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Abstract

Objectives. Among the materials used for embolization, liquid embolizing agents based on solutions of biocompatible polymers attract
particular interest. Such compositions are capable of targeting and reliably occluding a branched vascular network by forming solid emboli
directly in the patient’s body. The safety and effectiveness of such materials are determined by the stability of the initial composition and
the resulting emboli. This article presents a long-term study of the stability of embolizing solutions of a polymer (cellulose diacetate) and
a radiopaque additive iohexol in dimethyl sulfoxide, as well as emboli based thereon, in aqueous media.

Methods. The stability of the initial solutions exposed to 60°C for 45 days (“accelerated aging” corresponding to three years of storage
at 23 +2°C) was studied by rotational viscometry using a Brookfield DV2T RV rotary viscometer equipped with a working unit in the form
of two coaxial cylinders and by ultraviolet-visible spectrophotometry using a Cary 60 UV-Vis spectrophotometer. The long-term stability
of emboli in aqueous media was studied by gel permeation chromatography using a Gilson chromatograph (Japan) with refractometric
detection and by gas chromatography using an Agilent 6890N chromatograph with a DB-5MS column (30 x 0.25 x 0.5 pm), equipped
with an Agilent 5973 N mass spectrometric detector.

Results. During “accelerated” storage of cellulose diacetate and iohexol solutions in the dark, no changes in the viscosity coefficient
(0.268 + 0.0049 Pa-s at 25°C) and the quantitative content of bound iodine (50.1 + 1.0 mg/mL) were observed. However, when iohexol
solutions in dimethyl sulfoxide were stored under daylight, free iodine was separated in minor quantities. When emboli consisting
of cellulose diacetate were stored in an aqueous medium for eight years, the molecular weight of the polymer (60 kDa) remained
unchanged. The degradation products of cellulose diacetate, expected in the aqueous extract, were also absent.

Conclusions. The model embolic composition consisting of cellulose diacetate and iohexol in dimethyl sulfoxide is stable when stored
in the absence of light. The as-formed solid emboli remain stable for at least eight years when stored in an aqueous environment.
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AHHOTaUuS

Hesu. Cpeut HCMONB3yeMbIX MAaTEPUAIOB [Tk SMOOIU3aIUK GOJIBIION HHTEPEC MPEICTABIISIOT KUIKAEC SMOOIU3UPYIOLINE areHTHI Ha OC-
HOBE PacTBOPOB OHOJIOIHYECKH COBMECTHUMBIX TOJTUMEPOB. Takie KOMIO3HIMH CIIOCOOHBI OCYIIECTBISITh HAJCKHYIO IPEIHAMEPECHHYO
OKKJTFO3HIO Pa3BETBIICHHOMN CoCyancTol cetn Oraromaps (JopMHpOBAHHIO TBEPAOr0 MO0 HETTOCPEICTBEHHO B OpraHu3Me namueHTa. Js
obecredens 6e30macHoCTd U 3QPEKTHBHOCTH TAKOTO MaTepHalia BaKHbI CTaOHIBHOCTh HCXOAHOTO COCTaBa M HTOrOBOro amobora. 1{esbto
PpaboTBI SIBISUIOCH JOITOBPEMEHHOE H3YUCHHE CTAOMIIBHOCTH SMOOIM3UPYOIIHX PACTBOPOB TTONHUMEpA ([IHaleTaTa [EJUTII03bI) i PEHTIe-
HOKOHTPACTHOM J00aBKH HOTreKCcoia B IMMETHIICY/Ib(OKCUIE, a TAKKE SMOOJIOB Ha X OCHOBE, BBIJICPIKAHHBIX B BOJTHOH cpele.

Mertoasl. MccnenoBanue cTaOMIBHOCTH HCXOIHBIX PACTBOPOB, BBIICP)KUBAEMBIX B TedeHHe 45 cyTok mpu teMneparype 60°C («ycko-
PEHHOE CTapeHHe», COOTBETCTBYIOIIEE TPEM rofaM XpaHenus rnpu 23 + 2°C), mpoBOAUIN METOJOM POTAI[OHHOI BUCKO3UMETPHHU Ha Po-
TalMOHHOM BHUCKo3uMeTpe Brookfield DV2T RV ¢ pabounm y3710M B BUJIE IBYX KOAKCHAJIBHBIX IIIHHAPOB H METOIOM CIIEKTPO(OTO-
METPHHU B YIbTPA(QHOIETOBOM M BUAMMON 00JacTIX cHekTpa Hpu romolnu crexrpodoromerpa Cary 60 UV-Vis. [lonroBpeMeHHYIO
CTaOMIBHOCTH YMOOJIOB B BOAHBIX CpEiaX MCCIEe0BAIN METOIOM TelIb-IIPOHUKAIOIISH XpoMarorpadun Ha xpomarorpade Gilson (Smo-
HUS) C pe()paKTOMETPUISCKUM JETEKTHPOBAHIEM M METOJOM ra30BOH xpomarorpaduu Ha xpomarorpade Agilent 6890 N ¢ konoHKoH
DB-5MS (30 x 0.25 x 0.5 MKM), CHa0XEHHBIM MacC-CHEKTPOMETPUIECKIM JIeTeKTopoM Agilent 5973 N.

