1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Pharmacol Res. Author manuscript; available in PMC 2017 November 01.

-, HHS Public Access
«

Published in final edited form as:
Pharmacol Res. 2016 November ; 113(Pt A): 92-99. doi:10.1016/j.phrs.2016.08.024.

Enzyme-responsive multistage vector for drug delivery to tumor
tissue

Yu Mi?, Joy Wolfram&P, Chaofeng Mu?, Xuewu Liu@, Elvin Blanco?, Haifa Shen2¢, and Mauro
Ferraria.d.*

aDepartment of Nanomedicine, Houston Methodist Research Institute, 6670 Bertner Ave.,
Houston, TX 77030, USA

bCAS Key Laboratory for Biomedical Effects of Nanomaterials & Nanosafety, National Center for
Nanoscience & Technology of China, University of Chinese Academy of Sciences, Beijing
100190, China

¢Department of Cell and Developmental Biology, Weill Cornell Medicine, 1300 York Avenue, New
York, NY 10065, USA

dDepartment of Medicine, Weill Cornell Medicine, 1300 York Avenue, New York, NY 10065, USA

Abstract

Various nanodelivery systems have been designed to release therapeutic agents upon contact with
specific enzymes. However, enzyme-triggered release typically takes place in the tissue
interstitium, thereby resulting in the extracellular delivery of drugs. Here, we have designed an
enzyme-stimulated multistage vector (ESMSV), which enables stimulus-triggered release of drug-
encapsulated nanoparticles from a microparticle. Specifically, polymeric nanoparticles with a
surface matrix metalloproteinase-2 (MMP2) peptide substrate were conjugated to the surface of
porous silicon microparticles. In the presence of MMP2, the polymeric nanoparticles were
released into the tumor interstitium. This platform can be used to attain triggered drug release,
while simultaneously facilitating the cellular internalization of drugs. The results indicate that
nanoparticle release was MMP2-specific and resulted in improved intracellular uptake of
hydrophobic agents in the presence of MMP2. Furthermore, in a mouse model of melanoma lung
metastasis, systemic delivery of ESMSVs caused a substantial increase in intracellular
accumulation of agents in cancer cells in comparison to delivery with non-stimulus-responsive
particles.
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1. Introduction

Nanotechnology has been used in medicine to improve the biodistribution of drugs, thereby
increasing therapeutic efficacy and reducing adverse side effects. In particular, nanodelivery
systems can prolong the blood circulation of drugs, overcome transport barriers within the
body, and preferentially accumulate in pathological tissue [1-5]. Nevertheless, in the case of
all nanodrugs in current clinical use, drug release is non-specific [6, 7]. Furthermore, the
premature release of drugs from a nanocarrier in the circulation can increase off-target
effects, while fast release in the cancer microenvironment rather than directly in target cells
may reduce therapeutic efficacy. To address these issues, stimuli-responsive delivery systems
that enable spatiotemporal control of drug release have been developed. Such nanocarriers
respond to environments with unique properties such as increased acidity, oxidative stress, or
hypoxia, which are common characteristics of tumor tissue [8-14]. For instance, polymeric
nanoparticles for nucleic acid delivery have been designed to release an outer polyethylene
glycol (PEG) layer when exposed to hypoxic [15] or acidic [16] environments. The removal
of this stealth layer promotes the internalization of the polymeric nanoparticles, resulting in
increased exposure of tumor cells to nucleic acids. Another example of stimuli-responsive
carriers is nanoparticles designed to release drugs in response to reactive oxygen species
(ROS). Such nanodelivery systems have utilized polymers that degrade when subjected to
ROS [17] or incorporated catalase in the aqueous core of nanoparticles, consequently
causing oxygen production and nanoparticle rupture in the presence of H,O, [18].

