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Ischemic cardiovascular disease is the leading cause of death worldwide and is primarily attributed to
blood vessel occlusion caused by thrombi. While current treatments and research focus on overall throm-
bolytic activity, they often overlook the distribution of therapeutic agents or drug-loaded nanomaterials
within the thrombus. This study is the first to systematically investigate how the material, size, shape, and
charge of nanoparticles affect their ability to penetrate and distribute within a thrombus. The ultimate
goal is to guide the development of more efficient thrombolytic nanomaterials. Recently, various metal
(e.g. gold and silver) and metal oxide nanomaterials have been developed for thrombolysis and molecular
imaging of thrombi. Based on this, we employed gold and silver nanoparticles in our study. Nanoparticles
ranging from 10 to 200 nm in size, with both positive and negative surface charges, and in spherical and
rod-shaped forms, were evaluated using two-photon microscopy, loop-based diffusion, and both static
and dynamic microchannel thrombus models. It was found that the physicochemical characteristics of
nanoparticles strongly influence their ability to penetrate and accumulate within the thrombus. In particu-
lar, the larger the particle size, the lower the penetration and the higher the retention. Negative surface

Received 7th August 2025, charge and silver materials favour penetration of the particles compared to positively charged or gold par-

Accepted 29th September 2025
DOI: 10.1039/d5bm01192b

ticles, respectively. Particle shape is also an influence factor, where a rod shape reduces penetration and
increases retention. These findings provide valuable insights for designing future diagnostic and thera-

rsc.li/biomaterials-science peutic nanoparticles.

administered within 4.5 hours of symptom onset and is only
effective in approximately one-third of patients.* Alternative

1. Introduction

A thrombus occluding blood flow is the underlying physiologi-
cal explanation for cardiovascular diseases such as ischemic
stroke, venous thrombosis, and myocardial infarction, which
are the leading causes of death worldwide." Current thrombo-
lytic options include the use of tissue plasminogen activator
(tPA), which remains the only FDA-approved therapeutic agent
for ischemic stroke.”> However, this gold standard still has
some drawbacks. tPA is rapidly cleared from the human body
due to its short half-life, necessitating frequent administration
to maintain its therapeutic efficacy.®> Moreover, the precise
timing of drug delivery is crucial. For example, tPA must be
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options to preserve its activity are needed for life-threatening
situations. Therefore, nanoparticles (NPs) have received atten-
tion as an emerging option for drug delivery due to their per-
meability and ability to load different types of cargo.’
Additionally, various metal (e.g. gold and silver) and metal
oxide nanomaterials have been developed for thrombolysis
and molecular imaging of thrombi.®™"”

Most of the research to date has mainly focused on target-
ing thrombus components to achieve thrombolysis.>*'®'® The
main components of a thrombus are aggregated platelets and
red blood cells and a mesh of cross-linked fibrins.*® To
efficiently deliver drug cargos to the clot, it is essential that the
carrier or nanomaterial can both adhere to and penetrate
deeply into the thrombus. However, the distribution of nano-
particles within a thrombus—particularly their precise location
and concentration—remains poorly understood. Previous
studies have attempted to image targeted particles on thrombi
but have been unable to accurately pinpoint their exact
location.”® In addition, it is not known how the physico-
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chemical characteristics such as material, size, shape and
charge of a nanomaterial affect its penetration and retention
in a clot.

In this study, we aim to fill this knowledge gap by investi-
gating the material, size, charge and shape-dependent NP
dynamics in thrombi. This understanding can provide insight
and guidance for designing effective drug delivery systems for
thrombolysis applications. Here, we employ gold and silver
NPs in the size range of 10-200 nm with varying electrical
surface charges (positive and negative) and shapes (sphere
and rod) to examine the abilities of the NPs to penetrate
thrombi using different in vitro models.

2. Materials and methods

2.1. Chemicals

Gold (10 nm PEG-coated, 30 nm PEG-coated, 30 nm branched
polyethylenimine-coated, and 100 nm PEG-coated) and silver
(100 nm and 200 nm PEG-coated) NPs were purchased
from nanoComposix (San Diego, CA, USA). Sodium boro-
hydride (NaBH,, 452874) was obtained from Aldrich.
Hexadecyltrimethylammonium bromide (CTAB, H6269) and
t-ascorbic acid (255564) were purchased from Sigma. Actin was
acquired from Siemens (B4219-1).

