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Abstract: This study addresses the viability of sol-gel encapsulated HRP (HRP:sol-gel) as a recyclable
solid-state catalytic material. Ferric, ferric-CN, ferrous, and ferrous-CO forms of HRP:sol-gel were
investigated by resonance Raman and UV-visible methods. Electronic and vibrational spectroscopic
changes associated with changes in spin state, oxidation state, and ligation of the heme in HRP:sol-gel
were shown to correlate with those of HRP in solution, showing that the heme remains a viable ligand-
binding complex. Furthermore, the high-valent HRP:sol-gel intermediates, compound I and compound II,
were generated and identified by time-resolved UV-visible spectroscopy. Catalytic activity of the HRP:
sol-gel material was demonstrated by enzymatic assays by using I-, guaiacol, and ABTS as substrates.
Encapsulated HRP was shown to be homogeneously distributed throughout the sol-gel host. Differences
in turnover rates between guaiacol and I- implicate mass transport of substrate through the silicate matrix
as a defining parameter in the peroxidase activity of HRP:sol-gel. HRP:sol-gel was reused as a peroxidation
catalyst for multiple reaction cycles without loss of activity, indicating that such materials show promise as
reusable catalytic materials.

Introduction

In recent years, enzymes and proteins encapsulated in sol-
gel derived silica glasses have been extensively studied.1-4 Upon
encapsulation, many enzymes and proteins retain their native
functions and spectroscopic properties.5 The resulting bio-
composite materials are permeable to a wide variety of
molecules, but retain the entrapped biomolecule.6 Much current
research is aimed at exploiting the high reactivity and specificity
of enzymes and proteins for chemical and biochemical sens-
ing.1,7 In addition to sensing, these bio-composite sol-gels could
serve as recyclable catalytic materials for laboratory or industrial
scale reactions. Solid-state enzyme:sol-gel materials would
have the enzyme protected from thermal and/or microbial

degradation and would facilitate catalyst recovery by centrifuga-
tion or filtration. However, such materials would only be useful
(a) if the necessary catalytic intermediates were accessible, (b)
if mass transport of substrates and products to and from the
enzyme active site through the sol-gel matrix were not severely
rate limiting, and (c) if the catalyst could be recovered and
recycled without losing a significant amount of activity. This
report presents evidence that all of these criteria can be met by
using sol-gel encapsulated horseradish peroxidase (HRP:sol-
gel).

Sol-gel synthesis involves hydrolysis of siloxanes (Si(OR)4),
which leads to condensations and polymerizations that ultimately
yield the solid sol-gels. Initial hydrolysis affords low molecular
weight µ-oxo-bridged siloxane oligomers. As condensation
continues, cross-linking between oligomers increases the viscos-
ity of the sol, eventually forming a solid porous material.8

Sonication of the sol during the initial hydrolysis and condensa-
tion reactions eliminates the need for often used cosolvents such
as alcohols, which can promote protein denaturation. This
adaptation of the sol-gel process allows for the incorporation
of fragile biomolecules into the sol-gel matrix.9

Much of the research effort on bio-composite sol-gels has
focused on optical sensing wherein signals are derived from
colorimetric reactions involving an analyte and the encapsulated
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enzyme or protein. Examples include myoglobin,1,6,7,10hemo-
globin,1,6,7,11-13 cytochromec,2,3,6,9,14 glucose oxidase,1,15-17

alkaline phosphatase,18 Cu-Zn superoxide dimutase,1,9

urease,20,21 trypsin,22 bacteriorhodopsin,1,19,23 horseradish per-
oxidase,24-27 lactoperoxidase,28 nitrate reductase,29 atrazine
chlorohydrolase,30 and photoprotein.31 All have been shown to
retain most or all of their biological function and activity while
encapsulated in a sol-gel matrix. Optical sensors based on bio-
composite sol-gels have proven effective for the detection of
hydrogen peroxide,25,26 glucose,32-35 nitrate,29 nitric oxide,6,7,9

carbon monoxide,7,9,12,13oxygen,1,9,10 phenols,27 oxalate,1 and
aqueous FeIII .36 Although the potential of bio-composite sol-
gels as recyclable catalytic materials has been explored,5b this
application seems to have received less attention than sensors.
The present study investigates the viability of encapsulated
horseradish peroxidase (HRP:sol-gel) as a catalytic material
for peroxidation.

