Facile preparation of cancer cell membrane vehicle loaded with indocyanine green
for effective photothermal therapy of cancer
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In this study, using the lung cancer cells (A549) as the model cell line, the authors proposed a facile method to prepare uniform-sized cancer
cell membrane (Ccm) vehicle, which was then employed to load the photothermal agent indocyanine green (ICG) for effective cancer
photothermal therapy (PTT). The as-prepared Cem/ICG was demonstrated to have a uniform particle size of around 100 nm, which was
capable of targeting the A549 cells through Cem-mediated endocytosis. As a result, the Ccm/ICG increased the cellular uptake of Ce6
into A549 cells as compared to free ICG and potentiated the PTT efficacy both in vitro and in vivo, which might be a promising drug

delivery system for advanced cancer therapy.

1. Introduction: Lung cancer is one of the most widely observed
neoplasm in males and responsible for 29% of the total mortality
in tumours around the world [1]. The incidence and mortality of
lung cancer are increasing rapidly and it severely endangers
human health and life [2]. The development of drug delivery
systems (DDSs) suitable for cancer therapy, including lung
cancer, is one of the hot research studies in nanomedicine [3-5].
Previous studies have employed materials ranging from naturally
occurred ones to artificial kinds to construct DDSs for cancer
therapy and showed some promising results [6-8]. However,
inevitable shortages including high expense, uncontrollable side
effects as well as low reproducibility severely limited the further
applications of artificial materials in cancer therapy [9]. As a
result, it was generally recognised that naturally occurred materials
are more suitable to build DDSs in cancer treatment that chitosan
and phospholipids are widely adopted and studied by many
previous research studies.

In recent years, the introduction of cell-based vehicle to serve as
the DDS has raised the attention of many researchers. Especially,
the cell membrane-derived DDS is demonstrated to inherit some
of the characteristics of the mother cells including high bio-
compatibility and homologous recognition [10, 11]. In particular,
the cancer cell membrane (Ccm)-based DDS was shown to specif-
ically target the isogenous cancer cells both in vitro and in vivo
without significant side effects [12, 13]. As a result, the develop-
ment of Ccm-based DDS is becoming one of the most convenient
and efficient ways to solve the targeting delivery matter in cancer
therapy [14, 15]. However, the Ccm application is also limited by
several technical restrictions, among which the facile and repeatable
large-scale production of the Ccm vehicle is the most difficult
case. Herein our study, we introduced a facile method to afford
large-scale preparation of uniform and well-dispersed Ccm carrier
for potential application as DDS to deliver various drugs for
effective cancer therapy. Most importantly, this method can be
applicable regardless of cell type upon minor revision based on
the adopted cells, which is beneficial to be employed in more
extensive applications. The mixture of different cell lines to
prepare hybrid Cem using this protocol also extends the medical
applications of this platform.

Photothermal therapy (PTT) is now well recognised as one of the
most powerful ways to treat tumour [16]. It kills tumour cells
through the thermal conversion capability of the photothermal
agent upon laser irradiation. Many previous studies have revealed
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the significantly enhanced tumour ablation results in PTT as com-
pared to conventional chemotherapy [17, 18]. One of the difficulties
that limit further PTT application in cancer therapy is the lack of
suitable DDS for precise and effective tumoural delivery of photo-
thermal agents [16]. As far as our concern, the Ccm might be a
suitable carrier for the delivery of the photothermal agent for
better PTT of cancer due to its well-recognised merits as mentioned
above.

Here, in our study, using the lung cancer cells (A549) as the
model cell line, we firstly developed a facile method for the
large-scale production of Cem. Afterwards, the model photothermal
agent indocyanine green (ICG) was loaded into the as-prepared
Cem to construct a biocompatible and tumour-targeted DDS
(Cem/ICG) for cancer therapy.

