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Biocompatible silica derived from diglycerylsilane (DGS) and the sugar modified sif(&
triethoxysilylpropyl)gluconamide (GLS) has been shown to have great utility for the entrapment of a
number of delicate proteins. To further understand the nature of the DGS/GLS composite material, it is
important to characterize the local microenvironment and properties of the silica surface within the DGS/
GLS monoliths. In this work, we have monitored both the steady-state and time-resolved anisotropy of
the fluorescent probe rhodamine 6G (R6G) to determine the distribution of GLS within DGS/GLS-
derived materials where varying levels of GLS were added either to the sol or to previously formed
DGS-based gels. The data suggest that the addition of GLS to an evolving sol results in preferential
coating of silica nanoparticles, which remain present in the gelled material and slowly associate with the
continuous polymer network. The preferential presence of GLS on the surface of free particles results in
inefficient coating of the monolithic material with the sugarsilane and causes most of the added R6G to
associate with the silica skeleton. On the other hand, the addition of GLS to a preformed monolith results
in preferential modification of the monolithic silica surface and a much increased level of free dye. A
significant amount of R6G-bound nanoparticles remain within these materials over an extended time,
suggesting that the nanopatrticles do not associate with the GLS-modified silica monolith. The activity of
the enzyme horseradish peroxidase was evaluated in DGS derived materials that had GLS added to either
the sol or the monolith, and it was determined that optimal activity was obtained in cases where GLS
was added to the sol. These results highlight the importance of controlling the time of addition of
organosilane additives to evolving sols and suggest that this factor might provide a means to control the
properties of the resulting hanocomposite material.

Introduction mers®12 or sugars and amino acids (osmolyté$) have

In recent years, a number of sajel-derived materials @IS0 been reported. _
have been designed with the purpose of making the matrix ~Recently, our group reported two advances in the develop-
more compatible with entrapped biological molecules. For Mment of sot-gel-processed materials: (1) the development
example, new biocompatible silane precursors and processingf new sot-gel precursors, such as diglycerylsilane (DGS),
methods have recently been reported that are based orhat release protein-stabilizing compounds upon hydroly-
glycerated silane’? sodium silicaté, or aqueous processing  SiS;*° and (2) the preparation of silica precursors bearing
methods that involve removal of alcohol byproducts by covalently bound sugars, such as gluconamidylsilane (&LS),
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which result in the formation of sugar-modified silica nanoparticles. Assessment of surface modification relies on
materials. Together, these compounds have been shown taneasuring the ratio of rapidly rotating R6G (picosecond
produce low-shrinkage materials that are amenable to entrap<orrelation time), corresponding to free dye in solution, to
ment of a number of delicate proteins, including urease, slowly rotating (hanosecond correlation time) or nonrotating
Factor Xa, Src Kinase, and luciferase, none of which remain (which results in a residual anisotropy value) dye, which is
active upon entrapment in silica materials derived from bound to small and large silica particles, respectively. For
conventional alkoxysilanes. unmodified silica, the proportion of bound dye is generally
Although sugar-modified silica materials have been dem- in the range of 9599%?2"3 Addition of surface modifiers,
onstrated to be suitable hosts for entrapped proteihand such as polymers, organosilanes, or peptides, results in a
have been shown to be less susceptible to shrinkage andlockage of the anionic silica surface, so that less of the
cracking than unmodified materialfklittle work has been cationic probe adsorbs. This is observed as a decrease in
done regarding the characterization of the pore environmentthe proportion of bound dye. By measuring the ratio of bound
within such materials. It is known that the presence of organic dye in modified and unmodified samples, it is possible to
moieties within sot-gel materials has a great impact on the assess the extent of surface modification by the modifiér.
microenvironment and properties of silica materidl§or Herein, we examine the anisotropy behavior of R6G in
this reason, the focus of this work is to explore (1) the degree monolithic silica containing varying levels of GLS that are
of silica surface modification by sugarsilanes using different added to either the sol or the preformed monolith. Studies
modification protocols; (2) the distribution of sugarsilanes of R6G anisotropy within polymét and organosilane-
between different microenvironments; (3) the influence of modified®? silica derived from tetramethoxysilane (TMOS)
the presence of sugar moieties on the drying behavior of have been previously reported by Bright and co-workers.
DGS/GLS based silica monoliths; and (4) the effects of the However, the presence of high levels of methanol as a
presence, timing of addition, and distribution of the sugar- byproduct of TMOS hydrolysis significantly altered the
silane on the activity of the entrapped enzyme horseradishsolubility of the dye in the solvent phase and, hence, the
peroxidase (HRP). partitioning of the dye between bound and free states. The
The two modification protocols used in the present work Present study represents the first time that the time-resolved
are: (1) the mixing of hydrolyzed DGS and GLS monomers fluorescence anisotropy (TRFA) approach has been applied
at the sol stage followed by gelation; and (2) the modification to silica monoliths that do not liberate simple alcohols, as
of preformed DGS derived monoliths by the addition of GLS. Well as the first time that the “nanoparticle metrology” model
The co-condensation of hydrolyzed DGS and GLS monomershas been used to interpret the R6G TRFA data in terms of
is expected to result in the formation of GLS-coated silica surface modification of a monolithic material. We show that
colloids prior to monolith formation, whereas the addition the method can provide unique information about the
of GLS to a preformed monolith should avoid the possibility formation and surface modification of segel-derived
of colloidal modification prior to monolith formation. monolithic materials. In addition, this tool permitted us to
Comparison of these methods allows for a determination of demonstrate that the timing of GLS addition is important in
the nature of the resulting silica material as a function of controlling the properties of the resulting material. Finally,
both time of addition and concentration of the modifier. ~ the activity of the enzyme horseradish peroxidase was
For the examination of the surface properties of the €valuatedin DGS materials that had had GLS added to either
monolithic silica, we monitored the steady-state and time- the sol or the monolith to determine whether the timing of
resolved fluorescence anisotropy of rhodamine 6G (R6G). addition, and hence the distribution of GLS moieties, had
This probe has been previously utilized to examine the an impact on the biological compatibility of the material.

