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Abstract: This paper focuses on the study of the release behaviour of an entrapped dye
(i.e. [Ru(bipy)s]*") in the presence of different anions from silica mesoporous supports
functionalized in the external surface with Zn(I1)-bis(2-pyridylmethyl)amine complexes
(solid SZn). The Zn(ll)-dipicolylamine complexes, anchored in the external surface of
SZn, are too small to induce pore blockage and the loaded [Ru(bipy)s]** dye is freely to
diffuse from the inner of the pores to the bulk solution. Addition of selected anions (F’,
CI, Br, I, AcO’, BzO, SO,*, NO5', PO,*, P,O;*, ATP, ADP and AMP) modulates the
release of the entrapped cargo. It was observed that the interaction of the Zn(ll)
complex with bulky organic phosphates (such as ATP, ADP and AMP), pyrophosphate
and phosphate resulted in a remarkable inhibition of the [Ru(bipy)s]** dye. Small or
poorly coordinating anions induced moderate or negligible inhibitions of [Ru(bipy)s]*
release. The delivery observed was clearly related with the ability of the anion to form
complexes with the Zn(ll)-dipicolylamine groups and with the size and charge of the
anion.

1. Introduction

Since some years ago the design of systems able to deliver their cargo in a
controlled fashion had been a very active research field. The controlled delivery of
certain compounds such as drugs is of crucial interest in many scientific disciplines
including biology, pharmacology and medicine. In particular a great amount of new
delivery dispositives using several strategies have been developed. For instance,
microcapsules,[1] micelles,[2] vesicles,[3] dendrimers[4] or polymeric matrixes[5]
have been extensively employed for controlled release of target guests.

Silica mesoporous supports (SMPS) were discovered at the end of the past
century and were some years later used as a new platform for the design of new cargo
storage and delivery scaffoldings.[6] This interest was mainly related to the unique
characteristics of SMPS such as their high surface area, thermal stability, the presence
of tunable pore sizes, homogeneous pore distribution and easy modification via diverse
functionalization chemistries.[7-11] The first silica mesoporous-based system used in
controlled release applications of chemical species was reported by the Vallet-Regi
research group.[12] In this seminal study a MCM-41 scaffold was loaded with
ibuprofen as a model compound and the drug delivery kinetics was studied. In further
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studies by the same authors and other groups it was observed that the functionalization
of the inner surface with selected organic moieties could control the amount of loaded
cargo and also control the delivery rate via supramolecular interactions between the
guest and the surface-anchored organic moieties.[13] However this approach shows
certain limitations related with the premature release of the entrapped cargo and with
the proper design of systems able to show of both selective molecule accommodation
and appropriate sustained delivery.

Moreover, in a further advance in this field, it was demonstrated that it is
possible to incorporating in the external surface of SMPS functional groups capable of
being opened or closed at will. This has been recently resulted in the design of gated-
SMPS showing “zero delivery” and capable to release their cargo on-command in
response to specifically designed external stimuli.[14-16] The first gate-like hybrid
material was developed by Fujiwara et al.[17] Their innovative system was able to
control cholestane and other molecules transport by irradiation with the appropriate
light. Since then, and using a similar approach, different gated-SMPS have been
described which can be classified depending on the external stimulus used to trigger
cargo delivery. In particular nowadays gated materials responding to light,[18-20] redox
reactions,[21-23] pH,[24-26] changes in polarity,[27] temperature[28-30] and certain
bio-molecules[31-33] as stimuli have been reported.

