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Abstract

pH-responsive megagates have been fabricated around mesoporous silica material SBA-15 in
order to mechanize the mesopores. These megagates remain closed in neutral conditions, but open
at pH 5. The capping components of the megagates were designed to be capable of controlling
pores up to 6.5 nm in diameter. Selectivity of payloads with different sizes can be achieved
through the use of different capping components. The operation of the megagates was
demonstrated by time-resolved fluorescence spectroscopy which is capable of monitoring the
release of both the payload and the cap. This study opens up new possibilities in the field of
controllable release.

Introduction

Mesoporous silica materials have been studied widely in the fields of controlled release and
drug delivery,! on account of their high surface areas, porous structures, and ease of
functionalization. One of the most important applications of these materials has been to
employ them as scaffolds for the controlled release of cargo molecules.? In order to achieve
this end, the access to the pore opening needs to be controlled, preferably by means of a
chemical method that can mechanize the pores so as to result in a stimulus-responsive
release. A variety of methods have been developed to meet this criterion, such as
macromolecule capping,® nanocrystal capping,* polymer coating,® and nanomachine
construction.® These methods have all proven to be successful and many of them have
resulted in materials with potential biomedical applications.2-3:6? These methods, however,
have mostly been applied only to MCM-41-type materials in which the typical pore size is
2-3 nm. This choice of materials limits considerably the size range of molecules that can
serve as payloads, thus restricting the future applications of the delivery systems. Some
pioneering works have demonstrated the storage and release of larger cargos,’ such as
proteins, polymers, and RNAs, from large pored mesoporous silica materials, where the

TElectronic supplementary information (ESI) available: 13¢ cP/MAS NMR spectrum of SBA-15-cyclodextrin and N2 absorption
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simple electrostatic interaction between the cargos and the silica served as the dominant
storage-release mechanism. It remains challenging to design a method to achieve on-demand
release in a more precisely controlled manner.

In this paper, we describe the design and synthesis of a cargo size-selective pH-responsive
megagate system that is able to mechanize mesopores with diameters of up to 6.5 nm. The
megagates are designed to be fluorescent so that their operation may be monitored facilely.
We have chosen a well-established standard polymer (dextran) as a model cargo for proof of
principle. By using another cargo molecule with a smaller size—fluorescein disodium salt—
we show that size-selective controlled release can be achieved upon tuning the capping
components of the megagates.

Experimental

General methods

All reactions were performed under an argon atmosphere and in dry solvents, unless
otherwise stated. Tetraethylorthosilicate (99%) and 1-butylaldehydetriethoxysilane (90%)
were purchased from Gelest Inc. (PA). Propargyl bromide (80% in toluene), 2-[2-(2-
chloroethoxy)-ethoxy]-ethanol (96%), 1-adamantanecarbonyl chloride (95%), copper(Il)
sulfate pentahydrate (98%), sodium L-ascorbate (98%), Pluronic P123, fluorescein disodium
salt (98.5%), and fluorescein isothiocyanate-dextran (MW 3k), and all solvents were
purchased from Sigma-Aldrich (St. Louis, MO). 6-(2-Aminoethyl)amino-6-deoxy-f-
cyclodextrin,®1,% and 3 (ref. 10) were synthesized according to literature procedures.
Analytical thin-layer chromatography (TLC) was performed on aluminum sheets, precoated
with silica gel 60-F254 (Merck 5554). Column chromatography was carried out using silica
gel 60F (230-400 mesh). 1H and 13C NMR spectra were recorded on Bruker ARX 500 MHz
and DSX 500 MHz spectrometers, respectively, at ambient temperature, unless otherwise
noted. Solid-state 13C CP/MAS Spectra was recorded on a Bruker DSX 300 MHz
spectrometer. High-resolution MS data were recorded on an Applied Biosystems-MDS
Sciex 4000 Q Trap with ESI sources. The chemical shifts are listed in ppm on the 6 scale
and coupling constants were recorded in Hertz (Hz). Chemical shifts are reported in ppm
relative to the signals corresponding to the residue non-deuterated solvents (CDCl3: 6 7.26
ppm, CD3SOCD3: 6 2.47 ppm). The following abbreviations are used to explain the
multiplicities: s, singlet; d, doublet; t, triplet; b, broad peaks; m, multiplet or overlapping
peaks.

