
RESEARCH ARTICLE
www.small-journal.com

Impact of Surface Ligand on the Biocompatibility of InP/ZnS
Quantum Dots with Platelets

Hélio M. Gil, Zoe Booth, Thomas W. Price, Jessica Lee, Leigh Naylor-Adamson,
Michelle Avery, Alina Muravitskaya, Nicole Hondow, David Allsup, Jürgen E. Schneider,
Khalid Naseem, Ali M. Adawi, Jean-Sebastien G. Bouillard, Thomas W. Chamberlain,
Simon D. J. Calaminus,* and Graeme J. Stasiuk*

InP/ZnS quantum dots (QDs) have received a large focus in recent years as a
safer alternative to heavy metal-based QDs. Given their intrinsic fluorescent
imaging capabilities, these QDs can be potentially relevant for in vivo platelet
imaging. The InP/ZnS QDs are synthesized and their biocompatibility
investigated through the use of different phase transfer agents. Analysis of
platelet function indicates that platelet-QD interaction can occur at all
concentrations and for all QD permutations tested. However, as the QD
concentration increases, platelet aggregation is induced by QDs alone
independent of natural platelet agonists. This study helps to define a range of
concentrations and coatings (thioglycolic acid and penicillamine) that are
biocompatible with platelet function. With this information, the platelet-QD
interaction can be identified using multiple methods. Fluorescent lifetime
imaging microscopy (FLIM) and confocal studies have shown QDs localize on
the surface of the platelet toward the center while showing evidence of energy
transfer within the QD population. It is believed that these findings are an
important stepping point for the development of fluorescent probes for
platelet imaging.
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1. Introduction

Effective in vivo imaging of pathological
thrombi has become a topic of significant
interest in recent years. Thrombi are pro-
duced through the activation of a blood cell
called the platelet and are formed to prevent
excessive bleeding. However, in certain dis-
ease states, platelets can over-activate and
therefore cause the formation of an exces-
sively large thrombus. These thrombi can
block blood vessels, either in the location
where they are formed, or they can move
and block blood vessels at a different loca-
tion, leading to thrombotic diseases such
as stroke, pulmonary emboli, and heart at-
tacks.

The use of nanomaterial probes could
prove to be a valuable option for improved
imaging of thrombi. Numerous studies
have employed nanoparticles as molecu-
lar imaging tools to image components
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of a thrombus; from targeting the fibrin mesh by using a fibrin-
targeting peptide attached to the surface of superparamagnetic
nanoparticles,[1] to probing platelets themselves and monitoring
platelet activity using titanium nitride nanocoatings.[2] Such de-
velopments could not only help aid our understanding of throm-
bus size and composition but also aid in the production of more
effective thrombolytic agents and anticoagulant therapies. Subse-
quently, selecting a nanoparticle that itself possesses fluorescent
properties would be a beneficial first step in developing a platelet-
based imaging nanoparticle.

Consequentially, this research has focused on quantum dots
(QDs), which are semiconductor nanocrystals that possess bright
and tuneable emission and desirable physiochemical properties.
QDs with a core/shell structure attract particular interest since
these provide stable and efficient photoluminescence.[3] The core
elements predominantly come from groups II–VI (CdSe, CdS),
group IV (C, Si, Ge), and III–V (InP, GaP, GaN), whilst the
shell is commonly composed of elements from the groups II–
VI (ZnS, ZnSe).[4] There are also reports of QDs that use com-
mon core elements as shell material to achieve different photo-
physical properties.[5] In particular, for InP QDs, the action of
shelling provides many benefits such as improving the quan-
tum yield,[6–8] increasing the photostability of the QD, and pre-
venting the core from oxidizing.[9–11] These photoluminescent
qualities allow QDs to have many applications ranging from op-
toelectronic devices, such as solar harvesting and lighting, to
biomedical imaging.[12,13] Independent of the material, the emis-
sion wavelength of QDs is size-dependent and can be tuned dur-
ing synthesis.[4] For imaging applications, QDs have been pre-
pared with emission wavelengths ranging from the visible to the
near-infrared (NIR) range.[14] QDs have also been used as a plat-
form for multimodal imaging with the incorporation of magnetic
resonance imaging (MRI) agents and positron emission tomog-
raphy (PET) tracers to enable multiple imaging options.[12,13,15–17]

Since QDs are usually synthesized in organic media,[6,15] before
they can be used for biological purposes, it is crucial to trans-
fer QDs to the aqueous phase. This is typically achieved us-
ing thiol-containing hydrophilic ligands.[16,17] Formulations with
these surface molecules have been reported using ligands such
as thioglycolic acid (TGA),[17] penicillamine (Pen),[18] lipoic acid
(LA),[19] or glutathione (GSH).[20]

There are however conflicting reports of the effect of QDs
on the platelet with some indicating Cd- and C-based QDs can
cause activation of the platelet, whilst some report inhibition
of the platelet function.[21,22] There is no report on the effect of
InP/ZnS QDs on platelet function. The rationale for investigating
QD-platelet interactions is two-fold. Inhibition of platelet func-
tion by the QD could cause excessive bleeding, whilst activation
of platelets, independent of natural agonists, could lead to the
formation of a thrombus large enough to obstruct the flow of
blood (pathological thrombus). Critical to the effect on platelets,
and therefore the QD-platelet specific biotoxicity, is the concen-
tration of the QDs, the core and shell materials used, and the
ligands used for phase transfer of the nanoparticles.[23] Impor-
tantly, InP/ZnS QDs have been identified as a non-toxic alter-
native to Cd-based QDs by numerous studies within the liter-
ature both in vivo and in vitro.[24–26] However, the specific ef-
fects upon the platelet caused by both the QD materials and
the ligands used to promote QD water dispersibility are unclear

and need to be investigated. Therefore, determining how or if
InP/ZnS QDs alter platelet function is a vital step in deciding if
this nanoparticle can have biomedical applications as an imaging
agent. With this in mind, a pipeline for investigating InP/ZnS
QD-based platelet imaging probes has been created, as shown in
Figure 1.

The InP/ZnS (core/shell) QDs are initially synthesized in or-
ganic media following a hot-injection protocol, followed by a
phase transfer to aqueous media using different phase transfer
agents (Figure 1). The fluorescent probes are then characterized
using several optical techniques and their platelet biocompatibil-
ity is assessed via individually designed biological assays (platelet
aggregation, flow cytometry, platelet spreading, and in vitro flow).
Subsequently, this allows us to evaluate their potential application
to imaging platelets.

