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Branched silver—iron oxide nanoparticles enabling
highly effective targeted and localised drug-free
thrombolysis
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Ultrasound has been widely used as an external stimulus to trigger drug release from nanomaterials in
thrombosis treatment. Here, we introduce a novel strategy leveraging nanomaterials not for drug delivery,
but for enhancing US-induced thrombolysis. This innovative strategy is particularly significant, as throm-
bolytic drugs inherently pose a risk of systemic bleeding. We combined branched silver—iron oxide nano-
particles (AgIONPs) with low-intensity focused ultrasound to evaluate their thrombolytic potential.
Binding assays in in vitro human blood clots and in a thrombosis mouse model confirmed that the tar-
geted AgIONPs specifically bound to thrombi. Upon ultrasound activation, AgIONPs facilitated thromboly-
sis via two key mechanisms: hyperthermia driven by the nanoparticle-mediated thermal conversion, and
mechanical shear forces induced by ultrasound. The combination of AgIONPs and US generated a
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Introduction

Thrombosis and its complications constitute 80% of cardio-
vascular deaths and continue to be the most common causes
of mortality and morbidity in the world."™ Thrombosis refers
to the formation of a blood clot within blood vessels that pre-
vents blood from flowing normally in the -circulatory
system.> " The half-life of antithrombotic agents in the body
is usually only a few minutes, and large quantities need to be
administrated for an effective treatment. Thus, antithrombo-
tics are associated with several adverse effects including risk of
serious to lethal bleeding."?

In recent years, there has been a quest for new thrombosis
therapies with safer profiles, more targeted and precise strat-
egies, and better treatment outcomes.'>'* Novel strategies to
fight thrombosis focus on identifying new potential targets, devel-
oping personalized medicines, combined antithrombotic therapy,
and strategies to mechanically remove thrombus.'® Relatively old
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synergistic thrombolytic effect, demonstrating significant efficacy in both in vitro and in vivo.

technologies such as ultrasound (US), a widely used clinical
imaging modality,'® have been remodeled and reemerged for
local treatment of thrombosis. US or high-intensity focused US
itself can cause physical changes in acoustic cavitation and micro-
streaming, forming gas-filled bubbles that will produce shock
waves and high-speed fluid micro-jets."” Trubestein et al. demon-
strated in 1976 that acoustic energy could lyse clots in vitro and
in vivo without injuring surrounding tissues.'® There has been
increasing evidence that indicates US thrombolysis might be an
effective and safe approach to fight thrombosis while decreasing
bleeding complications."*°

US has also been employed as an external stimulus to break
drug-encapsulated microbubbles, micelles, and liposomes for
drug release. Siyu Wang et al. used US to trigger the release of
tissue plasminogen activator (tPA) from a nanoparticle-shelled
microbubble for thrombolysis.>' The ultrasound stimulation
also improves the drug penetration into thrombi. Some of the
advantages of using US to stimulate a nanosystem include its
non-invasiveness, preciseness, simple operation and few side
effects.>” Another study showed that the combination of ultra-
sound and urokinase or streptokinase enhanced lysis rate by
an average of 25% compared to lysis with thrombolytic agents
alone.”® These studies indicate the great potential of US for
thrombosis treatment.

Here, we report a different strategy. We innovatively
employed nanomaterials not for drug delivery but for enhan-
cing US-induced thrombolysis. Nanoparticles were used as
seeds for nucleation of microbubbles and reduce the pressure
needed to induce cavitation, resulting in more efficient throm-
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bolysis. In this study, we synthesized and functionalized a
branched silver-iron oxide nanoparticle (AgIONP) for ultra-
sound-activated thrombolysis. This is the first study employing
nanomaterials to accelerate cavitation-assisted sonothromboly-
sis without the use of any drugs. This innovative approach is a
significant development as any use of thrombolytic drugs
comes with the risk of systemic bleeding side-effect.

Experimental section
Materials

Iron(m) chloride, iron(u) sulfate, silver nitrate, hydroxylamine
50%, sodium hydroxide, COOH-PEGSH (7500 g mol ™), mPEGSH
(6000 g mol ™), Tris-HCl, Triton-X 100, and calcium chloride dihy-
drate were purchased from Sigma-Aldrich. Phosphate-buffered
saline (PBS), (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride) (EDC), trisodium citrate (TSC), and micro
bichinchoninic (BCA) protein assay were purchased from
ThermoFisher Scientific. The single chain antibody (scFv) used
for targeting activated platelets (SCE5), control non-targeting scFv
(mut) and sortase A enzyme were produced by a collaborator in
Baker Heart and Diabetes Institute (Melbourne, Australia). Gly-
CONH-PEG3-N3 and dibenzoazacyclooctyne (DBCO) used were
from Click Chemistry Tools. Other materials include Cy5
(Lumiprobe), PrestoBlue (Invitrogen), and Actin FSL (Dade
Siemens). Water used in all experiments was deionized water.
Blood products were obtained from healthy volunteers with
informed consents (Australian Red Cross) under the guidelines of
human ethics approved by Griffith University human ethics com-
mittee (approval number: 2021/598).

