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We describe a general method for the entrapment of enzymes within bulk metallic gold. This is a new
approach for the immobilization of enzymes on metals, which is commonly carried out by 2D adsorption
or covalent biding, that is, the enzyme is in contact with the metal at a specific contact zone of the
enzyme, while most of the rest of it remains exposed to the environment. The 3D metallic encaging of
the enzymes is quite different: the enzyme is in contact with the metallic cage walls all around it and is
well protected inside. The porous nature of the metallic matrix enables substrate molecules to diffuse
inside, reach the active site, and let product molecules diffuse out. The generality of the approach was
proven by the successful entrapment of five enzymes representing different classes and different bio-
and medical applications: L-asparaginase (Asp), collagenase, horseradish peroxidase (HRP), laccase and
glucose oxidase (GOx). GOx—gold conjugates have been of particular interest in the literature. The main
challenge we had to solve was how to keep the enzyme active in the process of gold-synthesis from its
cation — this required careful tailoring of reaction conditions, which are detailed in the paper. The gold
entrapped enzymes gain thermal stability and protectability against harsh conditions. For instance, we
could keep Asp alive at the extreme pH of 13, which normally kills the enzyme instantly. The entrapped
enzymes obey the Michaelis—Menten kinetics, and activation energies were determined. Good
recyclability for eight cycles was found. Multi-enzymatic reactions by combinations of the off-the-shelf
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activity with HRP. Detailed material characterization and proposed mechanisms for the 3D protectability
DOI-10.1039/c95c05419g of the enzymes are provided. The new enzyme immobilization method is of wide potential uses in

rsc.li/chemical-science medicine, biotechnology, bio-fuel cells and enzymatic (electro)sensing applications.

libraries of 3D immobilization matrices methodologies belong
to the first two, examples being metal-oxide matrices such as
sol-gel family of materials,'***** and organic matrices such as
cross-linked polymers.'® The most common metal used in the

Introduction

Immobilized enzymes are widely used as biosensors," as cata-
lysts in organic synthesis,> in biotechnological processes,® in

bio-fuel cells,* in therapeutics,® and in many other industrial
processes.® In general, immobilizations have been carried out in
0D architectures such nanoparticles,” in 1D architectures such
as nanofibers,® in the common 2D architectures of adsorption
or covalent attachment to surfaces,’ and in 3D architectures in
which the enzyme is entrapped physically or chemically within
a porous matrix.>"* The latter has been of particular interest,
mainly because 3D immobilization provides high surface areas
in small volumes, because the internal regions of the immobi-
lizing material provides efficient protection against denaturing
processes — heat, extreme pH, destructive chemicals - and
because this immobilization reduces the susceptibility of
detachment from the support.*** Of the three large family of
materials - inorganic, (bio)organic and metals - the largest

Institute of Chemistry, The Center for Nanoscience and Nanotechnology, The Hebrew
University of Jerusalem, Jerusalem 9190401, Israel. E-mail: David. Avnir@mail. huji.ac.
il

T Electronic  supplementary
10.1039/c9sc05419g

information  (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2020

immobilization context is gold, because of its inertness to most
biological processes and its low toxicity,"”” which have led to the
use of gold in diagnostics and many other therapeutic fields."®
However, these studies employed mainly 2D architectures
where enzymes have been anchored by physisorption, chemi-
sorption or covalent bonding to the gold surface.*® Significantly
less research has been carried out on the use of gold (or any
other metal) for 3D immobilization of enzymes, the topic of this
report. Relevant studies we are aware of are the dealloying of
gold alloys followed by immersing the resulting porous gold in
an enzyme solution;**** and potentiostatic deposition of gold.*
A closer look at these studies reveals that, in fact, even in these
3D architectures, the enzyme molecules are anchored to the
surface of the gold, such that one side of it touches the metal,
and the counter-side is exposed to the environment. The
concept we wish to advance in this report is different: immo-
bilization of the enzyme molecules within metallic gold cages of
bulk gold, that is, an immobilization configuration where the
protein molecule is in touch with the metal all around it, while
still remaining accessible to reaction (Scheme 1, top). The
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(Top) Entrapped enzyme (glucose oxidase, GOx) within a golden cage. In red — the surface amino acids of GOx which contain gold

binding moieties (thiols, amines, imines and carboxylate anions, taken from PDB file 1CF3). (Bottom) The entrapment process — see also

Scheme 2.

possibility of exploring this direction has emerged from the
intensive development of the materials methodology of molec-
ular doping of metals.**** A wide variety of molecules including
organometallic complexes,* drug molecules,* dyes,”” polymers,*®
nanoparticles® and more* have been incorporated into various
metals, including copper, silver, gold, platinum, gallium and
more. The resulting molecule@metal materials have been
utilized for a host of activities ranging from catalysis to drug
release, and in many instances synergistic and improved activi-
ties were recorded. The mechanism of entrapment - described
below (Results and discussion) - basically involves carefully
tailored conditions for a one-pot reduction of the metal cation in
the presence of the molecule to be entrapped. We were motivated
to embark on the development of a general methodology for
entrapping any desired enzyme in gold by a preliminary obser-
vation that it is possible to entrap by this materials methodology
acid-phosphatase in silver and gold, keeping it alive.*® The
generalization task was quite non-trivial because the challenge
has been to find the right conditions where the enzyme survives
the chemistry involved in the chemical encaging process while
still retaining the needed gold porosity for the biochemical
activity; this aspect is detailed below.

