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ABSTRACT: Protein—inorganic nanoflowers, composed of pro-
tein and copper(Il) phosphate (Cu;(PO,),), have recently grabbed
people’s attention. Because the synthetic method requires no
organic solvent and because of the distinct hierarchical nanostruc-
ture, protein—inorganic nanoflowers display enhanced catalytic
activity and stability and would be a promising tool in biocatalytical
processes and biological and biomedical fieids. In this work, we first
coimmobilized the enzyme, antibody, and Cu;(PO,), into a three-
in-one hybrid protein—inorganic nanoflower to enable it to possess
dual functions: (1) the antibody portion retains the ability to
specifically capture the corresponding antigen; (2) the nanoflower
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has enhanced enzymatic activity and stability to produce an

amplified signal. The prepared antibody—enzyme—inorganic nanoflower was first applied in an enzyme-linked immunosorbent
assay to serve as a novel enzyme-labeled antibody for Escherichia coli O157:H7 (E. coli 0157:H7) determination. The detection
limit is 60 CFU L™, which is far superior to commercial ELISA systems. The three-in-one antibody (anti-E. coli O157:H7
antibody)—enzyme (horseradish peroxidase)—inorganic (Cu;(PO,),) nanoflower has some advantages over commercial
enzyme—antibody conjugates. First, it is much easier to prepare and does not need any complex covalent modification. Second, it
has fairly high capture capability and catalytic activity because it is presented as aggregates of abundant antibodies and enzymes.
Third, it has enhanced enzymatic stability compared to the free form of enzyme due to the unique hierarchical nanostructure.
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M INTRODUCTION

The enzyme-labeled antibody was established in the 1970s."2
The high catalytic activity of enzymes enables the determi-
nation of trace amounts of target and greatly contributes to
signal amplification. Enzyme-linked immunosorbent assay
(ELISA), an immunodiagnostic technique developed by
Engvall and Perlmann,’ uses the enzyme-labeled antibody as
one of its critical components. Since its development, ELISA
has received widespread interest in application in the food
industry, serological blood testing, and toxicology. Nowadays,
ELISA holds a dominant position in the field of quantitative
analysis because it is sensitive, selective, simple, and able to
rapidly and simultaneously analyze a large number of samples.
However, some limitations exist in its practical applications.
Among all influence factors, the enzyme—antibody conjugate is
the most critical reagent. The conventional enzyme-labeled
antibody has relatively low sensitivity, and its main preparation
methods, including the glutaraldehyde method and periodate
method,* are relatively complicated and inefficient. This has
been a bottleneck for ELISA in the recent ever-growing
requirement toward low-abundance targets. Therefore, im-
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proved enzyme-labeled antibody methods for ELISA are much
needed to meet the current demand.

Scientists have been making efforts to improve the
conventional enzyme-labeled antibody method to achieve
high sensitivity. For example, the biotin—streptavidin system
utilizes the strept(awdm) and biotinylated protein to amplify
the signal®® The immuno-PCR method combines the
advantages of both ELISA and PCR to detect a low abundance
of analytes.” Antibody-functionalized metallic nanocrystals
consist of thousands to millions of metal atoms and can be
dissolved into individual jons and produce large numbers of
chromophores, to replace conventional enzymes for achieving
high signal amplification.’ The enzyme-loaded nanomaterial-
labeled antibody has a high loading capacity for enzymes and
shows remarkable signal amplification.” ' However, most of
the above preparation methods are based on complex covalent
immobilization, with an inevitable loss of enzyme activity.
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Scheme 1. Schematic Representation of the Hydrangea-Like Antibody—Enzyme—Inorganic Three-in-One Nanocomposite-

