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A B S T R A C T

Platelets play a critical role in hemostasis at sites of injury and are capable of interacting with various types of 
cells in the bloodstream. The promise of utilizing platelets for diagnostic and therapeutic applications has 
motivated the development of facile strategies to functionalize platelets. However, platelets with a small size, 
lack of nucleus and efficient protein machinery, and low tolerance to chemicals and transfection agents have 
posed significant challenges for chemical or genetic engineering. Here, for the first time, we report successful 
metabolic glycan labeling of platelets to introduce chemical tags (e.g., azido groups) onto the membrane of 
platelets. We demonstrate that azido-sugars can metabolically label platelets in a concentration dependent 
manner, with cell-surface azido groups detectable at as early as 4 hours. The cell-surface azido groups enable the 
conjugation of various macromolecular cargos including proteins and polymers onto platelets via efficient click 
chemistry. Small-molecule drugs such as doxorubicin can also be conjugated onto azido-labeled platelets and 
become subsequently released to kill surrounding cancer cells, demonstrating the feasibility of utilizing platelets 
as a drug delivery vehicle. We further show that azido-sugars, upon intraperitoneal injection, can metabolically 
label platelets with azido groups in vivo, which persist for up to 4 days in mice (nearly the life-span of murine 
platelets). This in vitro and in vivo platelet labeling and targeting technology opens a new avenue to platelet-based 
diagnostics and therapeutics.

1. Introduction

Platelets are small anucleate cells that circulate in the bloodstream 
and make up ~1 % of whole blood. They are short-lived with a lifespan 
of 4–5 days in mice and 7–10 days in humans [1,2]. Platelets play a 
critical role in hemostasis at sites of injury or surgery [3,4]. Upon 
bleeding, platelets are rapidly recruited to initiate the formation of 
blood clots [5] and gradually release adenosine diphosphate (ADP), 
thromboxane A2 and other activation factors to further recruit platelets 
and immune cells to promote hemostasis and initiate tissue restoration 
[6–8]. Platelets are also involved in innate immunity by directly binding 
to bacteria and viruses [9–11]. Cancer cells were also reported to 
interact with platelets, and the transfer of PD-L1 from cancer cells to 

platelets has been explored for cancer prognosis [11,12]. The ability to 
home to injury sites, recruit immune cells, and interact with various 
types of cells makes platelets an attractive target for diagnostic and 
therapeutic applications, which poses a demand for effective and facile 
strategies to engineer platelets.

Existing platelet engineering methods can be divided into genetic 
and chemical conjugation approaches [13]. Megakaryocytes and other 
platelet precursor cells can be genetically engineered ex vivo, followed 
by infusion or transplantation to the bone morrow to produce geneti
cally engineered platelets [14–17]. Anucleate platelets can also be 
transfected with mRNA-encapsulating lipid nanoparticles to express 
exogenous proteins [18–22]. However, the complexity and safety con
cerns of genetic engineering methods remain to be resolved. Direct 
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chemical conjugation of cargos to platelets has been explored by treating 
platelets with the Traut’s reagent and then conjugating with 
disulfide-bearing molecules. For example, anti-PD-1 was conjugated to 
platelets via Traut’s reagent for the delivery of anti-PD-1 to the tumor 
site where platelets tend to accumulate [23,24]. Cargos can also be 
conjugated to platelets by installing a targeting moiety that can bind to 
surface receptors of platelets such as platelet integrin GPIIb/IIIa 
[25–27]. These chemical approaches, though, have only been successful 
for in vitro engineering of platelets to date. The use of the Traut’s agent 
and antibodies was also shown to lead to the activation of platelets prior 
to transfusion and thus result in a higher chance of thrombosis during 

platelet infusion [25,28,29].
Here we report a facile platelet engineering approach via the meta

bolic glycoengineering processes of unnatural sugars. We show that 
anucleate platelets can take up and metabolize azido-sugars (e.g., tet
raacetyl-N-azidoacetyl mannosamine (Ac4ManAz)), leading to the 
expression of azido-labeled glycoproteins on platelets (Fig. 1a) [30–33]. 
The cell-surface azido groups can be detected as early as 4 h post 
azido-sugar incubation, and the density of cell-surface azido groups in
creases with the concentration and incubation time of azido-sugars. 
Intraperitoneally administered azido-sugars also successfully labeled 
mouse platelets in the bloodstream with azido groups, and the surface 

Fig. 1. In vitro metabolic glycan labeling of primary platelets. (a) Schematic illustration of metabolic glycan labeling of platelets by azido-sugars. (b) % Cy5+

platelets and (c) mean Cy5 fluorescence intensity of platelets after 4-h incubation with Ac4ManAz and staining with DBCO-Cy5 (n = 4). (d) % Cy5+ platelets and (e) 
mean Cy5 fluorescence intensity of platelets after 4-h incubation with 200 μM Ac4ManAz, Ac4GluAz, or Ac4GalAz, and staining with DBCO-Cy5 (n = 4). (f) Western 
blot analysis of azido-labeled glycoproteins in platelets. Azido-proteins were converted to biotinylated ones and then detected via streptavidin-HRP. (g) % Cy5+

platelets and (h) mean Cy5 fluorescence intensity of platelets after incubation with 100 μM Ac4ManAz for different times (n = 4). Cells were stained with DBCO-Cy5 
prior to flow cytometry analysis. All the numerical data are presented as mean ± SD (one-way ANOVA with post hoc Tukey’s LSD test was used for (b–e) or two tailed 
unpaired student’s t-test was used for (g,h); n.s., P > 0.05; 0.01 < *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001).
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azido groups could persist for up to 4 days in vivo, nearly the lifespan of 
mouse platelets. We also demonstrate that azido-labeled platelets enable 
conjugation of dibenzocyclooctyne (DBCO)-bearing macromolecular 
and small-molecule cargos via efficient click chemistry [34,35]. 
Small-molecule doxorubicin, after conjugation onto platelets, can also 
be gradually released to kill surrounding cancer cells. The metabolic 
labeling approach did not induce any noticeable toxicity to platelets. 
This facile platelet engineering approach could greatly facilitate the 
development of platelet-based therapeutics and diagnostics and pro
vides a new avenue to probing the interaction between platelets and 
other types of cells.

