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ABSTRACT

Currently, the targeted delivery of anticancer drugs can significantly increase the effectiveness of therapy, reduce the
side effects of systemic chemotherapy, and improve the quality of patients with cancer. This review aimed to summa-
rize data about the domestic antitumor drug 2,4-his(1-aziridinyl)-6-(2,2-dimethyl-5-hydroxymethyl-1,3-dioxan-5-yl)
amino-1,3,5-thriazine (dioxadet), its nanoforms, possibilities of its use in the clinic, and main antitumor nanodrugs
clinically introduced in recent years. Library databases (eLibrary, PubMed, CyberLeninka, ResearchGate, Springer, Wiley
Online Library, and Elsevier) were searched for relevant information. The literature review summarizes data on the pre-
clinical trials of dioxadet and provides information on its nanoforms, such as nanogels, nanodiamonds, silica particles,
and copolymers with lactic and caproic acids. New drug nanoforms open up opportunities to reduce drug side effects
and systemic toxicity, maintain optimal therapeutic concentrations, increase the drug circulation time in the blood, and
control its release. The possibility of using chemopreparation cytotoxic doses is the main advantage of new nanodrugs.
To date, approximately 20 antitumor nanodrugs have been introduced in clinical practice, and some nanodrugs are un-
dergoing preclinical trials or are in various phases of clinical trials. Thus, the development of a new effective nanoform,
i.e., dioxadet, makes it possible to ensure targeted drug delivery in higher cytotoxic doses to target cells, increase selec-
tive action, and reduce cytostatic toxicity to normal cells.
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AHHOTALNA

B HacTosLLee BpeMs appecHas [oCTaBKa NPOTMBOOMYXOJIEBbIX JIEKAPCTBEHHBIX MPEenapaToB No3BOSIAET 3HAUUTENBHO YBEU-
UnTb IPHEKTUBHOCTb TepanuK, YMEHbLUMTb NOBOYHbIE 3PHEKTbI CUCTEMHON XMMUOTEPANUM M MOBLICUTb KAYeCTBO JIEYEHUS
OHKOMNOTMYECKMX BoMbHBIX. Llenb uccnepoalns — 0606LeHre MHbOpMaLmMm 06 0TeYeCTBEHHOM NPOTUBOONYXOEBOM Mpe-
napare 2,4-6uc(1-asvpuannnn)-6-(2,2-gumetun-5-okeuMetun-1,3-auokcaH-5-un)amuHo- 1,3,5-TpuasuH (aMoKcaaaT) Ha ce-
TOAHALWHWA AeHb, ero HaHo(opMax, BO3MOXHOCTAX MPUMEHEHUS B KIIMHUKE W OCHOBHBIX MPOTUBOOMYXO/EBbIX HaHoMpena-
paTax, BHeJPEeHHbIX B KJIMHWYECKYIO MPaKTUKY 3a NocniefHue rofibl B MUpe. ViccnefoBaHue NpoBOAMIIOCH C UCMONIb30BaHUEM
MoucKoBo-MHpopMaLmoHHbIx (eLibrary, PubMed, CyberLeninka, ResearchGate, Springer, Wiley Online Library, Elsevier) n ou-
BnmoTeuHbIx 6a3 AaHHbIX. B 0630pe nintepatypbl 0606LLEHbI AaHHBIE MO LOKIMHUYECKUM UCCNIEA0BAHUAM IMOKCAL3Ta U NpU-
BeileHa MHdopMaums 0 pa3paboTaHHbIX ero HaHodopMax, TaKMX Kak HaHOrenM, HaHoaaMasbl, HaHOYaCTULbI KPEMHE3EMa,
COMOIMMEPbI C MOJIOYHOM M KanpoHOBOI KucioTamu. HoBble HaHodOpMbI NpenapaTa OTKPbLIBAOT BO3MOXHOCTU Aff YMeHb-
LWeHns ero NoboyHbIX 3hMEKTOB U CUCTEMHOM TOKCMYHOCTH, a TaKKe MOALEPKaHUI0 ONTUMAIbHOW TepaneBTUYeCKOW KOH-
LeHTPaLUuK, YBEIMYEHMIO BPEMEHU LMPKYNALMMA NeKapCTBEHHOMO BELLUECTBA B KPOBU W KOHTPOMKO €ro BbiCBODOOXKAEHMS.
B0o3M0XKHOCTb NPUMEHEHUSA LIMTOTOKCUYECKUX 403 XMMUONpenapaTta ABNSeTCS 0CHOBHBIM HEOCTOPUMBIM [AOCTOMHCTBOM HO-
BOV JIEKApPCTBEHHOM HaHohOpMbI. Ha cerogHsAWHNN fieHb BHeAPEHbI B KIIMHUYECKYI0 NPaKTUKY okono 20 NpoTMBOOMYX0/eBbIX
HaHoOMpenapaToB, M psL HaHOMPENapaToB NMPOXOAAT AOK/MHUYECKUE MCCELOBaHUA U pa3nnyHble $asbl KIIMHUYECKUX UC-
nbiTaHWi. TakuM 06pa3oM, paspaboTka HoBbIX 3D EKTUBHBIX IEKAPCTBEHHBIX HAHOGOPM AMOKCaA3Ta NO3BoAsAET obecneynTb
TapreTHyl0 [OCTaBKY JIEKapCTBEHHOMO BeLLecTBa B Hosiee BbICOKWX LIMTOTOKCMYECKMX [03aX K KIETKe-MULLEHH, YBEIMUNTb
CENEKTMBHOCTb AENCTBUSA, YMEHbLUMTb TOKCUYHOCTb LIUTOCTATMKA B OTHOLLEHWUM HOPMAJbHBIX KITETOK.