Pesyabrarsl. [TokazaHo, YTO MPH «YCKOPEHHOM» XPaHCHHHM PACTBOPOB JHMAIeTaTa IEJUTIONO3bI U HOrekcosla B TEMHOTE He HaOIio-
nmanuchk m3MeHeHus kodddummenta Bsaszkoct (0.268 + 0.0049 Ila-c mpu 25°C) u KOMMUECTBEHHOTO COAEPKaHUS CBA3aHHOTO iona
(50.1 £ 1.0 mr/mi). OmHAaKO IPU XpaHESHUH PAaCTBOPOB HOTEKCONa B TUMETHIICYIb(OKCHIE ITPH €CTECTBEHHOM OCBEIICHUN OTIIETIISIICS
CBOOOHBIN MO B MasbIX KojnuecTBax. [Ipy XpaHeHHH SMOOJIOB, COCTOSIIMX M3 JHAlleTaTa LEeUIFONO03bl, B BOAHOH Ccpesie B TEUCHHUE
BOCBMH JICT, MOJICKYJIsIpHasi Macca nonumMepa (60 k/{a) He H3MEeHHIach. B BBITSDKKE BOIHOM CpeJibl Takyke OTCYTCTBOBAJIHM Mpe/roarae-
MbI€ TPOAYKTHI IECTPYKIIMN JUALETATa [EITIONO3BI.

BsiBoabl. MonenbHbIi SMOOTM3UPYIOMINI COCTaB, COCTOSAMINI U3 AUAIETATa LEJUTION03bl U HOTeKCona B TUMETHIICYAb()OKCHIE, SBIIA-
eTcsl CTaOMIIBHBIM NP XPaHEHNH B OTCYTCTBHHM cBeTa. CHopMHUpOBaHHBIE TBEPABIE SMOOINBI IPH XPAaHEHUH B BOAHOM CPelle OCTAIOTCS
cTaOWIBHBIME 10 KpalfHel Mepe B TeYeHUE BOCHMHU JIET.
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INTRODUCTION

Embolization ofblood vessels is defined as their targeted
blockage by specially injected substrates, referred to
as emboli [1, 2]. The objective of this procedure is to
obliterate a specified area of arteriovenous discharge
without compromising the circulation of normal
tissues. Embolic vascular closure can be performed
at any level, ranging from large arteries or veins to
capillaries [3].

Embolization represents a contemporary trend
in the management of a wide range of clinical
conditions, including angiodysplasia (congenital
vascular abnormalities), aneurysms, varicose veins,
etc. Moreover, embolization plays a pivotal role in the
treatment of oncological diseases, being an efficacious
method of preoperative preparation of patients for
subsequent surgical intervention with minimal blood
loss [4—7]. Such a procedure is minimally invasive,
which is a great advantage. The safety and effectiveness
of embolization depend primarily on the surgeon’s
experience, optimal technical equipment, and, to
a lesser extent, on the characteristics of embolizing
drugs [8].

Today, there exist various types of embolizing
agents [9, 10], including initially solid substrates (gel
foam, microparticles, etc.) and structures (spirals,
cylinders, occluders), or liquid agents. Among the
latter are sclerosing (ethanol, sotradecol, etc.) and
polymerizing (cyanoacrylates and other acrylic
monomers) substances as well as non-adhesive
polymer solutions that are converted into solid
emboli already in the patient’s body. These agents
offer significant advantages due to their capacity to
penetrate complex vascular branches, successfully
blocking blood vessels in the very center of the
vascular lesion without damaging these vessels.
As stated in [11], the primary components of such
formulations are biologically compatible elements,
namely polymer, water-soluble solvent, and
radiopaque substances.

