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Investigation of the dynamics of drug delivery systems by electron and

optical microscopy
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Microscopy methods of different resolutions were used to record the dynamics of the following processes

occurring with drug delivery systems (DS) in vitro and ex vivo: 1) a time change in the structure of DS

of the antitumor antibiotic doxorubicin based on particles of porous calcium carbonate vaterites doped with

polyanion dextran sulfate and hydroxyapatites under the influence of blood plasma (evaluated using a scanning

electron microscope); 2) an increase in five times the size of alginate granules — potential carriers of wound

healing drugs — in the medium of exudate (wound fluid) (observed in an optical microscope); 3) spatial

distribution of fluorescently labeled protein in the volume of particles of porous CaCO3 vaterite (presented in

the form of optical slices obtained using a laser scanning confocal microscope); 4) the effect of doxorubicin

concentration increasing to 2 µg/ml, encapsulated in porous vaterite particles, on dermatocarcinoma A431 cells,

cell death after four days in a nutrient medium with DS (studied using a light inverted microscope); 4)
interaction of DS with macrophage cells obtained from the human leukemia monocyte cell line THP-1 MF and

their uptake of DS after 24 h of joint incubation (demonstrated using an optical microscope with fluorescence

detection).
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Introduction

Microscopy methods with different resolutions are used

to determine the parameters of drug compound deliv-

ery systems (DS). Scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and atomic force

microscopy (AFM) can characterize the size, morphology,

porosity, and surface structure of objects [1]. Laser

scanning confocal microscopy (LSCM) is used to detect

the presence and position of DS components labeled with

fluorochromes [2,3]. Obtaining information about the

structures of various delivery systems is a necessary step

to understand their functioning in the body. The use of

electron and optical microscopy methods helps to evaluate

the effectiveness of delivery systems.

The main object whose behavior in vitro and ex vivo has

been studied using microscopy of different resolutions are

drug delivery systems based on calcium carbonate (CaCO3).
They are widely used in healthcare [4,5]. Delivery systems

protect drug compounds from the effects of the body’s

environment, prolong their release and, thus, allow large

concentrations of drugs to be administered without fear

of overdose. There are three morphological modifications

CaCO3 that are clearly distinguishable using SEM —
spherical porous vaterites, nonporous calcites and aragonites

that transform into each other under different conditions.

There are several options for including drug compounds

in vaterites: co-precipitation, diffusion, centrifugation. The

morphological uniformity of delivery systems affects the

amount of loading of biologically active substances. For

example, the loading of proteins in DS by the method of

co-precipitation at a maximum of 100% vaterite content,

an increase in the part of calcites in the carriers reduces

the loading of [6]. The LSCM method demonstrates

the presence of fluorochrome-labeled proteins in DS from

CaCO3vaterites coated with a multilayer polyelectrolyte

shell, also with labeled polymers [3].

In the process of diffusion loading of the anticancer drug

doxorubicin (DOX) in the form of hydroxide, a partial

transformation of the carrier structure occurs. It was

shown using SEM that when DOX is loaded into vaterites

CaCO3, the latter dissolve with subsequent recrystallization

into the form of non-porous calcites due to the increased

acidity of the medium, while the amount of DOX included

decreases. The CaCO3 vaterites were coated with dextran

sulfate (CaCO3+DXS) polyanion for protection of the DS

structure [7]. The loading of vaterite in calcium alginate

granules was another option for protecting vaterites particles

from environmental impact, for example, gastric acidity in

case of oral administration of DS therapeutic peptides [8].
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Alginate, like dextran sulfate, is a biodegradable non-

toxic polymer used not only as components of DS, but

also in wound healing processes. The wound healing

process contains three main stages, and in each of them

it is possible to introduce an appropriate drug. It is

necessary to introduce an antiseptic in the first stage—
inflammatory stage. The second and third stages —
regeneration and epithelialization — require the addition

of biologically active substances (BAS) that stimulate the

corresponding processes. Therapeutic peptides of various

structures play an important role here [9,10]. They are

injected into the wound directly or in microparticles of

polylactide-co-glycolide or hyaluronic acid [11,12]. The

wound healing is accelerated in case of usage of growth

factor-saturated emulsion microspheres made of polylactide-

co-glycolide with addition of alginate [13]. Calcium alginate

granules [14], produced under the name Migran [15],
have broad opportunities for use in healthcare. In recent

years, the use of BAS carriers in medicinal dressings made

of hydrogel and alginate materials has been expanding,

which provide a suitable moist environment, have good

biocompatibility and high swelling rate for the absorption of

exudate [16–18]. As we can see, the loading of therapeutic

peptides in alginate carriers increases the effectiveness of

their action in wounds. Therefore, it is important to study

the effect of exudate — contents of wounds — on alginate

carriers during their interaction over time.

