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Rapid Flow-Through Biocatalysis with High Surface
Area, Enzyme-Loaded Carbon and Gold-Bearing Diatom

Frustule Replicas

Stan C. Davis, Vonda C. Sheppard , Gousia Begum, Ye Cai, Yunnan Fang,

John D. Berrigan, Nils Kroger,* and Kenneth H. Sandhage*

Hierarchically-porous, rigid inorganic structures have attracted appreciable
interest in a wide range of applications, including catalysis, filtration, sensing,
and energy storage/harvesting. Naturally-occurring, hierarchically-porous,
rigid assemblies with a wide range of three-dimensional (3D) structures are
generated by diatoms (photosynthetic aquatic microorganisms); that is, each
of the tens of thousands of diatom species forms a macro-to-mesoporous,
silica-bearing cell wall (frustule) with a particular, highly-reproducible 3D mor-
phology. We have recently demonstrated that such intricate biosilica struc-
tures can be converted, without loss of 3D morphology, into high surface area
(>1300 m?/g) macro-to-microporous carbon. Here we demonstrate, for the
first time, how the chemical tailoring of such hierarchically-porous, carbon-
converted, 3D biogenic structures can result in a high degree of enzyme
loading for rapid flow-through catalysis. Two approaches have been devel-
oped for enriching such structures with carboxylic acid groups: i) dendritic
amplification of partially-oxidized C replicas, and ii) electrochemical Au depo-
sition followed by self-assembly of a carboxylic acid-bearing surface layer. The
terminal carboxylic acid groups were then used for electrostatic attachment of
a protamine (PA) modified derivative of the model enzyme, glucose oxidase
(GOx-PA). In a flow-through system, the GOx-PA-loaded, diatom-derived
microscale structures displayed a glucose consumption rate more than

80% faster than for GOx-PA-loaded C black and Au nanoparticles. The rapid
flow-through catalysis of the carbon and gold-bearing frustule replicas was
enabled by the open 3D morphology of the starting diatom silica templates,
along with the enhanced surface area and high enzyme loading resulting from
the chemical conversion and surface functionalization processes.

1. Introduction

Functional enzymes immobilized on solid
supports are utilized in a wide range of
applications, including environmental
sensing,[¥ medical diagnostics,'™ organic
syntheses,'“d and energy harvesting.['*™!
Porous, high surface area materials
are particularly desired as enzyme sup-
ports for providing high binding capaci-
ties for the enzymes and, in some cases,
protecting enzyme molecules located
inside the pores from thermal denatura-
tion (e.g., from temperature fluctuations)
or (bio)chemical degradation (e.g., by
microbes).l2l Commonly-used porous sup-
port materials for enzyme immobilization
include silica,??"3 carbon,l'* 4 gold, P!
and combinations of these materials.!%]
Hierarchically-porous materials can
be particularly advantageous as enzyme
supports in flow-through reactors, with
large macropores (>50 nm diameter) ena-
bling rapid fluid transport and smaller
mesopores (2-50 nm diameter) providing
a high specific surface area for enzyme
loading.”l A wide variety of naturally-
occurring, hierarchically-patterned, three-
dimensional (3D) structures are gener-
ated by diatoms (single-celled, photosyn-
thetic aquatic algae). Each of the tens
of thousands of diatom species forms a

Dr. S. C. Davis, Dr. Y. Cai, Dr. Y. Fang, Dr. . D. Berrigan,

Prof. N. Kréger, Prof. K. H. Sandhage

School of Materials Science and Engineering

Georgia Institute of Technology

Atlanta, GA 30332, USA

E-mail: kroeger@bcube-dresden.de; ken.sandhage@mse.gatech.edu
Dr. V. Sheppard

Metrics, Inc

Greenville, NC 27834, USA

Dr.J. D. Berrigan

Prof. N. Kréger

Dr. V. Sheppard, Dr. G. Begum, Prof. N. Kroger,
Prof. K. H. Sandhage

School of Chemistry and Biochemistry
Georgia Institute of Technology

Atlanta, GA 30332, USA

Soft Matter Materials Branch (RXAS)
Air Force Research Laboratory
Wright-Patterson Air Force Base, OH 45433, USA

ZIK B CUBE and Department of Chemistry and Food Chemistry
Dresden Institute of Technology (TU Dresden)

DOI: 10.1002/adfm.201203758

Adv. Funct. Mater. 2013, 23, 4611-4620

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

01307 Dresden, Germany

wileyonlinelibrary.com

dadvd T1Tind


http://doi.wiley.com/10.1002/adfm.201203758

-
™
s
[
-l
wd
=
™

Mk ¢

macro-to-mesoporous  silica microshell (frustule) with a par-
ticular (species-specific) 3D morphology.l®! Diatom frustules are
abundant and readily available at low cost as diatomaceous earth.
While the hollow, macroporous nature of diatomaceous earth
could yield powder compacts exhibiting low pressure drops in
a flow-through reactor, the typical values of specific surface area
and specific mesopore volume of diatomaceous earth (<10! m?
g! and <0.01 cm? g}, respectively) are rather modest for use in
enzyme adsorption. In addition, the poor electrical conductivity
of diatom silica inhibits the use of this material for electrode
applications (e.g., in biofuel cells or amperometric sensors).

