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deaths worldwide.[2] Atherosclerosis with 
the rupture of unstable plaques, ultimately 
the formation of thrombi and finally myo-
cardial infarction is the most frequent 
example on how thrombosis causes a large 
burden of mortality and morbidity.[3,4] 
Early diagnosis of thrombosis is crucial 
for its effective treatment and decreases 
its recurrence.[5,6] Current treatment and 
diagnosis of thrombosis have some limi-
tations including the use of radiation, 
invasiveness, low specificity, substantial 
economic burden, and side effects such 
as potentially deadly bleeding.[6–13] Some 
of the emerging non-invasive imaging 
techniques for the accurate diagnosis 
of CVDs include magnetic resonance 
imaging (MRI) and photoacoustic imaging 
(PAI).[14,15] The main advantages of MRI 
and PAI over conventional techniques 
include higher tissue penetration depth, 
high spatial resolution, the lack of ionizing 
radiation, non-invasiveness, and the ability 
to track treatment progression.[16,17] One of 

the challenges of MRI and PAI for CVDs is the improvement 
of the binding specificity of contrast agents, such as iron oxide 
nanoparticles (IONPs) and metallic nanoparticles.[18,19]

Nanotechnology has become an important tool in biomedicine 
for the diagnosis and treatment of numerous diseases, including 

Thrombosis and its complications are responsible for 30% of annual deaths. 
Limitations of methods for diagnosing and treating thrombosis highlight the 
need for improvements. Agents that provide simultaneous diagnostic and 
therapeutic activities (theranostics) are paramount for an accurate diagnosis 
and rapid treatment. In this study, silver-iron oxide nanoparticles (AgIONPs) 
are developed for highly efficient targeted photothermal therapy and imaging 
of thrombosis. Small iron oxide nanoparticles are employed as seeding agents 
for the generation of a new class of spiky silver nanoparticles with strong 
absorbance in the near-infrared range. The AgIONPs are biofunctionalized 
with binding ligands for targeting thrombi. Photoacoustic and fluorescence 
imaging demonstrate the highly specific binding of AgIONPs to the thrombus 
when functionalized with a single chain antibody targeting activated platelets. 
Photothermal thrombolysis in vivo shows an increase in the temperature 
of thrombi and a full restoration of blood flow for targeted group but not in 
the non-targeted group. Thrombolysis from targeted groups is significantly 
improved (p < 0.0001) in comparison to the standard thrombolytic used in the 
clinic. Assays show no apparent side effects of AgIONPs. Altogether, this work 
suggests that AgIONPs are potential theranostic agents for thrombosis.

Research Article

K. X. Vazquez-Prada, S. S. Moonshi, Y. Wu, F. Akther, H. T. Ta
Queensland Micro- and Nanotechnology
Griffith University
Nathan, Queensland 4111, Australia
E-mail: h.ta@griffith.edu.au

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202205744.

K. X. Vazquez-Prada, F. Akther, G. Xu, H. T. Ta
Australian Institute for Bioengineering and Nanotechnology
the University of Queensland
St Lucia, Queensland 4072, Australia
B. W.C. Tse, K. A. Sokolowski
Translational Research Institute
Woolloongabba, Queensland 4102, Australia
K. Peter, X. Wang
Baker Heart and Diabetes Institute
Melbourne, Victoria 3004, Australia
K. Peter
Department of Medicine
Monash University
27 Rainforest Walk, Clayton, VIC 3800, Australia
H. T. Ta
School of Environment and Science
Griffith University
Nathan, Queensland 4111, Australia

1. Introduction

Cardiovascular disease (CVD) is the global leading cause of 
morbidity.[1] Thrombosis, the formation of potentially deadly 
blood clots in an artery or vein, contributes to one in every four 

© 2023 The Authors. Small published by Wiley-VCH GmbH. This is 
an open access article under the terms of the Creative Commons 
Attribution-NonCommercial-NoDerivs License, which permits use and 
distribution in any medium, provided the original work is properly cited, 
the use is non-commercial and no modifications or adaptations are 
made.
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CVDs.[20,21] One of the key advantages of nanomedicine is its 
ability to generate submicrometric-size agents conveying tar-
geting, diagnostic, and therapeutic moieties.[22–24] Moreover, the 
combination of diagnostic and therapeutic elements into one 
single nanoparticle has led to the development of a new concept 
termed “theranostics”.[25] Nanotheranostic agents aim to improve 
diagnosis, achieve targeted therapy, monitor biodistribution, and 
response to therapy with increased safety and efficacy.[25–29]

Iron oxide nanoparticles (IONPs) are widely used in biomed-
ical applications due to their surface chemistry, antimicrobial 
effectiveness, non-toxicity, biocompatibility, and superparamag-
netism characteristic.[30–33] IONPs display super magnetism and 
therefore show promising potential to act as diagnostic tools 
for MRI.[34–38] IONPs can also be a therapeutic tool as they can 
act as colloidal mediators for cancer treatment using magnetic 
hyperthermia and as drug delivery systems.[39–43] IONPs coated 
with metals like gold have been shown to display negative con-
trast for MRI and near-infrared (NIR) localized surface plasmon 
resonance (SPR) (700–850 nm).[44] Recently, we reported the syn-
thesis of silver-iron oxide nanoparticles with SPR tuned at NIR 
range for imaging and therapeutic applications.[45] SPR occurs 
when an incident light penetrates a material and polarizes the 
conduction of electrons, causing an increase in temperature.[46] 
Tuning the shape of the nanoparticles might be one approach 
for shifting the absorbance peak of the material to this region, 
where soft tissue, haemoglobin, and water absorb weakly.[47] 
Elongating a spherical nanoparticle into a rod-like shape or 
nanorose tends to shift the SPR into the NIR. Asymmetrical 
shapes have lower energy compared to symmetric nano-heaters 
of equal volume and generate higher temperatures.[48,49] Nano-
materials with strong absorbance in the NIR can be efficient 
and stable nanoplatforms for imaging and treatment of CVDs 
with PAI and photothermal therapy (PTT), respectively. NIR 
PTT involves ablation of the thrombi when exposed to an 
external optical stimulus, such as a NIR laser.[50] Gold, copper, 
and silver are elements known as photothermal ablators. Silver 
nanoparticles have the highest efficiency of plasmon excitation 
in the visible spectrum[43,48,51,52] and are also known to be effec-
tive PAI contrast agents.[41,53,54] When the tissue is illuminated 
with light pulses, their rapid absorption by PA contrast agents 
enables photons to generate ultrasound waves and heat, permit-
ting simultaneous PAI and PTT.[55]

In this study, we attempted to develop silver-iron oxide nano-
particles (AgIONPs) for highly efficient targeted photothermal 
therapy and imaging of thrombosis. Small iron oxide nano
particles were employed as seeding agents for the generation of 
the spiky AgIONPs with strong absorbance in the NIR range, 
which is reported herein for the first time in the literature. This 
research not only develops a nanoparticle system with strong 
NIR and PAI responses, but also potentiates a new generation 
of nanotheranostic agents for the less invasive and specific tar-
geted treatment of thrombosis.

