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a b s t r a c t
Multiplexed immunoassay system was developed using the enzyme-immobilized mesoporous silica in
a form of nanoscale enzyme reactors (NERs), which improve the enzyme loading, activity, and stability.
Glucose oxidase (GO) and trypsin (TR) were adsorbed into mesoporous silica and further crosslinked
for the construction of NERs, and antibody-conjugated NERs were employed for the analysis of target
antigens in a sandwich-type magnetic bead-based immunoassay. This approach, called as NER-LISA (NERlinked immunosorbent assay), generated signals out of enzyme reactions that correlated well with the
concentration of target antigens. The detection limit of NER-LISA using NER-GO and anti-human IgG was
67 pM human IgG, and the sensitivity was 20 times higher than that of the conventional ELISA using
anti-human IgG conjugated GO. Antibody-conjugated NER-GO and NER-TR were successfully employed
for the simultaneous detection of two target antigens (human IgG and chicken IgG) in a solution by taking
advantage of signals at different wavelengths (absorbances at 570 nm and 410 nm, respectively) from the
assays of GO and TR activities, demonstrating the potential of NER-LISA in multiplexed immunoassay.
The NER-LISA approach also enabled the successful use of a protease (trypsin), because the NER approach
can effectively retain the protease molecules within the mesoporous silica and prevent the digestion of
antibodies and enzymes during the whole process of NER-LISA.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Nanostructured materials offer advantageous features for
enzyme immobilization, such as large surface area, controlled
nanostructures, conductivity, and magnetic separation. During the
last decade, various types of nanobiocatalytic materials have been
reported (Kim et al., 2008b), and their potential applications have
been demonstrated in various ﬁelds such as biosensors (Lee et al.,
2005a), biofuel cells, (Kim et al., 2006; Mano et al., 2003; Minteer et
al., 2007), magnetoelectrobiocatalysis (Lee et al., 2005c; Willner et
al., 2007), trypsin digestion in proteomic analysis (Fan et al., 2005;
Kim et al., 2009; Shui et al., 2006; Zuo et al., 2006), and enzymelinked immunosorbent assay (ELISA) (Ambrosi et al., 2007; Munge
et al., 2005; Piao et al., 2009; Tang et al., 2008; Wang et al., 2004; Yu
et al., 2006). Especially, efforts have been made to enhance the sensitivity of conventional ELISA by replacing an antibody-conjugated
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enzyme molecule with nanobiocatalytic materials containing a
large number of enzyme molecules (Ambrosi et al., 2007; Munge
et al., 2005; Tang et al., 2008; Wang et al., 2004; Yu et al., 2006).
However, most of them employed conductive nanomaterials for
electrochemical detection with no serious consideration of enzyme
stability, which is critical and important for the ﬁdelity of ELISA
signals.
Recently, various nanobiocatalytic approaches have been
reported to stabilize the enzyme activities in an unprecedented
way, opening up new possibilities of practical enzyme applications
(Kim et al., 2008b; Lee et al., 2007; Wang et al., 2001). As an example of nanobiocatalytic enzyme stabilization, we have reported
the approach of nanoscale enzyme reactors (NERs), in which the
enzyme adsorption into mesoporous materials with the bottleneck pore structure was followed by the chemical crosslinking of
adsorbed enzyme molecules. The NER approach could stabilize the
enzyme activity and maintain high enzyme loading by preventing the enzyme leaching via a ship-in-a-bottle effect (Kim et al.,
2005; Lee et al., 2005b). In addition, NERs showed a good resistance against proteolytic digestion (Kim et al., 2007), which is very
useful for the successful applications of NERs because proteases
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are ubiquitous and hamper the successful applications of enzymes
due to their autolytic activities or by digesting the other protein
molecules.
