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Color sensor systems based on M13 bacteriophage are being considerably researched. Although many 

studies on M13 bacteriophage-based chemical sensing of TNT, endocrine disrupting chemicals, and anti-

biotics have been undertaken, the fundamental physical and chemical properties of M13 bacteriophage- 

based nanostructures require further research. A simple M13 bacteriophage-based colorimetric sensor was 

fabricated by a simple pulling technique, and M13 bacteriophage was genetically engineered using a phage 

display technique to exhibit a negatively charged surface. Arrays of structurally and genetically modified 

M13 bacteriophage that can determine the polarity indexes of various alcohols were found. In this research, 

an M13 bacteriophage-based color sensor was used to detect various types of alcohols, including methanol, 

ethanol, and methanol/butanol mixtures, in order to investigate the polarity-related property of the sensor. 

Studies of the fundamental chemical sensing properties of M13 bacteriophage-based nanostructures should 

result in wider applications of M13 bacteriophage-based colorimetric sensors.
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I. INTRODUCTION

M13 bacteriophage is a novel biomaterial that can con-

struct unique nanostructures due to its self-assembly property. 

Innovative structures fabricated using M13 bacteriophage 

have been used to produce piezoelectric nanostructures, virus- 

based full-color pixels, and highly effective surface plasmon 

resonance (SPR) sensors [1-10]. Furthermore, in less than 

a decade, M13 bacteriophage-based color sensor systems 

have shown great potential for the detection of cancer cells 

and various target chemicals, such as TNT, antibiotics, and 

endocrine-disrupting chemicals (EDCs) [11-19]. The natural 

filamentous structure of M13 bacteriophage comprises 2,700 

copies of pVIII major coat proteins in its body and five 

copies of minor coat proteins (pIII and pIX) at its ends. 

The M13 bacteriophage is conical in shape, has a length 

of approximately 880 nm and a diameter of approximately 

6.6 nm, and has a highly regular α-helical structure that 

lacks inversion symmetry. 

In this study, M13 bacteriophage was genetically engi-

neered using a phage display and recombinant DNA tech-

nique to produce the designed physico-chemical character-

istics. Using this approach, we genetically engineered the 

pVIII N-terminus with four negatively charged amino acid 

(glutamate, E) groups. In particular, the major coat protein 

was modulated to express a Glutamate (E)-Glutamate (E)- 

Glutamate (E)-Glutamate (E) sequence by replacing Ala-Glu- 

Gly-Asp-Asp residues (wild type) with Ala (A)-Glu (E)-Glu 

(E)-Glu (E)-Glu (E)-Asp (D) residues (4E type) in order to 

increase the M13 bacteriophage dipole moment directed 
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from the amino- to carboxy-terminal direction. The surface 

of this 4E type M13 bacteriophage has a high-density 

negative charge and enables the use of this bacteriophage 

in various applications owing to its piezoelectric properties 

and strong binding affinity for many chemicals [12, 19]. 

For example, M13 bacteriophage-based colorimetric sensors 

change in color due to the swelling and deswelling of the 

virus bundle structure upon exposure to target molecules 

that show binding affinity with the genetically engineered 

M13 bacteriophage [16, 19, 20]. However, despite the success 

of M13 bacteriophage-based color sensor systems and 

other applications, the lack of fundamental studies of M13 

bacteriophage-based nanostructures has inhibited further pro-

gress in this area. Therefore, more basic research on the 

M13 bacteriophage properties is necessary. In this study, 

we investigated the polarity dependence of M13 bacterio-

phage using multiple alcohols and nonpolar solvents and a 

mixture of alcohols with different polarity indexes. 

II. METHODS

M13 bacteriophage was purchased from New England 

Biolabs. All chemicals were purchased from Sigma-Aldrich 

and used without further purification unless mentioned 

otherwise.

