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Combination chemotherapy has become the primary strategy against cancer multidrug resistance;

. however, accomplishing optimal pharmacokinetic delivery of multiple drugs is still challenging. Herein,

 we report a sequential combination drug delivery strategy exploiting a pH-triggerable and redox

© switch to release cargos from hollow silica nanoparticles in a spatiotemporal manner. This versatile

. system further enables a large loading efficiency for both hydrophobic and hydrophilic drugs inside

. the nanoparticles, followed by self-crosslinking with disulfide and diisopropylamine-functionalized

. polymers. In acidic tumour environments, the positive charge generated by the protonation of the
diisopropylamine moiety facilitated the cellular uptake of the particles. Upon internalization, the acidic
endosomal pH condition and intracellular glutathione regulated the sequential release of the drugs in
a time-dependent manner, providing a promising therapeutic approach to overcoming drug resistance
during cancer treatment.

Multidrug resistance (MDR) of cancer has been responsible for the high recurrence rate and failure of can-

cer chemotherapy; more than 90% of patients die due, to a certain extent, to MDR!-®. The primary strategy to

overcome MDR is co-administration of multiple drugs’-*. However, varying drug uptake and suboptimal drug

concentrations in heterogeneous tumour environments limit the synergistic efficacy of administered drugs'*-'2
. Furthermore, combination therapy generally requires multiple injections, which may compromise patient com-
. pliance and complicate the therapy process. Therefore, sequential delivery of multiple drugs to the target site
. would be desirable for improving the efficacy of combination chemotherapy'?-16.
Drug delivery systems using nanocarriers, such as polymeric and inorganic nanoparticles, are promis-
ing tools for providing sequential drug release in a one-tablet format owing to their tunable drug loading and
release capabilities'’-*. Recently, drug delivery systems based on core-shell nano- and microparticles have been
: reported to show sequential release kinetics through degradation of drug-loaded polymeric layers, with a poten-
© tial to treat cancer?"*2. However, achieving efficient sequential therapy with nanocarriers has been limited so far
. owing to the lack of an appropriate controlled-release system and possible leakage of encapsulated drugs during
circulation®-%7,
Hollow mesoporous silica nanoparticles (HMSNs) stand out as a promising solution to address challenges of a
combination multidrug therapy because their void cores serve as extra reservoirs for drug storage*. Hydrophilic
. drugs can be loaded to the inner space of the hollow silica nanoparticles with a high loading efficiency, and
. hydrophobic drugs can be loaded on the mesoporous surface of HMSNs by physical adsorption!?*-2. Herein, we
. present a new class of drug delivery strategy for spatiotemporal release of different multiple drugs in a sequential

manner by exploiting a pH- and redox-triggered release system using polymer-gated HMSNs (Fig. 1). Polymer

gatekeepers, non-covalently attached to the surface of HMSNS, safely retain the cargos in storage until reaching
© the target site and successfully deliver the cargos into cancer cells via suitable release ways*>**. Furthermore, a
© stimuli-responsive charge reversal component was incorporated in HMSNs to accomplish programmable specific
. targeting of the tumour site. We applied cationic charge-generating polymer gatekeepers onto silica nanoparticles
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Figure 1. (A) Synthetic scheme for the preparation of a dual drug-loaded PHMSN using the polymer
gatekeeper technique; (B) Disulfide cross-linking and pH-dependent cationic charge reversal by the protonation
of the diisopropylamine group; (C) two combination sets of hydrophilic and hydrophobic drugs; (D) schematic
illustration of the cellular uptake, endosomal escape, and GSH-mediated stimulus for sequential drug release.
Under tumoural acidic conditions (pH 6.5), positive charge reversal results in a fast cellular uptake. Further
increase of the positive charge of the polymer in the endosome (pH 5.0-5.5) induces the swelling of the polymer
gatekeeper, followed by the release of hydrophilic Ver, and facilitates the endosomal escape of the nanoparticles.
In the presence of intracellular GSH, the second drug, hydrophobic Dox, is released to kill the Dox-resistant
cells.

using a self-crosslinkable random copolymer containing pyridine disulfide (PDS), 2-(diisopropylamino) ethyl
methacrylate (DPA), and polyethylene glycol (PEG). At physiological pH, the feature of the diisopropylamine
moieties is initially to maintain a negative surface charge of the HMSN, minimizing the non-specific interac-
tions with biomolecules. At the acidic pH of tumour environments, however, the protonated DPA consequently
generates a positive surface charge on the HMSN that enhances the opportunity for tumour-targeted cellular
uptake. Subsequently, upon internalization, a higher density of the cationic charge on the polymer shell is further
generated at more acidic milieu of endosomes, resulting in the swelling of the polymer gatekeepers that induces
the release of a hydrophilic drug, verapamil hydrochloride (Ver), and blocks the drug efflux pump P-glycoprotein
which is the major protein for drug resistance®-*%. Moreover, the positive charge facilitates the escape of HMSNs
through membrane disruption®*-*!. In the cytosol, the polymer gatekeeper is expected to degrade through
disulfide reduction by glutathione (GSH)*, causing a sequential release of a hydrophobic drug from inside the
core to kill drug-resistant cancer cells. PEG on the surface of MSNs provides water solubility and prevents non-
specific interactions with biomacromolecules* 3.

