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Introduction. The development of improved formulations of antidotes and remedies, which can be used not only by qualified medical personnel, but also in
self- and mutual assistance, is an urgent task for extreme medicine.

Objective. Evaluation of the possibility of using nanoscale polymer delivery systems for medicines and antidotes intended for intranasal administration (into
the nasal cavity) in extreme medicine.

Discussion. The main submicron-sized polymer carriers which are promising as the basis for the creation of an intranasal form of antidotes are identified. The
bioavailability of the substance delivered is dependent on the physico-chemical properties of the carrier, the conditions for its production, as well as physiological
and anatomical factors. Data is presented regarding possible ways of correcting these factors in order to increase bioavailability. Examples of the use of polymer
nanocarriers in the treatment of poisoning with heavy metals and rocket fuel components, as well as lesions caused by radioactive substances, are presented. It
is shown that carriers (dendrimers, cyclodextrins) can act as antidotes in certain cases. The study presents a list of antidotes approved for use within the territory
of the Russian Federation, for which the development of intranasal forms is possible, taking their physico-chemical and pharmacokinetic properties into account.
Conclusions. Following a review of literature sources, the most promising submicron-sized polymer carriers for the intensification of intranasal delivery of
drugs and antidotes are herein proposed: dendrimers, liposomes, nanocapsules, nanoparticles, and cyclodextrins. Using the list of antidotes approved for use
in the Russian Federation as an example, promising drugs that can be potentially developed on the basis of these carriers are proposed.
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NMEPCMNEKTUBbI MPUMEHEHUA NHTPAHA3AJIbHBbIX HAHOPA3SMEPHbIX NMOJIMMEPHbIX
CUCTEM OOCTABKW NEKAPCTBEHHbIX MPEMNAPATOB 1 AHTUAOTOB B MEOVULIMHE
SKCTPEMAJIbHbIX CUTYALIUI

E.B. ®enotosa**, [1.B. KpusopoTtos', A.C. Paaunos'

"Hay4Ho-vccneaoBaTenbCKuii UHCTUTYT FUrMeHbl, MpodnaToiorvn 1 3Koorumn Yenoseka GegepanbHOro MeanKo-61oornyeckoro areHTCTea, JIeHMHrpaackas
obnactb, Poccus

2LleHTp xuMmndeckom nHxerepum, Yrusepcutet TMO, CaHkT-IMNeTepbypr, Poccus

BBepenue. CosfaHmne ycoBEpLLEHCTBOBaHHbIX JIEKAPCTBEHHbIX (hOPM aHTWUAOTOB 1 CPEACTB Tepaniiv, MPUMEHEHNE KOTOPbIX BO3MOXKHO He TONbKO KBanndw-
LIPOBaHHbIM MEAULIMHCKMM NePCOHaIoM, HO 1 B MOPSAAKE CamMo- 1 B3aUMOMOMOLLM, SBMSETCS akTyanbHOW 3adadert MeamLUMHbl SKCTPeMasibHbIX CUTYaLni.
Lenb. OueHka BO3MOXHOCTU NMPUMEHEHNS HaHOPa3MEPHbIX MOSIMMEPHbIX CUCTEM [OCTaBKU NIEKAPCTBEHHbIX CPEACTB U aHTWUAOTOB, NpefHa3HaYeHHbIX
N5 BBEEeHNS B HOCOBYIO MOMOCTb (MHTPaHa3asnbHo), B MEAVLIMHE 3KCTPEMabHbIX CUTYaLIA.

0O6cyxpaeHue. B xoae nccnefoaHns 6o BblAENEHb OCHOBHbIE MONVMEPHbIE HOCUTENN CyOMUKPOHHOIO pa3mepa, KOTOpble ABASIOTCA NEPCNEKTUBHBIMM
ONs fanbHenwero BO3MOXXHOI0 CO34aHnsa MHTpaHasanbHon hopMbl aHTUAOTOB. Ha B1MOAOCTYNHOCTL AOCTaBASEMOro BELLECTBA BAVAIOT (OU3MKO-XUMUHE-
CKVe XxapakTepUCTUKIN CaMOro HOCUTENS, YCIOBKS ero Nosly4eHns, a Takxxe ranonornieckme v aHatoMmm4eckure akTopsl. MNpeacraBneHsl AaHHbIe O BO3-
MOXHbIX COCO6axX KOPPEKLMN YKasaHHbIX (DakTOPOB C LieMblo NOBbILLEHMS B1OA0CTYMHOCTH. BTopas YacTb paboTbl NOCBSALLEHa NPUMepaM NPUMEHEHNS
NONMMEPHbIX HAHOHOCKTENE B Tepaniyi OTPaBEHNU TSXKENbIMI MeTannamMmn, KOMNOHEHTaMV PaKeTHOro TOMMBa 1 MOPakeHUI, Bbl3BaHHbIX paiMoakTVB-
HbIMU BeLLlecTBamu. [oKadaHo, 4TO B HEKOTOPbIX CyHasix HOCUTEN (AeHAPUMEPbI, LUKNOAEKCTPYHDBI) MOTYT CamMyt BbICTYNaTh B Ka4eCTBE aHTUAOTOB. B nc-
CnefoBaHUM NpeAcTaBeH NepeyeHb aHTUAOTOB, Pa3peLLeHHbIX K MPUMEHEHMIO Ha TeppuTopun Poccuinckon Pefepaumm, 4ns KOTOPbIX BO3MOXKHA C y4eTOM
X PUBNKO-XUMUHECKIX 1 (DaPMaKOKMHETUHECKIMX CBOMNCTB paspaboTka nHTpaHadanbHbIX (hopM.

