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Abstract

The low membrane permeability of lipophilic drugs was resolved using liposomes as a solubilizing agent and the precise size
control of them is a significant parameter in drug carrier technology. Here, we have established a microfluidic octanol-assisted
liposome assembly method to produce a surfactant-assisted liposome which has merged by the cytoskeleton drug (Taxotere)
encapsulation in a single process step, then a complete microfluidic cellular analysis was performed in trapping cell device
with an optofluidic assay for quantifying drug permeability. The optimization of process variables resulted in the formation
of liposomes with particle size 6.75+0.5 um and monodispersity 6.2%, representing encapsulation efficiency and loading
capacity of 65.49+3.08% and 10.16 +0.32%, respectively. Qualitative and quantitative studies of cellular uptake in MCF-7
cell line that was cultured in the cell trapping chip indicated a significant increase in cellular uptake of carboxyfluorescein-
loaded liposomes, suggesting endocytic mechanisms. The drug-loaded liposomes with an ICs value of 0.55 +0.04 pg mL™!
have shown a higher level of cellular inhibition and apoptosis in cells than free Taxotere (2.48 +0.01). Furthermore, real-time
analysis of the dynamic labeling assay for live/dead cells was investigated. Our data revealed that lab-on-a-chip platforms
for the time-lapse fluorescence imaging were applied for drug screening routines.
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Graphic abstract

Cytoskeleton drugs encapsulated in liposome using microfluidic approaches and investigation of programmed cell death assay.
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1 Introduction

Liposomes are spherical structures formed from microscopic
aqueous compartments confined by a lipid bilayer. Many
studies on membrane properties have been performed using
liposomes as a model membrane as they mimic the self-
assembled lipid matrix of the biological plasma membrane
(Mijajlovic et al. 2013). Nowadays, liposomes are inten-
sively used in different areas such as transport processes of
the membrane (Becucci et al. 2015; Rezaei et al. 2020), in
biophysics sciences (e.g., membrane fusion and membrane
dynamics) or biochemistry (e.g., protein—lipid bilayer inter-
actions and biomimetic membrane) (Bobone et al. 2016;
Stella et al. 2016; Vaezi et al. 2019). Moreover, in the medi-
cal applications, liposomes are used as carriers for drug and
gene delivery (Kuramoto et al. 2008; Mohammadi et al.
2019). Given the wide range of liposome-dependent disci-
plines, it is very useful to establish the methods for produc-
ing liposomes in a controlled and simple way. Traditionally,
liposomes are produced in bulk with various relatively sim-
ple techniques; however, the conventional methods suffered
from problems such as high and uncertain poly-dispersity,
leading to variability in the amount of material encapsulated
and adverse results with regard to encapsulation efficiency
(van Swaay 2013).
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In recent years, a number of microfluidic platforms have
been introduced as a highly controlled and renewable envi-
ronment for producing liposomes referred to as giant unila-
mellar vesicles (GUVs) in a microchip. The obtained dou-
ble-emulsion droplets from water—organic solvent—water
(W/O/W) are interesting in which the dissolved lipids form
a bilayer by slowly removing the organic solvent (Shum
et al. 2008). Giant liposomes, typically several microns
in size, have attracted the attention of bio-analytical sys-
tems, especially in a microfluidic platform, due to easy
imaging and monitoring of lipid membrane dynamics,
permeability of the liposomal drug, and deformation of
the treated cells (Deshpande et al. 2016; Edwards et al.
2012). Recently, Deshpande and Dekker (Deshpande et al.
2016; Deshpande and Dekker 2018) introduced a biocom-
patible organic solvent (1-octanol) that the fully assembled
solvent-free liposomes were prepared by splitting off this
solvent pocket within minutes. This solves a fundamental
problem of the long-term presence of residual organic sol-
vent in the bilayer of the liposome. To demonstrate drug
delivery, a well-known anti-mitotic chemotherapy drug,
Taxotere (TXT) (Cortes and Pazdur 1995), was encapsu-
lated in liposomes by the microfluidic approach to improve
solubility, reproducibility, and antitumor effects. This drug
is highly lipophilic, practically insoluble in water, and
extraordinarily toxic to normal tissues, which limit it for
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clinical applications. Therefore, to increase the solubility,
high concentrations of the nonionic surfactant Tween 80
(polysorbate 80) and 13% (w/w, ethanol/water) were used
in the commercial formulation of Taxotere. Unfortunately,
there are serious side effects of their use, including febrile,
fluid retention, and hypersensitivity reactions (Loos et al.
2003). However, the new micro-fabricated chip-based
analytical technologies that support dynamic, real-time,
cell-based analysis are necessary for uncovering the com-
plexities of cell variability and supporting the accelerated
anticancer drug discovery (He et al. 2011; Wlodkowic and
Cooper 2010). The precise separation of cell-defined pop-
ulations is very important for the biology of cancer cells
and clinical diagnosis. Therefore, one of the essential parts
of the discovery of mechanisms that regulate cell death
and/or facilitate cell survival is the separation and analysis
of living and dying cells, particularly, the cells in differ-
ent stages of apoptosis (Wolbers et al. 2004). The goal of
this study is to encapsulate Taxotere into POPC liposomes
using the octanol-assisted microfluidics and then test its
efficacy using a lab-on-a-chip apoptosis assay within a
single cell in a trapping chip. A schematic presentation
of the encapsulated a drug in liposome using microfluidic
approaches and investigation of programmed cell death
assay is shown in Scheme 1.