KnioueBble cnoBa: aA3VPUONHTPUA3NHBI; HAHOTeNX; HaHOa/IMas3bl; COMoJIMMEpPbI; NMPOTUBOOMYX0JIEBbIE HAHOMPenapaTbl.
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INTRODUCTION

Despite the intensive advancements of biotherapy, che-
motherapy remains one of the main methods of treating
cancer patients. Currently, >100 antitumor medicinal sub-
stances have been developed [1]. In addition, new drugs
are introduced into clinical practice every year, and various
therapeutic regimens are tested, which expands the thera-
peutic possibilities and improves treatment results.

However, the pronounced side effects of systemic che-
motherapy significantly limit its potential and significantly
worsen the quality of life of patients. The current level of
understanding of cancer biology and technical capabilities
can significantly increase the therapeutic efficacy and im-
prove the treatment quality of cancer patients. The demand
for technologies that detect micrometastases and targeted
antitumor drug delivery directly into tumor cells is high.
Accordingly, multifunctional carriers should be created for
diagnostic and therapeutic purposes. A nanoform (targeted
drug delivery system) was developed using nanoparticles
with an optimal size of 1-100 nm. Nanoparticles with sizes
ranging from 10 to 100 nm are significantly accumulated
mainly in tumor tissues due to the delayed effect associated
with tumor growth [2, 3]. Nanoparticles carrying targeted
molecules to specific tumor markers can directly bind to
tumor cells and penetrate inside. Several possible nanopar-
ticle modifications make it possible to increase their circu-
lation time and control the release of therapeutic agents,
which together helps reduce damage to healthy tissues,
reduces the risk of multidrug resistance, and increases the
overall therapeutic efficacy.

Nanoform antitumor drugs targets and can prolong
the their effects, protect from premature biodegradation,
increase substance bioavailability with suboptimal trans-
port properties, overcome biological barriers including the
blood-brain barrier and gastrointestinal tract walls, direct
drug transport (tissue- and/or target-specific delivery),
control the drug release (reverse response, local or remote
activation), maintain the optimal therapeutic concentration
of the drug, reduce side effects and systemic toxicity, con-
trol the drug interaction with specific biological targets, and
determine treatment results at the cellular level.

In the 1990s of the twentieth century, the Research
Institute of Oncology named after N.N. Petrov continued
the study of a domestic antitumor substance synthesized
at the Institute from the group of alkylating compounds
of ethylenimines-2,4-bis(1-aziridinyl)-6-(2,2-dimeth-
yl5-hydroxymethyl1,3-dioxane5-yl)amino1,3,5-triazine.
The drug has undergone preclinical and clinical trials and
has been approved for medical use under the name di-
oxadet* in the form of a sterile powder in vials for par-
enteral administration [4, 5].

* Currently, the regulatory and registration documenta-
tion for the drug dioxadet has expired and the drug is not
produced.
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This literature review provides basic information re-
garding the domestic antitumor drug dioxadet to date, its
nanoforms have already been created, possibilities of use
in the clinic, and other major antitumor nanopreparations
introduced into clinical practice in recent years. eLibrary,
PubMed, CyberLeninka, ResearchGate, Springer, Wiley
Online Library, and Elsevier; and library databases; and
the State Register of Medicines were searched.

Analysis of the arsenal of cytotoxic drugs revealed
that alkylating agents are included in chemotherapeutic
regimens for malignant solid tumors and hemoblasto-
ses. Most domestic and foreign studies consider them to
be the most promising group of chemotherapeutic drugs
[6-8]. Among alkylating agents, platinum preparations,
the basis of standard combined tumor treatment regi-
mens, and heterocyclic compounds, are the most wide-
spread.

