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Abstract

In breath and transdermal gas, which contain thousands of volatile organic compounds
(VOCs), selective simultaneous measurement of multiple VOCs is considered effective for
noninvasive pharmacokinetic and metabolic tracking. Enzymatic optical biosensors with high
selectivity and sensitivity have potential for simultaneous sensing and imaging of multiple
VOCs by wavelength discrimination, but most enzymatic optical biosensors emit blue light
region (400-500 nm). In this study, we investigated the possibility of red shifting the
wavelength of luminol chemiluminescence (CL) and NADH fluorescence (FL), which emits
blue light, for multiplexed VOCs imaging. Luminol CL and NADH FL were converted to red
by addition of rhodamine B and by resorufin (excitation 560 nm, fluorescence 590 nm) which
induced by diaphorase (DP) with resazurin. The results showed that resorufin was suitable for
multiplexing because the spectrum overlap with blue region was minimal. In addition, a DP-
immobilized cotton mesh enabled spatiotemporal imaging of NADH mist spray at optimal of
various conditions (buffer pH = 6.5, DP amount = 60 U/cm?, initial resazurin = 100 pM) with
fast response (90% response time = 10 s). Furthermore, the NADH detection sensitivity was
sufficient for VOCs imaging with red light in combination with NADH-dependent enzymes. In
the future, this technique can be used for simultaneous imaging of multiple VOCs in the same

region of interest.
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Introduction

Assessment of metabolic function and disease diagnosis typically involve blood samples that
require invasive collection. On the other hand, exhaled breath and transdermal gases can be
collected noninvasively.!? Therefore, they can be used for high-frequently medical check-up or
health monitoring. Those exhaled breath and transdermal gases contain blood-borne volatile
organic compounds (VOCs).>* Since some of them are produced or removed by internal
metabolism, they can be used to monitor biochemical status.>”” If VOCs in breath and
transdermal gases can be easily measured and longitudinal VOCs changing profiles can be
accumulated, it may be possible to detect metabolic abnormalities caused by diseases and
infections from changes in VOCs concentrations. It was reported that nearly 1,500 different
trace concentration of VOCs are contained in exhaled breath.® This means that highly selective
and sensitive system is required for human-borne VOCs measurement. At the basic research
level, analytical systems with high sensitivity and high selectivity, such as gas chromatography-
mass spectrometry, are used.”! However, it is impossible to utilize these analytical systems for
healthy people on daily basis. Therefore, development various types of easy-to-use gas sensors
that are small enough to be owned by individuals is under way.'!'-2!

Currently, many gas sensors face the challenge of selectivity. To address this challenge,
we are developing gas sensors that focus on the molecular recognition ability of enzymes.?>2?
The enzyme is suitable for human-borne VOC sensors that require selectivity because of its
substrate specificity. Furthermore, the use of light for quantification of enzymatic reactions
enables highly sensitive measurement.

One of the advantages of using light as a measurement medium is that distributions
(spatial information) can be easily obtained.?*?> If there is a mechanism for light intensity to

vary with VOCs concentration in space, the spatiotemporal distribution of VOCs concentrations

can be evaluated.?>?” Another advantage is that specific wavelengths can be easily isolated to
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68  measure based on multiband or hyperspectral imaging technique.?®?° In principle, it is possible
69  to respond to different VOCs at different wavelengths and simultaneously measure multiple
70  VOCs in the same space, which allowed to monitoring the metabolic kinetics of
71  pharmaceuticals and tracking multiple VOCs associated with diseases noninvasively. The
72 utility of optical measurement for simultaneous measurement of multiple substances is well
73  known in molecular biology. For instance, Chen et al. used excitation spectral microscopy to
74  achieve simultaneous imaging of 10 different fluorophores with less than 0.5 % of cross-talk.°
75  Using this method, one can simultaneously measure the distribution of 10 different molecules,
76  proteins, organelles, and etc. labeled with different fluorophores.

