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Introduction
Cardiovascular disease (CVD) is the leading cause of 
death worldwide [1, 2]. From 1990 to 2019, the global 
prevalence of CVD cases nearly doubled, increasing 
from 271  million to 523  million [2]. Consequently, the 
number of CVD-related deaths increased from 12.1 mil-
lion in 1990 to 18.6 million in 2019 [2]. Projections from 
the American Heart Association revealed a trend in the 
future economic burden of CVDs [3]. Among them, isch-
emic heart disease, which is due to the formation of arte-
rial thrombosis [4], had the highest mortality rate in 2019 
of 9.14 million [2]. Platelet activation plays a crucial role 
in arterial thrombosis development [5–9]. For example, 
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Abstract
The accurate assessment of platelet activity is crucial in clinical practice and scientific research owing to the pivotal 
role of platelets in the progression of cardiovascular conditions, such as arterial thrombotic diseases. However, 
conventional platelet activity assessment methods are currently limited by their requirement of substantial 
blood samples and inadequate high-throughput capabilities, and therapeutic resistance induced by antiplatelet 
agents impedes treatment efficacy. In this study, we developed a microdroplet-based platelet function detection 
method, referred to as NebulaPlate, to achieve miniaturized and robust platelet activity assessment, thereby 
overcoming current challenges. NebulaPlate supports the merging of platelet samples with drugs confined in 
picoliter microdroplets and leverages an imaging-based analysis to automatically identify platelets, evaluate 
their aggregation, and determine P-selectin expression within the anchored microdroplets. We experimentally 
confirmed the feasibility of aggregation assays on NebulaPlate using various representative antiplatelet drugs. 
Requiring only 0.3 mL whole blood/chip, which corresponds to approximately 100 platelets/reaction, NebulaPlate 
reduced the consumption of platelet samples in a single assay. This represents a reduction of 10 times compared 
to that of conventional techniques. Moreover, our experimental results confirmed the validity and reproducibility 
of platelet function assays performed using NebulaPlate. Our research highlights important developments in the 
field of platelet activity assessment and provides fresh prospects for future antiplatelet therapies and personalized 
medicine. Moreover, it introduces new possibilities for research and clinical practice related to arterial thrombotic 
diseases.
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when the endothelium of blood vessels becomes damaged 
or ruptured, the exposed collagen or other platelet ago-
nists, such as thrombin, are bound by specific receptors 
on the surfaces of platelets. This results in the activation 
of various signaling pathways that change platelet shape, 
release granules, and expose phospholipids [8, 10]. These 
changes enable the adherence and aggregation of plate-
lets to damaged vascular walls and the release of multiple 
prothrombotic factors, such as adenosine diphosphate 
(ADP), TXA2, PDGF, and P-selectin (CD62P), thereby 
amplifying the signal to neighboring platelets [11, 12].

As a critical step in hindering bleeding, platelet aggre-
gation facilitates the accumulation and activation of 
other clotting factors that transform into stable second-
ary hemostatic thrombi [8, 12, 13]. Thus, antiplatelet 
drugs are recognized as the first-line therapy for pre-
venting and treating heart attacks [14, 15]. However, the 
clinical use of these drugs currently carries significant 
risks, such as bleeding, gastrointestinal reactions, and 
drug resistance [16–19]. To assess the risks and treat-
ment options for patients [20–22], understanding the 
triggers of platelet aggregation and its mechanisms in 
arterial thrombosis is necessary [8]. Current platelet 
aggregation detection methods include light transmis-
sion aggregometry (LTA), platelet networks, VerifyNow, 
and whole-blood aggregometry [23]. LTA is currently the 
gold standard for assessing platelet aggregation [24–26]. 

In LTA, platelet-rich plasma is activated by a stimulant in 
the plasma, and the increase in platelet aggregation over 
time is measured by an increase in light transmission 
[27, 28]. Because platelet activity can be time-sensitive, 
large volumes of blood are required for each reaction, 
and platelet isolation for LTA measurement is labor-
intensive [24, 27]. Moreover, individualized anticoagulant 
regimens are lacking [29–32]. Recently, new products, 
such as VerifyNow and PFA-200, have been developed to 
rapidly test platelet function in a small volume of whole 
blood [33–35]. However, because they use whole blood 
samples, the complex serum milieu does not offer guid-
ance for personalized anticoagulant decisions [29–32]. 
Thus, a rapid detection assay that focuses on platelet biol-
ogy and enables anticoagulant testing is required.

