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ABSTRACT

Each cell produces its own responses even if it appears identical to other cells. To analyze these
individual cell characteristics, we need to measure trace amounts of molecules in a single cell.
Nucleic acids in a single cell can be easily amplified by polymerase chain reaction, but single-cell
measurement of proteins and sugars will require de novo techniques. In the present study, we
outline the techniques we have developed toward this end. For proteins, our ultrasensitive enzyme-
linked immunosorbent assay (ELISA) coupled with thionicotinamide-adenine dinucleotide cycling
can detect proteins at subattomoles per assay. For sugars, fluorescence correlation spectroscopy
coupled with glucose oxidase-catalyzed reaction allows us to measure glucose at tens of nM. Our
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methods thus offer versatile techniques for single-cell-level analyses, and they are hoped to
strongly promote single-cell biology as well as to develop noninvasive tests in clinical medicine.

Introduction

The exact detection and determination of proteins,
nucleic acids, and sugars in a single cell are a romantic
vision of modern biology and medical sciences."” Even
though a tissue consists of apparently similar cells, which
belong to, for example, the same organ lobe, the same
nerve nucleus, and even the same carcinomatous lesion,
each of these cells has its own individuality and demon-
strates various, complicated, and uneven responses. As
we scientists secretly imagine, this individuality seems to
create the complexity and magnificence of life. Realisti-
cally, however, we have so far been obliged to report data
on the optical density of bands obtained by Southern,
Northern, and Western blotting, in which a lot of cells
are employed.” Sometimes ‘single-cell-level amounts’ are
calculated from many single cells after division by the
number of cells. Needless to say, this practice occurs
because it is too difficult to detect and determine the
molecules in an actual single cell.

In this situation, trace amounts of nucleic acids
have been made detectable by the invention of poly-
merase chain reaction (PCR) by Mullis.* This success

was based on the fact that nucleic acids can be ampli-
fied. Then, in the 1990s, the emergence of real-time
PCR enabled us to determine the copy numbers of
nucleic acids.” Various derivative methods of real-time
PCR are now applicable to cells and tissues,” and in
particular quantitative real-time PCR can detect the
copy number, such as a few copies, of nucleic acids in
a single cell.”"'* Although quantitative real-time PCR
is not always suitable for a comprehensive analysis of
gene expression, DNA microarray analysis can be used
instead of PCR to examine nucleic acids for this pur-
pose. For example, gene expression at the mRNA level
can be easily examined if the sensitivity is allowed to
be limited.®

More recently, digital PCR has been proposed as a
new approach to the detection and quantification for
nucleic acids.">”'*> Real-time PCR carries out one reac-
tion per single sample, whereas digital PCR also carries
out a single reaction within a sample, however the sam-
ple is separated into a large number of partitions and the
reaction is carried out in each partition individually.
Some portions of these reactions contain the target
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molecule (positive) while others do not (negative). Fol-
lowing PCR analysis, the fraction of negative reactions is
used to generate an absolute count of the number of tar-
get molecules in the sample, without reference to stand-
ards or endogenous controls. The digital PCR can be
routinely used for clonal amplification of samples for
next-generation sequencing.'® To sum up, almost all the
analyses for nucleic acids can be performed at present
using commercially available methods, ranging from a
simultaneous and comprehensive analysis of multiple
nucleic acids of cells and tissues to a precise analysis of a
specific gene in a single cell.

On the other hand, a change in the amount of
mRNAs in a cell does not always correspond to a change
in the amount of translated proteins.9 That is, we have to
accept that a quantitative analysis of nucleic acids offers
important knowledge but does not conclude precisely
the phenomenon of gene expression. Thus, we have to
attempt to measure the amount of proteins, possibly at a
single-cell level. In the present study, we introduce a de
novo method we developed to measure trace amounts of
proteins at a single-cell level.

