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ABSTRACT

Currently, chemotherapy combined with surgery and radiation therapy is the most effective
treatment for cancer. At the same time, the use of this method is accompanied by serious side
effects caused by the lack of specificity of most chemotherapeutic agents. In this regard, the
development of drug delivery systems (DDS) capable of addressing a chemotherapeutic agent to
cancer cells, as well as its controlled release, is a promising approach for the effective treatment
of cancer.

The aim of the study is to synthesize a new DDS based on surface-modified microparticles of
zero-valent iron, to study its properties as a carrier of a chemotherapeutic agent (encapsulation
efficiency, loading capacity, possibility of controlled release of a chemotherapeutic agent) and
safety.

Materials and methods. The microparticles were synthesised by reduction of iron (III) chloride
with sodium borohydride followed by 7# situ surface modification by 4-carboxybenzyldiazonium
tosylate. To confirm the occurrence of the reaction, FTIR spectroscopy (Nicolet iS5 Infrared
Spectrometer (Thermo Scientific, USA)) was used. Hydrodynamic diameter and surface charge
of the microparticles in solution were investigated by dynamic light scattering (DLS) and
z-potential. DOX release studies were performed in simulated physiological conditions (pH 3.3;
5.5; 7.4) to evaluate the effect of the external pH on the release rate. Release studies under
ultrasound irradiation were performed simultaneously in the same conditions. The effect of
surface modification on encapsulation efficiency was evaluated at various pH values (3.3; 5.5;
7.4) and doxorubicin concentrations (0.2; 0.35; 0.5; 0.75; 1.0 mg/ml). To demonstrate the safety
of the developed system, cytotoxicity studies were performed on HeLa cell lines (ATCC®
CCL-2™),

Results. An original method of preparation of the drug carrier, based on iron zero-valent
microparticles with covalently attached chitosan (Fe-CS) on their surface was proposed. Prepared
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microparticles demonstrated high encapsulation efficiency, drug loading capacity of DOX (0.9
mg per 1 mg of Fe-CS microparticles), low cytotoxicity and also a possibility to modulate the
release rate by ultrasound irradiation and by changing pH of the external environment.

Conclusion. A carrier based on microparticles of zero-valent iron with covalently attached to
the surface chitosan (Fe-CS) was obtained. The efficiency of encapsulation, the loading capacity
of doxorubicin was determined and the possibility of its controlled release under the influence
of an ultrasonic field at different pH values was confirmed. In an i vitro experiment on the
HeLa cell line (ATCC® CCL-2™), no toxicity was established for all samples (Fe’, Fe-COOH
u Fe-CS), regardless of their concentration.

Key words: doxorubicin, chitosan, zerovalent iron microparticles, drug delivery, stimuli
responsive carrier, controlled release.
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PE3IOME

B HacTosmee BpeMs XMMHOTepamusa B COYETAHMY C XUPYPTHUEN U AyIeBON Tepammueit ABASLETCA
Hanboree 3(DPEeKTHUBHBIM METOAOM AedeHN paka. B TO ske Bpems mpuMeHeHMe AAHHOTO METOAA
COIIPOBOJKAAETCHA CePbe3HbIMNU HOG0YHBIMK I derTamy, 00YCAOBAEHHBIMY HeCTELM(PUIHOCTHIO
GOABLIMHCTBA XMMMOTEPANEBTHIECKUX areHTOB. B cBA3M ¢ 3TuM pa3paboTKa CHCTEM AOCTABKI
AekaperBeHHbIX cpeacTB (CAAC), cmoco6HbIX 06ecnednTs aApecanuio XuMMIOTePaneBTHIeCKOT0
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OpwuruHasibHble CTaTbu

Ar€HTa K pPaKOBbIM KAETKaM, a TaKJKe€ €ro KOHTPOAMPYEMOE BBICBO60)KA€HI/Ie IPEACTaABAAIOT
co6oii HepCl’IeKTMBHbe/I IIOAXOA AAA 3(1)(1)6KTI/IBH01"O AeYeHUs OHKOAOTMYECKMX 3a60OAEeBAHMIL.