In the present work, we demonstrate a multiplexed immunoassay system using the enzyme-immobilized mesoporous silica in
a form of nanoscale enzyme reactors (NERs). The use of NERs is
expected to not only enhance the detection sensitivity of ELISA due
to their high enzyme loading and activity, but also improve the
ﬁdelity of ELISA results due to highly stable enzyme activity of NERs.
With these advantageous features of NER-linked immunosorbent
assay (NER-LISA), the dual immunoassay was attempted using NERs
of glucose oxidase (GO) and trypsin (TR). NER-GO and NER-TR
were grafted with anti-human IgG (anti-hIgG) and anti-chicken
IgG (anti-cIgG), respectively. Then, the sandwich-type assays using
antibody-conjugated magnetic beads were performed in a single
solution to assess the sensitivity and the stability of NER-LISA
system in the simultaneous detection of human IgG (hIgG) and
chicken IgG (cIgG). This study, for the ﬁrst time, demonstrated a
successful use of a protease (trypsin as a model protease) in the
approach of ELISA, which will give more ﬂexibility in selection of
the signaling method based on a large array of substrate-protease
combinations.
2. Experimental
2.1. Chemicals and materials
Glucose oxidase (GO), o-dianisidine dihydrochloride, dglucose, peroxidase, trypsin (TR), N␣ -benzoyl-l-arginine
4-nitroanilide hydrochloride (l-BAPNA), N-tert-butyloxycarbonyl
(Boc)–Gln–Ala–Arg-7–amido-4–methylcoumarin (AMC), glutaraldehyde (GA, 25%), goat anti-human IgG (Fab speciﬁc,
anti-hIgG), goat anti-human IgG (Fc speciﬁc, anti-hIgG), rabbit anti-chicken IgG (against whole molecule, anti-cIgG), human
IgG (hIgG), chicken IgG (cIgG), ethanolamine hydrochloride,
ammonium sulfate, and sodium cyanoborohydride (5.0 M solution
in aqueous ∼1 M NaOH) were purchased from Sigma–Aldrich
(USA). Sodium meta-periodate and desalting column for puriﬁcation were purchased from Pierce (USA). Dynabead M-270 Epoxy
(2.8 m diameter) was purchased from Invitrogen (Invitrogen
Dynal, Norway).
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by using Tris buffer (0.1 M, pH 8.0). NER-GO was washed thoroughly
by using sodium phosphate buffer, and stored at 4 ◦ C. NER-TR (MCFTR) was also prepared following a similar procedure.

2.4. Preparation of NER/antibodies
Antibodies were conjugated onto NER-GO or NER-TR via
amine–amine coupling by GA. Brieﬂy, the NER-GO, which was not
blocked by the Tris buffer, was incubated in the anti-hIgG solution
(Fc speciﬁc, 1 mg mL−1 in phosphate buffer) at 25 ◦ C for 1 h. After
a brief washing with Tris buffer (0.1 M, pH 8.0), the NER-GO/antihIgG was incubated in the Tris buffer under shaking (250 rpm) for
1 h. Finally, the NER-GO/anti-hIgG was washed three times with
PBS (phosphate buffered saline; 10 mM phosphate, 137 mM NaCl,
and 2.7 mM KCl, pH 7.4), re-suspended in skimmed milk solution
(1% in PBS), and stored at 4 ◦ C. NER-TR/anti-cIgG was prepared
by following a similar procedure. The protein concentration was
measured by the Bradford method (Bradford, 1976).

2.5. Preparation of anti-hIgG/GO conjugate
Anti-hIgG/GO conjugate was prepared by coupling the antibodies to glycosylated GO that was oxidized to produce aldehyde
groups for reductive amination coupling (Hermanson, 1996).
