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Abstract

We report the design and synthesis of a nano-container consisting of mesoporous silica
nanoparticles with the pore openings covered by “snap-top” caps that are opened by near-IR light.
A photo transducer molecule that is a reducing agent in an excited electronic state is covalently
attached to the system. Near IR two-photon excitation causes inter-molecular electron transfer that
reduces a disulfide bond holding the cap in place, thus allowing the cargo molecules to escape. We
describe the operation of the “shap-top” release mechanism by both one- and two-photon
activation. This system presents a proof of concept of a near-IR photoredox-induced nanoparticle
delivery system that may lead to a new type of photodynamic drug release therapy.

Introduction

Photodynamic therapy is an established method for treating several medical indications such
as lung? and oesophageal? cancer. Although the most common form of phototherapy uses
nontoxic compounds that become toxic upon light irradiation (e.g. singlet oxygen formation
from an FDA-approved porphyrin containing drug),? there is a need for more general
treatment methods, especially delivery of apoptosis-inducing anticancer drugs. In particular,
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we wish to take advantage of light activated release of desired intact cargo molecule because
it offers the advantages of both temporal and spatial control*=13 over cargo delivery. A
platform that is under active investigation for drug delivery is mesoporous silica
nanoparticles (MSNSs). Silica provides ease of functionalization, a robust support and little to
no biotoxicityl2  14-24 Several methods have been used in order to give the silica
nanoparticles different material qualities that render them useful for drug delivery. One such
method is surface modification, which is done by taking advantage of the chemistry of the
surface silanol groups.17: 19 20, 24-30 Thjs chemistry is used to attach molecular machines to
the nanoparticle surface, allowing the particles to act as delivery system that can be activated
upon command. Several examples of photodynamic activation of delivery systems in MSNs
have been reported, including a supramolecular system that involves a cyclodextrin threaded
onto an azobenzene-based molecule grafted onto the surface of MSNs that functions as a
nanocarrier and is activated using ultraviolet (UV) light.12 Multiple examples of azobenzene
derivatives that are attached to the interiors of pores, are static in the dark and hold cargo
molecules in the pores but act as impellers when irradiated and release the cargo are also
known.3% 32 Another variation involves direct photocleavage of a bulky group blocking the
pore openings, leading to the release of cargo.10: 25

A major drawback of the photo-activated systems mentioned above is the need for a high
energy (frequently UV) light source to break a chemical bond to initiate delivery; such light
has limited tissue penetration and thus these systems have limited applicability for internal
drug delivery. The optimal wavelengths for tissue penetration are within the biological
spectral window (typically 8001100 nm)33-35 put the excited states of common photo-
activatable groups do not classically absorb at these wavelengths. One way of using near-IR
wavelengths for activating systems that require higher-energy photons is via simultaneous
two-photon excitation (TPE). The two-photon excitation process is nonlinear process, whose
probability depends on the square of the intensity of the light (thus leading to intrinsic 3D
resolution when using focused light), and involves selection rules different from those for
one-photon absorption.38: 37 Two-photon activation can be highly advantageous in
biological systems3® as it allows deeper tissue penetration (due to reduced scattering of NIR
light) and addresses more spatially selected zones as the TPE processes allows intrinsic
excitation confinement to the focal regions where the excitation intensity is the highest. Side
photodamages can also be reduced depending on excitation intensity required to achieve
TPE in the NIR range. This is particularly the case when chromophores having much larger
TPE response (typically orders of magnitude larger) than endogenous chromophores are
designed.38 As endogenous chromophores have two-photon absorption cross-sections in the
biological spectral window not larger than a few GM (for the more effective ones, e.g.
flavins),3? efficient TPE for bioapplications requires chromophores having TPA cross-
sections typically larger than 100 GM. An appealing concomitant benefit of TPE for
bioapplications is provided by the larger dynamic range in two-photon as compared to
standard one-photon excitation cross-sections allowing more selective excitation (or higher
contrast) via two-photon excitation in the NIR than standard one-photon excitation in the
UV-vis region.36: 37

Unfortunately the two-photon absorption cross-sections in the NIR region of most effective
light-responsive delivery systems are too small and do not meet the above criteria. A way to

Nanoscale. Author manuscript; available in PMC 2015 May 07.
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circumvent this inherent difficulty while taking advantage of efficacy of common light
delivery system is to couple efficient two-photon absorbers with efficient (one-photon)
activatable delivery sytems. Such strategy has been successfully applied for efficient
neurotransmitter photorelease under two-photon excitation in the NIR range (based on
coupling via FRET mechanism).4? By combining suitable two-photon-absorbing transducers
with nanomachines on MSNs, many existing drug delivery therapeutic systems could be
modified to function under TPE using tissue penetrating near-IR light.

