
Materials Today d Volume xxx, Number xx d xxxx 2019 RESEARCH
R
es
ea

rc
h

EA
R
C
H
:
O
ri
g
in
al
Entrapment of enzymes in silica aerogels R
ES
Nir Ganonyan 1, Noam Benmelech 2, Galit Bar 3, Raz Gvishi 3, David Avnir 1,⇑
1 Institute of Chemistry and the Center for Nanoscience and Nanotechnolog
y, The Hebrew University of Jerusalem, Jerusalem 9190401, Israel
2 The Alpha Research Program in the Sciences, Future Scientists, The Hebrew University of Jerusalem, Jerusalem 9190401, Israel
3 Soreq Nuclear Research Center, Applied Physics Division, Yavne 8180000, Israel
Aerogels, the world's lightest solids, possess extraordinary traits such as very low density, very high
surface area, very high porosity and ultra-low heat conductivity. These traits made aerogels favorable
in various applications, including high-performance thermal insulators, catalyst supports, electrode
materials, random laser matrices, cosmic dust collectors and more. Of the many potential applications
of aerogels, one of the most challenging has been the development of a general procedure for bioactive
aerogels by the entrapment of enzymes within these air-light materials. The difficulty in reaching this
“holy-grail” was dual: The special procedures for obtaining the unique structure of aerogel are
destructive to enzymes; and the aerogels are extremely sensitive to any procedural modification. Thus,
the use of pure silica aerogel for the entrapment of enzymes was not known. Here we present a
generalized, bio-friendly procedure for the entrapment of enzymes in silica aerogel, retaining both the
enzymatic activity and the air-light structure of the aerogel. All of the aerogel synthesis steps were
modified and optimized for reducing the risk of enzyme denaturation, while preserving the aerogel
characteristic structure of the composite. The entrapment of three enzymes of different types was
demonstrated: glucose oxidase, acid phosphatase and xylanase. All aerogel-entrapped enzymes showed
superior activity over the common method of sol–gel entrapment in xerogels, due to the much wider
and open pore network of the former. Michaelis-Menten kinetics was observed for the entrapped
enzymes, indicating that the enzymes are highly accessible and diffusional limitations are negligible.
The Michaelis-Menten constant, Km, has remained at the same level, indicating that enzyme-substrate
affinity was not affected. Thermal stabilization was observed for entrapped acid phosphatase reaching
peak activity at 70 �C. Large molecular weight substrates such as xylan for xylanase, are no obstacle for
the aerogel matrix, while completely inapplicable for the xerogel. All of these properties are highly
relevant for biotechnological applications.
Abbreviations: MOF, metal organic framework; TMOS, tetramethyl orthosil-
icate; PVA, poly(vinyl alcohol); DNSA, 3,5-dinitrosalicylic acid; pNPP, 4-
nitrophenyl phosphate; MTMS, methyltrimethoxysilane; GOx, glucose oxidase;
AcP, acid phosphatase; Xyl, xylanase; HRP, horseradish peroxidase.
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Introduction
Aerogels hold the world record for the least dense solids on earth,
with densities as low as 3 mg/cc [1]. They are also known for their
extreme properties, such as ultra-high porosity and large surface
areas that can reach over 1000 m2/g. These properties make the
aerogels highly useful in many applications, from high-
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performance thermal insulators [2] to catalyst supports [3], elec-
trode materials [4], random lasers matrices [5], space micromete-
orites collectors [6] and more [7–9]. Of the many potential
applications of aerogels, maybe the most overlooked has been
the development of a general procedure for enzymatically active
aerogels, that is, the entrapment and immobilization of enzymes
within these air-light materials. Achieving it has practical impor-
tance to the general field of immobilized enzymes, since these are
used as key components in many biotechnological processes,
such as in the fructose-glucose isomerization [10], in stereo-
selective drug modifications [11] and many more [12–14]. The
immobilization allows easy separation of the biocatalysts from
the reaction pot and their reuse, and generally provides a protec-
tive environment to the enzyme [15–17]. Enzyme immobiliza-
tion methods [18] include covalent binding to a support [19],
crosslinking [20], entrapment within nanoparticles [21], entrap-
ment within porous supports, both crystalline (MOFs [22]) and
amorphous [16,23]. Of the latter approach, entrapped enzymes
in sol–gel derived materials [24] has evolved into one of the
major routes for enzyme immobilization, practiced on virtually
all major enzymes of medical, biotechnological, environmental,
synthetic and sensing use [15,25–30]. The generality of the pro-
cedures, the ease of recycling, the major increase in enzyme sta-
bility to heat [15,31] and to destructive chemicals [16,17], the
inertness of the entrapping matrices, have all contributed to
the wide scope use of that methodology. The elevated stability
is mainly due to the physical confinement that prevents the
dynamic conformational motions of denaturing, allowing the
enzyme to remain active under extreme conditions [15,16]. A
drawback which has accompanied this immobilization is the dif-
fusional limitation on the substrate molecules to reach the bur-
SCHEME 1

A summary of the generalized procedure for the entrapment of enzymes in sil
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ied enzyme, and on the product molecules to diffuse out. This
is particularly so in the final dry xerogel form, because the drying
itself results in a shrunk enzyme–carrier composite, with smaller
pores [23].

It is now clear, why the “holy-grail” of the field of enzymes
immobilization has been the development of a general approach
of entrapment of enzymes within aerogels: Aerogels should ease
the major issue of diffusional limitation by virtue of their wide-
open mesoporous network. However, entrapment of enzymes
within aerogels has been difficult to achieve, because of the exper-
imental procedures of preparation of sol–gel derived aerogels. The
use of alcohols during the sol–gel transition and solvent exchange
and the use of supercritical CO2 during drying – are destructive for
enzymes, leading to their total deactivation. Of the thousands of
enzymes, only thehydrophobic and robust lipase couldwithstand
these standard procedures, and even here, pure oxide aerogels
could not be used and hydrophobic derivatization was needed
[32–36].