Synthesis and characterization of SCE5-AgIONPs

The core of AgIONPs is formed by a cluster of iron oxide nano-
particles (IONPs) synthesized using a co-precipitation method
of iron II and III in constant stirring and under constant nitro-
gen flow at 80 °C. NaOH (1 M) was added dropwise into an
aqueous solution of FeCl;-6H,0 (0.2 M) and (NH,),Fe
(S04),-6H,O (0.1 M) until pH reached 12. IONPs were then
washed (6000g, 15 min) with 1 M HCI and coated with 0.1 M
TSC at 80 °C for 6 h under stirring (600 rpm). The citrate-
coated IONPs were collected via centrifugation at 8000 rpm for
6 min, dialysed against deionized water and stored at 4 °C.

The growth of a silver coating on the IONPs was conducted
using a seeding method previously described.>* Briefly, an
aqueous solution of IONPs (0.144 mg of iron) was mixed with
hydroxylamine 50% (20 pL) and trisodium citrate (70 pL of
1.14%). Five aliquots of AgNO; (50 pL each, 6.348 mM) were
added to the solution every 10 minutes, followed by the addition
of 75 pL of TSC (1.14%). AgIONPs were then collected by centrifu-
gation at 4000g for 6 min and redispersed in deionized water.

The resulting nanoparticles were then coated with
mPEG-SH and COOH-PEG-SH to increase stability and allow
biofunctionalization with targeting ligands. The mass ratio
between mPEG-SH and COOH-PEG-SH was 2.5:1, and mass
ratio between mPEG-SH and Ag was 5:1. AgIONPs (35.6 pg of
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Ag - 45 pL of 1 mg mL ™" AgIONPs stock), were first incubated
at room temperature with 89 pL of mPEG-SH (2 mg mL™).
After 1 h, 35.6 pL of COOHPEG-SH (2 mg mL™"') was added
into the mixture and left for overnight incubation. The
PEG@AgZIONPs were washed three times with water at 1000 g
for 6 min until excess polymer was removed. PEG@AZIONPs
were conjugated with Cy5 and a targeting scFv (SCE5) for tar-
geting activated platelets in the thrombi. A non-binding
mutated non-targeting scFv (mut) was used as a negative
control. A more detailed description of the conjugation can be
found in the ESI of Vazquez-Prada et al.**

Characterization of the nanoparticles

The average hydrodynamic size and size distribution were esti-
mated with dynamic light scattering (DLS) (Zetasizer Nano ZS,
Malvern). The size and morphology of the nanoparticles was then
confirmed by Transmission Electron Microscopy (TEM) images.
The proportion and distribution of the metals in AgIONPs were
evaluated with Energy Dispersive X-ray Spectroscopy
(JEOL-JEM-1010 Transmission Electron Microscope). Inductively
coupled plasma-optical emission spectroscopy (ICP-OES) (Optima
8300DV ICP-OES from PerkinElmer) further corroborated the con-
centrations of silver and iron in the sample. The absorbance
spectra of AgIONPs were determined using a CARY 60 UV-vis
spectrophotometer (300-900 nm).

Binding assays to in vitro thrombi

The nanoparticle’s efficacy for binding in vitro human thrombi
was tested using in vitro human clots. For this purpose, CaCl,
(5 pL, 1 M) and actin (12 pL) were added to an Eppendorf
tube. After mixing both chemicals, 180 pL of human fresh
frozen plasma (FFP) (Australian Red Cross Service) was added
and carefully mixed by reverse pipetting. The mixture was incu-
bated for 1 h at 37 °C. The resulting clots were then washed
for 30 min at room temperature with PBS 7.4 and subtle
rotation (200 rpm). The clots were incubated with the nano-
particles suspended in PBS pH 7.4 (concentration of SCE5-
AgIONPs = 0.1 mg mL™") for 15 min under rotation. After incu-
bation, the clots were washed three times with PBS for a total
of 45 min. The clots were fixed with 4% PFA and imaged using
a Sapphire machine on fluorescence mode (Cys5 filter).

In vitro optimization of US settings for thrombolysis

Blood from healthy volunteers (Australian Red Cross) was used
for developing in vitro human thrombi. Blood was centrifuged
(15 min at 250g) to collect red blood cells (RBC; pellet) and
platelet-rich plasma (PRP; supernatant). A solution of 95%
PRP and 5% RBC was made in order to mimic the composition
of human arterial thrombus.*® CaCl, (5 pL, 1 M) was added to
200 pL of this mixture and was left at room temperature for
15 min. The glass vials were weighed before and after the
experiment to estimate the thrombolysis percent. The initial
and final temperature were also recorded with a thermal
camera (FLIR, US). The resulting thrombi were incubated with
100 pL of different concentrations of the nanoparticles and
optimization of the settings was made. PBS was used as the
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control in all of the experiments. The thrombi were treated
with a low-power ultrasound probe (Hainertec, Suzhou Co.,
Ltd) with different power intensities for 1.5, 2.5, and 3.5 min.
The liquid in the glass after treatment was removed and the
decrease in the clot’s mass was calculated for each thrombus.
The percentage decrease in the thrombus mass was normal-
ized against that of the control.

