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Thrombosis is a major concern worldwide as thrombosis-related deaths are attributed to one in five deaths
globally. Establishing a clot-targeting theranostic particle for diagnosis and treatment of thrombosis related
diseases is crucial to provide rapid life-saving intervention. Herein, we developed activated platelet targeted
gold-iron oxide nanoparticles (AuIONP) as a robust and powerful probe facilitating triple imaging modalities,
including magnetic resonance imaging (MRI), photoacoustic imaging (PAI), and fluorescence imaging (FLI).
Additionally, the antibody tagged AulONP was utilised to facilitate photothermal thrombolysis, stimulated by the
exposure to near-infrared (NIR) laser at 808 nm. In vivo observation of the targeted AulONP showed a significant
increase in MRI Ty*-weighted contrast and up to 3-fold more prominent photoacoustic signal and fluorescence
intensity compared to the non-targeted group. Upon exposure to NIR laser at 1.5 W/cm? the localised tem-
perature increase at the clot was observed in the targeted AulONP treated group, facilitating a significantly
higher reduction of thrombus area compared to the non-targeted treated group. Our work offers an innovative
theranostic probe with excellent triple modality imaging and thrombolysis.

they show thrombogenic tendencies, leading to a few thrombosis-related
deaths post-vaccination [5].
Severe thrombotic events are treated clinically with percutaneous

1. Introduction

Thrombosis is a condition in which the formation of a blood clot or

thrombus occurs inside the blood vessel. Thrombosis-related diseases
are the leading cause of mortality worldwide, estimated at one in four
deaths [1]. This high prevalence of fatality is mainly due to the cata-
strophic effect of thrombosis on vital organs such as the heart and brain,
causing life-threatening diseases such as heart attack and stroke [2,3].
Furthermore, one-third of COVID-19-related deaths is due to thrombo-
embolism [4]. Concerns were also raised with COVID-19 vaccines as
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coronary intervention procedures such as coronary angioplasty and
thrombectomy [6,7]. Due to the invasive nature of these approaches and
the possibility of complications such as haemorrhage and reperfusion
injury, therapeutical use of thrombolytics are often preferred [8,9].
However, current thrombolytics approaches also have significant limi-
tations. Age of thrombus is a crucial factor to determine prior to
choosing treatment, with thrombolytics having higher success rate in
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fresh thrombus as older thrombus is increasingly difficult and more
resistant to the therapy [10]. Additionally, thrombolytic agents such as
tissue plasminogen activator (tPA) and urokinase can cause an increase
in bleeding risks, severely restricting their use [11].

As an alternative strategy, thrombus ablation could improve
thrombolysis rate, such as the incorporation of nanoparticle-assisted
photothermal therapy (PTT). In PTT, gold nanoparticle (AuNP) has
been used to convert photo energy to heat which induces hyperthermia
effect on thrombolysis [12]. Hyperthermia has been shown to disrupt
fibrin strands, facilitating the process of blot lysis [13,14]. Additionally,
AuNP can be tailored to absorb energy in the near-infrared (NIR)
wavelength, the desirable range for PTT therapy due to their deep
penetration through bodily fluid and tissues, providing a strong hyper-
thermia effect [15]. Furthermore, due to their unique optical and
chemical properties AuNP has been widely documented as a promising
probe for bioimaging in cardiovascular diseases [16]. These attractive
features for both therapeutic and bioimaging, allows AuNP to be
developed as a theranostic agent.

Theranostic approaches have continuously been developed and
provide considerable value in achieving safer and more efficient diag-
nostic and therapeutic methods. On top of appropriate and patient
orientated treatment, diagnosis of the disease is crucial in enabling a
much faster response to thrombotic events [17]. Ultimately, accurate
diagnosis with fast reliable approach is necessary in ensuring the pro-
vision of correct therapy for patients with thrombosis. One of the stra-
tegies to reduce this fatal incidence of thrombosis is to use sensitive and
non-invasive methods to detect the formation of blood clots. However,
most clinical diagnosis of thrombosis such as deep vein thrombosis is
often unreliable and utilises time-consuming, low specificity laboratory
screening tests such as D-dimer analysis [18].

Recently, non-invasive imaging modalities have been employed to
observe ischaemic conditions in patients. Of these methods, magnetic
resonance imaging (MRI) is widely used because of the depth of MRI
images and the ability to quantify occlusive thrombosis [19]. Hyper-
dense vessels with signal abnormalities and the absence of normal blood
flow can also be detected by MRI. Additionally, To* weighted gradient
echo (GRE) imaging is beneficial for acute thrombosis, as significant
magnetic susceptibility differences can clearly be observed due to the
presence of deoxyhemoglobin [19]. Furthermore, MRI can be utilised to
detect acute infarct due to the ability in distinguishing different wall
thickness of the heart and the presence of oedema which produces
shortening for Ty-weighted images [20]. However, longer acquisition
time, limited availability, poor signal to noise ratio and resolution of
MRI results still exhibit limitations in providing clear image analysis,
which potentially can be resolved by other imaging techniques.

Fluorescence imaging (FLI) and photoacoustic imaging (PAI) are two
other powerful diagnostic modalities in cardiovascular diseases, not
only limited to imaging but has been utilised in assisting surgical pro-
cedures [21]. Comparatively easy and fast acquisition times are attrac-
tive features of both modalities [22,23]. However, each of these
modalities cannot provide a comprehensive overview of the acquired
images due to its inherent limitations, such as shallow tissue penetration
depth, poor detection sensitivity, low spatial resolution, harmful
ionizing radiation, slow imaging speed, inaccuracy, and/or high cost
[23]. The combination of two or more imaging modalities would com-
plement each other. For example, the combination of FLI and PAI would
provide better depth and spatial resolution with better contrast espe-
cially towards tissue in atherosclerotic plaque compared to other tech-
niques. Importantly, PAI and FLI may complement the strength of MRI to
provide not only good depth and high spatial resolution but also
compositional information [24,25]. Despite significant potential bene-
fits, theranostic approaches with multi-modality imaging function to
detect and image thrombosis are more sophisticated by design and
present challenges that requires improvement and therefore are still
urgently in need.

To this end, we aimed to develop the first hybrid gold and iron
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nanoparticle theranostic agent (AulONP) with triple modalities by
combining Au with iron oxide, a strong To* shortening contrast agent
[26-34], and a fluorescent dye, Cy5 to provide multiple modality im-
aging for thrombosis with MRI, PAI and FI techniques. The AuIONP
theranostic agent is also conjugated with scFv-SCE5, a single-chain
antibody that can specifically bind to glycoprotein IIb/Illa (GP
IIb/Illa) [35-37]. GP IIb/Illa is the most abundant receptor on the
surface of platelets, which mediates the process of platelet activation
[38]. Data obtained from in-vitro and in-vivo experiments demonstrated
that our novel AuNP theranostic agent could target blood clots, provide
enhanced imaging, partially restore blood flow and open the blood
vessel lumen.

2. Materials and methods

A comprehensive and extended version of the materials and methods
section can be found in the Supplementary Materials section.

2.1. Synthesis and characterisation of PEGSH-AulONP

Gold coated iron oxide (AulONP) was prepared using a seeding
method, which was modified from Ma et al. [39]. In brief, a solution of
citrate-coated iron oxide (IONP) was mixed with hydroxylamine, triso-
dium citrate, and sodium hydroxide solutions prior to the drop by drop
addition of HAuCly. The solution was allowed to stir and seed properly
until a gradual change in colour from yellowish orange to green/bluish
brown was observed. Dense gold-coated iron oxide particles were
collected by centrifugation and dialysed overnight to remove unreacted
components. To increase stability and introduce a functional group for
specific targeting, coating with mPEGSH (MW: 6000 g/mol) and
COOH-PEGSH (MW: 7500 g/mol) was established by incubating the
whole solution overnight before purification by centrifugation.

2.2. Conjugation of scFv-N3 and Cy5 to PEGSH-AulONP

Prior to conjugation, scFv-N3 was prepared following a similar pro-
tocol that was previously reported [40]. A more detailed protocol for the
conjugation of scFv and Cy5 to PEGSH-AuIONP can be found in the
supplementary section, with Fig. 3A summarising the overall procedures
of the reaction. In short, scFv-SCE5 (scFvrarg) and scFvnontarg Were
coupled to an azide containing molecule (G-N3) by sortase mediated
ligation (SML). Meanwhile, dibenzylcyclooctane (DBCO) molecule and
Cy 5 were introduced to PEGSH-AulONP by
1-(3-dimethylaminopropyl)—3-ethyl carbodiimide (EDC) coupling re-
action in MES buffer. For optimal DBCO and Cy5 conjugation, the re-
action was maintained at 37 °C for overnight reaction, and followed by
centrifugation to ensure elimination of unreacted components. scFv was
added to the DBCO-AuIONP overnight reaction, and the resulting puri-
fied scFv-AulONP was dispersed in PBS 7.4 and stored in 4 °C until
further use.

