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ABSTRACT: Asthma is a chronic respiratory disease initiated by a variety of factors,
including allergens. During an asthma attack, the secretion of C-X-C-motif
chemokine 10 (CXCL10) and chemokine ligand 5 (CCL5) causes the migration
of immune cells, including platelets, into the lungs and airway. Platelets, which
contain three classes of chemical messenger-filled granules, can secrete vasodilators
(adenosine diphosphate and adenosine triphosphate), serotonin (a vasoconstrictor
and a vasodilator, depending on the biological system), platelet-activating factor, N-
formylmethionyl-leucyl-phenylalanine ((fMLP), a bacterial tripeptide that stimulates
chemotaxis), and chemokines (CCL5, platelet factor 4 (PF4), and C-X-C-motif
chemokine 12 (CXCL12)), amplifying the asthma response. The goal of this work was threefold: (1) to understand if and how the
antibody immunoglobulin E (IgE), responsible for allergic reactions, affects platelet response to the common platelet activator
thrombin; (2) to understand how allergen stimulation compares to thrombin stimulation; and (3) to monitor platelet response to
fMLP and the chemokines CXCL10 and CCL5. Herein, high-pressure liquid chromatography with electrochemical detection and/or
carbon-fiber microelectrode amperometry measured granular secretion events from platelets with and without IgE in the presence of
the allergen 2,4,6-trinitrophenyl-conjugated ovalbumin (TNP-Ova), thrombin, CXCL10, or CCL5. Platelet adhesion and chemotaxis
were measured using a microfluidic platform in the presence of CXCL10, CCL5, or TNP-OVA. Results indicate that IgE binding
promotes δ-granule secretion in response to platelet stimulation by thrombin in bulk. Single-cell results on platelets with exogenous
IgE exposure showed significant changes in the post-membrane−granule fusion behavior during chemical messenger delivery events
after thrombin stimulation. In addition, TNP-Ova allergen stimulation of IgE-exposed platelets secreted serotonin to the same extent
as thrombin platelet stimulation. Enhanced adhesion to endothelial cells was demonstrated by TNP-Ova stimulation. Finally, only
after incubation with IgE did platelets secrete chemical messengers in response to stimulation with fMLP, CXCL10, and CCL5.
KEYWORDS: platelet, exocytosis, single cell, allergen, chemokine

1. INTRODUCTION
Asthma is a chronic respiratory disease affecting nearly 25
million people in the United States, according to the CDC in
2019, and the prevalence of the disease is rising.1 Asthma is
triggered by a variety of factors, including exercise, air
temperature, stress, respiratory infections, and allergen
presentation. People with severe asthma are likely to
experience worse symptoms if they contract COVID-19,
another pulmonary disease, increasing the need to better
understand how asthma-triggering allergens can impact the
body.2 During an asthma attack, smooth muscle cells contract
to narrow the airways, while epithelial cells initiate
inflammatory processes through the secretion of chemokines,
including C-X-C-motif chemokine 10 (CXCL10) and chemo-
kine ligand 5 (CCL5). CXCL10 and CCL5 help influence the
movement of eosinophils, activated T-lymphocytes, macro-
phages, mast cells, and platelets into the lungs and lower
airways, including the airway smooth muscles and bronchial
submucosa, through the chemokine receptors C-X-C-motif
chemokine receptor 3 (CXCR3) and both C−C chemokine

receptor 1 (CCR1) and C−C chemokine receptor 3
(CCR3).3−12

Allergic asthma is brought on by an allergen cross-linking the
antibody immunoglobulin E (IgE) bound to cell surfaces
through the Fcε receptors on a variety of immune cells
including mast cells, eosinophils, neutrophils, and platelets. IgE
is produced by the plasma cells as an immune system response
to outside toxins and is often overabundant in individuals with
allergies. It can upregulate the expression of Fcε receptors.
Platelets, which have been shown to express both the high- and
low-affinity IgE receptors, have recently garnered attention for
their role in the enhancement of asthma symptoms (Figure
1).10−15
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Platelets, a cell-like body commonly known for their role in
hemostasis, contain two main types of chemical messenger-
filled granules (δ and α) and a minor granule type,
lysosomes.16 The δ-granules contain small molecules including
serotonin, adenosine diphosphate (ADP), adenosine triphos-
phate (ATP), Ca2+, and histamine which enhance vasodilation
and cell activation.17 The α-granules contain a variety of
growth factors, clotting factors, platelet factor 4, chemokines
(such as CCL5), and membrane adhesion molecules such as P-
selectin.18 Upon activation, platelets can secrete their granular
contents through exocytosis, which is a highly conserved
biological process where the granule docks to the cell
membrane, forming a fusion pore between the granule
contents and extracellular space. Upon fusion pore formation,
part or all of the granular contents are secreted into the
extracellular environment. In parallel, platelet shape changes
and adhesion to endothelial cells and leukocytes additionally
enhances the asthmatic response. Platelet attachment to
leukocytes allows migration into the interstitium, and previous
research has demonstrated that asthmatic patients show
elevated levels of platelet−leukocyte complexes in the
lungs.19 The attachment to endothelial cells causes the
secretion of additional chemokines by endothelial cells,
including interleukin-8, and the expression of the intercellular
adhesion molecule ICAM on the endothelial cell surface.20