Based Ultrasensitive ELISA for E. coli O157:H7 Detection

Antibody-HRP-~inorganic
Three-in-one Nano

lowers 5 ‘ e

&5
.3%

E. coli 0O157:HT:

o ©
oo
O

TMB Substyn

Bl it ol

o s i S e
- - =
- - -
A O

- A ) AR RS a

Capture Antibody

Lok A R AR

D |-

Detection Antibody

HRP Cuz(PO4)2
Nanocomposites

Recently, protein—inorganic hybrid nanoflowers made of
protein and Cuy(PO,), have attracted much attention since
being first described by Richard Zare and co-workers.'? Because
of their simple preparation (one-step coprecipitation method)
without any organic solvent, and distinct hierarchical
nanostructure, the enzyme—inorganic nanoflowers showed
greatly enhanced catalytic activity and stability."*'* This
strategy of constructing protein—inorganic nanoflowers has
provided a blueprint for other hybrid systems. For example, the
glucose oxidase (GOx)—Cu,y(PO,);, hybrid nanoflower has
been applied to decompose organic pollutants efficiently,' the
laccase—Cu;(PO,), nanoflower was utilized to coat a
membrane filter for rapid and on-site detection of phenol,'®
the derived @-amylase—calcium hydrophosphate (CaHPO,)
hybrid nanoflowers displayed dramatically enhanced enzymatic
performance with a distinct Ca**-assisted allosteric effect from
a-amylase,'” and the bovine serum albumin (BSA)—manganese
phosphate (Mn(PO,),) hybrid was first applied as a carrier for
the loading of platinum nanoparticles (PtNPs) and the
composite served as a high-efficiency Pt-based catalyst.'® In
addition, multienzyme-coembedded organic—inorganic hybrid
nanoflowers (GOx and HRP—Cu,(PO,), nanoflowers) were
prepared, which were able to achieve a one-step two-enzyme
cascade catalytic reaction.'” There are also a few other works
related to protein—inorganic nanoflowers."***~** According to
recent developments, protein—inorganic nanoflowers would be
a promising tool in biomedical fields, in biocatalytical processes,
and even in electrochemical catalysis. However, the above
studies were restricted to only one kind of protein, the enzyme.

In this work, we first coimmobilized the enzyme, antibody,
and Cuy(PO,), into a three-in-one hybrid antibody—protein—
inorganic nanoflower. The cooperation of enzyme and antibody
conveys dual functions to the nanoflower: the specific capture
ability toward the corresponding antigen and the enhanced
enzymatic activity and stability for producing an amplified
signal. The prepared antibody—enzyme—inorganic three-in-one
nanoflower was further applied in ELISA to serve as a novel
enzyme-labeled antibody. E. coli O157:H7 is an important
foodborne pathogen, which can cause serious infection in low
doses.* *® Therefore, we chose E. coli O157:H7 as a model
analyte. The enzyme—antibody—inorganic three-in-one nano-
flower shows advantages over the commercial enzyme-labeled
antibody. First, it is much easier to prepare with no need for
any complex covalent modification. Second, it is an aggregate of
numbers of antibodies and enzymes, so it has fairly high captive
ability and catalytic activity. Furthermore, it has enhanced
enzymatic stability compared to their free form due to its
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unique hierarchical nanostructure. It is highly expected that
these three-in-one nanoflowers will ultimately have significant
practical applications. The antibody—enzyme—inorganic nano-
flower-based ELISA immunoassay procedure for E. coli 0157
determination is illustrated in Scheme 1.

B EXPERIMENTAL SECTION

Reagents and Materials. E. coli 0157:H7 and other foodborne
pathogens such as Salmonella and Listeria monocytogenes were kindly
provided by Prof. Zhu at Washington State University. Mouse
monoclonal anti-E. coli O157:H7 antibody (capture antibody/Ab;)
was purchased from Abcam (Cambridge, MA). Goat polyclonal anti-E.
coli 0157:H7 antibody (detection antibody/Ab,) was purchased from
KPL Inc. (Gaithersburg, MD). Horseradish peroxidase (HRP), bovine
serum albumin (BSA), copper(Il) sulfate pentahydrate (CuSO,
SH,0), 3,3',5,5'-tetramethylbenzidine (TMB) liquid substrate system
for ELISA, phosphate-buffered saline (001 M phosphate buffer,
0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4, at
25 °C), Tween 20, and potassium chloride were purchased from
Sigma-Aldrich (USA). ELISA 96-well flat-bottom plates (Corning no.
9018) were purchased from Fisher Scientific (Pittsburgh, PA). All
aqueous solutions were prepared using ultrapure water (18.2 M cm)
as required.