2. Materials and method

2.1. Chemicals, cell line, and animal model: The chemicals adopted
in our research were from Sigma (MO, USA) unless otherwise stated.
The human lung carcinoma cell line (A549) was purchased from
ATCC (Virginia, USA) and cultured in Dulbecco’s modified eagle
medium (Gibco, California, USA) supplied with 10% foetal bovine
serum (Gibco, California, USA) under standard conditions as pre-
viously reported [19]. Male Balb/c nude mice were purchased
from the Model Animal Research Center of Nanjing University
(Nanjing, China) and raised in standard specific pathogen free
(SPF) condition with sufficient food supply. The A549 tumour-
bearing mice were established according to a previous report [20].
All procedures involved in animal studies were approved and super-
vised by the Animal Ethics Committee of Jiangnan University.

2.2. Preparation of Ccm vehicle and drug loading (D1) of ICG: The
A549 cells at the logarithmic phase were collected and rinsed three
times using phosphate-buffered saline (PBS; pH 7.4, 4°C).
Afterwards, the cells were incubated with 5 ml PBS (107 cells/ml)
containing 25 mM paraformaldehyde (PFA) and 2 mM dithiothrei-
tol (DTT) at 37°C for 2 h with gentle agitation (100 rpm, RET
basic, IKA, Staufen, Germany). The solution was then centrifuged
at 500 g for 10 min (LE-80K, Beckman Coulter, Miami, USA) to
remove the cell debris and large aggregates. The supernatant was
then subjected to probe sonication (600 W for 30 min, work 2 s
and rest 3 s, SM-3000A, Shunma Tech, Nanjing, China) at 4°C.
The solution was finally concentrated using centrifugal filter
(30 kDa, Millipore, CA, USA) at 5000 g for 0.5h (LE-80K,
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Beckman Coulter, Miami, USA). The collected solution containing
the Cem was quantified using the BCA kit (Thermo-Fisher,
California, USA) according to the manufacturer’s instructions and
stored at 4°C until further usage.

For the loading of ICG, 200 ul ICG solution (1 mg/ml) was drop-
wise added into 1 ml of Ccm solution (100 pg/ml protein) under
agitation. Afterwards, the solution was allowed to stand at room
temperature for 30 min and then subjected to dialysis (10 kDa, 1
1x5). The collected solution within the dialysis bag was Cem/ICG.

The DI in the Cen/ICG was determined using ultraviolet spec-
troscopy at 784 nm (UV5Nano, METTLER TOLEDO, Zurich,
Switzerland).

2.3. Characterisation: The particle size of the nanoparticles was
assessed using Size Analyzer (Omni 90Plus PALS, Brookhaven
Instruments, NewYork, USA). The photothermal conversion cap-
ability of nanoparticles was performed using previously reported
method [21]. The stability and haemolysis of nanoparticles were
determined according to a previous report [22].

2.4. Cellular uptake and cell viability: The cellular uptake and cell
viability assays were conducted using previously reported protocols
[23]. In brief, 1x10* A549 cells were seeded on a 24-well plate
overnight and then incubated with different formulations at desig-
nated drug concentrations with or without laser irradiation.

2.5. In vivo anticancer study: The in vivo anticancer study was per-
formed according to a previous report [24]. In brief, 2 x 10° A549
cells were injected to the flank of mice (4-5 weeks, 20 g). The
mice with tumour volume at around 200 mm® were used in
experiments.

2.6. Statistical analysis: Statistical significance was tested by two-
tailed Student’s #-test or one-way analysis of variance with
*P<0.05 as statistically significant.

