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The dynamic behavior of nanoscale mesoporous oxide materials exposed to agueous solutions under
biologically relevant conditions is shown to be highly dependent on composition, porosity, and calcination
temperature. Dynamic processes were followed as a function of exposure on thin oxide films amenable
to environmental ellipsometry porosimetry for the analysis of mechanical strength and pore size
distributions as a function of exposure. Additionally, X-ray photoelectron spectroscopy was used for the
elucidation of compositional changes as a function of exposure. Combined, this approach gives the first
detailed, quantitative information of the degradation of nanoscale oxide materials under biologically relevant
conditions. This approach also shows the utility of using film geometry as a convenient model system
for the study of dynamic properties, as films are amenable to sensitive ellipsometric characterization.
Pure silica films underwent a rapid degradation, occurring on the time scale of hours, while silica films
mixed with 10% or less of zirconia or alumina were significantly more stable. These mixed metal oxide
films showed structural changes on two time scales, undergoing a rapid partial degradation followed by
a stabilization of the structure as the composition of the films evolved toward a depleted silica state. The
time scales of these two processes were on the order of hours and days, respectively, and could be tuned
by varying the composition and the calcination temperature of the films. These time scales are especially
relevant to the culture and growth of mammalian cells and for drug release applications. Titania materials
were shown to be stable under all conditions studied, making them suitable candidates for applications
where the scaffold functions as a permanent support. These results yield unprecedented levels of detail
on the kinetics of degradation and the dynamic structural and compositional changes occurring in these
nanostructured materials.

Introduction features, is the dynamic behavior of the synthetic interface
, , . with respect to its operational environment. For some
The overlap between the materials and biology domains applications, the synthesis of a stable platform is preferred,
ha_s _opene_d animmense area for new fundamen_tal resgarcrhs may be the case for building sensing devices with long
Driving this research is the development of innovative oo atignal lifetime® or in the case of bone replacement
systems, many bio-inspired or bio-mimetiépr such ap-  ye\icad In other cases, such as drug delivery and bone repair
plications as controlled drug release, advanced detec_torsmaterials, the ability to construct tunable lifetimes is ideal,
_nove! functional platforms_ for cancer therapy, and bio- for the controlled release of biomolecules or as an avenue
imaging?? These technologies fundamentally integrate and, ¢, ¢ontrolling the residence time of bioabsorbable scaf-
in many cases, seek to control interactions between biologicalfo|ds_g,9 Systems displaying transitional behaviors that lead
and synthetic components. to a final stable interface may also be advantageous, such
The ability to design effective interfaces between biologi- g for the promotion of cell seeding on implantable deviges.
cal and synthetic materials will therefore have enormous  compositional and textural control over properties on the
impact on a range of problems, both in vivo, including bone npanpscale, including structure, mesoporosity, crystallinity,
repair/replacement materials and drug delivery vectors, andgng wall thickness, are particularly interesting because their
in vitro technologies, including biosensing, drug production, high surface area and ordered mesoporous structures make
and environmental remediatidfi.In all cases, a critical  hem attractive candidates for hosting bioactive compounds
design criterion, especially for materials with nanoscale including proteins and drugdMuch of the work to date on
textured oxide bio-interfaces has been centered on the area
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Table 1. Summary of Textural Properties for Ordered Mesoporous Films upon Calcination

calcination Young’s modulus pore sizé surface area

material SDA temperature (GPa) porosity (nm) (m?/cm3)
1 SiO, Pluronic F127 450C 6.9 31% 4.8/1.2 250
2 SiIO, Pluronic F127 550C 8.6 28% 4.5/1.0 250
3 SiO, CTAB 450°C 2.9 52% 2.8/1.4 500
4 Sio.952r0.0802 Pluronic F127 450C 6.0 44% 6.2/1.4 250
5 Si0.9520.0502 Pluronic F127 550C 6.6 30% 6.8/1.3 230
6 Sio.9Zr0.102 Pluronic F127 450C 6.1 41% 5.7/2.0 254
7 Sio.0Al0.10«(OHy) Pluronic F127 450C 4.1 28% 6.0/2.7 160
8 TiO- Pluronic F127 450C 4.1 36% 6.7/4.2 130

a | arge axis tangential to the film surface/small axis of pore interconnecti@@sometric, based on the porosity and ellipsoidal pores in a cubic structure.