7 On the other hand, label-free enzyme-based optical biosensors, which are easily
78  deployed for continuous measurement, are limited in the wavelengths-bands they can use. For
79  example, chemiluminescence (CL) produced by the luminol-horse radish peroxidase (HRP)
80  system and autofluorescence (FL) of reduced nicotinamide adenine dinucleotide (NADH) are
81  commonly used in label-free enzyme-based optical biosensors.?! The wavelength of these lights
82  almost overlap at 400500 nm. While probes that can convert the wavelength of NADH FL
83  have been developed,®’* their accessibility is limited because most of them must be
84  synthesized on their own. This has been a challenge to realize multiplexed enzyme biosensors
85 by using different wavelength of light in the same space.

86 A method for measuring NADH concentration by fluorescence at red region (500—600
87  nm) has been used by using diaphorase (DP), which reduce resazurin with NADH as a substrate
88  to resorufin with its fluorescence (ex 560 nm, fl 590 nm).*-¢ Another known method is to mix
89  fluorophore in the luminol CL reaction solution and change the emission color by energy
90 transfer.’”*® However, with best of our knowledge, attempts at macroscopic chemical imaging
91  using these simple light color changing methods are lacking. In this study, we compared luminol

92  CL + fluorophore and NADH-DP-resazurin system for multiplexing with blue-colored light. In
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93  addition, quantitative chemical imaging applicable to enzymatic optical biosensors was

94  discussed using a method suitable for multi-wavelength imaging of VOC:s.

95

96  Experimental methods

97  Reagents

98 HRP (product# 169-10791, >100 U/mg) was purchased from FUJIFILM Wako

99  Chemicals, Japan. DP (product# 46446003, from Clostridium Kluyveri, 181 U/mg powder) was
100  purchased from Oriental Yeast, Japan. Glutaraldehyde (GA, 25%, product# 079-00533) was
101  from FUJIFILM Wako Chemicals. Hydrogen peroxide (30.0-35.5%, product# 18084-00) was
102  from Kanto Kagaku, Japan. Luminol (product# 127-02581) and RB (product# 183-00122) were
103  from FUJIFILM Wako Chemicals. NADH (product# 44327000) was from Oriental Yeast.
104  Resazurin sodium salt (product# 191-07581) and resorufin (product# 73144) were from
105  FUJIFILM Wako Chemicals and Sigma-Aldrich, USA. Acetate buffer (AB) was prepared by
106  acetic acid (product# 017-00256, FUJIFILM Wako Chemicals) and sodium acetate (product#
107  192-01075, FUJIFILM Wako Chemicals). Phosphate buffer (PB) was made with potassium
108  dihydrogen phosphate (product# 169-04245; FUJIFILM Wako Chemicals) and disodium
109  hydrogen phosphate (product# 197-02865; FUJIFILM Wako Chemicals). Tris-HCI buffer (TB)
110  was prepared by hydrochloric acid (product# 083-3485; FUJIFILM Wako Chemicals) and
111  2amino-2-hydroxymethyl-1,3-propanediol (product# 013-16385; FUJIFILM Wako Chemicals).
112  Trisodium phosphate buffer (TPB) was prepared by potassium dihydrogen phosphate and
113  trisodium phosphate dodecahydrate (product# 191-082885, FUJIFILM Wako Chemicals). All
114  buffers made using ultrapure water prepared by PURELAB Flex (ELGA LabWater, U.K.).
115
116  Comparison of detection method for target chemicals using red light

117 Figure 1A shows the measuring principle by target molecule by red light based on
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luminol CL. Many oxidases consume oxygen to produce hydrogen peroxide when oxidizing
the target molecule in the reaction. This hydrogen peroxide triggers luminol CL in the presence
of luminol and HRP. Under normal conditions, luminol emission is blue with a central
wavelength around 450—460 nm, but when RB is added to the reaction, energy transfer occurs,
and RB FL (maximum wavelength around 590 nm) is emitted. Various other fluorophores can
be used besides RB, but RB was selected based on its difference in peak wavelength from 400—
500 nm. Fig. 1B shows a scheme for generating resorufin by triggering NADH produced by the
reaction of NADH-dependent enzymes. It is possible to quantify the change in target molecule
concentration using red light by resorufin FL (excitation 560 nm, emission 590 nm).

