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ABSTRACT: Development of various nanoscale drug carriers for
enhanced antitumor therapy still remains a great challenge. In this
study, laponite (LAP) nanodisks encapsulated with anticancer
drug doxorubicin (DOX) at an exceptionally high loading
efficiency (98.3 = 0.77%) were used for tumor therapy
applications. The long-term in vivo antitumor efficacy and
toxicology of the prepared LAP/DOX complexes were analyzed
using a tumor-bearing mouse model. Long-term tumor appear-
ance, normalized tumor volume, CD31 staining, and hematoxylin
and eosin (H&E)-stained tumor sections were used to evaluate
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the tumor therapy efficacy, while long-term animal body weight changes and H&E-stained tissue sections of different major
organs were used to evaluate the toxicology of LAP/DOX complexes. Finally, the in vivo biodistribution of magnesium ions and
DOX in different organs was analyzed. We showed that under the same DOX concentration, LAP/DOX complexes displayed

enhanced tumor inhibition eflicacy and afforded the treated
biodistribution data revealed that the reticuloendothelial systems

mice with dramatically prolonged survival time. In vivo
(especially liver) had significantly higher magnesium uptake

than other major organs, and the LAP carrier was able to be cleared out of the body at 45 days post treatment. Furthermore,
LAP/DOX afforded a higher DOX uptake in the tumor region than free DOX, presumably due to the known enhanced
permeability and retention effect. The developed LAP-based drug delivery system with an exceptionally high DOX payload,
enhanced in vivo antitumor efficacy, and low systemic toxicity may be used as a promising platform for enhanced tumor therapy.

KEYWORDS: laponite, doxorubicin, antitumor efficacy, systemic toxicity

B INTRODUCTION

Recent advances in nanotechnology have enabled early
detection, real-time monitoring and minimally toxic targeted
therapy of cancer.' > Despite this progress, cancer is still one of
the most challenging diseases to treat and a major cause of
mortality and morbidity around the world.*”” Conventional
chemotherapy is commonly used to prevent cancer cells from
multiplying and spreading throughout the body,” but it suffers
from nonspecific distribution, causing damages to healthy tissue
during the treatment.® A number of chemotherapeutic drugs,
such as doxorubicin (DOX), have a strong tendency to bind with
cellular macromolecules, leading to low therapeutic indices.”
Thus, large doses or repeated administration are usually required
to achieve the desired therapeutic effect, which can simulta-
neously cause a series of severe side effects." Considering the
drawbacks of conventional chemotherapy, it is essential to
develop various nanoscale delivery systems (e.g., nanoparticles,
nanodisks, or nanotubes) for efficient delivery of chemo-
therapeutic drugs to cancer cells.>"' ™7

-4 ACS Publications  ©2014 American Chemical Society 12328

The advantages of nanoscale drug delivery system include
passive targeting to tumor tissue via the enhanced permeability
and retention (EPR) effect,'® easy surface functionalization with
biological ligands for active tumor targeting,19’20 and stimuli-
responsive drug release.”"** Various nanoparticles, nanodisks, or
nanotubes have been used as promising candidates for cancer
therapy applications. In particular, as a nanodisk-shaped layered
synthetic aluminosilicate clay material, laponite (LAP) has been
used as a drug carrier,”> > mainly due to the fact that the
interlayer spacing of LAP can be used for drug encapsulation with
a high retention capacity. Furthermore, it has been reported that
LAP can be degraded into nontoxic products.*®

In our previous study, we have shown that LAP nanodisks can
be used to encapsulate anticancer drug doxorubicin (DOX) with
an exceptionally high loading efficiency of 98.3 + 0.77% via ionic
exchange along the (001) plane of LAP and surface physical
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adsorption. The formed LAP/DOX nanodisks demonstrated a
pH-dependent in vitro drug release profile with higher release
rate at an acidic pH condition (pH = 5.4) than at physiological
pH condition (pH = 7.4). Most strikingly, the LAP/DOX
enabled an enhanced cellular internalization of DOX, and thus
having significantly improved in vitro therapeutic efficacy.”” To
move forward from the encouraging in vitro results and further
explore the application of LAP as a novel drug carrier, it is
reasonable to explore the in vivo antitumor activity and
toxicology of LAP/DOX complexes.