2. Experimental Section

An extended and exhaustive version of the materials and the 
methodology used in this research can be found in the Sup-
porting Information section.

2.1. Optimization of the Silver Nanorose Growth on  
Citrate-IONPs (AgIONPs)

Silver coating on the surface of IONPs was conducted following 
the protocol of Ma et al.[44] with slight modifications. Optimiza-
tion of the silver coating was obtained by varying the quantity, 
addition rate, the metal cation molar ratio, and the reaction 
time. The optimized protocol consisted of IONPs made in an 
aqueous solution made with 0.144 mg of iron. Hydroxylamine 
50% (20 µL) and trisodium citrate (TSC) (70 µL of 1.14%) were 
added into the solution under continuous stirring and served 
as a seeding agent for the elemental silver. Aliquots of AgNO3 
(6.348 mm) were added to the solution every 10 min until the 
amount of AgNO3 added was 250 µL (50 µL per aliquot). Vig-
orous stirring (600  rpm) was carried throughout the whole 
synthesis. An additional 75 µL of TSC (1.14%) was added at the 
end of the synthesis to stabilize the nanoparticles. The densely 
AgIONPs were separated from the less densely uncoated 
IONPs by centrifugation at 4000 g for 6 min and redispersed in 
deionized water. Dialysis overnight with 5 mL of water helped 
on the purification of the nanoparticles (AgIONPs). AgIONPs 
were then coated with a polymer to increase stability and bio-
functionalized with different ligands targeting thrombi (Sup-
porting Information).

2.2. Characterization of the Nanoparticles

Dynamic light scattering (DLS) in a Zetasizer Nano ZS (Mal-
vern) was used to obtain the average hydrodynamic size and 
the size distribution of AgIONPs. Transmission Electron 
Microscopy (TEM) images and Energy Dispersive X-ray Spec-
troscopy (EDS) were taken on a JEOL-JEM-1010 Transmission 
Electron Microscope. The absorption of the nanoparticles 
was determined using a CARY 60 UV–vis spectrophotometer 
(200–1000 nm). The amounts of all the metals were determined 
by inductively coupled plasma-optical emission spectroscopy 
(ICP-OES) (Optima 8300DV ICP-OES from Perkin Elmer). The 
transverse relaxivity of the nanoparticles was measured with a 
Bruker 9.4T MRI scanner.

MRI phantom vessels containing different concentra-
tions of AgIONPs (100  µL) were prepared. Concentration of 
iron was quantified by ICP-OES. MRI of phantoms was per-
formed using a 9.4T MRI scanner (Bruker). T2-weighted images 
were acquired using the following parameters: repetition-time 
(TR)  =  2,600  ms, echo-time (TE)  =  7–896  ms, field of view 
(FOV)  =  58  mm  x  58  mm, matrix-size  =  256  ×  256, slice thick-
ness  =  1  mm, and bandwidth  =  50  kHz. PAI was carried out 
using a Vevo LAZR scanner (Visualsonics, Toronto, Canada) 
as discussed in previous reports.[56] Different concentrations of 
AgIONPs samples were loaded into polyethylene tubes. The PA 
spectral signature of AgIONPs was determined by scanning from 
680 to 970, with 5 nm increments, and analyzed using the Vevolab 
5.6.1 software. The PA profile was validated by a 3D scan covering 
10 mm along the length of tubing with excitation at 808 nm.

Human fresh frozen plasma (FFP) provided by the Aus-
tralian Red Cross Service was added (180 µL) to an Eppendorf 
tube. A mixture of 5 µL of CaCl2 (1 m), 12 µL of actin, and 3 µL 
of thrombin (0.1  U  µL−1) was added to the FFP. The mixture 
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was incubated for 1 h at 37 °C. After incubation, the clots were 
washed with PBS 7.4 at room temperature with subtle rota-
tion for 30  min. Before incubation, it was confirmed that all 
the ligand-conjugated nanoparticles used in this assay had 
the same fluorescence intensity. The tested nanomaterials 
were resuspended in PBS 7.4. A concentration of nanomate-
rials at 0.1  mg  mL−1 was used for fluorescence imaging and 
0.4  mg  mL−1 for photoacoustic imaging. The clots were incu-
bated with solution under rotation for 15  min following by 
three washes with PBS of 15  min each. The clots were fixed 
with 4% paraformaldehyde (PFA) and imaged using a Sapphire 
machine on fluorescence mode (scanning with all fluorescence 
filters). For PAI scanning, clots were immersed in a bed of 
ultrasound gel, then imaged with excitation at 780 nm, gain of 
30 dB, step size of 0.1 mm, covering the length of the clots.

An in-house polydimethylsiloxane (PDMS) multichannel 
microfluidic device was used to check the binding affinity 
of the nanoparticles under flow (see method in Supporting 
Information).[57]

2.3. In Vitro Thrombolysis Assay

In vitro human thrombi were prepared from blood provided 
by the Australian Red Cross under a human ethics (2021/598) 
approved by Griffith University human ethics committee. Briefly, 
the blood was centrifuged for 15 min at 250 g. The pellet (Red 
blood cells; RBC) and the supernatant (platelet-rich plasma; PRP) 
were collected. A solution of 95% FFP and 5% RBC was made in 
order to mimic the composition of human arterial thrombi.[58] 
For preparing each thrombus, 200 µL of this mixture was added 
to 5 µL of 1 m CaCl2 in a glass vial. The mixture was incubated 
for 15  min at room temperature. The glass vials were weighed 
before and after the experiment. The initial and final tempera-
ture were also recorded with a thermal camera (FLIR, US). 
Thrombi were incubated with 100 µL of different concentrations 
of the nanoparticles and optimization of the settings was made. 
PBS was used as the control in all the thrombolysis experiments. 
The thrombi were irradiated with an 808 nm infrared laser (light 
intensity  =  1, 1.5, and 2  W  cm−2, laser-diameter  =  2  cm) for 1, 
2, and 3  min in a custom build stabilized infrared fiber laser 
system. After the laser exposure, the liquid of the lysis was dis-
carded and the decrease in the clot’s mass was calculated for 
each thrombus. The percentage decrease in the thrombus mass 
was normalized against that of the control.