In this study, we set to develop a generalized procedure for the
entrapment of enzymes in silica aerogel. The generalized proce-
dure should deal with all potentially denaturing steps of the aero-
gel synthesis. First, the sol-gel transition itself, thatusually requires
an alcohol as a co-solvent; second, the solvent exchange needed
for the alcogel step; and finally, the supercritical drying. If success-
ful, the entrapment should not only lead to enzymatic activity of
the enzyme@SiO2 aerogels, but to improved activity compared to
the classical entrapments in silica xerogel, by virtue of alleviating
diffusional limitations and elevating enzyme stability.

Three enzymes with distinct different activities have been
selected for that purpose: An oxido–reductase – glucose oxidase,
a hydrolase – acid phosphatase, and an enzyme operating on
ica aerogel.
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very large macromolecules – xylanase. Finding the right condi-
tions for the entrapment of the enzymes during the formation
of the aerogel required a very delicate fine-tuning of the experi-
mental conditions, and therefore we regard the next Experimen-
tal Methods section (2) as part of the main text – it will then be
analyzed in the Discussion (3).

Experimental methods
Materials
Tetramethyl orthosilicate �98% (TMOS) was obtained from Mer-
ck. Glucose oxidase from Aspergillus niger 100–250 units/mg (cat.
no. G7141), acid phosphatase from potato �0.5 units/mg (cat.
no. P3752), xylanase from Aspergillus oryzae �2.5 units/mg (cat.
no. X2753), horseradish peroxidase 150–250 units/mg (cat. no.
P8250), poly(vinyl alcohol) MW 146,000–186,000 (PVA), D(+)-
glucose, 3,5-dinitrosalicylic acid (DNSA), citric acid and acetic
acid were obtained from Sigma-Aldrich. 4-Nitrophenyl phos-
phate disodium salt hexahydrate (pNPP) was obtained from Alfa
Aesar. Methyltrimethoxysilane 97% (MTMS) and 3,30-
dimethoxybenzidine dihydrochloride (o-dianisidine) was
obtained from Acros Organics. Xylan from beechwood, D(+)-
xylose and sodium sulphite were obtained from Apollo Scientific.
Buffers for the enzymes were made from citric acid or acetic acid
and adjusted to the desired pH using 1 M HCl and 1 M NaOH.

Entrapment of enzymes in silica aerogels (Scheme 1)
Silica sol was synthesized from TMOS and 2.5 mM HCl, pre-
heated to 40 �C, taking 1.22 mL of the HCl solution and adding
it to 5.0 mL TMOS under vigorous stirring. The solution was
monitored until it turned homogenous, typically after 60 s, and
then cooled to 4 �C. The silica sol was used within 3 days from
FIGURE 1

Photographs of (a) Xyl@SiO2 aerogel shows the familiar cloudy appearance,
quite different from the transparent glassy appearance of the Xyl@SiO2

xerogel shown in (b). SEM imaging clearly reveals the mesoporous structure
of Xyl@SiO2 aerogel (c), compared with the microporous Xyl@SiO2 xerogel
(d) (bars: 500 nm). (e) N2 adsorption–desorption isotherms of AcP@SiO2

aerogel, representing a typical enzyme@SiO2 aerogel and of (f) AcP@SiO2

xerogel, representing a typical enzyme@SiO2 xerogel: The totally different
isotherm shape (see text) is striking. The excellent compliance of (e) with
the BET equation – see (g) is indicative of homogeneity of the material. (h)
BJH analysis of the pore diameter distribution of AcP@SiO2 aerogel,
representing a typical enzyme@SiO2 aerogel.
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making. The final molar ratio of Si:H2O:HCl in the sol is
1:2:9*10�5. Before adding the enzymes to the sol, its pH was
adjusted to a suitable level using 15 mM acetate buffer at pH
5.1 for glucose oxidase, 15 mM citrate buffer at pH 4.8 for acid
phosphatase or 15 mM citrate buffer at pH 5.3 for xylanase. To
1.0 mL silica sol, 3.95 mL of buffer was added, followed by
0.26 mL of enzyme solution in the suitable buffer. The concen-
tration of the enzyme solution for glucose oxidase was
0.47 mg/mL, for acid phosphatase 1.0 mg/mL and for xylanase
6.0 mg/mL. The xylanase solution was filtered before use, to
eliminate insoluble components. The mixed solutions were
casted into molds, allowed to gel (10–60 min) and left for aging
at room temperature, overnight. The hydrogels were then trans-
ferred to an ethanol bath for 24 h, at 4 �C, with the ethanol
replaced once during that time period. The alcogels were then
subjected to a rapid supercritical drying process, in a manual
“Pelco CPD2” instrument. The drying process, was carried out
for the minimal duration possible – 5 h – and consisted of three
washing steps in liquid CO2, heating to 35 �C to reach supercrit-
ical phase and depressurization at a rate of 25 psi/min. The
obtained aerogels (denoted enzyme@SiO2) were sealed and kept
at 4 �C for further use. Additional entrapments: For comparative
purposes, standard sol–gel entrapments of these enzymes in sil-
ica xerogels were carried out by drying the hydrogels overnight
in a vacuum desiccator, at room temperature. The effect of partial
hydrophobization was tested for GOx by replacing 5% (molar) of
the TMOS with MTMS in the sol synthesis procedure. The effect
of PVA on the performance of GOx, was tested by using 8.3 mg/
mL PVA in the enzyme buffer solution.

Enzymatic activity
Entrapped glucose oxidase (GOx@SiO2)
Here and below, 80 mg of the ground aerogel or xerogel were
rinsed twice in 10 mL buffer and the supernatant of the second
rinse was tested for enzyme leak activity. The samples were incu-
bated at 35 �C, in a 5 mL reaction buffer of 41.4 mM sodium acet-
ate at pH 5.1, with 1.7% wt. of glucose. Glucose oxidation was
determined by transferring 0.3 mL of the reaction solution to a
0.6 mL solution containing 0.21 mM o-dianisidine and 2 l/mL
peroxidase, followed by 10 min incubation in 35 �C. Absorbance
was measured at 500 nm, and the initial velocity for the reac-
tions, v0, was determined from the slope of the first 30 min, using
the unit definition of 1 lmol of oxidized b-D-glucose per minute.

