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Abstract

Macrophages hold great potential in cancer drug delivery because they can sense chemotactic cues
and home to tumors with high efficiency. However, it remains a challenge to load large amounts of
therapeutics into macrophages without compromising cell functions. Here we report a silica-based
drug nanocapsule approach to solve this issue. Our nanocapsule consists of a drug-silica complex
filling and a solid silica sheath, and it is designed to minimally release drug molecules in the early
hours of cell entry. While taken up by macrophages at high rates, the nanocapsules minimally
affect cell migration in the first 6-12 h, buying time for macrophages to home to tumors and
release drugs /n situ. In particular, we show that doxorubicin (Dox) as a representative drug can be
loaded into macrophages up to 16.6 pg/cell using this approach. When tested in a US7MG
xenograft model, intravenously (i.v.) injected Dox-laden macrophages show comparable tumor
accumulation as untreated macrophages. Therapy leads to efficient tumor growth suppression,
while causing little systematic toxicity. Our study suggests a new cell platform for selective drug
delivery, which can be readily extended to the treatment of other types of diseases.
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Introduction

Exploiting immune cells for drug delivery is an emerging area of research.[2=3] Many types
of leukocytes, including macrophages, neutrophils, and dendritic cells, can sense chemokine
and cytokine cues and home to inflamed tissues. Macrophages or their predecessor
monocytes in particular, can respond to cancer-related cytokines (e.g., CSF-1, VEGF, PDGF,
TNF, IL-1, IL-5, etc.) and chemokines (e.g., CCL-5, 7, 8, 12, etc.),[*8] and navigate to the
diseased sites, passing multiple biological barriers along the way. This holds true for central
tumor areas, which are often avascular and inaccessible to conventional therapeutics. These
unique properties make macrophages a potentially appealing vehicle for cancer drug
delivery.

Despite the promises, it remains a challenge to load large quantities of drugs into
macrophages. Conventionally, the most common cell loading strategy is to conjugate drug
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molecules or tether drug-loaded nanoparticles onto the cell plasma membrane.[”] This so-
called “backpack” approach has been exploited by others and us to load therapeutics onto
stem cells,[8-111 leukocytes,[12-15] red blood cells,[26] and T cells[*7] with varying success.
However, plasma membrane is essential for cell functions and plasticity, and nanoparticle
loading may adversely affect cell signal transduction, adhesion, and migration. According to
Irvine et al.,[1718] hanoparticles can occupy up to 5% of plasma membrane without
significantly affecting cell functions. This translates to a drug loading rate of less than 1.0 g
per million cells (Supporting Information). Considering that in a normal cell transfer
procedure 1-10 million cells are injected, the amount of drugs that can be delivered using
this approach is very limited; not to mention that macrophages are phagocytes, and
membrane-bound nanoparticles are often quickly engulfed by cells rather than residing on
the surface.

An alternative strategy is to load drugs into the cell cytosol. This approach is considered
challenging or not feasible because most chemotherapeutics are highly toxic to
macrophages. Incubating macrophages with high concentrations of drugs induces immediate
cell death, whilst sub-lethal dose incubation causes insufficient drug loading. There have
been some successes of exploiting macrophage plasma membrane as a camouflage to
improve nanoparticles’ pharmacokinetics.[1920] A few groups have attempted to load
liposome or polymer nanoparticles into live macrophages,[21-231 but the difficulties to
achieve high drug loading while maintaining cell functions have limited the related
developments.

