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Abstract 

Objective:  It has long been understood that platelets and tumor cells colocalize in hem-

atogenous metastases. Interactions between circulating tumor cells (CTCs) and platelets 

affect the survival and migration of tumor cells through the vascular system to other tis-

sues. Here, based on the adhesion of activated platelets to CTCs, we designed two dif-

ferent modified submicron human serum albumin particles (HSA-MPs) to track the CTCs. 

Methods: Co-precipitation–Cross-linking–Dissolution (CCD) technique was utilized to 

produce HSA-MPs. Separately, anti-CD41 antibody or CD62P protein was coupled to the 

HSA-MPs using EDC/NHS chemistry. Zetasizer was used to determine the characteris-

tics of the prepared modified HSA-MPs. Platelet-rich plasma was subjected to a series of 

shear stress treatments, and CD62P expression was used to monitor the platelet activa-

tion. Fluorescence microscopy and flow cytometry were used to examine the interaction 

among platelets, anti-CD41-HSA-MPs, CD62P-HSA-MPs and the lung adenocarcinoma 

cell line A549 cells. We used bioinformatics techniques to gather and analyze datasets 

from the Cancer Cell Lineage Encyclopedia (CCLE) and The Cancer Genome Atlas 

(TCGA) databases to look for the expression of CD62P ligands, including CD44, SELPLG, 

and CD24, in diverse cancer types.  

Results: HSA-MP showed a submicron size (0.9 to 1 µm) after conjugation with the anti-

CD41 antibody or CD62P, and zeta potential was negative. In the absence of exogenous 

biochemical agonists, platelet exposure to continuous shear stress results in platelet ac-

tivation. Under shearing conditions, we verified the adherence of platelets to A549 cells 

in vitro. In the presence of activated platelets, the cellular uptake of anti-CD41-HSA-MPs 

in A549 cells was observed to be higher compared to the plain HSA-MPs. The modifica-

tion of CD62P on HSA-MPs increased the cellular uptake of HSA-MPs in A549. RNA-seq 

data from the CCLE and TCGA databases revealed that the major CD62P ligands were 

expressed in all tumor types and were significantly upregulated in 17 of 33 cancer types.  

Conclusion:  Our findings indicate that the platelet-based and platelet-mimicking modi-

fied HSA-MPs offer potential alternatives for detecting metastatic cancer. 
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Zusammenfassung  

Zielsetzung: Es ist seit langem bekannt, dass Thrombozyten und Tumorzellen in häma-

togenen Metastasen kolokalisieren. Wechselwirkungen zwischen zirkulierenden Tumor-

zellen (CTCs) und Blutplättchen beeinflussen das Überleben und die Wanderung von 

Tumorzellen durch das Gefäßsystem in andere Gewebe. Indem wir die Wechselwirkun-

gen zwischen Thrombozyten und Tumorzellen nutzen, haben wir zwei Strategien (eine 

direkte und eine indirekte) entwickelt, um modifizierte submikroskopische Humanserum-

albuminpartikel (HSA-MPs) gezielt auf Tumorzellen zu richten. 

Methoden: Zur Herstellung von HSA-MPs wurde die CCD-Technik (Co-Präzipitation-

Cross-Linking-Dissolution) angewandt. Der Anti-CD41-Antikörper und das CD62P-Pro-

tein wurden separat mit Hilfe der EDC/NHS-Chemie an die HSA-MPs gekoppelt. Mit dem 

Zetasizer wurden die Eigenschaften der hergestellten modifizierten HSA-MPs bestimmt. 

Blutplättchenreiches Plasma wurde einer Reihe von Scherspannungsbehandlungen un-

terzogen, und die CD62P-Expression wurde verwendet, um die aktivierung von Blutplätt-

chen zu überwachen. Fluoreszenzmikroskopie und Durchflusszytometrie wurden ver-

wendet, um die Wechselwirkung zwischen Blutplättchen, Anti-CD41-HSA-MPs, CD62P-

HSA-MPs und den Zellen der Lungen-Adenokarzinom-Zelllinie A549-Zellen zu untersu-

chen. Mit bioinformatischen Techniken sammelten und analysierten wir Datensätze aus 

den Datenbanken Cancer Cell Lineage Encyclopedia (CCLE) und The Cancer Genome 

Atlas (TCGA), um die Expression von CD62P-Liganden , darunter CD44, SELPLG und 

CD24, in verschiedenen Krebsarten zu untersuchen. 

Ergebnisse: HSA-MP wiesen nach Konjugation mit Anti-CD41-Antikörpern oder CD62P 

eine submikrone Größe (0,9 bis 1 µm) auf, und das Zeta-Potenzial war negativ. In Abwe-

senheit von exogenen biochemischen Agonisten  führt die Exposition der Thrombozyten 

gegenüber einer kontinuierlichen Scherbelastung zu einer Aktivierung der Thrombozyten. 