HRP (oxidoreductase, EC 1.11.1.7) is an extensively char-
acterized peroxidase that catalyzes the oxidation of various
molecules by H2O2 (see Scheme 1). The active site of HRP
contains a protoheme that is bound to the enzyme through axial
coordination by the imidazole side chain of a proximal histidine
residue.37 The catalytic cycle of HRP involves stepwise two-
electron oxidation of the ferric heme by H2O2, generating an
oxo ferryl protophyrin IXπ-cation radical, compound I (HRP-
I).38-40 Compound II (HRP-II), the second intermediate in the
HRP catalytic cycle, is formed by one-electron reduction of

HRP-I where the FeIVdO center is maintained and the porphyrin
π cation radical is reduced.41,42Numerous spectroscopic studies
of HRP including resonance Raman (rR),43-47 UV-vis, electron
paramagnetic resonance (EPR),48-50 NMR,49 and IR51,52 inves-
tigations have been reported. Because HRP is well understood
from both structural and mechanistic standpoints, and because
the correlations between spectral signatures and states of the
enzyme are well established,53-56 it presents an excellent
paradigm for testing bio-composite sol-gels as recyclable
catalytic materials. Herein, we report spectroscopic and enzyme
activity data that reveal similarities in the heme environments
and reactivities of aqueous HRP and HRP:sol-gel. These
similarities have been demonstrated with rR and UV-visible
spectroscopic methods, which provide insight into heme spin
state, oxidation state, and coordination number. The minimal
influence of sol-gel encapsulation on heme structure and
reactivity is inferred from comparison of spectroscopic param-
eters and catalytic activities between the encapsulated and
solution forms of HRP. Furthermore, peroxidase activities
measured in successive reaction cycles provide the first evidence
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that bio-composite sol-gels could find use as recyclable
catalytic materials.

Experimental Section

Materials. Lyophilized HRP (isoenzyme C) was purchased from
Sigma and used without further purification. Silica sol was prepared
with tetramethyl orthosilicate (TMOS) or tetraethyl orthosilicate (TEOS)
as precursors. The TMOS sol consisted of 1.5 mL of TMOS, 0.35 mL
of Nanopure water, and 0.01 mL of 0.1 M HCl, which was sonicated
for 30 min prior to protein incorporation.9 TMOS-derived HRP:sol-
gels were produced by addition of the sol to 50µM HRP dissolved in
10 mM phosphate at pH 6.8. The TEOS sol contained 4.5 mL of TEOS,
1.4 mL of Nanopure water, and 0.100 mL of 0.1 M aqueous HCl. This
mixture was allowed to sit for 1 h in anultrasonic cleaning bath at
ambient temperature, after which it was stored at-20 °C for 10 days.57

TEOS-derived gels were produced by mixing 0.390 mL of 51µM HRP
(in 20 mM phosphate buffer, 100 mM NaCl, 10% glycerol, pH 6.8)
with 0.240 mL of the sol.

Casting of Sol-Gel Monoliths. TMOS-derived monoliths were
prepared by mixing 0.240 mL of the sol with 0.390 mL of 50µM
HRP. This mixture was then placed on the optical side of a glass cuvette
creating a film (approximately 2 mm thick) with the length and width
being defined by the cuvette. Monoliths were solid within 30 min. They
were rinsed three times with 3-mL aliquots of 10 mM sodium phosphate
buffer, pH 6.8, and stored in the buffer for 24 h at room temperature.
For two weeks following gelation, the monoliths were rinsed daily with
10 mM sodium phosphate buffer, pH 6.8, and stored until the next
wash in phosphate buffer at room temperature.

The TEOS-derived monoliths were prepared by pouring the afore-
mentioned mixuture of sol and enzyme solution onto an optical face
of a UV-visible cuvette and allowing it to cure for 10 min. The cuvettes
were then filled with 20 mM phosphate buffer, pH 6.8, 100 mM NaCl,
10% glycerol, and stored at 4°C overnight. This buffer was replaced
with at least three fresh aliquots of buffer to remove the ethanol
produced in the gelation reaction.

Preparation of HRP:Sol-Gel Pellets and Powders.Gels aged for
two weeks in phosphate buffer were carefully dried for 3 days at room
temperature. The resulting xerogels were broken into small pellets.
Powders were generated by grinding the dried sol-gel pellets in an
agate mortar and pestle.

