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ARTICLE INFO ABSTRACT

Keywords: Various threats such as explosives, drugs, environmental hormones, and spoiled food manifest themselves with
Bioelectronic nose the presence of volatile organic compounds (VOCs) in our environment. In order to recognize and respond to
Bacteriophage these threats early, the demand for highly sensitive and selective electronic noses is increasing. The M13
gi;z:f;;ineemg bacteriophage-based optoelectronic nose is an excellent candidate to meet all these requirements. However, the

phage-based electronic nose is still in its infancy, and strategies that include a systematic approach and devel-
opment are still essential. Here, we have integrated theoretical and experimental approaches to analyze the
correlation between the surface chemistry of genetically engineered phage and the phage-based optoelectronic
nose properties. The reactivity of the genetically engineered phage color film to some VOCs were quantitatively
analyzed, and the correlation with the binding affinity value calculated by Density-functional theory (DFT) was
compared. This demonstrates that phage color films have controllable reactivity through a genetic engineering.
We have selected phages that are advantageous in distinguishing each VOCs in this work through hierarchical
cluster analysis (HCA). The reason for this difference was verified through the optimized geometry calculated by
DFT. Through this, it was confirmed that the tryptophan-based and the Histidine-based of genetically engineered
phage film are important in distinguishing the VOCs (Y-hexanolactone, 2-isopropyl-4-methylthiazole, ethanol,
acetone, ethyl acetate, and acetaldehyde) used in this work to evaluate the peach freshness quality. This was
applied to the design of a field-applied phage-based optoelectronic nose and verified by measuring the freshness
of the actual fruit.

Surface chemistry

1. Introduction

Detecting volatile organic compounds (VOCs) in the field, including
VOCs such as drugs, explosives, hazardous chemicals, and odor caused
by putrefaction, is always complex and noisy (Laurent, 2002). For
example, ethylene gas resulting from spoilage of fruit does not exist in
isolation but is mixed with fruit flavor molecules (Li and Suslick, 2019).

* Corresponding author.

Therefore, on-site volatile organic compounds (VOC) detection systems
must display high sensitivity and excellent selectivity along with high
resolution. In order to achieve this set of goals, technologies for
detecting and monitoring various VOCs are being actively developed.
Gas chromatography-mass spectrometry (GC-MS) is an excellent tech-
nology for analyzing components of a mixture, including detecting and
quantifying trace components in various environmental samples
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Fig. 1. Phage color film measurement results and analysis for acetone. (a) Color difference pattern based on acetone concentration (10, 50, 100, 500, 1000 ppb). (b)
Binding affinities of acetone for the four tested amino acids as calculated from DFT simulations. (c—f) Color distances of acetone detection with genetically engineered
phage color films were each fitted with the Hill equation to obtain dissociation constant (Kd) values. Please see Table S1 for raw data, standard deviations, and
standard errors. The obtained Kd values were (c) 5.05 for the PPP-type, (d) 39.78 for the HHH-type, (e) fitting fail for the WWW-type, and (f) 80 for the EEEE-type.
(g) Classification dendrogram of VOCs at 1000 ppb. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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(Giannoukos et al., 2016; Santos and Galceran, 2003; Yu et al., 2020).
Ion mobility spectrometry (IMS) also displays excellent sensitivity and
resolution, and detection of toxic gases, explosives, and drugs are widely
known applications of this technique (Ewing, 2001; Caygill et al., 2012).
However, the large sizes and high prices of these devices remain a
considerable hurdle. There is a demand to develop an alternative
portable technology (in addition to use it without an auxiliary equip-
ment) which is capable of detecting in real time a target material.

Several sensor device technologies have been proposed for VOCs
measurement (Yang et al., 2017; Murugathas et al., 2019, 2020; Kwon
et al., 2019; Lee et al., 2020). Among them, color sensors are emerging
as a possible alternative technology due to its simplicity and conve-
nience. The color sensor is a technology that recognizes the target ma-
terial by changing its color (Liu et al., 2020; Hu et al., 2020). A distinct
advantage of color sensors is that they can provide real-time information
in the field with the naked eye. Litmus paper is the most representative
color sensor. It is capable of immediately determining a physicochemical
property qualitatively in any place using only the color change. The
self-pregnancy test kit is also an example of a color sensor. In the field of
“optoelectronic noses”, the results of the Suslick group have been
impressive: they reported the ability to successfully classify a variety of
subjects, starting with VOCs, alcohols, soda drinks, and foods (Janzen
et al., 2006; Zhang et al., 2006; Zhang and Suslick, 2007; Suslick et al.,
2010; Lin et al., 2011; Li and Suslick, 2018, 2019). However, the ability
of sensors based on chemical reactions (e.g., devices involving dyes) to
function for a long time can be seriously undermined by external me-
chanical and chemical factors.