Entrapped acid phosphatase (AcP@SiO2)
The samples were incubated at 37 �C in a 5 mL reaction buffer of
45 mM sodium citrate at pH 4.8, with 6.6 mM of pNPP. Phos-
phate hydrolysis was determined by transferring 0.22 mL of the
reaction solution to a 0.78 mL solution of 0.1 M NaOH. Absor-
bance was measured at 410 nm, and v0 was determined from
the slope of the first 60 min, using the unit definition of 1 lmol
of hydrolyzed pNPP per minute.

Entrapped xylanase (Xyl@SiO2)
The samples were incubated at 40 �C, in a 10 mL reaction buffer
of 50 mM sodium citrate at pH 5.3, with 13.3 mg/mL of xylan.
Xylan hydrolysis was determined by transferring 0.4 mL of the
reaction solution to a 0.6 mL DNSA reagent, containing 1%
3
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DNSA, 1% NaOH and 0.05% sodium sulfite, boiling the mixture
for 5 min and cooling to room temperature. Absorbance was
measured at 540 nm, and v0 was determined by the slope of
the first 40 min, using the unit definition of 1 lmol of liberated
xylose per minute. A calibration curve was made using xylose
solutions of different concentrations.

Control activity
In all enzymatic assays, the reported activity of enzyme@SiO2 is
after the subtraction of the residual small activity with the buffer
only (control). Also, for all enzymatic reactions, catalytic activity
in the presence of a blank silica aerogel and xerogel (without the
enzymes) was tested – no such background activity was found.
Free enzyme reactions were carried out for comparative purposes,
using the same amount of enzyme as in the entrapment process.
Michaelis-Menten and Arrhenius plots were performed at differ-
ent substrate concentrations and temperatures, respectively.

Physical characterizations
SEM images were taken with a Magellan 400L XHR instrument,
operating at 1–2 kJ. The specific surface area, pore volume and
pore size distribution were obtained by a N2 adsorption–desorp-
tion apparatus (Micromeritics ASAP 2020), at 77 K. All samples
were degassed under vacuum at 50 �C for 10 h before analysis.
The surface area was calculated using the BET equation, over
4
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acquired adsorption data in the P/P0 range of 0.05–0.2 for aero-
gels and 0.05–0.12 for xerogels. The pore distribution was ana-
lyzed using the BJH method, over the acquired desorption data
points. Total pore volume was calculated using a single point
adsorption at P/P0 = 0.97. The bulk density was determined by
measuring the volume and weight of the cylindrical shaped gels.
Results and discussion
Development of the entrapment procedure (Scheme 1)
The development of a general procedure for enzyme entrapment
in silica aerogel required the consideration of all potentially
enzyme-denaturing steps along the way, and replacing them
with more enzyme-friendly steps, while still keeping the aerogel
structure, which in itself is very sensitive to preparation condi-
tions. Careful and detailed search for the right conditions of
keeping the enzymes alive on one hand and maintaining the
unique structure of an aerogel on the other hand, led to the fol-
lowing general procedure: First, the standard sol–gel procedure
involves the use of a large amount of an alcohol as co-solvent,
in order to homogenize the mixture of water and the hydropho-
bic silicon alkoxide. Here we utilized an early observation we
made, namely that alcohol is not needed for that homogeniza-
tion, and that the much smaller amount of alcohol released
during the hydrolysis stage, is enough for that purpose [37].
rg/10.1016/j.mattod.2019.09.021
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(a) (b)

(c)

FIGURE 2

Comparative (a) BET surface areas, (b) BET C-constants and (c) BJH desorption average pore sizes for different enzyme@SiO2 aerogels and xerogels. AcP1 and
AcP2 show typical variability between samples of the same entrapped enzyme.

TABLE 1

A summary of the physical characterizations of the aerogel and xerogel composites*.

Bulk Density Volume Reduction BET Surface Area BET Constant Average Pore Diameter Total Pore Volume
(mg/cm3) (%) (m2/g) (au) (nm) (cm3/g)

Enzyme@SiO2 Aerogels 130 ± 10 39 ± 6 870 ± 70 86 ± 6 12.5 ± 0.6 2.6 ± 0.2
Enzyme@SiO2 Xerogels 1400 ± 300 94 ± 2 480 ± 50 340 ± 80 2.16 ± 0.05 0.21 ± 0.02

* Results are based on the average of all three enzyme composites. See Fig. S4 for specific enzymes data.
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A two-step modification of that procedure consisted of a rapid,
acid catalyzed hydrolysis of TMOS, to get a homogenous SiO2

