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Abstract

Background and purpose: 5-fluorouracil (5-FU) is a widely used antimetabolite chemotherapeutic agent.
However, it has substantial cytotoxicity and may cause serious adverse effects, including gastrointestinal
toxicity, myelosuppression, and, less commonly, cardiac and neurologic toxicity. To achieve sustained
release and reduce systemic exposure and administration frequency, 5-FU can be microencapsulated in
biodegradable, non-toxic polyhydroxyalkanoate matrices. Experimental approach: In this research, 5-FU-
loaded poly(3-hydroxybutyrate) (P3HB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P3HBV) micro-
and nanoparticles were prepared via spray drying and single emulsion solvent evaporation methods. The
obtained particles were characterized in terms of their average hydrodynamic size, zeta potential, surface
morphology, drug loading, encapsulation efficiency, release patterns, hemolytic activity, and cytotoxicity to
Hela cervical cancer cells. Key results: The obtained 5-FU-loaded micro- and nanoparticles had a regular
spherical shape without surface defects. The nanoparticles were nearly identical in size regardless of the
presence of 5-FU. In contrast, the encapsulation of 5-FU into microparticles by spray drying caused
measurable increases in particle size, with the average hydrodynamic diameter increasing by 21.0 % for
P3HB and by 28.6 % for P3HBV. Although the single emulsion solvent evaporation technique did not achieve
therapeutically relevant 5-FU loading, spray-dried microparticles showed satisfactory drug loading and
sustained release of 5-FU over 48 h. The microparticles exhibited pronounced cytotoxicity against Hela
cervical cancer cells while demonstrating lower hemolytic activity than free 5-FU. Conclusion: In this study,
the promising drug-loaded systems based on polyhydroxyalkanoate microparticles were prepared and
characterized for sustained 5-FU delivery in the therapy of cervical cancer.

©2026 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

Cervical cancer remains a major global health threat, ranking among the most frequently diagnosed cancers
in women and causing a substantial, yet largely preventable, burden of mortality. According to the World Health
Organization, approximately 604,000 new cases and 350,000 deaths were recorded worldwide in 2024 [1]. A
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commonly used chemotherapeutic agent in the management of cervical cancer is 5-fluorouracil (5-FU), an
antimetabolite that primarily inhibits thymidylate synthase. Although 5-FU is employed in chemotherapy, its
clinical utility is severely constrained by an extremely short plasma half-life, rapid catabolism by hepatic
dihydropyrimidine dehydrogenase, and dose-limiting systemic toxicities including myelosuppression,
mucositis, dermatitis and cardiotoxicity [2,3]. Encapsulation of 5-FU into biodegradable polymeric matrices
offers a rational strategy to circumvent these limitations: it reduces the rate of metabolic inactivation of the
drug, sustains local therapeutic concentrations over hours to days, attenuates peak plasma levels, and
enables the formation of an injectable or implantable depot directly at the tumour site, a concept particularly
attractive for locally accessible malignancies such as carcinoma of the cervix uteri [4].

A suitable matrix for drug encapsulation may be based on polyhydroxyalkanoates (PHAs), a family of
microbially produced biodegradable polyesters that function as intracellular carbon and energy storage
materials. Among the diverse range of PHAs, the homopolymer poly(3-hydroxybutyrate) (P3HB) and its
copolymer with 3-hydroxyvalerate (P3HBV) attract the greatest interest. P3HB is the most extensively studied
member of the PHA family and is characterized by high crystallinity, biodegradability, and biocompatibility;
however, in its native form, it is notably brittle. Incorporation of 3-hydroxyvalerate (3HV) units into the P3HB
main chain reduces crystallinity and improves processability. Owing to these properties, P3HB and P3HBV are
considered promising materials for drug delivery systems. Notable drugs that have been successfully
encapsulated into PHA matrices include doxorubicin [5], paclitaxel [6], doxycycline [7] and numerous other
therapeutic agents [8-10]. These systems have demonstrated sustained release profiles, with the gradual
release of active compounds maintained over periods ranging from several days to several weeks.

To date, most PHA-based drug-encapsulation approaches have targeted hydrophobic or amphiphilic
molecules, which readily partition into the polymer matrix during particle preparation. However,
encapsulating hydrophilic compounds remains a complex challenge. Thus, this study aimed to obtain and
comprehensively characterize P3HB- and P3HBV-based microparticles (MPs) and nanoparticles (NPs) loaded
with the hydrophilic drug 5-fluorouracil for potential treatment of cervical cancer.

Experimental

Materials

Microbial P3HB (363 kDa) and P3HBV (10.2 % of 3HV, 475 kDa) were produced at the Laboratory of
Biotechnology of New Biomaterials of Siberian Federal University in Krasnoyarsk, RF [11,12]. 5-FU, poly(vinyl
alcohol) (PVA) (31-50 kDa, degree of hydrolysis 98-99 %), dimethyl sulfoxide (DMSQ) and standard antibiotic-
antimycotic supplement for cell culture were purchased from Sigma-Aldrich (USA). Dichloromethane (DCM),
chloroform, and CHsOH were purchased from Merck (Germany). Dulbecco’s modified Eagle’s medium
(DMEM) was purchased from Thermo Fisher Scientific (USA). Fetal bovine serum was purchased from
HyClone (USA).

All reagents and solvents were of analytical grade and used as received without further purification. The
water used was purified by an Arium® Pro Ultrapure water system (Sartorius AG, Germany).

Preparation of nanoparticles by emulsion solvent evaporation

P3HB and P3HBV NPs loaded with 5-FU (P3HB-5-FU-NPs and P3HBV-5-FU-NPs) were prepared by the
single-emulsion solvent evaporation technique. In brief, 10 mg of P3HB or P3HBV was dissolved in 4 mL of
CHCl3 at 50 °C and mixed with 500 pL of 5-FU solution in DMSO (2 mg mL?). The resulting solution was added
dropwise to 20 mL of PVA solution in deionized water (1.0 % w/v) and sonicated for 15 min in an ice bath
using a Scientz JY92-lIN probe ultrasonic homogenizer (Scientz Biotechnology, China). The sonication
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parameters were as follows: 20 % power, 6 mm probe, 20-25 kHz frequency, 2 s sonication cycle, 2 s pause.
Then, the resulting emulsion was magnetically stirred at 875 rpm for 8 h until complete CHCl; and DMSO
evaporation. The obtained NPs were collected by centrifugation, washed 5 times with deionized water,
freeze-dried, and kept at -20 °C.

Blank P3HB and P3HBV NPs (P3HB-NPs and P3HBV-NPs) were prepared according to the same method,
with the exception that the initial PHA/CHClI; solutions did not contain 5-FU.