2. Results and discussion

2.1. In vitro metabolic glycan labeling of platelets

We first studied the metabolic glycan labeling of platelets in vitro. 
Platelets were isolated from the blood of C57BL/6 mice via a series of 
centrifugation steps and resuspended in a Modified Tyrode’s Calcium 
Free Buffer supplemented with Prostoglandin E−1 (Fig. S1), followed by 
the addition of different concentrations of Ac4ManAz or PBS. After 4 h, 
platelets were stained with DBCO-Cy5 to detect cell-surface azido 
groups (Fig. S2). Compared to cells treated with PBS, platelets treated 
with 100 μM Ac4ManAz showed significantly higher Cy5 fluorescence 
intensity, indicating the successful labeling of platelets with azido 
groups (Fig. 1b–c). By increasing the concentration of Ac4ManAz from 
100 μM to 400 μM, the labeling efficiency of platelets was further 
increased (Fig. 1b–c). We also compared the metabolic labeling effi
ciency of different types of azido-sugars, i.e. Ac4ManAz, tetraacetyl-N- 
azidoacetyl glucosamine (Ac4GluAz) and tetraacetyl-N-azidoacetyl 
galactosamine (Ac4GalAz) (Fig. 1d–e). Compared to Ac4GluAz and 
Ac4GalAz, Ac4ManAz showed a significantly higher labeling efficiency 
for platelets (Fig. 1d–e). To confirm the azido labeling of glycoproteins 
in platelets, we isolated proteins from Ac4ManAz- or PBS-treated 
platelets and performed the western blot analysis by converting azido- 
proteins to biotinylated ones and detecting them with HRP- 
streptavidin and chemiluminescence imaging. Compared to the PBS 
group, Ac4ManAz group showed a significantly higher signal for multi
ple protein bands, confirming the successful azido labeling of glyco
proteins (Fig. 1f).

As we intended to study the metabolic labeling efficiency of platelets 
for an extended time, we first optimized the culture media for platelets 
by comparing the viability of platelets in different buffers at varied in
cubation temperature (4oC, 25oC, or 37oC). Three buffers were tested: 
Alsever’s solution (ALS) supplemented with bovine serum albumin 
(BSA), Modified Tyrode’s Calcium free Buffers with high NaHCO3 (PB1) 
[26], and Modified Tyrode’s Calcium free Buffers with low NaHCO3 
(PB2) [27]. The viability of platelets was higher at 4oC and 25oC than at 
37oC across all the buffers (Figs. S3a–c). In general, PB2 resulted in a 
higher viability and CD41 (a well-known surface marker of platelets) 
expression level of platelets than ALS or PB1 (Figs. S3a–c). The best 
platelet culture method that we observed was to culture platelets in PB2 
at 25oC, as cold stored platelets were reported to exhibit altered 
morphology and faster clearance after infusion [36–38]. After opti
mizing the cell media and culturing conditions, we were able to store 
primary platelets for up to 3 days. By increasing incubation time of 
platelets with Ac4ManAz from 4 h to 24 h, the azido labeling efficiency 
was dramatically enhanced (Fig. 1g–h). By further increasing the 
Ac4ManAz treatment time from 24 h to 48 h or 72 h, the labeling effi
ciency was slightly enhanced (Fig. 1g–h). It is noteworthy that 24-h 
incubation with Ac4ManAz did not induce any noticeable changes in 
the morphology of platelets in comparison with the PBS group 
(Figs. S4a–b).

2.2. Membrane retention of cell-surface azido groups

We next studied the stability of cell-surface azido groups on platelets. 
Platelets were incubated with 100 μM Ac4ManAz or PBS for 24 h, and 
then transferred to Ac4ManAz-free fresh media. At 6 h post the media 
change, Ac4ManAz-treated platelets still exhibited a decent azido den
sity on the cell surface (Fig. 2a–b). At 12 h, Cy5 fluorescence intensity of 
Ac4ManAz- and PBS-treated platelets after DBCO-Cy5 staining showed 
negligible differences (Fig. 2a–b), indicating the decay of azido density 
on the surface of platelets. It is noteworthy that the treatment of platelets 
with Ac4ManAz did not induce any decrease in platelet viability 
compared to PBS treatment (Fig. 2c). This is supported by the mito
chondria potential assay, which showed negligible differences in the 
vitality of mitochondria between Ac4ManAz and PBS groups (Fig. S5a). 
We also incubated platelets with Ac4ManAz or PBS for 24 h, 48 h, and 
72 h, respectively, and stained them with Annexin-APC and Calcein AM 
to detect the necrotic population (Annexin+Calcein AM−). As a result, 
negligible differences in the fraction of necrotic cells were detected 
between Ac4ManAz and PBS groups (Fig. S5b). To study whether 
Ac4ManAz treatment has any effect on the activation status of platelets, 
we analyzed the surface expression of CD62p, an activation marker of 
platelets, via flow cytometry. At 12 h, Ac4ManAz treatment did not 
induce any noticeable change on CD62p expression levels of platelets in 
comparison with PBS treatment (Fig. 2d). At 24 or 48 h, Ac4ManAz- 
treated platelets showed reduced CD62p expression in comparison with 
PBS-treated platelets, indicating the lower activation status of platelets 
at later times (Fig. 2d). We also performed a clotting assay using 
collagen-coated glass slides. 2.5 mM Ca2+ was added to the platelet 
media and then platelets were added onto collagen-coated or non-coated 
glass slides. As a result, platelets pretreated with PBS or Ac4ManAz for 
24 h both formed aggregates in 10 min on the collagen-coated glass slide 
(Fig. S6). These data demonstrated that 24-h treatment with Ac4ManAz 
does not induce the necrosis of platelets or impair the coagulation ca
pabilities and vitality of platelets.