Finally, exposure to the adhesion molecule P-selectin on
platelets helps prime eosinophil adhesion to the endothelium
and eosinophil migration.21

Platelets were first hypothesized to play a role in asthma in
the early 1980s, and since then they have been shown to
augment asthma symptoms through multiple pathways. The
lungs have also been shown to be a major site of terminal
platelet production, giving further inference that platelets may
impact asthma.22 Platelets with Fcε receptors have been found
to migrate both in vitro toward the allergen they are sensitized
to and in vivo from the vessels into the airways after an allergen
challenge.9,11,12 Platelets also have the ability to activate and
secrete their granular contents within 10 min of an allergic
response.23−26 The secretion of chemokines and vasodilators
drives the recruitment of eosinophils, leukocytes, and T-helper

2 cells. The expression of P-selectin, CD154, and CD40 on
activated platelets then assists with the platelet−cell
interaction, activation, and endothelial layer migration of
these cells.20,21,24 Studies undertaken in platelet depletion
models revealed a decrease in the progression of allergic
asthma and reduced airway hyperresponsiveness, suggesting an
important role for platelets and new therapeutic
routes.15,19,24,26−28

Patient and animal models with allergic asthma present
elevated levels of IgE in serum, often increasing with the
severity of asthma.15,29,30 Platelets exposed to increasing
concentrations of serum IgE correlated significantly with
platelet abnormalities, including changes in aggregation and
response to strong and weak agonists when compared to
control platelets.31,32 Platelet count was also decreased in
patients with persistent asthma compared to healthy patients.33

In this study, we further explore the role of IgE in platelet
response to thrombin, a natural platelet activator, using
electrochemistry to monitor serotonin secretion from δ-
granules on both bulk (HPLC with electrochemistry) and
single-cell (carbon-fiber microelectrode amperometry
(CFMA)) levels. Throughout the article, serotonin is
measured as a proxy for δ-granule content, in general.
In addition to measuring the effects of IgE on platelet

function, the platelet response to allergens and chemokines,
CXCL10, CCL5, and N-formylmethionyl-leucyl-phenylalanine
(fMLP), was monitored to determine if they can affect platelet
secretion. CXCL10 and CCL5 are chemokines known to
induce both chemotaxis and activation of mast cells on bulk
and single-cell levels in the context of asthma and other
inflammatory conditions.3,34 In contrast, fMLP, a bacterium-
derived chemokine that is not associated with asthma but has
been shown to cause platelet chemotaxis, was used as a positive
control to assess microfluidic chemotaxis measurements.35 To
the best of our knowledge, stimulation of platelets by these
chemokines has not been probed. The platelets’ adherence to
endothelial cells in a microfluidic device after stimulation in
response to these chemokines and the allergen TNP-Ova will
be discussed due to their role in activating endothelial cells and

Figure 1. Platelet activation due to asthma response. Figure made with BioRender.
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assisting in the migration of leukocyte−platelet complexes into
the lungs during an asthma attack, as discussed above.19−21

The results presented herein show that IgE-exposed platelet
secretion changes with the incubation of IgE on a bulk cell
level when responding to thrombin, a natural platelet
stimulant. A biophysical change in the character of the
membrane−granule fusion behavior during chemical messen-
ger delivery events was detected. Upon allergen (TNP-Ova)
exposure, the membrane−granule fusion pore behavior change
was enhanced, and the rate of serotonin secretion was highly
variable compared to thrombin stimulation of IgE-incubated
platelets. In these data, platelets secrete their δ-granule
contents in response to the chosen chemokines only after
incubation with IgE. Finally, of the conditions considered, only
activation by allergens increased platelet adhesion significantly
compared to the negative control.

