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Summary

In a number of cases, efficiency of cancer therapy may
be enhanced by local administration of chemotherapeu-
tic drugs into the tumor area. After regional injection,
a drug, or appropriate delivery system is exposed to
the interstitial fluid, which differs from blood plasma,
mainly, in lesser protein amounts. In the present work,
we studied the influence of human blood plasma upon
structure and properties of hybrid drug delivery systems
based on calcium carbonate (CaCO,) vaterites coated
with polyelectrolyte dextran sulfate (DexS). These de-
livery systems included anti-cancer drug doxorubicin
(DOX).

Introduction

Oncological diseases are among the main causes of death
worldwide: cancer mortality reaches 20%. The World Health
Organization predicts that in 20 years this value will double.
In addition to existing methods of cancer treatment (sur-
gery, radiotherapy, chemotherapy), a new method (targeted
drug therapy) has been developed over last decade.

In many countries, doxorubicin monotherapy is considered
to be the standard chemotherapy procedure [1]. DOX effi-
ciently inhibits tumor growth by intercalation into DNA of
cancer cells, which prevents replication process, thus lead-
ing to cell death. However, its clinical applications are lim-
ited by the dose-dependent cardiac toxicity. Moreover, this

It has been shown that DexS-modified vaterites provid-
ed the prolonged release of DOX to blood plasma. SEM
microphotographs revealed structural changes in hybrid
delivery systems occurring in plasma and correlating
with the DOX release profiles.
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substance shows some disadvantages, i.e., short lifetime,
accumulation in liver, and multidrug resistance of malignant
cells [2]. Different delivery systems (DS) may be used in or-
der to reduce these side effects. Prolongation of DOX release
from DS can reduce probability of overdosage.

In the recent years, a large number of nano- and submi-
cron-sized delivery systems for anti-cancer drugs have been
developed [3]. The basic structure of carriers may vary;
bio-organic objects are commonly used as carriers: ex-
osomes [4], liposomes [5], dendrimers, macrophages [6],
micelles [7], as well as inorganic substances, e.g., carbon
nanotubes [8], calcium phosphates [9, 10], SiO, [11], and
CaCO, [12]. It should be noted that manufacturing of most
DS is rather laborious; in a number of cases, it is necessary
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to synthesize complex polymers. Meanwhile, preparation
of submicron-sized porous CaCO, vaterites is very simple,
i.e., co-precipitation of CaCl, and Na,CO, solutions [13].
Nanomicron-sized particles can be prepared by increasing
viscosity of solutions [14] or changing ratio between con-
centrations of salts [15]. Of the three CaCO, polymorphs,
porous vaterite is the least stable. Other forms (calcite and
needle-shaped aragonite) are not porous. The CaCO, vater-
ites are biocompatible and biodegradable [16]. The particles
have anti-cancer activity, even without encapsulated drugs,
since CaCO, vaterites are shown to modulate local pH and
inhibit tumor growth in vivo [17].

There are few studies on usage of different drug delivery sys-
tems based on CaCO, for tumor suppression, e.g., the pH
dependence of CaCO, may control release of photosensitizer
leading to cancer cell apoptosis [14]. The review [18] gives
several examples of applications for CaCO, nanoparticles as
carriers for various anti-cancer drugs, including DOX.