2.4. In Vivo Photoacoustic and Fluorescence Imaging

All animal procedures were performed in accordance with the 
Guidelines for Care and Use of Laboratory Animals of the Uni-
versity of Queensland. Approval number: No. AIBN/420/19/
CAI and 2020/AE000350.

Two different groups of mice were analyzed for imaging 
purposes, including targeted (scFv-PEG@AgIOPs) and non-tar-
geted (mut-scFv-PEG@AgIONPs) delivery. All mice were first 
imaged by color Doppler around the neck region to identify the 
precise location of the artery, then imaged for photoacoustic 
signals at pre-injection, 10, 20, and 30 mins post-injection. Mice 

received an intravenous injection of AgIONPs at 4 mg kg−1 of 
body weight. 3D PA scans were performed at the excitation of 
780 nm, frame averaging of 2, covering 10 mm along the length 
of the artery at 0.1  mm step size, and respiration gating acti-
vated. All analyses including PA signal intensity measurements 
and visualizations were performed using Vevolab software 
v5.6.1 with 30 dB gain.

Fluorescence imaging (FI) was obtained using the IVIS 
Spectrum Perkin Elmer). Mice were anaesthetized with 1–2% 
isoflurane at oxygen flow of 1–2  L  min−1. FI was performed 
at the emission and excitation of 640 and 790  nm, respec-
tively. Images were taken at pre-injection, 5, 10, 15, 20, 25, and 
30 min. Fluorescence intensity and total radiant efficiency were 
calculated using the IVIS software v4.5.

2.5. In Vivo Thrombolysis

Five groups of mice were used for this study, including PBS 
group, non-targeted group, targeted group, and tPA group. 
Blood flow was measured before the induction of thrombus, 
immediately after the induction, and after laser treatment with 
a 0.5 mm flowmeter probe (Transonic) at 160 Hz. For targeted 
and non-targeted groups, AgIONPs were injected at a dose of 
4  mg  kg−1. Group treated with tissue plasminogen activator 
(tPA) were injected at a dose of 2 mg kg−1. The clot area was irra-
diated by the 808 nm laser at 1 W cm−2 for 3 min and rested for 
5 min prior to the next laser exposure for total three exposures. 
All laser experiments were performed after 1  h of thrombus 
induction. The temperature before and after laser irradiation 
was obtained using infrared thermal camera (FLIR C2) in every 
cycle. The change in the maximum and minimum flow value 
was calculated between the five groups. The carotid artery was 
collected before euthanasia, washed with PBS, imaged and 
fixed with 4% PFA. The collected carotid artery was then pro-
cessed and embedded cryosections (5 µm) were further stained 
with Masson’s trichrome. The prepared histological slides were 
observed under the microscope (Olympus Upright FL Micro-
scope BX63) and analyzed for thrombus area with ImageJ.

2.6. Statistical Analyses

One-way and two-way ANOVA were performed using the soft-
ware GraphPad Prism, at confidence levels of 95% and 99%, 
and using Bonferroni or Tukey post-hoc tests. Assays were at 
least made in triplicates. For in vivo experiments, the sample 
size was at least n = 4. 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 are 
presented as mean ± SD.

3. Results and Discussion

3.1. Physicochemical Features of IONPs and AgIONPs

Following design and optimization, IONPs were successfully 
synthesized (Figure  S1, Supporting Information) with the 
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co-precipitation of Fe (II) and Fe (III) chlorides in an alkaline 
solution at 70  °C. DLS data show that the nanoparticles had 
a homogeneous distribution with a PDI of 0.16  ±  0.01. The 
Z-average and number mean particle size were 29.5 ± 0.2 and 
16.9 ± 0.5 nm, respectively. The IONPs were effectively coated 
by citrate, they did not show aggregation and had a negative 
surface charge (zeta potential = −34.7 mV). TEM images of the 
nanoparticles confirm the homogeneity in their size and asym-
metrical morphology (Figure S1C, Supporting Information).

The silver shell was developed by a seeding method. Based 
on previous evidence in the literature,[59–61] we know using 
reducing agents reduce the silver salts from silver nitrate in the 
solution. For the synthesis of AgIONPs, there were three ele-
ments that allowed us to form the seedings for silver nuclea-
tion: sodium citrate, hydroxylamine, and the citrate-capped 
iron oxide nanoparticles. The addition of silver nitrate aliquots 
formed a silver seeding on the surface of the IONPs. Zhou et al. 
showed that silver coating on the surface of an oxide was pos-
sible due to electrostatic interactions between the surface of the 
oxide (i.e., graphene oxide) and the silver ions.[62] In our study, 
the coating of silver on the surface of citrate coated iron oxide 
nanoparticles is also possible due to the negative surface charge 
of the citrate coated IONPs. IONPs not only served as a surface 
template for the silver ion coating, but also as the donor of elec-
trons for the growth of the Ag layer. Moreover, there has been 
evidence from metal oxide species serving as reducing agent 
for metal growth on the surface of substrates.[63] Studies show 
that the physicochemical properties of silver nanoparticles are 
extremely dependent on the reducing agent used. When silver 
is reduced by citrate and hydroxylamine, the coating results in 
an asymmetrical shape due to the presence of small aggregates 
of silver nanoparticles formed as a consequence of high nega-
tive electric charge in the surface. Moreover, the growth of silver 
(nucleation process) is an autocatalytic reaction.[64,65] The layer 
of silver on the surface itself is a reactant- more nucleation will 
occur as more silver is deposited on the surface of the existing 
layer, promoting the formation of aggregates that provide the 
AgIONPs their spiky shape and therefore, a higher plasmon 
resonance and strong absorbance in the NIR.

