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Thixotropic properties of silica-based hydrogels
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The effects of modification of a silica matrix with organic
groups, the order of mixing components in a sol-gel synthesis,
and the magnitude of shear loading on the thixotropic
properties of silica hydrogels were studied. All synthesized
hydrogels were thixotropic and restored their structure by
more than 90 % within 1-3 min after shear load removal. The
thixotropic properties of the organically modified hydrogels
and the hydrogels prepared by adding a buffer solution (pH
7.4) to a silica sol were higher due to their stronger structures.
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Thixotropic hydrogels can reduce their viscosity (liquefy) under shear
stress and partially or fully recover viscosity after shear stress removal
in the resting mode. This phenomenon is of great practical importance
for use of hydrogels in various fields of biomedicine, such as tissue
engineering and regenerative medicine,' the development of new
dosage forms,>> and cosmetology.’ Due to their thixotropic
properties, hydrogels can be easily and efficiently extracted from
containers and applied to the skin surface or injected without
spreading, thereby maintaining their shape at the injection site.

The vast majority of hydrogels already used or proposed for
biomedical purposes were developed on the basis of polymers,
copolymers, and their mixtures.®® Many of them exhibit
thixotropic properties. Studies of inorganic hydrogels for
biomedical applications are very limited, although such
hydrogels have a number of advantages over polymeric hydrogels
(higher photostability and resistance to enzymatic and microbial
attacks). Previously,’!? we reported the promising application
of hydrogels based on colloidal silica for these purposes.
Hydrogels with a fully inorganic 3D network (formed from
unmodified silica particles) were investigated, and their attractive
mechanical and functional properties, including thixotropic
properties, were demonstrated.

This work is devoted to organically modified silica hydrogels
(aminopropyl- and mercaptopropyl-modified silica). The effect
of modification of a silica matrix with the above organic groups
on the thixotropic behavior of the hydrogels was studied. The
hydrogels were synthesized by a sol-gel method using an
aqueous solution of HCI (0.250 M) as a catalyst for silica sol
formation. The prepared sols were then neutralized with a
phosphate buffer solution (pH 7.4) (the methodology for the
synthesis of hydrogels is given in the Online Supplementary
Materials). The hydrogels had pH 7, which is important for their
potential biomedical applications. Previously, we found a
pronounced effect of the order of mixing a silica sol and a buffer
solution (the addition of a silica sol to a buffer solution or vice
versa) on the structure and properties of unmodified silica
hydrogels.!! Therefore, the effect of this synthesis condition on
the thixotropic properties of the hydrogels was also observed in
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this work. The hydrogels of unmodified, aminopropyl modified,
and mercaptopropyl modified silica were designated as HG(b/s),
HG(s/b), AHG(b/s), AHG(s/b), MHG(b/s), and MHG(s/b),
respectively, where (b/s) or (s/b) refers to the order of mixing the
components (a buffer solution into a silica sol or a silica sol into a
buffer solution, respectively). The thixotropic properties of the
hydrogels were studied by a hysteresis loop method and a three-
step (three-interval) method (see Online Supplementary Materials).

The viscosity of many hydrogels decreased when mechanical
forces were applied (shear-thinning effect) as a result of the
breakdown of the three-dimensional hydrogel structure under
mechanical loading and the organization of the resulting smaller
particles in the direction of the flow.'> However, some hydrogels
partially or completely recovered their structure and viscosity after
the removal of mechanical stresses. These hydrogels were
thixotropic,>'* and their behavior was described by two curves of
the dependences of apparent viscosity on increasing and decreasing
shear rate, which formed a hysteresis loop. The curves plotted for
the synthesized hydrogels exhibited hysteresis loops (as an example,
see Figure 1); that is, the hydrogels had thixotropic properties.
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Figure 1 Hysteresis loops of HG(s/b) and AHG(s/b).
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Table 1 Thixotropic properties of silica-based hydrogels.