Unter Scherungsbedingungen wurde die Adhärenz von Thrombozyten an A549-Zellen in 

vitro überprüft. In Gegenwart aktiver Thrombozyten wurde eine höhere zelluläre Auf-

nahme von Anti-CD41-HSA-MPs durch A549-Zellen beobachtet. CD62P-HSA-MPs zeig-

ten im Vergleich zu nicht modifizierten HSA-MPs eine höhere Aufnahme durch  A549-

Zellen haben. RNA-seq-Daten aus den CCLE- und TCGA-Datenbanken zeigten, dass 
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die wichtigsten CD62P-Liganden in allen Tumorarten exprimiert wurden und in 17 von 33 

Krebsarten signifikant hochreguliert waren.  

Schlussfolgerung:  Unsere Ergebnisse deuten darauf hin, dass die auf Thrombozyten 

basierenden und Thrombozyten nachahmenden modifizierten HSA-MPs potenzielle Al-

ternativen für den Nachweis von metastasierendem Krebs darstellen. 
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1 Introduction 

1.1  Circulating tumor cells and hematogenous metastasis 

Hematogenous metastasis refers to the process of tumor cells running in circulation along 
with blood after invading blood vessels and attaching to the distal vascular endothelium. 
Hematogenous metastasis of tumor cells is significant in the whole process of tumor 
metastasis. In the process of tumor formation and growth, part of the tumor cells shed 
from the primary focus, enter the blood circulation system through the invasion of 
surrounding tissues and blood vessels to reach the distal tissues, and then proliferate and 
differentiate into secondary tumors in the new microenvironment, forming the distal 
metastasis [1]. These cells that enter the blood circulation system from the primary tumor 
are called circulating tumor cells (CTCs), which are the critical link of tumor metastasis. 
During the process of tumor metastasis, some CTCs will undergo epithelial-mesenchymal 
transformation (EMT) [2]. EMT, the process of tumor cells losing their epithelial charac-
teristics and gaining mesenchymal characteristics, is believed to be the main cause of 
cancer cell spread. Survivor CTCs either squeeze through endothelial cells or co-opt the 
endothelium to leave the vasculature [3]. 

1.2  Circulating tumor cells and platelets 

Platelets play a vital role in elevating the CTCs survival in the blood and promoting 

metastasis. Only a small percentage of CTCs enter the metastases due to harsh 

environmental conditions, such as shear stress, anoikis, and the immune system [4]. By 

recruiting and activating platelets, CTCs can survive in blood by having the activated 

platelets as a protective cloak [5, 6]. The platelet cloak could protect CTCs from shear 

stress or being cleared by immune cells, especially NK cells [7, 8]. Platelets-derived TGFβ 

and direct contacts between platelets and tumor cells can stimulate EMT in CTCs, which 

promotes cell invasion and metastasis [9]. Platelets are involved in tumor cell stasis in 

vessel walls by CD62P (P-selectin) and its ligand. The ATPs derived by platelets activated 
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the endothelial P2Y2 receptor, inducing vascular permeability and promoting the 

extravasation of tumor cells [10].  

1.3 Human serum albumin particles 

Human serum albumin (HSA) drug delivery vehicles have received much attention 

because of their capacity to interact with a variety of molecules as well as their nontoxicity, 

non-immunogenicity, and biocompatibility [11]. Several anticancer drugs, such as 

paclitaxel and methotrexate, have been shown to be effective when combined with 

albumin [12, 13]. Abraxane® (nanoparticle albumin-bound paclitaxel) is a therapeutic 

application of HSA medication delivery in cancer treatment [14, 15]. Our group has 

successfully developed the Co-precipitation–Crosslinking–Dissolution (CCD) technique 

to prepare Human serum albumin submicron particles (HSA-MPs) [16-18]. HSA-MPs 

manufactured using this method have been loaded with compounds and drugs in previous 

studies [19-21]. Although the HSA drug delivery system has broad application prospects 

and many advantages, improving the targeting ability needs to be considered and further 

studied.  

1.4 The aim of this study 

Inspired by the adhesion of platelet to the CTCs, we designed and discussed two HSA-

based drug delivery systems: platelet-based particles (anti-CD41-HSA-MPs) and platelet-

mimicking particles (CD62P-HSA-MPs). 

 CD41, a heterodimer with a heavy chain and a light chain, is a reliable identification 

marker for platelets. Here, we coupled the anti-CD41 antibody to the HSA-MPs. It is 

hypothesized that anti-CD41 antibody-modified HSA-MP (anti-CD41-HSA-MP) will 

track tumor cells via hitching on platelets. The aggregation of platelets around tumor 

cells promotes the possibility of internalization of HSA-MPs through the albumin-

binding proteins receptor, such as Gp60, SPARC, Gp18 and Gp30, on the surface of 

tumor cells. 