The hydroxylamine is adsorbed on the IONPs (Fe3O4) sur-
face and therefore serves as a reducing agent that favors the for-
mation of elemental silver (Figure S3, Supporting Information). 
The addition of more reducing agents will generate more seeds 
and thicken the existing seeds. The AgIONPs silver shell has a 
strong resonance absorption that can be controlled and shifted 
to different wavelengths. Our results show that the silver shell 
was compact and create a near-spherical shape, which had the 
maximum absorbance peak ≈600 nm. The shape of the nano-
particles became asymmetrical, and the maximum absorb-
ance peak was shifted to the NIR upon increasing the amount 
of silver or adding more of the reducing agent (Figure S2 and 
Table  S2, Supporting Information). The mass ratio between 
silver and iron (Ag/Fe) in the reaction, along with the amount 
of hydroxylamine used, were found as the principal factors of 
determining the morphology of the nanoparticles and their 
absorbance (Figure S4 and Table S3, Supporting Information). 
When the reaction was made with 14 µL of hydroxylamine and 
a Ag/Fe mass ratio of 0.78 (Figure  S4A, Supporting Informa-
tion) the nanoparticle had a spherical shape. In contrast, when 

the IONPs were coated with a ratio of 0.95 and using 20 µL of 
hydroxylamine, the shape became irregular (Figure  S4B, Sup-
porting Information). Moreover, when the reaction occurred 
with 20  µL of 50% hydroxylamine and at a ratio of 1.18, the 
spiky shape became more evident (Figure  S4C, Supporting 
Information).

The optimized protocol based on Ag/Fe ratio and amount 
of hydroxylamine for synthesis of AgIONPs is shown in 
Figure  S4C (Supporting Information). The protocol including 
addition of 0.171 mg of silver to the IONPs (0.144 mg of iron) 
with 20  µL of 50% hydroxylamine. Silver nitrate (6.348  mm) 
was added in five aliquots of 50 µL with a 10 min interval. The 
optimal protocol was chosen based on the high absorbance at 
808  nm which will translate into a higher photothermal effi-
ciency. Using the optimized protocol, the particle diameter 
increased to 113.4  nm (Figure  1B). The particle size distribu-
tion seems homogeneous, with a polydispersity index of 0.174 
and a negative charge surface (zeta potential  =  −29.8  mV) 
(Figure  1B,C). TEM images confirm an asymmetrical shape 
and low polydispersity (Figure 1A) and UV–vis spectra show a 
clear maximum absorbance peak in the NIR (Figure 1D). EDS 
and ICP data show both Fe and Ag in the AgIONPs sample 
(Figure 1E; Table S3, Supporting Information) while Ag was not 
detected in the citrate-IONPs. EDS results estimated the iron in 
the nanoparticles to be 24.34% whereas ICP data show the iron 
content to be ≈1.2%.

The difference in the measurements could be attributed 
to the shape and the composition of the nanoparticles. It is 
known that EDS analyses depend greatly on the sample’s sur-
face, homogeneity, and density.[66] The spiky shape of AgIONPs 
might have caused difficulties to obtain an analytical accuracy, 
as the X-rays might not have been able to penetrate adequately 
into the core of the nanoparticle. In addition, the standard used 
for iron herein had differences in the structure and compo-
sition to that of the iron oxide in the AgIONPs, affecting the 
accuracy of the results.

Moreover, the extinction coefficient of the nanoparticle at 
808 nm was estimated to be ε = 5.39 × 1012 m−1 cm−1 (Table S1, 
Supporting Information) suggesting AgIONPs could induce an 
efficient photothermal effect when exposed to NIR. Compared 
to other silver nanoparticles in the literature,[67] AgIONPs have 
up to 34 times higher extinction coefficient. AgIONPs pos-
sess significantly higher extinction coefficient at 808 nm when 
compared to other nanoparticles used for NIR photothermal 
therapy (up to 83968x).[68––70] The 808  nm laser heat conver-
sion efficiency (η) of the AgIONPs was determined to be 23% 
(Figure S5, Supporting Information, page 3–4), which is similar 
or greater to other nanomaterials described in the literature 
for photothermal therapy, including gold nanorods (≈21.0%, 
800 nm laser),[71] Cu2−x Se nanocrystals (≈22%, 800 nm laser),[72] 
and ICG encapsulated polymeric nanoparticles (≈20.81%, 
808 nm laser).[73]

3.2. AgIONP as a Multimodal Imaging Agent

The efficacy of AgIONPs as a bimodal contrast agent was 
tested by using two non-invasive methods, i.e., PAI and MRI.[74] 
To examine the effect of particle sizes on the MRI contrast 
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properties of AgIONPs, the relaxation time of the nanoparticles 
was studied on a 9.4T MR Scanner. It is known that IONPs can 
generate a change in the local magnetic field, the resonance 
properties of a tissue and hence its relaxation time T2 values. 
By changing the proton density of a tissue and altering the 
relaxation properties of surrounding protons, IONPs can serve 
as a promising contrast agent for MRI. Figure 1F shows the T2-

weighted MRI images of AgIONPs at different concentrations. 
The T2-weighted relaxivity (r2) of the nanoparticles was measured 
to be 30.1 mm−1 s−1. The phantom tubes containing higher con-
centrations of AgIONPs appeared darker than that containing 
lower concentrations of AgIONPs. Our nanoparticles appeared 
to have lower r2 when compared to IONPs reported in the litera-
ture.[74] Interestingly, we found that the r2 from AgIONPs shown 

Small 2023, 19, 2205744

Figure 1.  Characterization of the nanosystem. A) TEM images showing AgIONPs with irregular nanorose-like shape. B) Table summary of the para
meters from each particle that conforms the nanosystem, C) dynamic light scattering (DLS), and D) absorbance of the nanoparticles. Absorbance of 
AgIONPs shows an intense peak at 808 nm. E) EDS spectra also illustrates the percentage of silver and iron in an AgIONP. F) MR T2-weighted images 
of phantom tubes with AgIONPs showing an enhancement in the contrast signal with each increasing concentration. G) PA images of polyethylene 
tubes with increasing concentration of AgIONPs.
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in Figure S4A,B (Supporting Information) was smaller than that 
in Figure S4C (Supporting Information). It is probable that the 
more spiky the shape of the nanoparticles, the stronger the MRI 
effect. In addition, r2 decreased as the silver layer grew thicker, 
which explains that our r2 values were smaller than non-metallic 
coated IONPs reported in the literature.

