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Abstract—The application of porous nanomaterials in drug delivery offers a promising strategy to mitigate the
adverse side effects of chemotherapy. In this study, we report the synthesis of nanosized NH,-UiO-66 (Zr)
metal-organic frameworks as carriers of doxorubicin. The nanoparticles exhibited high crystallinity with an
average size of 44 nm. Surface functionalization with polyethylene glycol (PEG) markedly enhanced their
colloidal stability under physiological conditions. Coated NH,-UiO-66 (Zr)@PEG particles demonstrated
prolonged circulation in the bloodstream and a significant reduction of nonspecific accumulation in organs
with high vascularization. Importantly, these particles retained their capacity for doxorubicin loading, high-

lighting their potential for drug delivery.
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INTRODUCTION

Doxorubicin demonstrates high efficacy in the
treatment of various malignant neoplasms, including
breast cancer and lymphoma. However, its clinical
application is limited by adverse effects, including car-
diotoxicity and hematopoietic suppression [1]. This
governs development of novel approaches for targeted
drug delivery to tumors. One promising direction is
the use of nanoparticles as drug carriers, that have the
ability to accumulate in tumors via enhanced permea-
bility and retention effect (EPR effect) [2] and per-
form controlled drug release in tumour microenviron-
ment.

Metal-organic frameworks (MOFs) are attractive
candidates for drug delivery due to their high surface
area, regular porosity, and structural variability [3].
For instance, MOFs with UiO-66 (Zr) crystal type
have large octahedral (~11 A) and tetrahedral pores
(~8 A), a surface area greater than 1000 m?/g, and
chemical stability over a wide range of pH, facilitating
loading of various drugs [4]. UiO-66 (Zr) has been
considered for the loading and controlled release of
doxorubicin due to having a coordination interaction
between the Zr (IV) clusters and hydroxyl groups of
the drug [5]. High loading has also been demonstrated
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for cisplatin (12% by particle weight) and 5-fluoroura-
cil 27%) |6, 7].

However, UiO-66 (Zr) MOFs do not have colloi-
dal stability under physiological conditions due to the
association of Zr(IV) clusters with phosphate anions
[8, 9]. Aggregation of nanoparticles in the blood-
stream induces their nonspecific accumulation in the
capillaries of the lungs, while increase of the size of
nanoparticles promotes recognition by macrophages
of the mononuclear phagocyte system [10, 11]. There-
fore, to improve the pharmacokinetics of UiO-66
(Zr), it is necessary to develop methods for their col-
loidal stabilization.

In this study, nanoscale NH,-UiO-66 (Zr) MOFs
were synthesized, the crystallinity of nanoparticles was
confirmed by X-ray diffraction analysis. We modified
the surface of the nanoparticles with polyethylene gly-
col and demonstrate possibility to load them with
doxorubicin for potential chemotherapy. The coated
particles retained long-term colloidal stability under
physiological conditions. In addition, the coating pro-
longed the circulation of nanoparticles in the blood-
stream and influenced their biodistribution in healthy
mice, with a significant reduction in nonspecific
uptake in the lungs and spleen. This study is an
important for developing drug delivery systems based
on NH,-UiO-66 (Zr) metal-organic frameworks.

MATERIALS AND METHODS

NH,-UiO-66 (Zr) nanoparticles were synthesized
by a hydrothermal method with heating by microwave
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irradiation [12]. For this, 0.5 mmol of ZrCl, was mixed
with 0.5 mmol of 2-aminoterephthalic acid in 4 mL of
dimethylformamide. Then, 0.84 mL of glacial acetic
acid and 54 uL of distilled water were added to the
mixture. The reaction mixture was heated at 110°C for
15 min in a Monowave 200 reactor (Anton Paar,
Austria). The crystalline particles were separated from
unreacted compounds by successive centrifugation in
dimethylformamide, ethanol, and water (12 000 g,
10 min). The nanoparticles were coated with silane-
polyethylene glycol (5 kDa) using the Stober method
[8]. For this, 1 mg of particles was mixed with the
polymer at a concentration of 10 g/L in water and
heated at 70°C for 30 min. To remove unbound poly-
mer, the particles were washed in water by centrifuga-
tion (16 000 g, 7 min).

