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ABSTRACT: Stimuli-responsive particles have gained consid-
erable interest in many fields of materials science. Among the
various possible triggers, light is particularly advantageous due to
its easy and efficient spatiotemporal control. In this work, we
report the synthesis of a novel light-cleavable bis-alkoxysilane
linker and its use for the preparation of mesoporous organosilica
particles. We demonstrate that the resulting porous particles can
be completely degraded upon exposure to UV light. These light-
breakable nanocontainers can encapsulate a large variety of
molecules, and they are able to quantitatively release their cargo
upon light exposure. We proved the loading and release of a
biologically important molecule, provitamin D3, upon UV-light irradiation.

1. INTRODUCTION
Mesoporous organosilica particles have been widely explored
as catalysis supports,1−5 as adsorbents6−9 and in sensing
applications.10,11 More recently, they have attracted consid-
erable interest for their use in biomedical-related applica-
tions.12−16 Mesoporous organosilica particles are typically
prepared by acid- or base-catalyzed hydrolysis and poly-
condensation of bis-silanes of the type (RO)3−Si−R−Si−
(OR)3 (R = organic moiety), with or without a silica precursor,
usually an alkoxysilane such as tetraethyl orthosilicate (TEOS),
in the presence of a surfactant that functions as the structure-
directing agent. Contrary to conventional postgrafting
techniques, by using this method it is possible to embed
organic moieties in the silica framework and endow the
material with additional and specific functionalities, thereby
tuning the particle physicochemical properties. In particular,
this approach has been proven successful in designing
mesoporous organosilica particles with enhanced degrada-
tion.17,18 For example, breakable particles have been
successfully obtained by introducing redox-cleavable disul-
fide19−21 and diselenide bonds,22 enzymatically degradable
amide bonds,23,24 and functional groups that can be hydro-
lyzed, such as carbamate25 and imine groups.26,27

Using light to trigger the degradation of particles is
particularly attractive owing to its noninvasive nature and
facile spatiotemporal control. Recently, Shea and co-work-
ers28,29 have reported the use of a light-responsive coumarin-
dimer bis-alkoxysilane to prepare thin films for photo-
patterning applications. Inspired by this work, we have
designed a new bis-alkoxysilane 1 (Figure 1) to be used as

the bridging organic moiety in the preparation of light-
degradable mesoporous organosilica particles.

The photolabile moiety is a 2-nitrobenzyl ether group, which
is known to undergo a Norrish type II reaction upon UV-light
irradiation30 that leads to its cleavage. Hence, when the linker
is embedded in the silica framework, its light instability leads to
the particle structural breakdown. The choice of the 2-
nitrobenzyl derivative as a light-cleavable linker was based on
its well-characterized photochemical properties. In fact, 2-
nitrobenzyl derivatives have been used as caging groups for
bioactive molecules,31−33 as photoresponsive pore gatekeepers
for controlled drug release,34−36 as photolabile protecting
groups for synthetic purposes,37,38 and for the preparation of
light-addressable materials,39−41 for instance, polymers,42

hydrogels,39 and monolayers for photolithography.43 In
addition, the absorption spectrum of the 2-nitrobenzyl group
can be finely tuned by introducing specific substituents on the
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Figure 1. Molecular structure of photolabile bis-alkoxysilane 1.

Article

pubs.acs.org/cmCite This: Chem. Mater. 2020, 32, 392−399

© 2019 American Chemical Society 392 DOI: 10.1021/acs.chemmater.9b03937
Chem. Mater. 2020, 32, 392−399

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E 
G

R
A

N
A

D
A

 o
n 

Ja
nu

ar
y 

16
, 2

02
5 

at
 1

3:
50

:4
3 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/cm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.9b03937
http://dx.doi.org/10.1021/acs.chemmater.9b03937


aromatic ring, thereby rendering the bond cleavage possible at
different wavelengths.44 Notably, compared to other reported
photolabile groups (e.g., coumarin and arylmethyl derivatives),
the 2-nitrobenzyl moiety presents reduced steric hindrance,
which may avoid the collapse of pores and the formation of a
disordered mesostructure during the preparation of the
particles.
Examples of photoresponsive silica-based systems have been