 CD62P, a platelet activation marker, was translocated to the surface as platelets were 

activated. CD62P mediates the binding of platelets to endothelial cells, leukocytes, 

and cancer cells [22, 23]. The platelet-mimicking particles with CD62P (CD62P-HSA-
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MPs) were constructed. The CD62P would enable the particles to recognize and 

target the receptors on tumor cells, such as CD44, SELPLG and CD24.  

An overview of the strategies applied is seen in Figure 1. 

Figure 1: Schematic of targeting strategies. Anti-CD41-HSA-MPs track CTCs by hitch-
hiking on platelets; CD62P-HSA-MPs could mimic the adhesion function of platelets and 
target the CTCs directly via CD62P. (Modified from Xiaotong Zhao et al., 2022) 
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2 Methods 

2.1 Platelets isolation 

Blood was collected from healthy donors (EA1/110/21-Ethics committee Charité) in 0.105 

M Na3 citrate tubes (366575, BD Vacutainer). The whole blood was centrifugated at 150 

g for 15 min to isolate the platelet-rich plasma (PRP). 

2.2 Cells 

Human lung adenocarcinoma cell line A549 was a kind gift of Prof. Sergio Moya (CIC 

bioma GUNE, San Sebastian, Spain). A549 cells were maintained in RPMI 1640 cell cul-

ture medium (Corning, New York, USA) supplemented with 10% fetal bovine serum (Bi-

ochrom, Berlin, Germany) and 1% Penicillin-Streptomycin at 37°C and 5% CO2 atmos-

phere. 

2.3 Activation of platelets under different shear rates 

In normal physiological conditions, platelet activation happens in response to several ag-

onists as well as to high shear stress [24, 25]. In our study, a Rheometer was used to 

provide the shearing environment. PRP was obtained following the described above. 1ml 

PRP was placed in a high-performance Rheometer (Physica MCR 301, Anton Paar, Graz, 

Austria) under different shear rates (10, 100, 1000, 3000 s-1) at 37°C for 30 min. Then the 

PRP was incubated with Alexa 647 anti-CD62P antibody (BioLegend, San Diego, CA, 

USA) in the dark at 37°C for 20min. The activated platelets were labeled by CD62P anti-

body. Flow cytometry was used to explore the ratio of activated platelets. 

2.4 Adhesion of platelets to A549 cells 

The mixture of A549 cells and PRP at a tumor-platelet ratio of 1:250 were treated at 

3000 s-1 shear rate by a high-performance Rheometer at 37°C for 30 minutes.  The 

samples were then incubated with specific antibodies (BioLegend, San Diego, CA, 

USA) for 20min to label the platelets. The flow cytometry (BD FACS Canto II, Franklin 

Lakes, NJ, USA) and confocal laser scanning microscope (CLSM ZeissLSM 510 meta, 

Zeiss MicroImaging GmbH, Jena, Germany) were used to explore the interaction be-

tween the A549 cells and platelets. 
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2.5 Protein expression of platelets adhesion receptors in lung adenocarcinoma 

The Human Protein Atlas (HPA, https://www.proteinatlas.org/) is an open-access data-

base that provides immunohistochemistry (IHC) staining images of cancer tissues and 

normal tissues [26]. To explore the possible mechanisms of the binding of platelets to the 

lung adenocarcinoma cells, we obtained and merged the protein expression IHC images 

of reported platelets adhesion receptors, including CD62P ligands (CD44, SELPLG, 

CD24), Podoplanin (PDPN) and HMGB1 in lung adenocarcinoma tissues from HPA. 

2.6 Preparation of HSA-MPs 

The HSA-MPs were prepared by the CCD method as described previously [16, 19, 20, 

27]. In brief, 0.125 M manganese chloride (MnCl2, Sigma-Aldrich, Munich, 

Germany) containing 10 mg/mL HSA (Grifols, Frankfurt, Germany) and 0.125 M sodium 

carbonate (Na2CO3, Sigma-Aldrich, Munich, Germany) were rapidly added in sequence 

under stirring for 30 s. 0.025 mg/ml fluorescein isothiocyanate (FITC, Sigma-Aldrich, 

Munich, Germany) in Dimethyl sulfoxide (DMSO, Carl Roth, Karlsruhe, Germany) was 

added as needed in the first step. The mixture was then mixed with 0.05% HSA solution 

and incubated for 5 minutes with stirring to prevent particle agglomeration. After being 

washed with 0.9% NaCl three times by centrifugation at 3000 g for 5 min, the particles 

were cross-linked by incubating with 0.1% glutaraldehyde (GA, Sigma-Aldrich, Munich, 

Germany) for 1 hour. Unbound GA was quenched by incubating with 0.08 M glycine 

(Sigma-Aldrich, Munich, Germany) and 0.625 mg/mL sodium borohydride (NaBH4, 

Sigma-Aldrich, Munich, Germany) for 30min. MnCO3 templates were dissolved by 

incubation with 0.25 M Ethylene diamine tetra-acetic acid (EDTA, Fluka, Buchs, 

Switzerland) for another 30 min. The prepared particles were washed three times by 

centrifugation at 1000 g for 10 min and suspended in 0.9% NaCl solution.  