The inorganic chemistry and properties of diatom silica may
be altered over a wide range, without loss of the hollow, 3D
frustule morphology through the use of gas/solid displacement
reactions,”) conformal coatings,!% or both.''] Recent work by
some of the co-authors has shown that diatomaceous earth may
be converted into high surface area (>1300 m? g~!) carbon rep-
licas with high specific mesopore and micropore volumes.8!
Here we explore, for the first time, the utility of such highly-
porous, hollow carbon microparticles as enzyme supports
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for flow-through catalysis. Electrochemical conversion of the
carbon frustule replicas into porous gold-bearing replicas is also
examined. Approaches for functionalizing such open, hierarchi-
cally-porous carbon and gold-bearing microparticles are evalu-
ated to allow for a high degree of loading of the model enzyme,
glucose oxidase (GOx). The rates of glucose consumption
through powder beds of these enzyme-bearing, frustule-shaped
carbon and gold-bearing microparticles are then compared to
enzyme-bearing commercially-available carbon black and gold
nanoparticles via use of an in-line, flow-through system.

2. Results and Discussion

2.1. Functionalization of High Surface Area Carbon Replicas
of Diatom Frustules

A secondary electron (SE) image of a starting silica-based frus-
tule of the diatom Aulacoseira (obtained as diatomaceous earth)
is shown in Figure 1 a. These frustules possessed a hollow,
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Figure 1. Structural analyses of diatom silica and diatom-derived carbon and gold-bearing replicas. SE images of: a) an Aulacoseira silica diatom frustule
obtained as diatomaceous earth (dSiO,), b) a carbon frustule replica after a 48 h treatment with HNO; (dCo,), and c) a gold-bearing frustule replica
(dAAS). d) Glancing angle XRD analyses of dCp, and dAAS specimens. e) EDX analysis of a dCo, specimen. f) EDX analysis of a dAAS specimen (note:
the Al peak was associated with the specimen support).
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Figure 2. FTIR analyses of diatom frustule replicas. a) Spectra obtained
from dC, dCo,, and dCoopmp SPecimens. b) Spectra obtained from dAAS
and dAAS),pa specimens.
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cylindrical geometry with open ends containing a protruding rim
and with rows of fine pores running parallel to the long frustule
axis. A series of gas/solid reactions was used to convert these
silica frustules into highly-porous carbon replicas, according to a
previously-published method.”! In short, the silica was first con-
verted, via magnesiothermic reduction at 900 °C, into an inter-
penetrating two-phase composite of magnesia and silicon.%*¢
After selective magnesia dissolution, the resulting porous silicon
replicas!®fl were exposed to methane at 950 °C and then thermally
treated at a peak temperature of 1200 °C to allow for conversion
into silicon carbide. Finally, the silicon was selectively removed
from silicon carbide, via selective reaction with chlorine at
950 °C, to yield carbon replicas (as confirmed by XRD and EDX
analyses of the types shown in Figures 1d and e, respectively).8!
Fourier transform infrared (FTIR) analysis (Figure 2a) of the
carbon-converted frustules (referred to herein as dC specimens)
revealed an absorption band at 1585 cm™, which was consistent
with C=C stretching vibrations associated with sphybridized
amorphous carbon.'?? As shown in Table 1, the carbon-
converted frustules possessed values of specific surface area
(SSA) and specific mesopore volume, for 2-50 nm diameter pores
(SMeV(2-50)) and for 22-50 nm diameter pores (SMeV(22-50)),
that were more than two orders of magnitude higher than for the
starting silica frustules (dSiO, specimens). Furthermore, unlike
the dSiO, specimens, the dC specimens possessed appreciable
microporosity (Supporting Information Table S1 and Figure S1).
To allow for comparisons of enzyme loading and catalytic activity
relative to these carbon frustule replicas, Vulcan XC-72R carbon
black microparticles (4.9 um average diameter) were also utilized
in this work (VC specimens).

To enable electrostatic binding of enzymes with net posi-
tive charges (see below), the introduction of negative charges
to carbon frustule replicas was examined via oxidation in an
aqueous 2.6 M nitric acid solution at 75 °C for varied times.!
An increase in the nitric acid exposure time from 1 to 48 h
resulted in a monotonic increase in the magnitude of the nega-
tive zeta potential of the carbon replica microparticles at pH 7.0
(Supporting Information Table S2). FTIR analyses (Figure 2a)

Table 1. Specific values of surface area, mesopore volume, enzyme loading, and catalytic activities of diatom silica, diatom-derived replicas, and refer-
ence particles. The amount of GOx-PA enzyme bound to the supports was determined via enzyme activity. One unit (1 U) of GOx-PA activity corre-
sponded to 1 umol glucose consumed per minute. SSA: specific surface area, SMeV(2-50): specific mesopore volume for pores 2-50 nm in diameter,
SMeV(22-50): specific mesopore volume for pores 22-50 nm in diameter, n.d.: not determined, and b.d.I.: below detection limit.

