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Organosilica sotgels functionalized with amino groups are used for the controlled release of
encapsulated molecules including biomolecules. These gels prepared by hydrolysis of aminosilane
precursors are characterized by water-induced changes in network formation and dissolution and as a
result can be used as controlled release matrixes on the basis of the water content of the medium. The
gels were initially evaluated for release of simple organic dyes such as Congo red as a result of the
water-induced dissolution of gels. These gels can also be used as a means for controlled release of
encapsulated entities including enzymes such as proteases that are used in fabric care applications. The
rapid dissolution of these gels when placed in water-rich media provides an effective strategy for release
and/or delivery of actives with potential utility in fabric care applications. The encapsulated enzymes are
able to retain their activity and remain stable for extended periods. The gels were characterized by FTIR
spectroscopy, which indicates the formation of a loosely held network of hydrogen-bonded patrticles in
these gels. The results indicate potential utility of these materials as versatile delivery matrixes where
the release of actives can be initiated by facile water-induced dissolution of these organosiigasol

Introduction environment of detergents usually leads to aggregation,
precipitation, denaturation, and loss of activity of enzyifes.

mC%nt;ci)llr?]d tLelfasﬁ bstrraltegllef drelry ?n Ieffltc ;ﬁntmtrllgge{ ﬁn additional consideration is the activity of proteases, which
echanisms that can be regulated precisely at the moleculagy , 4 autolytic degradation of isolated alkaline proteases
level. Efficient regulation of physicochemical properties of

the host matrix that can be coupled with release of activesIn th.e. basic envwonmen.t of detergeh’tzﬁmally, long-term

is the key to controlled release stratedién this direction stability of the enzymes in an enwronmen't that goes tthUQh

there exist several strategies for controll-ed release rarllgingcons'[.ant chapge_s In temperature remamns an 1ssue in the
. . _ ) ” Zpractical application of these enzymes in detergents.

from degradation or dissolution of the host matrix to porosity

changes and/or altered physicochemical interactions between At Present, enzymes are widely used in the detergent
the matrix and encapsulated molectiies. industry’? Proteases added to detergents bring about hy-

Advances in biotechnology have spurred the use of drolysis of the peptide linkages in protein-based stains and

enzymes in personal care and fabric care applications, and E{Phereby_ prO\(/jlde “Sef!“ be?efrl]ts to clgamngl of lfab.%sh
large number of laundry detergent formulations employ rtalyentlng ena(;urahon of the protein molecule fIT the
enzymes for effective cleaning mechanishadkaline pro- multicomponent detergent environment consisting of linear

teases are among the most widespread enzymes used in fabr%IkyI benzenesulfongées ?)Td O;hﬁr Ionég,?ﬁd anlcl;rluc syrfac—
care applications. However, long-term stabilization of fants presents considerable challengésThe problem is

enzymes in detergents presents unique challenges. The hostil#/lther heightened when mixtures of enzymes are used in
detergents to serve different purposes. A multienzyme

composition containing proteases poses additional stability
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stabilization, and subsequently fast release of the proteasesion or dissolution of the host matri®.4° The degradable
when placed in a water-rich environment to elicit the desired host matrix can be designed to disintegrate as a response to
function during normal fabric care applicatiolfs. certain environmental variablésand this approach has been

The stringent criteria posed by the specifications of the Widely used in drug delivery applications.
enzymes used in detergents necessitate use of specialized In this context, sotgel-derived materials provide an
materials that can provide not only the required stability of efficient matrix that can be used for encapsulation and release
the enzymes but also the physical isolation of the proteasesof enzymes. While encapsulation of molecules including
as well as fast release when placed in an aqueous mediumproteins and enzymes is well established, the design of
While organic polymers can provide the stability for the efficient strategies for controlled release of encapsulated
enzymes, their dissolution in water is limited. Additionally, molecules from a selgel remains a focus of current
depending upon the nature of the polymeric matrix, the research. Setgel-derived materials furnish a chemically inert
process of immobilization may not necessarily provide the and mechanically robust matrix for encapsulation. Room-
spatial isolation of protease to prevent autolytic and hetero- temperature experimental protocols make the-gel pro-
lytic degradation of proteins in the presence of proteases.cesses amenable for encapsulating the biomolecules. Silicate
Similarly, degradable matrixes exhibit slow rates of release matrixes can be tailored to create a microenvironment
due to inherent limitations of the chemical pathways that Suitable for a particular protein. For example, lipases are
accompany the process of chemical degradation of thefound to be stabilized in a hydrophobic environmént.
polymeric structure. As a result, such materials are widely Silicate matrixes formed with precursors containing func-
used for slow release applicatioch@n the other hand, the tional groups (e.g., amino, hydroxyl, and carboxyl groups)
criteria for the enzymes in detergents dictate that the proteinsare known to be hydrophilic in nature, while those formed
are released during the normal fabric care process, whichwith silane precursors containing alkyl pendant groups are
requires a fast release of actives that can be accomplishedknown to possess a hydrophobic environnfériRecently,
within minutes. Consequently, materials that exhibit fast Selective intake and release of molecules including proteins
dissolution kinetics are ideal matrixes for immobilization of has been reported from organosilica-sgéls that contain
enzymes that are typically used in fabric care applications. Poth hydrophilic and hydrophobic groups as part of the

