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Nanoparticle (NP) stiffness has been shown to significantly impact
circulation time and biodistribution in anticancer drug delivery. In
particular, the relationship between particle stiffness and tumor
accumulation and penetration in vivo is an important phenome-
non to consider in optimizing NP-mediated tumor delivery. Layer-
by-layer (LbL) NPs represent a promising class of multifunctional
nanoscale drug delivery carriers. However, there has been no dem-
onstration of the versatility of LbL systems in coating systems with
different stiffnesses, and little is known about the potential role of
LbL NP stiffness in modulating in vivo particle trafficking, although
NP modulus has been recently studied for its impact on pharma-
cokinetics. LbL nanotechnology enables NPs to be functionalized
with uniform coatings possessing molecular tumor-targeting prop-
erties, independent of the NP core stiffness. Here, we report that
the stiffness of LbL NPs is directly influenced by the mechanical
properties of its underlying liposomal core, enabling themodulation
and optimization of LbL NP stiffness while preserving LbL NP outer
layer tumor-targeting and stealth properties. We demonstrate that
the stiffness of LbL NPs has a direct impact on NP pharmacokinetics,
organ and tumor accumulation, and tumor penetration—with com-
pliant LbL NPs having longer elimination half-life, higher tumor ac-
cumulation, and higher tumor penetration. Our findings underscore
the importance of NP stiffness as a design parameter in enhancing
the delivery of LbL NP formulations.
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For anticancer therapeutics that exhibit poor pharmacokinetic
properties, dose-limiting toxicities, and chemical instability,

nanoscale encapsulation and drug delivery offer a promising
opportunity to confer favorable material properties that extend
circulation half-life, control off-target tissue distribution, and limit
the degradation or aggregation of unstable or poorly soluble
therapeutic modalities. Layer-by-layer nanoparticles (LbL NPs),
formed via the sequential, electrostatic assembly of oppositely
charged polyelectrolytes on a colloidal template, enable the cre-
ation of multifunctional materials, whose properties can be tuned
by switching out each charged component of the LbL NP system
with a similarly charged polyelectrolyte. This modular platform
allows for the facile integration of a wide variety of therapeutics
(1–4) and functionalization with targeting chemistry that limits
opsonization and clearance (5), while increasing tumor accumu-
lation via receptor–ligand binding interactions and stimulus-
responsive polymer architecture (6). LbL is a well-established
technology with demonstrated applications in therapeutic target-
ing and systemic delivery to cancer (3, 7, 8).
Inspired by a number of studies chronicling the importance of

mechanical properties on NP circulation half-life (9–13), tumor
accumulation (14–16), and tumor penetration (17–21), and capi-
talizing on the adaptability of LbL NPs to be synthesized with a
wide variety of charged core materials while maintaining the same
tumor-targeting outer layer chemistry, we sought to determine
whether LbL NPs preserve the stiffness properties of their cores,

enabling LbL NP stiffness to be tuned for desired half-life and
tumor accumulation and penetration, while simultaneously con-
serving tumor-targeting and stealth properties provided by the
LbL particle coating. We examined whether core-imparted LbL
NP stiffness could impact particle pharmacokinetics and tumor
accumulation and penetration. Using an LbL liposome system,
we modulated liposomal core stiffness via liposomal cholesterol
content. Drawing from earlier findings that cholesterol increases
membrane fluidity within gel-phase liposomes at temperatures
below the melting temperature (Tm) of the main phospholipid (22,
23) and that cholesterol added to a stiff, crystalline DSPC lipo-
somal core (Tm ∼55 °C) (19, 24) decreases membrane stiffness and
increases liposome deformability (21, 25–27), we hypothesized
that stiff LbL NPs (S-NPs) formed from “stiff” liposome (S-L)
cores (100 mol% 18-carbon saturated phospholipids) and com-
pliant LbL NPs (C-NPs) formed from compliant liposome (C-L)
cores (60 mol% 18-carbon saturated phospholipids and 40 mol%
cholesterol) would have stiffness-related differences in circulation
time, biodistribution, tumor accumulation, and tumor penetration.
We elected to keep outer layer composition constant to ensure
in vivo performance was based solely on particle stiffness as a
function of core cholesterol content. LbL assembly permits us to
create LbL NPs with varied core composition and stiffness while
maintaining the same outer layer–targeting chemistry (6).
In this study, we demonstrate that the particle stiffness of LbL

liposomes can be tuned via cholesterol content. We show that
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following intravenous administration, C-NPs have longer elimi-
nation half-lives than S-NPs. We also demonstrate that C-NPs
have higher tumor accumulation and a higher degree of particle
penetration into subcutaneous tumors, extending prior observa-
tions of liposomes (14, 21) to this multicompartment drug
delivery system.

Results and Discussion
C-NPs and C-Ls Have Higher Bilayer Fluidity and Lower Effective
Elastic Moduli. S-NPs and S-Ls exhibit higher effective elastic
moduli. We formulated LbL NPs consisting of an anionic, fluo-
rescently tagged liposome core assembled with two polyelectro-
lyte layers. S-L cores were formulated with 100 mol% 18-carbon
saturated phospholipids (mass ratio 73:20:7 DSPC: DSPG:
DSPE), while C-L cores were formulated with 60 mol% 18-carbon
saturated phospholipids and 40 mol% cholesterol (mass ratio
48:25:20:7 DSPC:Chol:DSPG:DSPE). Since cholesterol is known
to decrease order in fully saturated phospholipid systems (28), and
this reduced lipid ordering has been shown to impact elastic
modulus (21, 25, 29), bending stiffness (30), and compressibility
(31), we hypothesized that cholesterol-containing liposomes (C-L)
would be more compliant than 100 mol% fully saturated phos-
pholipid liposomes (S-L) (Fig. 1A). DSPC was chosen as the main
phase transition lipid for stability since it has a Tm well above that
of the human body (Tm = 55 °C). For uniformity, only fully sat-
urated 18-carbon phospholipids were used for additional phos-
pholipid components. DSPG was added to all formulations to
ensure a negative liposome charge. DSPE was added for Cyanine7
(Cy7) NHS ester dye conjugation (SI Appendix, Table S1). Both
liposome cores were then layered with poly-L-arginine (PLR) and
terminally layered with hyaluronic acid (HA) via sequential ad-
sorption and purification by tangential flow filtration (TFF) (32).
HA is a known ligand of the CD44 receptor up-regulated in
ovarian cancer (33, 34), with demonstrated success in targeting
nanotherapies (including LbL NPs) to ovarian cancer (6, 35–37).
The effective stiffness of individual NPs was computed as ef-

