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Abstract: The sol-gel encapsulation of labile biological materials with catalytic and recognition functions
within robust polymer matrices remains a challenging task, despite the considerable research that has been
focused on this field. Herein, we describe a new class of precursors, based around polyol silicates and polyol
siloxanes, especially those derived from glycerol, that addresses problems faced with traditional bioencapsulation
protocols. Poly(glyceryl silicate) (PGS) was prepared and employed fegebbioentrapment, in an approach
distinguished by a high biocompatibility and mild encapsulation conditions, and which enables the reproducible
and efficient confinement of proteins and cells inside silica. The methodology was extended to metallosilicate,
alkylsiloxane, functionalized siloxane, and composite—gmls, thereby allowing the fabrication of a
physicochemically diverse range of bio-doped polymers. The hybrid materials display activities approaching
those of the free biologicals, together with the high stabilities and robustness that characterigel sol
bioceramics. Indeed, the bioencapsulates performed better than those fabricated from tetramethoxysilane, poly-
(methyl silicate) or alcohol-free poly(silicic acid), even when the latter were doped with glycerol. The activity
enhancements appear to derive at least in part from the unusual microstructure of PG&ssoh particular

their high porosity, although the underlying mechanisms are unclear. Differences in precursor hydrolysis/
condensation, development of gel structure, biological-matrix interactions, precursor toxicity, and pore collapse
probably all contribute to the observed efficiency of the PGS materials. The performances of the encapsulates
are compared with conventional sddiogels and other immobilizates, in representative biocatalyst, biosensor,
and biodiagnostic applications.

Introduction whole cells, within physicochemically robust inorganic and
composite matrice¥:® Indeed, to date, enzymes, catalytic
antibodies, noncatalytic proteins, poly(nucleic acids), and
microbial, plant, and animal cells have been employed for
yapplications encompassing biocataly®tsd*4 biosensors;>

Developments over the last two decades in-g@l processing
have demonstrated the unique advantages offered by this
technology in the materials science domain for the fabrication
of optics, sensors, catalyst supports, coatings, and specialt

polymers! The striking extension of this technology to the (3) () Avnir, D.; Braun, SBiochemical Aspects of SeGel Science
entrapment of functionally active proteins in silica demonstrated and TechnologyKluwer: H(in)gham, MA, 1996. (b) Livage, L. R. /?cadh
i ; ; ; ; ; ; i Sci. Paris1996 322 417. (c) Avnir, D.; Braun, S.; Lev, O.; Ottolenghi,
th.at.lt is possible to |ntr0duce and reta]n Iabllg b|plog|cal activity M. Sol-Gel Optics Klein, L., Ed.; Kluwer Academic: Berlin, 1994; pp
within rugged glasslike polymefs.This realization, together 539 5g2. (d) Avnir, D.; Braun, S.; Lev, O.; Ottolenghi, Nthem. Mater.

with the flexibility to fabricate the resulting bioceramics in 1994 6, 1605. (e) Dave, B. C.; Dunn, B.; Valentine, J. S.; Zink, JAnal.

various forms including monoliths, thin films, powders, and ©hem.1994 66, 1120A. () Dave, B. C.; Dunn, B.; Valentine, J. S.; Zink,
9 P J. I. ACS Symp. Sefl996 622 351. (g) Lin, J.; Brown, C. WTrends

fiers, h_as made_ th_ese u_n'qu_e hybr'c_l mate”als_ attractlye_ for Anal. Chem1997, 16, 200. (h) Barreau, S.; Miller, J. Mnal. Commun.
demanding applications in bioorganic synthesis, medicine, 1996 33, 5H. (i) MacCraith, B. D.; McDonagh, C. M.; O'Keeffe, G.;
biotechnology, and environmental technold§¥:3 As a result, McEvoy, A. K.; Butler, T.; Sheridan, F. Rsens. Actuators, B995 B29,

; ; ; - 51. (j) Zink, J. |.; Yamanaka, S. A.; Ellerby, L. M.; Valentine, J. S.; Nishida,
vigorous efforts have been directed toward developing generic F.- Dunn, B.J. Sol-Gel Sci. Techndl994 2 791. (k) Armon, R.. Dosoretz,

sol—gel bioencapsulation techniques for the efficient im- ¢ starosvetsky, J.; Orshansky, F.; Saadi, Biotechnol 1996 51, 279.
mobilization of sensitive biologicals, especially proteins and  (4) (a) Shtelzer, S.; Rappoport, S.; Avnir, D.; Ottolenghi, M.; Braun, S.
Biotechnol. Appl. Biocheml992, 15, 227. (b) Reetz, M. T.; Zonta, A,;
T CSIC Institute of Catalysis. Simplekamp, JAngew. Chem., Int. Ed. Endl995 34, 301. (c) Pope, E.;
#*BBSRC Institute of Food Research. Braun, K.; Van Hirtum, M.; Peterson, C. M.; Tresco, P.; Angrade, J. D.
8 Present address: Biotechnology Department, Corporate R&D Division, Ceramic Trans1995 55, 33. (d) Pope, E. J. ASol-Gel Sci. Technol.995
Firmenich SA, CH-1211 Geneva 8, Switzerland. E-mail: igbal.gill@ 4, 225. (e) Heichal-Segal, O.; Rappoport, S.; BraurBiStechnologyl 995

firmenich.com. 13, 798. (f) Campostrini, R.; Carturan, G.; Caniato, R.; Piovan, A.; Filippini,
(1) (a) Hench, L. L.; West, J. IChem. Re. 199Q 90, 33. (b) Mark, J. R.; Innocenti, G.; Cappelletti, E. Ml. Sol-Gel Sci. Technol996 7, 87.

E. Heterog. Chem. Re 1996 3, 307. (c) Avnir, D.Acc. Chem. Re4.995 (9) Rietti-Shati, M.; Ronen, D.; Mandelbaum, R.J.Sol-Gel Sci. Technol.

28, 328. (d) Hising, N.; Schubert, UAngew. Chem., Int. Ed. Engl998 1996 7, 77. (h) Reetz, M. T.; Zonta, A.; Simpelkamp, J.; Koenen Ghlem.

37, 22. Communl1996 1397. (i) Inama, L.; Dire, S.; Carturan, G.; CavazzaJA.

(2) (a) Braun, S.; Rappoport, S.; Zusman, R.; Avnir, D.; Ottolenghi, M.  Biotechnol.1993 30, 197. (j) Braun, S.; Rappoport, S.; Zusman, R.; Avnir,
Mater. Lett.199Q 10, 1. (b) Ellerby, L. M.; Nishida, C. R.; Nishida, F.; D.; Ottolenghi, M.Mater. Lett.199Q 10, 1. (k) Shabat, D.; Grynszpan, F.;
Yamanaka, F. A.; Dunn, B.; Valentine, J. B.; Zink, JStiencel992 255 Saphier, S.; Turniansky, A.; Avnir, D.; Keinan, Ehem. Mater1997, 9,
1113. 2258.
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immunodiagnosticg® biooptical devices;” bioimplants and attributes: (i) a high water solubility; (ii) autohydrolysis in
artificial organs®8 adsorbents for the removal of enzynfes, aqueous media; (iii) hydrolysis that would liberate a nonvolatile,
and the biosynthetic pathway stabilizatitn. bioprotective alcohol, which would also function as a drying
Despite the potential of this technology in the bioencapsu- control additive (DCA): Polyol silicates were perceived as ideal
lation arena, several complications derived largely from the alkyl candidated! and after trials with various polyhydroxylated
silicate and alkoxyalkylsilane precursors employed for generat- compounds? glycerol was selected for its high biocompatibility
ing sol-gel matrices have restricted its wider utilizati®.The and functionality. In addition, it was decided to utilize
low water solubility and reactivity of these compounds typically polysilicate esters because of their higher solids content, the
necessitates cosolvents and catalysts, respectively, both of whiclreduced tendency of the produced -sgéls toward aging
can adversely affect the biological material of interest. Also, phenomena, and the greater robustness of the resultant xero-
hydrolysis liberates alcohols, which are deleterious to bioactivity, gels13 Thus, the poly(glyceryl silicate) “SiQGlcy g’ (PGS)
and their resulting evaporation generates large-scale shrinkagesvas prepared as a stable, water-soluble solid by the partial
and pore collapse during xerogel formation. Such complications hydrolysis and condensation of tetramethyl orthosilicate (TMOS)
together with difficulties encountered in controlling aging effects to poly(methyl silicate) (PMS), followed by its transesterification
have meant that the reproducible production of stable, high- with glycerol, in a one-pot reaction catalyzed by hydrochloric
activity bioencapsulates has so far proved elusiveHere we acid or poly(antimony(lll) ethylene glycoxide). PGS rapidly
describe an approach based around a novel class of biocomhydrolyzed and gelled in aqueous, buffered milieu in a matter
patible precursors, namely polyol esters of silicates and silox- of minutes without the need for any catalyst, to form silica
anes, which addresses many of the above difficulties and permitshydrogels, which after aging, washing to remove glycerol, and
the effective and reproducible fabrication of a diverse range of drying, produced transparent, mesoporous, and physically stable

bio-doped sot-gel polymers. silica xerogels (Table I Importantly, polymerization in the
presence of proteins and cells allowed their efficient entrapment

Results and Discussion with surprisingly little loss of activity, to yield bioactive silica
We reasoned that the drawbacks of current-g@l bioen- glasses. The results obtained with this approach in the

capsulation protocols could be surmounted if one could preparegncapsulatign of representative proteins .and cells are compared

biocompatible sotgel substrates displaying the following N Table 2 with those of a protocol employing PMS as precursor.

It should be stressed that the entrapment of trypsin (Table 1)
(5) (a) Braun, S.; Shtelzer, S.; Rappoport, S.; Avnir, D.; Ottolenghi, M. - in i i _

3. Non-Cryst. Solid4992 147/148 730, (b) Yamanaka, S. A.: Nishida,  2nda-chymotrypsin in sot gels synthesized from alcohol-free

F.: Ellerby, L. M.; Nishida, C. R.. Dunn, B.. Valentine. J. S.. Zink, J. I. poly(silicic acid) (PSA) solutiorfsgave results similar to those

Chem. Mater1992 4, 495. (c) Pankratov, |.; Lev, Q. Electroanal. Chem. obtained with PMS, despite the presence of-28% v/v of

1995 393 35. (d) Yamanaka, S. A.; Dunn, B.; Valentine, J. S.; Zink, J. . methanol in the latter hydrogels. In view of the denaturing

J. Am. Chem. S0d.995 117, 9095. (e) Wang, J.; Pamidi, P. V. A.; Park, ; _
D.'S. Anal. Chem1996 68, 2705. (f) Wang, R.. Narang. U.; Prasad, P ; effects of alkoxysilanes and alcohols on protéinswe at

Bright, F. V. Anal. Chem1993 65, 2671. (g) Sampath, S.; Pankratov, I.; tempted to extend the PSA method to other biologicals, but in
Gun, J.; Lev, OJ. Sol-Gel Sci. Technol996 7, 123. (h) Akbarian, F.; several cases (e.g., thermolysin, lipoxygenase, sialic acid
Lin, A.; Dunn, B. S.; Valentine, J. S.; Zink, J.J. Sol-Gel Sci. Technol. i i

1997 8, 1067. (i) Navas Dias, A.; Ramos Peinado, M.S&ns. Actuators aldo'.ase’ tyrosinase, ‘?"3’ Salmpm.COIO[:e"S)’ poor resglts Were.
1997 B39, 426. (j) Coche-Guerente, L.; Cosnier, S.; LabbeCRem. Mater. obtained due to protein precipitation, premature_/partlal gelation,
1997 9, 1348. (k) Wang, J.; Pamidi, P. V. A.; Park, D. Bectroanalysis and/or hydrogel synerisis, especially at the higher PSA con-
1997 9, 52. (I) Blyth, D. J.; Oytner, S. J.; Russell, D. Analyst1996 centrations. Because of this, and the greater ease of preparation

121, 1975. (m) Aylott, J. W.; Richardson, D. J.; Russell, D. Analyst . . i
1997 122 7(7. )(n)yYamanaka’ S. A Nguyen, N. P.; Dunn, B.; Valgntine, and handling and higher stability of PMS over PSA, the former