3. Results and discussion
3.1. Preparation of Ccm vehicle and photothermal conversion
capability of Cem/ICG: The Ccm was firstly produced using a
facile sulphydryl blocking method. In brief, the DTT was intro-
duced to break the disulphide bonds of the cell to finally result in
cell dissociation. By carefully adjusting the DTT concentration,
cell density as well as the incubation temperature and time, the
size of most of the resulted Ccm can be controlled to a specific
size range. After separation of the large aggregates (including orga-
nelles and impurities), the obtained supernatant was then subjected
to gentle probe sonication to allow the homogenisation of Ccm.
Afterwards, the Ccm was concentrated using a centrifugal filter
for further usage [25]. As shown in Fig. la, under the given
preparation condition, the obtained Cem was well-dispersed nano-
particles with average size distribution at around 100 nm. It was
well recognised that nanoparticles with a size around 100 nm can
most preferably take advantage of the enhanced penetration and
retention effect of the tumour tissue for better accumulation in
tumour tissue. We speculated that Cem might be a suitable
vehicle for tumour-targeted delivery of drugs with the combination
of passive and positive targeting strategies. The ICG was then
loaded into Ccm through the hydrophobic interaction between the
ICG molecule and the phospholipid bilayer of Ccm. The ICG
was then encapsulated in the bilayer to hide from the hostile
environments upon in vivo applications. As shown in the inserted
image of Fig. 1a, the TEM image showed that the Ccm/ICG was
spheroid nanoparticles with size at around 100 nm, which was
similar to that of Ccm, suggesting that the D1 of ICG did not signifi-
cantly affect the size and morphology of Ccm, which was in line
with previous reports [26].

The ICG as an amphipathic molecule was capable of harbouring
in the hydrophobic region of the lipid bilayers. As a result, the Ccm
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Fig. 1 Size and photothermal profile of Ccm/ICG

a Size distribution of Ccm

b Photothermal conversion capability of Cem/ICG. The aqueous solution of
free ICG and Ccm/ICG (2 mL, ICG concentration: 5 mg/ml) was subjected
to 808 nm irradiation (1 W/ecm?) for 5 min. Inserted image is the TEM image
of Cen/ICG. Scale bar: 100 nm. The experiments were repeated thrice in a
parallel manner and the results were expressed as mean value and standard
deviation (n=13). *P<0.05

can provide favourable protection to the ICG to avoid the premature
excretion upon in vivo applications. In particular, the photothermal
conversion capability of ICG was the most important parameter to
be evaluated. Therefore, the comparative photothermal conversion
of free ICG and Ccn/ICG was investigated. As shown in Fig. 15,
laser irradiation without photothermal agent resulted in only a
minor increase in temperature. In contrast, the free ICG showed sig-
nificant elevation on solution temperature upon laser irradiation. It
was noted that the temperature in the free ICG group suffered a
slight drawback after 150 s, which might be due to the accelerated
degradation of ICG in high temperature, suggesting its instability in
aqueous solution and was in line with the previous report [27].
However, the temperature in Ccm/ICG group consistently grows
to over 60°C without drawbacks at the high temperature, indicating
the preferable protection of Cem on ICG might alleviate the degrad-
ation of ICG to maintain photothermal conversion for better PTT of
cancer.

3.2. Stability and biocompatibility of Ccm/ICG: To determine the
stability and biocompatibility of Ccm/ICG to be a DDS for
cancer therapy. The size changes of Ccm/ICG in both PBS and
mouse plasma were monitored to reveal the stability profile of
Cen/ICG in physiological environments. As displayed in Fig. 2a,
it was observed that the size of Ccm/ICG remained largely un-
changed for 48 h in both media, which suggested that Ccm/ICG
can remain stable under physiological environments upon in vivo
applications. This is beneficial for Ccm/ICG to precisely deliver
loaded cargo to the tumour tissue as it was generally recognised
that the change in particles usually indicates the deformation of
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Fig. 2 Biocompatibility of Ccm/ICG

a Stability of Cen/ICG in PBS (0.01 M, PBS) and mouse plasma at the
nanoparticle concentration of 0.5 mg/ml for 48 h

b Haemolysis of Ccm/ICG on 2% RBC of the mouse at different
nanoparticle concentrations. RBCs suspension incubated with saline and
distilled water under the same condition were employed as negative
(0% haemolysis) and positive controls (100% haemolysis), respectively.
The experiments were repeated thrice in the parallel manner and the
results were expressed as mean value and standard deviation (n=3)
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DDS and the leakage of drugs. In addition, it was also suggested
that the Ccm prepared in our study under a given condition was a
highly reproducible vehicle, which might be adopted in the applica-
tion of other biomedical fields.