In the experiments, the optical wavelength spectra produced by each reaction were
examined. In the case of luminol + RB, 1 mg of HRP and 1 mg of RB were dissolved in a
luminol solution prepared at 5 mM using TB (at pH 10.1, 0.1 M). Hydrogen peroxide prepared
to 10 mM was added to a cuvette containing this mixture and scanned for emission wavelength
using a fluorescence spectrophotometer (product# F-7000, Hitachi High-Tech, Japan). Note
that the cuvettes were shielded with a black cloth to avoid exposure to any excitation light. In
the evaluation of an NADH-DP-resazurin system, resazurin was dissolved in PB (at pH 8.0,
0.1M) to prepare a 10 uM resazurin solution, and 1 mg of DP was added to prepare a resazurin-
DP solution. Further 100 uM NADH solution was added, and FL spectra were obtained at an

excitation wavelength of 560 nm.
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Figure 1. The target molecule detection method based on (A) luminol chemiluminescence and
(B) NADH-mediated cascade reaction. The red light was used to detect molecule in both

methods. (C) The setup for imaging of NADH in mist spray.

Evaluation of dynamic ranges of NADH and resorufin using fluorescence macro imaging

The same camera (product# C15550-20UP, Hamamatsu Photonics, Japan) was then
used to acquire FL intensities emitted from various concentrations of NADH and resorufin to
obtain the quantitative characteristics of each molecule. In the experiment, the optical system
shown in Figs. S1A or S1B was used to observe NADH or resorufin, respectively. The NADH
imaging system consisted of a ring-type UV-LED (custom-made, emission 340 nm, DOWA
electronics, Japan) equipped with a bandpass filter (BPF, product#65-209, 492 + 5 nm, Edmond

optics, USA) for FL and a BPF (custom-made, 340 + 42.5 nm, HOY A candeo optronics, Japan)
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for excitation, as used in previous studies. An imaging target was placed at a distance of 60 mm
from the lens. The resorufin imaging system consisted of a light source with five Yellow Green
LEDs (product# 4903670676543, 550-570 nm, LED Generic, Japan), a BPF for excitation
(product# HMZ0560, 560 + 5 nm, Asahi Spectra, Japan), an imaging target, a BPF for FL
(product# HMX0590, 590 + 5 nm, Asahi Spectra, Japan), and a camera. All components were
arranged on the same optical axis. In both imaging experiments, FL emitted from cotton mesh
(product# 002-20377, 1.5 x 1.5 cm, Iwatsuki, Japan) soaked with 80 uL. of NADH or resorufin
solution prepared in PB (at pH 7.0, 0.1 M) was captured by the camera. The concentration of
NADH or resorufin soaked in the cotton mesh was varied from 1 nM to 100 mM or 1 nM to
100 uM, respectively. Cotton mesh soaked with PB was also captured to obtain background
images. The camera exposure time was set to 1 s for all experiments. The FL images were
analyzed by using ImageJ2.3° The entire area of the cotton mesh was set as the region of interest
and the average intensity was calculated. Calibration curves were obtained by plotting the
difference of average intensity between each concentration and background and curve fitting

using Origin 2016.

Optimization of reaction conditions of DP

In the case of red-light imaging of NADH, DP was immobilized on cotton mesh, and
DP-immobilized mesh was used in the experiment. For DP immobilization, first, 100 uM of PB
(at pH 6.5, 0.1 M) containing 60 U/cm? DP was dropped onto a 1.5 x 1.5 ¢cm cotton mesh and
placed in a refrigerator for 1 h. Next, 18 uL of 2.5 v/v% GA (in PB at pH 7.0, 0.1 M) was added
dropwise and placed in the refrigerator for 1.5 h. Finally, the DP-immobilized cotton mesh was
rinsed with 300 uL. of PB (at pH 6.5, 0.1 M). The prepared DP-immobilized mesh was placed
in the optical system with 80 uL drops of 100 pM resazurin solution prepared in PB at pH 7.5

(see Fig. 1C). Excitation light was irradiated and 100 uM NADH solution was sprayed from
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the back of the DP-immobilized mesh white camera took video. In displaying the distribution
of FL intensity, the difference image between the images taken at the start of recording and
those taken after that was calculated.