Within this paper, we demonstrate that InP/ZnS QD interac-
tion and activation of platelets are dependent on both the ligand
used for phase transfer (TGA, Pen, LA, and GSH) and QD con-
centration in solution. Therefore, these properties of the QDs are
critical for both imaging and biocompatibility with platelets and
should be carefully selected before adding other components like
platelet-specific conjugates, other imaging modalities, and drug
therapies in the future.

2. Results and Discussion

2.1. Synthesis and Characterization of InP/ZnS QDs in Hexane

InP/ZnS core/shell QDs were synthesized via a hot-injection
methodology in organic media.[6,15] Different indium precursors
are used to tune the emission wavelength of these QDs. Pre-
viously, it was shown that higher atomic number halides yield
smaller QD and therefore blueshifts their emission wavelength,
which was attributed to the differences in reactivity of each
halide.[15] In this work, the primary focus was InCl3 as the in-
dium halide, which resulted in the production of QDs that are
larger (compared to those produced using InI3 and InBr3) and
emit in the red region of the visible spectrum (620–750 nm).
These results agree with the observations made by Tessier and
co-workers.[15]

The optical properties of InP/ZnS QDs in hexane were
measured using absorbance, emission, lifetime, and physical
methodologies, shown below (Figure 2), prior to phase transfer
and surface functionalization of the nanomaterial.

After the growth of the ZnS shell, absorbance measurements
show an excitonic peak at 592 nm, while an emission maximum
was observed at 627 nm with a full width at half maximum
(FWHM) of 63 nm (Figure 2A). The average fluorescence life-
time shows a value of 39.6 ± 0.23 ns (Table 1). These values are
consistent with the fluorescent properties previously reported for
this nanomaterial.[6,15]

Transmission electron microscopy (TEM) images show qua-
sispheroidal QDs (Figure 2) with an average diameter of
4.7 ± 1.3 nm, with an In:Zn ratio of 0.64:1.00 and In:P ratio of
0.42:1.00 (Table S1, Supporting Information) according to energy
dispersive X-ray (EDX) spectroscopy (Figure 2F). Through these
measurements it is possible to observe atomically resolved indi-
vidual QDs and although the core structure cannot be identified,
analysis of the line profiles in Figure 2E–H shows an average
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Figure 1. Schematic diagram showing the pipeline for a platelet-compatible imaging probe, which will first involve the synthesis of InP/ZnS QDs followed
by surface functionalization, and then in vitro platelet biocompatibility testing.

lattice plane spacing of 3.27 Å, which is consistent with the cubic
zinc blende phases of ZnS in the shell.[27]

2.2. Photophysical Characterisation of Water Dispersible InP/ZnS
QDs

For use in a biological setting, QDs must be water-dispersible.
However, as-synthesized QDs are hydrophobic. Therefore,
InP/ZnS QDs were phase transferred into water with a se-
ries of hydrophilic capping ligands; thioglycolic acid (TGA),
penicillamine (Pen), lipoic acid (LA), and glutathione (GSH).
The photophysical characterization of these QDs is shown in
Figure 3.

After phase transfer, absorbance measurements show an exci-
tonic peak at 572–580 nm, and emission maxima for all InP/ZnS
QDs capped with the different ligands were consistent at 617–
622 nm with a FWHM of 59–66 nm (Figure 3A; Table S2, Sup-
porting Information). The evident blueshift in emission is ex-
pected due to the etching of the surface atoms during the phase
transfer protocol.

The average lifetime decay changes for InP/ZnS@TGA in wa-
ter, with a value of 10.3± 0.06 ns (Table 1).[6] The lifetime in water
is shorter than in hexane and includes an additional fast compo-
nent (2.0 ± 0.03 ns) which could be indicative of decay pathways
via vibrational energy levels of water or additional surface defects.
These values are consistent with the fluorescent properties pre-
viously reported for this nanomaterial.[6]

TEM and distribution analysis of InP/ZnS@TGA gives a di-
ameter of 5.4 ± 2.0 nm for the QDs. No difference in size can
be observed following phase transfer through these TEM mea-
surements due to the relatively large errors resulting from the
low sampling density, however, these results confirm no sig-
nificant morphological changes following phase transfer. EDX
spectroscopy gives an In:Zn ratio of 0.87:1.00 and an In:P ra-
tio of 1.03:1.00 (Table S1, Supporting Information). As previ-
ously seen, analysis of the line profiles in Figure 3E,F reveals
an average lattice plane spacing of 3.1 Å, which is consistent
with the cubic zinc blende phases of ZnS in the shell. The in-
crease of In:Zn ratio (from 0.64:1.00) suggests an expected de-
crease in the Zn content from the surface, as some of these atoms
are stripped away during phase transfer. The P content also de-
creases when compared to hexane QDs (In:P ratio of 0.42:1.00)
potentially due to the loss of trioctylphosphine from the nanopar-
ticle surface. The size distribution analysis supports a greater
polydispersity in water, this occurs with all the phase transfer
agents with LA showing the greatest polydispersity (Figure 3;
Figure S1, Supporting Information). The choice of phase trans-
fer ligand is important to maintain monodispersity and there-
fore the ideal optical properties. The additional characterization
for GSH and Pen ligands can be found in Figure S2 (Supporting
Information).

This apparent stripping of shell (Zn) materials could be re-
lated to the weaker photophysical properties of InP/ZnS QDs
in water. Although the emission maxima do not significantly
change in hexane and in water (≈627 nm), the photoluminescent
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Figure 2. Photophysical properties of InP/ZnS QDs in hexane A) absorption (blue) and emission spectra (red) of red InP/ZnS QDs (using InCl3 as
a precursor) with indication of full width at half maximum and peak values. B) Normalised fluorescence decay curve of InP/ZnS in hexane (1 μm).
C) Scanning transmission electron microscopy (STEM) image, D) high- resolution transmission electron microscopy (HRTEM image), E) size distribu-
tions were obtained by measuring 100–150 individual NPs, F) EDX spectrum (N.B. Cu peaks due to TEM grid), G,H) transmission electron microscopy
(TEM) images of individual QDs (with fast Fourier transforms (FFT) inset) and corresponding line profiles. White and black scale bars are 20 and 10 nm,
respectively. Spectra measured at 20 °C with excitation wavelength at 405 nm.

quantum yield (PLQY) changes drastically (Table S2, Supporting
Information). The PLQY in hexane was measured at 44%, while
in water there is a reduction of 35–61% when measuring the
PLQY of GSH and TGA capped QDs, respectively. These results
suggest that the phase transfer protocol is introducing defect sites
on the surface of the QDs, by stripping away Zn atoms, which in

turn creates additional electron traps that decrease the fluores-
cence efficiency of these nanomaterials. These differences could
be enough to induce different biological responses when testing
these nanoparticles in platelets.