The enzymes selected for this study are representatives of
some prominent enzymatic classes (ESI Fig. S1t): glucose
oxidase (GOx), an oxido-reductase which catalyzes the oxidation
of p-glucose to p-gluconolactone which is extensively used in
a variety of areas that extend from bio-diagnostics (glucose

3966 | Chem. Sci,, 2020, 1, 3965-3977

sensors) to food processing and preservatives, all through to
enzymatic biofuel cells;**>** collagenase (Col), a hydrolase and
a metallopeptidase that breaks down the peptide bonds in
collagen, used in therapeutics, for instance in wound healing
(wound dressing and debridement)** and in the treatment of
Dupuytren's disease;* L-asparaginase (Asp), which catalyzes the
hydrolysis of L-asparagine to r-aspartic acid and which is used in
the treatment of acute lymphoblastic leukemia and lympho-
sarcoma,* and in food processing;*” horseradish peroxidase
(HRP) which utilizes hydrogen peroxide to catalyze the oxida-
tion of many organic compounds, widely used in organic
synthesis, coupled enzymatic assays, treatment of waste water*
and sensing of hydrogen peroxide;*® and laccase (Lac), which
catalyzes the one-electron oxidation of mostly phenols, and
which is used in a variety of processes such as textile bleaching,
synthesis of antibiotics, and food processing of beer, wine and
juice.*” In the context of conjunction of these enzymes with
gold, GOx-Au conjugates were used for biosensing of glucose*’
and for fuel-cell applications,** in which the immobilization
was carried out mainly by adsorption,*® by covalent binding,** or
by electrochemical adsorption.*® L-Asp was reported to be used
in combination with gold for targeting of cancer cells.*

Next is the description of the general procedure for the 3D
encaging of enzymes in gold, followed by description of the
bioactivity of the resulting enzymes@gold, and of the special
features of these entrapments such as enhanced thermal
stability and activity under extreme pH conditions.

This journal is © The Royal Society of Chemistry 2020
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Materials and methods
Chemicals, enzymes, reagents

Sodium tetrachloroaurate(m) dihydrate was purchased from
Alfa Aesar. Zinc (granular, 20-30 mesh, ACS reagent, =99.8%)
were purchased from Sigma Aldrich. Enzymes, their substrates
and analytical reagents: glucose oxidase from A. niger (135 U
mg ') and o-dianisidine were purchased from Sigma Aldrich.
Glucose was purchased from Honeywell Riedel-de Haén
Research Chemicals. 1-Asparaginase from E. coli (~250 Umg )
was purchased from Prospec Chemicals. r-asparagine was
purchased from Sigma Aldrich. Nessler's reagent (K,Hgl,) was
purchased from Fisher Chemical. Collagenase Type I from C.
histolyticum (0.25-1.0 U mg~') was purchased from Sigma
Aldrich. N-(3-[2-furyl]acryloyl)-Leu-Gly-Pro-Ala (FALGPA) was
purchased from Apollo Scientific Ltd. Peroxidase from horse-
radish (~200 U mg "), hydrogen peroxide were purchased from
Sigma Aldrich. Pyrogallol was purchased from TCI. Laccase
from T. versicolor (~1 U mg ') and syringaldazine were
purchased from Sigma Aldrich. Cetyltrimethylammonium
bromide (CTAB) was purchased from Acros organics. Buffers (all
of the weight values are for a volume of 500 mL of buffer): 50 mM
sodium acetate buffer (pH = 5.1, 35 °C) was prepared for
glucose oxidase and horseradish peroxidase by dissolving
2.0509 g of sodium acetate anhydrous in distilled water and
adjusting the pH to 5.1 with 1 M HCI solution. 50 mM Tris-HCI
buffer (pH 7.5, 25 °C) with 10 mM calcium chloride and 400 mM
sodium chloride was prepared for collagenase by dissolving
3.0285 g of tris(hydroxymethyl)aminomethane, 0.5549 g of
calcium chloride and 11.688 g of sodium chloride in distilled
water and adjusting the pH to 7.5 with 1M HCI solution. 50 mM
Tris-HCI buffer (pH 8.6, 37 °C) was prepared for asparaginase
by dissolving 3.0285 g of tris(hydroxymethyl)Jaminomethane in
distilled water and adjusting the pH to 8.6 with 1M HCI solu-
tion. 100 mM potassium phosphate buffer (pH 6.5, 30 °C) was
prepared for the laccase assay, by dissolving 6.8045 g of potas-
sium dihydrogen phosphate in distilled water and adjusting the
PH to 6.5 with 1 M NaOH.

