Anions as triggers in controlled release protocols from mesoporous silica
nanoparticles functionalized with macrocyclic copper(l1) complexes
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Abstract: Three different mesoporous silica
nano-sized materials (SC1, SC2 and SC3),
loaded with [Ru(bipy)s]** dye and
functionalized on the external surface with
three macrocyclic copper(ll) complexes
(C1, C2 and C3), were synthesized and
characterised. When SC1, SC2 and SC3
were suspended in water the entrapped
[Ru(bipy)s]** dye was free to diffuse from
inner pores to the solution. However,
addition of anions induced certain degrees
of pore blockage, with subsequent dye
release inhibition. Small monovalent and
divalent anions were unable to induce
complete pore blockage, whereas bulky and
highly charged anions induced marked
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reductions in [Ru(bipy)s]** delivery. The
best [Ru(bipy)s]** delivery inhibitors were
ATP and hexametaphosphate anions.
Inhibition was ascribed to the interaction of
anions with the grafted Cu'' complexes on
the surface of the SC1, SC2 and SC3
supports. The hexametaphosphate anion
was selected to prepare two capped
materials (SC1-mPh and SC3-mPh).
Studies of the [Ru(bipy)s]*" dye release
from solids SC1-mPh and SC3-mPh
alone and in the presence of a collection
of selected anions (HS’, F, Br, CI, I,
CN’, HPO,#, AcO, citrate, NOs*, HCOg,
S0,* and S,0¢%), amino acids (alanine
and histidine), thiol-containing

biomolecules (cysteine, methylcysteine,
homocysteine and GSH) and oxidants
(H,O,) were performed. None of the
chemicals tested, except hydrogen
sulphide, was able to induce remarkable
cargo delivery in both solids. The
observed dye release was ascribed to a
demetallation reaction of the C1 and C3
complexes induced by the hydrogen
sulphide anion.

Keywords: anion-controlled
release » mesoporous nanoparticles
* fluorescence * Copper(ll)
complexes ¢ hydrogen sulphide

Introduction

The combination of supramolecular chemistry concepts with
inorganic materials has recently led to the preparation of
nanodispositives/nanomachines with features that are hardly
achievable with single counterparts alone.™™ These hybrid materials
have found numerous applications in several scientific and
technological fields. Among the realm of these smart materials, the
concept of nanoscopic “gated materials” has gained special attention
in recent years given their use for the controlled release of certain
species upon the application of external stimuli.! In general, these
gated materials are constructed by the arrangement of two
components: (i) an inorganic porous scaffold and (ii) certain organic
molecules anchored to the external surface of the support. The
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inorganic scaffold is used as a nanoscopic reservoir in which large
amounts of different molecular cargoes (dyes, fluorophores, drugs,
etc.) can be stored in inner pores. In addition, the (supra)molecular
entities attached to the outer surface of the support are able to
control cargo delivery through the change of their characteristics
upon the application of external stimuli (e.g. light, pH, temperature,
magnetic fields, presence of certain (bio)chemical species, etc.)®!

These gated supports have found outstanding applications in
controlled release protocols in biotechnological and biomedical
fields, especially in the drug delivery area for the treatment of
different diseases.”! In most cases mesoporous MCM-41-type solids
have been selected to develop these gated materials because of their
positive features, such as relatively well-known functionalization
chemistry (using trialkoxysilane derivatives), stability and presence
of controlled pore diameter within the nanometric range (typically
2-3nm)."!

Furthermore, in the last few years, gated materials have been
successfully applied to develop new sensing protocols with
enhanced recognition abilities.’®! In this case too, hybrid materials
are prepared using an inorganic porous support, with certain binding
sites anchored to the external surface. The underlying idea of this
approach is that the coordination or reaction of a certain analyte
with binding units on the porous solid can modulate the transport of
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a previously stored dye from pores to the solution, giving rise to a
chromo-fluorogenic signal.”® By means of this approach, gated
sensory materials for the chromo-fluorogenic detection of cations, "
anions™ and neutral species'? have been recently described.

A special characteristic of gated materials, used for sensing or
delivery purposes, is the appearance of synergistic features that arise
from the combination of solid inorganic scaffolds and suitable
functional groups.® Surface functionalization is a key issue in
these gated systems. Apart from designing systems capable of
controlling the opening/closing of pores, it is also possible to
include certain molecular obstacles at pore outlets that can modulate
mass transport at the nanometric level. The use of functionalized
mesoporous supports is a promising platform for designing more
complex delivery smart systems, in which the events of guest
loading, controlled release (by grafting gated ensembles) and
modulation of delivery rates (by incorporating certain molecular
entities that impose some impediment to cargo delivery) can be
envisioned.
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Scheme 1. Schematic representation of solids SC1, SC2 and SC3
functionalized with complexes C1, C2 and C3. Addition of anions of
different sizes and charges induced different degrees of pore closure. The
materials capped with hexametaphosphate anion (SC1-mPh and SC3-mPh)
were selectively opened upon the addition of the hydrogen sulphide anion.

According to this background, there are numerous and different
molecular, biomolecular, and supramolecular entities that have been
attached to the external surface of silica mesoporous supports to
prepare gated materials.'®! In this context, very few reports have
dealt with the use of metal complexes as gating functionalities. One
of the first examples was described by Choi and co-workers in
2011.1%1 These authors prepared mesoporous silica nanoparticles
loaded with curcumin and functionalized the external surface with a
18-crown-6 derivative. Addition of Cs* cation induced pore closure
due to the formation of sandwich complexes with the grafted
macrocycle. However in the presence of K*, remarkable dye
delivery was observed, which was attributed to the formation of 1:1
K*-macrocycle complexes and the subsequent displacement of the
bulky Cs* cation. Following a similar approach, Leung and co-
workers grafted three different dibenzocrown ethers onto the
external surface of Fe;O4 nanoparticles coated with a mesoporous
silica layer.® The pores of nanoparticles were loaded with

doxorubicin and capped upon the addition of Na* and Cs* cations. In
this case, pores were opened upon ultrasound irradiation, which
induced the rupture of cation-macrocycle interactions. Some of us
prepared silica mesoporous nanoparticles loaded with Ru(bipy)s®*
dye and functionalized on the external surface with Zn%*"-2,2’-
dipicolylamine complexes. The release of the entrapped dye was
finely tuned upon the addition of selected anions.™*®