Enzyme activity can also be used as a stimulus to trigger drug release, since tumor tissue
usually displays increased levels of specific enzymes. For instance, cancer proliferation,
metastasis, and angiogenesis often result in overexpression of matrix metalloproteinases
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(MMPs), which are a family of zinc and calcium-dependent proteolytic enzymes [19, 20].
MMPs digest several components of the extracellular matrix (ECM), including collagen,
laminin, fibronectin, vitronectin, elastin, and proteoglycans [21, 22]. Especially MMP2 and
MMP9 play important roles in tumorigenesis, cell migration, invasion, and metastasis
[23-25]. Indeed, nanocarriers responding to MMPs have been designed for delivery of
cancer therapeutics [26]. Typically, such nanocarriers are functionalized with a peptide
sequence that can be cleaved by MMPs. For example, Dorresteijn et al. synthesized
polylactide (PLLA)-peptide-PLLA triblock copolymer nanoparticles that displayed
controlled drug release /n vitro in response to MMP2 cleavage of the peptide [27]. However,
since MMP-driven dissolution of nanoparticles takes place in the ECM, the released drugs
may display low levels of intracellular uptake when disassociated from nanocarriers.
Furthermore, once the drugs are released in the ECM, they may aggregate and degrade in
this environment prior to establishing contact with cancer cells.

To address the aforementioned problems, a multistage system was utilized for drug delivery.
Namely, a first-stage carrier (microparticle) was used to transport second-stage carriers
(nanoparticles) to tumor tissue. Previous studies have indicated that the multistage vector
system serves as a safe and effective vehicle for drug delivery [28-40]. In this study, the
microparticle component consisted of a porous silicon disk (2.6 um x 0.7 um), while the
nanoparticle component comprised poly(lactic-co-glycolic acid) (PLGA)-PEG particles. The
multistage delivery system was assembled through conjugation of the polymeric
nanoparticles to the surface of the silicon microdisk. Moreover, the nanoparticles were
loaded with coumarin 6, a fluorescent small molecule, which served as a model for
hydrophobic drugs. This multistage platform was designed to release nanoparticles from the
microparticle upon contact with MMPs, as the surface of the PLGA-PEG particles was
modified with a MMP2 substrate peptide. This strategy enabled intact nanocarriers to be
internalized by cancer cells, thus increasing intracellular uptake and preventing extracellular
aggregation/degradation of drugs. Moreover, it has been shown that nanoparticle-mediated
drug uptake can decrease drug resistance by reducing the expulsion of drugs from multi-
drug resistance efflux pumps [41]. The major difference between the enzyme-stimulated
multistage vector (ESMSV) and the majority of previously reported enzyme-responsive drug
delivery platforms is the location of drug release. While the ESMSV increases tumor-
specific exposure to drugs, the drug release process does not take place in the extracellular
environment, as MMPs target the bond between nanoparticles and microparticles.
Previously, it has been shown that intravenously administered silicon microdisks display
high accumulation in lung tissue due to geometrical features [40, 42, 43]. Indeed, the small
capillaries of the lungs promote interactions between discoidal particles and endothelial cells
[42]. Compared to spherical particles, microdisks have the ability to interact with endothelial
cells through a much larger contact area [40]. These interactions promote particle adhesion
to the vascular wall. In particular, discoidal microparticles have been shown to accumulate to
a greater extent in tumor-bearing lungs compared to healthy lung tissue [41]. The main
reason for enhanced particle accumulation in tumors is abnormal blood flow patterns that
lead to reduced shear rates [40]. Consequently, discoid particles are able to adhere to cancer
blood vessels, while they are dislodged from the endothelial wall of healthy vasculature.

Pharmacol Res. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mi et al. Page 4

Based on this natural tropism of microdisks for tumor-bearing lungs, the performance of the
ESMSV was evaluated in a mouse model of A375 melanoma lung metastasis.

2. Experimental Section

2.1. Materials

PLGA-PEG-COOH was prepared as previously reported [44]. The MMP2 substrate with a
peptide sequence of AGFSGPLGMWSAGSFG was purchased from Peptide 2.0 (Chantilly,
VA, USA). Sulfo-NHS (N-hydroxysulfosuccinimide) was acquired from Thermo Fisher
Scientific, Inc. Phosphate buffered saline (PBS), fetal bovine serum (FBS), Medium 200,
Low Serum Growth Supplement (LSGS), Dulbecco's Modified Eagle Medium (DMEM),
trypsin, and penicillin/streptomycin solution were purchased from GE Healthcare Life
Sciences (Pittsburgh, PA, USA). All other chemicals were acquired from Sigma-Aldrich.