BbiBOAbI. Ha OCHOBaHWV aHann3a faHHbIX aMTepaTtypbl NPeAnoxeHbl Hanbonee NepcnekTVBHbIE NOMMEPHbIE HOCUTENN CYyOMUKPOHHOMO pasmepa Ans UH-
TeHCUMVKaLMN Ha3albHOM AOCTaBKM NeKapCTBEHHbBIX CPEACTB 1 aHTUAOTOB: AEHAPUMEPDI, IMMOCOMbI, HAHOKAMCYSbl, HAHOYACTULLbI U LIMKIOAEKCTPUHBI.
Ha npumepe nepeyHs aHTMAOTOB, pa3peLLeHHbIX K MPUMEHeHWIO Ha Tepputopun Poccuinckon depepaumn, NpeaioxeH CIMcoK NpenapaTos, ANd KOTOPbIX
NPUMEHEHVE faHHbIX HOCUTENEN ABNSETCH NEPCNEKTUBHBIM.
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INTRODUCTION

In pharmacology/toxicology, an antidote is usually any
drug which can neutralize a toxicant and eliminate its
pathological effect. For speed of action, such drugs are
usually developed and produced in formulations of injec-
tion solutions. Despite the successes and achievements
of the modern pharmaceutical industry, for objective phar-
macoeconomical reasons, there is now more than ever a
shortage in both the global pharmaceutical market and in
Russia of a number of medicines used in the treatment of
acute and chronic poisoning with heavy metals, narcotic
and organophosphorus compounds (OPCs), cyanides
and hydrazine.

Antidote therapy is part of the comprehensive treat-
ment of acute poisoning of both a domestic and tech-
nogenic nature. It is used by specialists in toxicological
teams at the pre-hospital stage, physicians of medical
institutions at the hospital stage, as well as in the order
of self- and mutual assistance in peacetime and wartime.

Over the past decade [1], the growing need for con-
venient and effective medicines for the treatment and re-
lief of intoxication effects has led to significant progress
in pharmaceutical technologies. The number of improved
formulations of antidotes and remedies has increased sig-
nificantly. They can be used not only by qualified medical
personnel, but also in self- and mutual assistance. A grow-
ing trend is the use of modern delivery systems to modify
the detoxification properties of antidotes. When develop-
ing new formulations of known antidotes, differences need
to be taking into account regarding the pharmacokinetic
parameters relative to traditional, mainly injectable drugs.
The greatest interest in this aspect is linked to the use of
intranasal forms of medicines. They allow the neutraliza-
tion of the differences in speed between invasive and non-
invasive dosage forms of administration, albeit not proving
adequate bioavailability and therapeutic effect in all cases.
One of the possible solutions for the development of intra-
nasal medicines is the use of polymer micro- and nano-
capsules as carriers for antidote delivery. This formulation
is one of the current trends in the treatment of metal poi-
soning, as well as the prevention of severe poisoning with
narcotic substances and alcohol [2, 3].

The development of non-invasive dosage forms of an-
tidotes, in particular intranasal forms using polymer nano-
carriers, may not only increase the effectiveness of known
drugs, but also expand the scope of their medical use.
However, the drug delivery system, including nanoscale
delivery, should not change the initial properties of the
antidote/drug substance or lead to side effects [4]. For
example, this could be respiratory depression caused by
the undesirable delivery of loperamide to the central nerv-
ous system (CNS) resulting from co-administration with
P-glycoprotein inhibitors [5]. On the contrary, the most
promising application of the intranasal form of drug ad-
ministration in the treatment of acute poisoning with neu-
rotoxicants is due to its potential to intensify the transport
of the active substance into brain tissue, bypassing the
blood-brain barrier (BBB) and the metabolism phase in
internal organs. For example, in the case of poisoning with
OPGCs, the low ability of pralidoxime to penetrate through

the BBB as an antidote has little effect on centrally medi-
ated respiratory depression caused by the OPC action.
However, when administered intranasally in the form of
cationic liposomes, pralidoxime chloride (2-pyridine al-
doxime methyl chloride or 2-PAM) as a carrier is able to
reduce brain damage and mortality in rats with their poi-
soning with paraoxone [6].

Intranasal forms of antidotes may be promising in the
choice of therapy for poisoning caused by pulmonotoxi-
cants, vesicants and nerve agents, as well as in acute ra-
diation injuries [7, 8]. Therefore, for the relief of nausea and
vomiting syndrome, the nasal form of antiemetics signifi-
cantly simplifies the provision of assistance to the victim,
when the administration of traditional remedies in the form
of dispersible tablets or buccal films would be impossible.