The haemolysis as another parameter to be considered in drug
delivery was also studied using red blood cells (RBCs) of a
mouse. After incubation with Ccm/ICG, the leakage of haemo-
globin was measured (indicating the damage of RBC structure).
As illustrated in Fig. 2b, although the haemolysis ratio of
Cem/ICG increased as a function of DDS concentration, the
haemolysis rate at the highest DDS concentration (1 mg/ml) was
no more than 2%, which was considered as low haemolysis risk
as it was much lower under the 5% threshold. Moreover, according
to a previous report [28], due to the dilution of the circulation
system, the general DDS concentration in the body would be
much lower than 1 mg/ml. Therefore, the Ccm/ICG can be
recognised as a highly biocompatible DDS for cancer therapy.

3.3. Cellular uptake and cell viability: The cellular uptake of Ccm/
ICG in A549 cells was studied and incubation of the cells with the
DDS for different time intervals with or without pre-treatment of
CCM. As shown in Fig. 3a, free ICG showed inferior uptake in
A549 cells, which might be due to its amphipathicity nature.
Since the cells were surrounded by the lipid bilayer, it was
suggested that hydrophobic molecules or materials with a similar
structure or nature are more preferably taken up by cells. As
proof of concept, the cellular uptake of Ccm/ICG under the same
conditions was also evaluated. As expected, the Ccm/ICG
showed much more enhanced intracellular accumulation than free
ICG and this tendency further increased as time extended. Based
on these results, it was concluded that Ccm/ICG can increase the
delivery of ICG molecules into the A549 cells, which might
provide better PTT outcomes in the anticancer studies.

To further confirm the positive role of Ccm in the increased cel-
lular uptake of Ccm/ICG in A549 cells. The cellular uptake was
commenced after cells were pre-treated with Ccm (20 ug/ml of
protein) for 1 h. interestingly, the cellular uptake of ICG with or
without Cem pre-treatment showed almost unaffected. In contrast,
the cellular uptake of Ccn/ICG was significantly varied. In detail,
the intracellular signal was dropped to only 66.4% of the original
level at 6 h post incubation, suggesting the critical roles of Ccm
in the endocytosis of Ccm/ICG. According to the previous report
[29], it was suggested that the binding proteins expressed on the
surface of Ccm were also inherited to the Cem vehicle after prepar-
ation in DDS. As a result, the binding proteins can specifically
recognise the isogenous cells to afford recognition and the
following uptake, which was beneficial to potentiate the drug
accumulation in target cells.
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Fig. 3 Uptake and in vitro anticancer profile of Cem/ICG

a Quantitative analysis of intracellular time-dependent uptake of different
formulations in A549 cells (pretreated with/without excess Cem for 1 h)
using flow cytometry. *P<0.05 versus Cen/ICG

b Viability of A549 cells treated with different formulations at different ICG
concentrations for 48 h. The cells were subjected to 808 nm irradiation
(1 W/em?) for 5min. *P<0.05 versus free ICG. The experiments were
repeated thrice in the parallel manner and the results were expressed as
mean value and standard deviation (n=3)
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To study the in vitro anticancer benefits resulting from the
enhanced cellular uptake, the cell viability of A549 cells after
PTT of different formulations was evaluated. As shown in
Fig. 3b, it was clearly observed that PTT could exert significantly
killing effects on A549 cells upon 808 nm laser irradiation.
Moreover, the Ccm/ICG could achieve much more elevated benefits
than free ICG under the same condition. It was noted that this effect
was further increased as a function of drug concentration. It was
suggested that the enhanced cell killing effect of Ccm/ICG as
compared to free ICG might come from two aspects: (i) the Ccm
offers well protection to the encapsulated ICG molecules in
aqueous condition without the loss of its photothermal conversion
nature, which facilitate the continuous photothermal conversion
of Cen/ICG in cells. (ii)) The enhanced cellular uptake of
Cen/ICG due to the Cem-mediated endocytosis further enhanced
the intracellular concentrations of ICG, which might resulted in a
more higher intracellular temperature for be3k¥ Acell killing
upon laser irradiation.

