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Summary
Subcutaneous administration of drug delivery systems 
containing antitumor drug doxorubicin (DOX) was 
studied in laboratory rats. The drug delivery systems 
consisted of СаСО3 vaterites coated with the dextran sul-
fate polyanion; these particles have been used earlier for 
intraperitoneal administration of DOX. Time profile of 
DOX release into blood plasma of rats after subcutane-
ous administration of the delivery systems loaded with 
4 mg of DOX was studied by high-performance liquid 
chromatography (HPLC). The working concentration of 
DOX in blood was maintained for 10 days after subcu-
taneous administration, which is comparable with the 
results obtained after intraperitoneal introduction of 

similar DOX carriers. To estimate toxicity of the used 
DOX delivery systems, histological studies of different 
rat organs (liver, intestines, lungs) were performed at 17 
and 23 days after beginning of the experiment. Histo-
logical analysis of the material revealed morphological 
changes in rat liver and lungs, while the morphological 
pattern of intestines remained unchanged. No changes in 
animal behavior (including their feeding behavior) were 
observed.
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Introduction
Doxorubicin (DOX) is a common potent antibiotic and anti-
cancer agent. Virtually all highly efficient antibiotics exhibit 
some degree of toxicity; particularly, DOX demonstrates the 
dose-dependent toxicity [1]. To reduce toxicity and provide 
prolonged release of the preparation into blood, delivery sys-
tems of various structures are used [2]. Porous СаСО3 vater-
ites were proposed as delivery systems for biologically active 
compounds as early as 2004 [3]. The vaterite carriers have 
been modified with polymers (alginate and sodium dextran 
sulfate, DexS [4, 5]) with the objective of stabilizing vaterites 
in active media of an organism and reducing their size [6, 7]. 
This modification made it possible to increase bioavailability 
of carbonate cores and to use these carriers for delivery of 
various biologically active compounds [8-10].

Distribution of a drug preparation within organs and sys-
tems depends not only on its structure, but also on the used 
administration method [11, 12]. Recently, the trends are de-
veloped towards use of less invasive routes of drug adminis-
tration, which reduce the possibility of entry of non-sterile 
components into blood. In our study, along with in vivo in-
traperitoneal administration [13], attention is given to sub-
cutaneous introduction of the DOX delivery systems. Crea-
tion of a depot that will provide prolonged release of certain 
doses of the medicinal compound and maintain relatively 
low concentration of the drug in blood (thus preventing tox-
ic effects) can increase DOX therapeutic efficiency. The mi-
cron-sized drug carriers are more suitable for this purpose; 
unlike nano-sized carriers, they do not enter bloodstream 
and only provide prolonged drug release. The duration of 
drug release also depends on the carrier. For instance, release 
of DOX from the carriers 3 µm in size (СаСО3 doped with 
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carboxymethyl chitosan) proceeds longer than from the na-
no-sized carriers (650 nm) of the same composition. In the 
first case (micron-sized particles), 60% of the administered 
DOX was released from the carriers in 10 days, whereas, in 
the second case (nano-sized particles), 90% of the drug was 
released in 6 days [14]. In the present work, the micron-sized 
СаСО3 vaterites were used to create a depot.

The aim of this work was to investigate behavior of DOX ad-
ministered subcutaneously (4 mg) to a healthy animal; the 
drug was loaded into the delivery systems based on СаСО3 
vaterites modified with DexS. The experimental tasks in-
cluded establishing time profiles of DOX concentration in 
rat blood; revealing toxic action of the preparation on par-
ticular organs by morphological analysis; confirmation of 
the absence of cytotoxicity of the studied delivery systems 
(without DOX) as tested with MCF7 tumor cells.

Materials and methods
Reagents
Doxorubicin hydrochloride in the form of pharmaceutical 
preparation "Sindroxocin", which contains 17% of doxoru-
bicin (DOX) and 83% of lactose, was purchased from Ac- 
tavis (Hafnarfjordur, Iceland). In the experiments, doxoru-
bicin salt with protonated amino group (–NH3+) was used. 
Salts (CaCl2 × 2H2O, Na2CO3), acetone, and dextran sulfate 
(Mw = 9-20 kDa) were purchased from Sigma-Aldrich (St. 
Louis, MO).