Various methods have been proposed to increase efficiency
of delivery systems. Modification of polymer particles with
polyelectrolyte coating leads to prolonged drug circulation
time [19]. Similar effect can be expected upon treatment
of CaCO, carriers with polymers. Special study concerned
behavior and fate of hybrid phospholipid-treated CaCO,
nanoparticles without drugs in vitro and in tumor-bearing
mice [20]. Their uptake, penetration and distribution in tis-
sues were investigated. It was demonstrated that the hybrid
nanoparticles showed almost no cytotoxicity in vitro or in
vivo and had high biocompatibility. The lipid-coated CaCO,
cores saturated with DOX help to overcome chemoresistance
in hepatocellular carcinoma [21]. In our earlier works, it has
been demonstrated [12] that the properties of CaCO,-based
delivery systems for DOX may be improved. In particular,
the drug load can be increased, the carrier morphology can
be stabilized, and drug release can be prolonged by covering
the cores with polyelectrolytes (dextran sulfate, polyacrylic
acid, and polyvinyl sulfonate). In our recent works [22, 23],
behavior of the DS based on submicron-sized CaCO, parti-
cles in mouse muscle tissue was studied for the first time. We
have revealed that the DS based on parent porous vaterites
and the vaterites coated by DexS undergo complete biore-
sorption in mice within, respectively, 2 and 3 weeks after
administration. This process involves the stage of transition
to needle-shaped aragonite structures. No pathological ef-
fects of the carriers on the surrounding tissues have been
observed.

Anti-cancer therapy involves different ways of drug adminis-
tration, including local introduction of DS containing active
drugs [22]. For example, during treatment of hepatocellular
cancer, the drug is introduced intraperitoneally. In this case,
the DS will be exposed to interstitial fluids, which differ from
blood plasma, mainly, in lesser protein contents.

Thus, the goals of the present work were: (i) to study in vitro
structural changes in hybrid DOX delivery systems (based
on porous CaCO, vaterites modified with DexS) in human
blood plasma; (ii) to assess correlation between DOX release
profiles from these DS into human plasma, and concomitant
structural changes of the carrier substance.
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Materials and methods

Reagents

Doxorubicin hydrochloride under the brand name of Sin-
droxocin, which contains 17% of doxorubicin (DOX) and
83% of lactose, was purchased from Actavis (Hafnarfjor-
dur, Iceland). In experimental studies, doxorubicin salt
with protonated amino group (-NH,*) was used. Inorganic
salts (CaCl2 x 2H,0, Na,CO,), acetone, and dextran sulfate,
Mw=9-20 kDa were purchased from Sigma-Aldrich (St.
Louis, MO).

Synthesis of carbonate cores

Porous vaterites (CaCO, cores) were prepared by co-pre-
cipitation according to the technique described in [13],
with some modifications. Equal volumes of 1 M aqueous
solutions of CaCl x2H,O and Na,CO, were rapidly mixed
with stirring (1000 rpm) for 30 s, using RW 20 anchor-type
mechanical stirrer (Kika-Werk, Switzerland). The result-
ing suspension was then filtered through Schott glass filter
(#16), washed thrice with distilled water, then with acetone/
water mixtures at increasing acetone concentrations (33%,
50%, and 100%). The precipitate was dried in thermostat at
40-50°C, until achieving constant weight.

Modification of carbonate cores with DexS and
preparation of hybrid DS

The carbonate cores were coated with polyanions (sodium
salt of dextran sulfate). CaCO, cores (50 mg) were added to
1 mg/mL aqueous solution of DexS (10 mL). The suspension
was stirred using a Multi Bio RS-24 rotor (Biosan, Latvia) for
1 h. Solid fraction was filtered off using a Schott glass filter
(#16), washed thrice with distilled water and dried at 30°C.

DOX loading and release

Loading of hybrid DS with DOX was performed by continu-
ous stirring of the mixture of DSs suspension and DOX solu-
tion (C=2 mg/mL) for 24 hours. The DOX/(CaCO,+DexS)
ratio was 0.4. After mixing, the suspension was centrifuged
at 8000 rpm for 3 min, and DOX amounts were determined
in supernatants.

DOX loading (L) was calculated by the following equation:
L = (m,—m )/mp, where m_is initial amount of DOX (mg); m,
the amount of non-encapsulated DOX in supernatant solu-
tion (mg); mp, amount of particles (mg). DOX concentra-
tions were determined using the calibration curves obtained
from optical density values, using appropriate solvents (A =
480 nm). The measurements were carried out using SF-2000
spectrophotometer (LOMO, St. Petersburg, Russia).