2.3. Conjugation of macromolecular cargos to platelets

We next explored the conjugation of cargos, especially macromo
lecular cargos, onto azido-labeled platelets via efficient click chemistry 
(Fig. 3a). Allophycocyanin (APC), a fluorescent protein with a molecular 
weight of 105 KDa, was modified with DBCO via amine-N-hydrox
ysuccinimide chemistry (Fig. S7a). UV–vis spectrometry confirmed the 
successful modification of APC with DBCO (Fig. S7b). After treating 
platelets with Ac4ManAz or PBS for 24 h and then incubating them with 
DBCO-APC, a significantly higher APC fluorescence intensity was 
detected on Ac4ManAz-treated platelets than PBS-treated platelets 
(Fig. 3b–d). Confocal imaging also showed the overlay of APC and CD41 
(Fig. 3b, Fig. S8), confirming the successful conjugation of DBCO-APC to 
azido-labeled platelets. By staining cells with biotin-conjugated anti- 
APC and FITC-avidin, we monitored the retention of conjugated APC on 
platelets. As a result, the conjugated APC was still detectable on the 
surface of platelets at 12 h post DBCO-APC conjugation (Fig. S9). 
Phycoerythrin (PE), another fluorescent protein with a molecular weight 
of 240 KDa, can also be modified with DBCO using the amine-N- 
hydroxysuccinimide chemistry (Fig. S10). Similarly, Ac4ManAz-treated 
platelets could capture more DBCO-PE than PBS-treated platelets 
(Fig. 3e–f), indicating the successful conjugation of DBCO-PE to azido- 
labeled platelets. We also synthesized DBCO-functionalized polyacrylic 
acid (PAA), which was confirmed via 1H NMR spectrometry (Fig. S11). 
DBCO-PAA, with a much lower cell uptake background, showed a sig
nificant targeting effect towards azido-labeled platelets, in comparison 
with unlabeled platelets (Fig. 3g–h).

2.4. Surface conjugation and release of doxorubicin

As platelets naturally home to sites of injury or inflammation, they 
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have been actively explored as drug carriers for the treatment of cancer 
and other diseases. As a proof-of-concept demonstration, we tested the 
feasibility of conjugating DBCO-doxorubicin onto azido-labeled plate
lets for subsequent release of doxorubicin to effect on neighboring 
cancer cells (Fig. 4a). We first synthesized DBCO-hz-Dox with an acid- 
labile hydrazone bond (Fig. S12). DBCO-hz-dox exhibited a much 
higher degradation rate at pH 5.4 than at pH 7.4, as expected (Fig. 4b). 
To study the conjugation of DBCO-hz-dox to azido-labeled platelets, 
platelets isolated from C57BL/6 mice were treated with Ac4ManAz or 
PBS for 24 h, followed by incubation with DBCO-hz-Dox for 1 h. 
Compared to PBS-treated platelets, Ac4ManAz-treated platelets showed 
a significantly higher Dox signal (Fig. 4c–d), demonstrating the suc
cessful conjugation of DBCO-hz-Dox to Ac4ManAz-treated platelets. 
Next, we studied whether Dox conjugated to platelets can be gradually 
released to kill neighboring cancer cells, by incubating Ac4ManAz- or 
PBS-treated platelets with DBCO-hz-Dox for 30 min and then co- 
culturing platelets with C1498 acute myeloid leukemia (AML) cells for 
48 h. At a DBCO-hz-dox concentration of 100 μM, Ac4ManAz-treated 
platelets resulted in a significantly lower viability of C1498 cells than 
PBS-treated platelets (Fig. 4e), demonstrating the feasibility of conju
gating drugs onto platelets for subsequent gradual release of drugs and 
cancer cell killing.

2.5. In vivo metabolic labeling of platelets

We next explored in vivo metabolic labeling of circulating platelets. 
Ac4ManAz or PBS was intraperitoneally (i.p.) injected into C57BL/6 
mice every 12 h for three days. At different times post the last injection 

of Ac4ManAz or PBS, platelets were harvested from the blood, stained 
with DBCO-Cy5, and analyzed via flow cytometry and confocal imaging 
(Fig. 5a). At 6 h, a significantly higher Cy5 fluorescence intensity was 
observed on platelets isolated from Ac4ManAz-treated mice than plate
lets isolated from PBS-treated mice (Fig. 5b–c), indicating the successful 
in vivo metabolic labeling of platelets with azido groups by Ac4ManAz. 
At 48 h, platelets from Ac4ManAz-treated mice still showed a much 
higher Cy5 fluorescence intensity than those from PBS-treated mice 
(Fig. 5b–c). At 4 days post the injections of Ac4ManAz, a higher Cy5+

platelets were still detected for Ac4ManAz group, despite a similar mean 
Cy5 fluorescence intensity between Ac4ManAz and PBS groups 
(Fig. 5b–c). At 6 days, platelets from Ac4ManAz- or PBS-treated mice 
showed negligible differences in Cy5 signal (Fig. 5b–c), indicating the 
loss of azido groups on circulating platelets after 6 days. The decreased 
azido density from day 2 to day 4 and complete turn-over on day 6 aligns 
with the life-span of mouse platelets (3–5 days). Confocal imaging also 
confirmed the presence of azido-labeled platelets in Ac4ManAz-treated 
mice on day 2 (Fig. 5d, Fig. S13). We also performed a functional assay 
to compare the activation status of platelets between Ac4ManAz- and 
PBS-treated mice. ADP, a platelet agonist, was added to platelets in 
Ca2+-containing media, followed by flow cytometry analysis of CD62 
expression levels. A negligible difference in CD62p level was observed 
between Ac4ManAz-treated platelets and PBS-treated platelets 
(Fig. 5e–f), demonstrating the minimal effect of Ac4ManAz treatment on 
the activation status of platelets in vivo. We also performed a tail bleed 
assay by amputating the tail of C57BL/6 mice, which showed negligible 
differences in the time of bleeding cessation for PBS- and Ac4ManAz- 
treated mice (Fig. 5g).