2.2. Preparation and characterization of the ESMSV

The ESMSV was prepared by conjugating MMP2 substrate-modified PLGA-PEG
nanoparticles to 3-aminopropyltriethoxysilane (APTES)-modified silicon microdisks.
Photolithography and electrochemical etching were used to produce the porous silicon
microdisks (2.6 um x 0.7 um, 50~60 nm pores) as previously described [45]. Particles were
then oxidized in a 30% solution of hydrogen peroxide for 2 h at 95 °C and aminated in 2%
APTES in isopropyl alcohol for 48 h at 65 °C.

Coumarin 6-loaded PLGA-PEG-COOH nanoparticles were prepared using the
nanoprecipitation method [46, 47]. The nanoparticles were then modified with the MMP2
substrate according to a previously described procedure [48]. Briefly, 1 mg of nanoparticles
was dissolved in 10 mL PBS. Next, 3 mg of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and 2.4 mg sulfo-NHS were added to the
solution to activate the functional groups on the nanoparticle surface. The MMP2 substrate
was then added to the solution at a concentration of 0.2 mg/mL and the reaction was left to
proceed for 3 h. Finally, the MMP2-conjugated PLGA-PEG nanoparticles were washed with
water and centrifuged three times at 10000 rpm.

To prepare the ESMSVs, 20 mg of MMP2 conjugated PLGA-PEG nanoparticles were
dissolved in PBS and activated with EDC (10 mg) and sulfo-NHS (8 mg) for 30 min.
APTES-madified silicon microdisks (0.2 billion) were added to the solution (final volume:
10 mL) and stirred for 3 h. After the reaction, the ESMSVs were washed with water and
centrifuged three times at 4500 rpm.

The size and zeta potential of the particles were measured using the Zetasizer (Zetasizer
Nano, Malvern). For each sample, three measurements were taken with ten runs each.
Scanning electron microscopy (SEM) characterization was performed using an ultra-high
resolution microscope (SEM 230, NovaNano). A drop of sample solution was added to a
silicon wafer, vacuum dried, and coated with 5-10 nm of platinum.
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2.3. Enzyme-stimulated release

Coumarin 6-loaded PLGA-PEG nanoparticles and peptide-PLGA-PEG nanoparticles were
centrifuged at 1500 rpm for 5 min to discard larger particles and the supernatant containing
the nanoparticles was collected. The nanoparticles were then conjugated to silicon
microparticles. The micro/nano particles were centrifuged at 1500 rpm for 5 min and the
pellet was collected. The micro/nano particles were then dispersed in 200 uL MMP2
reaction buffer (50 mM HEPES with 10 mM CaCl2) with or without MMP2 enzymes at the
concentration of 2 pg/mL. The solutions were then placed on an orbital shaker (120 rpm,
37 °C). At designated time intervals, the solutions were centrifuged at 1500 rpm for 5 min
and the supernatant was collected for analysis. Subsequently, the pellet was resuspended in
fresh buffer and the drug release study was continued. The collected supernatants were
added in black 96-well plates and the fluorescent intensity of coumarin 6 (Ex 430 nm/Em
485 nm) was measured using a microplate reader (Genios, Tecan, Switzerland). The
experiments were performed in triplicate.