Table 1. Analysis of the time-resolved measurements of red InP/ZnS QDs in different solvents.

QDs Concentration
[μM]

Average
Lifetime [ns] a)

𝜒2 Decay Component [ns]

1 b) 2 b)

InP/ZnS (hexane) 1 39.6 ± 0.23 1.08 39.6 ± 0.23 (100%) –

InP/ZnS@TGA
(water)

1 10.3 ± 0.06 1.22 2.0 ± 0.03 (53.0%) 19.7 ± 0.13 (47.0%)

a)
The average lifetime refers to the amplitude average lifetime ( 𝜏m =

n∑
i=1

(ai𝜏i) );
b)

The uncertainty on individual lifetimes was determined using a variance-covariance matrix.

The residuals for each fit can be seen in Figure S16 (Supporting Information).
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Figure 3. Photophysical properties of InP/ZnS QDs in water. A) Absorption and normalized emission spectra of red InP/ZnS QDs in water (using
different phase transfer agents). B) Normalized fluorescence decay curve of InP/ZnS in water with TGA as the surface ligand (1 𝜇m). C–H) Physical
properties of Red InP/ZnS@TGA (middle row) and Red InP/ZnS@LA (bottom row) QDs. C,D) HRTEM images, E,F) TEM images of individual QDs
(FFTs inset) and corresponding line profiles, and G,H) size distributions were obtained by measuring 100–150 individual NPs. Black scale bars are
10 nm. Spectra measured at 20 °C with excitation wavelength at 405 nm. All measurements were carried out in MilliQ water at 20 °C, pH 7.

2.3. Assessing InP/ZnS QD-Platelet Interactions in Washed
Platelets

If InP/ZnS QDs are to be used biologically as the nanoparticle
vehicle for imaging, it is vital to find the specific concentration
that is compatible with platelets and shows no adverse effects.
Careful consideration will be made to the potential effects that
the ligands used to phase transfer the QDs may be having on the
platelets.

Initially, we investigated if Pen, TGA, LA, and GSH induced
platelet aggregation independent of natural platelet agonists.
Analysis of the results shows that Pen, TGA, and GSH did
not induce platelet aggregation. However, LA, at 100 𝜇M and
higher concentrations, induced significant platelet aggregation
(Figure S4A,B, Supporting Information). In addition, we also
investigated if these compounds affected the ability of natural
platelet agonists, such as thrombin, to cause platelet aggrega-
tion. Therefore, we incubated washed platelets with varying con-

centrations of each of the ligands (100 nm–10 mm) for 10 min
in stirring conditions before a high dose of agonist was added
(0.1 U mL−1 thrombin) and monitored the aggregation. As shown
in Figure S4C (Supporting Information), thrombin-induced
aggregation was affected in LA samples that had already un-
dergone aggregation to LA alone (100 𝜇m and above). How-
ever, thrombin-induced platelet aggregation was unaffected by
doses of 10 μm LA and below, and all concentrations of GSH
and TGA were tested. Only Pen at high doses (1–10 mm)
showed an inhibition of thrombin-mediated aggregation. Even
though others have tested Pen, GSH, and LA in platelet ag-
gregation, thrombin has not been used as the platelet agonist
of choice in the washed platelets of healthy humans.[28–33] Al-
though high concentrations of Pen and LA showed effects (ei-
ther by preactivating platelets or affecting thrombin-mediated
platelet aggregation), these concentrations are expected to be
higher than the doses administered when using the highest QD
concentration.
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Therefore, as we could identify that the ligands at the ap-
propriate concentrations had no effect on platelet function, we
now checked to see what would happen to the platelet aggre-
gation response if InP/ZnS QDs coated in these ligands were
added to washed platelets. All InP/ZnS QD (Figure 4) permu-
tations induced an aggregation response at concentrations of
100 nm, with varying degrees of significance. This response
is measured by the change in light transmission through the
sample in comparison to Tyrode’s control, expressed as a per-
centage. InP/ZnS@TGA induced observably weaker aggrega-
tion (23.87 ± 5.33%, p = 0.0354) when compared to the other
QDs; InP/ZnS@LA (84.23 ± 1.17%, p<0.0001), InP/ZnS@Pen
(47.15 ± 7.82%, p<0.0001) and InP/ZnS@GSH (57.08 ± 7.21%,
p<0.0001). This ligand-dependent aggregation response is also
present at 30 and 10 nm, as the InP/ZnS@LA QDs still induce
strong aggregation (30 nm–54.25 ± 6.76%, p<0.0001; 10 nm–
20.87 ± 5.14%, p = 0.0003) whilst all other InP/ZnS QD-ligand
permutations show little aggregation (Figure S5, Supporting In-
formation). To confirm that the change in light transmission
was due to platelet aggregation, and not QD-induced platelet
agglutination, we used a platelet aggregation inhibitor eptifi-
batide. The eptifibatide successfully blocked the aggregation in-
duced by 100 nm InP/ZnS@LA QDs. This indicates that QDs
induced platelet aggregation via activation of integrin 𝛼IIb𝛽3 and
not platelet agglutination (Figure S6, Supporting Information).

Importantly, we also checked platelet aggregation due to a nat-
ural platelet agonist, thrombin, post-QD incubation. The washed
platelets were incubated with QDs for 10 min before being stim-
ulated with a high dose of agonist (0.1 U mL−1 thrombin) and the
response was monitored for a further 8 min (Figure S7, Support-
ing Information). From these results, there was a significant de-
crease in the aggregation response seen with thrombin when the
washed platelets were preincubated with all QDs at 100 nm con-
centrations (InP/ZnS@LA, InP/ZnS@Pen and InP/ZnS@GSH;
p<0.0001 and InP/ZnS@TGA; p = 0.0152). When decreasing the
QD dose further to 30 nm, only the InP/ZnS@LA variant caused
a hindered response to thrombin (p = 0.0049). When the platelets
were incubated with all QDs at 10 nm concentrations, the re-
sponse to thrombin was normal. This suggests that if QDs induce
platelet aggregation independent of a natural ligand, platelet ag-
gregation induced by agonists such as thrombin is reduced.