Fig. 2. Azido-glycans can retain on platelets for over 6 h in vitro without noticeable cytotoxicity towards platelets. (a–b) Platelets were incubated with 100 
μM Ac4ManAz for 24 h, and further incubated in fresh media for different times. At each time point, platelets were stained with DBCO-Cy5 and analyzed via flow 
cytometry. Shown are (a) % Cy5+ platelets and (b) mean Cy5 fluorescence intensity of platelets at different times (n = 4). (c) Viability of platelets in the presence or 
absence of Ac4ManAz for 0, 12, 24, and 48 h, respectively (n = 4). (d) CD62p expression levels of platelets incubated with 100 μM Ac4ManAz or PBS for 0, 12, 24, and 
48 h, respectively (n = 4). All the numerical data are presented as mean ± SD (two tailed unpaired student’s t-test was used; n.s., P > 0.05; 0.01 < *P ≤ 0.05; **P ≤
0.01; ***P ≤ 0.001; ****P ≤ 0.0001).
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3. Discussion

Facile and efficient methods to engineer or functionalize platelets 
hold great promise for various diagnostic and therapeutic applications 
owing to the inherent injury-targeting nature of platelets. Here we 
present a facile strategy to modify platelet membrane with azido groups 
for subsequent targeted conjugation of any molecules of interest via 
efficient click chemistry. We demonstrated that rapid in vitro platelet 
labeling is feasible by incubating platelets with azido-sugar for only 4 h, 
which is critical for ex vivo manufacturing of short-lived platelets. To 
better mimic human platelet transfusion conditions, we tested the 
metabolic labeling of platelets for an extended time, which showed that 
longer incubation times (e.g., 24 h) could lead to a higher labeling 

efficiency. The azido groups on the membrane of murine platelets could 
retain for 6–12 h post removal of azido-sugars in vitro. Viability and 
activation status tests showed negligible differences between azido- 
sugar-treated platelets and control platelets. These experiments 
demonstrated that simple incubation of platelets with azido-sugars for 
4–24 h provides a facile and safe approach to tagging platelets for 
subsequent tracking and targeting purposes.

After demonstrating and optimizing in vitro metabolic labeling of 
platelets, we explored the targeted conjugation of DBCO-cargos to 
platelets via efficient click chemistry. Macromolecular APC, PE, and 
PAA, upon facile DBCO functionalization, can all be conjugated onto 
azido-labeled platelets. Small-molecule doxorubicin, with DBCO func
tionalization, can also be conjugated to azido-labeled platelets and then 

Fig. 3. Azido-labeled platelets enable conjugation of macromolecular cargos. (a) Schematic illustration of metabolic labeling of platelets and subsequent 
conjugation of macromolecules onto platelets. (b) Representative CLSM images of platelets that were treated with Ac4ManAz or PBS for 24 h and then incubated with 
DBCO-APC for 1 h. (c) % APC+ platelets and (d) mean APC fluorescence intensity of platelets that were treated with Ac4ManAz or PBS for 24 h and then incubated 
with DBCO-APC for 1 h (n = 4). (e) % PE+ platelets and (f) mean PE fluorescence intensity of platelets that were treated with Ac4ManAz or PBS for 24 h and then 
incubated with DBCO-PE for 1 h (n = 4). (g) % Cy5+ platelets and (h) mean Cy5 fluorescence intensity of platelets that were treated with Ac4ManAz or PBS for 24 h 
and then incubated with DBCO/Cy5-PAA for 1 h (n = 4). All the numerical data are presented as mean ± SD (two tailed unpaired student’s t-test was used for (c–f) 
and one-way ANOVA with post hoc Tukey’s LSD test was used for (g, h); n.s., P > 0.05; 0.01 < *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001).
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become gradually released from platelets to kill surrounding AML cells, 
demonstrating the feasibility to utilize platelets as a targetable drug 
depot. Ex vivo metabolic labeling of platelets is fairly easy to perform 
and can be easily integrated into existing platelet transfusion protocols 
by simply adding azido-sugars to the platelet storage media [39,40]. Our 
platelet labeling and targeting approach enables ex vivo conjugation of 
various types of cargos to platelets and in vivo conjugation of cargos to 
adoptively transferred platelets.

We also explored the feasibility of metabolically label platelets in vivo 
via i.p. injection of azido-sugars. Azido-sugars managed to label platelets 
in the bloodstream with azido groups, and the azido tags remain on 
platelet membrane for up to 4 days, nearly the lifespan of mouse 
platelets (3–5 days). Platelets from azido-sugar-treated mice and control 
mice exhibited negligible differences in counts, viability, and activation 
status, supporting the benign safety profile of azido-sugar towards 
platelets. The ability to metabolically tag circulating platelets with azido 
groups in vivo opens up new opportunities for targeted delivery of 
diagnostic and therapeutic agents to platelets and the orchestration of 
interactions between circulating platelets and other cells. For example, 
immunomodulatory agents such as checkpoint blockades and cytokines 
can be attached to platelets in vivo for subsequent trafficking to tumors 
for potentially enhanced therapeutic efficacy. Anti-inflammatory agents 
can be delivered to wounded tissues and other disease sites via platelets 
to facilitate the resolution of inflammation and restoration of diseased 
tissues. We also envision the potential attachment of hemostatic agents 
to platelets via the in vivo platelet labeling and targeting technology for 
the prevention of internal bleeding in tissues.