sol and later on the hydrogel, which contains a minimal amount
of alcohol from the alkoxide hydrolysis, not enough for shutting
down the enzymatic activity. The enzymes were added to the sol
after adjusting the pH with a suitable buffer (not used in the stan-
dard aerogel procedure). Here we also utilized the fact that buf-
fers accelerate the gelation, so that adding a strong base for the
gelling stage was avoided. Gelation was indeed quick: The sam-
ples with glucose oxidase (GOx) gelled after 29 ± 4 min, with acid
phosphatase (AcP) after 10 ± 1 min and with xylanase (Xyl) after
12 ± 2 min. This fast gelation step is already a key protective mea-
sure against denaturing. The second standard step in the aerogel
synthesis that needed adjustment was the formation of the alco-
gel. This is a standard step of replacement of water from within
the gel with ethanol, which is a solvent suitable for the supercrit-
ical drying. Although at this stage the enzymes are already
Please cite this article in press as: N. Ganonyan et al., Materials Today (2019), https://doi.o
protected by the gel cage, prolonged exposure of the enzymes
to ethanol may still be harmful. We therefore optimized a mini-
mal duration of the solvent exchange time which still maintains
the aerogel final structure, and optimized a significant reduction
of the temperature of the process (Supplementary S1). After test-
ing the different parameters (including the use of additives such
as glycerol or ethylene glycol, which were found to be unneces-
sary, see Supplementary S1), just one solvent replacement
(instead of the 3 replacements used standardly) was found suffi-
cient, taking 24 h of solvent exchange (instead of 2–5 days) at
4 �C (instead of at least room temperature). The final step of
the aerogel synthesis is the supercritical drying of the alcogel,
that is, the replacement with liquid CO2, transition to supercrit-
ical CO2 and slow depressurization. The whole drying process
was completed in less than 5 h and included rinses with liquid
CO2 at room temperature during the first 3 h, warming to
35 �C (compared with 40–45 �Cmin.) during the next 30 min,
5
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The bio-catalyzed reactions and the detection reactions: Glucose oxidase (top), acid phosphatase (middle) and xylanase (bottom). The spectrophotometric
color changes are indicated by the circles.
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and finally evacuation of the supercritical CO2 at a rate of 25 psi/
min, which is at the high end for the preparation of aerogels.
Aerogel characterization
Yet another challenge has been tailoring enzyme-friendly entrap-
ment procedure, which will not alter the delicate special struc-
ture of the aerogel. This has been achieved: Figs. 1, 2 and
Table 1 provide material characterizations results of the
enzyme@SiO2 aerogels, and the full set of the additional results
for all entrapped enzymes is collected in Fig.’s S2–S4, Supplemen-
tary material. These figures and the table contain also compara-
tive data with the conventionally prepared enzyme@SiO2

xerogels. As can be seen, typical aerogels are obtained, quite dis-
6
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tinctly different from the parallel xerogels. The physical appear-
ance of the bulk (Figs. 1a, b and S3) and the known “cloud-
like” feeling (when held), are those of aerogels, compared with
the glassy compact appearance of the xerogels. This visual
appearance shows up also in the physical parameters (Table 1;
Fig. S3) namely in the low bulk density, the significantly lower
volume reduction of the aerogels compared to the xerogels, the
much higher surface areas, the much wider average pore sizes,
and the much larger pore volume – all clearly pointing to the
open porosity of the aerogels. Scanning electron microscopy
(SEM) imaging shows the typical rough and porous surface of
the aerogels, compared with a smoother microporous one
observed in the xerogels (Fig. 1c, d). These different visual
rg/10.1016/j.mattod.2019.09.021
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(c) (d)

FIGURE 3

The initial reaction rates of the doped aerogels and xerogels of (a) GOx@SiO2, (b) AcP@SiO2 and (c) Xyl@SiO2. Xyl@SiO2 xerogel showed no activity. (d)
Graphical summary of (a)–(c): The relative activity of the enzyme@SiO2 aerogels compared with enzyme@SiO2 xerogels.

TABLE 2

Initial velocity (v0), Michaelis-Menten constants (Km) and vmax of the enzymes.

v0
(units/mg enzyme)

Km vmax

(units/mg enzyme)

Aerogel Xerogel Aerogel Xerogel Free Enzyme Aerogel Xerogel Free
Enzyme

Glucose Oxidase 0.35 ± 0.17 0.0039 ± 0.0027 7.4 ± 1.1 mg/mL – 8.7 ± 0.6 mg/mL 0.56 ± 0.02 – 28.6 ± 0.6
Acid Phosphatase 0.014 ± 0.005 0.0010 ± 0.0013 0.58 ± 0.14 mM 4.1 ± 2.7 mM 0.75 ± 0.06 mM (2.26 ± 0.08)*10�2 (5 ± 1)*10�3 0.65 ± 0.01
Xylanase 0.63 ± 0.05 �0.017 ± 0.033 3.7 ± 1.7 mg/mL – 3.6 ± 1.5 mg/mL 1.3 ± 0.1 – 10 ± 2
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properties show up in the nitrogen adsorption–desorption iso-
therms of the aerogels, which are totally different from the xero-
gels: For the aerogels, type IV isotherms, according to IUPAC
classification [38], are obtained (Figs. 1e and S3). Such isotherms,
with a type H1 hysteresis loop, indicate a pore size distribution
which is in the mesopores range. Indeed, BJH porosity analysis
of the isotherms, results in an abundance of mesopores in the
size range of 10–100 nm (Figs. 1h and S3). For the xerogels, type
I isotherms are obtained (Figs. 1f and S3), typical of materials
which are rich in narrow micropores. This xerogels’ small radii
porosity hampers the diffusion of substrates and products inside
the xerogel matrix, as we shall see in the next section. The excel-
Please cite this article in press as: N. Ganonyan et al., Materials Today (2019), https://doi.o
lent compliance of the enzymatically doped aerogels with the
BET equation (Figs. 1g and S3) is indicative of the homogeneity
of the adsorption sites on the molecular level, which, in turn,
points to the homogeneity of the doped material as a whole.
We also notice a major difference in the C constants of the
BET equation of the aerogels compared to those of the xerogels
– around 80 compared with around 300, respectively (Table 1,
Fig. 2). We recall that the BET constant represents the magnitude
of interaction of the adsorbed molecule (N2) with the material
surface. We suggest that the higher BET constant values for the
xerogels originate from the abundant of nano and micropores
that are typically of higher adsorption energies compared to
7
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FIGURE 4