In this present research, we used a tumor-bearing mouse
model to investigate the in vivo antitumor efficacy and toxicology
of the prepared LAP/DOX nanodisks. Long-term tumor
appearance, normalized tumor volume, and CD31 and
hematoxylin and eosin (H&E) staining of tumor sections were
used to evaluate the tumor inhibition efficacy, while long-term
body weight and H&E-stained tissue sections of different major
organs were compared before and after different treatments (ie.,
treated with saline, free DOX, or LAP/DOX) to evaluate the
LAP/DOX toxicology. Finally, the in vivo biodistribution of
magnesium ions and DOX in different organs was analyzed to
understand the long-term fate of LAP and the in vivo distribution
of DOX. To our knowledge, this is the first report related to the
in vivo study of the therapeutic efficacy of LAP/DOX complexes.
Given the fact that the interlayer space and outer surface of LAP
nanodisks can be used to eficiently encapsulate various drugs
and other small molecules, we anticipate that LAP, as a kind of
cost-effective, abundantly available, and biocompatible clay
material may be used as a versatile carrier system for various
biomedical applications.

B EXPERIMENTAL SECTION

Materials. LAP and DOX (in a form of hydrochloride, unless
otherwise stated, the used term of DOX indicates DOX-HCI) were
purchased from Zhejiang Institute of Geologic and Mineral Resources
(China) and Beijing Huafeng Pharmaceutical Co. Ltd. (China),
respectively. Human epidermoid carcinoma (KB) cells were obtained
from the Institute of Biochemistry and Cell Biology (the Chinese
Academy of Sciences, Shanghai, China). Roswell Park Memorial
Institute-1640 (RPMI-1640), fetal bovine serum (FBS), penicillin, and
streptomycin were from Hangzhou Jinuo Biomedical Technology
(Hangzhou, China). All other chemicals were obtained from Aldrich and
were used as received. The water used in all experiments was purified
using a Milli-Q Plus 185 water purification system (Millipore, Bedford,
MA) with a resistivity higher than 18 MQ-cm.

Loading of DOX within LAP Nanodisks. LAP/DOX nanodisks
were prepared according to protocols described in our previous work.””
In brief, 10 mL of LAP aqueous solution at a concentration of 6 mg/mL
was mixed with 10 mL of DOX aqueous solution (2 mg/mL) under
magnetic stirring for 24 h to allow LAP to thoroughly swell and interact
with DOX. LAP/DOX nanodisks with an optimized loading efficiency
of 98.3 + 0.77% were obtained by centrifugation (8,000 rpm, S min).
The disks were then rinsed with water for 3 times, air-dried, and stored
under dark conditions at room temperature before characterization and
use. FTIR spectrometry was performed using a Nicolet Nexus 670 FTIR
(Nicolet-Thermo) spectrometer. All spectra were recorded using a
transmission mode with a wavenumber range of 650—4000 cm™'. TEM
was performed using a JEOL 2010F analytical electron microscope
operating at 200 kV. A diluted aqueous suspension (S uL) of each
sample was deposited onto a carbon-coated copper grid and air-dried
before measurements.

Cell Cultures and Tumor Models. KB cells were continuously
cultured in 25 cm? tissue culture flasks with 5 mL of RPMI-1640
medium containing 10% FBS, 100 unit/mL penicillin, and 100 yg/mL
streptomycin in a humidified incubator with 5% CO, at 37 °C. Animal
experiments were performed according to protocols approved by the

Shanghai Jiongtong University Laboratory Animal Center and were in
accordance with the policies of National Ministry of Health. Female
Balb/c nude mice (4—6 weeks old) were obtained from Shanghai Slac
Laboratory Animal Center (Shanghai, China). A tumor model was
generated by subcutaneous injection of 3 X 10° KB cells in 200 yL of
serum free RPMI-1640 culture medium into the back of each Balb/c
mouse.

