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T
hree-dimensional (3D) nanostruc-
tures are vital in the field of nano-
technology including sensors, pho-

tonics, optoelectronics, microfluidics, and
fuel cells.1�3 3D nanostructures have been
fabricated by applying various kinds of
lithographic techniques to molecular self-
assembly such as layer-by-layer (LBL)
assembly,4,5 which is driven by electro-
static interaction, covalent bonding and
specific interaction to create multilayer
structures using charged polymers, nano-
particles, and biomolecules.6,7 One of the
key considerations in fabrication of 3D
nanostructures is the positioning of indi-
vidual units such as polymers, proteins, and
nanoparticles with nanometer precision.8

LBL assembly is a convenient nanofabrica-
tion protocol used to produce well-defined
3D nanostructures with biomolecules,9,10

which are versatile building blocks with
unique functionality for bottom-up
nanofabrication.11,12 Specific interactions
between host and guest molecules is a fac-
ile driving force for LBL assembly of
biomolecules.13,14 The specific interaction

between avidin and biotinylated biomol-

ecules has been used as an ideal LBL assem-

bly route to three-dimensional (3D) archi-

tecture due to the specific and strong

interaction (Kd � 10�15 M) of

avidin�biotin.15

With fine control of the position, pat-

tern size, and height, LBL assembly can be

useful for fabricating novel surface bionano-

structures. One approach to achieving the

required precision is to use a patterned sur-

face produced by photolithography16 or

microcontact printing (�CP)17 to guide LBL

assembly on a surface. It was previously re-

ported that well-defined multilayer enzyme

structures could be achieved using a �CP-

patterned self-assembled monolayer (SAM)

template to guide the LBL assembly of

horseradish peroxidase (HRP).9 However,

those previously reported techniques were

limited to LBL-assembled functional bioar-

chitectures using only a single type of en-

zyme, that is, HRP.9,18 Recently bienzyme

systems have been introduced for fabrica-

tion of biosensors.19,20 However, they are

not applicable for fabrication of well-

defined 3D nanostructures because control

of height and position was not carried out.

These studies did not provide any evidence,

such as AFM or fluorescence data, for LBL

assembly or the increase in height caused

by the build-up of enzyme layers. For viable

device applications, it is often more useful

and convenient to integrate the enzymatic

reactions onto a solid surface because posi-

tional control can be greatly facilitated. In

particular, it is essential to control the place-

ment of the fabricated structures on a sur-
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ABSTRACT This paper reports that a bioarchitecture with two different active enzymes can be fabricated

conveniently on a prepatterned surface by highly selective surface-templated layer-by-layer (LBL) assembly by

coupling a bilayer of avidin/biotin-lactate oxidase (biotin-LOD) with a bilayer of avidin/biotin-horseradish

peroxidase (biotin-HRP). The two different active enzymes can be utilized as excellent building blocks for the

fabrication of well-defined 3D nanostructures with precise control of the position and height on the surface. In

addition, the LBL assembled bienzyme structures are highly functional, and bioarchitectures based on LOD and

HRP-mediated coupling reaction can be employed in a number of viable biosensing applications.
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face in order to apply these bienzyme systems to pos-

sible photonic or optoelectronic devices.

This paper reports that a bioarchitecture with two

different active enzymes can be conveniently fabri-

cated on a prepatterned surface through highly selec-

tive surface-templated LBL assembly by coupling a bi-

layer of avidin/biotin-lactate oxidase (LOD) with a

bilayer of avidin/biotin-HRP. The two different active

enzymes can be utilized as excellent building blocks for

the fabrication of well-defined 3D nanostructures with

precise control of position and height on the surface. In

addition, the LBL assembled bienzyme structures are

highly functional, and bioarchitectures based on LOD

and HRP-mediated coupling reaction can be employed

in a number of viable biosensing applications. To the

best of our knowledge, this is the first example of a

functional bioarchitecture with precise control of the

position and well-defined 3D nanostructures assembled

from two different active enzymes on a patterned

surface.

RESULTS AND DISCUSSION
Layer-by-Layer Assembly for Well-Defined 3D Bioarchitecture.

