of nanomedicine. The results pave the way 
for future investigations, contributing to the continuous refinement of 
nanocarrier design and application in biomedical contexts. 

In summary, an advanced drug delivery system centered on T-cells 
modified with magnetic nanocapsules was developed, showcasing their 
maneuverability using electromagnetic tweezers within controlled en-
vironments. The investigation involved a thorough examination of 
capsules ranging from 150 to 500 nm in size, with the aim of identifying 
the optimal configuration for lymphocyte modification. Among these 
sizes, 300-nm MNCs emerged as the ideal candidates for efficient 
modification and transfer of lymphocytes. Functionalized lymphocytes 

Fig. 7. Demonstration the magnetically controlled incorporation of functionalized T-cells into cell spheroids using magnetic tweezers. (A) Scheme of experimental 
setup for in vitro magnetic delivery of T-cells to targeted spheroids in a phantom channel. (B) displays a bright-field image of spheroids in a T-cell flow. (C) Particle 
image velocimetry (PIV) visualization of magnetically affected T-cells in the magnetic field gradient. (D) depicts overlap of bright-field and fluorescence microscopy 
of a 4T1 spheroid and 300-nm fluorescent MNCs. (E–F) Fluorescence microscopy images of a 4T1 spheroid with delivered T-cells. 
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were successfully magnetically captured in simulated blood flow sce-
narios, illustrating their potential as versatile drug carriers, particularly 
in targeted cancer therapy applications. 
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