J. S.; Zink, J. 1.J. Sol-Gel Sci. Technol996,7, 117. (o) Glezer, V.; Lev, ~ was utilized as the precursor for the standard—sgels.
0. J. Am. Chem. Sod993 115 2533. (p) Blyth, D. J.; Aylott, J. W,; However, it is entirely possible that better activities could be

Richardson, D. J.; Russell, D. Analyst1995 120, 2725. (q) Narang, U.; ; ; : ; ; ; :
Prasad, P. N.: Bright, F. V. Kumar, A.: Kumar, N. D. Malhotra, B. D.. obtained with the biologicals used in this study by using a

Kamalasanan, M. N.; Chandra, Ghem. Mater1994 6, 1596. (r) Shtelzer, ~ Suitably optimized PSA method, especially in the cases of whole

S.; Braun, SBiotechnol. Appl. Biochenml994 19, 293. (s) Dosoretz, C.; cells which can be rather sensitive to alkoxysilanes and lower
Armon, R.; Starosvetsky, J.; Rothschild, N.Sol-Gel Sci. Technol996 alcohols
7’ 7' ) . . e .
(6) (a) Barreau, J. Y.; Da Costa, J. M.; Desportes, |.; Livage, J.; Monjour,  Properties of PGS-Derived Silica Matrices. Several notable
M.; Gentilini, M. Compt. Rend. Acad. Sci., Ser. IB94 317, 653. (b) features of the PGS approach can be appreciated. First, the

Livage, J.; Barreau, J. Y.; Da costa, J. M.; DesporSRIE Proc.1994 : ; ; ; ; _
2288 493, (c) Livage, J.: Roux, C.: Da Costa, J. M. Desportes, |.; Quinson, mild encapsulation chemistry and high precursor biocompat

J. F.J. Sol-Gel Sci. Technol996 7, 45. (d) Wang, R.; Narang, U.; Prasad,  iPility significantly reduce toxicity effects, with the biogels
P. N.; Bright, F. V.Anal. Chem1993 65, 2671. retaining 83-98% of the activity of the native biologicét,as
(7) (a) Weetall, H. HBiosens. Bioelectr1996 11, 327. (b) Wu, S.; i 0
Ellerby, L. M.; Cohan, J. S.; Dunn, B.; ElI-Sayed, M. A.; Valentine J. S.; co_mpared with 1176% for the PMS procedure (Table 2). In
Zink, J. I. Chem. Mater.1993 5, 115. (c) Chen, Z.; Samuelson, L. A.; this context, one should note the moderate, but notable,

Akkara, J.; Kaplan, D. L.; Gao, H.; Kumar, J.; Marx, K. A.; Tripathy, S.

K. Chem. Mater.1995 7, 1779. (d) Chen, Z.; Kaplan, D. L.; Yang, K.; (13) Ellsworth, M.; Novak, B. MChem. Mater1993 5, 839.
Kumar, J.; Marx, K. A.; Tripathy, S. KJ. Sol-Gel Sci. Technol996 7, (14) FTIR analysis indicated complete hydrolysis, with no trace of
99. glycerol being observed in the xerogels. Also, the monoliths were found to
(8) (a) Pope, E. J. A;; Braun, K.; Peterson, C.MSol-Gel Sci. Technol. be mechanically and optically stable to repeated cycles of wetting with
1997, 8, 635. (b) Pope, E. J. ACeram. Trans1996 63, 17. aqueous or organic media, followed by drying.
(9) Narang, U.; Rahman, M. H.; Wang, J. H.; Prasad, P. N.; Bright, F. (15) Direct evidence for the diffusion of substrates into xerogels and
V. Anal. Chem1995 67, 1935. their reaction with the internalized enzymes was obtained by incubating
(10) Bressler, E.; Braun, S. Sol-Gel Sci. Technol996 7, 129. monoliths with chromogenic substrates. Thus, when silicas contalding

(11) Although additives such as PEG and PVA have been included in rugosalipase,-glucosidase, and horseradish peroxidase were respectively
sol-gel procedure¥*¢ to our knowledge, the polyol ester precursors contacted with aqueous solutions of 4-nitrophenyl palmitate, 4-nitrophenyl
presented here have not been previously reported, nor have similar$-p-glucopyranoside or hydrogen peroxide, and 1,4-hydroquinone, the
compounds been utilized for bioencapsulation purposes. generation of colored products and accompanying color development was

(12) silicate and polysilicate esters of ethylene glycol, propylene glycol, observed throughout the sediel matrix. Control reactions where xerogels
diglycerol, triethylene glycol, etc., were readily accessed via transesterifi- were placed in solutions of the products were used to distinguish the simple
cation. diffusion of these compounds into the gel interiors.
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Table 1. Comparison of PGS-, PMS-, and PSA-Derived Silica-S8&tls Doped with Trypsin
HO/Si gel time pore volume  shrinkage  encapsulation  activity
precursor  (w/w)?3 sol-gel materidl (min) pore size (nn¥) (mL/g) (% viv)d (%) (%)
PGS 3 aged hydrogel 3.6 11.8 2.202 4 99 98
3 xerogel 10.4 1.945 16 97 97
9 aged hydrogel 2.7 13.8,16.4 2.760 29 98 98
9 xerogel 11.5, 132 2.228 40 95 95
PMS+ G 3 aged hydrogel 4.6 47 1.185 39 98 41
3 xerogel 4.5 0.963 a7 96 36
9 aged hydrogel 3.8 7.5,89 1.618 53 97 43
9 xerogel 7.1 1.139 61 95 40
PMS 3 aged hydrogel 4.2 3.3 0.714 67 99 34
3 xerogel 3.1 0.690 73 98 31
9 aged hydrogel 35 6.8 0.672 76 96 36
9 xerogel 6.7 0.636 83 94 29
PSA+ G 9 aged hydrogel 13 74,92 1.543 47 96 47
9 xerogel 6.8, 7% 1.028 51 94 45
PSA 9 aged hydrogel 17 7.1 0.695 73 97 40
9 xerogel 6.9 0.620 79 96 34

a\Water:Si molar ratio used in preparaticrThe aged hydrogel was obtained by aging the freshgel in a closed container at®& for 20 h,
then drying in air at 20C for 96 h. Washing with 2< 20 volumes of phosphate (50 mM, pH 7.5, 20, 24 h), then freeze-drying at 2C, 72
h gave the xerogef.Mean pore size from TPM, corresponding to 50% of the pore volume. The pore distributions extended over a #&hge of
to 1.7 nm.9 Relative to the initial volume of the sample, prior to gelatid@verall percentage of protein retained in the-sgpél after washing
with 2 x 20-fold volumes of phosphate (50 mM, pH 7, 20, 5 h)." Activity of encapsulate (50100 um particles), in an aqueous assay with
L-BAPNA, as compared with the free enzyni@Bimodal pore radius distribution. Initial trypsin dopings of 30 mg/g of xerogel were used.

Table 2. Biologicals Encapsulated in Silica, Metallosilicate, and Alkylsiloxane Matrices; Polyol Silicate/Siloxane-Derived Bioencapsulates vs
Standard Alkyl Silicate/Alkoxysiloxane-Based Immobilizates

biological encapsulated matrix composition  H,O/Si (w/wyf loading (mg/g encapsulation (%) relative activity (%)

Silica Sol-Gels
o-chymotrypsin SiQ 6 10-100 95-98 vs 64-93 94—-99 ys 16-33
superoxide dismutase Sio 6 5-20 88-91 vs 86-93 91-93 vs 6774
cytochromec Sio, 6 10-30 93-94 ys 93-97 92—-97 vs 70-76
o-galactosidase Si0 6 5-25 91-95 »s 88-96 9095 vs 41-48
bovine catalase SO0 6 25 91us 92 93 vs 37
horseradish peroxidase Sio 6 10-50 83-95 vs 76-90 79-94 vs 31-49
C. rugosalipase SiQ 6 1-20 95-96 vs 83-89 86—99 vs 48-56
yeast cells SiQ 6 50200 88-96 vs 56-83 85—-89 vs 13-38
Metallosilicate Sot-Gels
subtilisin SiQ:ZrO; (9:1) 6 10-100 92-99 vs 73-99 96—99 vs 11-35
rabbit muscle aldolase SiTi0; (19:1) 4 16-25 95-99 vs 91-94 93—-96 vs 27-40
glycerol 3-phosphate oxidase SiorO, (19:1) 6 20 93vs 92 88 vs 43
glucose oxidase SKXrO, (19:1) 6 +15 89-93 vs 86-93 91-92 ys 43-56
yeast pyruvate decarboxylase 281,05 (19:1) 5 16-100 85-94 vs 70-91 83—98 vs 11-45
R. mieheiCells SiQ:ZrO; (9:1) 6 50-300 84-93 vs 41-86 83—87 vs 9-37
Alkylsiloxane Sol-Gels

thermolysin MeSiQ@sSiO; (4:1) 3 40 93ws 78 90 vs 24

horse liver alcohol dehydrogenase Me&iGSiO, (1:1) 4 20 96vs 92 91 vs 47
soybean type 1 lipoxygenase MeSKBIO; (9:1) 3 16-75 88-95 vs 74-89 84—93 vs 16-48
pig liver esterase MeSi@:Si0x:Zro; (9:9:2) 3 25 91lus 86 93 vs 42
phospholipase D MeSiR:Si0,:ZrO, (7:2:1) 3 10 92us 89 89 vs 39

P. oleaworanscells PrsiQsSio; (8:2) 3 50-300 8790 vs 53-86 81-88 vs 13-37

aThe first figure/range refers to encapsulates made using polyol precursors, and those in italics to the PMS and methyl/ethyl silicate ester-based
immobilizates.? Xerogel composition (w/w)¢ Molar ratio of water to Si used for preparatichAmount of biological (protein, wet cells, or dry
spores) used for encapsulation, quoted per gram of xerogel after washing and 8i§uegall percentage of biocatalyst retained in-sgpél after
washing with a 2x 20-fold volumes of phosphate (50 mM, pH 7 20 h).f Activity of encapsulate (56100um particles) directly after preparation,
in an aqueous assay as compared with the free biological. In all cases, compositionally equivalent materials were prepared by the standard protocol,
using PMS and/or partially condensed alkoxyalkylsiloxanes.

improvement in activity upon switching from PMS to PSA as aqueous miscibility and biocompatibility of both PGS and
precursor (Table 1). The high aqueous solubility of PGS also glycerol1® The use of alcohol-free PSA solutions similarly
means that immobilization is efficient, typically enabling88  enables high doping levels, although precipitation and partial
98% entrapment at loadings as high as 20% w/w of xerogel, gelation/synerisis were observed with several proteins including
without unduly compromising bioactivity or matrix integrity.  thermolysin, lipoxygenase, and pyruvate decarboxylase.