Microfluidic chips are small, highly sensitive, easy to 
operate after standardization, and inexpensive. They 
provide an ideal platform for rapid, high-throughput 
platelet function testing and antiplatelet drug screening. 
Recently, microfluidic chips have been widely used in 
biomedical fields, such as DNA sequencing, nucleic acid 
separation, and quantification, thereby demonstrating its 
excellent potential in the field of blood analysis [36–39]. 
Microfluidic devices have been used to simulate in vivo 
blood flow conditions by mimicking vascular geometries, 
providing insights into platelet activation sensitivity to 
different shear stress conditions or drug titration and 
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clotting time analyses [40–46]. They have also been used 
to measure the contractile forces generated by platelets 
during clot formation [47, 48]. However, their designs 
lack throughput and translatability in clinics. Droplet-
based microfluidics may prove an effective solution to 
this problem. The droplets can be treated as miniature 
reaction chambers with the potential for utilisation in 
a diverse array of experiments and applications, includ-
ing bioanalysis, chemical reactions, and drug screening 
[49–52]. Additionally, there have been studies conducted 
on developing a droplet microfluidic strategy for single 
platelet confinement, with the objective of detecting the 
function of a single platelet [53, 54]. However, there are 
no reports on the application of droplet microfluidics for 
overall platelet function detection.

In this study, we designed a microfluidic chip, referred 
to as NebulaPlate, to detect platelet aggregation and 
P-selectin exposure using microdroplet technology. 
The chip facilitated the loading of a platelet microdrop-
let and a drug microdroplet into a mixing chamber, and 
platelet aggregation was observed using microscopy. To 
establish the robustness of the system, a comparative 
analysis between NebulaPlate and the gold standard, LTA 
[24–26] was performed. The rapid and accurate platelet 
aggregation and P-selectin expression quantification of 
NebulaPlate facilitated the dose titration evaluation of 
antiplatelet drugs.

Methods
Additional methods are provided in the supplemental 
material.

Droplet generation and manipulation
The washed platelets were diluted to 4.26 × 108 or 
2.84 × 108 cells/mL for the platelet aggregation or P-selec-
tin tests, respectively, using Tyrode’s buffer. The plate-
lets pre-incubated with aspirin, ticagrelor eptifibatide, 
or prostaglandin I2 (PGI2), and drug solution, includ-
ing thrombin, ADP, U46619,, or 10 µM Alexa Fluor™ 647 
NHS Ester was injected into the droplet generation chip 
at a flow rate of 400 µL/h using a syringe pump (NE-510, 
New Era) as the dispersed phase. Moreover, perfluori-
nated oil (HFE-7500, 3  M) containing 2% (w/w) surfac-
tant (Zhejiang ThunderBio Innovation, Ltd.) was injected 
at a flow rate of 800 µL/h as the continuous phase. This 
process required 5 min to complete. The platelet droplets 
were loaded through the droplet inlet of the NebulaPlate 
via the negative pressure at the waste liquid outlet. Plate-
let droplets were first loaded into the large microholes of 
NebulaPlate at a rate of 50 µL/h based on size selection. 
Next, the drug droplets were drawn into NebulaPlate and 
loaded into a small microhole, with a combined process 
time of 10  min. The fluorinated oil inlets were blocked 
during droplets loading. Once loaded, the droplet inlets 

were closed and the fluorinated oil inlets were opened 
to flush out unloaded droplets. NebulaPlate was treated 
with a handheld corona processor (BD-20ACV, Electro-
Technic Products) for 5  s to merge the droplets, which 
were observed under a fluorescence microscope (IX83; 
Olympus) using 20×/0.8 objective lens (N5702000, 
Olympus). The fluorophores were excited using a 488 nm 
laser line (excitation wavelength: 495 nm, emission wave-
length: 524 nm, and exposure time: 200 ms) for platelet 
aggregation or a 640 nm laser line (excitation wavelength: 
650  nm, emission wavelength: 660  nm, and exposure 
time: 240 ms) for P-selectin. Each field of view was con-
tinuously recorded for 60–120 min, with images obtained 
at one-minute intervals. Alternatively, the entire Nebu-
laPlate was only scanned at the beginning and end of the 
reaction. The microscope settings remained constant to 
ensure comparability of the results.

