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ABSTRACT

This study reports on the preparation of aerogel aerogel-like nanoparticles and
their impregnation, by following a procedure in stgitical carbon dioxide, with two
different organic molecules with distinguished ftioalities. Specifically, a photoactive
molecule (triphenylpyrylium cation) was encapsudaite the restricted pores of silica aerogel
and 300 nm silica nanoparticles, while a drugl{sél and its metabolite, called HTB) was
entrapped in silica aerogel and compositeCE@SiO nanoparticles. Excellent hybrid
materials were obtained, improving the stability thie cation in water solutions and
enhancing the bioavailability of the therapeutieratg
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INTRODUCTION

Aerogel and aerogel-inspired nanostructured maderae receiving considerable
attention due to their broad variety of applicasioilica aerogels have been used in such
different fields as construction or nanomedicinteisl well known that these systems are
provided with a large intrinsic and accessible piyo Typically, pore sizes range from less
than 2 nm up to 300 nm. The properties of aerogals be further enlarged and their
applications broaden after being functionalizechvahother substance. In order to ensure a
suitable environment for hosting, silicon oxide tsokave to meet some requirements: high
specific surface areas allowing molecules accomtnm@and appropriate chemical groups to
react with in case a stabilization of the guestsaitice is desired. One of the most interesting
features of these hybrid compounds is the podssiliti tune the release profile of the guest
molecule depending on the nature of host-guest agnmteractions. The same matrix can
promote the stabilization of unstable moleculesoarthe contrary, make the discharge of the
molecules that it is carrying easier.

The work we are presenting here focuses on theap®pn, characterization and
comparative analysis of several hybrid nanostrectunaterials based on silica matrices and
organic guest molecules. Three silica-based pomasices have been evaluated namely
silica aerogel, [1] silica nanoparticles [2] andmmosite FeO,@SiO, nanoparticles. [3] The
impregnation of these matrices with two differengamic molecules was carried out by their
dissolution in supercritical carbon dioxide. In i@arlar, we will report on the utilization of
aerogels and aerogel inspired materials as pesfestéms to stabilize photoactive cations [4,



5] or to carry and enhance the bioavailability ofharapeutic agent. [6] To quantitatively
monitor the release profile UV-Vis control and HPh@Galysis were performed.

MATERIALSAND METHODS

Materials

The syntheses of the used matrices are fully rde=t elsewhere. [1-3] The
prepared materials (Table 1) consist in: i) tramspt(aerogel monoliths) cylinders (AM
samples) of about 0.8 x 2.4 cm and a density of Kgin®, (ii) white, spongy and
homogeneous aerogel-like powder (AP samples) coetpas monodispersed spherical
nanoparticles of ~ 300 nm diameter and 9 % polyatisipy, and (iii) 65 nm composite
Fe;0,@Si0O, magnetic particles with 19 % polidispersity(CP géas).

Table 1. Schematic representation of the prepared matrisgsthetic method, specific
surface area calculated by Bdsorption/desorption isotherms and encapsulatédcules by
scCQ in each case.

Sample Preparation S Impregnated Impregnated
identification Sketch method (m?g) organic sample
molecule identification
Simultaneous sol
. el and
SiO, Aerogel- 9 . .
like NPs (AP) supercritical 204.9 Pyrylium PY@AP

acetone drying

Sol-gel and later 433.4  Pyrylium Py@AM

SiO; Aerogel & o0
2 &Ly supercritical Triflusal TRF@AM

monoliths

(AM) methanol drying

Fe;0,@SIG Simultaneous sol-

composite | gel and 160.0  Triflusal TRF@CP
NPs (CP) supercritical

acetone drying

The photoactive molecule chosen to be stabilizethen matrices was the organic
cation 2,4,6- triphenylpyrylium (BRY', Py). [7, 8] The precursor used for its impregnation
was the diketone 1,3,5-triphenyl-2-pentene-1,5-€liorCommercially available 2,4,6-
triphenylpyryl tetrafluoroborate (RRyBF,;, c-Py) was purchased by Aldrich and used as
reference for comparisons with encapsulated prediibe drug used for impregnation was 2-
acetyloxy-4-(trifluoromethyl) benzoic acid (TRF,iflusal). Moreover, the metabolite of
triflusal (4-(trifluoromethyl) salicylic acid, HTB)was also analyzed. [9] TRF and its
metabolite HTB were kindly donated by Uriach S.8pain. Carbon dioxide (99.995%) was
supplied by Carburos Metalicos (Spain).