Degree of recovery R (%) Time ¢ of recovery/min

Hydrogel Inde)} Shearrate  Shearrate ~ Shearrate Shear rate
of thixotropy T’
y=084s"y=210s" y=084s"y=2.10¢"
HG(b/s) 0.691+£0.018 100 99 0.8 1.7
HG(s/b) 0.595+0.020 92 98 0.3 1.5
AHG(b/s) 0.706 £0.014 99 98 2.1 2.7
AHG(s/b) 0.605+0.013 97 99 1.5 2.0
MHG(b/s) 0.711 £0.014 98 98 1.8 22
MHG(s/b) 0.620£0.012 98 99 12 1.6

The larger the loop area, the more slowly the hydrogel
restored its structure and the higher the degree of its thixotropy.
The index of thixotropy (7), which is proportional to the
hysteresis loop area, is a quantitative characteristic of thixotropic
properties. Table 1 shows that the value of 7 was higher for
hydrogels prepared by adding a buffer solution to a sol (b/s), and
it decreased in the order MHG > AHG > HG.

The index T is a measure of energy required to break the
thixotropic structure.!>!6 The more energy required to break the
structure, the stronger the structure. Therefore, we can conclude
that the hydrogels prepared by pouring a buffer solution into a
silica sol and the mercaptopropyl-modified hydrogels had the
strongest structures. The order of mixing components in the
preparation of purely inorganic silica hydrogels affected the
kinetics of gel formation, and the hydrogels with stronger
structures were obtained when a buffer solution was added to a
sol.'" Obviously, the same effect was observed in organically
modified hydrogels.

More pronounced thixotropic properties of organically
modified hydrogels compared to unmodified silica hydrogels can
be related to the interactions of organic groups with surface silanol
groups,'”!8 which contributed to the strengthening of the three-
dimensional structure of hydrogels. The highest level of thixotropy
for MHG can be attributed to the ability of mercapto groups to be
readily oxidized in air with the formation of disulfide bridges,'®
which further strengthened the hydrogel structure. Thus, the
strength of a hydrogel structure can be increased by enhancing
interactions between the silica particles forming the hydrogel
framework. In addition, the hydrophobic fragments of the organic
groups can contribute to the structuring of water in the
hydrogels'®20 and thus strengthen hydrogels due to hydrophobic
hydration. Note that the observed effect of modification of a silica
matrix of the hydrogels was somewhat different from that
described previously,?! where silica hydrogels were synthesized
using other concentrations of an ash formation catalyst.

To find out how long the hydrogels recover their viscosity and
to quantify the degree of their recovery, we studied the thixotropic
properties of the hydrogels using a three-step method. During
the testing, the apparent viscosity dependences of the hydrogel
samples exposed for certain time intervals to a low shear rate
(y = 0.01 s71), then to elevated shear rates (y = 0.85 or 2.10 s71),
and again to a low shear rate (y = 0.01 s7!) were obtained. The
elevated shear rates correspond to these parameters in some
physiological systems?>?* and technological processes.”* As an
example, Figure 2 shows these dependences for the hydrogels
obtained by adding a buffer solution to a silica sol. Table 1
summarizes the degrees (R) and times () of viscosity recovery of
the hydrogels after shear loading. As can be seen, the hydrogels
recovered viscosity by more than 90%. This means that the
three-dimensional structure of the hydrogels destroyed by the
increased shear rate was formed again after the removal of shear
load. As an example, Figure 2 shows the results of the three-step
test for the hydrogels obtained by adding a buffer solution to a
silica sol. The curves for the other samples were similar to those
shown in Figure 2.
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Figure 2 Three-step thixotropic test results for hydrogels prepared by
adding a buffer solution to silica sols.

The recovery of the hydrogels after removal of shear load
occurred within a short period of time, from 0.3 to 2.7 min.
However, the unmodified silica hydrogels required shorter
recovery times compared to the organically modified hydrogels
(see Table 1). When shear load was applied, the interactions
between silica particles and their aggregates in the three-
dimensional frameworks of the hydrogels were disrupted. After
the load removal, the recovery of interactions between the
particles and aggregates involving longer more flexible organic
groups required more time compared to that for the unmodified
particles. Thus, the organic groups somewhat inhibited the
structural recovery of the hydrogels. The results also showed a
slower recovery of the hydrogels prepared by adding a buffer
solution to a silica sol; this can be due to their stronger and more
organized structures.'! The recovery time increased slightly with
the shear rate applied in the second step of the test.