43

The ability to entrap the (bio)molecules through physical networl-<. . o
encapsulation in a suitable matrix provides a strategy to Herein, we report a strategy for encapsulation, stab_lllzatlon,
overcome these issues. Immobilization also helps in conserv-2nd controlled release of molecules from-sgél matrixes
ing the conformation of the protein backbone, which is made from different amino-functionalized alkoxysilane pre-
essential for their activity. Immobilization of the biomol- ~cursors which have been shown to be useful for immobiliza-
ecules has been shown to be successful with organiction of biomolecules®™“® These gels are water-soluble, and
polymeric matrixe¥-18or inorganic silicate matrixe$- % The release of encapsulated molecules including the protease
release of the trapped molecules from the carrier could be€nzyme subtilisin can be effected when the gels are placed
by diffusion332 through changes in the structure of the N Wwater. Initially, the sot-gel compositions were optimized
matrix which take place as a response to external stimuli USing Congo red dye as the dopant because of its optical
such as pPf and temperatur¥,or, alternatively, by degrada- ~ Properties, which facilitate monitoring of the release process

by optical spectroscopy. Next, the gels were evaluated for

) their stabilization and release of subtilisin. These-gyl
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mL of the silane precursor (K2 and K3) or 1 mL of a silane
precursor mixture (K1, K4, and K5). The gelation period of the
prepared dye-containing gels varied between 1 min and 3.5 days
(Table 1). Gels were aged for 2 days under ambient conditions in
uncovered polypropylene beakers before dye release experiments
were carried out.

Preparation of Enzyme-Containing Sot-Gels The various
sol—gel compositions (K+K5) prepared contained the silane
precursor(s) as mentioned in the above section. Two sets of enzyme-
; containing sotgels were prepared. In one set (prepared in
Figure 1. Dissolution-controlled release from organosilica-sgéls: a duplicate), o 1 mIT of S"a.”e pregursor(s) was added 0.25 mL (13.88
graphical representation of the process of dissolution of-gels that mmol) of H,0. This was immediately followed by the addition of
accompanies release of the encapsulated molecules along with a schematif-25 mL of subtilisin. The sol was stirred with a stir bar agOH
representation of changes in absorbance of the solution as a function ofand formulated enzyme (enzyme with water, propylene glycol, and
time that can be used to monitor the release process. sodium formate) were added. All the components form a clear and

homogeneous sol readily. The final pH of the mixture was found
sol-gel matrixes was to develop segel-derived matrixes,  to be about 8.5. The gelation period varied between 2 min and 10
which can release protease by fast dissolution in water. Thedays. Gels were aged for 2 days under ambient conditions in
sol—gel matrixes are readily soluble in water and release uncovered polypropylene beakers before being tested for enzyme
encapsulated molecules through matrix dissolution (Figure activity. These gels did not exhibit any visible shrinkage during
1) such that the release time can be controlled by a judiciousthe aging period. Another set of gels (KK5) after being aged

choice of precursors to regulate the dissolution. for 2 days were covered with Parafilm and stored under ambient
conditions for long-term release studies.
Experimental Section In another set of enzyme-containing sgkls, the sols were

prehydrolyzed by adding 0.25 mL (22.2 mmol) of®ito 1 mL of

Materials. The sot-gel precursorsN-(2-aminoethyl)-3-amino-  the organosilane precursors. The prehydrolyzed sols were “aged”
propylJtrimethoxysilane, (3-aminopropyl)trimethoxysilane, ([3-(tri- for 30—90 min (Table 1) depending on the composition. After the
methoxysilyl)propyl]diethylenetriaminelN[N-bis(2-hydroxyethyl)- aging period of the prehydrolyzed sol, 0.25 mL of formulated
3-aminopropyltriethoxysilaneN-(hydroxyethyl)N-methylamino- enzyme was added with stirring. The viscous, aged sol was readily
propyl]trimethoxysilane, §l,N-diethyl-3-aminopropyl)trimethoxysi- soluble in the subtilisin concentrate (with about 50% water), giving
lane, and tetramethoxysilane were procured from Gelest Inc. @ uniform sol once again. The sols turn viscous once again-in 30
(Tullytown, PA). Congo red dye was purchased from Acros, and 90 min and form a soft gel in about 24 h to 10 days. K2 could not
subtilisin protease (Multifect P3000, assay 34 mg/mL), which is be prepared following this protocol because of its short gelation
used in commercial liquid detergent formulations, was supplied by period (2 min). Gels were aged for 2 days before being tested for
Genencor International Inc. (Palo Alto, CA). Trizma preset crystals eénzyme activity. Another set of gels after being aged for 2 days
(pH 8.6) (tris(hydroxymethyl)aminomethane (Tris) and Tris hy- were covered with Parafilm and stored under ambient conditions
drochloride) and 2-morpholinoethanesulfonic acid (MES) buffers for 1 month to monitor release.