PAI is a highly sensitive and new imaging method that meas-
ures the heat response in a tissue to laser pulses. Figure  1G 
shows an increase of signal nanoparticles in a concentration-
dependent manner in the PA images of polyethylene tubes con-
taining different concentrations of the. When the nanoparticles 
interact with light, the conduction of silver electrons is driven 
by the incident electric field into collective oscillations of local-
ized SPR.

Therefore, the contrast is stronger when the concentration 
of silver increases due to more free charges on the surface 
of the AgIONPs that oscillate with the electromagnetic field. 
Ex vivo data in white male mouse cadaver show that endoge-
nous PA signals derived from blood differed from that of the 
AgIONPs (Figure  S6, Supporting Information). In addition, 
the figure shows an image comparing the signals from blood 
tubes and AgIONPs alone, suggesting that the photoacoustic 
signals are purely provided by the nanoparticles but not any 
endogenous component. PEGylation of AgIONPs increased the 
particle size and led to changes of physicochemical properties. 
The absorbance peak did not change; however, the intensity 
slightly decreased probably because the soft coating causes the 
crests of silver to be less exposed to the surface (Figure 1C,D). 
As expected, the surface charge of the PEG-coated and the 
uncoated AgIONPs was not significantly different since car-
boxylated PEG has negative charge. Previous reports in the lit-
erature suggest that the surface itself likely consists of a mon-
olayer of Ag+.[75] Some of the SH-PEG-COOH and SH-mPEG 
may exist as a thiolate anion and bind with silver ions, which 
may reduce the absorbance.

The stability assays show that the size and absorbance of 
naked AgIONPs changed immediately after mixing with PBS. 
On the contrary, the size of PEG@AgIONPs remained stable 
for 24  h. The absorbance profile of PEG@AgIONPs did not 
change compared to non-coated NPs, further suggesting suc-
cessful PEGylation (Figure S7, Supporting Information).

3.3. In Vitro Thrombolysis Efficacy of AgIONPs

The in vitro thrombolysis assays suggest that the nano
particles were able to lyse thrombi when exposed to 808  nm 
laser (Figure  2). The optimized settings for thrombolysis 
using AgIONPs included a nanoparticle concentration of 
0.1 mg mL−1, the laser intensity of 1.5 W cm−2 for 2.5 min and 
3 cycles. The nanoparticles were able to transform light energy 
from the laser into heat and therefore promoted thrombolysis 
in a dose dependent way.

Our results are similar to the first generation of AgIONPs 
developed by us (Rehman et al. paper).[45] Nonetheless, the per-
centage decrease of thrombus weight was higher in our study 
(≈1.5x) even when using the same concentration (0.1 mg mL−1) 
and lower laser intensity. The main reasons for these differ-
ences are likely related to the morphology of the nanoparticles. 

The AgIONPs from Rehman et al. are nanorose shaped but with 
less prominent peaks than the nanoparticles synthesized in this 
study. Importantly, the temperature did not significantly change 
from cycle to cycle, which is similar to report by Rehman et al. 
These results suggest that it is possible to enhance the photo-
thermal ablation of thrombi by increasing the number of cycles 
without compromising surrounding tissue to burns.

3.4. Biofunctionalization of the Nanoparticles Enhanced the 
Binding Efficiency to Human Thrombi In Vitro

The nanoparticles were targeted to major components of 
thrombi: fibrin and activated platelets. FibPeps target fibrin 
whereas RGD peptide and single chain antibody (scFv) 
bind specifically to activated form of the integrins αvβ3 and 
GPIIb/IIIa in platelets, respectively.

3.4.1. Fibrin-Binding Peptide (FibPeps)

The conjugation of the FibPeps was achieved via three inde-
pendent reactions (Figure  S8, Supporting Information). The 
first reaction consisted of the addition of TCEP. The polymer 
has thiol groups exposed and might create disulfide bonds 
between them. The TCEP was added as a reducing agent to 
break the disulfide bond to free the thiol groups for conju-
gating AEM to the peptides. Maleimide readily reacts with the 
thiol groups in the peptides, which favors the conjugation. The 
second reaction consists in activating the carboxylic groups 
provided by SH-PEG-COOH on the surface of AgIONPs. Last, 
we mix both reactions to allow the activated carboxylic groups 
in the PEG@AgIONPs react with the terminal amine of the 
peptide.

The conjugation yields of all the protocols assessed are sum-
marized in Table  S4 (Supporting Information). When using 
4.56 nmoles of the peptide (1:74 mass ratio of FibPeps:NP), the 
conjugation yield was 27%, which is smaller than when using 
2.28  nmoles (1:148 mass ratio FibPeps:NP, 69% conjugation 
yield). The nanoparticles had a decreased absorbance, sug-
gesting the nanoparticles obtained from 4.56 nmoles were not 
as stable as those with the other 2.28 nmoles protocol. This can 
be explained because with increasing the amount of peptide, 
the amount of TCEP and AEM increases as well. TCEP is pre-
pared and used as a hydrochloride salt (TCEP-HCl). Increasing 
the amount of TCEP will also change the pH of the reaction, 
affecting the stability of the nanosystem. Despite the low con-
jugation yield, similar amounts of peptides/nanoparticle were 
obtained in with 2.28 and 4.56  nmoles of peptide in the reac-
tion. The optimized protocol resulted in 69% conjugation yield 
using 2.28  nmoles of peptide, and the prepared nanoparticles 
showed more intense fluorescence intensity in the binding 
assays (Figure S12, Supporting Information).