Further, we describe a new way to measure sugars at
very low concentrations. This highly sensitive detection
method also helps to facilitate single-level studies in bio-
logical and medical fields. For example, single-cell
metabolism has been vigorously examined, particularly
for neurons and glia.'” Because metabolism is usually
expressed as the sum of chemical processes that occur in
living organisms, the data obtained from a single cell
should be accumulated and analyzed to gain a better
understanding of metabolism.

Ultrasensitive ELISA coupled with thio-NAD
cycling for protein detection

Many attempts, including lab-on-a-chip studies, have
been performed thus far to detect trace amounts of pro-
teins in a single cell.'®*" Although some of these studies
have achieved the ultimate sensitivity, they must employ
specialized and expensive apparatuses for the experi-
ments. Thus we decided to develop a system with special
attention paid to ‘versatility’ and ‘user-friendliness’.
Among the various techniques to quantify trace amounts
of proteins, a ‘sandwich’ enzyme-linked immunosorbent
assay (ELISA) may be the most versatile and user-
friendly.”* ELISA is an easy, rapid, specific, and highly
sensitive detection method and thus has been widely
used in biology and clinical medicine. However, there is
a limit to what conventional ELISA can do. For example,
the limits of detection in the ELISA for insulin
established in the 1980s and 1990s were on the order of

pwIU/mL, which corresponded to 10~'* moles/mL.*>**

So what should we do?

We attempted to combine another assay to determine
trace amounts of proteins with ELISA. This is an amplifica-
tion technique that uses a continuous reaction of enzyme
function. This is referred to as enzyme cycling.’>** In our
method, a cycling reaction is conducted by a dehydrogenase
such as 3a-hydroxysteroid dehydrogenase (3a-HSD, EC.
1.1.1.50).”* 3a-HSD catalyzes substrate cycling between
3a-hydroxysteroid and its corresponding 3-ketosteroid in
the presence of an excess amount of NADH and thionicoti-
namide-adenine dinucleotide (thio-NAD), because 3a-HSD
utilizes both NADH and thio-NAD as cofactors.* In each
turn of the cycle, one molecule of thio-NAD is reduced to
thio-NADH. Thio-NADH has the absorbance at 400 nm
(11900 M~ cm ™). The other cofactors of 3a-HSD, such as
thio-NAD, NAD, and NADH, have the absorbance maxi-
mums under 340 nm. Therefore, the amount of thio-NADH
can be measured with a commercially available microplate
reader with a 405 nm filter. These features make it possible to
determine the amounts of 3a-hydroxysteroids with high sen-
sitivity by measuring the cumulative quantity of thio-NADH.
We call this enzyme cycling thio-NAD cycling.

The combination of a sandwich ELISA and a thio-NAD
cycling method gives us an ultrasensitive detection of trace
amounts of proteins (Figure 1).> In our sandwich ELISA, we
use 173 -methoxy-5[3 -androstan-3a.-ol 3-phosphate as a syn-
thetic substrate for alkaline phosphatase (ALP, EC. 3.1.3.1)
linked to a secondary antibody, because 173-methoxy-5[3-
androstan-3ot-ol 3-phosphate is easily hydrolyzed by ALP to
17B-methoxy-5@-androstan-3ac-ol, which shows highly effi-
cient thio-NAD cycling. 173-methoxy-5@3-androstan-3a-ol is
then oxidized to 17f3-methoxy-5B-androstan-3-one under a
catalytic reaction of 3a.-HSD with the cofactor thio-NAD. By
the opposite reaction, 17(-methoxy-5@3-androstan-3-one is
reduced to 17-methoxy-5@-androstan-3a-ol with the cofac-
tor NADH. In the ELISA, the detectable signal changes linearly
against a measuring time; in thio-NAD cycling, the detectable
signal also changes linearly against the measurement time. In
the combination, however, the detectable signal, i.., thio-
NADH, accumulates in a quadratic function-like fashion dur-
ing the cycling reaction within a short measurement time.