were obtained from Sigma. Release of Encapsulated Molecules from SelGels The dye-
Preparation of Pristine SolGels The different sotgel containing sot-gels were powdered with a mortar and pestle, added
samples used in this study are labeled#b. The precursors used  to 100 mL of water in a 250 mL beaker, and stirredhat 1 in. x
to make these samples along with the mole fractions of the different 0.25 in. magnetic stir bar at 200 rpm. The release of the dye
precursors are summarized schematically in Figure 2. K1 was molecules was followed spectrophotometrically by monitoring the
prepared with 0.5 mL of (3-aminopropyl)trimethoxysilane (2.86 absorbance at wavelengths of 340 and 500 nm at regular time
mmol), 0.5 mL of N-(2-aminoethyl)-3-aminopropylJtrimethoxysi- intervals until no further change in absorbance was observed.
lane (2.23 mmol), and 0.4 mL (22.2 mmol) of,®. K2 was Enzyme-containing selgels were powdered by gentle crushing
prepared with 1 mL of [3-(trimethoxysilyl)propyl]diethylenetriamine ~ with a pestle in a mortar. The powdered-sgkls (amounts given
(3.67 mmol) and 0.4 mL of kD. K3 was prepared with 1 mL of  in Table 1) were then added to 10 mL of water and the resulting
(3-aminopropyl)trimethoxysilane (5.73 mmol) and 0.4 mL ofH mixtures stirred with a magnetic stir bar. The release of protease
K4 was prepared with 0.5 mL of (3-aminopropyl)trimethoxysilane was evaluated through an assay of the external aqueous medium.
(2.86 mmol), 0.5 mL of IN,N-bis(2-hydroxyethyl)-3-aminopropyl]- For typical assay measurements, stirring was momentarily stopped
triethoxysilane (1.41 mmol) and 0.4 mL (22.2 mmol) of®H K5 to allow the particles to settle down and an aliquot ofd0of the
was prepared with 0.5 mL ofN-(hydroxyethyl)N-methylamino- clear supernatant solution was pipetted out. The aliquot was diluted
propylJtrimethoxysilane (1.58 mmol), 0.5 mL of (3-aminopropyl)- 500 times with 10 mM MES buffer (pH 5.5) containing 10 mM
trimethoxysilane (2.86 mmol), and 0.4 mL (22.2 mmol) gH A CaC} and 0.005% Tween before the assay was carried out. The
reference sotgel was prepared witi\,N-diethyl-3-aminopropyl)- release was studied until a constant enzyme assay value was
trimethoxysilane and tetramethoxysilane (TMOS) for the IR studies. obtained.
Initially, TMOS sol was prepared by sonicating a mixture of 1.5 Enzyme Activity Assay. The released enzyme from the ol
mL of TMOS, 0.4 mL (22.2 mmol) of kD, and 0.022 mL (0.04  gels was estimated spectrophotometrically by carrying out an assay
M) of HCI for 30 min. The reference selgel was obtained  at 25°C in Tris buffer (pH 8.6) N-succinyl+-Ala-L-Ala-L-Pro-.-
immediately upon addition of 0.25 mL oN(N-diethyl-3-amino- Phep-nitroanilide (suc-AAPF-pNA) (100 mg/mL of DMSO) was
propyl)trimethoxysilane to 0.5 mL of TMOS sol. used as the substrate molecule. The enzyme released from-the sol
Preparation of Dye-Containing SoGels Typically, the dye- gels hydrolyzes the amide linkage of the substrate molecule, thereby
containing sot-gels were prepared in polypropylene beakers by generating the yellow-colored chromophgraitroanilide, which
adding 0.4 mL of aqueous Congo red dye solution (0.032 M) to 1 can be monitored spectroscopically. The rate of release- of
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Figure 2. Schematic depiction of different precursors used in the preparation efgets along with their mole fractions (left panel) and the overall
experimental strategy for investigating the dissolution-controlled release (right panel).

Table 1. Aging Period of the Sols, Gelation Period, Dissolution Period, and Melting Points of the SelGels

aging amt of gel gelation time gel dissolution tini¢min) melting
sol— time? with enzyme gel dissolution pristine with with pristine with with pointd
gel (min) (9) time? (min) gels dye enzyme gels dye enzyme (°C)
K1 30 0.573 10 23h 23h 10d 4.79 5.32 3.44 72.4
K2 0 0.6102 20 4 min 1 min 2 min 7.63 6.63 4.44 133
K3 30 0.5 15 15h 14 h 24 h 4.65 6.61 4.84 46.9
K4 90 0.4589 13 3.5d 3.5d 10d 471 8.18 4.47 59.8
K5 90 0.4876 14 3d 3d 10d 4.13 7.23 4.59 64.9

aThe time period between the preparation of sol and addition of the formulated enzyme to th€ism.taken to completely dissolve the amounts of
enzyme containing gel mentioned in column 3 in 10 mL of water with stirdrigjssolution of 0.1 g of powdered gel in 10 mL of water with stirring with
a stir bar. The time represents the average of three sanfixained from DSC data.

nitroanilide (measured from the absorbance at 410 nm) forms theresolution of 2 cm!. Attempts were made to obtain TEM
basis of the assay. Typically, to 1 mL of Tris buffer (10 mM Trizma, micrographs of the selgels using a Hitachi 7100 TEM instrument.
pH 8.6, 10 mM CaCl 0.005% Tween) in a cuvette was added 10 However, only a few of the prepared s@els (K2 and K3) could
ulL of the enzyme-containing sample solution followed by,40 give meaningful data. The other gels were found to be unstable
of the substrate, and the mixture was stirred for 1 min. After 1 min under the conditions. Differential scanning calorimetry (DSC) of
of stirring, the rate of change of absorbance at 410 nm was recordedthe weighed amounts of dried sajels (3.4 mg) was carried out
for 10 s. The percentage of enzyme released from thegsi is on a Mettler-670e DSC unit. Samples were heated from 0 to 200
calculated by comparing the assay of enzyme released with respectC at the rate of 10 deg/min.
to the assay of total enzyme added to the—gmlls.