The crystalline structure was examined by X-ray
diffraction (XRD). The powder diffraction pattern of
the nanoparticles was recorded in the 26 range of 5—
50° using a Malvern PANalytical X’pert Pro MPD dif-
fractometer with a CuKo radiation source (A =
1.540 A) at an operating voltage of 45 KV and a current
of 40 mA. Electron micrographs of the nanoparticles
were obtained by scanning electron microscopy
(SEM) using a MAIA3 microscope (Tescan, Czech
Republic) at an accelerating voltage of 20 kV. Particle
size distribution was analyzed with ImagelJ 1.8.0 soft-
ware by measuring at least 500 particles. Hydrody-
namic size and {-potentials were measured using a
Malvern Zetasizer Nano ZS device (Malvern Instru-
ments, UK). Experiments were performed in distilled
water or phosphate-buffered saline (PBS) for hydro-
dynamic size analysis, and in 10 mM NaClfor {-poten-
tial analysis.

For doxorubicin loading into NH,-UiO-66
(Zr)@PEG nanoparticles, 5 ug of particles were mixed
with 5 ug of doxorubicin in 125 UL of water. The mix-
ture was incubated under stirring for 15 min at room
temperature, and the nanoparticles were separated by
centrifugation (16 000 g, 15 min). The concentration
of unbound drug was determined spectrophotometri-
cally using an Infinite M1000Pro microplate reader
(Tecan, Switzerland).

Animal experiments were approved by the Institu-
tional Animal Care and Use Committee of the Shem-
yakin-Ovchinnikov Institute of Bioorganic Chemis-
try, Russian Academy of Sciences (protocol 367,/2022
from 15.12.2022). Female BALB/c mice of 18—22 g
weight (10—12 weeks old) were obtained from the
Pushchino Animal Facility (Pushchino, Russia) and
maintained under conventional conditions in an ani-
mal housing facility at the Institute of Bioorganic
Chemistry, Russian Academy of Sciences, with a con-
trolled light/dark cycle (12 h/12 h), temperature
(22°C), humidity (50%), and unlimited access to dry
food and water. Mice were divided into groups of 3—
4 mice for testing coated and uncoated particles.
Nanoparticles were injected into mice at a dose of
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200 ug (10 mg/kg) into the retro-orbital sinus. At var-
ious time points, 20 UL of blood was collected from
the opposite retro-orbital sinus and mixed with 1 uL of
heparin. One hour after administration, the mice were
sacrificed, and their major organs (liver, spleen, lungs,
heart, kidneys, and femur bones) were isolated and
weighed. Tissue and blood samples were digested in
3-fold volume of concentrated nitric acid at 60°C for 1 h,
then diluted 7-fold with water and centrifuged at
20000 g for 10 min. The Zr concentration in the sam-
ples was quantified by inductively coupled plasma
mass spectrometry (ICP-MS) using a NexION 2000
mass spectrometer (PerkinElmer, USA). Biodistribu-
tion values were normalized to the total Zr content
detected in all analyzed organs.

Statistical comparisons were performed using
Welch’s f-test. *—p < 0.05. Data are presented as
mean * standard deviation. Hydrodynamic sizes and
{-potentials of nanoparticles are reported as mode +
half-width at half-maximum.

RESULTS AND DISCUSSION

Nanosized metal-organic frameworks (MOFs) of
the NH,-UiO-66 (Zr) crystal type were synthesized by
a hydrothermal method in a microwave reactor. To
obtain nanosized MOFs, acetic acid was added as a
synthesis modulator to the reaction mixture contain-
ing the Zr (IV) precursor and 2-aminoterephthalic
acid as the organic linker. Monocarboxylic acids can
compete with the organic linker for coordination with
the metal cluster, thereby slowing down the crystal
growth. The crystalline structure of the nanoparticles
was confirmed by X-ray diffraction (Fig. 1a). The
powder diffraction pattern of the nanoparticles exhib-
ited all the characteristic peaks of the UiO-66 frame-
work, with a minor amorphous background [13], con-
firming the formation of a highly crystalline material.
Based on the peak positions at 7.5° for the (111) plane,
8.5° for the (002) plane, 25.8° for the (006) plane, and
30.8° for the (117) plane, the synthesized crystals were
determined to have a face-centered cubic topology
with the Fm3m space group. Scanning electron
microscopy revealed that the particles have irregular
morphology (Fig. 1b). Size analysis based on mea-
surements of more than 500 individual nanoparticles
(Fig. 1c) showed that NH,-UiO-66 (Zr) had a size of
(44 £ 15) nm. The small particle size is consistent with
rapid nucleation under microwave conditions with the
growth moderated by the presence of acetic acid.