More specifically, because the thio-NADH signaling
intensity depends on the number of thio-NADH molecules
accumulated by the enzyme reactions, the thio-NADH sig-
naling intensity

axbek = axbx@.

k=1

Here, a is the turnover ratio of ALP per min; b is the
cycling ratio of 3a-HSD per min; and n = min of
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Figure 1. Scheme of ultrasensitive detection of proteins by ELISA coupled with thio-NAD cycling. Our ultrasensitive ELISA requires only
the addition of a thio-NAD cycling solution, which includes androsterone derivatives, and 3a-hydroxysteroid dehydrogenase and its
coenzymes, to the usual ELISA without any use of special instruments. Absorption (400 nm) of thio-NADH is measured with a commer-

cially available microplate reader.

measurement time. The amount of insulin was calculated
from the increase in absorbance at 405 nm. The claim for
our novel method is that proteins themselves cannot be
amplified, but a detectable signal for proteins can be
amplified by means of a quadratic function-like response
(i.e,, triangular number). Our ultrasensitive ELISA cou-
pled with thio-NAD cycling needs only a detection appa-
ratus for absorbance at 405 nm, but does not need any
specialized apparatus, specialized laboratory, or use of
radio isotopes and fluorescent probes.

For an analysis at the single-cell level, we attempted to
detect proteins at 10~ moles/assay.’®*” We applied our
ultrasensitive ELISA coupled with thio-NAD cycling to
the detection of human proteins, such as insulin, HIV-1
(human immunodeficiency virus type 1) p24, and adipo-
nectin. Insulin is a peptide hormone produced by 3 cells
in the pancreas, and it regulates the metabolism of carbo-
hydrates and fats by promoting the absorption of glucose
from the blood to skeletal muscles and fat tissue.”®>* The
limit of detection for insulin with our ultrasensitive
ELISA was 8.0 x 10" moles/assay (0.0047 pg/assay)
with the linear calibration curve of 8.9 x 107" - 8.9 x
10718 moles/assay in Tris-buffered saline; the coefficient
of variation was 4% for 8.9 x 10~'” moles/assay.”> We
then applied our method to the measurement of immu-
noreactive insulin in blood serum.*® Because of this
ultra-high sensitivity, only 5 pL of serum was needed.
Further, a comparison between the data obtained from a
commercially available immunoreactive insulin kit (ie.,
a conventional ELISA) and the data obtained from our
ultrasensitive ELISA using the same commercially avail-
able reference demonstrated that the correlation was

very good, providing further evidence that our assay is
also accurate in blood samples.

HIV is a lentivirus that causes HIV infection and
acquired immune deficiency syndrome (AIDS). HIV
infection occurs by the transfer of blood, semen, vagi-
nal fluid, breast milk, and so on. To reduce the win-
dow period between HIV-1 infection and the ability
to diagnose it, a fourth-generation immunoassay
including the detection of a viral protein, HIV-1 p24,
has been developed.*"*> Our ultrasensitive ELISA
enabled us to detect p24 at 2.3 x 107'® moles/assay
(0.0055 IU/assay) as the limit of detection.*>** The
linear calibration curves were obtained in the range
of 2.1 x 107" - 2.1 x 107" moles/assay. The coeffi-
cient of variation was 8% for 2.1 x 107" moles/
assay. The spike-and-recovery tests were performed in
which the HIV-1 p24 antigen was added into the
control serum. The results demonstrated that the ratio
was about 100% for 1.0 x 10~"7 moles/assay (0.5 TU/
mL) of HIV-1 p24, which was less than the value (2
IU/mL) required for a CE-marked HIV antigen/anti-
body assay. Thus, our ultrasensitive method is able to
detect HIV-1 p24 antigen in human blood obtained
from patients in the very early period after infection.