In our study, two multidrug sets were used (Fig. 1), one with hydrophilic doxorubicin hydrochloride
(Dox-HCl) and hydrophobic camptothecin (CPT) to understand the mechanisms of cellular interactions of the
nanoparticles and their uptake, and another with hydrophilic Ver and hydrophobic doxorubicin (Dox, neutral
form) to demonstrate the usability of the nanoparticles for combination multidrug therapy to overcome MDR.
Similarly, paclitaxel (PTx) can be used, which is not protonated as a hydrophobic drug instead of Dox. Each drug
was loaded into HMSNs without any chemical modifications, using a simple and robust method of combination
of two different drugs.

Results and Discussion

Preparation of dual drug-loaded, dual stimuli- responsive PHMSNs. HMSNs were synthesized
by a general template method according to previous reports®. Nitrogen adsorption-desorption isotherm meas-
urements showed that the HMSN have a large Brunauer-Emmett-Teller (BET) surface area of 1307.6 m*/g, with
a total pore volume of 1.56 cm?/g and a pore size of 2.4 nm (Figure S2). The HMSNs showed a uniform hollow
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2.5mg/mL 13 wt% (30%) 18 wt% (46%)
5.0mg/mL 24 wt% (32%) 37 wt% (60%)
7.5mg/mL 26 wt% (24%) 44 wt% (54%)

Table 1. Drugloading efficiency encapsulation efficiency analysis for dual drugs Dox + CPT in PHMSN.
*Drug loading efficiency (wt%) = Mass of drug loaded in nanoparticles/Mass of drug loaded nanoparticles.
Entrapment efficiency (%) = Mass of drug loaded in nanoparticles/Initial mass of drug.
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Figure 2. (A) Size analysis for HMSN and PHMSN (inset: TEM image of PHMSN) and (B) zeta potential
measurement for HMSN and PHMSN. Scale bar represents 100 nm.

structure to have the average diameter of 100 nm with shell thickness of 15 nm. We initially encapsulated two rep-
resentative anticancer drugs; hydrophobic CPT and hydrophilic Dox-HCl with high loading capacities (Table 1).
Unmodified pores of the HMSN shell with a large surface area can hold CPT by physical adsorption®-*?, and
Dox-HCl can be entrapped into the unmodified pores and hollow inner core*. Our previous work highlighted the
importance of unmodified pores to hold an exceptionally large mass of a drug and to release it upon specific stim-
uli***. Consistent with the previous investigation, the Dox-HCI -loading efficiency up to 36 wt%, while the CPT-
loading efficiency reached 80 wt%, with the proportional feeding ratio (Table 1). The cross-linked polymer layer
was installed on the surface of the dual drug-loaded HMSN by the disulfide exchange reaction in the polymer
shell which is coated by simple non-covalent electrostatic interactions between the negatively-charged HMSN
and the positively-charged PEG-PDS-DPA copolymer (hereafter, abbreviated as PHMSN). The TEM image dis-
played a polymer-coating layer, which avoided agglomeration, and Dynamic light scattering (DLS) indicated an
increase in the diameter of the nanoparticles from 100 to 130 nm (Fig. 2). Zeta potential measurements showed
that the surface charge of the HMSNs was highly negative (—40 mV), but it became almost neutral (—2mV) after
the introduction of the polymer gatekeepers (Fig. 2B). In order to stably hold drugs in the HMSN pores, the coat-
ing polymers were further cross-linked by adding a partial amount of dithiothreitol (15 to 36 mol% of the PDS
group), and the resulting crosslinking densities were 24 mol% and 53 mol%, respectively (Figure S3).

A pristine MSN has a limited capacity to serve as an ideal nanocarrier for drug delivery owing to unstable
colloidal properties under physiological conditions, which may lead to undesired drug leakage before reaching
the target*. To overcome these issues, polymer gatekeepers have been used in MSNs, which was shown to result
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Figure 3. (A,D) Zeta potential measurement of PHMSNs and PEG-PDS-wrapped HMSNs in buffers with
varying pH values for 24 mol% and 56 mol% crosslinked PHMSN. (B,E) CPT-Dox dual drug release profile of
PHMSNEs at different pH values for 24 mol% and 56 mol% crosslinked PHMSN. (C,F) Size analysis of PHMSN
in buffer solutions with different pH values at 24 mol% and 56 mol% crosslinked PHMSN. (G) Schematic

of charge reversal, volume change of polymer-shell and sequential drug release upon the change in pH and
glutathione concentration.

in stable colloidal properties®*. Consistently, no meaningful change in the PHMSN size was observed upon
incubation with phosphate-buffered saline (PBS), pH 7.4, RPMI medium with 10% fetal bovine serum (FBS), and
sodium acetate buffer, pH 5.5, for up to 72 h, indicating stable colloidal properties under physiological conditions,
which may prevent undesired drug leakage before reaching target sites (Figure S3).

Sequential drug release profile. Itis important to retain the contents in a carrier at a physiological con-
dition but selectively release them at a desired position. Nanoparticulate delivery system with pH responsiveness
is one of the widely accepted routes. It is required that drugs are not or hardly released from a carrier in normal
tissues and blood (pH ~7.4) but can be released in tumour tissues or even within cancer cells (pH 4 to 6.8)*3,
However, precisely maintaining drugs at a storage condition, without any leakage, and introducing them into a
release medium are still challenging. In our system, the stable PHMSN with a covalently crosslinked polymer
network possesses precise pH-responsive drug release characteristics. We used the PEG-PDS-DPA copolymer
installed onto HMSNs, which can undergo charge reversal at acidic tumoural pH conditions, where DPA moie-
ties are protonated to generate a positive charge owing to their pK, values (Fig. 1). The pK, value of the tertiary
amine-containing polymer is around 6.7 at 24% crosslinking density and the unprotonated amine at physiological
pH is neutral (Fig. 3A). The PHMSNs generated highly positive charges (+-45mV) at acidic pH conditions. Ata
neutral pH, however, they became negative (—5mV), suggesting the successful preparation of charge conversion
gatekeepers. No meaningful changes were observed in the case of control polymer-HMSN (PEG-PDS-HMSN)
which has no DPA moiety.