To conclude, we report the successful metabolic glycan labeling of 
anucleate platelets in vitro and in vivo. Ac4ManAz can metabolically label 
platelets with azido groups in a concentration and incubation time 
dependent manner, with cell-surface azido groups detectable at as early 
as 4 h. Azido-labeled platelets can covalently capture various types of 
molecules via efficient click chemistry, including proteins, polymers, 
and small-molecule drugs. Drugs, upon conjugation to azido-labeled 
platelets, can be gradually released to effect on neighboring cancer 

cells. We further demonstrate that intraperitoneally injected Ac4ManAz 
can label circulating platelets with azido groups in vivo. This in vitro and 
in vivo platelet labeling and targeting technology opens a new avenue to 
a variety of platelet-based therapeutic applications. Our study also ex
pands the applicability of the metabolic glycan labeling technology to 
platelets and other cells alike that are non-proliferative, nucleus-free, 
and lacking efficient protein machinery.

4. Online methods

Materials and Instrumentation. D-Mannosamine hydrochloride, 
D-galactoseamine hydrocholoride, D-glucoseamine hydrochloride, 
Doxorubicin Hydrochloride, DBCO-Cy5, Poly(acrylic acid) (2 kDa), so
dium azide, chloroacetic anhydride, acetic anhydride, MTT, Collagen 
and other chemical reagents were purchased from Sigma Aldrich (St. 
Louis, MO, USA) unless otherwise noted. DBCO-Cy5 and DBCO-sulfo- 
amine were purchased from Vector Lab (Newark, CA, USA). eFlour 780 
fixable viability dye (65-0865-14), CD41-FITC (11-0411-82), CD62p-PE 
(12-0626-82), Calcein AM (C1430), AnnexinV-APC (A35110), Poly- 
lysine (A3890401), Anti-APC biotin (13-4170-82) and Avidin-FITC 
(A821) were obtained from Thermo fisher (Ashville, NC, USA). Prosto
glandin E1 was purchased from MedChemExpress (Monmouth Junction, 
NJ, USA). Allophycocyanin and Phycoerythrin were purchased from 
AAT Bioquest (Pleasanton, CA, USA). N-hydroxysuccinimide (NHS) and 
3-(3-Dimethylaminopropyl)-1-ethyl-carbodiimide hydrochloride (EDC) 
were purchased from Chem-Impex (Wood Dale, IL, USA). TMRE was 
purchased from Cell Signaling Technology. Annexin V binding buffer 
(10x) was obtained from BD Biosciences. High-performance liquid 
chromatography (HPLC) analysis was performed on a Shimadzu CBM- 
20A system (Shimadzu, Kyoto, Japan) equipped with an SPD-20A PDA 
detector (190–800 nm), an RF-20A fluorescence detector, and an 
analytical C18 column (Shimadzu, 3 μm, 50 × 4.6 mm, Kyoto, Japan). 
Preparative HPLC was performed on a CombiFlash®Rf system (Teledyne 
ISCO, Lincoln, NE, USA) equipped with a RediSep®Rf HP C18 column 
(Teledyne ISCO, 30 g, Lincoln, NE, USA). Lyophilization was conducted 

Fig. 4. Doxorubicin can be conjugated to platelets and gradually released to kill neighboring cancer cells. (a) Schematic illustration of conjugation of DBCO- 
hz-Dox to azido-labeled platelet and subsequent release of Dox from platelets. (b) Release kinetics of DBCO-hz-Dox at pH 7.4 and pH 5.4, respectively (n = 3). (c–d) 
Platelets pretreated with Ac4ManAz or PBS for 24 h were incubated with 10 μM DBCO-hz-Dox for 1 h. Shown are (c) percentages of Dox+ platelets and (d) mean Dox 
fluorescence intensity of platelets (n = 4). (e) Viability of C1498 AML cells after 48-h incubation with platelets (n = 3). Platelets were pretreated with Ac4ManAz or 
PBS for 24 h and incubated with DBCO-hz-Dox (1, 10, and 100 μM, respectively) for 1 h, following the removal of non-conjugated DBCO-hz-Dox and the coculturing 
with C1498 AML cells for 48 h. All the numerical data are presented as mean ± SD (two tailed unpaired student’s t-test was used; n.s., P > 0.05; 0.01 < *P ≤ 0.05; 
**P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001).
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in a Labconco FreeZone lyophilizer (Kansas City, MO, USA). Nuclear 
Magnetic Resonance (NMR) spectra were recorded on a Varian U500 
(500 MHz) or VXR500 (500 MHz), or a Bruker Carver B500 (500 MHz) 
spectrometer. Electrospray ionization (ESI) mass spectra were obtained 
from a Waters ZMD Quadrupole Instrument (Waters, Milford, MA, USA). 
Confocal laser scanning microscopy (CLSM) images were taken by using 
a Zeiss LSM 700 or LSM 880 Confocal Microscope (Carl Zeiss, Thorn
wood, NY, USA). Western blotting protein bands were imaged on an 
ImageQuant LAS 4010 gel imaging system (GE, Pittsburgh, PA, USA). 
Flow cytometry analysis was conducted on an Attune NxT flow cytom
eter and analyzed on FlowJo V10.8.1. Matrix-Assisted Laser Desorption 
Ionization (MALDI) was obtained from Bruker Daltonics UltrafleXtreme 
MALDI TOF.