E. coli 0157:H7 Sample Preparation. E. coli O157:H7 EDL933
was obtained from the STEC Center at Michigan State University. The
E. coli 0157:H7 cultures were activated in Luria~Bertani (LB) broth
and washed with 0.01 M PBS, pH 7.0. A portion of washed E. coli
0157:H7 suspension was 10-fold serial diluted and plated onto LB
agar plates for cell enumeration. The rest of the E. coli O157:H7
suspension was heat treated, 0.5% (v/v) formalin added and mixed,
and the mixture stored at —20 °C until analysis.

Preparation of Antibody—Enzyme—Inorganic Nanoflowers.
The antibody—enzyme—inorganic nanoflowers were synthesized
according to the one-step coprecipitation method reported by Zare's
1ab'* with some modifications. Typically, 120 uL of aqueous CuSO,
solution (100 mM) was added to 13.805 mL of H,0, 750 uL of 0.01
M PBS (pH 7.4), and 100 uL of 10% KCl solation containing 150 uL
of HRP (1 mg mL™) and 75 uL of Ab, (2 mg mL™), followed by
incubation at 25 °C for 18 h. The scanning electron microscopy
(SEM) samples were prepared by dripping a dilute aqueous dispersion
of the as-prepared samples directly onto the conductive adhesive. The
three-in-one nanoflower precipitate was collected through centrifuga-
tion (5000 rpm, 10 min}, washed with deionized water, freeze-dried,
and stored at —20 °C. The nanoflowers were resuspended in PBS (50
pg mL™'} by mildly vortexing. Then the solution was separated into
small aliquots and stored at —20 °C before use.

Sandwich Three-in-one Nanoflower-Based ELISA of E. coli
0157:H7. A 100 pL amount of 6 ug mL™" Ab, diluted in 0.05 M
carbonate buffer solution (pH 9.6) was added to a 96-well plate and
incubated at 4 °C for 12 h. The plate was then aspirated and rinsed
with 300 uL of PBST (0.05% Tween 20 in 0.01 M PBS) for each well
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four times to remove unbound antibodies, and the liquid was
completely removed by inverting the plate and blotting it against clean
paper towels. Afterward, 300 4L of PBSA (1% BSA in 0.01 M PBS)
was added, incubated at 37 °C for 40 min, and washed. Then 100 uL
of E. coli O157:H7 suspension at different concentrations was added to
each well and incubated at 37 °C for 45 min. After washing four times,
100 pL of 8 pg mL™" HRP—Ab,—Cu,(PO,), nanocomposite was
added to each well and incubated at 37 °C for 40 min. The plate was
washed five times to remove unbound HRP—Ab,~Cu,(PO,),
nanocomgposite. Finally, 100 4L of TMB liquid substrate system for
ELISA was added to each well and incubated at 37 °C for 20 min. The
reaction was terminated using 50 uL of 2 N H,SO,, and the optical
density of each well was determined within 30 min, using a Tecan
Safire 2 microplate reader (Tecan, Switzerland) set to 450 nm with a
wavelength correction of 540 nm.