Brieﬂy, GO (10 mg) and sodium meta-periodate (5 mg) were dissolved in 0.1 M sodium phosphate buffer (1 mL, pH 7.0) and
incubated in the dark for 30 min at room temperature, followed
by puriﬁcation with desalting column. After concentration using a
centrifugal ﬁlter (Centricon YM 100, Millipore) to 5.74 mg mL−1 in
0.2 M sodium carbonate buffer (pH 9.6), the oxidized GO (0.6 mL)
was mixed with anti-hIgG (Fc speciﬁc, 1.74 mg in 0.3 mL of 0.2 M
sodium carbonate buffer, pH 9.6), which resulted in two-time
molar excess of GO over IgG. After incubation for 2 h, 5.0 M
sodium cyanoborohydride in ∼ 1 M NaOH (9 L) was added, and
the solution was further incubated for 30 min. Then, the reaction
was stopped by adding 1 M ethanolamine hydrochloride solution
(45 L, pH 9.6). Finally, anti-hIgG/GO conjugate was puriﬁed using
a desalting column, concentrated with the centrifugal ﬁlter, and
stored at 4 ◦ C.

2.6. Enzyme activity and stability
2.2. Preparation of MCF (Mesocellular Foam) silica
MCF silica was prepared following the reported procedures (Schmidt-Winkel et al., 1999), and functionalized with
aminopropyl groups by reﬂuxing of (3-aminopropyl) trimethoxysilane in toluene. MCF silica (1 g) was incubated with 2% v/v
3-aminopropyltriethoxysilane (APTES) solution in dry toluene
(10 ml) and the mixture was reﬂuxed under an inert argon atmosphere for 15 h. The aminopropyl group anchored material was
collected by ﬁltration, washed with acetone, and dried overnight
at 80 ◦ C under vacuum. Aminopropyl group-functionalized MCF
(amino MCF, 50 mg) was washed three times with distilled water
and three times with 0.1 M sodium phosphate buffer (pH 7.0). The
ﬁnal concentration of washed MCF was 9.2 mg mL−1 and it was
stored at 4 ◦ C.
2.3. Preparation of NERs
Brieﬂy, MCF silica (6 mg) was incubated in the GO solution
(4 mg mL−1 in 0.1 M sodium phosphate buffer, pH 7.0) under shaking (250 rpm) for 30 min. After the enzyme adsorption, it was
incubated in the GA solution (0.5% in 0.1 M sodium phosphate
buffer, pH 7.0) for 1 h. The un-reacted aldehyde groups were capped

The GO assay kit from Molecular Probes (Invitrogen, USA) was
used to measure the GO activity. Brieﬂy, the sample solutions containing GO were diluted in 50 mM sodium phosphate buffer (pH
7.4). Standards and sample solutions of GO (50 L each) were
loaded into wells of a 96-well microplate. Then, fresh assay solution
(50 L; 100 M Amplex Red, 0.2 U mL−1 horseradish peroxidase,
and 100 mM glucose) was added to each microplate well, containing GO sample, to initiate chromogenic reaction. After incubation
at room temperature in the dark for 30 min, the reaction product
(resoruﬁn) was quantiﬁed by measuring the absorbance at 570 nm.
The GO activity was determined from the standard curve, where
one unit (U) was deﬁned as the amount of GO that oxidize 1.0 mole
of ␤-d-glucose to d-gluconolactone and H2 O2 per min at 35 ◦ C and
pH 5.1. Activities of the anti-hIgG/GO conjugate and the NER-GO
were also determined by following the same procedure after appropriate dilution. The TR activity was assayed by the hydrolysis of
l-BAPNA (0.1 mg mL−1 ) and Boc–Gln–Ala–Arg–AMC, which could
be monitored by measuring the increase in absorbance at 410 nm
and emission at 440 nm (excitation at 380 nm), respectively.
The enzyme stability was assessed by measuring the residual
enzyme activities at speciﬁc time points, and the relative activity
was calculated from the ratio of residual activity to initial activity.