Herein we report a unique nanocapsule technology to solve the macrophage drug loading
issue. We and others observe that it takes 6—12 h for intravenously (i.v.) injected
macrophages to migrate to inflamed tissues.[624] We reason that if drug-loaded
nanoparticles do not release the payloads in the early hours of cell entry, the adverse impacts
can be held in check in spite of a high apparent drug content. This would buy time for
macrophages to traffic to tumors, and release therapeutics /in situto induce efficient and
selective cancer cell killing (Scheme 1). For the purpose, it is desired that nanoparticles have
a two-phase drug release profile, with minimal drug liberation in the first 6-12 h and
controlled release afterwards. This is challenging because nanoparticles after internalization
are trapped in the phagolysosomes of macrophages, which are rich in hydrolytic enzymes
and reactive oxygen species (ROS), and can quickly digest conventional drug carriers.[25:26]
To solve the issue, we created a drug-silica nanocapsule platform, consisting of a drug-silica
nanocomplex core, and a solid silica sheath. The silica coating is more resistant to
degradation and oxidation than alternative materials such as polymers or liposomes; by fine-
tuning the coating thickness, stalled drug released would be achieved and the degree of
extended release adjusted. The drug-silica nanocomplex is more susceptible to degradation
than the shell as drug molecules create de facto defects in the silica matrix,[27] leading to
two-phased drug release. Meanwhile, because drug molecules are electrostatically bound
with silica, burst drug release, which is commonly seen with conventional drug carriers,
should be avoided. All these properties should allow for high drug loading into macrophages
while minimally affecting cell migration. We tested this hypothesis with doxorubicin (Dox)
as a representative chemotherapeutic drug, and we evaluated the efficiency of drug delivery
first in vitro and then /n vivoin U87MG tumor bearing mice.
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DSN synthesis and physical characterizations

We first synthesized Dox-silica nanocomplexes (referred to as DSN-0) by co-condensation
of Dox and tetraethyl orthosilicate (TEOS, Dox: TEOS molar ratio of 1:13) in ethanol. Dox
is positively charged at this condition and electrostatically bound with TEOS, whilst being
intercalated into the growing silica matrix.[2”] The resulting DSN-0 nanoparticles were 28.4
+ 3.4 nm in diameter (Figure 1a). They were stably dispersed in PBS (Figure S1b, S1c), with
a slightly negatively charged surface (6.9 + 1.0 mV, Figure 1b). Based on UV-Vis
spectroscopic analysis, it was estimated that the Dox accounted for 16.7 wt% of the DSN-0
weight (Table S2).

Despite the strong electrostatic interaction, up to 11.7% of Dox was released within 12 h at
pH 5.0 (close to lysosome pH:;[28] Figure 1c). To minimize drug release in the early hours,
we imparted a silica capsule onto the surface of DSN-0 through the Stéber method. By
varying the TEOS precursor amounts, we were able to prepare DSN nanocapsules with silica
coating thicknesses of 12, 22, and 52 nm (Figure 1a), and the resulting nanoparticles were
referred to as DSN-12, DSN-22, and DSN-52, respectively. We found that a thicker silica
coating was associated with more negative surface charge (Figure 1b) and more extended
drug release (Figure 1c, S1a). Specifically, DSN-12 and DSN-22 released 10.3% and 8.0%
of their Dox contents at 12 h (pH 5.0), and for DSN-52, this number was reduced to 5.1%.
We also investigated DSN-52’s morphology changes over time in both neutral and acidic
solutions. At pH 7.4, DSN-52 remained intact for over 72 h (Figure S1d). At pH 5.0, on the
other hand, we found no obvious morphology changes in the first 6 h, but signs of
nanoparticle degradation at 24 h (Figure 1d). The gradual erosion of the silica coating then
exposes the DSN core. Unlike solid silica, where adjacent silicon atom is covalently linked
by an oxygen bridge, the silica matrix of DSN is more susceptible to hydrolysis due to the
Dox dopants. In samples taken at later time points of incubation, we spotted many hollow
capsules, suggesting the degradation of the DSN cores (Figure 1d). This correlates with
faster drug release recorded after 12 h. For comparison, we also assessed drug release with
Dox-loaded liposomes (i.e., Doxove) and mesoporous silica nanoparticles at the same
condition. In both cases, we found significant early-hour burst release, with 26.2% (Doxove,
Figure S2a) and 58.6% (mesoporous silica nanoparticle, Figure S2b) of their Dox contents
liberated at 12 h, respectively.

Imparting silica coating diluted the drug content in the nanoparticles. Specifically, the Dox
loading was 11.2, 8.9, and 5.1 wt%, respectively, for DSN-12, DSN-22, and DSN-52,
compared to 16.7 wt% for DSN-0 (Table S2, S3). While it is possible to further increase the
silica coating thickness and stall the drug release process, it is speculated that a too diluted
drug content in the particles (e.g. less than 5%) may adversely affect Dox loading into
macrophages. Due to this consideration, we selected the DSN-52 formulation for subsequent
cell and animal studies.

