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ABSTRACT: Mesoporous silica nanoparticles (MSNPs)
have garnered a great deal of attention as potential carriers
for therapeutic payloads. However, achieving triggered drug
release from MSNPs in vivo has been challenging. Here,
we describe the synthesis of stimulus-responsive polymer-
coatedMSNPs and the loading of therapeutics into both the
core and shell domains.We characterizeMSNPdrug-eluting
properties in vitro and demonstrate that the polymer-coated
MSNPs release doxorubicin in response to proteases pre-
sent at a tumor site in vivo, resulting in cellular apoptosis.
These results demonstrate the utility of polymer-coated
nanoparticles in specifically delivering an antitumor payload.

Nanotechnology has the potential to impact many long-
standing challenges in medicine, such as selective drug

delivery and sensitive detection of disease.1�4 In recent years,
mesoporous silica nanoparticles (MSNPs) have attracted atten-
tion as a promising component of multimodal nanoparticle sys-
tems.5�9 MSNPs are excellent candidates for many biomedical
applications owing to their straightforward synthesis, tunable
pore morphologies, facile functionalization chemistries, low-toxi-
city degradation pathways in the biological milieu, and capacity
to carry disparate payloads (molecular drugs, proteins, other
nanoparticles) within the porous core.5�8,10�12

Despite their promise, however, recent reports highlight the
potential toxicity of unmodified MSNPs due to interactions of
surface silanols with cellular membranes.13�16 This toxicity
can be reduced by coating the nanoparticle with a polymer
shell.5,17�21 Polymer shells also provide colloidal stability, han-
dles for chemoligation (targeting moieties) and improved blood
circulation lifetimes, which are crucial for efficient in vivo drug
delivery. Unfortunately, the polymer shell also limits both drug
loading and release from MSNPs.

In order to address the drawbacks of coating, we developed an
MSNP polymer that degrades in response to external stimuli. We
explored both physical triggers, such as temperature, and bio-
chemical triggers, such as proteases found in the tumor micro-
environment. Loading and responsive drug release were explored

using payloads incorporated into the MSNP core as well as the
polymer shell.

In our attempt to coat MSNPs with polymers, we considered
previously reported approaches, such as noncovalent assembly or
surface-initiated polymerizations techniques.18,22�26 These
methods, however, have limitations. Noncovalent strategies are
prone to colloidal and biological instability, whereas covalent
surface-initiated polymerization approaches typically result in
larger particles and expose the MSNP to harsh reaction condi-
tions. Furthermore, the existingmethods do not provide the flexi-
bility to allow drug loading in distinct compartments. We there-
fore developed a new strategy (Figure 1a) based on a core�shell
architecture and an aqueous free radical polymerization tech-
nique. We first electrostatically adsorb an acrylamide to the
MSNP surface and then utilize the acryl groups to synthesize a
covalently cross-linked poly(ethylene glycol) (PEG)-based poly-
mer shell. The covalent cross-linking can provide addition sta-
bility to the polymer shell.27�29 This synthetic strategy provides a
covalent polymer shell without the use of catalysts and surfac-
tants and requires mild conditions compatible with a variety of
potential biomolecular payloads.

MSNPs were synthesized via co-condensation of silicates,
similar to previous reports.10,30 To coat the anionic surface of
the MSNPs, we used bifunctional N-(3-aminopropyl) methacry-
lamide hydrochloride (APMA). The amino group was electro-
statically bound to the nanoparticle surface, while the acrylamide
group was available for radical polymerization. Subsequently, a
covalently cross-linked polymer shell was synthesized at room
temperature by radical polymerization of monomers, including
N-isopropylacrylamide (NIPAm) or poly(ethylene glycol) dia-
crylate (PEGDA). The monomer concentrations during synthe-
sis were kept low and in order to produce a dense polymer shell, it
was necessary to perform a second polymerization step to yield a
“double-coated” nanoparticle.