Synthesis of compound 2

SiCly (5.25 mL, 45.7 mmol) was added over 5 min to a solution of 1 (ref. 9) (2.0 g, 11.5
mmol) in EtOH (10 mL). After the reaction mixture had been stirred for a further 15 min,
the precipitates were collected by vacuum filtration and washed with MeOH to yield 2 as a
pink solid (1.1 g, 61%). 'H NMR (500 MHz, CDClg): § = 7.66 (s, 3H), 7.63 (d, J = 8.7 Hz,
6H), 7.09 (d, J=8.7 4.76 (s,3H), 7.63 (d, J = 8.7Hz, 6H), 7.09 (d, J = 8.7Hz, 6H), 4.76 (d, J
= 2.4Hz, 6H), 2.56 (t, J=2.2Hz, 3H). 13CNMR(125MHz,CDCI3): § = 157.2, 141.7, 134.7,
128.4,124.1,115.2, 78.5, 75.7, 55.9.

Synthesis of compound 4

Anhydrous K,CO3 (0.77 g, 5.6 mmol) was added to a solution of 3 (ref. 10) (0.23g, 0.7
mmol) in anhydrous DMF (30mL). The solution was purged with argon for 30 min.
Propargyl bromide (80% in PhMe, 700 pL, 7.9 mmol) was added to this solution. The
mixture was heated at 80 °C under argon protection for 18 h. After cooling to room
temperature, the mixture was poured into ice water (150 mL). The precipitate was collected
by filtration, washed with EtOAc (60 mL) and Me,CO-H,0 (70 mL, 3 : 4 w/v), and dried
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under vacuum to afford 4 as an off-white powder (0.3 g, 77%). 1H NMR (500 MHz,
CD3SOCD3): § =8.12 (s, 6H), 5.08 (s, 12H), 3.60 (s, 6H).

Synthesis of compound 5

Sodium azide (3 g, 46.1 mmol) was added to a solution of 2-[2-(2-chloroethoxy)-
ethoxy]ethanol (5.0 g, 29.7 mmol) in anhydrous DMF (50 mL). The mixture was heated at
80 °C for 18 h under argon. After cooling to room temperature, the mixture was
concentrated by rotary evaporation, and the residue was dissolved in anhydrous CH»Cl, and
passed through Celite. The resultant solution was concentrated under vacuum and
chromatographed (SiO, and EtOAC) to yield 5 as a colorless oil (4.5 g, 85%). 1H NMR (500
MHz, CDCl3): 6 =3.36 (t, J=4.9 Hz, 2H), 3.58 (t, J = 3.4 Hz, 2H), 3.63-3.65 (m, 6H), 3.70
(t, J=3.7 Hz, 2H).

Synthesis of compound 6

Anhydrous K,CO3 (1 g, 7.2 mmol) was added to a solution of 5 (1.3 g, 7.4 mmol) in
anhydrous CH,Cl, (5 mL). A solution of 1-adamantanecarbonyl chloride (2.0 g, 10.0 mmol)
in anhydrous CH,Cl, (10 mL) was added to the reaction dropwise. The solution was stirred
at room temperature for 24 h. The insoluble solid was separated from the solution by
filtration. The filtrate was concentrated by rotary evaporation. The residue was then
dissolved in EtOAc and washed with 5% NaHCO3 aqueous solution and brine. The organic
layer was dried (Na,SO,), filtered, and concentrated by rotary evaporation. The crude was
purified by column chromatography (SiO, and hexanes—EtOAc 3 : 1) to yield 6 as a
colorless oil (0.35 g, 20%). *H NMR (500 MHz, CDCl5): § = 1.71 (m, 6H), 1.90 (d, J= 4.9
Hz, 6H), 2.01 (s, 3H), 3.39 (t, J= 6.2 Hz, 2H), 3.66-3.71 (m, 8H), 4.21 (t, J = 6.2 Hz, 2H).