Experiments ex vivo help to evaluate the effectiveness of

DS in their interaction with cells.

The effect of toxic compounds on cells is usually

assessed using such parameter as the
”
viability“, reflecting

the proportion of viable cells after exposure to a certain

concentration of the drug. The methyl tetrazolium test

(MTT) or the xCELLigence system is used to quantify the

process. MTT is a colorimetric test based on the reduction

of yellow tetrazole into purple insoluble formazane by living

cells. The optical density of the formazane solution in

dimethyl sulfoxide, determined at 570 nm, characterizes the

number of living cells [19]. The use of the xCELLigence

system, the principle of operation of which is based on

changing the impedance of gold sensors when dead cells

are disconnected from them, allows determining cytotoxicity

in real time [20]. An example of the use of optical

microscopy to assess the effect of the studied drugs on

the morphological state of the cells of an organ undergoing

treatment is given in Ref. [21].
The direct interaction of DS with cells, or their uptake,

can be seen through the use of laser confocal scanning

microscopes (LCSM) [1,22]. These devices were created

to study the structure of an object in three-dimensional

space. Obtaining an image of a cell from different

angles [23] allows understanding whether the DS is included

in the cell or is located on its surface. One of the few

disadvantages of LSCM is the need to use fluorescent labels.

The various objects under study should be labeled with

fluorochromes detected in different wavelength ranges. A

specific problem should also be mentioned — compounds

(in particular proteins) with attached fluorescent labels can

change their structure, which may affect their interaction

with surrounding objects [24].

The task of this work is to understand the change of the

structure of drug delivery systems during their existence.

Namely, from their creation and loading of drug compounds

through obstacles created by the body’s environments, to

loading of DS in cells and the realization of the activity

of encapsulated drug compounds. The use of microscopes

with different detection methods and a wide range of

resolution makes it possible to control the size and structure

of delivery systems at different stages of their existence.

1. Results and discussion

1.1. Changes of the structures of doxorubicin

delivery systems in blood plasma over time

Control using SEM of DS based on particles of CaCO3

which were used as carriers of nucleic acids, therapeutic

proteins, peptides, and the antitumor drug doxorubicin

(DOX), showed their effectiveness both in vitro and in

vivo [1,2,8,25]. DOX was also loaded in porous carriers

of a different composition — hydroxyapatites (HA) formed

during treatment of CaCO3 with phosphorus salts. The sizes

of these carriers are close, the porosity is slightly higher

for HA, and the loading of DOX in HA particles is 30%

lower than in particles of CaCO3 [26]. However, the profiles

of DOX release into the blood in vivo differ significantly.

The method of high-performance liquid chromatography

did not detect DOX in blood plasma for 25 days after

its intraperitoneal administration using HA. At the same

time, the use of CaCO3+DXS ensures a prolonged (up

to 20 days) release of DOX into the blood of rats. The

amount of DOX administered is the same in both cases is 4

mg per rat. Let us recall that free DOX is released into the

blood of a rat three days after intraperitoneal administration.

The cause of the differences was determined using SEM

images of both structures, which change differently with

time in the blood. Figure 1 demonstrates the structures of

CaCO3+DXS and HA — intact (A and C) and after their

interaction with blood plasma for a week in vitro (B and

D). Fig. 1 shows differences in the intensity of destruction

of both DS, which can explain the differences in the results

of in vivo experiments. Vaterite particles are destroyed

into small fragments, the polyelectrolyte shell of DXS no

longer completely covers the cores of CaCO3. This allows

the release of DOX into the blood plasma. The size of

HA particles practically does not increase during the seven

days in the blood plasma. The porosity of the structure

increases. DOX is not released from HA particles, which

can be explained by sorption.
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A B C D

Figure 1. Original DS: A — CaCO3+DXS; C — HA. After 7 days in blood plasma: B — CaCO3+DXS; D — HA. Marker — 1 µm.