Other transition metal complexes have also been used as caps to
develop pH-triggered hybrid materials. Along these lines, Jung and
co-workers prepared hollow silica mesoporous nanoparticles loaded
with curcumin and capped by Cu?*-phenanthroline complexes.!*%)
The pores of the material remained capped at a neutral pH, but when
pH was lowered, the entrapped dye was released due to the
protonation of phenanthrolines, with the subsequent rupture of the
Cu*" complexes. In a similar way, Zink and co-workers prepared
mesoporous silica nanoparticles loaded with Hoechst 3342 dye and
functionalized the external surface with chelating iminodiacetate
subunits.” Pores were capped upon the addition of divalent metal
cations (Co?, Ni*" and Ca®"), which were able to form complexes
with the iminodiacetate moieties. The entrapped cargo was released
when pH was lowered or in the presence of 2,2’-bipyridyne. In
another similar work, chelating subunit N-(3-
trimethoxysilylpropyl)ethylenediamine triacetate was anchored to
the external surface of Ru(bipy)s®*-loaded mesoporous silica
nanoparticles.” Addition of Cu*" or Ni*" cations induced pore
closing due to the formation of strong complexes with the grafted
chelating units. Once again, the rupture of the anchored complexes
at an acidic pH induced the release of the entrapped dye.
Coordination polymers, formed between the Zn?" cation and 1,4-
bis(imidazol-1-ylmethyl) benzene, have also been recently used to
develop pH-triggered capped materials.??

However, all these studies missed one important characteristic of
metal complexes: their potential use as receptors for anions.’® In
fact, many studies have been conducted in solution and have
demonstrated that metal complexes are able to form complexes with
a large number of anions via either hydrogen bonding interactions,
coordination to the metal centre or electrostatic attractive forces.*!
Yet as far as we know, studies on the interactions of metal
complexes with anions in relation to the modulation of mass
transport in gated materials are rare."¥! Nevertheless, these studies
may be important to gain a better understanding of the role played
by anions in gated ensembles and the interactions that negatively
charged species and complexes display on functionalized surfaces.

Bearing these ideas in mind, we report here the synthesis and
characterisation of three silica mesoporous materials (SC1, SC2 and
SC3) loaded with a selected dye (i.e. Ru(bipy);?") and
functionalized on the outer surface with three different macrocyclic
copper(ll) complexes (C1, C2 and C3, respectively). A study of dye
release in the presence of different anions is reported. A differential
cargo delivery response was expected to occur in accordance with
both the complex attached to the surface and the anion present in
solution. Moreover, two materials capped with hexametaphosphate
were also prepared and studies on Ru(bipy)s?* release in the
presence of a collection of different anions, amino acids, thiol-
containing biomolecules and oxidants were carried out. A selective
cargo delivery was observed in the presence of hydrogen sulphide.
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Scheme 2. Synthetic routes used for the preparation of complexes C1, C2
and C3.

Results and Discussion
Synthesis and characterizations of the solid materials: The
nanosized hybrid materials SC1, SC2, and SC3 were obtained by
properly combining a mesoporous silica as inorganic scaffold and
three different macrocyclic copper(ll) complexes. MCM-41 was
selected as inorganic scaffold due to its suitable characteristics such
as inertness, high homogeneous porosity, high load capacity and
easy surface functionalization. Polyaza-macrocyclic complexes were
chosen to functionalize the silica surface owing to their unique
features:® 2! (i) high thermodynamic stability; (ii) kinetic inertness
toward demetallation; (iii) interaction at the axial position(s) with
additional ligand(s) (e.g. coordinating anions).
Mesoporous silica nanoparticles were synthesized in alkaline media
following well-known procedures that make use of the cationic
surfactant n-cetyltrimethylammonium bromide (CTAB) as directing
agent for condensation of the inorganic  precursor
tetraethylorthosilicate (TEOS).!*! The obtained powder was washed
and the surfactant was subsequently removed by calcination. Then,
the pores of the obtained nanoparticles were loaded with
[Ru(bipy)s]?* (solid SO), followed by grafting of the complexes C1,
C2 or C3 on the external surface. By this procedure the final solids
SC1 (functionalized with C1), SC2 (with C2) and SC3 (using C3)
were prepared (see Scheme 1). This synthetic protocol guarantees
that C1, C2 and C3 complexes are preferentially anchored to the
outer surface rather than inside the pore walls, which were filled
with the bulky [Ru(bipy)s]?* dye. Moreover, the high stability (both
kinetic and thermodynamic) of macrocyclic copper(ll) complexes
guarantees that metal ions are firmly held on the surface of silica
nanoparticles even after dispersion in aqueous solution and in the
presence of strongly coordinating species.

The synthetic procedure and the structures of complexes C1,
C2 and C3 are depicted in Scheme 2. Complex C1 and C2 were
prepared by template reactions® %! driven by Cu" ions. In the
synthesis of C1, mono-Boc-protected ethylenediamine (1) was
reacted with N,N’-bis(2-aminoethyl)-1,3-propanediamine (2) and
formaldehyde in the presence of Cu(OAc), in boiling methanol
yielding aza-cyclam® derivative 3, which was not isolated. Further

