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TRAIL delivery for efficiently
targeting circulating tumor cells†

Nerymar Ortiz-Otero,a Jocelyn R. Marshall,a Bradley W. Lashb

and Michael R. King *c

Several studies have demonstrated the role of platelets in promoting cancer metastasis. Platelets bind to

and protect circulating tumor cells (CTCs) from hemodynamic forces and immune cells, and also

promote tumor cell arrest in the vasculature and extravasation. Thus, platelets represent a promising

vehicle to deliver anticancer therapeutic agents to CTCs. In this study, we developed a novel platelet-

mediated TNF-related apoptosis inducing ligand (TRAIL) delivery system to target CTCs and hinder

metastasis via “in situ” platelet modification. This platelet-mediated TRAIL delivery significantly reduced

the viability of colorectal and breast cancer cells circulating in flowing blood under physiological shear

conditions. TRAIL-coated platelets significantly killed over 60% of CTCs in flowing blood from a variety

of primary metastatic cancer samples. Platelets have been considered an important player in the

regulation of metastasis due to their interaction with cancer cells in the circulation; the current study

supports the idea of using platelet-based TRAIL delivery as a promising CTC-targeted cancer therapy.
Introduction

Metastasis refers to the spread of cancer cells from the primary
tumor to distant organs, and is responsible for 90% of cancer-
related deaths.1 Cancer patients diagnosed with metastatic
cancer disease have poor probability of survival due to the fact
that there are no currently available therapies targeting metas-
tasis.2 In spite of the highmortality attributed tometastasis, it is
considered an inefficient process due to the fact that only 0.01%
of tumor cells can successfully grow in distant organs.3,4 Tumor
cells migrate along with other stromal cells including platelets,
to enhance their survival and migration.5,6

Platelets are anucleated cells and their main function is to
maintain hemostasis and vascular integrity.7 For many decades,
the pro-metastatic function of platelets has been well docu-
mented, with platelets playing a role in tumor mass expansion,
tumor cell migration and growth in distant organs.8 One of the
most important functions of platelets is that they adhere to
CTCs and create a cellular shield which protects CTCs from
hemodynamic force and cytotoxic effects of immune cells.9–12

This platelet-tumor cell interaction further enhances tumor cell
arrest in the vasculature and eventually results in metastasis.12
ornell University, Ithaca, NY 14850, USA.

A 18103, USA

derbilt University, Nashville, TN 37202,

tion (ESI) available. See DOI:

2–3953
As a key regulator of the metastatic process, platelets repre-
sent a potential target as well as an efficient vehicle to deliver
novel cancer therapeutic agents. Various antithrombotic agents
have been examined for their efficacy in reducing thrombotic
events and the metastatic burden in cancer patients. Clinical
studies demonstrate the benets of anticoagulants in treating
patients with local disease over patients with systemic
disease.13,14 However, using anticoagulants as a long-term
cancer therapy is associated with higher risk due to excessive
bleeding. Since then, efforts have been made to develop anti-
cancer therapies by targeting platelets or coagulation pathway
regulators, without affecting hemostasis.

Recent studies demonstrate a potential strategy for deliv-
ering cancer therapeutic agents to CTCs, based on the creation
of articial “platelet-like” particles. Several studies have
successfully packaged cytotoxic agents such as doxorubicin in
human platelet membranes or platelet-mimicking nano-
particles. These platelet-like particles reduce the metastatic
burden in in vivo mouse models.15–17 Moreover, recent studies
suggest that functionalizing platelet membranes with cytotoxic
drugs is more efficient in killing CTCs and reducing cancer
metastasis than loading the cytotoxic drug into the platelets.18–20

While coagulation is understood to be generally pro-metastatic,
in these platelet-based delivery approaches care is usually taken
to ensure that normal hemostatic function is not disrupted.18,19

On the contrary, some researchers have developed therapeutic
approaches that disrupt platelet–tumor cell interactions to
reduce the formation of macro-metastases.21,22 All the above-
mentioned approaches present effective anti-cancer strategies
both in vitro and in vivo, however these are not cost-effective for
This journal is © The Royal Society of Chemistry 2020
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clinical applications due to the ex vivomodication of platelets.
Thus, further studies are needed to improve the delivery of
platelet-based cancer therapy for clinical purposes.
Fig. 1 Platelet adhesion to tumor cells enhances their survival in FSS. (A
Bright-field images of breast and colorectal cancer cells subjected to FSS
40 mm. White arrows are showing dead cells. (C) Bar graph represents th
after being incubated with isolated platelets (mean � SD, N ¼ 3). Signifi
a one-way ANOVA test. (D) Bar graph represents the viability percenta
incubated with isolated human platelets (mean � SD, N ¼ 3). An insignific
way ANOVA test. (E) Flow cytometry density plots display the viability o
incubation with isolated human platelets. The viability assay divides the c
undergoing apoptosis (lower left: viable cells, lower right: early apoptoti