This lab-on-a-chip total analysis platform can be useful
for developing liposome-based immunoassays.

Liposome preparation chip

2 Materials and methods
2.1 Materials

The powdered lipid of 1-palmitoyl, 2-oleoyl phosphatidyl-
choline (POPC) was obtained from Avanti Polar Lipids, Inc.
Polyvinyl alcohol (PVA) (MW = 13,000-23,000 g mol~!,
87-88% hydrolyzed) and 1-octanol were purchased from
Sigma-Aldrich. Pluronic® F-68 from ThermoFisher Sci-
entific was used. Dulbecco’s Modified Eagle’s Medium
(DMEM) and fetal bovine serum (FBS) were obtained from
Gibco; MTT salt ([3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide]) (M5655), Nile Red, Calcein-AM
(1 mg), Propidium iodide (P4864), and Fibronectin solution
were from Sigma. Apoptosis detection kit containing PE
Annexin V with 7-AAD was purchased from BioLegend.

2.2 Solution compositions

The different compositions of inner aqueous, lipid-carrying
organic and outer aqueous channels are given in the elec-
tronic supplementary material (ESM) and Milli-Q water
was used for the preparation of all solutions. To prevent
the coalescence of liposomes and to increase their stabil-
ity, a three-block copolymer surfactant, pluronic (F-68), was
added to both inner and outer aqueous phases (Deng et al.
2016). The outer aqueous phase contained glycerol and PVA
for improving the pinching-off process and stabilizing the

>

Apoptotic assay

Scheme 1 Schematic representation of the microfluidic-based drug encapsulation into liposomes and investigation of apoptosis assay in micro-

channels
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liposomes. All solutions were passed through 0.22-pm filters
(Millipore Corp., New Bedford, MA) before entering into
the microfluidic device.

2.3 Soft lithography

Soft lithography technique was used for microfluidic devices
and the fabrication of channels is completely explained in
the ESM. For producing uniquely sized 10-um liposomes,
the microstructures were ~ 15 um in height and the widths
of the micro-channel at the junction were as follows: inner
aqueous channel, 10 pm; lipid-carrying organic channel,
10 um; outer aqueous channel, 20 um; and post-junction
channel, 300 um. The height of the channels originated from
spin-coater as a function of time and speed. Furthermore,
there is a 15-20% fluctuation in width channels when they
are copied on PDMS. For trapping single-cell device, con-
sisting of trapping channel which was 200 pm X 700 pm
(width X height) with U-shape structures (50 pm height) in
series. The asymmetric U-shape rows were used for trapping
because they were to be better at capturing cells throughout
the chamber when compared to symmetrically rows (Zhao
et al. 2013). Then after oxygen plasma treatment by Har-
rick Plasma 45 s at high power, the hydrophilic PDMS chip
was attached to the glass coverslip, incubated in hotplate on
95 °C for 3 min to make hard binding between glass cover-
slip and PDMS. Before cell seeding, the device was filled
with fibronectin solution (50 ug mL™!) for 1 h to allow the
binding of fibronectin to the substrate to enhance cell adhe-
sion. To remove residual fibronectin solution, the channels
were rinsed by PBS.

2.4 Image acquisition and processing

An inverted microscope (Olympus IX81) equipped with
fluorescence illumination and appropriate filter sets: X 10
LUPlanSApo (numerical aperture 0.40), x 20 LUCPlanFL N
(numerical aperture 0.45), and X 40 LUCPlanFL N (numeri-
cal aperture 0.65) objectives (Olympus) was used to per-
form the experiments. For capturing the images, an Olym-
pus DP72 digital camera was used and they were processed
with AnalySIS LS professional® software. Image process-
ing of liposomes formation was performed using MATLAB
(R2019b). Circular Hough transform approach was applied
to estimate the radius of liposomes.

2.5 Removal of residual solvent droplets

The density differences were utilized to remove the residual
1-octanol droplets in the formed liposome sample solution
(see ESM). Briefly, the freshly prepared liposomes (density
1.017 g mL™Y) and 1-octanol droplets (0.83 g mL™") (Small-
wood 1996) were collected from the outlet stream in a vial that
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contains an isotonic solution (as inside of liposome) whose
density is between those of liposome and the 1-octanol drop-
lets, such as sucrose or salt solution. For the demonstration,
the sample solution was injected into 100 mM sucrose solu-
tion (density, 1.010 g mL™") (Deng et al. 2016). As expected,
1-octanol droplets floated on the top of the sucrose solution
within seconds, while liposomes settled down at the bottom of
the vial. Lastly, the floating 1-octanol droplets were removed
by pipetting, resulting in pure liposome samples in the vial
and stored at 4 °C.

2.6 Liposome properties

2.6.1 Size dependence on lipid-carrying organic/inner
water phase velocity

The flow rate ratio between lipid-carrying organic and inner
water stream (FRR) was controlled by air pumps and varied
from 1:1 to 1:3. The flow velocities for each stream of inner
water and lipid-carrying organic were separately calculated
by the relation

v=_0]a,

where is v and a are the flow velocity and the cross-sectional
area of the channel; subsequently, the volumetric flow rate
0O was calculated as

Ap-w-h*(1—-0.63h/w)/12-5- L,

where Ap is the pressure difference across the channel
(~40 mbar); w, h, and L are width, height, and the channel
length (10 um, 15 pm, 300 um, respectively); # is the fluid
viscosity (1-octanol droplets (0.83 g mL™") (Bruus 2008).