A further method of assessing platelet biocompatibility is by
using static platelet binding assays. After an initial incubation of
the QDs in washed platelets, platelets were then added to a cov-
erslip coated with 100 μg mL−1 fibrinogen and left to spread for
25 min before fixation, staining, and imaging. These images can
then identify both the number and the morphology of platelets
that have adhered, and also the general QD localization. The
emission of the QDs was shown to be compatible with the green
FITC (fluorescein isothiocyanate) phalloidin actin stain used, as
both channels gave distinct staining (Figure S8, Supporting In-
formation). This method is particularly useful for the lower con-
centrations of QDs, as, although we have shown that platelet ag-
gregation is not affected by most of the QDs at 10 nm, we do not
know if the QDs and platelets were physically interacting in some
other way. All the representative static platelet spreading images
can be seen in Figure S9 (Supporting Information).

Figure S10 (Supporting Information) demonstrates that there
was no significant difference in the number of platelets ad-

hered, irrespective of the type and concentration of QDs used
(p = 0.3948). In contrast, InP/ZnS@LA and InP/ZnS@GSH sig-
nificantly decreased the size of the spread platelet (InP/ZnS@LA
12.68 ± 1.86 μm2, p<0.0001; InP/ZnS@GSH 15.18 ± 2.85 μm2,
p = 0.0010) compared to the platelets not incubated with QDs
(35.72 ± 2.24 μm2) in a dose-responsive manner (Figure 4). This
reduced surface area concurs with the aggregation data in that at
100 nm, both InP/ZnS@LA and InP/ZnS@GSH were able to ac-
tivate the platelets to induce strong aggregation. This, therefore,
suggests that activation was induced during the initial 20 min
incubation and when the platelets were added to the fibrinogen
matrix, the activated platelets were then unable to spread. Ad-
ditionally, InP/ZnS@LA and InP/ZnS@GSH showed the great-
est localization with the platelets, with InP/ZnS@LA localiz-
ing with 81.59 ± 10.73% of platelets and InP/ZnS@GSH lo-
calizing with 43.89 ± 6.96% of platelets at 10 nM concentra-
tions (p<0.0001). Other permutations were shown to be less re-
sponsive, with InP/ZnS@Pen and InP/ZnS@TGA not affecting
platelet spread size, even at 100 nm, and these types only signifi-
cantly interacted with platelets at higher concentrations of 30 nm
with InP/ZnS@Pen showing 41.34 ± 14.14% platelet localiza-
tion and 14.49 ± 4.18% of platelets showing localization with
InP/ZnS@TGA (p<0.0001 and p = 0.0107 respectively). When
correlating this with the aggregation data, these two types of QD
also only induced aggregation at high concentrations of 100 nm,
so they are less reactive to the platelets when considering both
the spreading and aggregation data.

To identify if the QDs bound to the platelet were within or out-
side the membrane of the platelet, z-stacks of the spread platelets
were taken to form a 3D image. This analysis indicated that the
QD fluorescent signal appears more on top of the platelet rather
than within, implying that they may be binding to the surface
rather than being taken up by the platelet (Figure S11, Support-
ing Information).

We also used flow cytometry to further identify the interac-
tion of platelets with the QDs (Figure S12, Supporting Infor-
mation). For the flow cytometry, platelets were stained using a
platelet-specific CD41 antibody to identify them effectively within
the solution. Both the % of platelets binding QDs and the flu-
orescent intensity of the QD signal emitted were observed for
InP/ZnS@LA, InP/ZnS@Pen, and InP/ZnS@TGA. This data
showed a similar trend to the static adhesion results whereby the
InP/ZnS@LA showed the highest interaction with a high propor-
tion of platelets emitting a QD signal at concentrations of 10 nm.
On the other hand, InP/ZnS@TGA showed few QDs interact-
ing with basal platelets, even at higher concentrations of 100 nm
(p = 0.9969), suggesting that this permutation interacts the least.
Interestingly although the number of platelets that bound the
QDs was very different between TGA and LA QDs, the average
mean fluorescence intensity (MFI) for the population of platelets
positive for QDs, was not significantly different between the pop-
ulations.

These studies in washed platelets suggest the best ligands for
QDs when imaging platelets will be TGA and penicillamine as
they have no effect on spreading and reduced effect on aggre-
gation even at 100 nm. This range also marries nicely with the
good optical properties of this QD variant, which makes this vari-
ant advantageous if used for imaging. However, when consider-
ing its application in imaging and therapeutics, it appears that
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Figure 4. Washed platelet aggregation is induced by red InP/ZnS QD variants in a dose-dependent manner (A,B) and interaction with spread platelets
with the InP/ZnS QDs appears to be ligand-dependent (C–E). For the platelet aggregation data, washed platelets at a concentration of 2.5 × 108 mL−1

were incubated at 37 °C for 10 min with either a blank control (Tyrode’s buffer; pH 7.3) or a different ligand permutation of InP/ZnS QDs [either
InP/ZnS@LA (n = 19), InP/ZnS@TGA (n = 17), InP/ZnS@Pen (n = 19) and InP/ZnS@GSH (n = 5)] at either 100 nm (A) or 10 nm (B). Statistical
analysis (in the form of an Ordinary one-way ANOVA with a Tukey’s multiple comparison post hoc test) was performed comparing the % aggregation
of each permutation compared to the basal Tyrode’s control. All QD types induced aggregation at 100 nm concentration whereas only InP/ZnS@LA
was shown to induce significant aggregation at 10 nm. QD-platelet interaction was also seen at these concentrations during the spreading assay, with
the representative images being shown in (C). For this spreading assay, platelets at a concentration of 2 × 107 mL−1 were incubated with varying
concentrations of red InP/ZnS QDs for 20 min before being spread on 100 μg mL−1 fibrinogen for 25 min (TGA-n = 6, Pen-n = 5, LA-n = 4, GSH-n = 3).
The samples were then fixed, permeabilized, and stained with FITC phalloidin for 45 min before being mounted onto glass slides and imaged using
conventional microscopy. From the quantification carried out, only InP/ZnS@GSH and InP/ZnS@LA at concentrations of 100 nM significantly reduced
the spread platelet size (D). InP/ZnS@TGA and InP/ZnS@Pen could be used at 10 nm without significant QD binding being observed (E). * Significant
at p value <0.05, ** significant at p value <0.01; *** significant at p value <0.001; **** significant at p value <0.0001.
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Figure 5. FLIM measurements of InP/ZnS@TGA QDs incubated with
washed platelets. The images were acquired with an excitation wavelength
of 405 nm and emission of 620 nm at 20 °C.

InP/ZnS@TGA and InP/ZnS@Pen can be used in the range of
≈10–30 nm without adverse effects on platelet functionality.

