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1.0 CHEMICAL SYNTHESIS 

Enzymes are remarkable biocatalysts and catalyze a wide variety of processes that can be 
utilized for the production of novel compounds or pharmaceutical intermediates.  In addition, 
biocatalysis can often produce chemical synthons that are otherwise unachievable by 
conventional chemical synthesis.  Enzyme immobilization, however, is often essential to provide 
a stable biocatalyst that facilitates the use of enzymes in potential applications.  Biomimetic 
mineralization reactions, developed in-house were used to generate silica nanoparticles that 
provide a suitable support for enzyme immobilization.  The versatility of the silica-
immobilization technique was demonstrated for the synthesis of substituted aminophenols.  The 
resulting chemical products were designed for use in high performance military applications, 
such as structural polymers for potential application to bullet proof vests and protective coatings.  
In an extension to the project, a microfluidic system was developed for the multi-step synthesis 
of complex antibiotics.  The microfluidic system is widely applicable to medical diagnostics, 
biosensing and biosynthesis.  Single unit reactors containing enzyme or metal catalysts were 
integrated to make a chemo-enzymatic microfluidic reactor for the synthesis of potential high 
value phenoxazinone products from readily available and simple substrates.  The reaction 
sequence involves three separate synthetic steps to form amino-phenoxazinone, a precursor in 
antibiotic synthesis.  The technique is versatile in that the order of the chips can be changed to 
create a modular flow-through system amenable to a wide range of microfluidic devices.  One of 
the limitations of biocatalytic systems is the need to provide a cofactor during a reaction 
mechanism.  We developed a system that overcame this limitation by co-immobilization of two 
enzymes in tandem that catalyze cofactor regeneration in situ. 

The results of this research task resulted in three peer-reviewed publications and a patent 
submission (Appendix B). 

Publications 

1. Luckarift, H.R., Ku, B., Dordick, J.S*, and Spain, J.C.*, “Silica-Immobilized 
Enzymes for Multi-Step Synthesis in Microfluidic Devices,” Biotechnology and 
Bioengineering 2007, 98 (3), 701-705. 

2. Luckarift, H.R. and Spain, J.C.*, “Continuous-Flow Applications of Silica 
Encapsulated Enzymes,” (Invited Book Chapter).  In:  ACS symposium series, 
‘Nano-scale Science and Technology in Biomolecular Catalysis.’  In press.   

3. Betancor, L., Berne, C., Luckarift, H.R. and Spain, J.C.*, “Coimmobilization of a 
redox enzyme and a cofactor regeneration system,” Chemical Communications 2006, 
3640-3642. 

Patent application 

Biocatalytic process for the production of ortho-aminophenols from chloramphenicol and 
analogs.  Provisional Application Serial No. 60/735,643 
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2.0 CHEMICAL/BIOLOGICAL THREAT NEUTRALIZATION 

Biologically-derived silica creates an immobilization matrix with high loading capacities 
that provides advantageous recovery, reuse and reproducibility.  The integration of immobilized 
enzymes into continuous flow-through systems provides an added advantage to many 
applications, as the immobilized biocatalyst is stabilized and can be recycled.  The resulting 
immobilized enzyme reactors (IMERs) can also be integrated directly to further analytical 
methods such as liquid chromatography or mass spectrometry.  Immobilized enzyme reactors 
(IMER) were investigated for chemical warfare agent monitoring and detection by integration 
into a flow through system to create a biosensor for continuous sampling of chemical agent 
aerosols.   

To deal with biological threats, methods to develop antimicrobial coatings were 
established in house.  The antimicrobial enzyme, lysozyme, was found to precipitate silica and 
retain its antimicrobial activity.  The resulting silica/lysozyme composite exhibited antimicrobial 
activity against a number of bacterial species.  Lysozyme also catalyzes the reduction of metals 
(i.e. silver) to produce a silver/lysozyme composite that could be electroplated to surgical steel 
blades and demonstrated exceptional antimicrobial activity against a wide variety of bacterial 
strains.  The self-sanitizing surfaces may find application in field hospitals and combat 
environments to reduce surgical and implant associated infections 

The results of this research task resulted in three peer-reviewed publications  
(Appendix C). 

Publications 

1. Luckarift, H.R.*, Johnson, G.R. and Spain, J.C., “Silica-Immobilized Enzyme 
Reactors; Application to Cholinesterase-Inhibition Studies,” Journal of 
Chromatography B:  Biomedical Sciences and applications 2006, 843, 310-316. 

2. Luckarift, H.R.*, “Silica-Immobilized Enzyme Reactors (Invited Review),” Journal of 
Industrial Chromatography and Related Technologies.  Status:  In Press. 

3. Luckarift, H.R., Dickerson, M.B., Sandhage, K.H., and Spain, J.C.*, “Rapid, Room 
Temperature Synthesis of Anti-Bacterial Bio-Nano-Composites of Lysozyme with 
Amorphous Silica or Titania,” (Selected for front cover).  Small, 2006; 2(5), 640-643.   
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3.0 DIAGNOSTIC/DETECTION SENSORS 

The IMER methodology developed in house was extended to the development of 
diagnostic systems and biosensors.  An IMER containing biosilica-immobilized 
butyrylcholinesterase was demonstrated for screening the activity of cholinesterase inhibitors 
and was also integrated with an aerosol collection system to develop a biosensor for the 
detection of organophosphate nerve agents in air.  The system was tested with model 
organophosphates including paraoxon, demeton-S and malathion.  The substrates are all potent 
nerve agents and the system proved suitable for detection of organophosphates in air at practical 
detection limits.   

In addition, methods were developed to attach silica-encapsulated enzymes to the surface 
of a plasmon resonance transducer demonstrated for the detection of organophosphate 
contaminants in liquid samples.  We also developed a method for attachment of silica-
immobilized enzymes to silicon wafers.  These techniques are versatile and widely applicable to 
a wide range of diagnostic and detection systems.   

A microfluidic IMER for diagnostic evaluation of prodrug activation was also 
demonstrated.  A prodrug is administered in an inactive form and is metabolized in vivo into an 
active metabolite.  The ability to screen this activation is an essential step in the development of 
drug therapies. 

The results of this research task resulted in four peer-reviewed publications  
(Appendix D). 

Publications 

1. Luckarift, H.R.*, Greenwald, R., Bergin, M., Spain, J.C., and Johnson, G.R, 
“Biosensor for Continuous Monitoring of Organophosphate Aerosols,” Biosensors 
and Bioelectronics 2007, 23, 400 – 406. 

2. Luckarift, H.R., Balasubramanian, S., Paliwal, S., Johnson, G.R., and Simonian, 
A.L.*, “Enzyme-Encapsulated Silica Monolayers for Rapid Functionalization of A 
Gold Waveguide Surface,” (Invited Publication).  Colloids and Surfaces B:  
Biointerfaces 2007, 58(1), 28-33. 

3. Betancor, L., Luckarift, H.R., Seo, J.H., Brand, O., and Spain, J.C.*, “Three 
Dimensional Immobilization of B-Galactosidase On A Silicon Surface” 
Biotechnology and Bioengineering 2007, 99 (2), 261-267. 

Application of a microfluidic reactor for screening cancer prodrug activation using silica-
immobilized nitrobenzene nitroreductase.  Berne, C., Betancor, L., Luckarift, H.R., and Spain, 
J.C.*.  Biomacromolecules 2006; 7, 2631-2636.   
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4.0 ANTIMICROBIAL BIONANOCOMPOSITES 

Design of antimicrobial composites spans a wide range of product development fields, 
from food preparation and medical devices to fuel systems and latex paints.  In the fabrication of 
surfaces which inhibit microbial growth, a significant challenge is integrating the bioactive 
properties of organic antimicrobial molecules with the inorganic surfaces of many instruments 
and devices.  One approach is protein-mediated self-assembly of inorganic macromolecular 
structures, which incorporates biological molecules into abiotic matrices.   

The antimicrobial enzyme lysozyme was used to precipitate silver to form hybrid 
organic-inorganic nanocomposites that exhibit antimicrobial properties.  Enzymatic activity of 
lysozyme-silver nanoparticles was confirmed through hydrolysis assays using natural and 
synthetic substrates.  In addition, electrophoretic deposition was completed in efforts to generate 
antimicrobial coatings for medical devices and anti-fouling applications.  Antimicrobial coatings 
were electrochemically deposited onto surfaces of stainless steel surgical blades and syringe 
needles.  Under our experimental conditions, antimicrobial films did not form when either 
lysozyme or sliver was absent from electrodeposition solutions, or when a direct current was not 
applied to solutions.  Electrodeposited films were firmly adhered to stainless steel surfaces, even 
after extensive washing, and retained antimicrobial activity.  In addition, the efficacy of coatings 
was tested by subjecting blades and needles to an in vitro lytic assay designed to mimic the 
normal application of the tools.  Coated blades and needles were used to make incisions and 
stabs, respectively, into agarose infused with M. lysodeikticus cells.  Cell lysis was seen at the 
site of the incisions and stabs, demonstrating that antimicrobial activity is transferred into the 
media, as well as retained on the surface of the blades and needles.  Results show that a one-step 
electrochemical deposition can be used to prepare antimicrobial biocomposite coatings. 

Also completed was the self-immobilization and retention of an antimicrobial peptide 
within various inorganic matrices.  The resulting nanoparticles retain biocidal activity, protect 
the antibiotic from proteolytic degradation and provide a continuous release of the antimicrobial 
agent over time.  Antimicrobial peptides constitute the next generation of antibiotics, where they 
provide a different biocidal mechanism to current mainstream antibiotics.  The current overuse 
of convential antibiotics has become ineffective against several multi-drug resistant pathogens.  
This study demonstrates the potential of a new class of self-synthesizing antimicrobial 
biomaterials. 

Manuscripts in progress for publication 

1. Eby, D.M., Farrington, K.E., and Johnson, G.R., “Self-Mediated Synthesis of 
Antimicrobial Biomaterials by A Cationic Peptide.” 

2. Eby, D.M., Farrington, K.E., and Johnson, G.R., “Lysozyme Catalyzes the Formation 
of Antimicrobial Silver Nanoparticles.”   

3. Eby, D.M., Luckarift, G.R., and Johnson, G.R., “Electrochemical Deposition of 
Lysozyme and Antimicrobial Silver.  Bionanocomposites on Medical Instruments.” 
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Appendix A:  Presentations During Reporting Period 

 

2007 Scientific Conference on Chemical and Biological Defense Research, Timonium, 
Maryland.  November 13-15, 2007.  Immobilization of Antimicrobial Activities in Inorganic 
Nanomaterials.  Johnson, G.R.*, Luckarift, H.R., Eby, D.M., and Nadeau, L.J. 

Topical Session:  Nano-scale Science and Engineering in Biomolecular Catalysis.  
American Institute of Chemical Engineers, Annual Meeting, Salt Lake City, UT, November 5-9, 
2007.  Enzyme Encapsulation in Oxide Matrices.  Luckarift, H.R.*, Eby, D.M., Nadeau, L.J., 
and Johnson, G.R. 

Topical Session:  Nanostructured Biomimetic and Biohybrid Materials and Devices.  
American Institute of Chemical Engineers, Annual Meeting, Salt Lake City, UT, November 5-9, 
2007.  Bio-Derived Antimicrobial Materials and Coatings.  Eby, D.M., Luckarift, H.R., and 
Johnson, G.R.* 

12th Topical Conference on Quantitative Surface Analysis, Bellevue, WA, 12-13 Oct 
2007.  Application of XPS for Estimating Efficiency of Enzyme Immobilization.  Artyushkova, 
K.*, Ivnitshi, D., Rincon, R.A., Atanassov, P., Luckarift, H.R., and Johnson, G.R. 

Air Force Office of Scientific Research Biophysical Mechanisms Program Review, 
Arlington, VA, August 15-17, 2007.  Synthesis of Reactive Nanocoats:  Insights into Bacillus 
Spore Coat Assembly.  Eby, D.M., and Johnson, G.R.  

Air Force Research Laboratory Materials Directorate, Biotechnology Group First Annual 
Review, Dayton, OH, August 14, 2007.  Protein/Silver Nanocomposites.  Eby, D.M. and 
Johnson, G.R.  

Air Force Office of Scientific Research SAB Review, Arlington, VA August 1, 2007.  
Nanoscale Biomimetic Protection for the Air Force Warfighter.  Eby, D.M., Luckarift, H.R., and 
Johnson, G.R.  

Seeing at the Nanoscale Conference V, Santa Barbara, CA. June 24-27, 2007.  Atomic 
Force Microscopy Study of the Effect of Antimicrobial Lysozyme-Silver Nanoparticles on 
Bacterial Cells.  Eby, D.M. and Johnson, G.R.  

5th Annual Nano-Materials for Defense Applications Symposium:  Accelerating the 
Transition, San Diego, CA, 23 - 26 April 2007.  Bio-Derived Antimicrobial Materials and 
Coatings.  Johnson, G.R.*, Luckarift, H.R., and Eby, D.M.   

58th Southeast Regional Meeting, American Chemical Society, Augusta, GA, November 
1-4, 2006.  Gold-Surface Modified with Enzyme-Encapsulated Silica Monolayers for Biosensor 
Applications.  Balasubramanian, S.*, Luckarift, H.R., Paliwal, S., Johnson, G.R., and Simonian, 
A.L.  Session:  Biocomposites.   

American Institute of Chemical Engineers, Annual Meeting, San Francisco, CA, 
November 12-17, 2006.  Electrodeposition of Lysozyme-Silver Antimicrobial 
Bionanocomposites onto Stainless Steel Medical Instruments.  Eby, D.M.*, Luckarift, H.R., and 
Johnson, G.R.   
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Topical Session:  Nano-scale Science and Engineering in Biomolecular Catalysis.  
American Institute of Chemical Engineers, Annual Meeting, San Francisco, CA, November 12-
17, 2006.  Biomimetic silica encapsulation:  An Efficient and Versatile Enzyme-Immobilization 
Technique.  Luckarift, H.R.*, Johnson, G.R., Tomczak, M.M., Naik, R.R., and Spain, J.C.   

Topical Session:  Nano-scale Science and Technology in Biomolecular Catalysis.  232nd 
American Chemical Society National meeting, San Francisco, CA, September 10-14, 2006.  
Biomimetic Methods for Enzyme Encapsulation.  Tomczak, M.M.*, Luckarift, H.R., Smith, H., 
Brott, L.L., Johnson, G.R., and Naik, RR.   

BioNanoFluidic MEMS Workshop, Georgia Institute of Technology, June 26-29th, 2006.  
Enzyme Immobilization by Silicification Reactions.  Luckarift, H.R. and Spain, J.C.*  

International Symposium in Biologically Inspired Design, Georgia Institute of 
Technology, May 10-12, 2006.  Enzyme Immobilization by Silicification Reactions.  Betancor, 
L., Luckarift, H.R.*, Berne, C., and Spain, J.C.   

Georgia Institute of Technology, Environmental Systems Microbiology Symposium, 
Atlanta, GA.  March 31-31, 2006.  Enzyme Immobilization by Silicification Reactions.  
Betancor, L.,* Luckarift, H.R., Berne, C., and Spain, J.C.   
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COMMUNICATION TO THE EDITOR
Silica-Immobilized Enzymes for Multi-Step
Synthesis in Microfluidic Devices

Heather R. Luckarift,1 Bosung S. Ku,2 Jonathan S. Dordick,2 Jim C. Spain3

1Air Force Research Laboratory, 139 Barnes Drive, Tyndall AFB, Florida 32403
2Department of Chemical and Biological Engineering, Rensselaer Polytechnic Institute, Troy,

New York 12180; telephone: 518-276-2899; fax: 518-276-2207; e-mail: dordick@rpi.edu
3School of Civil and Environmental Engineering, 311 Ferst Drive,

Georgia Institute of Technology, Atlanta, Georgia 30332-051; telephone: 404-894-0628;

fax: 404-894-2278; e-mail: jspain@ce.gatech.edu

Received 5 January 2007; accepted 20 March 2007
Published online 5 April 2007 in Wiley InterScience (www.interscience.wiley.com). DO
I 10.1002/bit.21447
ABSTRACT: The combinatorial synthesis of 2-aminophe-
noxazin-3-one (APO) in a microfluidic device is reported.
Individual microfluidic chips containing metallic zinc,
silica-immobilized hydroxylaminobenzene mutase and
silica-immobilized soybean peroxidase are connected in
series to create a chemo-enzymatic system for synthesis.
Zinc catalyzes the initial reduction of nitrobenzene to
hydroxylaminobenzene which undergoes a biocatalytic con-
version to 2-aminophenol, followed by enzymatic polymer-
ization to APO. Silica-immobilization of enzymes allows the
rapid stabilization and integration of the biocatalyst within a
microfluidic device with minimal preparation. The system
proved suitable for synthesis of a complex natural product
(APO) from a simple substrate (nitrobenzene) under
continuous flow conditions.

Biotechnol. Bioeng. 2007;98: 701–705.

� 2007 Wiley Periodicals, Inc.

KEYWORDS: microfluidics; immobilized enzyme; amino-
phenoxazinone; chips; sequential catalysis

Introduction

The use of microfluidics and ‘lab-on-a-chip’ devices for
efficiently miniaturizing biochemical assays and chemical
synthesis is now well recognized (Barry and Ivanov, 2004;
Figeys and Pinto, 2000; Haswell et al., 2001; Mitchell,
2001; Polson and Hayes, 2001; Urban et al., 2006). The
dramatically increased surface to volume ratios lead to rapid
mass transfer and greatly reduced analysis time and sample
consumption. There is increasing interest in the integration
of enzymes into microfluidic systems for applications in
medical diagnostics, biosensing and natural product and
Correspondence to: J.S. Dordick and J. C. Spain

Contract grant sponsor: Air Force Office of Scientific Research

Contract grant sponsor: NIH

Contract grant number: GM66712

� 2007 Wiley Periodicals, Inc.
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organic synthesis (Hadd et al., 1997; Jones et al., 2004;
Krenkova and Foret, 2004; Ku et al., 2006; Lee et al., 2003;
Srinivasan et al., 2003, 2004). Such biocatalytic systems are
typically enabled by covalent attachment of the biocatalysts
to channel walls, physical absorption onto solid matrices, or
copolymerization (Holden et al., 2004, 2005; Honda et al.,
2005; Mao et al., 2002; Sakia-Kato et al., 2004). Biocatalysts
encapsulated in sol-gels and hydrogels can be subject to
leaching, which reduces the active enzyme concentrations
(Sakai-Kato et al., 2003). We recently reported a method of
enzyme immobilization in biomimetic silica that increases
the mechanical stability of the immobilized enzyme and
facilitates application to flow-through reaction systems
(Berne et al., 2006; Luckarift et al., 2004, 2006). The silica
immobilization method is simple, rapid, and applicable to a
wide variety of enzymes. The strategy precludes the need
to modify the surface to allow enzyme attachment, greatly
reducing preparation time and enhancing the loading
capacity of the reaction system.

In this study we investigated the applicability of silica-
immobilized enzymes for entraining biomolecules in
microfluidic devices, and in the process developed a
functional chemoenzymatic microfluidic platform. Specifi-
cally, with nitrobenzene (NB) (1) as a model substrate
we demonstrate a three-step continuous reaction system
for the production of 2-aminophenoxazin-3-one (APO)
(4) (Fig. 1). In the first step, metallic zinc reduces NB (1) to
hydroxylaminobenzene (HAB) (2) (Furniss et al., 1989),
which then undergoes an enzymatic intramolecular rear-
rangement catalyzed by HAB-mutase to form 2-aminophe-
nol (2-AP) (3) (Davis et al., 2000; Luckarift et al., 2005;
Nadeau et al., 2003). In the final stage, soybean peroxidase
Biotechnology and Bioengineering, Vol. 98, No. 3, October 15, 2007 701



Figure 1. Schematic of a multi-step microfluidic process for the conversion of nitrobenzene to 2-aminophenoxazin-3-one.
(SBP) catalyzes the oxidation of 2-AP to form APO
(4) (Fomsgaard et al., 2004; Hishida et al., 1974; Horvath
et al., 2004; Lee et al., 2003; Reihmann and Ritter, 2002;
Simandi et al., 2004; Srinivasan et al., 2003; Toussaint and
Lerch, 1987) APO is an intermediate in the synthesis of
actinomycins; an important group of antibiotics with
anti-fungal and anti-tumor properties (Barry et al., 1989;
Shimizu et al., 2004; Veselkov et al., 2003).
Materials and Methods

Materials

Hydroxylaminobenzene was synthesized as described
previously (Furniss et al., 1989). Partially purified HAB
mutase A was prepared and immobilized as described
previously (Luckarift et al., 2005). All other chemicals
were of analytical grade and obtained from Sigma–Aldrich
(St. Louis, MO).
Fabrication of Microfluidic Chips

Standard photolithographic and molding techniques
were used to fabricate a microfluidic channel (40 mm
long� 1.5 mm wide� 0.1 mm deep; volume of 6 mL) in
polydimethylsiloxane as described previously (Ku et al.,
2006; Srinivasan et al., 2004). The resulting chip is fabricated
with three 50 mm channels to form an exit network to retain
the immobilized catalysts. Silica-immobilized biocatalysts
were loaded into the channel by applying a vacuum to the
product reservoir. HAB-mutase enzyme activity was
determined as described previously (Davis et al., 2000).
SBP enzyme activity was determined with ABTS (2,
20-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)) and
hydrogen peroxide as described previously (Amisha Kamal
and Behere, 2003).
Chip-Based Synthesis

All substrates were dissolved in water containing NH4

Cl (40 mM). Substrates were pumped at fixed flow rates and
the eluate collected in an equal volume of acetonitrile for
HPLC analysis. Reactants and products of all conversions
702 Biotechnology and Bioengineering, Vol. 98, No. 3, October 15, 2007
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were monitored by reverse-phase HPLC on a Supelco ABZ
column with an acetonitrile/water gradient as described
previously (Luckarift et al., 2005).
Synthesis of 2-Aminophenoxazin-3-One
Product Standard

2-Aminophenol (100 mg in 1L of potassium phosphate
buffer, pH 7.4) was incubated with 0.01 U/mL SBP enzyme
and 0.6 mMH2O2. A deep red product characteristic of APO
formed rapidly and precipitated from solution. The product
was purified by solid phase extraction and was characterized
and identified by NMR as 2-aminophenoxazin-3-one by
comparison to proposed chemical shifts and previous
literature reports (Gabriele et al., 2003). The yield of the
reaction was approximately 83% and the product was used
as a standard for future reactions. NMR spectra were
recorded on a Varian Inova spectrometer equipped with a
5 mm indirect detection probe, operating at 500 MHz for
1H and at 125 MHz for 13C.
Results and Discussion

Biosynthesis of APO in a Microfluidic Chip

Silica-immobilized SBP was prepared and demonstrated
good retention of enzyme activity (65–85%) relative to the
soluble enzyme. The silica-immobilized SBP was packed
into a microfluidic channel with an equal volume of agarose
beads (1:1 vol/vol), to give a final enzyme loading of
approximately 0.5 U. The presence of agarose beads prevents
the silica particles from packing and reduces the void
volume of the microfluidic reactor (effective volume
�3 mL). 2-AP (0.5 mM) was pumped through the SBP
chip at a range of flow rates and the conversion efficiency of
the enzyme was determined by measuring production of
APO. Hydrogen peroxide (0.5–2.5 mM in 10% DMF) was
added continuously as a second reactant for the oxidation
reaction. A molar ratio of 2.5:1 H2O2:2-AP was optimal for
conversion of 2-AP to APO (Fig. 2). The initial reaction
velocity of immobilized SBP was 83 and 98 mM/min at
1.0 and 2.5 mM H2O2, respectively.
DOI 10.1002/bit



Figure 2. Effect of H2O2 concentration on conversion of 2-AP to APO in a silica-

immobilized SBP chip. Conversion efficiency of 2-AP catalyzed by SBP with 2.5 mM

(*), 1 mM (^), 0.5 mM (*) and 0.1 mM (&) H2O2.
Biosynthesis of 2-Aminophenol in a Microfluidic Chip

Immobilized HAB-mutase demonstrated good retention
of enzyme activity relative to soluble enzyme, with
little variability among replicate preparations (45–65%).
Silica-immobilized HAB-mutase was mixed with an equal
volume of agarose beads and packed into the channel
as described above to give a final enzyme loading of
approximately 1 unit (U). HAB (1 mM) was pumped
through the HAB-mutase chip at a range of flow rates and
the conversion efficiency determined. Conversion efficiency
decreased with increasing flow rate as expected due to the
decreased residence time (Fig. 3). The maximum 2-AP
product concentration obtained from 1 mM HAB was 0.61
mM (�0.09) at a flow rate of 50 mL/h. The reusability of the
silica-immobilized HAB-mutase within the microfluidic
chip was also determined to verify the retention of the
biocatalyst within the channel during continuous flow. The
Figure 3. Substrate conversion efficiency as a function of flow rate. Conversion

efficiency of 1 mM NB by Zn (&), 1 mM HAB by HAB-mutase (*) and 1 mM 2-AP by

SBP and 1 mM H2O2 (!).
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enzyme chips were washed and stored repeatedly at 48C and
retained >50% of the original enzyme activity over a
number of subsequent cycles (Fig. 4).
Biosynthesis of APO From HAB

The two immobilized-enzyme chips (HAB-mutase and SBP)
were connected in series and an aqueous solution of HAB
(1 mM) was introduced at a flow rate of 100 mL/h. This
resulted in the production of APO (0.13 mM �0.025)
continuously for over 4 h (conversion efficiency of �52%)
(Table I). The addition of H2O2 to the system diluted the
substrate concentration and reduced the theoretical product
concentration by 50%. The flow rate could be increased to
150 mL/h, however, with no loss in conversion efficiency.
Chemoenzymatic Synthesis of APO

To complete the chemoenzymatic microfluidic platform,
a metallic zinc chip was prepared (1 mg zinc dust, mixed
1:1 with agarose beads) and attached prior to the two
enzyme reactors to demonstrate a combinatorial chemoen-
zymatic conversion of nitrobenzene to the resultant
phenoxazinone. The zinc chip gave approximately 25%
conversion of NB to HAB at low flow rates. In contrast to the
chips containing biocatalysts, the metal zinc chip showed
increased conversion efficiency with increasing flow rate
(Fig. 3). At low flow rates, aniline was formed as a byproduct
of the zinc reduction in preference to HAB. As a
consequence, when the zinc chip was added in series with
the two enzyme chips and NB pumped at a flow rate of 150
mL/h, the overall conversion efficiency was reduced to 19%
due to the reduction in the corresponding efficiency of the
zinc conversion step (Table I). Reduced conversion
efficiency was also attributed to absorption and volatility
Figure 4. Reusability of HAB-mutase chips over several wash cycles. HAB

(100 mL, 1 mM) was pumped through the HAB-mutase chips at a flow rate of 150 mL/h

and the formation of 2-aminophenol was determined. The chips were washed with

20 volumes of buffer between each subsequent cycle. Data shown is the mean and

standard deviation of three independent HAB-mutase chips. Chips were stored

overnight at 48C at the point indicated (�).
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Table I. Conversion efficiency of multi-step microfluidic synthesis.