This journal is © The Royal Society of Chemistry 2020
In this study, we developed a novel platelet-based TRAIL
delivery system that allows us to modify the platelet “in situ” to
deliver a therapeutic agent to CTCs. This novel approach
) Diagram of the fluid shear stress that the tumor cells experience. (B)
with and without incubation with isolated human platelets. Scale bar is
e viability percentage of breast cancer cells exposed to FSS before and
cance (****P < 0.0001) in cell viability reduction was calculated using
ge of colorectal cancer cells exposed to FSS before and after being
ant reduction (*P < 0.258) of cell viability was determined using a one-
f breast cancer cells after being exposed to FSS with and without co-
hart into four quadrants, which represent the sub-populations of cells
c cells, upper right: late apoptotic cells, upper left: necrotic cells).
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consists of nanoscale liposomes decorated with TRAIL,
a protein that selectively induces apoptosis in tumor cells while
sparing normal cells and von Willebrand Factor A1 domain
Fig. 2 Planned modification in situ of human platelets to display TRAIL o
of nanoscale liposomes using a thin film method. Four groups were use
liposomes. (B) The size distribution of the vWF-TRAIL liposome group bef
size distribution represents the fraction of particles containing TRAIL on t
Colo205 and MDA-MB-231 treated with the four different liposome form
¼ 3). A significant reduction (****P < 0.0001) of cellular viability was det
type of cancer). (D) Flow cytometry density plots represent the viability o
TRAIL liposomes under static conditions. (E) Scatter dot plot shows the
flowing blood after 30 min (mean � SD, N ¼ 3). Significant increase (**
functionalized liposomes to platelets compared with the control liposom
plots show the percentage of platelets that had bound functionalized lip

3944 | Nanoscale Adv., 2020, 2, 3942–3953
(vWFA1), a protein that is able to bind to the platelet receptor
complex GPIb-IX-V.23 Here, we hypothesize that coating plate-
lets with TRAIL via the vWFA1 domain will induce apoptosis of
n their surface via vWF interactions. (A) Diagram shows the preparation
d in the study, including: Naked control, vWF, TRAIL, and vWF-TRAIL
ore and after antibody conjugation with anti-CD253 (TRAIL). The shift in
he particle surface. (C) Bar graph represents the viability percentage of
ulations under static conditions with untreated controls (mean� SD, N
ermined using a two-way ANOVA test (two conditions: treatment and
f MDA-MB-231 cancer cells after being treated with control and vWF-
percentage of platelets that had bound functionalized liposomes in

**P < 0.0001, ***P < 0.0004 and **P ¼ 0.0016) in adhesion of vWF-
es was determined using a one-way ANOVA test. (F) Flow cytometry
osomes (upper right quadrant).

This journal is © The Royal Society of Chemistry 2020
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CTCs and eliminate them from circulation. Our study demon-
strates that TRAIL-coated platelets efficiently target and kill
CTCs under conditions of shear stress using an ex vivo CTC
model. Two different shear stress ranges are studied. In the rst
section with cancer cell lines, short, extremely high pulses of
uid shear are introduced, to determine the factors that
promote shear damage and survival of cancer cells; while in the
second part, sustained exposure to venous shear ow was used
to test the efficacy of our experimental therapeutic.
Results and discussion
Platelet adhesion enhances the survival of metastatic tumor
cells under high uid shear stress

To determine whether platelets hold the potential to deliver TRAIL
to tumor cells in the circulation, the adhesion of platelets to tumor
cells was evaluated under high uid shear stress (FSS) along with
the effect on cancer cell viability (Fig. 1A). Colorectal and breast
cancer cells were subjected to high magnitude of FSS (�5920 dyn
cm�2).23 This level of shear stress represents regions of the
vasculature such as arterial bifurcations and jetting heart valves,
and is typically experienced by blood over brief periods of under
1 s.24We observed that high FSS reduced the viability of breast and
colorectal cancer cells, by 25% and 20%, respectively. Importantly,
cancer cells pre-incubated with isolated human platelets had
a higher viability percentage, similar to untreated control samples
(Fig. 1B–E). Platelets may have adhered to the cancer cells to form
a protective shield that could protect the cancer cells under high
FSS, although this deserves further study.
TRAIL delivery to tumor cells via platelets