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2.7. Preparation of antibody-conjugated MB
Magnetic beads (MB) modiﬁed with anti-hIgG (Fab speciﬁc)
were prepared according to the manufacturer’s instruction. Brieﬂy,
epoxy-coated magnetic dry beads from Invitrogen Dynal (40 L,
109 beads mL−1 in 0.1 M sodium phosphate buffer, pH 7.4), after
two times washing, were mixed with anti-hIgG (40 L, 1 mg mL−1
in PBS, pH 7.4) and 3 M ammonium sulfate solution (40 L, in 0.1 M
sodium phosphate buffer, pH 7.4). After incubation at room temperature under tilted shaking for 24 h, the MB/anti-hIgG was washed
twice with PBS and twice with skimmed milk solution (0.5% in PBS).
Finally, the MB/anti-hIgG was re-suspended in fresh skimmed milk
solution and stored at 4 ◦ C. MB/anti-cIgG was prepared in the same
way using 1 mg mL−1 of anti-cIgG.
2.8. NER-LISA or ELISA
For performance test of NER-LISA, the MB/anti-hIgG
(107 beads mL−1 ) was washed three times with wash buffer
(0.05% Tween 20 and 0.5% skimmed milk in PBS), and incubated in
different concentrations of hIgG (50 L each, in wash buffer) with
tilted and mild shaking for 1 h. After three-time washing, it was
incubated with 100 g mL−1 of NER-GO/anti-hIgG, corresponding
to 1.8 U mL−1 of the GO activity, in 50 L of wash buffer for 2 h.
Following three-time washing, the immunocomplex was incubated in 100 L working solution (50 M Amplex Red, 0.1 U mL−1
HRP, and 50 mM glucose) for 30 min. The absorbance change at
570 nm was measured using a microplate reader (Inﬁnite M200
Megellan, TECAN) after the supernatant from magnetic separation
was collected and transferred to the 96-well microplate. The whole
immunoassay process was carried out at room temperature and
all the shaking steps were performed in Intelli Mixer (MyLabTM
SLRM-2 M). A magnetic separator (Magna RackTM , Invitrogen)
was used for the bead separation, and it generally took less than
one min to completely collect the magnetic beads. NER-LISA with
NER-TR was performed by following the same procedure. The
TR-catalyzed hydrolysis of l-BAPNA and Boc–Gln–Ala–Arg–AMC
were measured by the increase of absorbance at 410 nm and the
emission at 440 nm (excitation at 380 nm), respectively.
For a comparative study, the conventional ELISA was performed
using the similar procedure to NER-LISA with NER-GO. In the step
of secondary antibody addition, the same volume (50 L in wash
buffer) of excess GO/anti-hIgG conjugate (1:10 diluted from stock
solution; corresponding to 114.6 U mL−1 of the GO activity) was
added instead of NER-GO/anti-hIgG. The GO/anti-hIgG conjugate
has a speciﬁc activity of 254.8 U mg−1 of GO, which represents 60%
of free enzyme.
2.9. Simultaneous signal generation by NER-GO and NER-TR
A mixture of NER-GO (100 g mL−1 , 16 wt% loading, 33% activity
recovery) and NER-TR (1 mg mL−1 , 48 wt% loading, 3% activity recovery) was mixed with the substrate solution containing
Amplex Red (50 mM), HRP (0.1 U mL−1 ), glucose (50 mM), and lBAPNA (0.1 mg mL−1 ), and shaken (250 rpm) at room temperature.
At intervals, aliquots were withdrawn, and ﬁltered using centrifugal ﬁlters (0.22 m), and the absorbance spectra were obtained
using a spectrophotometer. The same experiment was performed
using NER-GO or NER-TR, individually.
2.10. NER-LISA for simultaneous detection of dual target antigens
The mixture of MB/anti-hIgG (107 beads mL−1 ) and MB/anticIgG (107 beads mL−1 ) was incubated with hIgG and cIgG under
tilted and mild shaking for 1 h. After three-time washing, the
samples were incubated with NER-GO/anti-hIgG (100 g mL−1 in

wash buffer) and NER-TR/anti-cIgG (100 g mL−1 in wash buffer)
under shaking for 2 h. After thorough washing, the immunocomplex was mixed with freshly prepared dual-substrate solution
(100 L; 50 mM Amplex Red, 0.1 U mL−1 HRP, 50 mU glucose, and
0.1 mg mL−1 l-BAPNA), and the absorbance at both 570 nm and
410 nm was measured.