To investigate the controlled sequential drug release behavior of Dox-HCl- and CPT-co-loaded PHMSNS, the
nanoparticles were initially immersed in PBS at pH 7.4, and then the release medium was changed to an acetic
acid buffer solution (pH 5.5) to stimulate an acidic environment. The system enables the drugs to be stably held at
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a neutral pH without any leakage (Fig. 3B). Remarkably, a high Dox-HCl release (>30%) was achieved at pH 5.5,
but no CPT release was observed.

However, the use of a polymer network that is cross-linked by disulfide bonds enables the shell to be degraded
upon the introduction of a reducing agent, ultimately releasing the second cargo. Following the Dox-HCl release,
the addition of 1 mM GSH opened the gate by degrading disulfide bonds and triggering the release of CPT,
over 40% within 24 h. Considering the release pattern, it is interesting to note that the release of Dox-HCl was
controlled by the pH-responsive gatekeepers grafted on the surface of the HMSNs. The gatekeepers might form
a dense layer on the surface that completely blocked the pores and thus prevented the release of Dox-HCl at pH
7.4. On the other hand, the gatekeepers become hydrophilic and swell rapidly owing to protonation at acidic con-
ditions, resulting in loosening of the crosslinked networks and thus inducing the release of Dox-HCI (Fig. 3G).
To demonstrate this phenomenon, we investigated the size change of the PHMSNs by varying pH of solutions.
Surprisingly, a big increase in the size of the nanoparticles, from 130nm (pH 7.5) to 300 nm (pH 4.5), was
observed due to the protonation of the amine group at a low pH, which produces electrostatic repulsion between
the quaternary amine moieties and therefore triggers the swelling (Fig. 3C).

When the crosslinking density increased to 53 mol%, the pK, value of tertiary amine-containing polymer is
around 6.2, the unprotonated amine at physiological pH is neutral (Fig. 3D) and the drug release is sustained
and stabilized at pH 5.5 with Dox-HCl release over 15%. Similarly, reduced CPT release in the presence of GSH
showed a remarkable change in contrast to the previous observation. In support, the swelling property at varying
pH condition is controlled (Fig. 3F) reaching 280 nm (pH 4.5) from 130 nm (pH 7.5). Therefore, the proposed
system can provide a spatiotemporal control over sequential release of drugs.

Intracellular sequential and spatiotemporal drug release. To investigate the spatiotemporal property
of the sequential drug release during the cellular uptake, the dual drug loaded PHMSN was incubated in human
nasopharyngeal carcinoma cells (KB) and the intracellular co-localization was investigated by confocal laser scan-
ning microscopy at different time points. Initially, the homogenous strong red (Dox-HCI) fluorescence was widely
distributed in the cytoplasm, whereas the aggregated blue (CPT) fluorescence was observed, which suggests a suc-
cessful pH-dependent release of Dox-HCl at the early period of endocytosis (Fig. 4 and S4). The acidic microen-
vironment of the endosome may facilitate the Dox-HClI release by swelling the polymer shell upon increasing
the positive charge. The green fluorescence signal of late endosomal marker revealed that co-localization of Dox
with late endosomes was not observed, whereas CPT was co-localized until 6 h. Similar to endosomes, Dox was
not co-localized with green fluorescent lysosomes (Fig. 4B) from the initial time, and CPT co-localization was
observed till 10h incubation.

Whereas, no localization of CPT and lysosomal tracker could be seen after 10h, suggesting the facilitation
of escape and CPT release in the cytosol. Similarly, to confirm the subcellular colocalization of the delivered
PHMOSN, cells were morphologically examined using the TEM. After 20 h incubation, the majority of the nano-
particles were observed inside the lysosomes, fitting the literature reports average dimension 0.1 to 0.2 pm*-45,
Consistent to the previous confocal microscopic observations (Fig. 4), the nanoparticles retained inside the lys-
osomes with their spherical morphology and revealed the feature of colocalization. Overall, the TEM images
support the feature of colocalization of PHMSN in lysosomes and cytoplasm (Figure S5). These results revealed
that the PHMSNs were capable of escaping or releasing long after entering the endosomal components.

pH dependent cellular uptake analysis. The protonation event renders DPA positive, and facilitates its
display on the surface for enhanced uptake by cancer cells. After 1 h of incubation at a peritumoural condition
(pH 6.5), confocal microscope images of the PHMSNs exhibited a much higher cellular uptake compared to that
of the same samples incubated at pH 7.4 (Fig. 5A and B). The obtained histograms by flow cytometry shown
in Fig. 5C indicate that the interaction between the PHMSNs increased at pH 6.5 compared to the same nano-
particles at pH 7.4 as a function of pH-dependent uptake. The results revealed the uptake of the nanoparticles
could be restricted at a neutral pH, whereas at a peritumoural condition pH 6.5, their high cellular uptake was
efficiently carried out by the surface charge reversal. The toxicity of the nanocarrier incubated at the peritumoural
pH condition was significantly higher than the value at the neutral pH (Fig. 5D). In view of the higher toxicity
at peritumoural conditions, it would be clearly preferable to use the nanocarrier in cancer therapy due to its fast
cellular uptake within a short period of incubation. Therefore, it is expected that a high dose of drugs was deliv-
ered inside the cancer cells after the incubation at the peritumoural pH condition. The nanoparticles had shown
biocompatible behaviour in absence of drugs (Fig. 5E and S6).

