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Abstract: The regulation of enzyme activity is a method to
control biological function. We report two systems enabling the
ultrasound-induced activation of thrombin, which is vital for
secondary hemostasis. First, we designed polyaptamers, which
can specifically bind to thrombin, inhibiting its catalytic
activity. With ultrasound generating inertial cavitation and
therapeutic medical focused ultrasound, the interactions be-
tween polyaptamer and enzyme are cleaved, restoring the
activity to catalyze the conversion of fibrinogen into fibrin.
Second, we used split aptamers conjugated to the surface of
gold nanoparticles (AuNPs). In the presence of thrombin,
these assemble into an aptamer tertiary structure, induce AuNP
aggregation, and deactivate the enzyme. By ultrasonication, the
AuNP aggregates reversibly disassemble releasing and activat-
ing the enzyme. We envision that this approach will be
a blueprint to control the function of other proteins by
mechanical stimuli in the sonogenetics field.

Introduction

Proteins fulfill many functions within the body and are
involved in nearly all biological processes.!! The dysregula-
tion of such processes is associated to a number of patho-
logical conditions, such as cancer and neurological disorders,
and can have multiple causes.”) Hence, the precise regulation
of protein activity is important to understand complex
biological signaling networks and to devise new therapeutic
approaches.®* Over the last decades, various internal and
external stimuli have been used for this purpose.”” Among
these, light is popular®® due to its non-invasive character and
high spatiotemporal resolution.l”” However, light application
can be accompanied by UV-toxicity, thermal irradiation

damage to healthy cells, and low tissue penetration depths.!"!
Other external stimuli used are temperature,l'!! electric
fields,"? and small molecules,!'”! yet with a lack of spatiotem-
poral control.

Mechanical force exerted by ultrasound (US)" is only
sparsely used in this context. While seminal discoveries made
use of protein activity regulation indirectly by manipulating
gene transcription and protein expression with mechanosen-
sitive ion channels in cells,'"??) we genetically engineered
proteins with supercharged polypeptide chains rendering
them intrinsically US-responsive in vitro.”®! The lack of
further examples is surprising as US has been used as stimulus
to release small molecules from microbubbles,”! lipo-
somes, ™! and nanoparticles”” underlining its biocompati-
bility, excellent tissue penetration depth, and capability for
spatiotemporally remote-controlled release.”!

In polymer mechanochemistry, force-reactive functional
molecular motifs (mechanophores) are designed such that
they undergo transformations on the molecular level by
rearranging or cleaving bonds with reasonable specificity. "
Mechanophore activation can occur not only in bulk material
by exposure to mechanical stress and strain but also in
solution via the collapse of US-induced cavitation bubbles
generating shear stress.” Non-invasive US is used for
biomedical applications as it combines spatial and temporal
dosage with easy regulation of tissue penetration depth by
varying frequency and energy through exposure time.[*!
Though polymer mechanochemistry mainly employs low
frequency, high energy US (20 kHz),* and compatibilization
with clinically employed high frequency, low energy US will
take considerable efforts,** the first examples of site-selective
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bond-scission for the release of drug molecules® " underline
the potential of this direction of research.

Using the principles of mechanochemistry, we here
demonstrate the activation of a protein inhibited by specific
binding to high molar mass polynucleotide aptamers (poly-
aptamers) through ultrasonication. We selected the enzyme
thrombin that catalyzes the formation of fibrin from fibri-
nogen as a model protein, since its activity can be easily
monitored by light scattering.!l The deactivating polyaptam-
ers (pTBA;5) were prepared by rolling circle amplification
(RCA) (Figure 1a).'*! Based on the robust recognition and
protein-loading ability of the TBA,s aptamer, thrombin was
captured and its activity was inhibited through the formation
of a well-defined aptamer-protein complex.””*! Upon irradi-
ation with US, the polyaptamer loaded with thrombin was
stretched and the specific non-covalent interactions of
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Figure 1. Schematic depiction of two approaches to US activation of
thrombin. a) pTBA,s formation by RCA. b) Thrombin loading and
deactivation by pTBA,s and subsequent release and activation via US
to catalyze the formation of fibrin from fibrinogen. c) Split aptamer-
enabled aggregation of AuNPs in the presence of thrombin. The
AuNPs are functionalized with TBA,s-L or TBA,s-R. US treatment
induces reversible disaggregation leading to thrombin release.