vectorst? In the former area, several groups have demon- amphiphilic triblock copolymers or ionic surfactants as
strated, using titani&'® bioactive glasse¥, 151720 and structure directing agents (SDAs) yielding mesopores of 6
mixed oxides’! that the composition and the textural and 2 nm upon calcination, respectively. The effect of
properties are critical in determining the bioactivity of these calcination on the stability of the film properties was carried
materials. This dependence has been duplicated in cell cultureout using two calcination temperatures, £#8Dand 550°C.
studies on silic&? titania® and alumina-based substratés, Thin films were exposed to aqueous environments &tG37
where the nature of the interface was found to be critical in consisting either of phosphate buffer solution (PBS) or cell
determining the attachment, growth, and morphology of culture media supplemented with 10% fetal bovine serum
cultured cells. In drug delivery systems, composition, pore (FBS). Ellipsometry and EEP performed on calcined films
size, and geometry are known to be critical for the design before exposure, Table 1, reveal that the films are mesopo-
of controlled release delivery systefis. rous with high specific surface areas and large pore volumes.
Given the importance of compositional and textural Details on the film preparation, treatment, and characteriza-
properties on the observed response in biological systemstion are given in Experimental Section.
and the potential to use such nanostructured materials for For silica films, exposure to aqueous media has a marked
controlled delivery of biologically active agents, we set out effect on the textural properties as monitored by EEP. Figure
to perform a detailed analysis of how such materials 1 shows the observed index of refraction for silica filmas
dynamically respond to their environment under biologically a function of the partial pressure of water upon exposure to
relevant conditions. Dynamic behavior can be predicted for PBS for 0, 25, and 60 min. At low humidity, the decrease in
such materials because the combination of high surface areashe index of refraction as a function of time is indicative of
and low mass content that make them especially sensitivean increase in the pore volume in the film. Using a dense
to interactions with their environment. Here, we focus on reference film prepared without a SDA to simulate the optical
the use of thin, nanotextured oxide films as a model system properties of the silica walls, the Bruggeman effective
to study, in detail, the dynamic nature of the interface. .
~ The use of nanotextured oxide thin films as bio-inorganic 83 ‘C’g:'e&Rgggs“é'rfgeg’;]%?rKJégﬁg dlsz'sﬁ?fﬁg%%?étg, 136144,
interfaces has garnered recent attention as they provide g13) Lepez-Noriega, A.: Arcos, D.; lzquierdo-Barba, I.; Sakamoto, Y.;

1

facile route for building controllable, biocompatible inter- w4 I{efasgkiyo-:CVagﬁf-Ref',T'V'CheT-%Vr']amféooﬁ 18&:ﬁ137_?1t4éd
14-16,23 . - . . an, A.; Yu, C.§ ou, A.; lang, J.; ao, angew. em., Int.
faces! Furthermore, thin films provide a convenient 2004 43, 5980-5984.

geometry for the study of textural properties of nanoscale (15) Yan, X. X.; Deng, H. X.; Huang, X. H.; Lu, G. Q.; Qiao, S. Z.; Zhao,

; ; ; ; i D. Y.; Yu, C. Z.J. Non-Cryst. Solid2005 351, 3209-3217.
materials in general, being amenable to a variety of sen3|t|ve(16) Zuruzi, A. S.: Butler, B. C.. MacDonald, N. C.. Safinya, C. R.

characterization tools, including X-ray photoelectron spec- Nanotechnology2006 17, 531-535.

troscopy (XPS), transmission electron microscopy (TEM), and, (17) ;/&')L?t-l%ggh M., Ragel, C. V.; Salinas, A. Eur. J. Inorg. Chem.
more uniquely, ellipsometry. Analogous nanoscale materials (18) pereira, M. M.; Clark, A. E.; Hench, L. L. Am. Ceram. Sod995
can be readily synthesized as partictefibers? or a variety 78, 2463.

; ; ; (19) Vallet-Regi, M.; Ramila, AChem. Mater200Q 12, 961.
of more complex morphologléé.ln this work we examine (20) Vallet-Regi, M.; Arcos, D.; Perez-Pariente,JJBiomed. Mater. Res.

how the textural properties of nanostructured films evolve 200Q 51, 23.

under biologically relevant conditions, focusing on the use (21) Jokinen, M.; i, M.; Rahiala, H.; Peltola, T.; Ritala, M.; Rosenholm,
gically 9 3. B.J. Biomed. Mater. Red998 295

of environmental ellipsometry porosimetry (EEP) to yield (22) Zolkov, C.: Avnir, D.; Armon, RJ. Mater. Chem2004 14, 2200

detailed information on the porosity, pore structure, and disso- 2205. L ) . )
(23) Karlsson, M.; Palsgard, E.; Wilshaw, P. R.; Di Silvio,Riomaterials

Igtion behavior and XP_S to yie_ld information on compos_i- 2003 24, 3039-3046.
tional changes. Combined, this approach yields the first (24) Lu, Y. F.; Fan, H. Y.; Stump, A.; Ward, T. L.; Rieker, T.; Brinker, C.
detailed, quantitative information on the degradation of J. Nature 1999 398 223-226

. . . . . . (25) Bruinsma, P. J.; Kim, A. Y.; Liu, J.; Baskaran,Ghem. Mater1997,
nanostructured interfaces interacting with biological relevant 9, 2507-2512.
environments. (26) Yang, H.; Coombs, N.; Ozin, G. Aature 1997, 386 692—695.
(27) Soler-lllia, G. J. d. A. A,; Crepaldi, E. L.; Grosso, D.; Sanchez).C.
Mater. Chem2004 14, 1879.