Platelet aggregation using NebulaPlate
Platelet aggregation was analyzed using Imaris software 
(Bitplane, Zurich, Switzerland), which is designed for the 
visualization, analysis, and interpretation of microscopy 
datasets. Each analysis required approximately 5 min to 
complete, and the percentage platelet aggregation was 
calculated as follows:

 
Aggregation =

initial platelet area−
various time points platelet area

initial platelet area
× 100% (1)

Results
Design and fabrication of NebulaPlate
To reduce the volume of blood required for platelet 
aggregation tests (Fig.  1A), two microfluidic chips were 
designed for microdroplet generation (Figure S1A and 
S1B). One reaction chip, NebulaPlate, was designed to 
facilitate microdroplet loading and microscopic imag-
ing (Figure S1C). Microdroplets containing platelets and 
drugs with diameters of 80 and 60 μm (Fig. 1B) were gen-
erated using a microfluidic chip based on the flow-focus-
ing principle (Figure S1A and S1B) [55–58]. The most 
stable microdroplets were produced by injecting platelets 
or drug solutions at a flow rate of 400 µL/h (Figure S3).

NebulaPlate was designed to load and merge microdro-
plets (Fig. 2A–B and S1C). It comprised an upper layer of 
46 × 32 units facing downward and a lower layer of micro-
droplet flow chambers (Fig. 1B and S1C). Each unit com-
prised large and small microwells of widths 69.96 ± 1.30 
and 40.04 ± 1.12  μm, respectively (Figure S1C and S2). 
The microdroplet flow chamber layer with the depth of 
80 μm enabled the microdroplets to pass through. Four 
inlets (two microdroplet and two fluorinated oil inlets) 
and two outlets were located at the edge of the chip. The 
microdroplets were loaded through the microdroplet 
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inlet of the NebulaPlate via negative pressure at the waste 
liquid outlet. Platelet microdroplets were subsequently 
loaded into large microwells based on the size selec-
tion. Drug microdroplets, which included thrombin, 

aspirin, and/or ticagrelor, were then drawn into Nebu-
laPlate and loaded into small microwells (Fig.  1B). A 
corona processor can produce an alternating-current 
electric field, resulting in interface destabilization and 

Fig. 1 Design and operation of NebulaPlate. (A) Blood requirement using NebulaPlate versus traditional LTA. (B) Overview of the NebulaPlate operation
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Fig. 2 Standardization of the microdroplet generation. (A) Photograph and (B) micrograph of the NebulaPlate setup (C) Micrograph of the microdroplet 
generation. (D) Representative micrographs of the platelet and drug microdroplets. (E) Diameter distribution of the platelet (n = 989) and drug (n = 863) 
microdroplets and their average diameters. The data are expressed as mean ± SD
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subsequent microdroplet merging [59]. Thus, an external 
handheld corona processor was used to electrically fuse 
the large and small microdroplets. Platelet aggregation 
was observed using a fluorescence microscope, and the 
Imaris software was used to identify platelets and calcu-
late their aggregation percentages. The Imaris software is 
designed for the visualization, analysis, and interpreta-
tion of microscopy datasets.

Optimization and standardization of platelet microdroplet 
generation
Microdroplet uniformity, stability, and resistance to 
manipulation are crucial factors for consistently mea-
suring platelet aggregation on NebulaPlate. The platelet 
concentration in the circulation varied in the range of 
1–3 × 108 cells/mL. Because the platelet concentration 
decreased when the platelet microdroplet fused with the 
drug microdroplet, 1.42–4.26 × 108 platelets/mL plate-
lets were encapsulated into the platelet microdroplet to 
ensure the final platelet concentration in the fused micro-
droplet remained within a physiological range.