2.4. Cell culture

2.5. Cellular

A375 human melanoma cells were obtained from ATCC, while HUVECs were purchased
from PromoCell. A375 super-metastasis cells with luciferase (A375 SM-Luc) were obtained
from Dr. Isaiah Fidler's laboratory (MD Anderosn Cancer Center Houston, TX, USA). A375
human melanoma cells were cultured in DMEM supplemented with 10% FBS (v:v) and 1%
(v:v) penicillin/streptomycin solution, while HUVECs were cultured in Medium 200
supplemented with 2% (v:v) LSGS and 1% (v:v) penicillin/streptomycin solution. Cells
were maintained in an incubator at 37 °C and 5% CO». The cells were sub-cultivated at 70%
confluency with 0.25% trypsin.

uptake

The cellular uptake of MSVs and ESMSVs was quantitatively measured. A375 cells were
seeded in 96-well black plates (Costar, IL, USA) at a density of 5x103 cells/well (0.1 ml).
When the cell confluency reached 80%, the cells were exposed to coumarin 6-loaded MSVs
or ESMSVs at a concentration of 0.1 billion particles/mL. The medium was supplemented
with 2 ug/mL MMP2. At various time points, the cells were washed three times with 0.1 ml
PBS and 50 pL of 0.5% Triton X-100 in 0.2 N NaOH solution was added to lyse the cells. A
microplate reader (Genios, Tecan, Switzerland) was then used to measure the fluorescence
intensity of coumarin 6 (Ex 430 nm/Em 485 nm).

2.6. Confocal microscopy

A375 cells were seeded overnight in 4-well chamber slides (LAB-TEK, Nagle Nunc, IL,
USA) at a density of 2x10% cells/well. The cells were then exposed to MSVs or ESMSVs at
the concentration of 0.1 billion particles/mL. After 24 h, the cells were washed twice with
pre-warmed 1x PBS and fixed with 70% ethanol for 20 min. Subsequently, the cells were
washed twice with PBS and the nuclei were stained with DAPI (4,6-diamidino-2-
phenylindole) for 30 min. Finally, the cells were washed twice with 1x PBS and visualized
with confocal microscopy.
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2.7. Animal model

The animal studies were performed in accordance with the guidelines of the Animal Welfare
Act and the Guide for the Care and Use of Laboratory Animals following protocols
approved by the Institutional Animal Care and Use Committee (IACUC 3/5/2014). Six-
week-old female athymic nude mice were purchased from Charles River Laboratories
(Boston, MA, USA). A375 SM-Luc cells were injected through the tail vein (106 cells/
mouse). Lung metastasis was monitored using a bioluminescence imaging system (IVIS
200).

2.8. Expression of MMP2 in vitro and in vivo

The expression levels of MMP2 and MMP9 mRNA were measured in A375 cells and
HUVECs using quantitative reverse transcription polymerase chain reaction (RT-PCR). For
evaluating the expression of excreted MMP2 and MMP9, A375 cells were cultured in
medium without FBS. After 72 h, the medium was collected and analyzed by silver staining
and western blot. In order to evaluate the expression of MMP2 in vivo, mice were injected
with A375 SM-Luc cells. After six weeks, the lungs were harvested, fixed and stained
following standard immunohistochemistry protocols using a monoclonal MMP2 antibody
and a peroxidase-labeled secondary antibody. Randomly selected images were captured with
an optical microscope.

2.9. Accumulation of ESMSVs in cancer cells in vivo

Six weeks after injection of A375 SM-Luc cells, mice were intravenously administered with
MSVs or ESMSVs (15 billion/kg). After 24 h, mice were sacrificed and the lungs were
minced and digested in DMEM/F12 medium containing 300 U/mL collagenase (100 mg
tissue/mL medium) for 1.5 h at 37°C. The suspension was filtered through a 40 um mesh to
attain a single-cell solution. For flow cytometry analysis (Fortessa, BD FACS), dead cells
were stained with CYTOX® Blue (Life Technologies) and A375 cells were stained with the
APC-Cy7 Anti-human HLA-ABC antibody (BD Bioscience).