2.3. Invitro human thrombus adhesion

Blood collected from blood bank (Red Cross Australia) was centri-
fuged at 1000 rpm for 10 min to collect the platelet rich plasma (PRP).
Into a microcentrifuge tube 100 uL of the collected PRP was inserted and
then incubated with 8.8 pL Actin (Siemens, Dade), and 2.5 uL of CaCl, 1
M for 30 min to create a firm platelet clot in a 37 °C incubator. To wash
the clots, 1 ml of PBS pH 7.4 was added and maintained under rotation
at 50 rpm for 30 min at room temperature. The clots were then incu-
bated with the nanoparticles for 15 min at room temperature and 50 rpm
rotation, followed by washing the unbinding nanoparticles extensively
with PBS 7.4 and stored in 4% paraformaldehyde (PFA) solution.

For fluorescence imaging, the clots were placed inside a 24 well-plate
and images were obtained using a Cy5 detection wavelength (excitation:
610 nm and emission: 680 nm) with Sapphire Biomolecular Imager
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(Azure Biosystem). The images were collected in a 16-bit Tiff format and
analysed with ImageJ. The clots were then embedded into a 50 ml
microcentrifuge tube containing 1% agarose (Sigma Aldrich). MRI im-
ages were obtained using a 9.4T scanner (Bruker) with parameters TR =
2500 ms, TE = 60 ms, slice thickness = 1 mm, flip angle = 25. Images
were analysed for maximum and minimum grey values using ImageJ
and signal to noise ratio was calculated.

For photoacoustic imaging, the clots were created as described in the
protocol above and stored in 4% para-formaldehyde (PFA) until imaging
with Vevo LAZR instrument. The clots were placed in an ultrasound gel
bed, ensuring no bubble was present near the clots. Image acquisitions
were conducted with 30 MHz and gain value of 20 dB with step size of
0.92 mm. The images were analysed using the Vevo Lazr software with
data demonstrating the percentage of photoacoustic signal as repre-
sentation of photoacoustic signal intensity.

2.4. In vitro thrombolysis

Clots were prepared as described above. Into a 1.5 mL tube, 190 uL of
PRP was added with 10 uL of red blood cells (RBC). Additionally, Actin
(Siemens Dade) 17.6 pL and 2.5 pL of CaCly 1 M (Sigma-Aldrich) were
added to create a firm clot. The clots were incubated in a 37 °C incubator
and washed thoroughly with PBS afterwards. The clots were weighed
(W) and various variables including laser intensity strength, exposure
time, Au concentration and cycles were applied. The 808 nm laser
(Eforce Laser) was maintained at a distance of 10 cm from the clot, to
ensure a 1 cm? laser diameter, and the final weight of clot (W,) was
measured after treatment. Near infrared thermal images were also ob-
tained prior and after laser treatment to observe the change in temper-
ature with an infrared thermal camera (FLIR C2). The supernatant of the
solution was collected, centrifuged at 1000 g and the optical density was
read at 545 nm. The percentage of lysis was calculated based on the
reduction of the weight of the clots.

2.5. In vivo imaging

In vivo experiments were conducted at Centre of Advanced Imaging,
The University of Queensland (Brisbane, Australia). All animal care and
experimental protocols have been approved by The University of
Queensland Ethics Committee (No. AIBN/420/19/CAl) and all proced-
ures were carried out in accordance with the approved protocols. For the
experiment, 11 to 12 weeks old C57/BL6 mice (Animal Resources
Centre, ARC. Western Australia) weighing around 24-28 g were
anaesthetised with a mixture of ketamine:xylazine (dose of 100:10 mg/
kg body weight) by intraperitoneal injection. Fur covering area around
the chin, arm and stomach were gently removed using a hair removal
cream (Veet) and the applied area was cleansed from cream residue with
water thoroughly. In order to induce arterial thrombosis, a small
Whatman filter paper (1 x 3 mm) was immersed in AlCl3 9% and placed
on the isolated left carotid artery for 2 min. After application, the area
was cleaned thoroughly with saline, and the isolated artery was inserted
back inside the body. Tail vein catheterisation was performed to facili-
tate sample injection during imaging 10 min post injury.

Two different groups were analysed for both imaging and throm-
bolysis, which were mice injected with targeted AuIONP group and mice
injected with non-targeted AulONP group. For MRI imaging, the mice
were placed into the MRI system (Bruker), which comprised of 23 mm
internal diameter mouse head coil. Anaesthesia was maintained with
0.5-1% of isoflurane in oxygen and vital signs were monitored
throughout the imaging by observing breathing rate monitor which was
connected to the mousebed. Scanning localiser images were taken to
acquire coronal, sagittal and transversal images in the correct position,
with parameters as follows: TR = 1600 ms, TE = 32 ms, slice thickness =
0. 6 mm, flip angle = 180°, pixel bandwidth = 238 Hz/Px and acqui-
sition matrix of 256 x 138. 2D T2* weighted gradient echo images were
acquired at baseline with parameters that were utilised during the
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acquisition as follows: TR = 500 ms, TE = 4.58 ms, slice thickness = 0.4
mm, flip angle = 35°, pixel bandwidth = 260 Hz/Px and acquisition
matrix of 192 x 192.

After baseline, AuUIONP was injected with a dose 6.5 mg/kg body
weight (composed of 328 ug Fe/kg body weight and 3.08 mg Au/kg
body weight based on ICP result). Images were obtained every 15 min
post injection until 60 min. Change in intensity around the region of
interest (ROI) were analysed after data acquisition using ImageJ by
comparing signal observed after injections (Sn) and before injection or
baseline (Sp). The targeted AulONP data was compared with the non-
targeted AulONP data to observe the targeting effect of AuIONP.

Photoacoustic imaging was taken immediately after the MRI image
acquisition using MSOT system (inVision 256TF, iThera Medical). Pre-
vious spectra of the AulONP was loaded into the spectral analysis along
with haemoglobin (Hb) and deoxygenated haemoglobin (HbO,) The
mouse was placed in a thin layer of plastic wrap with ultrasound gel
covering the neck area to ensure no air pockets were present. Then the
mice was inserted into the water chamber of the MSOT and images were
obtained for the area near the incision on the neck. Images were taken
on multiple wavelengths ranging from 680 to 980 nm with slices every
0.2 mm. Obtained images were further reconstructed with the MSOT
software and overlayed with the spectral profiles of the AulONP, Hb and
HbO,. Mean pixel intensity of the ROI was analysed using the MSOT
software and compared between targeted and non-targeted group.

Fluorescence imaging was obtained using the IVIS System (Lumina
S5, Perkin Elmer). Mouse was placed on top of the platform inside the
system and was adjusted to a distance of 10 cm from the camera until the
area of interest was visible. Fluorescence imaging was selected with Cy 5
emission and excitation at 620 and 650 nm respectively. Images were
taken at baseline, 5 min and every 15 min until 1 hour after injection of
the nanoparticles. Fluorescence intensity and total radiant efficient were
analysed using the IVIS software. All animals during the imaging were
maintained under anaesthesia with a flow of isoflurane of 1-2% with
oxygen flow of 1-2 L/min.

2.6. In vivo thrombolysis

Blood flow in the clotted vessel was observed using a 0.5 mm flow-
meter probe (Transonic) and the flow reading was observed at 160 Hz
for 5 min. The clot area was irradiated by the 808 nm laser at 1.5 W/cm?
for 3 min and was rested for 5 min before being exposed with two more
cycles of laser treatment. Temperature before and after laser was ob-
tained using infrared thermal camera (FLIR C2). Observation of the
change in blood flow was measured again 30 min after the last laser
exposure, and the change in maximum and minimum flow value was
calculated between the targeted and non-targeted group. After throm-
bolysis observation was completed, the mice were maintained under
deep anaesthesia with isoflurane, and the clotted section of the carotid
artery was collected, washed with PBS and fixed with 4% PFA. The
collected carotid arteries were then processed with an Optical Coher-
ence Tomography (OCT) at 4 °C, frozen with dry ice, prior to sectioning
with a thickness of 10 ym, and further stained using Masson Trichrome.
The prepared histological slides were observed under brightfield mi-
croscope (Olympus) and analysed for thrombus area.