Sample SSA SMeV (2-50) SMeV (22-50) Enzyme Loading Specific Activity
[m%e™] [em3g™] [em3g™] [1073 g enzyme g™' support] [1073 Ug™' GOx-PA]
dsio, 1.72 0.005 5.91x 107 1.9 56.0
dc 1330 1.530 0.120 n.d. n.d
dCo, 793 1.160 0.0835 34.6 n.d
dCoamp 180 0.307 0.0189 63.7 51.3
dConmp 93.8 0.084 6.05% 107 55.5 n.d
vC 227 0.413 0.101 n.d n.d
VCo, 63.6 0.037 2.29%x1073 12.3 253
dAAS 127 0.206 7.97x1073 0.7 n.d
dAAS,pp 64.2 0.052 1.90x 1073 15.7 493
AuNPypn 117 b.d.l. 1.20x10° 10.1 20.7
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Scheme 1. lllustration of the reaction sequence used for the dendritic amplification of carbox-

ylic acid groups on the surfaces of dCq, microparticles.

revealed the absence and presence of the C=0 stretching vibra-
tion (at 1719 cm™!) before and after the 48 h nitric acid treat-
ment, respectively, which was consistent with oxidation-
induced generation of surface carboxylate anions. After the 48 h
nitric acid treatment, the carbon frustule replicas (dCo, speci-
mens) retained the Aulacoseira frustule morphology (Figure 1b),
whereas nitric acid exposure for 72 h resulted in oxidative
disintegration of the frustule structure (Supporting Informa-
tion Figure S2). Hence, for subsequent experiments, nitric
acid treatments were limited to 48 h. To introduce carboxylate
groups onto the VC specimens, nitric acid treatment was also
limited to 48 h (VCop, specimens).

To further increase the surface density of carboxylate anions,
while avoiding oxidative destruction of the frustule 3D mor-
phology, the binding of additional carboxylate groups to the dCo,
microparticles was examined via the dendritic amplification
protocol illustrated in Scheme 1.1 The carboxylate groups on
the dCq, microparticles were activated for reaction with amines
through exposure to a buffered (pH 5.9) solution of 1-ethyl-3-
(3Dimethylaminopropyl) carbodiimide (EDC) and sulfo-N-
hydroxysuccinimide (SNHS).['*3 The microparticles were then
allowed to react with a polyamine, tris(2-aminoethyl)amine

C c C
a HN a a
S A ||/ % N
b —C, H,N b —C b —C,
\ ———- \ —
(o] o HN (o]
n Step 1 n /LNHZ Step2 |,
H,N

= dipentaerythritol penta/hexa-acrylate
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(TAEA), to generate two primary amines at
the site of each reacted surface carboxyl group
(Scheme 1, step 1). These primary amines
0 were then allowed to undergo a Michael addi-
tion reaction with a polyacrylate monomer,
dipentaerythritol penta/hexa-acrylate, so as
to generate up to 5 pendant acrylate groups
per reacted primary amine (Scheme 1, step
2). The available acrylate groups were then
exposed to an amino-terminated polyacrylic
acid to introduce, via Michael addition, up
to 32 new carboxyl groups for each reacted
acrylate group (Scheme 1, step 3). The zeta
potential value of HNOjs-treated carbon frus-
tule replicas that underwent this amplifica-
tion treatment (dCoxamp Specimens) was
more negative than for the dCq, specimens
(-31.1 mV vs. -23.0 mV at pH 7.0), which
was consistent with increased loading of car-
boxylate anions by the amplification treat-
ment. In an attempt to obtain an even higher
density of surface carboxylate groups, dCoy
microparticles were subjected twice to the
dendritic amplification steps 1 and 2 (Scheme
1), followed by step 3 (dCoxamp Specimens).
FTIR analyses (Figure 2a) of dCoyamp Speci-
mens revealed an absorption band at 1719
cm™!, which was consistent with the C=0
stretching vibration of carboxylic acids. Addi-
tional absorption bands in the FTIR spectrum
demonstrated the presence of functional
groups associated with the reacted polyam-
ines and polyacrylates used in the amplifica-
tion process (see also Supporting Information
Figure S4a and Table S3).1122]

