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Design of luciferase-displaying protein
nanoparticles for use as highly sensitive
immunoassay detection probes

Yusuke Ikeda, Yasumasa Mashimo, Masayasu Mie and Eiry Kobatake*

In this study, we developed a protein nanoparticle-based immunoassay to detect cancer biomarkers

using a bioluminescent fusion protein. This method relies on the use of protein nanoparticles comprised

of genetically-engineered elastin-like polypeptides (ELPs) fused with poly-aspartic acid tails (ELP-D),

previously developed in our lab. The sizes of the self-assembled ELP-D nanoparticles can be regulated at

the nanoscale by charged repulsion of the poly-aspartic acid chains. To improve the sensitivity of

enzyme-linked immunosorbent assays (ELISAs), we herein demonstrate the multivalent display of

NanoLuc® (Nluc) luciferase and a biotin acceptor peptide (BAP) on the surfaces of ELP-D nanoparticles,

and demonstrate the sensitivity of these multivalent nanoparticles as detection probes. The fusion protein

comprised of ELP-D and Nluc-BAP (ELP-D-Nluc-BAP) was found to form nanoparticles with Nluc and

BAP displayed multivalently on their surfaces. Moreover, the use of the nanoparticles in ELISA resulted in a

detection sensitivity for α-fetoprotein (AFP) about 10 times higher than that of an assay relying on the use

of the monomeric version of the fusion protein. Taken together, ELP-D-based nanoparticles displaying

multivalent luciferases on their surfaces enable the construction of an ELISA with enhanced sensitivity.

Introduction

Enzyme-linked immunosorbent assays (ELISAs) have proven to
be indispensable methods for the sensitive and selective
determination of trace substances in various fields (e.g., clini-
cal, diagnostic, food, environmental, etc.). In particular,
clinical biomarkers require highly-sensitive detection methods
because early diagnosis of disease is important for effective
treatment.1–4 To improve the detection sensitivity of such bio-
markers, various techniques have been employed to enhance
conventional ELISA methods.

One of the most popular strategies is the use of enzyme-
functionalized carriers as tracers to improve ELISA sensitivity
by loading large amounts of enzymes onto individual sand-
wich immunological reaction events.5,6 The number of
enzymes displayed on the carrier determines the amplification
of the signal. For example, Ambrosi et al. demonstrated the
use of gold nanoparticles (AuNPs) as multi-enzyme carriers in
an ELISA for the detection of CA15-3 antigen in blood
samples.7 The AuNP-based amplification platforms were found

to dramatically enhance the intensity of the immunological
reaction event signal, leading to ultrasensitive bioassays.

Recently, several nanomaterials have been used to amplify
the detection signal in biosensors. These nanomaterials
include gold nanoparticles,8–10 quantum dots,11,12 carbon
nanotubes,13–15 carbon nanospheres,16 graphene oxide17,18

and silica nanoparticles.19,20 For example, Xu et al. developed
a graphene-based signal-amplification nanoprobe by combin-
ing anti-immunoglobulin G (anti-IgG) and horseradish peroxi-
dase (HRP) with graphene oxide (GO).21 Yu et al. demonstrated
the construction of electrochemical immunosensors using
single-wall carbon nanotubes with multi-label antibodies for
highly-sensitive detection of prostate specific antigen (PSA).22

Wu et al. developed an ultrasensitive immunosensor for the
detection of α-fetoprotein (AFP), based on an HRP-functiona-
lized SiO2 label.23 These approaches provided detection limits
that were much more sensitive than conventional methods;
the nanomaterials, therefore, exhibit the potential to become
universal probes for diagnostics. However, such materials
often do not satisfy the requirements needed for the design of
carriers that can display multivalent enzymes, owing to
inherent surface area limitations. Moreover, uniformly-sized
nanostructures are often not obtained and become instable
after surface biological functionalization, resulting in quanti-
tative insufficiency. Therefore, the design of functional
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nanoprobes for use as highly sensitive biosensors remains
challenging.