Genetic Engineering of M13 Bacteriophage and Mass 

Amplification M13 bacteriophage was genetically modified 

using a recombinant DNA engineering technique, as described 

in previous reports [1, 19]. Briefly, using the inverse poly-

merase chain reaction (PCR) cloning technique, the first 

(alanine) and fifth (aspartate) amino acid of the N-terminus 

of pVIII protein of wild-type M13 bacteriophage were 

replaced with the desired peptide residues. Stable peptide 

sequences were found using the phage display technique, 

and the position of primer insertion was selected by natural 

selection pressure by the Escherichia coli host. The obtained 

sequence was verified via DNA sequencing by Cosmo 

Gentech (Daejeon, Korea), and the genetically engineered 

M13 bacteriophage was amplified using the E. coli host.

Fabrication of M13 Bacteriophage-based Structural Color 

Sensor M13 bacteriophage-based color sensors were fabric-

ated using a simple pulling method [11-13]. The obtained 

color bands comprised M-13 bacteriophage through its self- 

assembly property, which could be controlled by changing 

the concentration of the bacteriophage solution and by 

varying the pulling speed between 10 and 100 μm min
-1

. 

The M13 bacteriophage solution (6 mg ml
-1

) was prepared 

using Tris-buffered saline (12.5 mM Tris and 37.5 mM 

NaCl, pH 7.5) and by controlling the pulling speed using 

a programmable syringe pump (KD Scientific Co., LEGATO 

270). The obtained M13 bacteriophage-based color sensors 

exhibited three distinguishable color bands on gold-coated 

Si wafers (thickness = 525 μm; 100 nm of gold on a titanium 

adhesion layer, Platypus Co.).

Detection of Various Alcohols and Mixtures Sample 

detection using M13 bacteriophage-based color sensors was 

performed using an in-house detection system [4-6]. 100 

ppm of methanol, ethanol, 1-propanol, 1-butanol, benzene, 

and cyclohexane were injected into a sealed heated (60 

°C) chamber through an inlet tube. Additionally, 100 ppm 

of methanol/butanol mixtures of 5%, 25%, 50%, and 75% 

as well as 95% methanol in 1-butanol (volume %) were 

injected. Alcohol mixtures were detected a manner same as 

that of detecting single alcohols. An M13 bacteriophage- 

based color sensor was placed on the top of the chamber 

and viewed with a microscope equipped with a CCD 

camera (Celestron, LLC.). Real-time ΔRGB intensity data 

and images of the color sensors were collected using 

MATLAB (MathWorks, Inc.). To prevent unwanted compen-

sation brightness associated with the external light inter-

ference, the color sensor was shielded from the incident 

light. RGB signals and sensor images were captured every 

second, and all experiments were performed at least three 

times. In addition, mean values and standard errors were 

calculated.

III. RESULTS AND DISCUSSION

To investigate the relation between the polarity index 

and reactivity with the M13 bacteriophage-based color 

sensor, we measured methanol, ethanol, 1-propanol, and 

1-butanol using the color sensor. Additionally, benzene and 

cyclohexane were included in order to investigate the 

effects of lower polarity indexes and nonpolar solvents. 

Figure 1(a) shows the ΔRGB intensities of each band of 

the color sensor upon exposure to alcohols and organic 

solvents. During all measurements, the M13 bacteriophage- 

based color sensor showed distinctive color changes that 

were affected by the type of target chemicals due to the 

different polarity indexes of the solvents. The polarity indexes 

of the solvents were as follows: methanol (6.6), ethanol 

(5.2), 1-propanol (4.0), 1-butanol (3.9), benzene (0.11), and 

cyclohexane (0). All measurements were performed under 

the same conditions and concentration. It was found that 

the intensity changes of all three bands increased consistently 

with increasing solvent polarity. Figure 1(b) shows the 

polarity dependence of the ΔRGB signals. The solid line 

in Fig. 1(b) corresponds to one of the most distinct signal 

forms of all bands: the blue signal of the first band; the R
2
 

value of the line was 0.983, and its slope was 0.639, 

indicating that a linear relation exists between ΔRGB 

intensity and the target chemical polarity due to the dipole 

moment of the M13 bacteriophage surface. All intensity 

values were calculated by subtracting initial ΔRGB values 

from the final values.