2. RESULTS AND DISCUSSION

2.1. Thrombin Response after IgE Incubation
Bulk platelet serotonin secretion from δ-body granules in
response to 1 unit/mL thrombin or 0.5 μM HClO4 (lysis
condition) was monitored after incubation with 0.5 μg/mL IgE
in Tyrode’s buffer or Tyrode’s buffer alone (Figure 2). The

thrombin concentration was chosen for physiological relevance
and to allow comparison to published precedent. The amount
of serotonin secreted during IgE incubation was measured, and
no difference was noted between platelets incubated with
Tyrode’s buffer or Tyrode’s buffer with IgE (Supporting
Information 2), suggesting that IgE incubation does not cause
platelet activation. In addition, the total platelet serotonin
content, determined by cell lysis, did not significantly change
after incubation with IgE. A similar trend was seen in Tris
buffer. There was minimal platelet lysis recorded in the buffer
alone, and the addition of IgE did not significantly increase cell
lysis. When stimulated with thrombin, a strong platelet
activator associated with clotting and bleeding, both thrombin
conditions secreted less serotonin than both lysis conditions (p
≤ 0.01 for IgE-incubated platelets and p ≤ 0.0001 for non-IgE-
incubated platelets) (Figure 2). Between the thrombin
conditions, IgE-incubated platelets secreted significantly more
serotonin than non-IgE-incubated platelets (p ≤ 0.001). This

difference suggests that IgE incubation is causing variations in
granular secretion since platelet populations and stimulation
are similar.
To investigate these differences, the fusion pore stability and

chemical messenger secretion kinetics during the granule-
membrane interaction as well as the platelets’ ability to traffic
granules to the platelet membrane were monitored using
CFMA. Representative traces for thrombin stimulation can be
seen in Supporting Information 3. Unlike the bulk cell
secretion measurements, the total amount of serotonin
secreted by individual platelets and the amount secreted per
granule were not significantly different when measured with
and without IgE incubation (Figure 3A,B). However, it is clear
that the average amount of serotonin secretion per platelet
after incubation with IgE is more likely the cause of increased
serotonin secretion in the bulk rather than the number of
granules being secreted, which did not change between the
platelets incubated with and without IgE (Figure 3C). This is
reasonable considering that IgE is interacting with the
membrane and should not impact the ability of the platelet
to transport granules to the membrane surface. The fusion
pore kinetics were also not significantly different (Figure
3D,E). The slight variations suggest there may be small
differences in the membrane-granule interaction but nothing
that impacts the net chemical messenger secretion. Although
statistically significant differences are not present, these trends
are valuable, especially when considering the preliminary
nature of this work.
Finally, the stability of the granule-membrane fusion pore

was analyzed by counting the number of spike feature
variations, often termed feet or non-traditional events (Figures
9B and 3F). The number of post-spike feet increased in IgE-
incubated platelets compared to non-incubated platelets from
10.1 to 28.5% (p ≤ 0.05). The percent of post-spike feet for
the control in this experiment was unusually high considering
that post-spike feet are the least common type of spike feature,
often seen around 2−4% of the time in PC12 cells and
platelets.36,37 However, the 282% increase is still a large
increase considering that in previous research from our lab, a
31% increase of cholesterol in platelets, which helps with
inhibiting both opening and closing of the fusion pore, only
caused a ∼155% increase in post-spike foot features.36,38 It was
also noticed that both pre- and post-spike foot features would
occur in the same spike, with an occurrence of 9.5% in platelets
incubated with IgE versus only 1.1% of the time in control
platelets. This co-occurrence suggests that a change in the
membrane in the presence of IgE hinders the ability of the
lipids to transition between positive and negative curvatures
smoothly to open and close the fusion pore.
Overall, these data suggest that IgE can affect the platelet’s

ability to secrete δ-granule contents in response to thrombin
on a bulk cell level, and single-cell results show an average
increase in secretion from individual granules. This increase
might be caused by changes in the opening and closing of the
granule’s fusion pore, which varies with IgE incubation.
2.2. Platelet Response to Allergens

Platelet response to allergens has already been estab-
lished.23−26 However, the amount of response relative to
thrombin, a strong platelet activator, has not been explored.
This information will give a basis for benchmarking how strong
of an activator the allergen is compared to the common
clotting stimulant, thrombin. In preliminary bulk cell studies

Figure 2. Serotonin secretion from platelets with and without IgE.
Percent of total serotonin release from platelets after incubation with
or without IgE and then stimulation with HClO4 (lysis) or thrombin
(natural platelet stimulant). Tris buffer is the control as no platelet
activation should occur. ++p ≤ 0.01 and ++++p ≤ 0.0001 vs both lysis
conditions, ***p ≤ 0.001 vs indicated position.
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(Figure 4), as expected, platelet secretion was stimulated by
the allergen TNP-Ova only after exposure to IgE.