Transmission electron microscopy (TEM) images (Figure 1b
and Figure S1c, Supporting Information) indicated that the
synthesis yielded individually encapsulated MSNPs displaying a
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thin polymeric shell, which is absent on uncoated nanoparticles.
TEMmeasurements indicated that the diameters of the uncoated
and polymer-coated MSNPs were 70 ( 8 and 94 ( 12 nm,
respectively. Dynamic light scattering measurements showed
that the hydrodynamic diameter of the MSNPs increased upon
addition of single or double pNIPAm-co-PEG (9:1 molar ratio)
shells by ∼20�40% (Figure S1, Supporting Information). The
DLS and TEM data indicate that this polymer coating procedure
avoids agglomeration of the nanoparticles into the larger (micro-
meter-scale) aggregates that have been previously observed with
other coating techniques.22

We next investigated the drug-loading capacity of the poly-
mer-coated MSNPs by comparing the total amount of drug
loaded before and after polymer coating. We chose doxorubicin
(Dox) as a model payload due to its well-characterized spectral
characteristics, its use in chemotherapy, and its affinity for the
negatively charged surface of the silica nanoparticles, which
enhances loading into the MSNP pores.31 The loading of Dox
in polymer-coated MSNPs was only slightly lower (∼50% of
total Dox added) comparedwith the uncoatedMSNPs (∼60% of
total Dox added) (Figure S3a, Supporting Information). This
suggests that the polymer shell does not reduce the drug loading
capacity of MSNPs as drastically as other reported polymer
shell�MSNP systems, which is an additional advantage of our
technique over previously reported coating methods.17,32 We
also observed that the polymer shell provided colloidal stability
at low pH and prevented aggregation of the MSNPs, which
are prone to interparticle hydrogen bonding (Figure S4a, Sup-
porting Information). The synthesis allows facile incorporation
of comonomers that can add additional functionality to the shell
(Figure S4b, Supporting Information).

To assess the in vitro safety and biocompatibility of the
polymer-coated MSNPs, we analyzed mitochondrial activity of
HeLa cells following incubation with differing concentrations of
polymer-coated MSNPs. No significant in vitro cytotoxicity was
observed for nanoparticle concentrations of 0.01�1 mg/mL and
with a range of PEG content in the polymer shell (Figure 1c).

By contrast, the uncoated MSNPs exhibited signs of cytotoxicity
at concentrations of 1 mg/mL.13,33

To study the biological trafficking of the polymer-coated
MSNPs, the outer polymer shell was tagged following polymer-
ization with the near-infrared (near-IR) dye Vivo Tag 680. For
this formulation, the inner shell consisted of PEGDA and the
outer shell was a copolymer of 10 mol % APMA with PEGDA.
The dye was conjugated to the free amine side chains on the
APMA comonomer. Labeled MSNPs were used to study blood
circulation properties in vivo and cellular uptake of the nanopar-
ticles in vitro. Compared with uncoated MSNPs, PEGylated
MSNPs have been shown to possess a longer blood-circulation
lifetime and lower excretion of degradation products in the
urine.14 In the present work, increasing the mole percent of
PEG from 2 to 90 in the polymer shell increased the circulation
lifetime of MSNPs, measured by quantifying Vivo Tag 680
fluorescence in capillary blood draws (Figure 1d). Cellular
uptake studies (Figure 1e) confirmed that the 90 mol % PEG-
coated MSNP formulation (PEG�MSNPs) was internalized by
HeLa cells after 4 h of incubation.

In addition to providing colloidal stability, functional groups
for chemical ligation, and improved biocompatibility and blood
circulation lifetimes, the polymer shell can be used to impart
stimuli responsive characteristics to MSNPs. Stimulus-respon-
sive nanoparticles have been shown to be extremely useful for
controlled drug release.17,34,35 These systems overcome several
current delivery challenges in therapy because they can be
utilized for sustained drug delivery and co-delivery of multiple
drugs with distinct release profiles. In this work, we engineered
these long-circulating, biocompatible polymer-coated MSNPs to
respond to temperature and the biological microenvironment
(protease) for controlled drug delivery.

The thermally responsive system was synthesized from NI-
PAm�PEG (9:1)-coated MSNPs, and doxorubicin was used
as the test drug. It has been shown that pNIPAm, which possesses
a lower critical solution temperature (LCST) of∼31 �C, can provide
temperature-triggered release of drugs from various nanoparticles.35

Consistent with these prior results, at temperatures greater than the
LCST(37 �C), about 50%moreDoxwas releasedwithin thefirst 2 h
of incubation, compared with the same formulation maintained at
room temperature (Figure 2a). By comparison, uncoated MSNPs
released the same quantity of Dox at either temperature.