growth?® 26 and degree of surface modificatidn® of silica ) )
Experimental Section
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dissolution of 0.25 g of DGS in 1 mL of water at room temperature, account for any polarization bias in the monochromators. Each
followed by immediate dilution (1/1, v/v) of the dissolved DGS anisotropy value reported represents the average of three indepen-
with 25 mM Tris-HCI buffer, pH 8.3, containing R6G and GLS to  dent measurements (five replicates per sample) performed on three
a volume of 2 mL. The GLS stock solutions were prepared different samples.

immediately before use by dissolving GLS (0-40.3 g) in 0.5 mL Time-Resolved Fluorescence Anisotropy (TRFA).Time-

of Tris-HCI buffer. After being mixed, the DGS/GLS sols (pH 7.5) resolved fluorescence intensity and anisotropy decay data were
were immediately poured into polymethacrylate fluorimeter cuvettes acquired in the time domain using an IBH 5000U time-correlated
(transmittance curve C) from Sigma. The DGS monolith was formed single-photon-counting fluorimeter (Edinburgh, U.K.) with a 495-

in 2 min after DGS dissolution and contained 0.6 M DGS, 3.6 wt nm NanoLED source run at 1 MHz and an IBH model TBX-04

% SiO,, and 1uM R6G. The DGS/GLS monoliths were formed in  photon-counting PMT detector. A detailed description of the
2—4 min after sol preparation and contained 0.6 M DGS, 25 or 40 instrumentation and experimental procedures has been previously
mol % GLS, 4.8-5.8 wt % SiQ, and 1uM R6G. reportec®® The fluorescence decays collected by exciting samples

In a second procedure (A2) designed to mimic the method used With vertically polarized light were used to generate the s8{t)][
for protein entrapmeri€ the DGS stock solution was obtained by —and difference D(t)] functions, which were used to construct the
dissolving 0.4 g of crushed DGS powder in 1 mL of chilled water anisotropy decayr(t)] as
and then sonicating fdl h in chilled water. The transparent DGS
solution was then filtered using a 0.223 Acrodisc syringe filter r(t) = D@ _ —IVV(t) — Gl (1)
(Pall Corp., Ann Arbor, MI) to remove large particulates. The GLS S () +2Gl,(1)
stock solution was prepared by dissolving varying levels of GLS
in 5 mL of 25 mM Tris-HCI, pH 7.4. The plain DGS sols were WhereG is the experimentally measured polarization bias of the
prepared by mixing 1 mL of the DGS-derived sol with 1 mL of ~monochromator/PMT.
Tris-HCI buffer or GLS stock solution containing R6G. The DGS/  The anisotropy decay was fit to the equation
GLS monoliths were formed in-24 min after sol preparation and
contained 0.6 M DGS, 4:85.8 wt % SiQ, 0~20 mol % GLS, r() = frg P exp-tip,) + L5 exptip,) +9r5® ()
and 1uM R6G. The monoliths were aged at’€ in air prior to . .
fluorescence analysis. We estimate that the amounts of glycerolWheré¢: and ¢, are the picosecond and nanosecond rotational

and ethanol as byproducts of DGS and GLS hydrolyses do not correlation times, respectivelfs; andf, are the fractional contribu-
exceed 11.5% and 3.3% (v/v), respectively. tions of ¢ and ¢, respectively, tar(t); rg® is the experimental

Sample BThese samples had GLS added to the sol and R6G |n|t|al_an|sotropy att - 0, Whlc.h co_rresponds t‘.) the gnlsotropy
) . - after internal conversion and vibrational relaxation, prior to probe
added to the monolith to probe only accessible regions of the S . . L .
; . rotation; andy is the fractional contribution from the nondecaying
sample. In this case, DGS and DGS/GLS monoliths were prepared t calculated as = r/r®® wh is th idual
as described above (sample A2) but with no R6G present. After comptonen ’ c;ciafe_'_ags B :Lw3£0Th Wf_tetrtzrozx:)s Ie resr,ll ulacli
gelation, the preformed DGS/GLS monolith was equilibrated for an|S(I) ropy andi d t2 ¢ gd_ t. ‘ € Ite fo fvggé shou |
24 h with 2 mL of a solution containing AM R6G. The solution hearly corlrespogxp _O SRSS _yz 28e33an|so rfppy 0 m.da g;lssy
above the monolith was then removed, and the samples were agearozen solventr,™ = ro"" = 0.38™ The fits were considere
in air for a specified period of time prior to sample analysis. Note

acceptable if the reduced chi-squared vajyé, was close to 1.0
that, after 24 h, the R6G dye was observed to be homogeneouslyano| the residuals show a random pattern.
distributed through the gel block.

Entrapment of HRP. All samples were prepared by method
A2 (DGS and DGS/GLS) or method C (addition of GLS to a
Sample C.These samples had both G_LS and R6G added to preformed DGS monolith). DGS monoliths were prepared by
prefor.med DGS monoliths. DGS monoliths were prepared as dispensing 3Q.L of a HRP/Tris-HCI solution (25 mM Tris, pH
descrllpﬁd abovg (satl)mplg A2k)‘ gndLaIIfowecIi_ to gel.kAftler_24 h,_tne 7.0) in the bottoms of the wells in a 96-well microtiter plate. The
monolit s were _|(rj1cu .atT ert] m oda;G r?sftoc S0 utlo? (wit same volume of DGS sol (0.4 g/mL) was then added to each of
goncentratlonm entical to those used for the ormg_uon O MONO- 4, samples within the microwells and rapidly mixed using a
liths) for 24 h at room temperature. After the equnlbrat.lon with microtiter plate shaker, giving a final sample volume of /80
GLS, the top solution was removed, and the monoliths were o contents of the wells gelled within 5 min, yielding homoge-
equilibrated with 1uM R6G aqueous solution (2 mL) for an
additional 24 h. The top liquid was then removed, and the samples

neous monoliths with a final HRP concentration of @@mL.
L o . . . Buffer (30uL) with different amounts of GLS (6158 mg/ml) was
were aged in air for a specific period of time and then subjected to (30uL) ¢ g/mi)
fluorescence analysis.