Cytotoxicity, hemocompatibility and biodistribution of AGZIONPs

The effect of AgIONPs on the viability of endothelial (SVEC-4-10)
cells was determined using PrestoBlue assay, which measures the
amount of resorufin that is reduced from resazurin in live cells.
SVEC cells were cultured in RPMI media supplemented with 10%
fetal bovine serum, 100 U mL ™" penicillin, and 100 pg mL™" strep-
tomycin, at 5% CO, at 37 °C. The cells were seeded in a 96 well
plate (6000 cells per well) for 24 h and then incubated with
different concentrations of nanoparticles in PBS for 24 and 48 h.
PrestoBlue solution (10 pl) was added to the wells for 30 min and
fluorescence intensity was measured in a microplate reader
(PerkinElmer; emission 560 nm; excitation 590 nm).

The hemocompatibility assays were performed in triplicates
and within 3 hours of collecting blood from healthy volunteers in
3.2% sodium citrate containing tubes. Whole blood (285 L) was
incubated with 15 pL of different concentrations of SCE5-AgIONPs
for 4 and 24 h with mild shaking at 37 °C. After incubation, the
suspension was centrifuged (1000 rpm for 15 min) and the super-
natant was collected. Absorbance using a microplate reader
(FLUOSstar Omega, BMG LABTECH) was measured at 545 nm. The
percentage of hemolysis was estimated using eqn (1):

Hemolysis (%)
_ OD sample — OD negative control 100 (1)
0D positive control — OD negative control

The biodistribution and accumulation of SCE5-AgIONPs
were evaluated after the in vivo experiments were finalized
(single intravenous injection of SCE5-AgIONPs at 8 mg kg ™).
All animal studies were in accordance with the Guidelines for
Care and Use of Laboratory Animals of the University of
Queensland (approval number: AIBN/420/19/CAI and 2020/
AE000350). Main organs (heart, liver, spleen, lung, and
kidneys) of targeted (SCE5-AgIONPs) and non-targeted (mut-
AgIONPs) groups were collected. Fluorescence imaging was
obtained using the IVIS Spectrum (ex = 650; em = 670)
(PerkinElmer) and fluorescence intensities were analysed
using the region of interest (ROI) function and calculated
using IVIS Lumina X5 Living Image Software.

In vivo fluorescence imaging and US-enhanced thrombolysis
using SCE5-AgIONPs

All animal experiments were conducted at The Centre for
Advanced Imaging at The University of Queensland (Protocols
were approved by The University of Queensland Ethics
Committee; No. AIBN/420/19/CAI and 2020/AE000350). C57/
BL6 male mice (26-28 g; Animal Resources Centre, ARC -
Western Australia) were anaesthetised with a mixture of
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ketamine : xylazine (100 : 10 mg per kg body weight) by intraperi-
toneal injection. Hair shedding cream was used to remove the fur
covering cheeks, neck, and chin of the mice. AlCl;-induced
thrombosis model was used for all in vivo experiments.”* Briefly,
a small incision was made on the neck of the mouse. The left
carotid artery was isolated and placed on top of a 1 cm x 2 mm
plastic paper. The artery was washed with PBS and carefully dried
with a kimwipe. A 1 mm x 2 mm filter paper was soaked in a 9%
solution of AlCl;, and placed on top of the artery for 30 seconds
after removing the excess of AICl;. The artery was then washed
thoroughly with PBS. The blood flow was measured before and
after the induction of thrombi. Mice were randomly divided into
three groups: control (PBS), targeted (SCE5-AgIONPs), and non-
targeted (mut-AgIONPs) (n = 5, 100 pL, 8 mg of AgIONPs per kg).

In vivo binding efficiency was tested using fluorescence
imaging (ex = 650; em = 670) (IVIS Spectrum PerkinElmer).
Images were taken at time 0 (pre-injection) and 20 min after
the injection. Fluorescence intensity and total radiance
efficiency were calculated using the IVIS software.