The total amount of serotonin secreted (75.1% of the
control platelet lysis concentration) was comparable to the
response seen from thrombin. On a single-cell level, platelets
and individual granules also secreted the same amount of
serotonin in response to stimulation with thrombin and TNP-
Ova (Figure 5A,B). In addition, no differences were noted in
their ability to traffic granules (Figure 5C). Thrombin yields

the maximum amount of platelet activation. Allergen
stimulation matching thrombin’s level of secretion further
supports the platelets’ role in inflammation processes.
The fusion pore kinetics (Trise and T1/2) did not significantly

change when comparing thrombin and TNP-Ova stimulation
(Figure 6A,B). However, many of the amperometric traces
were characterized by higher amplitude spikes that generally
had steep slopes upon TNP-Ova stimulation, suggesting that
the flux of serotonin was more rapid when compared to
thrombin stimulation. T1/2 values could not capture the fact
that these spikes were reaching higher amplitudes since the
time was not significantly different from that seen with
thrombin. To explore this, the slope from 10 to 90% of the
spike amplitude was measured (Figure 6C). No significant
difference was noticed when all of the individual spike values
were averaged, but a histogram of the 10/90 slope values
shows a large spread for stimulation with TNP-Ova compared
to thrombin stimulation. All thrombin conditions had 10/90
slopes at 55 pA/ms or less, with 95% of spikes being in the first
bin. By contrast, only 64% of TNP-Ova-stimulated event
values fell into the first bin (Figure 6D). The quick thrombin-
induced secretion events often displayed a post-spike foot
feature, as seen in Figure 9B. This slope contributed to the
significant rise in post-spike foot features compared to
thrombin stimulation from platelets incubated with IgE
(Figure 6E).
The exact signaling cascade for TNP-Ova stimulation in

platelets is not fully known to the best of our knowledge.
However, these data suggest that platelets respond similarly to

Figure 3. Carbon-fiber microelectrode amperometry data for platelets stimulated with thrombin: single-cell comparison of thrombin stimulation
after platelets were incubated without or with IgE. The total amount of serotonin secreted per platelet (A) was calculated using the amount of
serotonin secretion per granule (B) and the number of granule release events (C). Platelets incubated with IgE demonstrated an average decrease
in fusion pore-opening time (D) and decreased release time (E). The only statistically significant difference was the number of post-spike foot
features (F). These accumulated data suggest that the IgE may have a small impact on the fusion pore’s ability to appropriately open and close, but
this does not impact platelets’ δ-granule response to thrombin.

Figure 4. Preliminary platelet δ-granule bulk response to thrombin
and TNP-Ova stimulation after incubation with IgE. Thrombin is the
positive control, and TNP-Ova is the negative control. **p ≤ 0.01
**** p ≤ 0.0001 vs indicated conditions.
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allergens as to the strong stimulant thrombin in terms of
granule trafficking and total serotonin secretion. The ability for
allergens to stimulate platelets to the same extent as thrombin
indicates that platelets have the potential to play a large role in
inflammation processes by the secretion of their granular
contents, including vasodilators (ADP, ATP, PAF, and
serotonin) and chemokines (PAF, CCL5, and CXCL10).
However, examination of individual granule secretion events
suggests that there is a wide spread in how fast the serotonin is

secreted from the granule and that the stability of fusion pore
closure is compromised when exposed to allergens compared
to thrombin stimulation of IgE-incubated platelets.
2.3. Bulk Platelet Response to CXCL10, CCL5, and fMLP

CXCL10, CCL5, and fMLP are known for their involvement in
chemotaxis but not cell exocytosis. However, previous research
on mast cells has shown that mast cells secrete their granular
contents in response to CXCL10 and CCL5.34 To understand

Figure 5. Platelet δ-granule response to thrombin and TNP-Ova stimulation after incubation with IgE. No statistical difference was noted in the
total amount of serotonin released per platelet (A) or granule (B). The number of granule fusion events also stayed the same (C). Thrombin acted
as the positive control.

Figure 6. Granule fusion pore dynamics upon thrombin and TNP-Ova stimulation. Granule fusion pore kinetics were not changed between
stimulation with thrombin and TNP-Ova on IgE-incubated platelets (A,B). TNP-Ova stimulation’s 10/90 slope for each spike showed a slight
average increase, indicating that serotonin was released faster from the granule in many cases (C). Histogram of 10/90 slopes shows that TNP-Ova
had a greater spread of 10/90 slopes compared to thrombin-stimulated platelets (D). Increased 10/90 slopes often came with post-spike features,
which played a role in the significant increase in post-spike foot features for allergen stimulation compared to thrombin (E). Thrombin acted as the
positive control.
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if platelets will respond similarly, platelet secretion was
measured using HPLC with an electrochemical detector after
exposure to CXCL10, CCL5, and fMLP for 45 min. Only IgE-
incubated platelets had significant serotonin secretion
compared to the negative control (Tyrode’s buffer) (Figure
7). This secretion was significantly different than the negative

control (Tyrode’s buffer) with and without IgE incubation and
all chemoattractant stimulation of platelets without IgE (p ≤
0.0001). While not explored here, based on the known
upregulation of CXCL10 in inflammation and disease
progression, it is possible that IgE incubation upregulates the
expression for CXCL10 and CCL5 receptors on platelets.39,40