In order to determine the effects of the
nitric acid and dendritic amplification treat-
ments on the surface area and mesopore volumes of the carbon
frustule replicas, nitrogen adsorption analyses were conducted
after each step (Table 1, Supporting Information Table S1).
The 48 h HNOj; treatment (dCo, specimens) led to signifi-
cant decreases in SSA, SMeV(2-50), SMeV(22-50), and SMiV
relative to the dC specimens. The enrichment of carboxylate
groups on the dCo, specimens after a single amplification cycle
(dCoxiamp specimens) resulted in further decreases in SSA,
SMeV(2-50), and SMeV(22-50) (Table 1). Additional reductions
in SSA, SMeV(2-50), and SMeV(22-50) were observed with
the binding of carboxyl groups via two dendritic amplification
cycles (dCoyaamp Specimens). Nonetheless, the dCouamp and
dCoxamp specimens still possessed appreciably larger values of
SSA, SMeV(2-50), and SMeV(22-50) (by 47-180%, 130-730%,
and 160-730%, respectively) than the VCp, specimens.

2.2. High Surface Area, Functionalized Gold-Bearing Replicas
of Diatom Frustules

Gold has also been utilized by several authors as a conductive
template for enzyme immobilization.’! While the conversion

Adv. Funct. Mater. 2013, 23, 4611-4620
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of silica diatom microshells into freestanding gold-bearing rep-
licas has been previously reported by a few authors, the spe-
cific surface areas of such frustule-shaped microparticles were
modest (e.g., <10.1 m? g™).%] To investigate whether gold-
bearing frustule replicas with much higher SSA values could
be synthesized, an electrochemical deposition/reaction process
was examined for converting the high SSA carbon frustule rep-
licas into gold.

dCo, specimens were sensitized for electroless deposition via
exposure to an acidic solution of tin(II) chloride.l'®! The speci-
mens were then exposed to a basic solution of silver nitrate for
15 min to allow for electroless silver deposition. After washing,
the specimens were pyrolyzed in air at 300 °C to remove the
underlying carbon template, which was confirmed by ther-
mogravimetric analysis (Supporting Information Figure S3).
The silver-bearing frustule replicas were then exposed to an
aqueous solution of chloroauric acid at 100 °C for 10 min to
allow for the deposition of gold via the following displacement
reaction!!):

3Ag(s) + HAuCly(aq) = > Au(s) + 3AgCl(aq) + HCl(aq) (1)

X-ray fluorescence (XRF) analysis indicated that the resulting
replicas were comprised of 37.9 wt% gold, 14.1 wt% silver, and
48.0 wt% tin (metals basis), which corresponded to 16.3 vol%
gold, 11.0 vol% silver, and 72.7 vol% tin oxide (SnO,).'¥ Energy
dispersive X-ray (EDX) analysis of these frustule replicas also
revealed the presence of substantial amounts of tin and oxygen,
along with gold and silver (Figure 1f). SE images revealed that
the morphologies of these frustule replicas (dAAS specimens,
where AAS refers to Au, Ag, and SnO,) were similar to that of
the starting silica frustules (Figures 1a and c). Exposure of the
silver-bearing specimens to the chloroauric acid solution for a
longer time of 30 min, to allow for more complete replacement
of the silver with gold, resulted in the formation of appreci-
able gaps in the frustule structure. (Note: the exchange of three
silver atoms for one gold atom by reaction (1) results in 67%
loss in solid volume.)!'8! X-ray diffraction (XRD) analysis of the
dAAS microparticles (Figure 1d) revealed only diffraction peaks
consistent with Au and Ag. Scherrer analysis of these diffrac-
tion peaks yielded an average crystal size of 35 nm.

A Dright field transmission electron (TE) image of an
ion-milled cross-section of a dAAS specimen is shown in
Figure 3a. The former frustule wall was comprised of fine
particles (=30-150 nm diameter) dispersed in a matrix phase,
with a higher concentration of such particles located at the
outer surface. Selected area electron diffraction (SAED) anal-
ysis (Figure 3b) revealed the presence of Au and/or Ag along
with crystalline SnO,. EDX analyses (Supporting Information
Figure S5) indicated that the particles were rich in gold and
silver, whereas the matrix phase was rich in tin and oxygen.
High resolution TE analysis (Figure 3c) revealed lattice fringes
for the fine particles with spacings consistent with Ag or Au,
and lattice fringes for crystals in the matrix with spacings
consistent with SnO,. Although some crystalline tin oxide
was detected by SAED analysis, the absence of detectable dif-
fraction peaks by XRD analysis (Figure 1d) indicated that
the matrix was largely comprised of amorphous tin oxide.
Nitrogen adsorption analysis (Table 1) indicated that the dAAS

Adv. Funct. Mater. 2013, 23, 4611-4620
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Figure 3. TE analysis of an ion-milled cross-section of a dAAS specimen.
a) Bright-field TE image. b) SAED analysis. c) High resolution TE image.

specimens possessed a SSA of 127 m? g1, which was an order
of magnitude higher than has previously been reported for
gold-bearing frustule replicas.['>