2.2. Synthesis of gold nanorods

Gold nanorods were synthesised according to Mackey et al.>" A
seed solution containing 750 mL of 0.2 M CTAB, 250 mL of
1.0 mM HauCl, and 60 mL of 0.01 M NABH, was prepared.
16 mL of the seed solution was added to a growth solution
(1000 mL of 1.0 mM HauCl,, 1000 mL of 0.2 M CTAB, 45 mL
of 4.0 mM silver nitrate, and 28 mL of 78.8 mM ascorbic acid),
which was incubated overnight at room temperature. The
obtained gold nanorods were verified by an absorbance
reading (with a longitudinal peak of 780 nm) and washed by
centrifugation at 15000g for 15 minutes with water. The
washed rods were redispersed in the same volume of liquid
before washing, followed by the addition of thiol-PEG-COOH
solution (gold nanorod : PEG-COOH, 1:1 mass ratio), which
was incubated overnight to acquire PEGylated gold nanorods
with a zeta potential of —3.4 + 1.0 mV.

2.3. Invitro thrombus formation

The protocol was modified from the existing literature.”?
Human blood was obtained from the Australian Red Cross
and approved by the Griffith Ethics Committee (2021/598) for
research purposes. The whole blood was centrifuged
for 15 min at 250g to obtain platelet-rich plasma. A thrombus
mixture including 70 pL of the human plasma, 1 pL of 1 M
calcium chloride (CaCl,), and 3 pL of the actin was incubated
at 37 °C for 1 h. The thrombus was then washed with
PBS solution at room temperature with rotation for half an
hour. The washed thrombus was then utilised for different
assays.

This journal is © The Royal Society of Chemistry 2025
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2.4. Two-photon microscopy for permeation and analysis

The thrombus prepared using the methods stated in section
2.3 was transferred into a 96-well plate. The thrombus was
incubated with 70 pL of the NP solution (concentrations are
specified in the results) overnight. The thrombus was moved
to another well for washing with 70 pL of PBS three times with
gentle movement by hand. Finally, it was fixed with a 2% PFA
solution and then transferred to a Zeiss LSM 710 Microscope
with a Mai Tai (Spectra Physics, Newport) eHP DeepSee laser
and a dedicated detector. Sub-100 fs pulses of 820 nm light
were used for excitation, while the 2-photon luminescence of
AuNPs was collected between 450 and 600 nm. Moreover, the
silver NPs were excited using 780 nm laser light and their
luminescence was collected between 420 and 780 nm.

The Z-stack images of each thrombus were obtained using a
10x objective. Each stack image had a 5 pm interval, and a
total distance of 250 um was imaged. FIJI was used to analyse
the integrated intensities of the acquired images and normal-
ised them for quantitative analysis. For more region-specific
analysis, one ROI close to the edge of the thrombus and a ROI
that represented the inside of the thrombus were selected
based on the acquired image. The normalised values were cal-
culated based on the intensity acquired in the ROI divided by
the intensity of the standard NP sample at the same concen-
tration in the 96-well plate.

2.5. Retention and analysis

NP retention refers to the ability of NPs to be trapped or held
within a blood thrombus.>® The thrombus obtained from
section 2.3 was transferred to the following setup. A V-shaped
polydimethylsiloxane (PDMS) channel was formed with the aid
of a pre-treated 200 pL tip (QSP). The PDMS channel was fabri-
cated using standard soft-lithography techniques.>*** Briefly,
the PDMS mixture was made with a base part (SYLGARD 184
Silicone Elastomer base, 1317318) and a curing agent
(SYLGARD 184 Silicone Elastomer curing agent, 1317318) at a
weight ratio of 10:1, followed by 20 min vacuum degassing.
Subsequently, the processed PDMS mixture was poured over
the tip mould, where the 200 pL tip was positioned in a
55 mm Petri dish (PS, gamma sterile) (Fig. 1). The tip was pre-
sprayed with WD-40 lubricant to make the surface more hydro-
phobic and facilitate easy stripping. The PDMS mixture was
poured over the tips and baked in an oven at 70 °C for over
2 hours. After curing, the tips were taken from the PDMS
model using needle nose pliers. The PDMS channel was
arranged at the tube clamp stand, where the clamps hold the
PDMS model vertically.

The formed channel was washed by filling it with water and
incubated with collagen (300 pg mL™") solution for 10 min.
Then, it was washed with PBS for better adhesion of the
thrombus in the channel. The preformed thrombus was trans-
ferred to the middle of the channel straight after the washing
process. The concentration of the flowthrough NPs was
measured using a plate reader to obtain the retention of the
NPs. The sample reading was divided by that of a standard
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Fig. 1 Representative image of the tip channel with a thrombus within
the channel.

sample (pure NP solution) at the same concentration and
wavelength to obtain the normalised value of the sample itself
compared to its standard.