2.4. Fluorescence Lifetime Imaging Microscopy (FLIM)

To further confirm our findings of QD-platelet interaction and
look at the fluorescent properties of QDs after platelet interac-
tion in more depth, we used fluorescence lifetime imaging mi-
croscopy (FLIM). FLIM can give valuable information, such as
fluorescent lifetimes, in addition to the information that is typi-
cally obtained by conventional microscopy. This will provide ad-
ditional information about the interaction of platelets with QDs,
beyond morphological changes. For the FLIM measurements,
washed platelets were incubated with InP/ZnS QDs for 20 min
and then allowed to spread on a coverslip coated in 100 μg mL−1

fibrinogen for a further 25 min. The samples were then fixed with
4% paraformaldehyde and mounted onto glass slides. After in-
cubating platelets with InP/ZnS@TGA QDs, the lifetime of the
sample was mapped, and the results are shown in Figure 5.

The intensity image shows a centralized QD population on
the platelet, in agreement with the fluorescent microscopy
data (Figure 4; Figure S11, Supporting Information). A multi-
exponential decay model was used to fit the FLIM decay curve.
Average lifetime measurements (𝜏m) show QDs predominately
localized toward the center of the platelet with smaller clusters
distributed toward the edges, all with a value between 8–10 ns,

a similar value found for the lifetime of the same QDs in water
(Table 1). Mapping the first decay component (𝜏1) shows a corre-
spondingly shorter lifetime in the center of the platelet (1–2 ns)
and longer toward the edge of the cell (3–4 ns). In parallel the
𝜏2 mapping reveals longer lifetime values (≈15 ns) in the center
where QDs appear to be in higher concentration and lower values
toward the edge (≈9 ns). These changes in 𝜏1 and 𝜏2 could be po-
tentially linked to energy transfer within the QD population as a
function of localization/concentration.[34–36] In this scenario, the
decreased 𝜏1 corresponds to donor QDs transferring energy to
acceptor QDs, and the increase in 𝜏2 reflects the additional time
for energy transfer.[34–36] The same pattern of InP/ZnS lifetimes
in the platelet can also be seen with other formulations such as
InP/ZnS@Pen and InP/ZnS@LA (Figure S15, Supporting Infor-
mation). Comparing these results to those previously obtained
for InP/ZnS QDs in water, and of the fluorescence microscopy
of platelets exposed to these QDs, we propose a similar mech-
anism is occurring; the QDs are localizing on and around the
platelet resulting in areas with higher local concentrations. This
leads to increased energy transfer from smaller to larger QDs in
these regions due to the reduced inter-particle distance. When in-
teracting with platelets, the spatial distribution within the platelet
may cause the QDs to aggregate, leading to radiative energy trans-
fer and self-quenching mechanisms. This could explain the mea-
sured values of the different lifetime components (𝜏m, 𝜏1, and 𝜏2)
in the FLIM experiments.

2.5. Assessing InP/ZnS QD-Platelet Interactions in Platelet-Rich
Plasma and in Whole Blood

For the data identified within a washed platelet-based system to
be truly applicable, it was important to test the QDs with platelets
in a plasma suspension (platelet-rich plasma–PRP) and in whole
blood to provide a better insight into how these QDs might in-
teract with platelets in vivo. As shown in Figure 6, even at con-
centrations of 100 nm, there was no significant aggregation in-
duced by InP/ZnS@LA (p = 0.9420), InP/ZnS@Pen (p>0.9999),
or InP/ZnS@TGA (p = 0.2861). The presence of the QDs in the
PRP also did not cause any significant changes in aggregation
response to 3 μg mL−1 collagen, even with PRP incubated with
100 nm InP/ZnS@LA (p= 0.9976), InP/ZnS@Pen (p= 0.9992) or
InP/ZnS@TGA (p = 0.5623). This therefore suggests that some
property of the plasma is preventing the induction of platelet ag-
gregation by the QDs. This may be due to a component of the
plasma binding to the surface of the QDs. The average associ-
ation constant, KA, between InP/ZnS@TGA and bovine serum
albumin (BSA) was found to be 3.97 × 106 m−1 (Figure S13, Sup-
porting Information). This however does not necessarily corre-
late to the QDs not interacting with the platelets at all in the pres-
ence of plasma proteins. To identify if there was any platelet in-
teraction in the presence of plasma proteins, whole blood was in-
cubated with QDs at 10 nm before flowing it through a microflu-
idic chip precoated with 100 μg mL−1 collagen for 4 min to form
platelet-rich thrombi. Analysis of the fixed thrombi via confocal
microscopy identified that all types of QDs were enveloped within
the formed thrombi (Figure S14, Supporting Information). This
therefore suggests that when adding the QDs to plasma, the
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Figure 6. The presence of up to 100 nm of each QD did not induce any significant change to the aggregation response (A) and this is seen both with
and without agonist within the representative traces (n=5) (B) and with the comparative analysis post collagen injection (C). Platelet-rich plasma was
incubated at 37 °C with varying concentrations of either InP/ZnS@LA (n = 4), InP/ZnS@TGA (n = 4), InP/ZnS@Pen (n = 8) or PBS (as non-QD control)
for 10 min before 3 μg mL−1 collagen was added and the response monitored for a further 8 min. Statistical analysis (in the form of an Ordinary one-way
ANOVA with a Tukey’s multiple comparison post hoc test) was performed comparing the % aggregation of each permutation compared to the basal
PBS control. From the statistical analysis carried out, there was no significant aggregation response induced by any QD type at 100 nm concentration
(p = 0.2383) nor was there any significant change in aggregation to 3 μg mL−1 collagen in the presence of InP/ZnS@LA (p = 0.7933), InP/ZnS@TGA
(p = 0.4498) or InP/ZnS@Pen (p = 0.9946). The ns. notation denotes non-significance, whereby p>0.05.

associated reactivity of QDs with platelets is removed, but the
QDs are still able to be enveloped within the thrombi.

3. Conclusion

InP/ZnS QDs have received a larger focus in recent years as a
safer alternative to heavy metal-based QDs in biological appli-
cations. Although the focus has been on improving the photo-
physical properties in water with various ligands, little is known
about how these QDs impact the biological function of the
platelet and their photophysical behavior within the platelet. We
have synthesized and characterized InP/ZnS QDs in hexanes
and phase-transferred them to aqueous media using different
phase transfer agents such as thioglycolic acid (TGA), penicil-
lamine (Pen), lipoic acid (LA) and glutathione (GSH). When
testing the ability of InP/ZnS QDs to interact with platelets,
we have shown that this interaction is dependent on the lig-
and used for phase transfer and the concentration of QDs in
solution. Platelet aggregation assays have shown that all of the
tested QD permutations can induce platelet aggregation at con-
centrations of 100 nm and this becomes significantly weaker be-
low 30 nm, except for InP/ZnS@LA QDs which still displayed
high aggregation at 10 nm. Static adhesion assays confirmed
that high concentrations of InP/ZnS@LA and InP/ZnS@GSH
interact with platelets and induce morphology changes, while
InP/ZnS@TGA and InP/ZnS@Pen had no effect on platelet
spreading, even at 100 nm. Using confocal microscopy, and
FLIM, it has been shown that InP/ZnS QDs with all these ligands

remain on the surface of platelets localizing in high concentra-
tion toward the center of the cell. The FLIM measurements show
a potential energy transfer within this high QD localization/
concentration.