NH,-UiO-66 (Zr) nanoparticles lost their colloi-
dal stability under physiological conditions simulated
by 0.1 M phosphate-buffered saline (PBS, pH 7.4). In
distilled water, the hydrodynamic diameter of NH,-
UiO-66 (Zr) particles was (149 £ 41) nm, but it
increased to (312 * 82) nm after 5 min of incubation in
PBS. To prevent particle aggregation, the nanoparti-
cles were coated with silane-polyethylene glycol poly-
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Fig. 1. Characterization of NH,-UiO-66 (Zr) nanoparticles. (a) X-ray diffraction pattern of the synthesized MOFs compared to
the calculated pattern of the UiO-66 crystal. (b) Scanning electron micrograph of the nanoparticles. Scale bar—500 nm. (c) His-

togram of distribution of nanoparticles by size.

mer using the Stober reaction in aqueous conditions.
After the coating, the {-potential of the nanoparticles
decreased from (+35 £ 6) mV to (+12 = 4) mV, consis-
tent with surface modification by a neutral polymer. In
addition, polymer coating led to a slight increase in
hydrodynamic size of nanoparticles in water to (161 =
52) nm. Surface modification of the MOFs with
polymer drastically improved their colloidal stability,
with the hydrodynamic diameter of NH,-UiO-66
(Zr)@PEG particles of (174 = 52) nm after incubation
in PBS.

The degradation and aggregation of NH,-UiO-66
(Zr) in PBS can be explained by the strong affinity of
Zr (IV) clusters to phosphate groups and by the neu-
tralization of the nanoparticle surface potential [14].
The presence of long polyethylene glycol chains
(5 kDa) on the particle surface likely not only reduces
the interaction of phosphates with the surface but also
slow down their permeation into the porous structure.
For example, previous studies showed that attachment
of a shorter PEG chains (2 kDa) to UiO-66 (Zr)
nanoparticles did not prevent aggregation under phys-
iological conditions, although it still slowed down
material degradation [15].

A coated NH,-UiO-66 (Zr)@PEG nanoparticles
demonstrated the ability to be loaded with doxorubi-
cin upon incubation in a drug solution. The loading
efficiency was (1.6 £ 0.9)%, calculated as the drug
mass normalized to the nanoparticle mass. The rela-
tively low adsorption capacity is attributed to the large
size of doxorubicin molecule (linear dimension ~15 A),
which enables interaction primarily with surface and
structural defects of the nanoparticles. More efficient
loading of chemotherapeutic agents into the particle
volume [6, 7] is possible in the case of using small mol-
ecules such as 5-fluorouracil (~5 A [16]) and cisplatin
(~6 A [17]), which linear dimensions are smaller than
the dimensions of regular pores in the UiO-66 (Zr)
structure and correspond to the dimensions of trian-
gular windows (5—7 A) in the pores [ 18]. However, this
loading level is consistent with previous reports for
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similar metal-organic frameworks and is sufficient for
effective therapy of cancer cells [8].

Then we investigated the effect of polyethylene gly-
col coating on the pharmacokinetics of nanoparticles
after intravenous administration in healthy BALB/c
mice. Uncoated NH,-UiO-66 (Zr) particles were
almost completely cleared within the first minute
post-injection (Fig. 2a), with Zr levels in the blood
detected below 0.25 pug/mL level. In contrast, coated
NH,-UiO-66 (Zr)@PEG nanoparticles exhibited typ-
ical exponential clearance kinetics, with a peak con-
centration of ~1.7 ug/mL. The total circulation time
of NH,-UiO-66 (Zr)@PEG particles was 12 min
(Fig. 2a).

Surface PEGylation significantly altered the bio-
distribution of the nanoparticles (Fig. 2b). PEG coat-
ing increased hepatic uptake from 92 + 3%/g to 110 =
20%/g, while splenic accumulation decreased from
31 £6%/gto 2+ 1%/g, and pulmonary accumulation
decreased from 60 + 40%/g to 0.4 + 0.1%/g. The high
accumulation of uncoated NH,-UiO-66 (Zr) nano-
particles in the lungs may be attributed to their aggre-
gation and trapping in small pulmonary capillaries
[10, 19]. After PEGylation of nanoparticles, accumu-
lation in the following organs did not change signifi-
cantly: kidneys change from 0.4 £ 0.1%/g to 0.6 =
0.8%/g; heart—from 0.11 £ 0.01%/g to 0.04 =+
0.03%/g; and bone tissue—from 0.017 & 0.004%/g to
undetectable levels. Therefore, surface modification
with PEG substantially improved the pharmacokinet-
ics of NH,-UiO-66 (Zr) MOFs, preventing their
aggregation, prolonging circulation time, and reduc-
ing nonspecific accumulation in lung capillaries and
spleen.