The works [12—14] demonstrated the potential of
utilizing cellulose acetate—a natural and biologically
compatible polymer—as a polymer base for liquid
embolizing agents. Its clinical use in the composition
of liquid embolizing agents was described, e.g.,
in [15—17]. Dimethyl sulfoxide, a well-known nonpolar
aprotic solvent with anti-inflammatory, antioxidant, and
analgesic properties, is widely employed as a solvent
for such systems [18, 19]. The radiopaque component is
typically composed of a metal powder, most commonly
micronized tantalum particles [20, 21], or organic iodine-
containing substances, either aliphatic or aromatic in
nature [21, 22].

Metal powders ensure effective visualization
of the embolus; however, they are an insoluble
dispersed phase in a relatively low-viscosity polymer
solution. This phase is known to settle readily and is
distributed unevenly in the embolizing agent when
injected into a blood vessel, resulting in artefacts
during subsequent visualization of the embolus in the
patient’s body [20, 21]. Conversely, iodized aliphatic
derivatives demonstrate limited solubility in water
and are characterized by a gradual absorption rate
into the tissues of living organisms. However, when
administered in conjunction with dimethyl sulfoxide,
these derivatives exhibit the capacity to liberate
free iodine, a process that has been shown to exert
deleterious effects on living tissues [23-25]. For
comparison, commercially available aromatic iodine
derivatives are water-soluble substances, capable of
penetrating the extracellular space relatively easily
without causing significant complications [26]. In
view of that, we employed an iodinated aromatic
derivative as a contrasting agent for polymer solutions
in dimethyl sulfoxide, a method which provides
temporary radiopaque emboli.

When evaluating the efficacy of embolizing
pharmaceuticals, the stability of the initial liquid
formulation during storage and the behavior of the
emboli formed therefrom under conditions analogous
to those encountered within a living organism are
critical aspects. These parameters determine the
shelf life of the liquid embolizing agent and the
duration of contact of the hardened embolus with the
patient’s body. In light of this, our objective was to
study the long-term stability of solutions of cellulose
diacetate and iohexol in dimethyl sulfoxide, as well
as emboli formed on their basis, aged in an aqueous
medium.

MATERIALS AND METHODS

The research objects were solutions of Xeniton cellulose
diacetate (Institute of Pharmaceutical Technologies,
Russia) in dimethyl sulfoxide (chemically pure) (7ula
Pharmaceutical Factory, Russia) with the addition of
radiopaque substance 5-[acetyl(2,3-dihydroxypropyl)
amino]-N,N'-bis(2,3-dihydroxypropyl)-2,4,6-triiod-1,3-
benzenedicarboxamide (iohexol) (Zhejiang Haichang
Pharmaceutical Co., China), CAS 66108-95-0.
Modified polyethylene glycol-4000 (up to 4.5 wt %)
cellulose diacetate of the Xeniton brand with an average
molecular weight of M, = 60 + 2 kDa and an average
content of acetyl groups of 2.2 £ 0.1 mol/unit was used
as a polymer. The structural formulas of the repeating
unit of the polymer and the iohexol molecule are shown
in Fig. 1.
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‘ Fig. 1. Structural formulas of the main components of the studied systems: (a) cellulose diacetate unit; (b) iohexol

The research solutions were prepared by long-
term (2-3 days) dissolution of cellulose diacetate in
dimethyl sulfoxide at 23 + 2°C until a homogeneous
transparent solution was formed. After that, iohexol
was added to the solution upon thorough mixing.
The component ratio was polymer/iohexol/dimethyl
sulfoxide = 6 : 10 : 84 wt %. The resulting solutions
were purged with an inert gas (argon) or left in contact
with air, hermetically sealed and kept in a thermostat at
60.0 £ 0.1°C. The solutions were examined (each time
a new sample was taken) every 7.5 days for 45 days
by rheoviscometry using a Brookfield DV2T RV
rotary viscometer (Brookfield Corporation, Canada)
and ultraviolet—visible (UV-Vis) spectrophotometry
using a Cary 60 UV-Vis spectrophotometer
(Agilent Technologies, USA). In addition, the state of
iohexol in solutions kept in the natural diffused sunlight
was studied by UV—Vis spectrophotometry.

