Chemical
cience

rsc.li/chemical-science

ROYAL SOCIETY
OF CHEMISTRY

ISSN 2041-6539

EDGE ARTICLE

Tetiana Kharandiuk, Andrij Pich et al.
Mechanoresponsive diselenide-crosslinked microgels
with programmed ultrasound-triggered degradation
and radical scavenging ability for protein protection

Volume 13
Number 38

14 October 2022
Pages 11271-11450




Open Access Article. Published on 22 elokuuta 2022. Downloaded on 28.1.2026 17.14.34.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2022, 13, 11304

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Tetiana Kharandiuk,

Susanne Braun,?® Robert Gostl

*3ab Kok Hui Tan,

I ROYAL SOCIETY
PPN OF CHEMISTRY

Mechanoresponsive diselenide-crosslinked
microgels with programmed ultrasound-triggered
degradation and radical scavenging ability for
protein protectionfy

3 Wenjing Xu,?® Fabian Weitenhagen,®
*abc

@ and Andrij Pich

In the context of controlled delivery and release, proteins constitute a delicate class of cargo requiring

advanced delivery platforms and protection. We here show that mechanoresponsive diselenide-

crosslinked microgels undergo controlled ultrasound-triggered degradation in aqueous solution for the

release of proteins. Simultaneously, the proteins are protected from chemical and conformational

damage by the microgels, which disintegrate to water-soluble polymer chains upon sonication. The
degradation process is controlled by the amount of diselenide crosslinks, the temperature, and the
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sonication amplitude. We demonstrate that the ultrasound-mediated cleavage of diselenide bonds in

these microgels facilitates the release and activates latent functionality preventing the oxidation and
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1 Introduction

Ultrasound-based technologies are clinically established for
their use in diagnostic and therapeutic medical applications*
and can be applied locally with a sufficient penetration depth in
biological tissues. The FDA approves modes for ultrasound
application in medical therapies with frequencies between 20
kHz and 4.6 MHz.” Its clinical abundance and instrumental
simplicity have rendered ultrasound an attractive stimulus for
the development of drug delivery applications, such as rooted in
polymer mechanochemistry (sonopharmacology)® or the
remote-controlled degradation of drug carriers.* Recently, also
photoacoustic effects induced by pulsed lasers have been used
for drug delivery and therapeutic purposes.>® In this context,
protein therapeutics constitute a particularly delicate cargo.”
Ultrasound may affect the chemical structure and architecture
of proteins due to the formation of reactive oxygen species
(ROS) and local “hot spots” that lead to denaturing.® In addi-
tion, ultrasound-induced shear forces rapidly obliterate the
secondary structure by force-induced unfolding if the protein is
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denaturation of the encapsulated proteins (cytochrome C and myoglobin) opening new application
possibilities in the targeted delivery of biomacromolecules.

not specifically engineered to withstand this.® This may have
serious implications not only for the delivery of functional
protein payloads, but also for important physiological processes
and the local biological environment. Therefore, the establish-
ment of new ultrasound-triggered drug delivery concepts
requires the optimization and adaption of the drug carriers to
ensure programmed release of the payload combined with the
reduced risk of damage for both biomacromolecules and cells.

Responsive microgels are soft, porous network structures
made of crosslinked polymers, which form stable colloidal
dispersions that are stable in aqueous solutions.'*** They can
be customized by modifying the network structure or functional
groups to respond to external stimuli, such as pH," tempera-
ture,™ light,'® redox agents,'” or ionic strength.™ These features
render them suitable materials for many applications in catal-
ysis,* filtration and separation,* sensors,* antibacterial coat-
ings,” and drug delivery.”® Microgels based on poly(N-
vinylcaprolactam) (PVCL) are popular due to their chemical
stability, biocompatibility, and temperature-responsive proper-
ties with a Volume Phase Transition Temperature (VPTT) close
to physiological 32 °C rendering them an ideal material for
biomedical applications.>**® Importantly for drug delivery
applications, they can be tailored to exhibit stimuli-triggered
degradation.>®*® The most straightforward strategy to achieve
this is the incorporation of degradable crosslinkers that yield
water-soluble polymer chains of small hydrodynamic size after
degradation, which are safely removed by renal clearance.***'
Therefore, crosslinkers containing cleavable disulfides,*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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esters,* hydrazines,* or host-guest complexes® were success-
fully incorporated into microgels inducing degradation by pH,
enzymes, or redox triggers, such as H,0, or glutathione (GSH).
Among these stimuli,******° the ultrasound-induced degrada-
tion of microgels is not well explored. Up to today, only few
examples have been reported that uses shear force in solution to
cleave force-responsive molecular motifs (mechanophores) with
PVCL-based microgels crosslinked by fluorogenic Diels-Alder
adducts.**** These works revealed the surprisingly facile
mechanical degradability of microgels through force-induced
covalent bond scission.***¢ Yet, microgels have not been used
to activate other latent mechanochemical functionalities by
force.