2.6.2 Characterization of monodispersity of resultant
liposomes

To determine the monodispersity of the resultant liposomes,
coefficient of variation (CV) value was used which is defined
as the ratio of the size standard deviation to its arithmetic mean
with equation (Deng et al. 2014):

1

n 2
cv = }Z [Z‘ (d,—d)*/n - 1)] X 100%. M

The diameter of the ith liposome is d;, the arithmetic aver-
age diameter is d, and n is the number of liposomes. d; was
measured by ImageJ and n> 100 in statistics.
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2.6.3 Liposome production rate

Theoretical estimation of liposome production, assuming
100% yield with the known lipid content, is determined
from (Hood and DeVoe 2015):

Q-C-Ny-a

4x[(7) + (- )]

where the liposome production rate, R, (liposomes/second)
resulted from Q the total flow rate (2.5¢™° m® s™!), C the
final lipid concentration (1 mg mL™!), N A Avogadro’s num-
ber, a the cross-sectional area of the lipid polar head group
for POPC which is ~0.6 nm?, ry, the hydrodynamic radius of
the liposome as obtained through circular Hough transform
approach ~ 3.3 um, and e the thickness of the lipid bilayer
(4 nm).

R =

2.6.4 Physical stability of liposomes

This is the first report on octanol-assisted liposome assem-
bly to encapsulate Taxotere, and time-course zeta potential
(stability) for this preparation is needed and explained in
the ESM.

2.7 Quantification of drug loading into liposomes
and its concentration

Since the drug is very lipophilic, there might be a good
chance that a large part of the drug was removed along
with 1-octanol during the dewetting process. To check the
concentration of the drug in the liposomes, the liposo-
mal dispersion was centrifuged at 5000 rpm (2795x%g) for
10 min at 4 °C to precipitate the un-entrapped TXT and in
these conditions, the liposomes remained settled down at
the bottom of the vial, above the precipitated drug. Finally,
the TXT-loaded liposomes were collected and 10 pL of
that was taken and dissolved in 900 mL of methanol. The
encapsulation efficiency (EE) was calculated by

Amount of drug loaded in liposome

EE(%) = x 100%.

@)

Moreover, the drug concentration in the bilayer was

calculated by the drug loading efficiency (LE), accord-

ing to the mass balance of the residual amount of drug

in the liposome bilayer with a non-entrapped drug in the
1-octanol droplets:

Amount of drug added during fabrication

WTotal - Wunloading

LE (%) = W x 100% , 3)
Total

where Wy, is the total weight of TXT added and W 1544ing
is the weight of the unloaded TXT in liposome; absorbance
measurements were taken by a Perkin Elmer Lambda 25
UV-Visible spectrometer at 229 nm, and the purified sam-
ples as well as a serial dilution of Taxotere in 1-octanol were
compared with the standard curves to determine the final

drug concentration (Immordino et al. 2003).
2.8 Cell culture and 2D cell experiments in chip
2.8.1 Cell culture in the trapping cell device

For viability, cellular uptake, and apoptosis assay, the
MCEF-7 cells were expanded in a complete DMEM supple-
ment with fetal bovine serum (FBS), 10% (v/v), a solution
of penicillin: streptomycin (1%), and incubated in a humid
environment (5% CO,, 37 °C). For effective filling of the
micro-channels without any trapped air bubble, a vacuum
chamber is required, which involves immersing the device
in distilled water and setting it in the vacuum chamber. The
air is then pumped out of the chamber to expand and escape
the trapped air in the device. After the pressure is restored
to the normal pressure, the remaining air is compressed and
dissolved in the drawn water into the device. The cells were
cultured in a T25 flask, centrifuged at 100g for 5 min, and
then 10 uL of cell suspension containing 1x 10* cells was
added to the needle reservoir of the cell chamber. To remove
unattached cells, after 12 h, the medium was replaced, and
then to ensure that the cells are growing healthily, live/dead
assay was performed. More details were explained in ESM.

2.8.2 Single-cell uptake assay

To study the qualitative cellular uptake, and assign cell
internalization pathways, the MCF-7 cells were incubated
with 6-carboxyfluorescein-loaded liposomes (model dye for
cellular uptake analysis) that were fabricated in FRR 1:1
for 0.5, 1, 1.5, and 2 h. To visualize only the intracellular
liposome, first, the treated cells were washed with PBS and
then put under Olympus IX81 fluorescence microscope with
a blue filter. The quantitative measurement of fluorescence
intensity within the images has been carried out with Mat-
lab 2019a software. To quantify the intensity of the green
light (the cell regions), which results from cell uptake, we
first segmented the green areas based on OTSU’s method
(Otsu 1979) and then calculated the global statistics of the
uptake areas.

2.8.3 Apoptosis study
The cytotoxicity potential of the cell was evaluated using

an apoptotic assay based on Annexin V binding (Cum-
mings et al. 2012). Briefly, MCF-7 cells were incubated
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with DMEM containing 0.5 pg mL~! of free TXT and
TXT-loaded liposomes incubated for 6 h. After incuba-
tion, the cells were washed by FBS (3 times) and stained
with Annexin—Phycoerythrin conjugate (AnnPE) and
7-Amino-Actinomycin D (7-AAD) following the manu-
facturer’s protocol (Annexin V-PE Apoptosis Detection
Kit, Sigma, USA) and visualized by Olympus IX81 under
blue and green filters for AnnPE and 7-AAD, respec-
tively. The necrotic and apoptotic processes can be dis-
tinguished from early apoptotic affairs in the cells using
7-AAD solution. The quantitative measure of fluores-
cence within the images has been carried out via Image J
software (National Institutes of Health, Maryland, USA).