fective elastic moduli E for S-Ls and C-Ls, and S-NPs and C-NPs,
using atomic force microscope-enabled indentation on fully hy-
drated and liquid-immersed NPs. These relative magnitudes dif-
fered significantly as a function of NP core composition and not as
a function of LbL coating for a given core composition. Specifi-
cally, S-Ls and S-NPs exhibited effective E of 21 ± 12 kPa and
24 ± 14 kPa, respectively. In contrast, C-Ls and C-NPs exhibited
significantly lower E of 8 ± 3 kPa and 6 ± 3 kPa, respectively. The
observation that LbL coating did not significantly impact mea-
sured NP stiffness confirms that the elastic properties of LbL NPs
are governed most strongly by core composition and demonstrates
LbL assembly as a way to modulate NP stiffness while maintaining
targeting functionality. Representative force displacement re-
sponses are given in Fig. 1A, and the measured distribution of
elastic moduli (n = 30 measurements per composition) are given
in SI Appendix, Fig. S1, with associated experimental methods.
Differences in cholesterol content did not result in significant
particle diameter differences in the resulting formulations by dy-
namic light scattering (DLS) (Fig. 1B). S-NPs and C-NPs were
157 ± 3 nm and 167 ± 6 nm in diameter, respectively (100 nm by
number average; SI Appendix, Fig. S2). Both particles demon-
strated similar stability in cell culture media (RPMI + 10% fetal
bovine serum [FBS]), HEPES (0 to 200 mM), and NaCl (0 to 100
mM) buffer solutions (SI Appendix, Fig. S3).
In order to determine whether cholesterol content alters NP

structure, we obtained cryogenic transmission electron micros-
copy (cryo-TEM) images of our NPs (Fig. 1C). These images
confirm significant differences in liposomal core structure. S-Ls
have a crystalline, faceted appearance. In contrast, C-Ls for-
mulated with cholesterol have a smooth, spherical shape. These
observations are consistent with previous studies conducted by
Kim et al., in which microparticles formed from fully saturated

phospholipids exhibited crystalline domains (24). Given that
images were acquired far below the Tm of DSPC (55 °C), at −180
°C, and based on our understanding of cholesterol’s role in
“fluidizing” the bilayer at temperatures below the Tm (22, 23),
the presence of crystalline domains in S-Ls is expected. The
domain faceting becomes increasingly pronounced with smaller
particles (i.e., NPs), which have a much higher surface curvature
than microparticles. S-NPs and C-NPs formulated with S-Ls and
C-Ls, respectively, preserve the structures of their liposome
cores (Fig. 1C). We observed no differences in the layering of
S-NPs versus C-NPs (SI Appendix, Fig. S4).

C-NPs Have Higher Deformability. Deformability is an important
attribute of NPs to characterize as it relates to biodistribution.
NPs must pass through discontinuous endothelium in the liver
and spleen (200 to 500 nm) in order to return to circulation (10, 38).
Based on previous literature demonstrating that more compliant
NPs have prolonged blood circulation time (9–13), we hypothesized
that a higher proportion of C-NPs would be able to return to cir-
culation because of this relatively higher capacity for deformation.
To characterize relative differences in the deformability of our
S-NP and C-NP formulations in vitro, we developed an ultracen-
trifugation spin-down assay. This semiquantitative assay is distinct in
that it allows a user to assess relative differences in NP deform-
ability without the use of nanomechanical probes, thus enabling a
more rapid and readily available approach to comparing formula-
tions in a relevant, fluid-suspended context under shear flow.
Fluorescently tagged LbL NPs were loaded into the top filter

compartment of an ultracentrifugation tube with 200-nm pores.
This pore size was selected on the basis that discontinuous en-
dothelial junctions in the spleen are ∼200 to 500 nm wide (10, 39,
40). To be conservative, we chose to conduct this assay with
filters having a pore size cutoff at the lower limit of this range.
The spleen is a primary filtration organ and has been identified
as a key biological barrier-impacting circulation of NPs (9, 10).
Under the compressive stresses imparted by centrifugation, we
hypothesized that S-NPs and C-NPs would have different levels
of NP accumulation within each compartment of the ultracen-
trifuge tube (retentate, filter, and filtrate). Fluorescence values
and DLS derived count rates (DCRs) were used to calculate the
proportion of NP in each compartment postspin (Fig. 2A).
Fluorescence values of the unfiltered sample, retentate, and fil-
trate demonstrated that C-NPs had a higher degree of NP ac-
cumulation in the filter (Fig. 2 B, Left). This was observed for
unlayered liposome cores, PLR single-layer LbL NPs, and PLR/
HA bilayer LbL NPs. Unfiltered (not spun), retentate, and fil-
trate samples were additionally measured for particle concentration
using DCR from DLS. NP count results trend with fluorescence
results, further confirming the higher accumulation of C-NPs within
the filter (Fig. 2 B, Right). C-NPs additionally had higher accu-
mulation in the filtrate and lower retention in the retentate, sug-
gesting that C-NPs were able to pass through the filter and enter
the filtrate more easily (SI Appendix, Fig. S5A). Prior to measure-
ment, a standard curve-relating DCR to particle concentration was
generated at fixed laser attenuation. SI Appendix, Fig. S5B dem-
onstrates that this relation is linear for the NP concentrations for
which this assay was optimized.
To confirm the observed differences in the filter accumulation