3. Result and discussion
3.1. Preparation and characterization of NER-linked antibodies
(NER/antibodies)
GO (dimension: 5.2 nm × 6.0 nm × 7.7 nm) (Hecht et al., 1993)
was immobilized in the amine-functionalized MCF (Mesocellular Foam) silica (Schmidt-Winkel et al., 1999), which has 25.5 nm
mesocellular pores connected with 11.8 nm window mesopores
(See Fig. S1 in Supplementary Information). NER of GO (NERGO) was prepared by crosslinking pre-adsorbed GO molecules
via glutaraldehyde (GA) treatment, which forms covalent linkages
between the amine groups on the surface of GO molecules. As a
result, crosslinked GO aggregates in the main mesocellular pores
(25.5 nm) cannot leach out through the smaller window mesopores
(11.8 nm) (Fig. 1A). In addition to this ship-in-a-bottle effect, the GA
treatment also formed covalent linkages between some of enzyme
molecules and the inner surface of amine-functionalized mesopores, which would further prevent the enzyme molecules from
leaching out of the MCF silica. NER-GO in MCF showed an impressive stability, maintaining the initial activity with a negligible loss
at room temperature under shaking condition (200 rpm) for more
than two weeks. The GO loading of NER-GO was 14% (w/w, silica),
and the speciﬁc activities of free GO and NER-GO were 400 and
133 U mg−1 of GO, respectively. The activity recovery of 33% can be
explained by several factors such as the activity loss during immobilization process and washing steps, and the mass transfer limitation
of NER-GO. The other way around, the present activity recovery
also indicates that the mass transfer limitation of NER-GO is not so
severe considering the chemical crosslinking of enzyme molecules
and fully packed mesopores with enzyme molecules. Right after the
GA treatment, anti-hIgG antibody was covalently attached on the
surface of mesoporous silica to prepare NER-GO/anti-hIgG, and the
ﬁnal loading of antibody was 8% (w/w, silica).
NER of trypsin (NER-TR) was also prepared following a similar procedure. NER-TR stabilized the TR activity by maintaining
its initial activity at room temperature under shaking condition
(200 rpm) for more than 10 days, which is not possible with a
soluble form of TR due to the TR autolysis (See Fig. S2 in Supplementary Information). NER-TR/anti-cIgG was also prepared in the same
way as that of NER-GO/anti-hIgG, and the ﬁnal loading of antibody
was 11% (w/w silica).
3.2. NER–linked immunosorbent assay (NER-LISA) with NER-GO
A magnetic bead-based assay was designed to take advantage
of the high activity and stability of NERs for bio-detection (Fig. 1B).
Capture antibodies (anti-hIgG and anti-cIgG) were attached to the
epoxy-functionalized magnetic beads to facilitate the capture and
the separation of the target molecules, hIgG and cIgG, respectively.
The detection antibodies (anti-hIgG and anti-cIgG) were attached
to the NERs as described above. Then, the target antigens (hIgG
and cIgG) were captured by antibodies on magnetic beads, and
further incubated with the NER/antibodies for target-speciﬁc sandwich binding. After the magnetic separation, the amount of target
antigens was quantiﬁed by measuring the absorbance increase due
to the colorimetric reactions of bound NERs. Fig. 2A shows the timedependent increase of absorbance at 570 nm during the GO assay
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Fig. 1. (A) Diagram depicting the procedure for NER preparation (nanoscale enzyme reactor in MCF silica) (B) Schematic representation of the magnetic bead-based
simultaneous dual target immunoassay using NER-GO/anti-hIgG and NER-TR/anti-cIgG (MB: magnetic bead, hIgG: human IgG, cIgG: chicken IgG).