Modern nanocarriers proposed for drug modifica-
tion include: nanoparticles such as carbon nanoparticles
(nanotubes, graphenes); non-carbon nanoparticles (iron,
gold particles); nanoparticles made of biopolymers (cap-
sules, liposomes), nanorobots and nanochips [9-12]; den-
drimers — three-dimensional branched monodisperse
polymers; and clathrates — beta cyclodextrin complexes.
Liposomes are biocompatible and biodegradable bilayer
lipid vesicles up to 0.5 microns in size, capable of encap-
sulating both polar and nonpolar compounds [13, 14].

The main distinguishing characteristic of these na-
nomaterials is their size and composition. They initially
determine the primary physical and chemical properties
of the future carrier: solubility in water and biological flu-
ids, surface charge, sorption, aggregation and adhesion
abilities, intermolecular interactions, interaction with cell
membranes and proteins, cytotoxicity [15].

Drugs based on polymer micro- and nanocarriers can
be administered in various ways: orally, buccally, trans-
dermally, nasally, parenterally, etc.

In the case of intranasal administration, the absorp-
tion of substances occurs mainly in the nasal cavity [16,
17] and depends on the various factors shown in Figure
1, the features of which and ways to correct them will be
discussed further.

A characteristic feature of intranasal administration is
the absence of the effect of the first passage through the
liver. Due to the anatomical features of the nasal mucosa,
substances enter directly into the arterial bloodstream.
High bioavailability, ease of use and high rate of effect
development allow this route of administration to be con-
sidered as promising for the delivery of drugs based on
polymer micro- and nanocatrriers.

This work is aimed at evaluating the possibility of using
nanoscale polymer delivery systems for medicines and
antidotes intended for injection into the nasal cavity (intra-
nasally) in extreme medicine.

RESULTS AND DISCUSSION
Physical and chemical factors of substance
absorption in the intranasal administration route and

methods of their correction

The bioavailability of substances in the intranasal ad-
ministration route depends of the physical and chemical
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properties of nanocarriers, such as surface-to-mass ratio,
strength, conductivity, solubility, stability, and reactivity [17].

The development of synthetic carriers capable of cap-
turing target biomacromolecules is one of the directions
for creating a new generation of antidotes. In nature, in-
teractions between biomacromolecules are realized due
to weak electrostatic, hydrophobic, hydrogen, and Van der
Waals forces. When creating antidote carriers capable of
capturing target molecules, multipoint electrostatic inter-
actions are simulated by including functional monomers
(chelating ligands). For example, nanoparticles made of
poly(ethylene-co-glycidylmethacrylate) functionalized with
triethylenetetramine, N,N-di(2-pyridylmethyl)Jamine, 8-hy-
droxyquinoline or 8-hydroxyquinoline-2-sulfonic acid can
be used as antidotes for copper poisoning [18].

Polymer capsules can include hydrophilic and hydro-
phobic antidotes, forming both covalent and non-covalent
bonds with them. Polymer nanocapsules are able to pro-
tect the antidote from its degradation caused by blood
proteins or enzymes (peptidases, phospholipases) of the
blood-brain barrier. The release of the antidote from mi-
cro- and nanocapsules depends on the physico-chemical
characteristics of the drug (particle size, concentration
and solubility) and the polymer itself (structure, molecular
weight, porosity and mechanical strength).

Anatomical and physiological factors of substance
absorption in the intranasal administration route and
methods for their correction

The physical chemical characteristics have a significant im-
pact on the further pathways of the drug after intranasal
administration. If the drug is more than 1 kDa in size, does
not dissolve in the nasal mucosa, or has a pronounced
negative charge (repels from a negatively charged mucous
membrane), then it will not be able to penetrate the mucous
membrane of the nasal sinuses. The penetration of sub-
stances through the mucous membrane can occur in sev-
eral ways, for example, transcellular penetration and par-
acellular (between cells). Lipophilic substances carry out
transcytosis by passive diffusion and are rapidly absorbed
by vesicular transport mechanisms. Therefore, the use of
lipophilic delivery systems for non-lipophilic antidotes can

charge

dissociation lipophilicity
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significantly increase their effectiveness. Polar antidote de-
livery systems pass through the epithelium paracellularly.
The latter is less effective for large molecules (more than
1000 Da) [16].

The possibility of axonal transport, which enables by-
passing of the BBB, is important for the intranasal delivery
of many analgesics and antispasmodics, for example, as
well as for the relief of various syndromes caused by the
action of toxicants. However, with this pathway, the carrier
must be capable of retrograde and anterograde movement
in axons and dendrites [19]. Important physical chemical
characteristics of nanocarriers in this penetration pathway
are their size and chemical composition of the surface.
Nanoparticles of 20-50 nm in size are able to penetrate
directly into the central nervous system by axonal transport
and can enhance bioavailability [20]. Negatively charged
nanocarriers are attracted by the membranes and synaptic
slits of neurons. Therefore, such carriers may be applicable
for the intraneural delivery of drugs. Positively and neutrally
charged nanocarriers are characterized by slow axonal
transfer, while negatively charged carriers are character-
ized by rapid transfer [21].

The effect of the production conditions of dosage
forms on the substance absorption in the intranasal
administration route

Substance absorption during the intranasal administra-
tion route depends on the production conditions of a
nanoscale delivery system. The development of each
separately selected system also requires an individual
approach and a study of its toxicity. The use of toxic or-
ganic solvents (as in the case of the use of ethylene glycol
in the formation of some nanocapsules) the desired size
reduction to be achieved. However, in certain cases, it
can lead to increased toxicity if not completely removed.
The method for obtaining a nanocarrier is based on the
physical and chemical properties of the drug included.
The selected method of preparation should not negatively
affect the substance carried (contribute to its degradation
or modify its properties).