2.6. Static diffusion and analysis

Fibrin thrombi were formed around steel inoculation loops
from samples of human plasma (70 pL), 1 pL of 1 M CaCl, and
3 pL of actin in the presence of AuNPs (0.25 mg mL™"), accord-
ing to the procedure modified from ref. 26. The fibrin throm-
bus was formed after the mixture of the above solution and
the loop was incubated at 37 °C for 1 h. The thrombus was dia-
lysed for 24 h with PBS solution and the PBS was changed at
12 h. The thrombus was digested with trypsin at 37 °C. The NP
content was quantified by dividing the absorbance reading of
the sample by that of the standard sample (peaks provided by
the companies, Table 1) at the same concentration and
wavelength.

2.7. Diffusion under flow and analysis

A straight microfluidic channel model was used to mimic the
internal environment of blood vessels. The dimensions of the
channel were 30 mm x 1.5 mm x 3.5 mm (length x width x
height). The channel model was fabricated by laser cutting
(CO, laser cutting machine, Rayjet 300, Trotec) on PMMA lami-
nates. Next, the PMMA strips were adhered onto a petri dish
with super glue (Loctite precision super glue) and treated with
WD-40 lubricant for easily removing the PDMS channel from
its surface. Subsequently, the PDMS mixture was poured over
the model, and the procedure was the same as the tip channel
in section 2.5. After peeling off the PDMS from the mould,
inlet and outlet holes were punched. Next, the channel was
treated with 100 pL of collagen (300 pg mL™") for 10 min to
make it more hydrophilic for the thrombus to adhere followed
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by three PBS washes. The PDMS layer and glass substrates
were treated for 45 seconds with 18 W plasma using a plasma
cleaner (Harrick Plasma). The freshly developed thrombus
described in section 2.3 was transferred to the treated channel
before the final integration of the channel with the glass sub-
strate. Finally, tubing was attached to the inlet and outlet of
the channel and was further connected with a peristaltic
pump for continuous flow. A peristaltic pump (NE-9000) was
used to pump through a channel with various nanoparticle
solutions with the same concentration of 0.25 mg mL ™" in PBS
for 4 h at a flow rate of 31 uL. min~", corresponding to a physio-
logical arterial base wall shear rate of 1000 s™*. A control group
with PBS was infused into the channel for 4 h.

2.8. Statistical analysis

Data are presented as mean + standard error of the mean.
One-way ANOVA with post hoc Dunnett’s or Tukey’s and a T test
were employed. The statistical test for each parameter is stated
in each figure legend for significance testing, with a p value of
<0.05 considered statistically significant. Data analyses were
performed using GraphPad Prism (GraphPad Software Inc.).

3. Results and discussion

To study the effect of the size, shape, charge and material of
NPs on their capability to penetrate and remain in the throm-
bus, we employed 7 different NPs as described in Table 1.

In this study, we employed an in vitro human thrombus
model representing an arterial thrombus, or a “white” throm-
bus, which is primarily composed of platelets and fibrin. For
this reason, red blood cells were not included. Our focus on
arterial thrombi is based on the fact that they are responsible
for life-threatening cardiovascular events such as heart attack,
myocardial infarction and ischemic stroke.

3.1. Spatial distribution of NPs within thrombi visualised by
two-photon microscopy

Previously, two-photon microscopy was utilised to visualise
deep tissues in animal models with greater precision and less
invasiveness than conventional confocal microscopy. This
technique demonstrated the ability to locate different types of
metallic NPs.>”?® Additionally, studies have explored the use
of two-photon microscopy to investigate thrombus formation
and the associated microenvironmental changes.?*!

Here, to assess the three-dimensional distribution of NPs
within the thrombus, two-photon microscopy was employed.
The normalised intensity was calculated based on the standard
NP intensity at the same concentrations. A distance of 250 pm
across a thrombus from the bottom to the top was imaged with
5 pm intervals. The intensity of the whole imaged area was nor-
malised to the standard (Fig. 2). By analysing the normalised
intensities of NPs at different depths within the thrombus, we
assessed how NP size and concentration affect their penetration.