In Vivo Tumor Therapy of LAP/DOX Complexes. When the
tumor nodules attained a volume of 0.5—1 cm? at approximately 2 weeks
post treatment, mice were randomly divided into 3 groups (n = 6 for
each group): LAP/DOX treatment group, free DOX treatment group,
and control group treated with saline. Each mouse was intratumorally
injected with 100 yL saline containing LAP/DOX or free DOX at a
DOX concentration of 0.74 mg/mL. In the control group, each mouse
was injected with 100 yL saline. The relative tumor volume (denoted V/
V,, where V; is the tumor volume when the treatment was initiated, i.e.,
day 0), body weight and tumor appearance of each mouse were recorded
at different time points. The survival time of the mice in each group was
also monitored. For the systemic DOX distribution analysis, the tumor-
bearing mice were randomly divided into two groups (n = 3 for each
group at each time point): LAP/DOX group and free DOX group. The
mice treated with 100 L saline containing LAP/DOX or free DOX at a
DOX concentration of 0.74 mg/mL were anesthetized on days 7 and 14.
Organs including tumor, heart, liver, spleen, lung, and kidney were
harvested. A maximum of 0.3 g of each organ was weighted and grinded
with 500 uL lysis solution using a tissue grinder. Then, 200 uL of the
resulted solution was mixed with 100 uL of triton and homogenized in 1
mL extraction solution (0.7S mM HCl in isopropanol), and incubated at
37 °C overnight. The supernatant obtained after centrifugation at 12000
rpm for 10 min was analyzed using a multifunctional ELIASA reader
(Biotek, Synergy 2) to record the DOX fluorescence (A= 485 nm, A, =
528 nm). The DOX content was calculated from a standard calibration
curve. The relative DOX percentage (%) was calculated by dividing the
DOX amount in a specific organ/tumor by the sum of DOX amount in
all the specified organs (including heart, liver, spleen, lung, and kidney)
and tumor.

To understand the long-term in vivo fate of LAP, tumor-bearing
Balb/c nude mice were used. Four mice intratumorally injected with
LAP/DOX ([DOX] = 0.74 mg/mL, in 100 uL saline) were euthanized
at 1, 3, 14, and 21 days post treatment (one mouse for each time point),
respectively. Then, major organs, including the heart, liver, spleen, lung,
and kidney were collected and weighed. The organs were digested by
aqua regia solution overnight. The magnesium uptake in different organs
was then quantified by a Leeman Prodigy inductively coupled plasma-
optical emission spectroscopy (ICP-OES, Hudson, NH).

Blood Examination. Healthy Kunming mice (4—6 weeks old,
Shanghai Slac Laboratory Animal Center) were randomly divided into 4
groups (n = 2 for each group, one mouse for each time point), and
intravenously injected with 100 uL saline (control group), or 100 uL
saline containing LAP/DOX ([DOX] = 0.74 mg/mL), free DOX
([DOX] = 0.74 mg/mL), or LAP (2.2 mg/mL, similar to the
concentration of LAP used to encapsulate 0.74 mg/mL DOX deduced
from the DOX loading percentage of 32.8 + 2.6%),”” respectively. On
the day 7 and day 14 post treatment, each mouse was anesthetized and
the heart was punctured to collect blood. Routine blood test including
white blood cell (WBC), hemoglobin (Hb), and platelet (PLT) were
recorded on Sysmex XS-800i automated hematology analyzer. Then,
blood was centrifuged and supernatant was used to test the serum
biochemistry parameters such as aspartate aminotransferase (AST),
alanine aminotransferase (ALT), total bilirubin, creatinine, and
carbamide using Beckman Coulter Unicel DxC 800 automatic
biochemical analyzer.

Histology Examinations. Histological analyses were performed to
evaluate the antitumor efficacy and in vivo biosafety of LAP/DOX
complexes. To evaluate the antitumor efficacy, 3 tumor-bearing mice
were intratumorally injected with saline (100 uL), LAP/DOX ([DOX]
= 0.74 mg/mL, in 100 yL saline), and free DOX ([DOX] = 0.74 mg/
mL, in 100 yL saline), respectively. Each mouse was euthanized on day
19 post treatment, and the tumor was harvested for H&E staining. To
assess the antitumor efficacy of LAP/DOX complexes, 8 tumor-bearing
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Scheme 1. Schematic Illustration of the Encapsulation of DOX into LAP Nanodisks (a) and the Cellular Uptake of the LAP/DOX