Mechanisms of cellular uptake analysis of PHMSN. The cellular uptake of the PHMSNs was happened
by clathrin- and macropinocytosis-mediated endocytosis (Fig. 6). The PHMSN uptake was inhibited in the pres-
ence of sucrose and amilorin, an inhibitor of clathrin-dependent uptake and macropinocytosis*>**. However, no
inhibition was noted for methyl-3-cyclodextrin (M3CD), an inhibitor of caveolin-dependent uptake?>*.

Simultaneously, flow cytometry was further used to evaluate the uptake of the nanoparticles in the pres-
ence of inhibitors (Fig. 6D). The green (MBCD) fluorescence had a strong absorbance compared to that of the
blue (sucrose) and red (amilorin) fluorescence. The results confirm the uptake of the PHMSNs by clathrin- and
macropinocytosis-mediated endocytosis.

Overcoming multidrug resistance by spatiotemporal drug release. Both the endosomal release
by a pH change and the cytosomal release of drugs by the redox of GSH in a sequential manner indicate that the
PHMSNS s possess an excellent potential as a biologically important carrier for combination chemotherapy by
co-administration of multiple drugs to overcome the MDR*~3. Overexpression of multidrug efflux pumps, such
as P-glycoprotein and topoisomerase II, is conserved and mainly responsible for the drug resistance of cancer
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Figure 4. Confocal laser scanning microscope images of in-vitro cellular uptake for CPT & Dox-HCl loaded
PHMSN in presence of (A) late endosome marker (green color) after 2h and 4 h incubation. Blue and red color
indicated the CPT and Dox, respectively. (B) Colozalization analysis in lysosomes with lysotracker green after
6h, 10h, and 16 h. Scale bar represents 10 and 5pm, respectively. The cells were stained with late endosome.

cells, leading to pumping drugs out through the plasma membrane, which decreases the concentration of drugs
in the cytoplasm and causes lower anti-tumour effects®*4!, Ver, a calcium channel antagonist, is a well-known
P-glycoprotein inhibitor increasing the accumulation of anticancer drugs within cancer cells and reducing the
clearance of Dox, which results in an increased plasma drug concentration and prolonged half-life>*. To demon-
strate the overcoming of drug resistance caused by overexpression of efflux pumps in cancer cells, we prepared
Ver (hydrophilic drug)- and Dox (neutral form, hydrophobic drug)-co-loaded PHMSNs and analyzed their
cellular uptake and cytotoxicity for P-glycoprotein-overexpressing breast cancer cell line, MCF7/ADR (Fig. 7).
Importantly, the Ver- and Dox-co-loaded PHMSNs had a higher cytotoxicity against MCF-7/ADR cells com-
pared to free Dox, with the ICy, value of 1 pg/mL for the Dox-loaded PHMSNS in the presence of the drug efflux
inhibitor (Fig. 7A). The value is an excellent and exceptionally high inhibition concentration. The qualitative
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Figure 5. Images of in vitro cellular uptake of dual drug-loaded PHMSNs by KB cells after incubation at (A) pH
6.5 and (B) pH 7.4 DPBS. (C) Fluorescence-activated cell sorting analysis of cellular uptake of PHSMNSs at pH
7.4 (red line), pH 6.5 (blue line), and in normal cell culture medium (green) after 2h of incubation. (D) In vitro
cytotoxicity analysis of KB cells incubated with dual drug-loaded PHMSNSs at different pH, and (E) with pristine
HMSN and PHMSN. Scale bar represents 20 pm.

monitoring by confocal microscopic imaging also revealed that the Ver- and Dox-coloaded PHMSNs were taken
up by the MCF-7/ADR cells and gradually released the Dox into the cells. The images in Fig. 7B and S7 show a
significant increase in the Dox signal in the presence of Ver, whereas the fluorescent intensity of free Dox was
very weak due to the drug efflux®. Therefore, we clearly confirmed that our synergistic multidrug delivery sys-
tem increases the intracellular drug concentration at the peritumoural pH condition, enabling the drug delivery
system to enhance the chemotherapeutic effect on Dox-resistant MCF-7/ADR cancer cells. Similar features were
noted for MDK mediated drug resistance cells (Figure S8).

In summary, we developed a simple and robust sequential delivery platform by exploiting a pH-triggerable
and redox-switched controlled-release system for combination therapy in cancer. We utilized the clinically rele-
vant anticancer drugs to demonstrate the model of sequential combination therapy. The pH-responsive release
of Ver and redox-sensitive release of Dox were achieved to enhance the therapeutic efficiency. Moreover, we
reported a high loading efficiency for hydrophilic and hydrophobic dual drugs into unmodified pores of HMSNs
for sequential and synergistic cancer treatment. Further research will focus on in vivo application of the novel
sequential drug delivery system.