We then searched for optimal values for the buffer pH of the resazurin solution, the
amount of DP used for immobilization, and the initial concentration of resazurin solution, which
are expected to have a significant impact on the NADH quantification performance. For the
selection of buffer pH, 100 uM of resazurin solutions were prepared using AB (at pH 4.0-6.0),
PB (at pH 5.5-7.5), TB (at pH 7.5-9.0), and TPB (at pH 8.0-9.0). The prepared resazurin
solution was soaked into a DP-immobilized mesh with 60 U/cm? DP. The output response was
observed by spraying 50 puM NADH solution. Subsequently, DP-immobilized meshes with DP
amounts of 0.6, 3, 6, 30, 60, and 100 U/cm? were soaked with 100 uM resazurin solution
prepared in PB (at pH 6.5, 0.1 M) and sprayed with 50 uM NADH to determine DP amount for
immobilization. Furthermore, the optimal initial resazurin concentration was examined by
soaking the 60 U/cm? DP-immobilized mesh with 10, 30, 50, 100, 200, 300, and 1000 uM

resazurin solution prepared in PB (at pH 6.5, 0.1 M) and spraying 50 uM NADH solution.

Image analysis of dynamic changes of DP-mediated fluorescence

Since the resorufin produced by the DP reaction remains after the reaction stops, it is impossible
to know at what time to reaction occurred without observing all images. Therefore, we
examined time-domain image differential analysis to calculate the DP reaction rate to observe
the change in output in response to NADH spraying. In this section, FL images obtained by
spraying 100 uM NADH onto 60 U/cm? DP-immobilized mesh soaked with 80 pL of 100 uM
resazurin were analyzed in accordance with previous studies. First, background subtraction

images were calculated. Then differential images were calculated using Equation (1).
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FL image -FL image

(fpsxAt) ( 1 )
At

differential image =

Where At=10, fps=1,1> 10

Quantitative characteristics for DP-mediated NADH image sensing
NADH solutions from 1 nM to 100 uM were sprayed onto the DP-immobilized mesh
using optimized conditions for red-light imaging of NADH. The resulting FL images and

calculated differential images were used to evaluate the quantitative characteristic of NADH.

Results and Discussions
Spectral comparison for wavelength-based chemical imaging

Figure 2A shows camera images of luminol CL and luminol CL + RB generated in
cuvettes. These images show that luminol CL + RB has a visually different emission color than
blue. The emission spectra of NADH FL, NADH-DP-resazurin (resorufin FL), luminol CL, and
luminol CL + RB were normalized by the peak value of each spectrum and compared (see Fig.
2B). The results show that luminol CL and luminol CL + RB have a smaller difference in
spectral shape compared to visual differences. The addition of RB reduced the light intensity
around 420 nm and slightly sharpened the spectrum shape from 400-500 nm. In addition, a
small and broad rise was observed around 600 nm. This spectral shape was considered to have
a large overlap with NADH FL and luminol CL, which show blue light, making wavelength
separation difficult during multiplexing measurements. In contrast, resorufin FL emitted via
NADH-DP-resazurin system has a relatively sharp spectrum centered at 590 nm, with minimal
overlap in the spectrum with the blue light at 400-500 nm. The shoulder around 560 nm was
considered caused by the excitation light reaching the detector. As a result, the method using
resorufin FL could be easily combined with luminol CL or NADH FL. In conclusion, we
focused on the NADH-DP-resazurin system to investigate the possibility of chemical imaging

10
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Figure 2. (A) photo images of luminol CL and luminol CL with RB, and (B) spectrum of (<)

luminol CL, (A) luminol CL + RB, (O) NADH FL, and (o) DP-induced resorufin FL. All

spectra were normalized by peak maximum intensity.