Casting of Thin Films in NMR Tubes. Thin films were generated
by mixing 0.040 mL of sol and 0.060 mL of 50µM HRP. Immediately
after mixing, sol solutions were transferred to an NMR tube that was
spun at∼70 Hz for 30 min. Once solidified, HRP:sol-gels were treated
as described above for the monoliths.

Casting of Cylindrical Sol-Gels.Cyclindrical sol-gels were cast
in glass tubes from TMOS sols prepared as described above. The sol-
gels produced by this method were removed from the glass tubes by
extrusion.

Reactions of HRP:Sol-Gel. HRP:sol-gel samples were used
between ages three and eight weeks. HRP-CN:sol-gel was generated
by placing 0.2 mL of 10 mM KCN in 10 mM sodium phosphate buffer,
pH 6.8, in contact with the thin films. Reduction of HRP:sol-gel was
achieved by adding 10µL of buffered 574µM Na2S2O4 directly to 0.1
mL of 10 mM phosphate buffer, pH 6.8, that was already present in
the NMR tube. Ferrous HRP-CO:sol-gel was generated by syringing
CO at 1 atm into the NMR tube containing the thin film of ferrous
HRP:sol-gel. HRP-I:sol-gel was generated in TEOS-derived HRP:
sol-gel monoliths by adding a 2-fold molar excess of H2O2 to 20 mM
sodium phosphate buffer, pH 6.8, at 17°C.

Iodide Assays with Pellets and Powders of HRP:Sol-Gel.
Peroxidase assays were carried out in a 4 mLglass cuvette equipped
with a magnetic stir flea. Injection and abstraction of solutions was
achieved by using two 2-mm OD Teflon tubes fixed in a rubber stopper

fitted to the top of the cuvette. To a cuvette containing HRP:sol-gel
as either powders, pellets, or monoliths, 3 mL aliquots of 5 mM KI in
33 mM phosphate, pH 7.0, were added and allowed to equilibrate for
2 min. Generation of I3

- was initiated by addition of 0.3 mL of 1.5
mM H2O2. Absorbance was monitored for 2 min at 353 nm to determine
the initial rate of I3- production. Sol-gel pellets were removed from
the reaction solution and rinsed with three 3-mL washes of 33 mM
sodium phosphate buffer, pH 7.0. Rinsed HRP:sol-gel pellets were
then reexposed to 5 mM KI in 33 mM sodium phosphate buffer, pH
7.0, to restart the catalytic production of I3

-. Powdered HRP:sol-gels
were separated from the spent assay solution by centrifugation. Blank
sol-gels and I- assay solutions were exposed to the same reaction
conditions described above to quantify the noncatalytic oxidation. Each
initial rate measurement was corrected for noncatalytic production of
I3

-. All assays and blank runs were performed in triplicate.
Guaiacol Assays with Pellets and Powders of HRP:Sol-Gel. With

use of the same conditions described above for the I- assay, peroxi-
dation activity was measured for guaiacol. Assay solutions contained
3 mL of 33 mM guaiacol in 100 mM sodium phosphate buffer, pH
7.4. This solution was added to an optical cuvette containing HRP:
sol-gel as pellets, monoliths, or powders. Peroxidation was initiated
by addition of H2O2 and guaiacol oxidation was tracked by the increase
in optical absorbance at 470 nm (ε470 ) M-1‚cm-1). Equilibration
studies were conducted by allowing HRP:sol-gel to equilibrate with
the guaiacol solution for 30 min prior to addition of H2O2. Blank
measurements similar to those described for the I- assays were used
to correct for noncatalytic oxidation.

Reactions Involving Cylindrical HRP:Sol-Gels.Activity assays
of cylindrical HRP:sol-gel samples were accomplished by a fixed-
time procedure wherein the cylinder was placed in a solution containing
H2O2 and ABTS (2,2′-azinodi(3-ethylbenzthiazolinesulfonic acid)) and
agitated for 10 min. The HRP:sol-gel was then removed and the
solution was analyzed by optical absorbance at 404 nm (ε404 ) 17200
M-1‚cm-1) to quantify ABTS peroxidation.