The therapeutic efficacy was evaluated immediately after
the fluorescence imaging using two different approaches. The
first one served to calculate the restoration of blood flow
in vivo and the second one was for measuring the area of
thrombus remaining in the arteries after the treatment. For
the first method, a flowmeter probe (Transonic) was used at
160 Hz to measure the blood flow in the artery of each mouse
before induction of thrombus (F,), immediately after the
induction (F,), and after the treatment (F,) with a 0.5 mm flow-
meter probe (Transonic). The blood restoration percent was
calculated between the groups using the following formula:

(F, — F1)(100)

Blood restoration (% ) = 7
0

)

The clotted artery was treated with the low-power US probe
using the optimized settings from the in vitro experiments
(2.5 min, 35% or 2 W cm™?2, 2 cycles). All experiments were per-
formed after 1 h of thrombus induction. The temperature
before and after each cycle was obtained using infrared
thermal camera (FLIR C2).

For the thrombolysis evaluation using the second method,
the carotid arteries of the mice were retrieved before euthana-
sia, washed with PBS, and fixed with 4% paraformaldehyde
(PFA). The arteries were then processed and cut into cryosec-
tions (5 um) and were further stained with Masson’s tri-
chrome. The prepared histological slides were observed under
the microscope (Olympus Upright FL Microscope BX63). The
remaining area was quantified and analysed with Image].

Statistical analyses

Results are presented as mean + standard deviation from at
least triplicate experiments performed in a parallel manner.
The differences among the groups were analysed with one-way
or two-way analysis of variance (ANOVA) using GraphPad
Prism, at confidence levels of 95% and 99%. The methods
used in this study for post-hoc analyses were Bonferroni and
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Tukey. For in vivo experiments, the sample size was at least n =
5. All graphs were plotted using GraphPad Prism 9, with *p <
0.05 considered significant while **p < 0.01, ***p < 0.001, and
****p < 0.0001 to be very significant.

Results and discussion

Synthesis, characterization, and binding efficiency of SCE5-
AgIONPs

Iron oxide nanoparticles (IONPs) were synthesized and served
as the core of our nanosystem. Resulting IONPs showed good

a b
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stability, were homogeneously dispersed (PDI = 0.178), and
had a hydrodynamic size of 32.7 nm and a z-potential of
—31.4 mV (Fig. 1a and b). Rehman et al. demonstrated that
growing silver onto IONPs was possible by using a seeding
method.?® The mechanism of the coating relies on electrostatic
interactions between the surface of the oxide (i.e. iron oxide)
and the silver ions. The IONPs themselves, along with TSC and
hydroxylamine helped reduce the silver ions seeded on the
IONPs surface, as suggested by the literature.”” The IONPs
were successfully coated with silver to form AgIONPs, as
shown by the increase in size (127.2 nm), change in z-potential
(-27.2 mV) and the shift of absorbance to the NIR. Fig. 1d and

ZAVE (hm)  PDI NUM MEAN (nm) ZPOT (mV)
IONPs 32.7 0.178 15.51 -31.4
AgIONPs 127.2 0.159 50.7 -27.2
SCE5@AgIONPs 152.6 0.142 101.1 -25.3
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Fig. 1 Characterization of SCE5-AgIONPs. (a) TEM image of the nanoparticles showing an asymmetrical nanorose-like shape. (b) Size distribution
(intensity and number by dynamic light scattering), PDI, and zeta potential of the three nanoparticles synthesized in this study. (c) Change in the
absorbance spectra of IONPs, AgIONPs, and SCE5-AgIONPs, indicating coating of the nanosystem. (d) EDS spectra of the nanoparticles and (e)
elemental mapping, showing presence and distribution of silver (teal in EDS/green in map) and iron (pink in EDS/purple in map).
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e show the EDS spectra and elemental mapping from SCE5-
AgIONPs, which corroborates the presence of both metals con-
stituting the basis of the nanosytem. A further decrease in
z-potential and increase in size then suggested successful con-
jugation of the resulting AgIONPs with a single-chain antibody
(SCE5-AgIONPs), as well as a slight decrease in the intensity of
the absorbance spectra (Fig. 1b and c).

TEM images of SCE5-AgIONPs suggest the nanoparticles
have an asymmetrical nanorose-like shape and confirmed the
size and PDI of the nanoparticles (Fig. 1a). Importantly, our
results in size, PDI, and zeta potential agree with other IONPs
in the literature that have been coated with noble metals such
as gold and silver using a similar method.”®*® The asymmetri-
cal shape has been previously reported to shift the absorbance
of nanoparticles to the NIR and to provide optical features to
nanosystem such as a strong surface plasmon resonance.”
The successful branched morphology of the nanoparticle
(Fig. 1a) was achieved because the cluster of iron oxide nano-
particles at the core acted as a catalyst for the silver coating,
resulting in an asymmetrical shape that enhanced its thera-
peutic efficiency. Non-spherical nanoparticles have increased
surface roughness, which promote the formation of voids that
trigger cavitation, ultimately compromising the mechanical
integrity of the thrombus and aiding in its dissolution.*
Asymmetric nanoparticles are known to interact differently
with acoustic waves than spherical ones due to their irregular
geometry and larger surface area, which facilitates better align-
ment with the ultrasound field and enhances cavitation
effects.>**> This shape-dependent behaviour leads to more
efficient acoustic cavitation,®® where the formation and col-
lapse of microbubbles generate localized mechanical forces
that disrupt thrombi. The unique structure of the AgIONPs
allows for more controlled oscillation under ultrasound, inten-
sifying the cavitation effect and enabling more effective throm-
bolysis compared to spherical nanoparticles. Additionally,
non-spherical nanoparticles offer improved circulation stabi-
lity and tissue penetration, allowing them to accumulate more
effectively at the thrombus site and maximize therapeutic
outcomes.**?*> Furthermore, we envision developing the
AgIONPs into a theranostic nanoparticle, where the IONPs
would also serve as contrast agents for MRI,>**™*! enabling real-
time monitoring of the treatment and enhancing both its
therapeutic and diagnostic capabilities. Although MRI prop-
erty of this NP is not strong enough to image tiny thrombus in
this study, our previous study showed efficient MRI of this NP
for imaging tumor.*