Sensitivity of the system on NADH FL and resorufin FL

Figures 3A and 3B show the results of microimaging of NADH FL and resorufin FL.
The relationship between the average FL intensity of the acquired images and the concentrations
of NADH and resorufin can be fitted by Equations (2) and (3) in the concentration ranges of
0.1-10000 uM and 0.03-300 uM, respectively. The limit of quantification (LoQ) calculated
from the 10-fold value of the background standard deviation was 276 nM and 43 nM for NADH
and resorufin, respectively. The NADH-DP-resorufin system requires an enzymatic reaction for
the determination of NADH concentration. In general, the additional steps in a cascade reaction,
lower the efficiency of the final product formation. Thus, the NADH-DP-resorufin system was
expected to have lower detection sensitivity for NADH than the method using NADH FL
directly for quantification. However, the sensitivity to resorufin was higher than that to NADH,

suggesting that the effect of the enzymatic reaction on sensitivity may be counterbalancing.
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This difference in detection sensitivity at low concentrations can be explained by FL quantum
yield which is defined as the ratio of the number of photons emitted as FL to the number of
photons absorbed. If the FL quantum yield is low, the FL intensity obtained will be low even if
the same level of photoexcitation is possible. The absolute FL quantum yield of NADH in water

is calculated to be 2.1%,28 while the FL quantum yield of resorufin was around 74%.%°

B—-A
Aintensity (a.u.) = A +
NADH conc. (uM)|~

Y = A @WHIF @

C

Where A = 6.540, B=2.502x10% C=1062, D = 0.9488, and E = 1.2743
B—-A
Aintensity (a.u.) = A +

y(au) {1 + [resorufin conc. (,uM)]‘D}E (3)

C

Where A = 15.19, B=7291, C=25.38, D =3.201, and E = 0.3022
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Figure 3. Results of image sensing of (A) NADH and (B) resorufin based on fluorescence

Optimum conditions of buffer pH, immobilized amount, and initial resazurin

concentration for NADH-DP-resazurin system
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Figure 4A shows the change over time in the FL intensity of resorufin produced when a
resazurin-soaked DP-immobilized mesh was sprayed with NADH mist spray. The FL intensity
of resorufin increased immediately after spraying, and it could be observed that the FL reached
its equilibrium value. The difference between the baseline and equilibrium values was defined
as Al and the 90% response time (T90%) was calculated to be 31 s. Optimization of the NADH-
DP-resazurin system was performed using Al as an indicator. The maximum value of Al was
obtained at pH 6.5 among various buffer pH (response curve shown in Fig. S2A). The
relationship between the amount of DP used for immobilization, Al, and T90% showed that the
use of 60 U/cm2 DP was the best (see Fig. 4C, response curve shown in Fig. S2B). In addition,
the effect of the initial resazurin concentration on Al was evaluated. As shown in Fig. 4D, a
maximum value was observed at 100 uM, and higher additions resulted in a decrease in Al
(response curve shown in Fig. S2C). Resazurin has high absorbance at 560 nm and 590 nm as
shown in Figs. S3. Therefore, if a large amount of abundant resazurin remains after the reaction,
excitation of resorufin is blocked by resazurin, and the resulting resorufin FL is also absorbed
by resazurin. Based on the above experimental results, the reaction conditions for the NADH-
DP-resazurin system were set to pH 6.5, DP amount 60 U/cm?, and resazurin concentration 100

puM.
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Figure 4. (A) Time course of the fluorescence change by applying NADH spray. (B) pH
dependency of fluorescence change caused by applying NADH spray. (C) Relationship between

the amount of DP used for immobilization. (D) Effect of initial resazurin concentration on Al.