1.2. Loading of proteins in CaCO3 vaterites.

Control with LSCM

The spatial dynamics of the protein location in the

carrier volume is demonstrated in Fig. 2. Loading of

bovine serum albumin (BSA) labeled with fluorescein

isothiocyanate (FITC) in the ratio (BSA : FITC= 1 : 15),
in CaCO3 vaterite particles, the co-precipitation method

was controlled using the optical cross-section technique

on LCSM. The slice step is 0.20 µm which is greater than

the resolution of the microscope 0.16µm (see Appendix),
which allows obtaining the most informative slices [27].

It can be seen in the series of photos (Fig. 2) that

the protein fills the entire volume of vaterite particles,

sometimes unevenly. The distribution of drug compounds

encapsulated in CaCO3 looks differently in publications

where their LSCM photos are provided. In one case [2]
siRNAs (small interfering ribonucleic acids) with a fluores-

cent marker (PA-1630-FAM) are distributed very unevenly

in CaCO3vaterite particles. LSCM photo of particles of

CaCO3 with encapsulated human serum albumin labeled

with FITC demonstrates uniform distribution of protein [3].
In both cases, the loading of labeled objects was performed

using the co-deposition method. The magnifications in the

cited papers are close, which makes it possible to compare

the images shown in them.

1.3. Uptake of CaCO3+DXS delivery systems by

cells

The antitumor antibiotic doxorubicin exhibits cytotoxicity

precisely at the stage of cell division. DOX when included

between the chains of deoxyribonucleic acid (DNA), dis-
rupts the processes of replication and transcription and, thus,

inhibits tumor growth. Capture of DOX delivery systems

based on CaCO3+DXS vaterite by THP-1 MF cells was

demonstrated using a direct fluorescence microscope. The

photos were processed using ZEN software (blue edition).

A comparison of the photos in Fig. 3 indicates the loading

of DS based on CaCO3+DXS in cells during a day.

Various fluorescent dyes were used to detect cells and

their interaction with delivery systems. Prior to the addition

of DS, the cells were treated with the fluorescent dye Texas

Red-X, which contrastingly stains the cytoskeleton of the

cell. The delivery systems were stained with PKH26 dye.

They were used without the addition of DOX, so that its

own fluorescence would not complicate the interpretation of

the results. The uptake did not yet occurred during 20min

after the addition of DS to the cells, and DS is distributed

throughout the volume (Fig. 3B), whereas DS penetrated

into the cells after 24 h (Fig. 3,C). The cells were thoroughly
washed during the day after contact with DS. It can be

assumed based on the absence of DS around the cells that

all loose DS were removed, only those that got inside the

cells remained in place. Thus, it can be assumed that the

combined images of cells and DS in Fig. 3,C reflect the

loading of DS in cells.

In the future, it will be necessary to compare uptake

of DS based on CaCO3+DXS not only by macrophages,

but also by other cells —cancerous — MCF7 or A431 and

fibroblasts. The selection of the necessary fluorophores will

help determine the capture of DS with DOX by cells.

1.4. The effect of the encapsulated antitumor
antibiotic doxorubicin on cells

The interaction of cells with DS containing DOX leads to

disruption of their functioning. In a cellular environment, a

light microscope allows estimating the concentration dynam-

ics of the toxicity of DOX encapsulated in CaCO3+DXS

delivery systems in relation to epidermoid carcinoma cells

A431 (Fig. 4). The morphology of cells changes under the

impact of an ever-increasing concentration of DOX.

Fig. 4 shows optical photographs of cancer cells (epider-
moid carcinoma) A431 on the third day of their contact with

DOX administered with CaCO3+DXS, with an increase of

the concentration of the drug to 2.0µg/ml . Fig. 4,A shows

Technical Physics, 2024, Vol. 69, No. 9



1400 N.N. Sudareva, O.M. Suvorova, N.N. Saprykina, K.A. Kolbe, N.V. Smirnova, D.N. Suslov

Figure 2. LSCM photo of optical slices of CaCO3 vaterites with encapsulated BSA labeled by FITC. Marker — 2 µm.