After synthesis, AgIONPs were conjugated to Cy5 and bio-
functionalized with an engineered single-chain antibody
(SCE5) targeting the activated form of glycoprotein IIb/IIIa, a
highly expressed integrin in thrombi.** The same antibody but
with a mutation in the binding site (mut) was conjugated to
the nanoparticles and served as a non-binding control for all
experiments. Both antibodies were conjugated to an azide (N3)
peptide, as shown in Fig. 2a. Moreover, we conjugated DBCO
to the nanoparticles by activating the -COOH groups of
AgIONPs with EDC, which has been previously described to
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promote click chemistry reaction with Nj via strain-promoted
alkyne-azide cycloaddition (Fig. 2a).**~*¢

Targeting efficiency was tested through binding assays with
in vitro human clots. Fig. 2b shows representative brightfield
and fluorescence images of in vitro human clots after incu-
bation and three washing cycles. The clots incubated with the
targeting nanoparticles (SCE5-AgIONPs) were visibly darker
than the controls, suggesting there was accumulation of the
dark silver nanoparticles. Importantly, the darker spots visible
on the brightfield image correlate with the fluorescence signal
when imaging with the Cy5 filter. The mut-AgIONPs incubated
clots exhibited a slight change in color whereas the control
clots remained white. The small binding of mut-AgIONPs to
the clots can be explained by nonspecific binding and inter-
actions between the antibodies to components of the clot such
as activated platelets or fibrin.*” Nonetheless, quantitative ana-
lysis of the fluorescence intensity of each group shows that
there was no statistical difference between the PBS group and
the non-targeted group (P = 0.131), whereas the targeted group
had significant higher fluorescence than either control group
(P < 0.0001) (Fig. 2c).

SCE5-AgIONPs can lyse thrombi in vitro upon US exposure

We used an in vitro model of human thrombi to test the ability
of the nanoparticles to enhance thrombolysis and to identify
the optimal US settings for in vivo assays. Results show that
treatment with SCE5-AgIONPs + US was able to lyse thrombi in
a dose dependent matter. The percentage in thrombolysis was
greater when increasing the intensity of the US, the time of
exposure and the number of treatment cycles (Fig. 3a and b). It
is important to note that the optimized settings were selected
by taking into consideration both parameters shown in
Fig. 3a, percentage of thrombolysis and increase in tempera-
ture. The settings where the temperature increase was higher
than 13 °C (~50 °C) were not considered, as it has been pre-
viously reported that a temperature higher than 50 °C can
cause burns to human tissue.”® The desired change in temp-
erature for this study was ~10 °C, since that is the optimal
temperature increase for causing thrombolysis without
harming surrounding tissues.’ With this rationale, we
selected the optimized settings for SCE5-AgIONPs + US treat-
ment to be a concentration of total nanoparticle mass of
0.2 mg mL™, an intensity of 35% (2 W cm™?), with an
exposure of 2.5 minutes for two cycles.

As shown by Fig. 3, thrombolysis depends on the ultra-
sound intensity, time of exposure, number of cycles and con-
centration of the nanoparticle. The optimized settings
obtained for in vivo studies agree with others in the literature,
who have demonstrated how low intensity US (1-4 W cm™?)
can enhance thrombolysis.'® It is important to highlight that
previous studies indicate that the mechanism of ultrasound
(US) is primarily mechanical. However, there are some reports
suggesting that when combined with thrombolytic agents like
tPA, US can enhance the transport of enzymes to the
thrombus.*®*°
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Fig. 2 Binding efficiency of the nanoparticles to in vitro human thrombus. (a) Scheme illustrating the steps required for conjugation of Cy5 and
scFv. First, an azide group is attached to the antibody via Sortase-mediated conjugation (1), and in a separate reaction, the carboxylic groups on the
surface of AgIONPs are activated with EDC and conjugated to the amine groups of the Cy5 and the DBCO (2). The DBCO from the nanoparticle
reacts with the azide group attached to the antibody via click chemistry (3). For non-targeted nanoparticles, the scFv is replaced by the non-targeted
antibody (mut), which has the same structure except for the binding region that has been replaced with a non-binding fragment. (b) Representative
brightfield and fluorescence images of thrombi incubated with the three groups, a greater number of nanoparticles in targeted group as indicated
by the dark layer around the clots and the quantitative analysis (c) of the fluorescence intensities of each group. All statistical analyses were done

