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ABSTRACT: Small unilamellar vesicles (SUVs), ubiqui- Chainlength & saturation oW Intermediate High
tous in organisms, play key and active roles in various N T g N

biological processes. Although the physical properties of
the constituent lipid molecules (i.e., the acyl chain length
and saturation) are known to affect the mechanical _  evasdd W
properties of SUVs and consequently regulate their _ B ~ = .
biological behaviors and functions, the underlying mech-
anism remains elusive. Here, we combined theoretical
modeling and experimental investigation to probe the
mechanical behaviors of SUVs with different lipid
compositions. The membrane bending rigidity of SUVs
increased with increasing chain length and saturation, resulting in differences in the vesicle rigidity and deformable
capacity. Furthermore, we tested the tumor delivery capacity of liposomes with low, intermediate, and high rigidity as
typical models for SUVs. Interestingly, liposomes with intermediate rigidity exhibited better tumor extracellular matrix
diffusion and multicellular spheroid (MCS) penetration and retention than that of their stiffer or softer counterparts,
contributing to improved tumor suppression. Stiff SUVs had superior cellular internalization capacity but intermediate
tumor delivery efficacy. Stimulated emission depletion microscopy directly showed that the optimal formulation was able
to transform to a rod-like shape in MCSs, which stimulated fast transport in tumor tissues. In contrast, stiff liposomes
hardly deformed, whereas soft liposomes changed their shape irregularly, which slowed their MCS penetration. Our
findings introduce special perspectives from which to map the detailed mechanical properties of SUVs with different
compositions, provide clues for understanding the biological functions of SUVs, and suggest that liposome mechanics may
be a design parameter for enhancing drug delivery.
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mall unilamellar vesicles (SUVs) enclosed by lipid proportions of polyunsaturated fatty acids, which reduce the
bilayers are widespread in biological organisms. Typical rigidity of SUVs and enable adaptation to the high-pressure

examples of SUVs include exosomes, synaptic vesicles, environment.’ The mechanical properties of SUVs also regulate
and argosomes."”” They play active roles in various biological the stability, size, shape, and penetration capacity of the
functions, such as cell—cell communication, signaling, and cargo vesicles.””” However, the physical feedback mechanisms that
delivery. Many of these processes are facilitated by changes in
the lipid properties, such as the length and saturation degree of Received: February 12, 2019
the acyl chain, which influence the mechanical properties of the Accepted: June 8, 2019
SUVs.*™ For instance, many deep-sea organisms contain high Published: June 8, 2019
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Figure 1. Theoretical modeling of vesicle indentation. (a) Equilibrium configurations of vesicles composed of Lipl, Lip3, and Lip4 at
indentation depths Ah = 0, 30, 60, and 90 nm. The indenter tip has a parabolic shape (light gray curve). Red curves represent the regions of
contact between the vesicles and indenter tips. Gray curves indicate the flat surfaces of the substrates. There is no adhesion between the indenter
tip and the vesicle. (b) Corresponding indentation force—displacement curves. (c) Vesicle stiffness as a function of the membrane bending
rigidity. Inset: theoretically calculated stiffnesses of vesicles Lip1, Lip2, Lip3, and Lip4.

underpin these lipid composition changes have not been
systematically studied, which is crucial for both understanding
biological functions'®~"* and developing effective drug delivery
systems.

Recent investigations have revealed that vesicle rigidity
governs cellular internalization, which further modulates
circulation, biodistribution, and tissue targeting.m’11 However,
the mechanistic understanding of how vesicle rigidity alters cell
uptake is still unclear.'” Despite continuing studies on cell
uptake, the details of the effects of vesicle rigidity on more
detailed drug delivery processes, especially barrier penetration
and targeting under flow, remain largely unexplored. In
biological environments, visualizing the microscopic movement
of vesicles requires high sensitivity and spatiotemporal
resolution,"> and exploring the micromotion mechanism of
vesicles in vitro and in vivo is a challenging task. Therefore,
vesicle rigidity, though analyzed and confirmed in our current
study, is not yet recognized as a promising design parameter
regulating drug delivery efficiency.

The mechanical properties of the lipid membrane depend on
the lengths and saturation degrees of acyl chains, which further
regulate the mechanical behaviors of the SUV as a whole
structure.’™ Herein, we first developed a theoretical model to
describe the mechanical response of SUVs with different lipid
compositions in terms of the bending properties of the SUV
membranes. Liposomes, artificial SUVs,' ™' were then prepared
to test this model and to explore the influence of the mechanical
properties of SUVs on cancer therapy. Theoretical analysis
uncovered a linear relationship between the indentation rigidity
and the bending properties of the SUV membrane, which
becomes less flexible as the lipid chain length increases; that is,
the rigidity increases as the lipid saturation and chain length
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increase, which was confirmed by an atomic force microscopy
(AFM)-based approach. We further explored the role of
liposome rigidity in tumor extracellular matrix (ECM) diffusion,
tumor penetration, and accumulation as well as in wvivo
distribution. Our results showed that liposomes with inter-
mediate rigidity exhibited superior diffusion behaviors in the
ECM and enhanced penetration in multicellular spheroids
(MCSs) compared to their stiff or soft counterparts,
contributing to longer retention in tumor sites and better
tumor suppression in the animal model. We visualized the
liposomes through stimulated emission depletion (STED)
microscopy and found that the optimal formulation was able
to transform to a rod-like shape in ECM, which stimulated their
fast transport in tumor tissues.