3. Results and Discussion

3.1. Design, synthesis, and characterization of the ESMSV

The process of designing and synthesizing the ESMSV is shown in Fig. 1. A peptide with an
amino acid sequence that serves as a substrate for MMP2 was used as a linker to conjugate
PLGA-PEG nanoparticles to porous silicon microparticles. A hydrophobic model drug,
coumarin 6, was encapsulated in the PLGA-PEG nanoparticles. The morphology of
uncoated porous silicon microparticles and ESMSVs are shown in Fig. 2a and 2b. The back
side of the silicon particle is characterized by a thin solid base, while the rest of the particle
has a porous structure (pore diameter: 30-60 nm; porosity: 70 nm). Upon conjugation, both
the front and back of the ESMSV displayed a homogenous coating of PLGA-PEG NPs (Fig.
2b). The size distribution of PLGA-PEG nanoparticles and PLGA-PEG-peptide
nanoparticles was measured by dynamic light scattering. The PLGA-PEG nanoparticles
displayed an average size of ~75 nm, while peptide conjugation caused the size to increase
by ~45 nm (Fig. 2c), most likely due to peptide crosslinking. Both nanoparticles displayed a
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narrow size distribution. The zeta potential of PLGA-PEG nanoparticles was approximately
-40 mV and was unaffected by peptide conjugation (Fig. 2d). Likewise, upon conjugation of
nanoparticles to the silicon microparticle, the zeta potential remained at ~-40 mV. Notably, a
negative zeta potential value is usually an indicator of colloidal stability and increased
safety, since positively charged nanoparticles have frequently been reported to have toxic
effects [49, 50]. Confocal microscopy studies confirmed successful conjugation of coumarin
6-loaded PLGA-PEG nanoparticles to the microparticle surface (Fig. 2e). Indeed, in this
study, coumarin 6 was used as a model for hydrophobic drugs. Previously, we have
demonstrated that docetaxel loading efficiencies of ~53 pg/mg PLGA-PEG and ~804 pg/
billion silicon particles can be achieved [43]. This drug loading capacity was sufficient to
markedly suppress tumor burden in a mouse model of melanoma lung metastasis [43].
Notably, the polymeric coating does not compromise the loading of other nanoparticles into
the porous interior of the microparticles, as previously demonstrated [43]. Although not a
focus of this study, it is possible to incorporate additional nanoparticles, such as SiRNA
liposomes, in the ESMSV [43].

3.2. Release profile of the ESMSV in vitro

Enzyme-stimulated release of PLGA-PEG nanoparticles from silicon microparticles was
assessed /n vitro by comparing the fluorescence intensity of the release buffer in the
presence or absence of MMP2 (Fig. 3). Centrifugal separation ensured that the released
polymeric nanoparticles were separated from the ESMSV. In the absence of MMP2, 40% of
coumarin 6 had been released from the ESMSV after 6 h, as opposed to 80% in the presence
of MMP2 (Fig. 3). Furthermore, the results demonstrate that the accelerated release was due
to cleavage of the peptide substrate, since MMP2 did not affect the release of PLGA-PEG
nanoparticles lacking the peptide (Fig. 3). It is worth noting that some of the drug could be
passively released before reaching the target tissue. However, a previous study with discoidal
porous silicon particles of the same size demonstrated that the particles accumulated in high
amounts in tumor-bearing lungs and were cleared from the circulation 1 h post-injection
[41]. The rapid deposition of particles in lung tissue suggests that premature passive release
is not a major concern for this drug delivery system.

3.3. Enhanced cellular uptake of the ESMSVs in vitro

The cellular internalization of coumarin 6 was measured in A375 human melanoma cells
exposed to ESMSVs or MSVs. MSVs were identical to ESMSVs with the exception that the
MSVs lacked the MMP2 peptide substrate [43]. Fluorescence intensity measurements
confirmed that the loading efficiency of coumarin 6 in MSVs and ESMSVs was comparable.
The cell culture media was supplemented with MMP2 to simulate the tumor
microenvironment. Since cell culture media is frequently changed, levels of MMP2 are
substantially lower than those that accumulate over time in tumor tissue. Compared to
MSVs, treatment with ESMSVs caused a 1.2-fold and 1.5-fold increase in the cellular
uptake of coumarin 6 after 6 h and 24 h, respectively (Fig. 4a). This difference in cellular
internalization rates is likely due to the fact that nanoparticles are internalized more rapidly
than microparticles [51, 52]. Indeed, cleavage of the peptide substrate in ESMSVs caused
the cells to be exposed to a larger number of nanoparticles. Moreover, the cellular
internalization of coumarin 6 in A375 melanoma cells exposed to MSVs or ESMSVs was
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also visualized using confocal microscopy (Fig. 4b). In accordance with the quantitative
uptake studies, the fluorescence signal was substantially higher in the cells treated with
ESMSVs. These results indicate that this triggered-release strategy enables preferential
internalization of cargo in cancer cells. Since we have previously demonstrated that the
discoidal microparticles display increased deposition in lung tumors upon intravenous
injection [42, 43], the ESMSV platform embodies two complementing strategies for
increasing selective exposure of drugs to cancer cells.