Our next question was whether platelets can be modied in situ
for functional TRAIL delivery to tumor cells in the bloodstream.
To address this question, a formulation of liposomes was
prepared to integrate TRAIL onto the platelet via vWFA1 inter-
actions. The liposomes were conjugated with vWF-A1 and TRAIL
on their surface (Fig. 2A). Four liposomal groups were used
throughout the study: Control, vWF, TRAIL, and vWF-TRAIL.
Previously, we showed that soluble TRAIL has negligible
activity at these concentrations.25 To conrm the successful
conjugation of vWF-A1 and TRAIL protein on the liposome
surface, liposomes were characterized for their size, surface
charge, polydispersity index (PDI), particle concentration and
percentage of TRAIL-coated particles. The vWF-TRAIL lipo-
somes were 136� 1.2 nm in size, with a surface charge of 0.10�
0.01, PDI 0.122 � 0.05, and a concentration of 4.45 � 1010
Table 1 Characterization of the functionalized liposomes via measurem
potential and nanoparticle concentration

Sample Diameter (nm) PDI value

Control 134.70 � 1.47 0.17 � 0.03
vWF 139.20 � 1.47 0.26 � 0.06
TRAIL 136.70 � 1.07 0.12 � 0.05
vWF-TRAIL 135.97 � 1.13 0.12 � 0.05

This journal is © The Royal Society of Chemistry 2020
particles per mL. The values for different liposomal formula-
tions are given in Table 1. As these parameters do not conclu-
sively conrm protein conjugation on the surface, further
experiments were performed to evaluate the presence of TRAIL
in the liposomal formulations. Liposomes were incubated with
TRAIL antibody overnight and the change in size was evaluated
using a NanoSight NS300 instrument. It was determined that
90% of the liposome particles contained at least one TRAIL
molecule attached to the particle surface based on the shi in
the size distribution curve (Fig. 2B). We further investigated the
functional efficacy of our formulations in inducing apoptosis in
cancer cells and binding to human platelets in owing blood. It
was found that 20 mL of vWF-TRAIL liposomes reduced cell
viability of colorectal and breast cancer cells by 40% under
static conditions (Fig. 2C and D). In addition, under physio-
logical shear conditions (225 s�1) we observed a �6-fold
increase in the percentage of platelets attached to vWF and
vWF-TRAIL conjugated liposomes compared to control and
TRAIL liposome groups (Fig. 2E and F). Collectively, these
results demonstrate successful preparation of functionalized
liposomes, with vWF-TRAIL liposomes efficiently delivering
TRAIL and targeting CTCs.
In situ TRAIL delivery under physiological conditions kills
colorectal and breast cancer cells

We next investigated whether the targeted delivery of TRAIL via
platelets could kill tumor cells in owing blood. Colorectal and
breast cancer cells were spiked into whole blood and treated
with the functionalized liposomes for 2 h under physiological
shear conditions in a cone-and-plate viscometer. It was found
that vWF-TRAIL liposomes dramatically reduced the viability of
Colo205 and MDA-MB-231 cancer cells by 60% and 70%,
respectively, compared to control liposomes (Fig. 3A–C).
Importantly, vWF-TRAIL liposomes eliminated cancer cells up
to threefold compared to samples treated with the control and
vWF liposomes (Fig. 3D). Moreover, this approach did not affect
the platelet-tumor cell interaction in the blood (ESI Fig. 1S, A
and B†). Overall, these results indicate that vWF-TRAIL lipo-
somes adhere to human platelets under shear conditions to
create TRAIL-coated platelets and efficiently kill aggressive
colorectal and breast cancer cells in blood ex vivo.
TRAIL conjugation and functionalization of platelets does not
induce platelet activation

We assessed whether liposome-mediated delivery of TRAIL via
platelets affects the physiological function of the platelets. To
ent of several parameters: diameter, polydispersity index (PDI), zeta

Zeta potential (mV)
Concentration (particles
�1010 mL�1)

�5.00 � 0.39 4.85 � 0.07
�3.70 � 0.29 4.39 � 0.12
�0.02 � 0.01 4.64 � 0.09
0.10 � 0.01 4.45 � 0.10