A gold surface was patterned on the micrometer scale

with self-assembled monolayers (SAMs) of a biotin-

terminated thiol and a hexa(ethylene glycol)-

terminated thiol. The biotin-terminated SAM was used

to anchor the avidin to the gold surface, while the hexa-

(ethylene glycol) terminated SAM was used to block

the nonspecific adsorption of the proteins. It was re-

ported that hexa(ethylene glycol)-terminated SAM is

quite effective in resisting the nonspecific adsorption

of biomolecules.9,11,21 The patterned surfaces were

then used as a template for LBL assembly of the avidin

and biotinylated enzymes. Biotin-horseradish peroxi-

dase (biotin-HRP), each conjugated with an average of

2.3 biotins, and biotin-lactate oxidase (biotin-LOD),

each conjugated with an average of 10.2 biotins, were

used as two active enzymes to build the functional bio-

architecture with a well-defined 3D nanostructure. Avi-

din acts as a biocompatible linker between the biotin-

LOD and the biotin-HRP due to the strong

biotin�avidin interaction (Kd �10�15 M).10

Scheme 1 shows the approach to constructing a

bienzyme-based bioarchitecture. The gold surface was

first patterned by standard photolithography and the

micrometer-sized bare gold regions were then func-

tionalized with a biotin-terminated SAM. After strip-

ping off the photoresist, 11-mercaptoundecylhexa

(ethylene glycol) alcohol (EG6OH) was added to fill the

micrometer-sized gaps lacking the biotin terminated

SAM. Avidin was then assembled specifically onto the

biotinylated SAM regions by its two lower biotin-

binding sites. This leaves the other two biotin-binding

sites on the opposite side of the avidin available for

biotin-LOD binding because avidin has an almost cu-

bic shape with the two pairs of biotin-binding pockets

arranged on the opposite sides of the molecule.22,23

The build-up of the biotin-LOD on the avidin layer pro-

duces a biotin terminated outmost layer, which is then

used to construct a second avidin layer followed by a

further biotin-HRP layer. This 3D bienzyme structure can

be utilized as a lactate sensing device because the

LOD and HRP are successively assembled into the LBL

structures.

AFM Images of LBL-Assembled Bioarchitectures. The en-

zymes were assembled on micrometer scale patterns

and the layer thickness was measured as a function of

the LBL assembly using atomic force microscopy (tap-

ping mode in air) to confirm that the LBL assembly of

avidin/biotin-LOD/avidin/biotin-HRP can be well-

controlled. The topographic evolution of the protein

Scheme 1. Schematic diagram of the approach to manufacture a bio-architecture with two active enzymes via surface tem-
plated layer-by-layer assembly.
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patterns after the LBL assembly process was also moni-

tored. Figure 1A shows a topographic AFM image of a

micropatterned SAM template with 2 �m SAM stripes

of the biotin thiol separated by 4 �m SAM stripes of the

EG6OH on a flat surface thinly coated with gold. The

EG6OH stripes were �1.5 nm taller than the biotin-thiol

stripes. After a bilayer of avidin/biotin-LOD was as-

sembled onto the biotin stripes, the topographic con-

trast between the protein and EG6OH stripes was re-

versed (Figure 1B). The protein stripes were �1.7 nm

taller than the EG6OH stripes, presumably because the

proteins assembled selectively onto the biotin stripes.

There is little evidence of nonspecific adsorption on the

resist stripes. In addition, the nonspecifically adsorbed

proteins on the resistive stripes could be removed by

treating the surface with a surfactant (0.1% Tween in

PBS). Multilayer structures with a protein layer configu-

ration of avidin/biotin-LOD/avidin/biotin-HRP can be

readily fabricated using a surfactant rinse between each

assembly step. Figure 1C shows a topographic image

of the patterned surface after the assembly of avidin/

biotin-LOD/avidin/biotin-HRP. The height of the protein

stripes was �3.7 nm above the resistive background.

The thicknesses of the avidin/biotin-LOD bilayer (�3.2

nm) and avidin/biotin-LOD/avidin/biotin-HRP qua-

druple layer (�5.2 nm) were smaller than the com-

bined thickness of the closely packed protein layers us-

ing the molecular dimensions of HRP and avidin (ca.

8�10 nm).9,24 This is not unusual and similar results

have been reported elsewhere.9�11,18,25 Since the

samples for AFM measurements were rinsed with dis-

tilled water to remove salt and then dried by N2 gas, the

assembled proteins might have been partially unfolded

and denatured, thus causing the decrease in height of

protein layers.9 The AFM topographic images show that

the 3D enzyme structures are well-controlled on the

functional pattern region through LBL assembly. In ad-

dition, the increase in height of the protein stripes after

each assembly step is consistent with the fluorescence

data (Figure 2) which was taken using fluorophore-

labeled biotin-LOD and biotin-HRP.