thrombin and the polyaptamer (hydrogen bonds, hydrophobic
interactions, etc.) within the loop structures were cleaved. In
addition, non-specific chain fragmentation along the phos-
phodiester backbone was induced. Both resulted in the
release of the protein and subsequent turn-on of its catalytic
activity (Figure 1b).*") Notably, this approach circumvents
the limitations of single mechanophore architectures*! suf-
fering from low loading ratios*! to release sufficient amounts
of functional species® or the difficulty to accurately control
the chain-centered position of the mechanophore.*’!

To further expand the scope of the method introduced
here, we prepared an aptamer-nanoparticle system to deac-
tivate and subsequently release thrombin (Figure 1c). There-
fore, we prepared two types of gold nanoparticles (AuNPs)
functionalized on the surfaces with the thiolated split aptamer
TBAs-L or TBAs-R. In the presence of thrombin, the two
split aptamer parts assembled into the intact aptamer tertiary
structure and at the same time induced the aggregation of the
two AuNP types. Upon the application of US, these aggre-
gates disassembled, and thrombin was released and hence
activated. Notably, this process could be repeated for several
cycles without obvious fatigue rendering this hybrid structure
reversible adding new characteristics to US-responsive pro-
tein systems.”!

Results and Discussion

Initially we evaluated the binding quality of the mono-
aptamer mTBA 5 to thrombin. Gel electrophoresis of throm-
bin@mTBA 5 revealed that binding was near stoichiometric
and no binding was observed using a random DNA sequence
(Ran-mDNA, Figure Sla) highlighting the selectivity of
mTBA 5. Subsequently, the propensity of mTBA, 5 to inhibit
thrombin activity was investigated. While both free thrombin
and thrombin with Ran-mDNA induced fibrin formation,
thrombin@mTBA 5 showed greatly diminished activity of ca.
10 % compared to pure thrombin, which is consistent with the
low dissociation constant (K,) around 0.6 nM of mTBA;
reported in the literature (Figure S1a and Table S1).1*!

Then, the circular template for pTBA,5; synthesis was
prepared by ligation of 5’-phosphorylated linear DNA with T4
DNA ligase (Figure S2a) and the successful synthesis was
confirmed by agarose gel electrophoresis with the circularized
template exhibiting reduced mobility compared to the linear
template. pTBA s received from the subsequent RCA process
was then analyzed by gel electrophoresis. The RCA product
remained within the wells indicating its high molar mass
(Figure S2b). We then determined the binding quality of
thrombin@pTBA 5 using gel electrophoresis by staining DNA
with ROTI GelStain and labeling thrombin with the fluores-
cent dye Cy3 (Figure S3a). The absence of fluorescence
originating from free thrombin together with the superposi-
tion of Cy3 and ROTI GelStain fluorescence in the throm-
bin@pTBA 5 lane showed that all thrombin was bound to
pTBA,s (Figure 2a). Again, non-specific binding was ruled
out as random polynucleotides (Ran-pDNA) did not show
such features (Figure S3b). Light scattering was used to prove
that thrombin@pTBA,; showed considerably diminished
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Figure 2. Activation of thrombin@pTBA; by US (20 kHz).
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a) Agarose gel (1%) for binding test of pTBA,5 with Cy3-thrombin. (i) Fluorescence

image in grayscale; (ii) corresponding fluorescence image in color scale; (iii) corresponding 3D gel image. Lane M: 1 kb plus DNA marker; Lane
1: pTBAys; Lane 2: Cy3-thrombin@pTBA,s; Lane 3: Cy3-thrombin. b) Real-time light scattering spectra of fibrinogen solution with thrombin
(control) and thrombin@pTBA;s, treated with US for 0, 30, 60, and 180 s, respectively. c) Optical microscope images of fibrinogen treated with
thrombin, thrombin@pTBA,s, and thrombin@pTBA,; treated with US for 30 s. Scale bar: 50 um. Mean values + SD from the mean, N=3

independent experiments.

catalytic activity of ca. 21 % compared to pristine thrombin
for the formation of fibrin (Figure 2b and S4).