Drugs substituted 1,3,5-triazines are promising het-
erocyclic compounds used in modern medical chemistry
in the development of active pharmaceutical substances
of medicines for the treatment of cancer diseases [9, 10].

Developed and studied at the Federal State Budget-
ary Institution Research Institute of Oncology named af-
ter N.N. Petrov of the Ministry of Health of the Russian
Federation, dioxadet, a derivative of ethylene aminotri-
azines, has unique physicochemical properties, water
and fat solubility, allowing it to be administered in fatty
(including radiopaque media during chemoembolization
of vessels in the liver, kidneys, and other organs based
on its inherent pronounced contact antitumor effect in
malignant neoplasms of various localizations) and aque-
ous solutions — in case of tumor effusions into serous
cavities [11]. Preclinical comparative studies in the sci-
entific laboratory of cancer chemoprevention and onco-
pharmacology of the Federal State Budgetary Institution
Research Institute of Oncology named after N.N. Petrov
of the Ministry of Health of the Russian Federation re-
ported a pronounced contact antitumor effect of dioxadet
and the absence of adhesions during intraperitoneal ad-
ministration [12].

Preclinical studies established the pronounced anti-
tumor activity of the drug on a wide range of transplant-
able tumors in laboratory animals, such as lymphoid
leukemia L1210 (L1210 leukemia), lymphosarcoma LIO1,
lymphocytic leukemia P388, Erlich carcinoma, ovarian
tumor (ovarian carcinoma, 0C), sarcoma 180 (Crocker’s
sarcoma, sarcoma 180, Kroker sarcoma), sarcoma 37
(sarcoma 37), and glioma 35. Tumors were transplanted
intraperitoneally, subcutaneously, intramuscularly, and
intracranially [13, 14]. In addition, experiments on tu-
mor growth inhibition in vitro on glioblastoma 5 cell line
model, the antitumor effect of dioxadet was also deter-
mined [15].

The pharmacokinetic analysis of dioxadet found that
linear pharmacokinetics describe its behavior in the rat
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body. The overall picture of activity excretion from the
blood consists of three exponents, the rapid phase of ex-
cretion takes 4-6 h, and the half-life is 222 min. An im-
portant and rapid elimination route was the excretion of
mono- and diethanolammonium derivatives of dioxadet,
products of the ethylenimine ring opening, with bile [16].
The lipophilicity of dioxadet evidently promotes its ability
to penetrate the blood-brain barrier. At 5 min after intra-
peritoneal administration to rats and mice, dioxadet was
detected in the brain tissue and remained there for up to
72 h. At various times post-administration, the specific
activity of dioxadet 14C ranged from 8% to 55% of the
specific blood activity. Drug treatment in mice and rats
intracranially transplanted with leukemia L1210, glio-
ma 35, and glioma 2211 increased their life expectancy
by 26%-48% [17].

The study of acute toxicity of dioxadet revealed that
mice administered of lethal doses of the drug died with
the phenomena of adynamia, weight loss, and moderate
diarrhea. The autopsy demonstrated a sharp decrease in
the thymus gland, spleen, and lymph nodes. Histologi-
cal examination found hypoplasia of the bone marrow,
spleen, lymph nodes, moderate dystrophic changes in the
epithelium of the crypts of the duodenum and dystrophic
changes in the liver. No pathological changes occurred in
the heart muscle, lungs, kidneys, and stomach. Rats and
mice were intraperitoneally administered with 3.8 mg/kg
and 10 mg/kg of LD50 of dioxadet [18].

The result of preclinical study of dioxadet in vari-
ous animal species revealed that the main dose-limit-
ing side effect of the drug is hematopoiesis inhibition.
It suppressed granulocytopoiesis and lymphopoiesis,
to a lesser extent, thrombocytopoiesis. Hematopoiesis
was normalized within 2-3 weeks after discontinuation
of drug administration. Other side effects were not pro-
nounced. Cardio-, pneumo-, and nephrotoxicity were not
detected [19, 20].

Until 2000, phase Il drug clinical trials were conduc-
ted in 15 oncological institutions in 229 patients with
common forms of malignant neoplasms of various lo-
calizations. Dioxadet was used as monotherapy. Even
though all patients had advanced forms of malignant
neoplasms and most had previously received chemother-
apy, 15.3% of patients achieved the objective therapeutic
effect [11].

Clinical trials of dioxadet were conducted as an an-
titumor agent for chemoembolization (targeted injection
of a drug into vessels directly feeding the tumor) of ves-
sels in operable and common forms of kidney cancer in
97 patients and primary liver cancer and liver metastases
of colorectal cancer in 42 patients. The effectiveness of
chemoembolization with dioxadet has been proven to re-
sult in increased patient survival [5, 12, 21].