2.7. Statistical analysis

All the values provided are shown in mean + standard deviation
(SD), unless otherwise indicated. Data were analysed for statistical sig-
nificance using one-way ANOVA and Tukey multiple comparison test
(Graphpad Prism 8), with * P < 0.05 considered significant while ** P <
0.01, *** P <0.001, and **** P < 0.0001 to be very significant.
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3. Results and discussion
3.1. Preparation and characterisation of AuIONP

We designed and synthesized the nanotheranostic agent composed of
gold, iron oxide and a single-chain antibody (scFv) for diagnosis of
thrombosis by utilising MRI, FI and PAI, while simultaneously possess-
ing the ability to induce photothermal thrombolysis. The general scheme
of the nanoparticle synthesis can be seen in Fig. 1A. Briefly, AuNPs were
seeded on the surface of iron oxide nanoparticles, followed by the pro-
cess of PEGylation for improving particle stabilisation. To introduce
targeting ability to the nanotheranostic agent, PEG is also used as a
functional group to conjugate with scFv. Particularly, citrate capped
iron oxide nanoparticles (IONP) were first synthesised using a seeding
method that was developed to increase the T, relaxivity of iron oxide
[41]. It was documented that aggregates or cluster of IONP significantly
presents higher transverse relaxivity compared to single IONP thereby
increasing the efficiency of IONP as a T, weighted contrast for MRI [42].
Cluster shaped IONP can be seen from the TEM in Figure S1 (see: sup-
plementary materials). Although the IONPs do not have a spherical
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shape, characterization of the IONP by dynamic light scattering (DLS)
showed a hydrodynamic volume (Z average size) of 47.9 + 0.2 nm,
polydispersity (PDI) of 0.234 + 0.004, and zeta potential of —26.0 +
1.2 mV.

In order to produce nanoparticles with desired near-infrared
absorbence (NIR), we next coated AuNPs on IONPs to form AulONPs.
The AulONPs purposely-designed to be asymmetric, creating a nano-
structure resembling a rosette (nanorose AulONP). The obtained solu-
tion of AuIONP was dark with a tinge of bluish-green in colour (Fig. 1F),
with an average size of 80.5 + 0.3 nm, PDI of 0.265 + 0.016 and zeta
potential of —28.92 + - 0.84 mV (Table 1). The asymmetrical shape and
the size of ~100 nm facilitated the strong absorbence observed in the
NIR range with a peak of around 780 nm (Fig. 1C). A line indicating 808
nm was drawn on the graph to indicate the intensity present at 808 nm
which correlates with the laser wavelength that is utilised for photo-
thermal induction in this study. TEM image confirms the nanorose shape
of AulONP with knobby protrusion (Fig. 1D) and a size of ~100 nm.
From our TEM images we were unable to conclusively confirm whether
AuIONP is composed from a single iron oxide or a cluster, due to the low
percentage of Fe in AulONP. However, from both ICP and energy-
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Fig. 1. Synthesis and characterisation of AuIONP (A) Schematic diagram of AulONP to scFv-AulONP synthesis. (B) The size distribution of AuIONP (blue line) and
PEGSH-AuIONP (red line) by dynamic light scattering before (non-dotted line) and after incubation in PBS (dotted line). (C) absorbence spectra of AulONP and
PEGSH-AuIONP before and at multiple time points after incubation in PBS (D) TEM image of the AuUIONP displaying nanorose structure. (E) EDS spectra indicating
the presence of elemental Au and Fe. Insert displaying the shape of the AuIONP that was analysed. (F) Photographs taken of uncoated AulIONP (left) and PEGSH-

AuIONP (right), before (top) and after incubation in PBS (bottom).
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Table 1
Particle characterisation of AulONP (n = 3).

Samples In Water In PBS 24 h later
Z-average PDI Zeta Z-average PDI
(nm) Potential (nm)
(mV)
AuIlONP 80.5 £ 0.3 0.265 + —28.92 + - 1426.2 + 0.176 +
0.016 0.84 302.3 0.035
PEGSH- 119.7 + 0.201 + —24.77 + - 111.1 + 0.149 +
AuIlONP 1.8 0.023 0.37 2.7 0.020
DBCO- 147.6 + 0.210 + —21.38 +
AulONP 2.1 0.077 0.92
scFv- 197.5 + 0.262 + —14.43 +
AulONP 7.5 0.022 0.61

dispersive x-ray spectroscopy (EDS) results, we conclusively confirmed
the presence of both Au and Fe in the system, with characteristic x-ray
peaks of Au and Fe at ~9.7 and ~6.4 keV, respectively (Fig. 1E) [43].

Despite citrate coating being able to stabilise AulONP by electro-
static repulsion, the nanoparticles were not stable enough in physio-
logical buffers [44,45]. To improve the particle stability, thiolated-PEG
was introduced to AulONP by ligand exchange and a PEG coating was
readily established due to the strong thiolate-Au (SH-Au) bond (binding
energy of 40-50 kcal/mol compared to only 2 kcal/mol of Au-COOH)
[46]. We combined two types of PEG, carboxylic-PEG-thiol (COOH--
PEG-SH) and methoxy-PEG-thiol (mPEG-SH), to provide a COOH
functional group for further modification with scFv on the surface of the
particles. The hydrodynamic volume of the PEG-coated AulONP
increased to ~119 nm, suggesting the successful PEG coating (Fig. 1B).
Additionally, PEGylated AuIONP (PEGSH-AuIONP) was stable in phos-
phate buffer saline (PBS) pH 7.4 for 24 h, evident by unchanged particle
size (Fig. 1B, Table 1) and relatively similar absorbence intensity
(Fig. 1C).

After synthesis, we characterized the properties of the PEGSH-
AuIlONP. Images from Tp* weighted MRI 7T scans showed the
enhanced Ty* weighted signal of PEGSH-AuIONP in a Fe concentration-
dependant manner (Fig. 2A). The transversal relaxivity (Ry*) obtained
with PEGSH-AuIONP was lower than the Ry* measured in Antal et al.
(2020) result, with 61.3 and 285.8 mM 1.5 ~ ! respectively (Fig. 2C) [40,
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47]. This was expected due to the additional Au and PEG layer on
PEGSH-AuIONP that is present in our system as compared to the pure
uncoated IONP in previous research. Brennan et al. [48] noted the in-
fluence of gold shell thickness on IONP which exponentially reduced the
relaxivity for both T1 and T2 as well as magnetophoresis rate and
magnetic induced hyperthermia. Despite the limitation, the value of Ry*
that was generated by the AulONP system is still sufficiently high in
comparison with biological structures to provide diagnosis in detecting
abnormalities within blood vessels or biological tissues [49].

As previously described, the additional advantage of AulONP system
is the ability to provide multimodality imaging. Au is a versatile material
which can be tailored to be photoacoustically active, with nanorod and
nanostar or nanorose AuNP structures providing the most optimally high
photoacoustic signal [50,51]. In this instance, AuIONP photoacoustic
signal was observed with the increase in the obtained mean pixel in-
tensity (MPI) of the PEGSH-AuIONP (Fig. 2B). The trend of MPI increase
also indicated a concentration-dependant occurrence (Fig. 2D). From
the wavelength versus MPI spectral analysis, we can conclude that
PEGSH-AuIONP demonstrated the strongest photoacoustic signal at 680
nm (Fig. 2E), which is within the ideal photoacoustic window for deep
tissue imaging with minimal interference from biological structures and
components [51,52].The difference between absorption and photo-
acoustic wavelength peak of AulONP can be explained based on the
underlying difference in mechanism of how these spectra were gathered.
absorbence signal relies on the amount of optical absorption by the
particle, meanwhile photoacoustic signal interprets the amount of
pressure that propagates (acoustic wave) through the sample due to the
thermoelastic expansion generated by the heat that was converted from
optical absorption [53]. Other studies have also reported this difference
of absorption and photoacoustic spectra phenomenon [54,55].