2.7 Conjugation of anti-CD41 antibody or CD62P on the surface of HSA-MPs 

The amino groups of anti-CD41 antibody were conjugated to the carboxyl groups of HSA-

MPs via 1-ethyl-3-(-3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC) and N-

hydroxysuccinimide (NHS) chemistry (EDC/NHS). HSA-MPs were washed and 

distributed in 50 mM MES buffer with a pH level of 6 (Thermo Scientific, Rockford, IL, 

USA).  The washed 0.1% HSA-MP solution was incubated with 4.8 mM EDC (Thermo 

https://www.proteinatlas.org/
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Scientific, Rockford, IL, USA) and 48 mM NHS (Fluka, St. Louis, MO, USA) for 30 min at 

room temperature. To this, the anti-CD41 antibody (final concentration 10 µg/mL, 

Antibodies.com, Cambridge, UK) was added and mixed well for 2.5 hours. Glycine (final 

concentration 4 mg/mL) was added to quench the remaining NHS esters. Anti-CD41-

HSA-MPs were washed three times and kept in the blocking buffer (50 mM Tris pH 8 and 

0.5% HSA). CD62P-HSA-MPs were prepared by CD62P protein (Sino Biological, 

Eschborn, Germany) in the same way above (Figure 7 in [27]). 

2.8 The characterization of particles 

The size and zeta potential of the modified HSA-MPs were determined by Zetasizer Nano 

ZS (Malvern Instruments Ltd., Malvern, UK). The particles were suspended in 10 mM 

NaCl and collected in a disposable cuvette for measuring particle size and a zeta cell for 

measuring zeta potential.   

2.9 The interaction between anti-CD41-HSA-MPs and the platelets 

Anti-CD41-FITC-HSA-MPs were incubated in PRP at a particle-platelet ratio of 20:1 on 

the rotator for 30 min at 37°C. All the samples were fixed with 4% paraformaldehyde. 

Flow cytometry was used to analyze the fluorescence of particles on platelets in the FITC 

channel. The confocal laser scanning microscope also checked the interaction between 

anti-CD41-HSA-MPs and the platelets. 

2.10 The confirmation of the conjugation of CD62P with the HSA-MPs 

The successful conjugation of CD62P with the HSA-MPs was confirmed by flow cytome-

try. The prepared CD62P modified HSA-MPs were incubated with Alexa 647 anti-CD62P 

antibody in the dark at 37°C for 20min. The CD62P-HSA-MPs were marked by CD62P 

antibody.  

2.11 Investigations from cellular uptake 

A549 cells were seeded in a 24-well plate and grew for 24 hours. Before the treatment, 

the cells were washed with PBS. The activated platelets were gained by treating the PRP 
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with 5 µg/mL Arachidonic acid (Mölab, Langenfeld, German). The A549 cells were incu-

bated with activated platelets at the platelets-tumor ratio of 250:1 for 30 min as needed. 

Then, the A549 cells with or without platelets were co-incubated with FITC-HSA-MPs, 

anti-CD41-FITC-HSA-MPs and CD62P-FITC-HSA-MPs in RPMI 1640 medium at a par-

ticle-tumor ratio of 5000:1 for 24 hours. Trypan blue was used to quench the remaining 

fluorescence on the surface of tumor cells as needed. All the samples were washed with 

PBS and fixed with 4% paraformaldehyde. The percentage of A549 cells with particles 

and MFI of A549 cells was calculated by the flow cytometer. 

2.12 The mRNA expression of CD62P ligands in TCGA and CCLE databases 

CD44, SELPLG and CD24 are common ligands to CD62P. The Cancer Cell Line Ency-

clopedia (CCLE) project (https://www.broadinstitute.org/ccle) was used to explore the 

mRNA expression profiles of CD44 SELPLG and CD24 in 1091 types of cell lines. The 

Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/) was used to 

compare the mRNA expression of CD44, SELPLG and CD24 in 33 types of cancer tis-

sues and corresponding para-cancer tissues. The data were analyzed by the Limma 

package in R software 4.10. 

2.13 Statistical analysis 

Except for the statistical methods mentioned above, the difference between the groups 

was analyzed by the Student's t-test. Data were presented as mean ± standard deviations 

(SD). ∗P < 0.05, **P < 0.01, and ***P < 0.001 were considered statistically significant. 