Recent studies in the field of nanotechnology have
introduced new tools for the treatment of tumors into
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practical medicine. Nanoparticle-based complexes were
used as selective tumor-specific transporters (carriers)
to deliver drugs to the tumor site [22-24].

Currently, several types of therapeutic and diagnostic
drugs based on highly specialized nanostructures are al-
ready used in clinical practice worldwide [25]. They were
widely applied for the diagnosis and chemotherapy of
malignant neoplasms, having several significant advan-
tages over other antitumor agents. Chemotherapy with
traditional cytostatic drugs often affects healthy cells
in addition to tumor cells, and with the help of nano-
systems, side effects occurring during its implementa-
tion can be reduced [26]. In addition, nanoobject-based
drug delivery systems have controlled pharmacokinetic
parameters such as clearance and distribution vol-
ume, reduced drug toxicity, increased hydrophobic drug
solubility, increased drug stability (proteins, peptides,
oligonucleotides), and improved biocompatibility [27].
The innovativeness of the approach depends on the cre-
ation of new nanoforms of the domestic antitumor com-
pound, which will potentially allow targeted delivery of
the drug in higher cytotoxic doses to the target cell, in-
crease the action selectivity, and reduce the cytostatic
toxicity with respect to normal cells. The main indisput-
able advantage of the new medicinal nanoform is the use
of cytotoxic doses of chemotherapeutic drugs, which,
bypassing the general blood flow, thereby exclude the
general toxic effects on hematopoietic and parenchymal
organs.

The current approaches to drug administration in
the human body, based on the use of traditional dosage
forms, have several significant drawbacks:

1. Increased consumption of medicinal substances
caused by medicinal substances does not reach all the
necessary biological targets or reaches, but in a concen-
tration significantly lower than the necessary therapeutic
one.

2. The non-directional effect of drugs, that is, the in-
teraction with non-targeted biological objects, frequently
leads to side effects caused by its metabolites and to
inappropriate, irrational consumption of medicines.

3. Possible pronounced complications of an ongo-
ing chemotherapeutic treatment may affect the entire
course of therapy, delaying or stopping it for a certain
period.

4. The inability to maintain the optimal therapeutic
concentration of the drug for the required time results in
the need for frequent drug administration.

5. Insufficient biocompatibility.

The most pronounced drawbacks are manifested
when using medicines with a pronounced side effect.
The use of nanoforms of antitumor drugs provides:

1. Prolonged effect of the drug.

2. The necessary hiocompatibility.

3. Drug protection from early biodegradation.
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4. Increasing the substance bioavailability with sub-
optimal transport properties.

5. Overcoming biological barriers, including blood-
brain and blood—ophthalmic barriers, as well as better
penetration through the gastrointestinal tract walls.

6. Targeted drug transport (tissue- and/or target-
specific delivery).

7. Controlled drug release (reverse response, local or
remote activation).

8. Maintaining the optimal therapeutic concentration
of the medicinal substance.

9. Reduced side effects and systemic toxicity.

10. Possibility to visualize the focus of the pathologi-
cal process, control the drug substance interaction with
specific biological targets and treatment results at the
cellular level.

Currently, the world pharmaceutical market has
developed nanopreparations used in clinical practice
[25, 28] (see the table).

Despite the large number of nanopreparations already
created, this area is continuously developed. Several
nanopreparations are currently used in preclinical studies
and various phases of clinical trials at different centers
worldwide. Simultaneously, many studies have reported
that the use of targeted nanoparticles as a drug delivery
system is a promising direction for the treatment of hu-
man tumors [25].

The intensive development of drug delivery systems
based on micro- and nanotechnology results in not only
an extension of the life of well-known medicines on the
international pharmaceutical market but also the emer-
gence of drugs with improved pharmacological and phar-
macokinetic properties, which significantly expands the
boundaries of their use. The development of new effec-
tive dosage forms using advanced nanotechnology has
every chance to be considered one of the priorities in the
field of state scientific, technical, and economic policy,
contributing to:

+ A significant increase in antitumor activity and a de-
crease in drug toxicity used in clinical practice due
to targeted delivery to the tumor, prolonged action,
increased therapeutic concentration, and overcoming
biological barriers

» Expanding the spectrum of antitumor activity of drugs
used in clinical practice and more effective treatment
of tumors resistant to chemotherapy

+ Development of new ways of chemotherapy — lo-
coregional therapy and theranostics

+ The closest analogs of nanodioxadet on the market
today include Doxyl*, Nanoxel* and Apealea* (micellar
paclitaxel)

Doxorubicin liposomal (Doxil) for injection (2 mg/ml)

is used to treat Kaposi's sarcoma, breast cancer,

* The drug is not registered in Russia.
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ovarian tumor, and other solid tumors. It exhibits less
pronounced cardiotoxic, myelotoxic, and nephrotoxic ef-
fects, the “half-life” period in plasma is approximately
45 h (for free Doxyl, it is 5 min). Its disadvantage is a side
effect of palmar plantar erythrodysesthesia syndrome
[29, 30].