To enable enzyme loading via electrostatic interactions, the
surfaces of the dAAS specimens were exposed to an ethanolic
solution of 3-mercaptopropionic acid (MPA), to allow for the
formation of a self-assembled MPA layer displaying pendant
carboxylic acid groups.!'l The absence of a characteristic S-H
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stretching absorption band (at 2573 cm™) and the presence of
a C=0 stretching absorption (at 1704 cm™) in the FTIR anal-
ysis (Figure 2b and Supporting Information Figure S4b) were
consistent with the formation of gold-thiolate bonds and the
presence of carboxylic acid groups, respectively, on the MPA-
treated gold-bearing frustule replicas (dAASyp, specimens).[12c]
The presence of the MPA layer on the dAASy;ps specimens
resulted in reductions in the SSA, SMeV(2-50), and SMeV(22—
50) values relative to the dAAS specimens (Table 1). To enable
comparisons of enzyme loading and catalytic activity relative to
these gold-bearing frustules-shaped templates, commercial gold
nanoparticles (AuNP specimens, 50-100 nm diameter) were
also functionalized with MPA (AuNPyps specimens) using the
same method as for the gold-bearing frustule replicas.

2.3. Enzyme Immobilization on Functionalized Carbon
and Gold-Bearing Diatom Frustule Replicas

Glucose oxidase (GOx), a 128 kDa homodimer from the fungus
Aspergillus niger, was chosen as a model enzyme to evaluate
the efficacy of dSiO;, dCoyamp: VCox dAASyps, and AuNPyps
specimens as supports for enzyme immobilization. GOx pos-
sesses a highly negative net charge at neutral pH (isoelectric
point = 4.2)2% and, thus, should be electrostatically repelled
from the negatively-charged surfaces of the above specimens.
Indeed, only small amounts of GOx were found to bind to these
specimens (Supporting Information Table S1). It has previ-
ously been shown that GOx adopts a positive charge at neu-
tral pH after chemical cross-linking with protamine (PA),2!
a natural polycationic peptide harvested from fish sperm (pri-
mary sequence: *H;N-ARRRRSSSRPIRRRRPRRRTTRRRRA-
GRRRR-CO;). The resulting GOx-PA molecule possesses
a hydrodynamic diameter of 22.4 + 3.7 nm and exhibits the
same specific activity as GOx.2!l One to two orders of magni-
tude greater amounts of GOx-PA than GOx could be loaded
onto dSiO;, dCoxamp: VCox dAASypa, and AuNPyps speci-
mens (Table 1; Supporting Information Table S1 and Figure S6)
which demonstrated the efficacy of the PA moiety for pro-
moting enzyme binding to carboxylated surfaces. The specific

' ' ‘ membranes
peristaltic
pump

glucose
solution

Scheme 2. Schematic illustration of the in-line (flow-through) filtration system used for testing
the rate of glucose consumption catalyzed by GOx-PA-loaded microparticles.

Ny IoN — < sample powder bed

T St <—stainless steel mesh
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values of GOx-PA loading capacity for the silica frustules and
oxidized carbon specimens followed similar trends as for the
values of SSA and SMeV(22-50) (i.e., for pores in the 22-50 nm
range that GOx-PA could access); that is, these values increased
in the order dSiO, < VCoy < dCoy1amp-

The dCoyamp microparticles exhibited the highest spe-
cific enzyme loading capacity for GOx-PA (Table 1), although
this specimen possessed substantially lower values of SSA
and SMeV(22-50) compared to the dCp, specimens. This dis-
crepancy could be explained by the higher apparent density of
negative charges on the surfaces of the dCouamp Specimens
(€ = =31.1 mV) relative to the surfaces of dCp, microparticles
(€ =-23.0 mV); that is, the decrease in SSA and SMeV(22-50)
resulting from the filling of mesopores by the dendritic ampli-
fication process was offset by the increase in density of nega-
tive charges available for electrostatic binding to the positively-
charged GOx-PA molecules. The specific loading capacity
for GOx-PA detected for dCoamp Specimens was noticeably
lower than for dCoyamp Specimens, which was consistent with
further decreases in SSA and SMeV(22-50) resulting from
increased filling of pores with organic moieties upon repeti-
tion of the first two steps of the dendritic amplification process.
The specific loading capacities for GOx-PA were substantially
higher for dCp, and dCoyjamp Specimens than for VCo, speci-
mens (by 180% and 420%, respectively) and for dAASyp, speci-
mens than for AuNPyp, specimens (by 55%), which was con-
sistent with the enhanced and readily-accessible surface areas
resulting from the hollow nature and relatively high mesopore
volumes of the diatom-derived replicas.