added onto the top of the DGS gels to prepare GLS-modified DGS
monoliths. Preparation of DGS/GLS was done by adding different
Shrinkage Measurements Shrinkage measurements were per- amounts of GLS to the HRP/Tris-HCI solution and then mixing
formed on samples that had been aged in air for 47 days, afteryth an equal portion of DGS sol. Samples were typically tested
which time there were no observable changes in sample mass owinggr HRP activity 1 day after gelation.
to drying. Samples were prepared as blocks with initial dimensions  H{Rrp Activity Assay. All gels were first washed with 0.5 mL
of 1 cmx 1 cmx 2 cm. The volume of the materials after aging  of puffer solution to remove excess additives such as glycerol or
was determined by measurement of the dimensions of the shrunken,npbound GLS before the activity assay commenced. HRP activity
blocks, and shrinkage values are reported relative to the original \y 55 assayed in 96 well plates using the guiacol test méthod.
volume of the block. Briefly, 30 uL of 4.8 mM guiacol in water (pH 7.0) was added
Steady-State Fluorescence Anisotropy (SSFAJBingle-point into each well and equilibrated for 30 min, which was shown to be
fluorescence anisotropy measurements for R6G were performed
using an SLM 8100 spectrofluorimeter (Spectronic Instruments, (33) Narang, U.; Wang, R.; Prasad, P. N.; Bright, F.JVPhys. Chem.
Rochester, NY) withlex, = 495 nm andie,, = 551 nm, as described 1994 98, 17. )
elsewheré@ Appropriate blanks were subtracted from each of the (34 &%)an;;nlkgggé.N(Ib;'d;y};i%i,'\ﬂrf; ﬁtm?ts'_'fzﬂ&ﬁ_%cirz‘ﬁg'rﬁt’r%;

intensity valuesl{y, lvi, lnv, In) used to calculate the anisotropy Hisaeda, Y.; Kitagawa, S.; Ogoshi, B. Am. Chem. Sod.999 121,
values, and all data were corrected for the instrumeataictor to 7747.
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the glycerol/water pore solvent in our materfaland, thus,
is more highly associated with the silica surface.

The DGS sol used for protein entrapment was prepared
by 1 h of sonication in chilled water to prevent fast silica
particle growth prior to complete DGS dissolution and was
filtered to remove any large particles to slow the rate of

i gelation. SSFA analysis of this sol showed much lower initial
5 10 20 30 40 50 60 O 10 20 30 40 50 60 and plateau anisotropies for R6G, even after gelation of the
time, min sol (Figure 1b). The lower anisotropy values and slower
Figure 1. SSFA of R6G in @) DGS and ¢, W) DGS/GLS sols as a gelatioq are consistent with the DGS sol containing mostly
function of time. Error£0.001; solvent, 25 mM Tris-HCI, pH 8.3; final ~ Small silica nanoparticles. Importantly, the lower plateau
$n|-(|)’l ;}ig;ss 32%?1?;?%20 ?1-6Q ?"ggLé)CX%Ci’E{,aﬂﬁ’?ﬁf&f I!gi:i‘; anisotropy value clearly indicates that R6G is not fully
zero ti‘me corresponds to DGé dis.sc'>|ution. a’1t room témperafure (sample ?‘SSOCIated Wl,th the S,urface of the anOIIthIC SI!Ica skeletpn
A1, panel A) or afte 1 h of sonication of DGS in chilled water (sample  in such materials. This must be due either to a higher fraction
A2, panel B). Initial anisotropy value corresponds to R6G anisotropy in of free R6G or to a higher proportion of R6G bound to small
i”ggg";ﬂ"eaiﬁf:fggfns{ '\Sﬁgzgrf’gﬁgj Y;Ir?erein%?g)t?;etﬂjtgﬁi};h silica nanoparticles that are still able to rotate within the
point. monolithic silica network. Because the solubility of R6G
would not be expected to be different within the pore solvent
hydrogen peroxide in 25 mM Tris-HCI buffer was added to the .Of either material, it is most likely ”.“f’“ the lower a.niSOt.mpy
well to achieve final concentrations of 2.9 mM guiacol and 0.39 ',S due to the_ presgnpe of smgll S!Ilca nanoparticles in the
mM hydrogen peroxide. Absorbance was monitored at 470 nm over filtered material. This interpretation is corroborated by TRFA
a period of 30 min using a TECAN Safire absorbance/fluorescence data (see below).
plate reader, and activity was determined from the initial slope of ~ To monitor the effect of GLS on the early stages of silica
the response curve and normalized to the activity of HRP in condensation, the DGS/GLS sols were prepared by immedi-
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sufficient to reach equilibrium. At this point, 20 of 0.97 mM

unmodified DGS materials. ate dissolution and mixing of the two components, followed
) . by monitoring of the steady-state fluorescence anisotropy
Results and Discussion (SSFA) of the added R6G. For sol studies, high amounts of