Herein, we designed elastin-like polypeptide (ELP)-based
protein nanoparticles displaying multivalent enzymes. ELPs
are well-known recombinant proteins widely used as thermo-
responsive materials.24,25 In previous studies, we developed
protein nanoparticles comprised of ELPs fused with poly-
aspartic acid chains (ELP-D). Above the transition temperature,
ELP-D forms aggregates whose sizes are regulated to around
30 nm as a result of the charge repulsion of the poly-aspartic
acid chains.26 Moreover, nanoparticles formed from geneti-
cally modified ELP-D enable the display of multivalent
proteins on their surfaces, without the need for chemical
modification. For example, ELP-based nanoparticles displaying
multivalent epidermal growth factor (EGF) were genetically
designed to target tumor cells overexpressing the EGF recep-
tor.27 Thus, ELP-D based protein nanoparticles exhibit the
ability to be used as carriers displaying multivalent enzymes.

In this study, we developed an enhanced ELISA using
protein nanoparticles displaying multivalent enzymes as

detection probes of α-fetoprotein (AFP). The design of the
enhanced ELISA, which relies on the use of protein nano-
particles, is illustrated in Fig. 1. NanoLuc® luciferase (Nluc)
was fused to ELP-D and used as the signal-generating enzyme,
while a biotin acceptor peptide (BAP) was fused to the end of
the fusion protein for modification with biotin in E. coli. The
resultant fusion protein, ELP-D-Nluc-BAP, was found to form
nanoparticles upon heating above the transition temperature.
The nanoparticles were subjected to an ELISA using biotin-
labeled secondary antibodies for the binding of protein nano-
particles via biotin–streptavidin binding. Signal intensities
were increased due to the presence of more enzyme molecules
catalyzing the substrate. Finally, we demonstrated the utility of
this system using human AFP as a test analyte.

Experimental
Materials

Restriction enzymes and ligase were purchased from Takara
Bio (Shiga, Japan). Escherichia coli JM109 and BLR (DE3) were
purchased from Takara Bio (Shiga, Japan) and Novagen
(Madison, WI), respectively. The pNL1.1 [Nluc] vector was pur-
chased from Promega (Madison, WI). Human α-fetoprotein
(AFP) was purchased from Fitzgerald Industries International
(Acton, MA). Antibodies used in the ELISA experiments were
all purchased from Funakoshi (Tokyo, Japan). All other chemi-
cals were of analytical grade.

Construction of plasmids

For the construction of pET28b-(PAVGV)42-D44-Nluc-BAP-CHis,
a structural gene of NanoLuc® (Nluc) luciferase was amplified
from the pNL1.1[Nluc] vector by PCR using a pair of primers,
namely 5′-GGGGAATTCGCCATGGGCGTCGACATGGTCTTCACA
CTCGAAGATTTC-3′, containing EcoR I, Nco I and Sal I restriction
enzyme sites, and 5′-TCAGAATTCCTCGAGCGCCAGAATGCGTT
CGCACAGCCG-3′, containing Xho I and EcoR I restriction
enzyme sites, and inserted into pUC18 digested with Sma I
followed by sequencing. The resulting plasmid, pUC-Nluc, was
digested with Nco I and EcoR I. The obtained Nluc gene frag-
ment was inserted into pET28b-BAP-CHis constructed in our
laboratory. The resulting plasmid, pET28b-Nluc-BAP-CHis, was
digested with Nco I and Sal I for insertion of the (PAVGV)42-D44

gene fragment derived from pET28b-(PAVGV)42-D44-CHis, pre-
viously constructed in our lab, and digested with Nco I and
Xho I. The resulting plasmid was named pET28b-(PAVGV)42-
D44-Nluc-BAP-CHis.

Expression and purification of fusion proteins

The plasmids pET28b-(PAVGV)42-D44-CHis and pET28b-
(PAVGV)42-D44-Nluc-BAP-CHis were transfected into E. coli BLR
(DE3) competent cells via heat-shock. Transformed cells were
inoculated in LB media supplemented with 0.1 mg mL−1 kana-
mycin and incubated at 37 °C. Protein expression was induced
by addition of isopropyl-β-D-thiogalactopyranoside (IPTG) at a
concentration of 0.5 mM and D-biotin at 50 µM when an