deprotection of 3 with perchloric acid yielded 4 that was further
reacted with (3-isocyanatopropyl)triethoxysilane (5) obtaining the
final functionalized macrocyclic complex. A closely related
procedure was used for the preparation of C2 complex. In this case a
mixture of ethylenediamine, formaldehyde and Cu(OAc), were
heated in methanol yielding di-aza-cyclam!?*® % complex 6. Further
reaction of 6 with 5 afforded complex C2. Finally, complex C3 was
obtained following an untemplated synthetic sequence. A
condensation reaction between 3,3’-iminobis(propylamine) (7) and
2,6-diacetylpyridine (8), followed by a reduction of the formed
imine bonds using sodium borohydride, resulted in macrocycle 9. In
a second step, 9 was reacted with 5 to yield macrocycle 10, which
was transformed into complex C3 by refluxing with Cu(ClOg); in
acetonitrile. All new complexes were characterised by HRMS and
UV-Vis, while organic intermediate were characterized by H-NMR,
BC-NMR, and by HRMS (see the Experimental Section).
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Figure 1. Left: powder X-ray patterns of the solids (&) MCM-41 as
synthesised, (b) calcinated MCM-41, (c) SC1, (d) SC2, (e) SC3, (f) SC1-
mPh and (g) SC3-mPh. Right: TEM images of (h) the calcinated MCM-41
sample, (i) SC1, (j) SC3 and (k) SC3-mPh, showing the typical porosity of
the MCM-41 mesoporous matrix.

MCM-41 nanoparticles and solids SC1, SC2 and SC3 were
characterised using powder X-ray diffraction (PXRD), transmission
electron microscopy (TEM), N, adsorption-desorption isotherms,
thermogravimetric measurements and elemental analyses. Figure 1
shows the PXRD patterns of MCM-41 as synthesised (1a), calcined
MCM-41 (1b), SC1 (1c), SC2 (1d) and SC3 (1e) solids. PXRD of
MCM-41 nanoparticles as-synthesised showed four low-angle
peaks, typical of a hexagonal-ordered pore array that can be indexed
as (100), (110), (200) and (210) Bragg reflections. A shift of the
(100) peak and a remarkable broadening of the (110) and (200) in
calcined MCM-41 were observed and ascribed to further
condensation of silanols during the calcination step.® The presence
of the characteristic (100) reflection in the diffraction spectra
obtained for solids SC1, SC2, and SC3 indicated that the
mesoporous structure was preserved throughout the filling process
with the dye and the anchoring of complexes C1, C2 and C3.
Moreover, Figure 1 shows the TEM images of the micrometric
MCM-41 solid support (1h) and final nanoparticles SC1 (1i), and
SC3 (1j). As we can see in these images, the typical porosity
associated with this type of inorganic support was present in all



cases. The TEM images also show that the final solids were
obtained as nanoparticles with diameters of ca. 100 nm.

The N, adsorption-desorption studies of calcined MCM-41, and
of nanoparticles SC1, SC2, and SC3 were also carried out. The
results are shown in Figure 2. Calcined MCM-41 showed a typical
curve for this mesoporous support, which consisted in an adsorption
step at an intermediate P/P, value (0.1-0.3). This isotherm could be
classified as type IV, characteristic of mesoporous materials, in
which the observed step dealt with nitrogen condensation inside
mesopores. The pore diameter distributions (PSD) of this sample
were calculated by the Barret-Joyner-Halenda (BJH) method.B” The
narrow BJH pore distribution and the absence of a hysteresis loop in
this interval suggested the existence of uniform cylindrical
mesopores (pore diameter of 2.58 nm and pore volume of 0.85 cm®
g%, calculated on the adsorption branch of the isotherm). The pore
diameter estimated by analysing the corresponding TEM images
agreed with this value. The application of the Brunauer—Emmett—
Teller (BET) model®™ gave a value of 1027 m? g for the total
specific surface. According to PXRD, porosimetry and the TEM
studies, an a, cell parameter of 3.57 nm and a wall thickness of 0.93
nm were calculated.
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Figure 2. Nitrogen adsorption-desorption isotherms of (a) calcined MCM-41
mesoporous material, (b) SC3, (c) SC2 and (d) SC1.

Table 1. BET-specific surface values, pore volumes, and pore diameters
calculated from the N, adsorption-desorption isotherms.

mesopores, and a remarkable decrease in both the adsorbed N,
volume and the specific surface area (see Table 1) was clearly
observed. This reduction in the BET surface, compared with that of
the MCM-41 starting material, was attributed to the loading of pores
with the [Ru(bipy)s]?* dye, and also to the functionalization of the
surface with the macrocyclic C1, C2 and C3 complexes. Due to the
same reasons (loading of the pores and functionalization of the
external surface), pore diameter values for hybrid materials cannot
be determined.

Finally, the content of organic material (both dye and
macrocyclic complexes) in the final SC1, SC2 and SC3
nanoparticles was determined by thermogravimetric and elemental
analyses. Results are summarized in Table 2.

Table 2. Contents of dye, complexes, and methaphosphate in the final
nanoparticles (calculated by elemental and thermogravimetric analyses).

Solid adye [MMoOl g clgomplex [Mmol g otmpn [mmol g
si05] Si05] si05]
SC1 0.29 0.103 -
SC2 0.25 0.111 -
SC3 0.39 0.107 -
SC1-mPh 0.36 0.103 0.03
SC3-mPh 0.38 0.107 0.04

The differences observed in the content of ruthenium(ll) complex
(agye in Table 2) for materials SC1-SC3 can be ascribed to a partial
loss of dye during functionalization reactions. Although reactions of
loaded silica nanoparticles with copper(ll) complexes C1-C3 were
performed in the presence of free [Ru(bipy)s]** (see Experimental
Section) in order to reduce uncontrolled dye release during this
process, it cannot be completely prevented. As a consequence, the
final dye loadings could be affected to different extents depending
the specific experimental conditions of functionalization reactions.
Moreover, silanolate groups, which could form on the silica surface
when it is functionalised with positively charged groups,®? might
also influence the dye loading, as they contribute to balance the
positive charge of metal ions beside the complex counterions (CI°
and ClO, for Ru'" and Cu", respectively) and modulate the affinity
toward the dye.