In vitro release of DOX from hybrid DSs was analyzed in hu-
man blood plasma obtained from the Department of Blood
Transfusion, Pavlov University. Incubation of DS in plasma
was carried out at 20°C, with constant mixing. Aliquots were
collected from incubation mixtures every 1-2 hours after
centrifugation of core suspension at 3000 rpm for 3 min. The
DOX contents in aliquots were determined by spectropho-
tometry. The supernatants obtained for similarly incubat-
ed DOX-free hybrid CaCO, cores were used as a reference
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Figure 1. SEM micrographs of (a(0, vaterites coated with DexS (a), non-coated vaterites (b), and calcites (c). Images
of the initial cores (1) were made upon interaction with human blood plasma for various periods of time: 1 day (2);

4 days (3); 7 days (4). Magnification: 20x. Marker size: 2 pm.

solution. The cumulative release was determined as percent-
age of DOX amounts loaded into the initial cores.

All the measurements were carried out in triplicate.

Interaction between DexS-modified (aC0, and
human blood plasma

The interaction between hybrid carbonate cores and human
blood plasma occurred in suspension at continuous stir-
ring for different periods of time. Upon completion of the
reaction, the cores were centrifuged (5 min at 3000 rpm),

the supernatant was discarded and substituted by blood
plasma. The procedure was performed twice. The cores were
dried at 40°C until constant weight was achieved.

Scanning electron microscopy (SEM)

SEM micrographs of DexS-coated CaCO, cores were ob-
tained by means Supra 55VP scanning electron microscope
(Carl Zeiss, Germany) using secondary electron imaging.
Before imaging procedure, the samples were coated with a
thin platinum layer.
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Results and discussion

Efficiency of the therapy with encapsulated drugs and vari-
ous methods of administration (intravenous, intramuscular,
etc.) depends on interaction between delivery systems and
media of an organism, thus resulting into the drug release.
In the case of local administration of chemotherapeutic
preparations into tumor area, the drug and a delivery sys-
tem are exposed to the interstitial fluid, which, unlike blood
plasma, contain lesser protein amounts. In the present work,
we studied structural and functional characteristics of hy-
brid delivery systems for DOX based on CaCO, vaterites
modified with DexS polyanions. Porous vaterite is the least
stable of three CaCO, polymorphs, whereas calcite and nee-
dle-shaped aragonite are not porous. In our previous pub-
lications [12, 22], it has been shown that the exposure of
vaterites to blood plasma led to gradual destruction of calci-
um carbonate cores. This destruction may be caused, e.g., by
interaction between vaterites and phosphate ions present in
blood plasma, thus causing gradual development of macrop-
orous CaHPO, structures [24].

Structural changes of CaCO, vaterites coated with DexS
upon exposure to blood plasma for various periods of time
(1,4 and 7 days) are presented in Fig. 1. SEM micrographs of
non-coated vaterites and calcites in plasma are also provided
[12].

SEM micrographs demonstrate that delivery systems of var-
ious structures have different resistance upon incubation
with blood plasma. Dex$ coating protects CaCO, vaterites
from aggressive medium. Comparison of SEM micrographs
of hybrid CaCO, and non-coated vaterites following expo-
sure to blood plasma for 4 days (Figures 1a3 and 1b3) shows
a more pronounced destruction of non-coated vaterites.

After 1 week of exposure to blood plasma, the hybrid deliv-
ery systems were also destroyed to a large degree (Fig. 1, a4).
The DexS coating was partially separated from CaCO, cores,
and the exposed vaterites are strongly damaged. Non-porous
calcites do not undergo any significant structural changes
under the contact with blood plasma. Thus, they are not suit-
able for use as delivery systems.