Synthesis of compound MG-1

CuS04-5H,0 (20 mg, 80 pmol) and sodium ascorbate (50 mg, 0.3 mmol) were added to a
solution of 6 (0.4 g, 1.2 mmol) and 2 (0.15 g, 0.3 mmol) in DMF (5 mL). The mixture was
stirred for 4 d at room temperature then concentrated by rotary evaporation, redissolved in
EtOAc, and washed with brine. The organic layer was dried (MgSQ,), filtered, and
concentrated by rotary evaporation. The crude was purified by column chromatography
(Al,03, hexanes—EtOAc 1 : 2, then EtOAc, then EtOAc—MeOH 50 : 1) to yield MG-1as a
pale yellow solid (0.36 g, 80%). IH NMR (500 MHz, CDCls): & = 1.65 (m, 18H), 1.83 (d, J
= 3.5 Hz, 18H), 1.95 (s, 9H), 3.57-3.62 (m, 18H), 3.86 (t, J = 4.6 Hz, 6H), 4.16 (t, J=4.8
Hz, 6H), 4.53 (t, J = 4.6 Hz, 6H), 5.24 (s, 6H), 7.08 (d, J = 8.6 Hz, 6H), 7.58 (d, J = 8.6 Hz,
6H), 7.62 (s, 3H), 7.84 (s, 3H). 13C NMR (125 MHz, CDCls): § = 177.3, 170.9, 157.9,
143.7, 141.6, 134.0, 128.2, 123.9, 123.7, 115.0, 70.4, 70.3, 69.3, 69.1, 50.2, 40.5, 38.6, 36.3,
27.8. ESI-MS: CggH105015Ng calculated: [M]* 1480.7919, Found: 1480.5782.

Synthesis of compound MG-2

CuS04-5H,0 (20 mg, 80 mmol) and sodium ascorbate (50 mg, 0.3 mmol) were added to a
solution of 6 (0.35 g, 1.0 mmol) and 4 (0.1 g, 0.2 mmol) in DMF (5 mL). The mixture was
stirred for 4 d at room temperature. The mixture was concentrated by rotary evaporation,
redissolved in EtOAc, and washed with brine. The organic layer was dried over anhydrous
MgSQy, filtered, and concentrated by rotary evaporation. The crude was purified by column
chromatography (Al,O3, hexanes—EtOAc 1 : 2, then EtOAc, then EtOAc-MeOH 50 : 1) to
yield M G-2 as a pale yellow solid (0.13 g, 30%). *H NMR (500 MHz, CDCl5): § = 1.62—
1.70 (m, 36H), 1.70 (d, J = 3.3 Hz, 36H), 1.96 (s, 18H), 3.50-3.58 (m, 36H), 3.88 (t, J=6.5
Hz, 12H), 4.13 (t, J= 4.9 Hz, 12H), 4.55 (t, J = 6.5 Hz, 12H), 5.53 (s, 12H), 8.09 (s, 6H), =
8.14 (s, 6H). 13C NMR (125 MHz, CDCls): § 177.4, 148.0, 143.8, 124.5, 123.8, 108.2, 70.5,
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70.3, 69.4, 69.1,=50.2, 40.5, 38.7, 36.3, 27.8. ESI-MS: C13gH136030N1g calculated: [M]*
2577.0696, Found: [M + H]* 2578.0671.

Synthesis of SBA-15

Pluronic P123 (2.0 g) was dissolved in a mixture of H,O (15 mL) and 2 M HCI (60 mL).
The mixture was heated to 40 °C until the solution became clear. Tetraethylorthosilicate
(4.25 g, 21.6 mmol) was then added to the solution dropwise. The mixture was stirred at 40
°C for 24 h after which it was transferred to a Teflon container and heated under pressure at
80 °C for 24 h. The precipitant, SBA-15,11 was collected by filtration and dried in air.