3.4.2. Activated Platelet-Targeted Peptide (RGD)

RGD-AgIONPs were synthesized by carbodiimide mediated 
reactions between COOH on the surface of PEG@AgIONPs 

Small 2023, 19, 2205744
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and NH2 present on Cy5 and RGD (Figure  S9, Supporting 
Information). The optimization of the conjugation to RGD is 
shown in Table  S4 (Supporting Information). The mass ratio 
of 1:20 (RGD:AgIONPs) was chosen as the optimized protocol 
since both, the fluorescence and microscope images showed 
more binding of the nanoparticles to thrombi (Figure S12, Sup-
porting Information). The amount of peptides conjugated onto 

nanoparticles increased with adding more peptide to the reac-
tion, while the conjugation yield of RGD to PEG@AgIONPs 
decreased. Importantly, data showed that RGD-AgIONPs made 
at 1:20 had the higher binding to thrombi, statistically higher 
than that at 1:10 and 1:40 (Figure  S12, Supporting Informa-
tion). This could be because the threshold of integrins used for 
binding was already reached at 1:20 and the addition of more 

Small 2023, 19, 2205744

Figure 2.  In vitro thrombolysis assay. A) Optimization of the protocol. AgIONPs were able to transform light energy into heat and B) promoted throm-
bolysis when exposed to 808 nm laser. Thermal images showing heat and the lysis of clot with each concentration (n = 3) with *p < 0.05 considered 
significant while **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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RGD molecules in DMSO at the higher ratio (1:10) could com-
promise the stability of RGD-AgIONPs.

3.4.3. Single Chain Antibody (scFv)

Conjugation of a GGG-N3 peptide to the C terminus of scFv-
LPETG antibody was achieved via sortase mediated ligation 
(SML) (Figure  S10, step 1, Supporting Information). Suc-
cessful conjugation of the azide group to the scFv (targeting 
antibody) and mut-scFv (mutated non-targeting antibody) 
was indicated by the decrease in size of the resulting conju-
gated scFv-N3 and mut-scFv-N3 confirmed by SDS-PAGE gel 
(Figure S11A, Supporting Information). The change in size is 
due to the loss of LPETG tag during the sortase reaction and 
has also been reported previously.[35,76] In a separate reaction, 
the PEG@AgIONPs were modified with Cy5 for fluorescence 
purposes, and DBCO for copper-free click chemistry reaction 
with the N3 present on the scFv. The reaction was facilitated 
by EDC and carbodiimide mediated reaction between COOH 
on the surface of PEG@AgIONPs and NH2 present on Cy5 
and DBCO (Figure  S10, step 2, Supporting Information). 
Labeling of PEG@AgIONPs with Cy5 was further confirmed 
by the fluorescence intensity measured with Sapphire imager 
system.

After ligation of the azide group to the antibody and con-
jugation of Cy5 and DBCO to the nanoparticles, scFv-N3 was 
reacted with the DBCO-AgIONPs through strain-promoted 
alkyne-azide cycloaddition (SPAAC). This method allows site 
specific conjugation of scFv on the surface of the AgIONPs 
and therefore preserves the antibody binding capacity.[77] SDS-
PAGE and BCA assay confirmed conjugation of the scFv and 
mut-scFv to the nanoparticles. In the SDS-PAGE, indirect 
measurement of conjugation yield was estimated by loading the 
supernatant (Figure  S11B, Supporting Information ; lane 3&4 
for scFv and 6&7 for Mut). Direct measurement was also esti-
mated by loading the whole ScFv-AgIONPs (Figure S11B, Sup-
porting Information ; lane 9) and mut-AgIONPs (Figure S11B, 
Supporting Information ; lane 8) immediately after the conju-
gation reaction. As the nanoparticles could not move across 
the gel, only free (non-bound) antibody molecules moved. The 
indirect method estimated a conjugation yield of 73.62% for 
scFv-AgIONPs and of 64.7% for mut-AgIONPs, while the direct 
method suggested a conjugation of 83.6% and 74.3%, respec-
tively. The percentage shown on Figure S9B (Supporting Infor-
mation) are the percentage of total antibody molecules moved 
across the gel.

3.4.4. Comparison of FibPeps, RGD, and scFv-SCE5 Targeted 
AgIONPs Binding Efficiency to Thrombus

The adhesion of the targeted nanoparticles to human clot was 
first analyzed in vitro using fluorescence and photoacoustic 
imaging. All the nanoparticles were tagged with a fluores-
cent dye. The fluorescence of the incubating solution of each 
targeted nanoparticle was measured before the assay. Fluo-
rescence imaging was performed to determine which of the 
targeted nanoparticles would be the optimum for future in 

vivo work. There was no difference between the fluorescence 
intensity of AgIONPs and FibPeps-AgIONPs due to the small 
amount of peptides per nanoparticle (Figure  S12, Supporting 
Information). Binding of RGD-AgIONPs and scFv-AgIONPs 
to clot was significantly different (p < 0.0001) from that of the 
control (PBS 7.4) (Figure  3A,D). Between these two treatment 
groups, scFv-AgIONPs had 2x more fluorescence intensity than 
RGD-AgIONPs. Photoacoustic imaging confirmed the specific 
binding of scFv-AgIONPs in comparison to mut-AgIONPs 
(Figure 3B,E).

Flow binding assays further support these findings by 
showing a significant increase in the binding of Cy5 labeled 
scFv-AgIONPs to thrombi when compared to mut-AgIONPs. 
These results are also consistent under simulated artery con-
ditions (Figure  3C,F). The flow conditions of the device and 
the assay were designed to mimic the pulsatile flow physiology 
found in arteries with athero-related pathologies (shear rate of 
1,000 s−1).[78] The merge between FITC and Cy5 images suggest 
that there is a specific binding from the targeted nanoparticles 
to the activated platelets. Moreover, an increase in the intensity 
of Cy5 signal at different time points suggests that the binding 
to the thrombus increased gradually over time (Figure  S13, 
Supporting Information). The data gathered in these experi-
ments are a promising sign toward continuing further in vivo 
studies, as there is not only specific binding from the nano
particles to the thrombi, but also the binding is maintained 
under atherothrombosis conditions under physiological flow. 
One of the advantages of antibodies over peptides is their 
higher specific recognition and interaction with their epitopes 
through multiple bonds, and the possibility to target other dis-
tinct cellular processes by changing the antibody used. In con-
trast, the key advantage of peptides over antibodies is their size; 
being smaller enables them to have good tissue penetration.[79] 
In our study, we used a single chain antibody, which combines 
the high affinity of antibodies with smaller molecular size, ena-
bling scFv to have a greater binding efficacy than RGD even 
with less molecules attached to the AgIONPs. As scFv showed 
the best binding affinity to thrombus, it was employed for in 
vivo studies.