Nanoscale Adv., 2020, 2, 3942–3953 | 3945
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Fig. 3 TRAIL-coated platelets kill breast and colorectal cancer cells in flowing blood. (A) Bar graph shows the viability percentage of Colo205 and
MDA-MB-231 cancer cells treated with functionalized liposomes in flowing blood for 2 h (mean � SD, N ¼ 3). Significance in the cell viability
percentage (****P < 0.0001, ***P < 0.0007, **P < 0.0094 and *P ¼ 0.04277) was testing using two-way ANOVA test (two conditions: treatment
and type of cancer). (B) Bright-field images of breast and colorectal cancer cells treated with functionalized liposomes in flowing blood. White
arrows indicate dead cells. Scalebar is 40 mm. (C) Flow cytometry density plots show viable breast cancer cells undergoing apoptosis after being
treatedwith functionalized vWF-TRAIL liposomes. (D) Flow cytometry histograms represent the viable cell counts of breast and colorectal cancer
cells after being treated with naked control, vWF and vWF-TRAIL liposomes.
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detect any side effects of TRAIL liposome interaction with
platelets, we incubated isolated platelets with functionalized
liposomes and measured the degree of platelet activation cor-
responding different stages in hemostatic function: (i) intra-
cellular levels of calcium, (ii) activation of integrins, (iii)
3946 | Nanoscale Adv., 2020, 2, 3942–3953
secretion of platelet microparticles and (iv) expression of P-
selectin on the platelet surface (expected to increase in acti-
vated platelets). No increase in intracellular calcium was
detected when the platelets were incubated with functionalized
liposomes compared to thrombin-treated platelets (Fig. 4A and
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 TRAIL delivery via platelets does not induce platelet activation. (A) Scatter dot plot displays the intracellular content of calcium in isolated human
platelets after being treated with the functionalized liposomes (mean� SD,N¼ 3). Significance of the increase of intracellular content versus thrombin
control (**P ¼ 0.0071 and *P < 0.0217) was calculated using one-way ANOVA test. (B) Flow cytometry charts show the intracellular calcium content
over time in isolated platelets treated with vWF-TRAIL liposomes and thrombin at a concentration of 1 U mL�1. (C) Scatter dot plot represents the
number of platelets displaying the activated formof aIIbb3 integrin following treatment with the functionalized liposomes (mean� SD,N¼ 3). Significant
increase (****P < 0.0001 and ***P ¼ 0.0001) in the activated form of the integrin versus the thrombin control was calculated using one-way ANOVA.
(D) Scatter dot plot represents the number of platelets expressing P-selectin on the platelet surface after treatment with the functionalized liposomes
(mean � SD, N ¼ 3). Significant change (****P < 0.0001) in the P-selectin expression was calculated using one-way ANOVA. (E) Histogram shows the
surface expression of P-selectin in isolated platelets after treatment with the control, vWF-TRAIL liposomes or thrombin. (F) Scatter dot plot represents
the number of platelet fragments detectable after exposure to the functionalized liposomes. Significant change (****P < 0.0001 and ***P¼ 0.0001) in
the number of platelet fragments was computed using one-way ANOVA. (G) Flow cytometry forward and side scatter plot shows the increase in the
number of platelet microparticles in isolated platelets treated with the vWF-TRAIL liposomes or thrombin.

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 3942–3953 | 3947
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B). Additionally, no effect on integrin activation was observed
with functionalized liposomes in comparison to thrombin
treatment (Fig. 4C). Likewise, no signicant increase in surface
P-selectin levels was found in samples treated with functional-
ized liposomes compared to thrombin (Fig. 4D and E). With
regards to the presence of platelet microparticles, no signicant
increase in the amount of platelet fragments was observed when
the platelets were treated with the functionalized liposomes
(Fig. 4F and G). These results show that the contact between
functionalized liposomes and platelets does not appear to affect
the physiological function of platelets. Thus, our results support
the use of functionalized liposomes to modify platelets in situ as
a potential approach to deliver therapeutic drugs to cancer cells
effectively with minimal side effects.
TRAIL delivery via platelets efficiently kills primary CTCs in
the blood of cancer patients with metastatic tumors

In the nal part of this study, we examined the efficacy of this
approach to kill CTCs in owing blood collected from cancer
patients with metastatic disease. To validate the liposomal
therapy as a potential treatment for metastatic disease, blood
samples from 10 patients with different types of epithelial
tumors were treated with the vWF-TRAIL or naked control
liposomes for 4 h under physiological shear conditions (Table
2). First, the platelet adhesion to primary CTCs collected from
the cancer patients was evaluated using immunouorescence
microscopy (Fig. 5A). In treated CTCs in owing blood, we
observed that vWF-TRAIL liposomes killed �60% of CTCs
compared to control liposomes (Fig. 5B and C). This TRAIL
delivery via platelets efficiently killed CTCs from colorectal,
prostate, breast and pancreatic cancer patients. The effect of the
platelet-mediated TRAIL delivery was less pronounced but still
detectable in samples from lung and esophageal cancer patient
(Fig. 5D). In summary, TRAIL-coated platelets killed signicant
numbers of CTCs in the blood of cancer patients with meta-
static tumors, supporting the applicability of this approach as
a CTC-targeting therapeutic agent.