Results and Discussion (28) Grosso, D.; Soler-llia, G. J. d. A. A.; Crepaldi, E. L.; Cagnol, F.;
Sinturel, C.; Bourgeois, A.; Brunet-Bruneau, A,; Amenitsch, H.;
Mesostructured thin films comprised of silica, siliea Albouy, P. A.; Sanchez, CChem. Mater2003 15, 4562-4570.

. 97 il . . (29) Grosso, D.; Cagnol, F.; Soler-lllia, G. J. d. A. A.; Crepaldi, E. L;
zirconia;” silica—alumina, and titani& were prepared by Amenitsch, H.; Brunet-Bruneau, A.; Bourgeois, A.; SancheZAd.

evaporation induced self-assenSIfEISA) using either Funct. Mater.2004 14 (4), 309.
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Figure 1. Water adsorptiorrdesorption isotherms of a Pluronic templated
silica film 1 as a function of exposure to PBS (pH 7.4) at°&. Shown
are data 4) before exposure() after 25 min, and<) after 60 min. The
index of refraction is given fod = 700 nm.

medium approximation shows an increase in porosity from
30% to 65% upon 1 h oéxposure, Figure 2. This increase
in porosity, resulting from silica dissolution, decreases the
Young’s modulus of the film from~7 to below 1 GPa,
Figure 2, as calculated from the thickness of the film upon
reversible contraction caused by capillary strf8ss$ After
90 min, the films no longer displayed sufficient mechanical
stability to be measured using EEP. By ellipsometry, the film
thickness remained homogeneous across the beanra28a (
mnv) even during dissolution.

The relative fraction of silica remaining in the film was
determined from the porosity and film thickness, Figure 2.

Chem. Mater., Vol. 19, No. 17, 28&1

thickness measured by ellipsometry and surface areas
measured using EEP (the surface areas for the final two time
points were estimated on the basis of the porosity because
the low mechanical strength at these points does not allow
for a direct measurement using EEP).

Silica titration using the blue silicomolybdic as$awas
used to measure the quantity of silicic acid species in solution
after dissolution. Films for these experiments were exposed
to deionized water solutions to avoid interference from the
buffer. After 1 week at 37C (final pH = 5), ellipsometric
analysis indicates that 92% of the silica film was dissolved.
By titration, this corresponds to the equivalent of 6.5 mmol
silicate species per c¢hin the calcined film. This gives a
density of 0.4 g cm® assuming a stoichiometry of SiCan
underestimation given the large number of hydroxyl groups
expected on this high surface area material and the fact that
the titration is only sensitive to monomeric and dimeric silicic
acid specie& Moreover, as a result of the selectivity of this
measurement to monomeric and dimeric species, this assay
indicates that dissolution results in the reduction of the film
to molecular species.

EEP measurements were also used to observe changes in
the pore size distribution as a function of time. In Figure 1,
the steep increase in the refractive index due to filling of
the mesopores by capillary condensation is seen to occur at
higher partial pressures upon exposure. Pore size distributions
for silica film 1, Figure 3, were calculated using the isotropic
inorganic pore contraction (IIC) model and the Kelvin

The observed rate of this decrease is well described by aequation modified for ellipsoidal poré%.Upon exposure,

simple reaction-limited dissolution model where dissolution the absorption branch of the isotherm shows the radius of
is dependent only on the surface area, implying that the silicathe mesopores increasing while desorption data show the
walls are homogeneous and there are no transport restrictionsppening of interconnections between pores. Given this
Surface area measurements obtained using the porosity dataehavior and the ability to describe the dissolution as a first-
and a geometric model describing the mesopore dimerf8ions order rate process with respect to surface area, we suggest

(vida infra) allow for the extraction of a first-order rate
constantk; = 2.7 x 1077 cn® silica/(nv-s'), describing the
dissolution. Stability of silica films in Tris buffer at pH 7.3
was similar to that in PBS, yielding a first-order rate constant
of 2.8 x 1077 cm? silica/(n?-st). This suggests that dissolu-

that dissolution occurs uniformly, gradually increasing the
size of the pores and the porosity, decreasing the observed
Young’s modulus but without markedly affecting the film
height or surface area, Figure 3 (inset).