of S-NPs and C-NPs, a second ultracentrifugation assay was
devised (Fig. 2C). We hypothesized that NPs caught in the filter
would slow the flow of liquid into the filtrate. The extent of filter
clogging could be measured by tracking the movement of retentate
volume into the filtrate under centrifugation. NP samples were
loaded into tubes, spun, and washed to remove residual NP sample
from the retentate and filtrate. Ultrapure water was then added to
the top of the filter unit, and retentate volume was tracked over
time. Tubes that had been previously used to spin-down C-L and
C-NPs maintained a larger retentate volume under recentrifugation
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than S-Ls and S-NPs, indicating a greater extent of filter accumu-
lation for C-NPs (Fig. 2D). LbL NPs that passed through the filter
and into the filtrate were similar in size and polydispersity index
(PDI) to original, unfiltered LbL NPs and experienced a slight
reduction in absolute zeta potential (SI Appendix, Fig. S5C). These
ultracentrifugation assays were repeated using 100-nm pore size
filter membranes and LbL NPs (SI Appendix, Fig. S6). We found
that C-NPs had higher filter accumulation and filter clogging than
S-NPs. LbL NPs were able to pass from the retentate to the filtrate
and experienced a slight decrease in size and increase in zeta po-
tential. Taken together, these data suggest that C-NPs are more
deformable, resulting in increased NP–membrane interactions and
greater NP accumulation in model membranes. We suggest that
higher NP deformability increases contact surface area between
NPs and the membrane, resulting in greater frictional forces. These
findings are corroborated by atomic force microscopy (AFM)
measurements of liposomes; at temperatures below the Tm of the
phospholipid, liposomes formulated from fully saturated phos-
pholipids have a higher bending modulus (DPPC system, ∼16 ×
10−19 J) than liposomes formulated with a combination of fully
saturated phospholipids and cholesterol (50:50 DPPC:cholesterol
system, ∼5 × 10−19 J) (25). Others have used physiological, flow-

based microcapillary models to demonstrate that more compliant
microparticles can squeeze through channels of diameter smaller
than a particle’s diameter (41).

C-NPs Have a Longer Elimination Half-Life and Higher Splenic and
Liver Accumulation in Nontumor-Bearing Mice. Hypothesizing that
C-NPs would possess more favorable properties than S-NPs for
improving LbL NP circulation half-life, we assessed their in vivo
elimination half-life and biodistribution patterns. We chose to
use healthy mice in order to examine the direct material impact
of the LbL NPs, while mitigating complicating effects due to the
disease state.
Mice were treated tail–vein with an injection of either Cy7-

tagged S-NPs or C-NPs. Control mice were not injected. Posttreat-
ment, whole-body fluorescence images of the mice were taken with
an in vivo imaging system (IVIS) at multiple time points, over a 24-h
period. Mice were euthanized at 24 h, and organs were imaged
ex vivo for Cy7 LbL NP fluorescence. IVIS time point images were
later quantified for whole-body fluorescence values and normalized
to mouse body fluorescence immediately postinjection (Fig. 3A).
C-NPs had a longer elimination half-life (t1/2,fast = 1.8 h and t1/2,slow >
23 h) compared to S-NPs (t1/2,fast = 0.52 h and t1/2,slow = 4.1 h). Data

Fig. 1. Physicochemical characterization of S-NPs and C-NPs. (A) S-Ls and C-Ls are layered with PLR and HA to form S-NPs and C-NPs, respectively. LbL NPs
formulated with 18-carbon, fully saturated phospholipids have a high Tm (55 °C). At room temperature, saturated lipid tails pack closely together, forming a
stiff structure. In C-NPs, the addition of cholesterol breaks up this tight packing, making liposome more fluid. AFM measurements show that both S-Ls and
S-NPs are considerably stiffer than C-Ls and C-NPs (****P < 0.0001). No significant difference in effective elastic modulus was detected between liposomes and
LbL NPs, confirming that the liposomal core dictates the mechanical properties of the LbL NP. Effective modulus values E are reported as mean ± SD. (B) S-NPs
and C-NPs have similar size and charge by DLS measurements. (C) Cryo-TEM images of S-Ls indicate a faceted, crystalline structure. In contrast, C-Ls have a
fluid, spherical structure. Postlayering, both S-NPs and C-NPs retain the geometries of the underlying liposomal core.
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were fit with a biexponential, two-phase decay model to capture
the biphasic nature of NP distribution and elimination post-
intravenous bolus administration; this model has been used to
describe polyethylene glycol–coated liposomes (42). Area under
the curve (AUC) values are 933 ± 69.3 for C-NPs and 582 ± 29.4
for S-NPs, indicating that C-NPs had higher tissue/plasma expo-
sure over time. The finding that C-NPs have longer elimination
half-life builds on earlier reports that more compliant particles
have longer blood circulation times, owing to their ability to de-
form and evade biological filtration systems (9–13). This trend has
been reported for a wide range of particle sizes (nanometer to
micrometer) (9, 11, 43) with or without targeting functionalization
(9, 10) and for a wide range of elastic moduli values (kilopascal to
gigapascal) (13).
Ex vivo images of Cy7 organ fluorescence indicate that the