The diameter of the platelet microdroplet was empiri-
cally evaluated. A diameter of 80  μm provided the 
most consistent microdroplet formation efficiency 
and absence of the spontaneous platelet aggregation 
(Fig.  2C). The drug microdroplet diameter was set at 
60 μm to enable an approximately 3:1 drug dilution when 
mixed with the platelet microdroplets. A total of 863 
small (60.97 ± 1.90  μm diameter average) and 989 large 
(79.83 ± 1.21  μm diameter average) stable microdroplets 
were generated, imaged, and quantified (Fig. 2D and E). 
Theoretically, a merged microdroplet containing 3 × 108/
mL platelets should contain approximately 114 platelets 
(Table 1). The Imaris software for counting indicated that 
each microdroplet contained an average of 103.2 ± 19.92 
platelets (Figure S4), probably because platelets were 
also distributed in the Z-axis, resulting in a certain loss 
of platelet data. Owing to the reduction in reaction vol-
ume, the agonist consumption per reaction was reduced 
by three orders of magnitude compared to that of LTA.

We loaded large platelet and small drug microdrop-
lets onto NebulaPlate and calculated the capture rate 
to determine the efficiency and reliability of microdro-
plet loading. A total of 8,832 units were analyzed, with 
8,111 units (91.84%) correctly loaded with both platelet 

and drug microdroplets, 95 units (1.08%) containing 
only platelet microdroplets, 457 units (5.17%) containing 
only drug microdroplets, and 169 units (1.91%) without 
platelet or drug microdroplets (Figure S5). Microdrop-
let fusion was induced by placing a handheld electrofu-
sion processor, with an induced electric field for 5 s, on 
top of NebulaPlate. Subsequently, a microdroplet fusion 
rate of 98.18% (7963 units) was achieved. The uniform 
distribution of the drug throughout the fused microdro-
plets following electrofusion was confirmed by adding 
Alexa Fluor™ 647 NHS Ester to the drug-containing small 
microdroplets and recording the perfusion of the fluo-
rescence 1 min after electrofusion. We confirmed a uni-
form distribution of the fluorescent dye in the small fused 
microdroplets (Figure S6A).

Although cell culture in microdroplets has been well-
studied [52], platelet function in microdroplets and 
the impact of electrofusion on platelet function remain 
unknown. In this study, platelet aggregation was assayed 
using the LTA method with a thrombin concentration of 
0.75 U/mL (Figure S7A) to ensure the responsiveness of 
the electrofusion-treated platelets to coagulation induc-
tion. No statistical difference was observed for the mean 
platelet aggregation in the electrofusion-treated (75.50% 
± 2.43%) and control (without electrofusion treatment, 
78.00% ± 2.10%) groups (Figure S7B). In addition, other 
standard platelet function assays, including platelet 
spreading, P-selectin exposure, and clot retraction were 
performed, which corresponded to activation, propaga-
tion, and clot maturation, respectively. The mean platelet 
spreading area for the electrofusion-treated and control 
groups were 31.88 ± 1.96 and 32.12 ± 2.39 µm2, respec-
tively, with no statistical difference (Figure S7C). No 
difference was observed between the mean P-selectin flu-
orescence intensities in the resting platelets treated with 
(219.70 ± 16.10) and without (215.00 ± 18.58) electrofu-
sion (Figure S7D). Moreover, no significant difference 
was observed between the mean P-selectin fluorescence 
intensities in the thrombin-challenged platelets treated 
with (3969.63 ± 116.5 mean fluorescence intensity (MFI)) 
and without (3839.86 ± 86.66 MFI, Figure S7D) electrofu-
sion. Similarly, the mean clot-retraction ratio showed no 
statistical difference between the electrofusion-treated 
(76.80% ± 1.15%) and control (76.97% ± 1.58%) groups 
(Figure S7E). These results suggested that electrofusion 
treatment did not affect platelet aggregation.