The as-obtained solutions were used to fabricate
emboli models by means of a 1-mL syringe without
a needle. The solution was compressed into
20-mL distilled-water buckets, which were obtained
via a water distilling apparatus. The exposure time
in water was approximately three days, with the
water being changed twice. Following a period of
three days, the resulting embolus was extracted and,
without undergoing desiccation in the atmosphere, was
subjected to a process of lyophilization. The resulting
dry embolus was crushed, dissolved in tetrahydrofuran
(Merck, Germany), and examined by gel permeation

Table 1. Sample lyophilization mode

chromatography. The aqueous medium from the embolus
was lyophilized; the resulting dry residue was dissolved
in n-hexane (LenReactive, Russia) and studied by gas
chromatography with mass spectrometry. Emboli for
long-term storage in an aqueous environment (for eight
years) were prepared using a similar method, although
without the addition of iohexol.

The viscosity characteristics of polymer and iohexol
solutions in dimethyl sulfoxide were determined
using a Brookfield DV2T RV rotary viscometer
equipped with a coaxial cylinder working unit
(Brookfield Corporation, Canada). The measurements
were carried out at a constant temperature of 25.0 £ 0.1°C,
maintained by a TC-505MX-230 liquid thermostat
(Brookfield Corporation, Canada), in the modes of
stepwise increase and decrease of the shear rate.

The concentration of bound iodine was determined
by UV-Vis spectrophotometry in accordance with
the established procedure [23]. Spectra were obtained
in quartz cuvettes within the wavelength range of
190-600 nm. Pure dimethyl sulfoxide was utilized as
a reference sample. For the purposes of analysis, the
initial solutions were subjected to dilution with dimethyl
sulfoxide, yielding concentrations of 0.25 mg/mL.

Freeze-dried emboli or aqueous media were obtained
using a Harvest Right freeze dryer (USA). For the
purpose of lyophilization, the samples were subjected
to a freezing process followed by drying; the process
was executed in accordance with the scheme described
in Table 1.

Stage 2 3 4 5 6
Temperature, °C —40 —20 ) 0 10 20
Vacuum pump on/off + + + + +
Time, h 5 5 10 10 6
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The molecular mass characteristics of the emboli
polymer were studied by gel permeation chromatography
using a Gilson chromatograph (Japan) with refractometric
detection. The analysis was performed at a temperature of
25°C in tetrahydrofuran with a flow rate of 1.0 mL/min. To
separate and identify polymer fractions, an Agilent PLgel
5 pwm MIXED B column (separating capacity
500-3000 kDa) was used, which was calibrated according
to polystyrene standards with molecular weights of 2940,
10110, 28770, 74800, 230900, and 1390000 g/mol and
a polydispersity index of less than 1.12. A solution of
embolus lyophilizate in tetrahydrofuran with a polymer
concentration of 0.7—10 mg/mL was prepared for analysis.

Gas chromatography experiments were
performed using an Agilent 6890N chromatograph
(Agilent Technologies, USA) with a DB-5MS column
(30 x 0.25 x 0.5 um) equipped with an Agilent 5973 N
(gas chromatography—mass spectrometry, GC-MS)
mass spectrometric detector. Helium was used as the
carrier gas, with a feed rate of 1 mL/min. Injection was
carried out at 250°C. A solution of aqueous lyophilizate
over an embolus in n-hexane with a lyophilizate
concentration of 1 mg/mL was prepared for analysis.

RESULTS AND DISCUSSION

At the first stage of analysis, we investigated the stability
of the initial solutions of the polymer with iohexol
in dimethyl sulfoxide. The control was carried out
according to two main indicators—the dynamic viscosity
of the solutions and the content of bound iodine in these
solutions. It was previously shown that all the studied
solutions exhibit Newtonian flow under the conditions
studied and can be characterized by a constant coefficient
of Newtonian viscosity.

Characteristic dependencies of the Newtonian
viscosity coefficient (0.268 + 0.0049 Pa-s at 25°C) and
the bound iodine content (50.1 £+ 1.0 mg/mL) are shown
in Fig. 2. It can be seen that exposure for at least 45 days
at a temperature of 60°C does not lead to changes in
these parameters. In other words, the studied solutions
of polymer with iohexol in dimethyl sulfoxide are stable
under the conditions of exposure to a thermostat (in the
dark). The contacting gaseous medium (argon or air) had
no effect on the results. According to GPM 1.1.0009.15',
for climate zone II, this corresponds to three years of
storage under natural conditions (25°C at a relative
humidity of 60%).