Based on the well-reported interaction between platelets and
tumor cells, several researchers have developed CTC-targeted
Table 2 Background information of cancer patients participating in the

Patient
ID Carcinoma type Age Gender

173 Colon 57 M

174 Larynx 46 M
175 Ovary 58 F
176 Lung 67 F
177 Esophageal 63 M
178 Colon 57 M

191 Ureter 86 M
193 Breast 83 F
196 Prostate 69 M
197 Pancreas 56 M
199 Colon (sigmoid) 72 M

3948 | Nanoscale Adv., 2020, 2, 3942–3953
drug therapy using platelets as the vehicle. Our previous study
demonstrated the use of platelet membrane derived vesicles
(PMDV) to coat nanoparticles to deliver TRAIL to tumor cells
and showed a reduction in lung metastases.18 We also previ-
ously genetically engineered hematopoietic stem and progen-
itor cells (HSPCs) to produce platelets expressing TRAIL protein
in their surface. This approach delivered TRAIL to tumor cells
and reduced the number and size of liver metastases with an
additional advantage of avoiding the continuous administra-
tion of the therapeutic drug.19

While these approaches have shown good efficacy by
reducing the formation of metastases in vivo, some issues
persist that should be addressed for translation of platelet
based anti-metastatic therapeutic approaches in clinics. Several
issues that previous studies present include: (1) the isolation
and manipulation of platelets and HSPC is required for the
preparation of the therapy, (2) HSPC transplantation to
administer the anti-cancer drug, (3) the body irradiation
required during the HSPC transplantation to avoid the rejection
response in the recipient host and (4) potential infection and
disease relapse post-transplantation.19

Here, we proposed a liposomal formulation based on
repurposing/modication of over 70% of platelets in owing
blood to present TRAIL on their surface. This approach was
capable of rapidly attaching TRAIL to the platelet surface under
physiological shear conditions via vWF interaction. Our lipo-
somal approach can overcome most of the issues associated
with previous platelet-based TRAIL therapies. First, this lipo-
somal therapy does not require the isolation and modication
of platelets ex vivo due to the specicity and spontaneous
binding of vWF to platelets. Second, the administration of this
liposomal therapy is by intravenous injection which avoids the
adverse effects associated with HSPC transplantation.26–28
Experimental section
Cancer cells exposed to high magnitude of uid shear stress

Colonic carcinoma (COLO205) and aggressive breast carcinoma
(MDA-MB-231) cells were lied from culture plates and placed
study

Metastasis location Chemotherapy treatment

Liver, adrenal 5-Fluorouracil, oxaliplatin, leucovorin,
avastin

Glottis Cisplatin
Liver Soliris
Liver Keytruda
Liver Xeloda, oxaliplatin
Lung, liver, adrenal 5-Fluorouracil, oxaliplatin, leucovorin,

avastin
Liver Keytruda
Lung Ibrance
Lymph nodes, bone Abiraterone
Malignant ascites Gemcitabine, abraxane
Liver 5-Fluorouracil

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 vWF-TRAIL-liposome bound platelets kill CTCs from the blood of cancer patients with metastatic disease under physiological flow. (A)
Immunofluorescence images of platelets and CTCs isolated from the blood of colorectal and breast cancer patients (green is cytokeratin, red is
CD41, and blue is DAPI). Scale bar is 40 mm. (B) Box and whisker plots show the viability percentage of CTCs treated with naked control and vWF-
TRAIL liposomes for 4 h under physiological shear conditions (median� range,N¼ 20 from 10 patients). Significance decrease (**P¼ 0.0020) in
cell viability was determined using a paired Wilcoxon signed-rank test. (C) Flow cytometry density plots show the viability of CTCs undergoing
apoptosis after being treated with the functionalized vWF-TRAIL and naked control liposomes. (D) Bar graph shows the percentage reduction in
cell viability for the different cancer types.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 5
:4

3:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
in 5 mL syringes with gauge 30 needles (BD) at a concentration
of 200 000 cells per mL. Each sample was exposed to 5920 dyn
cm�2 for 1.08 ms using a syringe pump (Harvard Apparatus,
Holliston MA) and were allowed to rest for 2 min between each
shear condition to mimic the time it takes a cell to circulate
through the body.23 Isolated human platelets were incubated
with the cancer cells for 5 min and then spun down to remove
This journal is © The Royal Society of Chemistry 2020
the unbound platelets. This co-culture of tumor cells and
platelets were exposed to high magnitude of shear stress to
evaluate the impact of platelets in tumor cell survival under
shear stress conditions. Cells were exposed to ten shear pulses.
The cells were then plated with regular media overnight. Aer
24 h, an Annexin V assay was performed to determine the cell
viability percentage via using ow cytometry.
Nanoscale Adv., 2020, 2, 3942–3953 | 3949
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Preparation of functionalized liposomes

Multilamellar liposomes were prepared using the thin lm
method, with the following lipids and components: Egg PC,
cholesterol, PEG, and maleimide (Avanti) with a weight ratio of
50 : 20 : 1 : 1 (Egg PC : Chol : DSPEG : Maleimide). Corre-
sponding volumes were removed from the stock lipid solutions,
mixed in a glass tube and placed in a vacuum chamber over-
night. The lipid pellet was resuspended in 1 mL of liposome
buffer (HEPES, NaCl pH ¼ 7.4).29,30 Multilamellar liposomes
were generated using 10 cycles of freeze (2 min), thaw (3 min)
and vortex (5 s). Unilamellar liposomes were prepared by 10
extrusion cycles at 55 �C through three different sizes of poly-
carbonate membranes (400 nm, 200 nm and 100 nm).30 To
prepare uorescently labeled liposomes, the 10% Chol
concentration was replaced with green bodipy-labeled choles-
terol (Avanti). This basic protocol was previously optimized by
our laboratory to produce stable liposomes of nal diameter
�150 nm and stable for extended periods. Recombinant human
vWF-A1 domain with (von Willebrand disease type 2B mutation
R1306Q) and recombinant human TRAIL were reconstituted
with Dulbecco's Phosphate Buffered Saline (DPBS) at 1 mg
mL�1 concentration and stored at �80 �C.31 The recombinant
proteins were thiolated using Trauts reagent (Thermo Fisher)
following the manufacturer protocol. Functionalized liposomes
were prepared by incubating unilamellar liposomes with 3 mg
mL�1 of thiolate vWF-A1 and TRAIL in the rotator at 4 �C over-
night. To determine the efficacy of our novel formulation, four
different functionalized liposome groups were prepared:
control (no proteins conjugated), vWF (only conjugated with
vWF-A1), TRAIL (only conjugated with TRAIL) and vWF/TRAIL
(conjugated with vWF and TRAIL proteins). To conrm the
conjugation of proteins on the liposome surface, the liposomes
were further characterized by measuring the following param-
eters: size, surface charge, polydispersity index, concentration
of particles, and percentage of particles conjugated using DLS-
Malvern Zetasizer and NanoSight NS300. To determine the
percentage of particles conjugated with TRAIL protein, vWF-
TRAIL conjugated liposomes were incubated with the uncon-
jugated anti-human CD253 (TRAIL) (Clone RIK-2, Biolegend) for
overnight in the rotator at 4 �C. Then, using a NanoSight NS300
instrument, the size distribution was evaluated and compared
between the vWF-TRAIL conjugate liposomes and these conju-
gated liposomes incubated with anti-TRAIL. While ELISA is
a more commonly used assay of specic protein content,
measuring the size shi following antibody incubation provides
information on protein content on a per-liposome basis which
was desired.
Cytotoxicity of functionalized liposomes

Colonic carcinoma (COLO205) and aggressive breast carcinoma
(MDA-MB-231) cell lines were obtained from ATCC and used to
determine the cytotoxicity of our therapeutic formulation in
benchtop experiments. The cells were cultured in 12-multiwell
plates at a density of 200 000 cells per mL for 24 h. The culture
medium was replaced with serum-free media and 20 mL of
functionalized liposomes were added. We changed to serum-
3950 | Nanoscale Adv., 2020, 2, 3942–3953
free media to maintain the number of cells equal between
samples. The viability of cells was measured using an Annexin V
apoptosis assay (BD) following 24 h of incubation. In this assay,
the cells were removed from the culture plates and stained
following the manufacturer's protocol. Following this, the
viable cell percentage was determined using ow cytometry.