Methods

General. 2-cyano-2-propyl benzodithioate (RAFT reagent), poly (ethylene glycol) methacrylate,
2-(Diisopropylamino)ethyl methacrylate, AIBN, tetraethyl orthosilicate (TEOS) and cetyl trimethylammo-
nium bromide (CTAB) were purchased from Sigma Aldrich (Yongin, Korea) and TCI (Japan). Camptothecin
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Figure 6. Confocal laser scanning microscope images of in-vitro cellular uptake for Dox-PHMSN in presence
of (A)) sucrose (inhibitor for clathrin dependent endocytosis); (B) Amilorin (inhibitor for macropinocytosis
dependent endocytosis), (C) MBCD (inhibitor for caveolae dependent endocytosis) after 2h of incubation.
(D) Flow cytometry analysis for Dox-PHMSN in KB cells after 3h incubation. Scale bar represents 20 pm.

was obtained from Ontario Chemicals Inc (Canada) and doxorubicin hydrochloride was obtained from Acorn-
Pharma (U.S.A). Fetal bovine serum (FBS) was from Gibco, cell culture medium and reagents were obtained
from Invitrogen (Korea). Cell viability analysis was measured using the alamarBlue® cell viability reagent (DAL
1025, ThermoFisher, Korea) following the manufacturer’s protocol and analyzed using the fluorescence meas-
urement from Tecan — Infinite 200 series reader. CellLight® Late Endosomes-GFP, BacMam 2.0 (C10588) and
LysoTracker® Green DND-26 (L7526) were obtained from ThermoFisher (Korea). Unless otherwise stated, all
used were obtained from commercial suppliers (Sigma Aldrich, TCI and Abcam) and were used as received. DLS
measurements were made using a Malvern Nanozetasizer (Nano ZS series). UV-Visible spectra were measure
using the JASCO V250 spectrophotometer. The fluorescence spectra were obtained using a JASCO FP-6500 spec-
trofluorimeter. PEG-PDS polymer was prepared and characterized using the 400 MHz, Bruker AVANCE III HD
NMR spectroscopy following our previous literature®.

Preparation of dual drug loaded PHMSNs.  About 5 mg of HMSNs were added to 1 ml of DI water
and sonicated to disperse the particles until a uniform colloidal solution was observed. To this solution, 2.5 mg,
5.0mg and 7.5mg of CPT were added (in DMSO), dissolved and allowed to stir for a period of 24h in room
temperature (RT). Then, dispersion was centrifuged to collect the CPT-loaded nanoparticles and kept the super-
natant for calculating the drug loading content. In order to remove the DMSO, drug loaded nanoparticles were
vaccum dried (under high vaccum), washed thrice with DI water to remove any DMSO and lyophilized again
for further use. The mass of CPT loaded into the nanoparticles were calculated from the supernatant and washed
supernatant solution. The amount of CPT loaded were calculated using the UV-Vis absorption spectra using a
molar absorption coefficient of 42,282 M~lcm~! with X\, =365 nm?*. Then the nanoparticles dispersed in 1 mL
of DI water under gentle vortexing, to this solution, 2.5mg, 5.0 mg and 7.5 mg of Dox-HCl were added, dissolved
and allowed to stir for a period of 24 h in RT. To this dual drug loaded nanoparticles in 1 mL aqueous suspension,
10 mg of PEG-PDS-DPA copolymer were added and stir for overnight. To crosslink the surface-wrapped poly-
mer, a partial amount of DTT (15mol% and 36 mol% against the PDS group) was added and the resulting solu-
tion was stirred for 3h at room temperature. Drug-loaded PMSNs were collected by centrifugation and washed
extensively with pH 7.4 phosphate buffer solution and distilled water. The crosslinking density was analyzed by
checking the release of the byproduct pyridothione using the known molar extinction coefficient of pyridiothione
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Figure 7. (A) Cell viability analysis for Free Dox; Ver & Dox coloaded PHMSN in Dox resistant MCF7/ADR
(breast cancer) after 48 h incubation. (B) Confocal images to check the cellular uptake of Dox & Ver co-loaded
PHMSN in MCF7/ADR cells after 2 h incubation. *P < 0.05, **P < 0.01, ***P < 0.001 compared to control,
analysed by student’s t-test. Scale bar represents 20 pm.

(8.08 x 10° M ' cm™" at 343 nm, Figure $3)°*”. Polymer wrapped, drug-loaded nanoparticles were washed twice
with DI water and PBS buffer collected by centrifugation. The supernatant in the washing process was combined
with the previous supernatant solution®. The mass of Dox-HCl loaded into MSNs (in weight %) was calculated
by subtracting the mass of Dox-HCl in the supernatant from the total mass of drug in the initial solution. The
amount of Dox-HCI adsorbed was analyzed by the UV-Vis spectroscopy using the molar excitation coefficient of
11,500 M~'cm™!. Drug loading was calculated using the following equation:

Drug loading efficiency(%) = Mass of the drug in MSN/Mass of drug loaded MSN x 100

Entrapment efficiency(%) = Mass of the loaded drug/Initial mass of the drug x 100

Cell viability analysis in multidrug resistance cells (Pgp mediated resistance cells). MCF-7/ADR
cells were cultured (using DMEM medium) in sterile 96-well Nunc (Thermo Fisher Scientific Inc.) microtitre
plate at a seeding density of 5 x 10° cells/well and they were allowed to settle for 24 h under incubation at 37°C
and 5% CO,. In-order to check cell viability, the cells were then treated with different concentrations of Ver and
Dox coloaded PHMSNS, (concentrations of 0.01, 0.05, 0.10. 0.25, 0.50, 1.00 and 2.00 pg/mL of Dox) were inves-
tigated after 48 h using the Alamar Blue assay with each data point measured in triplicate (initially, the nanopar-
ticles were incubated with acidic pH 6.5 DPBS medium for a period of 2h, washed replaced with fresh medium).
Fluorescence measurements were made using the plate reader (Tecan Infinite Series, Germany) by setting the
excitation wavelength at 565 nm and monitoring emission at 590 nm on the 96 well plates.