The new micellar form of paclitaxel, registered in Eu-
rope and the Russian Federation, demonstrated better tol-
erability compared to conventional paclitaxel and consid-
ered an increase in the safe effective dose to 250 mg/m?,
which provides a significant advantage in efficacy and
progression-free survival [31, 32]. The use of the new
EL cremophor-free paclitaxel is relevant in concomitant
extragenital diseases (e.g., diabetes mellitus, neurologic
deficits) in elderly patients and patients with allergic re-
actions, and sometimes in those contraindicated for ad-
ditional steroids. Similar polymer micellar preparations
are currently being widely investigated, and clinical data
have shown a longer half-life, increased bioavailability,
and reduced toxicity [33]. For example, the micellar form
of paclitaxel Genexol-PM* (Samyang Pharmaceuticals,
South Korea) based on a block copolymer of polyethylene
glycol and lactic acid in preclinical trials indicated a con-
centration level in tumor tissue three times higher com-
pared to the drug Taxol* (Bristol-Myers Squibb S. r. L.,
Italy) when administered intravenously and, accordingly,
significantly higher efficacy in animal models of ovarian
and breast cancer [34]. The drug had excellent antitumor
activity and allowed the safe use of higher doses — up
to 250 mg/m? [35].

Possible main applications of nanodioxadet

Therapeutic intraperitoneal chemotherapy for abdomi-
nal carcinomatosis of the 1%, 2", and subsequent lines in
patients with ovarian, colon, stomach, and other primary
tumors. In Russia, abdominal carcinomatosis is detected
in >80,000 people per year [36]. Potentially, intraperi-
toneal chemotherapy is indicated for most of these pa-
tients, not conducted nowadays, but is considered one of
the effective ways to increase survival.

Adjuvant intraperitoneal chemotherapy for ab-
dominal carcinomatosis. In Russia 13,315 people had
ovarian cancer for the first time, 41,154 people had
colorectal cancer, and 32,031 people had gastric can-
cer in 2021, totaling to 86,500 people [36]. High mor-
tality is observed in ovarian cancer in women. In 2020,
313,959 women were diagnosed with ovarian cancer
worldwide, whereas 207,252 died [37]. These three tu-
mors most frequently cause carcinomatosis of the ab-
dominal cavity. At least a third of these patients poten-
tially require adjuvant intraperitoneal chemotherapy, not
performed at all today, which opens a new indication for
a nanopreparation.

* The drug is not registered in Russia.

135



M NIEKaPCTBEHHOW Tepanii

(0030pbl N0 KNMHWYECKOM (hapMaKonormv

Tom22,N°2, 2024

HAYYHBIE OB30PHI

136

ajeJapojy Jaaued dnealoued pue ajeisoud ‘ewlo)selqong

s|190
wia)sAs snoAJau pue poojq Ayyeay uo 13a)a apis

Ayjedoinau et
-yduad pue ‘Buiiwon ‘easneu ‘eay.lelp ‘eluadosnaN

sisdas pue ‘elwaJajoeq ‘uoisuapiadAy
‘erxodAy ‘eluownaud ‘anbiyey ‘eluadonau a)1ga4

ewayihia pue uied juaisuel|
suoiajul pue ‘(sjuaned awos ul uonelpAyap
0} spea)) funiwon ‘easneu ‘elusyise ‘suondeal dbayy

sijlnau jeJs
-yduad pue ‘yiealq Jo ssaupoys ‘Buniwon ‘easneN

anbey pue ‘eibjedw ‘ayoepeay ‘4ansy ybiy ‘spiyd

Aydosie Jejnaiysa) pue ‘ensewodaub ‘easneu
‘ssauizzip ‘anbiej/asiejew Agq pamo)jo} sayseyy 104

Ayaixoy Bnug

eluado.ynau
Je)yuqyy pue ‘eluadolinau ‘Buniwon ‘easneu ‘eaylleiq

elwadf)b
-J1adAy pue ‘sijeaJoued ‘wWsoquiaoquioy} SNOUSA

euadounau ‘eibjeAw ‘Ayjedoinap

uiwngje oy 1axey)ded jo Buipuiq diy12adsuoN
fyd1xoj01nau pue siiplouydely

S)J8)Ja apls delp.e)