CONCLUSIONS
In summary, here we synthesized nanosized metal-
organic frameworks NH,-UiO-66 (Zr) with polyeth-
ylene glycol coating. The obtained MOFs demon-
strated colloidal stability in phosphate-buffered saline
and the ability for doxorubicin loading. This enables to
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Fig. 2. Blood circulation kinetics and biodistribution of uncoated NH,-UiO-66 (Zr) nanoparticles and polymer-coated
NH,-UiO-66 (Zr)@PEG nanoparticles. * p < 0.05, Welch’s t-test. ND—not detected.

perform drug delivery after systemic intravenous
administration. Preliminary pharmacokinetic studies
of NH,-UiO-66 (Zr)@PEG nanoparticles in healthy
mice showed that PEGylation of surface markedly
reduced nonspecific accumulation of nanoparticles in
highly vascularized organs, such as the lungs and
spleen.

FUNDING

This study was supported by the Russian Science Foun-
dation, grant Ne 25-24-00299, https://rscf.ru/en/proj-
ect/25-24-00299/.

ETHICS APPROVAL AND CONSENT TO
PARTICIPATE

Animal experiments were approved by the Institutional
Animal Care and Use Committee of the Shemyakin-
Ovchinnikov Institute of Bioorganic Chemistry, Russian
Academy of Sciences (protocol 367/2022 from 15.12.2022).

CONFLICT OF INTEREST

The authors of this work declare that they have no con-
flicts of interest.

OPEN ACCESS

This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Com-
mons license, and indicate if changes were made. The images
or other third party material in this article are included in the
article’s Creative Commons license, unless indicated other-
wise in a credit line to the material. If material is not included
in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly

DOKLADY BIOCHEMISTRY AND BIOPHYSICS

from the copyright holder. To view a copy of this license, visit
http://creativecommons.org/licenses/by/4.0/

REFERENCES

1. Octavia, Ya., Tocchetti, C.G., Gabrielson, K.L., Jans-
sens, S., Crijns, H.J., and Moens, A.L., J. Mol. Cell.
Cardiol., 2012, vol. 52, no. 6, pp. 1213—1225.
https://doi.org/10.1016/j.yjmcc.2012.03.006

2. Belyaev, I.B., Griaznova, O.Yu., Yaremenko, A.V.,
Deyev, S.M., and Zelepukin, 1.V., Adv. Drug Delivery
Rev., 2025, vol. 219, p. 115550.
https://doi.org/10.1016/j.addr.2025.115550

3. Lawson, H.D., Walton, S.P., and Chan, C., ACS Appl.
Mater. Interfaces, 2021, vol. 13, no. 6, pp. 7004—7020.
https://doi.org/10.1021 /acsami.1c01089

4. Kandiah, M., Nilsen, M.H., Usseglio, S., Jakobsen, S.,
Olsbye, U., Tilset, M., Larabi, Ch., Quadrelli, E.A.,
Bonino, F., and Lillerud, K.P., Chem. Mater., 2010,
vol. 22, no. 24, pp. 6632—6640.
https://doi.org/10.1021/cm102601v

5. Rakhshani, N., Nemati, N.H., Saadatabadi, A.R., and
Sadrnezhaad, S.K., J. Drug Delivery Sci. Technol.,
2021, vol. 66, p. 10288]1.
https://doi.org/10.1016/j.jddst.2021.102881

6. He, Ch., Lu, K., Liu, D., and Lin, W., J. Am. Chem.
Soc., 2014, vol. 136, no. 14, pp. 5181-5184.
https://doi.org/10.1021/ja4098862

7. Tai, S., Zhang, W., Zhang, J., Luo, G., Jia, Y., Deng, M.,
and Ling, Y., Microporous Mesoporous Mater., 2016,
vol. 220, pp. 148—154.
https://doi.org/10.1016 /j.micromeso.2015.08.037