RESULTS

Theoretical Modeling of Vesicle Indentation and
Axisymmetric Compression. The composition of the lipids
(i.e., the acyl chain length and saturation) influences their phase
state, which in turn affects the mechanical properties of SUVs."®
Herein, we considered six different nanovesicles as typical
models: Lipl, mainly composed of 1,2-dilauroyl-sn-glycero-3-
phosphocholine (DLPC, C12:0); Lip2, mainly composed of 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC, C14:0);
Lip3, mainly composed of 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC, C16:0); Lip4, mainly composed of 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC, C18:0); Lips,
mainly composed of 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE, C18:1); and Lip6, mainly composed of 1,2-
distearoyl-sn-glycero-3-phosphocholine (DEPC, C22:1). Based
on the bending properties of the membranes composed of these
six different kinds of lipids,”* we performed theoretical analysis
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Figure 2. Vesicle deformation upon compression. (a—c) Vesicle compressed between two parallel rigid flat plates. (a) Normalized vertical
contact force F = dE,,/d(Ah) as a function of the normalized change in the distance Ah between two parallel plates. Insets: total free energy E,,
as a function of Ak (top left); the initial vesicle shape (dashed line) and equilibrium vesicle configuration at Ak = R (solid line) (bottom right).
(b) Selected equilibrium configurations at different Ah. The parameters are k = 24 X 1072°J, R =75 nm, and Ap = 3 X 10° Pa, as in Figure la
(Lip3). There is no adhesion between the vesicle and plates (y = 0). (c) Force—displacement curves for vesicles considered in panel (a). (d—f)
Vesicle confined in a rigid cylindrical tube undergoing radial shrinking. (d) Normalized force per contact circumference F = dE,,,/d[7(R —
Ar)?] as a function of the normalized change in the radius Ar of the shrinking cylindrical tube. Insets: total free energy E,, as a function of Ar
(top left); the initial vesicle shape (dashed line) and equilibrium vesicle configuration at Ar = R/2 (solid line) (bottom right). (e) Selected
equilibrium configurations at different Ar. (f) Force—displacement curves for vesicles in Figure 2d.

of the indentation of initially spherical vesicles with different
membrane bending rigidities on an adhesive flat rigid substrate.
Here, we adopted the Helfrich—Canham membrane theory to
characterize the vesicle deformation and determined the
equilibrium states of the vesicles upon indentation through
numerical optimization.'” Upon indentation, the lipid vesicles
have the same fixed surface area, 47R? with an osmotic pressure,
Ap, and are subjected to axisymmetric elastic deformation in
cylindrical coordinates (r,¢b,z). The total system energy is
characterized by the Canham—Helfrich model as

sin

d
d

!
E, :2m</r
tot 0 (d

where 1, s, and k are the tangent angle, arclength, and bending
rigidity of the vesicle membrane; the arclength s of the free
vesicle membrane starts from the edge of contact (s = 0)
between the vesicle and the flat substrate and reaches s = [ at the
north pole of the vesicle; Ap represents the pressure difference
between the interior and exterior of the vesicle; V =
zf Lr?siny ds and V, = 42R3/3 are the volume of the deformed
and initial spherical vesicle, respectively; and y (>0) is the
adhesion energy and A_ = zr.” is the surface area of the circular
contact region of radius r.. A zero spontaneous curvature is
assumed. We have omitted the energy contribution associated
with the Gaussian modulus of the vesicle membrane as it is
constant due to the Gauss—Bonnet theorem and does not affect
the vesicle deformation. The surface area of the vesicle is fixed at
2 / brds + A, = 42R% With the geometric relations dr/ds = cos y
and dz/ds = sin , the system energy E,, can be expressed as a
function of the tangent angle y, which is approximated by a
cubic B-spline function as y(s) = >a;N,(s) (i = 0,...,m), where
the control points a; serve as the coeficients of the basic
functions N,(s)."*

2
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S
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To determine the minimum energy state of the vesicle at a
certain indentation depth Ah, we employ the interior-point
method in constrained nonlinear numerical optimization to
minimize the total energy E,, with respect to the control points
a;, where the fixed surface area of the vesicle serves as an equality
constraint, and the prevention of the penetration of the vesicle
by the indenter tip is expressed as an inequality constraint. Once
the tangent angle y(s) is known, the total energy and the
corresponding vesicle shape at a certain Ah can be determined.
The effective indentation force F is determined numerically
from F = dE,,/d(Ah). Here, we assume that the tip has a
parabolic shape with curvature 1/Ry, at its apex and take Ry, =
30 nm. The vesicle radius is taken to be R = 75 nm, as indicated
in our experiments below, and the osmotic pressure Ap = 3 X
10° Pa is adopted as reported in the study on the mechanical
behaviors of nanovesicles.” The adhesion energy is ¥
1.2 mJ/m* The bending rigidity x of the vesicle membrane
composed of Lipl (DLPC main) is taken to be 3 X 107 J, k of
Lip2 (DMPC main) is 15 X 1072°J, k of Lip3 (DPPC main) is 24
X 107 J, & of Lip4 (DSPC main) is 250 X 1072 J, k of Lip$5
(DOPE main) is 0.6 X 1072°J, and « of Lip6 (DEPC main) is 10
x 10720 .34

Figure la shows the shapes of Lip1, Lip3, and Lip4 vesicles at
indentation depths Ah = 0, 30, 60, and 90 nm. The selected
equilibrium configurations for Lip2, LipS, and Lip6 vesicles are
shown in Supporting Information Figure S1. As Ah increases,
the region of contact between the substrate and vesicle also
increases, and the vesicle evolves from an approximately
spherical cap to a concave shape. The lower the bending rigidity
K is, the larger the vesicle—substrate contact region is (Figure
1a). With knowledge of the total system energy E,, as a function
of the indentation depth Ah, the indentation force F =
dE,/d(Ah) can be determined (Figure 1b), and the vesicle
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Figure 3. Characterizations of liposomes. (a) Cryogenic transmission electron microscopy (cryo-TEM) images of liposomes. The width of the
phospholipid bilayer of each liposome is approximately 4 nm. Scale bar: 20 nm. (b) Young’s modulus of liposomes tested by AFM in solution.
(c) Correlation between the experimental Young’s modulus data and the calculated Young’s modulus values. (d) Corresponding deformation
images of liposomes when acted on by external forces. I, 100 pN; I, 500 pN; and III, 1000 pN. Scale bar: 100 nm. Data are presented as the mean
+ SD (1> 5). P > 0.05, ns; **P < 0.01; ****P < 0.0001.

stiffness dF/d(Ah), defined as the derivative of the applied

indentation force with respect to the indentation depth, is

spanning lipid membranes.'® At the same Ah, a vesicle with a
higher « requires a higher indentation force F (Figure 1b). As
adopted to characterize the vesicle rigidity (Figure 1c). A similar shown in Figure lab, the vesicle stiffness maintains a nearly

scheme is used in theoretical studies on the indentation of pore- constant value at relatively small k. At relatively large « (e.g., k >

7679 DOI: 10.1021/acsnano.9b01181
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25 X 1072° J in our case studies), the vesicle stiffness is almost
linearly proportional to x (Figure 1b). These results revealed
that liposomes formed from membranes with lower bending
rigidity exhibit lower Young’s modulus values and display more
significant deformation upon indentation.