Equipment and procedure

Before impregnation and to ensure the total adtwabf the specific surface area in
the host matrices, all of them were first calcidate 300°C during 2 h in a tubular oven under
a N\, atmosphere. Subsequently, the matrices were atioscartridges made of 0.45 mm
pore size paper, thus avoiding direct contact witle solutes. Pressurization and



depressurization cycles were carried out avoiding tormation of liquid C@ in the
autoclave, which could damage the fragile porouscsire of the aerogels and aerogel like-
particles.

scCQ impregnation of P¥Py": Supercritical impregnation of pyryl cation was
performed in batch mode in a high pressure equipuohescribed elsewhere. [5, 10] Typically,
liquified CO, was compressed by a syringe pump and deliveradtd L autoclave equipped
with a vertical magnetic stirrer. The reactor wiast fcharged witlca. 0.5 g of the matrix in
the form of either AM or AP, and the precursor bk tguest material (diketone) in a
proportion of 20 wt%. The approach followed asssitiat the cation synthesis proceeds in
two steps: (i) diffusion at 150 bar and 60 °C,dwaléd by (ii) condensation at 130-150 °C,
performed separately in timBuring the process, the autoclave was stirred @trgt.

scCQ impregnation of TRFExperiments to encapsulate the drug were cartgdno
a high pressure equipment running in the batch ndetksled previously. [11, 12] In a typical
experiment,ca. 0.2 g of the matrix of either AM or CP were pladeda 100 mL reactor
(TharDesing), whom contained triflusal in a propmrtof 50 wt%. The autoclave was heated
up to 45°C and then pressurized with,&D200 bar. The system was stirred at 350 rpm and
these conditions were kept during 5 h and 30 min.

Characterization

To make the morphological and structural charazaéion of the synthesized matrices,
micrographs were obtained with a transmission elaaticroscopy (TEM) JEOL JEM-1210
operating at 120 kV. The BET specific surface gf®awas determined by Nadsorption—
desorption measurements at 77 K using an ASAP R00Bmeritics Inc. instrument. Prior
to measurements, samples were dried under a reguessure. The conditions used were 300
°C over 24 h for aerogel particles and 100 °C @4eh for aerogel monoliths. To confirm the
presence of the impregnated agent in the treate@rimia, Fourier transformed infrared
(FTIR) spectra of the solid samples mixed with KBere recorded on a Perkin-Elmer
Spectrum One instrument. Materials impregnated thightherapeutic agent were analyzed by
X-Ray diffraction and microdiffraction (XRD, Siem&m5000 X-ray powder difractometer,
Microdiffratometer type) to confirm the desirablbsaense of drug crystals as well as the
crystallinity of magnetite nanopatrticles in CP s#éaspThermogravimetric analysis (TGA) of
the modified silicas was performed in Ar using aATBerkinElmer 7 and a heating rate of 10
°Cmin’ to evaluate loading efficiencies.

The matrices impregnated with the photoactive mdéegvere immersed in distilled
water (pH = 6.5) for 12 days and exposed to nafight to evaluate their leaching behavior
by UV-Vis spectroscopy (Cary 5 Varian UV/vis/NIResprophotometer).

The delivery profiles of matrices impregnated wiiHusal were characterized in water using

0.01M HCI (pH 2) and 0.01M HC£YCOs* (pH 7.4) solutions, which simulated the stomach
and blood plasma pHs respectively, and using highd pressure chromatography (HPLC).

Stirring rate and temperature were fixed at 70 gma 37°C, respectively. The kinetic process
was monitored following a reported procedure. [11]

RESULTS

M orphological characterization

Transmission electron microscopy images of raw icedrare presented in Fig. 1 (a, b,
c). All the synthesized nanoparticles (NPs) wellgesipal in shape and possessed narrow size
distributions. Photographs at macroscopic scale appear in Fig. 1(e-h) Fig. 1(e, f) shows
magnetic samples readily following a magnet (see Fe, f).



Figure 1. TEM images of a) magnetite NPs, bGg2Si0, composite NPs (CP), ¢) SiO

NPs (AP), and d) Si©aerogel monolith (AM) and their respective optipaltographs: e)

magnetite colloidal dispersion with a magnet, f) @ powder with a magnet, g) AP dry
powder and h) AM block.