Further experiments must be performed to understand how
these chemoattractants affect granule kinetics and fusion pore
stability in platelets at the single-cell level.
2.4. Platelet Adhesion
In addition to secretion, the ability of platelets to adhere is
important for enhancing the allergic reaction by allowing
infiltration of leukocytes and eosinophils into the lung tissue.
In addition, the attachment of platelets to endothelial cells is
known to cause endothelial cells to express ICAM and secrete
the chemoattractant IL8.19−21 IgE-incubated platelets stimu-
lated with CXCL10, CCL5, or TNP-Ova were flowed over a
straight microfluidic channel, and the number of platelets that
adhered to an endothelial cell layer were counted and
compared to non-stimulated platelets. In total, four analytical
replicates were run, with five images taken along each channel.
The control platelets in each device had between 22 and 40
platelets that adhered, with an average of 33 platelets. Platelet
adhesion was only significantly increased when the platelets
were exposed to the allergen TNP-Ova (Figure 8).

3. CONCLUSIONS
The aim of this paper was to gain more in-depth information
on the role of platelets in asthma by looking at the interaction
with the chemoattractants known to be secreted during an
asthma attack (CXCL10 and CCL5), the response to allergens
that can trigger asthma, and the effects of IgE on platelet
function. Results show that platelet incubation with IgE
changes the platelet’s ability to respond to the strong platelet
stimulant thrombin. In addition, the membrane fusion pore

dynamics change after exposure to IgE. This change in
membrane fusion pore dynamics, particularly the increase in
post-spike feet, was enhanced by stimulating the platelets with
TNP-Ova. The post-spike foot increase was partially due to a
larger number of spikes, which are characterized by the quick
release of large amounts of serotonin and can be quantified
using the 10/90 slope. The large 10/90 slope secretion events
typically have ramp-like post-spike features, indicating that
there may be variations in the membrane around the granule
fusion pore which inhibit or enhance the closing between
platelets stimulated with TNP-Ova or thrombin. TNP-Ova
stimulation caused serotonin secretion that is comparable to
thrombin stimulation, suggesting that platelets have the ability
to play a large role in the inflammatory response in the
presence of common asthma-relevant chemokines. Platelets
were also able to increasingly adhere to endothelial cells upon
stimulation with TNP-Ova, which may allow for increased
infiltration of immune cells into the lungs.
In preliminary experiments, the chemoattractants CXCL10,

CCL5, and fMLP showed platelet stimulation only after
incubation with IgE. Previous studies have demonstrated that,
when exposed to IgE, platelets upregulate CD154, which helps
with the allergen response.24 A similar mechanism may be
responsible for the ability of platelets to respond to
chemoattractants only after IgE incubation. The platelet
response to the chemoattractants was not as strong as the
platelet response to TNP-Ova. Future studies will probe the
identified trends with greater statistical power. Finally, even
though previous studies have demonstrated platelet chemotaxis
in response to fMLP, we were not able to verify this with our
preliminary work in microfluidic models. Varying the flow rates
and types of cells within our microfluidic models may allow for
enhanced chemotaxis investigation. Other chemokines and
chemokine receptors, such as PAF4 and C-X-C-motif chemo-
kine 12, are important to the allergic asthma response. Their
interactions with platelets should also be investigated based on
the preliminary results showing that the chemokines tested did
affect platelets.

4. EXPERIMENTAL SECTION

4.1. Reagents
CXCL10 and CCL5 were purchased from Shenandoah Biotechnol-
ogy, and fMLP was purchased from Sigma-Aldrich. Stock powder was

Figure 7. Secretion of platelet serotonin in response to CXCL10,
CCL5, and fMLP incubated both without and with IgE incubation.
All platelets activated with IgE showed significant secretion compared
to the negative control (Tyrode’s buffer). ****P ≤ 0.0001 vs both
Tyrode’s conditions and all non IgE-incubated platelets exposed to
the chemoattractants.

Figure 8. Platelet adhesion in response to CXCL10, CCL5, and TNP-
Ova. IgE-incubated platelets were stimulated with CXCL10, CCL5, or
TNP-Ova before introduction into a microfluidic straight channel
device lined with endothelial cells. The number of adherent platelets
was counted and compared to the non-stimulated platelets in each
device. *p ≤ 0.05 vs Tyrode’s control condition.
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diluted in Tyrode’s buffer (NaCl, 137 mM; KCl, 2.6 mM; MgCl2, 1.0
mM; D-glucose, 5.6 mM; N-2-hydroxyethylpiperazine-N′-2-ethane-
sulfonic acid, 5.0; and NaHCO3, 12.1 mM, with pH adjusted to 7.3)
at a final concentration of 100 μg/mL. CXCL10 and CCL5 were
stored at −80 °C, and fMLP was stored at −20 °C. Anti-
trinitrophenol (TNP) IgE and TNP-Ova were purchased from BD
Biosciences and Fischer Scientific, respectively. The TNP-Ova was
diluted in Tyrode’s buffer before storage at −80 °C. All other reagents
were purchased from Sigma-Aldrich and used as received.