Substrate Chip combination

Conversion efficiency (%)

100 mL/h 150 mL/h

1 mM NB Zinc/HAB mutase 16.7� 3.5 28.2� 2.7

1 mM HAB HAB mutase/SBP 53.2� 8.8 51.7� 10.2

1 mM NB Zinc/HAB mutase/SBP ND 18.9� 10.14

ND, not determined.
of the substrate. In an empty chip, observed NB
concentrations were reduced in the eluate relative to
the starting concentration but the percentage overall loss
decreased with increasing flow rate. The conversion of the
chemoenzymatic system was, therefore, determined at flow
rates considered optimal for the biocatalytic steps. Clearly
the step involving conversion of the nitro compound to the
corresponding hydroxylamino compound will require
optimization for future applications. Despite the low overall
yields of the chemoenzymatic steps in series, the system
provides a rapid and versatile method for screening the
conversion of nitroarenes.

In this work, we demonstrated the first chemoenzymatic
microfluidic reactor for the synthesis of a natural product
from a readily available and simple substrate, nitrobenzene.
The facile silica-immobilization method provides stable
heterogeneous catalysts, which can be easily incorporated
into microfluidic chips. The flow-through system described
could be applied to the transformation of a wide variety of
nitroarene substrates into their corresponding phenoxazi-
none products, and provides an attractive alternative to
conventional chemical synthesis. The versatility of the
immobilization method makes the system amenable to a
wide range of microfluidic devices incorporating bioma-
cromolecules and coupled to chemical synthesis. Single unit
reactors containing enzyme or metal catalysts can be
integrated to create a variety of synthetic pathways for rapid
synthesis and screening.
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and funding by Air Force Office of Scientific Research. JSD acknowl-
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The coimmobilization of nitrobenzene nitroreductase and

glucose-6-phosphate dehydrogenase in silica particles enables

the continuous conversion of nitrobenzene to hydroxylamino-

benzene with NADPH recycling.

Cofactor dependent oxidoreductases catalyze a wide range of

enantio- and regio-selective reactions.1 In intact cells, redox

cofactors such as NADPH are continuously regenerated by

cellular metabolism. Therefore, whole-cell biocatalysis is widely

used for redox reactions including asymmetric hydroxylations and

epoxidations.2a Unfortunately, whole-cell systems are often limited

by product toxicity, byproduct formation, poor substrate uptake

rates and difficulty with product recovery following catalysis.2b

The widespread use of purified redox enzymes in biocatalysis is

limited by the cost of supplying stoichiometric amounts of

cofactors for catalysis. An increasing interest in preparative pure

enzyme applications necessitates a search for efficient and robust

strategies for in situ cofactor recycling.2c Several cofactor

regeneration systems have been demonstrated using dehydro-

genase enzymes.3 Current systems for NADPH regeneration,

however, have not been successfully applied to large scale

synthesis, primarily due to the low total turnover number of the

recycling enzymes.2b A high specific activity and a strategy for

removal of the enzymes during product recovery are goals of an

efficient recycling system, but the stability of the enzyme under

reaction conditions must be optimized.

The NADPH-dependent nitrobenzene nitroreductase (NBNR)

from Pseudomonas pseudoalcaligenes JS45 catalyzes a four-electron

reduction of nitrobenzene to hydroxylaminobenzene (HAB) and

has been successfully employed for whole-cell biocatalysis in

o-aminophenol synthesis.4 However, intact cells have a relatively

low specific activity and both substrate and product can be toxic to

the cells.4b The applicability of the purified enzymes as biocatalysts

is also limited by the requirement for two moles of NADPH per

mole of substrate.

The encapsulation of enzymes in silica nanoparticles imparts

exceptional stability and high loading capacities for the resulting

biocatalysts.5 We recently reported the preparation of immobi-

lized-NBNR by encapsulation within silica particles using

polyethyleneimine (PEI) to direct silica formation.6 Immobilized

NBNR provides a stable and reusable catalyst, but is still limited

by a requirement for a stoichiometric amount of NADPH.5c The

high loading capacity and versatility of the immobilization system

however, led us to investigate the potential for coimmobilization of

two enzymes working in tandem. The immobilization of

sequentially acting enzymes within a confined space increases the

catalytic efficiency of the conversion due to a dramatic reduction in

the diffusion time of the substrate. Moreover, the in situ formation

of substrates generates high local concentrations that lead to

kinetic enhancements that can equate to substantial cost savings.7

We report here the coimmobilization of NBNR and glucose-6-

phosphate dehydrogenase (G6PDH) in a multi-enzyme system for

the continuous reduction of nitroaromatic compounds. In this

model system NADP+ dependent-G6PDH catalyzes the recycling

of NADPH in situ providing a constant source of reducing

equivalents to NBNR for the reduction of nitrobenzene to HAB

(Fig. 1A).

NBNR and G6PDH were efficiently coimmobilized in PEI-

directed silica particles with negligible loss in activity (Table 1).

Kinetic analysis of G6PDH and NBNR activities in the

coimmobilized suspension revealed that the apparent Km of the

PEI silica-encapsulated G6PDH for exogenously added NADP+

was comparable to that of the soluble enzyme (150.8 ¡ 12.5 and

156.5 ¡ 8.8 mM respectively). The apparent Km value of PEI silica-

encapsulated NBNR for exogenously added NADPH was about

3 times higher than that of the soluble enzyme (344.6 ¡ 28.3 and

116.5 ¡ 11.7 mM respectively). Modifications of Km values for

immobilized enzyme preparations can be attributed to substrate

diffusion limitations and steric hindrances compared to the soluble

forms.8 The kinetic measurements above were all made with

exogenously added cofactors. The actual Km for NADPH recycled

in situ may be substantially lower because the NADPH is formed

near the site of the reaction and therefore much less limited by

diffusion. Despite the differences in the kinetic parameters of the

immobilized and soluble enzymes, the dramatic operational and

thermal stabilization achieved by silica precipitation6 would

balance any negative effect of these parameters on the reaction.

The amount of G6PDH required to achieve maximum HAB

formation was optimized by adjusting the ratio of NBNR :

G6PDH in the coimmobilized preparation. The conversion of

nitrobenzene to HAB requires two molecules of NADPH for each

molecule of nitrobenzene, indicating a theoretical optimum ratio of

enzyme units (U) of 1 U NBNR : 2 U G6PDH. Maximal

nitrobenzene conversion was achieved however, by using an excess

of G6PDH, with an optimum of 1 U NBNR : 5 U G6PDH. With

a starting concentration of 100 mM nitrobenzene, the initial activity
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of coimmobilized NBNR–G6PDH increased linearly with increas-

ing NADPH concentrations up to 240 mM. The optimized

formulation (1 U NBNR : 5 U G6PDH and 240 mM NADPH)

was used to test the recycling system in the continuous conversion

of nitrobenzene (Fig. 1B). Nitrobenzene was supplied to the system

in 250 mM increments to a total of 1.5 mM. NADPH was supplied

to initiate the reaction and coupling of NBNR and G6PDH

activities was evidenced by the continuous formation of HAB for

8 h without further addition of the cofactor. The conversion

efficiency of the reaction was 90% with a final yield of 1.35 mM

HAB. The conversion of nitrobenzene to HAB over an 8 h period

of sustained activity was reproducible for initial concentrations of

nitrobenzene up to 10 mM with no loss in the capacity to

transform nitrobenzene (Fig. 2). Control reactions containing

immobilized-NBNR alone lost activity rapidly as the supply of

NADPH became exhausted, leading to incomplete conversion of

nitrobenzene (Fig. 2). Control reactions containing immobilized-

G6PDH alone did not transform nitrobenzene (data not shown).

When nitrobenzene was added in 10 mM increments, transforma-

tion was reproducible up to 30 mM (Fig. 3, ESI{). Estimation of

HAB concentration became problematic for concentrations higher

than 15 mM, probably due to instability or precipitation of the

product. Activity of the biocatalyst, however, was undiminished

after conversion of 30 mM nitrobenzene as shown by the full

recovery of the enzyme activity after washing the coimmobilized

system by centrifugation (Fig. 4, ESI{).

The use of immobilized enzymes for cofactor regeneration is

receiving increasing attention,9 however, there are few literature

reports demonstrating coimmobilization as a strategy for bioca-

talysis with cofactor recycling systems10 and such studies typically

do not report a total turn-over number (moles of product formed/

moles of cofactor present in the reaction) for NADPH. The system

described herein significantly enhanced product formation (up to

125 fold with respect to the non coupled system) with a total turn-

over number for NADPH of 62 under the tested conditions. We

did not attempt to optimize the system to maximize the total

turnover number but it is clear that our estimate is conservative.

Enzyme entrapment in silica allows the preparation of active

and stable composites. Coimmobilizing a catalytic enzyme with a

cofactor-regenerating enzyme provides a variety of potential

advantages including: continuous operation, catalyst reuse, cost

reduction and simplified product isolation. The mild immobiliza-

tion reaction is widely applicable to a range of biomolecules for

application to a variety of potentially interchangeable multienzyme

configurations.

This work was funded by the Air Force Office of Scientific

Research. CB, LB and HRL were supported by postdoctoral

fellowships from Oak Ridge Institute for Science and Education

(US Department of Energy).
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Recent studies have demonstrated the applicability of 
biomineralization reactions to create an inorganic support 
matrix suitable to enzyme immobilization. The 
enzyme/inorganic nanocomposites exhibit excellent 
mechanical stability and provide an effective method for 
developing immobilized enzyme reactors, applicable to 
biocatalysis, biosensors and drug discovery. 

 Enzymes are remarkably versatile catalysts, but in their native soluble 
form are often labile in the absence of stabilizing agents and are difficult to 
recover from reaction mixtures. Immobilization of enzymes is therefore 
frequently employed in an attempt to stabilize enzyme activity and allow reuse 
of the catalyst. Enzyme immobilization methods primarily involve adsorption, 
attachment or encapsulation of biomolecules onto or into a solid phase (1-7). A 
range of silicates have been investigated for enzyme immobilization, either by 
attachment to functionalized mesoporous silica or encapsulation within sol-gel 
composites, but processing limitations have restricted widespread applicability 
(2,4,6,7).  

15



 

Silicification for enzyme immobilization 

Silaffin polypeptides in diatoms catalyze the biomineralization of silica to 
form the exoskeleton (8,9). The biosilicification reaction can be mimicked in 
vitro by utilizing synthetic peptides (e.g. R5) based on the native silaffin 
sequence or from silica-binding peptides identified from combinatorial peptide 
libraries (8-13). Silica formation is also observed in the presence of simple 
cationic polymers such as polyethyleneimine and by proteins such as lysozyme 
and silicateins, producing silica nanospheres with a range of morphologies 
(Figure 1) (14-18).  

 
 

 

Figure 1. Synthesis of silica nanospheres catalyzed by tetramethylorthosilicate 
and (a) polyethyleneimine, (b) R5 peptide and (c) lysozyme , as viewed by SEM 

analysis. (From references 15, 18, 19). 

 

The silica-precipitating species becomes entrapped during the generation of 
the silica matrix suggesting the potential of the silicification reaction to also 
encapsulate additional enzymes inside the silica matrix. In practice, the mild 
encapsulation chemistry and high biocompatibility of the reaction provide a 
rapid and highly efficient method for immobilizing a wide range of 
biomolecules (Table I). The biomimetic silicification reaction yields a network 
of fused silica nanospheres, providing a high surface area for encapsulation and 
permitting high enzyme loading capacities of up to 20% w/w (19).  
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Table I. Immobilization efficiency of a range of enzymes in silica 
nanoparticles 
 

Enzyme Immobilization efficiency 
(expressed enzyme activity) 

Data from 
Reference 

Butyrylcholinesterase > 90% (19) 
Catalase 100% (20) 
Soybean peroxidase 65 - 85%  
Horseradish peroxidase > 90% (20) 
Bromoperoxidase 35 - 48%  
Hydroxylaminobenzene mutase 44 - 67% (21) 
Organophosphate hydrolase 25 - 35%  
Nitrobenzene nitroreductase ~ 80% a (15) 
a Immobilized in silica formed from polyethyleneimine and tetramethylorthosilicate (TMOS). All 
other enzymes are immobilized in silica formed from R5 peptide and TMOS. 

 
The exceptional stability of the silica-immobilized enzymes under 

operational conditions, dramatically increases the versatility of the biocatalysts. 
Silica-immobilized butyrylcholinesterase (BuChE), for example, could be stored 
in aqueous solution at room temperature with no loss of initial enzyme activity, 
whereas free enzyme under identical conditions lost activity rapidly. The 
thermostability of the immobilized enzyme was also significantly enhanced. 
Silica-immobilized BuChE for example retained enzyme activity after heat-
treatment of up to 65oC; conditions which caused rapid denaturation of soluble-
BuChE. The enhanced enzyme stability can be attributed to the stabilizing effect 
of the silica support matrix, which prevents the conformational changes typical 
of enzyme denaturation (19). 

Biotechnological application to continuous flow systems 

A stable immobilized-enzyme preparation is attractive for a wide range of 
applications, particularly facilitating application to continuous flow-systems. 
Enzymes catalyze a wide variety of processes that can be exploited for example, 
in biocatalysis; for the production of novel synthons or drug intermediates. 
Enzymes also possess a wide range of pharmacological activities and are often 
investigated for therapeutic effects in drug discovery. Inhibitors of 
cholinesterase enzymes for example, can be used for the treatment of disorders 
such as Alzheimer’s disease (22,23) and nitroreductase enzymes are key 
activators of prodrugs for cancer therapy (24,25). The applicability of silica-
encapsulated enzymes was, therefore, further evaluated with respect to the 
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specific systems described above to provide insight into the versatility of the 
method. 

 

Immobilized Enzyme Reactors for Cholinesterase Inhibition Studies 

Immobilization of enzymes in packed columns specifically designed for 
continuous flow systems are often referred to as immobilized enzyme reactors 
(IMERs) (26-30). IMERs consisting of immobilized cholinesterase for example 
have been investigated in drug screening to identify inhibitors for treatment of 
disorders of the central nervous system, such as Alzheimer’s disease. Current 
IMER configurations however, often exhibit specific drawbacks such as low 
loading capacity and long preparation times (31-34).  

An IMER consisting of silica-immobilized BuChE was investigated in an 
attempt to circumvent some of the current limitations of IMER preparations. 
Silica-immobilized BuChE was prepared in two alternate column 
configurations; 1) a fluidized bed and 2) a packed-bed. For the fluidized bed 
system, substrate conversion was complete for over 12 hours of continuous flow 
with no loss in enzyme activity or conversion efficiency. The fluidized-bed 
system could also be operated at higher flow rates with no loss in activity, but 
with comparably lower conversion efficiency due to a reduced contact time 
within the column. In the packed-bed system, however, the conversion rate 
decreased with time. The silica particles became packed under continuous flow 
conditions, leading to compression and eventual channeling of the silica 
particles (19). Thus, the mechanical stability of the silica-immobilized enzyme 
was well suited to flow-through systems but the configuration of the column 
packing required optimization.  

In order to avoid the above mechanical limitations, the silica-
immobilization technique was modified such that the silica particles form and 
attach simultaneously to a commercial pre-packed column via affinity binding 
of a histidine-tag on the silica-precipitating peptide (35) (Figure 2). The 
modified method was used to prepare a butyrylcholinesterase immobilized 
enzyme reactor (BuChE-IMER). A metal ion affinity chromatography column 
charged with cobalt ions selectively binds histidine residues on proteins or 
peptides.  A (His)6- homologue of the R5 peptide therefore selectively binds to 
the cobalt coated surface. The silicification reaction occurs and integrates with 
the peptide bound to the column, resulting in formation of silica nanospheres 
attached to the surface of the agarose beads and the concurrent immobilization 
of the enzyme (Figure 2). The location of the histidine-tag on the silica-
nucleating peptide rather than on the protein eliminates any need for 
recombinant modification of the protein of interest. 

18



 

 
 

Figure 2. Immobilization of silica beads to agarose beads via affinity binding. A 
pre-packed affinity chromatography column (a) containing agarose beads (b) is 
coated with silica (c) by incubation of a histidine  tagged-synthetic R5 peptide 

and TMOS (as viewed by SEM analysis). The (His)6-R5 peptide sequence is 
shown. Data from reference 35. 

 
 The addition of histidine residues at either the carboxyl-terminus or 

amino-terminus of the silica-precipitating peptide did not affect the silicification 
reaction. The resulting BuChE-IMER exhibited high loading capacities and an 
immobilization efficiency approaching 100%. When connected to a liquid 
chromatography system, the columns could be operated at a wide range of flow 
rates (up to 3 ml/min) with low back pressure (Figure 3). Multiple substrate 
injections by means of an auto sampler provided rapid and reproducible 
analysis, with no significant loss in enzyme activity or conversion efficiency 
during continuous flow. 

 The hydrolysis of substrate by cholinesterases is decreased by the presence 
of inhibitors from which inhibition constant (IC50) values can be derived. The 
BuChE-IMER can thus be utilized for rapid analysis of inhibition 
characteristics. A range of cholinesterase inhibitors were investigated and 
exhibited a concentration-dependent response, from which inhibition constants 
could be determined (shown in Figure 3b for the inhibitor, Tacrine). The IMER 
was stable for more than 50 hours of continuous use. In addition, the reusability 
of the IMER significantly reduces the amount of enzyme required for analysis. 

 

b

167 µm 4.3 µm

ca 

(His)6-R5 peptide: H2N-HHHHHHSSKKSGSYSGSKGSKRRIL-COOH 
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Figure 3 BuChE-IMER activities during continuous flow. Panel (a): Effect of 
flow rate on the conversion efficiency; (b) Determination of IC50 for tacrine 

using the BuChE-IMER. Data from reference 35 

   
The bioencapsulation strategy described above provides a rapid route for 

synthesizing IMER systems and provides a model system applicable to a range 
of formats. The method is also scalable to applications ranging from a 
microfluidic format for biosensors to large-scale for biocatalysis. Two further 
examples of silica-immobilized enzymes in packed columns for 1) drug 
discovery and 2) biocatalysis for drug synthesis will be discussed in more detail 
below. 

Microfluidic Immobilized Enzyme Reactors for Drug Discovery 

Nitroreductase enzymes are used to activate prodrugs to a cytotoxic 
derivative specific to tumor cells (24,25). Nitroreductase enzymes catalyze the 
reduction of a nitro group (strongly electron-withdrawing) to the corresponding 
hydroxylamine (electron-donating), which results in a large electronic change 
and provides an effective enzyme-mediated electronic ‘trigger’. Nitroreductase 
enzymes are also known to activate nitrofuran antibiotics by reduction to the 
corresponding hydroxylamine intermediate, which causes the fragmentation of 
DNA (36,37). Despite the pharmacological relevance of nitroreductases, there 
are few reports documenting immobilization of such enzymes for drug 
discovery.  

Nitroreductase enzymes were encapsulated in silica formed by a simple 
cationic polymer; polyethyleneimine (PEI). PEI precipitates silica in a reaction 
homologous to biogenic systems but with a significant reduction in cost (15). 
The resulting silica particles proved suitable for encapsulation of nitrobenzene 
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nitroreductase (NbzA) from P. pseudoalcaligenes JS45 with immobilization 
yields of greater than 80% and high retention of enzyme activity (45 – 55 %) 
(15).  

The main selection criteria for prodrug formulations are a high affinity for 
substrate and a differential toxicity between the active species and the prodrug. 
The affinity of the immobilized-NbzA was therefore determined for 
nitrobenzene, an anticancer prodrug (CB1954) and a proantibiotic 
(nitrofurazone). The kinetic properties of the immobilized NbzA were 
comparable to those of the soluble enzyme, indicating that immobilization was 
not detrimental to enzyme activity. Nitrofurazone was a poor substrate for NbzA 
(high Km value) whereas the Km value for CB1954 was very low, indicating a 
high affinity for substrate activation of CB1954 in comparison to other bacterial 
nitroreductases (Table II).  

Table II. Kinetic characteristics of nitroreductase enzymes 

 E. coli 
(NTR)  

P.  pseudoalcaligenes JS45 (NbzA) 

  Soluble Silica-Immobilized 
Nitrobenzene ND 2.3 (± 0.35) 2.0 (±0.23) 
CB1954 862 11.7 (± 1.0) 33.7 (± 4.5) 
Nitrofurazon
e 

64 1763 (± 572) 5123 (± 687) 

Data from reference 15. All data represent Km values in µM 
 

As demonstrated previously for encapsulation of BuChE, the silica-
immobilization method conferred enhanced stability to NbzA. Immobilized 
NbzA retained enzyme activity when stored at 4˚C for several weeks and 
exhibited dramatically higher thermostability than the soluble enzyme (15). The 
enhanced stability in this system is thought to be a consequence not only of the 
physical support provided by the silica matrix but also the protective nature of 
PEI itself (38-40). 

The small size (< 1µm diameter) of the silica-encapsulated NbzA particles 
provides a high surface to volume ratio considered suitable for microfluidic 
flow-through systems (41). Silica-encapsulated NbzA was therefore packed into 
a microfluidic device and demonstrated high conversion efficiencies under 
continuous flow conditions and at a range of flow rates. At 1 µl/min-1, for 
example nitrobenzene, CB1954 and nitrofurazone were all converted 
stoichiometrically and conversion of nitrobenzene (>90%) could be maintained 
for more than 3 days of continuous operation.  
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Immobilized Enzyme Reactors in Biocatalysis 

In whole cells of Pseudomonas pseudoalcaligenes JS45, the NbzA 
described above reduces nitrobenzene to hydroxylaminobenzene (HAB), which 
undergoes further transformation by HAB mutase to form ortho-aminophenol 
(Figure 4). The activity of NbzA and HAB mutase in concert catalyze the 
conversion of a range of nitroarenes to yield novel ortho-aminophenols (42,43), 

but the use of NbzA for biocatalysis is limited by its requirement for NADPH. 
The NADPH-dependent reduction of nitroarenes can be replaced however, by a 
zinc-catalyzed chemical reduction. HAB can then be enzymatically rearranged 
to ortho-aminophenol by HAB mutase, an enzyme with no cofactor 
requirements.  

Figure 4. Enzymatic synthesis of ortho-aminophenol 

To demonstrate the applicability of the approach, HAB mutase was 
immobilized and packed into a column and connected in series to a second 
column containing zinc.  Nitrobenzene (1 mM) was pumped through the two 
columns and ortho-aminophenol was produced continuously for over 5 hours 
with a conversion efficiency approaching 90%. The flow-through system could 
be operated at higher flow rates and substrate concentration (5 mM at 0.5 
ml/min) with a conversion efficiency of approximately 70%, which could be 
maintained for over 8 hours (21).  

The use of the zinc/mutase flow-through columns was applied to the 
formation of a novel antibiotic. The biosynthesis of antibiotics using bacterial 
cells is limited due to the biocidal properties of the product, for which the 
immobilized enzyme system provides an attractive alternative. Chloramphenicol 
contains an active nitro substituent which was converted stoichiometrically to 
the corresponding aminophenol analog by passage through the zinc and 
immobilized mutase column in series. At a flow rate of 0.25 ml/min, continuous 
synthesis of the novel product was maintained for a period of 24 hours (21).  

 
 

NO2 NHOH NH2

OH

Nitrobenzene
nitroreductase

Hydroxylamino -
benzene mutase
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Conclusion 

 
Enzyme immobilization methods have been widely investigated for many 

years, but recent developments in stabilizing enzymes within biomimetic 
inorganic matrices substantially extends the range of operational stabilities. 
Nano-sized materials offer a number of intrinsic advantages such as high surface 
areas which lead to high loading capacities. Silica-encapsulation has proven to 
be a versatile method for immobilizing biocatalytic activity and is applicable to 
a wide range of biomolecules. In addition, the morphology of the particles can 
be controlled by modifying the reaction conditions during silica formation (13, 
44-46). The primary limitation to broad application is the cost of synthesizing 
peptides required for silica formation.  The use of synthetic polyamines for the 
silica precipitation reaction however, provides a significant reduction in cost 
and a realistic opportunity to develop the method for large-scale synthesis of 
immobilized enzyme preparations. The use of lysozyme to catalyze the silica 
precipitation (18) also imparts the additional benefit of antimicrobial activity to 
the resulting silica nanoparticles. Lysozyme/silica composites therefore provide 
antifouling properties to the encapsulated catalysts, for potential use as 
antibacterial coatings. We anticipate that the resulting silica-encapsulated 
catalysts will find significant and widespread application in the design of 
biosensors and for biocatalysis and drug discovery.  
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Rapid, Room-Temperature Synthesis of
Antibacterial Bionanocomposites of
Lysozyme with Amorphous Silica or Titania**
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The majority of natural biomineralized structures are com-
posed of calcium carbonate or silica, which are not always
well suited for biotechnological applications. While many
natural silica-forming proteins have been identified,[1] only
the silicatein of marine sponges has been reported to cata-
lyze the formation of titania in vitro.[2] Lysozyme is a ubiqui-
tous antibacterial enzyme that is capable of lyzing Gram-
positive bacterial cells by hydrolyzing specific peptidoglycan
linkages in the cell wall.[3] Recent reports indicate the in-
volvement of lysozyme in the biomineralization of silica and
calcium carbonate,[4] and heat-denatured lysozyme has also
been implicated in the synthesis of bismuth sulfide, although
the mechanism is unclear.[5] Here, a rapid, economical,
room-temperature method for encapsulating lysozyme
within silica or titania nanoparticles, with appreciable reten-
tion of antimicrobial activity, is reported for the first time.
The development of a simple, low-cost processing route to
lysozyme/inorganic nanocomposites and the evaluation of
the antimicrobial activity of such composites provides an
opportunity to create bionanocomposite materials that resist
bacterial activity for use as broad-spectrum antifouling ma-
terials. Lysozyme directs the formation of nanoparticles of
silica or titania under ambient conditions, so as to simulta-
neously entrap the lysozyme in an active form. Amorphous

titania-based materials can possess diverse optical, electron-
ic, biomedical, and chemical properties.[6] Hence, lysozyme/
titania nanocomposites could be attractive multifunctional
materials for a variety of applications (for example, for cos-
metics with both antimicrobial and sunscreen properties).[7]

In the present work, lysozyme catalyzed the precipita-
tion of silica within seconds when added to a solution of
prehydrolyzed tetramethoxysilane (TMOS). Lysozyme also
catalyzed the rapid precipitation of titania when added to a
solution of either potassium hexafluorotitanate (PHF-Ti) or
titanium(iv) bis(ammonium lactato)dihydroxide (Ti-
BALDH). Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) revealed that the silica
consisted of interconnected nanospheres with sizes on the
range of 300–650 nm, with an average diameter of 570 nm
(Figure 1). The silica morphology was similar to that previ-
ously observed for the interaction of lysozyme with water
glass.[4a] Energy dispersive spectroscopy (EDS) analysis con-
ducted during SEM characterization indicated that the silica
spheres were enriched in carbon and sulfur, as well as
oxygen and silicon (Figure 2). The presence of carbon in the
EDS spectrum was consistent with a precipitate consisting
of an organic/inorganic composite of protein within a silica
matrix. The cysteine residues in the lysozyme provided a
source of sulfur. Selected-area electron diffraction (SAED)
analysis (inset of Figure 1c) and X-ray diffraction (XRD)
analysis (not shown) indicated that the precipitated silica
was amorphous. The entrapment of lysozyme within the
silica-bearing precipitate was confirmed by dissolving the
silica in sodium hydroxide to release the entrapped protein.
The recovered organic component was analyzed (and com-
pared to soluble lysozyme) by using denaturing sodium do-
decylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE), which revealed the presence of a protein band with
a molecular weight of approximately 14 kDa (the molecular
weight of lysozyme; not shown). The presence of a large
proportion of organic matter within the precipitate was fur-
ther confirmed by thermogravimetric (TG) analysis, which
resulted in a 61.8% loss of dry mass upon pyrolysis in air at
700 8C. The surface areas of the silicaceous material before
and after heat treatment (1000 8C) were determined by mul-
tipoint nitrogen adsorption Brunauer–Emmett–Teller (BET)
analysis to be 6.28 and 7.42 m2g�1, respectively. The observed
increase of specific surface area after pyrolysis is consistent
with the presence of lysozyme, because the removal of the
organic constituent would be expected to create voids and
increase the surface area of the sample. SEM characteriza-
tion of the pyrolyzed material indicates that the overall mor-
phology of the silica spheres is retained, despite the removal
of lysozyme. Distinct to the post-pyrolysis sample are dark
spots (which are probably pores generated by the pyrolysis
of the organic constituent of the sample) that cover the
silica spheres (see Supporting Information, Figure 1).