Apart of the obvious use of these materials in drug delivery applications gated
supports have also been applied to the design of chromo-fluorogenic probes. In this case
the mesoporous solids are used as reservoirs for dyes, and equipped with molecular
entities (gates) that controlled the release of the entrapped cargo.[34] The central idea
relies on the fact that coordination or reaction of the target analyte with the binding sites
(which are the gate-keepers of the molecular gates) could modulate the transport of the
entrapped indicator from the pores to the solution allowing for instance chromo- and/or
fluorogenic assessment. In this context two basic approaches could be considered. In the
first case there is an open gate-like system that is able to deliver the entrapped dye to the
solution and that is selectively closed in the presence of certain species in the solution.
In a second and more advanced protocol, the gate is initially closed and only upon
addition of the target analyte is it selectively opened, allowing the release of the
entrapped dye resulting in a chromo- and/or fluorogenic event. This approach using
gated ensembles detach the recognition step from the signaling event, therefore making
signaling independent of the host—guest stoichiometry and enabling signal
amplification.[35-37] The latter is due to that fact that the presence of a few target
molecules can induce the release of a large number of fluorescent molecules. This
strategy harbors enormous potential for the development of novel signaling systems
with enhanced features and it is highly flexible given the possible selection of different
porous supports, diverse guest-selective binding sites (molecular gates) and a wide
range of indicators. Following this gated approach hybrid sensory materials for the
recognition of ATP,[38-41] long chain carboxylates,[27] methylmercury,[42]
borate,[43] sulfathiazole,[44] oligonucleotides,[45] anionic surfactants,[46] nerve agent
simulants,[47] finasteride,[48] nitroaromatic explosives,[49,50] mycoplasma,[51]
thrombin,[52] TATP,[53] glucose,[54-57] adenosine[58] and certain cations[59-61]
have been described recently.

The above examples, for sensing or drug delivery, show the appearance of
synergistic features arising from the combination of solid structures and suitable
functional groups. In these systems surface functionalization is a key issue. Moreover,
apart of designing systems able to control the opening or close of the pores, it is also
possible to include molecular obstacles at the pore outlets able to modulate mass



transport at nanometric level.[62] Besides, bearing in mind that it is possible to include
chemical modification of the inner pore surface with the objective of guest loading in
the pore voids, the use of functionalized mesoporous supports is a promising platform
for the design of more complex delivery systems in which the events of guest loading
(via functionalization of the inner pores), on-command delivery (via anchoring capped
or gated ensembles) and modulation of the delivery rate (via incorporation of molecular
obstacle at the pore outlets) can be envisioned.

Within this background there are very few work related with the use of metal
complexes in mesoporous materials for the design of systems able to control cargo
delivery via the interaction of the attached complexes with certain anions. In this
particular context we have focused our attention to potentially control the delivery in
SMPS via the chemical modification of the pore entrances by covalent bonding of a
complex (i.e. Zn(I1)-2,2’-dipicolylamine) as model barrier. It was expected that the
presence of different anions able to coordinate with the complexes at the external
surface could lead to changes in guest delivery from the inner pores to the solution,
allowing a tuned release of the cargo. This effect has been studied through the delivery
of a model compound (the [Ru(bipy)s]** dye probe). Small anions were unable to block
the pores whereas larger anions (ATP, ADP, pyrophosphate and phosphate) induced
several degrees of dye release inhibition.

2. Experimental section

2.1. General methods: Powder X-ray diffraction, TG analysis, and N, adsorption-
desorption techniques were used to characterize the prepared materials. X-ray
measurements were carried out using a Philips D8 Advance diffractometer using CuKa
radiation. Thermo-gravimetric analyses were carried out on a TGA/SDTA 851e Mettler
Toledo balance, using an oxidant atmosphere (air, 80 mL/min) with a heating program
consisting of a heating ramp of 10 K per minute from 293 K to 1273 K and an
isothermal heating step at this temperature for 30 minutes. N, adsorption-desorption
isotherms were recorded with a Micromeritics ASAP2010 automated sorption analyzer.
Samples were degassed at 393 K in vacuum overnight. Specific surface areas were
calculated from the adsorption data in the low pressures range using the Brunauer-
Emmett-Teller (BET) model. Pore size was determined following the Barret-Joyner-
Halenda (BJH) method. TEM images were obtained with a 100 kV Philips CM10
microscope. UV-visible spectroscopy was carried out on a Lambda 35 UV/Vis
Spectrometer (Perkin Elmer Instruments) at 298 K. Fluorescence spectroscopy studies
were carried out at 298 K with a Jasco Spectrofluorometer FP-8500 and with a Felix 32
Analysis, version 1.2 (Build 56) PTI (Photon Technology International). 1D NMR
spectra were obtained on a Bruker AVANCE III 400 MHz Spectrometer, where *H
NMR spectra were recorded at 400 MHz at 298 K, while *C NMR spectra were
recorded at 100 MHz at 298 K. The NMR samples were dissolved in deuterated
solvents purchased from Cambridge Isotope Labs or Sigma-Aldrich, and TMS or the
residual solvent were used as internal standard. Electron impact ionization mass
spectrometry (MS-EI) was performed on a Thermo Finnigan MAT SSQ710 single stage
quadropole instrument. Matrix-assisted laser-desorption/ionization mass spectrometry
was performed on a Bruker Autoflex 111 Smartbeam mass spectrometer, utilizing a 2,5-
dihydroxybenzoic acid (DHB) matrix.