Increasing the calcination temperature of the film decreases

tion is not a consequence of the specific presence ofthe rate of dissolution. For a film calcined to 58Q the

phosphate but rather is pH-dependent (vida infra).

first-order rate constant for dissolution decreases by 40% to

On the basis of the observed rate constants, the relativel.6 x 10~7 cm® silica/(n?-st) compared with filml calcined
importance of internal transport restrictions under these to 450°C (2.7 x 107 cn?® silica/(n?-s?). The decrease in

conditions can be estimated by calculating the Thiele
modulus. Assuming an effective diffusion coefficient of 2
x 1078 cn? s 32 transport restrictions would not be expected
for films with thickness less than 8@m. For spherical

particles, transport restrictions would not be expected for

diameters less than 5Qdm. At smaller dimensions, such
materials would be expected to follow the same kinetics
observed in Figure 2, with~70% mass loss occurring in
the first 2 h.

dissolution rate results from a higher degree of cross-linking
caused by additional silica condensation. This also causes
densification of the film, which contracts by 55% upon
calcination to 550°C as compared to 50% at 43C.
Exposure to cell culture media supplemented with 10%
FBS resulted in somewhat faster degradation of the silica
films, Figure 4. Silica film1, calcined to 450°C, gave a
first-order rate constant for dissolution of 5:010~7 cn?®
silica/(n¥-s'). This increase in the dissolution rate is probably

The first-order rate constant value were used to model thea result of the presence of active nucleophiles in the culture

dissolution, Figure 2 (gray line), using values for the film

(30) Boissiere, C.; Grosso, D.; Lepoutre, S.; Nicole, L.; Brunet Bruneau,
A.; Sanchez, CLangmuir2005 21, 12362-12371.

(31) Mogilnikov, K. P.; Baklanov, M. RElectrochem. Solid State Lett.
2002 5, F29.

(32) Etienne, M.; Quach, A.; Grosso, D.; Nicole, L.; Sanchez, C.; Walcarius,
A. Chem. Mater2007, 19, 844.

media, which greatly affect the chemical reactivity of silica
species?

(33) Coradin, T.; Eglin, D.; Livage, Bpectroscopy: Int. 2004 18, 567—
576.

(34) Ultrastructure Processing of Aénced CeramicsCorriu, R. J. P.,
Leclercq, D., Vioux, A., Pauthe, M., Phalippou, J., Mackenzie, J. D.,
Ulrich, D. R., Eds.; Wiley: New York, 1988, p 113.
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Figure 2. (Left) Porosity and Young’'s modulus of silica filthand (right) the fraction silica remaining in the film and the relative thickness of the film as

a function of exposure to PBS at 3T.
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Figure 3. Pore size distribution of silica filmL determined using EEP
(top) before exposure and upon exposure to PBS for (middle) 25 min and
(bottom) 60 min. The adsorption brancl)(shows how the pore size
distribution increases. The desorption bran®) 6hows how the pore
interconnections open over time. Inset: Dissolution occurs uniformly as a

first-order process with respect to surface area, gradually increasing the

is offset to the greater microporosity observed in pluronic
templated films caused by interpenetration of poly(ethylene
oxide) chains in the silica matri.

Kinetic experiments were also conducted on particle
geometry using SBA-15 mesoporous silf#€d’ Rapid silica
dissolution was also observed in this system, as monitored
by the silicomolybdic assay. The time scale for dissolution
in this material was slightly longer, achieving 60% overall
dissolution in 5 h. The slightly slower kinetics can be
attributed to synthesis at 13T, conditions specifically
chosen to minimize microporosity for the creation of dense
silica walls®® As in the case of films presented here, these
kinetics should be tunable on the basis of the calcination
procedure, the use of specific templating agents (CTAB,
Pluronic, etc.) for the creation of different mesoporous
morphologies (MCM, MSU, etc.), and the inclusion of other

size of the pores and the porosity, decreasing the observed Young’s modulugionsilica metal centers (vida infra).

but without markedly affecting the film height or surface area.
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Figure 4. Fraction of silica remaining in silica filml as a function of
exposure to cell culture media supplemented with 10% FBS &C37

Silica films templated with cetyltrimethylammonium bro-
mide (CTAB) were also highly hydrolytically unstable.
Indeed, when calcined to 45€C, they showed~70%
dissolution in the first 2 h, yielding an initial rate constant
for dissolution of 1.0x 107 cn® silica/(n¥-st). This value
is very sensitive to the measured surface area and is therefor

probably underestimated by using a geometric surface aregsg)

measurement, as observed in previous work for CTAB
films.3° This value is comparable to the pluronic films, Table

One method for the tuning of nanotextured oxides is the
creation of mixed metal oxides through the incorporation of
metal centers with different chemical characteristics at
various compositional rangés.With this in mind, we
synthesized silica rich silicazirconi&” and silica-alumina
films to investigate the dynamic behavior of these films under
biologically relevant conditions.

As prepared, silicazirconia films have slightly higher
porosity and larger pores compared with pure silica films.
EEP results for silicazirconia films upon exposure to PBS
at 37°C show that these films are much more hydrolytically
stable, with dynamic behaviors that are more complex than
pure silica films. This is consistent with results showing an
increased stability for mesoporous silica materials under
hydrothermal conditions upon the incorporation of metallic
heteroatoms (Al, Ti, etc34° The sorption behavior of water
in a 5% zirconia film4 calcined to 450C is shown in Figure

(35) Melosh, N. A,; Lipic, P.; Bates, F. S.; Wudl, F.; Stucky, G. D;
Fredrickson, G. H.; Chmalka, B. Macromolecule4999 32, 4332.