To overcome these limitations, our group has developed color sen-
sors based on the M13 bacteriophage (phage). The fundamental mech-
anism behind the phage color sensor relies on its structural color
appearing as an array of nanometer-scale optical cavities (Kinoshita and
Yoshioka, 2005). The structure of this phage is that of a nanofiber with a
very high surface-to-volume ratio, with about 2700 copies of protein VIII
(pVIID) on the surface per particle and 4 to 5 copies of proteins (plII,
protein VIII) on both ends of each particle (Marvin et al., 2006). The
structure of the nanofiber is dense, a feature advantageous in endowing
the fiber with good resistance to mechanical damage and thermal
damage. A desired peptide can be expressed on each corresponding
surface protein by appropriately controlling the genes in the bacterio-
phage (Merzlyak et al., 2009; Parmley and Smith, 1989; Scott and Smith,
1990; Tian et al., 2004; Liu et al., 2008). Combining the 20 naturally
encoded amino acid residues on the surface of a phage allows for the
creation of a rich variety of genetically engineered phages with distinct
surface chemistries but still retaining the same overall morphology.
Phage display is an evolutionary screening method for developing an
M13 phage that specifically binds to a desired material (Smith and
Petrenko, 1997; Smith, 1985). Based on this technique, a
tryptophan-Histidine-tryptophan (WHW) type phage selective for trini-
trotoluene (TNT) has been developed (Oh et al., 2014). In addition, a
phage color sensor has been developed that detects various targets such
as environmental hormones, in particular endocrine-disrupting chem-
icals (Moon et al., 2016). However, these sensors have so far been only
tested successfully in a laboratory environment, and their measurements
in the field have been insufficiently reliable.

In developing an efficient phage-based electronic nose, it is vital to
investigate the effect of surface chemistry of a genetically manipulated
phage on the responsiveness of the phage-based color sensor. Also, the
intended modification in the genetically engineered phage is verified
through DNA sequencing (Oh et al., 2014; Yoo et al., 2020). Although
this method is highly reliable, information on reactivity with foreign
substances cannot be obtained. Direct determination of the surface
chemical properties of phages has been carried out using chemical re-
actions in solution (Lee et al., 2019). This method is very reliable, but
only applicable if the target material is solution-based. In other words,
limitation in detecting VOCs still remain. Verification of surface chem-
ical properties in genetically engineered phage-based color sensors is
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necessary because it includes variables that may appear in mass culture
and self-assembly processes. In addition, the reactivity of the phage
color film is not only affected by the surface chemistry of phage, but also
the bundle size (Iength of the bio-nano optical cavity). Therefore, it is
necessary to analyze the quantitative reactivity or selectivity of the
phage color film itself.

Here, we constructed a portable detection system capable of doing
field tests based upon different reactivity exhibited by the programma-
ble surface chemistry of a genetically engineered M13 phage. The main
surface protein’s sequences (pVIII) of the genetically engineered phages
used were: Pro-Pro-Pro (PPP), His-His-His (HHH), Trp-Trp-Trp (WWW),
and Glu-Glu-Glu-Glu (EEEE or 4E). Genetically engineered phage-based
color films were fabricated into nanostructures showing structural
colors through solution-based self-assembly, like for our previous results
(Please see “Materials and method” section in Supporting Material &
Fig. S1). The correlation between the phage surface chemistry and the
reactivity of the color sensor was experimentally verified. This sophis-
ticated surface chemistry manipulation allowed for a systematic
approach to designing an electronic “nose”. Peach freshness measure-
ments were taken as a proof of concept. To measure peach freshness, it
was necessary to endeavor to detect subtle differences in spoilage gases
in a complex and noisy environment (Bleecker and Kende, 2000). An
appropriate electronic nose was constructed by measuring and
analyzing standard substances related to the peach flavor and to the
peach decay process. The selective phage-based optoelectronic nose was
confirmed to be able to classify the freshness of peaches.