 

https://www.broadinstitute.org/ccle
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3. Results 

3.1 Characterization of anti-CD41-HSA-MPs and CD62P-HSA-MPs 

As was shown in Table 1 in [27], both anti-CD41-HSA-MPs and CD62P HSA-MPs had 

submicron sizes (952 ± 41nm and 974 ± 15nm, respectively) and negative zeta potentials 

(−25 ± 1 and −24 ± 2, respectively).  Compared with HSA-MPs, anti-CD41-HSA-MPs and 

CD62P HSA-MPs sizes increased slightly. There are no significant differences in the zeta 

potential among the three types of particles. 

3.2 The platelets were activated under the high shear rates 

In this experiment, a high-performance Rheometer was used to simulate the shear envi-

ronment in vivo. CD62P, a transmembrane glycoprotein, is usually in platelet secretory 

α-granules and Weibel-Palade bodies in endothelial cells. Once the platelets are acti-

vated, CD62P is rapidly mobilized to the surface of the platelets. CD62P was used as a 

platelet activation marker. The results indicated that the expression of CD62P increased 

along with the shearing rate. However, the increase in the expression of CD62P was not 

obvious from 10 to 1000 s-1 shearing rates. The ratio of CD62P positive platelets was 

21.90 ± 1.39% at 3000 s-1, which was significantly higher than that of 8.10 ± 1.04% at 10 

s-1, 10.13 ± 0.99% at 100 s-1 and 15.30 ± 2.51% at 1000 s-1 (Figure 2).  
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Figure 2. The activation of platelets under different shearing rates. A.  Representative 
histograms of the fluorescence intensity distribution in platelets under different shearing 
rates (0, 10, 100, 1000, 3000 s-1). B. The ratio of activated platelets under the different 
shear rates for 30 min. (Own figure) 

3.3. A549 cells were adhered by platelets in vitro 

Activated platelet adhesion to CTCs provided a crucial theoretical foundation for our re-

search. Platelets collected from healthy donors and the A549 cells were placed at 3000 

s-1 shear rate to explore their interaction.  Both the flow cytometer results and fluorescent 

images verified the adhesion between the activated platelets and the A549 cells (Figure 
3). Anti-CD41 antibody was used to mark the platelets (including activated ones). Anti-

CD62P antibody was used to mark the activated platelets. At the same time, we found 

that the anti-CD41 antibody labeled more platelets than the anti-CD62P antibody. This is 

probably because there are fewer activated platelets, and CD62 is a binding site for A549, 

so it cannot be simultaneously marked by fluorescent antibodies. 
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Figure 3: Adhesion between platelets and A549 cells in vitro. A. The dot plots showed 
the gating strategy. The A549 cells and platelets were distinguished by the FSC and SSC. 
The platelets were labeled with APC anti-CD41 antibody. The activated platelets were 
labeled with Alexa 647 anti-CD62P antibody. B. Histograms of the fluorescence intensity 
in the tumor cell population. C. Percentage of A549 cells with adhering platelets labeled 
with APC anti-CD41 antibody or Alexa 647 anti-CD62P antibody. D. Confocal laser scan-
ning microscope analysis of platelets and A549 tumor cells at 3000 s-1 shear rate. Plate-
lets were stained with APC anti-CD41 antibody (red) and Alexa 488 anti-CD62P antibody 
(green). Yellow comes from the overlap of red and green fluorescence. (From Xiaotong 
Zhao et al., 2022) 

3.4 Protein expression of platelets adhesion receptors in lung adenocarcinoma 

As shown in Figure 4, The IHC results from the HPA database showed that all reported 

platelets adhesion receptors except SELPLG were expressed in lung adenocarcinoma 

tissues. The protein expression of CD44 and integrin αV was higher in lung adenocarci-

noma tissues than in normal lung tissues, while the protein expression of integrin β3 and 

PDPN were lower in lung adenocarcinoma tissues than in normal lung tissues. CD24 and 

HMGB1 proteins are highly expressed in normal and lung adenocarcinoma tissues. In 

addition, HMGB1 was only located in the nucleus, and other proteins were located in the 