Instrumentation. A Hewlett-Packard model 8453 UWis Results and Discussion

spectrophotometer was used to monitor the release of dye molecules
and for enzyme activity assays. ATR-FTIR analysis was carried  R€lease of Congo Red Dye from SeiGels The sot-

out on a Thermo Nicolet Nexus 670 FTIR ESP unit fitted with an g€l compositions were initially optimized for encapsulation
Avatar multibounce HATR smart accessory. The spectra were and controlled release of Congo red dye molecules. The dye
recorded in the range 40800 cnt! with 200 scans and a  molecules were used in the initial optimization experiments
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Figure 3. Release of Congo red dye monitored at 500 nm. The top panel shows the changesvis dpkctra with respect to time, and the bottom panel
shows the absorbance profiles as a function of time for each gel system.

because of the ease of monitoring the release of the coloredncrease by about 1TC. To confirm that this heating of the
dye molecule. The UV vis spectra of the aqueous medium mixture was the cause of denaturation, experiments were
in which the controlled release of the dye-containing gels carried out by mixing the enzyme and precursors along with
was carried out are given in Figure 3. Congo red gives a water kept in an ice bath to form the K3 gel samples. These
peak at 500 nm. As the dye is released from the-gels, gels made at low temperature were found to retain 100% of
the absorbance at 500 nm is found to increase with time andthe enzyme activity. Therefore, to prevent such denaturation
reach a maximum (Figure 3). At this point it was observed of enzymes, a modified protocol was used. In the modified
that the sot-gel matrix dissolved completely, giving a clear protocol, the siloxane/water mixture was allowed to “age”
red-colored solution. Release of the dye molecules by for 30—90 min prior to addition of the enzyme. On addition
dissolution of the setgel matrix clearly indicates that the of water, trialkoxyaminosilanes readily undergo hydroly-
encapsulated dye is released from these matrixes by degradasis?”*¢ however, letting the sol stand under ambient condi-
tion of the host matrix. The process of complete dissolution tions for some time helps the system to achieve equilibrium
of the aged sotgels took about 1815 min for the sot conditions and also allows the sol to return to room
gels labeled K1, K3, K4, and K5. On the other hand, K2 temperature after the initial exothermic reactions. The activity
samples took ca. 30 min to release the encapsulated dye whenof the enzymes was found to increase dramatically when the
placed in 10 mL of water. The time taken for dissolution of prehydrolyzed sol was used, indicating a lesser degree of
a constant measured amount (0.1 g) of dye-containing gelsdenaturation and better retention of native activity. The
in 10 mL of water is shown in Table 1. changes in the selgel protocol do not affect the gelation

Release of Subtilisin from Sol-Gels The enzyme-  or dissolution time of the selgels but enhance the stability
containing sol-gels were prepared using two different of the enzyme when the prehydrolyzed sol is utilized for
protocols. In the first method, the enzyme-containing gels encapsulation of the enzyme. Gels prepared by both the
were prepared by addition of formulated enzyme, im- methods were evaluated for their release properties.
mediately after addition of water to the siloxane precursor The enzyme-containing sebels dissolve completely in
mixture. However, the assay of the enzyme released fromwater in about 1620 min (Table 1). To measure relative
these sot-gels indicates significant loss of enzyme activity differences in their dissolution time, a measured amount (0.1
possibly due to heat released during the hydrolysis and g) of sol-gel with enzyme was dissolved in 10 mL of water,
condensation reactions of the siloxane precursors with waterand the results are reported in Table 1. The mechanisms of
or denaturation of the enzyme due to interaction with the release of the dye molecules and the enzyme are similar in
silane precursor monomers. Similarly, the exothermic-acid
base reactions of aminosilane precursors likely generate a47) Plueddemann, E. Bilane Coupling Agent®lenum Press: New York,
su_bstantial amour_TF of heat, and th_e temperature of the(48) lS?JSrszala, T.; Davidson, K.; Gardlund, Z.; Collins, D.; Uhimann, D.
mixture after addition of water to silanes was found to R.J. Sol-Gel Sci. Technol99§ 13, 553.
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Figure 4. (a) Percentage of subtilisin released by dissolution of gels made from sol which was prehydrolyzed or “aged” under ambient conditions and sol
which was not prehydrolyzed or “not aged” prior to addition of subtilisin. (b) Percentage of subtilisin released by dissolution of gels aged fan@® Hys
months under ambient conditions. The gels were prepared by immediate addition of the formulated enzyme to the sol.

92—-98% of the enzyme activity was retained in the-sol
gels prepared with aged sols. The difference is especially
prominent in the case of K3 where the amount of enzyme
released increased from 13% to 98%.

Overall, it appears that the use of a modified-spél
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a0 protocol wherein the sols were aged for a period of-30
min prior to the addition of the enzyme leads to substantial
204 enhancement in retention of native activity (Figures 4a and
0 5). Furthermore, there is minimal loss of activity even after
storage of the selgels with enzyme under ambient condi-
K3 K4 K5 1’% %,, tions for an extended period of time (Figures 4b and 5). The
G results also indicate that the low enzyme activity of the
Figure 5. Percentage of subtilisin released upon dissolution of gels released subtilisin, especially from the K2 and K3 systems,