2.4. Flow-Through Catalysis by Immobilized GOx-PA

To compare catalytic performances in a “flow-through”
system, each type of GOx-PA-bearing template was incorpo-
rated as a powder bed (0.2 mL) into an inline filtration appa-
ratus (Scheme 2). A circulating stream of substrate solution
was then pumped through the powder bed at a constant rate
(10 mL min™!). Small aliquots of the substrate solution were
withdrawn periodically to evaluate the remaining glucose con-
tent as a function of time. A steady decline
in the glucose concentration was observed as
a function of time (Figure 4a) for all support
materials (dSiO;, dCoxiamps VCox dAASypa,
and AuNPyp,) containing immobilized GOx-
PA. No glucose loss was detected from the
substrate solution when the same support
materials were tested without the attached
enzyme. Within the first 15 min, an approxi-
mately constant rate of decline in glucose
concentration was observed for each sample
tested (Figure 4b). This initial rate of glucose
consumption was highest for GOx-PA immo-
bilized on dCoyamp and dAASyps micropar-
ticles, and lowest for GOx-PA immobilized
on AuNPyp, and dSiO, microparticles, while
VCox specimens exhibited an interme-
diate glucose consumption rate (Figure 4b).
This trend was largely consistent with the

Adv. Funct. Mater. 2013, 23, 4611-4620
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Figure 4. Glucose consumption as a function of time during flow-
through catalysis with GOx-PA-bearing supports. GOx-PA was immobi-
lized on diatom silica (dSiO,), frustule-derived microparticles (dCouamp,
dAASipp), and reference particles (AuNPypa, VCo,). Each data point rep-
resents the average of six measurements. The data plotted in (b) were
obtained for only the first 15 min of flow-through catalysis shown in a),
and the associated rate constants for each type of support are presented
in (b) for this apparent linear regime of glucose consumption.

differences in the specific enzyme capacity of the specimens
(Table 1). The only exception was for dSiO, specimens, which
exhibited almost the same initial glucose consumption rate as
for AuNPyp, specimens despite a 5.3-fold lower value of spe-
cific enzyme loading capacity.

To assess the catalytic performance of the various enzyme-
bearing specimens independent of their specific enzyme
capacity, the initial glucose consumption rates were normal-
ized to the amounts of immobilized GOx-PA (Table 1). This
yielded specific catalytic activities which were direct measure-
ments of the average catalytic efficacy of GOx-PA molecules
immobilized on a given solid support. Remarkably, the three
samples with diatom-derived microparticle morphologies
(dSiO,, dCoxiamp and dAASyp,) exhibited similar specific
catalytic activities (49.3-56.0 x 1073 Ug™) that were 95-170%
higher than the specific catalytic activities of the enzyme-
loaded specimens derived from commercially-available sup-
port materials (20.7-25.3 x 1073 Ug™!). This result indicated
that diatom silica and the diatom-derived replicas strongly

Adv. Funct. Mater. 2013, 23, 4611-4620

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

promoted the interaction of the immobilized enzyme, GOx-
PA, with the substrate, glucose, relative to conventional
enzyme support materials.

3. Conclusions

The present work demonstrates the attractive properties of
diatom-derived carbon and gold-bearing replica microparticles
as support materials for enzyme immobilization. Upon shape-
preserving inorganic conversion and appropriate surface func-
tionalization (to allow for relatively high enzyme loading), the
flow-through catalytic activities of the GOx-PA-bound carbon
and gold-bearing frustule replicas were noticeably enhanced rel-
ative to the starting silica frustules and to conventional enzyme
support materials. Furthermore, after normalization with
respect to the amount of enzyme loading, the specific enzyme
activities of all of the GOx-PA-bearing frustule-shaped supports
(diatom silica, diatom-derived carbon and gold-bearing replicas)
were similar and reproducibly higher than for conventional
enzyme supports that lacked the frustule morphology.

To our knowledge, this is the first demonstration of the cou-
pling of the architecture of a 3D bio-inorganic template with
shape-preserving inorganic conversion and surface molecular
tailoring to enhance the flow-through catalytic activity of an
immobilized enzyme. The silica transformation and surface
functionalization approaches developed in this work may be
applied to a variety of synthetic or other biogenic silica tem-
plates. Indeed, the wide variety of hierarchical pore structures
available in diatom frustules and other bio-silica templates
provide a rich palette of morphologies to interrogate for use
of such chemical modification for further enhancements of
enzyme loading and specific flow-through catalytic activity. This
general chemical modification and molecular tailoring strategy
may also be used to immobilize other functional enzymes for
energy harvesting, fluid purification, sensing, (bio)chemical
syntheses, or other applications.