2. Results and discussion

2.1. Correlation analysis between phage surface chemistry and color
sensor properties

In the current work, the genetically engineered phages were each
made to be identical to the wild-type phage except for 3 or 4 peptides at
the pVIII terminus, with these peptides affecting the phage-based color
film reactivity significantly due to their protruding to the outside. It has
been reported that the reactivity of the phage-colored film is signifi-
cantly increased in TNT when three peptide sequences at the pVIII end
are genetically engineered with a highly selective WHW polypeptide
sequence for TNT (Oh et al., 2014). d Acetone generally does not interact
well with any of the tested phages (Fig. S4). This is because phage is
highly hydrophilic, and acetone has non-polar methyl groups. There-
fore, the results of molecular simulation of the functional peptide with
acetone indicated a high binding affinity of the non-polar proline (P)
peptide for acetone (Fig. 1b).

Compared to the P peptide, the other three tested peptides, i.e., those
with glutamic acid (E), H, and W, respectively, were determined to bind
acetone with relatively low affinity. Acetone concentration-dependent
color distance was measured to confirm that these chemical properties
were present in the phage color sensor (Fig. 1a). The color distance of
each genetically engineered phage-based color film increased and then
became saturated with increasing acetone concentration. By fitting the
Hill function to these data, dissociation constant (Kd) values of each
phage-based sensor were obtained (Fig. 1c—f). The resulting Kd value of
the P-type phage color sensor was the lowest, consistent with the pre-
dictions of molecular simulations. Thus the trend of the results obtained
using the genetically engineered phage-based color sensors was consis-
tent the trend of the surface chemical properties of the functional pep-
tides. This allows quantitative evaluation and analysis of reactivity and
selectivity for phage films with manipulated surface chemistry.

2.2. VOC detection and analysis
To develop a phage-based bio-optoelectronic nose applicable in the

field in real time, verification of classification characteristics of VOCs
occurring in the environment becomes necessary. Through this analysis,
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Fig. 2. Table of electronic nose properties and DFT-calculated geometry optimization. (a) Classification success rates (CSRs) of phage-based optoelectronic noses. All
values were calculated based on the HCA classification method. HCA dendrograms in this table can be seen in Fig. S12. (b) Calculated optimized geometries of
complexes of amino acids (E, H, P, W) and target molecules (2-iso-4-methyl, acetone). The color of atoms are as follows: carbon (grey), nitrogen (blue), oxygen (red),
sulfur (yellow), and hydrogen (white). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the selectivity of the electronic nose can be estimated. The following five
VOCs were selected for peach freshness: Y-hexanolactone (also called
gamma-caprolactone), 2-isopropyl-4-methylthiazole (abbreviated here
as 2-iso-4-methyl), ethanol, acetone, ethyl acetate, and acetaldehyde
(Zhu and Xiao, 2019; Song et al., 1997; He et al.,, 2021). Y-Hex-
anolactone and 2-iso-4-methyl are representative substances with high
concentrations measured using GC-MS in the reference related to
peaches. Y-Hexanolactone is found in many fruits, including peaches,
and has a sweet smell. 2-Iso-4-methyl is a substance used in fruit and
vegetable flavors. Ethanol, acetone, ethyl acetate, and acetaldehyde are

VOCs released during fruit ripening. They influence the flavor, fresh-
ness, ripeness, and quality of the fruit. The same method used for the
analysis of acetone was also used in the current work for the remaining 4
VOCs (see Figs. S5-S8 for Kd values & Table S1 for raw data).

To confirm the effect of the surface chemistry of each genetically
engineered phage on its electronic nose properties, the analysis was
performed by using various combinations of the tested peptides, as listed
in Fig. 2a. As with our previous report, Hierarchical Cluster Analysis
(HCA) results were quantitatively evaluated and expressed as classifi-
cation success rates (CSRs) (Park et al., 2021). In the previous report, the
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camera. (b) Color difference pattern. Please see Fig. S14 for raw data. (c) Freshness monitoring result by storage time. (d) Photographs of peaches taken at the
indicated numbers of days of storage. Decay was observed starting at 5 days after storage. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

reactivity and selectivity of genetically engineered phage-colored films
were not quantitatively analyzed. So it is difficult to extend to the
general discussion about phage electron nose design strategy. On the
other hand, in this work, the quantitative analysis approach can provide
a guideline for effective phage-based electronic nose design. High CSRs
were found when W and H were used (Fig. 1g) but low values were
found for P and E—with low CSR values (Fig. S12) indicating poor
classification of the VOCs and possible confusion of the VOCs with one
another. Interestingly, W and H display the most dramatic differences in
Kd values (Fig. 1c—f and S6-S8) among the five quantitatively analyzed
VOCs. Since the detection performance of electron noses is based on
cross-reactive receptors, the combination of the most dramatic differ-
ences in reactivity and selectivity is advantageous. A confusion rate of
more than 80% was considered to indicate an inability of the electronic
nose to distinguish between the two VOCs.