Complexes for in Vitro and in Vivo Antitumor Therapy (b)

(2)

Figure 1. TEM images of (a) LAP and (b) LAP/DOX nanodisks.

mice were randomly divided into 4 groups (n =2 for each group, one
mouse for each time point). The mice were intratumorally injected with
100 L saline (control group), or 100 uL saline containing LAP (2.2
mg/mL), free DOX ([DOX] = 0.74 mg/mL), and LAP/DOX
complexes ([DOX] = 0.74 mg/mL), respectively. Mice were euthanized
after 7 or 14 days of treatment and different tumor sections were stained
using an antibody against endothelial marker, CD31 (BD Pharmingen,
San Diego, CA) according to the manufacturer’s instruction.

To evaluate the in vivo biosafety, two healthy Kunming mice
intravenously injected with saline (100 uL) and LAP/DOX complexes
([DOX] = 0.74 mg/mL, in 100 uL saline), respectively were euthanized
after 45 days, and the major organs, including the heart, liver, spleen,
lung, and kidney were harvested. The organs were fixed with 10% neutral
buffered formalin, embedded in paraffin, sectioned into slices with
thickness of 8 ym, stained with H&E, and examined using a Leica DM IL
LED inverted phase contrast microscope.

Statistical Analysis. One way ANOVA statistical analysis was
performed to evaluate the significance of the experimental data. 0.05 was
selected as the significance level, and the data were indicated with (*) for
p < 0.05, (**) for p < 0.01, and (***) for p < 0.001, respectively.

B RESULTS AND DISCUSSION

Formation and Characterization of LAP/DOX Com-
plexes. LAP nanodisks possess a unique 2-dimensional layered
structure with 6 octahedral magnesium ions between 2 layers of 4
tetrahedral silicon atoms.*® The unique structural characteristics
of LAP make it possible to efficiently encapsulate drug molecules
within the LAP interlayer space.23’24’29 In our previous study, we
have successfully loaded DOX within LAP nanodisks at an
exceptionally high loading efficiency of 98.3 + 0.77%.” It should
be noted that the mentioned value of 98.3% is only associated

with the DOX loading efficiency, and not associated with the
DOX loading percentage (or loading capacity). The mechanistic
study of DOX loading within LAP nanodisks has been performed
in our previous study.”” Our results from XRD and zeta-potential
measurements have shown that DOX are able to be loaded inside
the interlayer space of LAP via ionic exchange, and onto the
surface of LAP via electrostatic interaction or hydrogen bonding
interaction (Scheme 1a). Since the zeta potential of LAP
nanodisks changed from —37.9 + 1.31 to —10.8 + 0.53 mV after
DOX loading, it is not likely to draw a conclusion that the
amount of 1 mg of DOX per 3 mg of LAP would require a
complete coverage of the clay and more. In this present study, the
formed LAP/DOX nanodisks were used to treat a xenografted
tumor model for in vivo tumor therapy applications.

The morphology of LAP nanodisks before and after DOX
loading was first investigated using TEM (Figure 1). Obviously,
the pristine LAP nanodisks display a regular disk shape with a
diameter of 21 + 3.1 nm. After DOX loading, the disk-like shape
was not altered, and the diameter of LAP/DOX was estimated to
be 22 + 2.7 nm, implying that the loading process does not
significantly alter the LAP morphology. It is worth noting that the
somewhat aggregated LAP nanodisks shown in the TEM images
may be caused by the air-drying of the aqueous suspension of the
samples during TEM sample preparation, in agreement with
previous literature.*®*' The loading of DOX within LAP
nanodisks was qualitatively confirmed using FTIR spectroscopy
(Figure S1, Supporting Information). Detailed assignment of
various bands of LAP and LAP/DOX sample can be found in our
previous study.”” Similar to our previous study, some distinctive
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bands at 1712, 1582, 1412, and 1285 cm™! belonging to DOX are
present in the spectrum of LAP/DOX nanodisks, implying the
successful encapsulation of DOX within the LAP nanodisks.