3.1.1. Impact of particle sizes, materials, and charges on
the overall distribution. To investigate the effect of NP size, we

This journal is © The Royal Society of Chemistry 2025
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Table 1 Characteristics of NPs employed in the study

Nanoparticles Material Size, nm Charge, mV Wavelength, nm Shape

AUGN10 Gold 11.0 £ 0.7 -16 518 Sphere

AUGN30 32.7+3.6 +25.1 522

AUBB30 30+3 65 520

AUGN100 100 + 11 -31 565

AUNR Length: 23 + 5 -3.4+1.0 762 Rod
Width: 8 + 2

AGGN100 Silver 99 + 10 -17 485 Sphere

AGGN200 197 + 25 -19 485

AUGN: negatively charged gold nanospheres with a PEG coating, AUBB: positively charged gold nanospheres with a BPEI coating, AGGN:
negatively charged silver nanospheres with a PEG coating, and AUNR: negatively charged gold nanorods.

4 Direction of image acquisition

51 stacks
0

0 pm

250 um

0pum 250 pm

Fig. 2 Two-photon microscopy visualisation. (A) Schematic representation of the image acquisition direction. (B and C) Representative images of
thrombi incubated with 30 nm branched polyethylenimine-coated gold NPs at concentrations of (B) 0.05 mg mL™ and (C) 0.25 mg mL™, displayed
in temperature colour mode. The representative ROIs of the inside (gray) and edge (black) were as indicated in bold rectangles (65.4 um x 166.3 um),

with the same distance between the centre of the two ROIs (330 pm).

examined the distribution profiles of AuNPs with negative
charge and different sizes (10, 30 and 100 nm, Fig. 3A, B and
G-1). The overall intensity of the NPs at various depths of the
thrombus was first analysed. At both low (0.05 mg mL™") and
high (0.25 mg mL™") NP concentrations, most NPs exhibited a
generally decreasing trend in intensity with increasing depth
(z-axis) within the thrombus.

At low concentrations, smaller NPs generally exhibited better
penetration. AUGN10 NPs showed the highest penetration (the
intensity values ranged from 0.4 to 1.0, Fig. 3A) among the gold
NPs, while AGGN200 showed the lowest. Both AUGN100 and
AGGN100 groups displayed decreasing penetration trends with
increasing depth. Compared to AUGN100, AGGN100 penetrated
deeper into the thrombus as evidenced by the higher normal-
ised intensity across the thrombus. At a high concentration
(0.25 mg mL ™), a similar trend was observed.

Positively charged NPs exhibited less penetration than
negatively charged NPs. For both NPs, at low concentration,
the NP distribution was even from the edge to the middle of
the clot. When increasing the concentration to 0.25 mg mL™",
NP penetration reduced as it reached further inside the clot. A
high concentration of NPs showed a more obvious effect on
their penetration.

This journal is © The Royal Society of Chemistry 2025

Overall, these findings highlight the complex interplay
between nanoparticle size, material, and charge in determin-
ing their penetration and distribution within the in vitro
thrombus.

3.1.2. Impact of the sizes of particles on their penetration
at the edge and inside ROIs. To further investigate the intra-
thrombus distribution, we analysed the normalised intensity
within specific regions of interest (ROIs): the thrombus centre
(inside) and periphery (edge). Overall, the intensity of NPs
within the thrombus decreases with increasing depth, with
some variations at low and high concentrations.

Fig. 4 shows the intensity difference with increasing throm-
bus depth. At the low concentration (0.05 mg mL™') of
AUGN10, the intensity at the thrombus edge exhibited a steady
decrease from a normalised value of 0.32 at the bottom (0 pm)
to 0.19 at the top (250 pm, Fig. 4A). Similarly, the intensity
within the thrombus core also decreased (from 0.31 at the
bottom to 0.11 at 250 pm). The trend for the high concen-
tration (0.25 mg mL ") of AUGN10 was similar.

As the nanoparticle size increased to 30 nm and 100 nm,
the intensity at the edge at low concentrations was lower
than that of the 10 nm group (Fig. 4B and G), indicating
reduced penetration of larger particles. This trend was also

Biomater. Sci., 2025, 13, 6458-6469 | 6461
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Fig. 3 Overall normalised intensity profiles of gold (AuNPs) and silver (AgNPs) NPs within the clots. NPs with varying concentrations (A—C and G-I)
0.05 mg mL™* and (D-F and J-L) 0.25 mg mL™?, different sizes and charges were evaluated. Two-photon microscopy was employed to measure the
nanoparticle distribution along the z-axis of the clot, with data points collected at 5 um intervals up to a depth of 250 pm. The normalised intensity
represents the relative nanoparticle concentration at each location. Error bars indicate standard deviation (n = 3—4 per group).

observed for increased nanoparticle concentrations (Fig. 4D, E
and J).