Molecular structure optimization calculations were performed
(Fig. 2b) to determine why certain amino acids on HCA led to VOCs
being confused for one another. In particular, P-type and H-type phage-
based optoelectronic noses were not able to distinguish between acetone
and 2-iso-4-methyl. The particularly poor ability of the P-type to classify
VOCs may have been due to the considerable difference between the
geometry of P and the geometries of other amino acids. For example,

while acetone and 2-iso-4-methyl were calculated to bind to the same
side of P, they were calculated to bind to opposite faces of W. Also, for H
and E, there was a considerable difference between the stabilized ge-
ometries for acetone and 2-iso-4-methyl: in the case of E, the coordinate
planes of acetone and 2-iso-4-methyl differed; and in the case of H, the
nearest positions significantly differed. Due to electron interactions
differing depending on the stabilization geometry, W, H, and E-type
phages were expected to exhibit significantly different responses to
acetone and 2-iso-4-methyl. This other reaction was interpreted to
greatly influence the classification characteristics in the phage-based
electronic nose. In the case of P, acetaldehyde and ethyl acetate were
poorly discriminated, explaining the low CSR of the phage-based
photoelectronic nose containing the P-type phage as a whole. For E,
the ability to distinguish ethanol from 2-iso-4-methyl was also poor,
attributed to the difference between their optimized geometries. The
same characteristics were observed in the case of acetaldehyde/ethyl
acetate and ethanol/2-iso-4-methyl, where the phage optoelectronic
nose confused them by more than 80% (Figs. S9 and S10).

2.3. Peach freshness monitoring

Peach freshness was monitored by analyzing the actual change in
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peach flavor over time (Fig. 3a). Peaches were monitored while being
stored at room temperature in a fruit storage box, and there was no
significant change in tested environmental factors, namely temperature
and humidity, and in the sample sugar content during that period
(Fig. S11). The phage-based electronic nose used here was composed of
W and H-type phages previously selected by analyzing VOCs related to
peach flavor. Measurements were taken 1, 3, 5, and 7 days after storage.
Fig. 3b shows the colors of each of the phage films for various storage
times (see Fig. S14 for raw data). The W-type phage-based color film
darkened with time, while the H-type film became brighter—a benefi-
cial combination of properties for an electronic nose. HCA analysis
confirmed the classification according to the change in peach freshness
(Fig. 3c). The results for the first and third days showed successful
classification, and the results for the fifth and seventh days were mixed
in a category. Significant freshness changes were visually observed from
the fifth day onward (Fig. 3d), which was also indicated according to the
electronic nose analysis.

Interestingly, the measured values on the first day were entirely
distinct from those of the third day. The electronic nose appeared to
have reacted sensitively to a slight change in scent even before the onset
of decay. The analysis was performed by including the P and E-type
phages used for measuring VOCs previously (Fig. S13). In this case, the
measured values were found to not be classified well by storage time and
the measured values were mixed. In particular, PPP-EEEE, which
showed the worst CSR in the VOC analysis, exhibited flawed properties
even for actual peaches. Therefore, our results confirmed that an actual
phage-based optoelectronic nose could be designed based on analysis
using VOCs in a laboratory environment. In addition, we also tested the
physical and chemical stability of the phage-based electronic nose. In
both scenarios, our device’s functionality did not deteriorate irre-
spective of external factors, which we believe as an essential thing when
considering its implementation into real-time applications (see Figs. S2
and S3; Oh et al., 2014).

3. Conclusions

Field applicable real-time monitoring phage-based bioelectronic
nose has been developed in this work, emphasizing the importance of
precise distinguishability and selectivity in VOCs classification. From
critical insights of computational results and its deployment in genetic
engineering, we specifically designed phage’s surface chemistry co-
relating VOC’s responsiveness utilized in this work. Our phage-based
electronic nose demonstrated a clear distinguishability in various
stages of fruit (peach) freshness conditions like ripening, flavor, and
decay state by such design developments. The enhanced classification
success rate of 92.9% with precise selectivity is scored, emphasizing our
design’s importance alongside better device stability. This study reveals
such higher classification success rates were achieved through a quan-
titative analysis of the reactivity of the phage color film with controlled
surface chemistry. We believe the phage-based electronic nose reported
in this work will function in various complex and noisy natural envi-
ronments with excellent classification properties. We expected this kind
of development in the electronic noses would provide critical design
insights that open up its applicability in a broad range of odor-based
Sensors.
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