(36) Galarneau, A.; Cambon, H.; Di Renzo, F.; Fajula,.&gmuir2001,
17, 8328-8335.

&37) Zhao, D. Y; Feng, J. L.; Huo, Q. S.; Melosh, N.; Fredrickson, G. H.;

Chmelka, B. F.; Stucky, G. DSciencel998 279 (5350), 548-552.
Chen, L. Y.; Jaenicke, S.; Chuah, G. Microporous Mater.1997,
12, 323.

(39) Shen, S.-C.; Kawi, Sl. Phys. Chem. B999 103 8870-8876.
(40) Han, Y,; Li, N.; Zhao, L.; Li, D.; Xu, X.; Wu, S,; Di, Y.; Li, C.; Zou,

2, perhaps because the higher surface area from mesopores  Y.; Yu, Y.; Xiao, F.-S.J. Phys. Chem. B003 107, 7551-7556.
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Table 2. Initial Dissolution Rates of Textured Oxide Materials

kini: PBS, kini: cell culture media,
material SDA calcination temperature cm? silica/(n?-s) cm? silica/(n?-s)

1 SiO, Pluronic F127 450C 2.7x 1077 5.0x 1077

2 SiO, Pluronic F127 550C 1.6x 1077

3 SiO, CTAB 450°C 1.5x 107

4 Sio.95Zr0.0502 Pluronic F127 450C 4.7x 10°8 6.0x 10°8

5 Sio.952r0.0502 Pluronic F127 550C 1.3x 1078

6 Sio.oZr0.102 Pluronic F127 450C 2.4x107°

7 Sio.0Al0.10«(OHy) Pluronic F127 450C 8.8x 1079

8 TiO2 Pluronic F127 450C ~0

5 at 0, 4, and 48 h of exposure. During the first 8 h, the silica/(n?-s'), or 100 lower than that of a pure silica film
refractive index at low humidity decreases significantly and exposed to PBS.
the observed Young's modulus calculated from EEP de- The behavior of the film can be explained by an initial
creases from 6 to 3 GPa, indicating an increase in the poroudoss of silica resulting in a film with increasing zirconia
volume of the film, Figure 6. At early times, an initial rate  content and consequently an even more hydrolytically stable
constant for dissolution was measured to bex X0 8 cm?® structure. By XPS analysis, the ratio of zirconia to silica is
silica/(n?-s'), about 6 times slower than its pure silica seen to increase in the fildhfrom 0.045:1 before exposure
counterpart. At longer times, the sorption behavior of the to 0.076:1 after 11 days. Similar increases are seen in the
films changes much more slowly with respect to exposure silica zirconia system with higher zirconia content. The
while the relative thickness of the film remains essentially dissolution behavior is not a consequence of saturation in
constant, decreasing by only 5% over 72 h, Figure 6. Zirconia the media because replacement with fresh media after films
films in cell culture media supplemented with 10% FBS have stabilized has no effect. Had saturation of the solution
showed similar rates of dissolution as those in PBS, giving with silicate caused the stabilization of the film via equilibra-
6 x 1078 cm? silica/(n?-st) for 5% zirconia. Silica-zirconia tion, replacement of the media would have led to additional
films at 10% zirconia (film6) are even more stable, giving film mass loss and the establishment of a new equilibrated
an initial rate constant for dissolution of 24 10°° cm?® state. Given the increasing zirconia content of the films, the
porosity values calculated from ellipsometry are underesti-

L mated (-5—10%) by a small extent at longer times, as a
i result_ of the assumption that the refractive index of the walls
£ remains constant.
g XPS analysis also shows an uptake of phosphorus,
£ 1354 ST
s originating from the buffer, upon exposure. After 11 days
B anid 4 in the low zirconia system4, the ratio of zirconia to
8 ; phosphorus species is 1 to 1.2. Likewise, a zirconia to
Eo phosphorus ratio of 1 to 1.3 is observed in the high zirconia
L content systemg, after 20 h of exposure. This behavior is
P F— expected given the strong complexation that can occur
00 02 04 06 08 1.0 between phosphate species and zircéhighe scaling of
PIP, phosphate with zirconia content is interesting from the
Figure 5. Water adsorptiordesorption isotherms of a Pluronic templated ~ standpoint of drug delivery in that it provides the opportunity
g'ggfl‘v ;gfggg%‘ée?;gfe‘j(r;)‘g's‘ijr:eo&e;?tce’f‘ﬁ’“;ﬁu% g’ﬁi::gﬁ_ﬁﬁe to tailor the controlled capture and release of bioactive
index of refraction is given foi. = 700 nm. molecules on the basis of metal complexation.
The pore size distribution for zirconia fildhwas calculated
60% - T’ 12 from EEP data as shown in Figure 7 (measurements that are
s & ¢ ¢ +s 1 l] unaffected by changes in the refractive index of the inorganic
1, g . oo . matrix). The increased hydrolytic stability with respect to
40% % 2081 pure silica films is again observed, with a slower opening
2 I :; E of the pore structure. After 72 h, the large axis of the pores
0 30% S i 0.6 . . . .
S 132 ¢ increases from 6.5 to 7.8 nm while the interconnections
20%{ a4 — N Fd 3}; 0.4 increase in size from 2.9 to 4.5 nm. The slightly larger effect
T? 3« seen for the interconnections is most likely due to their
10% 11 021 convex structure, which imparts a higher curvature and thus
0% 4 . . 0 0 . . . would be expected to reduce the stability in these regions.
0 5 10 15 0 5 10 15 Changes in silicazirconia films are seen to occur over
Time (days) Time (days) two time scales, an initial sharp increase in porosity and