For silver NPs, as the size increased from 100 nm to
200 nm, the 200 nm group exhibited a similar decreasing
trend at both the edge and inside, with lower intensity
compared to the 100 nm silver group. Both 100 nm gold and

6462 | Biomater. Sci, 2025, 13, 6458-6469

silver NPs showed a decreasing trend within the thrombus
core, while the gold NP group exhibited a lower intensity
than the silver group at both the edge and inside area
(Fig. 4G and H). But the high concentration of AUGN100 had a
more stable trend throughout the imaged thickness (Fig. 4]
and K).

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Normalised intensity profiles of gold NPs (AuNPs) and silver NPs (AgNPs) within the thrombus with the edge and inside ROI. NPs with varying
concentrations ((A—C and G-1) 0.05 mg mL™* and (D—F and J-L) 0.25 mg mL™), sizes and surface charges were evaluated: negatively charged (-) (A
and D) 10 nm, (B and E) 30 nm, (C and F) positively charged (+), (G and J) 100 nm AuNPs; (H and K) 100 nm AgNPs, and (I and L) 200 nm AgNPs.
Two-photon microscopy was employed to measure the nanoparticle distribution along the z-axis of the clot, with data points collected at 5 pm
intervals up to a depth of 250 um. The normalised intensity represents the relative nanoparticle concentration at each location. Error bars indicate
standard deviation (n = 3—4 per group).
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Overall, these results highlight the influence of the size of
particles on their penetration and distribution within thrombi.
Smaller NPs, such as AUGN10, exhibited better penetration.

3.1.3. Impact of the zeta potential of particles on their
penetration at the edge and inside ROIs. To investigate the
influence of NP surface charge, we compared the penetration
profiles of AUGN30 with those of AUBB30 (described earlier).
At a low concentration (0.05 mg mL™"), the negatively charged
NPs (AUGN300) (Fig. 4B) exhibited minimal variation in nor-
malised intensity at the thrombus edge. The intensity
remained relatively constant, ranging from 0.17 at the bottom
(0 pm) to 0.16 at the top (250 pm). The behaviour at the high
concentration (0.25 mg mL™") differed slightly (Fig. 4E). Here,
the normalised intensity at the periphery showed a slight
initial decrease, followed by a modest increase.

The normalised intensity of positively charged NPs
(AUBB30) (Fig. 4C and F) increased from the bottom to 95 pm
(0.08 to 0.27), then remained at a similar level of around 0.25
until 190 pm, and then started to decrease until 250 pm. The
high concentration of AUBB30 remained stable at 0.08 from
the bottom to 10 pm, followed by an intensity rise to 0.09 at
140 pm. Then, the intensity started to decrease to 0.06 at
250 pm. Positively charged NPs displayed a markedly different
behaviour. This trend persisted throughout the thrombus
thickness, even at high concentration.

In summary, these results highlight the critical role of zeta
potential or surface charge in nanoparticle penetration and
distribution within thrombi. Negatively charged NPs exhibit
enhanced penetration and accumulation compared to posi-
tively charged particles.

3.1.4. Impact of the material of particles on their pene-
tration at the edge and inside ROIs. To investigate the influ-
ence of NP material on thrombus penetration, we compared
negatively charged 100 nm gold and silver NPs (AUGN100 and
AGGN100, respectively).

Our findings reveal distinct patterns based on nanoparticle
type. Fig. 4G shows that the low concentration of AUGN100
exhibited an overall decreasing trend for both the edge and
interior. On the other hand, for the edge, from the bottom to
the top of the thrombus, AGGN100 showed an initial increase
in intensity, followed by a subsequent decrease (Fig. 4H). At
high NP concentration, the trend was similar (Fig. 4] and K).
Additionally, the intensity range at the edge of the low-concen-
tration AGGN100 group was higher than that of the
AUGN100 group, suggesting greater penetration of nano-
particles into the edge region. The subsequent reduction in
edge intensity and the low interior intensity of the
AGGN100 group may be attributed to the abundance of silver
nanoparticles penetrating the superficial edge region, poten-
tially causing a blockage in the fibrin network and hindering
further nanoparticle retention within the thrombus. Future
studies can investigate this hypothesis. Overall, these results
highlight the influence of nanoparticle type on their pene-
tration and distribution within thrombi.