Synthesis of SBA-15-aldehyde

As-synthesized SBA-15 (200 mg) was dried under vacuum and suspended in anhydrous
PhMe (10 mL). 1-Butylaldehyde-triethoxysilane (30 pL, 0.1 mmol) was added to the
reaction mixture. The suspension was heated under reflux over argon for 15 h. After cooling
to room temperature, the precipitates were collected by filtration, washed with MeOH, and
dried under vacuum. The P123 surfactant was extracted by EtOH in a Soxhlet extractor.

Synthesis of SBA-15-cyclodextrin

SBA-15-aldehyde (100 mg) was suspended in anhydrous DMF (10 mL). 6-(2-
Aminoethyl)amino-6-deoxy-B-cyclodextrin® (100 mg, 0.08 mmol) and anhydrous MgSO4
(100 mg, 0.8 mmol) were added into the solution. The mixture was heated at 60 °C for 24 h
under argon. After cooling to room temperature, the resultant precipitates were collected by
filtration and washed with H,O. The product was dried under vacuum.

Loading and capping for SBA-15-cyclodextrin

SBA-15-cyclodextrin (30 mg) was suspended in an aqueous solution of fluorescein
disodium salt (FDS) (2 mL, 2 mg mL™1) or FITC-dextran (2 mL, 2 mg mL™1). The mixture
was stirred at room temperature for 24 h. A solution of the capping agent, MG-1 or M G-2,
(20 mg) in Me,SO (2 mL) was then added into the mixture which was stirred for 30 min and
the precipitate was collected by centrifugation, washed extensively with Me,SO-H,0 (1 : 1)
and dried under vacuum.

Assessment of cargo release and cap dissociation

The release profiles were obtained by a time-resolved fluorescence spectroscopy method.
The solid sample was placed at the corner of a quartz cuvette. The cuvette was then filled
with PBS buffer (pH 7.4) and the solution was gently stirred to accelerate the dispersion of
the released dye. A probe beam (448 nm, 20 mW for FDS and FITC-dextran; 257 nm, 20
mW for MG-1; 351 nm, 30 mW for M G-2) was directed into the solution to excite the
dissolved cargo molecules or dissociated cap molecules. The luminescence spectrum was
collected in 1 s intervals over the course of the experiment. The pH of the solution was
adjusted to the desired value with 1 M HCI. The luminescence intensity at the emission
maximum of the cargo or cap was plotted as a function of time to generate a release profile.

Results and discussion

In this investigation, we have employed the well-known mesoporous silica material,
SBA-15,11 as the model platform. The synthesis of SBA-15 was based on established
procedures. A Pluronic P123 triblock copolymer was used as the templating agent, resulting
in 2D hexagonal-patterned pores. N, adsorption—desorption analysis gave a BET surface
area of 650 m2 g1, and the average pore size was calculated to be around 6.5 nm (ESIT).

Nanoscale. Author manuscript; available in PMC 2014 January 08.
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In our previous studies where MCM-41-type materials were employed, we designed®12 a
variety of nanovalve systems to mechanize the pores. The typical design of these nanovalves
consisted of two components, a linear one (the stalk) that is grafted at the opening of the
mesopores, and a bulky compound (the cap) that can associate with the stalk as a result of
non-covalent bonding interactions and block the pores.612 Upon appropriate stimulation, the
interactions between the stalk and the cap can be weakened, allowing the cap to depart from
the binding site, thus opening up the pore. In order to control access to the bigger pores
found in SBA-15, a much larger capping agent, namely a megagate molecule (MGM),
becomes necessary.

It is not necessary, however, to cover the pores completely in order to prevent leakage when
attempting to store large molecules. We envisioned that the use of a weblike cap large
enough to extend across the pores would be sufficient to serve as a megagate. With this
thought in mind, we designed M G-1, consisting of a 1,3,5-triphenylbenzene core linked to
three adamantine moieties by triethylene glycol chains using Cucatalyzed azide—alkyne
cycloaddition (CUAAC).13 The core was synthesized (Fig. 1a) by first of all propargylating
4’-hydroxyacetophenone to obtain the precursor 1. A subsequent SiCl-induced
cyclotrimerization yielded 2, a versatile trialkyne building block. The arms of the cap were
obtained (Fig. 1c) by converting 2-[2-(2-chloroethoxy)-ethoxy]-ethanol to the azide 5 and
then reacting 5 with 1-adamantanecarbonyl chloride under basic conditions to yield 6. A
simple CUAAC between 2 and 6 provided (Fig. 1d) the desired compound, M G-1.