Dye release studies in the presence of anions and amino acids:

Solids SC1, SC2 and SC3 were prepared by attaching complexes
C1, C2 and C3 to the outer surface of the [Ru(bipy)s]**-loaded
MCM-41 nanoparticles. It is well established that Cu®* complexes of
linear and cyclic polyamines can bind anions and a number of good
examples of Cu?**-polyamine complexes as anion receptors has been

i Sger difniti?[zicl Total Pore Volume™
Soli
[m*g™] [ em*g™]

MCM-41 1027 2.58 0.85

SC1 111.6 - 024

SC2 235.8 - 021

SC3 311.2 - 0.28
SC1-mPh 302.6 - 020
SC3-mPh 268.5 - 0.18

described.®® These studies have demonstrated that linear or cyclic
polyamines that contain coordinatively unsaturated Cu®" centres
may establish strong and selective interactions with anions via
coordination to the metal centre or through electrostatic interactions.
Urea groups on the side-chains of complexes C1, C2 and C3 may

[a,b] Pore volumes and pore diameters were associated with only intraparticle
mesopores.

[a] Pore diameter was estimated by the BJH model, applied to the adsorption branch of
the isotherm.

[c] Pore diameter values for SC1, SC2, SC3, SC1-mPh and SC3-mPh solids cannot be
determined due to both loading of the pores with [Ru(bipy)s]** dye and
functionalization of the external surface with the corresponding complexes.

The N, adsorption-desorption isotherms of solids SC1, SC2 and
SC3 are typical of mesoporous systems with partially filled

eontribute to anion binding process by establishing H-bond
interactions with anionic species, as recently reported for
macrocyclic copper(ll) complexes whose structures are closely
related to C1 and C2.*7

After taking into account the above mentioned facts, in a first step,
the cargo release performance of nanoparticles SC1, SC2 and SC3
alone, and in the presence of selected anions (chloride,
hydrogencarbonate, acetate, suberate, citrate, hydrogenphosphate,



pyrophosphate, hexametaphosphate, AMP, ADP, and ATP) or
amino acids (glycine, histidine, and lysine) was studied. In a typical
experiment, 1 mg of nanoparticles was suspended in 2 mL of water
at pH 7.0 (10 mM HEPES buffer) in the absence and presence of the
target anions or amino acids (1.0 x 10 M) at room temperature. In
both cases, fractions were taken from the suspensions of the solids
and centrifuged to remove the solid. In these experiments a long
delivery time (15 h) was selected in order to obtain the value of the
maximum release of the [Ru(bipy)s]** complex from pore voids.
Dye delivery to the bulk solution was easily detected by monitoring
the emission band of the [Ru(bipy)s]?* complex (Aem = 610 NM, Agy =
451 nm).4

Different papers report that MCM-41 may undergo structural
modifications and partial dissolution when exposed to agqueous
solutions under biologically relevant conditions (e.g. in phosphate
buffer).®®l Nevertheless, this instability has not been observed
during the experiments performed in the presence of different anions
(including phosphates) in the current work as well as in our previous
studies concerning the use of other hybrid materials based on
mesoporous silica scaffolds.

Figure 3 shows the release achieved for solid SC1 in the absence
and presence of selected anions and amino acids. In the absence of
any chemical species, the [Ru(bipy)s]?* complex was free to diffuse
from the inner of the pores to the bulk solution. This indicates that
the C1 complexes, grafted onto the outer surface of nanoparticles,
were unable to retain the cargo in pores. Upon the addition of amino
acids (glycine, histidine and lysine), a significant [Ru(bipy)s]**
complex release was still observed. The same behaviour occurred in
the presence of small anions (chloride, hydrogencarbonate,
hydrogenphosphate, acetate) and suberate.
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Figure 3. Release profiles of the [Ru(bipy)s]** complex from solid SC1 in
water at pH 7.0 alone and in the presence of selected anions and amino acids
(1.0 x 10™* M) after 15 h.

In contrast, a larger inhibition of cargo release was observed in
the presence of pyrophosphate, citrate, hexametaphosphate and
nucleotides (see Figure 3), which suggests that these anions
coordinate to a greater extent the grafted Cu" complex. The order
observed for the [Ru(bipy)s]** release inhibition was:
hexametaphosphate > ATP > ADP > AMP = citrate =
pyrophosphate. A first look at these data suggests that cargo
delivery inhibition could be mainly related with charge and size of
anions. In fact, pyrophosphate (average charge: -2.72 at a neutral
pH) and citrate (with three negative charges) were able to induce
similar pore closure as AMP, which is less charged (average charge:

-1.70 at pH 7.0) but bulkier than pyrophosphate and citrate.
Moreover, when ADP was present in a suspension of solid SC1, a
lower [Ru(bipy)s]** release was observed compared to that obtained
in the presence of AMP, citrate and pyrophosphate. This greater
inhibition can be ascribed to the increased charge of ADP (-2.72 ata
neutral pH), as well as to its bigger size. ATP, which has an average
charge of -3.7 at a neutral pH and is bulkier than AMP and ADP,
induces a stronger dye release inhibition (only 20% of the cargo was
delivered after 15 h). However, the most pronounced pore closure
was observed in the presence of the hexametaphosphate anion,
which has six negative charges. This cyclic polyphosphate induced
tight pore closure as only ca. 15% of the cargo release was found
after 15 h. This high degree of inhibition can be ascribed to the
strong interactions between hexametaphosphate anion and C1
grafted onto the external surface of nanoparticles, which occur due
to the best combination of (i) anion affinity towards metal ions, (ii)
high charge at neutral pH, and (iii) large size.
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Figure 4. Release profiles of the [Ru(bipy)s]** complex from solid SC2 in
water at pH 7.0 alone and in the presence of selected anions and amino acids
(1.0 x 10™* M) after 15 h.
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Figure 5. Release profiles of the [Ru(bipy)s]** complex from solid SC3 in
water at pH 7.0 alone and in the presence of selected anions and amino acids
(1.0 x 10™* M) after 15 h.