SSFA Analysis of DGS/GLS SolsPrevious studies of ~ GLS were used (25 or 40 mol %), as these levels provided
DGS-derived sols and géfkhave shown that the precursor ~ Significant alterations in the SSFA data, making data
undergoes rapid hydrolysis and condensation to form primarymterpr_etatlon more straightforward. Note_ that _solutlons
and secondary particles, followed by slower, pH-dependent COnsisting of R6G and GLS showed only a single picosecond-
growth and aggregation of the colloidal particles to eventually Scale anisotropy decay time, indicating that there was no
form a continuous gel network. Unlike systems derived from direct interaction between these species, consistent with the
TEOS or sodium silicate, the presence of high levels of findings thained for R6G analysis of GLS—coated silica
glycerol as a byproduct of DGS hydrolysis leads to stabiliza- Nanoparticles® Thus, all changes in R6G anisotropy can be
tion of the initially formed particles over long periods of —@scribed to alterations in R6ilica interactions.
time 26 As a starting point for the investigation of the DGS/  In the presence of GLS, the R6G anisotropy of unfiltered
GLS system, we first investigated the steady-state anisotropyDGS sols spiked at the gelation point, but to a value lower
of R6G in DGS-derived sols and gels for which two different than that measured in the plain DGS sol (Figure 1a). The
methods had been used to prepare the sols. In unfiltered DGSspike indicates the formation of silica nanoparticles to which
sols (sample Al), the R6G anisotropy spiked immediately R6G can bind, providing evidence that the rate of silica
after DGS dissolution (Figure 1a), reaching a value of condensation remains high even in the presence of GLS.
0.341 at the gelation pointy(= 2 min), which indicates the Thus, the formation of silica nanopatrticles is the earliest event
formation of a highly polymerized silica surface. Under of the sot-gel reaction in DGS/GLS sols. The lower
similar conditions that promote fast silica particle growth anisotropy value at the gelation point relative to that of
and polymerization, the R6G anisotropy in an aqueous unmodified DGS sols and the decrease in anisotropy beyond
sodium silicate sol is also high € 0.35f7 and close to the ~ the gelation point reflect the gain in rotational mobility of
limiting anisotropy,ro = 0.383 This indicates significant ~ R6G as a result of its partial displacement by GLS molecules
restriction of the rotational diffusion of R6G when bound to from the polymerized silica particles/monolith to the water-
either the immobile silica network or silica nanoparticles of filled pores.
radiusR > 2.5 nm?’ After the gelation of DGS, the R6G Beyond the gelation point, there was a continuous,
anisotropy gradually increased to= 0.347, as a result of  concentration-dependent decrease in the R6G anisotropy for
further silica polymerization. We note that the anisotropy the next 50 min. This indicates the further displacement of
values obtained for our materials are significantly higher that silica-bound R6G molecules by GLS molecules. At GLS
those reported by Bright et al. for R6G dispersed in TMOS- levels of 25 and 40 mol %, the lowest plateau values reached
derived material8-*2This is due to the presence of methanol at 40 min werer = 0.08 andr = 0.04, respectively. This
in the latter materials, which causes a significant fraction of clearly demonstrates that the GLS modification of the silica
the R6G to be located in solvent-filled pores rather than being surface continues after the formation of the silica monolith,
associated with the silica surface. R6G is far less soluble in which can be interpreted to arise from the presence of a large
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Figure 2. (a) Loss of mass for monoliths containing 10 mol % GLS prepared by routes dver 58 days of aging in air. (B) Loss of mass on day 58 for
monoliths prepared by routes#C as a function of the amount of added GLS.

100

portion of GLS monomers that are physically entrapped in
the silica pores immediately after monolith formation. These

. . —&— Sample A
GLS molecules would lead to the localization of sugar 90 1 | —o0— sampleB
moieties at the silica/water interfaces rather than in the silica —¥— Sample C
core of the sotgel network.

Coating filtered DGS sols with GLS (Figure 1b) did not
lead to the presence of spikes in the anisotropy curves,
consistent with slower particle formation in this system. In
this case, it is likely that the GLS initially binds to the surface
of slowly growing silica nanopatrticles, preventing the initial,
rapid binding of R6G. The dramatic effect of filtration on
the initial anisotropy of the sols and freshly formed gels
provides evidence for the presence of nanoparticles well after
the gel point, which could also influence the long-term 50 , . . .
evolution of the monoliths. This point is discussed in more 0 5% 10% 15% 20%
detail below. GLS/DGS mol:mol %

Physical Properties of DGS/GLS Monoliths.To compare Figure 3. Shrinkage of DGS-derived monoliths containing various levels
the rotational mobility of R6G molecules that are homoge- of GLS after 47 days of aging in air.
neously distributed through the whole silica monolith to that
of R6G molecules located exclusively in accessible channelsS@mples B and C. The overall loss of mass was also
and pores, the dye was incorporated at the sol stage (sampléependent on the amount of added GLS, decreasing as the
A) or allowed to diffuse through the preformed DGS/GLS amount of GLS increased (Figure 2b), consistent with the
monolith (sample B). Alternatively, a preformed DGS ability of the bound GLS to retain the entrapped water.
monolith was incubated first with GLS and then with R6G To investigate the effects of preparation procedures on the
(sample C) to assess how the timing of GLS addition might physical structure of the resultant gels, shrinkage measure-
influence the properties of the resulting DGS/GLS monoliths. ments were performed on DGS-derived monolithic gels
For the studies of monoliths, all DGS sols were prepared by containing various levels of GLS, as shown in Figure 3. In
method A2 (i.e., by sonication in chilled water followed by the absence of GLS, the samples shrunk-&0% of their
filtration), and GLS levels were tested over the range of initial volume, regardless of whether they were washed to
5—20%. remove the entrapped glycerol. Thus, entrapped glycerol does

Prior to anisotropy analysis, both the weight loss and little to alter the overall shrinkage of materials. The shrinkage
shrinkage of samples AC were tested to determine the in volume decreased with increasing levels of GLS for alll
overall time span required to reach a steady state and thepreparation routes. With increasing levels of GLS, samples
effect of the preparation method on the ability of the material A and B showed very similar extents of shrinkage, indicating
to resist shrinkage. The masses of both the DGS and DGStthe very similar matrix structures of samples for which GLS
GLS monoliths decreased gradually over a period of 35 dayswas added to the sol, regardless of whether washing was
of aging and then leveled off (Figure 2a). The changes in used to remove glycerol. In the case of sample C, however,
mass were smallest for sample A, followed by samples B much higher levels of GLS needed to be added to the
and C. This is consistent with the replacement of the monolith, relative to the amount added to the sol, to have
nonvolatile glycerol with water during incubation to add the same effect on shrinkage. For example, retention of
either R6G or GLS. The higher proportion of water leads to >80% of the volume was possible at GLS levels of 15 mol%

a greater loss of mass as a result of solvent evaporation infor samples A and B, whereas monoliths formed by route C