In Vivo Antitumor Efficacy of LAP/DOX Complexes. To
evaluate the in vivo antitumor efficacy of LAP/DOX complexes,
axenografted KB tumor model was established. A representative
photo of KB tumor-bearing mice before treatment can be seen in
Figure S2a (Supporting Information). Clearly, after subcuta-
neously injecting 3 X 10° KB cells on the mouse back, a lump
with an approximate volume of 0.55 cm® appeared on the back of
nude Balb/c mice. Further H&E staining results (Figure S2b,
Supporting Information) showed the appearance of tumor cells,
confirming the successful construction of KB xenografted tumor
model.

The in vivo antitumor efficacy of LAP/DOX complexes was
then investigated upon intratumoral injection. As shown in
Figure 2, the tumor growth rate of mice injected with LAP/DOX
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Figure 2. Growth of KB xenografted tumors after various treatments.
The relative tumor volumes were normalized according to their initial
sizes (mean + SD, n = 6).

complexes was much slower than that of mice treated with free
DOX or saline. The appearance of the subcutaneous tumor
before treatment and at 19 days post treatment was also recorded
using vernier calipers (Figure S3, Supporting Information). It is
clear that before treatment (day 0), the tumor size was essentially
the same (approximately 0.55 cm?) for the three different groups.
After 19 days, the tumors of the mice treated with free DOX or
saline have a volume of 3.69 cm® and 5.48 cm®, respectively and
the surrounding multiple irregular blood vessels, especially for
mice treated with saline can be observed. In contrast, the tumors
treated with LAP/DOX complexes showed much slower growth
(3.22 cm?®) and less visible surface blood vessels can be seen when
compared to the free DOX and saline groups. The tumor volume
follows the order of saline > free DOX > LAP/DOX complexes.

Our results indicate the enhanced antitumor efficacy of LAP/
DOX complexes.

The tumor inhibition efficacy was confirmed via H&E staining
of tumor sections (Figure 3). For saline-treated tumor (Figure
3a), well-defined tumor tissues stained in blue can be clearly seen
throughout the whole slice. A large portion of tumor tissue
(stained in blue) and a small portion of normal tissue (stained in
pink) can be seen in the free DOX-treated tumor (Figure 3b),
demonstrating the inhibition efficacy of free DOX. As opposed to
saline and free DOX group, in the tumor section treated by LAP/
DOX complexes (Figure 3c), a majority of normal tissue stained
in pink and only a small portion of tumor tissue stained in blue
can be seen. The clear histological differences further
demonstrate the enhanced therapeutic efficacy of LAP/DOX
complexes.

The antitumor efficacy of LAP/DOX complexes was further
assessed by in vivo immunohistochemistry toward the
endothelial cancer marker (CD31) expression using an avidin—
biotin complex protocol on paraffin-embedded tissue. CD31-
positive tumor microvessels were stained to have a brown color,
and the lower expression of CD31 implies the higher suppression
of angiogenesis, thus a stronger inhibition of cancer cells.'*3% As
shown in Figure 4, on day 7 and day 14, in comparison to tumor
mice treated with saline and LAP without DOX complexation,
mice-treated with DOX and LAP/DOX complexes showed an
obvious decrease in the expression of CD31-positive tumor
microvessels, clearly indicating that DOX and LAP/DOX
complexes can effectively damage tumor neovascularization.
This is likely due to the known fact that DOX can act on the S-
phase of cancer cell cycle and thus cause cell death by damaging
DNA and its synthesis.>® In particular, the microvessel density of
tumor treated with LAP/DOX complexes (Figure 4d, day 7, and
Figure 4h, day 14) was obviously much lower than that of free
DOX group (Figure 4c, day 7, and Figure 4¢, day 14), implying
that LAP/DOX complexes have a better tumor inhibition
efficacy than free DOX. As shown in Scheme 1b, the enhanced
tumor inhibition efficacy is presumably due to the fact that the
encapsulation of DOX within LAP nanodisks enables enhanced
cellular uptake of DOX.>’ Likewise, the intratumorally injected
LAP/DOX complexes were able to release DOX with a faster rate
under the acidic tumor microenvironment than under
physiological environment and therefore significantly inhibiting
tumor growth. On the other hand, the passive tumor targeting
and accumulation of the LAP/DOX nanodisks via the known
EPR effect may afford enhanced tumor uptake of DOX to exert
enhanced therapeutic efficacy. In contrast, the intratumorally
injected free DOX that diffused into cancer cells may be easily
pumped out of the cancer cells by the P-glycoprotein and/or
other proteins sensitive to free DOX molecules located in the
plasma, thus compromising its antitumor efficacy.>*