To confirm the relation between the M13 bacteriophage- 

based color sensor and the polarity index, we performed the 

measurements of methanol/1-butanol mixtures in various 

ratios. The polarity index of methanol is 6.6, whereas that 

of 1-butanol is 3.9. For the mixtures containing 5%, 25%, 
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(a) (b)

FIG. 1. (a) ΔRGB intensities of the first, second, third bands of the M13 bacteriophage-based color sensor upon exposure to alcohols 

under the same conditions, (b) ΔRGB intensities were found to depend on the polarity indexes of the target alcohols and solvents.

(a) (b)

FIG. 2. (a) ΔRGB intensities of the first, second, and third bands of the M13 bacteriophage-based color sensor upon exposure to 

mixtures of methanol and 1-butanol. Percentages indicate the volume % of methanol in 1-butanol. Methanol 0% corresponds to 

1-butanol 100%, (b) ΔRGB intensities were found to depend on the polarity indexes of methanol and 1-butanol mixtures.

50%, 75%, and 95% of methanol, the polarity indexes were 

4.035, 4.585, 5.25, 5.925, and 6.465, respectively. Here, the 

percentage indicates the volume %; therefore, methanol 0% 

in Fig. 2 corresponds to 100% of 1-butanol. The percentage 

of other mixtures correspond to the mixture compositions in 

the same manner. Figure 2(a) shows a consistent increase in 

ΔRGB intensity when the M13 bacteriophage color sensor 

was exposed to the mixtures containing increasing methanol 

fractions. The solid line in Fig. 2(b) corresponds to the red 

signal, i.e., the second band. In this case, the R
2
 value was 

0.928 and the slope of the solid line was 2.205. These 

results show that a linear increasing relation exists between 

the color sensor’s ΔRGB intensity and the percentage of 

methanol present in the solution. Real-time ΔRGB intensity 

data are shown in Fig. 3. All intensity values were calcu-

lated by subtracting the initial values from the final color 

component values.

Finally, we calculated the response times of the M13 

bacteriophage-based color sensor after exposure to methanol 

and 1-butanol (polarity indexes 6.6 and 3.9, respectively). 

The time constants τ1 (response time) and τ2 (recovery time) 

were determined by fitting the ΔRGB intensities i(t) obtained 

by the measurements to the following equations:

i(t) = a{1-exp(-t/τ1)}, i(t) = a{exp(-t/τ2)} (1)

where a is the fitting constant and t is time in seconds [13].

Figure 4 shows the fitting results used to obtain the time 

constants for methanol and 1-butanol by performing mea-

surements using the M13 bacteriophage-based color sensor. 

The response times to methanol and 1-butanol were 20.3 

and 43.9 s, respectively, and the recovery times were 5.7 

and 10.9, respectively. In both cases, the results were nearly 

twice as large for 1-butanol, which presumably was due to 

the difference in the polarity indexes of methanol and 

1-butanol. All measurements were repeated three times to 

ensure accurate fitting. 
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FIG. 3. Real-time ΔRGB intensities of during measurement of methanol/1-butanol mixtures, as determined using the M13 bacterio-

phage color sensor. 0% corresponds to 100% 1-butanol, and 5% corresponds to 5% methanol/95% 1-butanol.

(a) (b)

(c) (d)

FIG. 4. Response and recovery time of the M13 bacteriophage-based color sensor upon exposure to methanol and 1-butanol. (a) 

Response to methanol, (b) response to 1-butanol, (c) recovery after exposure to methanol, and (d) recovery after exposure to 1-butanol.

IV. CONCLUSION

We measured and studied the polarity index-dependent 

characteristics of the developed M13 bacteriophage-based 

color sensor using different alcohols and methanol/butanol 

mixtures. The reactivity of the 4E-type M13 bacteriophage- 

based color sensor with these alcohols was found to be 

proportional to the polarity. The lack of fundamental studies 

of the M13 bacteriophage chemical properties has inhibited 

the progress in the field. We believe that studies on the 

polarity-related properties of M-13 bacteriophage-based nano 

structures will result in new smart applications for M13 

bacteriophage-based colorimetric sensors.
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