Entrapment procedures (Scheme 1)

Glucose oxidase entrapped within gold (GOx@Au).
0.406 mmol (161.5 mg) of sodium tetrachloroaurate(ur) dihy-
drate was dissolved in 3.49 mL triple distilled water (TDW) and
4.10 mL of 50 mM sodium acetate buffer (pH 5.1). Next, 0.60 mL
of 1.0 M sodium hydroxide was added to the solution so that the
resulting pH would be neutral, and then 1.0 mL solution of GOx
(0.1 mg mL™", 135 U mg ', in buffer) was added. Last,
0.612 mmol (40 mg) of zinc granules were added and the
mixture was stirred at room temperature overnight. The
resulting precipitate was filtered, washed with TDW and dried
overnight under vacuum. The yield of gold reduction, here and
below was full, as determined by product weight. The yield of
the enzyme entrapment is also full (here and below), as deter-
mined from the lack of activity of the supernatant solutions.

Asparaginase entrapped within gold (Asp@Au). ASp@Au was
prepared as detailed above with asparaginase (0.5 mg mL ™", 255 U

This journal is © The Royal Society of Chemistry 2020
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mg ', in cold TDW), using as a buffer 4.10 mL of 50 mM Tris-HCI
(pH 8.6).

Collagenase entrapped within gold (Col@Au). Col@Au was
prepared as detailed above with collagenase (2 mg mL ™", 0.25-
1.0 U mg %, in cold TDW), using as a buffer 4.10 mL of 50 mM
Tris—-HCI (pH 7.5).

Horseradish peroxidase entrapped within gold (HRP@Au).
HRP@Au was prepared as detailed above with horseradish
peroxidase (0.25 mg mL™", 200 U mg~ ', in buffer), using as
a buffer 4.10 mL of 50 mM sodium acetate (pH 5.1).

Laccase within gold (Lac@Au). The enzyme solution (0.5 mg
mL ™', 1 Umg ', in cold TDW) was mixed with 100 mM CTAB
solution (36.45 mg mL™" in methanol), to obtain a combined
solution of 50 mM CTAB with 0.25 mg mL ™" Lac. Of this solu-
tion, 1.0 mL was added to 161.5 mg (0.406 mmol) of sodium
tetrachloroaurate(m) that were dissolved in 7.59 mL TDW and
0.60 mL of 1.0 M sodium hydroxide. In the entrapment of lac-
case, no buffer is needed. Last, 0.612 mmol (40 mg) of zinc
granules were added and the mixture was stirred at room
temperature overnight. The use of CTAB resulted in the co-
entrapment of a small amount of Zn;(OH)sCl,-H,O crystals.

Bioactivity assays (Fig. S2, ESIT)

GOx@Au. ~115 mg composite powder was placed in a poly-
styrene cuvette, to which the following reagents were added:
0.1 mL of horseradish peroxidase (~200 U mg ", 0.3 mg mL ",
in TDW), 0.1 mL of 50 mM sodium acetate buffer solution,
2.4 mL of 0.21 mM o-dianisidine solution and 0.5 mL of
89.5 mM glucose solution. The enzymatic activity was measured
spectrophotometrically by following the increase in absorbance
at 500 nm, 35 °C. Comparative measurements in solution were
carried out by a standard procedure.**

Asp@Au. ~115 mg composite powder was placed in a poly-
styrene cuvette, to which the following reagents were added:
1.38 mL of 50 mM Tris-HCI buffer solution, 1.18 mL TDW,
0.3 mL Nessler's solution and 0.14 mL of 189 mM r-asparagine
solution. The enzymatic activity was measured spectrophoto-
metrically by following the increase in absorbance at 436 nm,
37 °C. Comparative measurements in solution were carried out
by a newly developed procedure (see ESIT), since the standard
very high pH procedure*® determines the kinetics only by
separate one by one point measurements.

Col@Au. ~115 mg composite powder was placed in a UV-
suitable cuvette, to which the following reagents were added:
0.1 mL TDW and 2.9 mL of 0.2 mM N-(3-[2-furyl]acryloyl)-Leu-
Gly-Pro-Ala (FALGPA) in 50 mM Tris-HCI buffer (pH 7.5). The
enzymatic activity was measured spectrophotometrically by
following the decrease in absorbance at 345 nm, 25 °C.
Comparative measurements in solution were carried out by
a standard procedure.*®

HRP@Au. ~115 mg composite was placed in a polystyrene
cuvette, to which the following reagents were also added:
2.10 mL ultrapure water, 0.42 mL of 50 mM sodium acetate
buffer solution, 0.16 mL of 0.50% [w/w] hydrogen peroxide
solution and 0.32 mL of 5% [w/v] pyrogallol solution. The
enzymatic activity was measured spectrophotometrically by

Chem. Sci., 2020, 1, 3965-3977 | 3967
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following the increase in absorbance at 420 nm at 25 °C.
Comparative measurements in solution were carried out by the
standard procedure.”’