Subsequently, we investigated the mechanochemical acti-
vation of thrombin@pTBA 5 by US (Figure S5 and S6). After
30-60s US application, near-complete recovery of the
original thrombin catalytic activity (80-90%) for fibrin
formation was observed (Figure S6). Longer US exposition
reduced the activity, as thrombin itself is a biomacromolecule
denaturing under shear force in solution (Figure S4). Con-
versely, thrombin@mTBA 5 did not show sensitivity towards
US leading to no fibrin formation even after 180 s ultrasoni-
cation.

Optical microscopy confirmed the above results: Com-
bining fibrinogen and thrombin@pTBA 5 treated with US for
30-60 s resulted in dense fibrin fiber networks similar to
pristine thrombin (Figure 2¢). Conversely, only small fibrin
fibers were observed when thrombin@pTBA;; was not
subjected to US. Underlining the results obtained by light
scattering, thrombin activity was diminished after 180s
treatment of thrombin@pTBA 5 with US (Figure S7). This
was in line with the activity profile of pure thrombin with
different ultrasonication times (Figure S8). Importantly,
thrombin@mTBA 5 did not show any fiber formation with

or without US (Figure S9), once more highlighting the
mechanochemical origin of the observed effects.

In addition to the visual inspection of fibrin formation, we
verified the activation of thrombin@pTBA 5 using fibrinogen-
modified gold nanoparticles (F-AuNPs) in a catalytic colori-
metric assay. While free F-AuNPs catalyzed the reduction of
the yellow-colored 4-nitrophenol with NaBH,, the active
thrombin led to aggregation of F-AuNPs into fibrin meshes,
rendering the AuNPs inaccessible for the reduction of 4-
nitrophenol. The remaining yellow color of 4-nitrophenol is
hence an indicator for the presence of free thrombin, while
loss of color indicated the presence of free AuNPs
(Scheme S1). We employed 13 nm F-AuNPs (2nM) (Fig-
ure S10) that catalyzed the reduction of 4-nitrophenol (Fig-
ure S11), which was inhibited by the presence of thrombin.
While thrombin@pTBA 5 and thrombin@mTBA 5 allowed
the reduction to proceed, application of US for 30-60 s led to
thrombin release from pTBA s, subsequent fibrin formation,
and inhibition of the reduction reaction cascade. Note here
that this process was irreversible as thrombin release was
accompanied by non-specific chain scission along the poly-
aptamer backbone (Figure S5).”
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For broadening the scope of thrombin activation by US
and to introduce reversibility, we used AuNPs as building
blocks to develop a nanoparticle-based US-responsive sys-
tem. Using AuNPs as platform had several advantages, such
as easy synthesis in aqueous solution, uniform sizes and
shapes, low biotoxicity, and efficient functionalization with
oligonucleotides.[*”*") Using split aptamers was inspired by
previous research showing that these can reassemble into an
intact G-quadruplex structure in the presence of their target
molecules.”"?! Hence, we split the thrombin aptamer into
TBA,s-L and TBAs-R according to literature protocols.”
The successful functionalization of AuNPs with the split
aptamers was firstly confirmed by light scattering where the
hydrodynamic diameters of AuNPs increased after conjuga-
tion with TBAs-L or TBA5-R from around 13 to 25 nm
(Figure S12a). Moreover, successful functionalization was
confirmed via agarose gel (3%) electrophoresis where the
TBA 5-L- or TBA 5-R-conjugated AuNPs exhibited reduced
mobility compared to the pristine AuNPs (Figure S12b).