Ieas paborer — cunre3 HoBoro CAAC Ha 0CHOBe NOBEPXHOCTHO-MOAM(DUIMPOBAHHBIX MUKPO-
9aCTHUI, HOAb-BAAGHTHOI'O JKeAe3a, M3yueHMe eTo CBOJCTB B KauyeCTBe HOCUTEAd XMMUOTepaleB-
THYECKOTrO areHTa (3(pexTMBHOCTD MHKANCYAALNY, EMKOCTb 3arPy3KM, BO3MOKHOCTh KOHTPO-
AMPYEMOTO BBICBOGOKAEHMSA XMMMUOTEPANIEBTHIECKOTO areHTa) U 6e30macHOCTH.

Marepuaast u mMeToAbl. JacTuipl ObIAM IIOAYYEHBI METOAOM BOCCTAHOBAEHNS XAOPMAA JKeAe3a
(ITI) Gopruapmaom HaTpusi C TOCAeAyouenn 7n situ mopuduranuelrl MOBePXHOCTH 4-Kap-
GOKCHOEH30AAMA30HN TO3MAATOM COTAACHO MOAMbuIMpoBaHHON MeToAuke. Haawmane
(pYyHKIOMOHAABHBIX TPYNI Ha M[OBEPXHOCTM NOATBep>kAaAu MetoAoMm JIK-cmekrpockonym
¢ ucnoab3oBaumem crekrtpomerpa Nicolet iS5 Infrared Spectrometer (Thermo Scientif-
ic, CIIA). Pasmepbl ¥ IOBEpXHOCTHBI 3apfA MUKPOYACTHUI, B PACTBOPE MCCAEAOBAAK
METOAOM AMHAMMYECKOTO pacCefHMs CBeTa M A3eTa-moTeHnymara. Ara ounenkm Bamsaxusa pH
OKpY>RaIOWell CPEABl Ha CKOPOCTH BBICBOOOIKAEHMSA AOKCOPYOMIIMHA MCCAEAOBAHME IPOBOAMAN
B MOAEAMPOBaHHBIX usnorornmiecknux ycrosusx (pH 3,3; 5,5; 7,4). Msyuenne BbIcBOGORAEHUA
II0A BO3AENCTBMEM YABTPA3BYKOBOTO IOAf NMPOBOAMAY OAHOBPEMEHHO IPY T€X K€ YCAOBUAX.
Banaune MoAuduKanuy MOBEPXHOCTM Ha 3(PGhEKTMBHOCTh MHKANCYAALMM OLEHMBAAU IIPU
pasanunbix suavennax pH (3,3; 5,5; 7,4) u koupentpaumax apoxkcopy6uruua (0,2; 0,35; 0,5;
0,75; 1,0 mr/ma). Ars moaTBeprAeHMsA GesomacHocTu paspaborannoit CAAC ompeperenme
UTOTOKCHIHOCTI TIPOBOAMAM Ha KAeTouHo# Ammmn HelLa (ATCC® CCL-2™).

Pesyabratel. [IpeanroskeHa opurnHasbHA I METOAMKA HOAYYEHUA HOCUTEA S HA OCHOBE MUK POYACTHUI]
HOAB-BAAEHTHOTO JKeAe3a C KOBAAEHTHO IPUCOEAMHEHHBIM K moBepxHOCTy xuto3anom (Fe-CS),
006AaAaI0IET0 BBICOKMMM 3HAaYeHMAMM IPPERTUBHOCTH MHKANCYAALMU U €MKOCTH 3arpy3Ku
aokcopybunmua (0,9 mr Ha 1 mr mukpouactury Fe-CS), HM3KOM UUTOTOKCUYHOCTBIO, a4 TaKKe
BO3MOJKHOCTBIO KOHTPOAMPYEMOTO BHICBOGOSKAEHMS UTOCTATHIECKOTO areHTa (AOKCOPYOuIMHa)
IOA BO3AENCTBMEM YABTPAa3BYKOBOI'O M3AYYEHNUA IPM pa3AMdHbIX 3HadeHMAX pH.