A B C

Figure 3. Photos of THP-1 MF cells before the addition of DS (A) and after the addition of DS and their joint incubation for 20min (B)
and 24 h (C). Marker — 50 µm.

original healthy cells are visible spread out on the surface

of the substrate, which form a cellular monolayer. The

distance between viable cells increases with an increase of

the concentration of DOX to 0.50 µg/ml (Fig. 4,C) due to

a decrease of the number of viable cells, the cells change

morphology (area
”
alive“ in fig. 4,C). Some of the dead

cells detached themselves from the surface and aggregated

(area
”
dead“ on fig. 4,C). All the cells died at the maximum

concentration of DOX used (2.0 µg/ml), they detached

themselves from the surface, and stuck together (Fig. 4,D).

1.5. Change of the structure of an alginate
granule — a potential drug carrier in exudate
in time

The addition of alginate increases the effectiveness of

the wound treatment process in case of usage of drug

compound carriers or wound healing dressings. If drug

compounds, such as peptides, are included in calcium

alginate granules, then their release depends on a change

in the structure of the carrier in the surrounding wound

environment. Exudate is a fluid accumulating in wounds

during the inflammatory process. Its composition may vary

depending on the stage of the inflammation process. The

exudate formed after the burn was used in this paper, the

pH value of which is about 7. The effect of exudate on

alginate was assessed by the swelling of alginate granules for

two days based on their photographs obtained using a light

inverted microscope (Fig. 5). The granules contained no

medicinal compounds. The release of drugs from calcium

alginate granules was demonstrated in Ref. [28].
It can be seen from the graph in Fig.5 that a fivefold

increase in the size of granules takes place in two days.

In addition to the release of encapsulated drugs, when the

Technical Physics, 2024, Vol. 69, No. 9
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dead

dead

alive

A B C D

Figure 4. A change in the morphology of epidermoid carcinoma cells A431 after their contact with DS containing DOX. DOX

concentration of 0.05 (B), 0.50 (C) to 2.0 (D) µg/ml. A — cells without DS. Marker — 100 µm.
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Figure 5. Dynamics of alginate granule size increase in exudate.

granules swell, effective absorption of exudate takes place,

i.e., drying of the wet wound.

Conclusion

Microscopy of various resolutions accompanies drug de-

livery systems in vitro from the moment of their formation

and the loading of drugs in them to their destruction under

the influence of various body media, such as blood plasma

or the environment of the gastrointestinal tract. Microscopy

also allows ex vivo controlling the effects of DS on cells of

various natures (both healthy and cancerous) and to take

into account the duration of interaction of cells with DS and

the amount of drugs released from DS. The totality of such

information helps to assess the effectiveness of the delivery

systems being developed.

Appendix. Materials and methods

Salts used for the synthesis of porous carbonate cores

CaCl2·2H2O and Na2CO3, polyanion dextran sulfate were

produced by Sigma-Aldrich (USA). Syndroxocin produced

by Actavis (Hafnarfjordur, Iceland) contained 17% DOX

in the form of a salt with a protonated amino group and

83% lactose. The sodium salt of alginate (for medical use,

MM about 300 kDa) is produced by the Arkhangelsk Algae

Experimental Plant (Russia). The exudate, in which the

swelling of alginate granules was determined for two days,

was obtained from the I.I. Janelidze Institute of Emergency

Medicine.

Alginate granules as fillers of burn wounds were pro-

duced by ion crosslinking, namely, a 4% aqueous solution

of alginate was added by digging into a sedimentation bath

with 5% calcium chloride, after 30 min of stirring, the

suspension was filtered on a Buchner funnel, washed with

water and dried in air.

The synthesis of CaCO3 porous vaterites was carried

out according to a modified technique [29], namely,

the co-precipitation of 1M solutions of CaCl2·2H2O and

Na2CO3 was carried out by stirring by a mechanical stirrer

at 2000 rpm for 30 s, the precipitate was washed three

times using centrifugation and drying. Dextran sulfate was

applied to the surface of the vaterite during mixing of the

suspension of CaCO3 in an aqueous polymer solution with

a concentration of 2 mg/ml for 1 h. This was followed by

thorough washing and drying.

Technical Physics, 2024, Vol. 69, No. 9
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The hydroxyapatites used in this paper were manufac-

tured as follows.

A suspension of 0.5M CaCO3 (in the form of vaterite

particles manufactured according to the above procedure)
was added to 0.1M solution of Na2HPO4 in a molar ratio

of 1 : 1. The subsample was treated by ultrasound for 20 s,

then stirred for 24 h, centrifuged for 5 min at 8 · 103 rpm,

the precipitate was washed with water three times and dried

to constant weight.