The aggregation process in the presence of thrombin was
followed by UV-vis absorption spectroscopy (Figure 3a).
With increasing thrombin concentration, the surface plasmon
resonance (SPR) bands of Au@TBA,s shifted to longer
wavelengths indicating aggregation. This observation was
supported by transmission electron microscopy (TEM) where
AuNP clusters could easily be discerned (Figure S13).

To assess the selectivity and specificity of the system,
control experiments were performed with the proteins
lysozyme and bovine serum albumin (BSA). Therefore,
Au@TBA 5 was incubated with the proteins and aggregation
only observed when these acted as NP crosslinkers by binding
to the aptamers.

Indeed, UV-vis spectra showed that only in the presence
of thrombin, but neither lysozyme nor BSA, the SPR band
was shifted bathochromically thus confirming above hypoth-
esis (Figure 3b). This result was again confirmed by TEM
(Figure S14). Optimization of the thrombin loading efficiency
was performed using a thrombin activity assay kit. This was
based on free thrombin cleaving a substrate bearing a Forster
resonance energy transfer (FRET) pair into two fragments
resulting in the increase in fluorescence intensity of the FRET
donor 5-carboxyfluorescein (5-FAM) in linear correlation to
the thrombin concentration (Figure S15). We found an
optimal loading efficiency of ca. 30 thrombin molecules per
Au@TBA ; (Figure 3 c), which is a reasonable value given that
a single AuNP is functionalized with ca. 40 split aptamers
(Figure S16).

Subsequently, we applied US to induce the disassembly of
thrombin@Au@TBA ;5. With progressing sonication time, the
SPR band shifted hypsochromically (Figure 4a,c) and dy-
namic light scattering (DLS) revealed decreasing hydrody-
namic diameters (Figure 4b,c) both indicating the successful
US-induced disassembly. While the hypsochromic shift was
attributed to the decrease of the plasmonic resonator size, the
hypochromic effect likely had its origin in the dissolution and
degradation of the AuNPs into Au atoms over the course of
the sonication. Both the final SPR peak maximum and the
hydrodynamic diameter obtained after 300s sonication
resembled those of single, non-assembled Au@TBA s and
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the disassembly process could even be followed by the naked
eye (Figure 4d). Most notably, this US-induced transition was
reversible. The sample was transformed to its disassembled
state simply by US irradiation for 15s and returned to its
assembled state by equilibrating at room temperature for
30 min, as indicated by the SPR band in UV-vis measure-
ments (Figure 5a), DLS (Figure 5b), and TEM (Figure 5c).
The hysteresis visible in Figure 5a was possibly caused by the
interaction of denatured thrombin and AuNPs.
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Figure 3. Aggregation behavior of split aptamer-functionalized AuNPs
in the presence of thrombin. a) UV-vis spectra of different molar ratios
Au@TBA,;:thrombin. b) UV-vis spectra of Au@TBA,s reacted with
lysozyme, BSA, and thrombin individually to test specific aggregation
behavior at a molar ratio Au@TBA5:protein=1:30. c) Thrombin load-
ing efficiency as a function of the Au@TBA,s:thrombin ratio. Mean
values + SD from the mean. N =3 independent experiments.

Eventually, we investigated whether the catalytic activity
of thrombin@Au@TBA 5 could be turned on by US. Already
15 s of US irradiation resulted in 50 % of pristine thrombin
activity and more than 70 % activity was obtained after 30 s
(Figure 6a). Similar to thrombin@pTBA 5, prolonged expo-
sure of the system to US led to a reduced catalytic activity due
to irreversible denaturation of thrombin. However, Au@T-
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Figure 4. US-induced disassembly of thrombin@Au@TBA,; for differ-
ent sonication times (20 kHz). a) UV-vis spectra, b) hydrodynamic

diameter dj, measured by DLS, c) evolution of UV-vis and DLS peak
maxima, and d) photographs of the solutions.