Synthesis of carbonate cores 
The synthesis of porous СаСО3 vaterites was performed 
according to the modified technique [3] described in [13]. 
Co-precipitation of 1 M solutions of CaCl2 × 2H2O and 
Na2CO3 was carried out at vigorous stirring for 30 s; then 
the suspension was centrifuged, the precipitate was rinsed 
and dried.

Doping of carbonate cores with DexS 
and loading DOX into delivery systems 
Coating of carbonate cores with dextran sulfate polyanions 
was performed as follows: the suspension of СаСО3 vater-
ites (С=10 mg/mL) in aqueous solution of the polymer (С=5 
mg/mL) was stirred for 1 h, then centrifuged; the precipitate 
was washed and dried [15].

Loading of DOX into the doped CaCO3 cores proceed-
ed in the mixture of CaCO3 suspension and DOX solution 
(C=2 mg/mL) at continuous stirring for 24 hours. The DOX/
(CaCO3+DexS) ratio was 0.4. After mixing, the suspension 
was centrifuged at 8000 rpm for 3 min, and the DOX amount 
in supernatant was determined. The DOX load (L) was cal-
culated using the following equation:

L = (mi − ms)/mP

where mi is the initial weight of DOX (mg), ms is the weight 
of non-encapsulated DOX in supernatant solution (mg), mP 
is the weight of particles (mg). DOX concentrations were 
determined using the calibration curves obtained from op-
tical density measurements in the corresponding solvents 
at λ = 480 nm. The DOX load (L) varied from 230 to 
250 µg/mg.

Animal experiments 
Three healthy female outbred rats with body weight ranging 
from 256 to 300 g ("Rappolovo" nursery for laboratory ani-
mals) were used in the experiments with subcutaneous (s.c.) 
administration of DOX delivery systems. All manipulations 
with animals were performed under general anesthesia: Sol. 
Zoletil 50 (0.05 mL per 0.1 kg of body mass), Sol. Rometаrum 
20 mg/mL (0.0125 mL per 0.1 kg of body mass) intramuscu-
larly. The animals were caged and given free access to water 
and food. They were fed the standard diet for laboratory rats 
used in the vivarium of Granov Russian Research Center for 
Radiology and Surgical Technologies, St. Petersburg, Russia 
(4R F18 prolonged keeping formula for rodents, Macedonia, 
Italy).

The animals were examined daily; consumption of water 
and food was registered, body temperature and weight were 
measured. Behavior of animals and life span were estimated. 
All manipulations with animals were performed in accord-
ance with State Standard 33216-2014 "Regulations for work 
with laboratory rodents and rabbits".

Administration of encapsulated DOX into rats
DOX encapsulated into calcium carbonate cores doped with 
the dextran sulfate polyanion was administered subcutane-
ously (s.c.) to the rat's nape. The procedure was carried out 
under anesthesia. The drug (DOX in CаСО3+DexS cores, 
4 mg of DOX per 1 animal) was injected in 1.5 mL of 5% 
glucose solution. The preparations were injected with the use 
of 21-gauge needles. 

Along with visual inspection, peripheral blood samples (1.0 
mL) were taken from the rat tail vein on the 1st, 4th, 7th, 14th, 
17th and 21st days after s.c. drug injection.

Before blood sampling, the animal was examined and 
weighed; its body temperature was measured, then it was 
anesthetized and fixed in a holder for immobilizing rodents. 
Plasma was obtained from the blood specimens 10 min after 
blood sampling by centrifugation for 15 min at 1500 rpm. 
The supernatants were frozen and stored in closed vessels at 
-40°C for further analysis.

Determination of DOX content in rat blood 
plasma 
Content of doxorubicin (DOX) in rat blood plasma was 
determined by high performance liquid chromatography 
(HPLC) with the aid of a Prominence-I LC 2030C 3D Plus 
instrument (Shimadzu) equipped with an RF-20A fluori-
metric detector and a 5 µm Luna C18 column (Phenome-
nex). The excitation wavelength was 475 nm, the emission 
wavelength was 555 nm. The analysis was performed in the 
gradient elution regime (with acetonitrile) in 0.01 N sodium 
formiate buffer (рН 3.68). The experiment duration was 20 
min; the detection limit was 1 ng/mL. All the measurements 
were carried out thrice.