Selenium (Se) is gaining popularity in research due to its
unique redox properties and formation of dynamic chemical
bonds.*** Se has been utilized in its molecular form*’ or
incorporated into polymer structures® to explore, e.g., catal-
ysis,”* drug delivery,” antioxidants,* and anticancer proper-
ties.>* Notably, the thermal bond dissociation energy of the Se-
Se bond (172 kJ mol %) is considerably lower than that of the
C-C bond (346 kJ mol ™), yet high enough to be stable under
ambient conditions.? The degradation of diselenide bonds is
commonly triggered by redox processes® and light.>® However,
the mechanically induced cleavage of the diselenide bond has
received little attention up to now,*”*® though it can be regarded
as homologous to the established disulfide mechano-
phore.**% Degradable crosslinkers containing non-covalent
bonds, such as based on H-bonding, m-m stacking, or van der
Waals interactions, could be interesting alternatives for cova-
lent crosslinkers, since they exhibit even lower dissociation
energies (100, 50, and 5 k] mol " respectively)® and can provide
higher sensitivity to sonication treatment, thus, they can be
used at milder conditions. However, non-covalent bonds have
lower stability at ambient conditions, which limits the appli-
cability of such microgels. Therefore, SeSe covalent crosslinkers
provide higher stability at ambient conditions while having
a lower bond dissociation energy (172 k] mol *)** compared to
conventional SS crosslinkers (240 kJ mol™*).%

Here we demonstrate for the first time that the integration of
mechanoresponsive diselenide crosslinks into microgels allows
synthesizing colloidal carriers with dual function: ultrasound-
triggered release and protection of proteins. The biomedical
advantage of diselenide groups is their ability to undergo
transformation to seleninic acid groups upon homolytic
cleavage and oxidation in aqueous solutions. These chemical
groups are capable of scavenging free radicals and thus reduce
the risk of oxidation and tissue damage.

2 Results and discussion

A series of PVCL-based microgels with integrated SeSe cross-
links was synthesized using a diselenide crosslinker (see ESI
for synthesis and characterization details) through precipita-
tion polymerization in a H,0/DMSO mixture using 2,2-
azobis(2-methylpropionamidine) dihydrochloride (AAPH) as
initiator and cetyltrimethylammonium bromide (CTAB) as
surfactant (Fig. 1). DMSO was used to enhance the solubility of
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the hydrophobic crosslinker. To investigate the influence of
diselenide content on the degradation process under ultra-
sonication, four microgel batches, varied in diselenide content
(0.5,1.5, 3.0, and 5.0 mol%) were synthesized. In addition, three
microgel batches with fixed diselenide content (1.5 mol%) were
synthesized with varied CTAB contents (0.1, 0.5, and 1.0 wt%) to
study the effect of microgel size on the mechanochemical
degradation. As a control, PVCL microgels with only N,N'-
methylenebis(acrylamide) (BIS) crosslinker (1.5 mol%) were
also synthesized.The synthesized SeSe-crosslinked PVCL
microgels (SepnG) were characterized by Raman spectroscopy
and dynamic light scattering (DLS) (Fig. 1). After the incorpo-
ration of the SeSe crosslinker into the PVCL microgels, an
increase in the intensity of the diselenide Raman band at
290 cm~' was observed (Fig. 1b and c). DLS measurements
indicated that Ry increased with a higher content of diselenide
crosslinking. Increasing the crosslinker concentration in the
reaction mixture increased the incorporation efficacy of the
precipitated polymer chains into growing microgels and finally
caused the larger sizes. Expectedly, Ry reduced with a higher
amount of CTAB due to more efficient stabilization and
increased number of microgel nuclei resulting in smaller sizes
of the final microgel particles. Electrophoretic mobility (EM)
measurements were conducted to examine the surface charge of
the SeuG (Fig. S17). All microgels showed positive EM values
due to the positively-charged AAPH used in the synthesis of the
microgels. Moreover, all Sel.5 microgels synthesized using
CTAB showed EM values that are close to the EM value of Sel.5
without CTAB indicating that the free surfactant was success-
fully removed after purification by dialysis against water.