The lysozyme/titania nanospheres differed markedly
from the lysozyme/silica precipitates, both in their size and
the degree of interconnectivity. SEM analysis revealed that
the lysozyme/PHF-Ti-derived material was quite polydis-
perse, with diameters ranging from 100 nm to 1 mm. Individ-
ual lysozyme/PHF-Ti spheres were more strongly intercon-
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nected than the siliceous material and had a more sintered
appearance (Figure 1). EDS analysis indicated that the lyso-
zyme/PHF-Ti material was primarily composed of carbon,
oxygen, titanium, potassium, phosphorus, and sulfur
(Figure 2). Lysozyme is the probable origin of the carbon
and sulfur signal, as noted above, whereas the titanium,
oxygen, and potassium peaks are clearly associated with the
inorganic precursor. The phosphorous can be traced to the
incorporation of phosphate ions from the buffer solution
during precipitation. The entrapment of lysozyme within the

titania precipitate was confirmed
through analysis with SDS-PAGE of
the organic component recovered
after dissolution of the titania in
sodium hydroxide (as discussed
above for the silica-entrapped lyso-
zyme). The substantial organic com-
ponent of the composite was con-
firmed by TG analysis, which result-
ed in a 59.3% loss in dry weight
upon heating to 7008C in air. Addi-
tional weight loss, upon heating to
700–900 8C, was attributed to the
evaporation of potassium. SAED
analysis (inset of Figure 1 f) and
XRD analysis (not shown) indicated
that the precipitated material was
amorphous. Subsequent heat treat-
ment of the lysozyme/PHF-Ti com-
posite materials at 6008C for 4 h re-
sulted in the formation of phase-
pure potassium titanyl phosphate
(see Supporting Information,
Figure 2), a unique nonlinear optical
material that has found applications
in lasing and low-loss waveguides.[8]

The morphology of titanium di-
oxide formed by the interaction of
lysozyme and Ti-BALDH differed
conspicuously from the precipitates
formed from the silicic acid or PHF-
Ti precursors. SEM and TEM analy-
ses of the titania precipitate re-
vealed an open, highly interconnect-
ed network of very fine particles.
The fundamental particles entrap-
ped within the network possess di-
ameters of only 10–50 nm. EDS
analyses of the lysozyme/Ti-
BALDH product showed an ele-
mental composition similar to lyso-
zyme/PHF-Ti (Figure 2). SDS-
PAGE analysis of the organic mate-
rial recovered after dissolution of
the titania in sodium hydroxide
again indicated the presence of lyso-
zyme within the composite material.
The proportion of combustible com-
ponents of the material was some-

what higher (76.3%, from TG analysis) than that of either of
the previously observed lysozyme/inorganic materials. SAED
analysis (inset in Figure 1 i) and XRD analysis (not shown)
indicated that, unlike previously generated biomimetic tita-
nia,[2] the lysozyme-catalyzed material was amorphous.

The activity of the encapsulated lysozyme was compared
with that of the free enzyme to determine the effect of im-
mobilization. The physical entrapment of lysozyme within
an inorganic matrix could, in principle, inhibit the ability of
lysozyme to attach to a bacterial cell wall and catalyze lysis.

Figure 1. SEM and TEM micrographs of silica and titania nanoparticles formed by precipitation
with lysozyme. a,b) SEM and c) TEM micrographs of silica from lysozyme and TMOS; d,e) SEM
and f) TEM micrographs of titania from lysozyme and PHF-Ti; g,h) SEM and i) TEM micrographs of
titania from lysozyme and Ti-BALDH. Insets: Selected-area electron diffraction (SAED) patterns of
precipitates.

Figure 2. Energy dispersive spectroscopy of lysozyme-mediated silica and titania precipitates.
a) Silica precipitated with lysozyme and TMOS; b) titania precipitated with lysozyme and PHF-Ti;
c) titania precipitated with lysozyme and Ti-BALDH.
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Two assay methods were used to determine the activity of
the encapsulated lysozyme. Bacteriolytic activity was inves-
tigated with Micrococcus lysodeikticus cells and by hydroly-
sis of a synthetic membrane mimic, the p-nitrophenyl b-gly-
coside of N-acetylchitooligosaccharide ((PNP-GlcNAc)5;
PNP=p-nitrophenyl, GlcNAc=N-acetylglucosamine).[9]

After immobilization of lysozyme in silica, 85(�6.6)% of
the free enzyme activity was retained in the silica/lysozyme
nanocomposite. A portion of the remaining enzyme activity
and protein (approximately 10%) was detected in the reac-
tion supernatant and subsequent wash fractions. After im-
mobilization of lysozyme in titania, 50(�6.5)% (with PHF-
Ti as precursor) and 45(�12.7)% (with Ti-BALDH as a pre-
cursor) of the free enzyme activity was retained in the tita-
nia/lysozyme nanocomposites. The activity of immobilized
lysozyme was comparable irrespective of the assay method
used for the investigation (Figure 3a). The thermostability
of the free and immobilized lysozyme was investigated to
determine whether the inorganic matrices provide an envi-
ronment that protects the immobilized lysozyme from dena-
turation. Free lysozyme in solution was denatured by incu-
bation at 75 8C for 1 h (90% decrease in activity). In com-
parison, the silica- and titania-encapsulated lysozyme re-
tained 75% and 20–45% of the native activity, respectively,
when incubated under the same conditions (Figure 3b).

The possibility of immobilizing an additional enzyme
(for enhanced functionality) during the lysozyme-mediated
precipitation reactions was also investigated. Butyrylcholi-
nesterase was selected as a suitable model enzyme for im-
mobilization due to its versatility in biosensor applica-
tions.[10] Under the precipitation conditions described above,
butyrylcholinesterase encapsulated during silica and titania
precipitation fully retained the native enzyme activity (Fig-
ure 3c). Lysozyme-induced immobilization provided a more
economical and efficient encapsulation of butyrylcholines-
terase than that we had previously reported with a synthetic
silica-forming peptide.[11]

Lysozyme is a cationic polypeptide with a high isoelec-
tric point (pI�10.5) and includes a large percentage of hy-
droxy- and imidazole-containing amino acid residues, which
are characteristic of many biomineralization-mediating bio-
macromolecules.[1,12] The ability to immobilize lysozyme has
been demonstrated by using a variety of support matrices,
all involving attachment or adsorption to a surface.[13] The
limitations associated with surface-bound lysozyme (for ex-
ample, the loading capacity and poor retention of activity)
were overcome here by partially encapsulating the lysozyme
within the porous inorganic matrices, thereby retaining the
native protein structure and function. The primary physio-
logical role of lysozyme is hydrolysis of the peptidoglycan of
bacterial cell walls and resultant cell lysis (that is, a mecha-
nism that involves lysozyme acting in contact with bacterial
cell walls). The observation that lysozyme retains its catalyt-
ic activity when encapsulated suggests an alternative mecha-
nism for lytic action. The section of protein responsible for
the precipitation of silica or titania may be independent
from the protein active site. The bactericidal properties of
lysozyme are known to be independent of enzymatic activi-
ty, as has been confirmed by the retention of bactericidal

properties in denatured lysozyme.[3,14] The mechanism of
bactericidal activity in encapsulated lysozyme, however, re-
quires further elucidation.

In summary, lysozyme induces the rapid, room-tempera-
ture precipitation of amorphous silica and titania, which, in
turn, provide excellent support matrices for additional en-
zymes added during the reaction. Such lysozyme-mediated
precipitation is a one-pot procedure that simultaneously re-
sults in lysozyme encapsulation within the silica or titania,
with appreciable retention of antimicrobial activity. The in-
organic matrices protect the immobilized biomolecules from

Figure 3. a) Activity of free and immobilized lysozyme in silica or tita-
nia nanoparticles. Lysozyme activity determined by lytic assay with
Micrococcus lysodeikticus cells (&) or with PNP-(GlcNAc)5 (&).
Values quoted in the text are relative to the activity of native lyso-
zyme in solution, taken as 100%. b) Thermostability of free and
immobilized lysozyme in silica or titania nanoparticles: & =

enzyme activity before heat treatment; & = enzyme activity after
heat treatment for 1 h at 75 8C. c) Activity of butyrylcholinesterase
immobilized in lysozyme-catalyzed silica or titania nanoparticles.
Free lys = free lysozyme in solution; Si-lys = silica precipitated
with lysozyme; Si (R5) = silica precipitated with R5 peptide;[11] Ti-
lys (a) = titania precipitated with lysozyme and Ti-BALDH; Ti-lys (b) =
titania precipitated with lysozyme and PHF-Ti.
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physical denaturation that occurs with free enzymes in solu-
tion and the lysozyme offers protection from microbial deg-
radation. This attractive biomineralization/bioencapsulation
strategy provides an economical and facile route for the syn-
thesis of a wide range of functional bionanocomposites com-
prising biomacromolecules enclosed within silica or titania
nanostructures.

Experimental Section

p-Nitrophenyl-penta-N-acetyl-b-chitopentaoside (PNP-
(GlcNAc)5) was from Seikagaku Corp., Tokyo. Lysozyme
(EC 3.2.1.17) and butyrylcholinesterase (EC 3.1.1.8) were from
Sigma–Aldrich. Butyrylcholinesterase stock solutions were pre-
pared in a cholinesterase-specific buffer (0.1m NaOH, 0.1m
KH2PO4, pH 8). All other chemicals were of analytical grade and
were obtained from Sigma–Aldrich. The synthetic peptide, R5,
was obtained from New England Peptide, Inc.

For the precipitation of inorganics, a stock solution of lyso-
zyme (100 mgmL�1) was prepared in deionized water and dia-
lyzed prior to use (Slide-A-Lyzer, Pierce Biotechnology). TMOS
was hydrolyzed in 1 mm hydrochloric acid (1m final concentra-
tion). The precipitation mixture consisted of buffer (800 mL;
0.1m NaOH, 0.1m KH2PO4, pH 8), hydrolyzed TMOS (100 mL;
final concentration of 100 mm), and lysozyme (100 mL; final con-
centration of 10 mgmL�1). The mixture was agitated for 5 min at
room temperature. The resultant particles were removed by cen-
trifugation for 10 s (14000 g) and then washed twice with deion-
ized water. For the formation of titania particles, the precipita-
tion reaction was as described above with either 100 mm PHF-Ti
or Ti-BALDH as the inorganic precursor instead of TMOS. Ti-
BALDH stock solutions were prepared in water, while PHF-Ti solu-
tions were prepared in water and heated gently (50 8C) to aid
solubility.

For encapsulation of butyrylcholinesterase in the precipi-
tates, the precipitation mixture consisted of buffer (800 mL) con-
taining butyrylcholinesterase (50 unitsmL�1), precursor (100 mL;
concentrations described above), and lysozyme (100 mL;
100 mgmL�1). Butyrylcholinesterase enzyme activity was mea-
sured spectrophotometrically at 630 nm as described previous-
ly.[11] Entrapped lysozyme was released from silica and titania
particles by dissolving the inorganic matrix in 1m sodium hy-
droxide for 10 min at 37 8C and the proteins were visualized by
denaturing SDS-PAGE. SDS-PAGE (15%) was performed by using
a MiniProtean II apparatus (Amersham Pharmacia) at a constant
voltage of 200 V and according to the manufacturer’s instruc-
tions. Lysozyme activity assays were performed with Micrococcus
lysodeikticus cells according to the supplier’s instructions. The
activity of lysozyme was also determined colorimetrically by
using the substrate (PNP-(GlcNAc)5) as reported previously.[9b]

The morphology of the lysozyme/inorganic composite materi-
als was characterized by scanning (Leo 1530 FEG SEM, Carl
Zeiss SMT AG) and transmission (JEOL 100CX II) electron micros-
copy. Microchemical analyses were conducted by utilizing an
Oxford Inca EDS detector attached to the scanning electron mi-
croscope, with at least three measurements for each sample.
The crystalline phases of the resulting composite materials were
evaluated by X-ray diffraction (Philips PW1800, PANalytical) by

utilizing CuKa radiation at a scan rate of 0.6degmin�1. TG analy-
ses were performed in a Netzsch STA 449 C instrument by heat-
ing to 1000 8C at a rate of 10 8Cmin�1 in a synthetic-air gas
stream. Multipoint nitrogen-adsorption BET analysis was con-
ducted in a Quantachrome Autosorb-1c apparatus on samples
dried at 120 8C.

Keywords:
biomimetic synthesis · biomineralization ·
enzyme immobilization · lysozyme · nanomaterials
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bstract

A rapid and economical method is reported for the preparation of an immobilized enzyme reactor (IMER) using silica-encapsulated equine
utyrylcholinesterase (BuChE) as a model system. Peptide-mediated silica formation was used to encapsulate BuChE, directly immobilizing the
nzyme within a commercial pre-packed column. The silica/enzyme nanocomposites form and attach simultaneously to the metal affinity column
ia a histidine-tag on the silica-precipitating peptide. BuChE–IMER columns were integrated to a liquid chromatography system and used as

rapid and reproducible screening method for determining the potency of cholinesterase inhibitors. The IMER preparation method reported

erein produces an inert silica-encapsulation matrix with advantages over alternative systems, including ease of preparation, high immobilization
fficiency (70–100%) and complete retention of activity during continuous use.
ublished by Elsevier B.V.
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. Introduction

Immobilization of proteins to solid supports is advanta-
eous for a wide variety of biosensing, bioprocessing and affin-
ty chromatography applications. Immobilized enzyme reactors
IMERs) have found application in catalysis and have also been
sed with a wide variety of receptor proteins for substrate inter-
ction and inhibition studies [1–7]. The main advantages of
mmobilized enzyme systems are stability and reusability. In
ddition, IMERs facilitate continuous on-line analysis, signif-
cantly minimizing cost and analysis time. Immobilization of
nzymes for IMER applications has been demonstrated using a
ariety of chemical and physical techniques. Chemical immo-
ilization generally involves enzyme attachment to a matrix via
ross-linking or covalent bonding. Physical methods include
dsorption of biomolecules to a porous support or ion exchange

atrix, or entrapment within an insoluble gel matrix. Several

reviously reported IMER configurations use silica or mono-
ithic materials as a support matrix for enzyme immobilization

∗ Corresponding author. Tel.: +1 850 283 6034; fax: +1 850 283 6090.
E-mail address: hluckarift@gtcom.net (H.R. Luckarift).
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30
; Cholinesterase inhibitors

ut such systems are often handicapped by poor enzyme load-
ng capacities. Many methods of immobilization and entrapment
lso cause significant structural deformation of the enzyme,
eading to reduction in activity. Significant optimization of the
mmobilization method is often required and factors such as sta-
ility may be sacrificed in favor of increased loading capacity
3–6].

Butyrylcholinesterase (BuChE) and acetylcholinesterase
AChE) are crucial to transmission of nerve impulses in
ammals and have received increasing attention due to their

otential roles in disorders of the central nervous system, such
s Alzheimer’s disease and Down’s Syndrome [8]. BuChE
s of pharmacological and toxicological importance due to
ts ability to hydrolyze ester-containing drugs and scavenge
holinesterase inhibitors, including organophosphate nerve
gents [9]. Inhibition of cholinesterase provides a mechanism
or acetylcholine replacement, which has proven to be an
ffective therapy in treating the cognitive and functional
ymptoms of Alzheimer’s disease [10,11]. IMERs have

ound increasing application to acetylcholinesterase inhibition
tudies by employing immobilized acetylcholinesterase or
orseradish peroxidase within packed columns [4,12-14].
he previously reported systems however, have specific
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rawbacks such as low loading capacity and long preparation
imes.

We recently reported a biomimetic silicification reaction
hat provides a biocompatible and simple method for enzyme
mmobilization resulting in a stable, heterogeneous catalyst
ith enhanced mechanical stability and high loading capac-

ty [15,16]. The silicification reaction mixture consists of
ydrolyzed tetramethyl orthosilicate (TMOS) and a silica-
ondensing synthetic peptide (R5). The R5 peptide is the repeat
nit of a silaffin protein previously identified from the diatom
ylindrotheca fusiformis. In the diatom, silaffins catalyze the
recipitation of silica, to form the organism’s exoskeleton. The
5 peptide mimics the silica precipitation in vitro and forms a
etwork of fused spherical silica nanoparticles (average diame-
er of 500 nm) [17].

The stability of silica-immobilized enzymes provided an
pportunity to explore continuous flow-through reaction sys-
ems. Silica-entrapped BuChE was initially investigated in two
ow-through systems: (1) a fluidized-bed system and (2) a
acked-bed system. The fluidized-bed system proved suitable
or continuous operation and retained conversion efficiency for
ver 1000 column volumes, but the use of the column was
imited by the need for upwards flow-through the column, to
revent packing. In the packed-bed system the conversion rate
ecreased over time; the immobilized enzyme was not inacti-
ated during the continuous flow but rather the overall reten-
ion time decreased, due to packing and eventual channeling
f the silica particles [15]. The mechanical stability of the
ilica-immobilized enzyme indicated that it was applicable to
ow through applications but the configuration of the appara-

us required optimization. In order to avoid these limitations,
he aim of the present study was to determine whether IMERs
ould be prepared using silica-encapsulation in situ via his-
ag attachment of the silica-immobilized enzyme to metal ion
ffinity resin. Immobilization of silica to surfaces has recently
een reported by attachment of silicatein proteins to a gold sur-
ace, using histidine-binding to nickel via a nitrilotriacetic acid
helator [18]. An alternate method involves deposition of sil-
ca by electrochemical dip pen nanolithography patterning of
istidine-tagged peptides [19]. Simultaneous encapsulation and
ttachment of an active biomolecule to the surface of a flow-
hrough device however, has not been previously reported. The
ilica immobilization method reported herein provides a novel
ethod for rapid and highly efficient enzyme encapsulation and

s applicable to the preparation of a wide variety of immobilized
iomolecules.

. Experimental

.1. Materials

Butyrylcholinesterase (E.C.3.1.1.8; from Equine Serum,
50% protein and activity of 1200 Units/mg protein) was pur-
hased from Sigma–Aldrich (St. Louis, MO). Cholinesterase
pecific phosphate buffer was used throughout (0.1N NaOH,
.1 M KH2PO4, pH 8) unless otherwise stated [15]. All other
hemicals were of analytical grade and obtained from Sigma–

(
t
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v
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ldrich. The synthetic peptides; R5 (SSKKSGSYSGSKGSK-
RIL), C-terminus (His)6-tag R5: (SSKKSGSYSGSKGSKRR-

LHHHHHH-COOH), N-terminus (His)6-tag R5: (H2N-
HHHHHSSKKSGSYSGSKGSKRRIL) were from New Eng-

and peptides (Gardner, MA).

.2. Enzyme analysis

The activity of BuChE was determined by the rate of
utyrylthiocholine iodide (BuCh-I) hydrolysis in potassium
hosphate buffer (25 mM, pH 7.0) containing MgSO4 (10 mM)
nd Ellman’s reagent (1.26 �M); the reaction produces a
ellow anion that can be detected by spectroscopy, where
= 13,600 m−1 cm−1 at 412 nm [12–14,20,21]. A calibration
urve of the thiocholine product complex was generated by incu-
ating fixed concentrations of BuCh-I with BuChE until the
eaction reached completion (assumed to be 100% conversion).
he absorbance was measured at 412 nm and correlated with the
roduct extinction coefficient [20]. Protein concentration was
etermined by using a bicinchonic acid (BCA) protein assay kit
Pierce Biotechnology, Rockford, IL) with bovine serum albu-
in as standard.

.3. His-tag immobilization to agarose beads

A stock solution of the R5 peptide (or (His)6-R5) (100 mg/ml)
as prepared in deionized water. Silicic acid was prepared by
ydrolyzing TMOS (final concentration 1 M) in hydrochloric
cid (1 mM). Chelating sepharose fast flow metal ion affin-
ty chromatography media was charged with cobalt ions (1 M
oCl2) according to the manufacturer’s instructions (GE Health-
are/Amersham Biosciences, Piscataway, NJ). The silicification
ixture consisted of BuChE stock solution (80 �l of 100 U/ml),

ydrolyzed TMOS (10 �l) and R5 peptide stock (10 �l of
00 mg/ml). The ratio of (His)6-R5 peptide and R5 peptide
as varied to determine loading capacity but the final pep-

ide concentration of the mixture was maintained at 10 mg/ml
hroughout. The mixture was left for 30 min to allow the silici-
cation reaction to proceed and then washed with five volumes
f buffer.

.4. IMER preparation

.4.1. C-His6-BuChE–IMER and N-His6-BuChE–IMER
BuChE–IMERs were prepared using HiTrap Chelating HP

olumns (dimensions: 1.6 cm × 2.5 cm; 5 ml volume) charged
ith cobalt ions (1 M CoCl2) according to the manufactur-

rs instructions (GE Healthcare/Amersham Biosciences, Pis-
ataway, NJ). The (His)6-R5 peptide (500 �l of 10 mg/ml) was
oaded onto the column and washed according to the manu-
acturer’s instructions. The silicification mixture, consisting of
uChE stock solution (1.6 ml of 100 U/ml), hydrolyzed TMOS
0.2 ml) and R5 peptide stock (0.2 ml) was mixed and added to
he column. The column was left for 30 min to allow the silici-
cation reaction to proceed and then washed with five column
olumes of buffer.
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.4.2. Si-BuChE–IMER
The Si-BuChE–IMER was prepared as above with the excep-

ion of the His6-R5 peptide.

.4.3. Soluble-BuChE–IMER
The soluble-BuChE–IMER was prepared by loading soluble

nzyme (1.6 ml of BuChE stock solution (100 U/ml)) directly
nto the column. The column was left for 30 min before washing
ith five column volumes of buffer.
After immobilization, the BuChE activity and protein con-

entration in the eluate and resultant wash fractions were mea-
ured to determine the immobilization efficiency. For stability
tudies, buffer was passed through the columns continuously at
fixed rate (1 ml/min). At regular intervals, the residual enzyme
ctivity on the columns was determined.

The morphology of the silica nanoparticles was characterized
y scanning electron microscopy (ICBR Electron Microscopy
ore Lab, University of Florida).

.5. Chromatography conditions

For activity and inhibition studies, the IMERs were attached
o an Agilent 1100 series liquid chromatography system. Phos-
hate buffer (25 mM, pH 7.0) was used as the mobile phase at
flow rate of 1 ml/min, unless otherwise stated, and the eluate
as monitored using a diode-array detector (412 nm). BuCh-
was injected onto the IMER columns (concentration range:
0 �M–250 mM, 20 �l injections in triplicate) and the peak area
f the product was correlated to concentration against a calibra-
ion curve. Blank control samples (containing no inhibitor) were
njected at regular intervals to monitor the reproducibility and
tability of the column. Michaelis–Menten plots were gener-
ted of activity (mmoles product/min) at a range of substrate
oncentrations and specific activity (Vmax) values were calcu-
ated using GraphPad Prism software (v 3.02). For inhibition
xperiments a stock solution of inhibitor (100 mM) was pre-
ared in ethanol and diluted into a solution of BuCh-I (200 mM)
o give a range of inhibitor concentrations (10 �M–10 mM).
he degree of inhibition was determined according to the for-
ula I (%) = (Ii − If)/Ii × 100, where Ii is the initial steady state

bsorbance of the substrate, and If corresponds to the final activ-
ty of the enzyme in the presence of inhibitor. Inhibition curves
percentage activity inhibition versus log [inhibitor]) were plot-
ed and the IC50 values extrapolated using GraphPad Prism
oftware (v 3.02).

. Results and discussion

.1. Butyrylcholinesterase immobilization

The effect of additional histidine residues upon the silicifi-
ation activity was determined using the R5 peptide with six
istidine residues (his-tag) attached at either the carboxyl (C)-

erminus or amino (N)-terminus. Both (His)6-tagged peptides
atalyzed the precipitation of silica at a rate comparable to
he native R5 peptide indicating that the addition of histidines
oes not affect the precipitation activity of the peptide (data

B
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f
B
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ot shown). The R5 peptide typically produces silica nanopar-
icles with an average size of ∼500 nm [15–17]. SEM analysis
evealed that the C-(His)6-R5 peptide catalyzed the formation of
ilica particles with a size range of approximately 150–700 nm
nd an average size of ∼500 nm. The silica particles formed
y the N-(His)6-R5 were slightly larger, with a size range of
00–1200 nm and an average size of ∼800 nm (data not shown).

The suitability of metal ion affinity chromatography media
or enzyme immobilization was determined initially using a
lurry of the column packing material in batch experiments in
rder to optimize the enzyme immobilization conditions. The
aximum loading capacity of the silica nanoparticles formed

y precipitation with (His)6-R5 was approximately 20 Units
uChE per milliliter packing media. The enzyme loading could
e increased to approximately 30 Units BuChE per milliliter of
acking media by using a mixture of one part (His)6-R5:four
arts R5. Encapsulation with (His)6-R5 alone limits enzyme
mmobilization to the surface of the agarose beads. The pres-
nce of non-tagged peptide, however, increases the formation of
n interconnected matrix of silica nanospheres (Fig. 1), therefore
reatly increasing the surface area for encapsulation. We previ-
usly determined that the silicification reaction yields approxi-
ately 1.2 mg of silica from a 100 �l reaction mixture [15]. The

alculated capacity for enzyme loading in the silica nanospheres
sing the optimized reaction conditions (above) is ∼22.2 mg
nzyme/g silica (2.2%, w/w).