aged for 2 days and for 1 month. All the s@els except K2 were prepared  coyld be because of possible denaturation during the process
by adding enzyme to a prehydrolyzed aged sol. of encapsulation itself, rather than due to changes within the
these systems, namely, through dissolution of the host matrix.microenvironment of the selgels after the encapsulation.
Since the encapsulated subtilisin is released by dissolutionAging of the sot-gels is a possible pathway to bring about
of the sot-gels, it is prudent to assume that all the enzyme denaturation of the proteins. Over a period of time, as the
molecules are released and there is no unreleased subtilisigilicate network gets more extensive and rigid, the local
trapped in the matrix. As such the percentage of enzyme environment turns more conducive to protesgilica interac-
released from these dissolving sgels reflects the active  tions#9° Loss of stability of proteins in silica matrixes is
enzyme retained during the encapsulation process. Figure 4generally attributed to unfolding which occurs due to
shows release of enzyme from gels. Encapsulation it sol  electrostatic interaction of the active sites of the enzyme with
gels K1, K2, K4, and K5 (without aging of sols) retained the silicate matri¥X52 Our results indicate that such dena-
about 60-70% of the enzyme activity, while K3 prepared turizing interactions are predominantly absent in the present
with (3-aminopropyl)trimethoxysilane retained very low systems. The data on the long-term stability of the enzymes
enzyme activity (13%). All the gels (except K2), which were in the gels that were stored under ambient conditions for an
prepared without aging of the sol, retain the same activity extended period rule out denaturation of enzymes after
even after 18 months (Figure 4b). On the other hand, samplesencapsulation and suggest long-term storage stability of the
prepared from aged sol retain almost all of the activity enzyme in the setgel matrixes. Furthermore, the results
(Figure 4a). The results suggest the absence of denaturatioprovide an initial feasibility evaluation of the potential of
of subtilisin within the sot-gel matrixes over a period of  the sot-gels for utilization of the enzymes in a fabric care
time. Similarly, with samples prepared from a prehydrolyzed system wherein long-term storage stability is a critical
and aged sol, the activity is substantially enhanced (Figure requirement.

5) as compared to that of samples prepared with fresh sol nfrared Spectroscopy. To characterize the structure of

(Figure 4). Furthermore, as shown in Figures 4b and 5, the ihese gels, vibrational spectroscopy was used. ATR-FTIR
initial activity is retained for an extended period of time.  ghacira of the various sebels (K1, K2, and K3) investigated

Almost the same percentage enzyme activity was obtained;, this study are given in Figures 6 and 7. The K4 and K5
from the sot-gels that were aged for 2 days and 1 month

(Flgure 5) a.md for 18 .momhs (Flgure 4b)' QS|ng prehydro- (49) Flora, K. K.; Brennan, J. DChem. Mater2001, 13, 4170.

lyzed sol prior to addition of the enzyme retained the enzyme (s0) jordan, J. D.; Dunbar, R. A.; Bright, F. YAnal. Chem 1995 67,
activity upon encapsulation remarkably. Figure 4a shows the 2436. )

comparative enzyme release profiles of the-gglls prepared 1) Shen. Q- Kenausis, G. L, Heller, & Am. Chem. Sod998 120
with sols that were aged and not aged. It was found that (52) Heller, J.; Heller, AJ. Am. Chem. S0d998 120, 4586.
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Figure 6. Comparative ATR-FTIR spectra of segel samples.

gels form waxy solids that could not be powdered, and
therefore, it was not possible to obtain any meaningful ATR-
FTIR spectra. In primary amines, a symmetricat-N
stretching mode is observed near 3295 &mnd N-H
bending vibrations are observed near 1607 tBoth these

peaks are observed in all the samples investigated in this

study (Figure 6a,b). On the other hand, the reference sol
gel, which contains aiN,N-dialkyl-substituted moiety, did
not show any peaks around 3200 and 1600%rronfirming
that these peaks are indeed due te-HN stretching and

bending vibrational modes, respectively. The bands corre-

sponding to N-H vibrational modes are considerably down-

Chem. Mater., Vol. 18, No. 17, 2008061

in all the systems. The siloxane frequencies lie between 1200
and 800 cm.56>"The main band in the selgels was found
near 1010 cm! and a smaller peak near 920 ch{Figure
6¢). The peak near 920 crhcorresponds to the nonbridging,
free, broken SO~ bonds belonging to a cluster containing
less than six Si aton®8.When the average size of the clusters
increases and becomes greater than the dimension of)(SiO
rings, the possibility of forming such SiOmoieties de-
creases, and instead a peak corresponding to a stretching Si
OH bond around 950 cni is observed?® The peaks observed
at 1100 and 1160 cn are usually assigned to the stretching
vibrations of Si-O—Si belonging to a more linear and less
cross-linked structur®. Sol-gels K1 and K3 show a
shoulder at 1107 cnt which in the case of K2 is downshifted
to 1082 cm™.

A comparison of ATR-FTIR spectra of formulated enzyme-
containing sot-gels with those of the pristine segels is
shown in Figure 7. A noticeable upshift in-NH bending
vibrations is observed for the K1 and K2 s@els upon
addition of the formulated enzyme. The K2 sglel shows
a peak at 1529 cmt in the pristine form, but that peak is
not observed in the formulated enzyme-containing gels.
Instead, the formulated enzyme-containing K2-sy#ls show
a peak near 1576 crh Similarly, for these gels the energies
of the N—H stretching vibrational modes in the 3250 ¢m
region also exhibit upshifts. All of these energies are still
lower than those observed in primary amines, indicating the
presence of hydrogen-bonding interactions. Addition of
formulated enzyme appears to cause a relative upshift in
energies of the NH vibrational modes, indicating relative

shifted. In the K1 sample, the band corresponding to the gisruption of hydrogen-bonding interactions. These shifts in