2.8.4 Kinetic assay of drug-induced cytotoxicity
and apoptosis

Qualitative on-a-chip analysis of cancer cell death was
performed using time-lapse photography. MCF-7 cells
were loaded onto a trapping chip and allowed to attach
to the PDMS surface overnight. Cells were then contin-
uously perfused by 0.5 pg mL~! liposomal drugs (less
than IC50) in the presence of 2.0 uL 7-AAD. Then it was
placed inside the incubator and imaged every hour over
a period of 6 h.

2.9 Statistical analysis
The one-way ANOVA for multiple groups was per-

formed for statistical analysis and **** referred to p
value < 0.0001.

3 Results and discussion
3.1 On-a-chip synthesis of liposome drug

A microfluidic platform has recently been reported by
Deshpande et al. in which the liposome assembly is
designed with octanol-assist as lipid solvent to form cell-
sized, monodispersible, and unilamellar liposomes (Desh-
pande et al. 2016). We used this double-emulsion solvent-
extraction mechanism to produce liposomes in a designed
microfluidic chip and then evaluated their ability as a car-
rier for a low-soluble drug; also, we developed a com-
plete microfluidic cell analysis system for quantifying drug
permeability and apoptosis assay (Figs. 1 and S1). POPC
has been selected as the primary constituent of liposomes,
whose properties are more similar to eukaryotic cellular
membranes. The number of liposomes produced per sec-
ond (the liposome production rate) is expected to increase
in the microfluidic approach. The size and poly-dispersity
of liposomes were measured at different flow rate ratios
(FRR) and the liposome formation process has previously
been reported using pressure-driven flow pumps from a
single six-way junction; the inner water stream and the
surrounding lipid—organic streams were hydro-dynam-
ically focused, eventually with two outer water streams
pinched off (Deshpande and Dekker 2018) (Fig. 1).
Thus, the stable and monodispersible double-emulsion
droplets were formed in a single step, similar to blow-
ing the bubble (inset Fig. 1). The precise control over the
expanding interfacial energies of W/O/W systems was the
essential parameter throughout the liposome formation,
which is obtained by adding surfactant in the system. To

Fig. 1 The microfluidic chip features of liposome production and the
working principle on-chip using a outer water (OW), b lipid-carrying
the organic phase (LO), ¢ inner water (IW) and d downstream chan-
nel. The photo represents bright-field images of liposomes with the
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same diameters in the (1:1) ratio of (lipid phase: inner water phase)
flow velocities, following the schematic diagram of the U-shaped cell
trapping structure
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separate liposomes from 1-octanol droplets, it is neces-
sary to identify them based on certain physical properties
(Deshpande et al. 2017); density is one of the distinctive
properties. As shown in Fig. S2, the unwanted residual
1-octanol droplets and possible free dye formed after
dewetting can be easily removed from liposome samples
by exploiting the density differences in the system (den-
sity: liposome ~ sucrose ~ 1-octanol droplet), see Sect. 2.5.
Since water miscibility of 1-octanol is 0.05%, it will be
very unlikely to affect the function of encapsulated drugs
at a very low concentration of 1-octanol which was tested
by toxicity assay; more details are given in ESM.

3.2 Simple geometric considerations
and production rate of liposome

There is a linear relationship between the ratio of the two
flow velocities (outer: inner water phase) and the size of the
synthesized liposomes in this high-throughput manufactur-
ing method, as reported in ref. (Deshpande et al. 2016). In
this work, the ratio between the flow velocities of the inner
water and lipid—organic streams was changed, and the flow
velocities of these streams primarily qualify the liposome
diameter as well. As shown in Fig. 2a, for production of
smaller liposomes (around 6 pm), our microfluidic system
optimally worked at relatively low pressure and in the (1:1)
ratio of (lipid-organic: inner water) flow velocities, which
this result was similar to the previous studies.

The inner water channel dimensions determined the mini-
mum volume encapsulated in the liposomes and the lower
limit of the liposome size. In this case, a single 10-um size

14 T T T T
I (@) ]
E
ko)
g ®
S e
o 2
2 g
2 g
o L
=3
ol
4 1 1 1 1
0.5 0.6 0.7 0.8 0.9 1

Flow Velocity LO/ 1A

Fig.2 a The size distribution of liposome assembled on the micro-
fluidic platform at increasing lipid—organic flow velocity: inner water
flow velocity, b frequency histograms showing the biologically rel-
evant size range of 1-octanol-based liposomes (~7 to 11 um) and a
high monodispersity for the population (n>100), solid red lines are
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unilamellar liposome contained approximately 8.7 x 10®
POPC molecules, which has calculated internal aqueous
volume of 5.22x 10713 L (=522 fL) (Walde et al. 2010).
Although giant liposomes with ~50 um diameter can easily
be achieved in the microfluidic system (Kong et al. 2014;
Shum et al. 2008), the lower size limit appeared around
10 pum (Matosevic and Paegel 2011) and in our fabricated
device, the liposomes formed are as small as~7 um. Fig-
ures 2a and S3 represent liposomes of the same size con-
fined within the microfluidic channels, and Fig. 2b shows a
frequency histogram of three batches of liposomes formed
in the size range of 6-11 um. Solid curves are Gaussian
fits to the individual histograms, while the arrows point out
the mean diameters along with the corresponding standard
division (SD). In the case of flow velocity ratio (0.98), both
free and drug-encapsulated liposomes display a narrow,
monodisperse size distribution (6.7 +0.2 um) with the coef-
ficient of variation 6.2% of the mean, while liposome size
formulated with decreasing flow velocity ratio, increased
around (8.9 + 0.5 pm) with the coefficient of variation 18%.
Maximum liposome production rates were also investigated
by the particular flow conditions that were selected to yield
liposome populations with diameters of 6.7 pm, microchan-
nel dimensions, and concentration of lipid (1 mg mL™"). An
estimated liposome production rate of 3.4x 107 g s~ lipid,
corresponding to= 100 liposomes per second was deter-
mined using initial lipid concentration and linear flow veloc-
ity, which is similar to other liposome-producing techniques
(Hood and DeVoe 2015; Matosevic and Paegel 2011; Teh
et al. 2011). Furthermore, drug encapsulation did not alter
liposome size or polydispersity and it is independent of the