.2. Butyrylcholinesterase-IMER preparation

The scheme for immobilizing BuChE into a packed column is
hown in Fig. 2. A pre-packed metal ion affinity chromatography
olumn charged with cobalt ions selectively retains proteins (or
eptides) with histidine or other complex-forming amino acid
esidues, exposed on the surface of the protein. Therefore a His6-
omologue of the R5 peptide selectively binds to the cobalt
ons. When the silicification mixture is applied to the column,
ilica precipitation occurs and integrates with the peptide already
ound to the column, resulting in the concurrent immobilization
f the enzyme. Analysis of the packing within the column by
EM confirmed the presence of silica nanospheres attached to

he surface of the agarose beads (Fig. 1 c and d).
Four columns were prepared comprising: (1) soluble BuChE

soluble-BuChE–IMER); (2) BuChE immobilized in silica (Si-
uChE–IMER); (3) BuChE immobilized in silica, with N-

erminal His6-peptide (N-His6-BuChE–IMER); and (4) BuChE
mmobilized in silica, with C-terminal His6-peptide (C-His6-
uChE–IMER). The amount of protein retained during immo-
ilization was determined for each IMER. In the case of the
ilica-immobilized IMERs, it is difficult to determine what pro-
ortion of BuChE was bound to the column because unbound
eptide would also be detected in the eluate. The columns
hat contain the silica however, retained much more total pro-
ein (>90%) than the soluble-BuChE–IMER (Table 1). Residual

uChE activity in the eluate and wash fractions was negligible

n all cases (less than 1%–data not shown). The enzyme loading
or the silica-immobilized columns was approximately 30 Units
uChE per ml packing, in agreement with the maximum immo-
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ig. 1. SEM micrographs of silica nanoparticles attached to agarose beads SEM
sing silica nanoparticles formed from N-(His)6-R5 peptide only (b) or from a

ilization capacity previously obtained during optimization in
oose media.

The silica-immobilized IMERs exhibited high substrate con-
ersion efficiency (∼60%) irrespective of the presence or
bsence of the his-tag. Despite the high immobilization effi-

iency in the absence of a his-tag however, the Si-BuChE–IMER
ost activity over time and was attributed to the gradual elution
f silica particles from the column during continuous flow. The

(
2
t

ig. 2. Scheme for enzyme immobilization in silica nanospheres attached by affinity
eads ( ); his-tagged peptide ( ); enzyme ( ); silica nanospheres ( ).

33
lysis of agarose beads (a) and immobilized BuChE attached to agarose beads.
re of N-(His)6-R5 peptide and R5 peptide (c and d).

hysical attachment of the silica particles via the his-tag resulted
n stable IMER preparations, which during continuous flow con-
itions, demonstrated reproducible conversion of BuCh-I for
oth the C-His6-BuChE–IMER and N-His6-BuChE–IMER with
o significant loss in enzyme activity or conversion efficiency

Fig. 3). The His6-BuChE–IMERs were stable over a period of
00 column volumes of continuous flow. The silica immobiliza-
ion provided greater stability and retention of enzyme activity

binding to cobalt-coated resin. Key: agarose beads ( ); Co2+ coated agarose
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Table 1
Immobilization efficiency and kinetic parameters of BuChE–IMERs

Soluble-BuChE–IMER Si-BuChE–IMER N-His6-BuChE–IMER C-His6-BuChE–IMER

Column contents
BuChE

√ √ √ √
R5 peptide × √ √ √
His6-R5 peptide × × √ √

Protein retained (%)a 47.7 92.55 98.69 98.95
Immobilized units (Units)b ∼93 ∼158 ∼160 ∼131
Immobilization efficiency (%) 58.1 98.7 100 70.6
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nzyme activity (Vmax) (�moles/min) 18.68 ± 0.42

a ([Protein]in − [Protein]out).
b ([Units]in − [Units]out).

han the soluble-BuChE–IMER. The initial conversion activity
f the soluble-BuChE–IMER was significantly lower (∼48%)
nd it lost activity rapidly.

.3. Determination of kinetic parameters of BuChE–IMERs

N-His6-BuChE–IMER and C-His6-BuChE–IMER columns
onnected to an LC system exhibited stable performance at a
ide range of flow rates from 0.5 to 3 ml/min. Multiple injections
f substrate through the columns by means of an auto sampler
ystem provided rapid analysis and demonstrated reproducible
onversion efficiency. The percentage conversion of BuCh-I and
he product retention time decreased with increasing flow rate
s expected due to the reduction in residence time. The col-
mn pressure remained stable and below 70 Bar at the range of
ow rates tested (data not shown). A flow rate of 1 ml/min was
hosen as an optimum balance between high product conver-
ion and low retention time. Under the optimum flow conditions
he chromatographic retention time was approximately 5 min
nd analysis of an injected sample was completed in less than
0 min.

The retention of BuChE activity by each of the IMERs indi-
ated that BuChE was retained on the stationary phase. The rel-
tive activity and rate of reaction of BuChE immobilized within

he IMERs was determined using Michaelis–Menten plots to
etermine specific activity (Vmax) (Fig. 4). True kinetic param-
ters cannot be defined using this fixed-bed system, because the
nitial reaction rates cannot be determined due to the residence

ig. 3. Stability of BuChE–IMERs during continuous operation. (×) Soluble-
uChE–IMER; (�) Si-BuChE–IMER; (©) C-His6-BuChE–IMER; (�) N-
is6-BuChE–IMER. Conversion activity (%) normalized to initial rate. Based
n concentration of product (�M) from conversion of 100 �M BuCh-I at a flow
ate of 1 ml/min.
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31.58 ± 0.65 32.48 ± 0.92 26.28 ± 1.16

ime in the columns which results in complete conversion at low
ubstrate concentrations. The specific activity of the IMERs can,
owever, be used to compare specific activity between like sys-
ems and provides an estimate of immobilization efficiency. For
ach system, the hydrolysis of BuCh-I followed conventional
ichaelis–Menten kinetics and saturating substrate concentra-

ion was in excess of 100 mM (Fig. 4).
Because Vmax is directly proportional to enzyme concen-

ration, the units of immobilized enzyme can be correlated
o Vmax as described previously [14] (Table 1). The immo-
ilization efficiency was highest for the IMERs that involved
ilica-immobilization of the enzyme. However, significant non-
pecific binding of the free enzyme was observed, which is
ntriguing considering the low percentage (∼1%) of histidine
esidues in BuChE. Recent reports suggest a non-competitive
nteraction between BuChE and metal ions such as Ni2+ and
o2+, which might contribute to the non-specific binding
bserved in this study [22]. The soluble enzyme, however, was
ot retained within the soluble-BuChE–IMER during continu-
us flow operation and some variability in the data obtained from
he soluble-BuChE–IMER was recognized and is attributed to
he loss in enzyme activity during continuous analysis.

.4. Inhibition of BuChE–IMERs

The silica-based IMERs showed stable and reproducible

onversion of BuCh-I during continuous operation, providing
system that is suitable for a number of applications that
ould not be feasible with soluble enzyme. The hydrolysis
f BuCh-I by cholinesterases is decreased by the presence

ig. 4. Michaelis–Menten plots for BuChE–IMERs. (×) Soluble-
uChE–IMER; (�) Si-BuChE–IMER; (©) C-His6-BuChE–IMER; (�)
-His6-BuChE–IMER. Values are mean and SD of triplicate experiments.
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Table 2
Effect of cholinesterase inhibitors on BuChE activity in IMERs

Inhibitor N-His6-BuChE–IMER C-His6-BuChE–IMER

IC50 (mM) Ki (mM) IC50 (mM) Ki (mM)

Galantamine 0.65 ± 0.03 0.04 0.49 ± 0.04 0.05
Eserine 0.84 ± 0.03 0.05 0.88 ± 0.03 0.09
Tacrine 5.75 ± 0.15 0.40 4.37 ± 0.62 0.44
Edrophonium 10.02 ± 2.69 0.70 11.69 ± 6.12 1.20
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C50 values represent mean with SD of triplicate experiments.

f inhibitors and can therefore be measured in a continuous
ow system for screening cholinesterase inhibitors and rank-

ng of their inhibitory potencies. Four reversible inhibitors
f BuChE were investigated; tacrine, eserine (physostigmine),
alantamine and edrophonium chloride and were selected on
he basis of their potency and mode of inhibition (Table 2). The
uChE–IMERs exhibited a concentration-dependent response

o all of the cholinesterase inhibitors. In all cases, increasing
nhibitor concentration resulted in concurrent and concentration-
ependent reduction of BuCh-I hydrolysis. Galantamine was the
ost potent of the inhibitors tested. The IC50 values were con-

istently higher than those determined in vitro but demonstrate
easibility of using IMERs to screen the preliminary inhibition
haracteristics of substrates. The inhibitor potency of eserine
as approximately 5 times greater than observed for tacrine, in

greement with previous literature reports [23].

. Conclusion

The use of silica-encapsulation provides a facile immobi-
ization technique that permits retention of enzyme activity and
mparts mechanical properties that facilitate application to flow-
hrough systems, such as IMERs. The IMERs can be used for
he screening of specific enzyme inhibitors and the ranking of
heir inhibitory potencies; an extremely useful parameter in drug
iscovery. Butyrylthiocholine is not a physiological substrate
or human brain butyrylcholinesterase but is used as a syn-
hetic substrate for the enzyme. Therefore, inhibition constants
erived using this method can only be representative of relative
nhibitor potency. The primary advantage of the IMER system
s integration into a liquid chromatography system, which facil-
tates application to high throughput screening. A wide variety
f potential inhibitors can be screened by injecting the test com-
ounds together with substrate and rapidly measuring inhibition
inetics.

A recent report describing immobilization of enzymes onto
microreactor surface using his-tag attachment was limited to

ommercially available or highly purified enzymes and resulted
n very low enzyme loading [24]. The location of the his-tag on
he silica-nucleating peptide rather than on the protein eliminates
he need for recombinant modification of the protein of interest

n order to use this method. The affinity binding of the silica
eptide to the column resin provides a system that is durable
nder continuous use, with retention of activity at flow rates
hat are directly applicable to on-line chromatography appli-
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ations. The IMERs were stable and reusable for analysis of
ver 250 injections, totaling more than 50 h of continuous use
ith no significant loss in activity. The automation of IMER

nalysis by integration into a LC system with an auto-sampler
ignificantly reduces the time and work load required to ana-
yze inhibitor potency, providing reliable and reproducible data
ithin a short time period. The reusability of the IMERs also

ignificantly reduces the amount of enzyme required for analy-
is.

The IMERs demonstrated in this study are presented as a
odel system applicable to a range of formats. The loading

apacities achieved were sufficient for demonstrating the con-
ept, but analysis of the silica-coated agarose indicated that we
ave only used a fraction of the surface of the agarose beads and
urther optimization of the approach will lead to dramatically
igher loading capacities. Preliminary investigations indicate
hat a wide range of enzymes can be readily immobilized using
he silica entrapment method [15,16] providing opportunities to
reate IMER systems of a variety of biomacromolecules with
otentially interchangeable components. This bioencapsulation
trategy therefore provides an economical and rapid route for
ynthesizing IMER systems with a number of advantages includ-
ng; minimal preparation time, high immobilization efficiency
nd excellent stability. IMERs could be designed to contain an
nzyme for biocatalysis or organic synthesis, for rapid screen-
ng in medical diagnostics and therapy or for developing IMER
olumns for affinity chromatography [1,2,25]. In addition, co-
mmobilization of multienzyme systems is also possible. Such
ystems can provide continuous cofactor recycling [26], or cat-
lyze multistep processes. The method described is scalable
ependent upon the application, for example, in a microfluidic
ormat for biosensors or as large-scale IMERs for biosynthesis.
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Abstract 

 Recent studies have demonstrated the applicability and versatility of immobilized 

enzyme reactors (IMERs) for chemical and biochemical synthesis and analysis. The 

majority of IMER systems rely on enzymes immobilized to packed matrices within flow-

through devices. This review focuses primarily on the use of silica as a support for 

enzyme immobilization and specific applications of the resulting silica-based IMERs. A 

number of recently published examples (2000 onwards) are discussed as model systems. 

The effect of various silica matrices and immobilization techniques upon the enzymatic 

properties and stability of the biocatalysts is considered. In addition, reports in which the 

carrier matrix is biologically-derived silica are highlighted as an alternative and versatile 

technique that provides advantageous recovery, reuse and reproducibility. 

 

 

Keywords: Immobilized enzymes, Enzyme reactors, IMER, Biocatalysis, Drug 

discovery, Biosilica.
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Introduction and Scope 

 Enzymes are versatile catalysts that mediate a diversity of metabolic and pharmacological 

processes. Significant advancements in genetic engineering and protein purification methods 

have resulted in a wealth of commercially available enzymes which are readily isolated from 

growing culture. Although the diversity of available enzymes has expanded, issues related to 

their integration and stability during chemical production and analysis still exist. In their native 

state, enzymes are soluble in aqueous solutions and as such, are often susceptible to denaturation 

once separated from their physiological environment. By their nature, enzymes are not consumed 

during the reactions that they catalyze, but are difficult to reuse and recover as a soluble 

component from a reaction mixture. This is a primary concern for enzymes which are expensive 

to prepare and only available in very small amounts. Immobilization of enzymes is therefore 

often used in an attempt to stabilize and prolong the activity and reusability of the catalyst. 

Numerous methods for enzyme immobilization have been explored and offer a variety of 

advantages depending upon the functional and biochemical properties of the enzyme, as well as 

the final application.[1-5]  

 The integration of immobilized enzymes into continuous flow-through systems provides 

an added advantage to many applications, as the immobilized biocatalyst is stabilized and can be 

recycled. The resulting immobilized enzyme reactors (IMERs) can also be integrated directly to 

further analytical methods such as liquid chromatography or mass spectrometry.[6]  In fact, one of 

the primary applications of many IMER systems is the digestion of proteins for automated 

sequence analysis by integration with mass spectrometry. The use of IMERs for protein 

digestion, however, has been reviewed extensively elsewhere and will not be covered herein.[6-10]  

 A variety of matrices have been investigated over the years for enzyme immobilization or 

encapsulation, but for focus, the emphasis within this review is limited to IMERs that utilize 

39



Silica-IMERs 

 4

silica as a scaffold. The use of silica-based IMERs has received increasing attention since their 

appearance in the early 1970’s and since then, the use and diversity of applications has grown 

steadily (Figure 1). The last decade has seen a vast increase in this subject area; presumably due 

to a parallel development of commercially available chromatographic support matrices that are 

amenable to IMER development. IMERs now find application in scientific fields as diverse as 

pharmacology, chemistry, materials science and chemical engineering (Figure 1, inset). With a 

few exceptions that are included for reference, the work reviewed herein will be restricted to 

studies reported since the year 2000.  

 

Enzyme immobilization 

 Enzyme immobilization is generally achieved through covalent binding, ionic or 

hydrophobic interactions, or physical entrapment. Covalent attachment is one of the most 

commonly used methods for stabilizing enzyme activity as the enzyme molecule becomes fixed 

in a manner that limits the conformational changes that can lead to enzyme denaturation.[11-13] 

There are intrinsic problems, however, in that covalent attachment can lead to limitations and 

variations in conformational mobility due to the orientation of the enzyme on the support during 

immobilization. Immobilization mediated by ionic or hydrophobic interactions, by comparison, 

is much less rigid but the adsorbed enzyme may leach from its support upon slight changes in the 

reaction environment (e.g. pH, ionic strength or temperature). Overall, however, immobilization 

using physical interactions provides an environment that greatly improves the catalytic properties 

of the biocatalyst, particularly in non-physiological environments.[14-16] Sol-gel encapsulation has 

also been widely studied for enzyme immobilization, but the primary drawbacks are poor loading 

efficiency and enzyme leakage.[17,18] The limitation has been resolved for some enzymes by 
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fabrication of support matrices with pore sizes that are specifically tailored to allow substrate 

flow but prevent enzyme leaching.[19] 

 Biosilicification is the formation of nano-patterned siliceous structures in biological 

systems and is mediated by proteins such as silaffins and silicateins, found in marine diatoms and 

sponges, respectively.[20-22] Using biological molecules as scaffold templates, biomimetic 

silicification reactions have been shown to provide a simple and effective alternative for enzyme 

encapsulation.[23,24] The biologically-derived silica particles physically entrap enzymes within 

silica nanospheres directly as the silica particles form, providing an effective ‘cage’ that limits 

enzyme denaturation and retains high enzyme activity. The application of biologically-derived 

silica (biosilica) as a method for enzyme immobilization and preparation of IMERs using this 

method will be discussed in more detail below. 

 

Immobilized enzyme reactors  

 The packaging of immobilized enzymes within a flow-through system creates an IMER 

that can be utilized as a microreactor (for chemical synthesis) or integrated into conventional 

chromatography systems (for analyte detection).[25,26] IMERs can be exploited either before (pre-

column) or after (post-column) a chromatographic separation or can serve as a chromatographic 

column in itself. Pre-column conversions would include pre-treatment of analytes such as chiral 

separation or screening for enzyme inhibition. Location of an IMER before a chromatography 

column via a switching valve allows the IMER to be separated from denaturing conditions 

downstream (i.e. organic solvents or pH environments required for subsequent chromatographic 

separations).[27,28] Post-column IMERs are primarily designed to enhance detection of a product 

or analyte.[29-32] As the diversity of support matrices escalates, the difficulty in defining optimum 
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characteristics relevant to all applications becomes more difficult. The choice of support is 

dependent upon the nature and mechanism of the enzyme, the properties of the support and the 

final application and conditions of use of the resulting IMER. A review of pre and post-column 

IMER formulations, support matrices and their relative advantages and disadvantages is provided 

by Girelli et al.[33] 

 IMERs are useful for the analysis of biological systems only as long as the characteristics 

of the biomolecule are retained. The ability to study enzyme kinetic characteristics using IMER 

systems by calculation of Michaelis-Menten Kinetics has been demonstrated to confirm that the 

immobilized enzyme is not significantly hindered by its orientation and binding.[8,34] 

Lineweaver-Burk plots of reaction rate vs. substrate concentration are readily achievable in flow-

through IMER systems from which the Michaelis constant (Km) and the maximum enzyme 

velocity (Vmax) can be calculated and mechanisms of inhibition (competitive, noncompetitive 

etc.) can be determined. Specific enzyme inhibition affinity can also be calculated in IMER 

systems by measuring the IC50 (the inhibitor concentration that results in a 50% reduction in 

product conversion under saturating substrate conditions) or an inhibition constant (Ki) 

calculated from the intersect of a Lineweaver-Burk plot.[35,36] 

 

Silica as an enzyme-immobilization support 

 Various support matrices have been developed and are now commercially available for 

enzyme immobilization. Of all available techniques, silica-based derivatized matrices, 

monolithic chromatography supports and artificial membrane stationary phases are the most 

commonly used. Using these techniques, the immobilization of enzymes to various stationary 

phases has now been demonstrated for a wide variety of applications using a range of enzymes, 

membrane proteins and receptor proteins.[19,37-41] Silica-based stationary phases of the type used 
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in liquid chromatography separation columns are commonly used as support matrices for enzyme 

immobilization to produce IMERs. The primary advantage of the readily available commercial 

supports is their reproducibility. The silica support, however, must be functionalized to allow for 

covalent attachment of enzymes. An additional limitation of these columns is that the void 

volume of packed silica columns may create diffusion and flow limitations. The recent 

introduction of monolithic polymers as a stationary phase provides an alternative to overcome 

those limitations.[10,19,42-45] Monolithic separation media is essentially one single core which does 

not contain voids between the packing materials. This results in improved mass transfer, as all of 

the sample and mobile phase must flow through the entire stationary phase. Silica-based 

monoliths provide an inherent advantage of having equally sized mesoporous structures and 

large surface areas. The high-throughput of monoliths allow for high flow rates with low back 

pressures; which enables further coupling to analytical detection systems.  Selection of silica 

monoliths, however, is often a trade off between macroporous structures that permit high flow 

rates and low back pressures but with significant leaching of protein (due to large pore sizes >50 

nm), compared to mesoporous structures with pore diameters more suited to protein retention (3-

5 nm) but a concurrent increase in high back pressures even at low flow rates. Besanger et al., 

for example, reported a mesoporous silica monolith that generates a back pressure of >3500 psi 

at flow rates of less than 1 µl/min, which excludes further integration with pressure-driven liquid 

chromatography.[19] The authors attempted to address the limitation using sol-gel synthesis; using 

glyceroxysilanes to create mesoporous materials that combines high protein retention of α-

glutamyl transpeptidase (loading efficiency >80%) with enhanced flow characteristics. One 

limitation of this approach was long preparation times of several days, due to multiple aging 

steps. Variations in fabrication pH and polyethylene glycol concentrations were optimized to 

minimize shrinkage of the monoliths during preparation and to prevent flow-channeling as a 
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result of the column pulling away from the capillary surface. Flow rates were low in the final 

system, with optimal rates less than 1 µl/min. The apparent catalytic activity of the immobilized 

enzyme, however, was comparable to soluble enzyme for the conversion of L-glutamic acid p-

nitroanilide to p-nitroaniline.[19] The sol-gel method can be used to produce an aggregate of 

spherical particles that occurs due to phase separation during sol-gel transition, resulting in a 

coarse porous matrix with good flow characteristics when packed into a flow-through column. 

The particles formed using these techniques are of the order of several microns in diameter with 

interparticle gaps of the same size order that allow the efficient flow of substrate through the 

column. Sol-gel entrapment of protease, for example, has been demonstrated in an IMER for 

transesterification reactions.[42] 

 An alternative area of IMER development is the use of immobilized artificial membrane 

(IAM) stationary phases that consist of a monolayer of phospholipid covalently immobilized on 

an inert silica support, in which enzymes are entrapped in an environment that resembles a 

biological membrane. IAM stationary phases are particularly useful for studying trans-membrane 

receptors and drug transport across membranes and for non-covalent immobilization of 

membrane-associated proteins. A wealth of reports on the use of IAM stationary phases to study 

drug interactions, particularly across the blood-brain barrier, are documented but not described 

further herein due to the depth of the subject area.[46-55] 

 

Biosilica for IMER preparation 

 Biomimetic silicification reactions provide a rapid and simple alternative method for 

enzyme immobilization that result in the physical entrapment of enzymes within silica 

nanospheres as they are formed (Figure 2). The reaction mixture consists of a silica-precipitating 
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peptide and a silicate precursor (tetramethylorthosilicate) that rapidly (<2 minutes) form silica 

nanoparticles in aqueous buffered solution.  A matrix of spherical silica particles (typically 

~500nm in diameter) is formed and provides effective encapsulation of a range of enzymes 

including esterases, hydrolases, peroxidases and reductases.[23,35,56-59] The silica particles can be 

further integrated into flow-through systems by either: i) preparing the silica particles in batch 

mode and then packing them into a column or by ii) preparing the silica particles within a 

commercially available pre-packed column, in situ, by anchoring them to the column matrix. 

Both alternatives provide viable methods for fabricating IMERs and examples of each are 

included within this review. To achieve biosilica formation (and enzyme encapsulation) in situ, 

the silica-precipitating peptide is functionalized with a histidine-rich tail (his-tag), allowing for 

its retention within a commercial pre-packed column by metal affinity binding between the ‘his-

tag’ and a metal coating (cobalt) upon the agarose packing material.  The peptide forms silica in 

situ and simultaneously encapsulates enzymes directly at the surface of the agarose and hence 

within the packed column (Figure 2). To our knowledge, the use of biologically-derived silica 

matrices (biosilica) as a support matrix for development of IMERs is unique and will be 

described in more detail throughout this review to highlight the validity of the approach.  

 

IMERs for drug discovery 

 Many basic biological signaling responses rely upon specific interactions between 

biomolecules and a respective, and often highly specific, ligand. As such, pharmaceutical 

research is often directed towards the elucidation of these mechanisms and their regulation or 

modulation by drug interactions.[60] Although enzyme activation has a therapeutic role, the mode 

of action of many commercially available drugs is enzyme inhibition. Pharmacological inhibition 

of cyclooxygenase, for example, can provide relief from the symptoms of inflammation and pain 
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and is the mode of action of drugs such as aspirin and ibuprofen.[61] Serotonin reuptake inhibitors 

and monoamine oxidase inhibitors can function as antidepressants, due to their ability to prevent 

the breakdown of neurotransmitters.[62-64] Screening of therapeutic enzyme inhibitors is often 

directed towards achieving high specificity and increased potency in order to reduce unspecific 

interactions (i.e. side effects) and lower toxicity. Examples of IMERs with application to drug 

discovery and metabolic screening are highlighted in the following sections. 

 

Analysis of cholinesterase inhibition 

 The pharmacology of cholinesterase enzymes is an area of increasing interest as 

inhibitors of cholinesterases have therapeutic value for treatment of neurogenerative diseases 

such as dementia and Down’s syndrome.[65-67] In addition, cholinesterase inhibitors are the only 

currently FDA approved treatment for Alzheimer’s disease.[68-70] Cholinesterases such as 

acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) catalyze the hydrolysis of 

acetylcholine; a neurotransmitter in the central nervous system. Cholinesterase inhibitors bind to 

the enzyme and prevent the enzymatic breakdown of acetylcholine. Acetylcholine accumulates 

as a result, overwhelming the central nervous system and leading to ataxia (failure of muscle 

coordination and movements), seizures and ultimately death. In addition, the toxicity of 

cholinesterase inhibitors, particularly irreversible inhibitors, has led to their use as nerve agents 

in warfare.[71,72]  

 A range of IMER preparation methods have been investigated for immobilization of 

cholinesterase enzymes in order to screen for enzyme inhibitors (Table 1). A comparison of 

silica-packed columns and monolithic columns for IMER preparation was recently reported by 

Bartolini et al.[73] Two modified monoliths (with epoxy or ethylenediamino reactive groups) 
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were prepared and compared to a silica-packed column for the immobilization of AChE and 

kinetic characteristics of the columns were determined at a range of flow rates. The monolithic 

columns demonstrated specific advantages; good stability, enzyme loading is performed in situ 

and conditioning times are short. The loading capacity of the columns were low (~3%), however, 

compared to silica-packed columns (~29%). The silica-packed column also required a shorter 

preparation time and at a fraction of the cost. AChE immobilization was also achieved by in situ 

derivatization of epoxide silica that resulted in covalent linkages between the enzyme and the 

epoxide groups and provided stability to the immobilized enzyme. The loading capacity of the 

column was high (Table 1) but analysis times were reduced due to a requirement for low flow 

rates.[74] By comparison, immobilization of BuChE in biosilica nanoparticles was complete in 

less than 1 hour with an immobilization efficiency of 100% and a high loading capacity for 

enzyme (Table 1).[35] Biosilica-IMERs containing immobilized BuChE were used for screening 

the drug potency of cholinesterase inhibitors (Figure 3) and were stable for over 2 days of 

continuous use at flow rates of up to 3 ml/min.[35] 

 In an alternative system, AChE was immobilized to silica gel by covalent binding and 

used to monitor the hydrolysis of acetylcholine and concurrent inhibition by carbamate pesticides 

(Table 1). The system was reusable, but only a few times and as such was designed as a 

disposable sensor for pesticides. AChE hydrolyses acetylcholine to release choline and acetic 

acid. The acid undergoes spontaneous dissociation and releases hydrogen ions which can be 

detected potentiometrically (change in pH due to increase of hydrogen ions) or 

conductimetrically (change in conductivity due to increase in ion concentration). Both detection 

systems in conjunction with the AChE-IMER provided detection limits of less than 1 ppm and 

within range for detection of carbamates at environmentally relevant levels.[75]  
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 The interest in cholinesterase enzymes and their reaction metabolites is exemplified by 

the availability of a commercial polymeric bioreactor available from Bioanalytical Systems Inc. 