HRP + GOx@Au. The resulting composite powders (~115 mg
of each) of both GOx@Au and HRP@Au were mixed and placed
in a polystyrene cuvette, to which the following reagents were
added: 2.10 mL ultrapure water, 0.42 mL of 50 mM sodium
acetate buffer solution 0.32 mL of 5% [w/v] pyrogallol solution
and 0.16 mL of 89.5 mM p-glucose solution. The enzymatic
activity was measured spectrophotometrically by following the
increase in absorbance at 420 nm, 25 °C.

Lac@Au. ~130 mg composite powder was placed in a poly-
styrene cuvette, to which the following reagents were added:
2.70 mL of 100 mM potassium phosphate buffer solution and
0.30 mL of 0.216 mM syringaldazine solution. The enzymatic
activity was followed by the increase in of absorbance at 530 nm,
30 °C. Comparative measurements in solution were carried out
by the standard procedure.*®

Additional activity characterizations

Michaelis-Menten analysis. The initial reaction velocities
(Vo) for GOx@Au were measured for glucose concentrations
ranging from 0.5 mM to 30 mM. The initial reaction velocities
(Vo) for Asp@Au composite were measured for r-asparagine
concentrations ranging from 0.07 mM to 8.82 mM.

Thermal stability

Solution method. The GOx@Au composite powder was placed
in a polystyrene cuvette, along with 0.1 mL of 50 mM sodium
acetate buffer solution. The cuvette was settled in a water bath,
heated to the desired temperature, for 10 minutes. Then,
0.1 mL of horseradish peroxidase (~200 U mg ', 0.3 mg mL ",
in TDW), 2.4 mL of 0.21 mM o-dianisidine solution and 0.5 mL
of 89.5 mM glucose solution were added to the cuvette and the
activity of the composite was measured as previously
described.

Dry powder method. Either free GOx solution, or the dry
GOx@Au powder, were heated to the desired temperature
(25 °C, 40 °C, 70 °C, 90 °C and 100 °C) for 10 minutes and their
consequent activity was measured as previously described. Both
methods were compared to the stability in solution. Similar
procedures were applied for Col@Au.

Activation energy. The activation energies of Col and the
Col@Au were obtained by conducting the enzymatic assay at
different temperatures. For the free enzyme, the activation
energy was measured in the temperature range of 18-65 °C, and
for the entrapped enzyme, the activation energy was measured
in the temperature range of 20-55 °C.

Recyclability. This was checked for by discarding the super-
natant after each cycle, followed by adding all the necessary
components for the next cycle.

Entrapment vs. adsorption. This was checked for GOx by
preparing un-doped metallic gold as described above, where
instead of 1 mL of enzyme solution, an additional 1 mL
buffer solution was added. The resulting pure gold powder
was stirred with 0.1 mg mL™"' of glucose oxidase (same
concentration as the entrapment procedure) solution for 1.5
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hours. The mixture was then filtered, washed and dried in
vacuum for an additional 1.5 hours. The activity was assayed
as above.

Material characterizations

Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy analysis (EDAX) were carried out on a Sirion (FEI)
high-resolution (HR) SEM instrument. Powder X-ray Diffraction
(XRD) measurements were carried out using Phillips diffractom-
eter (CuKa. 1 (1.5406 A) with a step scan mode 0.02 s~ ). Specific
surface areas were calculated from N, adsorption/desorption
isotherms obtained with a Micromeritics ASAP 2020 surface
area analyzer, using the BET equation. Pore size distribution was
determined from the BJH equation. UV-visible absorption spec-
troscopy was carried out with JASCO V-630 spectrophotometer.

Results and discussion
The entrapment of the enzymes in gold

The general methodology of molecular doping of metals
involves reduction of the metal cation in the presence of the
molecules to be entrapped. Adapting this approach for the
entrapment of enzymes, had posed a number of challenges:
carrying out the reduction of the metal cation under conditions
that do not denature the enzyme, that is that neither the
reducing agent or its oxidized product will be harmful for the
enzyme; obtaining the desired porosity of the entrapping metal
such as to allow free in-diffusion of substrate molecules to the
entrapped enzyme and out-diffusion of product molecules;
having the final desired architecture in which the enzyme
molecules reside within the gold matrix in porous metallic
cages, on one hand, accessible to reaction and on the other
hand, without being washed away into the solution; and
avoiding phase separation resulting in separate metallic gold
and the enzyme in solution. Addressing all of these issues
required careful tailoring of all of the reaction parameters, until
an optimal general procedure has been identified. The param-
eters included the reducing agent, the buffers, the pH, the
concentrations and gold loading, and the time duration of the
reactions. For instance, potassium phosphate buffer, which is
commonly used for the Lac assay, stabilized the gold nano-
crystallites which are formed in the reduction process, and
hampered the matrix formation (see Experimental details for
the optimal buffers). As for loading, using too much enzyme
resulted in only partial entrapment, while the addition of too
little enzyme resulted in a composite that was less active than
optimal. An example of a reducing agent that had to be dis-
carded is sodium hypophosphite which is almost the standard
reducing agent in molecular entrapments in metals,**** because
of the too-low pH induced by its oxidized form, phosphoric acid.
A good reducing agent was found to be metallic zinc, a metal
that is not only bio-friendly, but also an integral component in
many metallo-enzymes.” The sequence of reactions of the
entrapment process involves, first, a hydrolysis equilibrium of
the gold salt upon its dissolution

