
555� © �D.V. Nebesnaia, E.S. Terendiak, O.A. Legon’kova, S.A. Kedik, A.V. Panov, E.S. Zhavoronok, 2025

UDC 543.421/.424;616-073.213;616-073.584
https://doi.org/10.32362/2410-6593-2025-20-6-555-564
EDN OYNKPY

RESEARCH ARTICLE

On the stability of characteristics of cellulose diacetate 
solutions with an iodine-containing radiopaque 
substance and solid emboli on their basis
Daria V. Nebesnaia1, Ekaterina S. Terendiak1, Olga A. Legon’kova2, Stanislav A. Kedik1, 
Aleksey V. Panov1, Elena S. Zhavoronok1,

1 �MIREA – Russian Technological University (M.V.  Lomonosov Institute of  Fine Chemical Technologies), Moscow, 
119454 Russia

2 �A.V. Vishnevsky National Medical Research Center of Surgery, Ministry of Health of  the Russian Federation, Moscow, 
117997 Russia
 Corresponding author, e-mail: zhavoronok@mirea.ru

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 × 0.25 × 0.5 μm), 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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Аннотация
Цели. Среди используемых материалов для эмболизации большой интерес представляют жидкие эмболизирующие агенты на ос-
нове растворов биологически совместимых полимеров. Такие композиции способны осуществлять надежную преднамеренную 
окклюзию разветвленной сосудистой сети благодаря формированию твердого эмбола непосредственно в организме пациента. Для 
обеспечения безопасности и эффективности такого материала важны стабильность исходного состава и итогового эмбола. Целью 
работы являлось долговременное изучение стабильности эмболизирующих растворов полимера (диацетата целлюлозы) и рентге-
ноконтрастной добавки йогексола в диметилсульфоксиде, а также эмболов на их основе, выдержанных в водной среде.
Методы. Исследование стабильности исходных растворов, выдерживаемых в течение 45 суток при температуре 60°С («уско-
ренное старение», соответствующее трем годам хранения при 23 ± 2℃), проводили методом ротационной вискозиметрии на ро-
тационном вискозиметре Brookfield DV2T RV с рабочим узлом в виде двух коаксиальных цилиндров и методом спектрофото-
метрии в ультрафиолетовой и видимой областях спектра при помощи спектрофотометра Cary  60  UV-Vis. Долговременную 
стабильность эмболов в водных средах исследовали методом гель-проникающей хроматографии на хроматографе Gilson (Япо-
ния) с рефрактометрическим детектированием и методом газовой хроматографии на хроматографе Agilent 6890 N с колонкой 
DB-5MS (30 × 0.25 × 0.5 мкм), снабженным масс-спектрометрическим детектором Agilent 5973 N.
Результаты. Показано, что при «ускоренном» хранении растворов диацетата целлюлозы и  йогексола в  темноте не  наблю-
дались изменения коэффициента вязкости (0.268  ±  0.0049  Па∙с при 25°С) и  количественного содержания связанного йода 
(50.1 ± 1.0 мг/мл). Однако при хранении растворов йогексола в диметилсульфоксиде при естественном освещении отщеплялся 
свободный йод в малых количествах. При хранении эмболов, состоящих из диацетата целлюлозы, в водной среде в течение 
восьми лет, молекулярная масса полимера (60 кДа) не изменилась. В вытяжке водной среды также отсутствовали предполагае-
мые продукты деструкции диацетата целлюлозы.
Выводы. Модельный эмболизирующий состав, состоящий из диацетата целлюлозы и йогексола в диметилсульфоксиде, явля-
ется стабильным при хранении в отсутствии света. Сформированные твердые эмболы при хранении в водной среде остаются 
стабильными по крайней мере в течение восьми лет.
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INTRODUCTION

Embolization of blood 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) (Tula 
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 Mn = 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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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 

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.

n

(a) (b)

Fig. 1. Structural formulas of the main components of the studied systems: (a) cellulose diacetate unit; (b) iohexol

Table 1. Sample lyophilization mode

Stage 1 2 3 4 5 6

Temperature, °C −40 −20 −5 0 10 20

Vacuum pump on/off – + + + + +

Time, h 2 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  µm 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 × 0.25 × 0.5 µm) 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 1.1.0009.151, 
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 

1	 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.).

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.
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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.

https://pharmacopoeia.regmed.ru/pharmacopoeia/izdanie-13/1/1-1/1-1-9/sroki-godnosti-lekarstvennykh-sredstv/
https://pharmacopoeia.regmed.ru/pharmacopoeia/izdanie-13/1/1-1/1-1-9/sroki-godnosti-lekarstvennykh-sredstv/
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Fig. 4. Characteristic differential molecular weight distribution 
curves Mi for the original polymer (1) 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  Mn and weight-
average molecular weight  Mw, as well as the ratio 
Mw/Mn (Table  2). Figure  4  and Table  2  show that the 
molecular weight distributions are almost identical, 
with the average molecular weights and polydispersity 
coefficients Mw/Mn 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 

2	 NIST Chemistry WebBook. URL: https://webbook.nist.gov/chemistry. Accessed September 22, 2025.

in  Fig.  5; the analysis of the results using the NIST2 
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 
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Fig. 5. Characteristic GC–MS chromatogram for a solution of lyophilized aqueous extract from a solid embolus

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

Sample Mn
*, kDa Mw

*, kDa Mw/Mn
*

Initial polymer 59.5 116.4 1.96

Polymer stored in water for eight years 57.5 124.8 2.17

* Determined from the gel permeation chromatography data.
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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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