In contrast, the hydrophobicity of alkyl silicates and the Hydrolysis and gelation of PGS is rapid in aqueous milieu
denaturing effects of the alcoholic cosolvents and byproducts and does not require the use of catalysts. Indé¥&i,NMR
usually limits loadings in conventional protocols to €3% studies indicated that the hydrolysis and condensation rates of
w/w, due to the aggregation/precipitation of the biological at polyol silicates and polysilicates were-83 times higher than
elevated concentrations. This reduces entrapment efficiency and (16) (a) Priev, A- Almagor, A- Yedgar, S.- Gavish. Biochemistry

bioactivity recovery at high dopings, Whe'_’eas in the PGS route, 199¢ 35, 2061. (b) Rui, SActa Crystallogr., Sect. D: Biol. Crystallogr.
such effects are rarely observed, by virtue of the excellent 1995 D51, 271. (c) Dooha, K.; Lee, Y. I. Therm. Biol.1993 18, 41.
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those of TMOS and PMS in buffered mediaThis presumably Thus, the microstructures of PGS sgels are quite different
stems from the increased reactivity of the silicon center due to to that of the TMOS, PMS, or PSA products, even when an
the electron-withdrawing effect of the polyol moieties, together equivalent amount of glycerol is used in the latter cases. It is
with internally assisted hydrolysis by the hydroxyl functiéas. possible that differences in the hydrolysis and/or condensation
Interestingly, reactivity could be controlled to some extent by mechanisma?and the seeding, evolution, and consolidation of
adjusting the precursor composition, with more rapid gelation the proteir-silica interface and the polymer and pore frame-
being observed upon decreasing the polyol content or whenworks during gelation and dryin?® are responsible for the
substituting a diol silicate for a triol or higher polyol silicafe.  distinct features of the PGS safels. Although the inclusion
PGS-derived silicas form exceptionally porous matrices, with Of glycerol in the PMS protocol did reduce pore collapse (Table
thermoporometric (TPM) analysis of trypsin-doped-sgéls 1), relat|velly little improvement |n.b|c.)enca.psulate activity was
indicating that the mesopore structure and pore volume of the ©°S€rved, in accord with the intrinsic toxic and aging effects

hydrogels was substantially preserved upon processing to th assomated with the use of alkyl silicates. As expected, an

xerogels (Table 13 In comparison, considerable pore collapse increased activity was seen for the alcohol-free PSA-gels

was observed for the products derived from PMS or PSA with (Tablg 1), although the rather moderlaf[e effects Of. glycerol
or without the inclusion of glycerol as modifier (Table 1). |nclu5|on on the pore structure and activity once again e_rnpha—
Although bio-doped silicas with pore sizes of up to 10 nm and sized the singular attributes of PGS. The DC.:A properties of
pore volumes of 0.40.9 mL/g have been reported for hydrogels PGS are apparent from the much smaller shrinkages observed

or xerogels prepared at high pPis;b.c8most of the silica for PGS-xerogels (Table 1). Under typical encapsulation

xerogels prepared to date have displayed pore diameters in theconditions, volume contractions of 7% were recorded,
ge's prep played p 3 tompared to 4775% for the TMOS, PMS, and PSA silicts®
range of 3-5 nm and porous volumes below 0.7 mEA§.Also,

experiments on the poly-lysine inhibition of N-L-benzoylt - At the same time, the PGS-immobilizates showed the
arginine-4-nitroanilide LLBAPNA) hydrolysis by trypsin indi- characteristically high resistance to leaching and the extended

. . storage stabilities of selgel encapsulates. Incubation of
cated a substrate exclusion limit betweerx 7.0* and 1.5x 9 9 P

: . protein immobilizates prepared ab®'Si molar ratios of 3, 6,
1 for the PGS-derived glasses, as compared with about 3 .
' 0 mM phosphate, pH 7, atG for 1 th It
10* for TMOS, PMS, and PSA xerogetd22 This is in accord and 9, in 50 mM phosphate, pH 7, atG for 10 months resulted

- . o Lo . In 1-5%, 2-7%, and 6-13% of protein loss and the retentions
with the previously reported ease of diffusion of antibodies with ¢ 939904 91-99%. and 86-93% of the initial activity

masses of 1.5 10°into antigen-doped silica hydrogéfstand — egpectively. This is in agreement with previous observations
the binding of RNase by silica-encapsulated DNP-poly(nucleic " ndried and partially dried hydrogéfs:2b3cdsar The
acid) inhibitors? Furthermore, the kinetic constants for surprisingly low levels of leaching found for such porous solids
BAPNA hydrolysis by PGS-encapsulated trypsigs( of 104 may derive from the biomolecule-directed templating of the
+ 21 mM/min, ks* is the apparent specificity constant) were  geveloping sotgel matrix, resulting in the development of

very similar to those of the free enzymegof 128+ 21 mM/ extensive proteinsilica surface binding interactions, in addition
min), whereas the PMS- and PSA-encapsulates displayedto simple embedding in the inorganic framew@#k. Interest-
substantially poorer kinetickd* of 61 + 11 and 68+ 9 mM/ ingly, experiments witha-chymotrypsin, trypsinC. rugosa

min, respectively), and similar results were obtained with |ipase, angs-glucosidase showed that the higher levels of protein
alkaline phosphatagé. Analyses of the kinetics indicated |oss found with the silicas prepared at a4Si ratio of 9 were
homogeneous enzyme populations in all cases, rather than th@educed to 4% upon the inclusion of 3-glycidoxy- or 343
heterogeneous activity distributions that have been observed forepoxycyclohexyloxy)propyltrimethoxysilanes 8% w/w of

these enzymes trapped in TMOS silidas. xerogel) in the soetgel protocols, thus introducing covalent
: matrix—biomolecule attachment sites. However, this improve-
(17) () Hook, R. JJ. Non-Cryst. Solidd996 195 1. (b) Van Beek,  ment was obtained at the cost of the activity of the entrapped

J. J.; Seykens, D.; Jansen, J. B.XINon-Cryst. Solid4992 146, 111. . .
(18) This may reflect an increase in condensation rates deriving from Protein, which was reduced by—-34% compared to the

the reduced formation of internal, metastable digilanol complexes. The nonmodified protocol.
formation of polyot-silanol and alkylaminesilanol complexes in aqueous Another property of setgel protein encapsulates, namely

media is know to reduce silanol condensation rétasd in extreme cases . ;
lead to gelation-resistant products elevated thermostability was also obserdé#l. Thus, the half-

(19) (a) Kazuhiko, I.; Minoru, TJ. Colloid Interface Sci1995 171, lives of PGS-immobilized (KD/Si ratio of 6)C. rugosalipase,
103. (b) Ishikiriyama, K.; Todoki, M.; Min, K.; Yonemori, S.; Noshiro, M. B-glucosidase, and acid phosphatase in aqueous buffer at 70

J. Therm. Anal.1996 46, 1177. (c) Ishikiriyama, K.; Todoki, M. o -
Thermochim. Actd 995 256 213. C were increased by factors of 56, 32, and 94 over those of

(20) Although mesoporous silicas with pore diameters of up to 200 nm the free enzymes, approaching the 63-, 38-, and 126-fold
can be prepared from TMOS by the careful choice of catalyst, hydrolysis enhancements observed for the PMS encapsLﬂ%tHsseems
conditions, DCA type, and hydrogel processiithe reported methods

are too aggresive for bioencapsulation. (24) The following kinetic parameters were observed for the trypsin-
(21) (a) Sakka, S.; Kozuka, H.; Adachi, Teram. Trans1993 31, 27. catalyzed hydrolysis af-BAPNA: The free enzyme gavel@a of 123+
(b) Xi, Y.; Zhang, L.; Wang, SSens. Actuators, B995 B25(1—3), 347 20 min ! and aKy, of 0.96+ 0.13 mM, the PMS-encapsulatéa of 71
352. + 13 mint and aKp* of 1.17 + 0.08 mM, and the GPS-encapsulate a
(22) The percentage inhibitions observed for poliysines ofM, (1— Keat* Of 109 £ 22 min ! and aKp* of 1.05 4= 0.16 mM. Alkaline phosphtase
4) x 1% (4-15) x 103 (15-30) x 103 (3—7) x 104 (7—15) x 104, gave the following results for the hydrolysis of NPP: The free enzyme
(15-30) x 10* were 11+ 1%, 23+ 3%, 47+ 2%, 614+ 5%, 53+ 6%, gave akey of 534 + 62 mimt and aKp, of 0.11 + 0.02 mM, the PMS-
and 41+ 2%for the free enzyme, 3% 2%, 41+ 5%, 16+ 2%, 3+ encapsulate Bea* of 260 4= 58 min~! and aKn* of 0.25 4+ 0.03 mM, and
0.1%, 2+ 0.1%, and = 0.1% for the PMS-encapsulate, and-8&%, 45 the GPS-encapsulateka,* of 461 & 38 min* and aKn* of 0.13 + 0.01

+ 6%, 68+ 3%, 49+ 6%, 27+ 4%, and 9t 1% for the PGS-encapsulate.  mM.
These results are consistent with the TPM analyses if one assumes a globular (25) (a) Nakanishi, KJ. Porous Mater1997, 4, 67. (b) Parashar, V.
random coil model for the inhibitof$ and takes into account ionic K.; Raman, V.; Bahl, O. PJ. Mater. Sci. Lett1996 15, 1403.
interactions and adsorption effects between the inhibitor and the charged (26) The half-lives at 70C were as follows (times for free enzyme,
silica framework. GPS-encapsulate, and PMS-encapsulate, respectiyelylucosidase (12.7
(23) Applequist, J.; Doty, PPolyamino Acids, Polypeptides and + 0.8, 673+ 51, and 756+ 65 h), acid phosphatase (0.£0.01, 11.3+
Proteins Stahman, M. A., Ed.; University of Wisconsin Press: Madison, 1.4, and 15.1 1.3 min), andC. rugosalipase (23+ 1.8 min, 12.3+ 0.9
WI, 1962; pp 161-176. h, and 14.6+ 1.7 h).
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Table 3. Biologicals Encapsulated in Functionalized Siloxane and Composite Matrices; Polyol Ester-Derived Functionalized Siloxane and
Composite Bioencapsulates vs Standard TMOS-Based Immobifizates

biological encapsulated matrix composition  H,O/Si (w/w) loading (mg/gy  encapsulation (96) relative activity (%)
Functionalized Siloxane SelGels
proteinase K CHCHSIO, 5SIO; (5:1) 3 25-75 90-93 vs 68-96 89—-95 »s 21-39
sialic acid aldolase APS:Si(1:4) 5 5-15 93-97 vs 89-94 89-94 ys 28-35
bacteriorhodopsin HEAS:Si1:5) 3 -5 91-94 vs 90-91 79—88 vs 31-43
aspartate aminotransferase LPS: §{@3) 3 16-50 87-93 vs 81-89 88—92 vs 23-40
almond oxynitrilase GAPS:SiK)1:3y 4 20-50 91-94 vs 86-93 87—93 vs 26-44
pB-glucosidase GAPS:Siq1:3F 4 100 94us 73 96 vs 31
tyrosinase GAPS:SiQ(1:3yp 4 20-50 84-89 vs 79-86 82—92 ys 19-31
glucose oxidase FPS:Si®4:6) 3 -5 87—90 vs 88-92 91-92 ys 41-44
carboxypeptidase Y BHP:Si({1:4) 3 20 93us 87 93 s 35
Composite SotGel Polymers
fB-glucuronidase PDMS«k:SIO; (1:1) 3 40 95us 92 91 us 41
A. niger spores PDM&::SIO; (1:1) 3 50-250 91-94 ys 83-91 83—91 vs 25-43
penicillin acylase Alginate:Si©(1:10) 6 16-40 94-99 vs 88-93 87—92 vs 27-39
yeast cells PVP: Si©X(3:7) 6 300 87vs 82 83 s 32
firefly luciferase PGMA:SIQ (4:3) 6 10 87vs 91 84 vs 39
S. salmonicolorcells PVAgs-146k:SIO, (1:1) 6 50-300 85-98 vs 68-89 74—85 ys 20-34

af As for Table 1.9 In the conventional procedure, PMS replaced GAPS. Abbreviations: APS, 3-aminopropylsiloxaneQEHBis(2-(2-
hydroxy-2-(3'"-oxysilylpropoxy)ethylamino)propyl)PEég; FPS, 3-ferroceneacetamidopropylsiloxane; HEAS, '&ytroxy-2-(2"'-hydroxyethy-
lamino)ethoxy)propylsiloxane; GAPS, 3-gluconamidopropylsiloxane; LPS, 3-leucinamidopropylsiloxane; PGMA, poly(glyceryl methadopése); P
poly(dimethylsiloxane); PVA, poly(vinyl alcohol).