accumulation of C-NPs was highest in the liver, followed by the
kidney and the spleen. In contrast, S-NPs had the highest accu-
mulation in the kidney, followed by the liver and the spleen
(Fig. 3 B–D). NPs are known to have high accumulation and
elimination through the liver and spleen (39), as these are major
clearance organs of the mononuclear phagocyte system (MPS).
Studies of murine tissues have also shown that the spleen and
liver express CD44—a receptor for HA (44). The higher splenic
and liver accumulation of C-NPs may be caused by the higher
retention of C-NPs in the blood, increasing tissue/plasma expo-
sure to LbL NPs. In addition, studies have reported the increased
uptake of stiff NPs by phagocytic cells (9, 45), which may explain
the faster clearance of S-NPs over C-NPs. The membrane-
wrapping energy required for endocytosis/phagocytosis is repor-
ted to be higher compliant NPs (46, 47), resulting in frustrated
uptake and the ability of compliant NPs to evade rapid clearance
by macrophages and other professional phagocytes.

Elimination half-life and biodistribution data suggest that
S-NPs are clearing much more rapidly from blood circulation
and accumulating in the kidney. While it is possible that kidney
accumulation is caused by dye release, we have found little evi-
dence to support that this is occurring for LbL NPs in this study;
in addition to confirming the stability of LbL NPs in media
(SI Appendix, Fig. S3), we detected <2% free dye in the injected
NPs and minimal dye release from LbL NPs over 24 h at phys-
iological conditions (SI Appendix, Fig. S7). Dye release studies
indicate that a small amount of dye is released upon the initial
contact with biological media (within 1 h), but no additional dye
release occurs between 1 and 24 h. Given that all dye release
occurs within the first hour and renal excretion occurs rapidly for
molecules <5 nm (48), significant kidney accumulation from dye
release would be expected at time points much earlier than 24 h.
Additionally, IVIS images tracking in vivo NP distribution show
that, for all LbL NP treatments, particles are concentrated in the
liver and not the bladder (SI Appendix, Fig. S8). Interestingly, a
recent study reported TEM images showing that glycosaminoglycan-
functionalized polymeric NPs (130 to 180 nm) can accumulate
intact within the kidney via proximal tube secretion, rather than by
glomerular filtration (49). Others have reported the significant
kidney accumulation of polymeric NPs (50, 51), and several
viruses are known to undergo rapid renal excretion despite their
large size (155 to 240 nm) (52, 53). Like S-NPs, polymeric NPs and
virus particles are stiffer than C-NPs (13, 54), suggesting a link
between stiffness and kidney accumulation. However, further
studies are required to explore this hypothesis.

C-NPs Have Higher Tumor Accumulation and Longer Elimination
Half-Life in Tumor-Bearing Mice. Given that C-NPs possess 1) long
elimination half-life (Fig. 3) and 2) enhanced deformability

Fig. 2. C-NPs have higher deformability, resulting in increased NP–membrane interactions and greater NP accumulation in model membranes. The filter
clogging of compliant materials is a result of higher NP deformability, which increases the contact surface area between membrane and NP, thereby in-
creasing frictional forces at the NP–membrane interface. (A) Procedure for ultracentrifugation spin-down assay. Membrane pores (0.2-μm diameter) ap-
proximate the discontinuous endothelium found in organs like the liver and spleen, allowing NPs to pass through. NP-loaded ultracentrifuge tubes are loaded
and spun. Filtrate and retentate fluorescence and particle count are quantified to determine the proportion of NP accumulation in the filter. (B) C-NPs have
greater filter accumulation, as quantified by fluorescence signal (****P < 0.0001) (Left) and NP counts from DLS DCRs (***P = 0.0003) (Right). (C) Procedure
for retentate volume assay to probe the degree of filter clogging by S-NPs and C-NPs. Ultracentrifuge tubes containing NP samples are spun, washed to
remove NP sample from the filtrate and retentate, and respun with fresh water to determine degree of filter clogging. (D) For unlayered (0L), single-layer
(1L), and bilayer (2L) NPs, retentate volume is higher for NPs formulated with C-L cores, indicating that C-NPs clog membrane pores to a greater extent,
preventing the flow of water from the top of the filter unit.
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(Fig. 2), we hypothesized that they could have higher tumor ac-
cumulation. Longer elimination half-life increases the chances of
passive NP accumulation at the tumor site. We additionally hy-
pothesized that enhanced mechanical fluidity would increase the
NP permeation of leaky tumor vasculature. To test this hypothesis,
we inoculated mice with subcutaneous OVCAR8 GFP/Luc2-
expressing tumors. Luciferized OVCAR8 cells enabled the mon-
itoring of tumor growth and activity via bioluminescence imaging
(55). Tumors were allowed to grow for 44 d to an average size of
300 cm3. Around 1 wk prior to the start of experiments, mice were
imaged for bioluminescence activity. Size measurements and
bioluminescence values were then used to assign mice to treat-
ment groups with equal tumor burden and tumor activity. Mice
were treated tail–vein with formulations of either S-NPs or C-NPs
and imaged over 24 h for Cy7 distribution (SI Appendix, Fig. S9).
Around 24-h postinjection, tumors were imaged ex vivo for Cy7
NP fluorescence and corresponding tumor bioluminescence.
Ex vivo tumor images (Fig. 4A) reveal that C-NPs had higher