2.2. Chemicals: The chemicals tetraethylorthosilicate  (TEOS)  (98%),
n-cetyltrimethylammonium bromide (CTAB) (=99 %), sodium hydroxide (>98%),
triethanolamine (TEAH3) (>99%)), tris(2,2’-bipyridyl)dichlororuthenium(Il) hexahydrate



([Ru(bipy)s]Cl,-6H,0) (100%), 2,2’-dipicolylamine (1), (3-iodopropyl)trimethoxysilane
(2) and Zn(NO3), were provided by Sigma-Aldrich and used as received. Sodium salts
of fluoride, chloride, bromide, iodide, acetate, benzoate, sulfate, nitrate, phosphate,
pyrophosphate, AMP, ADP, and ATP were purchased from Sigma-Aldrich. Analytical-
grade solvents were purchased from Scharlab (Barcelona, Spain). All reagents were
used as received.

2.3. Synthesis of the mesoporous silica nanoparticles: NaOH (2.00 mol L?, 3.5 mL)
was added to a solution of CTAB (1.00 g, 2.74 mmol) in deionized H,O (480 mL). The
solution temperature was adjusted to 80°C and then TEOS (5.00 mL, 2.57 x 10 mol)
was added dropwise to the surfactant mixture. The mixture was stirred for 2 h to give a
white precipitate. The solid was isolated by centrifugation and washed with deionized
H,0O and EtOH and then dried at 60°C for 12 h to give MCM-41. In order to remove the
template phase, MCM-41 was calcined at 550°C using an oxidizing atmosphere.

2.4. Synthesis of 3: 2,2’-dipicolylamine (1, 90.3 uL, 0.5 mmol) and (3-
iodopropyl)trimethoxysilane (2, 98 uL, 0.5 mmol) were dissolved in anhydrous toluene
(10 mL) and degassed under an argon atmosphere. Then, triethylamine (100 pL) was
added to the mixture and the crude was refluxed for 16 h. Afterward toluene was
eliminated in a rotary evaporator and the orange sticky oil dissolved in chloroform (20
mL) and washed with water (2 x 20 mL). The organic layer was then dried with Na,SO,
and eliminated with a rotary evaporator. This afforded the final product 3 as orange oil
(162.7 mg, 0.45 mmol, 90% yield). *H NMR (400 MHz, CD,Cl,): 6 = 0.42 (t, 2 H), 1.71
(m, 2H), 2.52 (t, 2H), 3.31 (s, 9H), 4.32 (s, 4H), 7.12 (t, 2H), 7.36 (d, 2H), 7.62 (t, 2H),
8.42 (d, 2H); *C NMR (100 MHz, CD,Cl,): 6 = 9.2, 29.5, 47.1, 50, 124.2, 137.6, 148.2,
148.6, 154.1; HRMS-EI m/z: calcd for C1gH»7N303Si 361.1822; found: 361.1827.

2.5. Synthesis of Spyr: In a typical synthesis, template-free MCM-41 (1 g) and
[Ru(bipy)s]Cl,-6H,0 (570 mg, 0.76 mmol) were suspended in acetonitrile (40 mL) in a
round-bottomed flask. To remove the adsorbed water, 10 mL of acetonitrile were
distilled off using a Dean-Stark set-up. Then, the mixture was stirred for 24 h at room
temperature for the purpose of achieving maximum loading in the pores of the MCM-41
scaffold. Afterwards an excess of compound 3 (450 mg, 1.25 mmol) was added to the
reaction mixture, and the suspension was stirred for 5.5 h. Finally, the orange-yellow
solid (Spyr) was collected by filtration.