3akatouenne. IloaydueH HOCUTEAP Ha OCHOBE MMKPOYACTHI, HOAb-BAAGHTHOTO JKeAe3a C
KOBAaAEHTHO NPUCOEAMHEHHBIM K HoBepxHOCTH xuTo3aHoM (Fe-CS). Onpeaerena apderTnBHOCTD
MHRANCYASUM, €MKOCTh 3arpy3Ku AOKCOPYOMIMHA M TOATBEPIKAEHA BO3MOJKHOCTH €ro
KOHTPOAMPYEMOTO BBICBOGOSKAEHNUS TIOA BO3AEHCTBUEM YABTPA3BYKOBOTO MOAS NIPU PASAUYHBIX
snavennsax pH. B skcmepumente in vitro Ha Kaetounoit ammmn HeLa (ATCC® CCL-2™)
YCTAHOBAEHO OTCYTCTBME TOKCUYHOCTU AAS Bcex o06pasnos (Fe’, Fe-COOH wu Fe-CS) Bue
3aBUCYMOCTH OT UX KOHIIEHTpAIUN.

KaroueBbie caoBa: AOKCOpy6I/IIU/IH, XUTO3aH, MUKPO1aCTUIIBI HOAB-BAACHTHOTO JK€A€e3a, AOCTaBKa
A€KapPCTBEHHBIX CPEACTB, CTI/IMyA—‘IyBCTBI/[TeAbelﬁ HOCUTEAb, KOHTPOAUDPYEMOE BbICBO60)KAeHI/[e.

Konpanrr unrepecos. ABTOpbI A€KAAPUPYIOT OTCYTCTBUE ABHBIX U NOTEHIMAABHBIX KOH(MAMK-
TOB MHTEPECOB, CBA3AHHBIX C NyOAMKALMEN HACTOSWEN CTAThU.

Ucrounur ¢unancuposanus. Pa6ora BbimoAHeHa mpu (PUHAHCOBOIN MOAAEPIKKE MPOEKTA pas3-
sutug TIIV.

Ars yutuposanus: Au Mapruno A., Baacos C.C., T'ypres A.M., IOcy6os M.C., IlocrHukos
I1.C., Beroycos M.B. PaspaGoTka m CBOJCTBa HOBOTO HOCMTEAS AOKCOPYOMIMHA HAa OCHOBE
IOBEPXHOCTHO-MOAM(UIVMPOBAHHBIX MMKPOYACTUI] HOAB-BAACHTHOTO JKeAe3a C BBICOKOM 3(-
(heKTUBHOCTBIO MHKANCYAALMU ¥ BO3MOSKHOCTBIO €70 KOHTPOAUPYEMOTO BbICBOOOKAEHMA. b0~
nemens cubupcron meduyunvt. 2019; 18 (2): 69-79. https://doi.org: 10.20538/1682-0363-2019-
2-69-79.
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INTRODUCTION

Despite the fact that chemotherapy is one of
the primary [1] and the most effective methods of
treatment of malignant tumors, its use is still lim-
ited to serious side effects [2, 3]. One of the causes
of side effects is the lack of specificity of chemo-
therapeutic agents to the tumor, with the result
that their administration leads to toxic effects on
healthy cells of the body [4]. Thus, in addition to
reducing the quality of life of patients, the side
effects of chemotherapy remain a very serious ob-
stacle to its successful clinical use [5].

One of the ways to resolve this problem is the
use of drug delivery systems (DDS). Thanks to these
systems, it became possible to significantly reduce
the number of side effects of chemotherapy, as well
as the use of new, more effective treatment regi-
mens [6], since DDSs provide easy administration of
the drug, as well as an increase in its accumulation
in the tumor [7-9]. At the same time, the main dis-
advantages of most DDSs may be the low content
of the active substance, the impossibility of remote
initiation of its release, as well as the low encapsu-
lation efficiency of the therapeutic agent.

There are a number of studies dedicated to
overcoming these drawbacks. For example, the en-
capsulation of the drug can be increased by using
amphiphilic polypeptides [10] or oligonucleotides
[11], but using chitosan as a modifier of the carrier
surface may allow an increase in the loading of the
chemotherapeutic agent due to the possibility of
formation of a large number of hydrogen bonds,
as well as physical interactions [12] due to the
uniqueness of its polymeric structure. Doxorubicin
is planned to be used as a model chemotherapeu-
tic agent, the binding of which to the surface of
the carrier occurs due to electrostatic interactions.
Since positively charged amino groups are present
in doxorubicin and chitosan molecules [13-16], it
is advisable to use a negatively charged crosslinker,
such as sodium tripolyphosphate [17], for electro-
static binding of these system components. The
advantages of such a DDS are the higher encap-
sulation efficiency and, consequently, an increase
in the content of the therapeutic agent, as well
as the ability to control the kinetics of its release
due to exposure to both external (ultrasonic ra-
diation) and internal factors (environmental pH
values). Moreover, zero-valent iron particles are
a promising carrier for the development of effec-
tive DDS due to their better magnetic properties
as compared to iron oxides [18], and the use of

micron-sized particles allows solving local tumor
embolization problems for therapeutic purposes.