80 -

70 4

Remaining volume at day 47

60
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containing as much as 20 mol% GLS retained only 75% of 035
their volume. Materials formed by addition of GLS to a DGS 0.30 4
sol also have much lower surface areas than pure DGS ./.,./r—O—O
materials (33 rfig at 20 mol % GLS vs 591 #fg for DGS?), 0251 r :;/H‘—:
which is consistent with a much lower proportion of 0.20 4 s e
micropores. This likely contributes to the lower shrinkage 0.15 4 L
obtained for such samples. Thus, the formation of GLS-
coated nanoparticles appears to be important in ultimately _ c D
minimizing shrinkage.
In cases where GLS was added to a preformed monolith,
the material had a much higher surface area (19§ at 20 )
mol % GLS) relative to samples with a similar amount of @
GLS added to the sol. This is consistent with the presence® °
of both micro- and mesoporé&indicating that GLS is likely 0.36 +———— T —
unable to access micropores. These pores can thus produce ,,, |E 0 10 20 30 40 50 60 70
high capillary stresses during drying, leading to shrinkage aging time, days
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of the material. Overall, this shows that coating of particles 025 1

prior to their incorporation into a network has a dramatic 0.20 - /* = _e— sample A
effect on silica morphology. However, it is also noted that 0.5 4 - ol o :gmg:zg
addition of high levels of GLS to a preformed monolith can oo

still lead to vastly reduced shrinkage, and thus modification
of reactive silica surface sites with sugars still provides
beneﬁ.ts in the production of low-shrinkage sgel-based Figure 4. Steady-state anisotropy of R6G in DGS monoliths containing
materials. 0—20 mol % GLS. Experimental erros0.6%; R6G concentration, AM;
SSFA Analysis of DGS/GLS Monolith Evolution.Based excitation, 495 nm; emission, 551 nm. GLS concentration: (A) O, (B) 5,
th It f th h d shrink tudi (C) 10, (D) 15, and (E) 20 mol %. Monoliths were prepar@®d gample A)
on the rgsu S. 0 € mass-c an_ge and shrin ag.e stu Iesby mixing DGS, GLS, and R6G solutions at the sol stage;gample B)
changes in anisotropy were monitored over a period of up by equilibrating the preformed DGS/GLS monoliths with R6G solution; or
to 60 days to follow the overall evolution of the monolith. (@, sample C)by subsequent equilibration of preformed DGS monoliths
A . . . ... . with GLS and R6G solutions, as described in the Experimental Section.
Preliminary studies of the changes in R6G anisotropy within
monolithic §amples were done via steady-state anlsotropy.expected on the basis of microviscosity,
More detailed analysis of these samples by TRFA is
described in the next section. Anisotropy analysis of-sol
gel-derived monoliths requires that the samples be optically
transparent to avoid any scattering artifacts, which can

significantly alter anisotropy values. Monoliths containing . o ;
L . .~ coating the silica surface and thus reducing the extent of
up to 20 mol % GLS exhibited excellent optical properties o . :

) . .~ R6G binding. It is also possible that the removal of glycerol
for SSFA and TRFA analysis. However, beyond this point, when the samples are washed with water could result in
the monoliths were not optically transparent, possibly because . b ) - .

nanoparticle aggregation and/or binding of particles to the

of some flocculation of the GLS-coated nanoparticles prior o . .
to gelation. This process has been previously observed formonOIIthIC silica, which would increase the .SSFA of R6G’.
GLS-coated Ludo® and further highlights the likelihood although TRFA data are needed to determine whether this

of there being GLS-coated nanoparticles in the DGS/GLS is thg case (see belovx{). Overall, although- glycerpl has a
sol that cannot participate in network formation. relatively small effect, it does play a role in altering the

. o . anisotropy data.

Given the significant amount of glycerol that is present _ _ )
inside the gel matrix (ca. 12% V/v), it is critical to understand ~ Figure 4 shows the changes in steady-state anisotropy as
the role of glycerol in controlling R6G anisotropy. For this & function of aging time for DGS/GLS gels containing
reason, we prepared sample B as usual with a GLS level ofdifferent levels of GLS prepared by routes-&. Consistent
10%, but washed either with water containingl R6G at with the changes in mass noted above, there was a gradual
day 1 (24 h of incubation, identical to how sample B is increase in R6G anisotropy during the first-186 days of
normally processed) or withAM R6G solutions containing ~ aging, after which the anisotropy essentially leveled off. This
5% or 25% glycerol to retain a high level of glycerol in the trend was consistently observed in all samples, independent
washed samples. Note that these treatments will remove anyof the GLS content. The observed increase in R6G anisotropy
excess free sugar from the matrix, so that the effect of with aging likely reflects the drying process, which would
glycerol can be more carefully examined. Inclusion of result in repartitioning of the R6G from solution onto the
glycerol in the washing solutions led to a decrease in the surfaces of either nanoparticles or monolithic silica, and/or
anisotropy of R6G from 0.233 with 0% glycerol to 0.225 at association of R6G-bound nanoparticles with the monolith,
5% glycerol and 0.203 at 25% glycerol (samples aged 7 which would arrest nanoparticle rotation. It is not possible
days). The observation of lower anisotropy values for to distinguish between these scenarios on the basis of steady-
samples containing glycerol is opposite to what would be state anisotropy data.