To the best of our knowledge, this is the first proof-of-
concept study utilising two-photon optical imaging to visualise

6464 | Biomater. Sci, 2025, 13, 6458-6469
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gold and silver NPs within in vitro thrombi. Generally, nano-
particle penetration into the thrombus decreases with depth,
as indicated by the reduced normalized intensity of the inner
regions of interest (ROIs) for each nanoparticle with increasing
height. Smaller NPs and negatively-charged ones penetrate
better than the larger and the positively-charged ones, respect-
ively. Silver NPs exhibit better penetration than gold NPs at the
same size and charge.

The current study utilised the same components for throm-
bus formation throughout the work as described in section
2.3. The thrombus was a grain-shaped mesh-like protein struc-
ture, where the network acted as a barrier to prevent the
deeper penetration of the NPs into the clot. The outer regions
of the thrombus may be looser compared to the interior,
resulting in a higher NP intensity compared to the interior of
the thrombus. The main components of human plasma
include plasma proteins, platelets, fibrinogen/fibrin, factor
VIII and factor V,*° which were all rich in negative charges.***?
This explains why the positively-charged NPs (AUBB30)
showed less penetration than the negatively-charged ones
(AUGN30). We hypothesise that the positively-charged NPs
may quickly encounter weak electrostatic interactions with the
negatively charged component of the thrombus, blocking the
thrombus pores and preventing further NP penetration.

Further studies may assess the nanoparticle interaction
using different thrombus component models, such as those
with red blood cells.

3.2. Permeability and retention of NPs in a thrombus tip
model

The penetration capability of NPs into the thrombus was
further assessed using a tip model (Fig. 5A) to measure the
amount of NPs that stayed in the thrombus, which helps
assess the impact of size, charge and types of NPs on throm-
bus retention within 4 h (Fig. 5B). In this model, the pene-
tration of NPs into the thrombus was facilitated by gravity.

3.2.1. Impact of particle size. As the NP size increased, a
greater proportion of the particles remained trapped in the
thrombus and were unable to pass through.

At a concentration of 0.05 mg mL ™", the AUGN10 retention
was only 3.6% within the clot, while the AUGN30 retention
was 27.5% + 5.0 and the AUGN100 retention was 30.9% =+
4.4%. However, the same was not observed for silver NPs. In
particular, AGGN100 did not show a significant increase in
retention compared to AGGN200 (26.0% * 1.9% vs. 23.5% =
2.6%, respectively, Fig. 5B).

When the concentration was increased to 0.25 mg mL ™",
51.3% of AUGN10 stayed in the thrombus. The AUGN30 reten-
tion (41.9% =+ 0.2%) was not higher than the AUGN10 reten-
tion. The AUGN100 was retained significantly more than
AUGN10 and AUGN30. Similarly, it was observed that
AGGN200 exhibited greater retention or less passage through
the thrombus compared to AGGN100 (Fig. 5B). These findings
suggest that the retention effect is positively correlated with
the increase of the nanoparticle size.

This journal is © The Royal Society of Chemistry 2025
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3.2.2. Impact of particle zeta potential. AUBB30 exhibited a
significantly higher percentage of NP retention compared to
AUGN30 at both low and high concentrations (Fig. 5B), exceed-
ing 60%, with no significant difference observed between
these concentrations. The data demonstrate that positively
charged NPs have an enhanced retention effect in the throm-
bus. This is probably due to their increased affinity (electro-
static interaction) with the negatively-charged components of
the thrombus.

3.2.3. Impact of particle material and shape. Fig. 5B shows
that gold NPs (AUGN100) generally exhibited lower per-
meability compared to silver NPs (AGGN100). This material
effect was stronger at high concentration than at low concen-
tration; particularly, it was observed that AGGN100 was
retained less or passed through the thrombus significantly
more than AUGN100 (Fig. 5B).

Additionally, we found that NP shape influences its per-
meability and retention in the thrombus as well. Our syn-
thesised gold nanorods (AUNR: 23 nm length and 8 nm width)
showed reduced permeability relative to spherical NPs
(AUGN10 and AUGN30) at both high and low concentrations.

The results presented in this section provide valuable
insights into the factors influencing nanoparticle permeability
within a static thrombus. Future studies can fully delve into
the thrombus microstructure and nanoparticle-thrombus
interactions. A deeper understanding of these mechanisms
will be instrumental in refining nanoparticle design for
optimal thrombus targeting and therapeutic outcomes.

3.3. Nanoparticle retention and diffusion in a loop model

This study evaluated the retention ability of various NPs in the
thrombus and their ability to diffuse out into physiological
solutions at different time points. Retention and diffusion are
closely interconnected processes.***® The extent to which NPs
are retained within a thrombus will directly influence their
ability to diffuse and the movement of NPs within a blood clot.