Cell viability analysis in multidrug resistance cells (MDK resistance cells). SNU-620-ADR/300
cells® were cultured (using RPMI 1640 medium) in sterile 96-well Nunc (Thermo Fisher Scientific Inc.) microti-
tre plate at a seeding density of 5 x 10° cells/well and they were allowed to settle for 24 h under incubation at 37°C
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and 5% CO,. In-order to check cell viability, the cells were then treated with different concentrations of CPT and
Dox coloaded PHMSNS, (concentrations of 0.01, 0.05, 0.10. 0.25, 0.50, 1.00 and 2.00 pg/mL of CPT) were inves-
tigated after 48 h using the Alamar Blue assay with each data point measured in triplicate (initially, the nanopar-
ticles were incubated with acidic pH 6.5 DPBS medium for a period of 2h, washed replaced with fresh medium).
Fluorescence measurements were made using the plate reader (Tecan Infinite Series, Germany) by setting the
excitation wavelength at 565 nm and monitoring emission at 590 nm on the 96 well plates.

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Chen, Y. et al. Engineering inorganic nanoemulsions/nanoliposomes by fluoride-silica chemistry for efficient delivery/co-delivery
of hydrophobic agents. Adv Funct Mater 22, 1586-1597 (2012).

Wu, M. et al. Large Pore-Sized Hollow Mesoporous Organosilica for Redox-Responsive Gene Delivery and Synergistic Cancer
Chemotherapy. Adv. Mater. 28, 1963-1969 (2016).

. Wang, Z. & Ho, P. C. A Nanocapsular Combinatorial Sequential Drug Delivery System for Antiangiogenesis and Anticancer

Activities. Biomaterials 31, 7115-7123 (2010).

. He, Q. et al. A pH-responsive mesoporous silica nanoparticles-based multi-drug delivery system for overcoming multi-drug

resistance. Biomaterials 32, 7711-7720 (2011).

. Yan, Y., Bjérnmalm, M. & Caruso, E Particle Carriers for Combating Multidrug-Resistant Cancer. ACS Nano 7, 9512-9517 (2013).
. Holohan, C., Van Schaeybroeck, S., Longley, D. B. & Johnston, P. G. Cancer drug resistance: an evolving paradigm. Nat Rev Cancer

13, 714-726 (2013).

. Xu, W. et al. Smart Porous Silicon Nanoparticles with Polymeric Coatings for Sequential Combination Therapy. Mol Pharma 12,

4038-4047 (2015).

. Nam, J. et al. pH-Responsive Assembly of Gold Nanoparticles and Spatiotemporally Concerted Drug Release for Synergistic Cancer

Therapy. ACS Nano 7, 3388-3402 (2013).

. Hsu, B. B. et al. Ordered and Kinetically Discrete Sequential Protein Release from Biodegradable Thin Films Angew Chem Int Ed 53,

8093-8098 (2014).

Deng, Z.J. et al. Layer-by-Layer Nanoparticles for Systemic Codelivery of an Anticancer Drug and siRNA for Potential Triple-
Negative Breast Cancer Treatment. ACS Nano 7, 9571-9584 (2013).

Morton, S. W. et al. A nanoparticle-based combination chemotherapy delivery system for enhanced tumor killing by dynamic
rewiring of signaling pathways. Sci Signal 7, ra44 (2014).

Liao, L. et al. A Convergent Synthetic Platform for Single-Nanoparticle Combination Cancer Therapy: Ratiometric Loading and
Controlled Release of Cisplatin, Doxorubicin, and Camptothecin. ] Am Chem Soc 136, 5896-5899 (2014).

Vo, T. N,, Kasper, E. K. & Mikos, A. G. Strategies for Controlled Delivery of Growth Factors and Cells for Bone Regeneration. Adv
Drug Deliv Rev 64, 1292-1309 (2012).

Narayanan, S. et al. Sequentially releasing dual-drug-loaded PLGA-casein core/shell nanomedicine: Design, synthesis,
biocompatibility and pharmacokinetics. Acta Biomaterialia 10,2112-2124 (2014).

Wu, Y. et al. Voltage/pH-Driven Mechanized Silica Nanoparticles for the Multimodal Controlled Release of Drugs. ACS Appl. Mater
Interfaces 7, 17255—17263 (2015).

Ding, C.-D,, Liu, Y., Wang, T. & Fu, J.-]. Triple-stimuli-responsive nanocontainers assembled by water-soluble pillar[5]arene-based
pseudorotaxanes for controlled release. ] Mater Chem B 4, 2819-2827 (2016).

Allen, T. M. & Cullis, P. R. Liposomal drug delivery systems: from concept to clinical applications. Adv Drug Deliv Rev 65, 36 (2013).
Wang, Z.-G. & Ding, B. Engineering DNA self-assemblies as templates for functional nanostructures. Acc Chem Res 47, 1654-1662
(2014).