(BASi, West Lafayette, IN) for analysis of acetylcholine and choline. Dong et al., reported a 

modification to the commercially available product, by the addition of horseradish peroxidase in 

a post-column IMER that improved sensitivity of detection by 200-fold. Horseradish peroxidase 

was immobilized to amine-functionalized silica beads and packed into a column and used to 

monitor the formation of hydrogen peroxide as a measure of acetylcholine concentration in 

mammalian lysates. The IMER column was stable for up to 8 months with no loss in activity, 

providing that a biocide was added to prevent the growth of contaminating biofilms.[76] 

 

Drug metabolism by glucuronidation  

 Glucuronidation plays a significant role in the pharmacology of many drugs and as such, 

the determination of non-conjugated and conjugated drug metabolites is a useful tool. The 

reaction primarily converts toxins and certain drugs to a more water soluble metabolite that can 

be readily excreted from the body by the kidneys. Uridine diphospho-glucuronosyltransferase 

(UDPGT), for example, is involved in metabolic detoxification in vertebrates through 

glucuronidation reactions that facilitate the transport of lipophilic compounds to excretory 

organs. Non-solubilized UDPGT from rat liver microsomes was covalently immobilized to a 

functionalized silica support by Schiff base chemistry and a number of reaction variables (i.e. 

sonication treatments and buffer selection) were investigated during immobilization to determine 

an optimum configuration.[77] A high loading capacity for protein (~40 mg protein g-1 silica) was 

a trade off with a reduction in specific activity that was attributed to destruction of lipids 

associated with the enzyme during preparation. IMER preparation times of up to 3 days may also 

contribute to a loss in specific activity. The resulting UDPGT-IMERs, however, was reusable 
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over a period of 45 days with up to 75% activity retained, depending upon the IMER 

configuration. The IMER was coupled (pre-column) to a C18 and anion-exchange column in 

order to separate substrate from product downstream and used for the on-line glucuronidation of 

4-methylumbelliferone and acetaminophen.[77] Immobilization of rat liver microsomes 

containing UDPGT using silica sol-gel technology to create an IMER for capillary 

electrochromatography has also been reported and used for the on-line analysis of the 

metabolism of p-nitrophenol and testosterone.[78] Similarly, β-glucuronidase was immobilized to 

a monolithic silica based column and used to evaluate the conversion of the cough suppressant 

dextromethorphan to two metabolites; dextrorphan and 3-hydroxymorphinan. The products are 

formed by cytochrome P-450 enzymes and undergo glucuronidation reactions in vivo. As such, 

the presence of these metabolites in urine is used to assess the metabolic activity of specific 

cytochrome P-450 enzymes. The resulting silica-based monolithic IMER of β-glucuronidase 

provides on-line hydrolysis of the conjugates for rapid analysis of metabolite concentrations in 

human urine samples.[79]  

 

Determination of catecholamines 

 Catecholamines such as norepinephrine, epinephrine and dopamine are an important 

group of chemical compounds that act as neurotransmitters in the central nervous system (Figure 

4).[80] The work of Markoglou and Wainer has demonstrated the application of IMER systems 

for the analysis of catecholamines in order to understand the physiological interaction with 

various adrenergic receptor proteins.[81-85] Dopamine β-hydroxylase (DBH) and 

phenylethanolamine N-methyltransferase (PNMT) are essential enzymes involved in the 

metabolism of catecholamines in vivo. These enzymes are essential to nervous signaling and 
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implicated in neurological disorders such as Schizophrenia and Parkinson’s disease.[86] Drug 

discovery for targets that can alter the function of these enzymes are therefore a key focus. The 

immobilization of PNMT and DBH to glutaraldehyde-functionalized silica gel was optimized in 

batch systems (~2.5 mg protein g-1 support) and packed into columns.[81-83] Immobilization of 

PNMT had some deleterious effects upon enzyme activity but the system was stable at elevated 

temperatures (up to 60oC) and proved effective at screening the binding characteristics of known 

inhibitors. An IMER based on immobilized PNMT, for example, was used to demonstrate the N-

methylation of normetanephrine (Figure 4, R = OCH3).
[81] In addition, the PNMT-IMER was 

coupled with a second DBH-IMER for two-step synthesis of L-epinephrine from dopamine, with 

product recoveries of ~95% (Figure 4).  The technology was extended to incorporate two 

different forms of DBH (soluble and membrane-bound) by utilizing two differing methods of 

IMER preparation; an immobilized artificial membrane for the membrane-bound protein and 

glutaraldehyde-functionalized silica for the soluble protein.[85]  

 

Screening for prodrug activation 

 Berne et al. describe an IMER containing a bacterial nitrobenzene nitroreductase enzyme 

that catalyzes the conversion of a nitro group to hydroxylamine resulting in a large electronic 

change which can be exploited for a variety of biotechnological applications; primarily the 

activation of prodrugs and proantibiotics for cancer treatments or antibiotic therapy, 

respectively.[87] Nitrobenzene nitroreductase was immobilized (>80% immobilization efficiency) 

in a silica matrix formed by polyethyleneimine (PEI) that catalyzes the formation of a matrix of 

interconnected silica particles of ~1 µm diameter. PEI has been extensively used for stabilizing 

enzymes by generating hydrophilic microenvironments that protect the enzyme from 
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denaturation and the use of PEI as a scaffold for silica formation therefore provides a synergism 

between the stabilizing effect of PEI and the encapsulation stability of silica nanoparticles. The 

resulting silica-encapsulated nitroreductase was contained in a stainless steel column to create an 

IMER for conversion of nitrobenzene, a prodrug (CB1954), and a proantibiotic (nitrofurazone). 

The IMER showed excellent activity and stability for the screening of prodrugs in non-aqueous 

solvents such as methanol and acetonitrile. IMER functioning in a non-aqueous system is a 

primary advantage, due to the relative insolubility of many prodrugs in aqueous solutions. Flow 

rates within the system were low (1-5 µL/min) but no enzyme leaching or back-pressure 

problems were reported and stoichiometric conversion of all test substrates was observed, with a 

concurrent decrease in conversion efficiency with increased flow rates as expected. The system 

was operated for more than 3 days at room temperature with a flow rate of 5 µL/min for 

continuous conversion of nitrobenzene with >90% conversion efficiency (Figure 5). 

 

Screening inhibitors of glyceraldehyde-3-phopshate dehydrogenase  

 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a target for developing drugs 

for the treatment of parasitic diseases such as sleeping sickness, due to its role in controlling 

ATP production in pathogenic parasites.[88] GAPDH, however, has low stability and loses up to 

half of its activity within a day. GADPH isolated from rabbit was covalently immobilized to a 

wide-pore silica support by glutaraldehyde activation and Schiff-base chemistry.[89] The loading 

capacity was 150 µg of enzyme to 100 mg stationary phase with ~95% loading efficiency, but 

less than 3% of the initial enzyme activity was retained. The low retention of activity was 

attributed to the instability of the enzyme in aqueous solutions and the significant time delay (6 

hours at optimum) for binding to occur. The resulting particles, however, were packed into a 
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glass column to make a GAPDH-IMER which was stable for 30 days; a significant improvement 

upon the native enzyme. The IMER was utilized for kinetic measurements of enzyme activities 

and enzyme inhibition was evaluated with the toxin, agaric acid, to demonstrate that the IMER 

could be used for screening GAPDH inhibitors.  

 

IMERs for chemical synthesis 

 Enzymes are useful for synthesis of fine chemicals, production of agrochemicals and 

pharmaceuticals.[90-96] In order to employ enzymes in bioprocesses a number of limitations such 

as enzyme stability, difficulty in separating the product from the catalyst and the inherent 

difficult of re-using the catalyst must be overcome. These disadvantages can be alleviated by 

using IMER systems that provide enzymes immobilized into, or onto, a solid support. The 

resulting immobilized catalysts are heterogeneous and can be readily separated and recovered; 

increasing the commercial feasibility of enzyme-based reactions. Separation of products 

downstream of the process can raise production costs considerably and in this area, the 

development of continuous flow reaction systems has seen a critical input to improving 

technology. IMERs have now been developed by a number of groups and demonstrated as a 

viable alternative to conventional synthesis. The immobilization of subtilisin Carlsberg to fumed 

silica, for example, was used within a continuous packed-bed reactor for transesterification 

reactions in hexane.[97] In the following section, examples of catalysis using IMER systems are 

chosen to exemplify the application to chemical synthesis. 
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Preparation of penicillin analogues 

 Penicillin G acylase (PGA) enzymes catalyze the cleavage of the acyl-chain of penicillins 

to produce 6-aminopenicillanic acid; providing a commodity product at a scale of 20,000 tons 

per annum. The enzyme has very broad substrate specificity with utility to the production of 

semi-synthetic penicillins and β-lactam antibiotics.[98,99] The enzyme can resolve racemic 

mixtures of chiral compounds with excellent stereochemistry for a range of substrates. The 

catalytic versatility of the enzyme has been extended by immobilizing PGA onto 

chromatography supports and using the enantiomeric selectivity of the enzyme to resolve 

racemic mixtures.[100] Immobilization onto supports with various pore sizes and functionalities 

were recently compared for the development of a PGA-IMER using two preparation methods: i) 

immobilizing the enzyme and then packing the immobilized catalyst into a column (batch) 

versus ii) immobilizing the enzyme within a pre-packed column (in-situ). Despite the high 

loading capacity observed with batch preparation (87 mg enzyme g-1 support), a loss of activity 

was observed upon packing and in-situ techniques provided optimal performance in comparison. 

Immobilization via the amino groups of the enzyme showed retention of activity, whereas 

enzyme activity was abolished when the enzyme was attached via its carboxyl groups.[101] 

Microparticulate epoxy-silica supports showed high enzyme loading but the efficiency was 

greatly superseded by single phase porous silica monoliths where ~250 mg of protein could be 

loaded to a single column. Using the optimized system, PGA-IMERs were integrated with an 

liquid chromatography system to determine the PGA-catalyzed hydrolysis of esters. In addition, 

the resulting column acted as a chiral stationary phase for screening of substrate analogues and 

non-steroidal anti-inflammatory drugs.[100] Further downstream chiral separation led to precise 

determination of enantioselectivity in the synthesis of 2-aryloxyalkanoic acid methyl esters and a 

variety of substrate analogues.[102] 
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Lipase-catalyzed conversions 

 Lipases are one of the most versatile and hence widely exploited groups of enzymes in 

biocatalysis.[103-108] In the previous section we noted that PGA can be utilised to synthesize 2-

aryloxyalkanoic acid methyl esters. A similar report utilizes a lipase from Candida rugosa for 

racemic separation of 2-aryloxyalkanoic acids, analogous methyl esters and non-steroidal anti-

inflammatory drugs.[109] Lipase based IMERs were produced by i) physical adsorption of lipase 

to a silica (RP18) stationary phase and by ii) covalent immobilization of lipase via activating 

agents on aminopropyl-functionalized silica. Immobilization yield by physical adsorption was 

high but unstable due to weak hydrophobic interactions which allowed the enzyme to leach from 

the IMER over time; particularly in the presence of solvent. Covalent immobilization eliminated 

the leaching problems, allowing for chromatographic separation and collection of products for 

off-line enantioselective analysis. 

 Lipase from Candida rugosa was immobilized to silica gel with relatively low loading 

capacity (1.9 mg protein g-1 support) but good recovery of activity (~37%) and used as a packed-

bed IMER to catalyze the racemic resolution of (S)-ketoprofen from its constituent enantiomers. 

The optically pure (S)-isomer was obtained with >99% ee at a conversion rate of ~30% and a 

productivity rate of 1.5 mg g-1 biocatalyst h-1. (S)-ketoprofen is a non-steroidal antiflammatory 

drug used to reduce inflammation and relieve pain; the (R)-isomer has no activity.[110,111] By 

comparison, 2-phenoxypropionic acids and their esters are used as herbicides; in this case, the 

(R)-isomers are biologically active. Lipase from Candida rugosa was again immobilized to silica 

beads and used as a packed-bed reactor for the continuous racemic resolution of 2-(4-

chlorophenoxyl) propionic acid (46% ee).[112] 
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Conversion of nitroarenes 

 One advantage of immobilizing enzymes is the ability to utilize a biocatalyst in non-

physiological environmental conditions. The combination of a metal and a biocatalyst, for 

example, would ordinarily not be feasible due to the disparate reaction conditions required for 

optimal activity. An IMER containing biosilica-immobilized hydroxylaminobenzene mutase 

(HABM) was developed using a simple fluidized-bed design and integrated with a packed-bed 

reactor containing zinc for conversion of nitrobenzene to o-aminophenol with ~90% conversion 

efficiency during continuous operation over a period of 24 hours. The HABM-IMER system also 

proved amenable to the formation of a novel homologue of the antibiotic, chloramphenicol 

(Figure 6).[56] The system can operate at flow rates of the order of milliliters per minute (for large 

scale catalysis) but can be reduced in scale to microfluidic formats with flow rates of only 

microlitres per hour (more suited to screening). A microfluidic HABM-IMER was used in 

conjunction with an additional microfluidic IMER connected in series that contained biosilica-

immobilized soybean peroxidase for the synthesis of 2-aminophenoxazin-3-one; an intermediate 

in the synthesis of actinomycin antibiotics (Figure 6). [58] 

 

IMERs as biosensors 

 The majority of drug interactions rely on reversible inhibitors of enzyme activity. 

Irreversible enzyme inhibitors, however, can often cause drastic effects upon metabolic functions 

and are the mechanism of action of many poisons and potent neurotoxins. Ricin, for example, is 

a potent protein toxin found in castor oil beans. Ricin is an irreversible inhibitor that functions as 

a glycosidase and inactivates ribosomes so specifically that fewer than ten castor oil beans is 

sufficient for severe cytotoxicity and potential fatality.[113,114] As such, ricin and other 
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neurotoxins also find application as terrorist threat agents. One area of research applicable to 

IMERs has been the development of biosensor systems to screen irreversible inhibitors despite 

limitations that are inherent to this type of system; such as enzyme reactivation. Although a close 

correlation between biosensors and IMERs may seem apparent, according to the strict IUPAC 

definition of a biosensor, an IMER by itself is not a biosensor. A biosensor is defined as ‘a 

device that uses specific biochemical reactions mediated by isolated enzymes, immunosystems, 

tissues, organelles or whole cells to detect chemical compounds, usually by electrical, thermal or 

optical signals’.[115] The integration of an IMER with a detection system may therefore lead to 

the development of a biosensor but IMERs are essentially bioreactors rather than biosensors as 

the biological component is distinct from the physical transducer.[114] The distinction, however, 

is not always evident and examples of biosensors/IMER combinations can be found within the 

literature. A number of examples of such are included in a review by Fishman et al.[116] The 

IMER containing biosilica-immobilized BuChE described earlier for screening the drug potency 

of cholinesterase inhibitors, for example, was also integrated with an aerosol collection system to 

develop a biosensor for the detection of organophosphate nerve agents in air.[59] The system was 

tested with model organophosphates including paraoxon, demeton-S and malathion. The 

substrates are all potent inhibitors of BuChE and as such, the BuChE-IMER required reactivation 

with pyridine-2-aldoxime following every test sample in order to maintain enzymatic activity 

over repeated use. Despite the inherent limitations, the system proved suitable for detection of 

organophosphates in air at practical detection limits.[59] 

 

Conclusions and Future considerations 

 The application of silica-based IMERs clearly offers practical advantages, providing 

enzyme reactions that can undergo repeated interrogation or continuous use. The scalability of 
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the process is an obvious advantage, allowing for large-scale systems applicable to continuous 

large-scale synthesis, and also to small-scale microfluidic systems that are more suited to 

preliminary screening. In addition, the IMER process has been shown to be adaptable to a mix 

and match design in which individual IMER units can be rearranged to change the series of 

catalytic events, and hence, the product. Coimmobilization of enzymes either in a combined 

system, or individually as single sequential units will allow for development of complex catalytic 

sequences. Biologically-derived silica (biosilica) provides a feasible and versatile alternative 

method for forming a silica matrix that acts as an excellent scaffold for enzyme encapsulation. 

The biosilica reaction is rapid and simple with high loading capacities and high mechanical 

stability that has been used in applications such as screening enzyme-drug interactions and for 

the synthesis of novel chemicals and antibiotic intermediates. The application of IMER 

technology will doubtless continue, as enzyme immobilization techniques and support matrices 

continue to be developed.  
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Table 1. Comparison of IMER preparation methods utilizing cholinesterase enzymes 

*The monolith columns included in this table are not silica based but are included for reference and comparison.  

†Stability is cited as activity remaining following the time period given 

aPotentiometric detection, bConductimetric detection, (-) not applicable or not reported, (ID) internal diameter, 

acetylcholinesterase (AChE), butyrylcholinesterase (BuChE) 

 Monolith disks* Packed 

Silica 

Biosilica Epoxide-

Silica 

Silica-gel 

Enzyme Human 

AChE 

Human  

AChE 

Human  

AChE 

Equine 

BuChE 

Human  

AChE 

 

Electric- 

eel AChE 

Column matrix EDA-CIM 

disk 

Epoxy-CIM 

disk 

Silica gel,  

(40 µm, 

300Å)  

 

Biosilica 

coated 

agarose beads 

Epoxide silica 

gel (5 µm, 

200Å) 

Silica gel  

(40-63 

µm, 60Å) 

Dimensions 

 

3x12 mm 3x12 mm 3x35 mm 25x20 mm 50x4.6 mm 

(ID) 

3x0.31 cm  

Immobilization 

 

In situ In situ Batch In situ  In situ Batch 

Immobilization 

efficiency 

 

3% 3% 29% ~100% 25% - 

Stability† <30%  

(2 mos.) 

~80%  

(2 mos.) 

~80%  

(2 mos.) 

100%  

(15 h) 

 

70%  

(4 mos.) 

Reused 2 – 

7 times  

Flow Rate (ml/min) 

 

0.2 - 1.4 0.2 - 1.4 0.2 - 1.4 0.5 - 3.0 0.1 0.25 - 1.0  

 

Analysis time (min) 

 

5 5 5 10 20 35–45a 

31–37b  

Bed volume (mL) 

 

0.34 0.34 0.06 5.0 - - 

Immobilized 

enzyme (U) 

 

0.18±0.01  0.22±0.01  4.35±0.01  ~160  63  150a, 200b 

Reference [73] [[73] [73] [35] [74] [75] 
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Figure 1. Use of silica-immobilized enzyme reactors  

Source: Scopus keyword search for silica immobilized enzyme reactors in title, abstract and 
keywords; categorized by year (bar chart) and subject area (inset pie chart). 
 

Figure 2. Preparation of IMERs using biologically-synthesized silica 

A mixture of a silica-precipitating peptide and hydrolyzed tetramethylorthosilicate rapidly forms 
silica in aqueous solution (a), producing a network of silica nanospheres of ~500 nm (b). The 
particles can be attached to large agarose beads (c) by metal affinity binding; by adding six 
histidine residues to the peptide (d). Figure adapted from Journal of Chromatography B, 2006, 
843(2), 310-316.[35] 
 

Figure 3. Screening of a cholinesterase inhibitor on a BuChE-IMER 

Chromatograms showing subsequent injections to a BuChE-IMER of butyrylthiocholine at 
saturating substrate concentration (a), with 1mM tacrine inhibitor (b) and again with 
butyrylthiocholine at saturating substrate concentration (c)  
 

Figure 4. Pathway for dopamine metabolism 

Dopamine β-hydroxylase (DBH), Phenylethanolamine N-methyltransferase (PNMT) 

Figure 5. Silica-immobilized nitroreductase IMER 

Schematic of the IMER containing silica-encapsulated nitroreductase inside a stainless steel 
microreactor (specifications shown) and operational stability of the resulting column for the 
conversion of nitrobenzene (100 µM) at 5 µl/min. Figures reprinted with permission from 
Biomacromolecules, 2006, 7, 2631-2636. [87] Copyright 2006 American Chemical Society.  
 
Figure 6. Enzyme catalyzed conversion of nitroarenes  
Hydroxylaminobenzene mutase (HABM), Soybean peroxidase (SBPO) 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5.  
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Figure 6. 
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bstract

An enzyme-based monitoring system provides the basis for continuous sampling of organophosphate contamination in air. The enzymes
utyrylcholinesterase (BuChE) and organophosphate hydrolase (OPH) are stabilized by encapsulation in biomimetic silica nanoparticles, entrained
ithin a packed bed column. The resulting immobilized enzyme reactors (IMERs) were integrated with an impinger-based aerosol sampling system

or collection of chemical contaminants in air. The sampling system was operated continuously and organophosphate detection was performed

n real-time by single wavelength analysis of enzyme hydrolysis products. The resulting sensor system detects organophosphates based on either
nzyme inhibition (of BuChE) or substrate hydrolysis (by OPH). The detection limits of the IMERs for specific organophosphates are presented
nd discussed. The system proved suitable for detection of a range of organophosphates including paraoxon, demeton-S and malathion.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Organophosphates (OPs) are used throughout the world as
esticides and insecticides. OPs are also toxic to many other
rganisms, including humans, due to their often irreversible inhi-
ition of essential enzymes of the central nervous system. The
otency of OPs has also led to their use as chemical warfare
gents (Bajgar, 2004; Wiener and Hoffman, 2004). Currently, the
etection of OP exposure is mostly retrospective, because many
Ps exist as atmospheric particulate matter not easily detectable
y human senses. The threat of terrorist activity is often cited to
mphasize the importance of sampling and analysis of airborne

ontaminants, yet less sinister circumstances can cause public
ealth issues as well. For example, the ventilation of buildings
sing outdoor air creates a situation whereby building occupants

∗ Corresponding author. Tel.: +1 850 283 6034; fax: +1 850 283 6090.
E-mail address: hluckarift@gtcom.net (H.R. Luckarift).

1 Present address: Department of Pediatrics, Emory University School of
edicine, 2015 Uppergate Drive, Atlanta, GA, USA.
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an be exposed to OPs both by incidental release (e.g. pesticide
praying) as well as a direct targeted attack. Therefore, there
s an urgent need for aerosol sampling devices that provide an
arly warning of OP chemical agent release before the resultant
ontamination of a building’s air supply.

Detection of OPs in air is currently performed by chromatog-
aphy coupled with mass selective detectors or various types of
pectroscopy (Staaf and Ostman, 2005; Bjorklund et al., 2004;
anchez et al., 2003). Such techniques are time consuming,
xpensive and often require highly trained personnel, making
hem impractical for continuous monitoring. The enzymes
cetylcholinesterase (AChE), butyrylcholinesterase (BuChE)
nd organophosphate hydrolase (OPH) have received much
ttention as alternatives for the detection of OPs and have
een demonstrated in a range of amperometric, potentiometric,
onductometric and optical formats (Andreescu and Marty,
006; Walker and Asher, 2005; Mulchandani et al., 2001, 1998;

imonian et al., 2001; Wang et al., 2003; Singh et al., 1999).
etection using BuChE is based upon enzyme inhibition; OPs
lock the enzyme activity of BuChE leading to a decrease in
esponse proportional to OP concentration. In contrast, detec-

mailto:hluckarift@gtcom.net
dx.doi.org/10.1016/j.bios.2007.04.023
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ion using OPH is based upon hydrolysis of OP substrates. OPH
ydrolyzes a range of OPs including pesticides (e.g. parathion
nd malathion) and chemical warfare agents (e.g. soman, sarin
nd VX) (Dumas et al., 1989; Di Sioudi et al., 1999; Lai et
l., 1995; Rastogi et al., 1997). The products of hydrolysis
an be monitored spectrophotometrically or electrochemically.
ecause OPs are substrates for OPH, catalysis leads to a direct
etermination of analyte and the signal generated is directly
roportional to the concentration of OP.

A primary limitation of many biologically based detection
ystems is the instability of the biological component. We have
ecently demonstrated that silicification provides a biocompati-
le and simple method for enzyme immobilization (Luckarift
t al., 2004). Silicification refers to the process that certain
rganisms use to form hard silica skeletons by deposition of
norganic minerals. The silicification process can be adapted in
itro to entrap enzymes of interest within the resulting silica
atrix. The silica immobilization method proved suitable for

he encapsulation of butyrylcholinesterase (BuChE) with high
etention of enzyme activity (>90%). Further modification of
he procedure allowed the entrainment of the silica-immobilized
nzymes within a fixed bed column; making them amenable to
ontinuous flow systems (Luckarift et al., 2006). In this study,
e compare the applicability of silica-immobilized BuChE and
PH for enzyme-based detection of OP contaminated air. The

ystem provides the potential for development of continuous
ir monitoring devices for detecting OP contamination and
ntegration with an alarm system. A system is envisaged for
xample whereby an air conditioning supply could be controlled
n response to a positive signal.

. Materials and methods

.1. Materials

Butyrylcholinesterase (E.C.3.1.1.8; Equine serum, ≈50%
rotein and activity of 1200 Units/mg protein) was purchased
rom Sigma–Aldrich and dissolved in cholinesterase specific
uffer (Luckarift et al., 2004). The synthetic peptides R5
SSKKSGSYSGSKGSKRRIL), and the R5-His-tagged variants
ere purchased from New England peptide (Gardner, MA).
emeton-S was obtained from ChemService (West Chester, PA).
ll other chemicals were of analytical grade and obtained from
igma–Aldrich (St. Louis, MO). OPH was kindly provided by
r. James Wild of Texas A and M University.

.2. Air sampler design

A schematic diagram of the sampling system is illustrated
n Fig. 1. Liquid samples were aerosolized using a Micro-Mist
ebulizer manufactured by Hudson RCI. The nebulizers were
oaded with 1 ml of solution and operated at an air flow rate
f approximately 4 l/min for 4 min. At the end of 4 min, the

ebulizer was switched off and the residual volume of sam-
le remaining in the nebulizer was measured to determine the
olume of aerosolized sample. Downstream of the nebulizer,
erosolized samples were diluted with approximately 8 l/min of

f
t
p
p
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ltered room air. The combined flow of sample and diluent air
as collected in a SKC BioSampler® impinger (SKC, Eighty
our, PA). This device employs three glass jets to impact a gas
r aerosol sample into a liquid reservoir. The airflow through
he impinger jets was maintained at sonic speed by providing a
table flow rate of 12 l/min. At this gas flow rate, the impinger
as been documented by its manufacturer to have an aerosol
ollection efficiency of 80% for 0.3 �m particles to ∼100% for
articles greater than 1.0 �m.