Fig. 1 Schematic of preparation of ELP-D nanoparticle probes and the
ELP-D nanoparticle probe-based ELISA procedure. ELP with a poly-
aspartic acid chain, Nluc and BAP exist as a monomeric protein below
the transition temperature, and forms nanoparticles above the specific
temperature. Then, the nanoparticle-based probes can be stored ready
for use. For assays, AFP was immobilized on the microplate which is
coated by mouse anti-human AFP IgG. Primary and biotin-labeled sec-
ondary antibodies were added stepwise and bound to AFP. Nanoparticle
probes were captured by a secondary antibody via streptavidin. Finally, a
substrate solution was added and reacted with Nluc on probes.
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optical density of 0.6 at 660 nm was reached. After overnight
induction at 25 °C, cells were harvested by centrifugation at
8000g for 3 min at 4 °C. The cell pellet was resuspended in
phosphate buffered saline (PBS) and disrupted by sonication.
The cell lysates were centrifuged at 17 000g for 15 min at 4 °C
to remove insoluble cellular debris. Next, the collected frac-
tions were applied to TALON Metal Affinity Resins (Clontech)
to purify the proteins using a His-tag. After 1 h incubation, the
columns were washed 5 times with 3 column volumes of wash
buffer (20 mM Na2HPO4, 500 mM NaCl), followed by 5 washes
with 3 volumes of the same buffer including 10 mM imidazole.
The same volume of elution buffer (20 mM Na2HPO4, 500 mM
NaCl, 100 mM imidazole) was then added to elute the fusion
proteins. The purified proteins, (PAVGV)42-D44-Nluc-BAP
(ELP-D-Nluc-BAP) and (PAVGV)42-D44 (ELP-D), were dialyzed
against PBS using a Slide-A-lyzer dialysis cassette (Pierce,
10 000 MW, 0.5–3.0 ml) and analyzed by SDS-PAGE (12% acryl-
amide gels). Concentrations of the purified proteins were
determined using the BCA assay kit (Pierce).

Western blotting of biotinylated fusion protein

SDS-PAGE (12% acrylamide) was performed under denaturing
conditions in the presence of β-mercaptoethanol. Proteins
were transferred electrophoretically to a polyvinylidene fluor-
ide (PVDF) membrane (Immobilon transfer membrane,
Millipore) for western blotting. Membranes were blocked with
Blocking One (Nacalai Tesque, Inc., Japan) for 0.5 h followed
by incubation with alkaline phosphatase (ALP)-labeled strepta-
vidin (Sigma-Aldrich) for another 10 min. After washing 3
times with PBS-T buffer (PBS with 0.05% Tween 20), the ALP
activity was detected using Fast Red TR/Naphthol AS-MX
tablets (Sigma-Aldrich).

Thermostability of Nluc fused to ELP

ELP-D-Nluc-BAP fusion proteins were incubated at specific
temperatures (4, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80 °C)
for 20 min. After incubation, 50 μL of ELP-D-Nluc-BAP (1 pM)
were added to equal amounts of Nano-Glo® Luciferase Assay
Reagent (Promega). Bioluminescence was measured using a
luminometer (LMax384, Molecular Devices) with a 96-well
white polystyrene plate (Costar #3912, Corning Incorporated).

Thermal characterization and dynamic light scattering

The transition temperatures of the purified proteins and nano-
particle sizes were evaluated as previously described.27 Briefly,
purified proteins were filtered using a 0.22 μm filter, and dis-
solved in PBS (pH 7.4) at a final concentration of 0.5 mg mL−1.
Turbidity was evaluated using a UV-vis spectrometer (DU-7500,
Beckman Coulter) at 350 nm. The sample was heated from 20
to 50 °C, and subsequently cooled to 20 °C using a tempera-
ture gradient of 1 °C min−1. Light scattering data were
measured by a Nano-ZS (Sysmex). Samples were equilibrated at
the measuring temperature for 10 min prior to data collection.
Light scattering data at 90° and 633 nm were collected for at
least 10 s × 10 runs. The sizes of the proteins were calculated
based on the assumption that the viscosity of PBS was the

same as that of water. The particle sizes with a single-peaked
distribution were calculated by the Cumulant method.
Conversion from an intensity distribution to a volume distri-
bution was performed with the software connected to the
Nano-ZS.