Preparation of microparticles by spray drying

Spray-dried 5-FU-loaded P3HB and P3HBV MPs (P3HB-5-FU-MPs and P3HBV-5-FU-MPs) were prepared
using Bichi Mini Spray Dryer B-290 (BUCHI Laboratory Equipment, Switzerland) according to the procedure
described in [13]. Briefly, 150 mg of P3HB or P3HBV were dissolved in 150 mL of CH,Cl; at 50 °C and mixed
with 10 mL of 5-FU solution in CH3OH. The resulting solutions (5-FU to PHA ratio 1:10) were spray-dried using
argon as a drying gas (solution feed rate 7.5 mL min?, flow rate 35 m3h; inlet temperature 100 °C; outlet
temperature 67 to 71 °C). The obtained MPs were collected, weighed and kept at -20 °C.

Blank P3HB and P3HBV MPs (P3HB-MPs and P3HBV-MPs) were produced under the same conditions,
except that the PHA/DCM solutions did not contain 5-FU.

Yield of the microparticles and nanoparticles

The yield of the obtained MPs and NPs (Y / %) was determined according to Equation (1).

M
y=—2" 100 (1)

polymer

where M is the mass of the obtained MPs or NPs and Myoymer is the mass of polymer used.

Hydrodynamic particle size and zeta potential

The average hydrodynamic diameter and polydispersity index (PDI) of the obtained MPs and NPs were
determined by dynamic light scattering (DLS), whereas zeta potential (ZP) was measured by electrophoretic
light scattering (ELS) (Zetasizer Nano ZS, Malvern, UK). Aqueous suspensions of each sample containing 1 mg
of particles in 2 mL of deionized water were sonicated for 1 min before the measurements (Scientz JY92-IIN,
Scientz Biotechnology, China).

Scanning electron microscopy

To assess the shape and surface morphology of the obtained MPs and NPs, scanning electron microscopy
(SEM) was used (Hitachi SU3500, Japan). The samples were positioned on a specimen stub and sputter-
coated with platinum (Leica EM ACE200, Germany) prior to observation to increase conductivity and promote
heat dissipation from the polymeric matrix.

Determination of 5-fluorouracil encapsulation efficiency and drug-loading

The encapsulation efficiency (EE, %) and drug loading (DL) of 5-FU were determined by UV-Vis
spectroscopy using Genesys 10S UV-Vis (Thermo Scientific, USA). Briefly, the amount of 5-FU in the MPs and
NPs was determined after dissolution of the corresponding samples in a mixture of DCM and CHsOH (15:1
volume ratio). The absorbance was measured at 266.8 nm against the blank solution (containing unloaded
particles). The amount of 5-FU in the obtained MPs and NPs was determined using the calibration curve. EE
was calculated according to Equation (2).
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M
EE=—1100 (2)
M

2

where M is the mass of 5-FU in MPs or NPs and M is the initial mass of 5-FU.

Drug loading (DL, %) was calculated according to Equation (3).

M
DL=

1100 (3)

Ps

In vitro 5-fluorouracil release

In vitro 5-FU release was investigated spectrophotometrically in phosphate-buffered saline (10 mM,
pH 7.4). 2 mg of the obtained particles were suspended in 2 mL of freshly prepared media and incubated at
37 °C. The samples were kept under continuous gentle agitation to simulate the in vivo movement of body
fluids. At predetermined time intervals, the suspension was centrifuged, aliquots were withdrawn, and an
equivalent volume of buffer was added to maintain a constant volume through the course of the experiment.
Finally, the absorbance of the aliquots at 266.8 nm was recorded.

Drug release, % was calculated by Equation (4)

Mt
Drug release =—-100 (4)
MX
where M is the mass of 5-FU released at each time point and My is the mass of 5-FU contained in the weighted
mass of particles.

Cell culture

Hela human cervical cancer cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Thermo
Fisher Scientific, USA) supplemented with 10 % fetal bovine serum and 1 % penicillin-streptomycin. The cells
were maintained at 37 °C in a 5 % CO, humidified atmosphere and subcultured using 0.25 % trypsin-
ethylenediaminetetraacetate (trypsin-EDTA) after reaching 70 to 80 % confluence.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay

Hela cells were seeded at a density of 1.5-10* cells per well in 96-well plates. After seeding and 24 h of
incubation, the medium was replaced with fresh culture medium containing 5-FU aqueous solutions or
particle suspensions with various concentrations (to obtain 5-FU concentrations of 0.25, 0.5, 1.0, 2.5, 5.0,
and 15 pg mL in wells) and the cells were incubated with NPs for 72 h. Then, the cell viability was determined
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The absorbance of the
resulting formazan dissolved in DMSO was recorded using an iMark Microplate Reader (Bio-Rad Laboratories,
USA) after 4 h of incubation with 200 pL of MTT solution at 37 °C (A = 550 nm). Cell viability, % was calculated
relative to untreated cells according to Equation (5).

A __-A
Cell viability = —test—blank 100 (5)

control / ‘blank
where Atest is the absorbance of samples incubated with the tested formulations, Acontrol is the absorbance of
the control sample, and Apiank is the absorbance of the blank solution.

Following the same protocol, cells were exposed to aqueous suspensions of blank P3HB and P3HBV
particles diluted in DMEM at concentrations corresponding to the amount of 5-FU encapsulated in the
studied particles (5.4-323 and 4.5-271 pug mL™ for P3HB and P3HBV, respectively).
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Live/dead staining

To confirm the results of the MTT assay, live/dead double staining of the cells exposed to the studied
particles was performed using ReadyProbes™ Cell Viability Imaging Kit (Thermo Fisher, USA). Cells were
seeded and treated with 5-FU and drug-loaded particles as described in the previous section. Then, the
medium was removed, and the cells were incubated with NucBlue® Live reagent (Hoechst 33342, stains nuclei
of all cells, blue) and NucGreen® Dead reagent (stains dead cell nuclei only, green) for 15 min at 37 °C. The
stained cells were imaged using a Leica DM6000 B digital microscope (Leica Microsystems, Germany).