8. Trushina, D.B., Sapach, A.Yu., Burachevskaia, O.A.,
Medvedev, P.V., Khmelenin, D.N., Borodina, T.N.,
Soldatov, M.A., and Butova, V.V., Pharmaceutics,
2022, vol. 14, no. 7, p. 1325.
https://doi.org/10.3390/pharmaceutics14071325

9. Yuan, Sh., Feng, L., Wang, K., Pang, J., Bosch, M.,
Lollar, Ch., Sun, Yu., Qin, J., Yang, X., Zhang, P.,
Wang, Q., Zou, L., Zhang, Yi., Zhang, L., Fang, Yu.,
Li, J., and Zhou, H., Adv. Mater., 2018, vol. 30, no. 37,
p. 1704303.
https://doi.org/10.1002/adma.201704303

Vol. 525 2025


http://creativecommons.org/licenses/by/4.0/

10.

11.

12.

13.

14.

15.

SYNTHESIS AND PHARMACOKINETICS OF NANOSIZED

Zelepukin, 1.V., Griaznova, O.Yu., Shevchenko, K.G.,
Ivanov, A.V., Baidyuk, E.V., Serejnikova, N.B.,
Volovetskiy, A.B., Deyev, S.M., and Zvyagin, A.V.,
Nat. Commun., 2022, vol. 13, no. 1, p. 6910.
https://doi.org/10.1038 /s41467-022-34718-3
Zelepukin, 1.V., Yaremenko, A.V., Yuryev, M.V., Mir-
kasymov, A.B., Sokolov, I.L., Deyev, S.M., Nikitin, P.I.,
and Nikitin, M.P., J. Controlled Release, 2020, vol. 326,
pp. 181—191.
https://doi.org/10.1016/j.jconrel.2020.07.014

Taddei, M., Dau, P.V., Cohen, S.M., Ranocchiari, M.,
Van Bokhoven, J.A., Costantino, F., Sabatini, S., and
Vivani, R., Dalton Trans., 2015, vol. 44, no. 31,
pp. 14019—14026.

https://doi.org/10.1039/c5dt01838b

Lee, S., Biirgi, H.-B., Alshmimri, S.A., and Yaghi, O.M.,
J. Am. Chem. Soc., 2018, vol. 140, no. 28, pp. 8958—
8964.

https://doi.org/10.1021 /jacs.8b05271

Cunha, D., Ben Yahia, M., Hall, Sh., Miller, S.R.,
Chevreau, H., Elkaim, E., Maurin, G., Horcajada, P.,
and Serre, Ch., Chem. Mater., 2013, vol. 25, no. 14,
pp. 2767-2776.

https://doi.org/10.1021/cm400798p

Lazaro, I.A., Haddad, S., Sacca, S., Orellana-Tavra, C.,
Fairen-Jimenez, D., and Forgan, R.S., Chem, 2017,

DOKLADY BIOCHEMISTRY AND BIOPHYSICS

Vol. 525

16.

17.

18.

19.

neutral with regard to jurisdictional claims

573

vol. 2, no. 4, pp. 561-578.
https://doi.org/10.1016 /j.chempr.2017.02.005

Al-Thawabeia, R.A. and Hodali, H.A., J. Chem., 2015,
vol. 2015, no. 1, p. 403597.
https://doi.org/10.1155/2015/403597

Nejad, M.A. and Urbassek, H.M., J. Mol. Graphics
Modell., 2019, vol. 86, pp. 228—234.
https://doi.org/10.1016/j.jmgm.2018.10.021

Barcia, P.S., Guimaraes, D., Mendes, P.A.P.,
Silva, J.A.C., Guillerm, V., Chevreau, H., Serre, Ch.,
and Rodrigues, A.E., Microporous Mesoporous Mater.,
2011, vol. 139, nos. 1-3, pp. 67—73.
https://doi.org/10.1016 /j.micromeso.2010.10.019

Simon-Yarza, T., Giménez-Marqués, M., Mrimi, R.,
Mielcarek, A., Gref, R., Horcajada, P., Serre, Ch., and
Couvreur, P., Angew. Chem., 2017, vol. 129, no. 49,
pp. 15771—-15775.
https://doi.org/10.1002/ange.201707346

Publisher’s Note. Pleiades Publishing remains
in

published maps and institutional affiliations.
Al tools may have been used in the translation or
editing of this article.

2025



	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	CONCLUSIONS
	REFERENCES

		2026-01-07T22:20:58+0300
	Preflight Ticket Signature