We further investigated the influence of the polymer shell on
the drug release profiles from MSNPs in which the drug was
loaded in either the inorganic core or the polymer shell of the
nanoparticle. To compare these two loading strategies, we mea-
sured the drug loading efficiencies and characterized the drug
release profiles in core-loaded and shell-loaded PEG�MSNPs.
For the core-loaded PEG�MSNPs, doxorubicin was loaded in
the MSNPs with a single PEGDA shell and a second covalent
polymer shell (PEG-co-APMA) was synthesized after drug load-
ing to provide a diffusion barrier. For the shell-loaded PEG�
MSNPs, Dox was loaded after the synthesis of the second PEG-
co-APMA shell. Excess unloaded Dox was removed by centrifu-
gation of the loaded nanoparticles. Compared with uncoated
MSNPs, the loading efficiency of the polymer-coated MSNPs
was reduced somewhat but was not dramatically different (p= 0.043
by ANOVA tukey analysis, Figure S3b, Supporting Information).
Interestingly, the polymer-coated MSNPs held comparable
amounts of Dox in either core- or shell-loaded formulations
(Figure S3b, Supporting Information). Core-loaded PEG�MSNPs
displayed the slowest rate of Dox release; only ∼20% of the

Figure 1. Polymer-coated MSNPs: (a) Synthetic scheme for the
polymer coating of MSNPs. (b) TEM micrographs of uncoated and
PEG-coated MSNPs. Scale bar is 20 nm. (c) In vitro viability of HeLa
cells in the presence of uncoated MSNPs and polymer-coated MSNPs
(n = 3). (d) In vivo circulation lifetime of polymer-coated MSNPs after
tail vein injections in Swiss Webster mice (n = 3). (e) Cellular uptake of
PEG�MSNPs by HeLa cells. Red, Vivo Tag 680 conjugated to the
polymer shell; Blue, DAPI. Scale bar is 10 μm.
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drug was released after 24 h (Figure 2b). The shell-loaded
PEG�MSNPs released ∼40% of the drug in the first 2 h
and ∼60% after 24 h. Initially, the uncoated MSNPs released
Dox at a slightly slower rate compared with the shell-loaded
PEG�MSNPs but a larger total quantity of drug was released
after 24 h (∼85% vs 63% of the loaded drug, respectively).
The initial rapid rate of drug release from the shell-loaded PEG�
MSNPs compared with the uncoated MSNPs suggested that
Dox was loaded both in the core and the polymer shell in this
PEG�MSNP formulation. The initial relatively rapid rate of
release observed is attributed to diffusion of Dox loaded in the
PEG shell. The release of Dox from a formulation in which the
drug was loaded exclusively in the MSNP core and then coated
with a polymer shell (core-loaded PEG�MSNPs) was much
slower. Thus, the polymer shell provides a facile means to tune
the drug release profile. The core-loaded PEG�MSNPs display a
very slow drug release profile with no premature (“burst”) release,
both desirable attributes for a “triggered” formulation designed
to respond to specific tumoral extracellular signatures, such as pro-
teases. For instance, it is known that matrix metalloproteinases
(MMPs), which have the ability to degrade the extracellularmatrix,
are up-regulated in tumor environments because of secretion by
rapidly dividing cancer cells and stromal cells.34

We therefore investigated whether MMP proteases could
trigger drug release from the polymer-coated MSNPs. For the
protease-sensitive polymer shell, we used PEGDA�peptide
macromer possessing MMP substrate polypeptides with a highly
degradable (HD-MMP) and a low-degradability (LD-MMP)
sequence.36 We investigated protease-triggered drug release
from core-loaded or shell-loaded PEG�peptide (HD-MMP

and LD-MMP)-coated MSNPs by analyzing the chemotoxicity
of Dox released during 48 h of incubation with 3T3-J2 fibroblasts.