Thus, the purpose of this study is the synthesis
of a new DDS based on surface-modified micropar-
ticles of zero-valent iron, the study of its proper-
ties as a carrier of a chemotherapeutic agent (en-
capsulation efficiency, loading capacity, possibility
of controlled release of a chemotherapeutic agent)
and safety.

MATERIALS AND METHODS

For this research, reagents and organic sol-
vents were used, which are marketable products
of Aldrich (USA), Fluka and others, of appropri-
ate purity, and were used without prior purifi-
cation.

Determination of the size and zeta potential of
microparticles was carried out using an aqueous
suspension with a concentration of 1 mg / ml and
pH = 7 on a Zetasizer Nano ZS instrument (Mal-
vern, United Kingdom). To determine the size,
dynamic light scattering was used. The evidence
of covalent grafting of organic functional groups
on iron microparticles (Fe-COOH) was evaluated
by IR spectroscopy using a Nicolet iS5 Infrared
Spectrometer (Thermo Scientific, United States).

The method of the synthesis of 4-carboxyben-
zenediazonium tosylate. Synthesis was carried out
in accordance with the method [19].

The method of synthesis of microparticles Fe-
COOH and Fe-CS. The synthesis of iron micro-
particles was carried out according to a modified
synthesis method developed earlier [20]. Iron (III)
chloride (0.406 g; 1.5 mmol) and sodium borohy-
dride (0.171 g; 4.5 mmol) were dissolved in 10 ml of
distilled water. Next, in a three-necked flask in an
argon atmosphere, 5 ml of the prepared solutions
were mixed. Stirring was carried out for 10 min-
utes using a magnetic stirrer. Then, the remaining
5 ml of iron (III) chloride and sodium borohy-
dride solutions were added to the resulting mixture
and mixed again for 10 minutes. Next, 20 ml of an
aqueous solution of 4-carboxybenzenediazonium
tosylate (0.3 g) was added to the resulting reaction
mass (0.3 g) and stirring continued for another 40
minutes. The resulting Fe — COOH microparticles
were separated from the mixture by precipitation
with a neodymium magnet and successively washed
with water, ethanol, and acetone until a clear solu-
tion was obtained over the particles. After wash-
ing, the microparticles were freeze-dried to remove
traces of solvents.
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To obtain Fe-CS microparticles, a portion of
the Fe-COOH microparticles, weighing 75 mg, ob-
tained in the previous step, were suspended in 75 ml
of water. 12.9 mg of N- (3-dimethylaminopropyl)
-N’-ethylcarbodiimide hydrochloride and 15.54 mg
of N-hydroxysuccinimide were added to the sus-
pension. The mixture was stirred for 2 hours. In
parallel, 750 mg of chitosan was dissolved in 300
ml of 1% (v / v) acetic acid. Next, the Fe-COOH
suspension was added to the chitosan solution. The
resulting mixture was left under thorough stirring
for 48 hours.

Then, to isolate Fe-CS microparticles, the re-
sulting mixture was centrifuged at 7500 rpm for 5
min. The supernatant was separated, and the result-
ing precipitate was resuspended in 50 ml of distilled
water and centrifuged under the same conditions.
The washing procedure was repeated 3 times. Puri-
fied Fe-CS microparticles were freeze-dried.

The method of obtaining conjugate Fe-CS /
dox. A portion of 20-mg Fe-CS microparticles was
suspended in 20 ml of water. In parallel, 20 ml of
doxorubicin (DOX) and sodium tripolyphosphate
(STP) solutions with concentrations of 1 mg / ml
were prepared. Both solutions were mixed and left
under stirring for 1 h on a magnetic stirrer.

Next, the resulting mixture DOX/STP was add-
ed dropwise to a suspension of Fe-CS microparti-
cles. A mixture of Fe-CS/STP/DOX was left under
thorough stirring for 2 hours.