In a proof of concept degradation experiment, PVCL micro-
gels with either BIS crosslinker (1.5 mol%) or SeSe crosslinker
(1.5 mol%) were treated with ultrasound using an immersion
probe sonicator at 20 kHz in an ice bath at 30% amplitude for
10 min. In the case of B1.5, the microgel solution remains
turbid but a clear solution was obtained for Se1.5 (Fig. 2). This
indicated that the microgel structure of B1.5 remained almost
intact but in the case of Sel.5, the microgel had completely
degraded to a water-soluble polymer.

Further investigations on the ultrasound-triggered degrada-
tion of the SepnG were conducted with samples exhibiting vari-
able SeSe contents, sizes, as well as sonication parameters.
Fig. 3 and S2f depict the DLS results for the microgels with
different SeSe contents and sizes treated with ultrasound for
10 min. Microgel samples were analyzed directly after sonica-
tion (Fig. S21) and after dialysis (Fig. 3). Dialysis allowed to
remove polymer chains and their aggregates, formed as a result
of microgel degradation, and to determine the size of intact
microgels, that remained after sonication without depletion
interactions. The Ry of microgels with different diselenide
contents gradually decreased along with the sonication time
with no clear trend observed (Fig. S2af). After dialysis of the
sonicated solutions, the resulting data were more easily inter-
preted. The Ry values decreased significantly after ultra-
sonication for 1 min (Fig. 3a). This was caused by the absence of
depletion interactions of smaller microgels and agglomeration
provoked by the increasing amount of short polymer chains
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc03153a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 22 elokuuta 2022. Downloaded on 28.1.2026 17.14.34.

(cc)

View Article Online

Chemical Science Edge Article
a
+ AAPH, 70°C
o] H,0/DMSO
Ay o'~
b d
360 20°C
= . 37°C
=} 4
s, 3009 & . aod
> E 240 ot
2 = i i
g o 1807,
< i g LI
€ 120 . S :
5 601 *
© » 9 0.0 N 6 O
T T T T T T T N7 Q7 N7 957 67 QO Q7 AN°
3200 2400 1600 800 0 400 350 300 250 200 Ve cfeg” O OO0

Raman shift [cm™]

Fig. 1

Raman shift [cm™]

Sample

(a) Synthesis of diselenide-crosslinked PVCL microgels (SepnG) by precipitation polymerization. Upon ultrasonication at a temperature

above the VPTT, SeuG structure remains intact whilst at a temperature below the VPTT the microgel network is destroyed and diselenide
crosslinks are transformed into seleninic acid side groups included into water-soluble PVCL chains. (b) Raman spectra, (c) the inset between 400
and 200 cm™t of (b), and (d) hydrodynamic radii (R;) of SeSe-crosslinked PVCL microgels. B: BIS content in mol%; Se: SeSe content in mol%; C:

CTAB content in wt%. Raman spectra were normalized to the C=0 signal of PVCL at 1630 cm

Fig. 2 Photographs before and after 10 min ultrasonication at 30%
amplitude and 20 kHz in an ice bath of (a) B1.5 and (b) Sel.5 microgels.
STEM images of (c) B1.5 and (d) Sel.5 microgels after ultrasonication.

produced.* The ultrasound power intensity Ip was controlled by
adjusting the amplitude. In Fig. S2b and 3b7 Sel.5 microgels
were sonicated in an ice bath at 20, 30, and 40% amplitude. The
degradation increased with a higher amplitude as indicated by
the reduction of Ry. After dialysis, Ry decreased significantly
after 1 min sonication (Fig. 3b).