This journal is © The Royal Society of Chemistry 2020
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AuCl,” + 2H,0 = AuCLOH™ + H;0" + Cl, (1)
followed then by formation of metallic gold by Zn reduction
according to

2AuCl,” + 3Zng, — 2Au + 3Zn*" + 8CI™ (2)

and
2AuCl30H™ + 3Zng) — 2Aug, + 27Zn%" + Zn(OH), + 6CI". (3)

Addition of sodium hydroxide solution to the entrapment
mixture was crucial, because it was found that under the acidic
conditions formed upon the hydrolysis (eqn (1), pH ~ 2 (ref. 50
and 51)), entrapment does not occur.

The mechanism of entrapment is the following (Scheme 2):
at time zero — mixing of the components - the anionic AuCl;-
OH™ forms an adsorption equilibrium with the positively
charged amino acids residues on the outer surface of the
protein (namely lysine, arginine and histidine). The reducing
agent is then acting both on the dissolved and the adsorbed
gold ions, which are in very large excess over the protein. The
former produces gold nanoparticles in the solution and the
adsorbed ones are converted to gold atoms, some of which leave

View Article Online
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the protein and contribute to the growth of the gold nano-
crystals in solution which continue to precipitate and thus
entrap, while others form growth nuclei of gold on the protein
surface. Continued reduction and formation of the gold nano-
crystallites is followed by their aggregation, while adsorption-
desorption of the enzyme molecules on the forming gold takes
place in parallel, not only through the well-known thiol-gold
bonding, but also interactions between amines and carboxylate
groups on the surface of the proteins (Scheme 1 and Fig. S31) -
and the gold.”>*® Entrapment occurs if the residence time of the
adsorbed protein molecules on the surface of the formed gold,
is longer than the reduction-aggregation process which forms
additional gold nanoparticles. If these are the conditions, then
the forming gold nanocrystallites capture the adsorbed enzyme
molecules, forming nanocages which surround them all
around, while developing to the 3D porous gold structure of
metallic gold laced with enzyme molecules.

It is crucial to highlight the difference between adsorption or
covalent bonding - two-dimensional processes (Scheme 2,
bottom) - and entrapment, a three-dimensional process.
Adsorption of proteins occurs through specific sites on the
surface of the protein, where the energy gain of interaction
between the relevant amino acid residues and the surface is
maximal. Since adsorption is an equilibrium process, that

Metal complex Reducing
Enzyme
anion agent ﬁ Y
®Au atom EnZyme Enzyme * Au atom w

l

i

Vau crystallite ~ _€NzZyme, Fpzyme* Au crystallit&w

>
<T

Entrapped
enzyme

Scheme 2 The mechanism of entrapment — see text for details. Bottom: 2D adsorption, a completely different architecture compared with the

3D entrapment.
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interaction does not occur upon first collision between the
protein and the surface, but dynamic adsorption/desorption
takes place and the longest residence time on the surface is
that of the maximal energy gain. In covalent anchoring the
protein is placed at distance from the surface through the
specific anchoring points, and if the spacer is flexible enough,
the protein can sway and touch the surface. 3D encaging of the
type described here, is very different: the protein is in contact
with the metal all around its surface. Amino acid residues which
are capable of interaction with gold abound everywhere on the
protein surface with a variety of amino acid side chains (Scheme
1, top) and the protein is therefore in contact with the metallic
cage all around it. As is evident from the results below, while the
entrance to some of the actives sites of the entrapped enzyme
molecules maybe blocked by this process, most remain acces-
sible to reaction by being open to the pore network. The
difference between 2D immobilization and 3D immobilization
shows also in other properties: first, adsorbed proteins are
easily washed away by solvents, while the entrapped enzymes do
not leach out. Second, while in 2D architectures most the
enzyme molecule is still exposed to the surrounding environ-
ment and therefore is sensitive to denaturing processes, the 3D
caging enhances the stability to harsh chemicals and to heat, as
we shall see below.