4.2. Platelet Preparation
Blood was drawn via cardiac stick from male C57BL/6J mice (Jackson
Laboratories) following the IACUC protocol #1403-31383A. After
CO2 euthanasia, blood was drawn into syringes filled with 200 μL
ACD (2 g citric acid, 5.6 g sodium citrate, 5 g glucose, and 250 mL
Milli-Q water pH ≈ 5.1).The blood was diluted with Tyrode’s buffer
and centrifuged at 130g for 10 min with brake level 2. The resultant
platelet-rich plasma was put into 1.7 mL Eppendorf tubes with 200 μL
ACD and Tyrode’s buffer before centrifugation at 524g for 10 min
with brake level 2. The pellet was then resuspended in Tyrode’s
buffer.

4.3. HPLC for the Bulk Platelet Study
For each sample, 125 μL of platelet suspension at 4 × 107 platelets/
mL were incubated in either 125 μL of Tyrode’s buffer or 1 μg/mL
IgE in Tyrode’s buffer for 2 h at 37 °C. 20 μL of ACD was added to
each vial, and samples were washed at 800g for 5 min. This platelet
concentration is significantly lower than the natural human platelet
concentration, both to minimize the number of mice sacrificed and to
prevent unintentional platelet activation. The platelets were
resuspended in 125 μL Tyrode’s buffer and 125 μL of the stimulant
for a 45 min stimulation. The final concentration of each stimulant
was 100 ng/mL for CXCL10, CCL5, fMLP, and TNP-Ova, 1 unit/
mL thrombin, Tyrode’s buffer (negative control), or 0.25 μM HClO4
(lysis). All conditions had five biological replicates.
The supernatant was filtered in a 96 well Millipore Multi Screen

0.45 μm filter plate at 3000g for 5 min. 180 μL of supernatant was
added to 20 μL of 5 μM dopamine internal standard in an HPLC vial.
The sample was separated following a previously published protocol34

using a 5 μm, 4.6 mm × 150 mm Eclipse XDB C18 column on an
Agilent 1200 HPLC with a Waters 2465 electrochemical detector.

The serotonin was detected with a Waters glassy carbon electrode set
at a potential of 700 mV versus Ag/AgCl. The mobile phase was run at
2 mL/min and consisted of 11.6 mg/L of the surfactant sodium octyl
sulfate, 170 μL/L of dibutylamine, 55.8 mg/L of Na2EDTA, 10%
methanol, 203 mg/L of sodium acetate anhydrous, 0.1 M citric acid,
and 120 mg/L of sodium chloride.
In addition, a calibration curve was run with serotonin

concentrations ranging from 0.0625 to 1 μM (Supporting Information
1). The area underneath the serotonin spike and a dopamine internal
standard spike was measured, and the ratio of serotonin to dopamine
was recorded.
4.4. Carbon-Fiber Microelectrode Fabrication for Single
Platelet Study
Microelectrodes were fabricated as previously described.41 Briefly,
carbon fibers were aspirated through glass capillaries and then halved
with a pipet puller. After trimming the carbon fibers, the electrodes
were epoxied using Epon Resin 828 (Miller-Stephenson) and a
metaphenylene diamine hardener and finally cured at 25 °C
overnight, then at 100 and 150 °C for 4−16 h, and then for 2−6 h,
respectively. Before the experiment, the microelectrodes were beveled
at 45° with a diamond-coated polishing wheel and placed in isopropyl
alcohol until needed, resulting in an 8 μm diameter carbon-fiber
microelectrode.
Glass micropipette puffers for stimulant delivery were made the day

of the experiment. Glass capillaries were halved with a pipette puller,
and the tips were trimmed to form an opening of a 10−50 μm-
diameter.
4.5. Carbon-Fiber Microelectrode Experiments and Data
Analysis
In this work, carbon-fiber microelectrodes only measure serotonin
because the potential applied for amperometric measurements was
chosen based on cyclic voltammetric analysis of platelets, revealing
that serotonin is the only electroactive species released from platelets
(in the chosen potential range). This approach makes it very clear
that, even though other molecules are being secreted at the same time,
only serotonin is oxidized at the set potential. Furthermore, because
the oxidation of serotonin is a two-electron process, the measured
current reveals how many serotonin molecules were oxidized beneath
the electrode. The amperometric data thus reveal the number of