Adv Mater. Author manuscript; available in PMC 2019 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al. Page 5

Loading DSN-52 nanocapsules into macrophages

We incubated DSN-52 with RAW264.7 cells, a murine macrophage cell line, and stopped
the incubation at different times to analyze nanocapsule uptake by measuring the amount of
cellular Dox on a per cell basis. We found that 2 h incubation led to efficient Dox uptake,
while extending incubation further minimally increased the cellular Dox contents (Figure
2a). The uptake is attributed to macrophage phagocytosis of nanoparticles, which was
observed by others with nanoparticles of comparable sizes.[?2] The uptake was concentration
dependent. When incubated with DSN-52 at 10, 20, and 40 ug Dox mL™1, the cell Dox
content at 2 h was 9.8, 15.9, and 21.3 pg cell ™2, respectively (Figure 2b). As a comparison,
Doxove showed a Dox loading of less than 1 pg cell™ at the same conditions (Figure S4a).

After 2 h incubation, we replenished the incubation medium and analyzed the viability of the
DSN-laden cells. When initial DSN-52 concentration was 20 pg Dox mL1 or below, cell
viability maintained at ~70% or above at 12 h (Figure 2c). This is striking considering that
the 1Cxq of free Dox is 1.5 ug mL~ (Figure 2d). Based on these observations, we chose 20
g Dox mL~1 and 2 h incubation for drug loading. Under this condition, macrophages bore a
stunning Dox content at 16.6 + 4.8 pg Dox cell™1. Calcein AM/EthD-II1 assay showed that
99.2% of DSN-52 loaded macrophages (DSN-MF) were heathy at the completion of
nanoparticle incubation (Figure 2e). Incubation at 4°C in the presence of 0.1 wt.% NaNj3 led
to ~80% decrease of cellular uptake, suggesting that the nanoparticle uptake was mainly
mediated by endocytosis (Figure S3).

One concern is that the intracellular Dox, while not lethal, may affect cell functions. In
particular, the nanoparticle loading may compromise cells’ chemotactic migration toward
cancer cells. We examined this in a transwell experiment, where U87MG glioblastoma cells
were seeded onto the bottom chamber of the device, and DSN-MF loaded onto the top. We
found that DSN-MF could efficiently transmigrate the well (Figure 2f, 2g), with both
invasion and migration percentages comparable to untreated RAW264.7 cells (referred as
MF onward, Figure 2h, 2i). Meanwhile, when U87MG cells were absent, there was no cell
transmigration (Figure S5a).

We also examined the impact of DSN-52 loading on macrophage phenotype changes.
Specifically, we analyzed the amounts of cytokines, including IL-1, IL-6, IL-12, TNF-a.,
and IL-10, that were secreted from DSN-MF. Except for IL-1f, which showed comparable
secretion relative to the control, other pro-inflammatory markers, including IL-6, IL-12 and
TNF-a, all showed significantly elevated secretion (Figure 3a—e). In particular, the 1L-6
level was drastically increased from 9.1 pg mL™1 in untreated macrophages to 484.2 pg mL
~1in DSN-MF at 24 h (Figure 3b). On the contrary, the level of IL-10, an anti-inflammation
marker, was reduced from 8.1 pg mL~1 in the control to 4.8 pg mL™1 DSN-MF at 24 h (p <
0.001, Figure 3c). Accompanied with it, the IL-12/IL-10 ratio was increased from 2.2 in MF
to 8.0 in DSN-MF (Figure 3f). These results indicate that RAW264.7 cells after DSN-52
loading were polarized toward the pro-inflammation M1 phenotype.[29.30]

We then analyzed Dox efflux. We observed time-dependent increase of Dox content in the
supernatant of DSN-MF, which released over 50% of the loaded Dox within 48 h (Figure 3g,
Table S4). We took the supernatants from different time points and added them to the
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incubation media of U87MG cells cultured in separate plates (Figure 3a). For the 48-h
conditioned medium, incubation with U87MG led to extensive cell uptake of Dox (Figure
S5b), which eventually led to cell death (Figure 3h). Notably, conditioned medium taken at
12 h caused little US7MG cell viability drop (Figure 3h), which is attributed to the stalled
drug release of the nanocapsules.