Spectroscopy. Resonance Raman spectra were recorded by using
emission from a Kr+ (406.7 nm, 413.1 nm) or He/Cd (441.6 nm) laser.
Spectra were recorded on a spectrometer comprising a 0.64 m
monochromator equipped with a 2400 line/mm holographic grating and
a liquid N2 cooled CCD camera. Samples were contained in 5 mm
NMR tubes and spun at approximately 30 Hz. The laser beam was
focused to a line at the sample with a cylindrical lense. Scattered light
was collected in the 135° backscattering geometry. Raman spectra were
calibrated by using known Raman frequencies for neat indene,
cyclohexane, toluene, methylene bromide, and pentane. UV-visible
absorbance spectra were recorded on a commercial scanning double
spectrophotometer interfaced to a PC. Wavelength calibration was
verified with use of holmium oxide glass.

Results and Discussion

Comparing the Hemes of HRP:Sol-Gel and Aqueous
HRP. Figure 1 shows the 406.7 nm excited resonance Raman
(rR) spectra of aqueous HRP and HRP:sol-gel at room
temperature. The Soret-excited rR spectra between 1300 and
1650 cm-1 indicate the heme of HRP:sol-gel retains spectro-
scopic properties similar to those reported in aqueous solu-
tion.53,54,58,59Precedence for this observation is found in similar
experiments carried out on hemoglobin (Hb),60 myoglobin,61

and cytochromec.62 In its resting state, HRP contains a ferric
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protoheme linked to the protein via an Fe-His bond on the
proximal side of the heme. Resting-state HRP contains an
equilibrium mixture of 5-coordinate (5-c) heme and 6-coordinate
(6-c) heme, which contains a water ligand bound to the distal
side of the heme.53,58,63-65 This mixture is evident from theV3

envelope of the rR spectra in Figure 1, which contains
components at 1485 (6-c HS), 1493 (6-c QS), and 1500 cm-1

(5-c QS).58,65-67 Comparison of the rR and UV-visible ab-
sorbance spectra in Figure 1 shows that speciation of the hemes
in aqueous HRP and HRP:sol-gel is similar. Slight differences
in the shapes of theirV3 envelopes suggest that encapsulation
within the sol-gel matrix may impact the fraction of 6-c HS
heme. However, these perturbations appear to be minimal.

Heme accessibility by exogenous ligands was probed by
treating HRP:sol-gel with redox reagents and small ligands.
Changes in the oxidation state, axial coordination, and spin state
were tracked by monitoring changes in the UV-visible and rR
spectra of the heme. Changes in axial coordination and spin
state are evident from the 413.1 nm excited rR spectra of HRP-
CN:sol-gel. Binding of the strong-field CN- ligand to the heme
iron is indicated by shifts in theV3 band from 1493/1500 cm-1

(Figure 1) to 1507 cm-1 in the rR spectra (data not shown.)
Complete conversion of the HS forms of HRP:sol-gel to 6-c
LS HRP-CN:sol-gel shows that this small anionic ligand both
permeates the sol-gel and enters the heme pocket of virtually
all encapsulated HRP molecules.

It has been shown for Hb that interactions between the sol-
gel matrix and the protein surface can increase the stability of
the quaternary state in which the protein was encapsulated.60

One of the well-established indicators of heme pocket confor-
mation and conformational strain is the proximal Fe-His

stretching (VFe-His) frequency. The proximal Fe-His stretching
frequencies of ferrous HRP:sol-gel and aqueous HRP were
compared to probe the effect of encapsulation on this critical
link between the heme and protein. Figure 2 shows thatVFe-His

occurs at 239 cm-1 in the 441.6 nm excited rR spectrum of
ferrous HRP:sol-gel. This is close to the 243 cm-1 Raman shift
reported for aqueous HRP.63 This frequency difference is
consistent with a weakened Fe-His bond in HRP:sol-gel,
which could be explained by weakened proximal His-Asp
hydrogen bonding or distorting conformational forces on the
proximal Fe-His bond. Although it is not clear whether this
perturbation impacts the chemistry of resting ferric HRP:sol-
gel, it does show that the protein can be perturbed under the
influence of the encapsulating sol-gel.