3.2. Conjugation with Cy5 and scFv (activated platelet targeting
antibody)

In this study, we employed a single-chain antibody with known
specific binding to activated platelets (scFvgcgs), specifically on the
activated form of the integrin GPIIb/IIla. The higher affinity of scFvgcgs
will allow the system to be more robust in targeting thrombi, even in
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C ¥y =6i30x 1023 I “0ee Y = 2805°X + 317 E * T PEGSH-AWIONP
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Fig. 2. In vitro MRI and photoacoustic images of PEGSH-AuIONP (A) MRI T, weighted and (B) photoacoustic images of PEGSH in phantom. (C) Relaxivity (Ry) of To*
weighted results of PEGSH-AuIONP, (D) Correlation between concentration of Au and MPI at 680 nm and (E) Photoacoustic spectra of PEGSH-AuIONP and water.
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situation where the thrombi possess low number of platelets, such as in
venous thrombosis [40,56]. To perform the conjugation,
sortase-mediated ligation (SML) was first used to ligate the C terminus of
scFv SCE-5-LPETG to an azide (N3) containing peptide (Fig. 3A step 1).
The protocol used in this study was modified from Ta et al. [40,57]
which had successfully applied the method for similar antibody and
peptide. Successful conjugation of the N3 to the scFv was confirmed by
the SDS-PAGE gel showing the change in molecular weight of the
resulting conjugated scFv *®-N3 (lane 2 Fig. 3D) that was smaller than
the control scFv 8 (lane 1 Fig. 3D). This is due to the small size of the
azide molecule (0.27 kDa) and the loss of LPETG tag during the sortase
reaction [36]. Based on SDS-PAGE and BCA assay, the obtained reaction
yields were 74 and 78% respectively, which is considered sufficiently

G-CONH-PEG3-Ns
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high despite a comparably lower yield than the result from Ta et al. due
to the difference in the purification process [40]. Similar steps were
applied to the scFvN°"@8 3 non-platelet binding mutated variant of the
scFv, with changes in scFyNOMar8 N3 size (Fig. 3D lane 3 and 4), there-
fore demonstrating that N3 was also successfully introduced.
Subsequently, the obtained PEGSH-AuIONP were further modified
with Cy5, a fluorescent molecule and DBCO to facilitate copper-free
click chemistry reaction with the N3 present on the scFv obtained after
SML. The coupling between COOH on PEGSH-AuIONP and the NHj
present on Cy5 and DBCO was performed using EDC (Fig. 3A step 2). The
obtained nanoparticle (DBCO-AulONP) was analysed with DLS, which
indicates the increase in particle size to around 147 nm with a lower
negative zeta potential value, demonstrating a reduced number of free
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Fig. 3. Conjugation Analysis of PEGSH-AuIONP with Cy5 and scFv. (A step 1) Schematic diagram of SML ligation of scFv to G-azide; (A step 2) PEG-AulONP with
DBCO and Cy5 and (A step 3) The final construct of scFv-AulONP post click reaction between the DBCO conjugated PEG-AulONP and the scFv-azide. (B) Size
distribution comparison of AuIONP and scFv-AulONP. (C) absorbence spectra of AuIONP and scFv-AulONP (D) SDS-PAGE SML results of scFv™® and scFvNonTarg

with azide.
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COOH groups due to established conjugation of Cy5 and DBCO
(Figure S2,Table 1). Labelling of PEGSH-AuIONP with Cy5 was further
evaluated by measuring fluorescence intensity using a microplate reader
(Figure S2B) and imaging with Sapphire imager system (inset images).
As shown by the fluorescence intensity, Cy5 was successfully conjugated
to the PEGSH-AUIONP. Despite the confirmed conjugation, the fluores-
cence intensity was influenced by the AuIONP, as AuNPs are notably one
of the most efficient quenchers of fluorescence [58].

The final step of the conjugation is coupling the N3 tagged scFv with
the DBCO-AuIONP, through strain promoted alkyne-azide cycloaddition
(SPAAC) reaction (Fig. 3A step 3). This method allows site-specific
conjugation of scFv on the surface of the AulONP while preserving the
antibody binding capacity [59]. Efficient binding of the scFv to AulONP
was obtained, and the percentages of conjugation by SDS-page and BCA
assay were 76 and 62% of conjugation, respectively (Figure S3 and S4).
This result was further supported by the increase in size and a decrease
in charge of the scFv-AulONP (red line in Fig. 3B and Table 1), due to the
presence of free NH; on the scFv and the loss of free carboxylic groups
after the conjugation [60]. Additionally, in a complementary analysis,
agarose separation between PEGSH-AuIONP, and scFv-AulONP showed
the broader band of PEGSH-AuIONP demonstrating that scFv-AulONP
has a lower negative charge value when compared to PEGSH-AulONP
(Figure S5). Ultimately, the final collected scFv-AulONP maintained
strong absorbence in the NIR region (Fig. 3C) with desirable size and
efficient scFv conjugation.

3.3. In vitro human thrombus adhesion assay

The adhesion of targeted NPs (AuIONPH)) and non-targeted NPs
(AuIONP(')) with thrombus created from human platelet was analysed
using several techniques. MRI, photoacoustic and fluorescence imaging
results showed specific binding of the AulONP" with a more prominent
signal as compared to AuIONP® (Fig. 4A, 4B and 4C). Moreover, as can
be seen in the images and the signal analysis comparison, the binding
also showcased a concentration dependant effect, with more particles
binding to the thrombus in the higher concentration group. Significantly
higher photoacoustic percentage signal, grey value (T2* contrast dark-
ening effect) and fluorescence intensity were recorded in the AulONP™"
treated groups (Fig. 4D, 4E, and 4F). These in vitro results demonstrated
the ability of AuIONP™" to specifically bind to the human thrombus.

To further prove the binding ability of AulONP™" to human activated
platelets, the particles which tagged with Cy5 were visually observed
under flow condition of 1000 s ~ ! shear rate in a microfluidic device
[61]. The shear rate of 1000 s ~ ! mimics the pulsatile flow condition
typically found in arteries with a pathological condition such as
atherosclerosis [62]. The microfluidic polydimethylsiloxane (PDMS)
based device was specifically designed as an in-vitro device for athero-
thrombosis related studies and applications. Platelets that were stained
with DiOC6 dye (bright green fluorescence in Fig. 4G), were infused
through the channel for 10 min and formed a stable thrombus on the
exposed collagen layer, which allowed for a better representation of the
physiological condition of arterial thrombosis. The results showed that
obtained AuIONP? had significantly higher binding to the platelet, as
shown by the large area of red fluorescence signal, compared to the
AuIONP®. Moreover, increased binding can be observed over time,
indicating the number of particles binding to the thrombus increased
with time (Figure S6). The data gathered in these experiments provide
the evidence that AuIONP? can specifically bind to activated platelets
and thrombus.

3.4. In vitro thrombolysis on human thrombus

Prior to establishing the effect of laser towards thrombolysis,
AuIONP ability to induce thermal increase was observed with an
infrared camera. As can be observed in Fig. 5A, the presence of AulONP
with concentrations of 10 and 50 ppm were able to induce a temperature
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increase of up to 2-fold as compared to the control group (PBS solution
with laser treatment alone). Various temperatures were reached with
different laser intensities, with the lower 1 W/cm? exhibiting a final
temperature of around 45 °C, while the highest intensity of 2 W/cm?
reached as high as 58 °C. Due to their unique optical properties, Au is an
ideal nanomaterial for photothermal sensitisers, which can generate
heat by strong light absorption [63]. Additionally, the nanorose shape of
AulONP has a large surface area leading to intense heat generated on the
surface of the particle which then was transferred to the surrounding
solution [64,65]. Based on our calculation, the AulONP photothermal
conversion efficiency (n) value we obtained was 37.47% (Figure S7).
This finding is comparatively lower than the reported n value of Au
nanorods by Chen et al. with values ranging from 51-95% [66]. How-
ever, this result is expected due to the effect of size and particle volume
of AuNP towards photothermal efficiency. Chen et al. demonstrated a
decrease of photothermal efficiency up to 50% from Au nanorods when
the particle radius increased from 10 to 50 nm [66]. Additionally, it is
crucial to note that despite lower photothermal conversion efficiency
value, it does not translate to poor or limited heat generation. As sup-
ported by a report from Qin et al. Au nanosphere with a size of 100 nm
produced 150 times more heat than 15 nm size Au nanosphere despite
46% lower photothermal conversion efficiency [67].

In vitro thrombolytic efficacy of the AuIONP was evaluated by the
change of thrombus weights after treatments. Artificial thrombus was
first created by allowing the interaction of calcium chloride and Actin
FSL. The presence of phospholipid from Actin FSL, will activate the
intrinsic coagulation pathway and calcium ions facilitate the trigger for
coagulation, ensuring a firm thrombus to form [68]. As shown in Fig. 5B.
the changes in the thrombus and their weight were compared between
the NIR 808 nm irradiation groups with different laser intensities. We
also conducted testing with other variables, including exposure time,
concentration, and number of cycles (Fig. 5). Consequently, varying
degrees of lysis of blood clots could be observed in all the groups after
different treatments.

From the variation of laser intensity, we observed significantly
higher percentage of lysis occurring with the 2 W/cm?, as compared to
the lower intensity of 1 and 1.5 W/cm?. Blood clots treated with laser
visibly smaller and produced more intense red colour in the collected
solution as compared to the PBS solution with laser treated group
(Fig. 5C and 5D). As explained by Zheng et al. [14], haemolysis are
expected to occur during thrombolysis, as RBC are significant constitu-
ents of a thrombus, therefore significant thrombus reduction requires
the apoptosis of RBC present in the thrombus matrix. However, the
temperature increase was exceedingly high and potentially unsafe for in
vivo applications. Additionally, the longer exposure time of the laser
also significantly increased the lysis and the temperature.