After impregnation with the photoactive moleculee ttoloration of the resulting host
materials was used as a first visual indicatiothefdegree of success in the reaction (Fig. 2).
The precursor of the guest molecule (diketone) ezdsrless, and only after cation formation
a color appeared associated with absorption iwitiele range. While the matrix was initially
either transparent (AM in Fig. 2a) or white (AP Fig. 2c), the adsorption of the organic
cation was noticeably visible from the resultindlg®/orange color of the formed product
(Fig. 2b, d). The uniform color of the pyrylium imggnated AM material is appreciated
(sample PY@AM in Fig. 2b), indicating that diffusion of thegrursor was homogeneous
throughout the sample.

Figure 2. Optical photographs of: a) pristine monolithic ago(AM) and b) impregnated
sample PY@AM; c) pristine aerogel particles (AP) and d) iegmated sample P@AP.

FTIR spectroscopy

In FTIR spectroscopy, absorption bands ofMBBF, appear between 1550 and 1650
cm* (a pick at 1625 cif and a shoulder at 1600 ch [13, 14] The results obtained for the
encapsulated products matched these characteriggeks (Fig. 3a), demonstrating a
successful formation of the pyryl cation during theercritical impregnation process. The
lack of C=O vibration bands at 1680-1650 tmypical from the diketone precursor,
indicates moreover a high degree of transformation.
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Figure 3. FTIR spectra of a) pristine matrices, commerciafFBF, and impregnated
matrices with pyrylium, and b) pristine matricespnonercials TRF and HTB and
impregnated matrices with TRF.

Absorption peak found at 1770 €nfFig. 3b) is assumed as the most characteristic
band of Triflusal, that corresponds to C=0 stretghj12]. In the sample TRF@AM, the
presence of the drug was demonstrated by this Isigi#R bands at 1630, 1580 and 1505
cm’® come also from TRF and HTB spectra. The first omenot be used to identify the
impregnated materials because it overlaps withbtred of the absorbed water (see pristine
matrices in Fig. 3b), the others bands were in GRF@AM and TRF@CP samples. This
indicates a proper encapsulation of the drug. &ethat peak considered as specifically TRF
did not appear for impregnated composite NPs, mdigate that the drug was decomposed to
HTB, an active hydrated metabolite of the TRF, tluea larger amount of water present in
the untreated particles in comparison with the gelroonolith.

Thermo gravimetric analysis

Thermogravimetric profiles of the pristine matriasd commercial guest molecules
are shown in Fig. 4a and b, respectively. Partteutgstems had an initial weight loss of ~ 2-
7 wt% at temperatures lower than 150 °C, correspgrid the evaporation of adsorbed water
(Fig. 4a). In the monolithic aerogel curve, howewbere was no decay in this temperature
range, which confirms that nanoparticles accomnedadre water than monolith. In the
temperature range 150-400 °C, the weight loss tveated AM was insignificant, while for
silica aerogel-like and composite NPs, althoughamiit was measurabled. 0.5-1 wt%).
Aerogel matrices also loss weight at temperatuigtseln than 450-500 °C because of material
densification, and the reaction between silanoligsoand the associated loss of water.

Commercial P¥PyBF, shows a decomposition profile characterized by arum
weight loss between 240 and 325 °C with its maximslape at 300 °C, while triflusal
decomposes in two steps, from 150 to 250 °C (IgopsiB5 wt%) and in the temperature range
of 250 and 360 °C, where the rest of the compousidtdgrates (Fig. 4b).

AP matrix impregnated with the pyryl cation loosedter at temperatures lower than
180 °C, while the mass decay at temperatures htghar200 °C was associated with the loss
of the encapsulated Ry (see Fig. 4c). When the cation is entrapped inagregel (AM),
its decomposition occurs between 250 and 400 °Giman slope at 350 °C), as can be seen
in Fig. 4c. This result indicates that thesPyi cation inside the nanopores presented a higher
thermal stability than in the BlRyBF, salt.
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Figure 4. TGA curves of a) pristine matrices, b) commercial" Ration and TRF
antiaggregant, c) samples obtained after impregmatiith pyrylium and d) with triflusal.
Curves labeled as d(guest@matrix) are the deriesitdf the respective TGA curves.