M G-1 has a theoretical diameter of about 5.5 nm—calculated by a molecular mechanics
method in SPARTAN 5.1—when fully extended. While this diameter is less than that of the
average pore size (ca. 6.5 nm) in the nanoparticles, MG-1 is still a good candidate because
(i) in the case of sufficiently large cargo molecules, blocking even just a small section of the
pore orifice—much like a mathematical chord of a circle—will prevent leakage from the
nanoparticle, (ii) this dimension does not include the size of the surface-attached
cyclodextrin moiety, which is around 1.5 nm, and (iii) more importantly, more than one cap
molecule may be associated with each pore.

The bare SBA-15 nanoparticles were functionalized with 1-butylaldehydetriethoxysilane to
provide an anchoring point for the stalks. The amine-modified cyclodextrin stalk 7 was
grafted (Fig. 2b) onto SBA-15 by imine bond formation. It is well-known# that imine bonds
are acid-sensitive, and will cleave upon lowering the pH, providing the mechanism for
operation of the megagate.i The successful surface modification of the SBA-15 was
confirmed by solid-state NMR spectroscopy (ESIT).

The overall operation of the megagate is illustrated in Fig. 2c. The modified SBA-15 is
loaded with cargo, and then capped by a MGM. In aqueous solutions, the adamantane
moieties bind strongly to the cyclodextrin tori as a result of hydrophobic interactions. Upon
binding, the MGMs serve to prevent the loaded cargo from leaking out of the pores. When
the pH of the solution is lowered, the imine bonds in the stalks are cleaved, allowing the
cyclodextrin tori to dissociate from the surface. As a result, the MGMs, which are still

TElectronic supplementary information (ESI) available: 13¢ cP/MAS NMR spectrum of SBA-15-cyclodextrin and N2 absorption
isotherm of SBA-15. See DOI: 10.1039/c2nr32170j

The surface density of hydroxyl groups on the silica nanoparticles and gels is 4.9 OH per nm2 (L. T. Zhuravlev, Langmuir, 1987, 3,
316-318). Based on this model, the average distance between two surface OH groups is 5.3 A corresponding to ~38 OH groups
around one mesopore (diameter 6.5 nm). Given that attaching one stalk to the silica surface requires at least two OH groups, the
maximum number of aldehyde stalks around one pore is ~19. The diameter of the periphery of the secondary face of -cyclodextrin is
~1.5 nm (J. Szejtli, Chem. Rev., 1998, 98, 1743-1754). The maximum number of cyclodextrins around one pore is about 13, which
exceeds the number of binding sites required to complex with both MG-1 and MG-2.
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bound to the cyclodextrin tori, are no longer blocking the pores, thus leading to the release
of cargo from the nanoparticles.

In order to demonstrate the functioning of the megagates, a well-established1? time-resolved
fluorescence spectroscopic method was employed. The SBA-15 was first of all loaded with
the fluorescent cargo, that is, either FITC-dextran (M.W. 3k, hydrodynamic size about 4 nm
(ref. 15)) or fluorescein disodium salt (FDS). MGMs were then used to cap the pores. After
drying under vacuum, the capped SBA-15 was placed in a PBS buffer solution. The pH of
the solution was then adjusted to 5 to initiate the release of the cargo. The released cargo in
the supernatant was excited by a probe laser beam and the corresponding fluorescence
spectrum was recorded by a CCD spectrometer to generate the release profile.