In summary, biological studies on platelets have high-
lighted that both TGA and Pen-capped QDs appear to be the
most platelet biocompatible permutation tested. These types
can be used at concentrations ranging from 10–30 nm in
washed platelets and up to 100 nm in platelet-rich plasma
without any detrimental impact on platelet aggregation or
spread platelet morphology whilst still retaining good fluores-
cent properties. These results are thus an important stepping
point for the development of fluorescent probes for platelet
imaging.

4. Experimental Section
General Procedures: All chemicals used in this work were purchased

from Sigma Aldrich (Dorset, UK) and solvents were purchased from VWR
(Leicestershire, UK) unless stated otherwise. Indium chloride (99.999%),
indium iodide (99.999%), indium bromide (99.999%) and zinc chlo-
ride (99.999%), tris(diethylamino)phosphine (97%), sulfur powder (90%),
D-penicillamine (90%), L-glutathione reduced (98%), (±)-𝛼-lipoic acid
(98%), trioctylphosphine (90%), tetramethylammonium hydroxide solu-
tion (25 wt.% in H2O), 1-octadecene (technical grade, 90%), oleylamine
(technical grade, 70%). All products were used without further purifica-
tion. Water (H2O) was purified before each use with a Millipore Milli-
Q system, with a resistivity value of 18 MΩ cm corrected at 25 °C.
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High-resistance, single-use syringes (Injekt Luer Solo) and needles used
in this work were purchased from Braun Medical Ltd.

Reactions including oxygen or moisture-sensitive compounds were car-
ried out under a dry N2 or Ar atmosphere. The used glassware was dried in
a 150 °C oven and cooled under argon pressure immediately before use,
with the use of a Schlenk line. Standard syringe and septa techniques were
employed.

Reactions at high temperatures were conducted using IKA C-MAG HS7
hotplate stirrers with temperature regulators together with heating blocks
for better heating efficiency. Auxiliary thermometers were used to confirm
the internal temperature of the solutions. Reaction temperatures refer to
internal solution temperatures unless stated otherwise.

UV–Vis absorption spectra for the characterization of QDs were
recorded on a PerkinElmer Lambda 365 UV–vis using 2 × 10 mm cuvettes.
Fluorescence measurements were performed using an Edinburgh Instru-
ments FS5 spectrofluorometer, in 2 × 10 mm quartz cuvettes, using a
front-facing holder. Lifetime measurements have been analyzed using a
variance-covariance matrix method for 1, 2, and 3 exponential decays to
refine fits and determine the uncertainty of each decay component. The
uncertainty of the amplitude average lifetime was calculated using stan-
dard error propagation from the uncertainty of the individual lifetimes.

Hydrodynamic diameter and Zeta potential of QDs in solution were
measured on a Malvern Panalytical Zetasizer Nano ZS. Plastic cuvettes
(10 mm) were used for both measurements and a universal “dip” cell was
additionally used for Zeta potential measurements.

TEM was undertaken on a FEI Titan3 Themis G2 operating at 300 kV fit-
ted with 4 EDX silicon drift detectors and a Gatan One-View CCD. Bruker
Esprit software (Version 1.9.4) was used for EDX spectra collection and
analysis. High-angle annular dark field scanning TEM (STEM) and EDX
mapping were conducted using a probe current of ≈150 pA. Samples were
prepared for TEM by placing a drop of suspended QDs on a graphene
oxide-coated holey carbon film supported on a copper TEM grid (EM Res-
olutions, UK). QD sizing was performed by measuring the diameter of
≈100–150 individual QDs per sample) in the STEM images.

Preparation of Shell Precursor’s Reactions: Preparation of TOP-S 2.2 m
(sulfur precursor): Sulfur (353 mg, 22 mmol) in trioctylphosphine (10 mL,
22 mmol, TOP) was stirred and degassed at 120 °C for 1 h with alternat-
ing vacuum and argon cycles. The final solution was left under an inert
atmosphere of argon, stirring at 120 °C.

Preparation of zinc stearate 0.4 m in 1-octadecene (zinc precursor): zinc
stearate (5000 mg, 8.0 mmol) in 1-octadecene (20 mL, 62.5 mmol) was
stirred and degassed at 150 °C for 1 h with alternating vacuum and ar-
gon cycles. The final solution was left under an inert atmosphere of argon,
stirring at 150 °C.

Synthesis of InP Core Quantum Dots: The synthetic methodology for
the preparation of size-tuneable QDs were adapted from the work de-
scribed by Clarke and co-workers and Tessier and co-workers.[6,15]

Indium(III) chloride, bromide, or iodide (0.45 mmol) and zinc(II) chlo-
ride (300 mg, 2.2 mmol) in oleylamine (5.0 mL, 15 mmol) were stirred and
degassed, with alternating cycles of Ar and vacuum, at 120 °C for an hour
and then heated to 190 °C under inert atmosphere. Upon reaching and
stabilizing at 190 °C, tris-(diethylamino)phosphine (0.45 mL, 1.6 mmol,
phosphorus:indium ratio = 3.6:1) was quickly injected into the above mix-
ture. The core growth took place for 20–30 min, depending on the indium
precursor used (20 min for InI3, 30 min for InCl3 and InBr3).

TOP-S (1 mL, 2.2 m) was added by slow injection. The solution was
stirred at 180 °C for 40 min. The temperature was rapidly increased to
200 °C and stirring continued for 1 h. Zinc stearate (4 mL, 0.4 m in
1-octadecene) was added by slow injection. The temperature was im-
mediately rapidly increased to 220 °C and the solution was stirred for
30 min. TOP-S (0.7 mL, 2.2 m) was added by slow injection. The reac-
tion temperature was immediately increased to 240 °C and stirred for
30 min. Zinc stearate (2 mL, 0.4 m in 1-octadecene) was added by slow
injection. The temperature was immediately rapidly increased to 260 °C
and stirred for another 30 min. The reaction was cooled to 180 °C. Af-
ter stabilizing at that temperature for 30 min, the synthesis of the sec-
ond shell began with an injection of TOP-S (1 mL, 2.2 m), repeating the
process of the first shell. After the last zinc stearate injection, the re-

action was then cooled to room temperature. Chloroform (5 mL) was
added to the mixture, and it was then poured into a 50 mL falcon tube
filled with 20 mL ethanol. The QDs were then centrifuged at 3400 rpm
for 6 min, the supernatant discarded, and the pellet resuspended in
hexane. The QDs were stored at a low temperature (4 °C) for further
characterization.