Anigeisul aane)ay
uswiom Ui AJIAeD JeJo ayy Jo

J3oued
Bun) 122 J)eWS-UoU pue ‘eWoUIDIBIOUAPE dije
-a.oued Jne)selaw ‘1adued 1sealq JNeISeIS

sagn} ueldojje} pue
‘wnauoyliad ‘salieao ay) Jo Jajue)

BILUAYN3] PIoj3AW andy

BUIOUIDIED )32 |eseg

uiys ayy jo ewoydwi) 193-1
Jaaued bunj 1182 Jjews-uou pue ‘Jaaued
UBLIEAO “130UBD JSealq Jo afiels paoueApy

BWO02.1eS09]S0 Jljelselal-UuoN

Jadued aieisold

awosowo.yd elydjape)iyd ann
-ebau e yum elwayna) ansejqoydwi) ainay

(K1epuodas) Jadued dnealoued Jneiselap

eIWaYNI
1aoued uerieno pue ‘Bun) ‘sealg

(Arewnud) Jaaued ajeadued Jnejsejaw
pue (A1epu0das) Jadued 1sealq JNeISeIap

snibuiuaw yueubnew
piojewoydwA) pue ‘ewoisejqonb ‘erwsyna’

uondajul A|H Aq pasnea ewoales s, 1sodey
Jaoued jsealq
BWodJes s, sodey|

BWOUIDJE )32 snowenbs 0} pea) Aew asn pabuojold pue ‘euwojakuw ‘1adued UBLIBAO ‘J3JUBD Jsealg

3UE)ISOUIWE Y}IM Pajend
sapdnJedoueu dnaubewelediadns “pla

Japmod uoisnjui
“xeyjoed/sajdnledoueu buipuiq urwing)y

19xeled/sanadiw JawAjod

auige.eifa pue udigniounep/sawosodi
awosodn pajejfbad

pue ‘aunoyd)ipieydsoyd-n- ajeozusq
WwnIpos ‘pioe JluNnAa|oule-G Buluieyuod jag
uIxoy elayydip pue

Z-unynayaiur buuieyuod bnip pajabiey v
1oxeynjoed/sawosodi

apiunwejiw/sawosodi

a1e}aoe apljoldnay)/sa)diedoueu JawAjod
aunsLUIA/sawosod]
uedajoui/sawosodi]

aseulbesedse
-7/18wkjod e yum Bnip e jo aebnfuo)

1oxexjaed,/sayeaiw JawAhjod
1axenjaed;/sajonledoueu buipuiq uiwngyy
auigeJe}fa/sawosodr]

unIgniounep/sawosodi]
upIgnioxop/sawosodi]

uiignioxop/sawiosodi

a2.046ep ‘(8102) Va4 ‘(€102) VWT / Ulay)-OueN

(6102) YW3 / 4luszed
(8102) VW3
/ (19xex)dey sajjaoiw dawA|od) eajeady

swieyd “101e)3) (8102) YINT (£107) Va4
/ (uidignounep :auige.eifd jewosodi) soaxAp

(1102) Y3 / (p1oe Jiunnasjoulwy-G) znjawy

1es13 (6661) Y04 / (xoMylp unnajiuaQ) Yeug

ew.eyd 3k ‘(e107) VW3
/ (1exeyed jewosodr) nsndiq

epayeL ‘(6002) YINT / (Sulwejoueysd
Wpueydsoyd apndadiiy 1Aweinyy) 1oeday

desay) sewo] ‘(z007) Va4

/ ((3p1103A16-03-2phoe7-1a) Ajod) H91d

‘1awAjod pue ajeyade apnotdna) (Jewyol) psebi3
4983010Y (2107) Va4

/ (dunstioulp jewosodi) ogibiep

N3Sdl (6102) vad
/ (UedajouLl| jewosodi) (}orwlIap) apAnuQ

ne] ewbIS (9102) Y3 ‘(7661) Y04 / Jedseduq
BueAwes ‘(/007) B3J0Y YInoS / Wd-]0Xauag

82ua1ds01g SIXYHIY
(8002) YW3 ‘(5002) ¥4 / (s3)onedouen
]9Xeyjaed punog-uiwngy) auexe.qy

BWIBYd VHIVd ‘(6661) Va4
/ (duige.eiha jewosodi) 1hj0dag

uajeg (9641) vad
/ (UiIgnJounep 1ewosodi) awoyouneq

N 831 (0002) YIW3 / (UDIGNIoXop Jewiosodr) 1800An

uassuer (9661) YINI ‘(G661) Va4
/ (uiaignioxop jewosodi) (xAjae)) jixoQ

SSIEEIS

suoneaIpu|

Bnig/1aie0UBN

lenouddy
Juonew.oju] uonesifay/Janoenuep/aweN

SHMHULMA 8 dI9WaBHaWmMdU ‘laLedeuaduoHey “enumurge )