M306 | Chem. Sci,, 2022, 13, 1304-113T1
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Since PVCL microgels possess thermo-responsive behaviour
that induces swelling-deswelling transitions at temperatures
below and above the VPTT (32 °C),°® Sel.5 microgels were
sonicated for 10 min with 30% amplitude in an ice bath, at 20,
37, and 50 °C. Below the VPTT, Ry decreased with increasing
sonication time indicating degradation of microgels. However,
above the VPTT, an increase of Ry was observed indicating
agglomeration of the microgels (Fig. S2ct). The samples were
purified by dialysis and the Ry; was re-measured to eliminate the
depletion interaction effect. DLS results show that at a temper-
ature below the VPTT, Ry of Sel.5 microgels decreased from
231 nm (before sonication) to 103 nm (after sonication) in an ice
bath and 90 nm at 20 °C whilst at a temperature above the VPTT,
the radii decreased to 171 nm at 37 °C and 218 nm at 50 °C.
These results indicated that the deswelling of the microgels
served as a mechanical protection mechanism against shear
force inhibiting the scission of diselenide crosslinks. This
suggestion can be supported by the findings of Lendlein and
coworkers,” who showed that microgels are mechanically
fragmented through ultrasonication only in the case of
maximum observed swelling, where the polymer chains are
expanded. Above the VPTT the polymer chains collapsed and
the microgels are no longer responsive to ultrasound (microgel
fragmentation was not observed). In addition, the effect of
microgel radii on the degradation was investigated. Sel.5

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc03153a

Open Access Article. Published on 22 elokuuta 2022. Downloaded on 28.1.2026 17.14.34.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article
a b
400 400
—=—SeSe 0.5 —=— Amplitude 20%
——SeSe 1.5 —— Amplitude 30%
300 ——SeSe 3.0 300 —— Amplitude 40%
T ——SeSe 5.0 T
£ 200 £. 200
o o
100 Wyt ——i=t 100
AT
04— T 04— T T T
0 2 4 6 8 10 0 2 4 6 8 10
c Sonication time [min] d Sonication time [min]
400
600 —=— Ice bath —=— CTAB 0.0 wt%
——20°C —— CTAB 0.1 wt%
500 ——37°C 300 ——CTAB 0.5 Wt%
T 400 ——50°C T —— CTAB 1.0 wt%
= 300 = 200
4 14 i
200 100 \ —h .
10 SN
e
0 0
0O 2 4 6 8 10 0 2 4 6 8 10
Sonication time [min] Sonication time [min]
e f
—— Before US —_ —— Before US
= ——US, ice bath, 10 min g ——US, ice bath, 10 min
8 ——US, 37 °C, 10 min o ——US, 37 °C, 10 min
= PVCL SeSe =
2 £
2 N H
£ A\ °
S A E
z 2 Se=0
1000 800 600 400 200 0 950 900 850 800 750

Raman shift [cm™] Wavenumber [cm™]

Fig. 3 Ry over the course of sonication and after dialysis of (a) SepG
with 0.5, 1.5, 3.0, and 5.0 mol% diselenide contents, (b) Se 1.5 mol%
with 20, 30, and 40% amplitude, (c) Se 1.5 mol% at different temper-
atures, and (d) Se 1.5 mol% synthesized with 0, 0.1, 0.5, and 1.0 wt% of
CTAB. Sonication experiments of (a), (b), and (d) were performed in an
ice bath, and (a), (c), and (d) were performed at 30% amplitude. Power
intensity for 30% amplitude was /p = 1.82 W cm™2. (e) Raman and (f) IR
spectra of Sel.5 before and after 10 min ultrasonication in an ice bath
at 37 °C.

microgels synthesized with 0.1, 0.5, and 1.0 wt% CTAB were
irradiated with ultrasound for 10 min in an ice bath at 30%
amplitude (Fig. S2d and 3df). The results show that regardless
of the microgels' initial radii, the degradation behaviour does
not show significant differences. All microgels degraded to
approximately the same radii after 10 min sonication.