0 10 20 30 40 50 60 70
aging time, days

clearly indicating
that the effect is not related to changes in microviscosity.
Rather, the presence of glycerol likely leads to a reparti-
tioning of the R6G from the adsorbed to the free state,
consistent with glycerol either solubilizing the probe or
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.35

of GLS, as expected. The decreases in anisotropy appear to
e Somple A (Day 45) cor)tinue up to_a GLS concentration of 20 mol %, beyond
—o— Sample B (Day 45) which flocculation was observed when GLS was added to
—v— Sample C (Day 45) the sol. However, even in cases where flocculation was not
possible (sample C), these data tend toward an asymptote
of 20 mol % GLS, suggesting that such a level can saturate
the available silica surface in all samples. This is also
consistent with the shrinkage values, which appear to plateau
at 15-20 mol % GLS in all samples (see Figure 3).

As shown in Figure 5, the plateau anisotropy values
reached after 45 days of aging were also dependent on the
method used to form the material. In general, anisotropy was
highest for samples formed by route B, followed by route A

.20

Steady-state Anisotropy

10 . . . T (because of the effect of glycerol), and finally route C. The
0 5% 10% 15% 20% lower anisotropy for sample C relative to sample B, both of
GLS mol/mol % which had glycerol removed by washing, indicates that

Figure 5. Steady-state anisotropy of R6G as a function of the level of addition of GLS to a preformed monolith results in an overall
GLS present in DGS-derived monoliths. Samples@were aged for 45 requction in the fraction of immobile R6G molecules. This
days prior to analysis. Experimental error is less than 0.6%. is consistent with a higher proportion of GLS being bound
Considering first the DGS samples without added GLS to the monolithic skeleton in sample C than in sample B,
(Figure 4a), it is noted that materials derived by route A which would thus prevent rigid binding of R6G. On the other
always exhibited a higher anisotropy than those derived by hand, GLS-modified sols (samples A and B) would be
route B (consistent with the effect of glycerol, as noted expected, on the basis of the SSFA data presented above, to
above) and that neither sample approached the limiting have much of the GLS bound to silica nanoparticles. As a
anisotropy o = 0.35, obtained in the case where all of the result, less GLS would be expected to be available to coat
motion of R6G is completely restricted in a fully formed the monolithic skeleton, resulting in a higher proportion of
monolithic silica matrix@® Overall, the SSFA data for the R6G bound to the monolithic silica surface and hence a
DGS samples show that, despite significant drying of the higher anisotropy for R6G within samples A and B. This
monoliths, R6G is still partially free to reorient within the  situation is shown pictorially in Figure 6 and is supported
sol-gel matrix. The low anisotropy values reflect the by TRFA data presented below.
presence of R6G that is not rigidly bound to monolithic silica. =~ TRFA Analysis of DGS/GLS Monoliths. To gain further
However, as noted above, it is not possible to determine insight into the distribution of R6G among the monolith,
whether this fraction of R6G is located on the surface of nanoparticle surface, and free solution as a function of GLS
rapidly rotating nanoparticles or is free in solution on the concentration and preparation method, we employed TRFA
basis of the steady-state anisotropy data. to measure the proportion of R6G in each environment for
Addition of GLS to DGS materials generally led to a the different samples. The TRFA parameteps (., f1, f2,
reduction in the steady-state anisotropy values, which tendedandg) were interpreted using the model of rigid sphetes.
to become lower as the concentration of GLS increased According to this model, the R6G decay in the aqueous silica
(Figure 5), indicating higher surface coverage at higher levels sol or sok-gel monolith is an overlap of three main

GLS Added to Sol (Samples A/B) GLS Added to Gel (Sample C)
Monolith Nanoparticles Monolith Nanoparticle
®
o
o
= =
® [
R6G @
GLS -

Figure 6. Schematic of the location of R6G and GLS in samples prepared by adding GLS to a DGS sol (samples A/B) or to a preformed DGS gel (sample
C).
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Table 1. TRFA Decay Parameters for R6G Entrapped in DGS Table 2. TRFA Decay Parameters for R6G Entrapped in DGS/GLS
Monoliths (Sample A) or Diffused in the Preformed DGS Monoliths (10 mol %) Monoliths (Sample A), Diffused into Preformed DGS/
(Sample Byb GLS Monoliths (Sample B), and Diffused in DGS Monoliths

Preequilibrated with GLS Solution (Sample CpP

1 2
sample (ns) (ns) f1 fa ro r g SS o1 b2
Sample A (ns) (ns) fa fo ro r g SS
day 1 021 690 031 0.12 0.36 0.21 057 0.240 Sample A
day 5 026 7.14 024 013 035 0.22 0.63 0.248 day 1 0.17 890 0.27 039 036 0.12 0.34 0.195
day16 051 7.01 0.21 010 037 026 069 0.257 day 7 0.18 882 021 034 033 015 045 0.203
day35 0.64 6.42 017 007 038 0.29 0.76 0.261 day16 040 6.14 0.12 023 0.38 025 0.65 0.212
day45 0.69 6.49 0.17 005 036 0.28 0.78 0.275 day35 051 445 0.18 0.13 037 0.26 0.69 0.229
Sample B day45 056 479 019 013 037 025 068 0.234

day 1 020 6.73 032 0.12 037 021 056 0.240 Sample B

day 5 029 629 017 010 034 025 0.73 0.269 day 1 020 6.89 021 037 034 014 042 0.213
dayl16 051 6.02 0.14 0.05 035 0.28 081 0.281 day 7 021 722 007 017 035 027 0.76 0.224
day35 059 578 011 0.03 038 0.33 0.86 0.287 dayl6 040 6.05 005 0.16 038 030 0.79 0.237
day45 063 591 011 0.02 037 032 087 0.284 day35 042 589 011 0.08 036 029 081 0.245
day45 036 576 010 0.07 036 030 083 0.251

aThere is no sample C for this table, because GLS is absent in all gels.