J1U1)2 3yp Ul pasn suonesedaidouey *ajqel

DAl https://doiorg/10.17816/RCF625968




SCIENTIFIC REVIEWS

Modern nanoforms of dioxadet

Dioxadet nanoforms based on mesoporous silica par-
ticles are one of the promising nanoforms of dioxadet,
because according to the literature, silica particles them-
selves have antitumor activities and are nontoxic [25, 28,
38-40].

Conjugates of nanodiamonds with dioxadet and
doxorubicin. The study of cytotoxic properties of nano-
diamond conjugates with antitumor drugs (doxorubicin
and dioxadet) conducted by G.M. Berdichevsky reported
that detonation nanodiamond complexes, with doxoru-
bicin (OND-Dox) and dioxadet (DND-Diox), do not affect
plasma coagulation hemostasis and functional activity of
platelets and erythrocyte membrane, because they have
good hemocompatibility [41].

When analyzing the effects of DND—-Dox and DND-Diox
on the function of mitochondria, namely, on the ATPase
activity of F1FQ Escherichia coli (proteoliposome model)
and the value of the membrane mitochondrial potential
(PANC-1 cell culture model), the effect of conjugates was
found to be due to the presence of DND in their compo-
sition. DND-Dox compared with DND-Diox significantly
reduced the mitochondrial membrane potential, which is
apparently due to the inhibitory effects of DND on the
ATPase activity of F1F0 E. coli in combination with the
Dox-dependent generation of reactive oxygen species.
Understanding the role of mitochondrial dysfunction iden-
tifies the possibility of using mitochondria as targets for
various types of effects, which can serve as a biochemi-
cal basis for the development of new antitumor agents.
Carboxylated DND has an inhibitory effect on the ATPase
activity. The doxorubicin ability to reduce the membrane
potential level (model — PANC-1 cell culture) was
found, without affecting the ATPase activity (model —
proteoliposomes). It has been shown that DND-Diox,
unlike DND-Dox, does not affect the mitochondria
[42, 43].

The T98G glioblastoma cell model revealed that DND-
Dox and DND-Diox demonstrate a greater cytotoxic ef-
fect on tumor cells at lower doxorubicin and dioxadet
concentrations in conjugates compared with free doxo-
rubicin and dioxadet; simultaneously, the cytotoxic ef-
fects of DND-Diox significantly exceeded DND—Dox at
all studied concentrations. The obtained data revealed
that DND-Diox, compared with DND-Dox, has maximum
cytotoxicity with respect to glioblastoma T98G cells.
The greater cytotoxicity at a lower Diox concentration in
the conjugate composition compared to the individual
drug makes it promising to further analyze the specif-
ic antitumor activity and acute toxicity of DHA-Diox in
in vivo models of glioblastoma [44].

Preparation of nanogels with dioxadet. Nanocontain-
ers used for selective drug delivery in the body and diag-
nosis of diseases have been investigated for a long time
by many research teams [45]. Promising nanocontainers
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include nanogels, super-soft nanoparticles consisting of
polymer hydrophilic or amphiphilic chains. Nanogels have
several important properties: large loading capacity and
high stability and sensitivity to small changes in the envi-
ronmental conditions in which they are located (pH, ionic
strength and temperature). Polymer nanogels are new
biomaterials for the cancer drug delivery [46, 47].

This review aims to produce nanogels with dioxadet
synthesized by cross-linked nanogels based on a block
copolymer of polyethylene glycol-6-polymethacrylic acid
(PEG-6-PMAC), and the study of the process introduc-
ing the antitumor drug dioxadet into nanocontainers.
Our results indicated that stable nanocontainers were
synthesized with a high degree of loading using the anti-
tumor drug dioxadet [47]. The drug-loaded nanogels are
directed into lysosomes, and selective toxicity to cancer
cells is demonstrated [15]. The cytotoxic activity of dioxa-
det significantly decreased after nanogel administration.
Nanogels themselves are nontoxic in the entire range of
concentrations used for the treatment of nanogel-based
drugs.