difficult to reconcile the high activities which would suggest a 15% w/w of metal oxide), or translucent (above 15% w/w metal
considerable degree of biomolecule mobility, with increased oxide) glasses. The alkylsiloxanes provided hard, transparent/
thermostability, which implies substantial conformational re- translucent, mesoporous glasses aDHilkylsiloxane ratios
striction. However, fluorescence studies on labeled BSA and below about 0.40.6 w/w. At higher water contents, the
HSA trapped in silica xerogels have pointed to a high degree hydrophobicity of the alkylsiloxanes coupled with the high
of protein mobility?” while large increases in thermostability —aqueous solubility of their precursors led to phase separation
have been described for encapsulated phosphatases and4¥psin. during gelation, ultimately resulting in opaque, brittle solids or
This suggests that the proteins are trapped within cavities wherespongy-like polymers with 270 um continuous macropore
the local biomolecule mobility is sufficiently high to preserve networks?®
an aqueous-type activity when complemented by a highly porous  Encouraged by these results, we then sought to introduce
matrix, but at the same time, the more extensive conformational functional siloxanes with the aim of modulating hydrophilicity,
changes that are required for thermal denaturation are hinderedsurface interactions, substrate partitioning, etc., which are useful
The latter could derive from hydrogen bonding and ionic features for catalyst and sensor polymer bases. Precursors
interactions at polymerfprotein contact surfaces formed via bearing unsaturated hydroxyl and amino functionalities, as well
templating? and/or from the reduction in segmental mobility as ferrocene, amino acids, and other moieties, were prepared
due to the increased viscosity of the trapped solvent as comparedsing the standard procedure and proved to be good substrates
to bulk solven” The greater thermostabilities of the PMS-  for entrapment (Table 3). The xerogels were transparent or
derived materials thus presumably reflect a more restrictive silica translucent glasses with a brittle fracture or, in the cases of the
framework and/or a higher trapped solvent viscosity for these hydroxylated siloxanes or those containing a PEG linker, clear
materials. and semirigid glasses which showed significant fracture and tear
Encapsulation in Other Matrices. Although the xerogels resistance.
obtained above provided highly active, optically transparent  Ajthough the above polymers furnished highly active encap-
encapsulates, their practical application was limited by two sylates with porosities similar to the those of PGS xerotfels,
significant drawbacks of silica selgel bioimmobilizates,  many of them were still relatively brittle and not suited for more
namely their brittleness and lack of additional fUnCtiona}i‘[?. mechanica”y demanding usages. Even the inclusion of micro-
To address these issues, as well as to examine the generabarticulate graphite, glass microfibers, and surface treated silica
applicability of the polyol ester approach, we then attempted did not significantly alleviate this drawback.
to extend it to other matrices, using representative biologicals Recognizing that a high mesoporosity would invariably
from the biocatalyst, biorecognition, and biosensor domains, for ¢ompromise the mechanical attributes of simple, single-phase
evaluation purposes. Metallosilicates which display a greater g} ge| matrices, we then examined whether this problem could

mechanical strength and chemical inertness, and alkylsiloxanes,e resolved by forming interpenetrating polymer network
with their elevated hydrophobicity and fracture resistance, were

made using poly(glyceryl metallosilicates) containing Ti, Zr, (28) The initiation, rate and extent of phase separation could be controlled

nd Al an Iv(al roxvalkvlsiloxan rrvin kvl by varying the sotgel mix. Thus, macroporous methylsiloxanes and
and Al and poly(glyceroxyalkylsiloxanes) carryingGCs alky allylsiloxanes were formed at water:precursor ratios above about 0.60 and

functionalities, respectively. Once again, biologicals were g 35\, respectively. SEM studies of the materials demonstrated three-
readily immobilized within the setgels, and the results obtained  dimensional fused globule architectures with continuous pore networks. The

with the polyol-derived materials and compositionally identical frameworks showed transitions from approximatety3lum spherical/

- : - oblate/prolate structures in the small pore (approximatelyl3 um)
products synthesized via the PMS/poly(alkyl metallosilicate) or materials to £+3 x 3—20 um solid threadlike elements in the large pore

PMS/poly(alkoxyalkylsilane) methodology are shown in Table (approximately 1550 um) polymers.

2. The metallosilicates furnished brittle, transparent (below 10 (29) Initial NA and TPA examinations of the metallosilicate and
mesoporous alkylsiloxane seyels indicated respective pore distributions
(27) Jordan, J. D.; Dunbar, R. A,; Bright, F. Xnal. Chem1995 67, of 8.6-12.9 and 8.+11.3 nm and pore volumes of 1.751.820 and

2436. 0.860-1.601 mL/g.
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Figure 1. Continuous hydrolysis of Paraoxon By dimunitaorganophosphate hydrolase. Symbols: open circles, polyol ester-derived 2:1:1 PS
PDMS-silica sol-gel; filled circles, compositionally identical sefel prepared using PMS method; filled squares, polyurethane immobilizate.
Paraoxon (25 mM) in HEPES (100 mM, pH 7.4, containing 10% v/v propan-1-ol and 0.1 mM cobalt acetate) was fed at 2.4 /lntéCa

glass column (0.5< 10 cm) containing the selgel (0.8 g, 206-300 um particles, loaded with enzyme at 27 mg/g or 29 mg/g) or at 1.9 mL/h
through one packed with polyurethane foam (0.6 g,-2B00 «m particles, loaded with enzyme at 32 mg/g).

composites (IPNCs). Thus, bio-doped IPNCs were fabricated Applications. Having proved the general utility of polyol
with poly(dimethylsiloxane) (PDMS), poly(vinyl alcohol) (PVA), silicates/siloxanes derived bioencapsulates, we then examined
poly(glyceryl methacrylate) (PGMA), poly(vinylpyrrolidone) their actual performance in representative applications. For this
(PVP), and poly(vinylpyrrolidoneo-acrylate) (PVPA) (Table purpose, they were evaluated against alkyl silicate/siloxare sol
3). Indeed, a range of PDMS, PGMA, PVA, and PVP-sgél gels and standard immobilization chemistries, taking care to
compositions gave hydrogels which underwent only minor ensure similar catalytic densities, catalyst geometries, and
(<6%) shrinkages during aging and drying and provided elastic operating conditions, so as to allow a direct comparison of the
or semirigid composites that were fracture and tear resistant andmmobilizates.
stable in aqueous and organic me#fiaNotably, the polyol ester We first selected a simple aqueous enzymatic transformation,
precursors were readily blended with hydrophilic polymers to the continuous hydrolytic degradation of the organophosphate
form materials combining the physicochemical attributes of both nerve agent Paraoxon (diethyl 4-nitrophenyl phosphate by
components. Resilient rubbers and hard, plastic-like solids weredimunita organophosphate hydrolase (OFR)n a column
furnished, contrasting with the weak, water-swellable gels reactor (Figure 1). The performance of the enzyme encapsulated
obtained with the organic polymers alone, or the brittleness of jn a propylsiloxane- PDMS-silica sol-gel prepared with the
the pure xerogels. Thus, PGMA produced hard, optically new approach, a chemically identical sglel made with PMS,
transparent IPNCs (PGMA contents of-100% w/w), whereas  and that immobilized on polyurethane fo#were studied. An
PVP, PVPA, and PVA gave semirigid, transparent/translucent Ormosil sot-gel was chosen so as to gain a hydrophobic matrix
glassy products (polymer contents below-30% w/w) or and thus improve substrate partitioning. As expected, the
highly flexible, transparent rubbers (polymer contents between conventional encapsulate displayed a poor activity (28%), but
about 30 and 70% w/w), and PDMS produced hard, transparentnotable stability, whereas the higher activity of the PGS-sol
glasses (PDMS contents below about 25%) or semiflexible, gel (94%), coupled with its good stability, enabled the latter to
translucent polymers (PDMS contents above about 25% w/w). outperform the polyurethane immobilizate (initial activity 68%)
Furthermore, the composites could be applied as adherentin the long run. These results should be compared with the
coatings on glass, silicon, several plastics, and ceramics usingow activity reported for the enzyme entrapped in a TMOS-
conventional masking and moulding technigé®%. Mechani- derived silica, when used for Parathion hydrolysis and dete®tion.
cally robust encapsulates which can be accurately deposited as Having established the efficiency of a polyol ester-derived
thin films and micron-scale patterns via micromoulding and bioencapsulate in an aqueous system, we then examined
microprinting technolog$* are rather desirable for sensor and reactions in hydrophilic and hydrophobic’ solvents (Table 4),
diagnostic applications which require miniaturization and mass adia which are of greater interest for synthetic biotransfor-
production®® Although the IPNC bioencapsulates are expected 1aiions. For the first case, we chose the proteinase K-mediated
to be less porous than the pure-sgkls because of the inclusion synthesis of the pentapeptitleCbz--[Leu?]-Enkephalin amid®
of a second polymer phase, they still display good activities 54 the c. rugosalipase-catalyzed resolution of Ibuprofen
(Table .3), and this together with their superior mechanic.al methyl este> The enzymes were entrapped in 3-gluconami-
properties makes them good candidates for more exaCt'ngdopropyIsiloxane (GAPS)alumina-silica and propylsiloxane
usages. poly(dimethylsiloxane}silica, respectively, and compared with
(30) For example, such materials were obtained with PGMA and PVA the corresponding conventional sgels and with cross-linked
at weight compositions of (Sil.2-1.6(PGMA)45-08 and (SiQ)o.s-o0.6
(PVA)o.4-0.7. The materials were observed to be symmetric and microscopi-  (32) (a) Dumas, D. P.; Caldwell, S. R.; Wild, J. R.; Raushel, FIM.
cally homogeneous by SEM studies. Patterns were successfully printed/Biol. Chem.1989 264, 19659. (b) Caldwell, S. R.; Raushel, F. M.
moulded onto glass, nylon, PEEK, silica, aluminium oxide, and alumina  Biotechnol. Bioeng1991, 37, 103. (c) Dumas, D. P.; Durst, H. D.; Landis,
ceramics, previously cleaned with 0.1 M nitric acid, etched with 0.1 M W. G.; Raushel, F. M.; Wild, J. RArch. Biochem. Biophysl99Q 277,

NaOH in 1:1 BO:MeOH, then primed with TMOS, GPTMS, or APTES.  155.
The moderate viscosity of the precursors limited the minimal dimensions ~ (33) LeJeune, K. E.; Mesiano, A. J.; Bower, S. B.; Grimsley, J. K;;

of printed/molded structures down to about30. Wild, J. R.; Russell, A. JBiotechnol. Bioeng1997, 54, 105.

(31) (a) Kim, E.; Xia, Y.; Whitesides, G. Ml. Am. Chem. S0d.996 (34) Gill, I.; Vulfson, E. N.J. Chem. Soc., Perkin Trans.1B92 6,
118 5722. (b) Kim, E.; Xia, Y.; Whitesides, G. MNature1995 376, 581. 667.
(c) Trau, M.; Yao, N.; Kim, E.; Xia, Y.; Whitesides, G. M.; Aksay, I. A. (35) Lalonde, J. J.; Govardhan, C.; Khalaf, N.; Martinez, A. G.; Visuri,

Nature 1997, 390, 674. K.; Margolin, A. L. J. Am. Chem. S0d.995 117, 6845.