Cell line and animals. C1498 AML cell line was purchased from the 
American Type Culture Collection (Manassas, VA, USA). C1498 cells 
were cultured in DMEM/F12 media containing 10 % bovine calf serum 
(Gibco), 100 units/mL Penicillin G and 100 μg/mL streptomycin 

(Invitrogen, Carlsbad, CA, USA) at 37 ◦C in 5 % CO2 humidified incu
bator. Female C57BL/6 mice were purchased from the Jackson Labo
ratory (Bar Harbor, ME, USA). Feed and water were available ad libitum. 
Artificial light was provided in a 12 h/12 h cycle. All procedures 
involving animals were done in compliance with the National Institutes 
of Health and Institutional guidelines with approval from the Institu
tional Animal Care and Use Committee at the University of Illinois at 
Urbana-Champaign.

Platelet isolation. Retro orbital blood extraction was used to extract 
blood, the blood was immediately transferred into the Acid-Citrate 
Dextrose Buffer (85 mmol/L trisodium citrate, 71 mmol/L citric acid, 
and 111 mmol/L dextrose). Modified Tyrodes Calcium free buffer with 1 
% EGTA was added to the blood and pipetted carefully. The tubes 
containing blood were then spun at 200 rcf to remove the red blood cells. 
The supernatant was extracted carefully. Another centrifugation step at 
500 rcf was performed to remove any remaining red blood cells or 
lymphocytes. The supernatant was transferred to the resuspension 

Fig. 5. In vivo metabolic labeling of platelets. (a) Timeframe of in vivo labeling study. Ac4ManAz was i.p. injected twice a day for three days. Blood was drawn at 6 
h, 2 days, 4 days, and 6 days for the isolation of platelets. Platelets were incubated with DBCO-Cy5 to detect surface azido groups. (b) % Cy5+ platelets harvested at 
different times and stained with DBCO-Cy5 (n = 5). (c) Mean Cy5 fluorescence intensity of platelets harvested at different times and stained with DBCO-Cy5 (n = 5). 
(d) Confocal images of platelets isolated from Ac4ManAz- or PBS-treated mice on day 2 and stained with DBCO-Cy5. (e) CD62p expression levels of platelets after 
stimulation with Ca2+ and ADP or Ca2+ only (n = 5). Platelets were harvested on day 2. (f) Fold-increase of CD62p levels after stimulation with Ca2+ and ADP or Ca2+

only (n = 5). Platelets were harvested on day 2. (g) Time till the cessation of bleeding, as determined via the tail bleed assay (n = 5). All the numerical data are 
presented as mean ± SD (two tailed unpaired student’s t-test was used; n.s., P > 0.05; 0.01 < *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001).
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buffer containing 0.5 μM ProstoglandinE-1 (PGE-1). The solution was 
then spun at 1200 rcf to pellet the platelets. The platelets were then 
resuspended in the resuspension buffer containing PGE-1.

Platelet buffer and temperature comparison. Alsever’s solution 
(MP Biomeidcals) was supplemented with 0.2 % (w/v) BSA. The 
composition of Platelet buffer 1 (PB1) is a Modified Tyrodes Calcium 
Free buffer consisting of 80.4 mM NaCl, 1.8 mM KCl, 0.18 mM NaH2PO4, 
1.2 mM MgCl2, 3 mM HEPES, 3 mM glucose, 0.53M NaHCO3, 1.2 % BSA. 
Platelet buffer 2 (PLT2) is also a Modified Tyrodes Calcium Free Buffer 
consisting of 134 mM NaCl, 3 mM KCl, 0.3 mM NaH2PO4, 2 mM MgCl2, 
5 mM HEPES, 5 mM glucose, 12 mM NaHCO3, 0.2 % BSA. Platelets were 
incubated in different buffers for 24 h at 4 ◦C, 24 ◦C and 37 ◦C, 
respectively. Cells were then stained with FITC-conjugated anti-CD41 
and eflour 780 fixable viability dye for 20 min at room temperature and 
then washed twice, prior to flow cytometry analysis.

Synthesis of Ac4ManAz, Ac4GalAz, and Ac4GluAz. [30,31] To a 
solution of D-mannosamine hydrochloride or D-galactosamine hydro
chloride or D-glucosamine hydrochloride (1.00 g, 4.64 mmol) in 
methanol (10 mL) was dropwise added 0.5 N sodium methoxide in 
methanol (9.3 mL, 4.64 mmol) at 0oC. The mixture was stirred at room 
temperature for 30 min. Triethylamine (0.47 g, 4.64 mmol) and 
chloroacetic anhydride (0.95 g, 5.57 mmol, 95 %) were then added. The 
reaction mixture was stirred overnight, followed by the addition of H2O 
(3 mL) and sodium azide (1.21g, 18.56 mmol). After stirred overnight at 
65 ◦C, the precipitate was filtered out and the filtrate was concentrated. 
The residue was suspended in pyridine (15 mL), followed by the addi
tion of 4-dimethylaminopyridine (56.8 mg, 0.47 mmol) and acetic an
hydride (3.79 g, 37.12 mmol). The mixture was stirred overnight at 
room temperature, and then quenched with methanol. After the removal 
of solvents, the residue was dissolved in ethyl acetate and washed suc
cessively with HCl (1 M), brine, and saturated NaHCO3 (aq). The organic 
layer was dried over Na2SO4 and filtered. The filtrate was concentrated, 
and the crude product was purified by silica gel column chromatography 
to yield a white foam (1.40 g, 70 % yield). LRMS (ESI) m/z: calculated 
for Ac4ManAz C16H22N4O10Na [M+Na]+ 453.1, found 453.1. 1H NMR of 
Ac4ManAz (CDCl3, 500 MHz): δ (ppm) 6.66&6.60 (d, J = 9.0 Hz, 1H, C 
(O)NHCH), 6.04&6.04 (d, 1H, J = 1.9 Hz, NHCHCHO), 
5.32–5.35&5.04–5.07 (dd, J = 10.2, 4.2 Hz, 1H, CH2CHCHCH), 
5.22&5.16 (t, J = 9.9 Hz, 1H, CH2CHCHCH), 4.60–4.63&4.71–4.74 (m, 
1H, NHCHCHO), 4.10–4.27 (m, 2H, CH2CHCHCH), 4.07 (m, 2H, C(O) 
CH2N3), 3.80–4.04 (m, 1H, CH2CHCHCH), 2.00–2.18 (s, 12H, CH3C(O)). 
13C NMR of Ac4ManAz (CDCl3, 500 MHz): δ (ppm) 170.7, 170.4, 170.3, 
169.8, 168.6, 168.3, 167.5, 166.9, 91.5, 90.5, 73.6, 71.7, 70.5, 69.1, 
65.3, 65.1, 62.0, 61.9, 52.8, 52.6, 49.9, 49.5, 21.1, 21.0, 21.0, 20.9, 
20.9, 20.9, 20.8.