In addition to the vesicle indentation, we also performed
theoretical analysis of the compression of a vesicle between two
parallel rigid flat plates and confined in a shrinking rigid
cylindrical tube (Figure 2). We assume that the compressed
vesicle undergoes axisymmetric deformation, and that there is
no adhesion between the vesicle and the plates or the tube wall.
As shown in Figure 2a, the contact force F = dE,,,/d(Ah) applied
to the vesicle increases as Ah increases, where Ah represents the
change in the distance between two parallel plates. The profile of
the corresponding total free energy E, is shown in the top right
inset in Figure 2a. The vesicle shapes at Ak = 0 and R are shown
in the bottom right inset in Figure 2a. More selected equilibrium
vesicle shapes at different Ah are shown in Figure 2b. To
investigate the effect of the bending rigidity x on the contact
force, we perform additional calculations at k = 250 X 1072 J
(Lip4) and compare the obtained force profile F(Ah) with that
of Lip3 (Figure 2c). Here, k, = 24 X 1072° J (Lip3). At a given
Ah, avesicle with a higher « experiences a larger contact force, as
expected.

In the case of the radial compression of a vesicle confined in a
shrinking rigid cylindrical tube, as shown in Figure 2d, the force
per contact circumference F = dE,,/d[z(R — Ar)*] increases as
Arincreases, where Ar represents the change in the radius of the
shrinking cylindrical tube. The total free energy profile and
selected equilibrium vesicle shapes at different Ah are also
presented in Figure 2d,e. The numerical results in Figure 2f
indicate that a vesicle with higher x (Lip4) experiences a larger
force per contact circumference than a vesicle with lower x
(Lip3).

These results indicate that a vesicle with a membrane of a
higher bending rigidity is much stiffer, and similar results are
observed in the case of vesicle indentation. These two cases in
Figure 2 may serve as approximations of vesicle transportation
through the gap between two adjacent biological layers and
within thin tunnels embedded in the tumor ECM. Here, we
focus on the case of rigid confinements in our theoretical analysis
and ignore the effect of confinement elasticity on the mechanical
behaviors of vesicles. A thorough and sound theoretical
determination of the mechanical interplay between vesicles
and soft environments is challenging and deserves further
detailed investigations in the future.

Experimental Observations Validate Mechanical
Model Predictions. To test the mechanical model predictions
and reveal their implications for the cell response and tumor
delivery capacity of liposomes, we first prepared six different
groups of liposomes and probed their mechanical properties.
Previous studies have reported that nanoparticles (NPs) exhibit
an obvious size effect against stiff pancreatic cancers;'”*® herein,
liposomes with a hydrodynamic diameter of approximately 85
nm were prepared (Figure 3a and Supporting Information
Figure S2a), and the average thickness of the phospholipid
bilayers of these liposomes was approximately 4 nm. The zeta-
potential of all the liposomes was slightly negatively charged to
ensure the same surface charge (Supporting Information Table
S1). The stability of the prepared liposomes was confirmed in
fetal bovine serum (FBS) (Supporting Information Figure
S2b,c). For drug delivery, hydroxycamptothecin (HCPT), an
anticancer drug, was then encapsulated in liposomes. The
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entrapment efficiency (EE%) was nearly the same in all liposome
preparations (Supporting Information Table S1). Furthermore,
the in vitro release of HCPT from all six liposome formulations
was found to be sustained up to 24 h at pH 7.4 and 6.0
(Supporting Information Figure S2d,e).

We then used AFM-based indentation to evaluate the rigidity
of liposomes in solution. For liposomes composed of saturated
lipids, the Young’s modulus increased gradually with lipid chain
length; that is, the vesicle rigidity increased from Lip1 to Lip4
(Figure 3b). However, for liposomes composed of unsaturated
lipids, even lipids with long chain length but one degree of
unsaturation, the vesicle rigidity decreased dramatically with
lipid unsaturation. The Young’s modulus of Lip3 (19.9 MPa)
was approximately 3.4 times Lip1 (5.8 MPa) and 0.46 times Lip4
(42.8 MPa) (Figure 3c). There was no significant difference in
the Young’s modulus among Lip1, LipS, and Lip6 (Figure 3c).
We note that the measured values of the Young’s modulus
showed good correlation with the calculated results (Figure 3c).
Furthermore, these liposomes were analyzed by AFM-based
mechanical mapping. The liposomes were originally ball shaped;
as the applied force added (from 100 pN to 1 nN), however, the
liposomes eventually deformed into various shapes depending
upon the magnitude of the forces and the rigidity of the
liposomes (Figure 3d and Supporting Information Figure S3).
Lip1, Lip2, LipS, and Lip6 deformed irregularly, whereas Lip3
changed from spherical to ellipsoidal shape. However, only mild
deformation was observed for Lip4. These results were
consistent with our theoretical modeling, showing that the
rigidity of nanovesicles increases with increasing lipid chain
length and saturation.

In Vitro Modeling of Extracellular Matrix Permeation.
We further explored the delivery efficacy of synthesized
liposomes for tumor therapy to evaluate how the mechanical
properties of SUVs affect their biological behaviors. The tumor
ECM, which consists of fibrous proteins forming a cross-linked
gel-like structure, dramatically hinders the permeation of
therapeutics into tumor cells through size filtering and
electrostatic interaction.”"””> We used multiparticle tracking
(MPT) to explore the movement of liposomes in the simulated
tumor ECM. The ensemble-averaged geometric mean-squared
displacement ({MSD)) value of Lip3 was significantly higher
than those of Lip1, Lip2, Lip4, LipS, and Lip6 (Figure 4a—c). At
the time scale of 1 s, Lip3 was approximately 11.8, 5.2, and 4.1
times the (MSD) value of Lip5, Lip2, and Lip4, respectively
(Figure 4d).