Figure 9. Carbon-fiber microelectrode amperometry and example traces. Carbon-fiber microelectrode amperometry electrodes and puffer setup
(A) with platelets on a cover glass coated with poly-L-lysine. After stimulation, the change in current for each granule secretion event is seen as a
spike. Upon inspection of the spike, several biophysical parameters can be obtained including Trise, T1/2, the slope of the rise (10/90 slope), and the
area underneath the spike (Q), which is associated with the molecules of serotonin secreted. (B) Fusion pore stability can be observed by looking at
the number of events with pre-, post-, and non-traditional spike features. (C) Finally, the number of granule secretion events per each trace can be
counted. A representative trace from each condition is shown.
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serotonin-containing granules released and the amount of serotonin in
each of those granules.
Amperometry experiments were performed using an Axopatch

200B potentiostat (Molecular Devices) with a 5 kHz low-pass Bessel
filter, a 20 mv/pA output gain, and a 20 kHz collection rate.
LabVIEW Tar Heel CV software (National Instruments) written by
Michael L.A.V. Heien controlled computer interface settings and data
acquisition.
The platelet suspension was prepared as described above, and a

final concentration of 2 × 107 platelets was incubated with 0.5 μg/mL
IgE or Tyrode’s buffer for 2 h and washed at 800g for 5 min. A couple
μL of platelet suspension was pipetted onto a poly-L-lysine-coated
cover slip (to prevent platelets from moving up and down in the
solution) and monitored with an inverted microscope equipped with
phase contrast optics at 40x magnification (Nikon Instruments).
Before measuring, the puffer (containing either 10 units/mL
thrombin or 100 ng/mL TNP-Ova) and the electrode were placed
near and on top of the platelet, respectively, using Burleigh PCS-5000
piezoelectric micromanipulators (Olympus America). The potentio-
stat was set to 700 mV versus the Ag/AgCl reference electrode. A
Picospritzer was used to puff a 3 s bolus of the stimulant onto
individual platelets, and the current was measured over a 90 s period.
Each trace was filtered at 500 Hz and then converted to the correct
file type with ABF Utility. The spikes were analyzed using Mini
Analysis software written by Justin Lee (Synaptosoft).
The number of spikes or individual granule secretion events in each

trace (N) reveals the platelet’s ability to traffic granules to the cell
membrane and achieve fusion. By analyzing each individual spike,
membrane fusion pore stability and chemical messenger secretion
kinetics can be observed (Figure 9A−C).
The integrated area underneath each time versus current spike

reveals the charge (Q), which is translated to the number of serotonin
molecules secreted from that granule using Faraday’s law. Trise, the
time it takes for the current spike to rise from 10 to 90% of its
amplitude, and the 10/90 slope, the change in current over time from
10 to 90% of the total current amplitude, give insights into the
opening of the fusion pore. T1/2 is the length of time of the full width
at half maximum current amplitude and gives insights into how long
the fusion event is allowing serotonin secretion. Finally, the presence
of non-traditional current events such as pre- or post-spike foot
features gives indications about the stability of the dynamic fusion
pore. By simply counting the number of full fusion spikes that have
the pre- or post-spike features, it is clear how often the partial fusion is
stable enough for serotonin molecules to be released and measured
either before or after pore dilation. One can also measure the duration
of these pre- and post-spike foot events to characterize how long the
fusion pore structure persists. All foot analysis operates under the
assumption that serotonin molecules are always being released while
there is a fusion pore. Current spikes classified as non-traditional
events typically had hump-like features and did not follow the
traditional quick rise and exponential decay. Pre-spike features
included plateaus, ramps, and small spikes in the current before the
main spike. Typically, post-spike features indicate granule re-opening
causing another current spike or a continuous serotonin flux out of
the granule after the initial spike. In this work, the number of traces
analyzed for thrombin stimulation without and with IgE were 23 and
19 amperometric traces, respectively. For the thrombin vs. TNP-Ova
conditions, 20 and 32 traces were analyzed, respectively.

4.6. Microfluidic Devices for Platelet Adhesion Study
Straight-channel microfluidic devices were made as previously
described.42,43 Briefly, the microfluidic channels were fabricated
using standard photolithography techniques. The channel patterns
were transferred onto the negative photoresist-coated silicon wafer via
UV exposure. Polydimethylsiloxane was poured on the silicon wafer
and cured overnight before permanent attachment to a glass coverslip.
The final dimensions of each channel were 1.5 cm (L) × 100 μm (H)
× 1 mm (W). Each device contained four channels for parallel
adhesion experiments.