4. Experimental Section

Chemicals: Milli-Q purified water (resistivity 18.2 MQ cm)
was used for all solutions and washing steps. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide ~ (EDC), sodium hydroxide,
tris(hydroxymethyl)aminomethane, and tin(ll) chloride were
purchased from Alfa Aesar (Ward Hill, MA). Glucose oxidase
(100 U/mg solid) from Aspergillus niger, protamine sulfate from
salmon sperm, 3-mercaptopropionic acid (MPA), potassium
bromide, sulfo-N-hydroxysuccinimide (SNHS), 2-mercaptoethanol,
tris(2-aminoethyl)amine  (TAEA), dipentaerythritol penta/hexa-
acrylate, and HAuCl, were purchased from Aldrich (St. Louis,
MO). Nitric acid, methanol, ethanol, and hydrochloric acid were
purchased from VWR (West Chester, PA). Dibasic and monobasic
sodium phosphate were purchased from Amresco (Solon, OH).
2-(N-morpholino)ethanesulfonic acid (MES) was purchased from
J.T. Baker (Phillipsburg, NJ). Trifluoroacetic acid was purchased from
American Bioanalytical (Natick, MA). Silver nitrate was purchased
from Mallinckrodt (Paris, KY). Ammonium hydroxide was purchased
from Fisher Scientific (Fair Lawn, NJ). Amino-terminated polyacrylic
acid (P5839A-AANH2) was purchased from Polymer Source, Inc.
(Montreal, Quebec). Bis[sulfosuccinimidyl] suberate (BS®) was
purchased from Thermo Scientific (Rockford, IL)
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Surface Modification of Carbon Diatom Frustule Replicas: Carbon diatom
replicas (dC) were fabricated using a previously-reported method.?8 To
introduce surface carboxyl groups, the carbon-converted replicas (100
mg) were suspended in an aqueous HNOj; solution (250 mL, 2.6 M)
and refluxed at 75 °C for 1-48 h. After this treatment, the carbon replicas
were washed by 5 min of centrifugation (4260 g) with deionized water
(three times), and then methanol (twice), followed by drying overnight
at 60 °C.

To amplify surface carboxyl groups on carbon frustule replicas that
had been exposed to the nitric acid treatment for 48 h (dCq, specimens),
the dried replicas (5 mg) were suspended in an aqueous solution of
MES-NaOH buffer (5 mL, 100 mM, pH 5.85) with EDC (4 mg) and
SNHS (12 mg) for 2 h. At the end of the treatment, 3-mercaptoethanol
(14 pL) was introduced into the suspension which was then stirred for 10
min. The solid material was washed by 5 min of centrifugation (4260 g)
in deionized water (three times), and then in a PBS buffer solution (4
mL, 100 mM NaH,PO,, 100 mM Na,HPO,, 150 mM NaCl, pH 7.2).
After adding TAEA (1 mL), the suspension was stirred for 2 h, and then
washed by 5 min of centrifugation (4260 g) in deionized water (three
times), and then methanol (twice), followed by drying overnight at
60 °C. The dried powder was then suspended in a solution comprised
of ethanol (8 mL) and dipentaerythritol penta//hexa-acrylate (4 mL)
for 2 h at room temperature. After washing by 5 min of centrifugation
(4260 g) in ethanol (three times), the solid material was suspended in a
solution of amino-terminated polyacrylic acid (8 mg) in ethanol (5 mL)
for 2 h at room temperature (yielding dCouiamp)- The dConamp Particles
were washed by 5 min of centrifugation (4260 g) in ethanol (three times)
followed by drying overnight at 60 °C.

Synthesis of High Surface Area Gold-Bearing Diatom Replicas: The dCoy
specimens were incubated for 1 h at room temperature in a solution of
SnCl, (26 mM) and trifluoroacetic acid (70 mM) in H,O/MeOH (1:1).
The samples were then washed by 5 min of centrifugation (4260 g)
in deionized water (three times), then in methanol (twice), followed
by drying overnight at 60 °C. The Sn(ll)-loaded dCo, powder was
suspended in an aqueous solution of AgNO; (30 mM) that had been
titrated with NH,OH (0.01 M) until the solution became colorless, and
incubated for 15 min at room temperature. The resulting material was
washed by 5 min of centrifugation (4260 g) with water (three times)
and then methanol (twice). The carbon was then removed from the
specimens by pyrolysis at 300 °C in air. The resulting material (10 mg)
was then exposed at 100 °C to an aqueous solution (50 mL) of HAuCl,
(10 umol) to yield gold-bearing frustule replicas (dAAS specimens). The
dAAS specimens were washed by 5 min of centrifugation (4260 g) in
deionized water (three times), then in methanol (twice), followed by
drying overnight at 60 °C.

Coating of dAAS and AuNP with MPA: dAAS or AuNP particles
(10 mg) were suspended in a solution of MPA (1 M) in ethanol, and
then stirred for 24 h at room temperature, to yield dAAS\;pa or AUNPypa
specimens. These specimens were washed by 5 min of centrifugation
(4260 g) in deionized water (three times), then in methanol (twice),
followed by drying overnight at 60 °C.