In Vitro Cellular Uptake Studies. The impact of SUV
mechanics on cellular uptake in vitro was then examined in two
different cell lines: pancreatic adenocarcinoma cells (BxPC-3)
and human pancreatic stellate cells (HPSC). The cellular uptake
pattern of these two cell lines was similar to that described in
previous reports;”> > that is, the more stiff the liposome was,
the greater the cellular uptake was. Lip4 was internalized to a
greater extent than the rest of the liposomes. We note that Lip1,
Lip$S, and Lip6 displayed no significant difference in cellular
uptake (Figure Sa), which might result from their similar
physicochemical properties, including size, surface charge, and
rigidity. The quantitative results were consistent with the
qualitative analysis (Figure Sb). In addition, we analyzed the in
vitro cytotoxicity of different liposomes by a 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. All
liposomal formulations were confirmed to be nontoxic at the
tested concentrations (Supporting Information Figure S4). The
half-maximal inhibitory concentration (ICs,) of HCPT-loaded

DOI: 10.1021/acsnano.9b01181
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Figure 4. Diffusion of liposomes in vitro. (a) Representative trajectories of liposome diffusion in simulated ECM in 1 s. (b) Distributions of the
logarithms of individual liposome effective diffusivity (D) values in simulated ECM at 1 s. (c) {(MSD) values for liposomes in simulated ECM
in 1 s. (d) Diffusivity of liposomes at 1 s in simulated ECM; n = 300; ****P < 0.0001.

liposomes was also calculated (Figure Sc,d), and the Lip4
liposomes had the lowest ICy, compared to that of the rest of the
liposomes in the two cell lines, which might result from their
efficient cell internalization. Thus, these results revealed that
rigid SUVs were more readily internalized by cells than their soft
counterparts.

To explore how these liposomes were internalized, we utilized
three different endocytosis inhibitors (chlorpromazine (CPZ)
for the inhibition of clathrin-mediated endocytosis, filipin for the
inhibition of caveolae-mediated endocytosis, and dynasore for
the inhibition of both
endocytosis). As can be seen in Supporting Information Figure
S5, both BxPC-3 and HPSC cells treated with CPZ showed
reduced uptake of all liposomes (Lip1—Lip6), indicating that all
liposomes were internalized through clathrin-mediated endocy-
tosis. In addition, recent studies using simulations and

clathrin- and caveolae-mediated

computational methods have indicated that hard NPs are
internalized smoothly by cells, whereas soft NPs undergo
deformation, which requires larger adhesion energies to
complete membrane wrapping.”> >’ This higher energy require-
ment may partly explain why liposomes of relatively lower
stiffnesses undergo relatively difficult cellular uptake.
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Penetration of Liposomes in Multicellular Spheroids.
Due to the similarity in morphology and biological micro-
environment to solid tumors, MCSs are widely used for
screening cancer therapeutics.zs’29 Recently, reports have
shown that many solid tumors, such as breast cancer, prostate
cancer, ovarian cancer, and particularly pancreatic cancer, are
similar in exhibiting stromal fibrosis; in pancreatic cancer
fibrosis, the fibrous matrix accounts for more than 90% of the
total tumor volume.*® To biologically mimic solid tumors full of
ECM, HPSC cells, which can secrete a large number of fibers
and are the main source of pancreatic fibrosis in the stroma, were
cocultured with BxPC-3 cells to form BxPC-3-HPSC MCSs. In
normal humans, HPSC cells have two phenotypes, that is, static
and activated.>"”*> When HPSC cells are activated, they secrete a
large amount of fibrin, and a-smooth muscle actin is a marker of
activation.”® We then used the a-smooth muscle actin (a-SMA)
antibody to check the phenotype of HPSC.***® The BxPC-
HPSC MCSs showed apparent green fluorescence distribution
and protein expression, indicating that the HPSC cells were in
the active state and producing large amounts of ECM proteins,
whereas little ECM could be observed in BxPC MCSs (Figure
Se). The penetration ability of liposomes was then quantitatively
and qualitatively monitored by confocal laser scanning

DOI: 10.1021/acsnano.9b01181
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Figure S. Cellular internalization and MCS penetration. (a) Confocal laser scanning microscopy (CLSM) images of the cellular uptake of
liposomes in BxPC-3 and HPSC cells. Blue, nuclei stained with 4’,6-diamidino-2-phenylindole (DAPI). Red, Dil-labeled liposomes. Scale bars:
50 um. (b) Mean fluorescence intensity of liposomes in BxPC-3 cells (top) and HPSC cells (bottom) detected by BCA. (c,d) Cell viability and
ICy, values in BxPC-3 and HPSC cells, respectively. (e) Inmunofluorescent staining of @-SMA in BxPC-3-HPSC MCSs and BxPC-3 MCSs using
the a-SMA antibody and observed under a confocal microscope. Scale bar: 100 um. (f,g) In vitro penetration of Dil-labeled liposomes (red) in
BxPC-3-HPSC MCSs and BxPC-3 MCSs. MCSs were incubated with different liposomes and imaged by CLSM Z-stack scanning after 2 h. The
MCS surface was settled at 0 gm. Scale bar: 50 pm. (h) Quantification of the depth of liposome penetration in BxPC-3-HPSC MCSs (top) and
BxPC-3 MCSs (bottom). The data are shown as the means + SD (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

microscopy (CLSM) (Figure Sf—h). Surprisingly, Lip3
displayed the best penetration at all scanning depths, and
more Lip3 than the rest liposomes diffused into the MCSs. We
surmise that because Lip3 could more easily penetrate the ECM
around the tumor cell, more Lip3 penetrated the BxPC-3-HPSC
MCSs and then entered tumor cells. Lip1, Lip2, Lip$5, and Lip6
displayed lower penetration due to their low diftusivity and weak
cellular uptake. In contrast, Lip4 exhibited moderate pene-
tration, mainly resulting from its moderate diffusivity. We also
constructed MCSs with only BxPC-3 cells, which lacked ECM
(Figure Sg). In contrast, the penetration of Lip4 in BxPC-3
MCSs was higher than that of the rest of the liposomes, which
was consistent with a previous report showing that tumor cells