reported to date. In particular, light-responsive colloido-
somes45 and gated mesoporous silica particles,46 as well as
silica-based photocaged drug carriers47 and photoresponsive
silsesquioxane nanoparticles,48 have been described. However,
to the best of our knowledge, there are currently no reports on
light-breakable mesoporous organosilica particles containing a
photocleavable molecule integrated in the silica network, in
which the degradation is triggered by UV light.
Here, we report the synthesis and thorough photochemical

characterization of a new photodegradable bis-alkoxysilane 1
and its use for the preparation of light-breakable organo-
bridged mesoporous silica particles (LB-MSPs). The particles
have been characterized by several techniques and their
degradation behavior upon UV-light exposure has been
investigated. To demonstrate the applicability of LB-MSPs as
porous containers for the light-stimulated release of a cargo
molecule, the particles were loaded with 7-dehydrocholesterol,
which is a natural vitamin D3 precursor, and the triggered
release of this molecule upon UV-light exposure was
investigated.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Alkoxysilane 1. General Information.

Compound 1 was prepared according to the reactions shown in
Scheme 1. All reactions were carried out under argon atmosphere.

The round-bottom flasks used in the reactions were oven-dried at 110
°C prior to use. All reactions were performed in anhydrous solvents as
purchased from Sigma-Aldrich. The reaction progress was monitored
by thin-layer chromatography (TLC) with silica gel 60 F254 coated on
aluminum sheets (Merck). Flash column chromatography was carried
out using 60−200 μm silica gel (VWR Chemicals). The solvents used
were reagent grade or higher, unless otherwise noted. The following
compounds were purchased from the listed supplies at the given
purity and were used without further purification: sodium hydride
(NaH, Sigma-Aldrich, 90%), 5-hydroxy-2-nitrobenzyl alcohol (Sigma-
Aldrich, 97%), N,N-dimethylformamide (DMF, Sigma-Aldrich,
anhydrous, 99.8%), triethoxysilane (Sigma-Aldrich, 95%), plati-
num(0)-1,3-diviynl-1,1,3,3-tetramethyldisiloxane complex solution
(Karstedt’s catalyst, Pt ∼ 2 wt % in xylene, Sigma-Aldrich), sodium
sulfate (anhydrous, Sigma-Aldrich, ACS reagent), and sodium
hydrogen carbonate (Sigma-Aldrich, ACS reagent >99.7%).

Synthesis of Compound 2. NaH (311 mg, 12.98 mmol) was added
portion-wise to a stirring solution of 5-hydroxy-2-nitrobenzyl alcohol
(1.00 g, 5.91 mmol) in dry DMF (10 mL) at 0 °C. After the
completed addition of NaH, the reaction mixture was further stirred
for 10 min at 0 °C. Subsequently, allyl bromide (1.17 mL, 13.52
mmol) was added dropwise to the stirring reaction mixture at 0 °C.
The reaction mixture was stirred for 1 h at 0 °C and for a further 1 h
at room temperature and was then quenched with water (5 mL). The
aqueous layer was extracted with ethyl acetate (3×, 20 mL), and the
combined organic layers were washed with a saturated Na2CO3
solution and brine and finally dried over anhydrous Na2SO4.
Subsequently, the solvent was evaporated under reduced pressure
and the crude oil was purified by column chromatography (silica gel,
EtOAc/cyclohexane = 1:2), giving the diallyl intermediate 2 as a
yellowish oil (1.05 g, 71%). 1H NMR (CDCl3, 400 MHz): δ 8.16 (d,
1H, J = 9.1 Hz), 7.37 (m, 1H), 6.87 (m, 1H), 6.09−5.94 (m, 2H),
5.47−5.23 (m, 4H), 4.94 (s, 2H), 4.66−4.64 (m, 2H), 4.17−4.15 (m,
2H) ppm. 13C{1H} NMR (CDCl3, 100 MHz): δ 163.1, 139.8, 139.0,
134.2, 132.0, 127.6, 118.6, 117.3, 113.5, 113.3, 71.9, 69.3, 69.0 ppm.
ATR-FTI ṽmax [cm