In a typical experiment, 3T3-J2 fibroblasts were incubated
with nanoparticles and assayed for cell viability using alamarBlue
48 h later. We observed high levels of Dox-induced chemotoxi-
city (∼15�20% cell viability) in all shell-loaded nanoparticles,
regardless of their polymeric shell (PEGDA, LD-MMP, or
HD-MMP; Figure 2c). This level of chemotoxicity was compar-
able to Dox-loaded uncoatedMSNPs and free drug (for the same
quantity of Dox administered) and is in accordance with the fast
drug release profile of shell-loaded and uncoated MSNPs. In
contrast, the Dox-induced chemotoxicity of core-loaded
PEG�MSNPs was dependent on polymer shell composition. Low
level of chemotoxicity (∼60�70% cell viability) was observed for
core-loaded PEG�MSNP and LD-PEG�MSNPs, suggesting that
in 48 h, the quantity of drug released from low- and nondegradable
PEG nanoparticles was limited. Residual levels of drug release from
LD-PEG�MSNPs is attributed to leaching of the drug and not
cleavage of the PEG�peptide shell. In contrast, the chemotoxicity of
core-loaded HD-PEG�MSNPs was high (30% cell viability), sig-
nifying that rapid Dox release resulted from cleavage of the
PEG�peptide shell by endogenous MMPs in the cellular medium.
Indeed, blocking the endogenous MMPs secreted by the fibroblasts
with the inhibitor batimastat lowered the chemotoxicity of the HD-
MMP�MSNPs (Figure S5b, Supporting Information). These re-
sults demonstrate that protease-triggered release can be achieved
with polymer-coated MSNPs. The various polymer coatings on
MSNPs thus allowed both spatial control over loading and temporal
control over release of Dox in vitro.

Finally, we conducted in vivo studies in subcutaneous xeno-
graft mouse models to test the protease-triggered release of Dox
from the polymer-coated MSNPs. We injected a human sarcoma
cell line (HT-1080), known to have elevated levels of MMPs,37 sub-
cutaneously in flanks of immune-compromised mice (Figure 3a).
Two weeks later, core-loaded HD-PEG�MSNPs, core-loaded
PEG�MSNPs, uncoated MSNPs and Dox-loaded uncoated
MSNPs were normalized to a drug concentration of 2 mg/kg and
injected intowell-defined tumors.The tumorswere removed after 60
h and analyzed for Dox-induced apoptosis by measurement of
TUNEL staining and caspase levels (Figure 3b,c). Tumor cell
lysates were analyzed for apoptosis markers procaspase-9 and
cleaved caspase-9 by immunoblotting (Figure 3b). While the
GAPDH levels were similar for each sample, exposure to the
core-loaded HD-PEG�MSNP formulation and Dox-loaded un-
coated MSNPs generated higher levels of the caspases. In
contrast, the core-loaded PEG�MSNPs showed lower caspase
levels, similar to those of saline-treated samples. Interestingly,
core-loaded PEG�MSNPs generated lower levels of caspases
compared with unloaded uncoated MSNPs. This finding is in
accordance with in vitro studies suggesting that the polymer shell
reduces inherent nanoparticle toxicity. TUNEL staining of the
tumor sections (Figure 3c) indicated that the core-loaded HD-
PEG�MSNPs mediated significantly higher Dox-induced cell
death compared with PEG�MSNPs. Taken together, these
results show that the core-loadedMSNPs with anMMP-sensitive
PEG shell exhibit higher Dox-induced chemotoxicity than those
with a non-MMP-sensitive PEG shell. We conclude that this
higher chemotoxicity is due to efficient release of Dox triggered
by theMMPs in vivo. This system takes advantage of the ability of
the PEG polymer shell to reduce the inherent toxicity of MSNPs,
and incorporation of a protease-cleavable moiety achieves trig-
gered delivery that accelerates tumor-localized drug release.