3.4. Expression of MMP2 in a melanoma lung metastasis model

Prior to assessing the benefits of the ESMSV platform /n vivo, the expression of MMP2 in
cancer cells and tumor tissues was evaluated. The levels of MMP2 mRNA were measured in
A375 melanoma cells and human umbilical vein endothelial cells (HUVECS). The results
indicate that MMP2 expression levels were three times higher in the cancer cells than in the
endothelial cells (Fig. 5a). Since MMP9 also plays an important role in tumor progression,
the MRNA levels of this enzyme were measured. Contrary to MMP2, the expression of
MMP9 was higher in HUVECs compared to A375 cells (Fig. 5a), suggesting that MMP2
was a better target for enzyme-triggered release. Next, the excretion of MMP2 and MMP9 in
cell culture medium was evaluated using silver staining and western blot. In accordance with
the MRNA results, the protein levels of MMP2 were substantially higher than those of
MMP9 (Fig. 5b). Moreover, an A375 melanoma lung metastasis model was employed to
assess the expression of MMP2 in tumor tissue. Lung sections with metastatic nodules were
stained by immunohistochemistry. As can be seen in Fig. 5¢ and 5d, the expression levels of
MMP2 were high in lung tissue.

3.5. Enhanced intracellular uptake of the ESMSV in vivo

The performance of the ESMSV /n vivowas evaluated using an A375 melanoma lung
metastasis model. Previous findings comparing the performance of polymeric nanoparticles
and the MSV indicate that the latter results in a twofold increase in the uptake of fluorescent
cargo in lung cancer cells [43]. In this study, mice received intravenous injections of the
ESMSYV or the MSV and lung tissues were collected, digested, and analyzed by flow
cytometry (Fig. 5e). The results demonstrate that 46.8% and 64.6% of the melanoma cells
were positive for coumarin 6 in mice treated with the MSV and the ESMSV, respectively
(Fig. 5f). These results are consistent with the /n vitro uptake studies, which showed that the
ESMSV was able to enhance the intracellular uptake of coumarin 6 in A375 melanoma cells.
Notably, this enzyme-triggered improvement in cellular internalization was more
pronounced /17 vivothan in cell culture.

Overall, the ESMSV system shows promise as an effective delivery vehicle for stimulus-
triggered release of nanoparticles in the tumor microenvironment. Although qualitative
measurements demonstrated that peptide conjugation was successful, future experiments
involving Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS), nuclear magnetic resonance (NMR) spectroscopy, or elemental analysis would be
necessary to determine the peptide conjugation efficiency. Moreover, confocal microscopy
images of fluorescent PLGA-PEG particles could shed light upon the mechanism of
coumarin 6 cellular entry. Additionally, to provide further evidence to support the primary
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objective of this study, it would be useful to compare the performance of the ESMSV to
state-of-the-art vehicles for extracellular drug delivery.