The resulting reaction mass was centrifuged at
7500 rpm for 5 minutes. The supernatant was sep-
arated, and the residual matter of microparticles
was re-suspended in distilled water and centrifuged
under the same conditions, and then freeze-dried.

Study of doxorubicin release and encapsula-
tion effectiveness. The release study was carried
out at a constant temperature of 37°C and stirring
at 100 rpm. For the experiment the incubator Stu-
art SI 500 (Stuart, UK) was used. The solvent used
was a mixture of KCI/HCl with an initial pH value
of 3.3. The mixture was prepared by mixing 50 ml
of a 0.2 M KCI solution with 140 ml of distilled
water. Next, 0.2 M hydrochloric acid solution was
added until the pH was 3.3. Then the resulting
solution was adjusted to 400 ml with distilled wa-
ter. The release studies were performed at three
different pH values (3.3; 5.5; 7.4). The value of
acidity values were changed sequentially. For the
experiment, 10 ml of a 1 mg/ml Fe-CS/DOX con-
jugate suspension was prepared. The test sample
was placed in an incubator and, at set intervals,

samples of the release medium were taken in a
volume of 2 ml. The sample was pre-centrifuged at
7,500 rpm for 5 minutes. The concentration of re-
leased doxorubicin in the sample was determined
by UV spectroscopy at 480 nm, using an Evolution
201/220 UV-Visible Spectrophotometers (Thermo
Scientific, United States). The selected volume of
medium was replaced with an equivalent volume of
fresh KCI/HCI solution. The change in pH values
was performed by adding 0.1 M sodium hydroxide
solution to achieve the required value.

The study of the release of doxorubicin under
the influence of ultrasound was performed in par-
allel under conditions similar to those described
above. The difference of this technique is the in-
troduction of the test sample into an ultrasonic
field with a frequency of 75 kHz and a specific
power density of 2 W/cm? for 30s. An ultrasonic
bath Elmasonic S10H (Elma, Germany) was used
as a source of ultrasonic radiation. The sonication
was performed immediately prior to centrifuging
the sample. The concentration of released doxo-
rubicin in the sample was also determined by UV
spectroscopy at 480 nm.

The use of low-frequency ultrasound radiation
is necessary to initiate the release of doxorubicin
without damaging the structure of body tissues.
The described value of the ultrasonic radiation fre-
quency was used to demonstrate the sensitivity of
the system under study to external triggering in-
fluences.

The efficiency of encapsulation (EI) was deter-
mined in accordance with the method [21]. The
calculation of EI was performed according to the
formula

o o - (P~ Ps
() =~ 5] *100,
T

where D, is the theoretical concentration taken
for loading doxorubicin, D is the concentration of
DOX after the encapsulation process.

The concentration of doxorubicin in the samples
was determined by UV spectroscopy at a wave-
length of 480 nm. To calculate the concentration, a
calibration curve was used, which was constructed
from the results of measuring the absorption of
incident light by doxorubicin solutions in the con-
centration range 3.75-60 ug / ml [22].

The effect of pH and surface modification on
the change in EI was evaluated by the following
method. A solution of DOX (1 mg/ml, 1 ml) was
added to a suspension of zero-valent iron or Fe-

Bulletin of Siberian Medicine. 2019; 18 (2): 69-79 73



An MapTuHo A., Bnacos C.C., T'ypbeB A.M. n ap.

PaspaboTka 1 cBOMCTBa HOBOrO HOCUTE/IA AOKCOPYBULMHA

COOH (1 mg/ml, 1 ml). The resulting mixture
was stirred for 5 minutes, and then centrifuged
at 14,000 rpm for 15 min. The resulting super-
natant was collected for analysis. For Fe-CS mi-
croparticles, the determination was carried out
in accordance with the described method, but
using a mixture of DOX/STP, instead of a DOX
solution. A mixture of DOX/STP was prepared
using doxorubicin solutions with concentrations
(0.6; 1.05; 1.5; 2.25; 3.0 mg/ml) in accordance
with the section “Method for the preparation
of the Fe-CS/DOX conjugate”; this mixture
was added to the suspension of microparticles
dropwise.