with one-way ANOVA and Tukey post-hoc test (n = 3; ns = p > 0.01, #### and **** = p < 0.0001). Control = PBS; non-targeted = mut-AglONPs; tar-
geted = SCE5-AgIONPs.

Briefly, US exposure leads to disruption of large fibrin sis might be a mechanism produced by both elements and to

bundles into smaller bundles, causing a reduction in flow re-
sistance and enhancing enzymatic induced thrombolysis by
exposing more binding sites for thrombolytic agents.”® Unlike
our study, these published studies do not report a dramatic
increase in temperature. In addition, neither the SCES5-
AgIONPs nor the US alone promote a significant decrease in
the thrombi mass, suggesting the enhancement of thromboly-

1688 | Biomater. Sci, 2025, 13, 1683-1696

be a result of synergy (Fig. 3).

The thrombolytic activity can’t be entirely attributed to US,
since the thrombolytic effects of the controls with US treat-
ment and no nanoparticles did not show a high percentage of
lysis. The groups treated with AgIONs + US had the highest
thrombolysis percentage, suggesting the thrombolysis shown
here was probably a synergistic effect between the US and the

This journal is © The Royal Society of Chemistry 2025
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nanoparticles. It has been shown that the therapeutic
efficiency of US mediated hyperthermia can be improved with

sonosensitizers.”*

This journal is © The Royal Society of Chemistry 2025

Most sonosensitizers used for enhancing
therapeutic outcomes include exogenous absorbers such as

dyes, microbubbles, and more recently nanoparticles.’?
Nanoparticles can prevent potential damage to surrounding
tissues while enhancing thermal ablation.>® The enhancement
in deposition of acoustic energy has been found to be achieved
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by increasing the attenuation and dissipation of that acquired
acoustic energy within the local disease area in the form of
heat.”® We hypothesize that the mechanism of action includes
mechanical/acoustic cavitation and enhancement of thermal
thrombolysis, both triggered by US and enhanced by SCES5-
AgIONPs.>*

The first mechanism relies on the generation of acoustic
streaming and cavitation caused by the US. Cavitation is a
thermodynamic process that consists of the growth and col-
lapse of microbubbles and occurs when a homogeneous liquid
suffers a drop in pressure below its saturated vapor pressure at
a certain temperature.”® Vapor transport and residual gas
pockets in the tissue trigger bubble nucleation, followed by
bubble growth and collapse.® It has been previously described
that these bubble dynamics inflict mechanical injury to blood
clots whilst avoiding damage to surrounding tissue.’” Previous
reports show that nanoparticles are able to reduce the pressure
needed to induce cavitation and can serve as seeds for nuclea-
tion of microbubbles.’® When a particle is dispersed in a
liquid, it provides a nucleation site for the cavitation bubble to
form.>®

The nanoparticles’ surface roughness and ability to reduce
the cavitation threshold not only facilitate the formation of
cavitation nuclei but also increase the number of bubbles
when the liquid is exposed to US and reduce the time needed
for treatment.®® Therefore, ablation of thrombi can be
achieved by generating cavitating bubbles in the blood vessel
using US pulses with acoustic pressures that induce mechani-
cal damage. We speculate that US exposure triggered cavitation
and mechanically disrupt the surface of the blood clot by
lysing cells and loosening the fibrin network.**?*°'7%* The
second mechanism involves hyperthermia. US hyperthermia is
a medical treatment that consists of increasing the tempera-
ture of tissues to cause thermal ablation.®® The millimetric
precision of the acoustic beam minimizes the damage of sur-
rounding tissues in comparison to other external stimuli for
triggering hyperthermia.>® Ultrasound mediated hyperthermia
consists in the conversion of acoustic/mechanical energy into
thermal energy.>” Heating is mainly due to absorption of ultra-
sound energy.®® Briefly, the ultrasound beam is absorbed by
the tissue as it propagates through the focal point causing an
increase in the local temperature.®” The asymmetrical silver—
iron oxide nanoparticles used for this study have previously
shown to have strong photothermal efficiency conversion
when activated by an external trigger.>***> The thermal conver-
sion of SCE5-AgIONPs in our study is evidenced by the change
in temperature (Fig. 3a) after treatment. Notably, the change in
temperature is even more evident when the concentration of
the nanoparticle is increased, suggesting SCE5-AgIONPs has a
crucial role in this effect. Nonetheless, understanding the
differences between US-mediated hyperthermia and the photo-
thermal effect is crucial for this study. Both approaches have
shown therapeutic efficacy through temperature elevation, but
each have their own energy sources, mechanism, penetration
depths and specificity in targeting tissues.®® US-mediated
hyperthermia functions by converting acoustic energy into