To detect stable platelet aggregation and standard-
ize the NebulaPlate for robust platelet aggregation 
evaluation, the optimal thrombin concentration was 
determined. Thrombin titration experiments were per-
formed, and a concentration of 2 U/mL provided the 
most stable platelet aggregation (Figure S8A). Platelet 
aggregation was determined using wheat germ aggluti-
nin (WGA) staining (Fig.  3B). The maximum plateau of 

Table 1 Platelet utilization efficiency of NebulaPlate and 
LTA

Theoretical Platelet 
Count per Reaction 
System

Minimum Volume 
of Human Blood 
Required (mL)

NebulaPlate 114 3 (Available for 10 chips, 
equals 14720 reactions)

LTA 9 × 107 30 (Available for 12–15 
reactions)
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Fig. 3 Accurate platelet aggregation quantification using NebulaPlate. (A) Experimental design for confirming the stability of the NebulaPlate. (B) Plate-
let aggregation responses following treatment with distinct drug microdroplets in the NebulaPlate platform, included Tyrode’s Buffer (control) and 2 U/
mL thrombin (thrombin). (C) Temporal evolution of the resting (n = 6) and 2 U/mL thrombin (n = 6) platelet aggregation determined as the ratio of the 
platelet area at different time intervals to the initial platelet area (Formula 1). Platelet aggregation reaches a plateau at 20 min. (D) Normal (n = 23) and 
patient (n = 23) platelet aggregation was investigated using both the NebulaPlate and traditional LTA. The data are expressed as mean ± SD, ***p < 0.001 
vs. resting group
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platelet aggregation in NebulaPlate was achieved after 
20  min (Fig.  3C), which was longer than that in LTA 
under stirring (5 min). Thus, LTA was performed without 
stirring to confirm whether the difference in aggregation 
time could be attributed to the absence of stirring in the 
microdroplet system. Consistent with our NebulaPlate 
observations, the platelets in the unstirred LTA reached 
maximum aggregation at approximately 20  min (Figure 
S8B).

Standardization of platelet aggregation on NebulaPlate
We aimed to standardize the quantification of time-lapse 
videos captured using NebulaPlate. Platelet aggregation 
was quantified using commercial Imaris segmentation. 
Activated platelets in the blood adhered to damaged ves-
sel walls and released secondary signals such as ADP to 
attract more platelets, resulting in aggregation [8, 13]. 
Similarly, the platelets in our microdroplets were acti-
vated and gradually aggregated with other platelets 
to form clusters, whereas the number of free platelets 
decreased over time (Supplementary Movie 1). There-
fore, the ratio of platelet area at various time points to the 
initial platelet area could serve as a quantitative measure 
of platelet aggregation (Formula 1).

Platelet recognition was enhanced using the live-cell 
WGA stain conjugated with Alexa Fluor 488, followed 
by segmentation in Imaris (Fig.  3A). The Imaris soft-
ware successfully identified platelets (Fig.  3B), enabling 
the time-dependent determination of platelet aggrega-
tion (Fig.  3C and S9A-B). The reliability of NebulaPlate 
was assessed and compared with that of LTA (Fig.  3D). 
Platelets were isolated from 46 individuals, including 
23 healthy volunteers and 23 cardiovascular patients on 
antiplatelet drug medications, and platelet aggregation 
was evaluated using both NebulaPlate and LTA. In the 
23 healthy samples, platelet aggregation attained ≥ 60% 
using LTA, whereas 21 of them exhibited platelet aggre-
gation ≥ 40.54% using NebulaPlate. For the 23 cardiovas-
cular patients, platelet aggregation was < 60% using LTA, 
whereas 23 of the samples exhibited an aggregation of 
< 40.54% using NebulaPlate. Using the best-fit line, plate-
let aggregation between the two systems correlated well, 
with R2 = 0.9114. These results demonstrated the robust-
ness of the NebulaPlate system in measuring platelet 
aggregation.

Validation of the performance of NebulaPlate with 
common antiplatelet drugs
The sensitivity of NebulaPlate to antiplatelet drugs was 
confirmed using clinically prescribed aspirin and ticagre-
lor. Platelet aggregation was used to evaluate and com-
pare NebulaPlate and conventional LTA. First, untreated 
normal platelets were encapsulated in microdroplets, and 
Imaris was used for automated platelet recognition and 