B RESULTS AND DISCUSSION

Morphology Characterization of the Three-in-One
Nanoflowers. SEM images of the HRP—Ab,—Cu,(PO,),
nanoflowers with the magnifications from low to high are
shown in Figure 1. In the low-resolution SEM image, most of

500 nm

Figure 1. SEM images showing the morphologies of anti-E. coli
0157:H7 antibody—HRP—Cu,(PO,), three-in-one nanoflowers with
magnifications from low to high (A—D).

the HRP—Ab,—Cu;(PO,), nanoflowers look like hydrangeas
with a uriform size of approximately 2 ym (Figure 1A). The
higher-resolution images of HRP—Ab,—Cu,(PO,), nano-
flowers show that they have hierarchical structures with high
surface-to-volume ratios, which really seem like they are
assembled from hundreds of nanopetals (Figure 1B—D). As

elaborated by Jie Zeng and Younan Xia,? the high surface area
of the porous nanoflowers, the cooperative effects of the
nanoscale-entrapped protein molecules, and the coordination
between the amino acid residues of proteins and Cu®** endow
the nanoflowers with enhanced stability and activity.

The stability of the antibody—HRP—Cu,;(PQ,), nanoflower
was further compared with that of the free HRP. The
nanoflowers maintained ~93% of their catalytic activity after
10 days of storage in PBS at room temperature while the free
HRP only retained ~47% of its original catalytic activity (Figure
2A). Furthermore, morphologies of the nanoflowers had little
change even after being stored in PBS for two months (Figure
2B). The above results indicated the good stability of the
nanoflowers.

Optimization of Detection Conditions for Three-in-
One Nanoflower-Based ELISA. A variety of factors can affect
ELISA performance. Herein, the optical densities of the control
group (0 CFU mL™ E. coli 0157:H7) and experimental group
(1.7 x 10° CFU mL™ E. coli O157:H7) were investigated
simultaneously for evaluating the effects of four factors on
detection sensitivity: the concentration of capture antibody, the
concentration of blocking agent—~BSA, the concentration of
detection antibody (HRP—Ab,—Cu,(P0,), nanoflowers), and
the incubation time of detection antibody. As shown in Figure
3A, with increasing the concentration of Ab; from 1.0 to 7.0 ug
mL™, the OD value of the experimental group kept increasing
until 6.0 ug mL™" of Ab,, indicating that 6.0 ug mL™" of Ab,
coating is already sufficient and saturated for antigen binding.
Hence, a concentration of 6.0 ug mL™ of Ab; was chosen to
coat the 96-well plate. The concentration of blocking agent—
BSA is also an important parameter for ELISA performance.
Figure 3B shows that the OD value of the experimental group
decreased with increasing concentration of BSA and tended to
level off after 1% BSA, and the OD value of control group
showed false-positive results before 1% BSA, which is probably
attributed to the fact that insufficient blocking agent might
result in nonspecific interaction of the detection antibody.
Therefore, 1% BSA was selected as the appropriate
concentration of blocking agent. Figure 3C shows that the
concentration of detection antibody is another critical
parameter. The OD value of the experimental group increased
with increasing concentration of the HRP—Ab,—Cu,(PO,),
nanoflowers, while the OD value of the control group began to
yield false-positive results when adding 8 ug mL™ or more of
HRP—Ab,—Cu;(PO,), nanoflowers. Therefore, 8 g mL™" was
selected as an appropriate concentration of HRP—Ab,—
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Figure 2. Storage stability of antibody—HRP—Cu,(PO,), nanoflowers. (A) The enzymatic activity of nanoflowers and free HRP in PBS (pH 7.4)
during storage at room temperature. (B) SEM images of the naroflowers stored in PBS for two months.
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Figure 3. Optimization of ELISA detection conditions. (A) The concentration of capture antibody (Ab,), (B) the concentration of BSA, (C) the
concentration of the HRP—Ab,—Cu;(PO,), nanoflowers, and (D) incubation time of the HRP—Ab,—Cu;(PO4), nanoflowers. The solid and
dashed linas mean the optical densities obtained from the assays without or with 1.7 X 10° CFU mL™ E. coli O157:H7, respectively.