Protein nanoparticle-based ELISA for detection of AFP

A 96-well white polystyrene microtiter-plate (Costar #3922,
Corning) was coated for 1 h at 37 °C with 100 nM of mouse
monoclonal anti-human AFP antibody (Exbio, Vestec, Czech
Republic) diluted with PBS (8.1 mM Na2HPO4, 2.7 mM KCl,
1.47 mM KH2PO4, 137 mM NaCl, pH 7.4). After washing 3
times with PBS-T (PBS with 0.05% Tween 20), the microtiter
plate was blocked with Blocking One at 37 °C overnight. After
washing with PBS-T, various concentrations of AFP (1–10 000
pg mL−1) in 5% bovine serum albumin (BSA) or human blood
serum (Sigma-Aldrich) were incubated in the wells for 1 h at
37 °C. After washing with PBS-T, rabbit polyclonal anti-human
AFP IgG (Monosan, Netherlands) diluted with PBS was added
and incubated for 1 h at 37 °C. After washing, biotin-labeled
goat polyclonal anti-rabbit IgG (H + L) (Vector, USA) was
added and incubated for 1 h at 37 °C. After washing with
PBS-T, 1 µM of streptavidin (Wako, Japan) was added and incu-
bated for 1 h at 37 °C. After washing with PBS-T, 200 nM of
ELP protein diluted with PBS was added for blocking nonspe-
cific binding of ELP-D-Nluc-BAP nanoparticles, and incubated
for 1 h at 25 °C. After washing with PBS-T, 200 nM of ELP-D-
Nluc-BAP nanoparticles formed by incubation at 45 °C for
20 min was added and incubated for 1 h at 25 °C. After
washing, 30 µL of the Nano-Glo® Luciferase Assay Reagent was
added and the bioluminescence signal was measured by a
luminometer. Based on the standard deviation of the response
and the slope on this result: the limit of detection (LOD) was
calculated by IUPAC approach: 3.3 × standard deviation of low
concentration/slope of the calibration line.

Results and discussion
Purification and characterization of ELP-D-Nluc-BAP fusion
proteins

The design of the fusion proteins ELP-D and ELP-D-Nluc-BAP
is shown in Fig. 2A. Here, poly(PAVGV) was employed as the
ELP sequence, and was shown to form stable microparticles at
the transition temperature. After incubation above the tran-
sition temperature, the reversible dissolution of the poly
(PAVGV) suspension is strongly impeded, even after cooling to
temperatures below the transition temperature, due to the lack
of water molecules between the amide groups. Fusion of a
poly-aspartic acid chain (D) with ELP allows the size of the
resultant ELP aggregates to be regulated on the nanoscale by
charged repulsion of the poly-aspartic acid chains.27,28 Nluc
was fused to ELP-D as the signal-generating enzyme. Nluc is
an engineered luciferase derived from Oplophorus gracilirostris
(19 kDa), which uses a coelenterazine derivative (furimazine)
as its substrate for bioluminescence. Its small size and high
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physical stability makes it suitable for use as a signal enzyme
when displayed on the surface of nanoparticles.29 Nluc also
exhibits the greatest thermostability (Tm = 60 °C) of all the luci-
ferases, and, therefore, was expected to retain its biolumines-
cent activities even after heating and formation of nano-
particles. BAP, a small peptide of 15 amino acids in length, is
a target for the biotin–protein ligase BirA. In E. coli, biotin is
covalently conjugated to the single lysine residue of the BAP
sequence by BirA.30,31 Protein nanoparticles displaying BAP,
therefore, exhibit the ability to bind to biotinylated antibodies
via streptavidin. The fusion proteins ELP-D and ELP-D-Nluc-
BAP were expressed in E. coli by addition of IPTG and purified
by TALON Metal affinity chromatography. The sizes and purity
of the fusion proteins were analyzed by 12% SDS-PAGE, and
bands were observed for both ELP-D and ELP-D-Nluc-BAP
(Fig. 2B). The ELP-D band appeared larger than the expected

molecular mass (26.7 kDa), which has been previously
reported to be due to the inherent physicochemical character-
istics of ELPs.32 The ELP-D-Nluc-BAP band, on the other hand,
appeared at nearly the predicted molecular mass (50.6 kDa),
suggesting that the presence of the Nluc sequence cancels-out
the effects of the inherent physicochemical characteristics of
ELPs.