Interestingly, Dox was not released entirely in the form of free molecules. When analyzing
DSN-MF conditioned medium, we found many nanoparticles with a size of 50-150 nm in
the supernatant (negative staining TEM, Figure 3i). Through a series of centrifugation
(Supplementary Information), we were able to enrich these nanoparticles (Figure 3i). Further
Western blotting analysis found high contents of Flotilin-1, TSG101, and CD81 in these
nanoparticles (Figure 3j), suggesting that these were exosomes secreted by macrophages.[3]
Spectroscopy analysis revealed that a 16.5% of the released Dox was entrapped within the
secreted exosomes (Figure 3i—j, Figure S5c, Table S4). Considering possible exosome loss
during differential centrifugation, the actual percentage of Dox released in exosomes could
be even higher. Unlike artificial liposomes or micelles, exosomes present on their surface
adhesion proteins, integrins, and tetraspanins, which may facilitate cancer cell uptake.[32:33]
It is envisioned that during therapy, DSN-MF produces Dox-laden exosomes /n situ inside
tumors, further improving the selectivity and efficiency of the delivery approach.

In vivo bio-distribution studies

We studied the tumor tropic properties of DSN-MF in U87MG tumor bearing nude mice. To
keep track of the cells, we co-loaded 50 nm iron oxide nanoparticles (IONPs)[34:33] into
DSN-MF and i.v. injected 2 x 10° of the cells into each animal (n = 3). T,-weighted
magnetic resonance imaging (MRI) found minimal signal changes in tumors at 4 h, but
extensive hypointensities at 24 h (Figure 4a). To verify cell migration, we also labeled the
cell membrane with DiD, and examined the tumor samples by histopathology at 24 h post
i.v. injection. We observed positive Prussian blue staining (Figure S6) within tumors, along
with signals from Dox and DiD dye (Figure 4b), confirming that macrophages as a vehicle
can deliver Dox to tumors.

For quantitative analysis, we also labeled DSN-MF and untreated RAW264.7 cells (MF)
with 84Cu-pyruvaldehyde-bis(N4-methylthiosemicarbazone, 84Cu-PTSM) and monitored
cell migration by positron emission tomography (PET).[36] We found that the majority of
macrophages were initially accumulated in the lung (Figure 4c). This was attributed to the
pulmonary first-pass effect, which is commonly seen with i.v. injected cells.[37:38]
Specifically, the lung uptake at 1 h was 18.30 and 13.64 %ID g™, respectively, for DSN-MF
and MF (Figure 4d, 4e). Between 1 and 8 h, there was a significant decrease of radioactivity
in the lung. Meantime, tumor accumulation was significantly increased (Figure 4f),
suggesting chemotactic migration of macrophages to tumors. For DSN-MF, the decay-
adjusted tumor-to-liver ratio (TLR) was increased from 0.18 at 1 h, to 0.32 and 0.39,
respectively, at 8 and 23 h (Figure 4g). These values were not significantly different from the
MF group (p>0.05). In general, DSN-MF showed comparable pharmacokinetics to untreated
macrophages (Figure 4c—g), suggesting negligible impact of DSN loading on tumor
migration.
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Therapy studies

The therapy study was also conducted in U87MG subcutaneous tumor models. We started
therapy when the tumors reached to a size of ~100 mm3. The animals were randomly sorted
to receive the following treatments (n=5) via intravenous injection on Day 0: i) PBS; ii) free
Dox (3 mg Dox kg™1); iii) DSN-52 only (3 mg Dox kg™1); iv) untreated RAW264.7 cells
(MF, ~4 x 10% cells per mouse); v) DSN-MF (3 mg Dox kg1, ~4 x 108 cells per mouse).
Only one dose was given to the animals.

For the Dox, DSN-52, and MF groups, we observed marginal tumor suppression. On Day
14, the average tumor volumes were 1328.6, 1528.47, 1442.27 mm3, respectively, for the
three control groups. Relative to the PBS group, the tumor growth inhibition (TGI) rates
were 24.84%, 12.35%, and 17.73%, but the changes were insignificant (p = 0.17, 0.80, and
0.32, respectively, Figure 5a, Figure S7a). There was also no benefit in survival. The median
survival was 16, 14, and 14 days, respectively, for the Dox, DSN-52, and MF groups,
compared to that of 14 days for the PBS control (Figure 5¢). As a comparison, the DSN-MF
group showed an impressive TGI rate of 62.66% on Day 14, and the treatment significantly
extended the animal median survival to 26 days. No body weight loss was observed during
the whole treatment process (Figure 5b).