This journal is © The Royal Society of Chemistry 2025

In this model, NPs were incubated with the thrombosis
materials to form a thrombus before undergoing dialysis
(Fig. 6).

Similar to the previous 2 models, in this loop model, the
effects of particle size, surface charge, material and shape were
also observed, consistent with the findings from the other
2 models. In particular, after 12 h, the retention of gold and
silver NPs showed a size-dependent effect, whereby an increase
in the size of the NPs resulted in more NP retention in the
blood clot. Later at 24 h, most of them slightly diffused out
but the size-dependent retention trend remained.

The NP surface charge or zeta potential significantly
impacted the NP retention. After 12 h, the positively charged
gold NPs (AUBB30) showed 99.0% =+ 0.2% retention, while the
negatively charged ones (AUGN30) showed much lower reten-
tion (60.9 + 4.9%). After 24 h, only 15.0% + 2.1% of AUBB30
diffused out, marking the lowest diffusion rate over time.
Interestingly, taken together, AUBB30 showed the highest
retention amongst all NPs and even higher than the much
larger NPs (AUGN100, AGGN100 and AGGN200).

Again, findings from this model show that NP material
affected their retention. AUGN100 exhibited 27.5% diffusion
after 24 h, an improvement from their 12 h results. However,
when compared to AGGN100, the gold nanospheres were
retained significantly more in the thrombus at both 12 (58.9%
+ 12.5% vs. 72.5% =+ 5.1%, respectively) and 24 h (21.6% =
1.0% vs. 45.0% + 1.2%, respectively). Interestingly, compared
to all other NPs, AGGNP100 had the highest diffusion rate and
lowest retention in the clot. Increasing the silver nanoparticle
size from 100 nm to 200 nm led to a higher retention rate in
the thrombus (21.6% + 1.0% vs. 77.9% + 1.3%, respectively).

Consistent with the finding from the previous model, NPs
with a rod shape were retained more in the thrombus com-
pared to spherical ones. The AUNRs showed a higher percen-
tage of retention effect than AUGN30 at 12 h (72.7% + 10.9%
vs. 60.9 + 4.9%, respectively). At 24 h, although a significant
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amount of AUGN30 diffused out of the thrombus, AUNRs did
not and 72.7% + 8.3% of their particles were retained.

Overall, AUBB30 demonstrated the highest retention, com-
parable to AGGN200. This suggests that particle size and
surface charge play crucial roles in influencing their pene-
tration behaviour. Further investigations are required to
explore the specific mechanisms underlying the retention
behaviour differences.

3.4. NP penetration and retention in a flow model

The ability of NPs to penetrate and interact with a thrombus
under flow conditions (Fig. 7) was evaluated using a peristaltic
pump. The percentage of NPs penetrating and staying in the
thrombus was measured as the retention. Under the flow, NPs
penetrated the thrombus and remained in the thrombus with

a size-dependent tendency. After 4 h of continuous infusion,
AUGN10 and AUGN30 showed relatively similar retention per-
centages within the clot without statistical significance (11.0 +
0.5% and 9.2 t 2.0%, respectively, p = 0.09). The larger
AUGN100 NPs showed increased retention (44.4 + 1.1%).
Similarly, the retention of AGGN100 in the clot is size-depen-
dent too. AGGN100 was retained more in the clot (42.8 + 0.3%)
than AGGN100 (35.2 + 0.3%). Overall, these findings indicate
that an increase in NP size correlates with enhanced retention
within the thrombus. The AGGN100 retention was 9.2% less
within the thrombus after the 4 h infusion than the AUGN100
retention. This finding suggests that the silver NPs had less
retention effect than the gold NPs. To evaluate the effect of
nanoparticle shape, we compared gold nanospheres and
AUNRSs. The nanorods demonstrated a retention rate of 49.7 +
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Fig. 7 Nanoparticle penetration through a thrombus under flow conditions. (A) Representative images of the dynamic arterial flow microchannel
model (scale bar: 60 mm): (i) side view before nanoparticle solution addition with a thrombus adhered onto the top of the channel, and (ii) side view
and (iii) top view of the channel after perfusing AUGN30 (0.25 mg mL™) solution. (B) Bar chart of the percentages of NPs retained in the thrombus
after 4 h perfusion (n = 3—-5 per group). AUGN: negatively charged gold nanospheres with a PEG coating, AUBB: positively charged gold nanospheres
with a BPEI coating, AGGN: negatively charged silver nanospheres with a PEG coating, and AUNR: negatively charged gold nanorods. *, **, *** and
****: p < 0.05, 0.01, 0.001 and 0.0001, respectively.
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1.8% after four hours. The retention of negatively charged rod
shaped NPs was greater in the thrombus than the spherical
NPs.