In this paper, we present a proof-of-concept nanomachine system stimulated by chemical
reduction that has been reconfigured for two-photon light activation (Fig. 1). The system
takes advantage of the two-photon activated photo-transducer N1-(4-((1E,3E)-4-(4-
(dipropylamino)phenyl)buta-1,3-dien-1-yl)phenyl)-N1-propylethane-1,2-diamine (2PNT),
whose chemical structure is shown in Fig. 1, to reduce a disulfide bond and release cargo
from MSNs. Direct photolysis of similar disulfide-based systems has been investigated
previously, but the photolysis typically requires short wavelength light sources.}” To the
best of our knowledge, photocleavage of a disulfide bond has not been used for drug
delivery purposes, and this work constitutes the first example of the use NIR photo-induced
disulfide bond breaking to release cargo from MSNs carriers.

Prior work on a molecule similar to 2PNT has shown that electrons are generated through a
reversible photo-oxidation of the neutral molecule to the dication.?! This is because the
2PNT molecule is a conjugated donor-m-donor system (typically leading to significant TPA
cross-sections) bearing electronegative end groups. Upon excitation it becomes a photo-
reducing agent that operates at low oxidation potentials.1: 42 Thus, when photo-excited, the
2PNT transducers will transfer electrons to the delivery system (snap-top), cleaving the
disulfide bond, which in turn uncaps the pore and allows the cargo to be released as shown
in Fig. 1. For our system, we use a disulfide based snap-top (3-(adamantan-1-
yldisulfanyl)propyl)triethoxysilane associated to -cyclodextrin (due to hydrophobicity) to
act as a gatekeeper for the nanopores. To use the 2PNT on the surface of MSNs for
transferring an electron to the disulfide bond, it is necessary to inhibit back electron transfer,
and therefore we also use a sacrificial agent (EDTA) that donates an electron to the oxidized
2PNT. The combination of the 2PNT transducer, sacrificial EDTA electron donor and
releasable snap-top allows our system to be activated on command via either one UV photon
or two near- IR photons. The activation can release a wide variety of cargo molecules, and
the photo-transducer is generalizable to a wide variety of reduction processes.

Experimental

Attachment of the disulfide snap-top to MSN surface

The MCM-41 nanoparticles were synthesized using a base-catalyzed sol-gel procedure
previously described in the literature.8: 16. 17, 43-45 | 3 round bottom flask, the 2PNT
(5x107° mol, 20.3 mg) was dissolved in 2 mL of ethanol. After the 2PNT was completely
dissolved, 3-isocyanatopropyltriethoxysilane (5x107° mol, 12.4 uL) was added to the flask
and left stirring overnight at room temperature under an inert nitrogen atmosphere. In a
separate round bottom flask, 10 ml of dry toluene were mixed with 100 mg of surfactant
extracted MSNSs. The solution was added to the nanoparticle solution so the 2PNT would

Nanoscale. Author manuscript; available in PMC 2015 May 07.
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condense on the particles’ surfaces. The nanoparticle-2PNT mix was heated to reflux and
stirred overnight under an inert nitrogen atmosphere. The next day the particles where
washed with methanol and water to afford 2PNT-linked mesoporous silica nanoparticles
(2PNT-linked MSNs).