Conversely, our preliminary observations indicated
that iohexol solutions in dimethyl sulfoxide exhibit

a yellowing tendency in the presence of light over
time (a phenomenon not observed when stored in
the dark). The investigation focused on the behavior
of iohexol solutions in dimethyl sulfoxide, utilizing
UV-Vis spectrophotometry (Fig. 3). The study revealed
the separation of a minimal amount of iodine during
a week-long storage period in natural ambient light. It is
possible that iodine is converted into an inorganic form,
which can be assessed using inversion voltammetry [27].
Consequently, the storage of embolizing formulations
with iohexol should be conducted in a dark environment,
avoiding exposure to light.

n, mPa-s ¢ (Iyong)» mg/mL
3001 (100
_______ oL L %90
250 T [ T % I %0
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Fig. 2. Dependencies of the dynamic viscosity coefficient 1 (/)
and the content of bound iodine ¢ (2) on exposure duration

0.06
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0.02
0.01

289 339 389 439 489
A, nm

Fig. 3. Typical UV-visible spectra of iohexol solution
in dimethyl sulfoxide under storage in the light
for 0 (1), 6 (2), and 24 days (3)

At the second stage of the work, we obtained
solid emboli from polymer solutions in water and
investigated their stability during long-term exposure to
an aquatic environment. The differential curves of the
molecular weight distribution calculated on the basis of
chromatograms are shown in Fig. 4.

I GPM 1.1.0009.15. Expiration dates of medicines. The State Pharmacopoeia of the Russian Federation, 13th edition (SP RF XIII). URL: https://
pharmacopoeia.regmed.ru/pharmacopoeia/izdanie-13/1/1-1/1-1-9/sroki-godnosti-lekarstvennykh-sredstv/. Accessed September 24, 2025. (In Russ.).
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Fig. 4. Characteristic differential molecular weight distribution
curves M, for the original polymer (/) and the polymer aged
in water for eight years (2)

All the distributions obtained are monomodal,
which makes it possible to calculate the values of the
number-average molecular weight M, and weight-
average molecular weight M , as well as the ratio
M, /M, (Table 2). Figure 4 and Table 2 show that the
molecular weight distributions are almost identical,
with the average molecular weights and polydispersity
coefficients M, /M, being close. This finding indicates
a negligible degradation of cellulose diacetate in the
aquatic environment over a period of eight years

Furthermore, we employed the GC-MS method to
analyze the aqueous medium from samples of the same
emboli. A typical GC-MS chromatogram is shown

in Fig. 5; the analysis of the results using the NIST?
GC-MS database revealed the presence of 2-pentanone
(degree of coincidence 98.0%), dimethyl sulfone
(degree of coincidence 92.8%), and glycerin (degree
of coincidence 91.2%) in the sample. At the same time,
the expected degradation products of the polysaccharide
chain were absent. It can be argued with a certain
degree of confidence that 2-pentanone and glycerin can
be considered as products of thermal degradation of
polyethylene glycol, a modifier of cellulose diacetate,
and dimethyl sulfone as a product of the transformation
of a solvent, dimethyl sulfoxide, from which emboli are
formed.

A significant increase in storage time does not lead
to fundamental changes in the observed pattern. Thus, it
appears safe to conclude that cellulose diacetate exhibits
long-term stability (for at least eight years) when exposed
to an aqueous medium.

CONCLUSIONS

Our study has addressed the stability of cellulose
diacetate and iohexol solutions in dimethyl sulfoxide,
which are utilized as liquid embolizing agents. It is
shown that these solutions, when stored in the dark,
do not change their rheoviscometric characteristics
and the content of bound iodine for at least 45 days
at 60°C, which corresponds to three years of storage

Table 2. Molecular weight characteristics of the initial polymer and the polymer aged in water for eight years

Sample M, kDa M, kDa MM
Initial polymer 116.4 1.96
Polymer stored in water for eight years 124.8 2.17

* Determined from the gel permeation chromatography data.
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Fig. 5. Characteristic GC—MS chromatogram for a solution of lyophilized aqueous extract from a solid embolus

2 NIST Chemistry WebBook. URL: https://webbook.nist.gov/chemistry. Accessed September 22, 2025.
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under natural conditions. It is demonstrated that the
contact of the solution with an inert gas (argon) or
air during storage does not fundamentally affect these
results. However, in order to avoid yellowing of the
composition, it is recommended that the solution be
stored in the dark.

The long-term study of the behavior of solid
polymer emboli in contact with an aqueous medium has
demonstrated that the molecular weight characteristics of
the polymer and the composition of the filler fluid remain
constant over an eight-year period. This observation
suggests the utilization of such emboli as products of
prolonged contact with the patient’s body (category C).
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