In separate studies, we euthanized mice 24 h after treatment, and performed /n situ apoptosis
staining (Abcam) on the tumor tissues (Figure 5d, Figure S7b). DSN-MF treatment led to
extensive cell apoptosis. The positive staining was found at both the peripheral and central
tumor areas and occupied 17.83% area of the whole tissue region, which was significantly
higher than the controls (Figure S7c). This is again attributed to the capacity of macrophages
to pass biological barriers and migrate to inflamed sites. As a comparison, we observed only
sporadic positive staining in the control groups (Figure 5d).

Toxicity studies

We also investigated whether DSN-MF induces systematic toxicity in normal balb/c mice (n
= 3). In all Dox related groups (Dox, DSN-52, and DSN-MF), animals showed a small
degree of body weight loss on Day 2, but the loss was recovered after 3-5 days (Figure 6a).
Meanwhile, there was no detectable change in rectal temperature for all the treatment groups
throughout the study (Figure 6b). After 7 days, we euthanized the animals and examined
major organ tissues by H&E staining. We found a minor elevation of leukocyte infiltration in
the alveolar areas in the DSN-MF group, which is likely attributed to the accumulation of
exogenous macrophages.[38] No pathological changes were observed in all other organs
(Figure 6h). These include no detection of cardiotoxicity, which is commonly associated
with doxorubicin-based treatments. One concern was that too many activated macrophages
may cause increased hemophagocytosis, but there was no evidence of this in the spleen
(Figure 6h).

We also examined blood samples taken from the treated animals. For the DSN-MF group,
complete blood count (CBC) analysis found that all indices were in the normal ranges. As a
comparison, the Dox group showed abnormalities including elevated white blood cell and
red blood cell counts, high hemoglobin and mean corpuscular hemoglobin levels, low mean
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corpuscular volumes, low mature neutrophil counts, and elevated immature neutrophil
counts (Table S5). These impacts come from hematotoxicity of Dox,[391 which were
prevented by selective delivery via macrophages. In addition, we also analyzed protein
markers related to inflammation (CRP and TNF-a in Figure 6c, 6d),[40] liver function (AST
and ALT in Figure 6e, 6f), and kidney function (BUN in Figure 6g). Compared to the
control, the ALT level was increased in the DSN-MF group (Figure 6f), though it was still
within the normal range.[41] All the other markers are also within the normal ranges.[41]
Overall, the histopathology and blood tests confirmed that DSN-MF induced little
systematic toxicity to animals.

Discussions and conclusion

Inflammation has long been associated with tumor promotion and progression.[42:43] The
fact that macrophages or monocytes can respond to chemotactic cues and migrate to
inflammation sites has made macrophages a potentially attractive drug delivery vehicle.
[22.24] 1t js envisioned that macrophages can carry therapeutics to tumors, including
metastatic sites and tumor central areas, in a highly selective manner. The main challenge of
the approach is that it is difficult to load sufficient amounts of drugs onto macrophages. The
current study provides a solution. Our drug-nanocapsule minimally releases therapeutics in
the first 6-12 h of cell entry, permitting us to hijack macrophages as an efficient vehicle to
enrich drugs in tumors without killing them pre-maturely. In this context, the phagocytic
property of macrophages becomes an advantage, allowing for a very high drug loading (e.g.
16.6 pg cell™1) not possible with the conventional “backpack” approach. DSN-MF i.v.
injected are first trapped in the lung but afterward gradually migrate to tumors, with a tumor
migration rate comparable to untreated macrophages.[44 While many have attempted to load
drugs onto live cells for adoptive cell transfer (ACT)[2:74546] (including neutral stem cells
and T cells), the more successful examples are seen with using the approach to improve
carrier cell survival and functions.[12-14:47] Due to limited drug loading, exploiting ACT to
systematically deliver therapeutic drugs has been a challenge. Here we show that DSN-MF
can be injected at a clinically relevant chemotherapeutic dose (3 mg kg™1), which again is
due to the high drug loading our nanocapsule approach permits. Post-mortem analysis found
extensive cell death in tumors, including the central mass (Figure 5d, Figure S7b—c),
confirming the benefits of macrophages-based tumor tropism.