Here, the liquid reservoir in the impinger was composed
f phosphate buffer (25 mM, pH 7.0, 10 mM MgSO4, 126 �M
,5′-dithiobis (2-nitro-benzoic acid) [Ellman’s reagent]) and was
ontinuously circulated at a flow rate of ∼20 ml/min using a pis-
on pump (Fluid Metering Inc. Model QV). After the aerosolized
ample was entrained into the circulating liquid stream, the
obile phase passed through a passive debubbling device to

emove air bubbles. The bubble-laden flow was diverted to
aste while the bubble-free flow was directed through the IMER

olumns and into a single wavelength absorbance detector. The
ow rate was maintained at 2 ml/min by a second piston pump
ositioned between the debubbler and the IMER columns so that
he sample was under positive pressure as it was pushed through
he column and negative pressure as it was pulled through the
etector. Downstream of the detector, the sample was diverted
o waste.

The relationship between the concentration of a compound
n the air and that in the impinger liquid can be expressed as

A = Cl(Ql/QA). Where CA is the atmospheric concentration of
he organophosphate of interest, Cl is the concentration in the
mpinger liquid, Ql is the liquid flow rate through the impinger
nd QA is the air flow rate within the impinger. Hence for a
easured liquid concentration the atmospheric concentration

an be determined.

.3. IMER preparation and chromatography conditions

Immobilized enzyme reactor columns (IMERs) were pre-
ared as described previously (Luckarift et al., 2006), with either
uChE (0.6 mg) or OPH (0.66 mg). In preliminary experiments,

MERs were connected to an Agilent 1100 series liquid chro-
atography system and liquid samples (20 �l) were injected

irectly via an auto injection system. For aerosol sampling, the
MER columns were integrated with a BioSampler® Impinger
nd attached to a Hewlett Packard 1050 series single wavelength
etector (Fig. 1). Phosphate buffer (25 mM, pH 7.0, 10 mM
gSO4, 126 �M 5,5′-dithiobis (2-nitro-benzoic acid) [Ellman’s

eagent]) was used as the mobile phase throughout unless oth-
rwise stated.

.3.1. OPH-IMERs
OPH-catalyzed hydrolysis of OPs was monitored continu-

usly at 412 nm for malathion and demeton-S and 400 nm for
araoxon. Ellman’s reagent within the mobile phase reacts with

ree thiols generated by hydrolysis of malathion or demeton-S
o produce a detectable chromophore at 412 nm. Detection of
araoxon was by direct determination of the hydrolysis product,
-nitrophenol (PNP) at 400 nm. Signal intensity for all substrates
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tive of phosphonothioate pesticides (P–S bond). Initially the
IMERs containing silica-immobilized OPH were tested by direct
injection of paraoxon in the liquid phase. OPH catalyzed the
hydrolysis of paraoxon to yield p-nitrophenol (PNP) and pro-
Fig. 1. Schematic for the laboratory characteri

as recorded as the product peak area. Goodness of fit (r2) for
inear regression lines was determined using GraphPad Prism
oftware (v3.02).

.3.2. BuChE-IMERs
Butyrylthiocholine iodide (BuCh-I) (20 �M in phosphate

uffer) was pumped continuously through the column and prod-
ct was monitored continuously at 412 nm. The degree of
nhibition was determined by calculating the change in peak
eight compared to initial steady state absorbance for a range of
P concentrations (0.1–5 mM).

.3.3. BuChE reactivation
After incubation with OP, BuChE-IMERs were reactivated

y flowing four column volumes (20 ml) of pyridine-2-
ldoximine (PAM) (5 mM) through the column at 4 ml/min,
ollowed by four column volumes of buffer (containing 126 �M
llman’s reagent and 20 �M BuCh-I) at 4 ml/min. Long-term

eactivation studies were performed on an Agilent 1100 series
iquid chromatography system with buffer as one mobile phase
nd the PAM reactivator (5 mM) as a second mobile phase.

. Results and discussion

.1. Enzyme based IMER biosensors

Immobilized enzyme reactor (IMER) biosensors were con-
tructed with either OPH or BuChE as the immobilized enzyme
omponent as described previously for BuChE (Luckarift et al.,
006). Briefly, IMERs are prepared using silica-encapsulation in

itu via histidine-tag attachment of the silica/enzyme nanocom-
osites to a packed column by metal affinity binding. Effective
oading and retention of the enzyme activity was achieved.
he protein concentration of the eluate indicated greater than

F
P
a
(

75
of an organophosphate measurement system.

0% loading efficiency; in agreement with previous studies for
uChE (Luckarift et al., 2006). The IMER columns gave stable
nd reproducible conversion of substrate over a 24 h period. In
ddition, the IMER columns could be stored at 4 ◦C and reused
ver a period of 5 days with no loss in activity (data not shown).

.2. Detection of OPs by OPH-catalyzed hydrolysis in
iquid

Detection using the biosensor containing OPH is based on
he hydrolysis of OP substrates and the concentration of product
ormed. Three OP pesticides were selected as representative sub-
trates; paraoxon is representative of OPs with phosphotriester
onds (P–O bond), demeton-S and malathion are representa-
ig. 2. OPH catalyzed hydrolysis of paraoxon as a function of flow rate.
araoxon was injected to an OPH column (n = 1) and signal intensity (peak
rea at 400 nm) of the hydrolysis product was measured at a range of flow rates:
�) 1 ml/min; (�) 1.5 ml/min; (�) 2 ml/min.
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ig. 3. Detection of demeton-S and malathion by OPH-catalyzed hydrolysis.
ntensities of hydrolysis products were measured compared to an (enzyme-fr
PH-IMER column (�), Enzyme-free control column (©). Data points are me

uced a concentration-dependent response to paraoxon at a
ange of flow rates (Fig. 2). A more rapid signal response was
bserved by increasing the liquid flow rate through the impinger,
ut there was a concurrent decrease in signal intensity and hence
he sensitivity of the system resulting from the reduced residence
ime. Detection of paraoxon in the absence of the OPH-IMER
as minimal (less than 10% relative signal intensity).
Detection of hydrolysis products by spectrophotometric

nalysis is limited to substrates that produce a strong chro-
ophore. Inclusion of Ellman’s reagent within the reaction,

owever, enhances the detection of free thiol groups gener-
ted by the hydrolysis of P–S bonds (as in demeton-S and
alathion) (Lai et al., 1995; Rastogi et al., 1997). Detec-

ion of demeton-S produced a linear response in the range
.01–0.2 �mol (r2 = 0.9816) and the signal intensity was
ignificantly enhanced compared to that in an enzyme-free
olumn (Fig. 3). Malathion was also detectable following OPH
atalysis and produced a linear response in the same substrate
oncentration range (0.01–0.2 �mol; r2 = 0.9998), but the signal
as not significantly different from an enzyme-free control at

ow concentrations (Fig. 3).

.3. Aerosol sampling system configuration and
haracterization

The applicability of the IMERs connected to an aerosol
ampling system was investigated. Initially, a control column
ontaining no enzyme was connected to the system shown in the
chematic (Fig. 1) to determine the efficiency and reproducibility
f aerosol collection. The impinger device entrains contaminant
articles into a fixed volume of buffer. The liquid flow rate into
he impinger was controlled at a rate that could be adjusted to
ary the collection efficiency and dilution factor. Aerosol sam-
les collected within the impinger were pumped through the
MER columns and into a single-wavelength detector. PNP was
elected as a model compound for calibration because it con-
ains a strong chromophore that can be detected at 400 nm.
he response for PNP was linear in the range 0.1–5 �mol

r2 = 0.994). The response time was approximately 6 min and

as a function of the combined residence time of the impinger,
ebubbler and IMER column. System parameters such as the
mpinger liquid flow rate can be modified to change the response
ime of the instrument.
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76
rates (demeton-S and malathion) were injected into OPH columns and signal
ntrol column. Ellman’s reagent was present in the mobile phase (126 �M).
.E. (n = 3).

.4. Detection of OPs in air by OPH-catalyzed hydrolysis

The OPH-IMER was connected to the impinger aerosol
ampling system to determine the efficiency and reproducibil-
ty of the system during continuous operation. Paraoxon was
erosolized via an atomizer at a range of concentrations and the
orresponding signal demonstrated first order reaction kinet-
cs in the range 0–2.5 ppm (r2 = 0.994). The signal intensity
or detection of PNP as a product of OPH hydrolysis was in
greement with the signal observed for PNP provided directly
o the system, confirming complete hydrolysis of paraoxon
t the concentrations tested (Fig. 4a). The lower detection
imit for paraoxon was equivalent to an ambient concentration
f ∼0.52 �mol/m3

AIR (using the equation described previ-
usly). Malathion and demeton-S produced lower responses
han paraoxon (Table 1A). The lower detection limits for both
emeton-S and malathion was an ambient concentration of
21 �mol/m3

AIR. The sensor responses of various OP substrates
aried considerably due to variations in the substrate specificity
f OPH as noted previously (Di Sioudi et al., 1999; Dumas et
l., 1989) and the chromogenic intensity of hydrolysis prod-
cts when complexed with Ellman’s reagent. The Km value for
PH catalyzed hydrolysis of demeton-S, for example, is approx-

mately 10-fold higher than for paraoxon (Lai et al., 1995).

.5. Detection of OPs by BuChE inhibition in air

The activity of BuChE can be determined by monitoring the
ydrolysis of butyrylthiocholine iodide (BuCh-I) and measuring
he concurrent formation of product upon reaction with Ell-

an’s reagent to produce a detectable yellow anion (Luckarift
t al., 2006 and references therein). OPs inhibit the hydrol-
sis of BuCh-I producing a decrease in signal intensity that
s directly proportional to inhibitor concentration. Buffer was
umped continuously through the impinger at a fixed flow rate
20 ml/min) to give a constant substrate concentration of BuCh-
(20 �M), which yielded steady state continuous hydrolysis
f BuCh-I to thiocholine. Paraoxon, demeton-S and malathion
ere investigated as representative cholinesterase inhibitors.

ll substrates were delivered to the aerosol sampling system
ia an atomizer and the inhibition of the steady state signal
as measured. The inhibition of BuChE by paraoxon pro-
uced a second order kinetic response within the range 5–50 ppb
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Table 1
Signal intensity for a range of OPs in the aerosol sampling system

Paraoxon Demeton-S Malathion

513 ppb 2.6 ppm 513 ppb 2.6 ppm 513 ppb 2.6 ppm

(A) OPH-IMER column
Signal 2329 ± 346 12254 ± 402 40.5 ± 23 187.2 ± 44 30.1 ± 1.8 ND
Intensitya 100% 100% 1.7% 1.5% 1.3% –

Paraoxon Demeton-S Malathion

26 ppb 52 ppb 52 ppb 260 ppb 52 ppb 260 ppb

(B) BuChE-IMER column
Signal 15.45 ± 2.475 51.55 ± 5.445 1.1† 2.7 ± 0.44 1.9† ND
Intensitya 100% 100% 2.1% – 3.7% –

All values are mean ± S.E. (n = 3). Where noted (†), values are (n = 1). ND: not determined.
a Signal intensity relative to Paraoxon.

77
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Fig. 4. (a) Detection of paraoxon by hydrolysis using the aerosol sampling system. (A) OPH-catalyzed hydrolysis of paraoxon as a function of paraoxon concentration.
(B) Linear correlation of substrate concentration to signal (peak area); p-nitrophenol (PNP) was detected directly through a blank column (©) or as a product of
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An important characteristic of both the OPH and BuChE
biosensors was the stability and reproducibility of the signal
response over successive samples (Supplemental Fig. 1). The

Fig. 5. Reactivation of BuChE following inhibition by demeton-S and paraoxon.
Paraoxon and demeton-S were injected to BuChE columns (20 �l of 5 mM).
araoxon hydrolysis by OPH-IMER (�). Data points are mean ± S.E. (n = 3). (b
nhibition by paraoxon as a function of paraoxon concentration. (B) Correlat

ean ± S.E. (n = 3).

Fig. 4b). The signal response was reproducible with standard
eviations of <10% and was reproducible among three inde-
endent OPH-IMERs (data not shown). Inhibition of BuChE by
araoxon was linear at low concentrations but became saturated
nd lost linearity at concentrations above 25 ppb paraoxon. The
ower detection limit for paraoxon based upon inhibition was
pproximately 5 ppb, equivalent to an ambient concentration
f ∼0.21 �mol/m3

AIR. The sensitivity of the BuChE-IMER was
n the order paraoxon > malathion > demeton-S (Table 1B). The
ensitivity for the BuChE-IMER is in agreement with known
nhibition of acetylcholinesterase enzymes by OPs (Simonian et
l., 2001).

.6. Biosensor reactivation and stability

BuChE becomes inactivated when exposed to OPs (Gulla et
l., 2002; Mulchandani et al., 2001). In order to evaluate the
erformance utility of the BuChE-IMER it was necessary to
eactivate the column and determine the recovered activity. Fol-
owing inhibition of the BuChE-IMER, the column was treated
ith pyridine-2-aldoxime (PAM); a reactivator of OP-inhibited

holinesterase enzymes (Kovarik et al., 2004; Gulla et al., 2002).
uChE was irreversibly inhibited to some extent by paraoxon
nd demeton-S and there was a continuous decrease in enzymatic
ctivity during repeated use of the IMER columns for inhibition
xperiments, even with use of the reactivator (Fig. 5). Loss of
ctivity, however, was only detected when a saturating substrate

oncentration was used for activity measurements. At lower
ubstrate concentrations, enzyme activity (>70%) was retained
roviding reproducible and stable activity measurements for the
ntirety of the experiment (Fig. 5).

F
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[

78
ction of paraoxon by inhibition using the aerosol sampling system. (A) BuChE
substrate concentration to signal (decrease in peak height). Data points are

Despite the need to reactivate the BuChE biosensor, both
PH and BuChE biosensors were reusable over a number of

amples with no loss in activity in agreement with the stability of
he IMER columns demonstrated in previous studies (Luckarift
t al., 2006). Detection of malathion and demeton-S resulted in
ow signals and caused persistent inhibition of the BuChE-IMER
data not shown). As a result, estimation of the detection level
f these simulants by inhibition was limited to a small number
ollowing reactivation with pyridine-2-aldoxime (four column volumes of 5 mM
t 4 ml/min), BuCh-I was supplied at high/saturated (20 �l of 20 mM) and low
2 �l of 20 mM) substrate concentrations to measure retention of enzyme activity.
araoxon: [high BuCh-I] (�), [low BuCh-I] (�); Demeton-S: [high BuCh-I] (�),
low BuCH-I] (�). Data points are mean (n = 2).
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tability of the signal also indicates no significant carryover of
ample between subsequent analyses, which has been observed
s a problem of inhibition-based biosensors.

. Conclusion

The integration of IMER columns with an aerosol sampling
ystem proved suitable for the detection of OPs and provided
eliable and reproducible data for OPs including paraoxon,
emeton-S and malathion. In the case of the OPH-IMERs, a
ifference between sensor responses with various OP substrates
s due to variations in the substrate specificity of OPH (Di Sioudi
t al., 1999; Dumas et al., 1989). The sensitivity of the systems
or demeton-S and malathion differed by an order of magnitude
elative to detection of paraoxon for both OPH and BuChE detec-
ion systems. Increased sensitivity and a correspondingly lower
etection limit for the OPH-IMER can potentially be attained
y utilizing variants of OPH with altered substrate preferences.
or example, OPH has low catalytic activity towards demeton-S.
enetically modified OPH, however, shows increased catalytic

ctivity towards P–S bonds which could be utilized to enhance
he biosensor response (Simonian et al., 2004).

For a continuous air-sampling detector it is not necessary to
mmediately identify the agent, but simply to provide an early
arning. The single wavelength absorbance detector used in this

tudy limits the detection range of specific organophosphates.
he addition of a high-pressure liquid chromatography column
nd spectral analysis in-line with the current detection system
ould allow the discrimination and quantification of specific
Ps detected by the system. Such integration would provide a
etection response that could be followed by a more detailed
xamination of the nature of the contaminant. The system
ould, therefore, warn against any compound that can act as a
holinergic neurotoxin, irrespective of its origin. This system is
daptable, for example, to monitoring pesticide concentrations
n public water supplies or integration with the HVAC intake to
building.

The sensitivity and detection limits demonstrate the potential
f the system as a proof of concept, but further optimization of
he system will be required to enhance applicability. The system
as inherent limitations, for example the OPH-IMER does not
equire a continuous supply of enzyme substrate, but the BuChE-
MER does. The detection of OPs by the aerosol sampling sys-

em is however, simple, rapid and directly applicable to kinetic
esponse measurements. With additional optimization, the
iosensor system described may find application for real-time
etection of chemical agents under environmental conditions.
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bstract

We report a simple and rapid method for the deposition of amorphous silica onto a gold surface. The method is based on the ability of lysozyme
o mediate the formation of silica nanoparticles. A monolayer of lysozyme is deposited via non-specific binding to gold. The lysozyme then

ediates the self-assembled formation of a silica monolayer. The silica formation described herein occurs on a surface plasmon resonance (SPR)
old surface and is characterized by SPR spectroscopy. The silica layer significantly increases the surface area compared to the gold substrate and is
irectly compatible with a detection system. The maximum surface concentration of lysozyme was found to be a monolayer of 2.6 ng/mm2 which
llowed the deposition of a silica layer of a further 2 ng/mm2. For additional surface functionalization, the silica was also demonstrated to be a
uitable matrix for immobilization of biomolecules. The encapsulation of organophosphate hydrolase (OPH) was demonstrated as a model system.

he silica forms at ambient conditions in a reaction that allows the encapsulation of enzymes directly during silica formation. OPH was successfully
ncapsulated within the silica particles and a detection limit for the substrate, paraoxon, using the surface-encapsulated enzyme was found to
e 20 �M.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

Immobilization of enzymes on solid substrates, such as sil-
con [1,2], polymers [3] and glass [4] is of great interest for
variety of applications including biocatalysis, biosensors and

ormation of protein arrays for biological screening. Often, the
latform is merely an inactive support for the biomolecule.
ecent interest however, has advanced to attaching biomolecules
irectly to a transducer surface to allow in situ and real-time
etection of enzymatic activity [5,6].

Surface plasmon resonance (SPR) is a versatile analytical
ethod for real-time monitoring of interactions at a solid/liquid

ransducer surface. SPR uses the principle of total internal

eflectance occurring at the interface between materials with
iffering refractive indices. An evanescent wave penetrates the
nterface (modified with a thin layer of gold) and couples with

∗ Corresponding author. Tel.: +1 334 844 4485; fax: +1 334 844 3400.
E-mail address: simonal@eng.auburn.edu (A.L. Simonian).
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immobilization; Paraoxon

urface plasmons (oscillating free electrons). The interaction
auses a change in reflectivity and a concurrent change in reso-
ance angle, which correlates to the refractive index (RI) of the
djacent medium. The RI is therefore directly related to changes
n surface concentration of interacting ligands. The change in RI
s continuously monitored to produce a sensorgram of refractive
ndex unit (RIU) as a function of time [7–9]. SPR has proven to
e particularly useful for the analysis of biological systems and
an be used for example, to determine kinetic parameters and
eaction characteristics [9,10]. SPR has been recently used to
tudy enzymatic reactions on various surfaces and microarrays.
im et al. [11] for example, performed enzymatic reactions on

urface bound substrates and measured adsorbed enzyme con-
entrations and substrate cleavage rates by the use of combined
PR and surface-plasmon enhanced fluorescence techniques.
PR has also been demonstrated as a method for determining the

inetics of surface enzyme reactions based on Langmuir adsorp-
ion and Michaelis–Menten kinetics [12,13]. SPR is adaptable to
wide range of biomolecular reactions as labelling of ligands or

eceptor molecules is not required. The use of SPR for biological

mailto:simonal@eng.auburn.edu
dx.doi.org/10.1016/j.colsurfb.2006.08.013
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ystems however, generally requires the development of specific
ethods to attach biomolecules on the sensor surface and ori-

nt the molecules for optimal biological activity. Maintaining an
nteraction between biomolecules and the SPR waveguide sur-
ace generally requires covalent modification, which can change
iological function and lower the catalytic activity as the orien-
ation of the enzyme active site is hindered by attachment [14].

Recent studies have shown that silica formation can be cat-
lyzed by simple peptides or proteins, such as lysozyme, in a sili-
ification reaction analogous to the formation of silica in biolog-
cal systems [15–18]. The lysozyme-precipitated silica nanopar-
icles proved suitable for immobilization of other enzymes.
he silicification reaction yields a network of fused silica
anospheres, providing a high surface area for encapsulation and
ermitting high enzyme loading capacities [19]. We now report
erein, a versatile method for immobilization of biomolecules
irectly onto a SPR transducer surface by encapsulating
iomolecules within a lysozyme-mediated self-assembled layer
f silica particles. The immobilization of lysozyme is based on
on-specific physical adsorption of the protein to the gold SPR
urface through a combination of electrostatic and surface inter-
ctions [20]. Non-specific binding will therefore result in the for-
ation of a film of lysozyme upon the gold surface, which is then

vailable to participate in the silicification reaction and direct
he assembly of a layer of silica at the surface. Physical adsorp-
ion generally causes little conformational change of the enzyme
nd no reagents or pretreatment and activation of the surface is
equired. A disadvantage is enzyme leaching during continuous
se, as the binding is primarily due to weak hydrogen bonding
nd Van der Waals forces [21]. Previous literature reports how-
ver, indicate that lysozyme retains its tertiary structure when
dsorbed to a hydrophilic interface, no significant denaturation
ccurs, and in addition, the binding is irreversible [22].

The fabrication of SPR chips, consisting of gold films coated
ith thin silicon dioxide layers has been recently reported [23].
he method however, involves vapor-deposited silica layers that
howed a lack of stability in aqueous buffer solutions and is
nsuitable for enzyme immobilization. A sol–gel technique has
een successfully applied to generate stable gold/silica inter-
aces, which allowed further functionalization but preparation
equired multi-step attachment using biotin and streptavidin
inding chemistries [24]. The lysozyme-mediated silica for-
ation described herein provides a method for coating a gold

urface with a thin layer of silica particles, greatly increasing
he surface area of the transducer. In addition, the silica pro-
ides a matrix for the encapsulation of additional biomolecules,
ignificantly enhancing the functionality of the resulting silica
ayers by directing the attachment of immobilized biomolecules
irectly at the gold surface.

. Experimental

.1. Enzymes and reagents
Potassium phosphate buffer (0.1N NaOH, 0.1 M KH2PO4,
H 8) was used throughout unless otherwise stated. Paraoxon
as obtained from ChemService, West Chester, PA. All other

S
w
t
s
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eagents and chemicals were of analytical grade and obtained
rom Sigma–Aldrich (St. Louis, MO). Silicic acid was pre-
ared as described previously [19]. Organophosphorus hydro-
ase (OPH) was generously provided by James Wild and his
esearch group (Texas A&M University). The enzyme purifica-
ion method has been described previously [25].

.2. Formation of silica nanoparticles on the gold surface

The formation of silica particles was characterized by SPR
sing SPREETATM sensors (Texas Instruments) with two anal-
sis channels. A gold surfaced SPR sensor module, and its
upporting hardware and software (SPREETA, Texas Instru-
ents) were coupled to a continuous-flow cell to allow contact
ith reaction solutions. Experimental setup and cleaning steps
ere performed as previously described [26]. The sensor was
ocked with the fluidics block and reference measurements were
btained with air and water as baseline measurements. An in situ
ashing step (0.12N NaOH, 1% Triton-X) was performed to

nsure that the surface remained hydrophilic. A further baseline
ith phosphate buffer was taken as a reference measurement.

nitially, lysozyme (1 mg/ml) was non-specifically adsorbed to
he gold surface and any excess was removed by washing with
hosphate buffer. Silicification was carried out in situ by intro-
ucing TMOS (100 mM tetramethyl orthosilicate in 1 mM HCl)
o the lysozyme-modified surface. This process was repeated
ith different lysozyme concentrations (5, 25 and 50 mg/ml) to
etermine the optimum enzyme concentration. All immobiliza-
ion procedures were performed at room temperature (∼22 ◦C).
mmobilization steps were monitored by measuring the change
n refractive index (RI) as a function of time followed by integra-
ion using SPREETA software. Net responses were calculated
y comparison of ‘working’ and ‘control’ channels. Calcula-
ions and statistical analysis were performed with OriginPro 7.5
oftware (OriginLab Corporation, Massachusetts, USA).

.3. Calculation of adlayer thickness and surface coverage

The adlayer thickness and surface coverage of each mono-
ayer was calculated using the formula described by Jung et
l [27,28]; da = (ld/2) × [(neff − nb)/(na − nb)], where da is the
hickness of the adlayer, ld the characteristic decay length of an
vanescent wave at 307 nm, neff the effective RI of the adlayer
from the SPR signal), nb the RI of the buffer (from reference
eading), and na is the RI of the adlayer material assuming an
I of 1.57 for protein and an RI of 1.43 for biosilica [29].

.4. Enzyme assay for immobilized organophosphate
ydrolase activity

OPH was encapsulated within the silica matrix by adapting
he method described above. The initial protein monolayer was
stablished using a solution of 25 mg/ml lysozyme to coat the

PR surface. A solution of 100 mM TMOS containing OPH
as then passed over the surface for approximately 45 min

o yield the silica layer and co-encapsulate OPH during the
ilicification reaction. The SPR surface was rinsed thoroughly
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Fig. 1. (A) SPR spectroscopy response showing the binding of lysozyme and
formation of silica at the SPR surface. Sensorgram shows addition of 25 mg/ml
lysozyme, followed by washing. 100 mM TMOS was added as a precursor for
silica formation. (B) Formation of lysozyme-mediated silica coating on gold.
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ith buffer to remove any loosely associated enzyme and silica
rior to further analysis. Enzyme activity was determined by
easuring the hydrolysis of paraoxon as described previously

30]. Paraoxon (1–500 �M) was circulated across the surface
t a flow rate of 100 �l/min for 2 min. Enzyme activity was
etermined by collecting 200 �l of the paraoxon hydrolysis
roduct (p-nitrophenol). The absorbance of the hydrolysis
roduct was measured at 405 nm using a UV–vis fiber optic
pectrophotometer (Ocean Optics Inc., Dunedin, FL).