1690 | Biomater. Sci, 2025, 13, 1683-1696
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heat through mechanical vibrations and friction, which facili-
tates deep tissue penetration and targeted heating.®® This
approach is particularly effective in thrombosis for thrombus
ablation and improving the delivery of therapeutic agents. In
contrast, the photothermal effect relies on light absorption by
photosensitive materials, producing localized heating that pri-
marily impacts superficial tissues.”7?

Safety studies, biocompatibility, and biodistribution of SCE5-
AgIONPs

The toxic effects of the nanoparticles were evaluated in vitro
and ex vivo to ensure compatibility of the nanoparticles for
clinical translation. The effects of SCE5-AgIONPs to whole
blood were evaluated using a colorimetric assay that measures
the amount of hemoglobin in the supernatant of blood incu-
bated with the nanoparticles. Hemolysis percentage increases
if the supernatant obtained from low-speed centrifugation of
the blood after incubation with the nanoparticles showed a
red-like color and absorbance at 545 nm. Fig. 4a shows clear
supernatants obtained immediately after centrifugation of
blood incubated by 4 h, suggesting no cell lysis. The quantitat-
ive analysis (Fig. 4b) show the nanoparticles had minimal toxic
effects on the blood with hemolysis percentage below 2%,
which is within the threshold of biosafety parameters.”?

Cytotoxicity of AgIONPs was assessed with CHO cells and
endothelial cells by using PrestoBlue assay, a colorimetric
assay that quantifies viable cells. Our results show there was
no significant decrease in the viability of CHO cells even after
24 and 48 h after incubation with AgIONPs at the concen-
trations used in this study, as illustrated in Fig. 4c. Cell viabi-
lity of endothelial cells after SCE5-AgIONPs + US treatment
(Fig. 4d) did not show a significant decrease (200 pg of SCE5-
AgIONPs per mL, 2 W cm™2, 2.5 min on, 2.5 min off, 2 cycles),
suggesting clinical translation potential of the NPs.

To evaluate the compatibility and distribution of SCE5-
AgIONPs in the body, ex vivo analyses of histological cuts and
fluorescence imaging of organs were performed. The collected
vital organs included heart, lungs, liver, kidneys, and spleen
from treated mice. Microscopy images of histological cuts
showed no apparent toxic effects in the morphology or compo-
sition of organs from mice treated with the non-targeted and
targeted nanoparticles (Fig. 4e). The biodistribution of the
nanoparticles was estimated with the total radiant efficiency
from the organ images. Fig. 4f shows the accumulation of
SCE5-AgIONPs and mut-AgIONPs mainly in the livers and
kidneys. The size of the nanoparticles is bigger than that of
the nanoparticles that can be cleared via the renal mecha-
nism.”* Although more studies need to be performed to
confirm the specific metabolic pathway they go through for
clearance from the body, we can hypothesize because of their
size and metallic nature that they follow the reticuloendothe-
lial system or the tubular excretion, an alternative to the renal
mechanism for larger nanoparticles.””> Fig. 4g revealed the
nanoparticles did not produce any toxic effects on major
organs based on analysis of H&E-stained sections.

This journal is © The Royal Society of Chemistry 2025



Biomaterials Science

Paper

SCE5-AgIONPs
(mg/mL)
: ! ' \
X-Triton PBS 0.025 0.05. 0.1 0.2 0.4 0.8
| —
'* .
b c d EE Control
* 24hrs B SCES-AgIONPs + US
100+ i . 43h -
3 901 R A
= 804 = 100+ * < 100 ns
- 70 M 4hrs > 2 :
‘» 801 M 24 hrs = -l 2=
o " 2 ]
S ] © 50 © 50
£ > >
7] = -
: 2.. ............. —_— 0 o
0- T |- l! T U 0- g 0
‘:
«&ao & e-&‘: & & o S o '@@ #9
¥ SCE5-AgIONPs AgIONPs
(mg/mL) (ng/ml)
e
mut-AgIONPs SCE5-AgIONPs f
e 1.5%x10% * mut-AglONPs
£ * SCES-AgIONPs
b1 u
WS 10x10%
20 o
- 13 F %
— 5,0%10%
_ KIDNEYS e 2
Hsclomty 2
Coor S o’o-
i SO S S
& o
g
Heart Kidney Liver
£
=
[
@
I
[ & " - -.‘.-.I -
i Z B R Y
09 _ |
< ? Y &
Ga STHLE