Adhesion of functionalized liposomes to platelets under
physiological shear stress

To determine the adhesion of liposomes to human platelets,
a cone-and-plate viscometer was used to apply a dened shear
stress to the samples. The cup and spindle of the viscometer
were blocked with 2 mL of 5% Bovine Serum Albumin (BSA,
Sigma) for 30 min. Then, 480 mL of whole blood was incubated
with 20 mL of uorescently-labeled functionalized liposomes in
the viscometer for 30 min. The blood was removed from the
viscometer using Hank's Balanced Salt Solution (HBSS) buffer
and spun down at 200�g for 5 min. The platelet-rich plasma was
collected into a fresh centrifuge tube, washed with twice the
volume of Tyrodes buffer (Sigma Aldrich), and spun down at
1400�g for 5 min. The platelet pellet was gently resuspended
using 480 mL of Tyrodes buffer. Then samples were stained
using anti-human CD41 (a platelet marker) conjugated with
Alexa Fluor 405 (Clone HIP8, Biolegend) for 20 min. The adhe-
sion of liposomes to the platelets was evaluated using ow
cytometry, by measuring the percentage of CD41-labeled
platelets that were positive for uorescently-labeled liposomes.

Cytotoxicity of functionalized liposomes in an ex vivo CTC
model

Colo205 andMDA-MB-231 cells were spiked into the blood from
healthy human donors (500 mL) and treated with functionalized
liposomes in a cone-and-plate viscometer for a period of 2 h.
The viscometer was used to mimic CTC dynamics in the
bloodstream. Blood samples were collected in citrate-coated
tubes from healthy volunteers that had not received any medi-
cation within a week. About 200 000 cells were removed from
cell culture, stained with 25 mg mL�1 of Cell Tracker 7-amino-4-
chloromethylcoumarin (CMAC) for 20 min, washed twice with
DPBS, incubated with 450 mL of human blood and placed in
a viscometer. The viscometer (cup and spindle) was blocked
using 2 mL of 5% BSA solution at room temperature for 30 min
before adding the sample. Once the cells were mixed and placed
in the viscometer, 50 mL of functionalized liposomes were
added to the respective samples and the samples were subjected
to shear force of 225 s�1 for 2 h. Aerwards, the blood was
removed from the viscometer and washed carefully with 4-times
the volume of HBSS (no calcium and magnesium). The blood
samples were layered over 2-times the volume of coll and spun
down at 2000�g for 15 min with no brake to isolate the cancer
cells. Then, the buffy coat was isolated and washed using twice
the volume of HBSS buffer and spun down at 300�g for 10 min.
The cell pellet was resuspended in media and cultured over-
night. Then, the cells were removed from culture and stained
with annexin V, propidium iodide and 10 mg mL�1 of anti-
human CD41 conjugated with Alexa Fluor 647 for 15 min
This journal is © The Royal Society of Chemistry 2020
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following the manufacturer's protocol. Cell viability was deter-
mined bymeasuring the number of unlabeled cells (negative for
annexin V and propidium iodide) using a ow cytometer (Cell
Tracker labeled events). To evaluate the adhesion of platelets to
tumor cells we evaluated the positive CD41 events in the Cell
Tracker labeled events using the proper isotype control.

Intracellular calcium content

Peripheral blood was collected in a citrate coated tubes and the
platelets were isolated as we mentioned before in the materials
and method section. The isolated platelets were stained with
100 mL of 3.34 mg mL�1 of Fluo-4 and 6.67 mg mL�1 of Fura Red
for 20 min. Then, 100 mL of isolated platelets were incubated
with 10 mL of conjugated liposomes for 15 min. At the end of the
incubation, 200 mL of DPBS were added to the samples and the
ratio of cytosolic calcium concentration was evaluated using
ow cytometry. As a positive control, the platelets were treated
with 1 U mL�1 of thrombin.

Activation of platelets by conjugated liposomes

Peripheral blood was collected in citrate coated tubes and
platelets were isolated as described above. Around 100 mL of
platelets were incubated for 15min with 10 mL of the conjugated
liposomes. Then the samples were xed using 100 mL of 4%
paraformaldehyde for 15 min. The samples were washed and
stained using 100 mL of 10 mg mL�1 of annexin V conjugated
with Biotin (Biolegend) for 30 min. Aer, the samples were
treated with 100 mL of 10 mg mL�1 of streptavidin conjugated
with Alexa Fluor 594, 10 mg mL�1 of anti-human CD41 conju-
gated with Alexa Fluor 647 (Clone HI30, Biolegend), 10 mg mL�1

of anti-human CD41/CD61 (Clone PAC-1, Biolegend) and 10 mg
mL�1 of anti-human CD61P (Clone AK-4, Biolegend) for 30 min.
The presence of activated integrin, exposure of P-selectin and
the formation of platelet fragments were identied by the
positive staining of these antibodies with respect to their
respective isotypes using ow cytometry. As a positive control
a 5 U mL�1 dose of thrombin was administered to some cells.