Properties of the gold biomaterials

HR-SEM imaging (GOx@Au - Fig. 1a; see more images in
Fig. S4, ESIt) reveals that the resulting materials are hierarchi-
cally porous, built from elementary nanocrystals of gold. The
average particle size of the gold nanocrystallites is influenced by
the specific interactions of the outer surface of the protein with
the growing gold particle. The smallest was found for collage-
nase - 8 nm - and the largest for laccase - 45 nm (Table S1,
ESIY), as determined from the XRD analyses (Fig. 1b and S51) by
applying Scherrer's equation. As also seen in Fig. 1b, the typical
fec crystal packing of gold is retained upon entrapment. The
porosity is nicely revealed by the N, adsorption-desorption
isotherms of GOx@Au (Fig. 1c¢) which fit a Type II classification™*
isotherm, with a slight hysteresis at the higher pressures. Such
isotherms are indicative of a wide pore size distribution, from
nanopores (the sharp rise at the lower pressures) to meso- and
macropores (the shape and hysteresis at the higher pressures).
This is indeed seen in the pore size distribution in Fig. 1d: the
population of pores is of wide distribution which originates
from the aggregation of the metal nanocrystals creating inter-
stitial pores and cages within which the enzymes are entrapped.
The reproducibility of these parameters is around 10-12%. That
wide distribution - from nanopores to tens of nm pores -
assures, on one hand the efficient encaging of the enzymes, and
on the other hand the needed routes which lead the substrate
molecules to the active site, and the product molecules out to
the surrounding solution. Fig. 1e - the BET analysis of the
adsorption isotherm - provides more structural information:
first, it shows an excellent compliance with the BET model (R =
0.999). The BET equation is known to be sensitive to chemical
and geometrical heterogeneities and when these occur, then the
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basic equation is not obeyed, and instead one needs to resort,
for instance, to a distribution analysis of local BET isotherms.>*
This would happen if protein aggregates and gold would have
formed different distinct zones (which are not seen by HR
microscopy). The excellent compliance we found, suggests
therefore uniformity. Second, it provides the nitrogen-
accessible surface area, which stands at 30 m* g~ ' (compared
with 23 m> g~ " for pure gold prepared by the same method).
This is an intermediate surface area, which again indicated
a pore-size distribution of wide range. One should take into
account that because of the convoluted geometry of the pores,
the nitrogen surface area is not the surface area which is
accessible to the enzyme substrates - these larger molecules
“experience” a smaller effective surface area. Third, the BET
analysis provides also the C-parameter which relates to the
strength of the interaction with the surface. Here we obtained
evidence for the existence of a dopant with many polar groups
on the protein surface: while the C-parameter of the pure gold is
72 (mainly van-der-Waals N,-Au interactions), for GOx@Au it
reaches 112, that is, the average surface is more polar. More
direct evidence to the existence of the dopant is provided by
EDX analysis (Fig. 1f): it clearly shows the gold matrix with
evidence of the entrapped enzyme (the penetration depth is 200
nm) identified by the carbon, nitrogen and oxygen peaks (see
Fig. S5t for additional EDX spectra).

The enzymatic activities

Following the carefully developed procedure described in the
previous section and in the Experimental details section, the
five enzymes selected for this study - glucose oxidase, collage-
nase, L-asparaginase, horseradish peroxidase and laccase - were
successfully entrapped within gold matrices, biocatalyzing the
reactions shown in Fig. S1 (ESIf). Fig. 2a shows the kinetics
profile of glucose oxidase entrapped within gold (GOx@Au)
confirming that the active site of the encaged enzyme is acces-
sible through the pores network to glucose and oxygen, and that
the hydrogen peroxide freely evolves from the matrix (as
detected by the formation of the o-dianisidine). It is also seen
that the bioactivity is due only to the entrapped enzyme and that
no reaction was detected in the supernatant solution. A second
blank test carried out here and for all other enzymes, was to
make sure that the catalysis is not due to the gold itself, as
indeed shown in the figure (Fig. 2a). Also shown in that figure is
the inherent difference between adsorption and entrapment,
explained in detail in the previous section, leading to very low
activity of the former (about 7% of the entrapped architecture
activity): under similar conditions, the adsorbed enzyme is
largely washed away, while entrapment created the conditions
to have the same amount of enzyme held tight by the gold
without the need for covalent linkers. The activity of the
entrapped enzyme follows the Michaelis-Menten model
(Fig. 2b), providing Viy. and Ky values of 1.81 U mg '
(umol min~! mg™") and 0.47 mM, respectively. The entrapment
results in lower V., and Ky values compared to solution (24.2
U mg '; 21.7) (Fig. S6, ESI{): diffusional effects on Viay and Ky
are a common feature of immobilized enzymes®*>* but this

This journal is © The Royal Society of Chemistry 2020
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(d) The pore size distribution. (e) Compliance of the adsorption branch of (c) with the BET model (R = 0.999) and determination of the C-
constant. (f) EDX analysis. For additional XRD and EDX spectra, see Fig. S5, ESI.+

“cost” is paid for the many other advantages of 3D immobili-
zations, such as our next observation — the enhanced thermal
stability.