Fig. 4 Biosafety of AgIONPs. (a) Whole blood after 4 h incubation with SCE5-AgIONPs. Supernatant is visibly clear. (b) Quantitative analysis
confirms a non-significant hemolysis percentage for 4 and 24 h, suggesting no adverse effects in red blood cells from the nanoparticles (n = 3). (c)
Cytotoxicity of CHO after incubation for 24 and 48 h with nanoparticles showing no drastic decrease in cell viability at the dose used in this work.
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SCE5-AgIONPs effectively target thrombi and enhances US-
thrombolysis in vivo

We used an AICl; induced thrombosis mouse model for in vivo
experiments.>**%%¢ Prior to the thrombolysis experiments, we
used fluorescence imaging to evaluate accumulation of the
nanoparticles to the thrombosed arteries of the mice. Fig. 5a
show the fluorescence images before and after iv injection of
the nanoparticles. The quantitative measurements of total
radiance efficiency of the targeted-treated group after 20 min
show an increase in fluorescence whereas no significant
increase was shown in the control non-targeted groups (p <
0.0001), suggesting that the targeted nanoparticles were able
to bind specifically to the thrombi in vivo (Fig. 5e).

The protocol used for animal studies was optimized in the
in vitro thrombolysis experiments using the same US probe
with the optimized settings, which were determined to be 2
cycles of 2.5 min with an US intensity of 35% (2 W cm™2). The
data gathered from the in vivo thrombolysis assay is summar-
ized in Fig. 5. A visual change between microscope images
before and after US treatment was observed for targeted nano-
particle group (Fig. 5b). The thermal images after the final
cycle indicate the change in temperature for the group treated
with SCE5-AgIONPs + US to be ~10.5 °C, ~6 °C for the mut-
AgIONPs + US, and ~4 °C for the group with PBS + US
(Fig. 5d). The changes in temperature in the groups treated
with mut-AgIONPs + US and PBS + US are within the range of
what has been described previously to cause mild thromboly-
sis with US treatment (~5 °C).”® Nonetheless, for complete res-
toration of blood flow, the ideal change in temperature for
lysing the thrombi without harming any surrounding tissue is
~10 °C.>*?° Importantly, in this study the artery was inside the
body and the outside neck area was exposed to the probe US,
without requiring catheter-like devices nor invasive pro-
cedures. There was no evidence of damage to the vessel nor
the surrounding tissue after US treatment even at the highest
change in temperature.

To evaluate the restoration of blood flow, we measured
blood flow before thrombosis induction as well as before and
after treatment with US using 0.5 mm flow probe, as detailed
in the methods section. A restoration of the blood flow of
more than 90% was observed in the targeted group whereas no
evidence of restoration was seen for both control groups
(Fig. 5f). Fig. 5¢ shows the microscope images acquired from
the histology of retrieved arteries. The arteries were stained
with Masson’s Trichrome, which stains the thrombi in red and
the collagen of the vessel in blue. The results from the his-
tology analysis showed that the thrombus area (red) was sig-
nificantly smaller for the groups treated with SCE5-AgIONPs
when compared to mut-AgIONPs (p < 0.01) and PBS (p <
0.0001) groups. Results from histology show a thrombolysis
percentage of ~98% for the targeted group, ~45% for the non-
targeted, and <15% for the control group (Fig. 5g). Our in vivo
findings suggest that the small thrombolysis obtained from
the PBS + US group may be caused purely by the mechanical
effects of US. Moreover, the thrombolysis in the mut-AgIONPs
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+ US group could be attributed to the effects of US and to the
mild hyperthermia due to unspecific binding of mut-AgIONPs.

Conclusion

We identified a new application for our previously described
nanoparticle system, which is based on iron and silver demon-
strating clot-targeting and efficient treatment of thrombosis.
We show that the nanosystem presented can bind specifically
to thrombi in vitro, and in vivo in a thrombosis mouse model.
We present evidence that SCE5-AgIONPs can be triggered with
ultrasound to generate hyperthermia and induce thrombolysis
in vivo and in vitro. Our results suggest that the treatment of
thrombi-targeted SCE5-AgIONPs + US shows excellent throm-
bolysis in vitro and in vivo and an almost complete restoration
of blood flow in vivo. Hemocompatibility assays on whole
blood, viability assays on CHO cells, and histology analysis of
important organs did not reveal apparent toxic effects, neither
of the nanoparticles nor the US itself, thus representing a
promising and safe alternative treatment for thrombosis.
Future follow-up studies should focus on exploring the possi-
bility of using this nanoparticle as a theranostic agent and
monitor the US-triggered therapeutic outcome and increase in
temperature in real time. Moreover, studies on hyperthermia
combination therapy using simultaneous stimuli such as laser
+ US might provide evidence of a novel and efficient synergistic
treatment for thrombosis. Studying the pharmacology and
clearance mechanism of SCE5-AgIONPs to explore its potential
translation to the clinic is also paramount for future
applications.
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