A competent choice of the nanocarrier polymer ma-
terial includes the following conditions: polymers should

barrier penetration mucociliar clearance
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Figure 1. Factors affecting the absorption of drug delivery systems during intranasal drug administration
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not be toxic, carcinogenic or mutagenic, and should be
biocompatible. Some branched polymers (polypropyl-
enimine dendrimers (PPI), polyamidamine (PAMAM) and
polylysine (PLL)) are known to have significant cytotoxic-
ity due to the high content of terminal amino groups [22].
Therefore, the most often used carriers are no higher
than the 4th generation. In most cases, the toxic effects
caused by polymer nanocarriers are associated with an
increase in their cytotoxicity, namely: a decrease in cell
viability, an increase in apoptosis, DNA destruction, rup-
ture of the cell membrane and activation of lipid peroxi-
dation [23].

One of the significant disadvantages of intranasal
administration of most drugs is the relatively low perme-
ability of the nasal mucosa to large macromolecules and
intensive mucociliary clearance. The use of bioadhesive
polymers (such as chitosan, carbopol, cyclodextrin and
pluronic), which are part of the nanocarrier, will increase
the residence time of the drug in the nasal cavity, thereby
improving absorption. The nature of the polymer affects
its bioadhesive qualities. In addition, the bioadhesive poly-
mer must be polar and have sufficient viscosity. Polymer
mucoadhesion is significantly dependent on the flexibility
of the polymer chain (rigid crosslinking of polymer chains
significantly limits their diffusion through membranes and
interaction with mucin), molecular weight (the lower the
molecular weight, the easier the permeability through the
mucosa), the degree of swelling, and the ability to form hy-
drogen bonds.

Since the nasal mucosa is lipophilic, the degree of ab-
sorption of lipophilic carriers can be assumed to be more
effective. In order to ensure adequate pharmacokinetics of
the polymer necessary for the realization of the therapeutic
effect during intranasal administration, special solvents and
penetrant substances which increase the ability to pen-
etrate biological membranes are used, as well as various
systems of carrier particles of various nature, shape, and
size. For example, chitosan supplementation can increase
the paracellular transport of substances with intranasal
administration of 0.5% chitosan and 1% atropine sulfate
drops in the treatment of organophosphorus poisoning
[24]. Cyclodextrin (dimethyl-beta-cyclodextrin) may also be
of interest as a carrier due to its ability not only to transfer
medicinal substances, but also, like chitosan, to increase
their paracellular transport [25].

Despite a number of significant differences in the phar-
macokinetics of parenteral and intranasal methods of ad-
ministration, the latter has a significant advantage, namely,
noninvasiveness of the antidote administration procedure,
the possibility of dose reduction due to better bioavailabil-
ity, simplification of production technology, and the pos-
sibility of self-administration [18, 20].

At the same time, promising carriers can simultaneous-
ly deliver various groups of drugs (for example, antiemetics
and analgesics). The use of carriers for medicines enables
their physical and chemical properties (increase hydrophi-
licity, permeability of biological barriers) to be modified, and
biocavailability increased, thereby optimizing the pharma-
cokinetic parameters.

From the entire variety, we selected what we consider
to be four of the most promising submicron carriers for the

nasal administration route: liposomes, dendrimers, nano-
capsules, and cyclodextrins.

Use of nanocarriers to intensify the penetration of
drugs and antidotes through the blood-brain barrier

Many substances dangerous to humans (narcotic sub-
stances, organophosphorus pesticides, nerve agents, etc.)
easily overcome the blood-brain barrier (BBB) and pene-
trate into the tissues of the central nervous system. At the
same time, only a small part of the medicines used in medi-
cine are capable of effectively overcoming the BBB, which
makes it difficult for antidotes for CNS-active substances to
be developed. In most cases, only hydrophilic compounds
with a molecular weight of less than 150 Da and hydropho-
bic compounds with a mass of less than 600 Da are able
to penetrate the BBB by passive diffusion [26-28]. Thus,
many of the drugs used are not able to provide effective
protection of the central nervous system in cases of intoxi-
cation of various origins.

The penetration rate of drugs through the BBB deter-
mines the adequacy, timeliness, and effectiveness of thera-
peutic action [28]. For example, the experimentally estab-
lished rate of naloxone intake into the brain is 8-10 times
higher than the rate of morphine intake [29], which explains
its pronounced antidote effect. However, in the case of
poisoning by centrally active toxicants rapidly penetrating
through the BBB, the antidote activity of naloxone is sig-
nificantly reduced [30]. At the same time, the combination
of effective delivery systems and nasal administration can
significantly enhance the effect of traditional antidotes and
ensure their use not only by qualified medical personnel,
but also in self- and mutual assistance [28].