Encapsulation of Biologicals J. Am. Chem. Soc., Vol. 120, No. 34, 18983

Table 4. Biocatalyst Applications of SetGel Bioencapsulates Prepared Using Polyol Silicate/Siloxane Gell Precursors; Polyol Silicate/
Siloxane-Derived SetGel Bioencapsulates vs Conventional Bioimmobilizates

sol—gel matrix activity period activity yields
biocatalyst (conventionah reaction catalyzed (%) (hye  losd start end
proteinase K 3:1:6 synthesis ofN-Cbz1-[Leu’]- 91vs 76 683 6vs35 66wvs 57 58wvs 35
GAPS:ALOs:SiO, s YGGFLNH; from N-Cbz4-YGGOEt
(CLECs) andL-FLNH;h
C. rugosalipase-1 1:7:2 resolution of R,9-lbuprofen methyl 163 vs 127 226  27vs 16 93 vs 89 70 vs 79

PDMS:PS:SiQus ester to §-Ibuprofen
(CRL-CLECs)
almond oxynitrilase 1:1:2 trans-hydrocyanation of R24E)- 91vs87 322 16vs 5376 vs 73 68 vs 37
GAPS:MS:SiQ vs hexa-2,4-dienal to ®,2E,4E)-
(AVICEL cellulose)  1-cyanohexa-2,4-diene-1tol

sialic acid aldolaset 2:1:7 synthesis of(2,6)sialylN- 91lws 72 339 6ws 12 92 s 94 85 vs 66
myokinase+ APS:ZrG:Sio; vs acetyllactosamine from 88 vs 54 8 vs 23
pyruvate kinaset (oxirane beads) N-acetyllactosamine and 93 vs 61 4 s 13
pyrophosphatase- N-acetylmannosamitie 89 vs 57 9us 21
CMP-sialate synthetase 89 vs 72 5 s 26
o(2,6)sialyl transferase 92 vs 64 5us 20

S. cereisiae 3:1:4 reduction of ethyl 3-oxobutanoate to 88vs 86 624 8ys 18 96 vs 97 95 vs 83
(yeast, whole cells) GAPS:ZrQ:SiO; vs ethyl (39-3-hydroxybutanoate

(alginate beads)

aFirst figure/range refers to encapsulates prepared using polyol precursors, and those in italics correspond to conventionagiehon-sol
immobilizates ? Xerogel composition (% w/w). The immobilizate used for comparison is indicated in braéiResctions were conducted in
continuous, packed bed reactors (enzymes) or a stirred reactor (yeast'dalt&l activity of encapsulate, relative to the nonimmobilized material,
in a aqueous assa§Duration of reactor operatiofPercentage of initial activity lost during operating periéthitial and final biotransformation
yields." 0.25 M substrates in 2:1 acetonitrile:dimethylformamide, containing 3% v/iv CAPSO (0.1 M, pH 9.5(,.2%.0 M substrate in 1:1:1
propanol:ethanol:triethanolamine (0.3 M, pH 7.5), €1 0.2 M (2E,4E)-hexa-2,4-dienal and 0.32 M acetone cyanohydrin in diisopropyl ether
saturated with acetate (0.15 M, pH 5.2), 0. K 20 mM N-acetyllactosamine and 70 mM-acetylmannosamine in TRIS (0.1 M, pH 8.3), 25.
50 mM substrate in acetate (50 mM, pH 3, containing 3.5% v/v EtOH)@5

enzyme crystals. Earlier trials with subtilisim;chymotrypsin, using an elegant multicatalytic cycle employing six different
thermolysin, and papain had shown excellent performances ofenzymes that has been reported in the literattired (3-
hydrophilic GAPS-silicate biogels in acetonitrile, DMF, DMSO,  aminopropyl)siloxane (APS)silica sol-gel was selected for
dioxane, and lower alcohols, and in accordance with previous its hydrophilicity and its affinity for anionic species and tested
reports?®h alkylsiloxane sot-gels were found to be the best against a surface-immobilized system based on oxiraneylate
suited to lipase entrapment. The conventionat-g@ls were chemistry (Table 4). The activity of the polyol ester-derived
distinguished by low efficiencies (activities of 33% and 61%, encapsulate was similar to that of the oxiraaerylate immo-
respectively), whereas the activities of the polyol ester-derived bilizate and far superior to the standard-sgél (activities of
materials were on par with those of the cross-linked crystals. 28—47% for the enzymes concerned), and once again, the
Indeed, the initial activity of theC. rugosaencapsulate was  enhanced stability of the former was apparent during extended
significantly higher (163%) than that of the commercial CRL- reactor operation (Table 4).

CLECs (127%), perhaps due to greater activation of the lipase  Having shown the synthetic utility of seel enzyme
during entrapment in the siloxane sgjel*"together with more  encapsulates, we turned our attention to whole-cell catalysts,
favorable mass transfer and substrate partitioning. Whereas theyhich are of great importance for industrial bioconversions,
CRL-CLECs ultimately proved to be more stable than the especially complex multistep, oxidative/reductive transforma-
encapsulated lipase, the reverse was observed for proteinase Kjons3® The high sensitivity of cells limits the types of suitable
although it is pOSSible that the use of different CI’yStaIIization encapsu|ants in the main to po|ysaccharidesy which a|though
conditions and/or cross-linking regime could provide a more hjghly biocompatible, show poor physicochemical stabilities.

stable biocatalyst. On the other hand, the toxic effects associated with TMOS
The oxynitrilase-mediated trans-hydrocyanation d 4E)- protocols has meant that attempts at-sg#l entrapment have

hexa-2,4-dienal in diisopropyl ether, using acetone cyanohydrin met with limited succes%.®> As the polyol ester precursors had

as cyanide dond¥, was elected for examining segel perfor- proved to be highly effective for immobilizing cells (Tables 2

mance in hydrophobic media. To sustain an agqueous-typeand 3), we examined a model bioreduction, the yeast-mediated
enzyme environment, but at the same time confer some production of the pharmaceutical intermediate ethy®){3-
hydrophobic character upon the matrix and enhance substratehydroxybutyraté® (Table 4). A GAPS-zirconia—silica was
penetration, a GAPSmethylsiloxane-silica sol-gel was uti-  selected as encapsulant because of its high biocompatibility and
lized. This proved to have good activity and stability, when
compared with the standard AVICEL cellulose immobilizate, (37) (a) Wong, C.-H.; Whitesides, G. Mnzymes in Synthetic Organic

which although possessing a similar profile initially, deteriorated Chemistry Tetrahedron Organic Chemistry Series, Vol. 12; Elsevier
in the long term (Table 4) Science: Oxford, U.K., 1994. (b) Drauz, K., Waldmann, H., Heisyzme

9 . o . . Catalysis in Organic Synthesi¥CH Publishers: Weinheim, Germany,
An application where maintaining a high enzyme activity and 1995

stability is critical is the execution of reaction sequences using _ (38) Ichikawa, Y.; Liu, J. -C.; Shen, G.-J.; Wong, C.-H. Am. Chem.

- : ; Soc.1991, 113 6300.
multi-enzyme cascadé$. To test this aspect, we studied the (39) (a) Davies, H. G.: Green, R. H.; Kelly, D. R.; Roberts, S. M.

synthesis of the sialyl trisaccharidg2,6)sialylN-acetyllac- Biotransformations in Preparate Organic ChemistryAcademic Press:
tosamine fronN-acetyllactosamine and-acetylmannosamine  London, 1989. (b) Holland, H. LOrganic Synthesis with Oxidat
EnzymesVCH Publishers: New York, 1992.

(36) Ognyanov, V. I.; Datcheva, V. K.; Kyler, K. S. Org. Chem., (40) Rohner, M.; Sonnleitner, B.; Fiechter, A.Biotechnol1992 22,
1991, 113 6992. 129.
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Figure 2. Performances of optical-glucose 6-phosphate dehydrogenase-gel biosensors. Upper curves: PGS-derived element, with the solid

and broken lines representing the fresh sensor and that after 130 h of operation respectively. Lower curve: PMS-derived senfr.xA 5
1.7-1.8 mm strip of 1:1:2 PVA&s-146k:APS:SiQ, doped with 14 U of Torula yeast enzyme, was placed in a stirred 1.5 mL quartz cuvette, 25

The response to 1.3 mL of glucose 6-phosphate/NADP (10/15, 20/40 and 40/60 mM) in 75 mM phosphate, pH 7.4, was measured by monitoring
the absorbance at 340 nm.

Table 5. Biosensor and Biodiagnostic Applications of S@el Bioencapsulates Prepared Using Polyol Silicate/Siloxane Gell Precursors;
Polyol Silicate/Siloxane-Derived SelGel Bioencapsulates vs Conventional Bioimmobilizates

activity activity response tirie
enzymes matrix compositién application (%)° period  loss start end

acetylcholine esterase 2:3:1:4 thick film microsensor for 91 s 40 482 h 7vs5 10-15s 12-18s

choline oxidase PVA:Pd-G:GAPS:SiQ  acetylcholine and cholife 86 vs 39 11vs 9 vs 30-50 s vs 40-60 s
glucose oxidase- 2:1:5 PVA:HEAS:SIQ coated microtiter plate 92 vs 28 60 cycles 8s3 30-50s 35-60s

galactose oxidase diagnostic for glucose, 87 vs 36 10 vs 5 vs >10 min s >10 min

lactate oxidaser galactose, lactose and lactat®0 vs 26 9us 12

horseradish peroxidase 96 vs 49 5uvs8

2 First figure/range refers to encapsulates prepared using polyol precursors, and those in italics, to the conventietsaP $t@rogel composition
(% wiw). ¢ Initial activity of encapsulate, relative to the nonimmobilized material, in an aqueous d€¥aration of operationé Percentage of
initial activity lost during testing period.Response times at the beginning and end of testing pe¥lddear operation at 0.622 mM acetylcholine/
choline, 35°C. " Linear operation at 0520 mM sunstrate, 25C. Abbreviations: P& G, palladium on graphite.

physical stability and compared with alginate beads. The whole- enzyme catalysis, and ease of fabrication, can be satisfied by
cell activity of the GAPS sotgel (88%) was similar to that of ~ the present encapsulates.

alginate beads (86%) and much higher than for a PMS silica

(32%). Interestingly, the GAPS-biogel had a greater operational Conclusion

stability than the alginate encapsulate, probably due to reduced
matrix degradation and cell leakage.

We next focused on an arena where high activity, fast
response, good operational and storage stability, and ease o$
fabrication are of paramount concern, namely biosensors and
biodiagnostics. Initially, we chose a previously described optical
biosensor fop-glucose 6-phosphate, based on the dehydroge-
nase enzyme from Torula ye&ét.An APS—PVA-—silica gel
was chosen for its hydrophilicity, affinity for the substrate, and
good mechanical strength and moulding characteristics. The
results obtained with a polyol ester-derived-sgél are com-
pared with those of a chemically identical material produce
using PMS, in Figure 2. The faster response of the former and
its good working stability are noteworthy. Next, we examined
whether this level of performance could be sustained when
signal transduction and multi-enzyme systems were employed.
Thus, an acetylcholine esterasgholine oxidase bi-enzymatic
electromicrosensor for acetylcholine/choline and a microtiter
plate optical diagnostic for sugars and lactate, based aroun

glucose, galactose, and lactate oxidases and horseradish per@'luc"jatmgJj the effeCt'VeneSS of PGS sgkls. ) -
oxidase, were constructed. IPN composites employing PVA Although these issues and others, such as mechanical stability

graphite-GAPS-silica and PVA-HEAS—silica chemistries and porosit.y.remain to be properly add_res;ed, th_e initial res_ults
were respectively employed and proved to be effective and &€ Promising and suggest applications in the bio-
stable sensor environments, as evidenced by their significantly Catalystee4%4+43 biosensofs* biodiagnostici**and com-
better functioning over the standard PMS-sgéls (Table 5). binatorial biocatalyst$ arenas. Indee(_JI, results |nd|c_ate that,
Thus, it appears that the most important requirements for at least for some proteins, the technique may provide useful

biocatalysts and biosensors, namely high activity and stability, (41) Wartchow, W. A.: Wang, P.; Bednarski, M. D.; Callstrom, M. R.
tolerance of different reaction media, the realization of multi- J. Am. Chem. S0d.992 114, 378.

A methodology is advanced for the efficient entrapment of
biologicals in sot-gel polymers ranging from glassy silicates
nd rubber-like ormosils to tough orgasimorganic composites.
he encapsulates display activities approaching those of the
native biologicals and the distinctive robustness of-gmls and
can be fabricated in various forms. The precursors are available
via conventional synthetic routes, and diverse polymer chem-
istries can be accessed, allowing the matrix to be tailored to
suit the biological and the final usage.

The underlying reasons for the high efficiencies of the PGS-
d derived sot-gels are not clear, although the distinctively high
porosities and activities of these products as compared to PMS
and PSA sotgels, even when the latter are doped with glycerol,
suggest a critical role for the microstructure. Detailed studies
aimed at elucidating the mechanism of precursor hydrolysis/
condensation, the initiation and evolution of the polymer/pore
framework and proteirpolymer interfaces, and the dependence
dof substrate penetration on the pore structure are required for




Encapsulation of Biologicals

“off the shelf” biocatalysts for synthetic transformaticiig43

as well as extended stability biosensors. The accessibility of
functionalized, multicomponent, and IPN composites should also
lend this technique to producing micro/macrostructure arrays
with catalytic/recognition featuré8. 45> Finally, polyol silicates/
siloxanes may prove useful for assembling cell/tissue scaffolds,
as well as the synthesis of controlled architectures via biomi-
metic and templating routé§. Work is presently in progress

to identify the reasons for the effectiveness of PGS-gels

and to develop further applications of the precursors.