N—H stretching mode is shifted to 3259 chand the band
due to N-H bending vibrations is shifted to 1568 cin

the N—H bands indicate that, even though the formulated
enzyme-containing selgels continue to have hydrogen

(Figure 6a,b). Similarly in the case of K3, these bands are honging, the extent of interaction is likely affected by the

observed at 5253 and 1568 chrespectively. In the case
of K2, the band corresponding toNH bending vibrations
is shifted to 1529 cm'. The shift to lower wavenumbers

suggests participation of amine groups in hydrogen bond-

ing.4” This is a characteristic of strong hydrogen-bonding
interactions or, alternatively, the formation of an NH
group®*% However, an asymmetrical N deformation
mode was not observed near 1600 ém\ccording to Boerio
et al.?* this band is sometimes very weak due to the

addition of the enzyme. In this context, it is interesting to
note that similar upshifts in the SIOH vibrational mode at
~900 cn1! are also observed, indicating a reduction of
hydrogen-bonding interactions. Overall, it appears that ad-
dition of formulated enzymes in these sgjels reduces the
hydrogen-bonding interactions of both— and Si-OH
groups. These reduced interactions are likely contributing
factors in the faster dissolution of formulated enzyme-
containing gels. Comparison of ATR-FTIR spectra of the

orientation effect. Therefore, the observed downshift suggestsformuylated enzyme-containing and pristine-sgéls in the
a strongly hydrogen bonded amino group or possibly the gjjoxane region (1200800 cnt?) (Figure 7¢) further con-

formation of an ammonium group in these -sgkls.

All the sol-gels show a peak at3668 cnt?, suggesting
the presence of hydrogen-bonded silanol graépsBands
corresponding to isolated hydroxyl groups3750 cm?)
were not observed. Also, bands characteristiesEH,) ~
2870 cmt andv,{CH,) ~ 2920 cm* corresponding to the
CH, groups of the organic moiety of the silanes are found

(53) Chiang, C. H.; Ishida, H.; Koenig, J. IL. Colloid Interface Sci198Q
74 (2), 396.

(54) Boerio, F. J.; Schoenlein, L. H.; Greivenkamp, JJEAppl. Polym.
Sci.1978 22, 203.

(55) Liu, N.; Assink, R. J.; Smarsly, B.; Brinker, C. Chem. Commun
2003 10, 1146.

(56) Lenza, R. F. S.; Vasconcelos, W. Mater. Res2001, 4 (3), 189.

(57) Orcel, G.; Phalippou, J.; Hench, L. I. Non-Cryst. Solid4986 88,
114.

firms the changes in structure resulting from incorporation
of formulated enzyme in the sebel. On addition of
formulated enzyme, a distinctive peak around 1100 %is
noticed in K1, K2, and K3 setgels. These peaks are
typically found in more linear and less cross-linked silicafes.
Taken together, the FTIR data suggest interactions of the
formulated enzyme during sebel matrix formation such
that the final material has diminished hydrogen-bonding
interactions and results in formation of a less cross-linked
structure. Usually the gelation process occurs by polymer-

(58) Chmel, A.; Mazurina, E. K.; Shashkin, V.5.Non-Cryst. Solid$99Q
122 285.

(59) Viart, N.; Niznansky, D.; Rehspringer, J. L. Sol-Gel Sci. Technol
1997 8, 183.
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Figure 7. Comparative ATR-FTIR spectra of K1, K2, and K3 sgels with and without enzyme: (a) ATR-FTIR spectra in the 3250 cragion; (b)
ATR-FTIR spectra in the 1550 cr region; (c) ATR-FTIR spectra in the 1000 ciregion; (red spectra) pristine segels; (blue spectra) formulated
enzyme-containing selgels.

ization of the monomers to form particles, which grow in
size, linking to form chains followed by branched chains,
and finally formation of an extensive network, which is
physically seen as a g&l.Hydrogen bonding seems to be
holding the particles together. The amino groups present on
the siloxanes increase the extent of hydrogen bonding, finally
forming the gels by gradual evaporation of water. Further,
the formulated enzyme-containing K1 and K2 gels seem to
have comparatively less hydrogen-bonding interactions, thus |
making the gels more easily dissolved than the pristine or !
dye-containing gels. These results are consistent with dis-
solution and gelation period data on these gels. {
On the other hand, the K3 sample shows a reverse trend ©
compared to that observed for K1 and K2 samples upon |
incorporation of the formulated enzyme. The ATR-FTIR
spectra of these gels when formulated enzyme is incorporated = : , 4
exhibit a downshift in the N-H stretching and bending j P ' o
modes (Figure 7a,b). Similarly, a slight downshift in the-Si
OH vibrational mode is also observed (Figure 7c). The results o i )
indicate that hydrogen-bonding interactions in these gels areWhICh .due to individual electr.o_stat|c_repuls,:lons prevent
slightly enhanced upon incorporation of the formulated formation of a ngtwork and facilitate dissolution when the
enzyme. This is further validated by the experimental data gels are p_Iaced n _vvate_r ) . .
on dissolution of these gels, which show a slightly longer 1€ @mino-functionalized selgels provide an environ-

dissolution time as compared to pristine-sgels. Therefore, ~ Ment that is conducive to enzyme stability. An initial
to a certain extent, it appears that enhanced hyolrogen_prehydroly3|s of the sol followed by some aging of the sol

bonding interactions lead to slower dissolution while reduc- under ambient conditions is found to be necessary prior to

tion in hydrogen-bonding interactions within the gels leads 2ddition of the enzyme. Initial reaction between water and
to a faster dissolution of the gels. precursors is an exothermic process and liberates heat