Nanocarrier-based delivery systems can provide drugs
with improved penetration efficiency through the BBB in
four ways: by accumulating on the walls of brain blood
capillaries, thus increasing the concentration gradient of
the antidote between the bloodstream and central nervous
system tissues; by passing in free form or together with
the carrier due to the disclosure of dense connections be-
tween brain endothelial cells; by endocytosis of endothe-
lial cells and the subsequent release of the antidote in the
endothelial layer and diffusion into the brain tissue; and
through transcytosis through a layer of endothelial cells
into the brain [31]. Nanoparticles made of biodegradable
polymers such as polylactide glycolide (PLGA), human
serum albumin (HSA), and chitosan are most often used
as carriers for drug delivery to the brain [32]. For example,
quercetin, used as an antidote to arsenic, encapsulated in
PLGA nanoparticles, is capable of crossing the BBB, which
enables the depletion of brain cells in poisoning [33] to be
neutralized.

Dendrimers (three-dimensional branched monodis-
perse polymers) capable of passing through the BBB
have proved to be promising polymer nanocarriers for
antidotes of neurotoxicants [32]. Thus, conjugates of the
low molecular weight antidote of the OPC pyridine-al-
doxime with polyamidamine dendrimer (PAMAM) of the
5th generation have shown their effectiveness in a mice
model of paraxone intoxication [34]. Polyester dendrim-
ers 2,2-bis(hydroxymethyl)propanoic acid (bis-MPA) are
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capable of binding organophosphorus compounds, in par-
ticular dichlorvos, allowing such a polymer nanocarrier to
be considered as an independent antidote to OPC [35].

The use of polymer nanocarriers for heavy metals
poisoning

The group of heavy metals includes mercury, lead, cadmi-
um, arsenic, chromium, cobalt, molybdenum, nickel, anti-
mony, zinc, scandium, manganese, vanadium, strontium,
barium, and tungsten. Their organic and inorganic com-
pounds are found in many industries and are actively used
in agriculture and everyday life. The mechanism of action
of many heavy metals is based on the blocking of sulf-
hydryl, amine, and carboxyl groups of proteins-enzymes
and structural proteins. As a result, protein, carbohydrate,
and fat metabolism in the body is disrupted. The develop-
ment of new antidotes and chelates for the treatment of
heavy metal intoxication remains an important and press-
ing task [36].

Chelation therapy is one of the ways to treat heavy met-
al poisoning. It is based on the formation of an insoluble,
less toxic metal complex easily excreted from the body.
Therefore, a promising direction in the treatment of heavy
metal poisoning is the use of polymer nanoparticles both
as delivery carriers and independently, taking the chelating
properties of these compounds into account.

Cyclodextrins are natural polymer delivery systems.
They are representatives of a separate class of macrocyclic
ligands in supramolecular chemistry [36], characterized as
non-toxic substances capable of forming complexes with
many toxicants (Fig. 2).

The use of cyclodextrin as an independent antidote
became known for the first time in 2002, when its ability
to neutralize the effects caused by muscle relaxants was
demonstrated [38]. This allowed the development of a
drug for the reversal of neuromuscular blockade based on
modified gamma-cyclodextrin administered intravenously
at doses from 1 to 16 mg/kg. The administration route and
dosage allow the possibility of an intranasal route of cyclo-
dextrin administration to be considered as an alternative,
particularly given that these compounds have the ability to
bind to many xenobiotics, in particular opioid analgesics.
Therefore they can be used as detoxifying substances in
poisoning with long-acting opiates such as methadone,
for which there are no available antidotes [39]. Since the
outer surface of natural cyclodextrins contains primary and
secondary hydroxyl groups which can covalently bind to
heavy metal ions, they can also act as promising antidotes
for poisoning with heavy metals such as copper, lead (the
strongest affinity) and cadmium [40]. Since certain cyclo-
dextrins are also allowed for use in the food industry in
the production of specialized food products, they can be
recommended as a therapeutic and preventive nutrition for
employees of enterprises in contact with heavy metals.

Chelation therapy with dimercaptosuccinic acid
(DMSA), ethylenediaminetetraacetic acid (EDTA), 2,3-di-
mercaptopropanol (BAL), and D-penicillamine is proposed
for the treatment of chronic poisoning with heavy metals (in
particular lead). However, their main disadvantages include
weak solubility in water, low bioavailability when ingested
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The figure was prepared using PubChem data [37]

Figure 2. Structural formula of beta-cyclodextrin

(orally), and a short half-life, which significantly limits their
clinical use [41]. At the same time, heavy metal adsorbents
used in industry, such as mesoporous silicon nanoparticles
(MSN) [10], can potentially be used as a drug adsorbent in
the body, for example, in the treatment of cases of poison-
ing with thiol poisons. Thus, MSN nanoparticles modified
with EDTA chelator showed a good effect on iron intoxi-
cation [42]. Curcumin encapsulated in chitosan nanocap-
sules with a diameter of 50 nm is also being considered
for the treatment of heavy metal poisoning. The chitosan
shell protects the compound from absorption by the re-
ticuloendothelial system (RES), increases its bioavailability,
and allows longer circulation in the blood. This approach
permits the dose of curcumin to be significantly reduced
when administered orally for the effective removal of heavy
metals from the body [43]. Similarly, encapsulation of se-
lenomethionine in PLGA nanocapsules resulted in a 7-fold
increase in its detoxifying efficacy against mercury-con-
taining substances compared with the traditional method
of administration [44].