STEM images were captured to visualize the morphology
changes of the microgels before and after sonication. Fig. 4
depicts the STEM images of Se0.5, 1.5, 3.0, and 5.0 before and
after ultrasonication. The microgels were subsequently
degraded to polymer clusters after 10 min of sonication. In the
case of Se0.5, some microgel structures remained (Fig. 4a’). For
higher diselenide contents, the microgels degraded completely
to polymer fragments after ultrasonication (Fig. 4b’-d’). Next,
STEM images of Sel.5 that were subjected to ultrasonication at
different amplitudes were captured (Fig. S3T). Upon sonication
with 20% amplitude, the microgel size decreased significantly
but the structure remained intact whilst from 30% onwards the
microgels degraded completely as indicated by the formation of
polymer clusters due to the drying effect on the TEM grid
(Fig. S37). In the case of ultrasonication at different tempera-
tures (Fig. S47) two individual trends were observed. Below the
VPTT, the microgels were fully degraded and formed polymer

© 2022 The Author(s). Published by the Royal Society of Chemistry
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clusters while at a temperature above the VPTT, the microgel
structure remained intact (Fig. S47).

After the sonication experiments, the obtained degradation
products (PVCL chains) were analysed by FTIR and Raman
spectroscopy to confirm the cleavage of SeSe bonds. As
demonstrated in Fig. 3e and f, SeSe bonds were transformed to
seleninic acid groups. A similar effect was detected in our
previous work after treatment of SeSe-containing microgels
with H,0,% and in publication of other research groups.® This
observation can be rationalized by the oxidative species formed
by sonication in water.”

To explore the possibility of using SeuG as carriers for
protein delivery, we loaded a microgel sample with 1.5 mol%
SeSe crosslinks with the model proteins cytochrome C (cytC,
loading content 0.24 mg mg ' microgel) and myoglobin (Mb,
loading content 0.33 mg mg ™' microgel). Both proteins exhibit
comparable molar masses (12 and 17 kDa, respectively)
rendering them small enough to penetrate into the microgel
network.” Moreover, both contain an iron moiety in their
structure.””® Free proteins and microgels loaded with proteins
were subjected to sonication at 0 °C and 37 °C (cytC) as well as
50 °C (Mb) followed by the evaluation of the protein structure
using UV-vis and CD spectroscopy. There are several ways how
ultrasound can negatively affect the integrity of proteins:
disruption of H-bonds or covalent bonds in protein by
mechanical force and formation of reactive oxygen species
(ROS), which can cause oxidation of proteins. Proteins can
undergo free radical oxidation through the following mecha-
nisms:”* oxidation of the active metal site (e.g., Fe** to Fe");
oxidation of the peptide chain;”>”® oxidation of side chains
(glutamyl, aspartyl, proline);”” oxidation of amino acids.””® Iron
ions can play an important role in the free radical oxidation of
proteins, since it can be involved in the initiation of the process
by donating electrons. However, this is not the case when iron
content is low (e.g., when iron is present only as active site of the
protein). Fe** also participates in the mechanism of peptide
chain cleavage, caused by the attack of hydroxyl radicals on the
a-carbon atom of any amino-acid residue. This attack leads to
the formation of alkyl radicals and subsequently alkyl peroxy
radicals, which is followed by Fe®" oxidation to Fe®" and
cleavage of the peptide bond. Change of the iron oxidation state
can be a good indication of ongoing oxidation processes of
proteins. As shown in the CD spectra, pure cytC did not undergo
denaturation under the applied ultrasonication conditions as
indicated by the retained a-helix structure (Fig. S5 and Table
S1t). However, the UV-vis spectra presented in Fig. 5a indicated
that during the sonication Fe(m) of native cytC was reduced to
Fe(u) as reflected in the increase of the peak intensity at
551 nm.” This process was accelerated at elevated tempera-
tures. In the case of native Mb, the iron moiety was Fe(u) and
thus could only undergo oxidation under the chosen conditions
(Fig. 5e). As a result of the sonication treatment of the
myoglobin, the oxidation state of Fe did not change - no
formation of the peak typical for Fe(u) in the area of 530 nm”
was observed (Fig. 5¢). However, ultrasound caused structural
changes to Mb: the intensity of the Soret band at 408 nm
significantly ~decreased indicating alterations in the