Figure 6. (Left) Porosity and Young's modulus of silieairconia film 4
as a function of exposure to PBS at 37. Porosity measurements assume  (41) Angelonie P. C.; Aldabe-Bilmes, S.; Calvo, M. E.; Crepaldi, E. L.;
that the refractive index of the walls remains unchanged, resulting in a likely Grosso, D.; Sanchez, C.; Soler-lllia, G. J. d. ANew J. Chem2005
underestimation the porosity at longer times. (Right) The relative thickness 29, 59-63.

as a function of exposure time demonstrates the increased stability of these(42) Angelonie P. C.; Soler-lllia, G. J. d. A. AChem. Mater2005 17,
films over pure silica films. 322-331.
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Figure 7. Pore size distribution of 5% zirconia fil# determined using
EEP (top) before exposure and upon exposure to PBS for (mi@idieand
(bottom) 48 h. The adsorption branch, right 2,(shows how the pore
size distribution of the large axis tangential to the film surface, increases.
The desorption branch, left axi®), shows how the bottlenecks between
pores open over time.

Figure 8. TEM image of silica-alumina film 7 templated with pluronic
after calcination.

reduction in stiffness over the first several hours followed

Bass et al.
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Figure 9. Water adsorptiofrdesorption isotherms of a Pluronic templated

silica—alumina film7 as a function of exposure to PBS (pH 7.4) at°&

Shown are datas) before exposure ) after 21 h, and@) after 65 h.

The index of refraction is given fot = 700 nm.
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Figure 10. Porosity and Young's modulus of siliealumina film7 as a
function of exposure to PBS at 3T.

silica/(n?-st), about 30 times slower than the pure silica

by more subtle changes in pore structure, mainly seen in ancounterpart. Similar to silicazirconia films, silica-alumina
opening of the restrictions between pores, occurring on the films show two dissolution behaviors, an initial loss of mass
time scale of days. Both of these time scales are biologically followed by a more gradual decrease at longer times. Also

relevant, with the former covering the attachment and

similar to the silica-zirconia system, the pore interconnec-

spreading of mammalian cells during culture, and the latter tions appear to demonstrate decreased stability as compared

on the time scale of mammalian cell growth and divistén.

to the overall structure. This again can be ascribed to the

These time scales can be tuned by varying the calcinationconvex nature of these structures.
temperature or the zirconia content of the films. Increasing By XPS analysis the alumina to silica ratio is seen to

the calcination temperature to 580 decreases the initial
rate of dissolution by~75% to a value of 1.3« 108 cm?®
silica/(n?-st). Increasing the zirconia content has a similar
stabilizing effect on the films (see above).

As prepared, silicaalumina (10% Al) films have similar
porosity as compared with pure silica films, although with a

increase slightly from 0.12:1 before exposure to 0.16:1 after
20 h. Unlike in the silica-zirconia system, the increasing
alumina content of the films has minimal impact on the
calculated porosity, Figure 11, in this system because the
index of refraction is not strongly dependent on alumina
substitution. XPS analysis shows virtually no uptake of

larger average pore size and a decrease in the surface arehosphorus species, with a ratio of silica to phosphorus of 1

and Young’'s modulus. TEM analysis of silicalumina

materials, Figure 8, shows the ordered nature of the films

after calcination. The sorption behavior of water in a sitica
alumina film calcined to 450C is shown in Figure 9 at O,
21, and 65 h of exposure. EEP results for sitiedumina
films upon exposure to PBS at 3T show that these films
are also much more hydrolytically stable than pure silica
films, Figure 10, but less stable than the siti@@rconia films

at similar substitution levels. At early times, an initial rate
constant for dissolution was measured to be>8.807° cm?

(43) Anselme, K.; Bigerelle, MBiomaterials2006 27, 1187-1199.

to 0.006 after 20 h.