2.6. Synthesis of SZn: Solid Spyr (477 mg) was suspended in an acetonitrile solution
(40 mL) that contains [Ru(bipy)s]Cl,-6H,0 (286 mg, 0.38 mmol) in order to minimize
the leaching of the [Ru(bipy)s]**dye from the pores of solid Spyr. Then, Zn(NO3), (580
mg, 2.3 mmol) was added and the suspension stirred at reflux for 1 h in order to obtain
the Zn(l1)-dipicolylamine complex. Afterwards, the final solid SZn was collected by
filtration and washed with acetonitrile.

3. Results and discussion

3.1. The gated material: The prepared hybrid solid is schematically shown in scheme
1. The MCM-41 mesoporous support was obtained, via well-known procedures, from
tetraethyl orthosilicate (TEOS) as inorganic precursor and n-cetyltrimethylammonium
bromide (CTAB) as a porogen species.[63] The surfactant was removed by calcination
to obtain the final MCM-41 starting material. The solid was then loaded with
[Ru(bipy)s]**, as suitable fluorophore, and the outer surface functionalized with the



2,2’-dipicolylamine trialkoxysilane derivative 3 yielding solid Spyr. Following this
grafting procedure, the silane groups are preferentially attached to the external surface
rather than to the inside of the mesopores, which contain the [Ru(bipy)s]** dye. In a
second step, the Zn(I1)-3 complex was formed simple by adding Zn(NOgz), to an
acetonitrile suspension of solid Spyr which contain also the [Ru(bipy)s]** dye (in order
to minimize their leaching from the inner of the pores). This yielded the final material
SZn that was moderately washed (in order to avoid the complete release of the
entrapped dye) with acetonitrile before being dried overnight at 36 °C.
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Scheme 1. Schematic representation of solids Spyr and SZn (a), mechanism of the
anion tuned [Ru(bipy)s]** dye release (b) and synthesis of 2,2’-dipicolylamine
derivative 3 (c).

Compound 3, used in the preparation of the final material, was obtained in good
yield through a nucleophilic substitution reaction between 2,2’-dipicolylamine (1) and
(3-iodopropyltrimethoxysilane (2) in the presence of triethylamine (see Scheme 1). The
'"H-NMR spectra of 3 showed the typical signals of the monosubstituted pyridine
heterocycles in the 7.0-8.5 interval whereas the propyl chain that linked the tertiary
nitrogen and the silicon atoms appeared at 2.52, 1.71 and 0.42 ppm. Two singlets
centered at 4.32 and 3.31 ppm were ascribed to the methylene unit that linked the
monosubstituted pyridines with the tertiary nitrogen atom and to the methoxysilyl
subunits.

3.2. Materials characterization: The starting MCM-41 material and solid SZn were
characterized by conventional solid state procedures. The mesoporous structure of the
MCM-41 material was confirmed by powder X-ray diffraction (PXRD) and
transmission electron microscopy (TEM) techniques. Figure 1 shows the PXRD pattern



of the MCM-41 as-synthesized, MCM-41 calcined, and that of the final solid SZn. The
PXRD of siliceous MCM-41 as-synthesized (curve a) shows four low-angle reflections
typical of a hexagonal-ordered array which can be indexed as (100), (110), (200), and
(210) Bragg peaks. A shift of the (100) reflection and a remarkable broadening of the
(110) and (200) peaks in the PXRD of the MCM-41 calcined was observed (curve b).
This corresponds to an approximate cell contraction of ca. 6-8 A during the calcination
step. Despite this partial order loss, the fact that the overlapped (100), (110) and (200)
reflections were still observed indicates that the mesopore symmetry is preserved after
calcination. The PXRD of the final solid (SZn, curve c) only displayed the (100)
reflection. For this solid, peaks (110) and (200) were lost, most probably relating to a
reduced contrast because of the pore voids filling with the ruthenium complex.
Nevertheless, the clear presence of the (100) peak in this pattern indicate that the
loading and functionalization process did not substantially modify the mesoporous
structure of the final supports.
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Figure 1. Small-angle PXRD patterns of as-synthesized MCM-41 (a), MCM-41
calcined (b), and the final solid SZn (c).