For the samples impregnated with the therapeutientagboth the aerogel and
composite NPs show a gentle slope before 150 °@hwiias attributed to the loss of water.
From 150 °C to 500 °C degradation of the drug pptd in AM occurs, while it decomposed
in the range 160-380 °C when placed in the CP sampl

X-Ray diffraction

Powder X-ray diffraction and microdiffraction wer@erformed on triflusal
impregnated matrices to analyze the solid statbeofirug in the matrix. Results are shown in
Fig. 5a (triflusal encapsulated in the aerogel nitmoand Fig. 5b (triflusal entrapped in
composite NPs). Neither the spectrum of aerogel tloe particles display peaks
corresponding to TRF or HTB crystal. Concerning $aiples, it was observed the presence
of the characteristics peaks for magnetite [15]raradearly visible in untreated ¥2,@SiG;
NPs.



Intensity (a.u.)

a b
3
3 (220) (311) |
2> | CP (511)
TRF@AM 1 = (400) w22)
c
w -
E i TRF@CP
h | AM 1 [
j HTB -
AAAN A A ML
IRE‘AL JL__JL l LA Ls ULLJ o AL TRF
10 15 20 25 30 3 10 20 30 40 50 60
2Theta (0) 2Theta (0)

Figure 5. XRD spectra of: a) therapeutic agent TRF and metitabHTB, pristine matrix
AM and the corresponding impregnated sample TRF@&n, b) TRF, HTB, pristine matrix
CP and the respective impregnated material TRF@CP.

L eaching behavior of pyrylium impregnated compounds

The purpose of the leaching study was to elucidlage stability in water of the
encapsulated cation, since the free cation is blesta water at neutral pH. Prepared samples
were submerged in distilled water during 12 dayss important to remark that, after this
relatively long period of time, the materials stilhintained their characteristic yellow/orange
color of the impregnated product, indicating thathbleaching and degradation of the cation
were minor. To monitor the leaching behavior of different materials, aliquots of the liquid
phase were withdrawn at given times and analyzed\byis spectrophotometry. According
to the literature, triphenylpyrylium salt organicl@ion has a broad band in the region 370—
480 nm,[16, 17] while its precursor present appreciablsogtion at wavelengths between
200 and 350 nm. (Following the designed leachimgqmol, after 5 d in water, the spectra of
the as-prepared P@AM sample (Fig. 6a) shows absorption between 22% 325 nm.
However, they did not shothe presence of any significant amount of organimmoundsn
the refreshed water added afterwards and measureday 12. A similar behavior was
observed for PY@AP material.

Since the desorption of the organic material omlguos in the first stage, the leaching
should came from impregnated material located emitbst external part of the matrix, where
the cation is less stabilized than in the mostrirgepores. It has been previously reported that
simple deposition of these cations on the exteswaface of silica does not prevent
hydrolysis. [18] Considering that the UV-vis abdayp at day 1 is much lower than at day 5,
leaching behavior is probably controlled by diffusi through the nanopores. Thus,
impregnated molecule in the studied matrices showegher hydrolysis stability when
encapsulated than as non-encapsulted in crystédime
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Figure 6. The leaching behavior in water of #y" impregnated samples measured using
UV-vis spectroscopy: a) AM and b) AP. The numeiatation indicates the timing of aliquot
absorption measuremen®:after 1 d,® after 5 d, an® after 12 d.

Drug release monitoring
A chromatographic analysis was performed to chareet the drug delivery profile of
TRF (HTB) impregnated materials. Fig. 7 shows #mults obtained in 10 mM HGGCO:*
solution. Two different release behaviors were ok for drug@AM and drug@CP
samples.
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Figure 7. Drug release profiles obtained chromatographidall drug impregnating: a) AM,
and b) CP systems in aqueous solution at pH 7.4.

The overall concentration of TRF and HTB deliverdegd AM samples increased
progressively during the studied period with a lfimalue after 2 h of 16.7 wt% of active
compound released to the basic medium. On the btred, a faster release was observed for
composite NPs impregnated with the drug, since mabste drug was delivered in the first
ten minutes. In this material, 4.1 wt% of the dwaas dissolved from the nanoporous matrix
after 2 h.



CONCLUSIONS

In particular, we have reported on hybrid inorgamiganic nanoestructured materials
consisting of aerogels and aerogel inspired masegis suitable hosts to stabilize organic photagacti
cations or to carry and enhance the bioavailalility therapeutic agent.
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