−1]: 3861, 2854, 1577, 1508, 1336, 1321, 1282,
1228, 1066, 993, 923, 842, 754. HR-MS (ESI-TOF): m/z [M + H]+

calcd for C13H16NO4, 250.1079; found, 250.1073.
Synthesis of Compound 1. To a solution of 2 (1.00 g, 4.01 mmol)

in dry toluene (9 mL), triethoxysilane (2.02 mL, 10.95 mmol) and
subsequently platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane
complex solution (Karstedt’s catalyst, Pt ∼ 2 wt % in xylene, 125
μL) was added dropwise. The reaction mixture was stirred at 50 °C
for 12 h. Additional Karstedt’s catalyst solution (100 μL) was added,
and the reaction mixture was stirred for a further 12 h at 50 °C. The
organic solvent was evaporated under reduced pressure, and the crude
oil was purified by column chromatography (silica gel, EtOAc/
cyclohexane = 1:7), yielding compound 1 as a yellowish oil (692 mg,
63%). 1H NMR (400 MHz, CDCl3): δ 8.14 (d, 1H, J = 9.1 Hz), 7.31
(m, 1H), 6.83 (m, 1H), 4.90 (s, 2H), 4.04 (t, 2H, J = 6.7 Hz), 3.86−
3.81 (m, 12H), 3.58 (t, 2H, J = 6.8 Hz), 1.97−1.90 (m, 2H), 1.84−
1.77 (m, 2H), 1.23 (t, 18H, J = 7.0 Hz), 0.79−0.75 (m, 2H), 0.73−
0.69 (m, 2H) ppm. 13C{1H} NMR (CDCl3,100 MHz): δ 163.3,
139.6, 139.3, 127.5, 113.3, 112.7, 73.5, 70.5, 69.6, 58.48, 58.41, 23.1,
22.6, 18.3, 6.6, 6.5 ppm. FTIR ṽmax[cm

−1]: 3016, 2978, 2931, 2889,
1583, 1512, 1442, 1388, 1340, 1323, 1286, 1230, 1165, 1103, 1078,
958. HR-MS (ESI-TOF): m/z [M + Na]+ calcd for
C25H47NO10Si2Na, 600.2636; found, 600.2624.

2.2. Preparation of LB-MSPs. General Information. The
reaction was carried out in a 100 mL round-bottom flask equipped
with a magnetic stirring bar (1 cm Teflon-coated cylindrical bar).
EtOH from Carlo Erba (Analysis ACS-Reagent), hexadecyltrimethy-
lammonium bromide (CTAB, Acros Organics, 99+%), ammonia
solution (VWR, 28%), tetraethyl orthosilicate (TEOS, Sigma-Aldrich,
≥99% GC), and bis[3-(triethoxysilyl)propyl]disulfide (fluorochem,
tech grade) were used for the preparation of the particles.

Preparation of LB-MSPs. CTAB (50 mg, 0.137 mmol) was
dissolved in an EtOH/H2O mixture (14.5/30, v/v) and stirred at 250
rpm until its complete dissolution. Subsequently, NH3 (28 wt %, 350
μL) was added to the stirring solution, and the stirring speed was
increased to 1000 rpm. A mixture of TEOS (87.3 μL, 0.39 mmol) and
compound 1 (100 mg, 0.173 mmol) in EtOH (500 μL) was added,
and the mixture was stirred (1000 rpm) at r.t. overnight in the dark.
The solution was decanted, leaving behind any material which was
adhered to the walls, and the particles were recovered by
centrifugation at 20 000 × g (15 min). Subsequent purification and
extraction steps were carried out under the exclusion of light. Particles
were thoroughly washed by sonication and centrifugation with
distilled H2O/EtOH (1:1, v/v; 2×) and EtOH (2×). The organic
template was removed by refluxing the particles in EtOH for 12 h.
The material was recovered by centrifugation, redispersed in EtOH,
sonicated for 2 min, and centrifuged again. The particles were then
refluxed for a further 12 h in EtOH and finally centrifuged, washed
with EtOH (3×), and dried overnight under reduced pressure.

Scheme 1. Synthesis of Photolabile Bis-alkoxysilane 1a

aReaction conditions: (i) NaH, DMF, 0 °C; (ii) allylbromide, DMF,
0 °C to r.t.; (iii) Karstedt’s catalyst, triethoxysilane, toluene, 50 °C.
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3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of the New