Figure 2. Controlling drug release from polymer-coated MSNPs: (a)
Temperature-triggered release of doxorubicin from pNIPAM-co-PEG
coated MSNPs. Inset shows release after 2 h. (b) Doxorubicin release
profile in PBS at 37 �C for uncoated MSNPs and core-loaded and shell-
loaded PEG�MSNPs. (c) Dox-induced chemotoxicity on J2-3T3 fibro-
blasts from MMP-degradable PEG�MSNPs (HD, highly degradable;
LD, low degradability), PEG�MSNPs, andDox-loadedMSNPs (MSNP-
Dox) (n = 3).
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In conclusion, we reported a facile and versatile method for
coating MSNPs with responsive, biocompatible polymers. The
polymer shell not only enables functionalization of the MSNPs
with various ligands but also provides colloidal stability, tem-
perature sensitivity, imaging capability, longer blood circulation,
high payload capacity, and the opportunity to tune the loading
and release of small molecules. Furthermore, we demonstrated
that the polymer shell can be used to achieve predetermined,
temporal control over drug release; the appropriately modified
polymer can be responsive to endogenous proteases allowing
triggered, localized drug release in vitro and in vivo. The polymer
coatings also allow spatial control of payload loading within the
nanostructure of the MSNP. This capacity is important for
applications requiring multiple payloads with specifically timed
release profiles from a single nanoparticle system.
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Materials. All materials were obtained from Sigma Aldrich unless otherwise specified and were 

used as received. HeLa-GFP and HT-1080 cells were cultured in Dulbecco’s modification of 

Eagl’es medium (DMEM, purchased from Invitrogen) with 10% bovine serum (Invitrogen), 5 

I.U. penicillin, and 5 µg/mL streptomycin. 3T3-J2 Fibroblast cells were cultured in Dulbecco’s 

modification of Eagl’es medium (DMEM, purchased from Invitrogen) with 10% bovine serum 

(Invitrogen), 5 I.U. penicillin, and 5 µg/mL streptomycin. All animal work was performed in 

accordance with the institutional animal protocol guidelines in place at the Massachusetts 

Institute of Technology, and it was reviewed and approved by the Institute’s Animal Research 

Committee. 

Synthesis of mesoporous silica nanoparticles: To a 1g CTAB in NaOH (14 mM) at 80 °C, was 

added 5 mL TEOS and 5 µL APTES. The solution was stirred at 80 °C for 2 h to produce the 

white MSNPs suspension. The product was washed with methanol and water several times and 

then refluxed for 6 h in HCl/methanol to extract the CTAB. The Final MSNPs were then again 

washed several times with methanol and water and dried in air. 

Synthesis of on-surface polymer-coated silica nanoparticles: For synthesizing single coated 

MSNPs, a 2 mg/mL solution of MSNPs was prepared in distilled water (DI) and sonicated to 

disperse the particles until a uniform colloidal solution was observed. To this solution 1 M of N-

(3-Aminopropyl)methacrylamide hydrochloride, or APMA (Polysciences, Inc.) was added and 

left on the shaker table overnight. The solution was then centrifuged at 13200 rpm for 10 minutes 

to remove excess APMA. Next a 6 mM total monomer solution with an appropriate amount of 

monomers in DI water was added to the reaction vial. . The total monomer concentration used in 

forming the shell was necessarily kept very low (<8 mM) to avoid encapsulation of multiple 

MSNPs in the polymer matrix. Monomers that were used included: poly(ethylene glycol) 

S2 

 



diacrylate (PEGDA, molecular weight 700), N-Isopropylacrylamide (NIPAM), PEG-MMP-HD, 

PEG-MMP-LD. Amine functionality was incorporated by copolymerizing APMA, which was 

10% by mole of the total monomer concentration. For polymer shell containing Coumarin, a 

hydrophobic, fluorescent comonomer 7-[4-(Trifluoromethyl) coumarin] methacrylamide 

dissolved in dimethyl sulfoxide was added to the reaction vial. For NIPAm based polymer shells, 

a molar composition of 80% monomer (NIPAM), 10% crosslinker (PEG-DA) and 10% 

comonomer was used. For PEG based polymer shells, 90% PEGDA and 10% of comonomer was 

used. The total monomer concentration used for all the polymer shell synthesis was 6 mM. After 

addition of all the monomers, 1.3% by volume of 0.1 M ammonium persulfate (APS) was added. 