The use of dendrimers and dendrigrafts as carriers
enables certain hydrophobic substances to be rendered
hydrophilic. Their use in complexation with water-soluble
chelators such as DMSA allows hydrophilic complexes with
optimal bioavailability [41] to be obtained. Water-soluble
complexes of dendrimers with polyphenol quercetin pro-
vide the ability to penetrate the BBB, thus being promising
for combating oxidative stress in arsenic poisoning [33, 45].

Use of polymer nanocarriers for the delivery of
antidotes and radioprotectors

Pyridoxine (vitamin B,) is considered the only effective
antidote for poisoning with unsymmetrical dimethylhydra-
zine (UDMH) [46]. This drug relieves convulsive syndrome
and reduces the toxic effect of UDMH and its metabolites
on the central nervous system. The neurotoxic effect of
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asymmetric dimethylhydrazine is manifested in a decrease
in the content of pyridoxal phosphate due to its interaction
with pyridoxal contained in brain tissue cells. As a result,
toxic pyridoxal hydrazones are formed which inhibit the ac-
tivity of pyridoxal kinase and thereby block the synthesis of
pyridoxal phosphate in the cell [46].

The structure of vitamin B, contains a hydroxyl group,
suggesting the possibility of electrostatic interaction with
polymer carriers having positively charged functional
groups, for example, dendrimers. The polyphenol cur-
cumin, enclosed in a nanoliposomal form (NLC), has also
proven itself as a therapy for dimethylhydrazine poisoning
in mice. The administration of nanoliposomal curcumin at
a dose of 150 mg/kg significantly reduced serum alanine
aminotransferase (ALT) and lactate dehydrogenase (LDH).
This increased under the action of dimethylhydrazine, at
the same time as significantly increasing the level of gam-
ma-aminobutyric acid (GABA) in the hippocampus [47].

Salts of hydrocyanic acid are highly dangerous to
humans. At the same time, liposomal methemoglobin
(MetHb@Lipo) has shown its effectiveness as a new anti-
dote for cyanide poisoning [48], significantly increasing the
survival of animals after contact with hydrogen sulfide. This
is achieved by maintaining the activity of cytochrome C oxi-
dase and suppressing metabolic acidosis [13].

Damage by radioactive substances can occur only in
non-standard emergency situations (waste transportation,
testing and work on machine with radioactive elements).
The development of a non-invasive form of radioprotectors
is also an important task. For example, Amifostin, the most
well-known and effective radioprotector, can currently be
administered only parenterally, but with this method of ad-
ministration it is quickly eliminated from the body. Therefore,
researchers around the world are actively developing a new
form of antidote which could provide more effective dosing
of the drug and reduce its toxicity. Mandal TK et al. devel-
oped hybrid microcapsules of PLGA and chitosan, enabling
Amifostine to be effectively capsulated. This composition of
the microcapsule ensured a 45% reduction in the drug re-
lease rate. In addition, the introduction of chitosan into the
shell is believed to increase the absorption of the drug and
increase its bioavailability [49].

Use of polymer nanocarriers for the development of
symptomatic therapy

A number of chemicals cause poisoning by a wide range
of pathophysiological life-threatening processes. In such
cases, the simultaneous use of both etiotropic therapy and
pathogenetic, symptomatic therapy is required, in order to
eliminate individual symptoms of intoxication. The improve-
ment of therapeutic drugs for symptomatic therapy through
the development of delivery systems can presumably not
only significantly facilitate the procedure of their administra-
tion, but also increase the effectiveness of treatment. For
example, modified antiemetic drugs can be used to inhibit
the gag reflex in acute radiation injuries and OPC poisoning.
Currently, the classic routes of administration of this group
of drugs are oral and parenteral. The intranasal administra-
tion of antiemetics can significantly simplify the procedure

of drug administration and neutralize the effect of the first
passage through the liver [50]. In the study by Ozsoy Y, and
Gungor S, nasal administration of metoclopramide in-situ
in the formulation of poloxamer 405 gels increased its bio-
availability by 19% compared with oral administration [51].
The high level of efficiency with intranasal administration of
ondancetron and granisetrone was obtained due to their
inclusion in chitosan microparticles crosslinked with glu-
taraldehyde [52]. Granisetron preparation encapsulated in
microparticles based on cyclodextrin and carboxymethyl-
cellulose showed high antiemetic activity during intranasal
administration [53].

In the case of poisoning with irritating substances,
burns, and in dental and surgical practice, analgesics (opi-
oid and non-opioid analgesics of central action, adjuvant
analgesics, nonsteroidal anti-inflammatory drugs) are used
to treat pain. However, many analgesics have a short pe-
riod of action, leading to an increase in the administration
frequency to the patient. In this case, the use of a deliv-
ery system may allow for a gradual low-dose controlled
intake of the drug into the victim’s body while maintaining
effectiveness and reducing side effects. For example, the
inclusion of Benzocaine® in polymer nanoparticles (PLGA,
PLA, PCL) makes it possible to prolong the analgesic effect
when compared with a conventional drug [54].

No less important in acute poisoning with many toxi-
cants is the relief of convulsive syndrome. The use of an-
ticonvulsants, such as carbamazepine in the formulation
of carboxymethyl chitosan nanoparticles, with intranasal
administration makes it possible to ensure the necessary
concentration of the drug in the brain and, accordingly, in-
crease the effectiveness of treatment [55].