Cytoplasm and the cell membrane. Given the protein expression levels and protein loca-

tion on the membrane, CD44 and CD24 may involve in the platelet adhesion to the lung 

adenocarcinoma cells.  
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Figure 4: The IHC-based protein levels of platelets adhesion receptors in lung adenocar-
cinoma and normal lung tissues. Protein levels of CD44 in normal tissue (staining: not 
detected; intensity: negative; quantity: none);  CD44 in tumor tissue (staining: medium; 
intensity: strong; quantity: <25%);  SELPLG in normal tissue (staining: not detected; in-
tensity: negative; quantity: none);  SELPLG in tumor tissue (staining: not detected; inten-
sity: negative; quantity: none);  CD24 in normal tissue (staining: high; intensity: strong; 
quantity: 25–75%); CD24 in tumor tissue (staining: high; intensity: strong; quantity: 25–
75%); Integrin αV in normal tissue (staining: not detected; intensity: negative; quantity: 
none); Integrin αV in tumor tissue (staining: high; intensity: strong; quantity: >75%); In-
tegrin β3  in normal tissue (staining: low; intensity: moderate; quantity: <25%); Integrin β3  
in tumor tissue (not detected; intensity: negative; quantity: none); PDPN  in normal tissue 
(staining: medium; intensity: moderate; quantity: >75%); PDPN  in tumor tissue (staining: 
low; intensity: weak; quantity: 25–75%); HMGB1 in normal tissue (staining: high; intensity: 
strong; quantity: >75%); HMGB1 in tumor tissue (staining: high; intensity: strong; quan-
tity: >75%). (Modified from the open-access database the Human Protein Atlas, 2023) 

3.5 Adhesion evaluation of anti-CD41-HSA-MPs to the platelets 

In order to verify the successful preparation and effectiveness of anti-CD41-HSA-MPs, 
we evaluated the ability of anti-CD41-HSA-MPs to adhere to the platelets in vitro. The 
flow cytometry and confocal laser scanning microscope results suggested that there was 
more adhesion of anti-CD41-HSA-MPs than HSA-MPs to the A549 cells in vitro (Figure 
3 in [27]). A similar percentage of platelets with particles was observed between the anti-
CD41-HSA-MPs group and the HSA-MPs group (control). However, the percentage of 
platelets with adhered MPs did not reflect the exact number of adhered particles. And 
then, we measured the MFI of platelets, which reflected the adhesion of particles to a 
single platelet. The MFI in the anti-CD41-HSA-MPs group was nearly twice that in the 
HSA-MPs group. The difference was statistically significant. In general, there may be 
some nonspecific adhesion of HSA-MPs to the platelets, but there is still a difference in 
adhesion ability between anti-CD41-HSA-MPs and HSA-MPs. 
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3.6 Confirmation of the conjugation of CD62P with the HSA-MPs 

Unlike anti-CD41 antibodies, the successful conjugation of CD62P to the particles can be 
verified by the staining of anti-CD62P antibodies on the particles. As shown in Figure 5, 
after the conjugation of CD62P with the HSA-MPs by EDC/NHS method, most CD62P 
modified HSA-MPs were labeled with anti-CD62P antibody, which indicated that the HSA-
MPs were coupled with CD62P successfully. 

Figure 5: The conjugation of CD62P with the HSA-MPs analyzed by flow cytometry. A. 
Dot plots of CD62P modified HSA-MPs, and CD62P modified HSA-MPs + Alexa 647 anti-
CD62P antibody. The CD62P modified HSA-MPs were gated based on FSC and SSC. B. 
The typical histograms of the fluorescence intensity in the CD62P modified HSA-MPs 
population for HSA-MPs + Alexa 647 anti-CD62P antibody (control) and CD62P modified 
HSA-MPs + Alexa 647 anti-CD62P antibody. (Own figure) 
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3.7 Increased cellular uptake of anti-CD41-HSA-MPs in A549 cells 

To explore the cellular uptake of anti-CD41-HSA-MPs in A549 cells, we incubated A549 

cells (pre-incubated with arachidonic acid-activated platelets for 30min) with FITC labeled 

anti-CD41-HSA-MPs for 24h. In the presence of platelets, a significantly higher cellular 

uptake of anti-CD41-HSA-MPs was found than HSA-MPs. In the absence of the platelets, 

there was no difference in cellular uptake between the anti-CD41-HSA-MPs and HSA-

MPs. Meanwhile, similar results were gained when the Trypan blue was used to quench 

the extracellular fluorescence (Figure 6).  

Figure 6: Adhesion vs. cellular uptake of anti-CD41-HSA-MPs and HSA-MP in A549 cells 
analyzed by flow cytometry, with or without pre-incubation with activated platelets. Ad-
hering particles are excluded by quenching with Trypan blue. Upper graphs show the 
percentage of events in the A549 cell population with enhanced fluorescence in the FITC 
channel. Lower graphs show the corresponding MFI. ∗P < 0.05. (From Xiaotong Zhao et 
al., 2022) 
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3.8 Increased cellular uptake of CD62P-HSA-MPs in A549 cells 

Before flow cytometry analysis, we incubated the CD62P-HSA-MPs or HSA-MPs with 

A549 cells for 24 hours. The results showed that the cellular uptake percentage and MFI 

in the CD62P-HSA-MPs group were both higher than those in the HSA-MPs group with 

or without quenching, which indicated that HSA-MPs could be internalized more efficiently 

when they were modified with CD62P (Figure 7). 