Hemolytic activity

The hemolytic activity of 5-FU and 5-FU-loaded P3HB and P3HBV particles was determined according to
the procedure described in [13] with minor modifications. In brief, the whole human blood containing EDTA
as an anticoagulant was centrifuged at 3000 rpm for 10 min. Plasma and buffy coat were discarded, while
the red blood cell (RBC) pellet was collected, washed with normal saline and resuspended in normal saline to
a concentration of 1-108 cell mL™. Then, 20 uL of 5-FU aqueous solutions or particle suspensions with various
concentrations (to obtain the 5-FU concentrations of 0.25, 0.5, 1.0, 2.5, 5.0 and 15 pg mL? in wells) were
added to 130 pL of the obtained RBC suspension in a 96-well plate and incubated for 1 h at 37 °C with gentle
agitation using a ST-3M thermostatic shaker (Elmi, Latvia). After incubation, RBCs were separated by
centrifugation, and the absorbance of haemoglobin in the supernatant at 550 nm was determined using an
iMark Microplate Reader (Bio-Rad Laboratories, USA). RBCs in the positive control (PC) were treated with
aqueous Triton X-100 solution (1 %), which causes the complete lysis of the RBC membranes, whereas RBCs
in the negative control (NC) were incubated with normal saline.

Hemolytic activity was calculated according to Equation (6):

A _-A
Hemolysis = —=—"¢100 (6)

pc “ nc

where Aest is the absorbance of samples incubated with 5-FU or 5-FU-loaded P3HB and P3HBYV particles, Apc
is the absorbance of the positive control sample (RBCs incubated with Triton X-100 solution) and An is the
absorbance of the negative control sample (RBCs incubated with normal saline).

According to the same protocol, the hemolytic activity of the corresponding blank particles was
determined.

Statistical analysis

Experimental data were presented as the mean + standard deviation (n = 3 for all experiments). The
statistical analysis of the results was performed using Microsoft Excel 2021. Student’s t-test was used to
determine the statistical significance of the experimental results. The significance threshold was set at p <0.05.

Results and discussion

In this research, 5-FU-loaded P3HB and P3HBV micro- and nanoparticles were prepared by the spray-
drying method and emulsion solvent evaporation technique. The obtained MPs and NPs were characterized
in terms of their average hydrodynamic size, zeta potential, surface morphology, drug loading, encapsulation
efficiency (Table 1), release patterns, hemolytic activity, and cytotoxicity in Hela cervical cancer cells.
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Table 1. Characteristics of the obtained NPs and MPs.

Formulation Y/ % d/nm PDI ZP, mV EE, % DL, %
P3HB-NPs 93+4 149+15 0.181£0.04 -25.015.2 - -
P3HBV-NPs 9343 155+17 0.22+0.04 -24.9+4.6 - -
P3HB-5-FU-NPs 9245 154412 0.19+0.03 -27.6%4.9 not detected not detected
P3HBV-5-FU-NPs 92+4 159412 0.10+0.03 -25.3+5.7 not detected not detected
P3HB-MPs 2045 23914110 0.47+0.08 -42.9+5.4 - -
P3HBV-MPs 2043 2336180 0.49+0.08 -42.045.1 - -
P3HB-5-FU-MPs 18+2 28924120 0.48+0.05 -45.4+4.5 9.6%0.5 4.610.3
P3HBV-5-FU-MPs 2244 3004+114 0.46+0.07 -47.945.1 10.240.3 5.5+0.2

Characteristics of the obtained 5-fluorouracil-loaded microparticles and nanoparticles

To determine the average hydrodynamic diameter and zeta potential of the particles, we used DLS and
ELS, respectively. The average hydrodynamic diameters of the nanoparticles were 149+15, 155+17, 154+12,
and 159412 nm for P3HB-NPs, P3HBV-NPs, P3HB-5-FU-NPs and P3HBV-5-FU-NPs, respectively. The obtained
nanoparticles were nearly identical in size, which is primarily attributed to the absence of any significant
influence of the encapsulated drug on polymer chain packing and folding during nanoparticle formation (due
to the extremely low DL of 5-FU; see the 5-fluorouracil encapsulation efficiency and drug loading section). In
contrast, encapsulating 5-FU in PHA microparticles via spray drying leads to measurable changes in particle
size. The average hydrodynamic diameters of the microparticles were 2391+110, 2336480, 28924120 and
30041114 nm for P3HB-MPs, P3HBV-MPs, P3HB-5-FU-MPs, and P3HBV-5-FU-MPs, respectively. The encapsu-
lation of 5-FU resulted in an increase in the average hydrodynamic diameter of the microparticles by 21 %
(P3HB) and 28.6 % (P3HBV). This phenomenon has also been observed in several studies. For instance,
Shershneva et al. [14] noted that encapsulating 5-FU in the P3HB matrix increased the MPs’ size by 24 %
compared with unloaded MPs. Pozdniakova et al. [15] also reported that encapsulation of etamsylate into a
P3HB matrix resulted in an increase in microparticles’ size from 15.0+0.48 um (for unloaded microparticles)
to 18.04+0.63 um (for drug-loaded microparticles).

Scanning electron microscopy revealed that all the prepared particles were spherical in shape and
exhibited no obvious surface defects (Figure 1). Notably, the particle sizes determined by SEM were in good
agreement with those obtained by dynamic light scattering.

SU3500 10,0k 10 Smm 15,0k SE % e U3 s si 3 i ] 5U3500 10.0kV 6 9mm 15,0k SE

Figure 1 SEM images ofthe obtalned NPs and MPs (A) P3HB-NPs. (B) P3HB-5-FU-NPs. (C) P3HBV NPs (D) P3HBV-5-
FU-NPs. (E) P3HB-MPs. (F) P3HB-5-FU-MPs. (G) P3HBV-MPs. (H) P3HBV-5-FU-MPs

The obtained micro- and nanoparticles showed ZP values in the range of -47.1 mV to -24.0 mV, suggesting
that the resulting colloidal dispersions possessed electrostatic stability (moderately stable for nanoparticles
and highly stable for microparticles [16]). Such ZP values are typical of micro- and nanoparticles prepared
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from polyhydroxyalkanoates as well as from polymeric materials of different origins [9]. Ali et al. [17] reported
that the ZP of 5-FU-loaded solid lipid nanoparticles (obtained from glyceryl palmitostearate, Geleol® and
1,2-distearoyl-sn-gylcerol-3-phosphoethanolamine-N-[ethoxy(polyethylene glycol)-2000]) was measured to be
-26.2 + 0.36 mV. Kole et al. [18] noted that the ZP of isoniazid-loaded poly(caprolactone) nanoparticles was
equal to -24.8+0.30 mV.

The encapsulation of 5-FU into PHA-based micro- and nanoparticles did not result in significant changes
in ZP across all formulations. The measured ZP values remained nearly constant within the experimental
variability, with overlapping ranges observed for unloaded and 5-FU-loaded particles, indicating no
substantial shift in surface charge. This suggests that 5-FU encapsulation does not markedly alter the
interfacial properties of the particles, although partial localization of the drug at or near the particle surface
cannot be excluded.