Proposals for the modification of antidotes approved
for use in the Russian Federation

Based on the review of domestic and foreign literature,
as well as taking the structural and physical and chemical
characteristics of drugs recommended for use as antidotes
into account, we have proposed possible polymer carriers
for modifying some antidotes currently allowed for use in
the Russian Federation (Table 1).

Obviously, there is no a need to develop all antidotes
need in an intranasal form. For example, drugs such as
ethyl alcohol or calcium gluconate were initially excluded
from our analysis. Moreover, the development of intrana-
sal forms for some antidotes is initially undesirable, since
it can enhance the effect of the drug and lead to possible
dangerous side effects. For example, in the case of the an-
ticholinesterase drug proserin, it is undesirable to increase
its effect on the central nervous system. Some of the anti-
dotes used in medicine (such as atropine sulfate, Cuprenyl®
and pyridoxine hydrochloride) with good bioavailability and
efficacy in conventional forms do not need significant mod-
ifications, except for convenience of use. Nevertheless, the
development of an intranasal form of pyridoxine, for exam-
ple, may prove promising as a possible preventive antidote
for workers who have professional contact with rocket fuel
components. The structure of both pyridoxine and atropine
technically allows them to bind electrostatically to the end
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groups of the dendrimer and, based on our assumptions,
such a delivery system can demonstrate greater efficiency
due to the intensification of absorption and penetration
through the BBB. This will allow the antidote to be adminis-
tered in emergency situations by means of self- and mutual
assistance.

In some cases, a less invasive intranasal form may be
an alternative to parenteral and oral administration and find
its application, for example, in pediatrics. A well-known an-
tidote such as Vikasol is used for overdose with vitamin K
antagonist drugs (warfarin, fenindione, acenocumarol). The
development of intranasal dosage forms of synthetic vita-
min K may have potential in pediatrics for the prevention of
vitamin K-dependent hemorrhagic syndrome in newborns.
Parenteral administration of the antidote to children with
this syndrome leads to excessive traumatization, while the
liposomal intranasal formulation of vitamin K will not only
resolve the problem of simplifying the administration of the
drug to patients, but also ensure its effective delivery to the
body.

The expediency of developing non-invasive dosage
forms currently approved for use in the Russian Federation
[56], taking into account their physical and chemical and
pharmacokinetic properties, is considered in Table 1.

CONCLUSION

The conducted research allows us to conclude that the
most promising nanoscale polymer delivery systems for
drugs and antidotes intended for intranasal administration
are dendrimers, liposomes, cyclodextrins, and nanocap-
sules.

The absorption of the drug and antidote delivery sys-
tem during intranasal delivery depends on the physical and
chemical characteristics of the carrier (surface-to-mass
ratio, strength, conductivity, solubility, stability, and reac-
tivity), the physiological and anatomical factors (ability to
penetrate the BBB), as well as the conditions for obtaining
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carriers (presence or absence of impurities in the form of
solvents and penetrant substances).

It was shown that some carriers can act as antidotes.
Thus, dendrimers are capable of reacting with OPC (as in
the case of the bis-MPA polyester dendrimer and dichlor-
vos), while cyclodextrins are antidotes for muscle relaxants.

At the moment, not only modified chelating substances
(such as mesoporous silicon nanoparticles modified with
EDTA), but also chitosan nanoparticles containing curcum-
in and selenomethionine encapsulated in PLGA nanocap-
sules have shown a high level of efficiency in heavy metal
poisoning.

The intranasal method of administration may be con-
venient for radiation injuries, when oral administration of the
antidote is difficult (due to vomiting). Increasing the effec-
tiveness of known radioprotectors and reducing their toxic-
ity while simultaneously administering them non-invasively
is also a promising and still unresolved area in this field.

The possibility of using polymer nanocarriers in order
to improve therapeutic drugs for symptomatic therapy (an-
tiemetics, anti-inflammatory, anticonvulsants, painkillers
and antihistamines) was evaluated. The possibility of pro-
longing the analgesic effect of the drug is demonstrated by
the example of inclusion of benzocaine in PLGA nanopar-
ticles.

This review provides suggestions for modifying the
reserve of antidotes used in the Russian Federation. For
many of them, it is shown that the intranasal form of admin-
istration is the most promising due to its non-invasiveness
(parenteral administration causes additional traumatization
of the affected tissues and can serve as an entrance gate
for secondary infection), ease of use, as well as the rapid
speed of drug delivery. This work also notes that micro-
capsulation allows, if necessary, programmable release
of the drug to be achieved. Most nanocarriers have both
undeniable advantages and limitations. In this regard, the
issues of searching for the most effective intranasal carriers
remain open today.

Table 1. Assessment of the prospects for the development of non-invasive formulation of certain antidotes approved for use in the Russian Federation, taking into

account their physical and chemical and pharmacokinetic properties

Cholinolytic poisoning

J— It is soluble in
O N chloroform
H _\//] pKa 8.32
HO

Antidote name and indica- Formulation, Physlca_l and . Feasibility of developing non-invasive dosage
. chemical Absorption
tions dose N forms
properties

Galantamine Sol. for intra- M = 368.27 g/mol | Galantamine relieves Liposomes and dendrimers with a particle size

venous and cerebral cholinergic of 3-5 microns effectively deliver drugs to the
O subcutaneous Slightly soluble syndrome. brain. Based on the physical and chemical

/ administration in water and properties of the drug, the development of its

1 mg/mL alcohol The absolute oral liposomal formulation by hydration/rehydration

bioavailability is about
90%.