Chem. Sci., 2022, 13, 1304-11311 | 11307
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Fig.4 STEM images of SeuG before sonication of (a) 0.5, (b) 1.5, (c) 3.0, and (d) 5.0 mol% diselenide content. The images after 10 min sonication
(@), (b'), (¢'), and (d') correspond to (a), (b), (c), and (d), respectively. Sonication was carried out in an ice bath at 30% amplitude for 10 min.
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Fig. 5 UV-vis spectra of (a) pure cytC in water after 10 min ultra-
sonication in an ice bath at 37 °C and (b) cytC-loaded Sel.5 before and
after 10 min ultrasonication at the same conditions. (c) Pure Mb in pH 4
buffer solution after 10 min ultrasonication in an ice bath at 50 °C and
(d) Mb-loaded Sel.5 before and after 10 min ultrasonication under the
same conditions. (e) Scheme of cytC-loaded diselenide-crosslinked
microgels sonicated below and above the VPTT demonstrating inhi-
bition of the reduction of cytC by the radical species produced from
the ultrasonication of water.

M308 | Chem. Sci,, 2022, 13, T1304-113T1

coordination sphere of the iron.* Structural changes of the Mb
were particularly well inferred from the CD spectra (Fig. S6 and
Table S21). Mb completely lost its a-helix structure (from 79.3%
in native Mb to 0% in ultrasonicated pure protein) converting to
B-sheet and random coil (56.9% and 43.2% respectively).
Increasing the sonication temperature to 50 °C caused further
transformations of the fB-sheet conformation to B-turn and
random coil (Table S21). These results were in a good agreement
with the literature® where the authors concluded that Mb was
more sensitive to mechanical force due to its more rigid and
“fragile” tertiary structure, caused by higher content of the o-
helix conformation in its structure compared to cytC.

Contrarily, the sonication of cytC and Mb encapsulated
within microgels under similar conditions (i.e., above VPTT of
the microgels) led to reduced protein degradation. The UV-vis
spectra depicted in Fig. 5b indicated that after sonication at
37 °C the reduction of the Fe(m) in the cytC structure was
significantly suppressed compared to the free protein (Fig. 5a).
Similar phenomena were observed for Mb where alterations in
iron coordination were reduced (Fig. 5d), especially at 50 °C.
Degradation of the a-helix structure to B-sheet, B-turn, and
random coil conformation was also reduced: after sonication at
0 °C, the a-helix content in Mb remained at 54.6% and after
sonication at 50 °C at 24.1% (Table S2t). Similar to above, the
microgels did not decompose significantly upon sonication
above VPTT and thus, we reason, provided protection to the
protein by hydrodynamic shielding.

Protein degradation was even further suppressed when the
protein-loaded microgels were sonicated below the VPTT of the
microgels. For cytC, reduction of Fe(ii) to Fe(un) was completely
inhibited accompanied by the release of the protein into
aqueous solution. Alongside, the tertiary structure of Mb was
only partially deteriorated from 79.3% to 54.6% a-helix and
27.5% B-turn conformation (Table S21). We hypothesized that
under these conditions the SeSe bonds underwent mechano-
chemical bond scission and the resulting Se radicals efficiently

© 2022 The Author(s). Published by the Royal Society of Chemistry
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scavenged free radicals in the vicinity of the protein (Fig. 5e).
However, due to the low concentration of Se-moieties in the
microgels and the short lifetime and low stability of alkyl sele-
nol radicals it was not possible to prove the formation of Se
radicals by instrumental analysis, such as electron para-
magnetic resonance (EPR) spectroscopy (Fig. S121). We suggest,
that Se radicals were formed as a result of sonication and
immediately transformed into SeOOH moieties. The formation
of SeOOH could also not be observed by "’Se-NMR due to the
low Se-content of the microgels and the low sensitivity of 7’Se-
NMR measurements (Fig. S13t). However, the SeOOH-group
was detected by XPS spectroscopy (Fig. S10t). To further prove
this hypothesis, we performed control experiment with PVCL
microgels crosslinked with BIS (B1.5%). From the UV-vis
spectra of pure cytC protein and cytC loaded in B1.5% we
observed identical reduction behavior, while for cytC in Sel.5
microgels inhibition of Fe(m) reduction can be clearly seen
(Fig. S117). Thereby, protective properties for the iron moieties
of cytC and Mb were provided similar to the action of seleno-
cysteine in the glutathione peroxidase which protects cells from
oxidative stress.® Contrarily, when protein-loaded microgels
were sonicated above the VPTT of the microgels, the SeSe bonds
were only partially cleaved thus resulting in diminished
reduction suppression of the Fe(ur) moiety of cytC. Yet, micro-
gels in the deswollen state acted as conformational stabilizers.
Comparing the conformational structure of myoglobin after
sonication at 50 °C (Table S21) with and without microgel, we
observed that when loaded within microgels the protein
partially preserved its a-helix structure (24.1% compared to 0%
without microgel).