in a NER-LISA detection of 10 g mL−1 hIgG. This result suggests
that the NER-LISA shows the same mechanism of signal ampliﬁcation resulting from the enzymatic reaction as that of conventional
ELISA.
The speciﬁcity of NER-LISA was tested with two control samples containing no antigen and cIgG, respectively (Fig. 2B). The
signals of NER-LISA with these two control samples, represented
by the absorbance increase (A570 ) from the GO assay for 10 min,
were negligible and much smaller than the signal resulting from
NER-LISA with the target antigen sample (hIgG). This indicates
that the NER-LISA using NER-GO/anti-hIgG is speciﬁc enough to
selectively detect the target antigen (hIgG). The NER-LISA with
NER-GO/anti-hIgG showed a linear correlation between the hIgG
concentration and the detection signal (A570 after 10 min reaction) over the concentration range of 10 ∼ 10,000 ng mL−1 (Fig. 2C)
in a log–log scale. The resulting regression equation was log
(A570 ) = −2.390 + 0.510 log (Concentration of hIgG in ng mL−1 ) with
the correlation coefﬁcient of 0.995. NER-LISA could detect hIgG
as low as 10 ng mL−1 , which corresponds to the 67 pM of hIgG
(∼150 kDa). It is anticipated that the sensitivity and the detection
limit of the NER-LISA can be further improved by more rigorous control of the NER/antibody preparation and the background

signals from non-speciﬁc bindings (Oh et al., 2007; Kim et al.,
2008a).
For the comparison of NER-LISA with the conventional ELISA, GO
was directly attached to an anti-hIgG and used for the detection
of hIgG (10 g mL−1 ). Under the same assay conditions, the signal of NER-LISA was 20 times higher than that of the conventional
ELISA (Fig. 3). This reveals that the NER-LISA approach enables more
enzymes to participate in the signal ampliﬁcation due to the high
enzyme loading of NERs.
3.3. NER-LISA with NER-protease
Until now, proteases could not be used in the conventional ELISA
approach due to their autolytic and proteolytic activities, leading
to the digestion of proteases and conjugated antibodies. However,
the NER approach can effectively retain the protease molecules
within the mesoporous silica and thus control the proteolysis (See
Fig. S2 in Supplementary Information). This feature of the NER
approach can open up a new potential of NER-LISA, enabling the
use of numerous proteases and their substrates. To demonstrate
the use of NER-proteases in the NER-LISA, trypsin (TR) was selected
as a model protease, since the TR activity can be measured easily
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Fig. 3. The comparison of NER-LISA with conventional ELISA in the magnetic
bead-based sandwich immunoassay for the detection of hIgG (10 g mL−1 ) using
NER-GO/anti-hIgG or GO/anti-hIgG conjugate, respectively. The error bars indicate
standard deviations in triplicate experiments.

Information). Even though TR is a protease, NER-LISA with the NERTR demonstrated a similar success to that with NER-GO. This result
demonstrates the potential of NER-LISA to complement the ELISA
approach with a long list of proteases and their versatile assay
methods.
NER-LISA with the NER-TR was also performed by using the ﬂuorescence assay, which is generally known to be more sensitive
than the colorimetric assay (See Fig. S4 in Supplementary Information). A ﬂuorogenic substrate, Boc–Gln–Ala–Arg–AMC, was used
and, sensitivity of the NER-LISA was improved as anticipated. The
detection limit was 2 ng mL−1 (11.2 pM cIgG) and the improvement
by one order of magnitude was made compared to the colorimetric
assay using l-BAPNA (Fig. 4).