Fluorescence Images of LBL-Assembled Bioarchitectures. Fig-

ure 2 shows a scanning confocal fluorescence image us-

ing fluorophore-labeled enzymes on the micropat-

terned surface. The biotin-LOD was labeled with the

Cy3 dye in order to monitor the growth of the avidin/

biotin-LOD-Cy3 assembly by measuring the emission at

585 nm with a scanning confocal fluorescence micro-

scope. Cy5-labeled biotin-HRP was used to produce

microscale stripes of an avidin/biotin-HRP-Cy5 assem-

bly on top of the avidin/biotin-LOD-Cy3 stripes, leading

to a change in the emission wavelength (from 585) to

650 nm. The fluorescence was exclusively detected al-

most from the protein stripes with very low background

Figure 1. AFM topographic images of the 3D structures assembled from avidin/biotin-LOD and avidin/biotin-HRP. The cor-
responding average line scan profile is depicted beneath each image. (A) A �-patterned template with 4 �m EG6OH stripes
separated by 2 �m biotin-thiol stripes on a flat thin-gold coated surface. The EG6OH region is �1.5 nm taller than the biotin-
thiol region. (B) After assembling a bilayer of avidin/biotin-LOD, the protein stripes are �1.7 nm higher than the EG6OH
stripes. (C) After assembling the avidin/biotin-LOD/avidin/biotin-HRP stripes, the height of the enzyme stripes is �3.7 nm
above the resistive background.

Figure 2. Fluorescence images of the LBL assembly of
avidin/biotin-LOD and avidin/biotin-LOD/avidin/biotin-HRP.
(A) Cy3-labeled biotin-LOD assembled on �-patterned
biotin/avidin stripes with EG6OH gaps on a thin-gold-
layer coated glass slide under laser excitation at 543 nm.
(B) Cy5-labeled biotin-HRP assembled on �-patterned
biotin/avidin/biotin-LOD-Cy3/avidin stripes with EG6OH
gaps on a thin-gold-layer coated glass slide under laser
excitation at 633 nm.
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fluorescence, suggesting that the
EG6OH SAM is quite effective in pre-
venting the nonspecific adsorption of
proteins. The AFM topography and
fluorescence images obtained from the
green (Figure 2A) and red channels (Fig-
ure 2B) clearly demonstrate the regular
and successively well-controlled LBL
build-up of a multilayer enzyme struc-
ture with nanometer precision. This
shows that the highly selective surface-
templated LBL assembly is a facile yet
powerful approach for assembling
functional and well-defined 3D struc-
tures with two different fluorophore-
labeled biomolecules, and can be ap-
plied to photonic or optoelectronic
devices, such as organic-based LED.

Catalytic Activity of LBL-Assembled
Bioarchitectures. A colorimetric-based as-
say was used to determine the activity
of the multilayer avidin/biotin-LOD/
avidin/biotin-HRP structures rinsed with
PBS only, without the surfactant. This
bienzyme system converts the colorless
enzymatic reaction of LOD into a
strongly colored one, which is visible
to the naked eye. In the presence of
oxygen, LOD catalyzes the conversion of L-lactate into
pyruvate and H2O2. The H2O2 is then used as an oxidant
by the nearby HRPs in the assembled bioarchitecture
to convert the noncolored Amplex red into colored re-
sorufin,26 which absorbs strongly at 571 nm, as illus-
trated schematically in Figure 3A. It is also possible that
a single type of LOD enzyme without HRP can be used
for the detection of lactate. However, its detection per-
formance is reported to be much worse compared with
the bienzyme systems in combination with oxidase
and HRP.19,20 The bienzyme system can have two ge-
ometries (monlayer and bilayer). The first monolayer ge-
ometry is realized by the immobilization of both LOD
and HRP in the same layer on a surface. The second ge-
ometry is composed of an enzyme bilayer where the in-
ner layer is composed of LOD and HRP is located on
LOD layer by LBL assembly. The amount of immobi-
lized enzymes in the bilayer enzyme geometry is two
times higher than that in the monolayer enzyme geom-
etry. Therefore the bilayer system is better suited to bi-
osensing applications. Furthermore the bienzyme sys-
tem of LOD and HRP is essential for colorimetric
measurement of lactate. The changes in absorbance at
different time intervals for the bienzyme system were
measured, and the results are shown in Figure 3B. There
was a linear increase in absorbance with increasing in-
cubation time within a period of 30 min, suggesting
that the bioarchitecture is catalytically active and main-
tains the same rate as a function of the incubation

time. When the oxidative reaction of Amplex red in

the same bioarchitecture without L-lactate under iden-

tical conditions was monitored as a control experiment,

there was no change in the absorbance over the 30

min period (data not shown). This confirms that the ob-

served color change is due to the coupled enzymatic re-

action, and not to the auto-oxidation of Amplex red by

the solution oxygen.