Figure 7: Adhesion vs. cellular uptake of anti-CD62P-HSA-MPs and HSA-MP in A549 
cells analyzed by flow cytometry. Adhering particles are excluded by quenching with Try-
pan blue. Upper graphs show the percentage of events in the A549 cell population with 
enhanced fluorescence in the FITC channel. Lower graphs show the corresponding MFI. 
∗P < 0.05. (From Xiaotong Zhao et al., 2022) 

3.9 The mRNA expression of CD62P ligands in CCLE and TCGA databases 

Using TCGA and CCLE datasets, we identified the expression of common ligands for 

CD62P (CD44, SELPLG, and CD24) in different types of tumor cell lines and tissues. 

According to RNA-seq data from the CCLE database, ligands for CD62P were expressed 

in nearly all types of tumors. Based on our analysis of the TCGA database, the expression 

of ligands was significantly higher in 17 cancers out of 33 types of cancers (Figure 6 in 

[27]). The preceding results supported the use of CD62P-HSA-MPs universally in tumor 

capture. 
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4. Discussion  

The development of tumor is closely related to platelets. Tumor cells can activate platelets, 

causing them to accumulate in circulation. Platelets help maintain the integrity of the tu-

mor vascular system and are involved in multiple steps of metastasis [28]. Elevated plate-

let counts are considered a marker of poor prognosis for many types of cancer [29-31]. 

Platelets activated by tumor cells promote tumor growth and metastasis and protect CTCs 

from the immune system and anoikis. Great potential has emerged to harness the func-

tion of platelets to design drug-delivery systems to treat tumors. Based on widely reported 

interactions between platelets and tumor cells， some researchers have developed CTC-

targeted medicinal treatments utilizing platelet-mediated drug delivery systems, such as 

platelet engineering and membrane coating. For instance, platelets were decorated 

with anti-PD-L1 antibodies and anti-PD-1 antibodies to treat breast carcinomas and leu-

kaemia [32, 33]; Electroporation is used to load gold nanorods in the platelets for photo-

thermal therapy of head and neck cancer [34]. Li et al. genetically engineered hemato-

poietic stem cells and progenitor cells (HSPCS) to produce platelets expressing TRAIL 

proteins to track and kill tumor cells [35]. Platelet membrane coating on particles is an-

other strategy that has been discussed [36, 37]. Although genetic engineering technology 

has advantages in efficient mass production, in vitro processing of platelets requires com-

plex preparation and rigorous platelet examination. Platelet products are stored 

at the proper temperature to retain their integrity and function. Strict storage requirements 

of platelets result in a low supply, a short shelf life, and a high contamination potential. In 

addition, platelets play a negative role in thrombosis and tumor development and using 

platelets as drug carriers may lead to the risk of tumor-related thrombosis and the deteri-

oration of tumor progression after re-transfusion [38]. Therefore, using autologous plate-

lets to target tumors is a better option than using additional platelets modified in vitro. 

Moreover, using particles to simulate the function of platelets is also a great way to reduce 

the adverse effects brought by exogenous platelets.  

Activated platelet adhesion to CTCs provided a crucial theoretical foundation for our re-

search. The Rheometer was used to provide a shearing environment in our study. The 

activation markers on the platelets, such as CD62P, GPIIb/IIIa, and lysosomal glycopro-

tein, will be highly expressed significantly after transient exposure of the platelets to 

higher shear forces [25]. Our results were consistent with previous research. In our study, 
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we confirmed the activation of platelets at different shear rates by the measurement of 

platelet activation marker CD62P. Then we found the adhesion of platelets to the A549 

cells at a high shear rate through flow cytometry and the microscope. The translocation 

of specific proteins, such as CD62P, to the surface of platelets under shear conditions 

may contribute to the adhesion between platelets and the tumor cells. 

In this study, the lung adenocarcinoma cell line A549 was used as a representative to 

study the relationship between modified HSA-MPs and tumor cells. The primary albumin-

binding proteins overexpressed in many cancers include Gp60, SPARC, Gp18, and Gp30. 

They mediate albumin absorption in the tumor by facilitating transcytosis across endothe-

lium and endocytosis within tumor cells [39-41]. Because albumin can be endocytosed 

by alveolar epithelial cells via the Gp60 albumin receptor, the A549 cell is a good model 

for studying the cellular uptake of albumin particles [19, 42, 43]. In addition, since platelet 

adhesion receptors were found in lung adenocarcinoma tissues in the Human Protein 

Atlas database, the A549 cell line is also a good choice to study the interaction between 

platelets and tumor cells. 