Figure 2. TEM images of a) MCM-41 calcined and b) the final solid SZn showing the
typical porosity of the MCM-41 matrix.



The presence of the mesoporous structure in the final functionalized solids was
also confirmed by TEM analysis, in which the typical channels of the MCM-41 matrix
are seen (Figure 2) as black and white stripes. TEM images also show that the final
solid SZn was obtained as nanoparticles of ca. 100 nm.

The N, adsorption-desorption studies of the MCM-41 calcined and the final SZn
materials were also carried out (see Figure 3). The MCM-41 calcined sample showed a
typical curve for this mesoporous support, consisting of an adsorption step at an
intermediate P/P, value (0.1-0.3). These isotherms could be classified as type 1V,
characteristic of mesoporous materials in which the observed step deals with nitrogen
condensation inside the mesopores. Pore size distributions (PSD) of these samples, was
calculated by employing the Barret-Joyner-Halenda (BJH) method.[64] The narrow
BJH pore distribution and the absence of a hysteresis loop in this interval suggest the
existence of uniform cylindrical mesopores (pore diameter of 2.76 nm and pore volume
of 0.9 cm® g calculated by using the BJH model on the adsorption branch of the
isotherm). Application of the Brunauer—Emmett—Teller (BET) model resulted in a value
of 1045.7 m? g™ for the total specific surface (see Table 1).[65] From the PXRD,
porosimetry, and TEM studies, an ao cell parameter value of 4.62 nm and a wall
thickness of 1.86 nm were calculated.
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Figure 3. Nitrogen adsorption-desorption isotherms for MCM-41 calcined (a) and SZn
solid (b).

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

Sample S?ET BJH Total Pore
[m*g™]  Porel Volume!™
[nm] [cm® g
MCM-41 1045.7 2.76 0.90
SZn 672.3 2.56 0.51

[a] Pore volumes and pore sizes were associated with only intraparticle mesopores.
[b] Pore size estimated by the BJH model applied to the adsorption branch of the isotherm.

In contrast with the MCM-41 starting material the N, adsorption-desorption
isotherm of solid SZn is typical of a mesoporous system with partially filled mesopores
and a decrease in the N, volume adsorbed, specific surface area and specific volume is



observed (see Table 1). This reduction in the BET surface, when compared with that of
the MCM-41 support, is attributed to the loading of the pores with the ruthenium(ll) dye
and to the functionalization of the external surface with the Zn(11)-3 complex.

The content of the [Ru(bipy)s]** dye, 2,2’-dipicolylamine derivative 3 and
Zn(11)-3 complex was determined by thermogravimetric and elemental analysis (see
Table 2). Formation of Zn(ll) 2,2’-dipicolylamine complex was also assessed by EDX
measurements that confirmed the presence of zinc in final SZn solid.

Table 2. Content () of anchored molecules and dye in mmol g™ of SiOs.

OLRu(IN) a3 Qzn(1y-3
Solid [mmol g™ SiO,] [mmol g™ Si0,] [mmol g™ SiO,]
Spyr 0.56 0.32
SZn 0.54 - 0.30

3.3. Dye release studies in the presence of anions: The release of the ruthenium(ll)
dye complex entrapped in the porous network of SZn material was tested in water at pH
7.0 alone and in the presence of selected anions (F', CI', Br, I, AcO", BzO", SO,*, NO3,
PO,*, P,O/*, ATP, ADP and AMP). In a typical assay, 1 mg of solid SZn was
suspended in 3 mL of water at pH 7.0 in the presence of the corresponding anion (at
concentrations of 1.0 x 10 or 1.0 x 10 mol L™, vide infra) at 25 °C. Delivery of the
dye to the bulk solution was easily detected by monitoring the d-r metal-to-ligand
charge transfer (MLCT) transition band of the [Ru(bipy)s]** complex at 453 nm in the
solution.[66,67] The UV-visible spectra were measured after 60 minutes upon the
addition of the corresponding anion in order to allow a complete dye delivery.
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Figure 4. UV-visible of the [Ru(bipy)s]** complex released from solid SZn (1 mg in 3
mL of water at pH 7.0) in the presence of selected anions at 1.0 x 10° mol L™ after 60
minutes.