In general, the experimental results showed that silica-based
hydrogels are attractive for the development of materials with
thixotropic properties. The influences of modification of a silica
matrix with organic groups, the order of mixing components in
the sol-gel synthesis, and the shear rate on the thixotropic
properties of the hydrogels can serve as tools for controlling
their thixotropic behavior in order to obtain materials with
desired properties.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.71267/mencom.7822.

References

1 L. Chen, L. Sun, W. Liu, J. Yao, Z. Shao, B. Zhao and X. Chen,
ACS Biomater. Sci. Eng., 2023, 9, 4168; https://doi.org/10.1021/
acsbiomaterials.3c00574.

2 B. Pramanik, Gels, 2022, 8, 569; https://doi.org/10.3390/gels8090569.

3 C. H. Lee, V. Moturi and Y. Lee, J. Control. Release, 2009, 136, 88;
https://doi.org/10.1016/j.jconrel.2009.02.013.

4 R. Y. Lazdin, V. V. Chernova, M. V. Bazunova, V. P. Zakharov and
E. L. Kulish, Russ. J. Appl. Chem., 2020, 93, 65; https://doi.org/10.31857/
S0044461820010077.

5 N. Huang, Curr. Pharm. Des., 2019, 25, 2349; https://doi.org/10.2174/
1381612825666190716110919.

6 M. Yu. Gorshkova, I. F. Volkova, E. S. Grigoriyan and S. P. Molchanov,
Mendeleev Commun., 2024, 34, 372; https://doi.org/10.1016/
j.mencom.2024.04.019.

7 V. V. Spiridonov, A. R. Lukmanova, D. V. Pozdyshev, A. A. Markova,
Yu. L. Volodina, G. V. Golovina, V. V. Shakhmatov, V. A. Kuzmin,
V. 1. Muronetz and A. A. Yaroslavov, Mendeleev Commun., 2023, 33, 553;
https://doi.org/10.1016/j.mencom.2023.06.036.

- 121 -


https://doi.org/10.1021/acsbiomaterials.3c00574
https://doi.org/10.1021/acsbiomaterials.3c00574
https://doi.org/10.3390/gels8090569
https://doi.org/10.1016/j.jconrel.2009.02.013
https://doi.org/10.31857/S0044461820010077
https://doi.org/10.31857/S0044461820010077
https://doi.org/10.2174/1381612825666190716110919
https://doi.org/10.2174/1381612825666190716110919
https://doi.org/10.1016/j.mencom.2024.04.019
https://doi.org/10.1016/j.mencom.2024.04.019
https://doi.org/10.1016/j.mencom.2023.06.036

10

11

12

13

14

15

16

17

Mendeleev Commun., 2026, 36, 120-122

K. Zoller, D. To and A. Bernkop-Schniirch, Biomaterials, 2025, 312,
22718; https://doi.org/10.1016/j.biomaterials.2024.122718.

E. V. Parfenyuk and E. S. Dolinina, Mater. Chem. Phys., 2022, 287,
126160; https://doi.org/10.1016/j.matchemphys.2022.126160.

E. S. Dolinina and E. V. Parfenyuk, ChemChemTech (Izv. Vyssh.
Uchebn. Zaved., Khim. Khim. Tekhnol.), 2022, 65 (8), 55; https://doi.
org/10.6060/ivkkt.20226508.6671.

E. S. Dolinina, A. S. Kraev and E. V. Parfenyuk, Mendeleev Commun.,
2020, 30, 812; https://doi.org/10.1016/j.mencom.2020.11.041.