(a) S

Figure 3. Representative H&E staining images of KB xenografted tumors treated with (a) saline, (b) free DOX; and (c) LAP/DOX complexes on day

19, respectively.
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Figure 4. Inmunohistochemical staining for CD31 expression of tumor sections in mice after 7 (a—d) and 14 days (e—h) treatment with saline (a and
e), LAP (b and f), free DOX (c and g), and LAP/DOX complexes (d and h).

The enhanced tumor uptake of DOX after injection of LAP/
DOX complexes was confirmed by in vivo biodistribution
analysis of DOX in tumors and in various organs (Figure 5). For

80 -

—_ Il DOX-day 7
°\= Il DOX-day 14
~ Il LAP/DOX-day 7
& 60 - EE LAP/DOX-day 14
=
]
g
$ 40
—
L
-9
w20+
o
a
0

&& S ¢ S S S
P as & O FTF S
SV R V@b&o Q*\)%Q \)@&e

Figure S. In vivo biodistribution of DOX after 7 and 14 days treatment
with free DOX and LAP/DOX complexes (mean + SD, n = 3).

mice treated with free DOX, DOX was almost distributed equally
in tumors and in other organs on day 7 and day 14. The amount
of DOX showed no obvious change with time extending. For
LAP/DOX complexes, about 50% of the total DOX uptaken by
the tumor and the specified main organs was found in the tumor
tissue on day 7. This percentage decreased to 28.3 + 3.7% on day
14. The LAP/DOX complexes afforded a higher DOX uptake in
the tumor tissue than free DOX (54.0 &+ 11.3% versus 24.5 +
5.4% on day 7, and 28.3 + 3.7% versus 18.7 + 1.6% on day 14,
respectively). Our data suggest that the nanoscale LAP/DOX
complexes are able to be accumulated in the tumor region via a
passive EPR effect,'® thereby exerting more significant tumor
inhibition effect than free DOX.

The survival time of the mice in each group was also
monitored, and the long-term survival rate was calculated by
dividing the number of surviving mice by the number of total
mice at the beginning of treatment to further illustrate the
antitumor therapeutic effect (Figure 6). For the saline group,
abnormal proliferation and metastasis led to one mouse death on
day 32. With the time post treatment, uncontrollable mouse
death occurred on day 35 (2 mice died) and day 41 (1 mouse
died), and on day 47 all the remaining mice died. The survival
rate of mice treated with free DOX was better to a certain extent
with an average life-span of approximately 8 days, partially due to
the antitumor effect of free DOX. For the LAP/DOX treated
group, the first mouse death occurred on day 42, longer than the
mice treated with free DOX (day 34) or saline (day 32).
Additionally, 2 of the 6 mice were still alive after 60 days. This
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Figure 6. Survival rate of mice as a function of the time post treatments
with saline, free DOX, and LAP/DOX complexes.

further confirms the improved antitumor efficacy of LAP/DOX
complexes, affording prolonged survival time of the tumor mice.

Systemic Toxicity. For in vivo antitumor therapy
applications of LAP/DOX complexes, it is essential to explore
the long-term fate of the intratumorally injected LAP carrier. The
biodistribution of the LAP was investigated after intratumoral
injection of the LAP/DOX complexes. By quantitatively
measuring the concentration of magnesium ions in different
organs (including the heart, liver, spleen, lung, and kidney) at 1,
3,14, and 21 days post treatment using ICP-OES, we were able to
estimate the distribution of LAP carrier (Figure 7). It is clear that
at all time points post treatment, the heart, lung, and kidney have
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Figure 7. Biodistribution of magnesium element in major organs of the
mice, including the heart, liver, spleen, lung, and kidney at different time
points post treatment with LAP/DOX complexes (one mouse was used
for each time point).
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Figure 8. H&E-stained tissue sections of major organs, including the heart, liver, spleen, lung, and kidney from Kunming mice treated with saline or