Cu,(PO,), nanoflowers. ELISA performance was also related to
the incubation time of detection antibody. As revealed in Figure
3D, the OD value of the control group produced false positive
results after 40 min incubation time of HRP—Ab,—Cu,(PO,),
nanoflowers. This is because longer incubation time of the
antibody may lead to more nonspecific binding. Therefore, the
optimal incubation time of detection antibody was 40 min.
Performance of the Three-in-One Nanoflower-Based
ELISA for E. coli O157:H7. Under the above optimized
conditions, the three-in-one nanoflower-based ELISA system
was used to quantitatively determine the concentrations of the
E. coli O157:H7. The binding feasibility between antibody—
HRP—Cu,;(PO,), nanoflower and E. coli O157:H7 was verified
through the SEM images (Figure S1, Supporting Information).
From the ELISA quantitative results (Figure 4A), the OD value
increased with the increasing concentration of E. coli 0157:H7.
The calibration curve between the OD value and the
concentration of E. coli O157:H7 is shown in Figure 4B,
which revzals that the OD increment was highly sensitive to the
concentration of E. coli O157:H7 and demonstrates that our
hydrangea-like antibody—enzyme—inorganic three-in-one
nanocomposite-based ELISA could provide a quantitative
measurement of E. coli 0157:H7 over 1.7 X 10' to 1.7 X 107
CFU mL™ with an ultrasensitive detection limit of 60 CFU
L' The detection limit is defined as the concentration of the
analyte at which the extrapolated linear portion of the
calibration graph intersects the baseline of the means of data
from blank tests (Compendium of Chemical Terminology,
IUPAC). This is better than most of the reported research
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results for quantitative determination of E. coli 0157:H7 (Table
1) or comparable with the sensitive E. coli O157:H7 assay via
new and sophisticated technology such as long-range surface
plasmon-enhanced fluorescence spectroscopy (LSPES).*
These results indicated enhanced action of the antibody—
enzyme—inorganic nanoflowers compared with the common
HRP-conjugated antibody.

Specificity, stability, and recovery are important assessment
criteria for the ELISA detection method. To assess the
specificity of the nanoflower-based ELISA for E. coli
O157:H7, we compared its specificity for nonpathogenic
generic E. coli K12 and other foodborne pathogens such as
Salmonella and Listeria monocytogenes. The OD values for other
bacteria are roughly the same with the control group, while E.
coli O157:H7 or culture mixtures give a high OD value (Figure
SA). These results suggested that the developed nanoflower-
based ELISA for E. coli O157:H7 is specific to E. coli 0157:H7.

The stability of the three-in-one nanoflower was further
tested in the E. coli O157:H7 ELISA. Two test samples with
different concentrations of E. coli 0157:H7 (1.7 X 10° CFU
mL™" and 1.7 X 10° CFU mL™") were assayed using the same
lot of HRP—Ab,—Cu;(PO,), nanocomposites over a 40 day
period. The ELISA performance shown in Figure SB indicated
the acceptable stability of the antibody—enzyme—inorganic
nanoflowers and its potential to substitute for common existing
enzyme-conjugated antibodies in ELISA systems. Recovery
experiments are used to determine whether assays are affected
by interfering factors. Different concentrations of E. coli
0157:H7 were spiked into tap water and lake water and then
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Figure 4. (A) A representative image of the new enzyme-labeled
antibody method-based ELISA strips. (B) E. coli O157:H7 was
quantified with a sandwich HRP—Ab,—Cu,(PO,), nanoflower-based
ELISA. Mean =+ standard deviation of three measurements is plotted.
The optical density of each well was read at 450 nm with a wavelength
correction of 540 nm. Each experiment was repeated three times to
obtain the average data value.