Michaelis-Menten plots of (a) GOx@SiO2 aerogel and (b) its compliance with the linear Lineweaver-Burk presentation. (c) MM plots of AcP@SiO2 aerogel and
AcP@SiO2 xerogel. (d) MM plot of Xyl@SiO2 aerogel.
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mesopores, because of their smaller radii of curvature, resulting
in stronger binding energy of the N2 molecules.
Enzymatic activity (Scheme 2)
The main goal of this study – to develop a general procedure for
the entrapment of enzymes in silica aerogel while retaining both
their activity and the aerogel structure, has been achieved: All
three enzyme@SiO2 aerogels were found to be active; and all
three showed remarkably higher activity compared to the
enzyme@SiO2 xerogels (Fig. 3 and Table 2). GOx@SiO2 aerogel
showed �89 higher activity, AcP@SiO2 aerogel showed �13
higher activity, and, particularly noticeable, Xyl@SiO2 was active
only in the aerogel, while the xerogel showed no activity at all:
the macromolecular substrate – xylan (Scheme 2), with an esti-
mated average molecular weight of 30 kDa [39] – could not dif-
fuse into the micropores of the xerogel, whereas the wide-pores
of the aerogel allow the accessibility of the active site of xylanase
to that substrate. As already noted in the Experimental details
(Section “Control Activity”), the blank pure silica aerogels and
xerogels show no activity, and there was no enzyme leakage from
the matrices. Thus, the enzymes, on one hand are tightly held
within the cages of the aerogel, and on the other hand are acces-
8
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sible to reaction with substrate molecules in-diffusing from the
surrounding solution, allowing also the out-diffusion of product
molecules.

An important observation is the compliance of all three
aerogel-entrapped enzymes with the classical Michaelis-Menten
kinetics (Fig. 4). For the xerogels, only AcP@SiO2 showed appar-
ent compliance to this type of kinetics analysis (Fig. 4c). Note
in Fig. 4d the decline of the highest substrate concentration in
Xyl@SiO2 aerogel (average of three repetitions): It indicates the
concentration limit of the matrix to process the very large sub-
strate molecules, possibly as a result of increasing blockage of
the pores. It is significant that the Michaelis-Menten constants,
Km, of the entrapped enzymes are similar to those of the free
enzymes (Table 2). This result stands out, as usually entrapment
of enzymes increases the observed Km [15,40], as indeed seen in
our case for AcP entrapped in the xerogel matrix (Table 2). Such
increase in the apparent Km values, has been attributed mainly to
arise from diffusional limitations, and also to possible conforma-
tional changes due to the entrapment [16,19,41,33]. Thus the
significance of the observation that the Km values in the case of
the aerogel entrapments are retained indicates that the
entrapped enzymes remain intact from the point of view of their
rg/10.1016/j.mattod.2019.09.021
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(a) (b)

(c) (d)

FIGURE 5

Temperature effect on the initial reaction rates of (a) Xyl in solution, (b) Xyl@SiO2 aerogel, (c) AcP in solution and (d) AcP@SiO2 aerogel.
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biochemical activity, and accessible to reaction. The cost of
entrapment within a matrix does show up in the vmax values, still
much higher than in the xerogel, but lower than the free
enzymes (Table 2). In fact, this trend is evident in most cases
of enzyme entrapments, and is a general feature in catalysis
and bio-catalysis, when changing a homogeneous solution to
heterogeneous conditions [23].

Temperature dependence of the enzymatic activity was deter-
mined for AcP@SiO2 and Xyl@SiO2 and aerogels; the results are
shown in Fig. 5 (GOxwas not included because of the temperature
instability of H2O2). Xyl is a relatively stable enzyme, which starts
to denature at about 60 �C both in solution (Fig. 5a) and when
entrapped (Fig. 5b). AcP however, is a delicate enzymewhich ther-
mally denatures in solution already around 40 �C (Fig. 5c). It was
previously shown in several studies that the thermal stability of
thermally unstable enzymes is enhanced significantly upon
entrapment in oxide sol–gel derived xerogels, particularly of silica
[31,42] and alumina [15,43]; indeed we found that the stability of
AcP entrapped in sol–gel xerogel jumps to 80 �C (Fig. S5). Such sta-
bilizations were attributed mainly to the rigidity of the encasing
cages which does not allow conformational motions which
accompany the denaturing process [44,45]. Does the open pore
aerogel offer such protection? The answer is positive – AcP@SiO2

aerogel is active up to 70 �C (Fig. 5d). These observations point
to a probable similarity in the early stages of the molecular-level
processes of the entrapment of the enzyme molecules in both
the aerogels and xerogels: A general unexpected feature of entrap-
Please cite this article in press as: N. Ganonyan et al., Materials Today (2019), https://doi.o
ment in sol–gel matrices is that the polycondensation into a rigid
inorganic network, does not squeeze the protein by the pressure of
the matrix formation; rather, the sol–gel polycondensation pro-
cess is such that it surrounds this “obstacle”, leaving it intact.
Thus, while the entrapping cages in the xerogel and aerogel are
apparently similar in their intimate protecting formation around
the biomolecule (the early stage of the sol–gel process), these
materials differ in their porosity, as described in detail above. This
porosity develops at the late stage of the matrix formation, quite
different for the xerogels and aerogels.

Next, we checked if the temperature dependence obeys
Arrhenius-type behavior of the reaction rate, up to the tempera-
tures of the denaturing point (negative slope; positive slope
relates to denaturing [15]) – if obeyed, then apparent activation
energies (Ea) of the activity of the biomaterial can be elucidated.
Fig. 6 shows that the temperature dependence indeed obeys an
Arrhenius-type behavior, from which apparent activation ener-
gies for the enzymatic processes could be estimated. It is seen
(Table 3) that, compared with the free enzymes (Fig. S6a, c),
somewhat higher activation energies are needed. These higher
activation energies reflect the contribution of the diffusional lim-
itations even in the open pore system of the aerogels: Indeed, the
activation energy for AcP@SiO2 xerogel is twice as high as that for
the aerogel (Fig. S6b). Comparison of the Arrhenius pre-
exponential factors (A) provides additional interesting insight
(Table 3). We recall that the proposed physical interpretation
of A for entrapped enzymes is that it represents the frequency
9
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(a)

(b)

FIGURE 6

Arrhenius plots of the activities of (a) AcP@SiO2 aerogel and (b) Xyl@SiO2

aerogel.
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of collisions of the substrate with its target in the correct orienta-
tion, and that it was found that xerogel porosity which directs
the substrate to the active site increases A by orders of magnitude
[15]. This is indeed seen when comparing AcP in solution with
AcP@SiO2 xerogel (Table 3). However, again a major change is
seen when compared with AcP@SiO2 aerogel: A is practically
the same as for the free enzyme. Together with the similarity
of the Km values, this point to the fact that aerogels provide a
much less restricted environment compared with the xerogels.
However, for Xyl@SiO2 aerogel, the picture is different: A of the
entrapped enzyme is 3 orders of magnitude larger than that of
TABLE 3