3.4. In vivo anticancer study: Based on the exciting results in cellu-
lar assays, we then study the in vivo assay to further verify the bene-
ficial effects of Ccm/ICG in PTT of lung cancer. The A549
oxengrafted Balb/c nude mice model was established and recruited
for study when the tumour volume reached 200 mm®>. As shown in
Fig. 4a, in line with the previous report [30], the saline group
without any treatment showed rapid and consistent growth in
tumour volume, which exceeded 100 mm? at the end of the test.
The intervene of PTT using free ICG showed some advances in
tumour ablation, which significantly retarded the growth of
tumour volume during the whole study. Most importantly, the intro-
duction of Ccm/ICG achieved the most powerful tumour ablation
which reverses the growth of tumours to a small volume of
52+15 mm® at the end of the test. The haematoxylin and eosin
(HE) staining was further performed on the excised tumours from
each group. As depicted in Fig. 45, the tumour sections from the
saline group showed high cell viability and cell confluence which
indicated the severe progression of cancer cells. The treatment of
PTT using fresh ICG showed decreased cell viability as well as
cell confluence, which was in line with results in Fig. 4a. As
expected, the treatment using Ccm/ICG resulted in structure
damage (shown as a white cavity in the tumour section) which
might be due to the thermal ablation of PTT. Consistently, the
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Fig. 4 In vivo anticancer profile of Cem/ICG

a Tumour volume variations of A549 oxengrafted Balb/c nude mice being
treated with different formulations. Eighteen A549 tumour-bearing mice
were divided randomly into three groups and intravenously administered
with different formulations for seven times in 14 days. The given ICG
was 5 mg/kg and all mice were subjected to laser irradiation of 0.5 W/cm?
(5 min) after 24 h post-administration. During the test, variations in
tumour volume were monitored before every administration. The
experiments were repeated thrice in the parallel manner and the results
were expressed as mean value and standard deviation (r=6). *P<0.05

b HE staining of tumour tissues from each group at the end of the assay.
After the final day of collecting measurements, three mice from each
group were randomly selected and sacrificed, and their tumour tissues
were extracted and subjected to HIM staining. Scale bar: 100 um
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cell viability as well as cell confluence was also significantly
reduced as compared to the other groups.

These significantly increased benefits were much more powerful
than those acquired in cellular studies, which might due to the
precise and effective in vivo ICG delivery using Ccm. According
to the previous report [31], the in vivo administration of ICG
usually suffered from quick elimination and excretion due to
the amphipathicity of ICG. Moreover, the aqueous instability of
ICG further diminishes the total accumulation of valid drug
concentration in tumours. In contrast, the Ccm/ICG resolved all
the above-mentioned problems to offer enhanced stability, precise
targetability as well as elevated intracellular accumulation, which
finally resulted in a nearly full ablation of tumours.

4. Conclusion: In our study, we report a facile method to prepare
Ccm with well-dispersed size range at 100 nm using A549 cells
as the model cell line. The ICG-loaded Cem (Cem/ICG) was able
to serve as a highly biocompatible with specific tumour targetability
for the PTT of lung cancer. The Cen/ICG is not only able to pre-
serve the photothermal conversion capability of ICG but also
capable of alleviating the aqueous instability of ICG upon laser
irradiation. Most importantly, the Ccm/ICG could realise much
more enhanced cellular accumulation of ICG in A549 cells as
compared to free ICG. The enhanced stability, precise targetability,
as well as elevated intracellular accumulation of Ccm/ICG,
achieved potent anticancer effects on A549 cells in vitro with a
nearly full ablation of tumours in vivo.
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