The assembly efficiency between avidin/biotin-HRP/

avidin/biotin-LOD and avidin/biotin-LOD/avidin/biotin-

HRP on gold surface was investigated. It was found that

the LOD activity of avidin/biotin-HRP/avidin/biotin-

LOD seemed to linearly increase with the reaction time

while its magnitude remained quite low. Furthermore, no

clear dependency of its reaction rate on L-lactate concen-

tration was found (data not shown). When the HRP activ-

ity of avidin/biotin-HRP/avidin/biotin-LOD was measured

in order to confirm this, its activity was only � 25% com-

pared with that of avidin/biotin-HRP without avidin/

biotin-LOD (data not shown). This is thought to be as-

cribed to steric hindrance.9 On the basis of this control

experiment we conclude that the assembly of avidin/

biotin-LOD/avidin/biotin-HRP is better-suited for the

quantification of the L-lactate concentration.

The response of the avidin/biotin-LOD/avidin/biotin-

HRP assembly in the presence of different concentra-

tions of L-lactate was monitored to demonstrate the po-

tential of such enzyme structures as an analytical kit

for determining the L-lactate content based on the LOD

Figure 3. (A) Schematic diagram showing the reaction scheme for the two enzymatic reac-
tions of the immobilized avidin/biotin-LOD/avidin/biotin-HRP assembly. (B) The catalytic activ-
ity of the bioarchitecture on a �-patterned surface. Plot of the absorbance at 571 nm as a func-
tion of the incubation time. (C) The reaction rate of the bioarchitecture on �-patterned surface
as a function of the L-lactate concentration. Plot of the reaction rate as a function of the
L-lactate concentration.
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and HRP coupled reactions. The rate of the enzymatic
reaction was found to be dependent on the L-lactate
concentration (Figure 3C). The L-lactate content in a
commercially available yogurt was also measured to
demonstrate the practical applications of the system
because the L-lactate content is considered to be an im-
portant index for determining the degree of fermenta-
tion in fermented products, such as kimchi, beer, and
yogurt. The L-lactate content in a commercial liquid
yogurt measured by our bioarchitecture was 0.48 �

0.02%(w/w) which is within the acceptable commercial
range.27,28 This demonstrates that our bienzyme-based
bioarchitecture is well-suited for determining the
L-lactate content in fermented products. The stability
of the bioarchitecture of avidin/biotin-LOD/avidin/
biotin-HRP was investigated. The bioarchitecture was
stored in 50 mM sodium phosphate buffer (pH 7.2) so-
lution at 4 °C. The activity gradually decreased with stor-
age time and was observed to be �60% of its initial ac-
tivity after 10 days storage (data not shown). This result
is in good agreement with the results reported
elsewhere.29,30 HRP was reported to be reversibly
and/or irreversibly inactivated at high concentration of
hydrogen peroxide, an inactivating agent of HRP.29,30

The partial conformational change of 3D protein struc-
tures that slowly proceeded during the storage period
in solution could facilitate the inactivation of HRP by hy-
drogen peroxide, and thus decrease the activity of
bioarchitecture.

This LBL-assembled bienzyme system can be ex-
ploited to fabricate an electrochemical biosensor

on other functional nanomaterials such as nanopar-
ticles and carbon nanotubes. The nanomaterals can
be a potential platform in LBL assembly of biomole-
cules for the fabrication of electrochemical sensors
due to their high surface area and high surface free
energy.31 For example, the use of carbon nanotube
in LBL assembly of enzymes was extremely suitable
for electrochemical sensing due to its high surface-
to-volume ratio, its biocompatibility, and the fast
electron-transfer mediation for wide range of elec-
troactive species.32,33

In conclusion, a functional bioarchitecture with pre-
cise control of the position and well-defined 3D nano-
structures was successfully fabricated using a micropat-
terned SAM template to guide the LBL assembly of
avidin/biotin-LOD and avidin/biotin-HRP. AFM and fluo-
rescence data demonstrated that this method pre-
cisely controls the position and height of the bien-
zyme structures on the micropatterned surface with
nanometer precision. The assembled bioarchitecture
possesses the catalytic activities of both LOD and HRP.
The enzyme reaction rate of the bioarchitecture was de-
pendent on the L-lactate concentration. In principal
the enzyme architectures can be miniaturized easily to
the nanoscale using a nanoscale surface template,
which will provide an opportunity to assemble active
3D enzyme nanostructures. The use of multiple enzyme
constituents combined with well-controlled LBL assem-
bly may lead to the development of highly miniatur-
ized biosensors, biocatalysts, and biochips with en-
hanced functionality.