5-fluorouracil encapsulation efficiency and drug loading

Spray drying technique proved an effective method for loading 5-FU into PHA microparticles. EE and DL for
P3HB-5-FU-MPs were 9.610.5 and 4.6+ 0.3%, respectively, whereas for P3HBV-5-FU-MPs they were higher,
reaching 10.2+0.3 and 5.510.2 %. In contrast, 5-FU was not detected in P3HB-5-FU-NPs and P3HBV-5-FU-NPs
because the optical density of these samples was below the limit of detection. Thus, the amount of the encap-
sulated 5-FU in P3HB-5-FU-NPs and P3HBV-5-FU-NPs was considered therapeutically irrelevant. The results
obtained are in accordance with McCarron et al. [19]. Despite adequate initial drug loading into poly(iso-
butylcyanoacrylate), poly(lactide-co-glycolide), poly(caprolactone), and Eudragit matrices (up to 5.49 %), a
sharp decrease in encapsulated 5-FU was observed after one washing step: DL dropped to below 1 %. In
addition, all obtained 5-FU-loaded samples showed pronounced burst release in aqueous solution, indicating
that 5-FU was loosely associated with the hydrophobic polymeric surfaces. Similar data were obtained by Ocal
et al. [20] and Tummala et al. [21] for poly(DL-lactic acid)/poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol) copolymer and chitosan, respectively. The authors reported relatively high 5-FU
loadings in the corresponding polymeric NPs and noticeable burst release (more than 60 and 90 % of the
encapsulated 5-FU after 10 h of exposure to aqueous media), indicating surface localization of the drug.

Encapsulating highly hydrophilic drugs such as 5-FU into hydrophobic polymeric matrices using emulsion
solvent evaporation techniques remains challenging. This phenomenon is attributed to a limited affinity of
these molecules for hydrophobic polymers, which leads to their partitioning into the continuous water phase
during encapsulation [22, 23]. In our preliminary studies, we attempted to increase DL and EE values by
varying key formulation parameters, including 5-FU amount, surfactant concentration, and the nature and
proportion of the co-solvent (DMSO, CH30H) in the organic phase. These modifications did not significantly
improve EE or DL, which remained very low. Moreover, the resulting nanoformulations showed increased
size and pronounced aggregation, which is unfavorable for NP-based drug delivery systems. Taken together,
these results indicate that conventional emulsion-based encapsulation of 5-FU into hydrophobic PHAs
requires alternative strategies to achieve therapeutically relevant drug loading.

Spray drying enables higher drug loading than the emulsion solvent evaporation technique because it
avoids competing drug dissolution in the aqueous phase during encapsulation [24]. Relatively low DL
(theoretical DL is equal to 9.1 %) in the case of P3HB-5-FU-MPs (4.6+0.3 %) and P3HBV-5-FU-MPs (5.510.2 %)
may be attributed to the rapid solvent evaporation during spray drying (dichloromethane boils at 40 °C,
whereas the inlet temperature of the drying chamber is 100 °C), which does not allow the polymer droplet
to fully form a solid microcapsule around the encapsulated substance; as a result, the latter remains on the
particle surface and subsequently adheres to the inner walls of the drying chamber. At lower inlet

doi: https://doi.org/10.5599/admet.3626 7



https://doi.org/10.5599/admet.3626

S. Lipaikin et al. ADMET & DMPK 14 (2026) 3626

temperatures, as shown in our previous study [25], particle size increased substantially, limiting their

potential for further in vivo application.

Because the amount of encapsulated 5-FU in P3HB-5-FU-NPs and P3HBV-5-FU-NPs was considered
unacceptable for biomedical applications, we selected only P3HB-5-FU-MPs and P3HBV-5-FU-MPs for further

analysis.

In vitro 5-fluorouracil release

The release of 5-FU from P3HB-5-FU-MPs and P3HBV-5-FU-MPs was investigated in phosphate-buffered
saline (10 mM, pH 7.4, 37 °C). In vitro 5-FU release profiles are presented in Figure 2.
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Figure 2. In vitro 5-FU release profiles. (A) P3HB-5-FU-MPs. (B) P3HBV-5-FU-MPs.

The kinetic curves exhibit two characteristic regions typical of PHA particles [26]: an initial burst release
from the surface of microparticles and a gradual release from the inner layers of the microparticles. During
the 1-hour burst-release stage, 46.8 % (P3HB-5-FU-MPs) and 47.7 % (P3HBV-5-FU-MPs) of 5-FU were
released. The pronounced burst release of the drug from the investigated microparticles may be attributed
to the low affinity of hydrophilic 5-FU for the hydrophobic PHA matrix, which promotes redistribution of the
drug toward the particle surface and rapid initial desorption (see the 5-FU encapsulation efficiency and drug
loading section). The relatively higher DL values of P3HB-5-FU-MPs and P3HBV-5-FU-MPs led to a
correspondingly higher drug release. Thus, both types of MPs achieved maximum 5-FU release after 48 hours
of exposure: 71.0 % for P3HB-5-FU-MPs and 74.4 % for P3HBV-5-FU-MPs. In general, because 5-FU release
from both microparticle types follows a similar pattern and shows the same burst-phase duration and total
release, differing only in the total amount of drug released, the release behavior of 5-FU from P3HB and
P3HBV may be considered identical.

From a therapeutic perspective, the two-stage profile may be advantageous for applications in which a
rapid initial increase in local drug concentration is desirable, followed by sustained drug exposure over the
subsequent release period. For instance, a locally administered depot designed to eliminate residual tumor

cells may benefit from an initial burst release followed by a more sustained release phase.
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To determine the mechanism of 5-FU release from the PHA microparticles, zero-order, first-order, Higuchi,
Hixson-Crowell, and Baker-Lonsdale mathematical models were fitted to in vitro release profiles of 5-FU [27].
The obtained coefficients of determination(R?) are presented in Table 2.

Table 2. R?values of drug release kinetic models

RZ
Sample Zero-order First-order Higuchi Hixson-Crowell Baker-Lonsdale
P3HB-5-FU-MPs 0.859 0.908 0.966 0.888 0.963
P3HBV-5-FU-MPs 0.889 0.885 0.972 0.858 0.945

Because polyhydroxyalkanoates are hydrophobic polymers, encapsulated drug release from PHA matrices
is mainly governed by Fickian diffusion [28], driven by concentration gradients of the encapsulated drug,
buffer components, solvent, etc. [29]. This statement is supported by the results presented in Table 2. The
highest R? values were obtained for the Higuchi (0.966 and 0.972 for P3HB-5-FU-MPs and P3HBV-5-FU-MPs,
respectively) and Baker-Lonsdale (0.963 and 0.945 for P3HB-5-FU-MPs and P3HBV-5-FU-MPs, respectively)
diffusion models, indicating that these models best fit the sustained release kinetics of 5-FU from PHA
microparticles. The release is least well described by the zero-order and first-order models, as well as by the
Hixson-Crowell (erosion-based) model.