Spatiotemporal imaging of NADH via DP-mediated resorufin FL

Figure 5A shows FL images of resorufin on a DP-immobilized mesh produced by
spraying NADH solution and a differential image (videos are shown in Supplemental Videos 1
and 2). By using differential analysis, it is easy to determine whether or not NADH currently

being applied from the single frame as shown in these images. The numerical values of these
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282  images showed that the T90% of peak AD is shorter than that of the FL intensity analysis (from

283 31 sto 10s).
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285  Figure 5. (A) Images of background subtract FL and differential analysis (B) Time course of
286  fluorescence changes and differential value.

287

288  Quantitative characteristics of NADH by using DP-mediated resorufin FL

289 Figures 6A and 6B show the changes over time of resorufin FL intensity and the
290  differential value obtained by spraying different concentrations of NADH on DP-immobilized
291  meshes under optimal conditions. The FL intensity exhibited equilibrium values that carried
292  with the concentration of NADH, and AD changed accordingly. NADH calibration curves were
293  calculated from the obtained Al and AD, which could be fitted by Equations (4) and (5) in the
294  concentration range of 0.01-100 uM, respectively. The LoQs were 0.7 and 2.7 uM for Al and
295  AD, respectively. These LoQs were 2.5- and 9.6-fold higher than those obtained when NADH
296  itself was excited (0.28 uM) taken by the same camera, indicating that the sensitivity was

297  reduced by the enzymatic reaction, which was mentioned earlier. On the other hand, the LoQ
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of NADH in the previous systems we have reported was tens of pM (using a UV-LED sheet
array and a HEED-HARP camera) and hundreds of nM (using a ring-type UV-LED and a
CMOS RGB camera). This suggests that the optical system and NADH-DP-resazurin system
developed in this study can be applied to VOC imaging by red light in combination with other
NADH-dependent enzymes.

Al(au) = A+ B X [NADH conc. (uM)]¢ 3)

Where A = 14.798, B=51.061, C=0.81505

AD(auw) = A+ B x [NADH conc. (uM)]° 3)

Where A =4.5013, B=3.7908, C=0.86115
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Figure 6. Response curves of (A) FL change and (B) its differential with different concentration

of NADH. Calibration curve for the NADH concentration based on (C) Al and (D) AD.

Conclusion
In this study, we investigated the methodology of chemical imaging with red light to

achieve multiplexing with blue light, which is frequently used in enzymatic optical biosensors.
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327

The suitability of luminol CL + RB and NADH-DP-resazurin system as candidates for the use
of red light for quantitative imaging of hydrogen peroxide or NADH was evaluated. The results
showed that resorufin, an FL molecule produced by the NADH-DP-resazurin system, has a
minimal wavelength overlap with luminol CL and NADH FL. Therefore, we optimized the
reaction conditions of the NADH-DP-resazurin system and found that the detection sensitivity
of NADH was maximized by using a 100 uM resazurin solution prepared with PB at pH 6.5 for
60 U/cm? DP-immobilized on a cotton mesh. Spatiotemporal imaging of resorufin produced by
the NADH-DP-resazurin system was also achieved by time-domain image differential and a
good response was observed (T90% = 10 s). The LoQ of NADH by using the NADH-DP-
resazurin system was 0.7 and 2.7 uM based on FL intensity and reaction rate, respectively.
Those LoQs were comparable to the LoQ of NADH of our previous system for VOC imaging
using NADH-dependent enzymes. In the future, this system will be combined with NADH-
dependent enzymes for red fluorescence VOC imaging and multiplexed with a blue
fluorescence VOC imaging method to be applied for same-space imaging of multiple VOCs at

the same time.
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Supporting information

The supporting Information is available free of charge at XXX.

Additional figures: Figure S1. Response curves of the base system against standard acetone
gas; Figure S2. Typical response curves in evaluations of (A) buffer pH, (b) amount of DP for
immobilization, (C) concentration of initial resazurin; Figure S3. Absorption spectrum of

resazurin at different concentrations. (PDF)

Supplemental Video 1. 30-times fast forward moving images of FL generated on DP-
immobilized mesh by applying NADH mist spray.
Supplemental Video 2. 30-times fast forward moving images of results of time-domain image

differential analysis on FL images of Supplemental Video 1.
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