uptake hard particles more readily than soft particles.’”®
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In Vivo Animal Imaging and Tumor Penetration. Lipl,
Lip$, and Lip6 showed similar ECM diftusion, cellular uptake,
and MCS penetration capacity in vitro and ex vivo, indicating that
they might have similar in vivo behaviors. Thus, LipS was then
used as the representative vesicle for Lipl and Lip6 in the
following experiments; Lip2, Lip3, Lip4, and LipS were tested
for the in vivo studies. To evaluate the impacts of SUV mechanics
on their in vivo tissue penetration, IR783-labeled liposomes were
peritumorally injected into BxPC3-HPSC-bearing nude mice.
As shown in Figure 6a,d, the fluorescence intensity of these four
liposomes decreased over time, and they showed similar
fluorescence intensity postinjection. However, the rate of
fluorescence intensity reduction varied greatly among these
three liposomes. The fluorescence intensity of Lip2, Lip4, and
LipS decreased quickly, but the fluorescence intensity of Lip3
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decreased gradually, and 63% of Lip3 remained in the tumor at
24 h, which was approximately 3.3, 2.1, and 1.5 times the
remaining amounts of Lip1, Lip2, and Lip4, respectively. The
penetration ability of DSPE-PEG2000-FIT C-labeled liposomes
was then quantitatively and qualitatively monitored by CLSM
(Figure 6b,e). For Lip3, we found a gradient of green
fluorescence from the tumor edge to the core (Figure 6b).
Lip4 showed only a few green signals at the tumor core. Lip2 and
Lip$ exhibited fluorescence only at the edge of tumor tissue. At
the scanning depth of 2.8 mm, the fluorescence intensity of Lip3
was approximately 4.8, 6.2, and 8.8 for Lip4, Lip2, and Lip5,
respectively (Figure 6e). These results suggested that Lip3 was
more effectively internalized into tumor tissues and maintained
at the tumor sites. The significantly enhanced tumor
accumulation of Lip3 could be attributed to their superior
ECM diffusivity. To verify this hypothesis, we visualized the
intratumoral distribution of DSPE-PEG2000-FITC-labeled
liposomes by immunofluorescence staining (Figure 6¢,f). Lip3
distributed widely throughout the tumor tissue, indicating their
effective penetrating capability. In contrast, Lip2, Lip4, and Lip$
were unable to penetrate deep into the entire tumor tissue.
Similar results could be found for liposomes labeled with Dil
(Supporting Information Figures S7 and S8). These results
demonstrated that Lip3 penetrated more easily into the tumor
interstitial space and thus showed extraordinary enhanced
tumor deposition in the entire tumor tissue.

Antitumor Activity Study in BXPC-3-HPSC Tumor
Xenografts. We then evaluated the antitumor effect of

HCPT-loaded liposomes in mice bearing BxPC-3-HPSC
tumor xenografts. It is shown in Figure 7a that all of the
formulations caused negligible change in body weight
throughout the treatment periods, implying good biocompat-
ibility of all the tested liposomes. The tumor volume was
measured (Figure 7b), and tumors were weighed and imaged at
the end of the study (Figure 7c,d). The Lip1 group showed an
antitumor efficiency better than that of the phosphate-buffered
saline (PBS) control. The control group displayed an antitumor
efficiency slightly better than that of the Lip1 group, which could
be explained by the increased ECM penetration (Supporting
Information Table S1). The Lip3 group exhibited the strongest
tumor inhibitory effect, mainly due to its efficient ECM
penetration and excellent cellular uptake abilities. The Lip3
group exhibited clear DNA damage and membrane lysis (Figure
7e), implying that HCPT-loaded Lip3 produced significant
tumor cell apoptosis. The extent of apoptosis decreased in the
Lip4, Lip2, control, and Lip$ groups. No apoptosis was found in
the blank group, as confirmed by TUNEL staining. Therefore,
the improved penetration and cellular uptake capacities of
liposomes with intermediate rigidity can enhance the efficacy of
chemotherapy.

Observing the Movement and Transformation of
Liposomes in the Tumor ECM. To better understand the
mechanisms of liposome penetration into the tumor tissue,
scanning electron microscopy (SEM) was used to analyze the
tumor tissue microstructures: tumor cells and ECM (Figure 8a),
ECM (tumor tissue after trypsin incubation) (Figure 8b), and
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simulated tumor ECM (Supporting Information Figure S6). All
the ECM had a fibrous network structure and a similar pore size,
which implied that the liposome would undergo transformation
within these fibrous structures. We then applied high-speed
super-resolution imaging to visualize the movement of vesicles
in MCSs directly. As it can be seen in Figure 8c and the
Supporting Information (Movies S1, S2, S3, and S4), Lip1, Lip2,
and Lip$ in the tumor stroma were deformed irregularly and
diffused in a small area. Lip3 changed from spherical to
ellipsoidal with high-speed movement. In contrast, Lip4
displayed little deformation during movement.

Previously, we have presented evidence that cylindrical/
ellipsoidal NPs exhibit diffusion capacity that is better than that
of spherical NPs in biological hydrogels, such as the intestinal
mucus and ECM.**** Molecular simulations and stimulated
emission depletion (STED) microscopy uncovered that the
rotation of ellipsoid NPs in mesh medium contributes to the
superior diffusion capacity. Therefore, once liposomes (Lip3)
deformed into ellipsoids due to their moderate rigidity, and this
thin shape could further facilitate their ECM diffusion. Soft
liposomes (Lip2 and LipS) were apt to undergo deformation
due to their low rigidity, and the contact area between the
liposomes and ECM could increase after deformation, resulting
in increased adhesion. As a result, the soft liposomes exhibited
the lowest diffusivity. In contrast, rigid liposomes (LipS) could
not deform and showed a moderate ECM diffusion capacity.

In addition, we calculated the aspect ratios (ARs) of
liposomes during their diffusion process (Figure 8d). The ARs
of Lip2 and LipS ranged from 0.8 to 4.0, indicating their
excessive and irregular deformation pattern. The mean AR of
Lip3 was approximately 2.5, suggesting that most of the Lip3
transformed into ellipsoids, which is consistent with our
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previous findings that there exists an optimal AR (approximately
3) for the maximum transport rate of rod-like NPs in adhesive
hydrogel.41 However, the AR of Lip4 was mainly 1.0, which
meant that the majority of Lip4 remained spherical. During the
entire movement, the rigidity of liposomes affected the
deformation of the particles, determining the trajectory and

speed of diffusion in the ECM.