b All samples were tested in duplicatg, +0.05 nsip,, +0.08 nsf, +0.01; Sample C
ro, +0.01; fluorescence lifetime, 3.9 0.01 ns;y3, 0.98-1.05. SS is day2 020 7.02 067 009 035 008 024 0.181
steady-state anisotropy. day 7 0.34 722 056 023 034 0.07 021 0.179

day16 031 6.65 036 032 034 011 033 0.184

e . . . day35 0.38 508 045 019 037 013 0.36 0.189
diffusional time components: (1) the picosecond rotational gay4s 033 515 044 018 038 014 038 0.194

correlation t'me¢l’ attrl,bUted to th? rotation of Smgle R6G aShortest aging time corresponds to the following: sample A, im-
molecules dispersed in solvent-filled pores; (2) the nano- mediately after gelation; sample B, 1 day after gelation to allow for addition
second rotational correlation timg, attributed to slower  of RSE: sample C, 2 days after gelation to allow for addition of GLS and
otaton of R6G molecules that are rigcly bound fo small §3¢, M SETEICe e e el S0 e S8,
silica nanoparticles of radiuR < 2.5 nm; and (3) the s steady-state anisotropy.
nondecaying anisotropy component, attributed to R6G mol-
ecules rigidly bound to the walls of the immobile silica of the nanoparticles in the DGS-derived materials appear to
network or to large particles of radil® > 2.5 nm whose  be able to integrate into the network after this period of aging.
rotational diffusion cannot be measured during the excited The somewhat higher proportion of free dye and the lower
state of R6G ¢ > 60 ns). g value in samples prepared by route A compared to those
As a starting point for TRFA analysis, DGS sols containing prepared by route B confirms that glycerol does lead to less
no GLS were prepared by routes A and B and subjected tooverall binding of R6G to the silica surface, as a result of
TRFA analysis after various periods of aging. As reported either blockage of silica sites or better solubility of the dye.
in Table 1, all samples displayed a subnanosecond rotational The TRFA data, in combination with the SSFA data, also
component$; ~ 0.2—0.7 ns), whose value increased with provide insight into the DGS growth mechanism under the
aging time owing to increases in local microviscosity as water conditions used in this study (neutral pH, high silica
evaporated, and a nanosecond rotational compowgent ( concentration). Consistent with our previous study of DGS
6—7 ns) whose value decreased slightly with aging time, sols formed under such conditiotfgrimary particle forma-
possibly as a result of larger particles aggregating with the tion occurs rapidly in the initial sol, and further growth occurs
monolith, leaving only smaller particles free to rotate in the by aggregation of these particles to form larger secondary
pores. Both samples initially showed significant fractions of particles and ultimately a spanning network of particles (i.e.,
both free {; = 0.31) and immobiled = 0.57) dye and a  a gel). Further aging of the monolith results in continued
lower fraction of particle-bound dyd,(= 0.12). As aging aggregation of particles to form a denser, more mechanically
proceeded, both samples showed a significant decrease irstable monolith.
f,, corresponding to a loss of free probe owing to adsorption The effects of GLS are next considered, first focusing on
as the solvent evaporated. There was also a significantthe case where GLS is added to the sol and then moving to
decrease iffi,, which indicates that the proportion of rapidly the case where GLS is added to a preformed monolith. As
rotating nanoparticles decreased with time, consistent with reported in Table 2, all samples derived by routes A and B
particle growth and/or association of particles with the exhibit both picosecond and nanosecond rotational correlation
monolithic silica network. A corresponding increase in the times and show the same general trend of an increage in
g value reflects an increasing amount of R6G that was rigidly and a decrease iy as aging proceeds. However, compared
bound and unable to rotate over a period of at least 60 ns,to unmodified DGS materials, the GLS-modified monoliths
consistent with more dye being associated with the mono- initially displayed lower levels of free and immobile dye and
lithic silica skeleton (either directly or owing to R6G-bound a much higher fraction of dye associated with silica nano-
nanoparticles associating with the monolith) as aging pro- particles. This is consistent with a high proportion of
ceeded. After 45 days, the samples showe&% particle- nanoparticles that can bind R6G but are not able to associate
bound R6G and 1115% free dye. Thus, the low steady- with the monolithic skeleton. This is as expected, given that
state anisotropy values for samples A and B, relative to thatthe SSFA data clearly show that GLS interacts with colloids
obtained for R6G within sodium silicate derived materféls, present in the sol. The presence of GLS on the surface of
is mainly related to a higher proportion of free dye, as most free particles would be expected to result in an inability of
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these particles to associate with the evolving gel network.

As aging proceeds, the value Bfdrops steadily while
the g value increases, consistent with either R6G reparti-
tioning from particles to the monolith or R6G-bound particles

.. . s . GLS-DGS, 1-d aging with buffer - }_1
associating with the monolithic silica skeleton. Thealue