Half-life: 7 h

of a thin film is promising due to its weak solubil-
ity in water and alcohol, but good solubility in
chloroform.

The reactive hydroxyl group of galantamine
can bind electrostatically to dendrimers having
positively charged amino groups, in particu-
lar to a third-generation polylysine dendrimer
capable of penetrating the BBB. The resulting
electrostatic bond is rather fragile and will al-
low for a smooth release of the drug from the
carrier molecule. Effective delivery of the drug
to the central nervous system is expected with
intranasal administration, which may make it
possible to provide the necessary therapeutic
dose of galantamine.
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Table 1 (continued)
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Antidote name and indica- Formulation, Phy5|ca_l and . Feasibility of developing non-invasive dosage
. chemical Absorption
tions dose N forms
properties
Glucagon® Lyophilisate for M = 3485 g/mol With i/v glucagon 1 mg/ | Consideration of the structure, physical and chem-
injection. Hydrophobic mL, the maximum ical properties of glucagon allows us to expect the
NH,-His-Ser-GIn-Gly-Thr-Phe- | 1 mg blood level 7.9 ng/mL is | inclusion of this peptide in the hydrophobic part

Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-
Leu-Asp-Ser- Arg-Arg-Ala-
GIn-Asp-Phe-Val-GIn-Trp-Leu-
Met-Asn-Thr-COOH

Overdose with calcium chan-
nel blockers

The solutions

of the drug are
stable for 48 h at
a5°C

pKa 7,1

reached after 20 min.
With i/m administra-
tion, the maximum level
6.9 ng/mL is reached
after 13 min.

With intranasally glu-
cagon 3 mg, the maxi-
mum level 6130 pg/mL
is reached after 15 min.

of the liposome, which can provide its protection
from the effects of enzymes and degradation.

The charged reactional end groups of the peptide
(NH2 and COOH) suggest the possibility of forma-
tion of electrostatic interactions with charged
dendrimers.

When administered intranasally, such liposome-
based or dendrimer-based drugs can provide the
required concentration of glucagon necessary to
ensure therapeutic action.

Carboxim®

o HC,

OPC poisoning

Solution for injec-
tion 15% — 1 mL
(150 mg)

M = 413.35 g/mol
Hydrophilic

Central nervous system
cholinesterase reac-
tivator.

Restores
neuromuscular
conduction.

Due to its structure, Carboxim does not pass
through the BBB well. A large dose is required

for intramuscular delivery of this drug. The use

of a properly selected drug carrier can signifi-
cantly reduce its high dose while maintaining the
therapeutic effect. At the same time, ensuring
optimal bioavailability with intranasal administra-
tion of Carboxim may make it possible to create an
antidote convenient for use within the framework of
self- and mutual assistance.

Some functionalized cyclodextrins are stoichio-
metrically capable of absorbing OPC. The
intranasal delivery system «acetylcholinester-
ase reactivator — cyclodextrin» will ensure the
paracellular transport of the drug and, probably,
will make it possible to increase its effective-
ness.

Since Carboxim and other acetylcholinesterase
reactivators are hydrophilic drugs, they can be
included in both nanocapsules and liposomes.
However, the most promising solution is the
formation of a dendrimer-carboxim complex

due to charged fragments of the molecule. This
can increase the efficiency of the passage of
carboxim through the BBB. In addition, the den-
drimer is able to react independently with some
OPC, which will also increase the effectiveness of
the antidote.

Naloxone

Narcotic analgesics poisoning

Injection for solu-
tion, 0.4 mg/mL,
1 mL, ampoules

M = 327.4 g/mol
Hydrophilic

pKa 7.9

u-opioid receptors
antagonist

Half-life:
1-1.5h

Oral bioavailability is up
to 20%

Nalmefene

Alcohol addiction treatment

Film-coated
tablets, 18 mg

M = 339.4 g/mol
Hydrophilic

pKa 7.6

A long-acting opioid
antagonist with affinity
for the k-opioid recep-
tor and the m-opioid
receptor.

It is not subjected to
presystemic metabo-
lism.

Liposomal and dendrimeric formulations of opioid
receptor antagonists with intranasal administration
make it possible to maximize the bioavailability

of active substances by increasing their absorp-
tion by simple diffusion, necessary for a reliable
therapeutic effect in cases of poisoning with
narcotic analgesics. At the same time, the lack of
bioavailability with this method of administration
is compensated by the direct entry of antagonists
into the tissues of the central nervous system
which provides a therapeutic effect no worse than
that of their injectable drugs.

On the contrary, in the treatment of socially
significant diseases (various types of addictions),
microcapsulation in biodegradable polymers such
as PLGA or chitosan is the most promising, which
usually provides a slow prolonged effect of such
drugs when administered in depot form and pro-
vides their protection from the effects of RES.

The table was prepared by the authors using PubChem data [37]
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