When M G-1 was employed as the capping agent (Fig. 3a), FITC-dextran was trapped
successfully in the pores of SBA-15. There was no significant premature release, indicating
that as predicted, M G-1 is large enough to block the pore orifices and prevent the FITC-
dextran molecules from escaping. A release capacity of about 3.3% wt was determined by
UV-Vis spectroscopy after the completion of the release. This relatively low value arises
from the fact that the capping process occurs on a statistical basis. Only those pores blocked
by extended MGMs will contribute to the effective release capacity. Cargos loaded in
incompletely capped pores will be washed out during the subsequent washing process. This
release capacity is enough, however, for certain biomedical applications.® The prolonged
time course of the release is a consequence of the low diffusion rate of the bulky FITC-
dextran cargo. In a control experiment where there was no M G-1 capping agent present, a
significantly smaller amount of cargo release was observed as molecules could not be
trapped within the pores during the loading process. The near-negligible release detected
may be attributed to residual surface-adsorbed molecules. This proves that megagates
equipped with M G-1 caps operate as designed. By using a different probe beam, the
dissociation process of the megagates from the silica surface to the solution can be
monitored (Fig. 3b). The fast completion of this process correlates well with the proposed
release mechanism.

When a smaller cargo (FDS) was used in analogous experiments, however, M G-1 failed
(Fig. 3c) to function as a cap, presumably because the gaps between the adamantane
moieties were too big to prevent FDS from leaking out. In order to trap smaller molecules, a
“tighter” cap is needed. Therefore, a cap with twice as many adamantane arms as M G-1 was
designed. The synthesis (Fig. 1b) of M G-2 was facile. Hexahydroxytriphenylene (3) was
propargylated to yield the hexaalkyne 4, which was then reacted with 6 under CUAAC
conditions to yield (Fig. 1d) M G-2. With its hexameric structure, M G-2 exhibits much less
space between adamantane moieties while maintaining a similar area of coverage as MG-1
(Fig. 2a). Indeed, M G-2 was able (Fig. 4a) to trap FDS molecules successfully. The release
profile, which was again tracked by time-resolved fluorescence spectroscopy, was faster
than that of FITC-dextran, an observation which can be explained by the higher mobility of
the smaller cargo. The dissociation profile of M G-2 also correlates well with the release
course (Fig. 4b) of the FDS. In order to compare the efficiency of M G-2 with that of M G-1,
FITC-dextran was employed as cargo in the M G-2 system, and a release capacity of 3.3%
wt was determined. This result is close to that from the MG-1 system, suggesting that in
spite of the size-selective effect, the cap does not influence the loading or release of the
cargo.

Conclusions

We have developed a “megagate” methodology to mechanize the mesopores of SBA-15.
Depending on the number of arms on the cap, the megagate is capable of storing, and then

Nanoscale. Author manuscript; available in PMC 2014 January 08.
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releasing, differently sized cargoes from SBA-15 upon pH stimulation. Further
investigations towards biomedical applications are currently ongoing.
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Refer to Web version on PubMed Central for supplementary material.
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The synthesis of (a) 2, (b) 4, and (c) 6. The construction of (d) MG-1 and M G-2 by Cu-

catalyzed click reactions.
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Fig. 2.

(a) The fully extended structure of a megagate incorporating MG-2 as the capping molecule.
The dashed circle, the light green ball and the dark green pyramid show the relative sizes of
the pore, the dextran cargo, and the fluorescein disodium salt (FDS), respectively. (b) The
attachment of cyclodextrin onto the aldehyde-modified silica through imine formation. (c)
The operation of a megagate capped by MG-1. The size of MG-1 allows FDS to escape
freely from the pore, while dextran is trapped within the pore until the gate is opened by the
addition of acid.
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The release profile of FITC-dextran from SBA-15 capped with MG-1 (green line). The

control experiment with no cap resulted in negligible release (red line). (b) The release

profile of the MG-1 cap (black line). The release of the cargo (green line) was used as a
reference. (c) Release capacities of nanoparticles loaded with different cargoes, with and

without the MG-1 cap.
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(a) The release profile of FDS from SBA-15 capped with MG-2 (green line). The control
experiment with no cap resulted in negligible release (red line). (b) The release profile of the
MG-2 cap (black line). The release of FDS was used as reference (green line).
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