After thorough mixing by vortex, the polymerization reaction was initiated by adding 1% by 

volume N,N,N′,N′-Tetramethylethylenediamine (TEMED). The reaction solution was stirred 

overnight. The solution was then centrifuged at 13200 rpm for 10 minutes and resuspended in DI 

water to remove excess unreacted monomers and initiators. The synthesized polymer coated 

MSNPs were cleaned by several such cycles of centrifugation/resuspension. The clean single-

polymer coated MSNPs can then be used for synthesizing multiple polymer shells using the same 

procedure. The single-coated polymer-MSNPs can further be used to obtain core-loaded MSNPs, 

by adding doxorubicin hydrochloride to the cleaned nanoparticles. Doxorubicin was added at a 

concentration of 60 µg/mg MSNPs. A second polymer shell was then synthesized on the cleaned 

Dox loaded single-coated MSNPs by following the same procedure outlined above. If a Dox 

loaded polymer-MSNPs were used, then the second shell polymerization was carried out in 

a1mg/ml doxorubicin solution in DI water. For synthesizing the second polymer shell on 

unloaded polymer coated MSNPs, the reaction was carried out in just DI water. For shell-loaded 

MSNPs, the two polymer coats were synthesized first and the double-coated MSNPs were then 
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incubated with doxorubicin at a doxorubicin concentration of 60 µg/mg MSNPs. To create 

Vivotag 680®-tagged MSNPs, after the polymer shell synthesis with APMA as comonomer, 5X 

molar excess of amine reactive Vivotag 680® NHS were added to the cleaned polymer-MSNP 

pellet and reacted for at least 4 hours. After every synthesis step and doxorubicin loading steps, 

the MSNPs were cleaned via several cycles of centrifugation and resuspension to remove 

unreacted monomers, excess reagents, and soluble reaction byproducts. The particle size of the 

synthesized polymer-MSNPs was characterized by dynamic light scattering instrument 

(Zetasizer-Nano, Malvern, Inc.). The data presented is an average of 3 experiments with at least 

50 measurements in each experiment. We found that the nanoparticle size and polymer thickness 

could be controlled by the monomer concentration used for polymerization (Figure S1a,b), thus 

providing synthetic flexibility. 

Synthesis of MMP-sensitive acrylate–PEG–(peptide–PEG)m–acrylate Macromers: The bis-

cysteine peptide sequences CGPQGIWGQGCR (highly degradable, HD, 1261.42 g/mol), 

CGPQGIAGQGCR (native collagen, NC, 1146.28 g/mol), and CGPQGPAGQGCR (least 

degradable, LD, 1130.23 g/mol) were custom synthesized by Aapptec (Louisville, KY). In a 

typical reaction, 183.8 mmol biscysteine peptide (HD, 231.6 mg) was reacted with a 1.6 molar 

excess of PEGDA (3400 Da, 1 g, 294.1 mmol) by dissolution in 10 mL 100 mM sodium 

phosphate, pH 8.0 (94.7 mM Na2HPO4, 5.3 mM NaH2PO4). The reaction was sterile filtered 

through a 0.22 mm PVDF membrane (Millipore, Billerica, MA), protected from light and 

proceeded on a circular shaker for 85 h at room temperature to yield acrylate–PEG–(peptide–

PEG)m–acrylate macromers. The reaction mixture was dialyzed against DI water (Millipore) 

with regenerated cellulose dialysis tubing (MWCO 3500, Pierce, Rockford, IL) for 24 h with 
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water changes every 4 h. The dialyzed PEG–peptide conjugates were frozen overnight (-20 °C), 

lyophilized, and stored at -80 °C until use. The degradability of HD-MMP and LD-MMP in 

solution relative to native collagen was 800% and 0.5% respectively. 

Transmission Electron Microscopy: The synthesized nanoparticles were imaged on a JEOL 

200CX (200 kV) transmission electron microscope (TEM). All TEM samples were prepared by 

casting a drop of the nanoparticle solution (diluted 10 times) on a Formvar-coated Cu TEM grid 

(Ted Pella) placed on a Kimwipe. The grid was then dried overnight at ambient temperature. 

UV-Vis and Fluorescence Spectroscopy: All absorption and fluorescence spectra were 

obtained in 96Well Clear Flat Bottom UV-Transparent and black 384 well microplates 

respectively using a Molecular Devices microplate Spectrophotometers.  