The permeability of HRP:sol-gel was further probed by
sequential treatment with aqueous Na2S2O4 followed by the
neutral π-acid ligand, CO.68 Figure 3 shows the rR spectra
recorded to track these transformations. Shifts in theπ* electron
density marker band,V4, from 1374 (resting ferric) to 1358 (5-c
HS ferrous) to 1372 cm-1 (ferrous-CO) and in the spin state
marker,V3 , from 1485, 1493, and 1500 cm-1 (6-c HS, 5-c QS,
and 5-c QS ferric, respectively) to 1473 cm-1 (5-c HS ferrous)
and to 1500 cm-1 (6-c LS ferrous-CO) indicate sequential
reduction and ligation of HRP.

Catalytic Intermediates in HRP:Sol-Gel. Essential to
catalytic peroxidase activity of HRP is the generation of HRP-I
upon reaction with H2O2. Figure 4 shows the time course of
UV-visible spectral changes after treatment with a 2-fold molar
excess of H2O2. The spectra were taken at 2 s intervals for 100
s after the addition of H2O2. Figure 4 shows half of the spectra
recorded. Panel A shows the conversion of resting HRP:sol-
gel to HRP-I:sol-gel. The isosbestic behavior and growth of
the bands at 580 and 650 nm are consistent with a clean
conversion between these two species.70 Panel B shows the
spectra recorded between 40 and 100 s after addition of H2O2.
These spectra exhibit isosbestic behavior at different wave-
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Figure 1. High-frequency rR spectra of 50µM ferric HRP in 10 mM
phosphate pH 6.8 (A) in solution and (B) in a sol-gel matrix with 406.7-
nm laser excitation. The asterisk indicates a plasma line from the Kr+ laser.
Inset: Visible absorption spectra comparing solution (C) and sol-gel (D)
forms of HRP. All spectra were recorded at ambient temperature.

Figure 2. Low-frequency room temperature rR spectrum of ferrous HRP:
sol-gel with 441.6-nm excitation. The asterisk indicates a Ne emission
line from an instrument panel lamp.
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lengths than those in panel A. Growth of the bands at 550 and
580 nm is consistent with formation of HRP-II:sol-gel.70 This
species persisted for many minutes at 17°C. Since HRP-II is
less reactive, it is more amenable to room temperature measure-
ments.53 Figure 5 shows the rR spectra of HRP-II:sol-gel.
Shifts in V4 and V3 to 1378 and 1509 cm-1, respectively, are
consistent with the 6-c LS FeIVdO of HRP-II.46,53,69

These results show that, in addition to trapping conformational
intermediates of proteins such as Hb,60 the sol-gel matrix may
support the study of other high-valent reactive intermediates
relevant to important catalytic processes.

Matrix Effects on Catalytic Activity of HRP:Sol -Gel. The
catalytic efficacy of encapsulated enzymes may be diminished
by one or more mechanisms attributable to properties of the
enzyme:sol-gel material. One of these is attenuation of substrate

binding and release rates due to limitation of mass transport in
to and out of the sol-gel matrix. This is likely to be a function
of the sol-gel and the method of its preparation. Another is
the slowing of one or more of the catalyzed reaction steps due
to nonbonded interactions such as hydrogen bonding between
the enzyme and its sol-gel host. This influence may depend
on surface properties of both the enzyme and its sol-gel host.
Correlation times of encapsulated molecules are known to
increase in the sol-gel matrix. Dramatic increases in the protein
correlation time have been measured for encapsulated myo-
globin.71 This suppression of molecular tumbling is clear
evidence for constraining interactions between the protein and
the wall of the sol-gel cavity.

With these possibilities in mind, the peroxidation activities
of HRP:sol-gel pellets were compared with that of aqueous
HRP. Figure 6 shows that the HRP:sol-gel activities for
guaiacol and I- peroxidation were 10% and 45% of their

(71) Gottfried, D. S.; Kagan, A.; Hoffman, B. M.; Friedman, J. M.J. Phys.
Chem. B1999, 103, 2803-2807.

Figure 3. High-frequency rR spectra for (A) ferric HRP:sol-gel with
406.7-nm excitation, (B) ferrous HRP:sol-gel with 406.7-nm excitation,
and (C) ferrous HRP-CO:sol-gel with 413.1-nm excitation. All spectra
were recorded at ambient temperature.

Figure 4. UV-visible spectra of HRP:sol-gel recorded after addition of
a 2-fold molar excess of H2O2 at 17°C. (A) Spectra recorded between 0
and 40 s after addition of H2O2, showing HRP:sol-gel 6 HRP-I:sol-gel
conversion. (B) Spectra recorded between 40 and 100 s after addition of
H2O2, showing HRP-I:sol-gel 6 HRP-II:sol-gel conversion.