Interestingly, implementing off time between laser exposure pre-
vented excessive temperature increase, hence allowing a relatively
controlled temperature that is more suitable for thrombolysis. This is
due to the reduction of temperature while the thrombus is not exposed
during off time. From these promising findings, we further explored the
optimum condition of 1.5 W/cm?, exposure time of 3 min for 3 cycles for
thrombosis in vivo application. In previous study, Singh et al. [12] uti-
lised a solution of gold nanorod to achieve 16.3% of thrombolysis, after
exposing fibrin clots with 808 nm laser and intensity of 1.05 W/cm? for
45 min. Compared to this result, we were able to obtain higher lysis in
significantly shorter time with similar laser intensity.

3.5. In vivo MRI, PAIL and FI

The carotid arterial model of thrombosis has been extensively used in
the small animal thrombosis model. FeCls can induct thrombus but also
trigger the release of free radicals leading to lipid peroxidation and
endothelial cells damage [69]. In addition, FeCls is known to create
significant MRI artefacts, rendering it unusable in this study. Alterna-
tively, AlCl3 has been investigated and shown the ability to induce a
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between AuIONP® and AuIONP". (F) Fluorescence intensity of the binding assay, with targeted group exhibiting significant difference compared to non-targeted.
Statistical analysis was done with one-way ANOVA and Tukey multiple comparison test (n = 3; ns p > 0.05, * P < 0.05, ** P < 0.01, *** P <0.001, and **** P <
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with different laser intensity.

similar thrombogenic mechanism as FeCls with no significant MRI ar-
tefacts [70]. In this study, we used AlICl3 9% to establish a stable
thrombus in the left carotid artery.

In thrombosis MRI images were obtained with a 7T imaging system
at different time points before and after injection. As can be seen in
Fig. 6A, darkening of the thrombus area is more prominent in the
AuIONP™ group, while the AuIONP® showed negligible change. By
comparing the ratio of grey value of baseline to the value at each time

points, a ratio (Sn/Sp) was obtained. The significant change in the grey
value can be seen, starting from 15 min post injection to 30 min post
injection (Fig. 6D). However, there was no significant change from the
30 min to 60 min acquisition, indicating the binding of AulONP‘"
occured rapidly, within the first 30 min post injection. It was previously
reported that scFv tagged IONP was able to produce a significant
enhancement of Ty shortening on the thrombus affected carotid arteries
in 30 min, with a peak signal to noise ratio after 70 min, which signifies
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Fig. 6. In vivo MRI, PAJ, and FLI. (A) In vivo MRI of carotid artery thrombus before and after administration of the nanoparticles at different time points. Blue arrows
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0.05, * P < 0.05, ** P < 0.01).
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that our AuIONP can produce just as strong signal enhancement with Ty*
weighted MRI [40].

Similarly, MSOT imaging exhibited a stronger photoacoustic signal
around the vessel of the AulONP(™ group (red circle) as compared to the
non-targeted group (blue circle) in Fig. 6B. From the image we can
visualise the presence of a bright green photoacoustic signal in the
AulONP™) group 60 min post injection, which indicated that the par-
ticles were able to accumulate on the thrombus sufficiently to enhance
photoacoustic signal. The presence of AuIONP™" increased the photo-
acoustic signal by almost 3-fold increase compared to the AulONP®
treated group (Fig. 6E). This 3-fold enhancement of signal intensity is
comparable to a previous report utilising RGD tagged porphyrin-like
mesoporous carbon nanostructures (PCMS), where they were able to
observe an increase of around 2.5-fold of MPI 1 hour post injection of the
photoacoustic contrast agent [14].

Fluorescence images were acquired every 15 min after the admin-
istration of the nanoparticles. Intense fluorescence was observed in the
AlCl; treated area of the targeted group, with intensity gradually
increasing post injection and peaking at 15 min post injection (Fig. 6C).
The average radiant efficiency (ARE) of the fluorescence increased from
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5 min to 15 min post injection and remain stable until 60 min (6F). Our
findings, are similar with results of FI with IR780 dye that was reported
by Jung et al. [71]. The FI signal was significantly high with fluores-
cence intensity generated from IR780 dye observed from 5 min and
maintained strong signal intensity until 30 min. These findings
demonstrated the potential use of AuIONP™? in providing a more spe-
cific and sensitive method to detect thrombus, by facilitating
multi-modality imaging.

3.6. In vivo thrombolysis

Encouraged by the positive results from the diagnostic imaging, we
further investigated the potential of AUIONP‘? as a thrombolysis ther-
apy. The in vivo thrombosis model was conducted by exposing
obstructed carotid arteries to 808 nm laser using the optimised setting
obtained from the in vitro analysis. To evaluate the extent of the suc-
cessful thrombolysis occurring after laser treatment, a change in blood
flow was observed with a 0.5 mm flow probe which was recorded before
and after the laser treatment. As seen in Fig. 7A, a significant change
between the maximum and minimum value of flow recorded by the flow
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Fig. 7. In vivo photothermal thrombolysis sensitised by AuIONP. (A) Graph representing the difference between maximum and minimum value (distance) of flow
reading, AulONP" treated groups exhibiting higher change in flow after laser. (B) Thrombus area remaining between the non-targeted and targeted group indicating
a significant reduction of the thrombus area in the laser treated targeted group (n = 4; ns p > 0.05, * P < 0.05, ** P < 0.01). (C) Histology of sectioned carotid
arteries, thrombus area appeared as red after staining with Masson’s trichrome (scale bar = 100 um). (D) Documented images of the thrombus before and after
exposure of laser in AulONP® (blue line) and scFv-AulONP (red line). Thrombus was still apparent in the AulONP® group. (E) Infrared thermal images of AuIONP‘"

(red line), exhibiting a higher temperature than AulONP® (blue line).
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probe was observed in the AulONP™" group. Figure S8 showed the
changes in blood flow before and after laser treatment. Conversely, no
significant changes of flow were exhibited by the non-targeted group.
These findings, despite promising, needed further confirmation.

In order to further quantify the obtained results from flow observa-
tion, a histology examination was conducted on the sectioned carotid
arteries. After Masson’s Trichrome staining, a contrast difference be-
tween the blood vessel (blue) and wall adherent thrombus (bright red)
was visible (Fig. 7C). The AICl3 treatment was able to produce a strong
stable thrombus inside the vessel, as observed from the thrombus seen in
the no laser-treated group. From the histology assessments, AuIONP®
group showed significantly larger thrombus area remaining after laser
treatment, possibly due to the low binding and targeting ability, leading
to insufficient localised hyperthermia to lyse the thrombus (Fig. 7B).
Promisingly, the AuIONPH), demonstrated a smaller thrombus area,
indicating the ability of laser treatment to facilitate thrombolysis.

Furthermore, a change visually was notable, with the AuIONP‘"
group displaying less prominent thrombus inside the vessel after laser
when compared to the AuIONP® (Fig. 7D). Additionally, a higher
change in temperature for the AulONP™" was recorded by the infrared
thermal camera, with the AuIlONP™) recording a temperature increase
of ~19.5 °C, while compared to the modest increase of ~10.7 °C for the
AuIONP® (Fig. 7E). This observation signifies the accumulation of
AuIONP on the thrombus allowed for a more prominent increase in
temperature. Furthermore, the temperature that was generated during
in vivo thrombolysis with the AulONP) was well maintained within
40-46 °C (Figure S9). Compared to previous research, our AuIONP(H)
system application was not limited to only molecular imaging for
thrombosis but could significantly facilitate thrombolysis without
combination with pharmacological thrombolytics. Most of the devel-
opment for theranostics incorporate thrombolytics, which have been
proven effective but not without potential severe fatal side effects such
as bleeding [72]. From the results we have obtained, the residual
thrombus area of the AuIONP™" group was significantly lower than
AuIONP®) and no laser group, with only around 50% of thrombus area
remaining. AulONP"? performed better than other reported photo-
thermal nanoparticles, such as the polydoamine mesoporous silica sys-
tem which was developed by Zhong et al., which demonstrate thrombus
area remaining of around 70% after 10 min exposure to 1.0 W of NIR II
laser [73]. Furthermore, our findings also indicate that AuTONP") has
similar potential in reducing thrombus, to an intravenous injection of
urokinase [38,73].