4. Conclusions

In this study, we have developed an enzyme-stimulated multistage platform to improve the
localized delivery of drugs to cancer cells. This platform consists of a porous silicon
microparticle conjugated to drug-containing polymeric nanoparticles. Specifically, this
system was designed to accumulate in tumor tissue in the lungs, based on prior observations.
To further improve the preferential deposition of drugs in cancer cells, an enzyme-stimulated
strategy was employed to induce the release of nanoparticles in tumor tissue. Upon exposure
to MMP2 in the tumor microenvironment, the linker connecting the nanoparticles to the
microparticle was cleaved, consequently enabling nanoparticle entry into cancer cells. The
results revealed that this enzyme-responsive strategy caused increased intracellular
accumulation of cargo in A375 melanoma cells /n vitroand in vivo. In particular,
intravenous injection of the ESMSV in an A375 melanoma lung metastasis model resulted
in increased internalization of drugs in cancer cells compared to delivery with a non-
stimulus-driven multistage vehicle. Our results indicate that the ESMSV could serve as an
effective drug delivery system for treating melanoma lung metastasis.
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Fig. 1.
Schematic illustrating the enzyme-stimulated multistage vector (ESMSV). a) A matrix

metalloproteinase-2 (MMP2) peptide substrate was conjugated to poly(lactic-co-glycolic
acid) (PLGA)- polyethylene glycol (PEG) nanoparticles, which were further conjugated to
the surface of porous silicon microparticles. A hydrophobic model drug, coumarin 6, was
encapsulated in the polymeric nanoparticles. b) In the presence of MMP2 enzymes, the
polymeric nanoparticles disassociate from the silicon microparticles.

Pharmacol Res. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Mi et al.

Page 14

Q.

- NPs ;‘ "

-= Peptide NPs E 204
§ ® O nes
[ €9 [ Peptide NPs
§ 2 @ msv
E 1 2 M ESMsV

g 404 I Silicon microparticles
10 100 1000 -
Size (d.nm)
e Base Middle

Fig. 2.
Characterization of the ESMSV. a-b) Scanning electron microscopy (SEM) images of the

front and back sides of MSVs (a) and ESMSVS (b). Scale bar, 1 pm. ¢) Size distribution of
NPs and peptide (MMP2 substrate)-NPs obtained with dynamic light scattering. d) Zeta
potential of NPs, peptide-NPs, silicon microparticles, MSVs, and ESMSVs. Results are
presented as mean + SD of three measurements. e) Confocal laser scanning microscopy
images. Columns from left to right show the basal, middle, and top planes of the ESMSV.
The upper row was captured in the bright field channel and the lower row in the FITC
channel (coumarin 6).
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Fig. 3.
Release of polymeric nanoparticles from MSVs and ESMSVs in the presence or absence of

MMP2. Experiments were performed in triplicate and results are presented as mean + SD.
** P<0.001.
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Cellular uptake of polymeric nanoparticles (loaded with coumarin 6) released from MSVs or
ESMSVs in A375 human melanoma cells. The cell culture medium was supplemented with
MMP?2. a) Quantitative measurements of cellurar uptake. Experiments were performed in
triplicate and results are presented as mean + SD. **, £< 0.001. b) Confocal microscopy
images of cellular uptake. Nuclei were stained with DAPI. Scale bar, 20 um.
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Fig. 5.
MMP2 expression and /n7 vivo drug release. a-d) Expression of MMP2 and MMP9 in A375

cells and human umbilical vein endothelial cells (HUVECS). a) mRNA expression of MMP2
and MMP9. Experiments were performed in triplicate and results are presented as mean +
SD. **, < 0.001. b) Protein levels of MMP2 and MMP9 in cell culture medium. c, d)
Immunohistochemistry of MMP2 expression in lung tissues in a mouse model of melanoma
lung metastasis. Scale bars: 500 um (left); 50 pm (right). e-f) Flow cytomety analysis of the
intracellular uptake of polymeric nanoparticles (loaded with Coumarin 6) following
intravenous injection of MSVs or ESMSVs in an A375 melanoma lung metastasis model. €)
Schematic illustrating the flow cytometry process. The mice with melanoma lung metastasis
were sacrficed and lungs were collected. The NPs with fluorescence in cancer cells were
quantified with flow cytometry. f) Percentage of coumarin 6-positive A375 cells. Cancer
cells were labeled with the APC-Cy7 anti-human HLA-ABC antibody. SSC, side scatter.
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