Fang, R. H. et al. Cancer Cell Membrane-Coated Nanoparticles for Anticancer Vaccination and Drug Delivery. Nano Lett 14,
2181-2188 (2014).

Xue, X. et al. Spatiotemporal Drug Release Visualized through a Drug Delivery System with Tunable Aggregation-Induced
Emission. Adv Mater 26,712-717 (2014).

Chen, M., Zhu, X. & Yan, D. Sequential drug release for synergistic cancer treatment and immunity promotion. RSC Adv 3,
13399-13405 (2013).

Fan, L. et al. Multifunctional all-in-one drug delivery systems for tumor targeting and sequential release of three different anti-
tumor drugs. Biomaterials 76, 399-407 (2016).

Lammers, T. et al. Simultaneous delivery of doxorubicin and gemcitabine to tumours in vivo using prototypic polymeric drug
carriers. Biomaterials 30, 3466-3475 (2009).

Lammers, T.; Aime, S.; Hennink, W. E.; Storm, G. & Kiessling, F. Theranostic nanomedicine. Acc Chem Res 44, 1029-1038 (2011).
Aw, M. S., Addai-Mensabh, J. & Losic, D. A multi-drug delivery system with sequential release using titania nanotube arrays. Chem
Comm 48, 3348-3350 (2012).

Patel, N. R,, Pattni, B. S., Abouzeid, A. H. & Torchilin, V. P. Nanopreparations to overcome multidrug resistance in cancer. Adv Drug
Deliv Rev 65, 1748-1762 (2013).

Saiyin, W. et al. Sequential Release of Autophagy Inhibitor and Chemotherapeutic Drug with Polymeric Delivery System for Oral
Squamous Cell Carcinoma Therapy. Mol Pharma 11, 1662-1675 (2014).

Luo, Z. et al. Engineering a Hollow Nanocontainer Platform with Multifunctional Molecular Machines for Tumor-Targeted Therapy
in Vitro and in Vivo. ACS Nano 7, 10271-10284 (2013).

Ferris, D. P. et al. Synthesis of Biomolecule-Modified Mesoporous Silica Nanoparticles for Targeted Hydrophobic Drug Delivery to
Cancer Cells. Small 7, 1816-1826 (2011).

Meng, H. et al. Use of a Lipid-Coated Mesoporous Silica Nanoparticle Platform for Synergistic Gemcitabine and Paclitaxel Delivery
to Human Pancreatic Cancer in Mice. ACS Nano 9, 3540-3557 (2015).

Li, L. et al. In Vivo Delivery of Silica Nanorattle Encapsulated Docetaxel for Liver Cancer Therapy with Low Toxicity and High
Efficacy. ACS Nano 4, 6874-6882 (2010).

Chen, F. et al. Engineering of Hollow Mesoporous Silica Nanoparticles for Remarkably Enhanced Tumor Active Targeting Efficacy.
Sci. Rep. 4, 5080 (2014).

Palanikumar, L., Choi, E. S., Cheon, J. Y., Joo, S. H. & Ryu, J.-H. Noncovalent Polymer-Gatekeeper in Mesoporous Silica
Nanoparticles as a Targeted Drug Delivery Platform. Adv Funct Mater 25, 957-965 (2015).

Palanikumar, L. et al. Noncovalent Surface Locking of Mesoporous Silica Nanoparticles for Exceptionally High Hydrophobic Drug
Loading and Enhanced Colloidal Stability. Biomacromolecules 16, 2701-2714 (2015).

Lee, Y. et al. Charge-Conversion Ternary Polyplex with Endosome Disruption Moiety: A Technique for Efficient and Safe Gene
Delivery. Angew Chem Int Ed 47, 5163-5166 (2008).

Jin, S. et al. High Tumor Penetration of Paclitaxel Loaded pH Sensitive Cleavable Liposomes by Depletion of Tumor Collagen I in
Breast Cancer. ACS Appl Mater Interfaces 7, 19843-19852 (2015).

Chung, M. E, Liu, H. Y, Lin, K. ], Chia, W. T. & Sung, H. W. A pH-Responsive Carrier System that Generates NO Bubbles to Trigger
Drug Release and Reverse P-Glycoprotein-Mediated Multidrug Resistance. Angew Chem Int Ed 54, 9890-9893 (2015).

SCIENTIFICREPORTS | 7:46540 | DOI: 10.1038/srep46540 10



www.nature.com/scientificreports/

38. Zeng, J. et al. Superparamagnetic Reduction/pH/Temperature Multistimuli-Responsive Nanoparticles for Targeted and Controlled
Antitumor Drug Delivery. Mol Pharmaceutics 12, 4188-4199 (2015).

39. Hu, X,, Liu, G,, Li, Y., Wang, X. & Liu, S. Cell-Penetrating Hyperbranched Polyprodrug Amphiphiles for Synergistic Reductive
Milieu-Triggered Drug Release and Enhanced Magnetic Resonance Signals. ] Am Chem Soc 137, 362-368 (2015).

40. Lee, J. et al. Charge-Conversion Ternary Polyplex with Endosome Disruption Moiety: A Technique for Efficient and Safe Gene
Delivery. Angew. Chem. Int. Ed. 47, 5163 (2008).

41. Ghosh, S., Irvine, K. & Thayumanavan, S. Tunable Disassembly of Micelles Using a Redox Trigger. Langmuir 23, 7916-7919 (2007).

42. Falcone, S. et al. Macropinocytosis: regulated coordination of endocytic and exocytic membrane traffic events. J Cell Sci 119,
4758-4769 (2006).