Cytotoxicity to Hela cells

The influence of the non-encapsulated 5-FU, as well as blank and 5-FU-loaded P3HB and P3HBV micropar-
ticles on the viability of Hela cells in vitro was evaluated via the standard MTT assay at six 5-FU concentrations
ranging from 0.25 to 15 pg mL? (Figure 3A). The free drug showed potent cytotoxicity against the studied
cells, with a calculated half-maximal inhibitory concentration (IC50) of 1.42+0.36 pg mL™:. The obtained
results are consistent with [30,31]. Notably, broad variations in ICso values of 5-FU in Hela cell culture
reported in the literature over the past decades may be attributed to the strong time dependence of the
drug’s in vitro cytotoxic effects [32], since 5-FU is phase-specific and exerts its toxicity only during the S-phase
of the cell cycle [33]. For P3HB-5-FU-MPs and P3HBV-5-FU-MPs, the IC50 in Hela cells increased compared
with the pure drug (to 2.63+0.32 and 2.43+0.44 pg mL?, respectively). This drop in acute cytotoxicity is
expected for sustained-release formulations in which the total amount of encapsulated drug is not
immediately bioavailable, as previously shown by Halevas et al. [34], Kang et al. [35], Wang et al. [36] and
others. The similar ICso values observed for P3HB and P3HBYV indicate that including 3HV units in the polymer
chain had little effect on the short-term cytotoxicity profile under the studied conditions, although further
investigation is required to ensure the absence of 3HV influence over longer timeframes. In addition,
exposure to blank P3HB and P3HBV MPs did not reduce Hela cell viability even at the highest concentrations
tested, so the polymer matrices themselves did not contribute to the cytotoxic effects of the studied systems.
These data align with many reports of negligible cytotoxicity in PHA-based micro- and nanoparticulate
formulations [37-39], confirming the high biocompatibility of the studied polymers and their applicability for
designing sustained-release drug delivery systems.

Live/dead double staining corroborated the results of the MTT assay (Figure 3B). At the highest concen-
tration of the free drug (15 ug mL?), few to no live cells were observed under fluorescence microscopy. In
contrast, 5-FU-loaded P3HB and P3HBV MPs maintained a low but significant number of viable cells, which is
consistent with the MTT assay data. Meanwhile, images of blank MPs of both polymers did not differ from
the control.
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Hemocompatibility

To evaluate the toxic effects of the obtained MPs and pure 5-FU on RBCs, an in vitro hemolysis assay was
carried out. It has been shown that P3HB-MPs and P3HBV-MPs exhibited negligible hemolytic activity across
the entire tested concentration range (Figure 3C). The results obtained are consistent with the studies of our
research team [13,40] and others [41]. For free 5-FU, only slight dose-dependent hemolysis was observed even
at the highest concentration tested (1.31 % at 15 ug mL?), in accordance with previously reported data [42,43].
Encapsulating the drug in P3HB or P3HBV MPs further reduced its hemolytic potential, which may result from
the shielding effect of the PHA matrices, ensuring sustained release of the loaded drug into the surrounding
medium. According to established criteria, formulations inducing less than 5 % hemolysis may be regarded as
non-hemolytic [44]. Thus, at the initial evaluation, both blank and 5-FU-loaded P3HB and P3HBV MPs obtained
in the present study were considered safe and hemocompatible for further biomedical investigations.
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Figure 3. (A) Viability of HelLa cells exposed to P3HB-MPs (blue), P3HBV-MPs (red), P3HB-5-FU-MPs (yellow),
P3HBV-5-FU-MPs (green) and 5-FU (black) for 72 h, determined via MTT assay. The x-axis is the total 5-FU concen-
tration in wells. For MPs, values represent the equivalent 5-FU concentrations achieved by the corresponding doses of
MPs (5.4 to 323 and 4.5 to 271 pg mL* for P3HB and P3HBYV, respectively). (B) Live/dead double staining images of
Hela cells exposed to 15 pg mL™* 5-FU and the corresponding concentrations of PHA microparticles. Live and dead cells
had blue and green fluorescence, respectively. (C) Hemolytic activity of the free 5-FU, as well as blank and 5-FU-loaded
PHA MPs. Colors represent the same formulations as in (A)

o

Conclusions

In this research, 5-FU-loaded P3HB and P3HBV micro- and nanoparticles were prepared via spray drying and
single emulsion solvent evaporation methods, respectively. All particles had a regular spherical morphology,
smooth surfaces, and suitable zeta potential. The spray-dried microparticles showed satisfactory drug loading
and released encapsulated 5-FU in a sustained manner over 48 h. The microparticles showed potent cytotoxicity
against Hela cervical cancer cells and reduced hemolytic activity compared with free 5-FU. Thus, these micro-
particulate formulations may represent a promising biodegradable sustained-release platform for 5-FU delivery
in cervical cancer therapy. Future research will focus on optimizing particle composition and preparation
conditions to increase 5-FU loading, reduce initial burst release and extend release duration, followed by com-
prehensive in vivo evaluations of pharmacokinetics, biodistribution, antitumor efficacy and systemic toxicity.

10 (co) X



ADMET & DMPK 14 (2026) 3626 5-fluorouracil-loaded polyhydroxyalkanoate micro- and nanoparticles

Funding: The research was funded by the Russian Science Foundation (project No. 26-23-20080),
https://rscf.ru/project/26-23-20080/, and by the Krasnoyarsk Regional Science Foundation.

Acknowledgements: The authors would like to express their special thanks to the Krasnoyarsk Regional
Center of Research Equipment of the Federal Research Center “Krasnoyarsk Science Center SB RAS” for the
equipment provided.

Conflict of interest: The authors declare that there is no conflict of interest.

Author contributions: Conceptualization: Sergei Y. Lipaikin, Aleksei S. Dorokhin, Galina A. Ryltseva;
methodology: Sergei Y. Lipaikin, Aleksei S. Dorokhin, Galina A. Ryltseva; formal analysis and investigation:
Sergei Y. Lipaikin, Aleksei S. Dorokhin, Galina A. Ryltseva, Ksenia A. Afanasova; writing - original draft
preparation: Sergei Y. Lipaikin, Aleksei S. Dorokhin, Galina A. Ryltseva; writing - review and editing: Sergei Y.
Lipaikin, Aleksei S. Dorokhin, Galina A. Ryltseva, Cathrine Kessler; funding acquisition: Cathrine Kessler;
resources: Tatiana G. Volova, Cathrine Kessler; supervision: Tatiana G. Volova, Cathrine Kessler.