tumor accumulation than S-NPs. Analyzed images indicate that
this difference in NP accumulation is significant (P = 0.0327).
Median NP accumulation for the C-NP group was nearly twice
that of the S-NP group (Fig. 4 B, Top). Tumor activity was similar
between treatment groups (Fig. 4 B, Bottom). C-NPs also had the
higher colocalization of Cy7 NP fluorescence with tumor biolu-
minescence (Pearson’s R = 0.72) compared to S-NPs (Pearson’s
R = 0.38) (SI Appendix, Fig. S10A) and a greater degree of
overlap between NP signal and tumor bioluminescence signal (SI
Appendix, Fig. S10 B and C). Ex vivo images of organs reveal that
C-NPs had higher overall particle retention, with large amounts
of NP accumulation in the liver (Fig. 4C). The comparison of
C-NP and S-NP organ fluorescence values reveals that C-NP had
higher accumulation in the tumor, spleen, and liver (SI Appendix,
Fig. S11). As the spleen and liver are major organs of the MPS
system, the heightened accumulation of C-NPs in the liver and
spleen may be due to longer circulation times. We hypothesize

that the increased tumor accumulation of C-NPs results from
increased tumor exposure to NPs in the blood, increasing the
probability of binding events between targeting moieties on LbL
NPs and tumor cells. These data confirm that LbL NP core
composition affects material properties that influence tumor
accumulation; C-NPs, containing a C-L core, have higher tumor
accumulation and higher colocalization with tumor signal.
Similar to our study in healthy mice, C-NPs had a longer

elimination half-life than S-NPs (Fig. 4D). However, the half-
lives of S-NPs and C-NPs were significantly reduced in the
tumor-bearing model. We hypothesize that this may be due to an
enhanced immune response in tumor-bearing mice, as both NP-
treated and untreated tumor-bearing mice display significant
splenomegaly (enlargement of the spleen) (SI Appendix, Fig. S12 A
and B). The presence of splenomegaly in tumor-bearing mice has
been reported (56, 57), and the induction of tumors in mice has
been linked to the increasing populations of immune cells in the
spleen (58). Additionally, others have reported that the presence of
tumors significantly impacts the circulation time of intravenously
administered NPs (59, 60). This decrease in circulation time can be
dramatic, decreasing NP circulation half-life from 117 min (in
healthy mice) to 5 min (in tumor-bearing mice) in one study (60).
Tumor induction has been shown to increase macrophage levels
and alter circulating secretory factors that influence and increase
NP association with M2 macrophage populations in the liver and
spleen, as well as monocytes (macrophage precursors) in the blood
(59). Interestingly, these trends have been observed in athymic,
nude mice. In patients with recurrent epithelial ovarian cancer, the
function of circulating monocytes has been linked to the clearance
of PEGylated liposomal doxorubicin (61). We hypothesize that an
increase in immune cell populations can more quickly clear NPs
from circulation. In our study, tumor-bearing mice displayed higher
Cy7–NP splenic accumulation than healthy mice, suggesting that
NP clearance by immune populations in the spleen could be higher
in tumor-bearing mice (SI Appendix, Fig. S12C). This difference in

Fig. 3. C-NPs have a longer elimination half-life than S-NPs. S-NPs and C-NPs were administered tail–vein to healthy mice. Mice were imaged over 24 h with
IVIS and assessed for organ biodistribution 24-h posttreatment (n = 3 per group). (A) C-NPs have a longer in vivo elimination half-life (t1/2,fast = 1.8 h and t1/
2,slow > 23 h) than S-NPs (t1/2,fast = 0.52 h and t1/2,slow = 4.1 h). (B) Particle accumulation was highest in the liver for C-NPs, while it was highest in the kidney for
S-NPs, indicating faster elimination of S-NPs. (C and D) IVIS images of organ biodistribution. Li, liver; K, kidney; S, spleen; Lu, lung; H, heart. For this study only,
the Cy7 dye labeling of S-NPs was four times the dye labeling of C-NPs. The color scales in C and D reflect this. This did not cause appreciable differences in size
(S-NP 157 ± 3 nm and C-NP 167 ± 6 nm) or charge (S-NP −37 ± 2 mV and C-NP −48 ± 1 mV).
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immune state may account for the lower levels of NP accumulation
in the organs of tumor-bearing mice and slight alterations in
biodistribution.

C-NPs Exhibit Higher NP Penetration into Solid Tumors. This study
defines NP penetration as the presence of NP signal deep within
the solid tumor mass. In order to determine the degree of NP
penetration into solid tumors, solid tumors were cryosectioned
and imaged for internal NP fluorescence (Cy7) and cell nuclei
(DAPI). C-NP–treated tumors had a higher Cy7 signal from tu-
mor cross-sections and thus higher tumor penetration (Fig. 5A).
For each tumor, multiple regions of interest (ROIs) were mea-
sured for NP-integrated density values and tabulated (Fig. 5B).
Whole images of scanned tumors, as well as representative ROIs,
are provided in SI Appendix, Fig. S13. Tabulated values indicate
that C-NP penetration is higher and statistically significant (P =
0.035). Interestingly, high, surface Cy7 signal did not necessarily
correlate with high, internal Cy7 signal for all tumors. Most no-
tably, the only S-NP tumor that appeared to have high-NP accu-
mulation by ex vivo IVIS imaging (Fig. 5 C, Left; mouse 580) had
low-NP signal from the center of the cross-sectioned tumor, sug-
gesting that there was minimal NP penetration into the tumor
itself. In tumors treated with S-NPs, an aggregate NP signal lined
the periphery of the tumor (SI Appendix, Fig. S14). Interestingly,
for C-NP–treated tumors, high surface signal from NP accumu-
lation (via ex vivo IVIS imaging) did not necessarily correlate with
high-tumor penetration (high-Cy7 NP signal from cross-sections)
(Fig. 5 C, Right).
Within tumors, NPs must navigate an environment of dense