analysis to obtain a baseline platelet aggregation profile. 
Subsequently, the platelets pre-incubated with aspirin 
(50, 100, and 200 µM) or ticagrelor (10, 30, and 50 µM) 
were separately encapsulated in microdroplets and ana-
lyzed using Imaris (Fig.  4A). The platelet aggregation 
percentages following treatment with 0, 50, 100, and 
200 µM aspirin were 52.62% ± 7.82%, 36.64% ± 5.54%, 
18.33% ± 5.87%, and 5.82 ± 2.07%, respectively, for Neb-
ulaPlate (Fig.  4B) and 74.33% ± 4.13%, 68.00% ± 8.46%, 
69.17% ± 8.93%, and 67.17% ± 8.84%, respectively, for 
LTA (Fig.  4C). The platelet aggregation percentages fol-
lowing treatment with 0, 10, 30, and 50 µM ticagrelor 
were 51.74% ± 6.93%, 22.06% ± 4.33%, 14.92% ± 3.27%, 
and 3.90% ± 1.99%, respectively, for NebulaPlate (Fig. 4D) 
and 70.83% ± 7.36%, 44.17% ± 9.70%, 24.17% ± 5.85%, 
and 5.17% ± 2.56%, respectively, for LTA (Fig.  4E). The 
aggregation results using NebulaPlate displayed good 
sensitivity to the antiplatelet drug concentration, with 
good reproducibility (Fig.  4B–E and S9C). Further-
more, fluorescently labelled droplets of varying drugs 
were loaded into the same NebulaPlate, and the plate-
let aggregation percentage were subsequently measured 
(Figure S10A). The results demonstrated that the platelet 
aggregation rate was 5.89% ± 4.25% in the resting group, 
55.59% ± 12.94% in the thrombin group, 16.58% ± 9.40% 
in the aspirin group, and 14.70% ± 8.20% in the ticagrelor 
group (Figure S10B). These data supported the robust-
ness of NebulaPlate for mid- to high-throughput plate-
let aggregation testing. Overall, NebulaPlate and Imaris 
exhibited good performance in detecting platelet aggre-
gation, with good reliability and practicality. In particu-
lar, NebulaPlate could significantly reduce the number 
of platelets required and improve detection efficiency. It 
could be widely applicable in different fields, including 
clinical antiplatelet drug screening and therapeutic effect 
evaluation.

P-selectin membrane localization analysis using 
NebulaPlate
Considering the significant advantages of NebulaPlate 
for visualization, its ability to detect P-selectin mem-
brane expression in activated platelets was investigated. 
APC-conjugated CD62P (P-selectin) fluorescent antibod-
ies were co-encapsulated in drug microdroplets, and the 
membrane P-selectin expression in platelets was moni-
tored following electrofusion (Fig.  5A). The microdrop-
lets containing thrombin or Tyrode’s buffer (Fig. 5B) were 
separately analyzed. Over time, P-selectin expression 
in activated platelets gradually increased and attained a 
stable level after 40 min. Conversely, the resting platelets 
exhibited no significant changes. Furthermore, there was 
a gradual increase in P-selectin expression with increases 
in thrombin concentration (Fig.  5C). The platelets were 
subsequently treated with a clinically relevant antiplatelet 
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drug, aspirin, and their P-selectin expression on the Neb-
ulaPlate was analyzed to further confirm the results. The 
platelets were subjected to 100 and 200 µM aspirin while 
the P-selectin expression levels were monitored following 

thrombin stimulation (Figure S11). The fluorescence 
intensity of P-selectin corresponded to the results of 
platelet aggregation. The relative fluorescence intensities 
for the resting, thrombin, 100 µM aspirin, and 200 µM 

Fig. 4 Validation of NebulaPlate stability with different antiplatelet drug treatments. A. Platelet aggregation responses of different drug-treated platelets 
within the NebulaPlate platform at 20 min (U46619: 10 U/mL; aspirin: 100 µM; ticagrelor: 30 µM). B, D. Platelet aggregation under varying concentrations 
of aspirin or ticagrelor assessed using the NebulaPlate platform (n = 30). C, E. Platelet aggregation under varying concentrations of aspirin or ticagrelor, 
measured using LTA (n = 6). The data are expressed as mean ± SD, *p < 0.05, **p < 0.01, and ***p < 0.001 vs. resting or 0 group
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aspirin groups were 1.00 ± 0.09, 2.12 ± 0.40, 1.42 ± 0.14, 
and 0.96 ± 0.08, respectively. The platelet aggregations of 
the resting, thrombin, 100 µM aspirin, and 200 µM aspi-
rin groups were 4.97 ± 1.56, 44.69 ± 6.49, 20.23 ± 4.66, and 
4.61 ± 1.59, respectively. These findings demonstrated 
that NebulaPlate could be used to assess platelet func-
tionality by measuring P-selectin expression.