Data availability: The authors confirm that the data supporting the findings of this study are available within
the article. Any additional datasets are available from the corresponding author on reasonable request.

Ethics approval and consent to participate: NA
Consent to participate: NA
Consent to publish: NA

References

[1]  Cervical cancer (2026) World Health Organization, Switzerland. https://www.who.int Accessed 11
August 2026

[2]  S.Handali, E. Moghimipour, M. Rezaei, S. Saremy, F.A. Dorkoosh. Co-delivery of 5-fluorouracil and
oxaliplatin in novel poly(3-hydroxybutyrate-co-3-hydroxyvalerate acid)/poly(lactic-co-glycolic acid)
nanoparticles for colon cancer therapy. International Journal of Biological Macromolecules 124
(2019) 1299-1311. https://doi.org/10.1016/|.ijbiomac.2018.09.119

[3] N. Leelakanok, S. Geary, A. Salem. Fabrication and Use of Poly(d,|-lactide-co-glycolide)-Based
Formulations Designed for Modified Release of 5-Fluorouracil. Journal of Pharmaceutical Sciences
107 (2018) 513-528. https://doi.org/10.1016/j.xphs.2017.10.012

[4]  J.L. Arias. Novel Strategies to Improve the Anticancer Action of 5-Fluorouracil by Using Drug Delivery
Systems. Molecules 13 (2008) 2340-2369. https://doi.org/10.3390/molecules13102340

[5] G.Babos, J. Rydz, M. Kawalec, M. Klim, A. Fodor-Kardos, L. Trif, T. Feczkd. Poly(3-Hydroxybutyrate)-
Based Nanoparticles for Sorafenib and Doxorubicin Anticancer Drug Delivery. International Journal of
Molecular Sciences 21 (2020) 7312. https://doi.org/10.3390/ijms21197312

[6] A.Bonartsev, A. Zernov, S. Yakovlev, I. Zharkova, V. Myshkina, T. Mahina, G. Bonartseva, N.
Andronova, G. Smirnova, J. Borisova, M. Kalishjan, K. Shaitan, H. Treshalina. New Poly(3-
hydroxybutyrate) Microparticles with Paclitaxel Sustained Release for Intraperitoneal Administration.
Anti-Cancer Agents in Medicinal Chemistry 17 (2017) 434-441.
https://doi.org/10.2174/1871520615666160504095433

[71  A.Rodriguez-Contreras, C. Canal, M. Calafell-Monfort, M.-P. Ginebra, G. Julio-Moran, M.-S. Marqués-
Calvo. Methods for the preparation of doxycycline-loaded phb micro- and nano-spheres. European
Polymer Journal 49 (2013) 3501-3511. https://doi.org/10.1016/j.eurpolym.2013.08.010

[8] Q.Peng,Z.-R. Zhang, T. Gong, G.-Q. Chen, X. Sun. A rapid-acting, long-acting insulin formulation
based on a phospholipid complex loaded PHBHHx nanoparticles. Biomaterials 33 (2012) 1583-1588.
https://doi.org/10.1016/j.biomaterials.2011.10.072

[9] K. Perveen, F. Masood, A. Hameed. Preparation, characterization and evaluation of antibacterial
properties of epirubicin loaded PHB and PHBV nanoparticles. International Journal of Biological
Macromolecules 144 (2020) 259-266. https://doi.org/10.1016/].ijbiomac.2019.12.049

[10] F. Masood, K. Perveen, W. Ali, S. Shaheen. Poly(3-hydroxybutyrate) nanoparticles loaded with a
hydroxypropyl-B-cyclodextrin/isoniazid complex: Preparation, characterization and release behavior.
Next Materials 13 (2026) 102706. https://doi.org/10.1016/j.nxmate.2026.102706

[11] T.Volova, A. Demidenko, E. Kiselev, S. Baranovskiy, E. Shishatskaya, N. Zhila. Polyhydroxyalkanoate
synthesis based on glycerol and implementation of the process under conditions of pilot production.

doi: https://doi.org/10.5599/admet.3626 11



https://doi.org/10.5599/admet.3626
https://rscf.ru/project/26-23-20080/
https://www.who.int/
https://doi.org/10.1016/j.ijbiomac.2018.09.119
https://doi.org/10.1016/j.xphs.2017.10.012
https://doi.org/10.3390/molecules13102340
https://doi.org/10.3390/ijms21197312
https://doi.org/10.2174/1871520615666160504095433
https://doi.org/10.1016/j.eurpolymj.2013.08.010
https://doi.org/10.1016/j.biomaterials.2011.10.072
https://doi.org/10.1016/j.ijbiomac.2019.12.049
https://doi.org/10.1016/j.nxmate.2026.102706

S. Lipaikin et al. ADMET & DMPK 14 (2026) 3626

(12]

(13]

(14]

(15]

(16]

(17]

(18]

[19]

[20]

(21]

(22]

(23]

[24]

[25]

(26]

(27]

Applied Microbiology and Biotechnology 103 (2019) 225-237. https://doi.org/10.1007/s00253-018-
9460-0

T.G. Volova, E.I. Shishatskaya, Cupriavidus eutrophus VKPM B-10646 Bacteria Strain - Producer of
Polyhydroxyalkanoates and Production Method Thereof, RU2439143C1, 2012.
https://patents.google.com/patent/RU2439143C1/en

S.Y. Lipaikin, A.S. Dorokhin, G.A. Ryltseva, A. V. Oberenko, E.G. Kiselev, A. V. Shabanov, V.A. Lyadov,
N. V. Shavrina, A.O. Terent’ev, S. Thomas, T.G. Volova, C. Kessler. Delivery Systems of Novel 1-
Antipyryl-1H-Pyrrol-2-One Based on Polyhydroxyalkanoate Micro- and Nanoparticles: Preparation,
Characterization and in Vitro Cytocompatibility Assay. Journal of Polymers and the Environment 34
(2026) 79. https://doi.org/10.1007/s10924-026-03769-8

A. Shershneva, A. Murueva, E. Nikolaeva, E. Shishatskaya, T. Volova. Novel spray-dried PHA
microparticles for antitumor drug release. Drying Technology 36 (2018) 1387-1398.
https://doi.org/10.1080/07373937.2017.1407940