3.7. Biocompatibility of AulONP

In order to ensure the AulONP is suitable for biomedical applica-
tions, compatibility with macrophage cells were analysed with Pres-
toBlue method. The ability of active cells to metabolically reduce the
reagent and produce colorimetric changes was used as an indicator to
quantify the viability of cells in culture. No signs of cell toxicity were
observed at a concentration of 200 ppm (Figure S10). The compatibility
and effect of laser treatment (808 nm, 1.5 W/cmz) were further analysed
in smooth vascular endothelial cells (SVEC), exposed with the same
intensity and time as the optimised protocol for in vivo. Endothelial cells
after laser exposure remained 80% viability, with no significant differ-
ence in viability between the PBS and AulONP treated cells, indicated by
the bright fluorescence of the live cells stained by calcein AM
(Figure S11). When applying the laser (808 nm, 1.5 W/cm?) on mouse
carotid arteries for thrombolysis, no damage to the blood vessels and
surrounding tissues was observed. This finding is corroborated by pre-
vious reports which utilised stronger laser intensity (> 1.5 W/cm?) and
longer continuous exposure time with no adverse effect. In their studies,
Zhang et al. and Zhao et al. applied NIR laser with a 2 W/cm? intensity
for 20 and 15 min respectively, with no significant changes on the or-
gans or healthy tissue surrounding the artery [14,74]. Additionally,
Avila-Gomez et al. reported that mild hyperthermia had shown
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significant benefit towards improvement of reperfusion after thrombosis
[75]. A temperature is considered mild hyperthermia or low tempera-
ture photothermal therapy when the exposed area temperature is be-
tween 43 and 45 °C, which is within the temperature range that our
AulONP generated after laser exposure in vivo [76]. Furthermore, blood
compatibility was analysed with the observation of haemolysis per-
centage by incubating washed red blood cells in samples and the per-
centage was calculated by comparison with totally lysed sample
(Triton-X 100) and negative control, which produced no lysis (PBS). As
shown in Figure S12, PEGSH-AulONP had minimal effect on the red
blood cell lysis. Haemolysis percentage below 2% is considered
non-haemolytic, indicating that particles with the concentrations tested
did not induce haemolysis [77,78].

To ascertain the biocompatibility of AuIONP in organs, we collected
vital organs from the treated mice, observed the distribution based on ex
vivo fluorescence and microscopically observed the morphology of the
sectioned tissues. From the images collected, there was no abnormality
detected in those vital organs when compared to the non-treated mice,
further emphasising the biocompatibility of the AuIONP administered
(Figure S13). Based on the ex vivo radiant efficiency results, we tracked
the accumulation of AuIONP" and AuIONP® in the vital organs. There
is no prior study observing the biodistribution of AulONP, however
when comparing to gold and iron oxide NP biodistribution we obtained
similar results [79]. AulONPs were accumulated mostly in the liver and
kidney, with no significant difference of radiant efficiency between
AuIONP™ and AulONP® treated groups (Figure S14) [80,81].

Conclusion

In summary, we have demonstrated the ability of AuIONP" as a
theranostic agent for thrombosis with efficient targeting towards acti-
vated platelets and triple modality imaging. With the enhanced target-
ing, AuIONP™") was able to specifically bind and emit stronger MRI
contrast and photoacoustic signal on the location of the thrombus.
Furthermore, through NIR laser photothermal trigger and biocompati-
bility studies, AuIONP(” enhanced thrombolysis and was highly
compatible. Although complete elimination of thrombus was not
observed in this study, a partial restoration of blood flow and opening of
the blood vessel lumen was achieved, which would be highly beneficial
for emergency treatment of thrombosis-related events. Overall, this
study provides additional perspective on the utilisation of theranostic
nanoparticles for MRI, PAI and FLI, as well as therapeutic applications
for rapid thrombolysis.
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Supplementary Materials:
Gold-Iron Oxide Nanoparticle: A Unique Multimodal Theranostic Approach for

Thrombosis

Materials

Hydrochloroauric acid (Sigma), trisodium citrate (Fisher Scientific), hydroxylamine
50% (SigmaAldrich), sodium hydroxide pellet (SigmaAldrich), COOH-PEGSH (7500 g/mol)
and mPEGSH (6000 g/mol) (SigmaAldrich), MES hydrate (SigmaAldrich), Cy5 (Lumiprobe),
EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide  hydrochloride) (ThermoFisher
Scientific), DiOCs (3,3'-dihexyloxacarbocyanine lodide) dye (SigmaAldrich), phosphate
buffer saline tablet (SigmaAldrich), single chain antibody (scFv SCE-5 LPETG) and sortase A
enzyme was produced by a team in Baker Institute, Gly-CONH-PEG3-N3 (Click Chemistry
Tools), dibenzoazacyclooctyne (DBCO) (Click Chemistry Tools), purifying resin (TALON®),
micro bichinchoninic (BCA) protein assay kit (Thermo Scientific), ammonium persulfate (Bio-
rad), TEMED (Bio-rad), acrylamide/bis (Bio-rad), Trizma base (SigmaAldrich), tris-HCI
(SigmaAldrich), Coomassie blue stain (Bio-rad), stained molecular weight marker (Precision
Plus-Bio-rad), Triton-X 100 (SigmaAldrich), Actin FSL (Dade Siemens), calcium chloride
dihydrate (SigmaAldrich), low EEO agarose (Sigma), agarose low gelling (SigmaAldrich),
ethylendiaminetetracetic acid (Sigma), isopropanol (Merck), nitric acid (Merck), glacial acetic

acid (Merck), PrestoBlue (Invitrogen), and Calcein AM (Invitrogen).

Synthesis and characterisation of PEGSH-AulONP

Gold coated iron oxide (AulONP) was prepared using a seeding method which was
modified from Ma et al. In a glass flask, 127 uL of 10.1 mM citrate-coated iron oxide (IONP)
which was previously synthesised by previous protocol was added into a solution of double
distilled water and let stir at 500 rpm. After 3 minutes, 7 pL of 50% hydroxylamine (Merck),
70 uL of 1.14% trisodium citrate (Merck), and and 75 pL of 0.1M sodium hydroxide (Merck)
were introduced in succession to the solution. The mixture was then stirred for 3 minutes before
adding 50 pL aliquot of 6.348 mM HAuCl4 (Sigma). The solution was allowed to stir for 10
minutes before adding a further 50 pL of the HAuCl4, until a total of 200 pL aliquot of has
been added. A gradual change in colour from yellowish orange to green/bluish brown was
observed and a final 75 pL of trisodium citrate was added into the solution. Dense gold-coated
iron oxide particles were obtained and separated from the uncoated IONP by centrifugation at

3500 g for 7 minutes. The sediment was then redispersed in water and the obtained combined
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dispersion was dialysed using a 10k MWCO tube (Thermo Scientific) overnight. Coating with
mPEGSH (MW: 6000 g/mol, Sigma) and COOH-PEGSH (MW: 7500 g/mol, Sigma-Aldrich)
was established with a ligand exchange method. AulONP was added dropwise into the polymer
solution, with a polymer to AulONP ratio of 5:1 based on mass. COOH-PEG-SH was added
first into the mixture and allowed to stir for 1 hour. The particle was further attached with
mPEG-SH (with a ratio mPEG-SH to COOH-PEG-SH of 2:1) by incubating the whole solution
overnight before separation and washing by centrifugation at 1000 g for 6 minutes. Particle
characterisation was performed using dynamic light scattering (DLS, Anton Paar Litesizer) and
transmission electron microscopy (TEM, Hitachi 7700B). Prior to further in vitro and in vivo
analysis, concentration of iron and gold were analysed using ICP-MS. Potential of T>* and
photoacoustic enhancing contrast agent PEGSH-AulONP was determined by preparing
phantoms from polystyrene tubes and analysed by the MRI 7T imaging system (Bruker) and
multi spectra optoacoustic tomography (MSOT, inVision 256TF, iThera Medical) system in

Centre of Advanced Imaging, The University of Queensland, Brisbane.