Immobilization of GOx-PA: A given support material (1 mg of diatom
silica, diatom-derived replicas, or reference materials) was suspended
in an aqueous solution of Tris-HCl (50 mM, pH 7.0) containing
varied amounts (up to 100 pg) of GOx-PA (synthesized as previously
described)?' at room temperature for 20 h with stirring. The mixture
was centrifuged for 5 min at 16 000 g and the supernatant was retained.
The pellet was washed three times with a 50 mM Tris-HCl buffer (pH
7.0) solution and then resuspended in the same buffer (0.25 mL). The
amount of GOx-PA present in the suspension (immobilized GOx-PA),
as well in the supernatant (unbound GOx-PA), was determined through
an activity assay as described previously.?'l Repeated measurements
for the same type of template indicated less than 5% variation in the
amount of detected GOx-PA loading. The specific activity of GOx-PA
was not affected by binding to any of the substrates used in this study.
This was demonstrated by the observation that, for each type of support
specimen, the combined value of the measured activities of bound and
unbound (remaining in solution) GOx-PA equaled the measured activity
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of the completely unbound enzyme (i.e., the combined, bound plus
unbound, value corresponded to a relative activity of 100%), as shown
in Supporting Information Figure S6. For the dAAS,;p specimens,
SnO, had little influence on MPA-mediated GOx-PA binding; that is, no
discernible difference was found in the enzyme binding to SnO, and to
SnO, that had been exposed to MPA.

Assembly of the In-Line Filtration System and Determination of Glucose
Consumption in Flow-Through Catalysis: GOx-PA loaded particles were
charged into an inline filtration system by pipetting 0.2 mL of the particle
suspension (in a 50 mM Tris-HCl buffer, pH 7.0) onto a nylon membrane
(size of pores: 200 nm diameter) supported by a stainless steel mesh in
an inline filter cartridge. The suspension was drained to form a powder
bed, and covered with another nylon membrane on the top. An aqueous
glucose solution was continuously circulated through the system at a
flow rate of 10 mL min~' from a continuously-stirred reservoir (50 mL)
of a solution of glucose (20 mM) in sodium acetate buffer (100 mM, pH
5.5). To determine the rate of glucose decomposition, aliquots (0.2 mL)
were periodically removed from the reservoir. The glucose concentration
in the aliquots was determined by adding the Glucose (HK) Assay
Reagent (200 puL, Sigma-Aldrich, St. Louis, MO) to the aliquots and then
recording the absorbance at 340 nm. For a given specimen and flow-
through time, repeated measurements of glucose consumption yielded
values that agreed to within 5%.

Electron Microscopy: Scanning electron microscopy was conducted
with a field emission gun instrument (Leo 1530 FEG SEM, Carl Zeiss
SMT, Ltd., Thornwood, NY) that was equipped with an energy dispersive
X-ray spectrometer (INCA EDS, Oxford Instruments). For transmission
electron microscopy, the specimens were mixed with epoxy and then
introduced into a copper tube (2.2 mm inner diameter). After curing of
the epoxy, the tube was cut into disks (1 mm thick). The disks were then
ground to a reduced thickness (100 um), followed by dimpling and ion
milling to perforation. Transmission electron microscopy was performed
with a TECNAI F30 microscope (FEI, Hillsboro, Oregon USA) operated
at 300 KV.

Surface Area and Pore Size Distribution Analysis: Nitrogen adsorption
(BET) analyses were conducted using an Autosorb-1 Surface Area
and Pore Size Analyzer (Quantachrome Instruments, Boynton Beach,
FL). For evaluation of the specific mesopore and micropore volumes,
75 adsorption and 40 desorption points were recorded for a given
specimen, and a NLDFT model for cylindrical pores was applied.
Repeated measurements of the specific surface area, and the specific
mesopore and micropore volumes, on a given specimen yielded values
that agreed to within 5%.

XRD Analysis: Glancing angle X-ray diffraction (XRD) analyses were
performed with an X-Pert Pro Alpha-1 diffractometer (PANalytical,
B.V., Almelo, The Netherlands) at an incident angle of 1° using Cu Ko
radiation with a Johannsen monochromator in the incident beam path
and an X'Celerator linear detector.

XRF Analysis: X-ray fluorescence (XRF) measurements were conducted
using a Mini-PAL 4 (PANalytical, B.V.) instrument, using Ag and Al X-ray
sources. The PANalytical Omnian model was applied to determine the
relative percentages of the elemental components.

FTIR Analysis: Samples were analyzed using an IR Prestige-21
spectrophotometer (Shimadzu Corp., Tokyo, Japan) equipped with a KBr
beam splitter and DLaTGS detector that was utilized across the 400—
3500 cm™' range with a resolution of 4 or 8 cm™".

Zeta Potential Analysis: The zeta potential of the templates was
determined in an aqueous solution of 100 mM Tris-HCl buffer (pH
7.0) using a Zetasizer Nano ZS instrument (Malvern Instruments, Ltd.,
Worcestershire, UK). The data were analyzed using the Smoluchowski
Approximation(?2 and General Mode Analysis in version 6.20 of the
Malvern Zetasizer software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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