CONCLUSIONS

Cells synthesize thousands of distinct lipids, most of which vary
in acyl chain length and saturation. However, the function of
many of these lipid variations is still uncertain. In this study, by
using theoretical studies, together with in vitro, ex vivo, and in
vivo experiments, we investigated how lipid composition affects
the mechanical properties and drug delivery efficacy of SUVs.
We demonstrated that the membrane bending rigidity increased
as the acyl chain length and saturation increased, which
contributed to differences in vesicle rigidity and deformation
capacities.

It is interesting to note that the penetration patterns of
liposomes in BxPC-3 and BxPC-3-HPSC MCSs were different.
This discrepancy was mainly caused by the different inner
structures of MCSs. BxPC-HPSC MCSs were full of ECM,
whereas little ECM could be observed in BxPC MCSs.
Therefore, the penetration of liposomes in BxPC MCSs was
determined by cellular uptake capacity, whereas the penetration
of liposomes in BxPC-HPSC MCSs was determined by ECM
diffusion and cellular uptake capacity. As a result, liposomes with
moderate rigidity showed low diffusion in BxPC-3 MCSs, which
was consistent with previous results showing that the efficiency
of penetration into single cancer cell MCSs increased with the
liposome bending modulus.*® In the BxPC-HPSC MCSs, due to

DOI: 10.1021/acsnano.9b01181
ACS Nano 2019, 13, 76767689



ACS Nano

Lip2

Lip3

Lip4

Lip5

NN

03:10

Figure 8. Observing the transportation of liposomes in the tumor ECM. (a) SEM images of tumor tissue stripped from mice bearing BxPC-3-
HPSC xenograft tumors. Scale bars, 2 ym. (b) Tumor cell and ECM. (c) Snapshots and trajectories of liposomes in BxPC-3-HPSC MCSs, as
imaged by stimulated emission depletion (STED) microscopy. STED microscopy images showing in vitro liposome deformation and movement

in BxPC-3-HPSC MCSs. Scale bars, 1 um. (d) Distribution of ARs for liposomes in (c). These data are calculated using Image]J software (n =
100).

Relative frequency (%)
°© 5

]
RIRICIR IS MM

Lip3

Relative frequency (%)
s 3

D
IR IR M ICAIC

%3@- Lip4
>

2 20
D

3

& 10,
]

=

3 04
7]

o

2
KRR IR IR

8

Lip5

ML

RICAC NP ICPOACNKS
AR

[
(=3

(=]

Relative frequency (%)
2

the fibrous network of ECM, liposomes with moderate rigidity
deformed into ellipsoids during movement in the mesh
structure, facilitating their ECM diffusion and thereby
contributing to their cellular uptake and superior tumor
penetration to that of other liposomes.

A recent study suggested that the intracellular uptake
decreased with increase in the rigidity of NPs,'* which is in
sharp contrast to the observation in the present study. There are
several potential factors that may explain the discrepancy
observed in these two independent studies. First, almost all the
physicochemical properties of the NPs in the referred work and
our study are different, and these factors could result in the
major discrepancies between our findings and their findings.
Second, the elastic moduli are not within the same orders of

magnitude, which might contribute to the different cellular
uptake mechanism. Moreover, the cell lines used in our studies
are not the same as these in the referred work.

By exploring how bending properties affect vesicle tumor
delivery, we gained insight into the gatekeeping function of the
ECM. Stiff vesicles had superior cellular internalization capacity
but exhibited intermediate tumor delivery efficacy. On the other
hand, vesicles of intermediate rigidity were the most effective
formulation for tumor therapy compared to their soft and stiff
counterparts, mainly due to their efficient ECM penetration
ability. Thus, the ECM is the main barrier to the tumor delivery
of the vesicles tested here. We anticipate that these results could
inspire more research on designing strategies of overcoming the
ECM barriers for ECM-rich tumors.
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Despite a few successful liposomal pharmaceutical products in
the 1990s, such as Doxil, Myocet, and AmBisome, the
translational development of liposomal formulations for tumor
delivery in clinical studies has been slow. It is now well-
recognized that the success of liposome-based chemotherapy is
significantly hampered by sequential drug delivery barriers,
including tumor penetration and cellular internalization.** Here,
we revealed that liposome rigidity plays important roles in drug
delivery, and liposomes with intermediate rigidity exhibited
better pancreatic tumor delivery than their soft and stiff
counterparts. In addition, we note that elastic liposomes
(Transfersome) could improve drug delivery into and through
the skin.”>** From a practical perspective, our findings on the
effects of the mechanical properties of liposomes on tumor
delivery are of immediate interest for the rational design of
vesicles for drug delivery.

In summary, we demonstrated that the chain length and
saturation of lipids regulated the mechanical properties of SUVs,
which further affected their biological behaviors, specifically
tissue penetration by deformation-tuned diffusion across the
ECM and cellular barriers. Three physically distinct liposomes
that differed in lipid composition were prepared as typical
models of SUVs. The membrane rigidity of SUVs increased with
increasing acyl chain length and saturation, contributing to
different vesicle rigidities and distinct deformation patterns,
which directly regulated ECM penetration and tumor delivery.
Taken together, our results provide critical insights into the role
of biomechanical cues between the lipid composition and SUV
mechanical properties, SUV and ECM, SUV and cell, and SUV
and organ. This work assists the understanding of the mechanics
of lipid vesicles and may guide the rational design of eflicient
liposome delivery systems.