Briefly, we explain the spike-and-recovery test. The
spike-and-recovery test is a technique for analyzing and
accessing the accuracy of ELISA for particular sample
types, such as serum, plasma, saliva, urine, etc. It is used
to determine whether analyte detection can be affected
by the difference between the diluent used for prepara-
tion and the experimental sample matrix. To perform a
spike-and-recovery test, a known amount of analyte (i.e.,
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target protein in our case) is added to a matrix (ie.,
blood or urine in our case). This ‘addition’ is called
‘spike’. The concentration of the added analyte in the
matrix is determined from standard curves prepared.
The concentrations denote the spike recovered in the
matrix.

Adiponectin is a protein hormone that modulates a
number of metabolic processes, including glucose regula-
tion and fatty acid oxidation.*> Adiponectin is exclusively
secreted from adipose tissue into the bloodstream and is
very abundant in plasma relative to many hormones.
Levels of the hormone are inversely correlated with body
fat percentage in adults.** However, the patterns of
change in urinary adiponectin levels in various diseases
remain unknown, because the urinary adiponectin levels
are thought to be extremely low.*”** We thus examined
whether our ultrasensitive ELISA was applicable to mea-
sure urinary adiponectin.”® Spike-and-recovery tests
using urine confirmed the reliability of our ultrasensitive
ELISA. The limit of detection for adiponectin was 2.3 x
10" moles/assay (0.069 pg/assay) with a linear calibra-
tion curve of 4.2 x 107'® = 1.7 x 107'° moles/assay. The
coefficient of variation was 4% for 1.7 x 107 moles/
assay of adiponectin. The pilot study showed that the
urinary adiponectin levels, which were corrected by the
creatinine concentration, were higher in diabetes melli-
tus patients than in healthy subjects. Further, these uri-
nary adiponectin levels tended to increase with the
progression of diabetes mellitus accompanied by
nephropathy.

Fluorescence correlation spectroscopy for
detection of sugars

Glucose is the primary source of energy for cells.” Glu-
cose is transported from the intestines or liver to bodily
cells via the bloodstream, and is made available for cell
absorption via the hormone insulin, produced primarily
in the pancreas. Recently, the examination of single-cell
metabolism has begun, particularly in the brain,'” and
thus a highly sensitive measurement of sugars is also
needed for this purpose.

Glucose oxidase (GOD) reduces oxygen O, to hydro-
gen peroxide H,0, in the presence of glucose.”® This
reaction occurs in a glucose dose-dependent manner,
and thus the concentration of H,0O, corresponds to that
of glucose. Thus, we focused on the development of a
system to detect trace amounts of H,O,. If H,O, is
detected with high sensitivity, various substrates, such as
cholesterol, choline, glutamate, lactate, NAD(P)H, urate,
and xanthine, can be also detected with high sensiti-
vity with the help of their corresponding oxidases,
because H,0, is generated by these oxidase-catalyzed

reactions.”’>* That is, the use of oxidase-catalyzed reac-
tions offers us a chance to develop a versatile system.

For this purpose, we selected a special method, fluores-
cence correlation spectroscopy (FCS), which, along with its
derived methods, has been applied to characterize and deter-
mine fluorescent components in aqueous solution.”">” FCS
is a technique in which spontaneous fluorescence intensity
fluctuations are measured in a microscopic detection volume
of about 10~ L (fL) defined by a tightly focused laser beam.
Analysis of fluorescence fluctuation offers the information on
mobility and the concentrations of fluorescent components
in sample solution.” Fluorescence intensity fluctuations mea-
sured by FCS represent changes in either the number or the
fluorescence quantum yield of molecules resident in the
detection volume. When a fluorescent probe of low molecular
weight binds to a protein in a sample solution, the slow-dif-
fusing component (protein labeled with fluorescent probes)
increases with the decrease in the fast-diffusing component
(fluorescent probe), which affects the fluorescence autocorre-
lation curve in FCS. The fluorescence autocorrelation curve is
obtained after the fluctuations are recorded as a function of
time and is statistically analyzed by autocorrelation analysis.
The average residence time and the absolute numbers of
slow- and fast-diffusing components in a small volume can
be deduced by the fluorescence autocorrelation function cal-
culated from the fluorescence autocorrelation curve.