To coat the device with human endothelial cells (hy926, ATCC),
2.5 mg/mL of human fibronectin (Invitrogen) was incubated in the
channel for an hour before endothelial cell injection. Then, an
endothelial cell suspension (∼60 μL) with the desired cell density
(5−6 × 106 cells/mL) was injected into the channel for surface
coating. After 2 h, the media were exchanged to remove any non-
adherent cells. The cells in the device were fed with fresh media every
day for 3 to 5 days. A representative image of the platelet adhesion
assay can be seen in Figure 6 of our previously described work.44

On the day of experiments, platelets (4 × 107 platelets/mL) were
incubated with 0.5 μM IgE for 2 h and washed at 800g for 5 min after
the addition of ADC. The pellet was suspended in 2 mL Tyrode’s
buffer for a final concentration of ∼2 × 107 platelets/mL. Next, the
platelets were incubated with 2 μM 5-chloromethylfluorescein
diacetate (CMFDA) dye for 20 min at 37 °C with minimal exposure
to light before washing at 800g and resuspending in Tyrode’s buffer.
Finally, 500 μL of platelet suspension was spiked with 0.5 μg/mL of
TNP-Ova, CXCL10, or CCL5 at a final concentration of 100 ng/mL.
Control platelets were kept in Tyrode’s buffer. Immediately following
exposure to the stimulant, the platelets were flowed through the
device at 60 μL/h for 30 min. The slow flow rate was chosen in order
to prevent platelet−platelet-driven activation. The device was then
washed with Tyrode’s buffer at the same rate for 15 min to remove
unadhered or loosely adherent platelets. Five random 204.8 μm ×
204.8 μm areas of each channel were imaged using a Nikon
microscope with a 40x oil immersion objective and a QuantEM
Photometrics CCD camera. Metamorph version 7.7.5 image analysis
program was used to count the number of platelets adhered in each
channel based on the fluorescence signal. The platelet count was
compared to the control channel in the same device. Four devices
with four channels in each device were used to monitor platelet
adhesion, giving a total of four analytical replicates per condition.
4.7. Microfluidic Devices for Platelet Chemotaxis
Two adhesion devices were used to monitor chemotaxis. Both
microfluidic platforms (Figure 10) were molded and fabricated as

previously described.45 For the gradient device (Figure 10A), 2.5 mg/
mL human fibronectin (Invitrogen) was injected into the channel for
1 h to coat the surface before endothelial cell addition. Then, an
endothelial cell suspension (20 μL) with the desired cell density (4−5
× 106 cells/mL) was introduced into the cell inlet for channel coating.
The cells in the device were fed with fresh media every day for 3 to 5
days. To form a chemical gradient, 100 ng/mL of fMLP and Tyrode’s
buffer were injected through left and right inlets, respectively, at a flow
rate of 100 μL/h for 30 min.

Figure 10. Chemotaxis devices. Gradient (A) and gel (B) microfluidic
devices used to monitor platelet chemotaxis. To understand
chemotaxis, cell motion in the gradient device was monitored, while
cell count in the chemotaxis chamber of the gel device was used to
characterize platelet infiltration.
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For the gel device (Figure 10B), the gel chamber was injected with
30 μL of 1 mg/mL poly-D-lysine solution and incubated at 37 °C for a
minimum of 4 h before washing with Milli-Q water and putting into
the oven at 65 °C for 24−48 h. After cooling, the gel device chambers
were filled with 2 mg/mL collagen type I gel solution (BD
Biosciences) while being kept in a humid pipette box for 40 min at
37 °C with 5% CO2. After gel polymerization, 20 μL of Dulbecco’s
modified Eagle’s medium was introduced into each side channel, and
the four reservoirs were aspirated before 10 μL of the endothelial cell
suspension was added into one side channel at a density between 8
and 10 × 105 cells/mL. All non-adherent cells were washed out with
fresh media after 30 min of initial incubation, and then the devices
were placed in the incubator overnight at 37 °C with 5% CO2, and a
confluent endothelial layer was observed on the side wall of the gel.
Before platelet addition, 50 ng/mL of fMLP solution was added into
the side channel without endothelial cells, while Tyrode’s buffer was
added into the other side channel to create a gradient across the gel
chamber. The formation of stable chemical gradients takes 2 h
according to the molecular diffusion simulation results.43

Platelets, IgE, and CMFDA dye incubation were done as previously
described in the adhesion studies. After incubation, platelets were
either activated with 5 μM ADP or 100 ng/mL TNP-Ova or not
activated before injection into the bottom cell chamber of the gradient
device and the endothelial cell side channel of the gel device,
respectively. The fluorescently labeled platelets were imaged on a
Nikon microscope with a 40x oil immersion objective with a
QuantEM Photometrics CCD camera. The Metamorph version 7.7.5
image analysis program was used to track platelet movement in the
gradient device and count the number of platelets that moved into the
gel. In the gradient device, single-cell movement was monitored for 30
min with images recorded every 20 s. In contrast, the gel device was
imaged every other hour for 5 h.

4.8. Data Analysis
All graphs were made and analyzed using GraphPad Prism 6, and the
error bars represent the standard error of the mean. Statistical
differences were tested using one-way ANOVA. Any outliers in the
bulk analysis were q-tested out with 95% confidence. For CFMA,
traces with only one granule secretion event were also removed from
statistical analysis.
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