Activation energy (Ea) and Arrhenius pre-factor (A) of two enzymes in the e

Ea (kJ/mol)

Aerogel Xerogel Free E

Acid Phosphatase 50 ± 10 100 ± 20 38 ± 4
Xylanase 62 ± 4 – 35 ± 3

10
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the free enzyme. The reason of why this effect is seen for Xyl
but not for AcP is probably due to the very large difference in
the size of the substrate molecules: While for AcP it is the small
pNPP, for Xyl it is the very large xylan of 30 kDa. Thus, while
the former “enjoys” the wide porosity of the aerogel, the latter,
because of its size, is subjected to the frequency-enhancing cage
effect.

Conclusion and outlook
In this work, we have introduced an enzyme-friendly synthesis
procedure for the entrapment of these biocatalysts within silica
aerogel. The challenge has been dual: even though modifications
from the typical aerogel synthesis procedure were needed, these
had to retain the typical aerogel structure. Highly porous light-
weight bioactive aerogel-composites were obtained. The result-
ing enzyme@SiO2 aerogel showed enzymatic activity that far
exceeded that of the xerogel composites, supporting our hypoth-
esis that the high porosity of the aerogel will enable faster cat-
alytic rates by reducing the diffusional limitation of the
substrates and products. Also, we demonstrated that, in the case
of xylanase, the aerogel-entrapped enzyme can catalyze a reac-
tion of a macromolecule, which was not possible when the
enzyme was entrapped in a microporous xerogel. The
Michaelis-Menten constant of the enzyme@SiO2 aerogels
remained similar to the free enzymes, suggesting that the
entrapped enzymes remained active and in the same conforma-
tion. Finally, thermal stabilization was observed, an attractive
feature for industrial use of these composites.

We see the outlook of this study is in two directions: First,
extension to oxides which are approved by the regulatory agen-
cies for human use, such as alumina [46] and iron oxide [47]; and
second, applying chemical modifications of the pure silica
employed in this study. A preliminary exploration of the latter
option on GOx@SiO2 aerogel showed its positive potential: The
first chemical modification was a partial, small degree of
hydrophobization of the matrix with 5% methyltrimethoxysi-
lane (MTMS) replacement of the TMOS; and the second was
the use of a hydrophilic polymer, PVA, which was added to the
gelation step with the enzyme (see Experimental details
“Entrapped glucose oxidase (GOx@SiO2)”). Both additives
showed an enhancement of the initial reaction rate, �3.5 and
�5.8 times the activity of the unmodified composite aerogel,
respectively (Fig. 7). Our hypothesis is that the MTMS adds a
hydrophobic character to the aerogel, which helps reduce the
interactions with the polar substrates and products, easing their
diffusion, while the PVA helps to maintain an aqueous polar
environment for the entrapped enzymes and thus further con-
tributes to the preventing of denaturing during the solvent
exchange and supercritical drying steps. We believe that by
ntrapped and free forms.

A (units/mg enzyme)

nzyme Aerogel Xerogel Free Enzyme

2.4*105 1.1*1013 1.2*105

5.9*109 – 3.0*106
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FIGURE 7

The effects of additives on the initial reaction rate of GOx@SiO2: 5% molar
hydrophobic MTMS; 1% wt. PVA.
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careful adjustment of added components, suitable for each
enzyme, the activity of other enzyme@SiO2 aerogel composites
can be enhanced.
Funding
Supported by a grant from the PAZY Excellence in Science Foun-
dation [grant number 5100010098].
Declaration of Competing Interest
The authors declare that they have no known competing

financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.mattod.2019.09.021.

References

[1] I. Smirnova, P. Gurikov, J. Supercrit. Fluids 134 (2018) 228–233, https://doi.org/
10.1016/j.supflu.2017.12.037.

[2] G. Wei et al., Int. J. Heat Mass Transf. 54 (2011) 2355–2366, https://doi.org/
10.1016/j.ijheatmasstransfer.2011.02.026.

[3] Y. Gu et al., ACS Nano. 12 (2018) 245–253, https://doi.org/10.1021/
acsnano.7b05971.

[4] M.A. Worsley et al., J. Am. Chem. Soc. 132 (2010) 14067–14069, https://doi.org/
10.1021/ja1072299.

[5] N.U. Wetter et al., RSC Adv. 8 (2018) 29678–29685, https://doi.org/10.1039/
c8ra04561e.

[6] M.J. Burchell et al., Meteorit. Planet. Sci. 43 (2008) 23–40, https://doi.org/
10.1111/j.1945-5100.2008.tb00608.x.

[7] Z. Ulker, C. Erkey, J. Control. Release 177 (2014) 51–63, https://doi.org/10.1016/
j.jconrel.2013.12.033.

[8] H. Maleki et al., Adv. Colloid Interface Sci. 236 (2016) 1–27, https://doi.org/
10.1016/j.cis.2016.05.011.

[9] H. Maleki, Chem. Eng. J. 300 (2016) 98–118, https://doi.org/10.1016/j.
cej.2016.04.098.

[10] R. Di Cosimo et al., Chem. Soc. Rev. 42 (2013) 6437–6474, https://doi.org/
10.1039/c3cs35506c.
Please cite this article in press as: N. Ganonyan et al., Materials Today (2019), https://doi.o
[11] J.M. Choi, S.S. Han, H.S. Kim, Biotechnol. Adv. 33 (2015) 1443–1454, https://
doi.org/10.1016/j.biotechadv.2015.02.014.

[12] H.C. Holm, D. Cowan, Eur. J. Lipid Sci. Technol. 110 (2008) 679–691, https://
doi.org/10.1002/ejlt.200800100.