Table 1. Comparison of the Performance of Different E. coli
0157:H7 Assays®

linear range LOD

(CFU (CFU
bacterium technique ml™) ml ™) reference
E. coli chemiluminescence 43X 10%t0 12%x10° 31
0157:H7  immunoassay 4.3 x 10
E. coli LSPFS 10 to 10° 10 30
0157:H7
E. coli electrochemical ELISA  10° to 10° 10 32
0157:H7
E. coli amperometric 36X 10°tc 43 x10° 33
0O157:H7  immunosensor 3.6 X 10°
E. coli electrochemical 10° to 107 10 34
O157:H7  impedance
spectroscopy
E. coli electrochemical 10* to 10° 10* 35
Q157:H7  biosensor
E. coli gold nanoparticle- 10? to 10° 68 36
0157:H7  enhanced ELISA
E. coli antibody—gold 10 to 10° 3 37
O157:H7  nanoparticle
network ELISA
E. coli ConA-HRP—carbon 107 to 10° 100 38
0157:H7  nanotube-based
ELISA
E. coli three-in-one 1.7 x10'to  0.06 this
0157:H7  nanoflower-based 1.7 x 167 work
ELISA

“ELISA: epzyme-linked immunosorbent assay; LOD: level of
detection; LSPFS: long-range surface plasmon-enhanced fluorescence
spectroscopy.
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Figure 5. (A} Optical density of the anti-E. coli ©157:H7 antibody--
HRP—Cu,(PO,), nanoflower-based ELISA after incubation with
different bacteria (1.7 X 10° CFU mL™). (B) Two samples with
different concentrations of E. coli O157:H7 were assayed using the
same lot of the HRP—Ab,—Cu,(PO,), nanocomposites over a 40 day
period.

analyzed for recovery. The results showed that recoveries were
in the range of 92.9—101.8% (Table 2), which confirmed the
high accuracy of the nanoflower-based ELISA and its great
potential for practical application in the detection of E. coli
0157:H7 in water.

Table 2. Recoveries for E. coli 0157:H7-Spiked Samples
sample added (CFU wL™)  found (CFU L™)  recovery (%)

tap water 1 17 % 10 1.65 x 10* 97.6
tap water 2 17 x 10* 1.72 x 10* 101.8
tap water 3 17 x 10° 1.63 x 10° 964
lake water 1 0 not detectable —

lake water 2 17 x 10 1.58 X 10* 92.9
lake water 3 17 x 10* 161 x 10* 94.7

B CONCLUSIONS

For the first time, we developed a hydrangea-like antibody—
enzyme=inorganic three-in-one nanocomposite as a novel
enzyme-labeled antibody and applied it to ELISA for detection
of E. coli O157:H7. The antibody—enzyme—inorganic nano-
flower is simply synthesized by a one-step coprecipitation
method and does not require any organic solvent. It has the
function of an antibody to specifically interact with the
corresponding antigen and also has enhanced enzymatic activity
and stability. The anti-E. coli O157:H7 antibody—HRP—
Cu;(PO,), nanocomposite was used to replace the common

DOI: 10.1021/acsami.5h11834
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HRP-conjugated antibody and was applied in the ELISA for E.
coli O157:H7 determination. The results showed that the three-
in-one nanoflower-based E. coli O157:H7 ELISA had an
ultrasensitive performance with a wide detection range (1.7 X
10" to 1.7 X 10’ CFU mL™). The detection limit is far superior
to that of commercial ELISA systems. The easy preparation of
these nanocomposites and the ultrasensitive detection of E. coli
0157:H7 show potential application in real samples.
Furthermore, the strategy of making antibody—enzyme—
inorganic nanoflowers as described in this work can be rezdily
extended to many other hybrid systems. For example, different
antibodies could serve as components in nanoflower prepara-
tion to expand the use of antibody—enzyme—inorganic
nanoflower-based ELISA to the detection of various targets.
In addition, enzymes other than HRP could be used in
nanoflowers that would not require colorimetric assay but
rather an alternative mode of detection depending on the
enzyme chosen. The methodology proposed here could
potentially replace the common existing enzyme-labeled
antibody method in ELISA and will have significant prospects
in the practical detection of other pathogenic bacteriz or
clinically relevant molecules.
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