Due to technical limitations, it is important to note that the
influence of surface charge on nanoparticle behaviour was not
explored in this model. AUBB30 exhibited strong adhesion to
tubing and coverslip glass, preventing an accurate assessment
of their penetration and retention properties. Therefore,
AUBB30 was not tested in a flow model. Future studies should
address this limitation to gain a more comprehensive under-
standing of the role of surface charge in nanoparticle-throm-
bus retention under flow conditions.

The findings from all models employed in this study were
consistent and suggest that NP physiochemical characteristics
including size, shape, charge and material all affect the NP
penetration and retention in the thrombus. Optimising these
parameters is crucial for achieving optimal targeting and drug
delivery to the thrombus.

4. Conclusion and future
perspectives

Thrombus-induced blockage of blood flow through the vessels
in the human body remains the most common killer world-
wide. While current treatment options provide a solution with
room for improvement, nanoparticle research became more
promising with their properties to protect the cargo and capa-
bility for targeting. The retention effect is a key concept in
understanding the behaviour of nanoparticles within a blood
clot. It refers to the extent to which nanoparticles are retained
in the thrombus and their ability to diffuse or penetrate
through the clot. The current study did not focus on assessing
variations in platelet or fibrin density, which may influence
the penetration and diffusion of particles within the clot.**?”
Maintaining consistent thrombus formation conditions, the
current study utilised various models to evaluate the pene-
tration and retention capabilities of gold nanoparticles with
positive and negative charges, ranging in size from 10 nm to
100 nm, in both spherical and rod shapes, as well as negatively
charged silver nanoparticles of 100 nm and 200 nm. The
results demonstrate that silver nanoparticles penetrate clots
more effectively than their gold counterparts of the same size,
and gold nanoparticles tend to remain more within the throm-
bus. Although their mechanism is currently unclear, this may
be due to the ability of Ag nanoparticles to release Ag" ions,
which could affect the thrombus matrix and facilitate pene-
tration. Further studies are needed to investigate this mecha-
nism. Nanoparticle size significantly influences both pene-
tration and retention. Among particles with similar diameters,
rod-shaped nanoparticles exhibited greater retention than
spherical ones. Additionally, positively charged nanoparticles
showed a higher tendency to be retained in the clot. These
findings were consistently observed across the various in vitro
models used in this study.

This journal is © The Royal Society of Chemistry 2025
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Current studies primarily focus on the specific functions of
small gold nanospheres with targeted ligands for thrombolysis.
However, there has been no comprehensive investigation into
the correlation between the physicochemical properties of nano-
particles and their ability to penetrate and be retained in clots.
To the best of our knowledge, this is the first study to address
this gap by evaluating a range of gold and silver nanoparticles.

Concentration effects (high vs. low NP doses) were evalu-
ated using both two-photon microscopy and the thrombus tip
model. We found that the overall trends were not significantly
affected by concentration. Therefore, in subsequent models we
selected a single NP concentration. The cytotoxicity and hae-
molysis of the NPs were not assessed here as the study’s
primary aim was to investigate how NP characteristics (size,
shape, charge and material) influence clot penetration and
retention. Nevertheless, evaluating cytotoxicity and haemolysis
across different NP concentrations is essential for future trans-
lational studies and should be undertaken for any nano-
materials selected to proceed with thrombolytic therapy.

Future studies could also explore replacing gold and silver
with alternative materials for NPs. Additionally, various NP
shapes—such as nanocubes, nanostars, and nano-tetrahedra
—can be assessed using the models established in this study.
Building on these findings, further research may contribute to
the development of optimised drug delivery platforms for
thrombolysis, ultimately benefiting a broader patient popu-
lation. The challenges observed with BPEI-coated gold nano-
spheres (AUBB30) under flow conditions underscore the
importance of carefully considering surface chemistry when
designing NPs for thrombus targeting. Future work should
also investigate alternative positively charged NPs to reduce
non-specific interactions and allow accurate assessment of
surface charge effects, enabling direct comparisons with nega-
tively charged particles in in vitro flow models. Moreover, the
development of minimally invasive, advanced imaging tech-
niques to evaluate nanoparticle efficacy in in vivo thrombosis
models—with real-time distribution tracking—could signifi-
cantly enhance the understanding of treatment strategies and
support their translation into clinical applications.
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