Drug loading and release: Nanoparticles were incubated with doxorubicin hydrochloride while 

shaking overnight at a concentration of 60 µg/mg MSNPs. Following incubation, the 

nanoparticles were centrifuged at 13200 rpm for 10 minutes. The amount of doxorubicin loaded 

was calculated by obtaining the absorbance of the supernatant and the pellet at 490 nm. For 

release studies, the doxorubicin-loaded nanoparticle pellet was resuspended in the same volume 

of distilled water and incubated at room temperature or 37 ºC (for temperature triggered release). 

After 2 hours the solution was centrifuged at 13200 rpm for 10 minutes and the supernatant 

absorbance at 490 nm was measured to calculate the percentage of drug released.  Release 

kinetics of the loaded doxorubicin from core loaded and shell loaded polymer-MSNPs (2 

mg/mL) in PBS at 37oC was measured by using the Slide-A-Lyzer MINI Dialysis Device 

(Invitrogen). The dialysis devices were kept in a stirring water bath. At each time point the Dox 

loaded MSNPs solution were removed and the Dox left in the MSNPs solution was monitored by 
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measuring the absorbance at 490 nm and the fluorescence at 590 nm (λex = 480 nm). For release 

of doxorubicin in the presence of collagenase, the nanoparticles were incubated with 0.2 mg/mL 

collagenase in PBS buffer (pH 7) solution at 37 ºC for specified time. The samples were removed 

and centrifuged at 13200 rpm for 10 minutes and the absorbance at 490 nm for the supernatant 

and the pellet were measured to calculate the percentage of drug released. 

Cellular uptake study of Vivotag PEG-MSNPs: HeLa cells were cultured on cover slips in a 

12-well plate to ~70-80% confluence. To the HeLa cell cultures, 100 µL of Vivotag PEG-

MSNPs and bare MSNPs (2mg/ml) were added to each well and incubated for 4 h at 37 °C, after 

which the nanoparticles were removed and the cells were then rinsed three times with cell 

medium, fixed with 4% paraformaldehyde for 20 min. The cellular nuclei were stained with 

DAPI. The fixed and stained cells were then observed under the fluorescence microscope with 

UV filter cubes and Cy 5 filter cube was used.  

Cytotoxicity of nanoparticle formulations: Cytotoxicity assessments were conducted on HeLa 

cells in 96-well plates grown to ~70-80% confluency. Cells were incubated in triplicate with 

specified concentrations of the nanoparticles in 10% FBS DMEM medium for 24 h. Cells were 

then washed three times with cell medium and assessed for viability using the Calcein assay 

(Invitrogen) and MTT assay according to manufacturer’s instructions. Cell viability was 

expressed as the percentage of viable cells compared with controls (cells without nanoparticles).  

In vivo circulation of nanoparticles: Vivo-Tag labeled polymer-MSNPs were injected in Swiss 

Webster mice through tail-vein injections. Blood (about 100 µl) was periodically drawn retro 

orbitally and the near-infrared fluorescence from the circulating nanoparticles was measured 

using the Odyssey imaging system (Li-COR Biosciences). While the PEG-coated MSNPs with 2 
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mol % PEG and 10 mol % PEG had a blood circulation half-lives of 15 and 45 min, respectively, 

>60% of the nanoparticles coated with 90% PEG were still in circulation 90 min post-injection. 

Cellular cytotoxicity due to Doxorubicin release from MMP responsive MSNPs: 3T3-J2 

fibroblast cells were cultured on a 96 well plate at a density of 5000 cells/well. After 36 hours, 

the MSNPs were added such that the doxorubicin concentration in each well was 8µg/mL. The 

cells were incubated with nanoparticles for 24h and 48h followed by washing of the cells with 

cellular medium three times. The cytotoxicity was measured by Alamar blue (invitrogen) assay 

according to the manufacturer’s protocol. Cell viability was expressed as the percentage of viable 

cells compared with controls (cells without nanoparticles). 

 In vivo treatment of mouse tumors: All xenograft animal studies were conducted in 

accordance with guidelines from the MIT Committee on Animal Care with approved protocols. 