(b)

8 9 10 12 14 16 18

Liposome diameter (um)

Gaussian fits for individual histograms while arrows point out the
mean diameters and corresponding SD. Note that each population
was obtained under different experimental conditions, that is, in each
case the distribution is unimodal (color figure online)
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loaded Taxotere concentration. The effective concentration
of the drug (ICs) against MCF-7 cells was (1.0 ug mL™)
(Kushwah et al. 2018; Zhang et al. 2017), which encapsu-
lated in liposomes (6.7 +0.2 um) and suggested the satu-
ration of the liposome system. Based on previous studies,
the Pluronic® F-68 is a non-ionic, biocompatible surfactant
often used in a drug delivery system and greatly improves
the stability of liposomes by adjusting the interfacial ener-
gies of phospholipid-stabilized W/O/W emulsion drops,
ensuring their complete dewetting and formation of oil-free
monodispersible liposomes with multiple compartments
(Deng et al. 2014, 2016; Teh et al. 2011). Consequently,
the presence of F-68 outside the liposomes does not hinder
future applications; it additionally provides certain advan-
tages such as easier fabrication and better stability. Based
on the results obtained from stability analysis, free liposome
and TXT-loaded liposomes stored at 4+ 1 °C were found
to be comparatively stable and further subjected to in vitro
cell uptake, cytotoxicity and acute toxicity studies (Fig. S4).

3.3 Pinching-off process and the concurrent
encapsulation

To consider drug encapsulation profiles, two fluores-
cent dyes were encapsulated in liposomes. One inside the
liposomes [6-carboxyfluorescein (CF), cell viability marker
dye, 0.5 mM] which was dissolved exclusively in the inner
water phase, and the other (Nile Red, hydrophobic dye,
0.1 mM) dissolved in the lipid—organic phase and located
only in the bilayer (Fig. 3 and Supplementary Movie S1-3).
As shown in Fig. 3a, the bright-field images of the pinching-
off process highlighted in the junction at high temporal reso-
lution and a single liposome were produced in a fraction of
30 ms. Moreover, the fluorescent of the inner water phase
completely plunged into the resulting liposomes, without

Fig.3 a High-temporal-resolution sequences showing the pinching-
off process to form a liposome, b images showing the encapsulation
of the fluorescent IW phase (CF) during the pinching-off process to
form a double-emulsion droplet, ¢ encapsulation of hydrophobic drug
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any visible leakage during pinching off. Thus, the excellent
encapsulation yield was achieved and verified in the core of
liposomes (Fig. 3b).

We expected the hydrophobic drugs to be located pre-
dominantly in the hydrophobic portion of the lipid bilayer
to protect the drugs from dissolution until they are taken by
the cells (Fig. 3c). The encapsulation of low solubility drugs
into the bilayer of liposomes allows not only their solubiliza-
tion in an aqueous media, but, furthermore, can protect from
degradation, improve therapeutic efficacy, and have control
over the pharmacokinetic drug distribution. Additionally,
the processing time requires the formation of liposome and
the loading of the drug in the microfluidic device required
around 3 min. Furthermore, the drug-to-lipid ratio improved
five times as compared to conventional methods (Drummond
et al. 1999). It should be noted that an ultra-sensitive digital
camera is needed for capturing liposome production images
with flow rate and this small size (~7 um). Since Nile Red is
a hydrophobic dye and completely embedded in the bilayer,
particularly in the low concentration (0.1% lipid); therefore,
upon stimulation with dye to induce TXT encapsulation, a
red color liposome was observed, suggesting that the encap-
sulation of drugs in the bilayer can be sensitively visual-
ized under this condition. The encapsulation efficiency was
calculated to assess this microfluidic approach for a high-
throughput liposome production as solubilizing agents.

The absorbance was measured at 229 nm and the con-
centration of loaded TXT was calculated from the calibra-
tion curve (Fig S5). The standard TXT curve was obtained
through Taxotere 1-octanol solutions in a concentration
gradient (y=0.15654x+ 0.06188, R?= 0.99292), where y
and x correspond to absorbance and Taxotere concentra-
tion (ug mL~"). The EE and LE for TXT-liposome were
65.49+3.08% and 10.16 +0.32%, respectively, which is
within the range of previous results in microfluidic systems

with hydrophobic dye (Nile Red), due to the very small size of lipo-
some and high flow rate, the detection of the bilayer is difficult (color
figure online)
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(from 50 to 72%) (Hood et al. 2014; Kastner et al. 2015).
Due to the low processing encapsulation time in a micro-
fluidic device for poorly water-soluble drugs; this lower
encapsulation efficiency rate is not surprising. However, it
was significantly higher than drug loading via sonication
in bulk scale (~40%) (Muthu et al. 2011). TXT was cap-
sulated within liposomes at FRR (1:1) and total flow rate
1.0 mL min~!, with an effective concentration (50.0 ug mL ™"
in the solvent stream), indicated that the solubility of TXT in
water was significantly improved. It was represented a 2000-
fold increase to the reported aqueous solubility of Taxotere,
0.025 pg mL~!, without (50:50, v/v) ethanol: Tween 80
(Sohail et al. 2018).