Platelet labeling. Following platelet isolation, Ac4ManAz (or 
Ac4GalAz or Ac4GluAz) was added to the medium at concentrations 
ranging from 25 μM to 400 μM. The platelets were stored at room 
temperature for 4 h on a shaker at an RPM of 90. Platelets were washed 
twice to remove the sugar and then incubated with DBCO-Cy5 for 1 h at 
room temperature. Cells were then washed and incubated with FITC- 
conjugated anti-CD41 and eflour 780 fixable viability dye for 20 min 
at room temperature. The platelets were then washed twice and sus
pended in 0.4 % PFA for flow cytometry analysis. For some experiments, 
platelets were incubated with azido-sugars for an extended time (24 or 
48 or 72 h).

Western Blot analysis of platelets. Platelets were treated with 200 
μM Ac4ManAz or PBS for 4 h, washed twice, and transferred to a lysis 
buffer (50 mM Tris-HCL, 1 % SDS, pH 7.4). The buffer was sonicated and 
centrifuged at 2000 rcf and then at 21,000 rcf to yield the protein pellet. 
The protein was quantified with a BCA assay and diluted accordingly. 
This was followed by blocking with iodoacetamide for an hour at 37 ◦C. 
Laemmli buffer was then added to the solution prior to performing the 
gel electrophoresis on a 4–20 % gel (MiniPROTEAN TGX precast gel, 
Bio-Rad). Protein bands were then transferred to a nitrocellulose 
membrane. The membrane was blocked with BSA for overnight, washed, 

and stained with DBCO-biotin for 1 h at room temperature, followed by 
streptavidin-HRP staining and chemiluminescence imaging.

Platelet viability and necrosis. Platelets were collected and incu
bated with 100 μM Ac4ManAz or PBS for 10 min, 24 h, 48 h, and 72 h, 
respectively. Platelets were then washed twice and stained with TMRE 
in PBS for 30 min at room temperature. After staining, platelets were 
washed twice and analyzed with a flow cytometer. To study necrosis, 
platelets were transferred to an annexin binding buffer and stained with 
Annexin-APC and Calcein AM for 30 min at room temperature. The 
platelets were washed once using the binding buffer and then analyzed 
on a flow cytometer.

Azido retention on platelets. Platelets were collected on the same 
day and incubated with 100 μM Ac4ManAz for 24 h. Platelets were 
washed twice, resuspended in the resuspension medium for varied time, 
and stained with DBCO-Cy5 for 1 h. Platelets were also stained with 
FITC-conjugated anti-CD41 and eflour 780 fixable viability dye for 20 
min at room temperature. Cells were washed twice and resuspended in 
0.4 % PFA prior to flow cytometer analysis.

Collagen aggregation assay. Glass slides were first coated with 
polylysine. Collagen was dissolved in 0.01 M HCl at a concentration of 1 
mg/mL, stirred for 3 h, diluted to a concentration of 50 μg/mL using 
0.01 M HCl, and then poured onto polylysine-coated slides. After 1 h, the 
slides were washed twice with PBS and then dried for use. Platelets were 
added with 2.5 mM CaCl2 prior to placement onto the collagen-coated 
slides. Platelets with calcium were also placed on slides without 
collagen coating as the control. The slides were imaged 10 min after the 
addition of platelets.

DBCO modification of proteins. Allophycocyanin (APC) or 
Phycoerythrin (PE) (2 mg/mL) was mixed with DBCO-sulfo-NHS (40- 
fold in molar concentration). The mixture was stirred at room temper
ature in the dark for 1 h, and washed 5 times to remove unreacted DBCO- 
sulfo-NHS using Amicon ultracentrifugation filters (3 kDa). To confirm 
conjugation, UV–vis spectra of DBCO-modified proteins and unmodified 
proteins were taken.

Protein conjugation to platelets. Platelets were incubated with 
100 μM Ac4ManAz or PBS at room temperature for 24 h. After washing, 
platelets were incubated with DBCO-modified or unmodified proteins 
(APC or PE, 0.05 mg/mL) for 1 h. Platelets were then incubated with 
FITC-conjugated anti-CD41 and eflour 780 fixable viability dye for 20 
min at room temperature, washed twice, and suspended in 0.4 % PFA 
prior to flow cytometer analysis. For confocal imaging, platelets pre- 
incubated with DBCO-APC and FITC-conjugated anti-CD41 were fixed 
with 4 % PFA for 30 min. Platelets were then centrifuged at 1200 rcf and 
re-suspended in PBS. One droplet of platelets was added onto a micro
scope slide, added Prolong Gold, and covered with a coverslip. Imaging 
was performed on a Zeiss LSM 700.