LAP/DOX complexes on day 45.

relatively lower magnesium uptake. In sharp contrast, the
reticuloendothelial systems (RES, liver and spleen, especially
liver) have significantly higher magnesium uptake of 42.5 (1 d),
50.3 (3d), 78.5 (14 d), and 44.6 ug/g (21 d) in the liver and 24.1
(1d),42.1 (3d),69.3 (14 d), and 38.4 ug/g (21 d) in the spleen,
respectively. These differences in magnesium uptake indicate
that LAP/DOX complexes are able to be translocated from the
tumor site to the RES via blood or lymphatic circulation.>® The
magnesium level in all of the studied organs obviously decreased
at 14 days post treatment, and at 45 days post treatment, the
magnesium levels were too low to be detected, suggesting the
nearly complete LAP clearance in the treated mice via the RES
and blood or lymphatic circulation.

Finally, the in vivo biosafety of LAP/DOX complexes was
investigated to further illustrate the advantages of LAP as an
antitumor drug carrier. In our previous study, we have shown that
LAP nanodisks do not display apparent in vitro cytotoxicity in
the given concentration range.”” In this study, we further studied
the in vivo compatibility of LAP using serum biochemistry assay
and complete blood panel test together with histological
examinations. On the day 7 and day 14 post treatment, mice
were anesthetized and heart was punctured for blood test. As
shown in Table S1 and Table S2 (Supporting Information), at 7
and 14 days post treatment, there was no physiological difference
in blood routine parameters (Supporting Information Table S1)
including Hb, WBC, and PLT, as well as serum biochemistry
parameters (Supporting Information Table S2) including AST,
ALT, total bilirubin, creatinine and carbamide among groups
treated with saline, LAP, and LAP/DOX complexes. These
results clearly indicate that mice treated with saline, LAP and
LAP/DOX complexes are still quite healthy. However, compared
with mice treated with LAP/DOX complexes, free DOX-treated
mice showed decreased blood routine parameters and serum
biochemistry parameters (Supporting Information Tables S1 and
S2), which is likely associated with the systemic toxicity of DOX.
Given the fact that the mice were treated with LAP/DOX and
free DOX at similar DOX concentration, we can conclude that
LAP/DOX complexes induce much lower systemic toxicity than
free DOX.

At 45 days post treatment, mice treated with LAP/DOX
complexes were euthanized, and the major organs including the
heart, liver, spleen, lung, and kidney, were collected for
pathological examination via H&E staining (Figure 8). All of
the studied organs from the mouse treated with LAP/DOX
showed no appreciable abnormality or noticeable organ damage
when compared to the saline group, suggesting a good
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biocompatibility of LAP/DOX complexes, as well as LAP
alone, in mice. The body weight of mice in different groups was
also monitored (Figure S4, Supporting Information). Mice
treated with LAP/DOX complexes showed no obvious variation
in weight over time compared to the mice treated with saline,
further indicating that neither LAP/DOX nor LAP is toxic to
mice. Therefore, LAP can be safely used in drug delivery systems.

H CONCLUSION

In summary, we have investigated the in vivo antitumor efficacy
and systemic toxicity of the prepared LAP/DOX nanodisks as a
novel anticancer drug delivery system using a tumor-bearing
mouse model. Our results reveal that at the same DOX
concentration, LAP/DOX complexes are able to inhibit tumor
growth more significantly than free DOX, and the survival time of
mice treated with LAP/DOX is dramatically longer than the mice
treated with free DOX. The enhanced antitumor efficacy of LAP/
DOX complexes is believed to be attributed to the nanoscale
drug delivery system that can passively target and accumulate in
the tumor region via the known EPR effect, which has been
demonstrated by the analysis of the in vivo biodistribution of
DOX. With the ability to be cleared out of body at 45 days post
treatment and proven biocompatibility via histological examina-
tions, the LAP-based drug delivery system with an exceptionally
high DOX payload may be used as a promising platform for
tumor therapy applications.
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