The disulfide snap-top was attached to the surface of the 2PNT-linked MSNSs. In a round
bottom flask 100 mg on the 2PNT-linked MSNs were dissolved in 15 mL of dry toluene and
3-(triethoxysilyl)-1-propanethiol (5107 mol, 12.1 pL) and the mixture was heated to reflux
and stirred overnight under an inert nitrogen atmosphere. The next day the product was
washed with methanol and toluene to remove any excess 3-(triethoxysilyl)-1-propanethiol
adsorbed on the surface. Separately in a container lead(l1) thiocyanate was combined with
bromine in 10 mL of chloroform to yield lead (1) bromide and thiocyanogen. 1-
Adamantanethiol (5x10~° mol, 0.0085 mg) was added to this toluene mixture. The
thiocyanogen was removed from the reaction as a yellow liquid and slowly added to the
2PNT-linked MSNs toluene solution while the reaction was stirred at 4°C under a nitrogen
atmosphere for four days. The product was then washed thoroughly to remove molecules
adsorbed on the surface of the MSNs. After the disulfide snap-top was fully assembled on
the surface of the MSNSs, the particles were soaked in a concentrated dye solution for 24 hr.
to allow the dye molecules to diffuse into the pores of the MSNs. Then B-cyclodextrin was
added and the solution stirred for an additional 24 hr. to allow p-cyclodextrin to associate
with the adamantane molecule due to hydrophobicity. The bulky B-cyclodextrin acts as a
pore cap preventing the cargo from escaping (SI). After B-cyclodextrin is associated to the
adamantane the MSNs were washed thoroughly to remove any dye that was adsorbed on the
surface.

Characterization of the disulfide snap-top functionalized MSNs

The pore structure of MCM-41 nanoparticles was confirmed using powder X-ray Diffraction
(PXRD) and transmission electron microscopy (TEM). From the TEM images the pore
diameter was calculated to be about 2.5 nm and the particle size about 100 nm (Fig. 2a).
From the PXRD the higher order peaks observed can be indexed as the (1 0 0), (11 0) and
(2 0 0) planes with a lattice spacing of 4 nm (Fig. 2b). The N, absorption-desorption
isotherms showed a specific surface area of 1044 m2 / g. A 13C ssNMR was taken of the
2PNT-MSNSs showing peaks in the aromatic region corresponding to the 2PNT molecule.
Furthermore, the 29Si ssNMR of the sample confirmed the functionalization of the silica
showing peaks at ~60 ppm corresponding to the silica functionalization and at around ~100
ppm corresponding to the silica framework (SI).

The attachment of the 2PNT was also confirmed using excitation emission spectra showing
peaks at around 350 nm for the excitation and around 480 nm for the emission spectra which
match the emission-excitation peaks of the 2PNT in solution (Fig. 2c¢). The emission spectra
of the cap and Pynacianol lodide loaded nanoparticles was taken showing an emission peak
at around 580 nm (Fig. 2d).

Nanoscale. Author manuscript; available in PMC 2015 May 07.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Guardado-Alvarez et al. Page 5

General methods for fluorescence spectroscopy

The photo-continuous fluorescence spectroscopy was done using a monochromator
connected to an Acton SpectraPro 2300i CCD and a coherent cube laser. A femtosecond
Ti:Sapphire amplifier (Coherent, Legend Elite) seeded with a broadband Ti:Sapphire
oscillator (Coherent, Mantis) was used for the two photon excitation. The amplifier output
consisting of 40 fs, 60 uJ pulses centered on 800 nm (at 1 kHz repetition rate) was focused
to a 2.5 mm spot size.

Results and discussion

The operation of the snap-top was monitored by measuring the cargo released from the
particles into the solution using continuous monitoring by fluorescence spectroscopy. The
dye-loaded snap top- 2PNT-linked MSNs were placed in one corner of a two-by-one
centimeter glass cuvette (Sl). Distilled water (pH~7) was carefully added to the cuvette in
order to prevent the particles from mixing into the solution. In the opposite corner of the
cuvette, a stirring magnet was placed to gently mix the released dye into the solution. The
cuvette was then placed in front of monochromator to measure the fluorescence intensity

(SI).

Chemical snap-top operation

One-photon

The activation of the snap-top container is based on the cleavage of disulfide bonds when
they are reduced.*6: 47 Mercaptoethanol causes chemical cleavage by the mechanism shown
in Scheme 1.17. 48-50 The reagent needs to be added in excess to drive the reaction
equilibrium to the desired side. The modified particles loaded with pinacyanol iodide cargo
were placed in front of a monochromator and the release of the dye monitored using 448 nm
excitation laser. A baseline was taken for 80 minutes to check for any unwanted leakage of
the dye. No increase in fluorescence intensity was observed during this time proving that the
snap-top system successfully contains the cargo without any premature leakage. Then 2-
mercaptoethanol was added in order to chemically reduce the disulfide bond. The cleavage
of the disulfide bond releases the cap, unblocks the pores and allows the cargo to escape in
to solution. As a result, the fluorescence intensity immediately increases as shown in Fig. 3a.
This experiment confirmed that the system is functional upon the attachment of the 2PNT on
the surface of the nanoparticles.