Discussion
In this study, we designed and validated a microfluidic 
droplet-based platelet aggregation system, NebulaPlate, 
which enabled the efficient, sensitive, and low-cost 
evaluation of platelet aggregation and P-selectin expo-
sure. Although LTA, which measures the percentage of 
platelet aggregation via light transmission, is the gold 
standard for detecting platelet aggregation [24–26], it 
requires numerous platelets (9 × 107 /reaction or 20–30 
mL of fresh blood) and at least six technical replicates to 
confirm measurements. In contrast, the proposed Nebu-
laPlate platform requires only 2–3 mL of whole blood 
to generate over 15,000 microdroplets (sufficient for 10 
chips). In theory, one LTA test affords 789,473 reactions 
on NebulaPlate (Table 1), demonstrating its potential for 
personalized antiplatelet prescriptions and mid- to high-
throughput antiplatelet drug discovery. We also demon-
strated that platelet microdroplets could be electrically 

fused with drug microdroplets and that platelet aggre-
gation and P-selectin surface expression could be moni-
tored over time.

NebulaPlate required a small number of platelets, with 
each microdroplet containing approximately 114 plate-
lets. Considering their lifespan [60], heterogeneous prop-
erties of platelet function may exist when only a small 
number of platelets are tested. However, the standard 
deviations of the results obtained with NebulaPlate were 
lower than those obtained with LTA (Fig.  4). Further-
more, the number of technical reactions was consider-
ably higher owing to the miniaturization of NebulaPlate, 
which improved the reliability of the results.

NebulaPlate required a considerably higher ago-
nists concentration and longer reaction time than the 
LTA system for several reasons. First, the standard LTA 
method involves stirring during platelet aggregation, 
thereby increasing the shear force while enhancing plate-
let activation [61]. Second, despite matching the platelet 
concentration to that used in LTA, the reaction micro-
droplets contained fewer platelets in NebulaPlate, which 
could limit platelet aggregation driven by positive feed-
back signaling [62]. This was supported by the results 
reported by Jongen et al. [54], in which the activation 
thresholds for single platelets were higher than those for 
collective platelets. Third, the system required 10 min to 

Fig. 5 P-selectin exposure in NebulaPlate. (A) Platelet P-selectin exposure responses following treatment with different drug microdroplets in the Nebu-
laPlate platform with Tyrode’s buffer (resting) or 2 U/mL thrombin (thrombin). Platelet concentration: 2 × 108 /mL. (B) Temporal evolution of the resting 
(n = 6) and 2 U/mL thrombin (n = 6) platelet P-selectin exposure. P-selectin expression reaches a plateau at 40 min. (C) Platelet P-selectin exposure treated 
with Tyrode’s buffer or different concentrations of thrombin (n = 20) at 40 min. The data are expressed as mean ± SD, ***p < 0.001 vs. 0 group
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set up the actual aggregated data collection, which lasted 
for 30  min. This period ensured a high accuracy of the 
captured platelet activity [27].

The role of shear force in platelet activation has been 
extensively investigated [61]. Numerous previous studies 
have increased the shear force by simulating the micro-
vasculature using microfluidics [44–46], thereby more 
closely matching the physiological or pathological envi-
ronment in vivo. However, we did not incorporate shear 
forces into our system because using a fixed shear force to 
assess platelet activation does not recapitulate physiolog-
ical variables such as vascular diameter, blood pressure, 
and vessel curvature. Thus, false negatives for potential 
antiplatelet drugs could be obtained using the LTA assay 
because shear force was applied owing to the aggregation 
chain reaction initiated by more platelets undergoing 
non-physiological shear stress. Several microfluidic chips 
designed for platelet function have adopted a pipette-
based design that facilitates control of the shear force by 
adjusting the flow rate, channel shape, and diameter [63]. 
However, these designs inevitably expose platelets to 
the channel walls, increasing concerns about the impact 
of channel material on platelet function [47]. Thus, the 
encapsulation of platelets within microdroplets elimi-
nates these concerns. Nevertheless, given the significance 
of shear on platelet function, it is possible that future 
methodologies may facilitate more effective incorpora-
tion of shear within microdroplets, thereby enhancing 
the ability to replicate in vivo microenvironments.