For nanoparticle-based drug delivery, drug accumulation in a tumor and its distribution
within it rely almost entirely on passive diffusion. Many nanoparticles after extravasation
stay in the tumor peripheral region, never reaching the avascular tumor center. Despite a
compromised lymphatic system, these nanoparticles are over time drained into the lymphatic
system and cleared from the site. Weissleder et al. observed that in many tumors,
nanoparticles are first taken up by local macrophages which serve as a depot for continuous
drug release.[#8] The group also showed that elevating numbers of macrophages in tumors,
for instance by external irradiation, provide strongholds for nanoparticles in tumors, leading
to improved drug retention and enhanced therapeutic outcomes.[491 In our strategy, drugs are
loaded into macrophages ex vivo but similar stronghold effects should have contributed to
the treatment.
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While the current study is focused on Dox, we anticipate that the platform can be easily
extended other therapeutics. Given the high loading capacity of macrophages, it is even
possible to use the strategy to deliver a multitude of therapeutics to tumors for combination
therapy. Moreover, applications are not limited to cancer therapy. Many other diseases, such
as tuberculosis, atherosclerosis, and stroke, are also associated with acute or chronic
inflammation. Macrophage-based drug delivery may also hold advantages in the treatment
of these diseases. It will be also interesting to test the approach with macrophages derived
from autologous monocytes, which is more clinically relevant. It is possible to load
nanocapsules into other cell types such as T cells, neural stem cells, and dendritic cells for
drug delivery. These possibilities will be explored in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Physical characterizations of DSN nanoparticles. a) TEM images and b) zeta potential of

DSN-0, DSN-12, DSN-22, and DSN-52 nanoparticles. c) Drug release profiles of DSN-0,
DSN-12, DSN-22, and DSN-52 nanoparticles, measured at pH 5.0. d) TEM images of

DSN-52 nanoparticles after incubating in a pH 5.0 solution for different times. Scale bars,
50 nm.
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Figure2.
DSN-52 nanoparticles uptake by macrophages (RAW264.7 cells). a) Intracellular Dox

contents, measured at 1, 2, and 4 hours’ incubation with DSN-52 nanoparticles. ***,
p<0.001. NS, not significant. b) Intracellular Dox contents, measured when the initial
DSN-52 Dox concentration was 0, 10, 20, and 40 pg mL~1. The incubation time was fixed at
2 h. c) Cell viability at 12 h via MTT assay. The cells were first incubated with DSN-52 at 0,
10, 20, and 40 pg mL~1 (Dox concentration) for 2 h. After PBS washing, fresh growth
medium was added, and cell viability was measured at 12 h by MTT assay. d) Cell viability
at 24 h via MTT assay. Dox (black curve), RAW264.7 cells were incubated with free Dox
for 24 h. DSN-52 (blue curve), RAW264.7 cells were laden with DSN-52 and then incubated
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in normal growth medium for 24 h. e) Live and Dead cell assay results of DSN-MF and MF
cells at 2 h. Green, living cells; red, dead cells. Scale bars, 100 um. f) Transmigration assay.
DSN-MF or MF cells were loaded onto the top of a transwell chamber, whilst U87MG cells
were seeded at the bottom. Macrophages were stained into blue color via Giemsa staining.
Scale bars, 100 pm. g) Fluorescence microscopic images of invaded/migrated DSN-MF
cells, the experimental conditions were the same as those in f. Scale bars, 100 um.
Percentages of DSN-MF and MF cells that had h) migrated and i) invaded. NS, not
significant.

Adv Mater. Author manuscript; available in PMC 2019 May 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhang et al. Page 15
a
MF Supernatant collected y . 15 - = NS
""""""""" . . . acrophage —_
at different time points | > h f 9 7 NS
phenotype € 10
(2]
&
=
=
. 0
Control  2h
> Dox efflux b
600
________ oy
: ) E
D300
<
=
" < g > Exosome analysis 0
s . Control
Dox uptake & viability test with U87MG cells
c d NS e N
500 T % 3001 10
:r %) = "
% 5 g | —= 5
25 8251 £ 1501 = 54
< < N g
1 1 z =]
- | - | = lE |
0 0 0
Control Control 24h Control  2h Control  2h 24h
560 L — “01 Flotillin-1
> 2100  30-
9 40+ el =
© g 8 201 TSG101
@ > 50 €
Q 20 [0) S
E = Z 10
8 o ® . CD81
Control 12h  24n  48h — Control 12h 24h  48h 10 100 1000

size (nm)