METHODS
Materials. Biotin disulfide N-hydroxysuccinimide ester (biotin

disulfide), lactate oxidase, L-lactate, phosphate buffered saline
(PBS), and avidin were purchased from Sigma-Aldrich (Dorset,
U.K.). Biotin conjugated horseradish peroxidase (biotin-HRP) and
Amplex red were obtained from Invitrogen (Paisley, U.K.). The EZ-
link sulfo-NHS-SS biotinylation kit and 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) were
supplied by Pierce Biotechnology (Rockford, IL). Cy3 hydrazide
and Cy5 hydrazide were obtained from GE Healthcare (Bucks,
U.K.). 11-Mercaptoundecylhexa (ethylene glycol) alcohol (EG6OH)
was synthesized and purified as described elsewhere.11 PBS so-
lution (10 mM phosphate, 150 mM NaCl, and pH 7.4) was pre-
pared using ultrapure UHQ water (resistance �18 M� · cm), and
then filtered with a syringe filter (0.2 �m pore size, Whatman
plc., Middlesex, U.K.) prior to use. The solutions of avidin, biotin-
LOD, and biotin-HRP were prepared in PBS. Biotin-disulfide was
dissolved in N,N-dimethylformamide and then diluted with UHQ
water to make a 1 mM solution.

Preparation of Biotinylated Lactate Oxidase. Biotin was conjugated
to lactate oxidase (LOD) using a published procedure.34 A 500
�L portion of a solution of 1 mg/mL lactate oxidase from Peidio-
coccus sp. (�20 units/mg) in PBS was mixed with 100 �L of 2
mg/mL sulfo-NHS-SS-biotin in PBS and incubated at room tem-
perature for 2 h. The reaction mixture was applied to a desalt
spin column (Pierce Biotechnology) equilibrated with PBS. The
column was placed into a 15 mL collection tube and centrifuged
using a Harrier 18/80 refrigerated centrifuge (Sanyo Scientific,
Itasca, Ill, USA) at 1000g for 2 min. The collected flow-through so-
lution was the purified biotin-LOD conjugate sample. The biotin

content in biotin-LOD was determined by competitive replace-
ment of 2-(4-hydroxyphenylazo) benzoic acid bound to avidin.

Micropatterning by Photolithography and LBL Assembly. Silicon sub-
strates coated with a thin layer of gold (8 nm thick gold layer
with 2 nm Cr adhesion layer and roughness �0.5 nm) were pre-
pared by thermal evaporation (deposition rate 	 0.01 nm/sec).
A micropattern with 2 �m stripes separated by 4 �m gaps was
fabricated using a standard photolithography procedure.35,36 Af-
ter photolithography, the micropatterned photoresist on the
gold substrate was incubated with a 1 mM solution of biotin-
disulfide in UHQ water for 1.5 h in order to fill the bare gold re-
gions with a biotin-terminated SAM. The substrate was rinsed
with UHQ water to remove the unbound biotin-disulfide. The
photoresist was then stripped off the substrate in an acetone
bath for 20 min, rinsed with UHQ water, and then dried with a
N2 gas blow. The exposed regions were filled with a SAM of
EG6OH by dipping the substrate in a 2 mM solution of EG6OH in
methanol for 1.0 h, rinsing with methanol, and then drying with
N2. The gold substrate with 2 �m biotin stripes separated by 4
�m EG6OH resist regions was soaked in PBS for 10 min before be-
ing used as a template for LBL assembly. The substrate was incu-
bated with a 0.1 mg/mL avidin solution for 0.5 h, rinsed with
PBS, and soaked in a 0.2 mg/mL biotin-LOD solution for 0.5 h fol-
lowed by washing with PBS. This produced an avidin/biotin-
LOD bilayer. The bienzyme multilayer structure was assembled
in a similar manner using avidin (0.1 mg/mL) and biotin-HRP (0.2
mg/mL).