Experimental Section

Materials. T. albumproteinase K, bovine--chymotrypsin, almond
p-glucosidase, horseradish peroxidase, rabbit muscle ald&aseli
sialic acid aldolaseS. thermophilugglycerol 3-phosphate oxidase,
thermolysin, horse liver alcohol dehydrogend3ecereisiae pyruvate
decarboxylase, almond oxynitrilase, cereiisiae carboxypeptidese Y,
E. coli penicillin acylaseA. niger glucose oxidase, soybean lipoxy-
genase, pig liver esteras®, chromofuscushospholipase D, subtilisin,
porcine myokinasek. coli pyrophosphatase, ra{2,6)sialyl transferase,
Alcaligenessp. choline oxidase, rabbit pyruvate kinadeglobiformis
choline oxidase, bovine alkaline phosphataBe pyralis luciferase,
electric eel acetylcholine esteraggdiococcusp. lactate oxidas®).

dendroidesgalactose oxidase, Porcine aspartate aminotransferase,

phenolphthaleif-glucuronide, 4-nitrophenyl-glucoside, 4-nitrophenyl
f-glucoside, 4-nitrophenyl butyrate, 4-nitrophenyl phosphisit€bz-
L-phenylalanylalanine (CPAN-Ac-L-phenylalanylleucinamide (APLA),
N-Ac-L-tyrosine ethyl ester (ATEEN-Bz-L-arginine-4-nitroanilidew(-
BAPNA), benzylpenicillin, tyrosine, pyruvic acid, diethyl 4-nitrophenyl
phosphate (Paraoxon), pyrogallol, glycerol 3-phosphate disodium salt,
o-ketoglutaric acid, fructose 1,6-diphosphaté;acetyllactosamine,
N-acetylmannosamine, adenosinetrfphosphate, cytidine '&mono-
phosphate, phosphoenol pyruvate, eggghosphatidylcholine, glycerol
3-phosphate disodium salt, glucose 6-phosphate disodium salt, NAD

disodium salt, acetylcholine, choline, oxirane-acrylate beads, luciferin,

2,2-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), sodium
alginate, poly(-lysine) hydrobromide,R,9-Ibuprofen, and biological
buffers were purchased from Sigma Chemical Co. Cross-linked crystals
of C. rugosa lipase-1 (CRL-CLECS) were obtained from Altus
Biologics Inc. Glycerol, TMOS, 3-aminopropyltriethoxysilane
(APTES), 3-glycidoxypropyltrimethoxysilane (GPTMS), tetraprop-
2-yl titanate, tetraprop-1-yl zirconate, triethyl aluminate, PVA, glycidyl
methacrylateQ,0-bis(2-aminopropyl)PEG, ethanolamine, PVP, PVPA,
2,2-azobis(2-methylpropionamidine) dihydrochloride (ABMP), palla-
dium(ll) chloride, graphite powden-gluconolactone, ethyl 3-oxobu-
tanoate, dithiothreitol, ethanolamine, ferrocene carboxylic acid, fer-
rocene acetic acidN-Chz+i-lysine, N-Cbz+-serine, DCC, acetone
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and poly(antimony(lll) ethylene glycoxide) were obtained from ABCR
GmbH & Co. KG, Karlsruhe, Germany.

Analytical Techniques. HPLC was carried out on using a LDC
Milton Roy CM4000 pump connected to a Spectra Physics SP8450
UV/vis detector, LDC Marathon autosampler, and an HP 35900
Chemstation, or a Waters 510 pump system connected to a Waters
717 Autosampler, an ACS light scattering detector, and a Waters data
collection and integration station, or a Varian 9012 ternary pump
connected to a Spectra Physics Rl detector and a Spectra Physics
SP4290 Integrator module. Analyses were performed using a Hichrom
RPB5 column (5«m, 0.46x 15 cm) eluted with wateracetonitrile or
water-methanol, 26-40 °C, a Hypercarb column (10m, 0.46x 10
cm) eluted with wateracetonitrile, 26-40 °C, a Bio-Rad Aminex
HPX-87C column (1Qum, 0.46 x 25 cm) eluted with 0.55 mM
calcium nitrate, 56-70 °C, or a Chiracel OJ column (@m, 0.46x 25
cm) eluted with hexanepropan-2-ol, 30C. GC was performed on a
Varian Star 3400CX capillary GC equipped with an autosampler and
FID detector and connected to a Varian Star data acquisition and
analysis station. Analyses were performed on a 30 m SPB-1 column
(0.25 mm diameter, 0.2B6m film thickness) or SPB-5 column (0.50
mm diameter, 0.5um film thickness) with helium as carrier gas.
Analyses were typically carried out using an injection temperature of
200-250°C, a split ratio of 25-100, a total flow of 26-40 mL/min,

a detector temperature of 28C, and a ramp of 56250 or 75-300

°C over 20-30 min. UV-vis spectrometry was carried out on a
Kontron 930 spectrometer equipped with a thermostated, stirred cell,
a Perkin-Elmer Lambda-2 spectrometer equipped with a thermostated,
stirred flow cell, or a Shimadzu UV-1602 spectrometer. NMR spectra
were recorded on a JEOL EX270 FT spectromelidrand 3C were
recorded at 270 and 67.8 MHz, respectively, gsinr6 mmprobe, and

29Si were recorded at 39.76 MHz using a 10 mm probe. TMS was
used as internal standard in all cases. FAB-MS was carried out on a
Kratos MS9/50TC spectrometer using a xenon gun operated-at 5
kV or on a VG AUTOSPEC spectrometer using a cesium gun operated

pat 30 kV. The samples were applied to a polished copper probe, either

neat or dispersed in thioglycerol. Spectra were recorded in positive
ion mode, using polyglycerol or poly(thioglycerol) ions as the reference.
Nitrogen adsorption (NA) isotherms were determined using a Micro-
metrics ASAP-2000 instrument. Specific surface areas were calculated
by five-point BET analysis, and the Kevin function was used to obtain
the pore distribution. The xerogels were washed for 20 h at room
temperature with distilled water, then methanol, and finally with
pentane, dried under nitrogen at room temperature for 20 h, then
degassed at 0.02 mbar, 20 for 60 h, before analysis. Thermoporo-
metric (TPM) analysis was implemented using a Perkin-Elmer DSC-7
Instrument interfaced with a TAC-7/7 Instrument Controller, PE DSC-7
cooling units, and PETA-DSC-7 control software. Hydrogel and
xerogel samples were washed with 2:1 water:methanol for 72 h, then

cyanohydrin, succinic semialdehyde, and all solvents were purChaSedwith distilled water for 72 h, then vacuum infiltrated and soaked in

from Aldrich Chemical Co. Bis(trimethoxysilyl)ethylene, phenyltri-
ethoxysilane (PhTES\-(2 -aminoethyl)-3-aminopropyltrimethoxysilane
(AEAPTMS), 3-ureidopropyltrimethoxysilane (UPTES), silanol-
terminated poly(dimethylsiloxane) (ST-PDMS), tin(ll) 2-ethylhexanoate,

(42) (a) Khalaf, N.; Govardhan, C. P.; Lalonde, J. J.; Persichetti, R. A.;
Wang, Y.-F.; Margolin, A. LJ. Am. Chem. So&996 118 5494. (b) Wang,
Y.-F.; Yakovlevsky, K.; Zhang, B.; Margolin, A. LJ. Org. Chem1997,

62, 3488.

(43) (a) Wang, P.; Sergeeva, M. V.; Lim, L.; Dordick, J. Sat.
Biotechnol.1997, 15, 789. (b) Panza, J. L.; LeJeune, K. E.; Venkatsubra-
manian, S.; Russell, A. ACS Symp. Sei998 680, 134. (c) LeJeune, K.
E.; Panza, J. L.; Venkatsubramanian, S.; Russell, Rolym. Prepr.1997,

38, 563.

(44) Mozhaev, V. V.; Budde, C. L.; Rich, J. O.; Usyatinsky, A. Y.;
Michels, P. C.; Khmelnitsky, Y. L.; Clark, D. S.; Dordick, J. Betrahedron
1998 54, 3971.

(45) Kim, E.; Xia, Y.; Whitesides, G. MJ. Am. Chem. S0d.996 118
5722.

(46) (a) Davis, S. A.; Burkett, S. L.; Mendelson, N. H.; MannN&ture
1997 385 429. (b) Ozin, G. AAcc. Chem. Red.997 30, 17. (c) Mann,

S.; Burkett, S. L.; Davis, S. A.; Fowler, C. E.; Mendelson, N. H.; Sims, S.
D.; Walsh, D.; Whilton, N. T.Chem. Mater1997 9, 2300. (d) Tanev, P.
T.; Liang, Y.; Pinnavaia, T. JJ. Am. Chem. Sod997 119 8616. (e)
Raman, N. K.; Anderson, M. T.; Brinker, C.Ghem. Mater1996 8, 1682.

distilled water for 1 week prior to analysis. Measurements were
performed over the range50 to 20°C, with heating and cooling rates

of 0.5 or 1°C/min. Pore size, volume and shape, and surface area
were calculated from the corresponding freezing temperatures using
Laplace and GibbsDuhem functions, the observed enthalpy of
freezing/melting, and the shape factors determined from meiting
solidification hysteresis experimerits. SEM was carried out on a
Hitachi S-570 SEM Unit, using Edwards S150 and ISI DS-130 sputter
gold coaters.

Preparation of Methyl/Ethyl Ester and Polyol Ester Precursors.
(i) Poly(methyl silicate) (PMS) and poly(glyceryl silicate) (PGS): TEOS
(0.48 mol) was mixed with ethanol (50 mL), and hydrochloric acid
(10.4 mL of 0.25 M) was added over 30 min with vigorous stirring;
then the mixture was heated to 70 for 15 h. Rotary evaporation at
35 °C provided PMS of composition SiQ 1 {OMe) 615 as a clear,
viscous liquid. PGS was obtained by adding glycerol (0.38 mol) to
the reaction mixture over 1 h, heating to 8D, and stirring for a further
40 h. Concentration at 58C to about 70% w/w solids, and further
evaporation at 20C gave a gel of composition SiQs-1.14GICos
(OEtk.02-00s Poly(antimony(lll) ethylene glycoxide) catalyst gave
similar results. FAB-MS indicated that the product consisted mostly
of glyceryl-bridged linear oligomeric polysilicates of DP-S. Various
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glyceryl silicates (“SiGlg-4") and poly(glyceryl silicates) (“Si@s-1.5
Glcys-2") were prepared by this method. (i) Poly(alkoxyalkylsiloxanes)
“RSiO 5(OAIK),", poly(glyceroxyalkylsiloxanes) “RSigxGlc”, poly-
(alkyl metallosilicates) “SiM.1-0.201.1-1.{OAlK)21-26", and poly(glyc-
eryl metallosilicates) “SiM10201.1-1.Glc19-2": The same method was
used as in (i), except that the poly(alkylsiloxanes) utilized alkyltri-

Gill and Ballesteros

gel (0.3-3 min for silicates, metallosilicates, and composites;1Q

min for functionalized siloxanes;-520 min for min for alkylsiloxanes).