Phase Transfer and Surface Functionalization of InP/ZnS QDs: Phase
transfer of InP/ZnS QDs from organic to aqueous phase was accom-
plished following a procedure reported by Tamang and co-workers.[17] Ini-
tially, 1 mL of QDs stored in hexane were centrifuged (3 000 rpm, 1 min)
to precipitate any residue of stearate suspended in solution. A thorough
purification was conducted to remove additional hydrophobic molecules.
Anhydrous ethanol (3 mL) was added and the suspension was centrifuged
(10 000 rpm, 6 min). The supernatant was discarded, and the QDs were
resuspended in chloroform (1 mL). Ethanol (3 mL) was added and the
mixture was centrifuged (10 000 rpm, 6 min). The supernatant was dis-
carded and the QDs were resuspended in a minimum amount of chlo-
roform (1 mL). In a glass vial, the previously prepared InP/ZnS QDs in
chloroform (1 mL) and a solution of the desired ligand (2 mL, 0.2 m) in de-
gassed milli-Q water (18 MΩ) were mixed. Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP, 0.5 m, 250 μL) was added to the mixture and the pH
was adjusted to 10 (TGA, GSH), 11 (penicillamine) or 12 (LA) by dropwise
addition of 0.5 m tetramethylammonium hydroxide. LA was reduced in situ
by TCEP during this process. The mixture was vigorously stirred at room
temperature for 1 h, shielded from direct light. QDs in the aqueous phase
were distributed into VWR centrifugal filters (30 kDa for red QDs, 10 kDa
for green and orange QDs) at 6 000 rpm for 2 min. Then, 200 μL of milli-Q
water was used to wash the QDs, and centrifugation was repeated. QDs
were washed until the pH of the solution reached seven and the sample
was then stored in the dark at 4 °C for further characterization.

Preparation of Washed Platelets from Healthy Human Blood: Whole
blood from healthy human participants was obtained in Acid Citric Dex-
trose (ACD) vacutainers (BD). The blood was centrifuged twice, once at
700 rpm and then again at 900 rpm for 10 min per spin and the plasma
was collected after each spin. Citric acid (0.3 m) was added to the PRP be-
fore being centrifuged again at 1000 × g for 10 min. The suspension was
removed, and the pellet was resuspended in platelet wash buffer [0.036 m
citric acid; 0.010 m EDTA; 0.005 m glucose; 0.005 m potassium chloride;
0.09 m sodium chloride]: with ≈1 mL of wash buffer being added per 10 mL
of whole blood taken and the suspension was centrifuged at 1000xg for
10 min. The suspension was then removed, and the pellet resuspended in
1 mL of Tyrode’s buffer [20 mm HEPES; 134 mm sodium chloride; 2 mm
potassium chloride; 0.34 mm sodium hydrogen phosphate; 5.6 mm d-
glucose anhydrase; 12 mm sodium hydrogen carbonate; 1 mm magnesium
chloride]. The platelet count of the washed platelets was then measured
using a Beckman Z1 colter particle counter and adjusted to a concentra-
tion of 2.5 × 108 platelets mL−1 using Tyrode’s buffer.

Performing Light Transmission Aggregations (LTA) with the InP/ZnS QDs:
All light transmission aggregations (LTA) were carried out using optical
aggregometers Chronolog Model 490 4+4 (Chronolog, USA) alongside
the provided AGGRO/LINK8 software (Chronolog, USA). The agonists
used for the LTA include thrombin at 0.1 U mL−1 (Sigma-Aldrich, Dorset,
UK) and collagen Reagens HORM Suspension (Takeda, Linz, Austria) at
3 μg mL−1. For the washed platelet aggregations, washed platelets at a
concentration of 2.5 × 108 platelets mL−1 were incubated with the QDs
at 37 °C (at concentrations of 10–100 nm) for 10 min, and for this Ty-
rode’s was used as the blank control. For the ligand aggregations, ligands
at varying concentrations (100 nm–10 mm) were incubated for the same
duration as the QD aggregations before being stimulated and left for a
further 10 min with 0.1 U mL−1 thrombin. For the Eptifibatide studies,
washed platelets were incubated with 9 μM Eptifibatide (TOCRIS, Bristol,
UK) for 2 min before either the QD or the thrombin was added and left for
10 min. The QD dose-response curve produced with the AGGRO/LINK8
software was exported to Microsoft Excel and graphed and analyzed us-
ing GraphPad Prism 8.0 software (GraphPad, California, USA). The ag-
gregation values were extrapolated 8 min post-QD/ligand injection and
8 min post thrombin injection. The data was then analyzed statistically for
significance.
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Performing Platelet Spreading Assays with the InP/ZnS QDs: Coverslips
were placed into a 24-well plate and were coated with either 200 μl of
100 μg mL−1 fibrinogen or with 30 μl of 100 μg mL−1 collagen: these were
left at room temperature for 1 h. During this incubation period, 5 mg mL−1

bovine serum albumin (BSA) was prepared by first dissolving in PBS, boil-
ing for 10 min, and filtering through a 0.45 μm filter. After the 1 h in-
cubation with the agonists, the wells were washed twice with PBS to re-
move any unbound agonist, and 300 μl BSA was added to each coverslip
and left for 1 h at room temperature to prevent any non-specific binding
of the platelets to the glass coverslip before being washed again twice
with PBS. Human-washed platelets were prepared at a concentration of
2 × 107 platelets mL−1 and after the BSA had been washed off, 200 μl
of washed platelets were added to each coverslip with varying concentra-
tions of InP/ZnS QDs (10, 30, and 100 nm) as a 1:100 dilution and these
were left to spread for 25 min at 37 °C. After 25 min, the coverslips were
again washed twice with PBS. The slides were then fixed for 10 min with
4% paraformaldehyde, permeabilized with 0.1% Triton X-100 for 5 min,
and stained with 2 mm FITC-phalloidin for 1 h at room temperature in the
absence of light (washing twice with PBS in between each of these steps).
The coverslips were then washed twice with PBS and mounted onto a glass
slide using a drop of Diamond Antifade Mountant. The slides were then
imaged on a Zeiss Axio Imager fluorescence microscope using an x63 oil
immersion objective (1.4 NA). Images were taken using the Zen Pro soft-
ware (Zeiss, UK). Parameters such as platelet adherence, surface area,
and observable platelet-QD binding were identified using ImageJ (NIH,
Bethesda, USA).