Amino-Functionalized Organosilica Sot-Gels as Con- (possibly due to aciebase reaction between amino groups

trolled Release Matrixes The results on release of dye and and water), causing the temperature of the sol to increase

enzyme provide some estimate of the potential utility of these b?! ﬁbout 10°C, whiqr plosrs1ibly leads to sfor|r|1(e denaturation
materials in dissolution-controlled release. The quick dis- of the enzyme. S|m_| ar_yt € presence of alkoxy precursors
solution times (ca. 10 min) are ideal for fabric care also may be a contributing factor in denaturation. Therefore,

applications where a rapid release during the washing processsome aging of the sol is necessary to ensure that the
is necessary. As shown by TEM measurements (Figure 8),precurs:ors are fglly hydrolyzed anq.that the temperature of
these gels are characterized by a loosely held network Ofthe sol is conducive Fo enzyme stab|I|t_y._ The gels which were
particles with pore sizes on the order of 0.5 nm which is made after some aging of the sol exhibit a more or I.ess equal
suitable for dissolution-controlled release. Additionally, FTIR amount of enzyme released (9200%) upon dissolution for

shows the possible formation of protonated amino groups all the syst_ems (see Figures 4a and 5). After_ the initial
prehydrolysis of the selgel precursor the sol contains mostly

hydrolyzed siloxane moieties with terminal-S8DH groups
that exhibit favorable interactions with the encapsulated

Figure 8. Transmission electron micrograph of the K3-sgkl sample.

(60) ller, R. K. The Chemistry of SilicaWiley-Interscience: New York,
1979.
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enzyme and prevent denaturation of the enzyme. The gels
are formed due to aggregation of these sol particles as the
water content of the sol decreases due to drying under
ambient conditions, leading to formation of a gel which is
essentially an aggregation of the particles. This is confirmed
by the representative TEM micrograph of the K3-sgél
(Figure 8) system, which shows a highly porous structure T T T T
formed by aggregation of particles. The dopant molecules 60 ggm;g)at:fg (016')0 160
including the gnzyme are .trapped In thI.S network WlthO.Ut Figure 9. DSC curves of setgel samples showing the endothermic
significant strain on the native conformation, thereby retain- transitions.

ing the activity of the enzyme. The enzymes are stabilized
due to hydrogen-bonding and electrostatic interactions with
—NH and SiOH groups. Furthermore, the gels retain a
significant amount of water necessary for the stability of the
encapsulated biomolecules. As a result, almost all of the
enzyme (K1, 94%; K3, 98%; K4, 100%,; K5, 100%) is stable
and is released from the gels when placed in water (see
Figures 4a and 5). It is important to point out that while the
amino-functionalized selgels are particularly suited for
stabilizing alkaline proteases, in general, the stability of
enzymes is governed by a variety of factors, and further work
with a broader range of enzymes is needed to identify the
precise nature of specific enzymgel interactions.

A H Endothermic (au)