As seen in Fig. 2¢, free GOx activity drops to zero at 70 °C in
solution (reflecting its reported irreversible thermal denatur-
ation temperature is ~56 °C*). GOx@Au, on the other hand,
still retains activity at that temperature, and even at 90 °C about
20% of the room temperature activity is observed. We also set
up to test the thermal stability of the dry GOx@Au powder. This
experiment is relevant from two points of view: first, for

This journal is © The Royal Society of Chemistry 2020

evaluating the potential of the entrapment procedure as a long-
term room-temperature storage option, replacing the costly
current procedures of low-temperatures storage; and second,
for evaluating the stability for applications of GOx-gold systems
which require the dry form. It is seen - Fig. 2d - that heating the
powder even to 70 °C, a temperature that scorches the free
enzyme powder, leaves the entrapped enzyme alive; one needs
to heat to as high as 100 °C, in order to kill the entrapped
enzyme (Fig. 2d). The thermal stabilities of GOx@Au in solution
or as a powder comprise a direct proof of the tight 3D cage in

Chem. Sci., 2020, M, 3965-3977 | 3971
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Menten model. (c) The thermal stability of the enzyme entrapped in gold compared to free in solution. (d) The activity after heating the dry

powder of GOx@Au to the indicated temperature.

which the enzyme molecules reside: denaturing processes
usually involve large conformational motions and rearrange-
ments that need ample space and flexibility of the environment
(water; polymeric support; exposure in 2D anchoring) in order
to take place; the tight rigid metallic encompassing cage
dramatically hinders denaturing conformational movements.
Is the developed entrapment procedure general, and is so the
thermal protectability? The next enzyme, collagenase, was
successfully entrapped as well (see Fig. S7a, ESIt), and it was
found that the enhancement of the thermal stability of the of
Col@Au even exceeds that of GOx@Au: the activity of the free
enzyme in solution steadily declines upon heating and is totally
denatured at 70 °C (Fig. 3a). However, when entrapped, its
activity increases with temperature up to 60-70 °C, and even at
90 °C the activity is higher than at 25 °C (Fig. 3a), a behavior
otherwise found only in thermophilic enzymes.® This thermal
stability has suggested that it may be possible to check if the
temperature accelerates the activity in the classical Arrhenius-
type way over a temperatures range. We found that this is
indeed the case: the Arrhenius plot of the entrapped enzyme is
shown in Fig. 3b, and compared to the Arrhenius plot of the free

3972 | Chem. Sci,, 2020, N, 3965-3977

enzyme (Fig. 3c): the derived activation energies Col@Au and
for the free collagenase are 21.5 k] mol™' and 28.9 kJ mol !,
respectively. The decrease in activation energy upon entrap-
ment was expected, as it is well documented that various types
of immobilization cause such a decrease, usually attributed to
conformational changes upon interaction with the support.®* A
large decrease is also observed for the Arrhenius exponential
pre-factor, A, from 149 mM s~ ' of the free enzyme in solution to
10.2 mM s~ ' when entrapped. We recall that 4 is related to the
number of collisions (fruitful or not) per second occurring with
the proper orientation to react: the caging and the diffusional
restrictions in the entrapped case, reduce this number. Dry
powder thermal stability was found in this case as well and is
described in the ESI (Fig. S7bt) - increase of activity with the
treatment temperature was observed, apparently the result of
some porosity opening by coalescence. The dry powder stability
enables safe room temperature handling of the enzyme without
loss of activity: while Col in solution becomes totally inactive
after three days, Col@Au maintained over 90% of its activity.
We return to Col@Au below, but first we show that the
golden cage provides not only protection from -elevated

This journal is © The Royal Society of Chemistry 2020
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temperatures but also from extreme pH. For this purpose, -
asparaginase was taken: this ammonia producing enzyme
(Fig. S17) performs best at pH ~ 8.6, but its activity drops quite
drastically if the ammonia is not removed in an open system,
leading to pH that exceeds 10. Furthermore, the standard
assaying method for asparaginase uses Nessler's reagent that in
itself has the extreme pH of over 13, which, when applied, kills
the enzyme. For this reason, the recommended method* for
obtaining a kinetics plot requires a separate measurement for
each time point in the plot (Fig. S8t). Asparaginase was
successfully entrapped in gold (Fig. 4a), and amazingly, the
Asp@Au turned out to be stable at this extreme pH of the
Nessler reagent, which in solution kills the enzyme within
a blink of an eye. This has allowed - for the first time - obtaining
a continuous kinetic plot of Asp with this analytical method
(Fig. 4a). Shown in the figure are the kinetics in either water
suspension or in the Asp standard buffer solution (initial pH =
8.6, too weak to handle the extreme pH, anyway). Michaelis-
Menten kinetics is obeyed as well - Fig. 4b (initial pH = 8.6) -
with Ky and Vi,ax values of 0.35 mM and 0.56 U mg ™! (compared
t0 0.14 mM and 1.8 U mg™ " in solution (Fig. S7.1 Also seen there