Photolabile Alkoxysilane. Compound 1 was synthesized
according to the synthetic path depicted in Scheme 1 (see
Experimental Section for details on syntheses and character-
ization; NMR spectra are reported in the Supporting
Information). As the first step, 5-hydroxy-2-nitrobenzyl alcohol
was reacted with allyl bromide by using sodium hydride as the
base, giving the diallyl ether compound 2 with a good yield.
Subsequent hydrosilylation of 2 with triethoxysilane in the
presence of Karstedt’s catalyst afforded the final compound 1.
The compounds were characterized by 1H and 13C NMR
spectroscopy (spectra are reported in Figures S1−S4), Fourier
transform infrared spectroscopy (FTIR; Figure S5), and mass
spectrometry.
As discussed in the introduction, the photodegradable 2-

nitrobenzyl ether moiety is known to undergo the Norrish type
II reaction under UV-light irradiation, which leads to its
specific Obz−C bond cleavage (Figure 2a).49 Therefore,
embedding alkoxysilane 1 in the silica framework should lead
to the structural breakdown of particles upon UV-light
exposure. Light-degradation studies were performed through
UV−vis and 1H NMR spectroscopy to determine the
minimum wavelength of light required to trigger degradation
of 1 and to follow its degradation path.
The UV−vis absorption spectrum of 1 (0.11 mM) in a

mixture EtOH/H2O (5:1, v/v; Figure 2a, profile corresponding
to t0) showed the characteristic absorption band of the n−π*
transition centered at 312 nm. The solution was then irradiated
at 320 nm (see Supporting Information for experimental
details), and UV−vis absorption spectra were recorded over
time (Figure 2b). The profile evolution shows a decrease in
intensity of the absorption band at 312 nm, which was
completely absent already after the first 5 min of irradiation,
whereas a new n−π* transition band at 352 nm appeared,
indicating the fast formation of the nitrosobenzaldehyde
degradation product 3 (Figure 2b), which is in agreement
with results on similar compounds reported in the literature.49

The solvent mixture composed of EtOH and water was chosen
because the photodegradation of 2-nitrobenzyl ethers is known
to be accelerated by the presence of water.49 However, a high
EtOH/H2O ratio was chosen and water was used only in a
relatively small percentage to avoid, in the case of the

organosilica nanoparticles, degradation of silica particles
induced by hydrolysis.
The formation of the nitrosobenzaldehyde degradation

product 3 was further supported by time-dependent density
functional theory (TD-DFT, see Supporting Information for
details). The calculated UV−vis absorption spectrum of a
nitroso model structure showed good agreement with the
spectrum observed after the exposure of 1 to 30 min of UV-
light irradiation (Figure S7).
The cleavage of the benzylic ether was further confirmed by

the 1H NMR spectra (see Supporting Information for details)
of the sample at different time intervals upon irradiation of a
solution, in deuterated solvent, of 1 at 320 nm (Figure S6).
The photodegradation was proven by the appearance of the
aldehyde −CHO signal at 10.49 ppm and the decrease in
intensity of both the singlet signal of the benzylic −CH2−
signal at 4.89 ppm and the triplet signal, attributed to the
−ObzCH2CH2− of the aliphatic chain, at 3.57 ppm. The decay
of the benzylic −CH2− signal was subsequently used to
determine the reaction quantum yield, Φ365, for the
degradation process through a previously reported NMR-
based chemical actinometry method (see Supporting Informa-
tion for details).50,51 These studies were performed by using
>60 mM solutions of 1 in CDCl3 placed in quartz NMR tubes.
CDCl3 was used to avoid the presence of water, which could
cause the alkoxysilane hydrolysis in the time range of the
measurement. Irradiation of the 1 solution, in the NMR tube
with an intensity-calibrated 365 nm LED, shows the decay of
the benzylic peak as a function of irradiation time. The decay
of this peak was used to quantify the change in concentration
as a function of time, and the resulting concentration vs
irradiation time plot was fit to a first order kinetic model in
order to quantify the initial reaction rate (k0) (Figures S8 and
S9). The initial reaction rate was then used to determine a
quantum yield of 0.30 ± 0.09 by using eq 1, in which I0 is the
intensity of the calibrated LED.