[13] A.-R. Park, D.-K. Oh, Appl. Microbiol. Biotechnol. 85 (2010) 1279–1286, https://
doi.org/10.1007/s00253-009-2356-2.

[14] R.-C. Zheng et al., Acrylamide, microbial production by nitrile hydratase, in:
Encycl. Ind. Biotechnol., John Wiley & Sons, Inc., Hoboken, NJ, USA, 2010, pp.
1–39, https://doi.org/10.1002/9780470054581. eib004.

[15] V.V. Vinogradov, D. Avnir, J. Mater. Chem. B 2 (2014) 2868, https://doi.org/
10.1039/c3tb21643h.

[16] H. Frenkel-Mullerad, D. Avnir, J. Am. Chem. Soc. 127 (2005) 8077–8081,
https://doi.org/10.1021/ja0507719.

[17] H. Frenkel-Mullerad, R. Ben-Knaz, D. Avnir, J. Sol-Gel Sci. Technol. 69 (2014)
453–456, https://doi.org/10.1007/s10971-013-3226-z.

[18] R.A. Sheldon, S. Van Pelt, Chem. Soc. Rev. 42 (2013) 6223–6235, https://doi.
org/10.1039/c3cs60075k.

[19] P. Zucca et al., Molecules 19 (2014) 14139–14194, https://doi.org/
10.3390/molecules190914139.

[20] O. Barbosa et al., RSC Adv. 4 (2014) 1583–1600, https://doi.org/10.1039/
C3RA45991H.

[21] R. Chapman, M.H. Stenzel, J. Am. Chem. Soc. 141 (2019) 2754–2769, https://
doi.org/10.1021/jacs.8b10338.

[22] R.J. Drout, L. Robison, O.K. Farha, Coord. Chem. Rev. 381 (2019) 151–160,
https://doi.org/10.1016/j.ccr.2018.11.009.

[23] A.C. Pierre, Biocatal. Biotransformation 22 (2004) 145–170, https://doi.org/
10.1080/10242420412331283314.

[24] D. Avnir et al., J. Mater. Chem. 16 (2006) 1013–1030, https://doi.org/10.1039/
B512706H.

[25] M.R.N. Monton, E.M. Forsberg, J.D. Brennan, Chem. Mater. 24 (2012) 796–811,
https://doi.org/10.1021/cm202798e.

[26] J. Hou et al., J. Memb. Sci. 469 (2014) 19–30, https://doi.org/10.1016/j.
memsci.2014.06.027.

[27] M.T. Reetz et al., Adv. Synth. Catal. 345 (2003) 717–728, https://doi.org/
10.1002/adsc.200303016.

[28] A.E. David, A.J. Yang, N.S. Wang, Enzyme stabilization and immobilization by
sol-gel entrapment, Humana Press, Totowa, NJ, 2011, pp. 49–66, https://doi.
org/10.1007/978-1-60761-895-9_6.

[29] A. Buthe, Entrapment of enzymes in nanoporous sol–gels, Humana Press, 2011,
pp. 223–237, https://doi.org/10.1007/978-1-61779-132-1_18.

[30] M.E.I. Badawy, A.F. El-Aswad, Int. J. Anal. Chem. 2014 (2014) 536823, https://
doi.org/10.1155/2014/536823.

[31] L. Zheng, A. Kulwinder Flora, J.D. Brennan, Improving the performance of a sol–
gel-entrapped metal-binding protein by maximizing protein thermal stability
before entrapment, Chem. Mater. 10 (1998) 3974–3983, https://doi.org/
10.1021/CM980422W.

[32] T. Antczak et al., Biotechnol. Tech. 11 (1997) 9–11, https://doi.org/10.1007/
BF02764442.

[33] P. Buisson et al., J. Non. Cryst. Solids. 285 (2001) 295–302, https://doi.org/
10.1016/S0022-3093(01)00470-7.

[34] H. El Rassy, A. Perrard, A.C. Pierre, ChemBioChem 4 (2003) 203–210, https://
doi.org/10.1002/cbic.200390032.

[35] O. Orçaire, P. Buisson, A.C. Pierre, J. Mol. Catal. B Enzym. 42 (2006) 106–113,
https://doi.org/10.1016/j.molcatb.2006.08.002.

[36] C.E. Barão et al., Appl. Biochem. Biotechnol. 172 (2014) 263–274, https://doi.
org/10.1007/s12010-013-0533-3.

[37] D. Avnir, V. Kaufman, J. Non. Cryst. Solids 92 (1987) 180–182, https://doi.org/
10.1016/S0022-3093(87)80368-X.

[38] K.S.W. Sing, Pure Appl. Chem. 54 (1982) 2201–2218, https://doi.org/
10.1351/pac198254112201.

[39] T. Koshijima, Weight Native Hardwood Xylans 279 (1965) 265–279, https://doi.
org/10.1002/polc.5070110119.

[40] R.B. Bhatia et al., Chem. Mater. 12 (2000) 2434–2441, https://doi.org/10.1021/
cm000260f.

[41] P.V. Sundaram, J. Solid-Phase Biochem. 3 (1978) 241–246, https://doi.org/
10.1007/BF02991850.

[42] K. Kawakami, S. Yoshida, J. Ferment. Bioeng. 82 (1996) 239–245, https://doi.
org/10.1016/0922-338X(96)88814-3.

[43] V.V. Vinogradov, D. Avnir, RSC Adv. 5 (2015) 10862–10868, https://doi.org/
10.1039/C4RA10944A.