3.4. NER-LISA for simultaneous detection of dual target antigens
The simultaneous detection of multiple target antigens using an
ELISA approach requires the orthogonal measurement of enzyme
activities. As mentioned above, the activities of NER-GO and NER-TR
can be measured independently in the same sample by obtaining the signals of A570 and A410 , respectively. To demonstrate this
orthogonal measurement in a vivid way, the enzyme reactions of
NERs were performed both individually and in a mixture to obtain
the absorbance spectra from 320 nm to 630 nm. The mixture of

Fig. 2. (A) Time-dependent absorbance increase by NER-GO/anti-hIgG–hIgG–
MB/anti-hIgG immuno-complex in the NER-LISA. (hIgG: 10 g mL−1 ) (B) Speciﬁcity
of the NER-LISA in the detection of human IgG (hIgG: 10 g mL−1 ). The signals are
negligible when no or irrelevant antigen (cIgG: 10 g mL−1 ) were used instead.
(C) Correlation between the signal of NER-LISA and the target antigen concentration for the detection of hIgG using NER-GO/anti-hIgG and MB/anti-hIgG. The
background signal, obtained from no-antigen control reaction, has been subtracted
from each value. The error bars indicate standard deviations in triplicate experiments. Incubation time for colorimetric enzyme assay in both (B) and (C) was
10 min.

using a substrate, N␣ -benzoyl-l-arginine 4-nitroanilide (l-BAPNA),
which increases absorbance at 410 nm upon hydrolysis without
interfering with the GO assay based on the A570 .
NER-LISA was performed for the detection of cIgG by using NERTR/anti-cIgG and MB/anti-cIgG. A good linear correlation could
be obtained between the cIgG concentration and the detection
signal (A410 after 30 min of TR-catalyzed l-BAPNA hydrolysis
reaction), with the detection limit of 25 ng mL−1 , corresponding to
the 140 pM of cIgG (∼180 kDa) (Fig. 4). The detection signal could
also be signiﬁcantly enhanced by simply increasing the reaction
time of colorimetric enzyme assay (See Fig. S3 in Supplementary

Fig. 4. Correlation between the NER-LISA signal and the target antigen concentration for the detection of chicken IgG (cIgG) using NER-TR/anti-cIgG and
MB/anti-cIgG. The white circles represent the ﬂuorogenic signal ampliﬁcation using
Boc–Gln–Ala–Arg–AMC as the substrate, and the black circles represent the chromogenic signal ampliﬁcation using l-BAPNA as the substrate. The background signal,
obtained from no-antigen control reaction, has been subtracted from each value.
Error bars indicate the standard deviations in duplicate experiments.
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and NER-TR/anti-cIgG, respectively. NER-LISA was performed both
individually (single assay) and in a mixture (dual assay), and the
detection signals of hIgG and cIgG were obtained from the increase
of A570 and A410 , respectively. As shown in Fig. 6, the detection
signals by GO at 570 nm was 0.604 ± 0.105 (17.3% of relative standard deviation, RSD; n = 3) and 0.629 ± 0.074 (11.8% of RSD; n = 3) in
single and dual assays, respectively. On the other hand, the detection signals by TR at 410 nm resulted in 0.040 ± 0.004 (9.5% of RSD;
n = 3) and 0.040 ± 0.002 (4.6% of RSD; n = 3) in single and dual assays,
respectively. The similar values either in a single or dual assay suggest that the NER-LISA is applicable to the simultaneous detection
of multiple targets with unchanged selectivity.
4. Conclusions
We have demonstrated that the NER approach, endowed with
high enzyme loading, activity, and stability, can be employed
in improving the sensitivity and ﬁdelity of ELISA. Antibodyconjugated NERs of two different enzymes were successfully used
for the simultaneous detection of dual target antigens, manifesting the potential of NER-LISA as a multiplexed assay method. This
unique approach of NER-LISA has also enabled the use of a protease
(trypsin), opening up the door for adopting various proteases and
their versatile assays in the ELISA method. For example, the ﬂuorogenic protease substrates can be used for sensitive and orthogonal
activity measurements in the NER-LISA approach.
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