.5. Scanning electron microscopy

For scanning electron microscopy imaging, glass slides
oated with a chromium adhesion layer (∼2 nm) followed by
50 nm gold film were used. The gold slides were cleaned with

reshly prepared piranha solution (3:1, H2SO4 and H2O2. Cau-
ion: Piranha solution is dangerous and should be handled with
are) followed by thorough rinsing with DI water. The slides
ere then sonicated in acetone (5 min), rinsed with DI water,

nd sonicated in ethanol (5 min) before plasma cleaning in air
5 min). The slides were prepared as described above with a
ange of lysozyme concentrations, followed by silica formation
n the presence of 100 mM TMOS. The samples were then coated
ith a thin layer of gold (∼10 nm) and imaged using a JEOL

SM 7000F field emission scanning electron microscope (JEOL
SA, Inc., Peabody, MA).

. Results and discussion

.1. SPR analysis of lysozyme and silica nanocomposite
lms

SPR spectroscopy revealed rapid adsorption of lysozyme to
he gold waveguide surface (Fig. 1a). The change in surface
ensity results in small changes in RI at the interface and a
orresponding shift in the resonance angle. Upon introduction
f lysozyme, an initial rapid signal increase was observed and
as attributed to the change in the bulk refractive index of the

irculating solution. The change in RI then increased gradu-
lly, corresponding to the adsorption of lysozyme to the gold
urface. Surface saturation was indicated by a plateau in the
I signal. The decrease in the RI during the wash step was

ue to removal of unbound lysozyme. The RI signal change
ncreased linearly with higher protein concentrations (Fig. 1b).
he lysozyme adlayer also thickened with increasing lysozyme
oncentration but showed a plateau at 25 and 50 mg/ml (Table 1),

able 1
ffect of lysozyme concentration on thickness of lysozyme and silica adlayers

Lysozyme]
mg/ml)

Thickness of
protein adlayer,
d (nm)

Surface coverage
(molecules/mm2)

Thickness of
silica adlayer,
d (nm)

1 0.934 5.23E+10 3.74
5 0.978 5.47E+10 3.75
5 1.963 1.10E+11 6.56
0 2.029 1.14E+11 6.60
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82
PR response of lysozyme deposited to the gold surface at a range of concentra-
ions: 1 mg/ml (curve a), 5 mg/ml (curve b), 25 mg/ml (curve c) and 50 mg/ml
curve d). Addition of TMOS (100 mM) is indicated by an arrow.

ndicating that the gold surface was saturated at high protein con-
entrations. The surface coverage of lysozyme was calculated
nd revealed a maximum surface concentration of ∼2.6 ng/mm2

∼1.10 × 1011 molecules/mm2) and a maximum film thickness
f ∼2 nm (±0.047) (Table 1). The measured maximum cover-
ge of lysozyme at saturation is in agreement with the theoretical
urface density for a monolayer of lysozyme (1.8–2.7 ng/mm2),
ased on a protein with a molecular mass of 14 kDa and dimen-
ions of 4.5 nm × 3.0 nm × 3.0 nm [20,21]. SEM images of the
onolayer showed a glass-like film of lysozyme across the sur-

ace of the waveguide (Fig. 2a).
The bound lysozyme molecules mediated the formation of a

ilica adlayer in situ. Introduction of a solution of TMOS caused

rapid increase in RI, indicating changes in surface refraction

onsistent with the formation of a second distinct adlayer of sil-
ca (Fig. 1B). The reaction was rapid and approximately 90%
f silica formation occurred within the first minutes of contact.
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ig. 2. SEM images of silica-encapsulated OPH at the SPR surface. Gold surf
MOS; (c) lysozyme (5 mg/ml) with 100 mM TMOS; (d) lysozyme (25 mg/m

0.1 mg/ml).

ashing the silica layer with buffer did not decrease the sig-
al significantly, indicating that the silica was firmly attached
o the surface. The change in the RI was used to calculate the
eposition characteristics of the silica particles. The maximum
hickness of the layer was calculated to be ∼6.6 nm (Table 1).
he thickness of the silica layer did not increase following a
econd injection of TMOS suggesting that the surface was satu-
ated with silica and conditions were not substrate limited. SEM
nalysis confirmed the formation of an interconnected, dense
oating of silica nanospheres formed upon the gold surface. At
ow concentrations of lysozyme, a scattered deposition of silica
as observed with silica particles having an average size∼10 nm

Fig. 2). When lysozyme was present in excess, however, dense
oatings of interconnected aggregates of much larger silica par-
icles (∼230 nm) formed in addition to the initial monolayer of
ilica nanospheres (Fig. 2c and d). In aqueous static suspensions,
ysozyme forms silica spheres of approximately 570 nm diame-
er [15]. The reduction in size of the silica particles observed here
s attributed the formation of the silica particles under continuous
ow conditions. Silica spheres are the lowest free energy struc-

ure formed in a static environment, but application of a dynamic
ow will affect the formation and aggregation of silica.

Even though the SEM shows the size of the nanoparticle
s 230 nm the thickness measured by SPR for the silica layer
s significantly less (∼7 nm). The results are consistent with
he immediate formation of a thin film of silica directly at the
urface which provides a template for subsequent formation of
arger silica particles, as observed for many silicification reac-
ions [31]. The surface plasmon resonance phenomenon occurs
t the metal–liquid interface and is highly sensitive to specific

nteractions at the interface which may be on the order of only
few nanometers. Although a generated evanescent wave can

ravel up to ∼300 nm in the z direction [27], the medium beyond
he interface will affect the observed RI. The inability to see the

f
m
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83
odified with (a) lysozyme (25 mg/ml); (b) lysozyme (1 mg/ml) with 100 mM
th 100 mM TMOS; (e) lysozyme (25 mg/ml) with 100 mM TMOS and OPH

epth of the whole silica structure using SPR in the present work
s in agreement with previous literature reports where silica lay-
rs of greater than 44 nm did not show significant SPR response
23].

The lysozyme is presumably attached at the surface in an
rientation which does not diminish its ability to mediate silica
ormation. Variations in TMOS concentration may theoretically
ffect the thickness of the silica layer. Preliminary control exper-
ments in static suspensions however, revealed that silica forma-
ion does not occur if the TMOS concentration is below 25 mM
data not shown), accordingly, silica adlayer formation was not
nvestigated at lower precursor concentrations. In control exper-
ments, no formation of silica particles was observed in the
bsence of lysozyme. Bovine serum albumin (BSA) adsorbed
o the gold surface but did not precipitate silica in the presence
f TMOS, confirming that lysozyme is integral to the silica for-
ation at the surface (data not shown).

.2. Encapsulation of organophosphate hydrolase

The further biofunctionalization of the silica particles at
he surface was investigated using organophosphate hydrolase
OPH) as a model system. The gold surface was saturated with
ysozyme as defined above and used to mediate the formation of
ilica particles containing various concentrations of OPH. The
ilica particles formed on the gold surface as described above
nd examination using SEM clearly showed that the surface was
oated with a film of evenly distributed spheres (Fig. 2e). The
ddition of OPH to the hydrolyzed TMOS solution did not result
n any significant changes in the morphology of the silica sur-

ace (Fig. 2d and e). OPH encapsulated within the silica coating
aintains activity, confirmed by the hydrolysis of paraoxon and

he activity of OPH correlates with protein concentrations used
n the encapsulation step (Fig. 3a). The kinetic parameters of the
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Fig. 3. Paraoxon hydrolysis by silica-encapsulated organophosphate hydrolase
immobilized to the SPR surface. (A) Hydrolase activity in relation to OPH
c
t
s

e
s
c
t
b
t
2
t
s
s
(
a
i
h

4

a
d
s

o
i
m
T
o
c
i
f
c
s
a
s
a
b
p
l
p
t
n
O
l
o

f
f
r
i
t

A

a
w
R
E
R
n
D

R

oncentrations present during silicification step at a range of substrate concen-
rations. (B) Michaelis–Menten plot of immobilized OPH (0.5 mg/ml during
ilicification) to reveal maximal velocity of reaction.

ncapsulated enzyme were determined by contacting the encap-
ulated enzyme at the surface with paraoxon at a range of con-
entrations. At low concentrations of paraoxon (20–100 �M),
he silica-encapsulated OPH shows a linear response (Fig. 3a)
ut enzyme activity becomes saturated at paraoxon concentra-
ions above 300 �M (Fig. 3b). A reproducible detection limit of
0 �M paraoxon was achieved with OPH concentrations greater
han 0.05 mg/ml. A decrease in the concentration of encap-
ulated OPH resulted in a proportional reduction in detection
ensitivity. The kinetic parameters of the encapsulated OPH
Km = 0.09(±0.022)) were determined (Fig. 3b) and are in good
greement with the kinetics of OPH in solution [32] indicat-
ng that immobilization of OPH in silica does not significantly
inder the mass transport of substrate.

. Conclusion
The formation of silica using lysozyme precipitation provides
simple and rapid method for the deposition of silica films

irectly to a gold surface. The silica layer proved sufficiently
table under continuous flow conditions to allow measurement

84
es B: Biointerfaces 58 (2007) 28–33

f enzyme kinetic parameters. The silica deposition and surface
mmobilization of OPH demonstrated in this study provides a

odel system with potential application to a range of formats.
he surface encapsulated OPH could be reused continually for
ver 2 days, but lost activity gradually over the time period, con-
urrent with a loss of silica film thickness (data not shown). The
mmobilization efficiency and stability achieved were sufficient
or demonstrating the concept, but further analysis of the silica
oating is required to optimize the approach. The formation of a
ilica layer on the gold surface significantly increases the surface
rea at the transducer interface and potentially enhances the sen-
itivity of SPR spectroscopy applications [33]. The silica layer
lso proved suitable for encapsulation of OPH and the immo-
ilized enzyme retained activity over a period of several hours,
roviding accurate and reproducible measurements of immobi-
ized enzyme kinetics. The immobilization technique described
rovides a versatile method for enzyme encapsulation that selec-
ively immobilizes proteins directly on a transducer surface with
o requirement for surface modification before immobilization.
PH is not directly tethered to the SPR surface, which may

imit any restriction in the orientation of the active site, as often
bserved when enzymes are covalent attached to a surface.

The approach may lead to development of a versatile method
or the immobilization of enzymes on an SPR transducer sur-
ace that might be applied to biosensors or protein microar-
ays [34–36]. In addition, the methodology developed for OPH
mmobilization on the gold surface may be applied to other elec-
rochemical detection platforms.
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ABSTRACT: Many alternative strategies to immobilize and
stabilize enzymes have been investigated in recent years
for applications in biosensors. The entrapment of enzymes
within silica-based nanospheres formed through silicifica-
tion reactions provides high loading capacities for enzyme
immobilization, resulting in high volumetric activity and
enhanced mechanical stability. Here we report a strategy
for chemically associating silica nanospheres containing
entrapped enzyme to a silicon support. b-galactosidase from
E. coli was used as a model enzyme due to its versatility as a
biosensor for lactose. The immobilization strategy resulted
in a three-dimensional network of silica attached directly at
the silicon surface, providing a significant increase in surface
area and a corresponding 3.5-fold increase in enzyme load-
ing compared to enzyme attached directly at the surface.
The maximum activity recovered for a silicon square sample
of 0.5� 0.5 cm was 0.045 IU using the direct attachment of
the enzyme through glutaraldehyde and 0.16 IU when using
silica nanospheres. The immobilized b-galactosidase pre-
pared by silica deposition was stable and retained more than
80% of its initial activity after 10 days at 248C. The ability to
generate three-dimensional structures with enhanced load-
ing capacity for biosensing molecules offers the potential to
substantially amplify biosensor sensitivity.

Biotechnol. Bioeng. 2008;99: 261–267.

� 2007 Wiley Periodicals, Inc.

KEYWORDS: enzyme immobilization; silica; b-galactosidase;
three-dimensional immobilization; silicon; biosensors

Introduction

Enzymes are commonly used in biosensors because of their
high specificity. Biosensor applications require a highly
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active immobilized enzyme system that allows the main-
tenance of an efficient connection between the sensing
molecule and the transduction component of the biosensor.
Because of their moderate stability, many alternative strate-
gies to immobilize and stabilize enzymes have been explored
to improve the feasibility and applicability of a wide range
of biosensor applications. Such strategies include covalent
immobilization, physical adsorption, cross-linking, encap-
sulation, or entrapment (Boyukbayram et al., 2006; Létant
et al., 2004; Malhotra et al., 2005; Rauf et al., 2006;
Subramanian et al., 1999).

Clearly, enzyme loading will be increased in a relatively
thick densely packed layer as opposed to a thin adsorbed or
covalently attached monolayer. Diffusion and mass transfer
limitations, however, can limit the sensor signal to only a
proportion of the enzyme that is active at (or near to) the
sensing element (Williams and Blanch, 1994). The search for
a strategy that allows an increase of the surface area with the
concomitant increase in sensitivity of the biosensor, without
compromising the activity of the sensing molecule is there-
fore an important advancement in biosensor design (Charles
et al., 2004; Laurell et al., 1995; Luckarift et al., 2007; Vepari
and Kaplan, 2006).

The sol–gel encapsulation of enzymes has recently
undergone important developments motivated by its wide
applications in biosensors (Avnir et al., 2006; Pierre, 2004).
Nevertheless, one of the primary drawbacks of the sol–gel
technique is enzyme leakage (Blandino et al., 2000). The
problem has in some instances been addressed by designing
protocols for the preparation of matrices with a pore size
adequate to allow the flow of substrates and products but
small enough to prevent the elution of the entrapped
Biotechnology and Bioengineering, Vol. 99, No. 2, February 1, 2008 261



biocomponent (Blandino et al., 2001; Lu et al., 2006).
Enzyme leakage can also be limited by pre-immobilization
of enzyme on a solid support before encapsulation in sol–gel
(Betancor et al., 2005).

The entrapment of enzymes through biomimetic silici-
fication reactions provides an efficient method for the
preparation of robust immobilized derivatives of a variety of
enzymes (Berne et al., 2006; Luckarift et al., 2006b, 2004).
Among the advantages of the immobilization technique
are an absence of enzyme leaching and good mechanical
properties; both key criteria for biosensor purposes. The
study of silicification reactions has recently provided
chemical mechanisms for biological silica formation (Belton
et al., 2005; Kroger et al., 2001; Sumper and Kröger, 2004).
Amino groups have proven to be crucial in the reactions,
leading us to explore the possibility of directly involving
amino groups from a functionalized surface in the pre-
cipitation of silica as a simple method to covalently associate
silica-immobilized enzymes directly and simultaneously to a
planar surface.

The use of glutaraldehyde chemistry as a simple and
efficient method for enzyme immobilization is well estab-
lished (Betancor et al., 2006; Honda et al., 2005; Yucel et al.,
2007). Glutaraldehyde and APTS are common coupling
agents used in binding proteins to silicon surfaces (Longo
et al., 2006; Williams and Blanch, 1994). APTS is used to
functionalize the surface, forming amino groups which are
further activated with glutaraldehyde to form a layer of
aldehyde groups which react with the amino groups of
protein.

Here, we have compared the immobilization of a
b-galactosidase on a silicon surface by (i) direct attachment
to the surface via glutaraldehyde and (ii) an indirect
attachment by chemical association of b-galactosidase
entrapped within silica particles.

b-galactosidase from E. coli, a tetramer of 465 kDa
(Jacobson et al., 1994), was used as a model enzyme because
it has been well characterized, is readily quantified, and has
been incorporated in several types of biosensors for the
detection and quantification of lactose (Goktug et al., 2005;
Sharma et al., 2004; Tkac et al., 2000; Watanabe et al., 1991).
Materials and Methods

Chemicals

b-galactosidase from E. coli (Grade VIII), monoclonal
anti-b-galactosidase antibody produced in mouse (G6282),
(3-aminopropyl)triethoxysilane (APTS) and glutaraldehyde
(Grade II, 25%) were obtained from Sigma-Aldrich (St.
Louis, MO). Secondary Antibody; FITC (Fluorescein
Conjugate), Polyclonal Goat Anti-Mouse IgG was pur-
chased from Southern Biotech (Birmingham, AL). The
synthetic peptide R5 (SSKKSGSYSGSKGSK RRIL) was
obtained from New England Peptides (Gardner, MA).
262 Biotechnology and Bioengineering, Vol. 99, No. 2, February 1, 2008
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Potassium phosphate buffer (25 mM, pH 7.0) was used
throughout unless otherwise indicated. All other reagents
were of analytical grade.

The experiments in this work were performed at least in
triplicate and the results are presented as its mean value and
corresponding confidence limits.
Functionalization of the Silicon Samples

Single-crystalline lightly doped silicon wafers (0.5� 0.5 cm
squares) were cleaned in 10% nitric acid at 808C for 20 min
followed by thorough rinsing with distilled water. The
cleaned silicon wafers were activated as described previously
(Williams and Blanch, 1994). All solutions were applied by
placing 20 mL onto the sample surface. Amino-activated
silicon samples were prepared by incubating with 10% APTS
(v/v) in distilled water for 4 h at 808C before rinsing
thoroughly with distilled water. For glutaraldehyde-acti-
vated silicon samples (Glu-Si), the surface was subsequently
incubated with 15% (v/v) glutaraldehyde in potassium
phosphate buffer 25 mM, pH 7 at 258C for a minimum of
8 h. Excess glutaraldehyde was removed by thoroughly
rinsing with distilled water.
Enzyme Activity Assays

b-galactosidase activity was determined spectrophotome-
trically by increase in absorbance at 405 nm caused by the
hydrolysis of o-nitrophenyl-b-D-galactopyranoside (oNPG).
The reaction mixture contained 20 mM oNPG and 1 mM
MgCl2 in potassium phosphate buffer. To determine the
activity bound to the surface, the samples were incubated in
the reaction mixture with gentle agitation. Periodically,
samples of the reaction mixture were withdrawn for
determination of A405. One enzyme unit (IU) was defined
as the amount of enzyme that catalyzes the formation of
1 mmol of product per minute under the specified conditions.
Enzyme Immobilization

Immobilization of the Soluble b-Galactosidase

Immobilization of the soluble enzyme on the silicon surface
was carried out by either (1) immersion or (2) evaporation.
For immobilization by immersion; activated samples
were incubated with 0.08 IU/mL (in 250 mL) at 258C.
Periodically, samples of the supernatant were withdrawn
and analyzed for enzyme activity. After 2 h of incubation, the
silicon samples were thoroughly rinsed and stored in buffer
at 48C.

For immobilization by evaporation; immobilization was
performed by applying the enzyme solution (10 mL volume
containing 2 IU/mL) directly on the activated surface at
258C for 15 min until completely dry. The samples were then
rinsed thoroughly and stored in buffer at 48C.
DOI 10.1002/bit



Silica Entrapment of b-Galactosidase

Silica-entrapment was performed as described previously
(Luckarift et al., 2004). Enzyme solutions (0.5 mL)
containing 0.02 IU/mL in potassium phosphate buffer
(25 mM, pH 8.0) were mixed with 0.125 mL of R5 peptide
(100 mg/mL) and 0.125 mL of hydrolyzed tetramethyl
orthosilicate (TMOS) solution. The TMOS was hydrolyzed
by dilution in hydrochloric acid (1 mM) to a final con-
centration of 1 M. The particles were agitated for 2 min at
228C, collected by centrifugation for 10 s (14,000g) and then
washed twice in phosphate buffer before use.

Immobilization of the Silica Entrapped Enzyme
on the Activated Samples (NH2-Si-Enz)

To attach the silica particles to the amino-activated
surface, the silica-entrapment was performed directly on the
activated surface. Enzyme solutions (10 mL) containing
2 IU/mL in potassium phosphate buffer (25 mM, pH 8.0)
were mixed on the sample surface with 2.5 mL of R5
(100 mg/mL) and 2.5 mL of hydrolyzed TMOS solution.
After the silica precipitation the samples were washed four
times by incubation in buffer with gentle agitation.
Loading Capacity Experiments

The loading capacities of Glu-Si with soluble enzyme and the
amino-activated samples with the silica-entrapped enzyme
were determined by immobilizing increasing concentrations
(2–20 UI/mL) of b-galactosidase, as described above.
Detection of Immobilized b-Galactosidase on Glu-Si

Each silicon sample was incubated with 2 mL of a 1/2,000
dilution of monoclonal anti-b-galactosidase antibody in
phosphate buffered saline (PBS) for the detection of native
or denatured enzyme molecules. The incubation was carried
out for 3 h at 258C. Samples were then washed thoroughly
with PBS and further incubated with a 1/2,000 dilution of
secondary antibody (fluorescein conjugated) for 3 h at 258C.
Samples were washed thoroughly with PBS and kept in the
same buffer at 48C for further analysis.

Fluorescence at the surface was imaged on a Zeiss
Axiovert 200 microscope equipped with a Zeiss filter set #9
(EX: BP 450-490, FT 510, EM: LP 515). Images were
recorded using a Zeiss Axiocam MRc digital camera.
Results and Discussion

Immobilization of Soluble b-Galactosidase
to Silicon Samples

A silicon wafer surface was functionalized with APTS
and glutaraldehyde to form a layer of aldehyde groups
Betancor et al.: Three-D
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which react with the amino groups of b-galactosidase
(Scheme 1A). The Glu-Si were submerged in enzyme
solution and immobilization was followed by measuring
activity of the remaining free enzyme in the supernatant
(Fig. 1). Almost 89% (�4.5) of the initial enzyme activity
was immobilized within 2 h. As an alternate strategy,
immobilization of the same amount of enzyme could be
achieved by using evaporation to drive immobilization. The
evaporation method significantly reduced the incubation
time required for complete immobilization to 15 min
and yielded substantially higher immobilization efficiencies
consistent with previously reported values for the immo-
bilization of b-galactosidase from E. coli (Pessela et al., 2007;
Fig. 2). Non-specific adsorption of enzyme using either
method was 18.5% (�0.5). Enzyme attached by non-specific
binding, however, was readily removed by washing.

The immobilization of b-galactosidase through glu-
taraldehyde chemistry was confirmed by fluorescence
microscopy using antigen-antibody interactions (Fig. 3).
Fluorescence microscopy showed an evenly distributed
fluorescence signal in the functionalized samples and no
signal for a negative control containing a non-functionalized
silicon wafer incubated with b-galactosidase (Fig. 3).

Immobilization efficiencies of approximately 60%
(56.35% �6.16) were obtained for enzyme loadings lower
than 0.06 IU (Fig. 4). When the initial b-galactosidase
activity was increased further, a percentage of the activity
remained in the supernatant due to saturation of the surface,
which decreased the immobilization yield. A maximum
loading capacity of the activated silicon samples of 0.045 IU,
however, was obtained at high enzyme concentrations
despite the lower overall immobilization yield (Fig. 4).
Immobilization of Silica-Encapsulated b-Galactosidase
to Silicon Samples

In order to further enhance the stability and loading capacity
of the silicon samples we next investigated the formation of
three-dimensional silica-immobilized enzymes directly at
the surface (Scheme 1C). Because amino groups are critical
for biological silica formation, we explored the integration
of amino groups from a functionalized surface with the
precipitation of silica particles, in order to covalently
associate silica-immobilized enzymes directly and simulta-
neously to a planar surface. Silicon samples were functio-
nalized with amino groups by activation with APTS and
used to prepare surface-immobilized b-galactosidase. The
biomimetic procedure for silica-entrapment of enzymes
(Luckarift et al., 2004) was performed directly on the surface
of the functionalized samples. Silica precipitation occurred
rapidly for enzyme concentrations of 0.1–2 IU. No activity
was found in the wash fractions following immobilization.
The strategy led to immobilization of 3.5 times more enzyme
activity than in the Glu-Si, where enzyme attachment was
most likely limited to a surface-associated monolayer
(Fig. 5).
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Scheme 1. Immobilization strategies used in this work. A: Immobilization of soluble b-galactosidase to Glu-Si. B: Entrapment of b-galactosidase in silica particles.

C: Immobilization of silica-encapsulated b-galactosidase to silicon samples. [Color figure can be seen in the online version of this article, available at www.interscience.wiley.com.]
The amount of immobilized enzyme bound to the silicon
surface increased linearly with increasing concentration of
enzyme in the reaction solution. The immobilization yield of
the resulting samples, however, remained constant at 9.7%
(�1.0) irrespective of the starting concentration. This effect
was not observed with the b-galactosidase directly bound to
Figure 1. Time course of b-galactosidase immobilization onto Glu-Si.

Enzyme activity in supernatant (^) from enzyme incubated by immersion with silicon

wafer; control (*) from enzyme activity in buffer. Immobilization (%)¼ activity in the

supernatant/initial activity � 100.
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the surface through glutaraldehyde (Fig. 5) which reached a
plateau concentration as the surface became saturated. In
comparison, entrapment of enzyme (Scheme 1B; even at
higher enzyme concentrations) resulted in an immobiliza-
tion yield of 45.3% (�0.2) when the silica particles were
freely suspended in buffer. The low activity on the silicon
surface is therefore attributed to mass transfer problems
associated with diffusion of substrate and product into the
silica particles and access to the enzyme’s active site. Mass
transfer limitations are presumed to arise from the packing
of the silica particles upon the surface rather than the
entrapment of the enzyme within the silica particle. This
limitation has been previously reported in the design of
three-dimensional structures for biosensors (Charles et al.,
2004).

The sensitivity of a putative biosensor would increase with
an increased amount of active enzyme associated with it.
Therefore, despite having a low immobilization yield, with
3.5 times more activity the 3D method clearly overcomes
the saturation limitation of direct attachment onto the
surface.

Silicon samples that had been washed but not activated
with APTS did not retain any enzyme activity after the silica
deposition step indicating that the APTS functionalization
was essential to associate the silica particles to the surface.
SEM micrographs of the silica-immobilized enzyme attach-
ed to the silicon samples revealed an uneven coverage by
a three-dimensional network of silica particles (Fig. 6).
DOI 10.1002/bit



Figure 2. Immobilization yield obtained by various immobilization methods. Immobilization yield (%)¼ activity bound to the sample/initial activity� 100.

Figure 3. Detection of immobilized b-galactosidase by fluorescence microscopy. Immobilized samples were treated sequentially with a monoclonal antibody and a

secondary FITC-conjugated antibody. A: b-galactosidase immobilized to a functionalized silicon sample. B: control (non-functionalized sample incubated with b-galactosidase).

[Color figure can be seen in the online version of this article, available at www.interscience.wiley.com.]

Figure 4. Loading capacity of the Glu-Si. b-galactosidase was applied to a

Glu-Si at a range of concentrations. Immobilization yield (%) (&); immobilized IU (^).

Immobilization yield (%)¼ activity bound to the sample/initial activity� 100.