The cytotoxicity of the free and encapsulated form of
dioxadet was examined on glioma cell lines (Cé, U87) and
normal cells (CHO-K1) [15]. First, it was found on CHO-K1
cells that the semi-maximal inhibition (IC50) concentra-
tion increases with decreased pH of the free dioxadet
solution. This occurs because of the loss of drug activity
in an acidic environment due to the discovery of ethyl-
enimine cycles responsible for the alkylation mechanism
of dioxadet. Second, cytotoxicity analysis revealed lower
toxicity of dioxadet loaded into a nanocontainer compared
to its free form, which can be explained by the slow drug
release from the container and a lower dose interacting
with cells. Doxorubicin and cisplatin had a similar de-
crease in cytotoxicity reported by Yokoyama et al. [48, 49].
Overall, the IC50 for all forms of dioxadet, including a
free drug substance, remained high in Cé cell culture
compared to doxorubicin (S. Bennis et al. [50]) or cispla-
tin (Y. Tokunaga et al. [51]). This effect may be generally
associated with resistance of glioma Cé to dioxadeth or
triazines. For example, another alkylating agent from the
triazine family, temozolomide, also had a much higher
IC50 for the Cé cell line and simultaneously revealed much
higher toxicity against human U87 glioma cells (no data
provided). However, the toxicity of free dioxadet on U87
glioblastoma cells was found to be like that of doxorubicin
(Lu et al. [52]) and cisplatin (Khiati et al. [53]), but less
toxic to nontumor CHO-K1 cells. In addition to the fact that
this drug has low systemic toxicity and is effective against
human glioblastoma cells compared to nontumor cells,
making it possible to consider dioxadet as a promising
chemotherapeutic drug for the treatment of brain tumors.

The efficiency of dioxadet encapsulation in contain-
ers obtained by the ordinary emulsion method. Currently,
biodegradable polymer-based particles such as polymer

137



138

HAYYHBIE OB30PHI

spheres, micelles, and polymerosomes are mostly inter-
esting as drug delivery systems. Synthetic amphiphilic
copolymers of aliphatic polyesters, such as poly (lactic
acid) (PLA) or poly(e-caprolactone) (PCL) with hydrophilic
polymers, have the greatest promise as biodegradable
carriers to produce such particles [54]. Drug delivery sys-
tems based on amphiphilic copolymers are character-
ized by high bloodstream stability, biocompatibility with
organs and tissues, and the ability to decompose to form
nontoxic products for the body. The use of synthetic bio-
degradable polymers as a base for particles also make
it possible to control the physicochemical properties of
containers, such as size, surface properties, and decom-
position rate of polymer carriers [55]. Particles based on
biodegradable polymers are not toxic to cells by them-
selves [56].

Sinitsyna et al. [54] developed micro- and nanopar-
ticles based on amphiphilic block copolymers of
poly(ethylene glycol) with molecular weight of 5000
(PEG-5000) with poly(lactic acid) PEG5000-6-PLA
and polycaprolactone PEG5000-6-PCL, capable of ef-
ficient encapsulation and controlled release of the
antitumor drug dioxadet and also compared the ob-
tained containers with carriers based on PLA and PCL
homopolymers [54].

The single emulsion method allows loading more
dioxadate with PMC-based particles (fine fraction) and
PEG5000-6-PCL (coarse fraction). Particles based on
PLA block copolymers with PEG are well suited for en-
capsulating small drug doses (1-3 mg). Further par-
ticle stabilization in the aqueous phase due to the hy-
drophilic PEG block allows loading more of the drug
and preventing polymer deposition when using large
molecular weights. PEG5000-6-PCL block copolymer
is suitable for loading more dioxadet. Increased encap-
sulation efficiency and higher loaded drug compared to
PEG5000-6-PLA can be explained for the amphiphi-
lic copolymer PEG5000-6-PCL by the more hydrophobic
nature of the PCL and its semi-crystalline structure, al-
lowing more of the drug to penetrate, unlike the amor-
phous structure of PLA. To obtain particles from PCL
and PEG5000-6-PCL, polymers with a molecular weight
of <30,000 Da should be used, since due to the hydro-
phobic properties of the polymer, its precipitation oc-
curs during particle formation. However, polymers with
molecular weights of up to 350,000 Da can be used to
achieve stable particles from PEG5000-6-PMC, which
helps increase the amount of drugs loaded into the par-
ticles and is an effective tool to control the rate of drugs
release into the system.

Thus, the varying nature, molecular weight, and con-
tainer size of the polymer carrier are an effective tool
to achieve the desired release rate. Future studies may
allow the use of a combination of particles of different
nature and different sizes of the drug to be dosed at the
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required rate for therapeutic effect in the appropriate
organs.

CONCLUSION

This literature review provides data on developed
nanoforms of the domestic antitumor drug dioxadet,
which opens up opportunities to reduce its side effects
and systemic toxicity, helps maintain optimal therapeutic
concentration, increases the circulation time of the drug
in the blood, and controls its release.
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