APC retention assay. Platelets were incubated with 100 μM 
Ac4ManAz or PBS at room temperature. After 24 h, platelets were 
washed and stained with DBCO-APC. Platelets were then washed and 
resuspended in resuspension media till analysis. All groups were 
analyzed together by first staining with biotin-conjugated anti-APC for 
30 min. Platelets were washed twice and then stained with Avidin-FITC 
and eflour 780 fixable viability dye for 15 min. Platelets were washed 
twice and then suspended in 0.4 % PFA prior to flow cytometer analysis.

Synthesis of DBCO-PAA and DBCO/Cy5-PAA. PAA (2 kDa, 10 mg) 
was dissolved in DMSO and mixed with NHS (18 mg) and EDC (200 mg) 
with vigorous stirring for overnight. The solution was dialyzed against 
deionized water for 48 h. The polymer was then lyophilized and NMR 
spectra were collected to confirm DBCO conjugation. For DBCO/Cy5- 
PAA synthesis, DBCO-PAA and Cy5-azide were dissolved in DMSO and 
stirred for 24 h at room temperature. Polymers were then precipitated in 
dichloromethane, washed with water, and lyophilized for use.

DBCO-PAA conjugation to platelets. Platelets were incubated with 
100 μM Ac4ManAz or PBS for 24 h, and then incubated with 0.01 mg/mL 
of DBCO-PAA or PAA for 1 h at room temperature. Platelets were then 
stained with FITC-conjugated anti-CD41 and eflour 780 fixable viability 
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dye for 20 min at room temperature, washed twice, and suspended in 
0.4 % PFA prior to flow cytometer analysis.

DBCO-hz-Dox synthesis. DBCO-NHS (30 mg) and DIPEA (20 μL) 
were dissolved in acetonitrile (100 mL), followed by the addition of 
hydrazine monohydrate (45 μL). After 30 min, acetonitrile was removed 
using the rotavapor. The DBCO-hydrazide film was dissolved in meth
anol, followed by the addition of doxorubicin in methanol and tri
fluoroacetic acid (200 μL). The mixture was stirred overnight, followed 
by purification using a preparative HPLC. LRMS (ESI) m/z: exact mass 
calculated for C46H45N4O12 [M+H]+ 845.3, found 845.6.

DBCO-hz-Dox conjugation to platelets. Platelets were incubated 
with 100 μM Ac4ManAz or PBS for 24 h, and then incubated with 10 μM 
DBCO-hz-DOX for 1 h at room temperature. Platelets were then stained 
with FITC-conjugated anti-CD41 and fixable viability dye eflour 780 for 
20 min at room temperature, washed twice, and suspended in 0.4 % PFA 
prior to flow cytometer analysis.

DBCO-hz-dox degradation and dox release. DBCO-hz-Dox degra
dation was tested in a Sodium Citrate Buffer of pH 5.4 or PBS buffer of 
pH 7.4. DBCO-hz-Dox was incubated in the buffers, and aliquots of so
lution were run on the HPLC (under fluorescence mode) at different 
times, with the ratio of Dox to DBCO-Dox calculated based on the 
standard curves of free Dox and DBCO-Dox.

Platelet-C1498 AML cocultures. Platelets were incubated with 100 
μM Ac4ManAz or PBS for 24 h, and then incubated with DBCO-hz-Dox 
(1 μM, 10 μM, or 100 μM) for 1 h at room temperature. Platelets and 
C1498 AML cells were then seeded into 96-well plates (10,000 AML cells 
and 30,000 platelets per well). After 48 h, cells were spun down at 300 
rcf to selectively pellet the AML cells. MTT assay of AML cells was then 
performed to assess the viability.

In vivo labeling of platelets. C57BL/6 mice were intraperitoneally 
injected with Ac4ManAz (200 mg/kg) or PBS every 12 h over 3 days. 
Blood was obtained from the tail vein at 6 h, 2 days, 4 days, 6 days, and 8 
days, respectively post injections of Ac4ManAz or PBS, and collected into 
tubes containing ACD buffer. Platelets were then extracted following the 
platelet isolation protocol. Platelets were then incubated with 5 μM 
DBCO-Cy5 for 1 h and then stained with FITC-conjugated anti-CD41 and 
eflour 780 fixable viability dye for 20 min at room temperature, washed 
twice, and suspended in 0.4 % PFA prior to flow cytometer analysis. For 
confocal imaging, one droplet of platelets was added onto a microscope 
slide, added Prolong Gold, and covered with a coverslip. Imaging was 
performed on Zeiss LSM 700.

Platelet CD62p level analysis. In-vivo labeled platelets were iso
lated as previously described. 2.5 mM Ca2+ was added to the platelets, 
which were then incubated with 10 μM Adenosine diphosphate for 30 
min. Cells were then washed and stained with FITC-conjugated anti- 
CD41, PE-conjugated anti-CD62p, and eflour 780 fixable viability dye 
for 20 min at room temperature. Cells were then washed twice and 
suspended in 0.4 % PFA for flow cytometry analysis.

Tail bleed assay. C57BL/6 mice were intraperitoneally injected 
with Ac4ManAz (200 mg/kg) or PBS every 12 h over 3 days. Mice were 
injected with carprofen (5 mg/kg), anesthetized under isoflurane, and 
marked on the tail at 10 mm from the tail tip. The tail was then 
amputated using a sharp scalpel. The bleeding was monitored till 
cessation, with the time of complete bleed stoppage noted.

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism v6 and v8. Sample variance was tested using the F test. 
For two-group comparisons, the two-tailed unpaired student’s t-test was 
used. For multiple-group comparisons, a one-way analysis of variance 
(ANOVA) with post hoc Tukey’s LSD test was used.
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