The loading of DOX in the DS was performed by

diffusion with stirring during the day of a suspension

of CaCO3+DXS and a solution of DOX. The ratio of

components varied depending on the required amount of

DOX in DS. The amount of loaded DOX was determined

spectrophotometrically by the difference between the orig-

inal and non-included DOX DS based on calibration at

λ = 480 nm.

P1. Working with cells

Epidermoid carcinoma A431 cells and macrophage cells

derived from the human leukemia monocytic cell line THP-1

MF were provided by the Institute of Cytology of the

Russian Academy of Sciences from the Russian Collection

of vertebrate Cell cultures.

The dynamics of A431 cell proliferation was evaluated

when they were conditioned with CaCO3+DXS carriers

containing different amounts of DOX. The cells were

cultured in a complete DMEM culture medium (Paneco,
Russia) with the addition of 1% L-glutamine 200 mm, 10%

bovine embryonic serum and 1% antibiotics (100 units/ml
penicillin, 100 µg/ml streptomycin), 1% antimycotic (am-

photericin B 250 µg/ml) (all reagents produced by Thermo

Fisher Scientific, USA). Cultivation was carried out in a CO2

incubator (Thermo Fisher Scientific, USA) at a temperature

of 37◦C, concentration of CO2 5% and high humidity.

35 thousand A431 cells were placed in each cell with a

cultural medium (volume 0.2ml). A day later, empty DS

and DS containing varying amounts of DOX were added

to the cells, obtained during three days of contact of A431

cells with different variants of DS. The interaction of DS

containing different amounts of DOX with A431 cells is

reflected by lifetime micrographs obtained using Primo Vert

inverted light microscope (Carl Zeiss, Germany). 100 x

magnification.

An increase of the size of alginate granules under the

influence of an exudate medium was determined according

to the photographs obtained using the same microscope at

different time intervals.

Fluorescent detection. Prior to the addition of DS, THP-

1MF cells were stained with the fluorescent dye Texas

Red-X (λ excitation= 561 nm, emission= 615 nm). DS

was labeled with the red fluorescent dye PKH 26 (λ
excitations= 550 nm, emissions= 567 nm) using reagents

and techniques from the labeling kit (Sigma-Aldrich, USA).
The delivery systems were captured by cells under the fol-

lowing conditions. After culturing of 35 thousand per cell in

a complete cultural medium during the day, CaCO3+DXS

was added to them at a concentration of 10µg/ml . After a
day of interaction of the cells with DS, they were thoroughly

washed from the culture medium containing DS and images

were taken using ZEISS Axio Scope A1 light microscope

(Carl Zeiss, Germany) with fluorescent detection.

P2. Microscopy

Scanning electron microscope SEM Supra 55VP (Carl
Zeiss, Germany) in the secondary electron mode was used

to determine changes of the microstructures of delivery

systems of different compositions, namely porous calcium

carbonate vaterites and hydroxyapatites in contact with

human blood plasma. A thin layer of platinum was applied

to the surface of the sample before measuring.

A series of optical slices CaCO3 containing BSA labeled

by FITC (λ excitations= 495 nm, emissions= 519 nm) was

obtained on the LCSM LSM 5 PASCAL (Leica Microsys-

tems, Germany) in Z-stack mode using an argon laser. The

thickness of the optical slice is 0.2 µm. The resolution

(d), according to the Helmholtz formula, is equal to

(0.61 · λ)/(n · sinα). With the laser used (λ = 405 nm)
and the microscope design (aperture angle α = π/2; oil

immersion n = 1.5), the resolution was 0.16µm, which is

less than the thickness of the optical slice and is about

5% of the average particle size of vaterite CaCO3, equal

to 2−4µm.

P3. Working with laboratory animals

Healthy rats from the Rappolovo laboratory animal nurs-

ery were used in experiments on intraperitoneal injection

of various doxorubicin delivery systems into the blood

of animals. All manipulations with rats were performed

under general anesthesia. The work with animals was

carried out in accordance with the rules for the use of

experimental animals (according to the principles of the

Helsinki Declaration of the World Medical Association on

the Humane Treatment of Animals, 1996,).
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