An important question arises concerning relations be-
tween structural characteristics of DOX delivery systems
and their functional characteristics, i.e., DOX loading and
time-dependent release profile of the drug? The process of
DOX loading into various CaCO,-based DS involves sorp-
tion, diffusion, and ionic interactions. Calcites interact with
DOX mainly via sorption mechanism. The vaterite loading
proceeds via sorption and diffusion interactions between
DOX and porous core matter. When hybrid delivery systems
(CaCO, vaterites coated with DexS polyanions) are used,
additional ionic interaction takes place between DOX cat-
ions and excess negative charges present on the cores cov-
ered with polyanions (non-compensated charges). Thus,
one may expect that, all other factors being equal, loading of
DOX into hybrid DSs will be the highest of these three sys-
tems. Loading values (L) of non-coated and hybrid CaCO,
cores were 370 and 400 pg/mg, respectively. Loading of
calcites was about 100 pug/mg. Fig. 2 presents the DOX re-
lease profiles from CaCO,-based DS of various structures.
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Figure 2. Release of DOX into blood plasma from (a(0,
cores of different morphologies: calcites (1); vaterites
(2); vaterites coated with DexS (3). Abscissa, incubation
terms, days; ordinate, DOX release, %

For comparison experiments, DS of various structures, how-
ever, with similar DOX loading values were selected.

Release of DOX from hybrid cores was delayed, but more
intensive as compared to those for the non-coated cores
(curves 3 and 2). Therefore, one may expect that the amount
of drug entering the bloodstream will be higher in the first
case. The cumulative release of DOX from CaCO, coated
with DexS into plasma was 55% in 2 weeks. For comparison,
we now give the data on DOX release into model media from
the delivery systems prepared with layer-by-layer coating of
CaCO, vaterites with polyelectrolytes, followed by disso-
lution of carbonate cores [25]. During first 24 h of the ex-
periment, 60% of DOX was released from these DS, and no
increase in cumulative drug release was observed in the next
10 days. These results indicate more efficient prolongation of
drug release from the DS based on hybrid CaCO, vaterites.

We may correlate the DOX release profiles (Fig. 2) with SEM
micrographs of hybrid DS (Fig. 1a) and non-coated CaCO,
vaterites (Fig. 1b). Exposure to blood plasma causes similar
structural changes in hybrid and non-coated vaterites (Fig. 1,
a2 and Fig.1, b2). Release profiles of DOX from hybrid and
non-coated vaterites (Fig. 2, curves 3 and 2) are also similar
for both DS exposed to blood plasma for 1 day. Similar re-
sults were obtained in experiments with CaCO, calcites. The
structure of non-porous calcites virtually does not change
even upon prolonged exposure to blood plasma (Fig.1, cl
to ¢3). The DOX release profile from calcites increases up
to 11% in the first 2 days, then the release is ceased (Fig. 2,
curve 1). Hence, we have shown that DOX release profiles
correlate with structural changes of the tested delivery sys-
tems.

Conclusion

This work is a continuation of the research concerning the in
vitro and in vivo behavior of targeted drug delivery systems
based on CaCO, vaterites and carrying anti-cancer drug
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doxorubicin as described in our earlier publications [12, 22,
23]. Our previous results suggest that porous CaCO, vater-
ites coated with DexS may be safe for medicinal use and un-
dergo bioresorption in a living organism. In order to model
behavior of the developed DOX-containing delivery systems
in the interstitial fluid after intraperitoneal administration,
we assessed structural and functional changes in these DS
occurring during interaction with human blood plasma.
Ionic composition of a medium is an important character-
istic when degradation processes of different DS based on
CaCO, cores are concerned. Treatment of CaCO, vaterites
with DexS polyanion allowed us to obtain the delivery sys-
tems that provide a prolonged release of 55% of encapsulated
anti-cancer drug DOX, with increased terms of drug release
by more than 2 weeks. Using DS of various structures as ex-
amples, a correlation between functional characteristics of
delivery systems (DOX release profiles into human blood
plasma) and their structural changes was demonstrated.
DOX is excreted from bloodstream very rapidly upon in-
travenous administration. According to chromatography
data [26], DOX concentration in plasma becomes 100 times
lower in 40-60 min after a single drug injection into mice
(7 mg/kg). Since achievement of prolonged drug release is
one of the main goals in DS development, our further stud-
ies will be focused on determination of DOX concentrations
released into blood from DS of various structures.
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I EXPERIMENTAL STUDIES