Figure 3.
Impact of DSN loading on macrophage phenotypes. Secretion of a) IL-1, b) IL-6, c) IL-10,

d) IL-12, and €) TNF-a from DSN-MF at 2 and 24 h. MF (untreated RAW264.7 cells)
served as controls. f) IL-12/IL-10 ratio at 2 and 24 h. g) Percentage of Dox released from
DSN-MF at different times (Dox retained in cell debris is excluded by centrifugation). h)
Cell viability assay results with U87MG cells. Supernatants taken from DSN-MF culture
dishes at different time points were added to a separate plate grown with U87MG cells. Cell
viability was measured after 48 h incubation. *, P<0.05; **, P<0.01; ***, P<0.001; NS, not
significant. i) Hydrodynamic size of exosomes via DLS analysis (z-average size = 97.35 nm,
PDI = 0.127). Exosomes were collected from DSN-MF supernatant at 48 h via
centrifugations. An inset photograph of the resulting exosomes and a negative-stained TEM
image were also shown. Scale bar, 50 nm. j) Western blot analysis of exosome lysates.
Flotilin-1, TSG101, and CD81, three markers of exosomes, were detected.
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Figure 4.
In vivo tumor targeting of DSN-MF, evaluated in nude mice bearing subcutaneously

inoculated U87MG tumors. a) Axial 7, MR images, acquired at 0, 1, 4, and 24 h post i.v.
injection of DSN-MF cells. The cells were pre-loaded with iron oxide nanoparticles. b)
Confocal microscopic images of tumor cryo-sections using the z-stack scan mode (step = 2
um). DSN-MF cells were pre-labeled with DiD. Red, DiD; green, Dox; blue, cell nuclei.
Scale bars, 50 um. c) Decay-corrected whole-body coronal PET images, acquired at 1, 8,
and 23 h post injection. DSN-MF or MF cells were labeled with 84Cu-PTSM. Tumor area
was highlighted with yellow cycles; lung area was highlighted using cyan cycle. d, €)
Distribution of d) MF cells and €) DSN-MF cells in the lung, liver, kidney, and muscle at
different time points. f) Tumor uptake of MF and DSN-MF cells at different times. g)
Tumor-to-liver ratios of MF and DSN-MF cells, based on images results in c.
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Figureb.

Therapy studies with U87MG tumor bearing mice. Animals were randomized to receive one
dose i.v. injection of either PBS, free Dox (3 mg Dox kg™1), DSN-52 (3 mg Dox kg?),
RAW?264.7 cells (MF, ~4 x 10° cells per mouse), or DSN-MF (3 mg Dox kg1, ~4 x 10°
cells per mouse). a) Tumor growth curves. b) Body weight changes. ¢) Kaplan-Meier plot of
animal survival. d) /n situ Apoptosis staining (Abcam) analysis of cryo-sectioned tumor
tissues at 24 h post treatments. Cytoplasm region was counterstained into green color by
methyl green; nuclei of apoptotic cells were counterstained into dark brown dots by
diaminobenzidine. Scale bar, 50 pm.
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Figure®6.
Toxicity studies. @) Animal body weight changes. b) Animal rectal temperature changes.

There was a small degree of weight loss in Dox, DSN-52, and DSN-MF group, which was
recovered within 5 days. Mice were euthanized on Day 7 for H&E and plasma protein
marker analysis: ¢) Plasma CRP, d) TNF-a, e, f) AST, ALT levels, and g) BUN levels. For
DSNMF, all the indices were in the normal range. h) H&E staining of major organs, which
were collected on Day 7 post treatments. Except for a small degree of elevated leukocyte
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infiltration, no pathological changes were observed for the DSN-MF group. Scale bar, 100
pm.
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(1) Encapsulating Dox into DSN

(2) Loading DSN into macrophage
(3) Administration of DSN-MF
(4) Tumor-tropic migration

(5) Drug release

Scheme 1. Nanocapsule-laden macrophages for drug delivery to tumors.
(1) Antineoplastic drug, in this particular case Dox, was first loaded into a carefully tailored

nanocapsule called drug-silica nanocomplex (DSN); (2) DSN nanoparticles were engulfed
by macrophages ex vivo; (3) DSN-laden macrophages (DSN-MF) were i.v. injected to a
tumor bearing mouse; (4) chemotactic migration of DSN-MF to tumors; (5) DSN-MF
releases Dox inside tumor to selectively kill cancer cells.
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