To investigate the conformation stabilizing properties of the
microgels, proteins a-chymotrypsin (a-Chy, loading content
0.32 mg mg ' microgel) and albumin (Alb, loading content
0.32 mg mg~ ' microgel) (molar mass 25 and 66 kDa)®>* without
iron moieties were subjected to sonication at 0 °C and 50 °C
(Fig. S6 and S7, Table S3 and S4f). These proteins differed by
their structure: Alb contained predominantly a-helix, while a-
Chy exhibited mostly B-sheets. Sonication at 0 °C did not cause
significant structural changes of o-Chy (Fig. S6 and Table S3+)
contrary to Alb, whose a-helix content reduced from 64.8% to
41.9% (Fig. S8 and Table S41). Increasing the temperature to
50 °C led to complete destruction of the Alb a-helix structure
(Table S47) and partial degradation of a-Chy (Table S3t). These
results additionally corroborate the higher sensitivity of a-helix
proteins to mechanical force.

Eventually, protein-loaded microgels were sonicated at the
same temperatures below VPTT of the microgels as pure Alb and
a-Chy. From the results (Tables S3 and S4) we can infer no
benefit of the radical scavenging properties for the preservation
of Alb and a-Chy secondary structures. However, the sonication
at 50 °C showed that microgels stabilized the conformational
structure of both proteins to a certain degree, where the effect
on o-Chy was larger than that of Alb. However, the destructive
effects of high temperatures in combination with sonication
was not fully compensated by Se-microgel protection. We
hypothesized that due to the large size both a-Chy and Alb could
not penetrate deeply into the microgel interior and were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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localized on the microgel surface, which might substantially
contribute to the poor protecting effect. Further studies of the
microgel structure (monomer nature, crosslinking nature, and
density) on the conformational stabilization of different types of
proteins need to be performed to better understand these
effects.

3 Conclusions

In this work, series of PVCL microgels with varied amounts of
SeSe crosslinks and sizes were synthesized through precipita-
tion polymerization. The incorporation of diselenide to the
PVCL microgels was validated by Raman spectroscopy. After the
incorporation of diselenide crosslinkers, the microgels retained
their temperature-responsive behavior as indicated by DLS. We
successfully showed that due to the low bond dissociation
energy, diselenide-crosslinked microgels were efficiently and
more quickly degraded by ultrasound compared to BIS-
crosslinked control microgels. Our experimental data indi-
cated that the degradation of the diselenide-crosslinked
microgels depended on multiple parameters. Firstly, 30%
amplitude (I, = 1.82 W cm ?) was required to induce
a complete degradation over 10 min sonication. At tempera-
tures below the VPTT (swollen state), the microgels degraded
under action of ultrasound, but at temperatures above the VPTT
(deswollen state) the degradation by ultrasound was inhibited.
For different diselenide contents and microgel sizes no signif-
icant effect was discerned regarding their degradation behavior.
We demonstrated that diselenide-crosslinked microgels pro-
tected proteins form oxidative damage and mechanical force
during the sonication process. Due to these dual protection
properties, the microgels acted as radical scavenger and thereby
protected proteins (in particular cytC) form oxidation of the Fe-
moiety. Moreover, the diselenide-crosslinked microgels acted as
conformational stabilizers of the proteins (in particular Mb)
upon sonication above the VPTT (32 °C).

Our experimental results highlight the potential of SeSe-
crosslinked microgels as efficient carriers for the delivery and
controlled release of peptides and proteins in vivo triggered by
ultrasound. In addition to the fast and efficient ultrasound-
triggered degradation mechanism, Se-containing functional
groups present in the degradation products could reduce the
local concentration of reactive oxygen species thus protecting
proteins from chemical damage and denaturation minimizing
the risk of cell apoptosis and tissue damage.
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