METHODS

Materials. 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
were purchased from Lipoid (Germany). 1-Palmitoyl-2-stearoyl-sn-
glycero-3-phosphocholine (HSPC), 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC), 1,2-dihexadecanoyl-rac-glycero-3-phosphocho-
line (DPPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000), 1,2-dilauro-
yl-sn-glycero-3-phosphocholine (DLPC), 1,2-dierucoyl-sn-glycero-3-
phosphocholine (DEPC), 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[ (polyethylene glycol)-2000)]-fluorescein isothiocyanate
(DSPE-PEG2000-FITC), and 1,2-distearoyl-sn-glycero-3-phosphoe-
thanolamine-N [biotinyl (polyethylene glycol) 2000)] (ammonium
salt) (DSPE-PEG2000-Biotin) were purchased from AVT Corporation
(Shanghai, China). 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-
[methoxy(polyethylene glycol) 2000] (DOPE-PEG2000) was pur-
chased from Avanti (USA). a-SMA and secondary Alexa Fluor 488-
conjugated goat anti-rabbit IgG (H+L) were purchased from Abcam
(Cambridge, UK). Hydroxycamptothecin (HCPT) was purchased
from J&K China Chemical Ltd. 2-(4-Amidinophenyl)-1H-indole-6-
carboxamidine (DAPI), secondary Alexa Fluor 555-conjugated donkey
anti-rabbit IgG (H+L), and 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindo-
carbocyanine perchlorate (Dil) were purchased from Beyotime
BioTechnology (China). Filipin and dynasore were purchased from
Dalian Meilun Biotechnology Co., Ltd. Chloroform, cholesterol, and
glycerin were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Other reagents were of analytical grade.

Cell and Animal Care. A pancreatic adenocarcinoma cell line
(BxPC-3) from the Chinese Academy of Sciences Shanghai cell bank
was cultured at 37 °C and 5% CO, in Roswell Park Memorial Institute
(RPMI) 1640 complete medium containing 10% serum. Human
pancreatic stellate cells (HPSCs) from the United States Science Cell
Research Laboratories were cultured at 37 °C and 5% CO, in
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Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
serum. Balb/c-nu/nu rats (20 g + S g) were provided by the Animal
Experiments Center of the Shanghai Institute of Materia Medica,
Shanghai, China. Animals had free access to food and water. All animal
procedures performed in this study were approved by the Animal Ethics
Committee of Shanghai Institute of Materia Medica, Chinese Academy
of Sciences (IACUC certification numbers 2017-08-GY-32 and 2018-
01-GY-35).

Liposome Preparation and Characterization. Liposomes were
prepared by a modified thin lipid film hydration method. Briefly,
phospholipids and HCPT were dissolved in methanol and chloroform
(1:3, v/v) in a round-bottom flask. The organic solvent was evaporated
to form a homogeneous lipid film. Then, the lipid film was hydrated,
followed by extrusion by using a mini-extruder (Avanti Polar Lipids).
The liposome size and zeta-potential were measured by a NanoZ$
(Malvern). The encapsulation efficacy was detected by high-perform-
ance liquid chromatography (HPLC, Agilent).

Cryogenic Transmission Electron Microscopy (cryo-TEM).
Cryo-TEM was adopted to visualize the structures of liposomes.
Liposome suspension (200 uL) was dropped on a carbon-coated
copper grid, blotted, and immersed in liquid ethane for shock-frozen
product. The samples were then imaged by using a Tecnai 12 electron
microscope at 200 kV.

Atomic Force Microscopy. The Bio-FastScan scanning probe
microscope (Bruker) in PeakForce QNM imaging mode was used for
AFM analysis. All the liposomes were detected in solution. In brief, we
chose biotin-DSPE-PEG2000 to replace DSPE-PEG2000 for the
liposome preparation, and the liposomes were hydrated in 10 mM
MgCl, solution for 30 min. For liposome deposition, following adding 2
UL of liposome solution, Tris-HCI buffer (1 uL, 20 mM, pH 8.8) was
dropped on the mica surface and incubated for 10 min. The
undeposited liposomes were then removed by rinsing with Milli-Q
water (20 uL X S). For the AFM observations, liposomes were
immersed in a liquid cell filled with buffer A (20 mM Tris-HCI, pH 8.0,
30 mM KCl, 2 mM MgCl,).

Serum Stability and In Vitro Drug Release. Five hundred
microliters of liposomes (S mg/mL) was added to 500 L of serum and
incubated at 37 °C. Then, the size, polydispersity index, and zeta-
potential of the incubated liposomes were analyzed every 20 min.
Similarly, 400 L of HCPT-loaded liposomes was added to 1600 L of
FBS and incubated at 37 °C in a water bath. At the determined time
points, 100 #L samples were withdrawn and then centrifuged at 8000
rpm for 10 min. The supernatant was carefully collected. HCPT was
extracted by the addition of a 1:1 ratio of supernatant and acetonitrile,
followed by vortexing and then centrifugation at 10 000 rpm. The
organic phase was carefully collected for HPLC analysis. The mobile
phase was a mixture of methanol and 0.0S M ammonium acetate at a
ratio of 55:4S. Twenty microliters of supernatant was injected into the
HPLC system. Analysis was performed with C18 at 25 °C, and the
detection wavelength was 266 nm.

Cellular Uptake. For the cellular uptake study, we selected two
cancer model cell lines: BxPC-3 and HPSC Huh-7. Each kind of tumor
cell was seeded at a density of 10* cells/well in 24-well plates and
incubated for 24 h. Liposomes labeled with the fluorescent Dil probe
were used to investigate the uptake efficiency. Cells were incubated with
liposome suspensions (1 mg/mL) for 2 h at 37 °C. Cells were washed
with PBS three times and fixed with polyformaldehyde for 20 min.
DAPI solution was added to the cell culture and incubated for 20 min at
room temperature. Then, the samples were imaged by CLSM.

Cytotoxicity Study. The cytotoxicity of liposomes to BxPC-3 and
HPSC cells was measured by the MTT assay. BxPC-3 and HPSC cells
were seeded separately in a 96-well plate at a density of 5 X 10° cells/
well. The liposome concentration was varied from 0.025 to 1.0 mg/mL
at six different values, three wells for each value. The HCPT
concentration varied from 0.1 to 100 xg/mL. The whole plate was
incubated at 37 °C for 24 h. Then, the supernatant was discarded, and
100 uL of MTT solution (5 mg/mL in water) was added to each well.
The plate was further incubated for 4 h at 37 °C. Then, the medium was
removed, and the cells were lysed by the addition of 150 L of dimethyl
sulfoxide. The absorbance was measured by using an Hlm microplate
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reader at 490 nm. Cell viability (%) was calculated as Ayeq/Acontrol X
100%, where A, and A | represented the absorbance of cells treated
with test solutions and blank culture media, respectively.