[44] L. Zheng, J.D. Brennan, Analyst 123 (1998) 1735–1744, https://doi.org/
10.1039/a800710a.
11

rg/10.1016/j.mattod.2019.09.021

https://doi.org/10.1016/j.mattod.2019.09.021
https://doi.org/10.1016/j.supflu.2017.12.037
https://doi.org/10.1016/j.supflu.2017.12.037
https://doi.org/10.1016/j.ijheatmasstransfer.2011.02.026
https://doi.org/10.1016/j.ijheatmasstransfer.2011.02.026
https://doi.org/10.1021/acsnano.7b05971
https://doi.org/10.1021/acsnano.7b05971
https://doi.org/10.1021/ja1072299
https://doi.org/10.1021/ja1072299
https://doi.org/10.1039/c8ra04561e
https://doi.org/10.1039/c8ra04561e
https://doi.org/10.1111/j.1945-5100.2008.tb00608.x
https://doi.org/10.1111/j.1945-5100.2008.tb00608.x
https://doi.org/10.1016/j.jconrel.2013.12.033
https://doi.org/10.1016/j.jconrel.2013.12.033
https://doi.org/10.1016/j.cis.2016.05.011
https://doi.org/10.1016/j.cis.2016.05.011
https://doi.org/10.1016/j.cej.2016.04.098
https://doi.org/10.1016/j.cej.2016.04.098
https://doi.org/10.1039/c3cs35506c
https://doi.org/10.1039/c3cs35506c
https://doi.org/10.1016/j.biotechadv.2015.02.014
https://doi.org/10.1016/j.biotechadv.2015.02.014
https://doi.org/10.1002/ejlt.200800100
https://doi.org/10.1002/ejlt.200800100
https://doi.org/10.1007/s00253-009-2356-2
https://doi.org/10.1007/s00253-009-2356-2
https://doi.org/10.1002/9780470054581
https://doi.org/10.1039/c3tb21643h
https://doi.org/10.1039/c3tb21643h
https://doi.org/10.1021/ja0507719
https://doi.org/10.1007/s10971-013-3226-z
https://doi.org/10.1039/c3cs60075k
https://doi.org/10.1039/c3cs60075k
https://doi.org/10.3390/molecules190914139
https://doi.org/10.3390/molecules190914139
https://doi.org/10.1039/C3RA45991H
https://doi.org/10.1039/C3RA45991H
https://doi.org/10.1021/jacs.8b10338
https://doi.org/10.1021/jacs.8b10338
https://doi.org/10.1016/j.ccr.2018.11.009
https://doi.org/10.1080/10242420412331283314
https://doi.org/10.1080/10242420412331283314
https://doi.org/10.1039/B512706H
https://doi.org/10.1039/B512706H
https://doi.org/10.1021/cm202798e
https://doi.org/10.1016/j.memsci.2014.06.027
https://doi.org/10.1016/j.memsci.2014.06.027
https://doi.org/10.1002/adsc.200303016
https://doi.org/10.1002/adsc.200303016
https://doi.org/10.1007/978-1-60761-895-9_6
https://doi.org/10.1007/978-1-60761-895-9_6
https://doi.org/10.1007/978-1-61779-132-1_18
https://doi.org/10.1155/2014/536823
https://doi.org/10.1155/2014/536823
https://doi.org/10.1021/CM980422W
https://doi.org/10.1021/CM980422W
https://doi.org/10.1007/BF02764442
https://doi.org/10.1007/BF02764442
https://doi.org/10.1016/S0022-3093(01)00470-7
https://doi.org/10.1016/S0022-3093(01)00470-7
https://doi.org/10.1002/cbic.200390032
https://doi.org/10.1002/cbic.200390032
https://doi.org/10.1016/j.molcatb.2006.08.002
https://doi.org/10.1007/s12010-013-0533-3
https://doi.org/10.1007/s12010-013-0533-3
https://doi.org/10.1016/S0022-3093(87)80368-X
https://doi.org/10.1016/S0022-3093(87)80368-X
https://doi.org/10.1351/pac198254112201
https://doi.org/10.1351/pac198254112201
https://doi.org/10.1002/polc.5070110119
https://doi.org/10.1002/polc.5070110119
https://doi.org/10.1021/cm000260f
https://doi.org/10.1021/cm000260f
https://doi.org/10.1007/BF02991850
https://doi.org/10.1007/BF02991850
https://doi.org/10.1016/0922-338X(96)88814-3
https://doi.org/10.1016/0922-338X(96)88814-3
https://doi.org/10.1039/C4RA10944A
https://doi.org/10.1039/C4RA10944A
https://doi.org/10.1039/a800710a
https://doi.org/10.1039/a800710a
https://doi.org/10.1016/j.mattod.2019.09.021


R
ESEA

R
C
H
:O

rig
in
al

R
esearch

RESEARCH Materials Today d Volume xxx, Number xx d xxxx 2019
[45] E.S. Peterson et al., Biophys. J. 95 (2008) 322–332, https://doi.org/10.1529/
biophysj.106.097428.

[46] A. Rutenberg, V.V. Vinogradov, D. Avnir, Chem. Commun. (Camb) 49 (2013)
5636–5638, https://doi.org/10.1039/c3cc41696h.
12

Please cite this article in press as: N. Ganonyan et al., Materials Today (2019), https://doi.o
[47] A.Y. Prilepskii et al., ACS Appl. Mater. Interfaces 10 (43) (2018) 36764–36775,
https://doi.org/10.1021/acsami.8b14790.
rg/10.1016/j.mattod.2019.09.021

https://doi.org/10.1529/biophysj.106.097428
https://doi.org/10.1529/biophysj.106.097428
https://doi.org/10.1039/c3cc41696h
https://doi.org/10.1021/acsami.8b14790
https://doi.org/10.1016/j.mattod.2019.09.021

	atl1
	Introduction
	Experimental methods
	Materials
	Entrapment of enzymes in silica aerogels (Scheme&blank;1)
	Enzymatic activity
	Entrapped glucose oxidase (GOx@SiO2)
	Entrapped acid phosphatase (AcP@SiO2)
	Entrapped xylanase (Xyl@SiO2)
	Control activity

	Physical characterizations

	Results and discussion
	Development of the entrapment procedure (Scheme&blank;1)
	Aerogel characterization
	Enzymatic activity (Scheme&blank;2)

	Conclusion and outlook
	Funding
	Declaration of Competing Interest
	Appendix A Supplementary data
	References