This journal is © The Royal Society of Chemistry 2020

is that there is no enzyme activity in the supernatant solution,
that is, again, all the activity is from the entrapped enzyme)).
What then is the origin of the protectability against the
extreme pH? We believe that it is a combination of two effects:
the first is the above described rigid cage effect that operates
also to enhance the thermal stability, that is, the restricted
ability of conformational movements needed for the denaturing
process. The second one is a more delicate argument, originally
raised to explain pH stability of enzymes entrapped in sol-gel
matrices.' It is based on the often neglected fact that thermo-
dynamic measurables, such as the dissociation constant of
water and the pH scale which is based on it, collapse for very
small assemblies, such as the number of water molecules which
are co-entrapped in the nano-cage with the enzyme (Scheme 1),
and which are part of the protein structure and of the solvation
shell at the interface between the protein surface and the
surface of the gold cage. Here is the argument in a nutshell:
suppose that the external pH is 13, that is, the pOH is 1, namely
[OH™] = 0.1 M, or, 1 hydroxyl in 550 water molecules. Suppose
that the number of co-entrapped water molecules with the
enzyme molecule within the gold cage, is of the same order,

Chem. Sci., 2020, 1, 3965-3977 | 3973
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namely ~500. This means that nominally, after equilibration
between the bulk pH = 13 outside and the inside of the cage,
that inside pH indicates only one or two hydroxyl ions per
protein molecule per cage; the protein has absolutely no diffi-
culty to take care of it by neutralizing these one or two hydroxyl
ions with surface amino acids that have a carboxylic acid side
chain. In solution or in 2D anchoring, the situation is totally
different - here pH 13 means an Avogadro number of hydroxyls
bombarding the protein from all sides.

The next enzyme that was successfully entrapped is horse-
radish peroxidase (HRP), Fig. 5a, adding to the proof of the
generality of the developed method. One of the more common
applications of HRP is its utilization in the assay of GOx activity
(Fig. S27), as indeed was practiced in the GOx@Au analyses
described above. It is only natural then to test the possibility of
using HRP@Au for that purpose®* (see Experimental details) —
and yes, as seen in Fig. 5a, the activity of GOx@Au was detected
by HRP@Au, by mixing the two doped gold biocomposites. One
can envision therefore a library of enzymes@Au on the shelf,
designing a network of enzymatic reactions at will.

Only one of the enzymes we have tested - laccase (Lac) -
required a modification of the entrapment procedure, because
it appeared that the conformational changes induced in that
enzyme upon direct entrapment, denatured it. However, since
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our purpose in this study has been to provide general solutions
towards the preparation of enzymes@Au, we set up to design
further conditions for such cases. The approach here was based
on earlier observations we made regarding entrapped enzymes
in sol-gel matrices,"** where we found that co-entrapping the
enzyme with a surfactant, protects it quite efficiently. The
isoelectric point of laccase is lower than 7,% that is, in a neutral
environment its surface is negatively charged. Therefore, the
use of a cationic surfactant, such as cetyltrimethylammonium
bromide (CTAB) would provide the desired protection. Indeed,
under these conditions, Lac@Au is active (Fig. 5b).

Last but not least, for practical purposes, the question of
recyclability is of relevance, and this was tested for Col@Au and
for Lac@Au. It is seen for Col@Au (Fig. 6a) that after an increase
in activity in cycles 2 and 3, the system stabilizes around 140%
of the initial activity. This is a known observation in catalysts
entrapped within porous matrices (such as in doped sol-gel
catalysts),** and has been attributed to equilibration of the
material pore system and the cages which hold the (bio)catalyst
molecules due to the first reaction and recycling manipulations;
these apparently result in some widening of pores and in
further removing of pore-blocking residues (no activity is
observed in the supernatant) (Fig. S7atf). In any event, the
overall picture of this test is stability for at least 8 cycles, which
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with CTAB. Inset: the formation of the product oxidative product (ESI Fig. S11); Lac@Au is seen at the bottom of the cell.
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is an encouraging start for enzyme-gold devices designs.
Lac@Au shows a similar pattern (Fig. 6b): increase of activity
after the first cycle, and then activity of around 80% up to cycle
8.

In conclusion, we present a general methodology for the 3D
entrapment of enzymes in gold. It represents a new approach to
the heterogenization of enzymes with metallic supports, which
so far has been carried out by surface 2D anchoring methods.
Five distinctly different enzymes were successfully entrapped
within gold, with which various aspects of the enzymatic activity
have been tested. Compliance with the Michaelis-Menten
kinetics and with Arrhenius activation energy analysis, thermal
stability, protectability against harsh chemical conditions, good
recyclability and more, were all found for the enzymes@gold.
The new enzyme immobilization method is of wide potential
uses in medicine, biotechnology, bio-fuel cells and enzymatic
(electro)sensing applications.
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