Similar inhibition trends were observed upon the addition of
selected amino acids and anions to aqueous suspensions of solids
SC2 and SC3 (see Figures 4 and 5, respectively). As seen, a higher
degree on delivery inhibition was observed in the presence of highly
charged and bulky anions ATP and hexametaphosphate. The slight
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differences noted in cargo inhibition exhibited by the three solids
(i.e. SC1, SC2, and SC3) in the presence of anions may be due to
specific local interactions between anions and the different
complexes (i.e. C1, C2 and C3) anchored to the external surface.

In order to highlight the crucial role played by C1, C2, and C3 in
the anion-controlled inhibition protocol, the cargo delivery from
SC1, SC2 and SC3 was compared with that from solid SO (the
MCM-41 nanoparticles loaded with [Ru(bipy)s]** and with no
complex grafted onto the outer surface) and S10 (the MCM-41
nanoparticles loaded with [Ru(bipy)s]®* and with macrocycle 10
anchored to the surface). For both nanoparticles, a sustained
[Ru(bipy)s]** release took place over time in the absence or presence
of all the selected anions and amino acids at 1.0 x 10 M (data not
shown). The absence of any Cu'' complex anchored to the external
surface of nanoparticles resulted in neither interactions with anions
nor pore blockage.

Specific experiments were also performed in order to rule out
any possible direct influence of added anions on the emission of Ru
probe. For instance, an aqueous solution of [Ru(bipy)s]Cl,
(1x10*M) was treated with increasing amounts  of
hexamethaphosphate (up to 100 eq.) and emission intensity was
measured after each addition without observing any detectable
change. The same experiment was repeated with the different
anionic species considered in this work and no quenching process
was observed. Therefore, it can be stated that anions do not affect
the fluorescence of the Ru'" complex and the fluorescence variation
is only due to the dye releasing.

It should be also noted that fluorescence measurements were
always performed after centrifugation and the emission intensity
data were always related to the resulting clear solution. Therefore,
any influence of scattering can be ruled out.

The relationship between inhibition of dye delivery and anion
features (charge and size), which was suggested by experimental
results, can be highlighted by plotting the % of [Ru(bipy)s]**
released from hybrid materials vs. the product of anion average
charge at a neutral pH and its diameter expressed in A (considering
anions to be smooth spheres). As an example, the plot obtained in
the case of solid SC1 is reported in Figure 6. It show a remarkable
linear correlation: highly charged and bulky anionic species (such as
ATP and hexametaphosphate) induce strong delivery inhibition,
whereas smaller and less charged anions (chloride, acetate) are
unable to block pores to a certain extent. Similar linear dependences
between the degree of inhibition and the [charge x diameter]
parameter are observed for solids SC2 and SC3 (see Figures SI-1
and SI-2 in the Supporting Information,).
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Figure 6. Release of [Ru(bipy)s]*" complex (emission band at 610 nm) from
the suspensions of solid SC1 at a neutral pH in the presence of different
anionic species (1.0 x 10 M) vs. the product [average charge x diameter
expressed in A] of the selected anions.

The clear influence of anion charge (in addition to anion size) on the
inhibition of the [Ru(bipy)s]** release from the interior of the
functionalized nanoparticles indicate that interactions involving
anionic capping agents and anchored metal complexes have a strong
electrostatic character, although the occurrence of metal/ligand as
well as H-bond interactions cannot be ruled out.
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Figure. 7. Changes in the [Ru(bipy)s]** emission band (excitation at 451
nm) in the presence of increasing amounts of hexametaphosphate in water
suspensions of the SC3 nanoparticles at pH 7.0 (after 15 h).

After assessing the good efficiency of the hexametaphosphate
anion during the inhibition of dye delivery, the emission of the
[Ru(bipy)s]* released from nanoparticles SC1, SC2 and SC3 in
water suspensions at pH 7.0 was measured (after 15 h) in the
presence of different (increasing) quantities of hexametaphosphate.
The fluorescence response of the three solids was similar, and the
delivery of the entrapped [Ru(bipy)s]>* was proportional to the
hexametaphosphate anion concentration in all cases. As an example,
Figure 7 shows the different emission spectra recorded in the case of
solid SC3. Spectra observed during similar experiment carried out
on SC1 And SC2 are reported in Figures SI-3 and SI-4. At a low
hexametaphosphate concentration, a remarkable release of the
entrapped cargo was still observed, whereas the intensity of
[Ru(bipy)s]** emission band decreased in the presence of larger
anion concentrations due to hexametaphosphate-induced pore
closure. The corresponding profile obtained by plotting fluorescence
intensity vs anion concentration indicates that pores blocking starts
at hexametaphosphate concentration of 3 pM (see figure SI-5
Supporting Information). In the case of solids SC1 and SC2 the
hexametaphosphate concentration values at which the dye inhibition
release starts to take place are 5 and 9 uM, respectively.

Opening the gate in hexametaphosphate-capped supports: In the
previous section, we demonstrated that hybrid materials SC1, SC2,
and SC3 were able to display controlled mass delivery, which can
be finely tuned by the interaction of certain anions with the Cu"
metal complexes anchored to the surface of solids. We also found
that bulky and highly charged anions, such as hexametaphosphate,
were able to inhibit cargo release. Based on this observation, it was
easy to prepare capped solids SC1-mPh and SC3-mPh via the
simple addition of sodium hexametaphosphate to suspensions of

6



nanoparticle SC1 or SC3, respectively. The synthesis of SC3-mPh
has been recently published by our group as a short
communication.

In a similar way to the study reported in the previous section, in
which the gating effect of different anions on solids SC1, SC2, and
SC3 was investigated, we performed further experiments in order to
seek which species could induce cargo delivery in capped solids
SC1-mPh and SC3-mPh.

[+
o
o

3
[
500 .
17
=
400 ©
£
00 &
c
3
00 $
3
100 5
fr
AN
S0
A
Y\\\&i{’\‘\\“‘\% mpy
\8\0

X0 O\ 3
Ko e
SGo o0 TR e
(SN o &% 20 \06}50\\6

Figure 8. Fluorescence intensity at 610 nm of the [Ru(bipy)s]** complex
delivered from solids SC1-mPh and SC3-mPh (pH 7.5, HEPES 10 mM)
after 6 h of adding selected chemicals (1 mM).