stimulated release experiments

The snap-top system was then tested for light activation. In this process, photo-excited
2PNT transfers an electron to the disulfide bond, causing cleavage of the disulfide bond. For
this experiment, the pynacianol iodide-loaded particles were set up in a similar fashion as
previously described for the chemical reduction. Ethylenediaminetetraacetic acid (EDTA)
was added to the aqueous solution as a sacrificial agent that donates an electron back into
the 2PNT and reduces back electron transfer. A baseline was taken for 95 minutes to verify
that there was no unwanted leakage of the dye. Then the 408 nm pump laser was directed
into the particles precipitate and was turned on. The laser excited the 2PNT and induced
electron transfer to the disulfide bond. The disulfide bond was cleaved, which removed the
cap from the nanopores and allowed the cargo to escape into solution. The release profile

Nanoscale. Author manuscript; available in PMC 2015 May 07.
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Two-photon

was measured by the increase in fluorescence intensity, which plateaued after 8 hours,
indicating that the release was complete (Fig. 3b).

A control experiment was carried out to study the system in the absence of a sacrificial
electron donating agent. To verify that the system is in fact activated by an electron transfer
from the nanotrigger to the disulfide bond, we removed the EDTA to increase the rate of
back electron transfer and decrease/stop the activation of the system. A baseline was taken
for 140 minutes with no premature leakage of the dye, after which the 408 nm pump laser
was turned on (Fig. 3c). No increase in fluorescence intensity of the dye was observed,
showing that no cargo escaped because the disulfide bond was not cleaved. After 150
minutes, EDTA was added to the cuvette resulting in an increase in the fluorescence
intensity. This experiment shows that the disulfide bond is cleaved only after the 2PNT is
able to transfer an electron to the disulfide bond and the back electron transfer is suppressed.
It is important to note that this experiment also shows that electron transfer not thermal
heating is the major factor in the activation of the system, since the presence of transparent
EDTA cannot change the amount of heat generated by absorption of the laser light.

stimulated release experiments

To investigate the activation of the snap-top by two-photon excitation of the sensitizer, we
used an ultrafast laser that emits 800 nm light as the excitation source. Since the UV-Vis
absorption spectrum of the sensitizer shows no absorption at 800 nm (SI), a two- (or more)
photon process is required for photo-activation. The 2PNT chromophore has a TPA cross-
section larger than 100 GM at 800 nm, allowing efficient TPE under fs laser excitation at
800 nm.36: 37 The laser system used for the two-photon activation studies was not located
near the in situ continuous fluorescence monitoring set-up we used in the case of chemical
and one-photon activation, so we had to slightly modify the way we performed the release
measurements for the two-photon case. The cuvette was set up in a similar manner to the
one-photon experiment, and the sample was irradiated with 800 nm fs light pulses for a
fixed interval of time (60 minutes). Aliquots of the supernatant that contained the released
cargo were taken after each interval and the fluorescence intensity was measured externally.
After the measurements, the aliquots were returned carefully to the cuvette prior to
subsequent irradiation. The release profiles for two-photon activation of the functionalized
and loaded MSNs were measured using Rhodamine B instead of pynacianol iodide as the
cargo due to its photostability and high fluorescence quantum yield. As in the one-photon
experiments, EDTA was added to the aqueous solution in the cuvette to act as a sacrificial
electron donating agent. The fluorescence intensity of several aliquots were measured prior
to the 800 nm irradiation to verify the absence of premature cargo leakage (the flat baseline
indicates no increase of fluorescence intensity over time). After the baseline was established
for 135 minutes, the 800 nm femtosecond pulsed laser was turned on. An immediate
increase of the fluorescence intensity of the dye was observed. Aliquots were taken out for
fluorescence measurement every sixty minutes for a total of four hours. During this time, the
fluorescence intensity consistently continued to increase indicating that the dye is released in
to the solution. The release profile shown in Fig. 4a verifies that two-photon excitation of
the sensitizer followed by electron transfer to the disulfide bond cleaves the bond holding
the cap in place and allows the cargo to escape.