stroma and extracellular matrix (62). In vitro studies measuring
the diffusion of PEGylated liposomes in poly(ethylene oxide)
hydrogels and intestinal mucus have determined that these li-
posomes exhibit their highest diffusivity at their Tm (19, 20); at
37 °C, PEGylated DSPC liposomes were the most stiff and had
lower diffusivity (Tm 55 °C, ∼28 MPa, and 0.478 μm2/s) than

compliant PEGylated DMPC:DPPC liposomes (Tm 36 °C, ∼15
MPa, and 1.689 μm2/s). Given that cholesterol causes the
broadening of the transition temperature, we would expect our
C-NPs (containing cholesterol) to have higher penetration and
diffusion into the tumor.
In summary, we demonstrated that LbL NPs have tunable

stiffness, controlled by the cholesterol content of the liposome
core. This difference in stiffness can be significant, with ap-
proximately threefold differences impacting an LbL NP’s ability
to deform and traffic in vivo. Our C-NPs have longer elimination
half-life, higher tumor accumulation and higher tumor penetra-
tion compared to S-NPs. Our results underscore the importance
of NP mechanical properties in targeted delivery systems and
suggest that the composition of liposome and liposome-based NP
systems influence critical deformation parameters for trafficking
to solid tumors. With an LbL NP system, mechanical deform-
ability can be optimized, independent of the exterior outer layer
chemistry. Further studies will be required to determine the in-
fluence of these material interactions in fully immune–competent
systems, in which one can assess the degree to which additional
immune cell interactions influence biodistribution and circulation
half-life. Additional studies will be needed to determine the local
interactions of S-NPs versus C-NPs with tumor and immune cells
within solid tumors; this includes how particle stiffness impacts NP
internalization and mechanism of uptake, as well as which cells
are targeted.

Materials and Methods
Materials and Reagents. The lipids cholesterol, 18:0 PC (1,2-distearoyl-sn-glycero-
3-phosphocholine), 18:0 PG (1,2-distearoyl-sn-glycero-3-phospho-(1’-rac-glyc-
erol) (sodium salt), and 18:0 PE (1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine) were purchased from Avanti Polar Lipids. The polyelectrolytes PLR (38.5
kDa; Alamanda Polymers), HA (20 kDa; LifeCore Biomedical), and dextran
sulfate sodium salt (15 kDa; Alamanda Polymers) were used without

Fig. 4. C-NPs have higher tumor accumulation, higher NP to tumor colocalization, higher particle retention, and longer elimination half-life. Cy7 S-NPs and
C-NPs were administered tail–vein to OVCAR8 subcutaneous, tumor-bearing mice. Mice were imaged over 24 h with IVIS and assessed for organ bio-
distribution 24-h posttreatment (n = 4 per group). (A) C-NPs have higher NP–tumor colocalization (Pearson’s R = 0.72) than S-NPs (Pearson’s R = 0.39). BLI,
bioluminescence image. (B) (Top) C-NPs have significantly higher tumor accumulation than S-NPs (*P = 0.03), indicated by average Cy7–NP fluorescence;
(Bottom) both treatment groups have similar tumor activity, measured by average bioluminescence radiance. ns, no significance. (C) Cy7 NP biodistribution
shows the higher particle retention of C-NPs at 24 h. H = heart, Lu = lung, Li = liver, K = kidney, S = spleen, LN = lymph nodes, and T = tumor. Scale is defined
for both images. (D) C-NPs (t1/2,fast =1.73 h and t1/2,slow =1.73 h) have longer elimination half-life than S-NPs (t1/2,fast = 1.19 h and t1/2,slow =1.19 h).
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modifications. Sulfo-Cy7 NHS ester used for the fluorescent dye conjugation of
liposomes was purchased in 5-mg batches from Lumiprobe Inc.

Tissue Culture. OVCAR8 cells were engineered to express GFP/luciferase, as
described previously (55). GFP/Luc2 OVCAR8 cells (NCI-60) were cultured in
RPMI 1640 (Corning) supplemented with 10% FBS (Gibco) and 1% penicillin
streptomycin (Corning) in a Heracell Incubator (Thermo Fisher Scientific) at
37 °C and 5% CO2. Cells were grown in T175 Corning plasticware coated
with poly-L-lysine.

Liposome Formation. Fluorescent liposomes were formed by lipid rehydration,
as described previously. Lipids were stored in powdered form and dissolved in
chloroform as needed. Mixtures of these lipid solutions were then prepared
with and without cholesterol, as described in SI Appendix, Table 1. Mixtures
were dried until no solvent remained. Solvent evaporation occurred at room
temperature, under vacuum, using a BUCHI Rotovap System. Dried lipid films
were rehydrated in MilliQ water to a 1 mg/lipid/mL solution under sonica-
tion. Lipid solutions were sonicated for 2 min using a Branson sonicator bath

filled with MilliQ water at 65 °C. Immediately following sonication, solutions
were vortexed for 10 s and allowed to cool to room temperature. Resulting
formulations were pushed through a 0.45-μm filter syringe.

Dye Conjugation. The lipid solution was adjusted to pH 8.5, with 200 mM
sodium bicarbonate added dropwise into a stirring vial. A total of 5 mg Sulfo-
Cy7 NHS ester in powder form was quickly rehydrated into 1-mL 20 mM
sodium bicarbonate. The dye solution was added to the stirring lipid solution
in a 0.7:2.5 DSPE: sulfo-Cy7 NHS ester mass ratio. Solutions were stirred
overnight. Excess dye was removed with 15 washes of the particles using TFF.
MilliQ water was used as the exchange buffer. After 15 washes, 0.5 mg/mL
fluorescent liposome samples were spun down in 30-K Nanosep Omega
Centrifuge Filters to quantify the amount of excess dye remaining in solu-
tion. Fluorescence readouts from the filtrate of the centrifuge filter shows
that <5% of the liposome fluorescence comes from unconjugated dye.