the longest dissolution time. Reducing the number of amino
groups (as in K3) or substitution of hydrogen on the amino
group with a non-hydrogen-bonding methyl group lowers
the dissolution times. Therefore, the results suggest gelation
and dissolution of these gels is predominantly governed by
hydrogen-bonding interaction within the gels. On the other
hand, electrostatic interactions also contribute and regulate
gelation and dissolution times as evident by the longer
dissolution times of setgels containing the negatively
charged dye molecule. The longer dissolution times with the
charged dye suggest possible contribution of electrostatic
interactions. The amino groups in the gels are characterized
by some degree of being protonated. These positively charged
In general, one would expect the gelation times and groups in the matrix are likely to repel and lead to slow
dissolution times of these gels to be correlated. The systemsaggregations, leading to longer gelation times. Conversely,
with shorter gelation times would be expected to take longer 3 greater number of protonated amino groups in the material
to dissolve due to an ostensibly greater extent of interactionspossibly leads to a faster dissolution due to the relative ease
between the sol particles. The gels in the present study areof solubilization of charges species. Finally, the interactions
formed from precursors with a variable number of amino petween the dopant and matrix also influence the dissolution
and hydroxy functional groups on the silane precursors. The of these materials. Taken together, the experimental data
dissolution times of these gels suggest the complex naturesuggest that the gelation and dissolution behavior of these
of interactions present in these sgel systems. The gels is governed and regulated by a balance of interactions
dissolution times of these gels are related to the interactionswithin the gels.
between sol particles, the interactions between the dopant A related measure of the nature of interactions in these
and gel, and interactions between sol particles and water. Agels is obtained from DSC measurements. The endothermic
greater number of amino groups in the material indicates a peak in the DSC data represents the melting enthalpy of the
greater extent of hydrogen-bonding interactions, leading to dried gels (Figure 9). On the basis of the DSC data, the
faster aggregations and gelation and slow dissolution. Thismelting points of these gels are listed in Table 1. The K3
is evident in the dissolutiongelation period data shown in  gel shows the melting transition at the lowest temperature,
Table 1. The systems with only amino groups (K1, K2, K3) 45°C, while the K2 gel with a high number of amino groups
have shorter gelation times as compared to systems containshows the melting transition at 138. The single-component
ing hydroxy groups in addition to amino groups (K4, K5). sol-gels (K2 and K3), thus, define the two extremes of
The system with the greatest number of amino groups in melting transitions. In other words, the system with the
the precursor (K2) shows the fastest gelation and slowestlowest number of amino groups (K2) shows the lowest
dissolution. On the other hand, systems containing precursoramelting point, while system with the highest number of
where both the hydrogen atoms on the terminal amino groupsamino groups exhibits the highest melting point. The samples
have been substituted with hydroxyethyl groups (K4) or with with a combination of precursors exhibit melting transitions
a hydroxyethyl and a methyl group (K5) show the longest between those of these two samples. Substitution of terminal
gelation times. The selgel system K4 shows the longest hydrogen atoms on amino groups appears to lower the
gelation time, indicating the influence of substituting amino melting transition temperature as shown by the low transition
groups with hydroxyethyl groups. Furthermore, as discussedtemperatures of the K4 and K5 systems. Thus, the K4 gel,
above, the incorporation of the formulated enzyme alters thewhere both the terminal hydrogens are replaced with hy-
hydrogen-bonding interactions, and K1, K3, K4, and K5sol  droxyethyl groups, shows the melting transitiona0 °C,
gels exhibit longer gelation times, while the K2 samples show while the K5 system, where one of the hydrogens is replaced
a faster gelation time. Overall, it appears that hydrogen- with a methyl group and the other with a hydroxyethyl group
bonding interactions play a predominant role in aggregation shows the transition at65 °C. Similarly, increasing the
gelation of these gels. Likewise, the hydrogen-bonding number of amino groups in the system apparently increases
interactions also influence the dissolution times of these gels.the melting transition as shown by the high melting point of
The gel with the highest number of amino groups (K2) shows K1 (72.4 °C) as compared to K3 (46.2C). Overall, the
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results indicate the variable nature of interactions within the can be released from these gels when placed in water in a
gel systems as a result of the use of precursors with a variablevery short period on the order of 10 min. The encapsulated
number of amino and hydroxy groups which are also enzyme is found to be stable in these gels for extended
manifest in the gelation/dissolution of these gels. As such, periods on the order of years. These characteristics give these
through a precise choice of precursors, the nature of materials appealing prospects for potential applications in
interactions and the dissolution-controlled release can be fine-fabric care detergents wherein the enzyme is mostly utilized
tuned to achieve optimum behavior. for stain removal. The powdered gels containing the enzyme
The dissolution and gelation times of these gels with may be mixed with powder detergents to incorporate the
encapsulated dopant entities also provide some insight intoenzyme in the detergent formulations. The ease of prepara-
the nature of dopantmatrix interactions. In general, the tion, feasibility of sot-gel synthesis under ambient condi-
dissolution times for the dye-containing gels are found to tions, cost-effectiveness, and compatibility of these-gells
be slightly longer than those without the dye or with the with other industrially relevant enzymes make these systems
formulated enzyme. This indicates some electrostatic interac-particularly suitable for practical applications related to
tions between the negatively charged dye and the positively controlled delivery and release systems in general.
charged matrix. In general, the formulated enzyme-containing
gels have faster dissolution of the gels, which makes them Conclusions
particularly suitable for controlled release applications in i ) o
detergents. The percentage of enzyme released from these !N conclusion, we demonstrate the practical feasibility of
gels (K1, K3, K4, and K5) remains unchanged even after astrateg){ ba;ed on using amino-functionalized organosilica
18 months, indicating long-term stability of the encapsulated SCI—9els in dissolution-controlled release of encapsulated
enzyme. The results suggest potential utility of these materi- SPECi€s including biomolecules. The gels formed by these
als for long-term stabilization of the enzymes in solid form Materials are due to aggregation of loosely interacting
as well as their utility in controlled release applications in Particles, which can be easily dissolved when placed in water,
detergent systems for normal fabric care. leading to a fast r_el_ease of dopant entities. In addlfu_on, we
The amino-functionalized organosilica saels provide demonstrate that it is ppssmle to encapsulate, stgbnlze, and
several advantages that make them suitable for dissolution-SuPséquently release biomolecules such as alkaline protease
controlled release of encapsulated molecules. First, these gel§ubtilisin from these gels. Through a judicious choice of
exhibit water-dependent reversible gelation and dissolution, Précursor composition, it is possible to optimize the com-
which is not possible with other sebel-derived materials. ~ Position for effective stabilization of the enzyme as well as
Second, these materials form a loosely held network char-€fficient release when dissolved. The encapsulated enzyme
acterized by weak interactions between-sgél particles that 1S found to be stable in these gels for extended periods on
can be easily and rapidly disrupted by dissolution in water. the order of years, suggesting a potential utility of these
Third, these gels are completely soluble in water and as resulfMaterials in stabilization of different molecular entities,
guarantee 100% release of dopant entities. Fourth, these gel§Pecifically biomolecules. Finally, the results indicate po-
are hydrophilic and therefore compatible with the aqueous ten_‘ual utility (_3f these gels as versatile coqtrolled relea}sg_ and
environment typically used in controlled release applications. delivery matrixes where the release of actives can be initiated
Finally, the basic environment of the gels is especially PY water-induced dissolution of these organosilica-gglls.
compatible with alkaline proteases, which have optimal Further studle§ on extending this approach to other |r)dustr|—
activity and retain their native conformation under basic ally relevant biomolecules are currently under way in our
conditions. These characteristics make these materials polaboratory.
tentially suitable as dissolution-controlled release systems
in fabric care applications. Through a judicious choice of  Acknowledgment. This work was supported by a grant from
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