3.5. Biocompatibility of PEG@AgIONPs

Hemocompatibility and viability assays were performed to 
assess the biocompatibility of the nanoparticles. Hemocompat-
ibility was measured photometrically by calculating the hemol-
ysis percentage in the presence of particles assessed by the 
release of hemoglobin. In our study, PEG@AgIONPs seem to 
have good hemocompatibility with erythrocytes. The hemolysis 
percentage was <4% in all the tested concentrations and time 
periods (Figure  4A,B). To test the cytotoxicity of the nanopar-
ticles, Chinese Hamster Ovarian (CHO) cells were incubated 
with different concentrations of PEG@AgIONPs ranging from 
0 to 0.4  mg  mL−1 of Ag for 24 and 48  h (Figure  4D). Cell via-
bility was assessed by using PrestoBlue Cell Viability Reagent. 
The cells showed good viability at all tested concentrations. A 
reduction of cell viability was observed on cells incubated with 
0.4  mg  mL−1 at 48  h. It is important to note that the concen-
tration used in vivo was four times less (0.1  mg  mL−1), and 
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it shows no cytotoxicity in the viability studies performed. 
Endothelial cells treated with nanoparticles and laser showed a 
slight decrease in viability. Nevertheless, the viability was still 
≈80% (Figure  4C). Tail bleeding assay confirmed no statistical 
difference in the bleeding times for the control and the treated 
mice, suggesting no risk of extreme bleeding caused by the 
treatment (Figure 4E). These data confirm the biocompatibility 
of the developed nanoparticles.

3.6. In Vivo Specific Binding of scFv-AgIONPs to Thrombus and 
Photothermal-Induced Thrombolysis

The specific binding of the nanoparticles was assessed in vivo 
using different imaging modalities, i.e., PAI and FI. Due to the 
small amount of iron in the AgIONPs, MRI was not feasible 
for imaging thrombosis in vivo. Nonetheless, AgIONPs should 
be further explored as a contrast agent for MRI in vivo using 

Small 2023, 19, 2205744

Figure 3.  Binding efficiency to in vitro human thrombi (n = 3). The concentration used for incubation of (A) and (B) was 0.1 mg mL−1 of the whole 
nanoparticle mass. For C, 0.5 mg mL−1. A) Visible light images (grey) and fluorescence Sapphire images (red) taken after binding assay, and D) analysis 
from Fluorescence Sapphire images estimating binding to clot based on fluorescence intensity. B) PA images showing visible difference in photo 
acoustic signal (red) between the targeted nanoparticle when compared to the non-targeted nanoparticle with E) analysis showing significant dif-
ference between the binding of targeted and non-targeted nanoparticles. C,F) Images and graph of the flow binding assay, with scFv-AgIONPs (red 
fluorescence) illustrating higher binding to the DiOC6 stained platelets (green fluorescence) compared to mut-AgIONPs (scale bar = 100 µm). Sample 
size n = 3, *p < 0.05 considered significant while **p < 0.01, ***p < 0.001, and ****p < 0.0001, #p < 0.05, ####p < 0.0001.
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Figure 4.  Biocompatibility of AgIONPs (n = 3). A) Eppendorf tubes with clear supernatant in the samples after 4 h incubated with PEG@AgIONPs 
and B) graphs showing hemolysis percentage after incubation with nanoparticles for 4 and 24 h suggesting no damage in red blood cells from the 
nanoparticles. C) Cytotoxicity of endothelial cells (SVEC4-10) after laser treatment with nanoparticles showing no decrease in viability. D) Cytotoxicity 
of PEG@AgIONPs to CHO cells after 1 and 2 days incubation. E) Graph showing no significant difference between the time taken for stopping the 
bleed between both groups, suggesting no risk of haemorrhages attributed to the treatment. F) Histology of tissues collected from healthy mice and 
mice treated with ScFv-AgIONPs and laser showing no apparent toxicity of the treatment (scale bar = 20 µm).
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other disease models where the region of interest has higher 
area such as cancer. PA imaging was performed before and 

after injection at different time points. Figure  5A shows the 
ultrasound and photoacoustic images before and after injection 

Figure 5.  In vivo imaging. A) PAI images of thrombi (arrow pointing to the thrombosed artery) and B) FI images of mice treated with scFv-AgIONPs 
and mut-AgIONPs at different timepoints. C) PAI analysis graph showing statistical difference on the contrast signal since first timepoint and D) FI 
analysis graph of the relative total radiance efficiency in respect to baseline, showing statistical significance in the signal at 10 min (4 mg AgIONPs per 
kg of body weight, n = 4, *p < 0.05 considered significant while **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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of photoacoustic signal. The images show a visual change in 
photoacoustic signal in the area treated with AlCl3 and an 
increase in the strength of the signal over the time, suggesting 
that the targeted nanoparticles specifically and strongly attached 
to the thrombus. The ratio of the signal between scFv-AgIONPs 
and mut-AgIONPs doubled at 10  min, and it continued to 
increase over the time until it reached its peak at 40 min after 
injection (Figure 5C).

The fluorescence images were acquired before and every 
5 min post-injection of the nanoparticles (Figure 5B). A relative 
increase in the total radiant efficiency (TRE) of the fluorescence 
was shown from 5 to 10 min post injection. Then the fluores-
cence remained stable and increased slowly for up to 30  min 
when compared to the pre-injection measurement. Notably, 
no increase in fluorescence was shown in the non-targeted 
group. These findings demonstrated the potential use of scFv-
AgIONPs in providing a more specific, accurate, and sensitive 
multi-modality nanomaterial for detection of thrombosis.

The in vivo thrombolysis protocol used was optimized in 
the in vitro experiments using the same laser. Even though 
the in vitro optimization was done with a laser intensity of 
1.5 W cm−2, the carotid artery was damaged using this intensity 
(Figure S14, Supporting Information), and further optimization 
was needed. The optimal laser intensity in vivo was determined 
to be 1 W cm−2. For evaluating the thrombolysis percentage, the 
blood flow before induction of clot, and before and after treat-
ment was measured with a 0.5 mm flow probe (Figure S15, Sup-
porting Information). Figure 6 shows the data gathered from in 
vivo thrombolysis assay. A visual change between microscope 
images before and after laser treatment was observed for tar-
geted nanoparticle groups (Figure 6A).