Performing FLIM Measurements of InP/ZnS QDs on Spread Washed
Platelets: Coverslips were initially coated with 100 μg mL−1 fibrinogen
for 1 h at room temperature before being washed twice with PBS and then
blocked using 5 mg mL−1 BSA for an hour. Washed platelets prepared at
concentrations of 2 × 107 platelets mL−1 were preincubated for 20 min
at 37 °C with varying QD types and concentrations before being added
to the coverslip after washing out the BSA. The washed platelet and QD
suspension were left to spread on the fibrinogen-coated coverslip at 37 °C
for 25 min. After which, the coverslips were washed twice and fixed us-
ing 4% paraformaldehyde at room temperature for 10 min. The coverslips
were then mounted onto a glass slide using a drop of Diamond Antifade
Mountant and then used for fluorescent-lifetime imaging microscopy.

Time-resolved fluorescence measurements were recorded using a
home-built optical microscope. For FLIM measurements, the sample was
scanned using a Nano-LPS 100 piezo-stage in a reflection configuration.
A pulsed 405 nm laser diode was used to excite the photoluminescence
using a 100× magnification Olympus objective with numerical aperture
NA = 0.9. The same objective was used to collect the emission, which was
then directed toward a microHR Horiba spectrometer and dispersed using
a 150 line mm−1 grating onto an HPM-100 time-correlated single-photon
counter. The setup had a temporal resolution of 0.1 ns. The integration
time per pixel was defined by the level of photoluminescence, which, along
with the selected spatial resolution, determined the scan duration. A pixel
acquisition time of 1.5 s and a lateral step of 250 nm resulted in the total
duration of each scan of 35–40 min (≈1200–1600 pixels per scan). The
decay curves for each point were analyzed using the SPC Image software
(Becker & Hickl). The average lifetime reported was calculated using:

𝜏ave =
n∑

i = 1

𝛼i𝜏i (1)

where 𝜏 i are the decay times, 𝛼i the amplitudes of the decay components
at t = 0, and n is the number of decay times.[37]

Performing Platelet in vitro Flow Assays with the InP/ZnS QDs: For
the in vitro flow assays, microfluidic biochips (Vena8 Endothelial+ Mi-
crofluid Biochips, Cellix: Dublin, Ireland) were precoated overnight with
100 μg mL−1 collagen at 4 °C. On the following day, 5 mg mL−1 BSA was
added and left for 15 min at room temperature to prevent the platelets
from binding elsewhere in the biochip capillary. Healthy human blood was
collected in 40 μm PPACK and then stained using a membrane stain (10 μm
DIOC6 also known as 3,3’-Dihexyloxacarbocyanine iodide) prior to all flow

experiments. Varying concentrations of InP/ZnS QDs (10, 30, 100 nm)
were added to the stained whole blood and left in an Eppendorf for 20 min.
After the 20 min incubation, the blood and QD suspension flowed over the
chip at arterial shear 1000 m s−1 for 4 min to allow the thrombi to build up.
After the 4 min, PBS then flowed over the chip to wash out any remaining
red blood cells. The thrombi were then fixed with 4% paraformaldehyde
and imaged using an Apetome.2 confocal units on a Zeiss Axio Observer
using the Zeiss Zen software (Zeiss, UK). Z stack images were then taken
using an x63 oil immersion objective (1.4 NA) and then concatenated into
a video using ImageJ software (NIH, Bethesda, USA).

Performing Flow Cytometry with the InP/ZnS QDs: Washed platelets
were diluted to 1 × 107 platelets−1mL in modified Tyrode’s buffer and
were incubated for 20 min in the dark at room temperature with vary-
ing concentrations of QDs (100–10 nm). Platelets alone were stained with
a platelet-specific CD41 FITC antibody (BioLegend, California, USA). Un-
stained samples were also processed. Platelets were fixed by the final con-
centration of 0.45% cold PFA and immediately analyzed. BD LSR Fortessa
cell analyzer (BD Bioscience, New Jersey, USA) was used to acquire events.
Samples were analyzed using the same configuration baseline validated
each experimental day with CS&T procedures. For each condition, 10 000
events were read from each sample by the FACSDiva Software (BD Bio-
sciences, New Jersey, USA) and were then analyzed.

Fluorometric Assessment of QD-Bovine Serum Albumin (BSA) Interac-
tion: Emission spectra (𝜆ex = 280 nm) of samples containing BSA (5 μm)
in PBS and increasing quantities of either InP/ZnS@TGA (0–0.3 μm) or
InP/ZnS@LA (0–0.35 μm) were collected. The emission maxima of BSA
(𝜆em = 350 nm) were used to perform a Stern-Volmer analysis to deter-
mine association constants, KA, of the QDs with BSA based on fluores-
cence quenching. Data was fit using non-linear regression in GraphPad
9.5.1.[38]

Statistical Analysis: Data has been reported to a maximum of two dec-
imal places as averages and variation between averages (M±SEM). N
numbers for the individual experiments were stated within the figure leg-
ends. Statistical analysis for the biological studies was carried out using
Prism 8.0 software (GraphPad, California, USA). For the platelet aggrega-
tion analysis, to transform the raw exported data from the AGGRO/LINK8
software into percentage platelet aggregation, the data was first trans-
formed by y = 100-y and then normalized by defining the range of the
data points of 0% as y = −13 and 100% as y = 87. Any percentage val-
ues obtained during the platelet studies were first Arcsine transformed
(y = arcsine(sqrt(y/100))) to a numerical value instead of a percentage
to meet the requirements for a one-way ANOVA. From there, a one-way
ANOVA was performed to determine the significance between the differ-
ent QDs. Further statistical testing was carried out post hoc with Turkey’s
multiple comparison test once a normality test was passed and the data
was shown to be normally distributed. P values greater than or equal to
0.05 were considered significant.

Donor Recruitment: For the biological studies, written informed con-
sent was acquired prior to the donation of blood. The blood was collected
from healthy drug-free volunteers in accordance with Hull York Medical
School Ethics Committee for “The study of platelet activation, signaling,
and metabolism” and NHS REC study “Investigation of Blood cells for
research into Cardiovascular Disease” (21/SC/0215).
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