Next, biotinylation of ELP-D-Nluc-BAP was evaluated by
western blotting. ALP-modified streptavidin was used for
detection of biotinylation. As shown in Fig. 3A, ELP-D did not
show any bands, while ELP-D-Nluc-BAP showed a single band
at the predicted molecular mass. These results demonstrate
that the ELP-D-Nluc-BAP fusion protein was biotinylated and
able to bind to streptavidin.

The thermostability of ELP-D-Nluc-BAP was investigated by
evaluating the remaining Nluc activity after 20 min incubation
at specific temperatures. As shown in Fig. 3B, ELP-D-Nluc-BAP
retained approximately 80% of its luminescence activity after
incubation at 60 °C, relative to the activity after incubation at
4 °C. Above 70 °C, the activity rapidly decreased. These results
suggest that the Nluc activity of ELP-D-Nluc-BAP was retained
even after incubation at the transition temperature required
for preparation of nanoparticles.

Formation of thermoresponsive ELP-D-Nluc-BAP protein
nanoparticles

To determine whether ELP-D-Nluc-BAP could form nano-
particles, the thermal transition properties of both ELP-D and
ELP-D-Nluc-BAP were evaluated by monitoring the optical
density at 350 nm as the aqueous solutions were heated from
20 to 50 °C, and subsequently cooled. During heating, thermal
transitions of ELP-D and ELP-D-Nluc-BAP occurred around
34.5 and 37.5 °C, respectively (Fig. 4A). Upon cooling from 50
to 20 °C, a thermal transition was observed for ELP-D, but not
for ELP-D-Nluc-BAP. Rincon et al. reported that poly(VPAVG)
forms stable microparticles above a transition temperature,
and that the aggregated forms are retained even after
cooling.33 However, a previous study from our lab showed that
(PAVGV)42-D44 nanoparticles exhibited a slight thermal tran-
sition upon cooling. Taken together, these results suggest that

Fig. 2 Expression and purification of fusion proteins. Construction of
fusion proteins (A). SDS-PAGE analysis (B) of purified ELP-D and ELP-D-
Nluc-BAP proteins. Lane 1: molecular weight marker; lane 2: ELP-D;
lane 3: ELP-D-Nluc-BAP.

Fig. 3 Characterization of the Nluc and BAP moiety of the fusion protein. (a) Western-blot analysis of ELP-D and ELP-D-Nluc-BAP proteins.
The signal was detected with streptavidin-alkaline phosphatase (ALP). Lane 1: molecular weight marker; lane 2: ELP-D; lane 3: ELP-D-Nluc-BAP.
(b) Remaining luciferase activity of ELP-D-Nluc-BAP protein after 20 min incubation at individual temperature. The activity at 4 °C incubation of the
protein was set as 100%. The absolute 100% value of ELP-D-Nluc-BAP was 6.1 × 106 RLU per s.
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displaying Nluc on the surface of nanoparticles prevented the
nanoparticles from collapsing.

Our designed fusion protein was expected to form nano-
particles following incubation at the transition temperature
due to the presence of poly-aspartic acid chains. The particle
sizes were evaluated by DLS. The size distributions were first
measured at 20 °C, and found to be around 10 and 14 nm for
ELP-D and ELP-D-Nluc-BAP, respectively, suggesting that the
proteins existed predominantly as monomers below the tran-
sition temperature. Above the transition temperature (at
45 °C), the diameters of ELP-D and ELP-D-Nluc-BAP were
increased to around 30 and 40 nm, respectively (Fig. 4B), indi-
cating the formation of nanoparticles. As mentioned above,
the sizes of the resulting nanoparticles were likely regulated by
the charged repulsion of the poly-aspartic acid chains. After
cooling to 20 °C, the particle sizes of ELP-D and ELP-D-Nluc-
BAP were maintained at around 30 nm and 40 nm, respect-
ively, demonstrating that ELP-D and the designed ELP-D-Nluc-
BAP fusion protein form stable nanoparticles after heating
above the transition temperature.