The changes in temperature after each cycle were neglectable 
between all groups except for the targeted. Importantly, there 
was no evidence of damage to the vessel nor the surrounding 
tissue after laser treatment even at the highest change in tem-
perature. Figure 6B shows the quantitative data from the max-
imum and minimum value of the flow recorded by the flow 
probe. Blood restoration percentage was calculated by using 
the following formula, where F0 is the basal normal flow, F1 is 
the flow from the clotted artery before treatment, F2 is the flow 
after treatment:

Blood restoration %
1002 1

0

F F

F

( )( ) ( )
=

−
� (1)

A full restoration of the blood flow was observed in the targeted 
group when compared to the control group. Mut-AgIONPs and 
free tPA groups had no difference between them nor the con-
trol group. Histology of carotid arteries stained with Masson’s 
Trichrome showed similar data (Figure  6C). The remaining 
thrombus area (red) was significantly lower (<20%) for the 
groups treated with scFv-AgIONPs. Results from histology were 
also correlated with the restoration of flow and further confirmed 
there was no difference between the control, non-targeted and 
tPA groups. The dose of tPA used in this experiment was higher 
than the recommended dose of tPA used in the clinic (2 mg kg−1 
versus 0.9  mg  kg−1).[80] Nevertheless, it is important to note 
that in the clinic, tPA must be administrated over 60–120 min, 
which will increase the circulation time of the thrombolytic.[81] 

In addition, tPA is generally administered along with other 
therapeutics such as anticoagulants and repeat thrombolytic 
treatment is needed for complete resolution of symptoms.[82,83] 
Moreover, up to 25% of people still have a blood clot after throm-
bolytic therapy.[83] Altogether, this evidence can explain why in 
this study a single tail vein injection of free tPA at 2 mg kg−1 was 
not enough for causing thrombolysis. Surprisingly, our nano-
particles showed excellent photothermal thrombolysis alone. 
The mechanism of blood restoration in this study is known 
as hyperthermia-induced thrombolysis. Conversion of nonra-
diative light energy into heat is achieved by AgIONPs. Arterial 
thrombus is primarily composed of platelet aggregates in a retic-
ulum of fibrin. When AgIONPs attach to the thrombus and are 
exposed by 808  nm laser, the generated hyperthermia will dis-
rupt the fibrin matrix. In addition, heating of platelets and red 
blood cells will trigger apoptosis and eryptosis, respectively. The 
fibrinolysis and death cell caused by the AgIONPs heating will 
clear cellular material and protein from the compacted thrombi 
and will restore blood flow.[84] It is important to mention that the 
AgIONPs dose and settings of the laser treatment used in this 
study showed no effects on the viability of endothelial cells, sug-
gesting that this nanosystem should not elicit adverse effects or 
harm to surrounding vasculature. Future studies should focus 
on the comparison between AgIONPs with tPA and tPA alone to 
explore a potential synergy for thrombolysis.

3.7. Biodistribution of PEG@AgIONPs

Vital organs were collected from the treated mice in order to 
track the biodistribution and estimate the biocompatibility of the 
nanoparticles to organs. The biodistribution was based on ex vivo 
fluorescence images, whereas the biocompatibility was micro-
scopically observed from the morphology of the sectioned tissues. 
Based on the ex vivo images, most of the nanoparticles accumu-
lated in the liver and kidneys (Figure  7A). Microscope images 
from histology tissues confirmed no acute abnormality detected 
in any of the analyzed tissues, including the liver and kidney 
(Figure 4F; Figure S16, Supporting Information). Ex vivo fluores-
cence imaging of carotid arteries suggests similar results as in 
vivo imaging, showing strong fluorescence on thrombi region for 
the targeted treated animals and a significant difference in the 
signal between the groups (Figure 7B). Importantly, there was no 
difference between the biodistribution of both groups.

4. Conclusion

We developed a novel nanoparticle system based on iron 
and silver to achieve simultaneous imaging and treatment of 
thrombosis. Following design, synthesis, and optimization, we 
demonstrated that our system shows promising theranostic 
utility through photoacoustic and fluorescence imaging, and 
laser-mediated photothermal thrombolysis in vivo and in vitro. 
The resulting AgIONPs were stable in PBS, had an asymmet-
rical shape, and strong absorbance in the NIR. AgIONPs spe-
cifically bond to thrombi in vitro and in vivo based on PAI and 
FI. Moreover, the nanoparticles served as an efficient photo
thermal agent to induce hyperthermia and showed excellent 
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Figure 6.  In vivo thrombolysis. AgIONPs were injected with a dose of 4  mg AgIONPs per kg of body weight and tPA groups were injected with 
2 mg kg−1. A) Images from the microscope showing arteries before and after treatment. Before treatment photos show the clot (arrow) in the arteries 
of all groups. After treatment photos suggest restoration of flow in targeted group, thrombolysis to some extent in tPA group and non-targeted group. 
Thermal photos show the increase in temperature from the last laser cycle of the treatment. Representative images of thrombosed arteries without or 
with thrombolytic therapy. Thrombus area appears red after staining with Masson’s trichrome (scale bar = 100 µm). Thrombus area remaining in micro-
scope images and histology show a significant reduction of the thrombus area group treated with scFv-AgIONPs (n = 4). B) Analysis from blood flow 
measurements showing significant differences between the groups treated with targeted nanoparticles and no significant differences between the non-
targeted or free tPA groups. C) Graph from histology artery sections showing higher thrombus area in control, non-targeted and tPA groups. Data also 
shows almost complete thrombolysis for targeted group (n = 4, with *p < 0.05 considered significant while **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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thrombolysis in vitro and complete blood flow restoration in 
vivo in a thrombosis mouse model. Hemocompatibility assays 
on red blood cells, viability assays on CHO and endothelial 
cells, and histology analysis suggested no apparent toxic effects 
of AgIONPs. Future studies should explore the possibility of 
using this nanosystem as a multimodal nanomaterial for treat-
ment of thrombosis (i.e., loading of tPA and employing sono-
thrombolysis). Altogether, we provide strong evidence that 
AgIONP is a promising non-invasive theranostic approach for 
imaging and treating thrombosis. This new class of silver nano-
particles could also be applied to other diseases such as cancer 
and infectious diseases.
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