Morphological studies 
Prior to histological studies, the material was fixated in 10% 
neutral formalin in phosphate buffer (рН = 7.4) for not less 
than 24 hrs, dehydrated using a series of ethanol solutions 
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with increasing concentrations, and enclosed in paraffin 
blocks according to the standard histological technique. To 
obtain comparable results, the samples were treated simul-
taneously under similar conditions. The paraffin cuts (5 μm 
thick) were prepared with the use of an Accu-Cut SRT 200 
microtome (Sakura, Japan) and stained with Mayer hema-
toxylin and eosin (BioVitrum, Russia). Microscopic analysis 
was performed using a Nikon Eclipse E200 light microscope 
(Nikon, Japan) with a 10× ocular and 4, 10, 20, and 40× ob-
jectives. Digital images were recorded with a Nikon DS-Fi3 
camera (Nikon, Japan). 

Cytological experiments
Before contact with cells, the delivery systems were steri-
lized for 40 min at 120°С. Proliferation dynamics of MCF7 
cells (breast adenocarcinoma) was studied with the use of an 
RTCA iCELLIgence System cell analyzer (ACEA Bioscienc-
es, USA) that enables to determine the real-time state of the 
cell cultures without additional coloring. Cell growth was 
monitored by changing the impedance created by cells in the 
wells equipped with gold electrodes upon contact of the cells 
with different types of DS. The adhesion and proliferation of 
cells on the surface of the electrodes increase the medium 
impedance and are recorded as a cellular index (CI): the ratio 
of the impedance at a particular time to the initial value of 
the impedance. When there are no cells, the value of CI is 
equal to the background value (about zero). The CI values 
increase as the cells attach to the electrodes.

The cells were incubated in DMEM nutrient medium (Pane-
co, Russia). Cultivation was carried out in an incubator 
(Thermo Fisher Scientific, USA) at 37°С and at increased 
humidity; the CO2 concentration was 5%. 35 000 MCF7 cells 
were placed in each well containing the nutrient medium 
(0.2 mL). In 24 h, DexS, empty DS (CaCO3+DexS) and the 
DS loaded with DOX were added to the wells. As a result, the 
time dependencies of the CI of the control and cells with the 
addition of DS averaged over three wells. The graphs were 
used to evaluate the dynamics of adhesion, cell proliferation, 
and the beginning of the stationary phase of cell growth.

Statistical evaluations of CI were carried out by the iCELLI-
gence System cell analyzer program. 

Results and discussion
To form the depot providing prolonged DOX release, the mi-
cron-sized СаСО3+DexS vaterites were used. The core size 
varied from 1 to 3 µm. Subcutaneous administration of the 
calcium carbonate DOX delivery systems to healthy female 
rats was performed as follows. DOX (4 mg) in СаСО3+DexS 
carriers was introduced into three rats. One rat (№1) died in 
17 days, rats №2 and №3 were sacrificed on the 23rd day.

Macroscopic description
After administering vaterites to laboratory rats, no chang-
es in behavior, consumption of food and water, state of hair 
coat were observed. No signs of inflammation at the injec-
tion site were revealed.

Autopsy of the rat that died on the 17th day showed sanguine 
organs. The large intestine (colon, sigmoid colon, upper 

rectum) was enlarged; the content was semi-liquid. The in-
testine wall was moderately edematous. Histological analysis 
of rat liver, one lung, a fragment of large intestine, and a frag-
ment of adipose tissue taken near the injection site of DOX 
delivery systems was performed.

The large intestine (colon, sigmoid colon, upper rectum) of 
sacrificed rats (№2 and №3) was not enlarged and contained 
small amounts of feces. The intestinal wall was edematous. 
The liver was uniformly colored, lungs were pink. The chang-
es were less pronounced than those in rat №1. Histological 
analysis of the liver, a lung, and a fragment of large intestine 
was performed.