BA,;s efficiently deactivated thrombin while its US-induced
release enabled the catalytic transformation of fibrinogen to
fibrin as shown by light scattering (Figure 6b). Optical
microscopy further confirmed these results (Figure 6¢ and
S17).

To underline the applicability of our developed systems
using clinically established US techniques, we performed
sonication experiments for 6 min using a focused ultrasound
setup at a frequency of 5 MHz. The sonication conditions had
little influence on the activity of thrombin (Figure S18). For
both the polyaptamer- and the AuNP-based systems more
than ~80% and ~75% of the catalytic activity compared to
unaltered thrombin were restored for thrombin@pTBA ;s
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(Figure S19) and thrombin@Au@TBA 5 (Figure S20), respec-
tively. We used the catalytic colorimetric assay described
above to visualize the activation process using either throm-
bin@pTBA,; (Figure 7a) or thrombin@Au@TBA (Fig-
ure 7b) per in situ sonication with spatial resolution. Only
the wells located on the cross shape were irradiated with US
resulting in the activation of thrombin and thus inhibition of
the catalytic reduction and discoloration (Figure S21). Un-
treated wells placed on the vertices of the squares were
unaffected and discoloration proceeded with the reduction.

Conclusion

In summary, we presented the first molecular design to
activate proteins from their deactivated aptamer-bound
parent form by using mechanical force in the form of
ultrasound. We showed that the aptamer-based deactivation
of thrombin was possible both irreversibly by using long
polyaptamers or reversibly by using split aptamers conjugated
to gold nanoparticles. Thereby, we showed that the formation
of fibrin from fibrinogen could be controlled by ultrasound as
a trigger. Importantly, cleaving bonds site-specifically using
the mechanochemical approach, our method compares favor-
ably to previous ultrasound-based methods, where local
heating induced by high-intensity focused ultrasound (HIFU)
released proteins from nanodroplets,® microcapsules,* or
hydrogels.”® In addition and considering other mechano-
chemical release systems that only hold a single mechano-
phore within a large polymer chain,*!! our system allows for
a considerably higher mechanophore loading along the
polymer chain. Another remarkable feature presented here
in the context of mechanical activation of enzymes is the
reversibility of the gold nanoparticle system involving split
aptamers. Importantly, we demonstrated the working princi-
ple both with ultrasound producing inertial cavitation and
clinically established therapeutic focused ultrasound.

Using external stimuli to control protein function has
become extremely relevant, as evidenced by the growing field
of optogenetics and its impact on neuroscience and related
areas.’”* We hence believe that the approaches presented
here hold great promise for future applications that may lie in
the remote control of protein activity in cells and in vivo
leading to sonogenetic technologies.
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Figure 5. Reversibility of the US-induced disassembly of thrombin@Au@TBA,5 (20 kHz). Five complete disassembly-assembly cycles (15 s US and
30 min recovery in each cycle) as followed by a) UV-vis spectroscopy and b) DLS. c) TEM images of samples that contained aggregated (left) and
dispersed (right) AuNPs with US in cycle T and cycle 5. Scale bar: 100 nm.
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Figure 6. Thrombin activation from thrombin@Au@TBA,s over the course of US irradiation (20 kHz). a) Quantification of thrombin activity.
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micrographs of fibrinogen treated with thrombin, thrombin@Au@TBA;, and the latter treated with US for 15 s. Scale bar: 50 um. Mean values +
SD from the mean. N =3 independent experiments.
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Figure 7. Colorimetric assay for thrombin activation by focused US

(5 MHz) in well plates containing solutions of F-AuNPs, 4-nitrophenol,
NaBH,, and a) thrombin@pTBA;s or b) thrombin@Au@TBA;. US was
applied to only those wells within the crossed pattern. Single well
diameter: 1.5 cm.
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