43. Liang, L. et al. Single-Particle Tracking and Modulation of Cell Entry Pathways of a Tetrahedral DNA Nanostructure in Live Cells.
Angew Chemie 126, 7879-7884 (2014).

44. Bouchoucha, M., Gaudreault, R. C., Fortin, M.-A. & Kleitz, E. Mesoporous Silica Nanoparticles: Selective Surface Functionalization
for Optimal Relaxometric and Drug Loading Performances. Adv Funct Mater 24, 5911-5923 (2014).

45. Singh, A. et al. Combinatorial approach in the design of multifunctional polymeric nano-delivery systems for cancer therapy. J
Mater Chem B. 2, 8069-8084 (2014).

46. Coleman, J., Xiang, Y., Pande, P, Shen, D., Gattica, D. & Patton, W. Monitoring drug-induced changes in lysosomal number and
volume in live cells using a novel red fluorescent molecular probe. Microsc Microanal 15, 948-949 (2009).

47. Tian, Y. et al. A series of naphthalimide derivatives as intra and extracellular pH sensors. Biomaterials 31, 7411-7422 (2010).

48. Du, L, Song, H. & Liao, S. A biocompatible drug delivery nanovalve system on the surface of mesoporous nanoparticles. Micropor
Mesopor Mat 147, 200-204 (2012).

49. Tang, S., Huang, X., Chen, X. & Zheng, N. Hollow Mesoporous Zirconia Nanocapsules for Drug Delivery. Adv Funct Mater 20,
2442-2447 (2010).

50. Seib, E P, Jones, G. T., Rnjak-Kovacina, ., Lin, Y. & Kaplan, D. L. pH-dependent anticancer drug release from silk nanoparticles. Adv
Healthcare Mater 2, 1606-1611 (2013).

51. Wei, J. et al. Multi-Stimuli-Responsive Microcapsules for Adjustable Controlled-Release. Adv Funct Mater 24, 3312-3323 (2014).

52. Kim, B. ], Cheong, H., Hwang, B. H. & Cha, H. J. Mussel-Inspired Protein Nanoparticles Containing Iron(III)-DOPA Complexes
for pH-Responsive Drug Delivery. Angew Chem Int Ed 54, 7318-7322 (2015).

53. Li, N. et al. Co-delivery of doxorubicin hydrochloride and verapamil hydrochloride by pH-sensitive polymersomes for the reversal
of multidrug resistance. RSC Adv 5, 77986-77995 (2015).

54. Lacroix, P. M., Graham, S. ]. & Lovering, E. G. High-performance liquid chromatographic method for the assay of verapamil
hydrochloride and related compounds in raw material. ] Pharma Biomed Anal 9, 817-822 (1991).

55. Kang, H. C. et al. Identification of genes with differential expression in acquired drug-resistant gastric cancer cells using high-
density oligonucleotide microarrays. Clin Cancer Res 10, 272-284 (2004).

56. Ryu, J.-H. et al. Self-Cross-Linked Polymer Nanogels: A Versatile Nanoscopic Drug Delivery Platform. ] Am Chem Soc 132,
17227-17235 (2010).

57. Li, L. Y., Raghupathi, K., Yuan, C. H. & Thayumanavan, S. Surface charge generation in nanogels for activated cellular uptake at
tumor-relevant pH. Chem Sci 4, 3654-3660 (2013).

Acknowledgements

This work was supported by the Basic Science Research Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Science (NRF-2011-35B-C00024, 2013-R1A1A2061694, 2014-
R1A1A1002642, and 2016-R1A5A1009405), and by the Ulsan National Institute of Science and Technology
research fund (Grant 1.160001.01). We thank W. Zhung, P. Kwon, S. Lee and Y. Han for helping in preparation
of polymer and hollow silica nanoparticles. We thank Prof. I.C. Kwon at KIST for kindly providing the MCF7/
ADR cell line.

Author Contributions

JH.R, L.P, C. K. and M.H.P. initiated the work. L.P. and J.H.R. conceived of the study and wrote the manuscript.
L.P. performed the experiments. M.T.J. and O.].Y. helped in the synthesis of polymer and H.M.S.N. K.K.
performed the drug release experiment and helped in preparing the scheme. C.K. helped in TEM preparation
and writing the manuscript. M.H.P. helped in the manuscript preparation.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing Interests: The authors declare no competing financial interests.

How to cite this article: Palanikumar, L. et al. Spatiotemporally and Sequentially-Controlled Drug Release from
Polymer Gatekeeper-Hollow Silica Nanoparticles. Sci. Rep. 7, 46540; doi: 10.1038/srep46540 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
o o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:46540 | DOI: 10.1038/srep46540 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Spatiotemporally and Sequentially-Controlled Drug Release from Polymer Gatekeeper–Hollow Silica Nanoparticles
	Introduction
	Results and Discussion
	Preparation of dual drug-loaded, dual stimuli- responsive PHMSNs
	Sequential drug release profile
	Intracellular sequential and spatiotemporal drug release
	pH dependent cellular uptake analysis
	Mechanisms of cellular uptake analysis of PHMSN
	Overcoming multidrug resistance by spatiotemporal drug release

	Methods
	General
	Preparation of dual drug loaded PHMSNs
	Cell viability analysis in multidrug resistance cells (Pgp mediated resistance cells)
	Cell viability analysis in multidrug resistance cells (MDK resistance cells)

	Additional Information
	Acknowledgements
	References