This situation is in marked contrast to conventional
fluorescence photometry, which is carried out in sample
volumes of around 0.1 - 1.0 mL (about 10'* times larger
than FCS measurement volumes) and provides only the
macroscopic average of diffusion-dependent intensity
fluctuations. In a typical FCS measurement, the fluores-
cence intensity is recorded for a small number of mole-
cules in the detection volume (e.g., a few molecules/fL,
equivalent to an approximately nanomolar concentra-
tion) over a time range from about 1 ws to 1 s. That is,
even though FCS does not require physical separation
between free and bound fluorescent probes, it enables us
to detect the molecules at a nanomolar level.

Then, to measure FCS, we considered a small volume
of a fluorescent probe and a large volume of a protein
that should be labeled with the fluorescent probe. We
used tyramide labeled with tetramethyl rhodamine (tyra-
mide-TMR) as a fluorescent probe and bovine serum
albumin (BSA) as a protein. When tyramide was applied
at lower concentrations to BSA in the horseradish perox-
idase (HRP)-catalyzed oxidation with H,0,, tyramide
radical bound to a tyrosine residue of BSA, resulting in
TMR-labeled BSA (Figure 2).°%*° Under the optimized
conditions, TMR-labeled BSA (the fraction of the slow-
diffusing component) measured by FCS was found to be
proportional to the H,O, concentration of the sample
solution.”®*®
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Figure 2. Scheme of ultrasensitive detection of sugars by FCS.The concentrations of H,0, correspond to those of the proteins labeled

with tyramide-tetramethyl rhodamine (TMR).

H,0, is produced by the reaction between glucose and glucose oxidase, and thus we can

determine the concentrations of H,0, and deduce the concentrations of glucose by FCS.

Further, by the coupling with the GOD-mediated
reaction, our H,O, detection method can be applied to
the selective assay of glucose (Figure 2). Although vari-
ous methods for the determination of glucose have been
reported, enzymatic ones using GOD have been widely
used due to their simplicity and selectivity.”® Therefore,
we attempted to develop a highly sensitive method for
determining glucose by coupling our FCS method with
GOD-catalyzed oxidation of glucose (Figure 2).

Concerning H,0, and B-D-glucose, we obtained the
following results. The limit of detection for H,0, was
8 nM with a linear calibration curve of 28 nM to
300 nM; the detection limit for -p-glucose was 24 nM
with a linear calibration curve of 80 nM to 1500 nM.>®
The latter enabled us to assay glucose in human plasma
with only a very small amount of plasma (20 nL). A
recent study demonstrated that an amperometric needle-
type electrochemical glucose sensor can detect the M-
order glucose in the tear of pL fluid.®” Our FCS method
also has a sufficient sensitivity for a tear.

Conclusion

When we have access to 2 suitable antibodies of a sandwich
ELISA for a target protein, our ultrasensitive system
described in the present study can be widely applied to
detect trace amounts of various proteins in blood or urine
only by application of the thio-NAD cycling reagents to the

conventional sandwich ELISA system. Further, when we
combine the peroxidase-catalyzed and the specific oxidase-
catalyzed reactions, we can detect trace amounts of sugars
and other molecules with the FCS. We really hope that our
new methods for the detection of proteins and sugars at the
single-cell level can contribute to the further evolution of
single-cell studies as well as pave the way for further nonin-
vasive clinical tests.

Abbreviations

3a-HSD 3a-hydroxysteroid dehydrogenase
AIDS acquired immune deficiency syndrome
ALP alkaline phosphatase

BSA bovine serum albumin

ELISA enzyme-linked immunosorbent assay
FCS fluorescence correlation spectroscopy
GOD glucose oxidase

HRP horseradish peroxidase

PCR polymerase chain reaction

thio-NAD thionicotinamide-adenine dinucleotide
tyramide-TMR tyramide  labeled  with  tetramethyl
rhodamine
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