Methodology for the study of cytotoxicity. De-
termination of cytotoxicity was performed using
a HeLa cell line (ATCC® CCL-2 ™). In vitro cell
survival was determined by the MTT method in
accordance with the following protocol [23]. Cells
were cultured in separate media (2.5 x 10° cells/ml)
containing zero-valence iron microparticles (Fe?),
Fe-COOH and Fe-CS, respectively, for 24, 48 and
72 hours. Microparticles-free medium was used as
a control.

Suspensions of analyzed microparticles with a
concentration of 5-100 pg/ml were prepared di-
rectly in the medium. Removal of the medium from
each cell was performed by the aspiration meth-
od. The cells in each cell were washed with 200
pl of phosphate buffer, and then 50 pl of methyl
thiazolyl tetrazolium (MTT) solution at a concen-
tration of 1 mg/ml was added to each cell. After
2 hours of incubation, the MTT solution was re-
moved by aspiration, and 50 pl of isopropanol was
added to each cell to dissolve the formazan crys-
tals. The optical density was measured three times
for each sample at a wavelength of 595 nm using
a multi-channel reader (Tecan, Switzerland). Cell
survival (%) was calculated as the ratio of average
values of optical density for each sample (I

)
sample
and the control sample (I '

control)'

. o, _ (Isample)
Cell survival (%) = ——=— x100

( control)

RESULTS AND DISCUSSIONS

At the first stage, we carried out the synthesis
of iron microparticles coated with organic
functional groups. To this end, we modified the
previously published method [20], which involves
the reduction of iron from the corresponding

trichloride with sodium borohydride in the
presence of 4-carboxybenzenediazonium tosylate.
To obtain micron-sized particles, we used a two-
stage addition of iron trichloride for the growth
of particles, and only then added a solution
of  4-caboxybenzenediazonium  tosylate for
modification. The size of the obtained microparticles
was controlled using the method of dynamic light
scattering (Table 1).

Table
The size and zeta potential of microparticles
Sample name Parr;iiieorslisze, Zeta potential, mV
Fe' 4,19 = 0,12 -0,03 = 0,01
Fe-COOH 4,32 0,18 -18,92 = 0,81
Fe-CS 4,48 = 0,28 20,61 = 1,51

Experiments to determine the size of iron
microparticles (Fe’, Fe-COOH and Fe-CS) showed
the absence of significant dispersion of results in
the course of the modifications carried out.

The negative value of the zeta potential for Fe-
COOH microparticles is explained by the presence
of carboxyl groups on their surface. After further
modification with chitosan, a sharp shift of the zeta
potential occurs in a positive direction, which, on
the one hand, is explained by the appearance of
positively charged amino groups, and, on the oth-
er, by a decrease in the number of free carboxyl
groups due to their participation in the formation
of an amide bond.

The data obtained indirectly confirm the cova-
lent modification of the surface by 4-carboxyphe-
nyl groups, as well as the secondary inoculation
of chitosan on the surface. These facts were also
confirmed by IR spectroscopy (Fig. 1).

The spectrum of microparticles Fe-COOH
observed absorption peaks at wavelengths n_,
2974, 2900 and v_, 1689 sm’, indicating the pres-
ence of a carboxyl group (-COOH). Absorption
at wavelengths v. . 1603 and 1585 sm™ confirms
the presence of a benzene ring. Thus, the results
obtained may indicate the grafting of 4-carboxy-
phenyl groups on the surface of microparticles
[24].

The spectra of Fe-CS microparticles and chi-
tosan were compared with each other. The chi-
tosan spectrum is characterized by the presence
of major absorption peaks at wavelengths of 3350
cm™, 2870 cm™ (v.,) and 1060 cm™ (v The

CH) C—O—C)'
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Fig. 1. FTIR spectra of Fe-COOH, Fe-CS microparticles
and pure chitosan
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Fig. 2. Influence of pH and surface modification of DOX
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spectrum of Fe-CS microparticles also contains
absorption bands at wavelengths of 3350 sm™ (n ;)
and 2870 sm™ (v_,). As a result, it can be conclud-
ed that chitosan is present in the structure of Fe-
CS microparticles.

Study of the effectiveness of encapsulation and
the controlled release of doxorubicin.