Solids SC1-mPh and SC3-mPh were characterised following
standard procedures. The PXRD patterns of both solids are shown in
Figure 1 (curves f and g). Both hexametaphosphate-capped solids
exhibited the characteristic (100) reflection, which indicates that the
mesoporous structure was preserved throughout the preparation
sequence. The TEM images (see Figure 1k for solid SC3-mPh)
revealed that final solids looked like spheres of ca. 100 nm. The
N, adsorption-desorption isotherms of SC1-mPh and SC3-mPh
were typical of mesoporous systems with partially filled pores,
and a drastic decrease of the adsorbed N, volume and of the
specific surface was observed compared with the starting MCM-41
material (see Table 1). The organic contents in solids SC1-mPh
and SC3-mPh were calculated by elemental and
thermogravimetric analyses, and are shown in Table 2.

Studies of [Ru(bipy)s]** dye release from solids SC1-mPh and
SC3-mPh alone and in the presence of a collection of selected
anions (HS,, F, Br-, CI', I, CN’, HPO,%, AcO’, citrate, NOg’,
HCO3, SO,* and S,04%), amino acids (alanine and histidine),
thiol-containing  biomolecules  (cysteine,  methylcysteine,
homocysteine and GSH) and oxidants (H,0,) were carried out.
In a typical experiment, 1 mg of SC1-mPh or SC3-mPh was
suspended in 2 mL of buffered solution (pH 7.5, HEPES 10 mM)
in the absence and presence of the above-described species (1
mM). Dye delivery to the bulk solution was easily detected by
monitoring the emission band of [Ru(bipy)s]?*, centred at 610
nm upon excitation at 451 nm in the solution after removing the
solid by centrifugation. The results obtained for both solids are
depicted in Figure 8. As seen, solids SC1-mPh or SC3-mPh
showed negligible dye release due to interactions between the

grafted C1 and C3 complexes and the hexametaphosphate anion.
Figure 8 clearly indicates that none of the chemicals tested,
except hydrogen sulphide, was able to induce remarkable cargo
delivery in both solids. Release of the entrapped [Ru(bipy)s]** is
ascribed to an hydrogen sulphide-induced demetallation reaction
of the anchored C1 and C3 complexes, which resulted in the
subsequent rupture of the anion-cation adduct and in the release
of [Ru(bipy)s]?*.” This proposed paradigm is shown in Scheme
1.
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Figure 9. Calibration curve of the [Ru(bipy)s]** complex delivered from
SC1-mPh (pH 7.5, HEPES 10 mM) upon the addition of increasing
quantities of the hydrogen sulphide anion.

In order to further characterize this selective opening in the
presence of hydrogen sulphide, the fluorogenic response of
nanoparticles SC1-mPh and SC3-mPh was studied in the
presence of increasing quantities of HS". As shown in Figure 9, a
clear correlation between the emission enhancement and the
amount of hydrogen sulphide added to solid SC1-mPh was
observed (a similar result was obtained for nanoparticles SC3-
mPh), which was in agreement with an uncapping protocol
involving a demetallation reaction. From the fluorescence
intensity/[HS] profiles, it was found that the minimum amount
of hydrogen sulphide required to start gate opening and cargo
delivery was 2.25 and 1.85 uM for nanoparticle SC1-mPh and
SC3-mPh, respectively. Both concentrations are below the
hydrogen sulphide concentration required to elicit physiological
responses (10—1000 mMm).E8

Note that solids SC1-mPh and SC3-mPh were capped
materials capable of delivering the cargo only in the presence of
a certain analyte (hydrogen sulphide in our case). This was the
basis to design probes for the chromo-fluorogenic detection of the
target species using gated materials. Therefore, both SC1-mPh and
SC3-mPh supports could be potentially used for this sensing
application, (&7

Conclusions

In summary, we report herein the synthesis of three solids (SC1,
SC2 and SC3) constructed using MCM-41 silica nanoparticles as an
inorganic scaffold. The inorganic support pores were loaded with
the [Ru(bipy)s]** dye and the outer surface was functionalized with
three different macrocyclic Cu'" complexes (C1, C2 and C3 for SC1,
SC2 and SC3, respectively). The release of the [Ru(bipy)s]** dye



from the interior of the pores of the three materials was studied in
the presence of selected anions (chloride, hydrogencarbonate,
acetate, suberate, citrate, hydrogenphosphate, pyrophosphate,
hexametaphosphate, AMP, ADP, and ATP) and amino acids
(glycine, histidine and lysine). Small monovalent, divalent anions
and amino acids were unable to inhibit dye release, whereas the
presence of bulky and highly charged anions (especially ATP and
hexametaphosphate) significantly inhibited cargo release. The
hindered [Ru(bipy)s]*" release was ascribed to the formation of the
complexes between the grafted copper(ll)-macrocycles and the
added anions. Besides, two new nano-sized hybrid materials, SC1-
mPh and SC3-mPh, were prepared by adding the
hexametaphosphate anion to solids SC1 and SC3. SC1-mPh and
SC3-mPh are capped systems that show no cargo release. The
presence of a collection of selected anions (F°, Br-, CI', I', CN’,
HPO,, AcO’, citrate, NOs>, HCOy, SO,* and S,04%), amino
acids (alanine and histidine), thiol-containing biomolecules
(cysteine, methylcysteine, homocysteine and GSH) and oxidants
(H,0,) was unable to open gated materials, whereas cargo
release was selectively observed in the presence of hydrogen
sulphide due to a demetallation reaction. These studies indicate
the importance of the presence of anions in gated ensembles built
with metal complexes in cargo delivery terms. We believe that
our findings could be of importance for the future design of gated
materials in which anions are present in the solution, especially
when the gating ensemble is positively charged.