The overall methanol contents (cosolvent plus that released upon
hydrolysis) of the sotgels varied between 23% and 40% v/v. The
hydrogel was aged at 8C for 10-20 h in a closed container, then
ground into a fine powder. The cell-containing gels were washed with

methoxysilanes and alkyltriethoxysilanes as substrates, and with thephosphate (3 50-fold volumes of 50 mM, pH 7, 2 h), then transferred

metallosilicates, condensation was conducted using TEOS angQLO
mol % of tetraprop-2-yl titanate(lV), tetrapropyl zirconate(lV), or
triethyl aluminate(lll) as the metal species. With poly(3-aminopro-
pylsiloxane), APTES was used without any catalyst. The polyol
products contained-28 mol % of ethoxide, and FAB-MS indicated
bridged oligomers with DPs of411. (iii) 3-Gluconamidopropylsi-
loxane “3-GAPSI”: APTES (0.28 mol in 20 mL of methanol) was
added ovel h to astirred suspension a@f-gluconolactone (0.28 mol

in 100 mL of methanol) heated to 5, 40 h, then the mixture
evaporated at 40C to give a pale yellow solid containing 4 mol % of
methoxide. (iv) PMS and PGS with 10 mol % of 3-{ydroxy-2-
(2"-hydroxyethylamino)ethoxy)propylsiloxane “(HEPSIO(OMg})
(SIO(OMe})os" and “(HEPSIOGIc) 4(SiOGlche’, or 10 mol % of
0,0-bis(2-(2-hydroxy-2-(3"-oxysilylpropoxy)ethylamino)propyl)-
PEGsoo "(BH P(SIOOMek)o1(S|O(OM€>)09" and “(BHP(SiOGlC))o_l-
(SIOGIc)hg: GPTMS (0.1 mol) was added owes h to stirred
ethanolamine (0.1 mol) d@,0-bis(2-aminopropyl)PE&, (50 mmol)
heated to 50°C. After dilution with methanol (25 mL) and stirring
for 20 h, TMOS (0.9 mol) was added, followed by water (1.09 mol,
over 1 h). Further heating for 20 h, followed by evaporation atG0
gave the PMS-HEAS/BHP products as a viscous yellow liquids. The
addition of glycerol (0.81 or 0.86 mol, over 1 h), with further heating
and stirring for 40 h, followed by concentration at 8D to about 70%
w/w solids, and evaporation at 2C, provided the GPS-HEAS/BHP
products as yellow gels retaining-8 mol % of methoxide. (v) PMS
and PGS with 45 mol % of PDMS “PDMS5SiO(OMe))oss’ and
“PDMS;.44SiOGIchss: ST-PDMS (0.27 mol equiv of MgSiO) was
added ove 5 h to TMOS (0.33 mol) containing 1% w/w of tin(ll)
2-ethylhexanoate, heated to 8D. After 30 h, hydrochloric acid (5.94
mL of 0.25 M) was added over 2 h, stirring continued for 30 h, and
the solution evaporated at 5C to give the PMS-PDMS product as a
clear viscous liquid. The addition of glycerol (30 g, 0.33 mol in 15
mL of ethanol) over 0.5 h, followed by stirring for 40 h, then
concentration at 56C to approximately 60% w/w solids, and continued
evaporation at 20C, provided the GPS-PDMS material as an opalescent
gel containing 57 mol % of methoxide. (vi) Methoxy and glyceroxy
N-acyl-3-aminopropylsiloxanes bearing amino acid or ferrocene moi-
eties “XPSi(OMey” and “XPSiGlg": A solution of DCC (11 or 33
mmol) in dichloromethane was added to a solution of APTES (10 or
30 mmol) andN-Chz-amino acid, ferrocene acetic acid or ferrocene
carboxylic acid (10 or 30 mmol) in 1:1 dichloromethane:acetonitrile,
and the mixture stirred at room temperature for2d h. A few drops

of acetic acid and methanol were added, the mixture stirred for 2 h,
then filtered. TheN-(N,-Cbz-aminoacyl)-APTES compounds were
deprotected by hydrogenation in methanol, using palladgioarbon

or palladium-alumina as catalyst. Thél-ferrocenyl-APTES and
N-aminoacyl-APTES derivatives were reacted with three equivalents
of glycerol as in (i) to give the triglyceroxysiloxanes as viscous liquids
or gels, retaining 37% of methoxide.

NMR Studies of Alkyl Silicate and Polyol Silicate Hydrolysis.
The rates of hydrolysis of polyol silicates, poly(polyol silicates), TMOS,
and poly(dimethyl silicate) and their condensation and cross-linking
profiles were determined by following the appearance of the charac-
teristic 2°Si-OH signal between—73 and —84 ppm in solutions
containing 26-200 mM of precursor, typically dissolved in 1:8 or 1:4
methanoles,:50 mM phosphate, pH 7, containing 10 mM TRIS(acety-
lacetonato)chromium(lll) a®’Si relaxant, 5°C.17

Encapsulation of Biologicals. (i) Silica, metallosilicates, alkylsi-
loxanes, and functionalized siloxanes: (a) PMS and conventional
precursors: In a typical procedure, ice-cold precursor mix (1 g) was
stirred with methanol (60.2 mL) and ice-cold buffer (0:32 mL).

to a solution consisting of 5% potassium chloride in phosphate (50
mM, pH 7), or freeze-dried, and kept af€ until used. The protein-
containing gels were dried at®® or room temperature (RT) for-12
weeks in a PTFE container provided with 0.5 mm holes, washed with
phosphate (3« 50-fold volumes of 50 mM, pH #8.5, containing 5
mM of calcium and magnesium acetates, 2 h), then air-dried°& 5

or RT, or freeze-dried, and stored at 5-6t5°C. (b) GPS and glyceryl
ester precursors: The precursor mix (1.0 g) was dispersed in ice-cold
water (0.2-1 mL), the biological (in 0.32 mL of ice-cold buffer),
and the mixture left on ice to gel (05 min for silicates, metallo-
silicates, and composites;-35 min for functionalized siloxanes:-240

min for alkylsiloxanes). The hydrogel was aged &Csfor 10—-40 h,

then ground into a fine powder and air-dried &G or RT for 5-20

h. The protein-containing materials were washed as in (a), then air-
dried at 5°C or RT, or freeze-dried, and stored at 5-6t5°C. The
cell-containing encapsulates were treated as in (a). (i) PDMS-
silicate: Same method as for the silica/metallosilicate matrices. (iii)
Alginate-silicate: A mixture of PMS/PGS and 4% w/w alginate was
used for immobilization, followed by soaking in 5% w/w calcium
acetate, then processed as above. (iv) PGMA-silicate: The mix
contained GMA and 0.75% w/w of ABMP. Polymerization was
conducted under nitrogen at 6, 2—3 d. Further processing was as
above. (v) PVA/PVP/PVPA-silicate: PMS/PGS together with & 10
15% w/w PVA/PVP/PVPA solution was employed for immobilization.
Further processing was as above.

Bioencapsulate Evaluation. The freshly prepared and powdered
bioencapsulates were sieved to recover 500, 100-200, and 206
300um fractions, washed with TAPS, TAPSO, HEPES, or phosphate
(3 x 20-fold volumes of 56100 mM, pH 7#8.5, 2 h) to remove
remaining precursors, nonentrapped biological, etc. The amount of
biological leached out was determined by the Lowry method, or OD
measurements and microscopy (cells). Further processing was as above.
The initial activities and those following dry or wet storage &Csfor
10 months were compared with those of the nonimmobilized biologicals
using standard assays. The encapsulation conditions and assays are
described in the Supporting Information.

Encapsulation of Trypsin in Silica So-Gels. Trypsin was
encapsulated using PGS, PMS, PMS plus glycerol, PSA, and PSA plus
glycerol, at Si:HO (mole) ratios of 3 and 9. PSA was prepared
according to the reported meth#icexcept that a starting Si:ethanol:
H.O ratio of 1:4:10 was utilized, and hydrolysis was carried out at 50
°C. Exhaustive evaporation of the ethanol af@0gave a PSA solution
with a solids content of 3538% w/w, which was stable at RT for
1-2 days. Immobilization with PGS and PMS was implemented
according to the general procedure (above), using a solution of trypsin
(2—30 mg/mL) in phosphate (100 mM, pH 7). In the case of PSA, no
catalyst was employed. It was not possible to use the PSA method at
a Si:H0 ratio of 1:3, due to premature gelation of the concentrated
PSA stock. As required for the PMS and PSA protocols, a quantity of
glycerol identical to that generated in the PGS method (i.e., 26% w/w
and 43% w/w at Si:bD ratios of 1:9 and 1:3, respectively) was included
in the sot-gel solution prior to addition of protein. The biogels were
processed as above.

Kinetic Properties of Encapsulated Trypsin and Alkaline Phos-
phatase. Trypsin was entrapped in pure silica using PMS, PSA, or
PGS at an bD:Si molar ratio of 6. Xerogels with loadings of 78
8.2 mg/g were prepared using enzyme (2 mg/mL) in TRIS (100 mM,
pH 8, containing 15 mM calcium acetate and 5mM magnesium acetate).
Kinetic parameters were obtained from spectrophotometric assays
performed with the free enzyme (0.1 mg/mL) or encapsulate (20 mg/
mL of 100-200 um particles), using.-BAPNA (0.2—-20 mM) as

Agueous ammonium fluoride (0.5 M) was then added to a concentration substrate in TRIS (50 mM, pH 7.6, containing 15 mM calcium acetate,

of 15-50 mM, followed by a solution/suspension of the biological
(0.2-2.0 mL) after G-3 min, and the mixture left stirring over ice to

5 mM magnesium acetate, and 10% v/v methanol)’@0 Trypsin
inhibition by poly+-lysines was determined by a competition assay
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usingL-BAPNA (2 mM) and inhibitor (15 mg/mL), 20C. Alkaline
phosphatase was similarly entrapped using PMS or PGS at@rsSH
ratio of 6. Xerogels with loadings of 4-4.1 mg/g were prepared
using a enzyme (1 mg/mL) in glycinate (100 mM, pH 8, containing 5
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showed immobilization of 93% and 87%, and relative specific activities
of 163%, 61%. Their preparation is detailed in the Supporting
Information.

Oxynitrilase-Mediated Trans-Hydrocyanation of (2E,4E)-Hexa-

mM calcium acetate, 1 mM magnesium acetate, and 1 mM zinc acetate).2,4-dienal. A solution of (Z&,4E)-hexa-2,4-dienal (0.2 M) and acetone

Kinetic parameters were obtained from the hydrolysis of NPP (0.01
20 mM) by the free enzyme (0.6®.1 mg/mL) or immobilizate (5
25 mg/mL of 106-200 um particles), in glycinate (100 mM, pH 10,

cyanohydrin (0.32 M) in diisopropyl ether saturated with acetate (0.15
M, pH 5.2) was fed at 4.2 mL/h into a glass column (%515 cm)
packed with of 1:1:2 GAPSMS—silica sol-gel (3.1 g of 106-200

containing 5 mM calcium acetate, 1 mM zinc acetate, 1 mM magnesium um particles, loaded with enzyme at 13.7 mg/g), at 4 mL/h into one

acetate, and 5% v/v of methanol), 36.

Thermostabilities of EncapsulatedC. rugosaLipase, f-Glucosi-
dase, and Acid PhosphataseThe enzymes were entrapped in PMS-
or PGS-derived silica at an,@:Si molar ratio of 6. Xerogels with
loadings of 8.6-9.8 mg/g were prepared using enzyme (10 mg/mL) in
TRIS (100 mM, pH 7.5, containing 25 mM calcium acetate and 10
mM magnesium acetate).
incubating free enzyme (1 mg/mL) or immobilizate (1 mg/mL
equivalent of 100-200 um particles) in TRIS (100 mM, pH 7,

containing 25 mM calcium acetate and 10 mM magnesium acetate), at

70 °C. The residual activities of. rugosalipase ands-glucosidase
were determined as already described (see general procedure).

phosphatase activity was determined from the hydrolysis of NPP (10

mM) in acetate (50 mM, pH 4.8, containing 10% v/v of methanol), 35
°C.

Representative Applications. Phosphotriesterase-Catalyzed Hy-
drolysis of Paraoxon. Paraoxon (25 mM) in HEPES (100 mM, pH
7.4, containing 10% v/v propan-1-ol and 0.1 mM cobalt acetate) was
pumped at 2.4 mL/h into a glass column (0<510 cm) containing
2:1:1 PS-PDMS-silica sol-gel (0.8 g of 206-300 um particles,
loaded withP. dimunitaenzyme at 27 mg/g), at 2.4 mL/h into one
holding a conventional 2:1:1 P?DMS-silica gel (0.8 g of 206
300 um particles, loaded with enzyme at 25 mg/g), or at 1.9 mL/h
through one packed with polyurethane foam (0.6 g of of-2800um
particles, loaded with enzyme at 32 mg/g). The columns were
maintained at 40°C, and reactions were followed by UWis
spectrometry. The polyol selgel, standard seigel, and polyurethane
immobilizates showed immobilizations of 86%, 79%, and 87%, and
relative specific activities of 94%, 28%, and 68%, respectively. Their
preparation is detailed in the Supporting Information.