Finally, we studied the behavior of mesoporous titania
films?® upon exposure to aqueous media at°87 Titania
films have received much attention as bio-inorganic interfaces
as titanium, and titanium alloys are frequently used in
biomaterial application¥6

Titania films were highly porous with a larger average
pore size comparable to the silicalumina materials. The
surface area and Young's modulus were also similar to the
silica—alumina materials. EEP results upon exposure to PBS
at 37 °C show these films to be extremely hydrolytically
stable compared with the other films studied. Data were
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Figure 11. Pore size distribution of silicaalumina film7 determined using
EEP (top) before exposure, (middle) upon exposure to PBS for 8 h, and
(bottom) upon exposure for 48 h. The adsorption branch, right &jis (
shows how the pore size distribution of the large axis tangential to the film
surface, increases. The desorption branch, left a@js ¢hows how the
bottlenecks between pores open over time.
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Figure 12. Water adsorptiorrdesorption isotherms of a Pluronic templated
titania film 8 as a function of exposure to PBS (pH 7.4) at°8 Shown
are data 4) before exposure) after 4 h, and[{) after 24 h. The index
of refraction is given fort. = 700 nm.
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Figure 13. (Left) Porosity and Young’'s modulus of titania fili® as a
function of exposure to PBS at 3T. (Right) The relative thickness as a
function of exposure time shows that the film remains relatively unchanged.

collected using PBS solutions, because significant protein
absorption present with cell culture media supplemented with

FBS prevented an accurate quantitative description of the

film behavior.
The sorption behavior of water in a titania film calcined
to 450°C is shown in Figure 12 at 0, 4, and 24 h of exposure.

No titania loss could be detected in the system after more

than 1 week. The porosity, Young’s modulus, and relative
thickness remain relatively constant, Figure 13, as well as
the pore size distribution, Figure 14. The initial small

decrease in the porosity (Figure 13) and the slight decrease

Chem. Mater., Vol. 19, No. 17, 2866
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Figure 14. Pore size distribution of titania filn® determined using EEP
(top) before exposure and upon exposure to PBS for (midélle and
(bottom) 24 h. The adsorption branch, right a>#,(shows the pore size
distribution of the large axis tangential to the film surface. The desorption
branch, left axis @), shows the bottlenecks between pores.

in the observed pore size distribution (Figure 14) are believed
to be due to the adsorption of phosphate onto the titania
surface?***This is corroborated by XPS analysis that shows
a ratio of 0.14 phosphorus species per titania after 7 days of
exposure, although an increase in surface hydroxylation may
also contribute to the pore constriction and the corresponding
decrease in porosity. Such phosphate absorption is again
interesting from the standpoint of drug delivery in that it
provides the opportunity to tailor the controlled capture and
release of bioactive molecules on the basis of metal com-
plexation#?

Conclusions

Mesoporous oxide materials including particles and thin
films exposed to aqueous environments under biologically
relevant conditions display a range of dynamic behaviors
dependent on their composition, porosity, and calcination
temperature. The time scale of these dynamic behaviors,
ranging from hours to days, is especially relevant to the
culture and growth of mammalian cells and to the use of
these materials for drug release applications. The complete
degradation of silica films, for example, occurs over the same
time scale as the attachment and spreading of many types
of mammalian cells, and the near constant degradation rate
as a function of time makes these potentially interesting
materials for the uniform release of bioactive molecules over
similar time scales. Similar dissolution kinetics are seen using
SBA-15 silica particles, whose geometry can be envisioned
for applications as drug release vectors. Both of these silica
systems result in dissolution down to molecular species. In
contrast to pure silica systems, silieairconia and silica-
alumina films show structural changes on both a short time
scale and a longer time scale more relevant to the growth
and division of mammalian cells. This hybrid behavior
combines the transitional properties of silica films with the
structural integrity demonstrated by titania films. Such
structural integrity is important for applications where the

(44) Brown, G. E.; Henrich, V. E.; Casey, W. H.; Clark, D. L.; Eggleston,
C.; Felmy, A;; Goodman, D. W.; Gratzel, M.; Maciel, G.; McCarthy,
M. I.; Nealson, K. H.; Sverjensky, D. A.; Toney, M. F.; Zachara, J.
M. Chem. Re. 1999 99, 77—174.

(45) Nooney, M. G.; Campbell, A.; Murrell, T. S.; Lin, X. F.; Hossner, L.

R.; Chusuei, C. C.; Goodman, D. \Wangmuir1998 14, 2750-2755.
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scaffold functions as a permanent support. Furthermore, thepersed pores. Ellipsometry measurements were performed
ability to control the dissolution process via the calcination on a UV—visible (from 240 to 1000 nm) variable angle
temperature and composition provides a convenient route tospectroscopic ellipsometer (VASE) from Woollam, and the
tailor the interface for tunable lifetime applications. From data analysis was performed with the WVase32 software.
the standpoint of drug delivery, the scaling of bound For environmental porosimetry measurements the ellipsom-
phosphate as a function of both metal content and type iseter was fitted with a small, variable humidity flow chamber
interesting in that it provides the opportunity to tailor the flushed with 2.5 L of air/min. The humidity was adjusted
controlled capture and release of bioactive molecules basedusing a mass flow controller and monitored using a RH probe
on metal complexation. Finally, this work demonstrates that held in the environmental chamb®r.