Figure 5. High-frequency 413.1-nm excited rR spectra of (A) ferric HRP:
sol-gel and (B) HRP-II:sol-gel with 413.1-nm excitation. The asterisk
indicates a plasma emission line from the Kr+ laser. Both spectra were
recorded at room temperature.

Figure 6. Comparisons of HRP:sol-gel activities with and without
equilibration for guaiacol (top) and I- (bottom) oxidation.
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solution counterparts, respectively. To address whether rate
limitation by mass transport through the sol-gel matrix could
account for part of the diminished activity of HRP:sol-gel,
peroxidation activity was measured as a function of surface:
volume ratio and equilibration time. HRP:sol-gel activities for
guaiacol and I- are summarized in Figure 6. The fractional
decrease in the rate of guaiacol oxidation is substantially larger
than that for I-. Since the encapsulation environments are the
same for HRP in both assays, differences in the loss of activity
must be attributable to the differences between the substrates
and or their oxidation products. Two of the most likely
contributors to this difference are size and charge of the
substrates and their oxidation products. Both of these properties
are expected to impact the rate at which the substrates diffuse
through the matrix to the HRP active site. Although these results
suggest diminished peroxidase activity of HRP:sol-gel due to
slowed mass transport, they do not represent a rigorous kinetic
analysis.

The dependence of HRP:sol-gel activities upon surface:
volume ratio is also apparent from Figure 6. As the surface:
volume ratio was decreased from pellets to monoliths, activities
for both I- and guaiacol peroxidation decreased significantly.
Because the mesh size of the pellets was not carefully controlled,
it is not possible to quantify this correlation between activity
and surface:volume ratio. Nevertheless, the increased activity
with increased surface area suggests that the number of
accessible HRP molecules increases with surface area. This
correlation also indicates that the enzyme is distributed through-
out the sol-gel matrix.

This distribution was further demonstrated by a series of
fixed-time assays by using cylindrical samples of HRP:sol-
gel. These experiments revealed a linear correlation between
HRP:sol-gel activity and cylinder mass. The correlation was
demonstrated by making sequential fixed-time activity assays,
each after decreasing the cylinder mass by shaving with a razor
blade. This demonstrates (a) that encapsulated HRP molecules
are homogeneously distributed throughout the gel and (b) that
HRP molecules originally in the interior of the gel are
catalytically active.

The effect of recycling HRP:sol-gel on its catalytic efficacy
was investigated by multiple exposures of HRP:sol-gel to the
I- assay. This series of measurements yielded the curve shown
in Figure 7. HRP:sol-gel retained 38% of the aqueous HRP
activity for 8 cycles. Activity declined in subsequent cycles,
leveling off after 10 cycles. After many reaction cycles the heme
is bleached, as judged by loss of color in the HRP:sol-gel.
Hence it is likely that loss of catalytic activity is attributable to
heme degradation after multiple treatments with hydrogen
peroxide.

Summary

The results of this study reveal several important properties
of HRP:sol-gel. First, the heme of HRP and its environment,
as reported by UV-vis and rR signatures, are not significantly
altered by sol-gel encapsulation. Second, neutral and charged
ligands, neutral and charged redox reagents, and substrates can
make their way from bulk solution to the encapsulated heme
sites. Third, HRP is uniformly distributed throughout the sol-
gel host. Fourth, catalytic turnover of substrates is likely rate
limited, at least in part, by diffusion of substrate and/or product
through the sol-gel matrix. Fourth, HRP:sol-gel retains
catalytic competence through about 10 reaction cycles. Finally,
HRP-I:sol-gel and HRP-II:sol-gel can be generated and
observed in the absence of substrates. These observations
suggest that the sol-gel matrix may be generally suited to the
study of chemically reactive protein or enzyme intermediates.
Given the ready availability of methods and technology to
overexpress many enzymes in common, nonpathogenic organ-
isms and the ease with which the sol-gel matrix is formed,
this approach to producing laboratory and industrial catalysts
may be an attractive alternative tode noVo design and synthesis.
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Figure 7. HRP:sol-gel activity vs cycle number. The catalyst was
powdered 50µM HRP:sol-gel, pH 7.0. The solid line is for illustrative
purposes only; it does not represent a model for catalyst degradation.
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