I
k

0
0

365ϕ=
(1)

3.2. Preparation of the Light-Breakable Mesoporous
Organo-Bridged Silica Particles. Once the degradation of
the alkoxysilane 1 upon UV-light exposure had been assessed,

Figure 2. (a) Photodegradation reaction of compound 1. (b) UV−vis absorption spectra of a 0.11 mM solution of 1 in EtOH/H2O (5:1, v/v)
recorded over time upon irradiation at 320 nm. (c) Difference absorbance spectra reported to visualize the spectral evolution.
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the compound was used to prepare LB-MSPs. As depicted in
Figure 3a, the LB-MSPs were prepared by modifying a recently
reported procedure for the preparation of pristine 200 nm
silica nanoparticles.27 In this modified Stöber process,52 the
photolabile linker 1 was co-condensed to tetraethyl orthosili-
cate (TEOS), by using a molar ratio TEOS/1 2.25:1, in the
presence of CTAB as the organic template and aqueous NH3
as the basic catalyst. The reaction was performed in the dark to
prevent photodegradation of 1. The particles were recovered
by centrifugation, and the surfactant was removed upon
extraction in EtOH at 80 °C for 24 h in the dark (see
Supporting Information for further details).
Initial morphological characterization was first performed by

scanning electron microscopy (SEM, Figure 3b), which
revealed the formation of spherical particles characterized by
an average size of 303 ± 34 nm (Figure S10). Dynamic light
scattering measurements (DLS, Figure S11) on a dispersion of
LB-MSPs in EtOH gave a hydrodynamic diameter (Dh) of 409
± 80 nm, showing a good dispersibility of the particles.
Transmission electron microscopy (TEM, Figures 3c and S26)
confirmed both particle morphology and size. In addition, no
ordered array of pores was observed, suggesting that the
introduction of the bulky linker affects the mesostructure,
resulting in a decreased mesopore order in LB-MSPs.
N2 adsorption−desorption measurements revealed the

presence of pores characterized by an average width of 2.4
nm (Figure 4a), with a total pore volume of 0.26 cm3/g and
BET specific surface area of 318 m2/g. The small-angle X-ray
scattering (SAXS) pattern showed two very broad peaks of low
intensity centered at q = 1.8 and 2.9 nm−1 (Figure S12),
indicating the presence of a nonordered porous structure, in
agreement with TEM observations. The amount of organic
linker in LB-MSPs was quantified by thermogravimetric
analysis (TGA). The thermograms of both 1 and LB-MSPs
are displayed in Figure 4b showing that the organic content in

Figure 3. (a) Schematic representation of the preparation and light-induced degradation of LB-MSPs. (b) SEM and (c) TEM images of LB-MSPs.

Figure 4. (a) Pore size distribution of LB-MSPs calculated from the
N2 adsorption branch; adsorption−desorption isotherms are reported
in the inset. (b) Thermograms recorded on LB-MSPs (black line)
and compound 1 (gray line).
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the particles is around 30 wt %. This loss was attributed to the
organic linker 1 based on the weight loss observed for pristine
mesoporous silica particles (MSPs) prepared under analogous
conditions (Figure S13; see ref 27 for preparation details).
The integration of the photolabile linker into the

mesoporous structure was demonstrated by means of
attenuated total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR) and X-ray photoelectron spectroscopy
(XPS). The ATR-FTIR spectrum recorded on LB-MSPs
(Figure S14) showed bands at 1512 and 1340 cm−1 that are
typical of −NO2 stretching modes, the aromatic CC
stretching bands at 1610 and 1583 cm−1, and the Csp2−H
and Csp3−H− stretching vibrations at 3016, 2978, 2929, and
2887 cm−1, which are not present in the spectrum of pristine
MSPs (see Supporting Information for further details).53

Further confirmation of the presence of the organic linker was
given by the XPS analysis. The survey spectrum recorded on
the LB-MSPs (Figure S15a) revealed the presence of C(1s)
and N(1s) signals at 285 and 405 eV, respectively. Moreover,
the high resolution (HR) scans of C(1s) and N(1s) core levels
clearly confirm the presence of the linker within the silica
structure. The deconvolution of the HR scan for the N(1s)
peak (Figure S15c) shows the presence of two components, N-
1 at 405.6 eV and N-2 at 400.2 eV, in a ratio (area) of 3.6:1.
The component N-1 is attributable to the nitrogen of the
aromatic NO2 group, whereas the N-2 component is
attributable to the nitrogen of the NO group, which is
probably formed on the surface of the particle upon exposure
to light during the sample preparation. The analysis of the HR
scan of the C(1s) core level (Figure S15b) demonstrated the
presence of three components C-1 (285.9 eV), C-2 (284.8
eV), and C-3 (284.1 eV) that can be attributed to C−O, C−C,
and aromatic C, respectively. The attribution of signals was
performed in agreement with data reported in the literature.54