A human sarcoma cell line (HT-1080) were injected subcutaneously in flanks of 4- to 6-week-

old NCr/nude mice (Charles River Laboratories) at 5 x 106 cells per mouse per tumor. Two 

weeks after injection, tumor establishment was confirmed by a well established tumor mass. The 

animals were randomly divided into five cohorts of at least three animals each. The nanoparticles 

were intratumorally injected at a dose of 2 mg DOX/kg body mass (200 μL in PBS solution). 

Animals were euthanized 60h after the injection, and tumors were harvested for immunoblotting 

and histological analyses.   

Immunoblotting: Frozen tumor tissues were homogenized in a lysate buffer containing protease 

inhibitor cocktail (Roche) on ice. The tissue lysates were centrifuged at 12,000 rpm for 20 

minutes at 4° C. The supernatants were collected, and their protein concentrations measured with 

BCA reagents (Pierce, Rockford, Illinois). The proteins in the lyasate were separated by 
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electrophoresis on a 4-20% acrylamide gel (Bio-Rad) and transferred to a poly(vinylidene 

diluoride) membrane, which were then blocked with 5% nonfat milk in 0.1% Tween 20-TBS for 

2 h at room temperature. The membranes were immunoblotted with one of the primary 

antibodies for caspase-9 (cell signaling) and GAPDH (cell signaling). After further washing, the 

blots were incubated with the appropriate horseradish peroxidase–conjugated secondary 

antibody. Antibody binding was detected with the Western Blotting Reagent (Pierce). 

Histological (TUNEL) analysis. For histological analysis, frozen sections of tumours were 

prepared. The sections were first fixed 4% paraformaldehyde and stained with TMR red in-situ 

cell death detection kit (Roche) according to the protocol provided by the manufactures. The 

slides were counterstained with DAPI and mounted on glass slides for microscopic analysis. At 

least three images from representative microscopic fields were analyzed for each tumour sample 

using the ImageJ software. 
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Fig S1: (a) Size of the MSNPs before and after single and double polymer shell as measured by DLS (b) 
Size of double shell MSNPs with varying polymer concentration. (c ) Size histograms  of the MSNPs 
before and after single and double polymer shell as measured by DLS (d) TEM images of polymer-coated 
MSNPs. 
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Fig S2: FT-IR spectra of MSNPs before (black) and after polymer shell coating (red).  

 

 

Fig S3: (a) Doxorubicin loading in (a) uncoated, 0.1% and 10% PEG coated MSNPs. (b) Relative Dox 
loading compared to bare MSNPs in PEG-MSNPs by core loading strategy (second shell synthesis after 
drug loading) and shell loading strategy (drug loading after both shell syntheses). The difference in % 
Dox loading was not significant (ns) compared to uncoated MSNP (p = 0.043, ANOVA; Tukey’s test at 
0.05 significance level) 
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Fig S4: (a) Changes in the size of MSNPs at pH 3 and pH 7 before and after polymer coating. At pH 3 
silanols (pKa 126 ≈ 3.5) on the surface of uncoated MSNPs become protonated and the negative repulsive 
interactions between the particles decrease significantly, resulting in aggregation. In contrast, the MSNPs 
coated with 10 mol % PEGDA display no significant increase in size at pH 3 compared with pH 7. (b) 
Fluorescence from coumarin–PEG coated MSNPs. The synthesis allows facile incorporation of 
comonomers that can add additional functionality to the shell. For example, a hydrophobic 
fluorescentmonomer (7-[4-(trifluoromethyl) coumarin] methacrylamide) was incorporated along with 
NIPAm and PEGDA onto the MSNPs 

 

 

Fig S5: (a) Doxorubicin release profile in PBS at 37 °C for uncoated MSNPs, core-loaded and shell-
loaded PEG-MSNPs, core-loaded and shell-loaded HD-PEG-MSNPs in presence of collagenases.  (b) 
Cytotoxicity on J2-3T3 fibroblasts due to released doxorubicin from MMP-degradable PEG-MSNPs (HD: 
highly degradable; LD: low degradable; CL: core loaded; SL: shell loaded), PEG-MSNPs and uncoated 
doxorubicin loaded MSNPs in the presence of exogenous batimastat (MMP inhibitor). 
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