Figure 4 shows the UV-visible spectra of the [Ru(bipy)s]** complex released
from solid SZn in the presence of selected anions at a concentration of 1.0 x 10° mol L~



! after 60 minutes. No changes in dye delivery were observed in the presence of F, CI,,
Br, I, AcO’, BzO", SO,* and NO3 (data not shown) whereas in contrast the presence in
the solution of phosphate, pyrophosphate, AMP, ADP or ATP induced some
[Ru(bipy)s]** delivery inhibition. The interaction of these anions (i.e. ATP, ADP, AMP,
pyrophosphate and phosphate) via electrostatic or coordinative forces with the Zn(11)-3
complex on the external surface of the mesoporous nanoparticles are most likely the
cause of this behavior. In fact the interaction of Zn(Il)-dipicolylamine complexes with
both organic and inorganic phosphates is well documented and for instance has been
extensively used for the preparation of selective fluorogenic probes for these anions.[68-
77] Moreover, in order to test the effect of the concentration of the anions on the
[Ru(bipy)s]** dye release behavior of the SZn material additional experiments were
carried out using anions at a concentration of 1.0 x 10 mol L™. In this case nearly the
same inhibition trend for solid SZn was observed (vide infra). However, the inhibition
in dye release is in this case slightly higher due to the use of more concentrated anion
solutions that results in a larger interaction with the positively charged Zn(Il)-3
complexes in SZn. In particular, the higher inhibition of [Ru(bipy)s]** delivery (61%)
was observed in the presence of ATP anion, whereas ADP, AMP, pyrophosphate and
phosphate also induced remarkable pore blocking. The other anions tested induced
small pore blocking indicating again a poor coordination with the anchored complex.
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Figure 5. Left: UV-visible of the [Ru(bipy)s]** complex released from solid SZn in the
presence of increasing quantities of ATP after 60 minutes. Right: Absorbance of the
[Ru(bipy)s]** complex at 453 nm released from SZn solid upon addition of increasing
quantities of ATP after 60 minutes.

In a further study ATP was selected for a more detailed dye delivery inhibition
study. In a typical experiment, SZn nanoparticles (1 mg) were suspended in water at pH
7.0 (3 mL) and then, different quantities of ATP were added and the delivery of the dye
to the bulk solution was again easily detected via monitoring the [Ru(bipy)s]**
absorbance at 453 nm. As an example, the curve obtained in the presence of increasing
amounts of ATP to SZn suspensions is depicted in Figure 5. As it can be seen, the
absorbance at 453 nm decreased upon the increase of the ATP concentration. From the
calibration curve of ATP (see Figure 5) it can be established that concentration larger
than 25 uM for this anion are able to start to induce an important cargo release
inhibition.

A closely view to the modulation of the [Ru(bipy)s]** release from solid SZn in
the presence of selected anions showed certain general trends. In particular it is apparent



from the observed results that dye delivery is a combination of several effects; the
coordination affinity of a certain anion for the Zn(l1)-3 complexes, the size and charge
of the anions and the possibility to form hydrogen bonding interactions. The first effect
can be seen for instance when the delivery behavior in the presence of sulfate and
phosphate is compared. Thus, although both anions have a similar size only phosphate
is able to induce some cargo delivery from SZn. This is not a consequence of the charge
of the anion (sulfate exists at neutral pH as a dianion SO,*, whereas phosphate is as a
mixture of H,PO, and HPO4* species), but is tentatively related with the different
coordinating ability of the anion with the Zn(l1)-3 core. In fact phosphate has been
reported to display a high affinity for Zn(l1)-3-like complexes.[68-77] Moreover the
effect of the anion size (and charge, vide infra) can be observed when the anion series
phosphate, pyrophosphate, AMP, ADP or ATP is compared. In this case all these anions
have been reported to form complexes with Zn(l1)-3-like complexes and the different
cargo release is related with their different size; i.e. larger anions trend to induce a
larger delivery inhibition at a certain concentration. This relationship between the size
of the anions and the observed dye release is clearly observed in Figure 6 that shows the
absorbance at 453 nm of the [Ru(bipy)s]** complex in the presence of selected anions
(at 1.0 x 10 mol L) after 60 minutes vs. their diameter (considering the anions as
smooth spheres).[78] A nearly linear relationship between the absorbance at 453 nm
(directly related with the amount of [Ru(bipy)s]** released) and the anion diameter is
observed.
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Figure 6. Absorbance of [Ru(bipy)s]** complex released from solid SZn (measured at
453 nm) upon addition of the correspondent anion (1.0 x 102 mol L™) vs. diameter of
the anion.[78]