3.4 Cell culture studies

Viable cells on the trapping chip were stained with an
intense green fluorescence in the cytosol by calcein-AM (a
live cell indicator reagent), more details are in ESM (Bozy-
czko-Coyne et al. 1993). As shown in Fig. S6, similar cell
morphology was observed between the control group and
the microfluidic chamber during 2 days of cell culture. The
quantitative cell scoring analysis (Eq. S1) exhibited high
viability (~94%), based on cells staining positive for either
calcein-AM (green fluorescence) or PI (red fluorescence).
The cell culture chamber in the device is controlled by a
hydrodynamic separation and sorting technique such as
U-shaped trapping structures (Kazayama et al. 2015; Sajeesh
and Sen 2014; Zhao et al. 2013). Using these trapping struc-
tures, cells can easily seed and immobilize to successfully
increase the interaction of drug-loaded liposomes with cells.
This allows a flexible strategy for testing different anticancer
drugs in one single chip.

3.5 Evaluation of the microfluidic-formed liposome
cytotoxicity

A significant part of post-genomic biomedical research is
cell-based assays. The cytotoxicity of liposomes formed
with the microfluidic method on the viability of MCF-7
human breast cancer cells was assessed by the MTT assay.
To perform this assay, cells were incubated with free
TXT, free liposomes, both conventional and microfluidic
form of TXT-liposomes, and 1-octanol at different con-
centration ranges 0.1-10 pg mL~' for 24 and 48 h. The
“dependency” of the cell viability to concentration is shown
in Fig. 4a, b. According to the results, 0.05% (v/v) 1-octanol
and TXT-free liposomes, as control, were used for the
encapsulation which did not represent significant cell cyto-
toxicity in the main results. Both the TXT solution and TXT-
loaded represented a clear dose-dependent cytotoxicity in
which TXT-loaded liposomes had remarkable higher cyto-
toxicity than the free TXT in the same concentration. The

differences between the toxicity effect of free TXT (Fig. 4a)
and the TXT-loaded liposomes microfluidic form (Fig. 4b)
were significant in all the concentrations tested for 48 h, see
ESM for more details (Fig. S7). The increased cytotoxicity
of liposomes may be attributed to relatively higher intracel-
lular delivery of TXT due to higher permeability and more
rapid molecularly absorption of the dissolved drug into the
cancer cells by endocytosis, as evident from the results of
cell uptake studies (Akhtartavan et al. 2019). The value of
half-maximal inhibitory concentration (ICs) for the TXT-
loaded liposomes was obtained 0.55 +0.04 ug mL~" as com-
pared to free TXT and bulk solution (Fig. 4c, Eq. S2). As
shown in Fig. 4d, there is a significant difference between
TXT-liposome microfluidic treated group, free TXT, and
TXT-liposome bulk group. It strongly suggests that micro-
fluidic produced liposomes have more efficient cellular
uptake than bulk made liposomes, and one can see that free
TXT has more cytotoxic effect in 24 h treatment due to the
high amount of the available drug in the early hours of the
treatment, in contrast, liposomal drug has a more gradual
but stable cytotoxic effect besides they have a high amount
of TXT uptake both in 24 h and 48 h treatments.

Although different values of 1Cs, have been reported for
Taxotere®, these microfluidic-formed liposomes showed bet-
ter cellular uptake and lower ICs, value against MCF-7 cells,
as compared to some other TXT formulations (Table S1,
ESM). Based on the ICs, value of encapsulated Taxotere for
24 h, we have chosen 0.5 pg mL™! as experimental concen-
tration with regard to the amount of 1-octanol presented in
liposomes (50 uM). According to Wilkemeyer et al. (2000)
studies, 1-octanol was categorized as inactive alcohol at a
concentration of 0.05 mM without any significant effect on
cell—cell adhesion, which is in agreement with our results.

3.6 Cellular uptake study

Cellular uptake studies provide essential information about
the mechanisms of interaction between liposomes and
cells, the localization of its encapsulated material in the
cell, and the quantity of liposome internalized. Liposomes
can deliver their content to the cells via four mechanisms:
(1) adsorption on a cell membrane, followed by diffu-
sion of the active component into the cell; (2) endocy-
tosis mechanism; (3) fusion of liposomal membrane to
the cell membrane; and (4) lipid exchange by transfer of
lipophilic compounds from the liposomal bilayer to the
cell membrane (Ducat et al. 2011; Malam et al. 2009).
These mechanisms of liposome—cell interaction are vari-
ables and depend on the phospholipid type, its concentra-
tion in the liposomal membrane, the function of the cells,
and the probe types (Prasad et al. 2005). One of the strate-
gies for studying the penetration of liposome formulations
in cells or membrane fusogenicity is an encapsulation of
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Formulations ICsy value (ug.mL?)
After 24 h  After 48 h