BxPC-3 and HPSC Multicellular Spheroids. By using a lipid
overlay system as described previously,” we established the BxPC-3
and HPSC MCSs. In brief, 2% (w/v) sterilized agarose solution (200
uL) was dropped into each well of 48-cell culture plates, followed by
seeding with 5000 BxPC-3 and 5000 HPSC cells. Then, the BxPC-3 and
HPSC MCSs were allowed to grow for 7 days (37 °C, 5% CO,).

Liposome Penetration, Deformation, and Movement in
MCSs. MCSs were added into the ultra-low-attachment 24-well plates.
The Dil-labeled liposomes in DMEM (1 mg/mL, pH 7.0) were then
added into the plates. The MCSs were harvested after 2 h, washed with
PBS (pH 7.4, 0.01 M) three times, and imaged by CLSM or STED
microscopy.

Preparation of Collagen(l) Hydrogels. Collagen hydrogels (1.5
mg/mL) were constructed to mimic the ECM structure. First, bovine
collagen(I) solution (2.4 mg/mL, 300 uL) was mixed with PBS (10X,
50 uL), sodium hydroxide (0.1 M, 10 uL), and RPMI medium
(containing 10% fetal bovine serum and 1% penicillin—streptomycin,
120 uL) and was kept cool on ice. Next, the mixture was kept at 37 °C
for 4 h to ensure the assembly of the intact collagen(I) matrix.

Scanning Electron Microscopy. SEM examination of the
ultrastructure of the tumor ECM was performed as previously
described.** Briefly, glutaraldehyde-fixed samples were treated with
1% osmium tetroxide, rinsed in distilled water, and dehydrated in
solutions with increasing alcohol concentrations. The samples were
then critical-point dried, sputter-coated with gold, and investigated with
a Nova NanoSEM 230 microscope (FEI Co., Hillsboro, OR).

Multiple Particle Tracking. The ex vivo tracking studies were
exploited as previously reported.*® Briefly, 5 uL of liposomes was
carefully pipetted onto 200 uL of collagen(I) hydrogels and incubated
for 30 min before microscopy. Movies were captured for 10 s using a
fluorescence microscope. The temporal resolution was 32.6 ms, and the
tracking resolution was 10 nm. The trajectories for 300 particles were
analyzed using ImageJ. The time-averaged mean square displacement
(MSD) and effective diffusivity (D) were calculated as

MSD, = (x, — x)° + (y — )* and Dz = MSD/(4t)

where x and y represent the coordinates of the particle and t indicates
the time scale.

Immunofluorescence Staining. The MCSs were sliced, fixed, and
permeabilized. The primary antibodies were then dropped onto the
slices and co-incubated at 4 °C for 8 h. After being washed, the MCSs
were stained with anti-rabbit IgG Alexa Fluor 488 secondary antibody
(1:500) for 1 h. The nuclei were stained with DAPI and then analyzed
by using a Leica SP8 microscope.

Tumor Penetration by In Vivo Imaging. The subcutaneous-
tumor-bearing nude mouse model was established by subcutaneous
injection of BxPC-3 and HPSC cells (1 = §). Tumors were used when
they reached approximately S mm in diameter. IR783 was incorporated
into liposomes as a fluorescence indicator. Lip2, Lip3, Lip3, and Lip4
(100 L) with 40 pg/mL IR783 were peritumorally injected into the
mice. In vivo radioactive optical imaging was performed with an IVIS
100 Spectrum system. The mice were placed in a light-tight chamber
under isoflurane anesthesia, and luminescent images were captured at
the determined time points. The Living Image 3.1 software was used to
analyze to images.

Tumor Penetration Study in Vivo. DSPE-PEG2000-FITC or
Dil-labeled Lip2, Lip3, Lip4, and LipS were first peritumorally injected
into BxPC-3-HPSC-bearing nude mice (n = S). The nude mice were
sacrificed 2 h postinjection. The tumor tissues were excised, washed,
and sliced. The tumor slices were then incubated with a-SMA overnight
at 4 °C, followed by incubation with anti-rabbit IgG Alexa Fluor 555
secondary antibody (1:500) or anti-rabbit IgG Alexa Fluor 488
secondary antibody (1:500) at room temperature for 1 h. The nuclei
were stained with DAPI for 30 min. After being sealed with 90%
glycerol, the samples were observed by CLSM with a 10X objective. For
the different depth of tumor penetration study in vivo, samples were
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observed by Leica DM 6B with a 10X objective, and the whole section
images were obtained by merging tile-scanned images.

In Vivo Pharmacodynamics Experiments. For the in vivo tumor
suppression experiment, the nude mice were peritumorally injected
with PBS or HCPT-loaded liposomal formulations (control, Lip2, Lip3,
Lip4, and Lip$5) at an equivalent HCPT dose of 2.0 mg/kg of mouse
body weight. The mice received injections on days 3, 6,9, 12, 15,and 18
until the tumor volume reached 100—200 mm®. Tumor growth was
monitored by measuring the perpendicular diameter of the tumor using
calipers. At the end of the experiment, the animals were sacrificed, and
the tumor tissue was removed, weighed, and fixed with 4%
paraformaldehyde for 48 h. All samples were dehydrated using an
automatic dehydrator (Shandon Excelsior ES, Thermo, USA) and
embedded in a wax block (HISTOSTABR). A 3 um thick paraffin
section (LEICARM224S5) was prepared, stained with hematoxylin and
Titan red (Varistain Gemini ES), and mounted (Shandon Clearvue).
Tumor cell apoptosis and necrosis were observed under a 20X
microscope.

Statistical Analysis. All the data are reported as the means + SD.
Student’s t-test was used when two groups were compared, and one-
way analysis of variance (ANOVA) with Tukey’s post-hoc test was used
when multiple groups were compared (P > 0.05, ns; *P < 0.0S; **P <
0.01; *#%P < 0.001, ***#P < 0.0001).
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