Experimental Section

Chemicals
pyridine,

Reagents:
triethylamine,
diacetylpyridine, NaBHy,,

(ethylendiamine, di-tert-butyl-dicarbonate,
(3-isocyanatopropyl)triethoxysilane, 2,6
3,3"-iminobis(propylamine),  formaldehyde,
aqueous 60% HCIO,, tetraethylorthosilicate (TEOS), n-
cetyltrimethylammonium  bromide  (CTABr), [Ru(bipy)s]Cl,, thiols,
selected amino acids, and all inorganic salts) were provided by Sigma-
Aldrich.  Analytical-grade solvents were purchased from Scharlab
(Barcelona, Spain). All the reagents were used as received.
Macrocyclic copper(ll) complexes 4 and 6 were prepared and isolated as
perchlorate salts (4+(ClO4); and 6+(ClO,)s, respectively), according to
previously reported procedures.**?
Methods: "H NMR spectra were recorded in a Varian Gemini 300 MHz
NMR spectrometer. Mass spectra were acquired on a Thermo-Finnigan ion-
trap LCQ Advantage Max instrument equipped with an ESI source. UV/Vis
absorption measurements were measured with a Perkin—Elmer Lambda-35
spectrometer. Fluorescence behaviour was studied with an FS900CDT
Steady State T-Geometry Fluorimeter from Edinburgh Analytical
Instruments. X-ray measurements were taken on a Briker AXS D8
Advance diffractometer using CuKo radiation. Thermogravimetric
analyses were carried out on TGA/SDTA 851e Mettler Toledo equipment,
using an oxidant atmosphere (Air, 80 mL/min) with a heating programme,
consisting in a heating ramp of 10°C per minute from 393 K to 1273 K and
an isothermal heating step at this temperature for 30 minutes. The TEM
images were taken with a JEOL TEM-1010 electron microscope that
worked at 100 kV. N adsorption-desorption isotherms were recorded on a
Micromeritics ASAP2010 automated sorption analyser. Samples were
degassed at 120°C in vacuum overnight. Specific surface areas were
calculated from the adsorption data within the low pressures range using the
BET model. Pore diameter was determined following the BJH method.
Synthesis of silica mesoporous nanoparticles: n-
cetyltrimethylammoniumbromide (CTABr, 1.0 g, 2.74 mmol) was first
dissolved in 480 mL of distilled water. Then 3.5 mL of NaOH 2.00 M in
distilled water were added to the CTABr solution, and then the solution
temperature was adjusted to 80°C. TEOS (5 mL, 2.57 x 10 % mol) was then

added dropwise to the surfactant solution. The mixture was stirred for 2 h to
give a white precipitate. Finally the solid product was centrifuged, washed
with distilled water and dried at 60°C (MCM-41 as-synthesized). To prepare
the final porous material (MCM-41), the as-synthesised solid was calcinated
at 550°C in an oxidant atmosphere for 5 h to remove the template phase.
Synthesis of 1: Ethylendiamine (5.84 ml, 87 mmol) was dissolved in 1.4-
dioxane (30 mL) in a 250 mL round-bottomed flask. Then a solution of di-
tert-butyl-dicarbonate (2.45 g, 11 mmol) in 1.4-dioxane (30 mL) was added
for 2 h through a dropping funnel. The final mixture was stirred for 24 h at
room temperature. After solvent evaporation, crude oil was suspended in
water (50 mL) and then extracted with dichloromethane (3 x 50 mL). The
organic phase was dried with Na,SO,, filtered and evaporated to dryness
using a high vacuum pump. Yield: 19%. ESI-MS: m/z = 161 (100%) (M+1).
'H-NMR (300 MHz, CD;0D): § 3.15 (t, J=6 Hz, 2H), 2.74 (t, J = 6 Hz, 2H),
1.40 (s, 9H).

Synthesis of complex C1: 4¢(ClO4); (0.81 g, 1.33 mmol) was dissolved in
dry acetonitrile (30 mL). Then triethylamine (0.74 mL, 5.32 mmol) and
pyridine (0.43 mL, 5.32 mmol) were added to the resulting solution. (3-
isocyanatopropyl)triethoxysilane (5, 0.33 g, 1.33 mmol) was dissolved in dry
acetonitrile (20 mL) and dropped into the solution of complex 4. The
resulting mixture was stirred for 5 h at room temperature. The complex salt
C1+(ClO4), was obtained as a pink precipitate, which was separated by
filtration,and washed with acetonitrile (10 mL). Yield: 70%. ESI-MS: m/z =
655 (100%) [I\/H'ClO4]+ [M+C|O4, calcd. for C21H49C|CUN7OBSI
655.5159]. UV-Vis (acetonitrile): Amax = 501 nm, ¢ = 68 M*cm™.

Synthesis of solid SC1: Calcined MCM-41 (500 mg) and [Ru(bipy)s]** dye
(140.34 mg, 0.40 mmol) were suspended in acetonitrile (20 mL) in a round-
bottomed flask. The mixture was stirred for 24 h at room temperature,
filtered off and dried under vacuum. Afterwards, this loaded solid (SO, 400
mg) was re-suspended in acetonitrile (10 mL) containing [Ru(bipy)s]** (30
mg) and complex C1 (1.5 g, 2.3 mmol) was added. After stirring for 12 h at
room temperature, the resulting solid was filtered off then dried under
vacuum, washed with acetronitrile (10 mL) and diethyl ether (10 mL), and
was finally dried at 40°C for 12 h.