In our NebulaPlate system, the platelet aggregation 
function was assessed without considering fluid mechan-
ics. As expected, platelet aggregation was positively cor-
related with stimulus concentration (Figure S8A). For 
example, a higher aggregation stimulus resulted in faster 
platelet aggregation.

In high-throughput platelet function testing, well-
plate-based aggregation assays have been widely adopted 
as alternative methods for assessing platelet function 
in high-throughput environments [64, 65]. Despite the 
extensive utilization of 96-well or 384-well microplates 
in high-throughput screening, their fixed observa-
tional dimensions limits any further upgrade in terms of 
throughput. In the context of microdroplets, the amount 
of sample required is significantly diminished given the 
small volume and foreseeably optimized optics with 
automation can allow further upgrade in throughput and 
drug randomization if one uses fluorescence barcoding.

As a cell-surface glycoprotein, P-selectin plays a pivotal 
role in activating and amplifying aggregation signals [7, 
66, 67]. In response to vascular damage, platelets release 
granules containing P-selectin to induce platelet adhe-
sion to endothelial cells and initiate thrombus formation 
[68]. In addition, P-selectin serves as an inflammatory 
signal by promoting leukocyte migration and adhesion, 

thereby propagating the inflammatory response [69, 
70]. Because NebulaPlate enabled the visualization of 
P-selectin levels during platelet aggregation, this micro-
droplet reaction chamber offers a new platform for 
examining platelet activation. We found that the expres-
sion of P-selectin gradually increased with the increase 
of thrombin concentration (Fig.  5C). However, the rate 
of increase was observed to gradually decelerate. This 
indicates the potential for P-selectin sites to be covered 
by platelets following aggregation. Nevertheless, this 
hypothesis requires further investigation.

U46619 is an agonist of the platelet thromboxane 
receptors, which is not generally considered to be tar-
geted by aspirin. It is well known that aspirin exerts its 
effect by impeding the synthesis of thromboxane within 
platelets. It has been suggested that in presence of exog-
enous thromboxane, efficacy of aspirin to block intracel-
lular thromboxane synthesis is diminished [71]. However, 
our experimental data presented in Fig.  4 appear to 
contradict this hypothesis, thereby suggesting that the 
NebulaPlate platform may exhibit an excessive reliance 
on de novo thromboxane production (more sensitive to 
U46619). This phenomenon may be particularly pro-
nounced in low-calcium environments, where plate-
lets exhibit heightened sensitivity to certain aggregating 
agents [72]. Consequently, subsequent enhancements to 
the NebulaPlate platform are imperative.

Conclusion
NebulaPlate exhibits various features and advantages 
that may be of interest to the cardiovascular community. 
First, it uses a small volume of blood to reduce sample 
consumption and cost. Second, it integrates standard 
markers for assessing platelet function and uses micro-
fluidic droplet technology to facilitate platelet aggrega-
tion studies without shear stress complications. Third, 
dose titration and combinatorial prescriptions can be 
easily personalized using a standalone platelet aggrega-
tion device with built-in optics and column partitioning 
of preestablished antiplatelet drugs at varying dosages. 
Finally, the data processing of NebulaPlate is sufficiently 
robust for commercial and noncommercial software, 
which can be further streamlined to improve efficiency.

We also acknowledge certain limitations with our 
study. For example, NebulaPlate requires 2–3 mL of 
whole blood because platelet isolation is not currently 
incorporated into its microfluidic chip design. Moreover, 
the current camera settings only enable the simultane-
ous recording of 18 microdroplets. We envision that this 
problem can be overcome by designing a smaller chip/
parallel microscopy setup for live-cell tracking. The cur-
rent time-consuming data analysis procedure negates the 
advantage of high throughput. This may be accomplished 
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by optimizing the algorithms to facilitate a more efficient 
process.
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