Mopdonorna rubpmaHbIx CUCTEM [10CTABKMU
nokcopybuupna (Bareputbl CaC0,, nokpbiTbie
NeKCTPaH-cynbpaToM) B NyIa3mMe KPOBU YenoBeKa

Haranba H. Cypapesa 2, Onbra M. Cysoposa ', Haranea H. Canpeixnna ', Bragumup B. Tomcon 2, Imurpuii H. Cycos 3,
Oner B. Tamn6us 2, Anexcaupp [I. Bunecos 2

! IHCTUTYT BBICOKOMONEKYIApHBIX coennHenuit PAH, Canxt- Iletep6ypr, Poccus

* Tlepsblit CaHkT-IIeTepOyprekuit rocysapcTBeHHbI MEANIVHCKIIT yHUBepcuTeT M. akap. V. I1. ITasnoBa, Cank-IleTep6ypr,
Poccusa

? Poccmitckiit HayYHbIA LeHTP pajyoJIOTUY ¥ XUPYPrUdecKux TexHonoruit uM. A. M. Ipanosa, Cankr-Iletep6ypr, Poccus

B0 mokasaHo, YTO BaTepuThI, MOAVM(ULIMPOBAH-
Hble DexS, obecnieunBay IPOTOHIMPOBAHHBIN BBIXON
TOKCOpyOmuyHa B I1asmMy KpoByu. CKaHMpYOIye Mu-
KpodoTorpaduy BBLSIBWIN CTPYKTYPHBIE M3MEHEHMs
IMOPUAHBIX CUCTEM HOCTAaBKM, BO3HUKAIOLIVE IIPU
KOHTaKTe C IIa3MOJi ¥ KOppenupylolye ¢ Ipoduiem
BBICBOOOXK/IEHVISI HOKCOPYOUIIMHA.

Pe3slome

PernoHapHoe BBefieHMe XMMMOTEpPANeBTUYECKUX IIpe-
I1apaToB B 00/IACTh OITYXO/MY MOXKET BO MHOTYX CITy4asx
HIOBBICUTD 3P PEKTUBHOCTD JIedeHMsI 3I0Ka4yeCTBEHHBIX
omyxorneit. Ilocme BBefieHMs B OpraHu3M, jIe4eOHbII
IIperapaT MY CUCTeMa JOCTaBKM IperapaTa MOTyT IIOf-
BepraTbCs BO3JEICTBMIO BHYTPUTKAHEBBIX XXMUIKOCTE,
KOTOpPbIe OT/IMYAIOTCA OT IIa3MBbl KPOBM TeM, YTO OHMU KﬂIOLIEBbIE c10Bd

copepyKat MeHblile 6elkoB. B HacTos1elt paboTe MbI 13-

y4a/y BIVsIHYE IUIa3Mbl KPOBY 4Ye/IOBeKa Ha CTPYKTYpY Hoxcopy6uims, cicrema focraku npenaparos, CaCO,,
Y CBOJICTBA IMOPWIHON CUCTEMBI JOCTaBKM, OCHOBAH- J€KCTPaH Cy/Ib(aT, I/1asMa KPOBHU.

HOJ Ha Kanmbluii-kap6onatHbix Bareputax (CaCO,),

MIOKPBITBIX IOMMINEKTPOIUTOM HAeKCTPaH-CyIb(paToM

(DexS). Oty cucTeMbl JOCTaBKM COLEP)Kanu IPOTUBO-

PaKOBBIIT IIperapar FOKCOPyOUIH.
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