The charge of the anion is also an important factor that modulated the release of
[Ru(bipy)s]** complex. At pH 7.0 phosphate anion is in the H,PO4 and HPO,* forms
(with an average charge of -1.38) whereas pyrophosphate is a mixture of H,P,0;* and
HP,0;* (with an average charge of -2.72). In the case of nucleotides, at pH 7.0 there are
mixtures of ATP*/ATP*, ADP*/ADP? and AMP*/AMP" forms. Figure 7 shows the
[Ru(bipy)s]** complex released (from the absorbance measured at 453 nm) vs. the
average charge of the inorganic and organic phosphates tested at a concentration of 1.0
x 107 mol L™. As seen there is a clear linear relationship between the average charge of



the anion and the absorbance of the [Ru(bipy)s]** complex released from solid SZn. The
more the negative charge the higher the inhibition degree. In particular, ATP (with an
average charge of -3.7 at pH 7.0) induced the higher pore blockage whereas
pyrophosphate and ADP (with a similar average charge) are able to release similar
quantities of [Ru(bipy)s]** complex. On the other hand, AMP and phosphate presented
the lower average charges and, as a clear consequence, induced smaller pore blockage.

0.281 phosphate =

0.26
0.24
0 22_ = AMP

0.20

Absorbance (453 nm)

pyrophospate
1 *ADP
0184 A1p

0.16 T T T T T T T T T T T
-4.0 -35 -3.0 -25 -20 -15 -1.0
Average anion charge

Figure 7. Absorbance of [Ru(bipy)s]** complex released from solid SZn (measured at
453 nm) upon addition of the correspondent anion (1.0 x 10 mol L™) vs. average anion
charge.

In addition, the different inhibition degree for phosphate and pyrophosphate
observed in Figure 7 could be also related, not only to their difference in charge and
size, but also to the difference in the possibility of building a hydrogen-bond network
around the pore outlets. At this respect, at pH 7.0 pyrophosphate has more reactive
points able to give hydrogen bonds than phosphate. The formation of a dense monolayer
of pyrophosphate anions, coordinated with the Zn(Il)-3 core and interconnected through
additional hydrogen bonds could induce a severe pore blockage with the subsequent
inhibition of [Ru(bipy)s]** complex release.

4. Conclusions

The study of new protocols for controlling cargo release from mesoporous materials is a
captivating area for scientists due to its possible impact in the development of new
technologies for delivery applications. In particular we have reported herein the
preparation and characterization of a new organic-inorganic gated hybrid material SZn.
This material consists of a mesoporous MCM-41-like structure loaded with the
[Ru(bipy)s]** dye and functionalized, in the external surface, with Zn(11)-dipicolylamine
complexes. Solid SZn is able to release the entrapped [Ru(bipy)s]** dye when
suspended in water solution at pH 7.0 because the Zn(Il)-dipicolylamine complexes are
too small to induce pore blockage. The dye release could be modulated by the addition
of anions with different sizes. In particular organic (such as ATP, ADP and AMP) and
inorganic (phosphate and pyrophosphate) phosphates are able to induce a inhibition of
[Ru(bipy)s]** dye release due to the formation of complexes between these anions and
the grafted Zn(l1)-dipicolylamine moieties. Maximum delivery inhibition was observed



for the bulky and highly charged ATP anion. The obtained results suggest that SZn or
very similar gated solids (functionalized on the external surfaces with different metal
complexes) could be used for the preparation of new materials able to control cargo
delivery via their interaction with selector anions in the solution.
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