Synthesis of complex C2: 6+(C104)s (1.00 g, 2.30 mmol) was dissolved in
acetonitrile (30 mL). Then triethylamine (0.74 ml, 5.32 mmol) and pyridine
(0.43 ml, 532 mmol) were added to the mixture. Afterward, (3-
isocyanatopropyl)triethoxysilane (5, 1.10 g, 4.50 mmol) was dissolved in
acetonitrile (20 mL) and added to the previous mixture. The final solution
was stirred for 5 h at room temperature. The complex salt C2+(ClO,), was
obtained as a pink precipitate that was filtered off and washed with 10 mL of
dry MeCN. Yield: 80%. ESI-MS: m/z = 945.61 (100%) [M** + CIO,T,
423.26 (30%) [M?"]?*. UV-Vis (acetonitrile) Amax = 500 nm, € = 78 Mt ecm™.
Synthesis of solid SC2: MCM-41 (400 mg) loaded with the dye was re-
suspended in acetonitrile (10 mL) that contained [Ru(bipy)s]** (50 mg) and
complex C2 (2.0 g, 2.2 mmol) was added. After stirring for 12 h at room
temperature, the resulting solid was filtered off then dried under vacuum,
washed with acetronitrile (10 mL) and diethyl ether (10 mL). Finally it was
dried at 40°C for 12 h.

Synthesis of 9: 3,3'-iminobis(propylamine) (7, 0.658 g, 5.02 mmol) was
dissolved in methanol (50 mL) and slowly added to a stirred solution of 2,6
diacetylpyridine (8, 0.82 g, 5.02 mmol) in methanol (200 mL). The solution
was stirred and refluxed for 1 h and then NaBH, (0.57 g, 15.1 mmol) was
slowly added to the stirred solution. The solvent was evaporated to yield an
oil, which was purified by column chromatography (CHCIy/MeOH 75:25) on
silica gel to give 9. Yield: 78%. 'H NMR (400 MHz, CDCls) & 7.67-7.40 (m,
1H), 7.06 (m, J = 7.7 Hz, 1H), 6.98 (d, J = 7.6 Hz, 1H), 3.82 (t, J = 6.7 Hz,
2H), 3.73 (t, J = 6.8 Hz, 1H), 2.97-2.81 (m, 2H), 2.63 (m, J = 7.2, 4.1 Hz,
8H), 2.47 (s, 2H), 2.34 (d, J = 3.3 Hz, 2H), 1.39 (dd, J = 23.9, 6.7 Hz, 6H).
ESI-MS: m/z = 263.39 (M+1)".

Synthesis of 10: (3-isocyanatopropyl)triethoxysilane (5, 0.33 g, 1.33 mmol)
dissolved in acetonitrile (10 mL) was slowly added to a solution of 9 (0.35 g,
1.33 mmol) in an acetonitrile-toluene-chloroform 1:1:0.1 mixture (50 mL).
The solution was stirred at for 1 h at 0°C and at room temperature for
another hour. Evaporation of solvent provided a yellow oil, which solidified
after repeated washings with diethyl ether. Yield: 80%. 'H NMR (400 MHz,
CDCl3) 8 7.62 (t,J = 7.7 Hz, 1H), 7.09 (d, J = 7.7 Hz, 1H), 7.00 (d, J = 7.5
Hz, 1H), 3.95-3.83 (m, 1H), 3.71 (d, J = 7.0 Hz, 4H), 2.94 (d, J = 8.9 Hz,



1H), 2.80-2.56 (m, 4H), 2.52 (s, 1H), 2.37 (s, 1H), 1.83 (d, J = 30.1 Hz, 5H),
1.45 (d, J=6.7 Hz, 4H), 1.38 (d, J = 6.7 Hz, 3H), 1.24 (s, 6H). ESI-MS: m/z
=510.00 (M+1)".

Synthesis of complex C3: To a solution of 10 (0.800 g, 1.56 mmol) in
acetonitrile (30 mL), copper(Il) perchlorate hexahydrate (0.60 g, 1.62 mmol)
was added and the resulting mixture was stirred at room temperature for 2 h.
The solution was concentrated in vacuo and complex C3 was obtained as the
corresponding blue perchlorate salt, C3+(C104),. Yield: 95%. ESI-MS: m/z =
673.20 (100%) [M?*+ CIO,T".

Synthesis of solid SC3: Calcined MCM-41 (500 mg) and the [Ru(bipy)s]**
dye (140.34 mg, 0.40 mmol) were suspended in acetonitrile (20 mL) in a
round-bottomed flask. The mixture was stirred for 24 h at room temperature,
filtered off and dried under vacuum. Charged MCM-41 (400 mg) was re-
suspended in dry acetonitrile (10 mL) containing [Ru(bipy)s]** (50 mg) and
complex C3 (1.54 g, 2.1 mmol). After stirring for 12 h at room temperature,
the resulting solid was filtered off and then dried under vacuum, washed with
acetonitrile (10 mL), diethyl ether (10 mL) and dried at 40°C for 12 h.
Synthesis of solids SC1-mPh and SC3-mPh: SC1 or SC3 were suspended
in distilled water (20 mL) that contained [Ru(bipy)s]*" (10 mg) and sodium
hexametaphosphate (2 g, 3.4 mmol). The suspension was stirred at room
temperature for 2 h, filtered, washed with water (10 mL) and dried under
vacuum for 12 h.

Synthesis of solid S10: Calcined MCM-41 (100 mg) and [Ru(bipy)s]** dye
(30 mg, 0.08 mmol) were suspended in acetonitrile (10 mL) in a round-
bottomed flask. The mixture was stirred for 24 h at room temperature,
filtered and the recovered solid was dried under vacuum. Afterwards, this
loaded solid (80 mg) was re-suspended in acetonitrile (10 mL) containing
[Ru(bipy)s]** (5 mg) and 10 (300 g, 0.59 mmol) was added. After stirring for
12 h at room temperature, the resulting solid was filtered off, then dried
under vacuum, washed with acetronitrile (5 mL) and diethyl ether (5 mL),
and was finally dried at 40°C for 12 h.
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Graphical abstract and text for the Table of contents

Bulky anions as stoppers: Three hybrid materials based on nano-sized mesoporous silica, loaded with adye, and
functionalized on the external surface with macrocyclic complexes were prepared and characterized. Dye release in water
was strongly inhibited by bulky and highly charged anions (e.g. hexamethaphosphate) due to their multiple interactions
with metal ions on the surface, while small anionic species were not able to hinder the delivery process.
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