Nanoparticle-based enhanced ELISA

Here, ELISA was performed using Nluc-displaying nano-
particles as detector probes. AFP was selected as the test
analyte because of its importance as a biomarker for liver,

lung, breast, and rectal cancers, and the need to develop accu-
rate and sensitive methods that allow for early cancer diagno-
sis.34 Various concentrations of AFP were analyzed by ELISA,
using ELP-D-Nluc-BAP nanoparticles and monomeric ELP-D-
Nluc-BAP (Fig. 5). Instead of AFP, human serum albumin
(HSA) was used as a negative control. In the negative control
experiment, an ELP-D-Nluc-BAP nanoparticle was used as a
detector probe. The signal of control was increased gradually
depend on the concentration of HSA. It would be caused by
nonspecific binding of HSA. Compared to the negative control,
experiments with AFP showed a remarkably increasing signal.
A standard curve was measured by the enhanced ELISA tech-
nique using AFP standards over a concentration range of
1–500 pg mL−1. The results showed that the LOD of AFP using
ELP-D-Nluc-BAP nanoparticles was 25.9 pg mL−1, and that the
system could still detect and allow clear discrimination
between the analyte of interest and the negative control. In
contrast, the LOD of AFP using monomeric ELP-D-Nluc-BAP as
the detection probe in the ELISA was 248.1 pg mL−1. Thus, the
sensitivity of the enhanced ELISA using ELP-D-Nluc-BAP nano-
particles was 10 times higher than ELISA using monomeric
ELP-D-Nluc-BAP, and is most likely due to the higher amount
of Nluc molecules displayed on the surfaces of the nano-
particles compared with the monomeric protein. The level of
Nluc activity enhancement in ELISA was not higher than our

Fig. 4 Thermoresponsive nanoparticle formation. (A) Turbidity profile
of ELP-D (●) and ELP-D-Nluc-BAP (▲). The turbidity profiles of poly-
peptides were obtained by monitoring the optical density at 350 nm.
(B) Hydrodynamic size distribution of the formed nanoparticles was
measured by dynamic light scattering (DLS) at 20 °C (white bar), 37 °C
(gray bar) and 20 °C, cooled after incubation at 37 °C (black bar).

Fig. 5 Dose–response curves for AFP detection using a nanoparticle-
based probe and a monomer version probe. The concentration of
AFP ranged from 1 pg mL−1 to 100 pg mL−1 exponentially (A) and from
0 pg mL−1 to 500 pg mL−1 proportionally (B). Each value presents the
mean from 3 replicates (n = 3).
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expectation. It would be caused by steric hindrance or electro-
static repulsion between each nanoparticle and thereby it
was not able to form complexes between antibodies and
nanoparticles.

Finally, we performed nanoparticle-based enhanced ELISA
to demonstrate the detection of AFP in human blood serum.
Tumor markers (e.g., proteins) can often be found in the blood
or urine when cancer is present. Therefore, it is important to
be able to detect their presence in biological samples. Fig. 6
shows a signal increase as the concentration of AFP in the
testing buffer was increased from 10 pg mL−1 to 10 000 pg mL−1.
From this result it was clear that ELP-D nanoparticle
probe-based ELISA can be applied for the detection of samples
in serum. It is important to note that these results can be
achieved by the simple introduction of ELPs as multi-enzyme
carriers within well-established ELISA procedures, with no sig-
nificant changes in the experimental protocols. For this reason,
the enhanced ELISA technology developed herein can be easily
extended to other important ELISA tests (e.g., diagnosis).

Conclusions

Luciferase-displaying protein nanoparticles were genetically
designed for use as highly sensitive detection probes. A fusion
protein comprised of ELP with a poly-aspartic acid chain,
NanoLuc® luciferase, and a biotin acceptor peptide was geneti-
cally constructed. The fusion protein self-assembled upon
incubation above the transition temperature and formed
stable nanoparticles due to the inherent ELP sequence and
charged repulsion resulting from the presence of poly-aspartic
acid chains. The detection sensitivity for the cancer marker
AFP was found to be about 10 times higher using ELP-D-Nluc-
BAP nanoparticle-based ELISA, compared to the assay using
the monomer form of the protein. Taken together, multivalent
display of luciferases on the nanoparticle surfaces results in
improvements in detection sensitivity and may open the possi-
bility of incorporating this system into advanced biosensors in
the future.
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