Conjugation of scFv-N3 and Cy5 to PEGSH-AulONP
A total of 1 mg PEGSH-AuIONP (containing 7.78 nmole COOH) was collected and dispersed
in 0.1 M MES buffer pH 5 (Sigma). Into the solution 389 nmole EDC (Thermo Scientific) in
DMSO (Merck) was added, vortexed and then sonicated for 10 minutes in a bath sonicator.
The reaction was then maintained at 37 °C in a shaking incubator at 700 rpm for 20 minutes.
DBCO (Click Chemistry Tools) and Cy5 (Lumiprobe) were added to the reaction with a molar
ratio of 2:1 (3.88 and 1.94 nmole, respectively) and allowed to react for overnight. After
overnight reaction, the particle was centrifuged at 1000 g and redispersed in MES buffer pH 6,
with the washing process conducted twice to ensure elimination of unreacted components. With
a mass ratio of 1:50 (scFv-N3:DBCO-AulONP) the antibody was added to the DBCO-AulONP
and the reaction was maintained at 37°C for overnight. Purification was conducted by washing
the scFv-AulONP with centrifugation at 1000 g for 3 times, and the resulting scFv-AulONP
dispersed in PBS 7.4 and stored in 4 °C until further use. In order to evaluate the conjugation
efficiency, micro bicinchoninic (BCA) assay, sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and agarose gel electrophoresis was conducted with
methodology explained in the supplementary material section.
Antibody to Azide Conjugation

The protocol that was utilised for this conjugation process was developed and modified

from Ta et al . Prior to the reaction, sortase buffer was prepared by mixing 50 mM of Tris HCI,
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150 mM of NaCl, and 0.5 mM of CaCl,. Single chain antibody (scFv) SCE-5 was ligated to an
azide containing peptide (NH2-Glycine-CONH-PEG3-N3) facilitated by sortase reaction.
Peptide, sortase, and scFv were mixed in sortase buffer with a molar ratio of 3:1:1 for overnight
at 37°C. Purification to remove unreacted his-tagged scFv and sortase were done by mixing
with metal affinity resin (TALON®) for 20 minutes. The mixture was centrifuged and the
supernatant was transferred to a 10k MWCO filter centrifugation unit to separate with
unreacted peptide. The solution left on top of the filter is collected and analysed for
characterisation by SDS Page and BCA assay. The resulting scFv-azide conjugate was stored

in -20°C freezer.

SDS-Page

For scFv-azide analysis, SDS-page analysis with 12% acrylamide was performed. After
the gel has been set, molecular weight marker, samples, and scFv standard was inserted into
separate lanes. The gel was then run on 80 V until the samples formed a homogenous line at
the end of stacking gel, then proceed to run at 120 V until good separation was established.
Resulting gel was then incubated with Coomassie blue stain for 1 hour, and thoroughly
destained. Imaging with Bio-rad XR+ was performed and the yield was then calculated based

on the volume of signal intensity analysed on ImageLab software.

Bicinchoninic acid (BCA) — Assay

The assay was conducted using BCA protein assay reagent, by observing the colour
intensity generated with a microplate reader. Five uL of sample was inserted into each well
(replicate three times) and diluted 30x with the reagent. Incubate the sample at 37C for 2 hours
and read the resulting absorbance at 562 nm. Bovine serum albumin (BSA) standard was used
as the standard (range of 0 — 200 ppm) and yield was then calculated based on the BSA standard

curve.

Agarose Gel Electrophoresis

Agarose gel 1% was prepared by dissolving agarose in tris acetate EDTA (TAE) buffer, by
slowly heating the solution in low intensity microwave until the agarose was fully dissolved.
The gel was then poured into the mold and comb was inserted to form homogenous wells. After
the gel has set, 40 ul of samples that have been added with loading buffer (containing glycerol
in TAE buffer) were carefully inserted into the wells. Separation was conducted by running the

gel at 100V until satisfactory separation was achieved. The gel was then imaged with Bio-rad
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XR+ under bright light mode.

AulONP and SCES5-AulONP Particle Characterisation

Size, polydispersity index and zeta potential were measured by dynamic light scattering
method using Anton Paar Litesizer instrument with refractive index of iron oxide, water as a
dispersant at 25°C. The absorption spectra of the resulting particles were scanned from 400-
1000 nm using the absorbance mode in Clariostar plate reader (BMG Labtech) with 1 nm
increment. Similarly, fluorescence intensity was measured using Clariostar plate reader with
excitation of 610-620 nm and emission at 670-680 nm. The morphology and size of the
resulting AulONP was further analysed using a transmission electron microscope (TEM), with
energy dispersive X-Ray spectroscopy (EDS) analysis to confirm the component. Stability of
the AulONP was tested by adding 180 pL of the sample and 20 pL of PBS 7.4 10x strength
(volume ratio of 1:10) and mixed gently with a pipette. Absorbance reading at 808 nm was
taken at 2, 4, 24 hour and 1 week after incubation. Percentage of absorbance decrease was

calculated following Equation 1 below.

. Absorbance at 24 hour—Absorbance at 0 hour
Percentage of absorption decrease (%) = Equation 1
g f p ( A)) Absorbance at 0 hour ( q )

NIR laser-induced temperature increase in vitro
Into a 96-well plate, 100 uL of PBS, PEGSH-AulONP with a concentration of 10 and
50 ppm were exposed with NIR laser (808 nm) to irradiate the samples for 5 min. The changes

of temperature were recorded at 0.5, 1, 2, 3, 4, and 5 minutes by an infrared camera (FLIR C2).

Flow Binding Assay

A site-specific atherothrombosis microfluidic device developed by Ta group was
employed to evaluate the targeted binding of scFv labelled AulONPs. Platelets were labelled
with DiOC6 (0.5 pg/mL) before perfusion for fluorescence observation. The blood was infused
through the main channel using the withdrawal option of the syringe pump at a rate of 4.998
pL/min, which corresponds to the physiological arterial shear rate of 1,000 s'. After 15 min of
perfusion, a desirable size of thrombus was formed on the exposed GEL-COL composite
hydrogel. The main channel was then washed by perfusing 0.5% BSA in PBS for 5 min at a
shear rate of 5000 s™' until removed all blood cells. AulIONP®™ with a concentration of 250
pg/mL in BSA 0.5% PBS 7.4 solution was perfused through the main channel by a syringe

pump at a shear rate of 1,000 s! for 15 min, and binding of the NPs on thrombus was observed
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under a microscope. AulONP® with similar concentration was used as negative control and
treated with similar procedures to the AuIONP™ to check the nontargeted binding affinity of
the NPs with thrombus. Brightfield and fluorescence images were taken at 200x magnification
using an inverted microscope (CKX53, Olympus) mounted with a digital camera (DP74,
Olympus). CellSens software Version 3.1 was used to compare the thrombus size and occlusion
time in different stenosis at 5 min intervals. The same optic system recorded all images,
otherwise mentioned. Data (n=3) was analysed by image processing software ImageJ (Java

1.8.0 172).

Cell Viability Assay

We evaluated the influence of AulONP on cellular viabilty with the resazurin-based
PrestoBlue reagent (Invitrogen). Macrophage RAW 264.7 cells with a density of 10,000 cells
/well, were seeded into 96-well plates in 100 uL of cell culture medium, and incubated for 24 h
to allow cell adherence. Cells were then incubated in the presence or absence of each of the
AUulONP treatments for 24 h period, with untreated cells and cell culture medium alone used
as positive and negative controls respectively. Cell viability was measured according to the
manufacturer’s instructions. Briefly, the PrestoBlue solution was added into each well and
incubated for 30 mins at 37 °C. Fluorescence was measured on a plate reader (Clariostar, BMG
Labtech) at a wavelength of 560/590 nm. To further confirm live cells, the cells were treated
with calcein AM (Invitrogen) for 1 hour and fluorescence images were taken with Olympus

microscope (excitation/emission).

Cell Viability Assay After Laser Exposure

To observe the effect of laser exposure towards healthy cells, cell viability was analysed
using endothelial cells (SVEC4-10). Into a 96 well plate, endothelial cells (SVEC4-10) were
seeded with a density of 8 x 10° per well, in 100 uL of cell culture medium, and incubated for
24 h. After 24 h, media was replaced by AulONP 80 pg/ml or PBS as control solution and
irradiated with laser at 1.5 W/cm? for 3 minutes x 3 cycles. Cell viability was measured using

PrestoBlue and calcein AM solution, similar to the previously described procedure.

Haemolysis Percentage
Blood was centrifuged at 1000 rpm for 15 minutes to separate plasma with red blood
cells. The red blood cells were obtained by separating the plasma and followed by washing of

the red blood cells twice with PBS. A stock of red blood cells was created by diluting 1 mL of
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washed red blood cells into a final volume of 50 ml with PBS. As much as 20 pL of liquid
metal and AulONP sample was placed in a well of a 96 well plate and 180 pL of the red blood
cells stock solution was added. 1% Triton-X 100 and PBS were used as positive and negative
control respectively. The plate was then placed in a shaking incubator at 37°C for 1 and 4 hours.
After incubation, the plate was then centrifuged at 1000 rpm for 5 minutes and the supernatant
was aspirated to transfer to a different well plate for reading. The samples were then observed
for absorbance using a plate reader at 545 nm. Percent haemolysis was calculated using the

equation below (Equation 2).