Finally, the UV−vis absorption spectrum of LB-MSPs showed
two characteristic absorption bands with a maximum in
absorbance at 242 and 327 nm, which can be attributed to
the presence of 1 in the silica framework (Figure S16).
3.3. Light-Triggered Degradation of LB-MSPs. To

assess the ability of LB-MSPs to break upon exposure to UV
light, a particle dispersion (0.1 mg/mL in a 5:1 (v/v) EtOH/
H2O mixture) was irradiated at λ = 327 nm and the system

evolution was followed by SEM, STEM, and UV−vis
absorption spectroscopy. This wavelength was selected due
to the observed bathochromic shift of the maximum
absorption wavelength of 1 from 320 to 327 nm, upon
integration into the silica structure. As shown in the SEM
images (Figure 5a), the surfaces of particles became rougher
after 20 min of UV-light exposure and amorphous material was
present, most probably due to particle degradation. Prolonged
light irradiation led to an enhanced structural breakdown of
LB-MSPs, as demonstrated by complete loss of their initial
morphology after 6 h of light exposure. The particles degraded,
forming small debris that could be observed as aggregates,
likely due to a drying effect on the glass coverslip occurring
during SEM sample preparation (Figure 5a, 6 and 12 h). The
STEM images (Figure 5b) recorded on the same sample
further confirmed particle degradation into small debris.
Particles with reduced core densities were not observed during
the degradation process, suggesting that degradation occurs
from the exterior of the particle. UV−vis absorption spectra
recorded over time on the LB-MSPs dispersion (Figure 6)
confirmed that the degradation is triggered by the cleavage of
the photolabile moiety. After 20 min of irradiation the
absorbance feature at 327 nm, attributed to the linker 1, was
absent, thereby indicating its photodegradation. This spectral
evolution over time upon light irradiation is in agreement with
the results obtained for the linker 1 alone. To verify that no

Figure 5. (a) SEM and (b) STEM images of LB-MSPs at t0 and after 20 min and 6 h of UV-light irradiation at 327 nm, scale bar = 500 nm.

Figure 6. UV−vis absorption spectra recorded over time on a
dispersion of LB-MSPs in EtOH/H2O (5:1, v/v) upon light
irradiation at λ = 327 nm.
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dissolution of LB-MSPs was occurring in the same time range
without light exposure, a control experiment was performed
keeping the LB-MSPs dispersion in the dark and analyzing
aliquots over time. As reported in Figure S17, the particles did
not show any appreciable change in morphology and the
characteristic UV−vis absorption spectra attributable to 1 was
preserved, demonstrating that LB-MSPs are stable in these
conditions and that their degradation can only be attributed to
the effect of UV-light irradiation.
As a further proof of the particle degradation, we performed

N2 sorption analysis on irradiated LB-MSPs. A suspension of
LB-MSPs in EtOH/H2O (5:1, v/v) was irradiated for 24 h,
and then the solvent was removed by freeze-drying and the
resulting powder used for the measurement. As depicted in
Figure S18, the amount of adsorbed N2 is significantly reduced,
and the calculated total pore volume and the BET specific
surface areas for the irradiated particles are substantially
decreased to 0.03 cm3/g and 57 m2/g, respectively. This clearly
indicates a decrease of porosity, confirming the degradation of
the material.
Furthermore, considering a potential use of LB-MSPs in

biorelated applications, we performed a preliminary biological
study, in which the cytocompatibilities of the particle and of
their degradation products were assessed. HeLa cells were
therefore incubated with either pristine LB-MSPs or particles
that had been previously exposed to 12 h of UV-light
irradiation (LB-MSPs-irr; for details see the Methods section,
Supporting Information). The cells were incubated for 12 and
24 h with LB-MSPs and LB-MSPs-irr at three different
concentrations (20, 100, 200 μg/mL), and the cell viability was
determined by using the Alamar Blue assay. As shown in
Figure S19, no significant cytotoxicity was observed in this
range of concentrations and over the monitored period.
3.4. Release Study. Once the effective light-induced

degradation of LB-MSPs was proven, we verified whether the
particles could serve as potential responsive delivery vehicles
for stimuli-triggered and enhanced release of molecules.
Therefore, LB-MSPs were loaded with 7-dehydrocholesterol
(7-DH, see Supporting Information for details), a hydrophobic
test molecule of biological interest, which is a natural vitamin
D3 precursor. The release of the hydrophobic cargo with and
without irradiation was monitored by UV−vis absorption
spectroscopy.
To load 7-DH, the particles were suspended in a highly