TXT 2.48+0.01 1.99+0.01
TXT-Liposome (bulk) 1.77+0.02 1.59+0.07
TXT-Liposome (MF) 0.55+0.04 0.38+0.03

Fig.4 Cytotoxicity determination by the MTT assay and depend-
encies of the cell viability on the a tree TXT and b TXT-loaded in
microfluidic liposome in the concentration range for 48 h, **** rep-
resents statistically significant difference (p <0.0001) (mean+SD,
n=3). ¢ Different IC;, values for TXT against MCF-7 cell line at an
incubation time of 24 and 48 h from Eq. S2. Sonication-formed lipo-

hydrophilic fluorescent dye such as CF in the inner cavity
of liposomes. We used CF loaded-liposomes (size ~7 um)
to consider cellular uptake for different time periods (i.e.
30 min and 2 h). When liposomes are taken up by cells and
lysed, their contents are diluted in the cytoplasm, allow-
ing the cellular fluorescence to increase significantly.
Indeed, the liposomes lost their internal fluorescence
within a few minutes after incubation with the cell, due
to uptake and interactions with the cell membrane. Chen
et al. suggested a membrane-mediated pathway for cellular
uptake of hydrophobic molecules preloaded in micelles.
The plasma membrane provides a temporal residence for
hydrophobic molecules before their delivery to target
intracellular destinations (Chen et al. 2008). However,
no accumulation of hydrophilic molecules into the cell
membrane was observed before internalization. Therefore,
our results are illustrated in Fig. 5A(a, b) and supplemen-
tary Movies 2 and 4; the total cell luminosity is sharply
increased indicating that liposome binds to the cell and
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some (bulk) and microfluidic-formed liposome (MF). d A multiple
comparison test, the 24 and 48 h cell viability data (y-axis) for all the
different test formulations (x-axis: Control, free liposome, free TXT,
TXT-loaded in bulk and MF liposome, respectively) at a certain drug
concentration of 1.0 ug mL™!

dye internalization take place rather than accumulation in
cell membrane after 2 h incubation.

The results of qualitative uptake were further corrobo-
rated by quantitative determination of the liposome inter-
action with the cell membranes. As a more rigorous way
to show “the total luminosity is increased”, the fluorescent
intensity profile at various time points is plotted in Fig. 5B.
Interestingly, further enhancement in the fluorescent inten-
sity was noticed at 2 h in comparison with 30 min, which
showed time-dependent increase in cell uptake of CF-loaded
liposomes by MCF-7 cells. In addition, increase in the incu-
bation time does not cause remarkable changes in the CF
fluorescence intensity.

This pathway of dye cellular uptake in our study was
confirmed by Kushwah et al. with MCF-7 cells in which
the presence of cellular uptake inhibitors suggested endo-
cytic cellular uptake as a primary mechanism (Kushwah
et al. 2018). A similar effect was observed by cellular traf-
ficking of liposomes, demonstrating uptake through the
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Relative Fluorescence Intensity

Fig.5 A Internalization imaging of CF loaded-liposomes in MCF-7
cells in a trapping chip after different time periods: a 30 min and
b 2 h incubation. (left) Bright-field microscopy image, (middle)
Green fluorescence of CF (4.: 450 nm), liposomes showed with the

endo-lysosomes track (Chaudhari et al. 2012). Further-
more, Papahadjopoulos et al. reported that fusion could not
occur between the cellular and the liposomal membrane
when liposomes are reconstituted by pure phosphatidyl-
choline (Papahadjopoulos et al. 1973), which in our work
is pure POPC as well. The last mechanism between the
liposome and cellular membranes is lipid exchange, which
can occur in the absence of liposome uptake (Ducat et al.
2011). These experiments clearly show that 1-octanol-
based liposomes not only can efficiently encapsulate drugs
but also present a proper function of the lipid bilayer to
interact with the membrane of plasma.

60 90 120

Time (min)

red sign, (right) Merged images, scale 100 um. (also see graphical
abstract), B the quantitative cellular uptake of CF-loaded liposomes
in a time-dependent manner at the cell regions (color figure online)

3.7 Apoptotic assay

An accurate interpretation of apoptotic assay such as
apoptotic index (AI) has been evaluated as prognostic
biomarkers in cancers and may affect therapeutic deci-
sions and influence clinical research but their exact clini-
cal value remains unclear. There are major side effects
in the development of anti-cancer drugs include unex-
pected toxicity, insufficient penetration of the drug into
cancer tissue, and the lack of a favorite effect on the tar-
get. Therefore, the observed cell cytotoxicity results and
intracellular uptake of Taxotere-liposomes were further
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confirmed by the apoptosis assay. The site direct drug
delivery has been developed to deliver carriers within
tumor cells via receptor-mediated endocytosis. The dam-
age of plasma membrane integrity and increase perme-
ability in the latest stages of cell death was detected by
the staining of end-point markers, resulting from necrotic
or apoptotic processes. Therefore, early apoptotic cells
detected by the vital dye in conjunction with PE Annexin
V. 7-AAD excluded from intact membranes of live cells,
whereas the dead and damaged membranes of cells are
permeable to it. Quantitative estimation of apoptosis was
further evaluated via calculating the apoptosis index, the
ratio of the red (7-AAD, a measure of late apoptotic cells)
to yellow (Annexin V-PE conjugate, a measure of early
apoptotic cells) fluorescence intensity. As compared to
free TXT (apoptotic index 0.60, Fig. 6a), the larger por-
tions of cells were found to be apoptotic when treated
with liposomes (apoptotic index 1.01, Fig. 6b), showing
higher drug uptake and cell cytotoxicity. Additionally,
the apoptotic index for cells exposed to TXT-loaded
microfluidic liposomes in 96-well plates is comparable
within the chip and untreated cells and TXT-loaded bulk
liposomes used as control groups (Fig. S8).