Nanoscale. Author manuscript; available in PMC 2015 May 07.
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The femtosecond pulsed laser used for this study can produce high peak powers that might
possibly be able to break the disulfide bond directly by two-photon photodissociation. Thus,
in order to prove that the system was activated by electron transfer and that direct two-
photon induced disulfide bond break was not occurring in operating conditions, we ran
control experiments where no EDTA was added to the solution. A baseline was established
once more to verify that there was no unwanted dye leakage. Excitation by the femtosecond
pulsed laser was initiated after 180 minutes. As expected in the absence of EDTA, the back
electron transfer was not suppressed and the disulfide bond was not cleaved. Thus, this
experiment confirms the two-photon electron transfer mechanism of activation (Fig. 4b).

Conclusions

We have synthesized a highly versatile disulfide-based snap-top on MSNs and successfully
demonstrated the activation of cargo release via chemical reduction or photo-excitation
either by one UV photon or two near-IR coherent photons. Direct chemical reduction with 2-
mercaptoethanol clearly shows that despite the attachment of the bulky 2PNT to the surface
of the MSNSs, the disulfide still retained its capacity to hold cargo inside the nanopores and
release it when the bond is broken. The one-photon experiments prove that the system can
be successfully activated with a 408 nm light source that causes electron transfer from 2PNT
to the disulfide bond. Finally, we also proved that 2PNT is able to transfer an electron and
reduce the disulfide bond with two coherent near-IR photons. To our knowledge, this is the
first example of a snap-top disulfide nanovalve activated by two Near-IR photons. The fact
that we can use two-photon activation is especially important for use in biological
environments owing to higher tissue penetration, greater focal control and the lack of tissue
damage with the use of near-IR wavelengths. Mesoporous silica nanoparticles have been
shown to be biocompatible but careful tuning and testing would be required for any
biological applications. Our system offers a new method for generating photoactivated drug
delivery systems that would offer the possibilities of controlled cargo release of a wide
variety of drugs.
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Fig. 1.
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Disulfide snap-top opening mechanism. Photo-excitation of the photosensitizer causes an
electron transfer to the snap-top cleaving the disulfide bond and opening the nanopores.
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Fig. 2.

a) Transmission electron microscope image of surfactant extracted MCM-41 silica
nanoparticles showing the hexagonal pore structure. b) Powder XRD of the surfactant
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extracted MCM-41 silica nanoparticles. c) Excitation spectrum of the 2PNT-MSNs (left)
and emission spectrum of the 2PNT-MSNSs (right). d) Emission of the Pynacianol lodide
loaded and caped nanoparticles.
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Fig. 3.

a)?ReIease profile of pynacianol iodide dye from the nanopores by chemical reduction of the
disulfide snap top. The arrow points to the addition of mercapto ethanol to the solution after
90 minutes. b) Release profile of pynacianol iodide (EDTA was added to the solution) by
the light induced electron transfer from the 2PNT when excited by a 408 nm laser source.
The arrow points to the activation of the 408 nm pump laser. EDTA acts as a sacrificial
agent that donates an electron to the 2PNT reducing back electron transfer. ¢) Release
profile of pynocianol iodide in a solution without EDTA. The first arrow indicates when the
408 nm pump laser was turned on and no increase in fluorescence is observed. The second
arrow points to the addition of EDTA and the fluorescence of the dye starts increasing. This
proves that the opening of the snap top only occurs when the sacrificial agent is present and
the back electron transfer to the 2PNT is minimized.
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Fig. 4.

(A.U.)

Amount Release

5

a)

800 nm Laser ON

- Rhodamine B

o

100 200 300 400

Time (min)

(A.U.)

Amount Release

b)

800 nm Laser ON

Rhodamine B ¢

Time (min)

Page 13

a) Release profile of Rhodamine B before and after the 800 nm pump laser has been turned

on (shown by the arrow) with EDTA present in the aqueous solution. EDTA acts as a

sacrificial agent that donates an electron to the 2PNT reducing back electron transfer. b)
Release profile of Rhodamine B before and after the 800 nm pump laser has been turned on
(shown by the arrow) without EDTA present in the solution.
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Scheme 1.
Disulfide chemical reduction mechanism
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