Layering of Liposomes. Particles were layered by mixing equal volumes of
polyelectrolyte and NP solutions under sonication (Branson sonicator bath,

Fig. 5. C-NPs have a higher penetration into solid tumors. Tumors were cryosectioned to compare the Cy7–NP penetration of S-NPs and C-NPs. Cross-sections
were imaged for Cy7 fluorescence (NP, red) and DAPI (nuclei, blue). (A) Representative regions from the sectioned tumors were captured for each mouse.
(Top) S-NP-treated tumor. (Bottom) C-NP–treated tumor. Reference SI Appendix, Fig. 13A for whole-tumor images. (B) C-NP–treated tumors had higher
internal Cy7 signal from cross-sections, indicating higher NP penetration (*P = 0.035). In order to measure the average Cy7 signal from the center of the
tumor, ROIs from the center of the tumor were measured for their Cy7-integrated density values. (C) For each treatment group, Cy7 average radiant effi-
ciency from IVIS images is plotted along with Cy7 average integrated density values from the cross-sections of the tumor. Note that, although mouse 580 had
a higher Cy7 signal from IVIS images, the signal from its tumor cross-sections is low, indicating little tumor penetration of the S-NP formulation. Across most
tumors, a high-NP signal from IVIS images did not necessarily correlate with higher penetration. Mouse 585 (C-NP treatment) had the third lowest Cy7 signal
from IVIS images but the highest signal from its tumor cross-section. Conversely, mouse 579 had high-Cy7 signal from IVIS but low signal from its tumor cross-
section (low penetration). IHC, immunohistochemistry.
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room temperature), followed by 10 s of vortexing. This mixture was allowed
to rest at room temperature for 15 min, followed by the removal of excess
polyelectrolyte from solution using TFF, as described previously (32). A
Spectrum Laboratories KrosFlow II system was used to filter the particles. The
exchange buffer was MilliQ water. The TFF setup included 100 kDa filter
units, purchased from Spectrum C02-E100-05-N, size 13 masterflex Teflon-
coated tubing. Samples were filtered at a flow rate of 13 mL/min. Sample
filtration was completed after five volume equivalents of permeate were
collected. Postfiltration, samples were concentrated by disconnecting the
buffer reservoir. The recovery of NPs absorbed onto the filter was achieved
by reversing the direction of the peristaltic pump while washing the mem-
brane with pure MilliQ water. The weight equivalents of polyelectrolyte
to liposome core are as follows: Layer 1, 0.25 (PLR, 40 kD) and Layer 2, 0.5
(HA, 20 kD).

DLS. NP hydrodynamic size and zeta potential were characterized at each
stage of the formulation process using a Malvern ZS90 Particle Analyzer, λ =
633 nm, material/dispersant refractive index 1.590/1.330. Samples were mea-
sured in 50 uL Sarstedt 67.758 ultraviolet cuvettes (for size measurement) or
DTS1070 Malvern-folded capillary tubes (for zeta potential measurement).

TEM. NP images were acquired using a JEOL 2100 field emission gun (FEG)
TEM. Frozen samples were prepared in deionized water and acquired by the
Koch Institute Nanotechnology Materials Facility. Specifically, 3 μL liposome
or the LbL NP sample in DI water was dropped on a lacey copper grid coated
with a continuous carbon film and blotted to remove excess sample without
damaging the carbon layer by Gatan Cryo Plunge III. The grid was mounted
on a Gatan 626 single tilt cryoholder equipped in the TEM column. The
specimen and holder tip were cooled by liquid nitrogen. Imaging on the
JEOL 2100 FEG microscope was done using minimum dose method to avoid
sample damage under the electron beam. The microscope was operated at
200 kV and with a magnification of 10,000 to ∼60,000 for assessing particle
size and distribution. All images were recorded on a Gatan 2kx2k UltraScan
charge-coupled device camera.

AFM.
Sample prep. NPs were prepared, as described in Liposome Formation and
Layering of Liposomes, and then deposited onto glass slides as a simple
substrate to enable the stiffness characterization by mechanical contact. This
deposition approach was adapted from a protocol by Takechi-Haraya et al.
(25). In brief, fluorescently tagged, anionic liposome solution was deposited
onto bovine serum albumin (BSA)-coated glass slides in preparation for force
curve collection in liquid. Additional details on the sample prep are provided
in SI Appendix.
AFM-enabled nanoindentation measurement of NP effective elastic modulus. Force
indentation depth datawere collectedwith an atomic forcemicroscope (MFP-
3D Bio AFM; Asylum Research) using a silicon cantilever with an attached
silicon dioxide spherical indenter probe of 15-μm diameter and a spring
constant, k = 0.352 N/m, calibrated via the thermal noise method (63)
(NanoandMore, CP-CONT-SiO). A total of 30 independent force depth cycles
were collected (each at different sample locations) for each of the four NP
sample types (C-Ls, C-NP, S-Ls, and S-NP). The cantilever approach/retraction
speed was set to 500 nm/s to avoid particle dispersion, and probe retraction
was triggered after reaching the maximum force of ∼6 nN. This response
exhibited elastic reversibility for all particle types up to an indentation depth
of 20 nm. Thus, effective Young’s elastic modulus E was calculated by fitting
the Hertz model (64) for an indentation depth of 20 nm, manually con-
firming the contact point accuracy, and utilizing instrument-integrated
analysis for Hertzian contact. We reported distributions (n = 30 per parti-
cle type) and mean values of E for each particle type. The statistical com-
parison of mean E was determined using one-way ANOVA. Note that we
express this mechanical attribute as effective mechanical stiffness and ef-
fective elastic modulus E with intentional qualification. A detailed discussion
on this qualification is provided in SI Appendix.