It is essential to mention that the number of activated platelets in the blood is relatively 

low. In normal physiological blood flow, the wall shear rate ranges from around 10 s-1 in 

the vein to about 2000 s-1 in the minimal arteries [44]. Most platelets in normal circulation 

are at rest. A large number of platelets are activated only under certain conditions, for 

example, pathological conditions or bleeding. CD41 is a platelet-expressed heterodimer 

consisting of a heavy chain and a light chain connected by a single disulfide bond. Con-

sidering the specific and stable expression of CD41 on platelets, CD41 is an ideal binding 

site between HSA-MPs and platelets. Given the difference in the number of activated and 

resting platelets, hitchhiking of anti-CD41-HSA-MPs on activated platelets under patho-

logic conditions is more efficient than hitchhiking on activated platelets only. After 24h 

coincubation with activated platelets pre-incubated A549 cells, the platelets-adhering 

anti-CD41-HSA-MPs were internalized more efficiently than the HSA-MPs by A549 cells. 

The results could be explained by platelets serving as a connection between anti-CD41-

HSA-MPs and tumor cells. Hitchhiking of HSA-MP on platelets enhances the binding ef-

ficacy of HSA-MPs to the tumor cells. The results suggest that anti-CD41-HSA-MPs can 

be used to detect tumor cells utilizing circulating platelets and are also promising for the 

delivery of anticancer drugs without an ex vivo treatment of platelets. 

javascript:;
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Tumor cells could express different binding proteins that mediate the adhesion of platelets. 

CD62P on activated platelets could interact directly with SELPLG (PSGL-1) expressing 

on tumor cells [45, 46]. It was demonstrated that the glycoproteins with sialyl-Lew-

isx structures on the tumor cell were involved in CD62P binding [46]. CD44 on tumor cells 

also mediates adhesion to CD62P-expressed platelets directly or indirectly [47].  

In addition to CD62P-CD62P ligands, integrin αIIbβ3-fibrinogen-αVβ3, CLEC-2– 

Podoplanin (PDPN), and TLR4-HMGB1 are involved in the platelet activation and adhe-

sion of platelets to the tumor cells [48-50]. In the research of the platelet-tumor cell inter-

actions and the specific molecular mechanisms, studies on CD62P and its ligands are 

extensive and comprehensive. Cancer patients were shown to have significantly higher 

levels of CD62P expression on platelets in their blood compared to healthy individuals 

[51]. Furthermore, other CD62P ligands (CD44, SELPLG, and CD24) have been found to 

be highly expressed in various human carcinomas [52-58]. In our study, a significantly 

higher cellular uptake of CD62P-HSA-MPs was found. When testing platelet-mimicking 

carriers targeting tumor cells in practical drug delivery applications, tumor cells should be 

compared to noncancerous cells with limited platelet binding capacity. In this instance, a 

higher level of targeted binding with tumor cells is more conducive to the use of a delivery 

system. By bioinformatics analysis, the main CD62P ligands, including CD44, SELPLG 

and CD24, were expressed in almost all types of tumor cells and were significantly higher 

in 17 out of 33 types of cancers, which provided a basis for the application of the CD62P-

based albumin tumor-targeting carrier in tracking different types of CTCs.  

Both anti-CD41-HSA-MPs and CD62P-HSA-MPs drug delivery systems have their own 

advantages and disadvantages. Here, we describe them briefly (Table 1).  

Table 1: The advantages and disadvantages of anti-CD41-HSA-MPs and CD62P-HSA-
MPs drug delivery systems. (Own table) 

Particles Advantages Disadvantages 

anti-CD41-HSA-MPs  No need for exogenous 
platelets 

 No need for the same 
strict storage require-
ments as platelets 

 High yield 
 

 Dependence on the pres-
ence and the status of 
platelets 

CD62P-HSA-MPs  A single binding site to the 
tumors compared to the 
complete platelet 
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We acknowledge that a physiological setting and a single-cell experimental environment 

are different, such as the presence of other blood cells and a complex hemodynamic en-

vironment. The interactions delivery system and tumor cells may vary depending on the 

environment. In previous investigations, we have demonstrated that HSA-MPs do not 

influence the function of platelets and do not interact with blood cells (no increase of ac-

tivated platelets, no reduction of platelet activation after adding agonists, no significant 

change of the flow properties of whole blood, no significant increase of the phagocytosis 

rate) [20]. The results help us further in the next step to develop a targeted and sustained 

drug delivery system. Even so, further experimental in vivo and clinical tests are still nec-

essary.
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5. Conclusions  

In summary, we developed two different modified HSA-MPs to track the CTCs. Anti-

CD41-HSA-MPs were designed to target CTCs by hitchhiking on platelets. CD62P-HSA-

MPs were designed to target CTCs directly by CD62P. In vitro, both particles can selec-

tively recognize and be successfully taken up by A549 cells. These findings demonstrate 

that platelet-based and platelet-mimicking HSA-MPs have promising potential for selec-

tive targeting in cancer monitoring and therapy.
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