E. Parfenyuk and E. Dolinina, Pharmaceutics, 2023, 15, 77; https://doi.
org/10.3390/pharmaceutics15010077.

13. D. T. N. Chen, Q. Wen, P. A. Janmey, J. C. Crocker and A. G. Yodh,
Annu. Rev. Condens. Matter Phys., 2010, 1, 301; https://doi.org/10.1146/
annurev-conmatphys-070909-104120.

J. Mewis and N. J. Wagner, Adv. Colloid Interface Sci., 2009, 147-148,
214; https://doi.org/10.1016/j.cis.2008.09.005.

M. V. Ghica, M. Hirjdu, D. Lupuleasa and C.-E. Dinu-Pirvu, Molecules,
2016, 21, 786; https://doi/org/10.3390/molecules21060786.

L. Dokié, T. Dapcevi¢, V. Krstonosié, P. Doki¢ and M. Hadnadev, Food
Hydrocoll., 2010, 24, 172; https://doi.org/10.1016/j.foodhyd.2009.09.002.
T. Yokoia, Y. Kubota and T. Tatsum, Appl. Catal., A, 2012, 421-422, 14;
https://doi.org/10.1016/j.apcata.2012.02.004.

18

19

20

21

22

23

24

G. S. Irmukhametova, G. A. Mun and V. V. Khutoryanskiy, Langmuir,
2011, 27, 9551; https://doi.org/10.1021/1a201385h.

C. Li., T. Wang, H. C. J. Lai, S. W. Park, W. Y. Chan, Q. Li, Y. Zhao,
J. Fun, Z. Pei and C. Zhi, Joule, 2025, 9, 101827; https://doi.org/10.1016/
jjoule.2025.101827.

K. Piechocki, M. Kozanecki and J. Saramak, Polymer, 2020, 210,
122974; https://doi.org/10.1016/j.polymer.2020.122974.

E. V. Parfenyuk, E. S. Dolinina and A. S. Kraev, J. Biomed. Mater. Res.,
Part B, 2024, 112, €35418; https://doi.org/10.1002/jbm.b.35418.

O. Lafforgue, I. Seyssiecq, S. Poncet and J. Favier, J. Biomed. Mater.
Res., Part A, 2018, 106, 386; https://doi.org/10.1002/jbm.a.36251.

G. B. Thurston, Biophys. J., 1972, 12, 1205; https://doi.org/10.1016/
S0006-3495(72)86156-3.

M. A. Hubbe, P. Tayeb, M. Joyce, P. Tyagi, M. Kehoe, K. Dimic-Misic
and L. Pal, BioResources, 2017, 12, 9556; https://doi.org/10.15376/
biores.12.4.Hubbe.

Received: 14th May 2025; Com. 25/7822

- 122 -


https://doi.org/10.1016/j.biomaterials.2024.122718
https://doi.org/10.1016/j.matchemphys.2022.126160
https://doi.org/10.6060/ivkkt.20226508.6671
https://doi.org/10.6060/ivkkt.20226508.6671
https://doi.org/10.1016/j.mencom.2020.11.041
https://doi.org/10.3390/pharmaceutics15010077
https://doi.org/10.3390/pharmaceutics15010077
https://doi.org/10.1146/annurev-conmatphys-070909-104120
https://doi.org/10.1146/annurev-conmatphys-070909-104120
https://doi.org/10.1016/j.cis.2008.09.005
https://doi/org/10.3390/molecules21060786
https://doi.org/10.1016/j.foodhyd.2009.09.002
https://doi.org/10.1016/j.apcata.2012.02.004
https://doi.org/10.1021/la201385h
https://doi.org/10.1016/j.joule.2025.101827
https://doi.org/10.1016/j.joule.2025.101827
https://doi.org/10.1016/j.polymer.2020.122974
https://doi.org/10.1002/jbm.b.35418
https://doi.org/10.1002/jbm.a.36251
https://doi.org/10.1016/S0006-3495(72)86156-3
https://doi.org/10.1016/S0006-3495(72)86156-3
https://doi.org/10.15376/biores.12.4.Hubbe
https://doi.org/10.15376/biores.12.4.Hubbe