Ultracentrifugation Spin-Down Assay. NP deformability was characterized
using an ultracentrifugation assay. Samples were loaded into the top holding
unit of the 0.2-μm Nanosep Omega polyethersulfone (PES) ultracentrifuge
tubes and centrifuged at prespecified settings. Centrifuge settings (relative
centrifugal force, centrifugation time) were optimized prior to data collection
and may vary with filter pore size, sample volume, particle concentration, and
the inherent mechanical properties of the particle sample. Postcentrifugation,
filtrate and retentate samples were assayed for NP fluorescence and DLS DCR.
The unfiltered (not spun) sample was used as a reference. To measure filter
clogging, fresh MillQ water was added to the top holding unit of the used

filters. Ultracentrifuge units were spun at regular intervals, and the mass of the
retentate was recorded after each spin in order to track the movement of the
retentate volume into the filtrate. Additional experimental details are pro-
vided in SI Appendix.

In Vivo Biodistribution Studies. Female NCr sp/sp athymic nude mice, 6 wk old,
weighing 20 to 30 g (Taconic) were used for all in vivo experiments. Healthy
mice were treated intravenously via tail–vein injection with 150 μL Cy7-
labeled LbL NPs at a concentration of 0.5 mg/mL (3 mg/lipid/kg body
weight) prepared in 5% dextrose (by weight). The NP signal was tracked
over 24 h using an IVIS spectrum optical imaging system (PerkinElmer).
Elimination half-life data were generated by analyzing fluorescent, whole-
body dorsal images of the mice over 24 h using IVIS. Images were analyzed
using Living Image software. Background fluorescence was calculated from
images of an untreated control mouse and subtracted from the fluorescence
values of treatment groups. Final values are represented as a percentage of
total administered fluorescent dose postinjection.

After 24 h, mice were euthanized, and their organs were harvested for
ex vivo imaging on the IVIS system. Cy7 fluorescent images were taken for all
organs and analyzed with Living Image software. Fluorescence values were
normalized by organ weight and represented as a percentage of total
fluorescence at 24 h. Treatment groups were compared for differences in NP
accumulation and tumor bioluminescence via Student’s t test using GraphPad
PRISM software.

In Vivo Tumor Accumulation and Penetration Studies. For tumor studies,
ovarian cancer flank models were established via subcutaneous injection of
1 × 106 GFP/Luc2 OVCAR8 cells into the right flank of the mouse (100 μL total
volume, mixed 1:1 with Corning matrigel matrix). Tumors were allowed to
grow for 44 d, and tumor burden was periodically measured for biolumines-
cence via IVIS. To measure bioluminescence, 200 μL of 15 mg/mL D-luciferin in
Dulbecco’s phosphate-buffered saline (DPBS) was injected intraperitoneally into
the mice. Images were taken 10 min postinjection, and tumor activity was
quantified via luminescence signal using Living Image Software (PerkinElmer).
Prior to biodistribution studies, mice were organized to have equal tumor
burden across both treatment groups. Mice were treated intravenously via
tail–vein injection with 150 uL Cy7-labeled LbL NPs at a concentration of
0.5 mg/mL (3 mg lipid/kg body weight) prepared in 5 wt% dextrose. Elimi-
nation half-life data were generated by analyzing fluorescent, whole-body
dorsal images of the mice over 24 h using IVIS. Around 24-h posttreatment,
Cy7 fluorescent images were taken of all organs.

Ex vivo tumor bioluminescence and Cy7 NP fluorescence images were
captured with IVIS. Cy7 fluorescence images were taken prior to biolumi-
nescence. In order to obtain bioluminescence images, tumors were sub-
merged in 2 mg/mL D-luciferin (Thermo Fisher Scientific) for 1 min. Tumors
were placed on the imaging mat and imaged 2 min later. A second Cy7
fluorescence image was taken to analyze the colocalization of tumor activity
and NP signal.

The colocalization of tumor bioluminescence and Cy7 NP fluorescence was
conducted by analyzing bioluminescent and fluorescent IVIS images with
ImageJ’s Coloc2 plugin to generate a Pearson’s R correlation coefficient.
Separately, pixel values of bioluminescent and fluorescent images were
obtained from ImageJ, and the degree of overlap was calculated as the NP
fluorescence signal over tumor bioluminescence signal. Collected pixel val-
ues were then plotted in MATLAB to visually recreate the overlay of NP
signal (green) on tumor bioluminescence signal (blue).

All animal experiments were approved by the Massachusetts Institute of
Technology (MIT) Committee on Animal Care and were conducted under the
oversight of the Division of Comparative Medicine.

Immunofluorescence Histology. Following ex vivo IVIS imaging, organ and
tumor tissues were embedded in optimal cutting temperature (OCT) com-
pound (Fisher Healthcare Tissue-Plus O.C.T.) and flash frozen over liquid
nitrogen in cryomolds (Peel Away Disposable Embedding Mold, Thermo
Fisher Scientific). These were maintained at −80 °C before sectioning by the
Koch Institute’s histology core facility. Slides were cover slipped with hard
set–mounting media containing DAPI (H-1800 Vectashield Vibrance Antifade
Mounting Medium with DAPI) and allowed to cure at room temperature
overnight in the dark. Tissue was left unfixed. Slides were imaged immedi-
ately using a Panoramic Slide Scanner P250 (3D Histech). DAPI and Cy7
channels were used to detect nuclei and the NP signal, respectively.

Statistical Analysis. All statistical analysis was performed with GraphPad
PRISM 8. Single comparisons were analyzed using a Student’s t test. For
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comparing multiple groups, one-way or two-way AVOVA with post hoc Bon-
ferroni analysis was applied.

Data Availability. All study data are included in the article and/or SI Appendix.
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