A. V. Pozdniakova, A. V. Murueva, A.M. Shershneva, A. V. Shabanov, E.I. Shishatskaya. Impact of
hemostatic agent preparation and deposition methods on the physicochemical properties of
biopolymer microparticles. Proceedings of Universities. Applied Chemistry and Biotechnology 16
(2026) 92-100. https://doi.org/10.21285/achb.1020

S. Bhattacharjee. DLS and zeta potential - What they are and what they are not? Journal of Controlled
Release 235 (2016) 337-351. https://doi.org/10.1016/].jconrel.2016.06.017

A. Ali, A. Madni, N. Jan, H. Shah, S. Khan, A. Shafiq, V. Torchilin, M.l. Khan, M.A. Rahim. Enhanced
Cytotoxicity of 5-Fluorouracil Against Skin Cancer Cell Lines and 3D Spheroid Tumor Model Using
Solid Lipid Nanoparticles. BioNanoScience 15 (2025) 31. https://doi.org/10.1007/s12668-024-01736-y
E. Kole, Y. Pawara, A. Chaudhari, A. Chatterjee, J.B. Naik. Fabrication and optimization of freeze-dried
isoniazid-loaded poly-e-caprolactone nanoparticles. ADMET and DMPK (2025) 2774.
https://doi.org/10.5599/admet.2774

P.A. McCarron, A.D. Woolfson, S.M. Keating. Sustained Release of 5-Fluorouracil from Polymeric
Nanoparticles. Journal of Pharmacy and Pharmacology 52 (2000) 1451-1459.
https://doi.org/10.1211/0022357001777658

H. Ocal, B. Arica-Yegin, i. Vural, K. Goracinova, S. Calis. 5-Fluorouracil-loaded PLA/PLGA PEG-PPG-PEG
polymeric nanoparticles: formulation, in vitro characterization and cell culture studies. Drug
Development and Industrial Pharmacy 40 (2014) 560-567.
https://doi.org/10.3109/03639045.2013.775581

S. Tummala, M.N. Satish Kumar, A. Prakash. Formulation and characterization of 5-Fluorouracil
enteric coated nanoparticles for sustained and localized release in treating colorectal cancer. Saudi
Pharmaceutical Journal 23 (2015) 308-314. https://doi.org/10.1016/].jsps.2014.11.010

B.S. Mahmoud, C. McConville. Box-Behnken Design of Experiments of Polycaprolactone
Nanoparticles Loaded with Irinotecan Hydrochloride. Pharmaceutics 15 (2023) 1271.
https://doi.org/10.3390/pharmaceutics15041271

F. Ramazani, W. Chen, C.F. van Nostrum, G. Storm, F. Kiessling, T. Lammers, W.E. Hennink, R.J. Kok.
Strategies for encapsulation of small hydrophilic and amphiphilic drugs in PLGA microspheres: State-
of-the-art and challenges. International Journal of Pharmaceutics 499 (2016) 358-367.
https://doi.org/10.1016/j.ijpharm.2016.01.020

R. Vehring. Pharmaceutical particle engineering via spray drying. Pharmaceutical Research 25 (2008)
999-1022. https://doi.org/10.1007/s11095-007-9475-1

Sergei Y. Lipaikin, Aleksei S. Dorokhin, Galina A. Ryltseva, Viktor M. Denisov, Tatiana G. Volova,
Ekaterina I. Kessler. Spray Drying Technique for the Fabrication of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) Microparticles. Journal of Siberian Federal University. Chemistry 19 (2026) 320-331.
https://elib.sfu-kras.ru/handle/2311/158627

A.V. Murueva, A.M. Shershneva, E.I. Shishatskaya, T.G. Volova. Characteristics of Microparticles
Based on Resorbable Polyhydroxyalkanoates Loaded with Antibacterial and Cytostatic Drugs.
International Journal of Molecular Sciences 24 (2023) https://doi.org/10.3390/ijms241914983

E. Kole, K. Jadhav, P. Chichmalkar, R.K. Verma, A. Mujumdar, J. Naik. Spray-dried inhalable nano-
embedded microparticles of isoniazid and pyridoxine hydrochloride for pulmonary tuberculosis. RSC
Pharmaceutics 3 (2026) 220-236. https://doi.org/10.1039/D5PM00118H

12

(co) X


https://doi.org/10.1007/s00253-018-9460-0
https://doi.org/10.1007/s00253-018-9460-0
https://patents.google.com/patent/RU2439143C1/en
https://doi.org/10.1007/s10924-026-03769-8
https://doi.org/10.1080/07373937.2017.1407940
https://doi.org/10.21285/achb.1020
https://doi.org/10.1016/j.jconrel.2016.06.017
https://doi.org/10.1007/s12668-024-01736-y
https://doi.org/10.5599/admet.2774
https://doi.org/10.1211/0022357001777658
https://doi.org/10.3109/03639045.2013.775581
https://doi.org/10.1016/j.jsps.2014.11.010
https://doi.org/10.3390/pharmaceutics15041271
https://doi.org/10.1016/j.ijpharm.2016.01.020
https://doi.org/10.1007/s11095-007-9475-1
https://elib.sfu-kras.ru/handle/2311/158627
https://doi.org/10.3390/ijms241914983
https://doi.org/10.1039/D5PM00118H

ADMET & DMPK 14 (2026) 3626 5-fluorouracil-loaded polyhydroxyalkanoate micro- and nanoparticles

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

A.l. Rodriguez-Cendal, I. Gdmez-Seoane, F.J. de Toro-Santos, I.M. Fuentes-Boquete, J. Sefiaris-
Rodriguez, S.M. Diaz-Prado. Biomedical Applications of the Biopolymer Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV): Drug Encapsulation and Scaffold Fabrication. International Journal of
Molecular Sciences 24 (2023) 11674. https://doi.org/10.3390/ijms241411674

V.A. Livshits, A.P. Bonartsev, A.L. lordanskii, E.A. lvanov, T.A. Makhina, V.L. Myshkina, G.A.
Bonartseva. Microspheres based on poly(3-hydroxy)butyrate for prolonged drug release. Polymer
Science Series B 51 (2009) 256-263. https://doi.org/10.1134/51560090409070082

M. Okamoto, M. Fujiwara, M. Hori, K. Okada, F. Yazama, H. Konishi, Y. Xiao, G. Qi, F. Shimamoto, T.
Ota, A. Temme, M. Tatsuka. tRNA Modifying Enzymes, NSUN2 and METTL1, Determine Sensitivity to
5-Fluorouracil in Hela Cells. PLoS Genetics 10 (2014) e1004639.
https://doi.org/10.1371/journal.pgen.1004639