Efficacy of functionalized liposomes in killing CTCs from
metastatic cancer patients

Peripheral blood was collected from cancer patients diagnosed
with metastatic carcinoma that had already underwent
chemotherapy as the rst line of treatment, aer informed
consent (Guthrie Clinic IRB # 1808-45). All experiments were
performed in accordance with the U.S. Federal Policy for the
Protection of Human Subjects, and approved by the Institu-
tional Review Board of the Guthrie Clinic. Study participants
were fully informed regarding the purposes of the study and
consent was obtained.

Blood samples from 10 patients with metastatic tumors were
collected and used in this study. The blood samples were
collected at the Guthrie Clinical Research Center and shipped to
Vanderbilt University overnight. About 2 mL of blood was
incubated with 100 mL of functionalized liposomes and placed
in the viscometer for 4 h at 120 s�1. The blood samples were
removed from the viscometer and the buffy coat layer was
This journal is © The Royal Society of Chemistry 2020
isolated as described above. The buffy coat was incubated with
anti-human CD45 magnetic beads for 15 min, following the
manufacturer's protocol (Mylteni Biotech) and placed in
a column within amagnetic eld. The column was washed three
times and the eluted fraction of cells contained CTCs. These
treated CTCs were cultured overnight.32 The following day,
CTCs were removed from culture, stained with propidium
iodide for 15 min and xed with 4% paraformaldehyde (Elec-
tron Microscopy Sciences). The CTC suspensions were cytospun
on microscopic slides, permeabilized using 100 mL of 0.25%
triton (Fisher Scientic) for 15 min and further blocked with 5%
BSA and 5% goat serum (Thermo Fisher) for 1 h. Cells were
stained using a two-step immunostaining process (30 min each)
using: (i) 10 mg mL�1 of anti-human CD45 conjugated with
biotin (Clone HI30, Biolegend) and (ii) 10 mg mL�1 of strepta-
vidin conjugated with Alexa Fluor 594 (Biolegend) and 10 mg
mL�1 of anti-cytokeratin conjugated with FITC (Clone CAM 5.2,
BD). The cells were washed three times aer each staining using
200 mL of DPBS with 0.02% Tween (Research Products). Finally,
15 mL of mounting media with 40,6-diamidino-2-phenylindole
(DAPI) was added to the slide, covered with a coverslip and
sealed using nail polish. The slides were imaged using a Zeiss
LSM 710 confocal microscope. The CTCs were identied and
enumerated as viable cells using the following criteria: (i)
positive for cytokeratin, (ii) negative for CD45, (iii) positive for
the nuclear stain DAPI and (iv) negative for necrotic stain pro-
pidium iodide. The cells were counted using Image J soware.
Statistical analysis

To analyze the ow cytometry data, FlowJo soware was used.
All of the statistical analyses were carried out using Graph Pad
(PRISM 6.0) for Mac OS X. All of the statistical tests were treated
as two-sided and calculated at level of signicance f ¼ 0.05.
Paired t and ANOVA tests were used to compare two groups and
more than two groups, respectively. Two-way ANOVA test was
used to compare two groups in two different factors. For ANOVA
test that included multiple comparison, Turkey adjustments
were applied and the adjusted P value used.
Conclusion

A strong relationship between thrombosis and cancer metas-
tasis has been elucidated in the literature.33–35 During metas-
tasis, platelets play an important role in promoting tumor cell
growth, invasion, survival in the circulation, extravasation and
the overgrowth of these existing cells in distant organs.8 Here,
we demonstrated the use of a liposomal therapy as a straight-
forward approach to repurpose platelets in situ to effectively
target and kill CTCs in the bloodstream while minimizing any
cytotoxic effects to normal tissues. Despite these promising
results, questions remain related to the efficacy of this platelet-
based therapy to prevent cancer metastasis using clinically
relevant in vivo models. Further studies using surgical tumor
resection murine models of different cancer types are needed to
take advantage of the hemostatic activity of the platelet carriers.
These studies could demonstrate the delivery of therapeutic
Nanoscale Adv., 2020, 2, 3942–3953 | 3951
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agent systemically to target metastasis and to prevent cancer
recurrence.20 The platelet-liposomal therapy is a promising
approach that could be used in combination with surgery to
prevent cancer recurrence and cancer metastasis in patients.
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