Absorbance sample—Absorbance negative control

Haemolysis (%) = x 100 (Equation 2)

Absorbance positive control—Absorbance negative control
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Figure S1. Transmission electron microscope (TEM) morphological images of the iron oxide
cluster nanoparticle IONP with (A) 120000x and (B) 80000x magnification
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and scFv-AulONP. (B) Fluorescence intensity of the obtained scFv-AulONP with different
addition method. Insert images are fluorescence intensity taken with Azure Sapphire system
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229  Figure S3. (A) SDS-PAGE gel result of scFv-SCES5 conjugation to GGG-N3 peptide (lane 2),
230 along with increasing concentration of scFv-SCES5 (lane 3-7); with (B) graph plotting of
231 volume signal intensity after Coomasie blue staining and (C) BSA standard curve for BCA
232 assay quantification
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248  successfully attached to the DBCO-AulONP.
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252  Figure S5. Agarose gel electrophoresis result of the particle. PEGSH-AulONP is more
253  negatively charged and has a smaller size compared to scFv-AulONP, causing more significant
254  migration in the gel layer.
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(AulONP®™) over time as compared to the nontargeted particles (AuIONP®)) (scale bar = 100

um). The graph represents the pixel intensity of particles binding on thrombus observed over
time
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Figure S7. Calculating photothermal conversion efficiency. (A) Temperature change of
AulONP with a concentration of 50 ppm and water with NIR irradiation for 300 seconds (808
nm, 1.5 W/cm?). After 300 seconds, the laser was shut off and temperature was observed for
additional 300 seconds. (B) Plot of -In(©) vs time of the cooling period to calculate the
photothermal conversion efficiency Based on Qian et al. report, total energy balance for the
photothermal system can be explained with Equation 3 below:

ar

2im; Cpi — = Qauronp+ Cpis = Qsurr (Equation 3)
m =mass (g)

C = heat capacity (J/g °C)

T = temperature of solution (°C)

t = time (second)

Qautone = energy by AulONP

Qnis = energy from container and solvent

Qsur = energy dissipated away from the system by surrounding or air

Energy generated by AulONP can be quantified using the following (Equation 4):
Qautonp =1 (1 — 1074s0s) (Equation 4)

I = laser intensity (W)
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Agos = absorbance of AulONP at 808 nm
n = photothermal conversion efficiency

Furthermore, Equation 3 can be simplified after the laser intensity has been defined, as the
amount of energy by AulONP and the energy from solvent and container (Qauionpe + Qpis) will
be finite. Based on that, AulONP photothermal conversion efficiency (1) can be calculated

using Equation 5 below :
_ hs (Tmax—Tsurr)—Qpis .
n= 1(1—10~4808) (Equation 5)

h = heat transfer coefficient

] = surface area of the container

Tmax = maximum temperature obtained with laser irradiation
Tsurr = initial temperature before the laser irradiation

hs can be determined by obtaining a dimensionless parameter © and a sample system time
constant which can be calculated by the following Equation 6 and 7 respectively

0= [ —Tourr (Equation 6)

Tmax — Tsurr
t=—1,In(0) (Equation 7)

where s can be determined by obtaining the slope value of -In(©) vs time (Figure S7B) from
the cooling period of the observation. From our calcThis is then followed by calculating hs
with Equation 8:

hs = 2S (Equation 8)

Ts

Based on this, we obtained 7 value for AulONP and water as 77.33 and 69.14 respectively.
Additionally, the m for AulONP was 50 pug and C was 4.2 J/g-°'C. With knowledge of the

absorbance value at 808 nm (Asgos) value from 50 ppm of AulONP was 0.4849 and laser
intensity exposed was 1.5 W/cm?, we then insert these values into Equation 5 to obtain nj which
we retrieved to be 37.47%.
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Figure S8. Difference of blood flow (ml/min) observed with flow probe. AuIONP® treated
groups produced higher change in blood flow shown by the wider range of maximum value
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group.
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Figure S11. Cell Viability After Laser Exposure (A) Microscope images of endothelial cells,
after exposed with laser 808 nm at 1.5 W/cm? and 3 minutes x 3 cycles of exposure time. (B)
Cell viability calculation indicated there was no significant difference between the PBS group
and the AulONP samples.

18



360

361
362
363
364
365
366

367

368

369

370

371

372

373

374

375

376

377

Triton X 100 1%

AulONP 100 ppm AulONP 500 ppm AulONP 1000 ppm

B 1004

504

1 hour 4 hours

Haemolysis (%)
i

Threshold

Figure S12. Haemolysis observation and percentage. (A) Haaemolysis observation on
AulONP. Appearance of whole blood samples after 4 hours of incubation, with plasma
appearing clear yellowish, similar to the PBS group. (B) AulONP groups with various
concentrations did not have any significant difference in haemolysis percentage compared to
PBS treated group, and were all below threshold of 2%, indicating AulONP did not induce
haemolysis.
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Figure S13. Microscopic observation of the organs from non-treated control (no injection of
NPs) and 5 hours post injection of the nanoparticle. Tissues were stained with hematoxyllin
eosin and no visible difference was noticed between the groups (scale bar = 50 pm).

20



384

385
386
387
388
389

390

391

392
393
394

395
396

397

398
399
400
401

402

403

404

AulONPO AulONP™
B 8x10°

" B AulONP”
6x10° B AulONPS)

4x1074

ARE
[p/s]/ [uW/em?]

2x10°+

Liver Spleen  Kidney  Heart Lung

Figure S14. Ex vivo fluorescence intensity and images of organs. (A) Overlayed image of
the black and white photograph and the fluorescence image of ex-vivo organ observation. From
top clockwise: spleen, kidney, heart, lung, and liver. (B) Analysis of the average radiant
efficiency (ARE) indicated there is no significant difference of fluorescent present in the organs
listed between AulONP® and AulONP® groups.

Calculating the number of scFv molecules conjugated to an AulONP:

In order to calculate number of molecules of antibody attached to a given particle we first need
to calculate number of particles in a known mass. We can calculate this using Equation 1 and
2 below:

Mass of one particle = density X volume of particle
(Equation 1)

mass of sample

Number of particles in a known mass = (Equation 2)

mass of one particle

For the reaction we used PEGSH-AuIONP 1 mg with a size 120 nm. Due to the arbitrary shape
of the nanorose structure, we cannot use the nanorose structure to calculate volume, so for the
purpose of calculation we assume the particle is spherical. Additionally, based on these
information we calculate the number of particles using the equations above:

Density of Au=19.32 x 10° mg/cm’
Volume of AuIONP (sphere) =% X 1 X 73 =2 X 3.14 X 60 =9.04x10716 cm?
Mass of one AulONP particle = (19.32 x 10° mg/cm?) x (9.04 x10716 cm?)
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=(1.75x 107 mg

So, the number of particles in 1 mg = 1Mo = 5.72 x 100 particles

1.75x 10711 m,
After obtaining the number of particles, utilised for the conjugation, using mole equation
described with Equation 3 and 4 below:

mass of antibody

Mole of antibody =

(Equation 3)

molecular weight of antibody
Number of molecules = mole X Avogadro number (Equation 4)

Based on the information of antibody conjugation, we then calculate the mole of antibody based
on the yield we obtained from BCA (62% of 20 pg of scFvsces, MW: 33 kDa), with details as
follow:

12.4 ug
33000 g/mole

Number of molecules of antibody = 3.76 x 1071%mole x 6.02 x 10?3 =226 x 104
molecules

Mole of scFvscrs== = 3.76 x 107 %mole

After obtaining these information, we can calculate the rate of antibody conjugated with
Equation 5:

number of antibody molecules

Rate of conjugation = rwmber of particles (Equation 5)
14
So, the rate of antibody conjugation per molecule of PEGSH-AulONP = %

=3.95 x 10° antibodies/particle

The number of antibodies was conjugated to PEGSH-AulONP with overnight (16 hours)
incubation period. This amount of antibody is considered sufficient and highly conjugated [1].

[1] B. Saha, T.H. Evers, M.W. Prins, How antibody surface coverage on nanoparticles determines the
activity and kinetics of antigen capturing for biosensing, Anal Chem 86(16) (2014) 8158-66.

22



	Gold-iron oxide nanoparticle: A unique multimodal theranostic approach for thrombosis
	1 Introduction
	2 Materials and methods
	2.1 Synthesis and characterisation of PEGSH-AuIONP
	2.2 Conjugation of scFv-N3 and Cy5 to PEGSH-AuIONP
	2.3 In vitro human thrombus adhesion
	2.4 In vitro thrombolysis
	2.5 In vivo imaging
	2.6 In vivo thrombolysis
	2.7 Statistical analysis

	3 Results and discussion
	3.1 Preparation and characterisation of AuIONP
	3.2 Conjugation with Cy5 and scFv (activated platelet targeting antibody)
	3.3 In vitro human thrombus adhesion assay
	3.4 In vitro thrombolysis on human thrombus
	3.5 In vivo MRI, PAI, and FI
	3.6 In vivo thrombolysis
	3.7 Biocompatibility of AuIONP

	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgment
	Supplementary materials
	References