the use of film geometry, which is amenable to sensitive  Films, approximately 2 cfy were exposed to 8 mL of
characterization technigues such as ellipsometry, can serveeither PBS (pH 7.4 at 28C), Tris (100 mM 2-Amino-2-

as an excellent platform for the study of dynamic processes (hydroxymethyl)-1,3-propanediol adjusted to pH 7.6 at 25
in nanomaterials. This approach has important repercussionsC with HCI), or Dulbecco’s modified Eagle’s medium
for many advanced applications, including applied fields at supplemented with 10% FBS (also containing penicillin/

the intersection of materials and biology. streptomycin and fungicide) at 37C. PBS solution was
prepared from 10X stock solutions and contained 8 mM
Experimental Section sodium phosphate, 0.8% NacCl, and 0.02% KCI. It did not

contain any C&, Mg?", and so forth that might otherwise

as furnished. Oxide films were prepared, as reported previ-have complicated the ‘?‘nalyS'?' . For testing, fllms_ were
removed and washed with a minimum amount of distilled

ously, in the presence of CTAB or F127 Pluronic block ) . .
y P water,~1 mL, and dried under nitrogen flow. Ellipsometry

copolymer as structuring agents by dip-coatifigf. Dense Jucted at ‘ t d .
films were prepared in the same manner but in the absence/as conducted at room temperature {23 under a constan

of the SDA. Silica films were prepared from solutions of 2.5 L/min flux of air with a controlled water partial pressure.
molar ratios 1:35:5:0.08:0.14 TEOS/EtOHBIHCICTAB ~ CEP was conducted using the adsorptidesorption iso-
(or 0.004 F127), which were aged at room temperature for therm OT water analyzed with an '|s.otrop|c ‘norganic pore
3 days. Films were prepared on silicon substrates using aco.ntrag:tlon mod%I (IIC) and a modified Kelvin equation for
withdrawal rate of 1.6 mms (dense films at 2.7 mm9) elllp§0|da! pore§. , ) .

under 30% relative humidity (RH). After the dry line reached $|I|ca titration was carried out'usmg silica substrates
the bottom of the film, the RH was immediately increased Polished on both side#\ 2 cn section was prepared from
to 70% and held for 5 min. Titania films were prepared from 2 larger film by removal of the bottom and sides (where the

fresh solutions, molar ratios 1:40:15:0.004 THELOH/H,O/ film thickness may be expected to vary). Films were added
F127, using a withdrawal rate of 0.9 mm'sat a RH less with 5 mL of deionized water and left at 3T for 1 week.

than 15%. The RH was increased to 75%, and films were The film was evaluated using ellipsometry, and the solution
held for 1 min upon the termination of the dry line. Sikiea tltratgd using the blue S|I|com.olybd|c assay according to
zirconia films were prepared from fresh solutions, with the Published procedur&on a Uvikon UV-vis spectropho-
molar ratio 0.9:0.1:40:10:0.005 TEOS/ZgEtOH/H,0/F127 ~ tometer using an extinction coefficient of 44 700 Wem™

(for 10% Zr), using a withdrawal rate of 1.6 mmigdense &t 810 nm. This procedure was also used to follow the
films at 2.7 mm s?) at a RH less than 10%. Templated films d_lssolutlon of SBA-15 mesoporous silica particles synthe-
were subsequently exposed to saturated water vapor for 5 sSiz€d (@t 130°C) acg?rdmg to ref 362 mg, 8 nm pore
Silica—alumina films were prepared from fresh solutions, diameter,~650 n¥ g™%) suspended in PBS (50 mL) at 37
with the molar ratio 0.9:0.1:40:10:0.005 TEOS/AIGH,O/ °C. For this experiment the silica to solution ratio was
EtOH/H,0/F127, using a withdrawal rate of 1.6 mm's approxlmately 10 times higher than in the film based
(dense films at 2.7 mm$) at a RH less than 10%. &Xperiments. -

Templated films were subsequently exposed to saturated Surface chemical compositions were analyzed by XPS
water vapor for 20 s. After coating, silica and titania films (ESCALAB 250, Al Ka. (1486.6 eV) source, take-off angle
were aged in a 75% RH environment overnight and = 90°). TEM micrographs were collected using a Philips
subsequently cured at 13C for 24 h. Silica-zirconiaand ~ CM12 transmission microscope. Samples were obtained by
silica—alumina films were held in a 50% and 70% RH Scratching the films from the substrate and depositing them
environment, respectively, overnight before being transi- On coated copper grids.

tioned to a 6C°C oven for 8-10 h and further cured at 130

°C for 24 h. Calcination was carried out in air using a 5  Acknowledgment. J.D.B. is grateful to the National Science
°C/min ramp rate with the films held at the desired final Foundation for an International Research Fellowship. The
temperature for 10 min. Removal of organic residues by authors acknowledge funding provided by CNRS and UPMC.

calcination led to ordered mesoporous films with monodis- CM071305G

All products were purchased from Sigma/Aldrich and used