Tissue morphology studies
Microscopic study of adipose tissue of rat № 1 (that died on 
the 17th day) taken from the injection site of delivery sys-
tems (СаСО3+DexS) containing DOX revealed bright red 
calcium carbonate cores surrounded with loose fibrous con-
nective tissue with high amount of adipose cells. The vessels 
were thick, varicose and plethoric; small extravasates were 
observed. Endothelium of vessels was swollen; sludges of 
erythrocytes were visible. Epithelium was absent in an ex-
tended segment of intestinal mucosa. The villous stroma (a 
connective tissue layer) on this part of mucous membrane 
was strongly infiltrated with macrophages and lymphocytes. 
Epithelium remained in small parts of intestinal mucosa, 
mainly in intestinal crypts.

Histological analysis of the material taken from rats №2 and 
№3 revealed morphological changes in liver and lungs, while 
the morphology picture of the large intestine remained un-
changed. The change in cytoarchitectonics of hepatic lobules 
(manifested as a disorder in the hepatocyte plates) was ob-
served. Granular dystrophy was observed in the cytoplasm 
of most hepatocytes; some hepatocytes showed signs of 
hydropic degeneration. All vessels in the lung were broad, 
varicose and plethoric which could be, in part, ascribed to 
potential toxic action of the antitumor preparation. These 
changes seemed, however, mostly physiologically tolerated, 
thus, probably, being reversible.

In our previous works, it has been shown [17] that mor-
phological changes in liver occurring upon intramuscular 
administration of DOX-containing delivery systems were 
reversible. The experiment that involved observation of 
morphological changes in the tissues at the implantation site 
lasted from 3 days to 3 months. At the early stages of ex-
periment, we revealed doxorubicin toxicity toward the sur-
rounding muscle tissue and liver. In the course of time, man-
ifestations of DOX toxicity became less pronounced, and 
complete bioresorption of the introduced sample occurred 
within 3 months after beginning of the experiment.

It should be noted that the procedure of implantation of 
delivery systems causes a muscle tissue trauma, no matter 
how carefully it is performed. This is why its recovery takes 
sufficient time. In the case of subcutaneous administration, 
there is no extensive trauma, which is an additional reason 
for using this administration route.
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DOX concentrations in rat blood plasma after 
subcutaneous administration of delivery 
systems 
Time profiles of DOX concentration in rat blood plasma 
after subcutaneous administration of the preparation in 
СаСО3 + DexS delivery systems (Fig. 1, curve 2) were com-
pared with the previously observed concentration profiles 
[13] during the same period of time after intraperitoneal 
administration of DOX with the same delivery system DS 
(curve 1). The amounts of injected DOX were similar in both 
cases (4 mg per animal). As is seen in Fig. 1, DOX is present 
in circulating blood after subcutaneous and intraperitoneal 
administration for at least two weeks, while after i.p. admin-
istration of free DOX, the preparation is cleared already on 
the 3rd day of the experiment (curve 3). The concentration 
of drug in blood after subcutaneous administration of free 
DOX was not determined, since such route of DOX injec-
tion may cause a severe local inflammation and necrosis of 
muscle tissue within one week after injection [18]. This fact 
further confirms efficiency of using these delivery systems 
for subcutaneous administration.

Figure 1. Release profile of DOX into rat blood plasma 
after intraperitoneal (1, 3) and subcutaneous adminis-
tration (2) of 4 mg DOX using delivery systems based 
on CaCO3 vaterites doped by DexS (1, 2) and free DOX (3)

Dextran sulfate effects on the rat organism and 
tumor cells 
The question now arises of whether DexS included in the 
delivery systems could cause acute colitis observed in one 
of the rats (№1). Indeed, DexS is used for inducing colitis 
in rats and mice, for which purpose DexS is administered 
orally (510 mg and 150 mg, respectively) daily for a week 
[16]. In our experiments, the DS containing 4 mg DOX were 
introduced into rats. When the DOX load was 230-250 µg 
per 1 mg of DS, which, in turn, contained 20% of DexS (de-
termined by the combustion method from the sulfur content 
in DS), one dose of DexS introduced into rat organism was 
equal to 3.3 mg. This is much lower than the amount of the 
polymer inducing appearance of ulcerative colitis.