Atomic Force Microscopy. The micropatterned SAM stripes on
the gold substrate were analyzed by atomic force microscopy
(AFM). The regions of biotin terminated SAM, avidin/biotin-LOD,
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and avidin/biotin-LOD/avidin/biotin-HRP were compared with
the EG6OH resist regions. Each sample was treated individually
with a surfactant (0.1% Tween 20 in PBS) for 1.5 h, rinsed with
UHQ water and dried with N2 gas before the AFM measurements.
All AFM measurements were carried out using a Digital Instru-
ment (Santa Babara, CA, USA) Dimension 3100 AFM with a Nano-
scope IV controller at 24 � 1 °C.9,37,38 Ultrasharp MikroMasch
(Willsonville, OR) silicon cantilevers (NSC15/AI BS, 125 �m long,
tip radius �10 nm, spring constant �40 N/m, and resonant fre-
quency �325 kHz) were used. The images were collected at a
scan rate of 0.5�1.0 Hz with 512 
 512 pixels per image and ana-
lyzed using Nanoscope image analyzing software (version 6.12)
with first-order flattening. Topographic images were taken under
light tapping to minimize the effect of tip compression on the
bioassembly features.

Fluorescence Imaging. Cy5-labeled biotin-HRP (biotin-HRP-Cy5)
and Cy3-labeled biotin-LOD (biotin-LOD-Cy3) were prepared
from the EDC-mediated coupling reaction.39 A 1 mL portion of
1 mg/mL biotin-HRP was mixed with 100 �L of 5 mg/mL Cy5 hy-
drazide and 100 �L of 10 mg/mL EDC in PBS and incubated for
15 h at ambient temperature in the dark. The product was cen-
trifuged at 10000g for 5 min. The supernatant was loaded onto a
10 mL gel filtration column that had been equilibrated with
PBS, and biotin-HRP-Cy5 was then eluted with PBS. Biotin-LOD-
Cy3 was prepared in a similar manner using biotin-LOD and Cy3
hydrazide solutions. The Cy3 labeled product was purified on a
gel filtration column. LBL assembly of biotin-LOD-Cy3 and biotin-
HRP-Cy5 was carried out under the same conditions described
above. The gold substrate (3 nm thick gold layer with a 0.5 nm
Cr adhesion layer on a glass slide) with the 10 �m biotin stripes
separated by 5 �m EG6OH gaps was used as a template for LBL
assembly. The substrates with avidin/biotin-LOD-Cy3 and avidin/
biotin-LOD-Cy3/avidin/ biotin-HRP-Cy5 were prepared indepen-
dently for the fluorescence measurements. Each sample was
treated with a surfactant (0.1% Tween 20 in PBS) for 1.5 h, rinsed
with water, and dried before the fluorescence measurements.
The samples were analyzed by confocal microscopy using a Zeiss
LSM 510 laser scanning confocal microscope with a 40

objective.40,41 The images were collected using excitation lasers
of 543 nm for Cy3 and 633 nm for Cy5 with conventional Cy3 and
Cy5 filter sets.

Measurement of the Catalytic Activity in the LBL Assembly. The bioar-
chitectures assembled on the patterned gold substrates (1 
 1
cm2) containing 10 �m biotin stripes separated by 5 �m EG6OH
gaps were used to measure the immobilized LOD activity. The
LOD activity was measured in PBS containing 10 mM L-lactate
and 50 �M Amplex red in a quartz cuvette (1 cm path length)
with total volume of 3 mL. The enzyme activity was examined by
monitoring the peak absorption of resorufin at 571 nm at differ-
ent time intervals on a Cary 300 Bio UV�visible spectrophotom-
eter (Varian Ltd., Oxford, UK) at 24 � 1 °C for 30 min. One unit of
LOD activity was defined as the change in absorbance at 571
nm of 1 A unit per minute (1 unit 	 1 A571/min). The LBL assem-
bly was used to determine the L-lactate content. L-Lactate was
dissolved in PBS to a lactate concentration of 1�8 mM. The bio-
architecture was incubated in PBS containing various L-lactate
concentrations and 100 �M Amplex red in a quartz cuvette with
a total volume of 3 mL for 5 min. 1/[S] versus 1/V was plotted,
where [S] and V are the L-lactate concentration and initial reac-
tion rate, respectively. The L-lactate content in a commercial liq-
uid yogurt was also measured using the bioarchitecture.
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