Proteinase K-Mediated Synthesis 0N-Cbz-L-[Leu®]-Enkepha-
lin Amide. A solution ofN-Cbz+-tyrosylglycylglycine ethyl ester (0.25
M) and L-phenylalanylleucinamide (0.25 M) in 2:1 acetonitrile:
dimethylformamide containing 3% v/v of CAPSO (100 mM, pH 9.5,
containing 10 mM calcium acetate) was fed at 1.2 mL/h through a
glass column (0.5< 10 cm) packed with a 3:1:6 GAP&lumina—
silica polyol sot-gel (1 g of 56-200um particles, loaded with enzyme
at 37 mg/g), at 1.2 mL/h into one holding a conventional 1:6 alumina
silica sol-gel (1 g of 56-200um particles, loaded with enzyme at 39
mg/g), or at 3 mL/h into one packed with cross-linked crystals (100
mg, sandwiched between 0.5 cm layers of-800 um silica). The
columns were maintained at 2&, and reactions were followed by
RP-HPLC (Hichrom RPB5 column eluted with water-methanol; @0
with UV —vis detection). The polyol selgel, standard selgel, and
cross-linked crystal catalysts gave immobilizations of 87%, 93%, and
55—-60%, and relative specific activities of 91%, 33%, and-84%,
respectively. Their preparation is described in the Supporting Informa-
tion.

C. rugosalipase-Catalyzed Resolution of R,9-Ibuprofen Methyl
Ester. A solution of R,9-lbuprofen methyl ester (1 M) in 1:1:1
propanol:ethanol: TEA (0.3 M, pH 7.5, containing 20 mM calcium
chloride) was pumped at 0.6 mL/h through a glass columix (10
cm) holding a 1:7:2 PDMSPS-silica polyol sot-gel (2.7 g of 56-
100um particles, loaded with enzyme at 9.6 mg/g), at 0.6 mL/h into
one packed with a standard 1:7:2 PDMBS-silica sol-gel (2.9 g of
50—100um particles, loaded with enzyme at 9.2 mg/g), or at 0.7 mL/h
through one holding CRL-CLECS (25 mg, packed between 0.5 cm
layers of 50um silica). The columns were maintained at 35.
Reactions were followed by chiral HPLC, ar§){buprofen ee’s were
found to be 9+96%. The polyol and standard sajel ommobilizates

Thermostabilities were determined by

holding a standard 1:2 MSsilica sol-gel (3 g of 106-200 um
particles, loaded with enzyme at 12.8 mg/g), or at 4.1 mL/h into one
containing AVICEL (4.0 g, loaded with enzyme at 11 mg/g). Both
columns were maintained at 2@, and reactions were followed by
chiral HPLC. The product ee’s ranged over-@¥%. The polyol set
gel, conventional setgel, and AVICEL biocatalysts showed im-
mobilizations of 89%, 85%, and 74% and relative specific activities of
of 91%, 58%, and 87%, respectively. Their preparation is described
in the Supporting Information.

Multi-enzymatic Synthesis of a(2,6)SialylN-acetyllactosamine.
A deoxygenated solution ofN-acetylmannosamine (70 mM)\-

Gacetyllactosamine (20 mM), cytidine’-Bhonophosphate (1.5 mM),

adenosine Striphosphate (0.15 mM), phosphoenol pyruvate (75 mM),
and pyruvate (100 mM) in TRIS (100 mM, pH 8.3, containing 5 mM
dithiothreitol, 20 mM magnesium chloride, 5 mM manganese(ll)
acetate, and 20 mM potassium chloride) was used as the feed. This
was fed at 0.15 mL/h through a glass column (8.0 cm) containing
2:1:7 APS-zirconia—silica sol-gel (1.3 g of 200-300 um particles,
doped with sialic acid aldolase (SAA) at 183 U/g, pyrophosphatase
(PP) at 48 U/g, CMPsialic acid synthetase (SAS) at 1.1 U/g,
myokinase (MK) at 462 U/g, pyruvate kinase (PK) at 632 U/g, and
o(2,6)sialyltransferase (ST) at 0.38 U/g). Also, the mixture was fed
at 0.15 mL/h through a column holding a standard 2:8 ABifica
sol—gel (1.3 g of 206-300um particles, loaded with SAA at 186 U/g,
PP at 46 U/g, SAS at 1.1 U/g, MK at 478 U/g, PK at 639 U/g, and ST
at 0.39 U/g) or at 1.4 mL/h through one packed with oxiraaerylate
beads (1.8 g of 236270 um, macroporous, loaded with SAA at 170
U/g, PP at 42 U/g, SAS at 1.2 U/g, MK at 413 U/g, PK at 618 U/g,
and ST at 0.36 U/g). The columns were maintained af@5and
reactions were followed by HPLC. The polyol sajel showed a net
encapsulation of 91% and relative activities of 91%, 88%, 93%, 89%,
89%, and 92%, the conventional sgel 93% immobilization and
relative activities of 36%, 47%, 44%, 28%, 39%, and 41%, and the
oxirane-acrylate immobilizate 93% immobilization and relative activi-
ties of 72%, 54%, 61%, 57%, 72%, and 64%. Their preparation is
detailed in the Supporting Information.

Yeast-Mediated Preparation of Ethyl (35)-3-Hydroxybutanoate.
A solution of ethyl 3-oxobutanoate (50 mM) in acetate (50 mM, pH
3.0, containing 10 mM calcium acetate, 3.5% w/w of ethanol, and 0.1%
v/v Silcolapse) was supplied at 3.3 mL/h into a stirred reactor (50 mL)
sparged with oxygen (30%) and holding a 3:1:4 GAR8conia—silica
sol—gel (7.4 g of 0.71.5 mm particles, loaded with cells at ap-
proximately 300 mg/g), at 3.3 mL/h into one containing a conventional
1:4 zirconia-silica sotgel (14 g of 0.71.5 mm particles, loaded with
cells at approximately 150 mg/g), or at 3.7 mL/h into one holding
alginate beads (9.6 g of 0-:8.3 mm beads, loaded with cells at
approximately 250 mg/g). The reactors were maintained 4€2%and
reactions were followed by HPLC. The alginate beads, polyot sol
gel and standard selgel gave encapsulations of 98%, 93%, and 85%
and relative activities of 86%, 88%, and 32%, respectively. Their
preparation is described in the Supporting Information.

Optical Thick Film Biosensor for b-Glucose 6-Phosphate.Com-
posite sot-gel strips (1.71.8 x 5 x 20 mm) of composition 1:1:2
PVAss-146x:APS:SIiQ and doped witho-glucose 6-phosphate dehy-

drogenase were made using the polyol ester and standard approaches.

They were doped with Torula yeastglucose 6-phosphate dehydro-
genase at approximately 87 and 81 U/g, respectively. The sensor strips
were conditioned by immersion in phosphate (75 mM, pH 7.4,
containing 10 mg/mL NADP, 30 min), then placed in a &5L x 3

cm quartz cuvette equipped with stirring. The response to 1.3 mL of
glucose 6-phosphate/NADP (%0 and 7.5-75 mM, respectively, in

75 mM phosphate, pH 7.4) was then measured by monitoring the
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absorbance at 340 nm, 26. Sensor stability was examined by placing um films) and standard 3:5 PVA:silica sefels doped with glucose
the strip h a 3 mL flow cell, passing through substrate solution (5 oxidase, galactose oxidase, lactate oxidase, and horseradish peroxidase.
mM substrate and 7.5 mM NADP) at 5 mL/h, 26, and examining The plates were respectively loaded with approximately 0.35 and 0.37
the response at selected time intervals. The polyol-derived and standardJ/well of the oxidases and 1.17 and 1.22 U/well of horseradish
strips showed encapsulations of 89% and 83% and relative specific peroxidase. The responses of the plates to glucose, galactose, lactose,
activities of 87% and 31%, respectively. Their preparation is detailed or lactate solutions (10@&L of 0.5-50 mM) in oxygen-saturated
in the Supporting Information. phosphate (50 mM, pH 6, containing 6:20 mM ABTS, 5 mM each
Thick Film Electrobiosensor for Acetylcholine and Choline. of calcium and magnesium acetates) were monitored at 415 nm, 25
Polyol-derived and standard composite 2:3:1:4 PVA:BdGAPS:silica °C, using a Molecular Devices Microplate Reader. For the polyol-
sol-gel sensors (k 10 mm, 20Qum thick) loaded with acetylcholine derived sot-gels, reactions were complete withir-22 min, and a
esterase and choline oxidase were printed onto glass slides. The stripdinear response was observed over the ranges2050.5-30, 0.5~
were respectively loaded with approximately 0.75 and 0.66 kU/g of 25, and 0.540 mM for glucose, galactose, lactose, and lactate,
acetylcholine esterase and 1.12 and 1.0 kU/g of choline oxidase. Therespectively. For the standard saels the linearity was similar, but
sensors were connected via 0.25 mm Teflon-sheathed copper leadseactions were much slower, being over in-1130 min. For the cycling
(attached using silver-loaded epoxy resin) to saturated calomel andexperiments, the wells were washed with phosphate (00 uL of
platinum microelectrodes, fixed on either side of the strips (with 50 mM, pH 6, containing 5 mM each of calcium and magnesium
nonconductive epoxy resin). Measurements were conducted by placingacetates, 15 min) between analyses. The polyol-derived and standard
the slides onto a thermostated aluminum block maintained &C35 biogels showed net encapsulations of 88% and 92%, and relative
placing a drop of analyte solution (260 «L) containing acetylcholine/ specific activities of 92%, 87%, 90%, and 96% and 28%, 36%, 26%,
choline (0.02-10 mM) in oxygen-saturated phosphate (50 mM, pH 8) and 49%, respectively. Their preparation is detailed in the Supporting
onto the sensor zone, and monitoring the resulting current at an Information.
overpotential of 0.20.9 V, using a EG&G PARC 273 analyzer. For
the polyol-derived sensors, linear responses were observed over the Acknowledgment. 1.G. gratefully acknowledges the provi-
range 0.02-2 mM for acetylcholine and 0.623 mM for choline, and sion of a Postdoctoral Fellowship (No. BIO2-CT93-5542) by
reactions were complete within—=5 min. For the standard sensor  the EU under the BRIDGE program. We are indebted to Dr. J.
responses were linear for 0:62 mM acetylcholine/choline, and yy ‘pajacios and Mrs. L. Bajoat the IC-CSIC, Madrid, Spain,
reactions were over in 215 min. For continuous assessment, a sensor for SEM analyses of the sebel materials and to Drs. B.

element with all electrical contacts sealed with silicone was placed in . e
a thermostated flow cell (2 mL) and exposed to analyte solution (0.2 Brooker and R. Stenning for the use of the SEM facilities at

mM) at an OP of 0.7 V, 35C. The sensor was withdrawn at selected |FR, Reading, U.K. Also, the comments and assistance of Drs.
time periods and washed thoroughly with buffer, and its response to G. Bretler, U. Jenelten, R. Valivety, A. Milqvist-Fureby, A.
analyte (0.02, 0.2 and 2 mM) at an OP of 8@8 V determined. The Richards, and F. Plou during manuscript preparation are
polyol-derived and standard segel strips showed net encapsulations appreciated.

of 86% and 81% and relative specific activities of 91% and 86% and

41% and 39%, respectively. Their preparation is described in the  Supporting Information Available: Experimental details

Supporting Information. (16 pages, print/PDF). See any current masthead page for
Microtiter Plate Diagnostic for Glucose, Galactose, Lactose, and ordering information and Web access instructions
Lactate. The wells of 96-well polycarbonate microtiter plates were '

coated with polyol-derived 2:1:5 PVA:HEAS:silica (approximately 700 JA9814568