(A) Free-TXT;, (apoptotic index: 0.60)

3.8 Kinetic of cytotoxicity assays in single-cell level

Cell culture on-a-chip system which supports continuous
perfusion of cells over extended periods of time can be used
to conduct high-throughput screening (Fig. 7). Therefore,
a qualitative on-chip analysis of cancer cell death was per-
formed using time-lapse imaging, every 1 h over a period
of 6 h.

The first detectable apoptosis morphologic event was
found in about 1 h, including loss of cell—cell contacts. The
next stages of apoptosis are to continue cell dehydration,
shrinkage, rounding up and loss of attachment with the sub-
strate (2—4 h); finally, the permeability of the plasma mem-
brane is increasing to 7-AAD (6 h) as a marker of end-point
assays for live against dead cells. The latter events indicate
the ultimate instability of plasma membrane structure during
apoptosis. After entering the cells, it bound to the nucleic
acids by intercalation, and weak nuclear fluorescence is
probably from binding to RNA and cytoplasmic staining that
might be due to the uptake of 7-AAD by mitochondria, lys-
osomes or endosomes. Kinetic imaging from the end-point
of a single-cell on-a-chip provides a better dynamic observa-
tion of apoptotic cell death. We suggest that this simple bio-
assay allows for easy tracking of the differences in stochastic
cell death sensitivity, which often remains undetectable with

(B) TXT-Liposomes; (apoptotic index: 1.01)
’ N 3

Fig.6 Apoptosis assay of A free drug versus B microfluidic liposo-
mal drug against MCF-7 cells; whereas first window a depicts the
bright field image of representative cells, b yellow channel depicts
fluorescence from PE Annexin V (early apoptosis marker dye), and
¢ red channel shows the fluorescence from 7-AAD (late apoptosis
marker dye). 7-AAD has a high DNA binding constant and is effi-
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ciently excluded by intact cells. When excited in 488 nm (green fil-
ter), the fluorescence is detected in the far-red range of the spectrum
(650 nm). The apoptosis index was measured as the ratio of fluores-
cence intensity from the red channel to the yellow channel. Scale bar
100 um (color figure online)
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(a) 7-AAD

(b) Composite (c) Single cell

Fig.7 Time-lapse imaging of apoptosis at a single-cell level. MCF-7
cells were cultured on-a-chip and exposed to Taxotere-loaded
liposomes at a concentration less than ICs, equivalent to Taxo-
tere (0.5 pg mL™") for up to 6 h in the continuous presence of a the

conventional end-point analysis. The clinical validation and
development of combinatorial regimens for struggle malig-
nancy can result from such a dynamic analysis of cancer cell
death. An advantage of flow cytometry (FCM) is a quick
analysis that can reach tens of thousands of cells per second
(several times faster than a microfluidic process). However,
the common problems of conventional FCM are its com-
plexity, cost, limited portability, and the requirement for
trained personnel. Moreover, each flow cytometric analysis
requires a considerable number of cells (typically > 10* cells.
mL~"), and the processing of samples prior to analysis is
time-consuming, which often involves several centrifuga-
tion steps that connect cells to additional stress. Whereas, a
considerably reduced number of cells needed in microfluidic
systems (even 20-fold), providing a significant advantage for
the studies of primary cancer cells (Wlodkowic et al. 2011).
In addition, the ability to monitor single cancer cells in a
rare population provides the development of personalized
treatments in which the dosages of the drug can be patient-
defined and determined for the therapy of individual dis-
ease (Sims and Allbritton 2007). Most importantly, reduc-
ing the processing steps of the sample obtained with such a
kinetic protocol is essential for the storage of apoptotic cells
(Wlodkowic et al. 2009; Xia et al. 2019). The complexity of

plasma membrane permeability marker 7-AAD, b composite with
bright field and red squares denote ¢ the magnified cell (5 times)
undergoing apoptosis (color figure online)

conventional cell culture protocols can reduce by a simple
microfluidic device and can also provide time-lapse studies
on the apoptosis of adherent cells. The latter feature is a
special advantage to determine the kinetics of drug potency
and enable for sequential pharmacological stimulations and
real-time analysis of cellular physiology while providing a
keen decrease in the use of reagents and samples. Finally,
we adopt a set of standard fluorescence assays with dynamic,
timing bioassays that are able to perform traditional tasks in
a more practical, faster, and cheaper way.

4 Conclusions

In summary, this microfluidic approach can be useful for
developing liposome-based immunoassays, producing giant
liposome with 6.7+ 0.5 ym in size. The drug was encapsu-
lated at molar ratio (drug: lipid) up to 1:25 with efficiency
65.49 +£3.08% in a single process step and maximum resi-
dence time was about 3 min in the chip. Furthermore, it has
the ability to optimize the formulation of liposomal drugs
with high drug concentrations, minimal waste reagent at the
point of care, and great stability more than 80% after storage
for 2 weeks. Importantly, our system is a good model to be
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used for drug screening at single-cell level and the transfer
of traditional bio-analytical methods such to a micro-fabri-
cated format increases the resolution of bio-analysis and the
sampling throughput as well as the possibility of designing
automated systems with innovative capabilities.
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