X. LIU, Q. GAN, C. FENG. Synthesis, characterization and antitumor activity of rare earth (Y, La)
substituted phosphotungstates containing 5-fluorouracil. Journal of Rare Earths 30 (2012) 604-608.
https://doi.org/10.1016/51002-0721(12)60098-2

E. Tawfik, M. Ahamed, A. Almalik, M. Alfageeh, A. Alshamsan. Prolonged exposure of colon cancer
cells to 5-fluorouracil nanoparticles improves its anticancer activity. Saudi Pharmaceutical Journal 25
(2017) 206-213. https://doi.org/10.1016/j.jsps.2016.05.010

C. Focaccetti, A. Bruno, E. Magnani, D. Bartolini, E. Principi, K. Dallaglio, E.O. Bucci, G. Finzi, F. Sessa,
D.M. Noonan, A. Albini. Effects of 5-Fluorouracil on Morphology, Cell Cycle, Proliferation, Apoptosis,
Autophagy and ROS Production in Endothelial Cells and Cardiomyocytes. PLOS ONE 10 (2015)
€0115686. https://doi.org/10.1371/journal.pone.0115686

E. Halevas, C. Kokotidou, E. Zaimai, A. Moschona, E. Lialiaris, A. Mitraki, T. Lialiaris, A. Pantazaki.
Evaluation of the Hemocompatibility and Anticancer Potential of Poly(e-Caprolactone) and Poly(3-
Hydroxybutyrate) Microcarriers with Encapsulated Chrysin. Pharmaceutics 13 (2021) 109.
https://doi.org/10.3390/pharmaceutics13010109

Y. KANG, J. WU, G. YIN, Z. HUANG, Y. YAQ, X. LIAO, A. CHEN, X. PU, L. LIAO. Preparation,
characterization and in vitro cytotoxicity of indomethacin-loaded PLLA/PLGA microparticles using
supercritical CO; technique. European Journal of Pharmaceutics and Biopharmaceutics 70 (2008) 85-
97. https://doi.org/10.1016/j.ejpb.2008.03.011

C.-F. Wang, E.M. Makila, M.H. Kaasalainen, M. V. Hagstrom, J.J. Salonen, J.T. Hirvonen, H.A. Santos.
Dual-drug delivery by porous silicon nanoparticles for improved cellular uptake, sustained release,
and combination therapy. Acta Biomaterialia 16 (2015) 206-214.
https://doi.org/10.1016/j.actbio.2015.01.021

F. Masood, P. Chen, T. Yasin, N. Fatima, F. Hasan, A. Hameed. Encapsulation of Ellipticine in poly-(3-
hydroxybutyrate-co-3-hydroxyvalerate) based nanoparticles and its in vitro application. Materials
Science and Engineering: C 33 (2013) 1054-1060. https://doi.org/10.1016/j.msec.2012.11.025

E. Kilicay, E. Erdal, B. Hazer, M. Tirk, E.B. Denkbas. Antisense oligonucleotide delivery to cancer cell
lines for the treatment of different cancer types. Artificial Cells, Nanomedicine, and Biotechnology 44
(2016) 1938-1948. https://doi.org/10.3109/21691401.2015.1115409

J. Hu, M. Wang, X. Xiao, B. Zhang, Q. Xie, X. Xu, S. Li, Z. Zheng, D. Wei, X. Zhang. A novel long-acting
azathioprine polyhydroxyalkanoate nanoparticle enhances treatment efficacy for systemic lupus
erythematosus with reduced side effects. Nanoscale 12 (2020) 10799-10808.
https://doi.org/10.1039/DONR01308K

A. Dorokhin, S. Lipaikin, G. Ryltseva, A. Shabanov, K. Sapozhnikova, T. Volova, S. Kachin, E.
Shishatskaya. Effect of surfactants and polymer composition on the characteristics of
polyhydroxyalkanoate nanoparticles. ADMET and DMPK 13 (2025) 2723.
https://doi.org/10.5599/admet.2723

C. Chen, Y.C. Cheng, C.H. Yu, S.W. Chan, M.K. Cheung, P.H.F. Yu. In vitro cytotoxicity, hemolysis assay,
and biodegradation behavior of biodegradable poly(3-hydroxybutyrate)-poly(ethylene glycol)-poly(3-
hydroxybutyrate) nanoparticles as potential drug carriers. Journal of Biomedical Materials Research
Part A 87A (2008) 290-298. https://doi.org/10.1002/jbm.a.31719

S. Manivannan, S. Narayan. Studies on polyethylene glycol crosslinked chitosan nanoparticles for co-
delivery of docetaxel and 5-fluorouracil with synergistic effect against cancer. Macromolecular
Research 32 (2024) 371-392. https://doi.org/10.1007/s13233-023-00234-6

doi: https://doi.org/10.5599/admet.3626 13



https://doi.org/10.5599/admet.3626
https://doi.org/10.3390/ijms241411674
https://doi.org/10.1134/S1560090409070082
https://doi.org/10.1371/journal.pgen.1004639
https://doi.org/10.1016/S1002-0721(12)60098-2
https://doi.org/10.1016/j.jsps.2016.05.010
https://doi.org/10.1371/journal.pone.0115686
https://doi.org/10.3390/pharmaceutics13010109
https://doi.org/10.1016/j.ejpb.2008.03.011
https://doi.org/10.1016/j.actbio.2015.01.021
https://doi.org/10.1016/j.msec.2012.11.025
https://doi.org/10.3109/21691401.2015.1115409
https://doi.org/10.1039/D0NR01308K
https://doi.org/10.5599/admet.2723
https://doi.org/10.1002/jbm.a.31719
https://doi.org/10.1007/s13233-023-00234-6

S. Lipaikin et al. ADMET & DMPK 14 (2026) 3626

[43] P.Jain, K. Patel, A.K. Jangid, A. Guleria, S. Patel, D. Pooja, H. Kulhari. Modulating the Delivery of 5-
Fluorouracil to Human Colon Cancer Cells Using Multifunctional Arginine-Coated Manganese Oxide
Nanocuboids with MRI Properties. ACS Applied Bio Materials 3 (2020) 6852-6864.
https://doi.org/10.1021/acsabm.0c00780

[44] Pooja, D. Kumar Sharma, A. Gaurav, M. Kumari, Kiran. Cytotoxicity assessment of propolis
nanoparticles encapsulated in sodium alginate in the Vero cell line. Next Nanotechnology 9 (2026)
100453. https://doi.org/10.1016/j.nxnano0.2026.100453

©2026 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article distributed under the terms and
conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/) |{ec) N

14 (co) X


https://doi.org/10.1021/acsabm.0c00780
https://doi.org/10.1016/j.nxnano.2026.100453
http://creativecommons.org/licenses/by/4.0/