concentrated solution (20 mg/mL) of the molecule in ethanol
and stirred for 24 h. After evaporation of the solvent, the
particles were washed with a H2O/EtOH (9:1, v/v) mixture
and then dried under reduced pressure (see Supporting
Information for further details). The final loading was
determined to be 23 wt % by TGA (Figure S20). The release
of 7-DH was monitored by modifying a previously reported
method.20 Briefly, an aqueous particle dispersion (0.78 mg
mL−1) was prepared, and 500 μL were placed in a 10 mm path
length quartz cuvette equipped with a small stirring bar. A layer
of cyclohexane (2 mL) was then added on top of the aqueous
particle dispersion to extract the hydrophobic compound.
Under gentle stirring, avoiding the mixing of the two separate
phases, the aqueous suspension was irradiated at 327 nm and
the variation of absorbance at λmax = 281 nm in the upper
organic phase was monitored over time (see Supporting
Information for further details).
A boosted release of 7-DH upon UV-light irradiation was

observed, which can be explained by the enhanced disruption

of LB-MSPs once exposed to light, whereas in the absence of
light only a lower amount of 7-DH was released most probably
due to the passive diffusion of the molecule loaded in the pores
or physisorbed onto the particle surface (Figure 7 and Figure

S21a,b). The amount of 7-DH released could be estimated
from the calibration curve obtained for 7-DH in the same
solvent (Figure S21c). Considering the amount of LB-MSPs
used and the 7-DH loading of 23 wt %, a 3-fold release of 7-
DH upon light exposure of LB-MSPs, compared to particles
stirred in the dark, was observed.
To further confirm that the release of 7-DH is only triggered

by light, we performed the same experiment by using as
reference materials pristine mesoporous silica particles (MSPs)
and disulfide-bridged mesoporous silica particles (SS-MSPs),
that is, particles containing an organic linker which cannot be
cleaved upon UV-light exposure. While we have previously
reported the preparation and characterization of MSPs,27 SS-
MSPs of size and physicochemical properties comparable to
those of LB-MSPs were prepared anew; the preparation was
performed by modifying the protocol used to obtain LB-MSPs
(see Supporting Information, Methods section, for details, and
Figure S22 for characterization). The reference particles were
loaded with 7-DH following the same procedure used for LB-
MSPs, and their was loading determined by TGA (Figures
S22d and 23; section Methods in the Supporting Information).
The release experiments showed (Figure S24) that, besides the
passive diffusion of the cargo molecule, no enhanced release
was observed from MSPs and SS-MSPs when irradiated at 327
nm, confirming that the release observed for LB-MSPs is
exclusively due to the photodegradation occurring upon
exposure to light. Finally, to support these results and further
exclude that the release of 7-DH could be due to a thermic
effect, we irradiated the loaded particles at 500 nm, that is, at a
wavelength at which the photodegradable linker does not
degrade. Figure S25 shows that, upon 500 nm light irradiation,
no enhanced 7-DH release can be observed in addition to the
fast passive diffusion of physisorbed molecules, and that the
triggered enhanced release can be observed only once the
wavelength of the irradiation light is switched to 327 nm.

4. CONCLUSIONS
In summary, we have presented for the first time the
preparation and characterization of spherical mesoporous
organosilica particles that degrade upon UV-light irradiation.
The particles, LB-MSPs, were prepared by co-condensation
with TEOS with a new light-cleavable bis-alkoxysilane, bearing
the photolabile 2-nitrobenzyl ether functional group. The

Figure 7. Release of 7-DH from LB-MSPs upon UV-light irradiation
at λ = 327 nm and without irradiation. The 7-DH release was
investigated by monitoring the variation of absorbance at λ = 281 nm.
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cleavage of the linker takes place upon UV-light irradiation and
with a reaction quantum yield of 0.30 ± 0.09. Incorporation of
the linker in the silica framework yielded light-responsive
particles that showed signs of degradation after only 20 min of
exposure to UV light. The particles have been employed as
light-responsive containers for the boosted release of provita-
min D3 (7-dehydrocholesterol), which was observed upon UV-
light irradiation. This work demonstrates that also a physical
triggering stimulus can be employed to obtain silica-based
responsive materials. The stability in the dark of the system
and the enhanced degradation in the presence of light open
new possibilities in the design of a caged system able to release
hydrophobic molecules.
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