Figure 5. Loading capacity of functionalized silicon samples upon silica-enzyme

entrapment Immobilization of b-galactosidase on Glu-Si (&); immobilization of

NH2-Si-Enz (^).
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Figure 6. SEM micrographs of NH2-Si-Enz. A–C show different areas of the immobilized samples. Samples were sputter coated with gold before analysis.
Enzyme stability issues are always of high significance in
the production of a stable and reproducible biosensor.
Furthermore, the practical application of otherwise inter-
esting putative sensing enzymes is often hindered by their
poor stability (Kim et al., 2006). The immobilization of
enzymes on unusual surfaces and especially by covalent
attachment is sometimes detrimental to the stability of
Figure 7. Storage stability of different immobilized samples. &: b-galactosidase

immobilized on Glu-Si. ^: NH2-Si-Enz. The stability experiment was carried out at 258C
and pH 7.
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the enzyme (Brena et al., 2003). The immobilized samples
prepared herein by silica deposition retained more than 80%
of their initial activity after 10 days at 248C and their stability
proved slightly better than the enzyme directly bound to the
surface by glutaraldehyde (Fig. 7). Moreover, the activity of
the samples remained unchanged when stored at 48C for
more than 4 weeks (data not shown).

Conclusions

In this work, we have demonstrated a method for three-
dimensional enzyme immobilization by involvement of
amino groups of a functionalized silicon surface with the
biomimetic reactions used to deposit silica. Unlike other
attempts to attach silica particles to silicon substrates, where
extremely high temperatures were used (9008C; Zou and
Yang, 2006), the system described works under conditions
suited to the physiological requirements of biomolecules.
In addition, immobilization, attachment and hence stabi-
lization of the enzyme occur simultaneously providing a
simple and rapid method for preparation.

The use of silica particles to build a three-dimensional
structure not only provides an increased capacity for the
immobilization of b-galactosidase but also an improved
stability of the sensor molecule. The loading capacities
obtained demonstrate the applicability of the concept for
biosensors where high loadings of stable sensing molecules
are needed. Analysis of the silica-coatings, however,
DOI 10.1002/bit



indicates a non-uniform deposition of silica on the surface.
A similar observation was also made for the lysozyme-
mediated precipitation of silica at a gold surface (Luckarift
et al., 2006b) and for covalent immobilization strategies
in general (Subramanian et al., 1999). The preliminary
technique described here with further optimization could,
however, provide significant enhancement to increase the
sensitivity of biosensors or as a strategy for three-
dimensional sensors (Charles et al., 2004; Rubina et al.,
2004).
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Sumper M, Kröger N. 2004. Silica formation in diatoms: The function of

long-chain polyamines and silaffins. J Mater Chem 14(14):2059–2065.

Tkac J, Sturdik E, Gemeiner P. 2000. Novel glucose non-interference

biosensor for lactose detection based on galactose oxidase-peroxidase

with and without co-immobilised b-galactosidase. Analyst 125(7):

1285–1289.

Vepari CP, Kaplan DL. 2006. Covalently immobilized enzyme gradients

within three-dimensional porous scaffolds. Biotechnol Bioeng 93(6):

1130–1137.

Watanabe E, Takagi M, Takei S, Hoshi M, Shu-gui C. 1991. Development of

biosensors for the simultaneous determination of sucrose and glucose,

lactose and glucose, and starch and glucose. Biotechnol Bioeng 38(1):

99–103.

Williams RA, Blanch HW. 1994. Covalent immobilization of protein

monolayers for biosensor applications. Biosens Bioelectron 9(2):159.

Yucel D, Ozer N, Hasirci V. 2007. Construction of a choline biosensor

through enzyme immobilization on a poly(2-hydroxyethyl methacry-

late)-grafted Teflon film. J Appl Polym Sci 104(5):3469–3477.

ZouM, Yang D. 2006. Nanoindentation of silica nanoparticles attached to a

silicon substrate. Tribology Lett 22(2):189–196.
imensional Immobilization of b-Galactosidase on a Silicon Surface 267

Biotechnology and Bioengineering. DOI 10.1002/bit



Application of a Microfluidic Reactor for Screening Cancer
Prodrug Activation Using Silica-Immobilized Nitrobenzene

Nitroreductase

Cécile Berne,†,‡,§ Lorena Betancor,†,‡,§ Heather R. Luckarift,† and Jim C. Spain*,‡

Air Force Research Laboratory, 139 Barnes Drive, Building 1117, Suite #2, Tyndall AFB, Florida 32403,
and School of Civil and Environmental Engineering, Georgia Institute of Technology, 311 Ferst Drive,

Atlanta, Georgia 30332

Received February 22, 2006; Revised Manuscript Received June 6, 2006

The nitroreductase-catalyzed conversion of a strong electron-withdrawing nitro group to the corresponding electron-
donating hydroxylamine is useful in a variety of biotechnological applications. Activation of prodrugs for cancer
treatments or antibiotic therapy are the most common applications. Here, we show that a bacterial nitrobenzene
nitroreductase (NbzA) fromPseudomonas pseudoalcaligenesJS45 activates the dinitrobenzamide cancer prodrug
CB1954 and the proantibiotic nitrofurazone. NbzA was purified by affinity chromatography and screened for
substrate specificity with respect to prodrug activation. To facilitate screening of alternate potential prodrugs,
polyethyleneimine-mediated silica formation was used to immobilize NbzA with high immobilization yields and
high loading capacities. Greater than 80% of the NbzA was immobilized, and enzyme activity was significantly
more stable than NbzA in solution. The resulting silica-encapsulated NbzA was packed into a microfluidic
microreactor that proved suitable for continuous operation using nitrobenzene, CB1954, and the proantibiotic
nitrofurazone. The flow-through system provides a rapid and reproducible screening method for determining the
NbzA-catalyzed activation of prodrugs and proantibiotics.

Introduction

Nitroreductases have received increasing attention due to their
ability to activate prodrugs for in vitro drug therapy. Reduction
of a strong electron-withdrawing nitro group to the correspond-
ing electron-donating hydroxylamine results in a very large
electronic change, providing an effective enzyme-mediated
electronic “trigger”.1 Nitroreductase enzymes, therefore, find
significant biotechnological application in the generation of
strong cytotoxins by directed enzyme-prodrug therapy
(DEPT).1 A wide range of compounds based on dinitrobenza-
mide motifs have been synthesized and examined as prodrug
candidates. The monofunctional prodrug 5-azirinyl-2,4-dini-
trobenzamide (CB1954), for example, can be activated to form
a cytotoxic DNA cross-linking hydroxylamine derivative by
bacterial nitroreductases.2-4 DEPT usingEscherichia colini-
troreductase and CB1954 has been demonstrated to be an
effective means to kill cancerous cells1,5,6 and is in phase 1
clinical trials.4 For successful application to DEPT therapy,
nitroreductases should have high substrate affinity, specificity,
and turnover so that sufficient cytotoxin can be generated to
kill the tumorous cells. The nitroreductase (NTR) purified from
E. coli is the most effective and hence extensively studied
enzyme for DEPT to date. However, only a very small fraction
of the available metabolic diversity of nitroreductases has been
explored to date, because screening methods are inefficient. It
could be important to screen a wide range of bacterial nitrore-
ductases with the potential ability to be more efficient prodrug
activators.

Nitroreductases are also known to activate nitrofuran antibiot-
ics that are used to treat burns, skin grafts, and genitourinary
infections.7,8 The activation of the antibiotics leads to a
hydroxylamine intermediate that reacts with DNA and causes
its fragmentation.8 Reduction of nitrofuran antibiotics is critical
for their activation, and bacteria with mutations in nitroreductase
genes develop nitrofuran resistance.7,9

Enzyme immobilization provides a versatile physicochemical
tool that allows the reuse or continuous use of enzymes,
facilitates substrate and product recovery, prevents product
contamination, and in certain instances, improves the properties
of the biocatalyst.10,11 Immobilized enzymes have a significant
impact in microfluidic applications,12 for analytical devices used
in peptide mapping13 and for biocatalytic applications.14 The
entrapment of enzymes on silica-based particles formed through
biomimetic silicification reactions has recently been reported
as a very efficient method for enzyme immobilization resulting
in high thermostability, volumetric activity, and mechanical
stability.15,16 Silica formation in biogenic systems is mediated
by cationic proteins and peptides,17 but a range of simple
polyamine molecules18 can mediate an analogous reaction15 that
combines the advantages of silica encapsulation with a signifi-
cant reduction in cost. Polyethyleneimine (PEI), for example,
precipitates silica in the presence of silicic acid.19 This water-
soluble cationic polymer has been extensively used for stabiliz-
ing enzymes by generating hydrophilic microenvironments that
protect the enzyme from denaturation.20,21 However, to our
knowledge, there are no reports of silica encapsulation of
enzymes using PEI as a mediator.

The nitrobenzene nitroreductase (NbzA) fromPseudomonas
pseudoalcaligenesJS45 (AC A4468) is able to reduce nitroben-
zene to hydroxylaminobenzene.22 Characterization of NbzA
revealed inducible control of NbzA expression by nitrobenzene
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and high affinity for this substrate (lowKm), indicating that
nitrobenzene is the physiological substrate for NbzA.22 NbzA
also plays a role during the degradation of 2,4,6-trinitrotoluene
by P. pseudoalcaligenesJS45, where it catalyzes the reduction
of the explosive compound to 2,4-dihydroxylamino-6-nitrotolu-
ene.23

Despite the potential pharmacological role of nitroreductases,
there are few literature reports demonstrating the immobilization
of such enzymes. The majority of the work focuses on
biosensing applications.24,25 The immobilization of a nitrore-
ductase by entrapment in silica particles mediated by PEI is
reported herein. The immobilized enzyme preparation was
highly stable in a microreactor used as a continuous-flow system
to assess nitroreductase activity with nitrobenzene, CB1954, and
nitrofurazone.

Experimental Section

Materials. All chemicals were of analytical or HPLC grade and
purchased from Sigma-Aldrich (St. Louis, MO). Potassium phosphate
buffer (25 mM, pH 7.0) was used throughout unless otherwise indicated.

Expression and Purification of the Nitrobenzene Nitroreductase
(NbzA) from Pseudomonas pseudoalcaligenesJS45.PCR was used
to amplify thenbzA gene26 (682 bp, without the start codon) fromP.
pseudoalcaligenesJS45 genome (G. Zylstra, unpublished data). The
primers used were: (forward) 5′-CCC ATG GGGCAT CAT CACCAT
CAC CAT CCG ACC AGC CCG TTC ATT G-3′ and (reverse) 5′-
AAG CTT GGC CTA TAC GGA ATT ACC TGG-3′, including the
NcoI andHindIII restriction sites, respectively (bold), and a sequence
encoding for six histidine residues (italic). The amplified fragment was
cloned into pCR-TOPO vector (TOPO-TA cloning kit, Invitrogen,
Carlsbad, CA). After a double digestion byNcoI andHindIII followed
by extraction from an agarose gel, the fragment containingnbzA was
cloned into the commercial expression vector pBAD-HisA (Invitrogen,
Carlsbad, CA), digested with the same enzymes, and designated plasmid
pCBJS08. TheNcoI digestion of pBAD-A released 33 kb from the
(His)6 tag, the Xpress epitope, and the enterokinase cleavage site of
the vector. The smaller (His)6 tag included on the 5′ primer was used
for the purification. The plasmid pCBJS08 was transformed intoE.
coli Top10 (F- mcrA ∆(mrr-hsdRMS-mcrBC) φ80lacZ∆M15 ∆lacX74
recA1 araD139∆(ara-leu)7697galU galK rpsL (StrR) endA1nupG,
Invitrogen, Carlsbad, CA), to give the strainE. coli Top10 pBAD-
nbzA.

An overnight culture from a single colony (1/100, v/v) ofE. coli
Top10 pBAD-nbzA was inoculated into Luria broth containing ampi-
cillin (100 microgram/mL). Cultures were grown at 37°C to an optical
density of 0.6-0.8 at 600 nm.L-Arabinose (0.002%) was added, and
the cells were incubated at 22°C for an additional 16 h to induce the
expression of the recombinant nitrobenzene nitroreductase.

Cells were harvested via centrifugation (7 000g) for 10 min at 4°C,
washed twice, and suspended in saline potassium phosphate buffer (50
mM, pH 7.0, 500 mM NaCl). The cells were lysed by 3 passes through
a French pressure cell (16 000 psi). Cell debris and unbroken cells were
removed by centrifugation (10 000g for 20 min at 4°C). The supernatant
containing heterologous NbzA was loaded on a Co2+NTA affinity
column (HiTrap Chelating HP, GE Healthcare, Picataway, NJ) and
equilibrated with saline potassium phosphate buffer. After washing with
the same buffer, proteins were eluted with a gradient of 500 mM
imidazole in saline potassium phosphate buffer. The (His)6-tagged NbzA
was eluted with 100 mM imidazole. Fractions with NbzA activity were
dialyzed overnight against potassium phosphate buffer at 4°C, using
a Slide-A-Lyzer 10 000 MWCO (Pierce Biotechnology, Rockford, IL).

NbzA Activity. Reductase activity was determined spectrophoto-
metrically (Cary 50 spectrophotometer, Varian Sunnydale, CA) by
monitoring the decrease in absorbance at 340 nm due to the oxidation
of NADPH. The reaction mixture contained 100µM nitrobenzene and

250 µM NADPH in potassium phosphate buffer.22 Assays were
performed at 25°C and continuously mixed with a magnetic stirrer.
For the determination of kinetic parameters with nitrobenzene, nitro-
furazone, and CB1954, the NbzA activity measurements were per-
formed as described above by varying the substrate concentration in
the reaction mixture. One enzyme unit (IU) was defined as the amount
of enzyme that catalyzes the oxidation of 1µmol of NADPH per minute
under the specified conditions.

NbzA Immobilization. NbzA immobilization was carried out as
previously described by Luckarift et al.15 Samples (0.5 mL) of enzyme
solutions (protein concentration from 0.025 to 2.0 mg/mL) in potassium
phosphate buffer (25 mM, pH 8.0) were mixed with 0.125 or 1.25 mL
of 10% polyethyleneimine (PEI) (pH 8.0) (final PEI concentrations
1% and 10%, respectively) and 0.125 or 0.375 mL of a hydrolyzed
tetramethyl orthosilicate (TMOS) solution (final TMOS concentrations
1% and 3%, respectively). The TMOS was hydrolyzed by dilution in
hydrochloric acid (1 mM) to a final concentration of 1 M. The mixture
was agitated for 2 min at 22°C, and the particles were collected by
centrifugation for 10 s (14 000g) and washed twice in phosphate buffer
before use in subsequent experiments. Immobilization yield was defined
as the percentage of the initial activity that was immobilized considering
the activity remaining in the supernatant. Expressed activity was defined
as the ratio of the measured activity of the immobilized enzyme to the
difference between the initial activity and the activity in the supernatant.

The morphology of the resulting silica particles was characterized
by scanning electron microscopy (SEM) (School of Electrical and
Computer Engineering, Georgia Institute of Technology, Atlanta, GA).

Stability Experiments. Free enzyme solutions and immobilized
enzyme suspensions containing 0.05 IU/mL were incubated in phos-
phate buffer at 40°C for thermostability experiments or in the presence
of acetonitrile (15%) or methanol (50%) for solvent stability experi-
ments. Samples were withdrawn periodically, and enzyme activity was
determined as described above.

Microcolumn Experiments. A stainless steel Microbore column
(2 cm × 2 mm, Upchurch Scientific, Oak Harbor, WA) with 0.5µm
frits was filled with a total of 6 IU of silica-encapsulated NbzA (PEI
1%). Packing was performed by sequentially filling the column with
samples of a suspension of the silica-encapsulated NbzA pumped
through the column using phosphate buffer (5µL/min). The micro-
column was washed with 5 column volumes of phosphate buffer prior
to use. All flow-through experiments were carried out at room
temperature (22°C) using a syringe pump (PHD 2000 infusion, Harvard
Apparatus, Natick, MA). To determine the substrate conversion,
phosphate buffer containing 100µM substrate solution (nitrobenzene,
CB1954, or nitrofurazone) and 250µM NADPH was pumped at flow
rates ranging from 1 to 5µL/min. After changes in flow rates, samples
were collected and analyzed after 5 column volumes had been pumped
through the microreactor. The stability of the microreactor was assayed
with a continuous flow of phosphate buffer containing 100µM
nitrobenzene and 250µM NADPH at a flow rate of 5µL/min.
Periodically, samples of the eluate were collected and analyzed by
HPLC to determine the degree of nitrobenzene conversion. Due to the
spontaneous degradation of NADPH and in order to maintain saturating
conditions for the enzyme, the nitrobenzene solution was made fresh
every 8 h during continuous use.

Analytical Methods. Conversions were monitored by HPLC using
a Spherisorb C8 column (5U, 250 mm, Alltech, Deerfield, IL) with a
mobile phase of acetonitrile and water (containing 0.05% and 0.1%
trifluoroacetic acid, respectively). The concentration of acetonitrile was
increased from 20% to 60% over 13 min, with a flow rate of 1.5 mL/
min. Compounds were monitored by UV detection at a single
wavelength of 254 nm. Protein concentration was determined by using
a BCA (bicinchonic acid) protein assay reagent kit (Pierce Biotech-
nology, Rockford, IL) with bovine serum albumin as a standard.
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Results and Discussion

NbzA Expression and Purification. The nitrobenzene ni-
troreductase (NbzA) fromP. pseudoalcaligenesJS45 was
purified from E. coli Top10 with a yield of approximately 1
mg purified (His)6-tagged protein per liter of culture. Initial
attempts to heterologously express the protein using the 3 kDa
purification tag from pBAD-HisA (containing the entire (His)6

tag, Xpress epitope, and enterokinase cleavage site of the vector)
led to expression of an inactive protein, presumably due to the
additional sequence regions of the vector (data not shown). To

clone an active protein, a shorter (His)6 tag was inserted into
the 5′PCR primer, and the purification tag was removed from
the pBAD-HisA byNcoI enzymatic digestion.

The molecular weight of the soluble (His)6 tag heterologous
NbzA was 33 kDa, which is consistent with the size of the
protein purified fromP. pseudoalcaligenesJS45.22 TheKm for
nitrobenzene of the (His)6 tag NbzA purified fromE. coli in
this study was 2.3 (( 0.4) µM, consistent with NbzA purified
from whole cells ofP. pseudoalcaligenes(5 µM)22 (Table 1),
indicating that heterologous expression and addition of histidines
at the N terminus did not substantially modify the protein
activity toward nitrobenzene.

NbzA Immobilization. PEI is an inexpensive polyaminated
polymer that has been shown to direct the formation of
structured silicas in which the morphology can be manipulated
by variations in the reaction conditions.19 We investigated the
immobilization of NbzA by entrapment in a silica matrix
deposited from a silicic acid solution using PEI as mediator.
The immobilization was stable and highly efficient for enzyme
concentrations ranging from 0.03 to 1 mg/mL with immobiliza-
tion yields higher than 80% (Figure 1). The remaining enzyme
activity (less than 20%) was detected in the supernatant and in

Table 1: Km Values (µM) of Different Bacterial Nitroreductases

1 NT; not tested.

Figure 1. Effect of immobilization efficiency with increasing NbzA
concentration. NbzA was immobilized using PEI 1% and TMOS 1%
(white bars) or PEI 1% and TMOS 3% (black bars).

Figure 2. SEM micrograph of the PEI-mediated silica microparticles
containing silica-encapsulated NbzA. Samples were sputtered with
gold before analysis.

Figure 3. Thermal stability of soluble and PEI silica-encapsulated
NbzA. Open squares, soluble NbzA; solid triangles, PEI silica-
encapsulated NbzA. The PEI silica immobilized and soluble NbzA
preparations contained 0.05 IU/mL and were incubated at 40 °C in
potassium phosphate buffer. PEI silica-encapsulated NbzA was
prepared with 1% PEI.
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subsequent wash fractions, indicating negligible loss of activity
during immobilization.

The immobilized preparations expressed 60 ((5) % of the
theoretical entrapped activity for NbzA concentrations up to 1
mg/mL. Increases in protein concentration above 1 mg/mL
resulted in a decrease in immobilization yield as the loading
capacity of the silica particles reached saturation, as previously
reported.15 The loading capacity of the reaction could be
enhanced, however, by adding additional TMOS to the reaction
mixture, thereby extending immobilization yields of higher than
80% to all of the protein concentrations studied (Figure 1).

PEI typically produces silica spheres, but the structures can
be manipulated by the addition of solvents during the precipita-
tion reaction, so that the resulting particles can be tailored to
suit a specific application.19 SEM analysis revealed that here
PEI mediated the formation of a matrix of interconnected silica
particles of approximately 0.5-1.0µm diameter (Figure 2).

Kinetics Parameters of Silica-Encapsulated NbzA.Ni-
troreductases from a wide range of organisms differ substantially
in their activity against CB1954 and nitrofurazone (Table 1).
The desirable properties of potential enzyme-prodrug combina-
tions are a high differential toxicity of the active species relative
to the prodrug and a high affinity of the enzyme for the prodrug.
The affinity of the soluble NbzA for nitrofurazone is low in
comparison to other enzymes,2,27 whereas the affinity for
CB1954 is very high (Table 1). The apparentKm value for
nitrobenzene of PEI silica-encapsulated NbzA was comparable
to that of the soluble enzyme (Table 1), indicating that enzyme

activity was not significantly hindered by the immobilization
within silica particles. For CB1954 and nitrofurazone, apparent
Km values of PEI silica-encapsulated NbzA were 3 and 5 times
higher, respectively (Table 1). Diffusion limitations and steric
hindrances in immobilized enzyme preparations have been
shown to be responsible for higher apparentKm values compared
to the soluble forms.28-30

Stability of Silica-Encapsulated NbzA. Enzymes are ex-
tremely versatile and able to catalyze a wide variety of chemical
reactions, but practical applications are often hindered by the
instability of enzymes.21 The expressed activity of silica-
encapsulated NbzA remained unchanged when stored at 4°C
for several months (data not shown). The silica-encapsulated
NbzA also was dramatically more thermostable than the soluble
enzyme (Figure 3). The enhanced stability of immobilized
enzyme preparations provides a greater versatility for their use
in a wide range of applications.14,31-34 The higher thermal
stability of the silica-encapsulated NbzA appears to be a
consequence not only of the movement constraints imposed by
the rigidity of the support35 but also of the presence of PEI itself,
which has proven in many instances to have a protective effect
on the stability of enzymes.20,34,36,37

A primary limitation of prodrugs such as CB1954 is their
relative insolubility in aqueous solutions.38,39The encapsulation
of the nitroreductase enzyme within silica might protect the
enzyme from solvent denaturation and provide an opportunity
to screen poorly soluble prodrugs if the compounds are dissolved
in cosolvents. Immobilization of NbzA in silica exerted a

Figure 4. (A) Stability of soluble and PEI silica-encapsulated NbzA in the presence of methanol. Open cirlcles, soluble NbzA; solid triangles,
PEI (1%) silica-encapsulated NbzA and solid squares, PEI (10%) silica-encapsulated NbzA. The silica-encapsulated and soluble NbzA preparations
contained 0.05 IU/mL and were incubated at 25 °C in potassium phosphate buffer containing methanol (50%) for the indicated times prior to
assays. (B) Stability of soluble and PEI silica-encapsulated NbzA in the presence of acetonitrile. Open cirlcles, soluble NbzA; solid triangles,
PEI (1%) silica-encapsulated NbzA; and solid squares, PEI (10%) silica-encapsulated NbzA. The silica-encapsulated and soluble NbzA preparations
contained 0.05 IU/mL and were incubated at 25 °C in potassium phosphate buffer containing acetonitrile (15%) for the indicated times prior to
assays.

Figure 5. Scheme for immobilized-enzyme microcolumn. The stainless steel body of the microcolumn is 2 mm wide × 2 cm long, for a total
volume of 250 µL. 6 IU of silica-encapsulated NbzA in 1% PEI (o) were packed inside the column. Two 0.5 µm frits are placed to both extremities
(dark gray). The microcolumn was linked to a syringe pump on one end and a sample collector on the other end.
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significant stabilizing effect in methanol and acetonitrile relative
to the soluble enzyme (Figure 4). The solvent stability of the
immobilized enzymes was even more pronounced when a high
concentration of PEI was added during the immobilization
process. Addition of PEI concentrations ranging from 1% to
10% to soluble NbzA preparations did not modify the enzymatic
activity (data not shown) but provided a protective environment
for the enzyme that resulted in complete retention of the initial
activity for up to 5 h, in the presence of 50% methanol (Figure
4A). A higher PEI concentration also proved critical for
improving the enzyme stability in the presence of acetonitrile
(Figure 4B). PEI is a highly hydrophilic molecule; therefore,
stabilization could be the result of formation of a hydrophilic
shell that promotes a partitioning of the organic solvent,
decreasing its concentration in the enzyme microenvironment,
an effect that has been previously reported.40 Thus, by increasing
the amount of PEI in the surroundings of the enzyme, we were
able to minimize the negative effect that the organic solvent
molecules exert on the enzyme stability.

Continuous Flow-Through System.The size and stability
of the silica-encapsulated NbzA particles obtained with our
method are suitable for flow-through applications. For microf-
luidic purposes,13 for example, small particle sizes provide a
high surface-to-volume ratio and a concomitant increase in mass
transfer efficiency. Silica-encapsulated NbzA was packed into
a stainless steel microfluidic device as shown in Figure 5.
Throughout all the experiments, no enzyme activity was detected
in the eluate, indicating that the NbzA was physically entrapped
within the silica particles during silica formation and there was
no leaching from the particles during continuous use.

Flow rates typical of microfluidic applications (1-5 µL/min)
were used41,42 without creating back-pressure problems. The
flow-through system proved suitable for continuous operation.
Conversions of nitrobenzene, CB1954, and nitrofurazone were
achieved at a wide range of flow rates (Figure 6A). The
conversion decreased with increasing flow rates as expected as
a consequence of a reduction in the residence time of the
substrate within the microcolumn and the reduced contact time
between the substrate and the immobilized enzyme. At 1µL/
min, the three substrates were stoichiometrically converted
(Figure 6A). With increasing flow rates, the conversion cor-
related with the previously measured substrate specificity of
NbzA. NbzA, for example, demonstrated the highest affinity
for nitrobenzene, and maximum conversion efficiency (substrate
conversion per time unit) was achieved at flow rates up to 5
µL/min. The mechanical properties of the immobilized enzyme
provided excellent operational stability. A conversion of more

than 90% of the nitrobenzene was observed during continuous
use for more than 3 days at room temperature and a flow rate
of 5 µL/min (Figure 6B).

Other nitroreductases with affinity for CB1954 that have been
recently purified and characterized3,43 could be immobilized in
PEI-silica and packed on the microcolumn, as an efficient and
cost-effective way to screen for different prodrug reductions.
The microreactor designed in this study could also be useful to
test the reduction of nitrofurazone derivatives by NbzA or other
nitroreductase enzymes immobilized inside the microcolumn.

Conclusion

Advances in the field of microreactors are limited by the
availability of new support materials and immobilized enzymes
or the lack of robustness of the immobilized preparations.12,44

On the basis of our results, PEI-mediated silica encapsulation
seems to be an effective way to immobilize enzymes for use in
microreactors. Moreover, the excellent stability properties of
our system provided the basis for a range of potential microf-
luidic applications of silica-encapsulated enzymes. Further
experiments on the tailoring of the physical morphology of the
PEI silica for a particular application as well as optimizing the
column configuration will broaden the range of applications of
the system.
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