Agquecus HRP !—|

also tends to decrease somewhat with time, although this is
more evident in samples that have had glycerol removed by
washing. These data are consistent with slow partitioning ;s 1.4 aging wits butier -
of the dye to the silica surface as evaporation continues. By
day 45, both samples A and B show relatively highalues , , . ,
(0.68-0.83), smallef, values (0.070.13), and; values in : & : & . 10
the range of 0.£0.2. When compared to the comparable N MNormalzedactviy _
unmodified DGS samples, it s apparent that the addltion of F9Ue,T, ASH o envaphed KA n DGS morolhs wi o iheut
GLS (at a level of 10 mol %) does not lead to a significant monolith. All samples contain 0,2g/mL HRP.
increase in the fraction of free dye, but does cause a small
decrease in the fraction of immobile dye and a small increaseof the modifier to a preformed monolith appears to result in
in the amount of particle-bound dye. In particular, for preferential coating of the silica skeleton, resulting in a much
samples derived by route B, the presence of GLS ultimately lower degree of R6Gsilica interactions and ultimately more
does little to block the association of the dye with the free dye. Clearly, these effects need to be further evaluated
monolithic silica surface (see Figure 6). using a larger number of modifiers and a wider range of
Samples prepared by route C displayed significantly times between monolith formation and addition of modifier.
different TRFA parameters than those prepared by routes AHowever, the results presented herein suggest that the time
and B. Initially, samples derived by route C showed Of addition of modifier can be used as a means to control
significantly less immobile dyeg(= 0.24), a much higher  the properties of organieinorganic nanocomposite materials,
amount of free dyef{ = 0.67), and a similar level of particle- ~ including their ability to interact with entrapped dopants such
bound dye f, = 0.09) relative to unmodified DGS materials, as proteins or small molecules.
consistent with GLS binding to the monolithic skeleton and It should be noted that, although the data presented herein
preventing R6G adsorption. As aging proceeded, the level highlight the potential of TRFA for assessing the properties
of free dye decreased while the amount of immobile dye of monolithic sot-gel samples, the interpretation of the data
increased, as expected on the basis of dye adsorption upomelies heavily on the choice of model used to interpret the
solvent evaporation. However, after 35 days, there was aTRFA. On the basis of numerous past studies with particle-
significant decrease in the faction of rigidly bound dge<( based silica systems, we chose to interpret our TRFA data
0.4) and a markedly increased level of free dfje>( 0.4) using a hindered-rotor model and to interpret changes in the
compared to either DGS or DGS/GLS materials formed by nanosecond decay time by assuming that nanopatrticles are
routes A or B. This further confirms that GLS is able to presentin the monolith. Previous TRFA studies of-spl-
efficiently coat the preformed monolith. Unexpectedly, the derived materials have utilized different fitting models (e.qg.,
GLS-coated materials formed by route C showed a significant two components, no hindered rotation) and interpreted the
increase in the proportion of R6G bound to silica nanopar- dataonthe basis of variable domains of differing microviscésity.
ticles as aging proceeded, again reaching a plateau after 3%Ithough there is significant evidence to suggest that R6G
days atf, = 0.18. The corresponding increasesfirand binds strongly to silica surfaces and that the nanosecond
decreases ifi suggest that free dye preferentially associates component in R6Gsilica systems is related to the presence
with nanoparticles present in the pore solvent rather than of particles, it is clear that further studies using complemen-
with the monolithic silica, supporting the suggestion that the tary methods will be needed to more fully evaluate the best
GLS preferentially coats the monolithic skeleton when added model for interpreting both TRFA data and sgel growth
after gelation. The decreasefirbbeyond day 16 is not fully ~ processes.
understood, but it seems to correlate with increased levels  Activity of Entrapped HRP in GLS-modified DGS.
of free dye, suggesting desorption of R6G. This might reflect Figure 7 shows the effect of both the presence of GLS and
continued modification of these nanoparticles with free GLS the timing of GLS addition on the activity of HRP in gels
in the pore solvent. that were aged for 1 day prior to testing. All data presented
Taken together, these data suggest that the time at whichare for samples containing 10 mol % GLS; the activity values
organosilane modifiers are added to a-sgel-derived did not change significantly for levels of GLS ranging from
material is critically important to both the evolution and the 5 to 20 mol %, even though the data above suggest that 10
ultimate properties of the resulting nanocomposite material. mol % of GLS is required to obtain full surface modification.
This therefore provides an additional control element beyond Furthermore, the activity did not change appreciably for up
the rate of hydrolysis/condensation that is normally used to to 7 days of aging for any samples (data not shown). The
control modification by trialkoxysilanes. Addition of the most noteworthy change in activity is related to the addition
modifier to the sol results in preferential coating of nano- of GLS, which leads to a significant improvement in activity
particles with the modifier, which then slowly associate with (3—4-fold) compared to that of unmodified DGS materials,
the evolving monolithic skeleton. On the other hand, addition regardless of when the GLS was added. The timing of

DGS, 1-d aging with GLS
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addition also had an affect on the activity compared to that nanoparticles within setgel monoliths, and it thus provides
of unmodified DGS, which increased from a 3-fold improve- a new framework for modeling the evolution of sagel-
ment when GLS was added to a preformed monolith to a based materials.
4-fold improvement when GLS was present in the DGS sol. TRFA analysis suggests that addition of GLS to an
Although the origin of this effect is not presently known, it evolving sol causes a high proportion of modified nanopar-
is possible that GLS can act as an osmolyte to stabilize theticles to be present that initially are not associated with the
protein during entrapme#t,in addition to coating the silica  continuous polymer network. This is as expected, given that
surface prior to gelation, thus altering enzynsdica interac- GLS can easily interact with colloids present in the %ol.
tions?® The preferential presence of GLS on the surface of free
At this stage, it is premature to speculate on the overall particles results in inefficient coating of the monolithic
mechanism of the improved HRP activity when GLS is material with GLS and, consequently, a high proportion of
present in the sol. Previous work has shown that inclusion immobile dye associated with the monolith. The addition of
of GLS can alter porosity, protein accessibility, protein  GLS to a preformed monolith results in a significantly better
silica interactions, and protein leachitigzurther work with coverage of the monolithic skeleton by GLS and also results
additional enzymes, along with more detailed analyses of in much higher levels of free dye than in systems where GLS
enzyme-silica interactions, enzyme accessibility, and leach- is added to the sol. Entrapment of HRP into GLS-modified
ing, will be required before this question can be answered. DGS materials showed that the presence of GLS was the

Studies on these issues will be reported in the future. most important factor affecting HRP activity, although the
time of addition had some affect on activity, with optimal
Conclusions activity occurring when GLS was added to the sol. Thus,

The steady-state and time-resolved fluorescence anisotrop);he modification of silica with hydrophilic sugar moieties

of the probe rhodamine 6G entrapped in GLS-modified provides a route to 'mprove the performance of entrapped
i . enzymes, in agreement with previous studfes.

materials formed from DGS were measured as a function of
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