The results presented in fig. 2, a, demonstrate
the positive effect of surface modification on
doxorubicin EI. The presence of carboxyl groups
(-COOH) on the surface of the microparticles sig-
nificantly increases the encapsulation efficiency
(more than 25%) compared to unmodified micro-
particles (Fe®). Additionally, due to further surface
modification (chitosan addition), the encapsulation
efficiency was increased to 90%, which makes the
Fe-CS system suitable for use as a drug carrier.
This phenomenon can be explained as follows: be-
cause of the presence of positively charged amino
groups, doxorubicin molecules enter into electro-
static interactions with the carboxyl groups of Fe-
COOH microparticles. The binding of the compo-
nents is enhanced by the appearance of hydrogen
bonds [12].

In the Fe-CS system, DOX coupling was also
carried out due to electrostatic interactions. Due
to the large number of positively charged amino
groups in the chitosan molecule, an increase in the
loading capacity of negatively charged molecules
occurs, which, in turn, leads to an increase in EI.
Since the DOX molecule carries a positive charge,
its attachment to Fe-CS microparticles takes place
using a negative charged cross-linker (STP) in
the form of a DOX-STP complex. Moreover, an
increase in EI may be associated with an increase
in the number of hydrogen bonds. The effect of pH
on EI was confirmed.

The experiment showed a consistent decrease
in EI with increasing pH values. For Fe-COOH
microparticles with increasing pH from 3.3 to 5.5,
EI decreased by 11%. With a stronger increase
(from 3.3 to 7.4), the EI decreased by 18% (see fig.
2, a). This is due to the deprotonation of functional
groups (-NH*, and -COOH), which, in turn, leads
to a change in their charges and weakening of
electrostatic interactions.

In the Fe-CS system, a decrease in EI with
an increase in pH value due to a decrease in the
strength of electrostatic interactions between the
functional groups of DOX, chitosan and STP was
also observed. In this case, due to the presence of
a hydrophilic coating (chitosan), an increase in the
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number of hydrogen bonds occurs, which increases
the stability of the conjugate.

In fig. 2, b, an assessment of the effect of
doxorubicin concentration in the reaction mixture
on the encapsulation efficiency is presented. In
the case of Fe’ microparticles, a stable decrease in
EI was observed after its initial decrease. With a
DOX concentration of 0.5 mg/ml, an equilibrium
was reached between the adsorption-desorption
processes (EI=5%), as evidenced by a further
consistent decrease in EI with the increasing DOX
concentration.

100 =

80 +

In the case of Fe-COOH and Fe-CS
microparticles, a similar trend was observed, but,
in contrast to Fe’, a decrease was observed over the
entire range of concentrations studied. As a result,
the data obtained confirm the effect of surface
modification on the encapsulation efficiency.
Additionally, in the course of the experiment,
the value of the loading capacity was determined,
which amounted to 0.9 mg of doxorubicin per 1
mg of Fe-CS microparticles.

The assessment of the possibility of controlled
release of doxorubicin from the Fe-CS system was

pH=3,3 PpH=55 pH=7,4
— e -
—e— C Y3/ With ultrasound
—m=— Bea V3/ With out ultrasound
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Fig. 3. Release of doxorubicin from conjugate Fe-CS / DOX along the OX axis — time, h; OY axis — quantity, %
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performed in an in vitro experiment under the
influence of ultrasonic radiation with a successive
change in pH values.

The results obtained in the course of the
experiment (Fig. 3) confirm the effect of ultrasonic
radiation on the rate of release of the therapeutic
agent, regardless of the pH of the medium. This
effect is due to the appearance of cavitation
bubbles in the release medium when exposed to
ultrasound. Their further destruction leads to a
shear gradient, which, in turn, causes stretching and
breaking of chemical bonds [25]. The attachment
of system components, including the therapeutic
agent, is due to electrostatic interactions, which
are less durable than chemical bonds. As a result,
gradual stretching leads to their destruction and
accelerated release of doxorubicin. Thus, for the
system under study, the possibility of controlled
release of doxorubicin was confirmed.

Cytotoxicity study. The results of studying the
cytotoxicity of microparticles are shown in fig.4.

The diagram shows that the values of cell
viability in the presence of various concentrations
of the microparticles under study do not differ
from those observed in the control (values with
a microparticle concentration of 0 pg/ml), which
indicates the absence of independent cytotoxic
properties of the developed DDS (in the absence of
a loaded chemotherapeutic agent).
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