The influence of DexS and the DS based on CaCO3+DexS on 
proliferation of tumor cells was also studied. 

Our further studies will involve administration of DOX in 
the studied DS into rats with breast adenocarcinoma MCF7. 
These cells were selected for estimation of toxicity of the 
delivery systems and their components. Fig. 2 presents cell 
indices of growing MCF7 cells obtained in real time in the 
presence of delivery systems (drug-free calcium carbonate 
cores and the carriers containing encapsulated DOX). In ad-
dition, profiles of cell proliferation in the presence of DexS 
(a component of delivery systems) are given (see Fig. 2).

Figure 2. Increase in the cell index value in the course 
of three days during interaction between MCF7 cells 
and DS (СаСО3+DexS), their components, and the DS 
containing DOX (0.05 mg/mL). 1 – control sample; 2 – 
DS; 3 – DS+DOX; 4 – DexS. The arrow shows the moment 
when DS and their components were added to cultivat-
ed cells (in 24 h after beginning of growth)

The presented results indicate insignificant toxicity of the 
DexS polyanion. One may suggest the influence of negative-
ly charged polymer molecules on cell proliferative activity 
and viability. However, similar amount of DexS included in 
the СаСО3-based delivery system did not cause toxic effects. 
Apparently, the excess negative charge (δ-) present on the 
surface of DexS molecules may be compensated after inter-
action with calcium carbonate (which carries the excess pos-
itive charge (δ+) at рН< 8.5 [3]).

Conclusion
Aiming for design of a depot tool containing anti-cancer 
drug doxorubicin, we studied the consequences of sub-
cutaneous administration of DOX delivery systems based 
on porous calcium carbonate vaterites doped with dextran 
sulfate polyanion. It was demonstrated that this method of 
DOX administration facilitated prolonged (up to two weeks) 
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presence of the preparation in blood of laboratory rats. The 
time-concentration profile of DOX in blood after less inva-
sive subcutaneous administration was comparable to that 
obtained after intraperitoneal injection of the delivery sys-
tems containing similar amount of DOX. Subcutaneous ad-
ministration of DOX delivery systems did not cause local in-
flammation (unlike introduction of free DOX which resulted 
in acute inflammation reaction). Histological analysis of rat 
organs revealed morphological changes in liver and lungs; 
no changes in the state of intestines were observed. Since the 
revealed internal changes were tolerated by the rats without 
noticeable clinical manifestations, there is a good chance for 
their reversibility.

Hence, subcutaneous administration of the DOX delivery 
systems based on СаСО3+ DexS can be considered efficient 
method for formation of minimally invasive depot with pro-
longed release of this antitumor drug.
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Резюме
Исследован метод подкожного введения лабо-
раторным крысам систем доставки противоон-
кологического препарата доксорубицин (ДОХ). 
В качестве систем доставки использованы СаСО3 ва-
териты, покрытые полианионом декстрансульфатом 
Na, применяемые ранее для интраперитонеального 
введения ДОХ. Концентрационные профили высво-
бождения ДОХ в плазму крови крыс после подкож-
ного введения систем доставки, содержащих по 4 мг 
ДОХ, получали при помощи ВЭЖХ. Рабочая кон-
центрация ДОХ в крови после подкожного введения 
поддерживается в течение 10 дней, что сопостави-
мо с результатами интраперитонеального введения 
тех же носителей ДОХ. Для оценки токсичности 
использованных систем доставки ДОХ проведены 

гистологические исследования органов крыс (пе-
чени, кишки, легкого) после выведения животных 
из эксперимента на 17 и 23 сутки. Гистологический 
анализ исследуемого материала показал морфологи-
ческие изменения в печени и легком, в то время как 
в кишке морфологическая картина без изменений. 
Изменений в поведении, в том числе пищевом, у жи-
вотных не наблюдали. 

Ключевые слова
Доксорубицин, система доставки лекарств, карбо-
нат кальция СаСО3, декстран сульфат, плазма крови, 
подкожное введение.

Подкожное введение доксорубицина в системах 
доставки, состоящих из СаСО3 ватеритов, покрытых 
декстран сульфатом
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