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Abstract 

Highly sensitive and selective long period grating (LPG) fiber-optic sensors modified 

with molecularly imprinted TiO2 nanothin films were fabricated. The films were 

deposited onto the surface of the optical fiber via liquid phase deposition (LPD), using 

tetrakis(N-methylpyridinium-4-yl)porphyrin (TMPyP) as a template. Three LPG 

resonance bands were monitored during film deposition, which was of duration 4.5 h. 

Prior to template removal, heat treatment at 60 °C under high-humidity conditions led to 

an increase in refractive index of the TiO2 film, evidenced by changes in the central 

wavelengths of the attenuation bands. After template removal using HCl solution (0.01 

M), the TMPyP-imprinted film-modified LPG sensor showed higher sensitivity to the 

template molecule than to the structurally-related guest molecules. This was measured at 

the 1st and 2nd resonance bands, with wavelengths ranging from 690 nm to 738 nm and 

815 nm to 905 nm, respectively. No selective binding of the template was observed with 

a non-imprinted TiO2 film prepared in the same manner. Furthermore, the heat-treated 

imprinted films exhibited a substantial enhancement of photocatalytic activity for 

template irradiation. In particular, the self-cleaning property of the imprinted film-

modified LPG sensor under ultraviolet irradiation led to highly efficient and selective 
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binding to the template. The mechanism of the interaction between the template and the 

TiO2 matrix was investigated by UV‒vis and Fourier-transform infrared (FTIR) 
spectroscopies. Additionally, morphological studies using scanning electron microscopy 

(SEM) were conducted.

Keywords: Long-period grating (LPG), molecular imprinting, liquid phase deposition 

(LPD), TiO2 nanothin film, photocatalyst 

1. Introduction 

Recent applications of imprinted nanomaterials in bio and chemical sensors have 

received tremendous attention from the viewpoints of materials chemistry and surface 

chemistry because the molecular imprinting technique is considered to be an alternative 

tool for artificially realizing the molecular recognition in the biological system [1–5]. In 

particular, molecularly imprinted thin films have many advantages, including a quick 

response time and high sensitivity and selectivity [6]. Different methodologies have been 

employed for the preparation of molecularly imprinted films, such as organically 

modified sol–gel methods [7], the layer-by-layer (LbL) technique [8], liquid phase 

deposition (LPD) [9], and spin coating [10]. Silica gel [11] and organic polymers [12] can 

also be used for the fabrication of molecularly imprinted films, in which templates can be 

embedded via cross-linking of matrix monomers. We reported previously that the surface 

sol–gel process can facilitate the molecular imprinting of several organic substances in 

titanium oxide (TiO2)-based organic-inorganic hybrid thin films, which can be formed on 

several devices to create sensors [13–16]. There are several advantages when using TiO2

as a matrix for molecular imprinting, including its high affinity to organic and biological 

molecules, compatibility with complex components, and non-toxicity. In particular, the 

photocatalytic properties of TiO2 can allow the molecular imprinting technique to be 
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explored for practical applications, for instance, photocatalytic degradation and selective 

removal of pesticides or herbicides [17], drugs [18,19], and other toxic chemicals [20,21] 

released in nature.  

LPD is a well-known method for the preparation of metal oxide films from aqueous 

solutions [22,23]. Compared to other deposition techniques, the LPD technique is a low-

temperature, low-cost, and reliable method and it offers lower equipment costs (as it is 

based on aqueous precursors), is energy efficient and highly flexible. The density of thin 

films prepared by LPD is higher than that of films prepared by other methods, such as 

vapor deposition and sol–gel methods. Thus, LPD may be well suited to imprinting 

biological compounds. TiO2/organic hybrid thin films prepared via LPD have been used 

for the recognition of proteins [22] and L-glutamic acid [23]. Furthermore, TiO2 has been 

shown to be an excellent photocatalytic material [24,25] and its nanoscale films have been 

investigated for applications in areas such as photodepollution [26], self-cleaning [27], 

and super-hydrophilic coating [28]. 

An optical fiber long-period grating (LPG) is produced by the periodic modulation of 

the refractive index (RI) of the core of the optical fiber and results in the coupling of light 

between the core mode and the cladding modes [29]. The characteristics of the coupling 

between the modes is dependent on the RI of the medium surrounding the LPG. The 

combination of an LPG and nanomaterials may allow the fabrication of highly sensitive 

sensors that could specifically bind target chemical species [30]. We have previously 

reported optical fiber LPG sensors based on a mesoporous film composed of alternate 

layers of silica (SiO2) nanoparticles and polymers for the detection of organic compounds 

[31] and ammonia [32]. Molecular imprinting-based fiber-optic sensors have been 

intensively developed for non-labeled detection of complex biomolecules [33,34]. 
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In this study, we examined molecularly imprinted TiO2 nanothin films using 

tetrakis(N-methylpyridinium-4-yl)porphine (TMPyP) as a template, which were 

deposited onto optical fiber LPGs operating at the phase-matching turning point with the 

aim of developing  novel, highly sensitive optical fiber sensors. This is the first report 

of the application of molecular imprinting based on TiO2 nanothin films to optical fiber 

sensors. The TMPyP/TiO2 hybrid film was fabricated via LPD, which provides a uniform 

film structure. The selectivity of the LPG sensor was tested using aromatic organic acid 

compounds. The mechanism of the interaction between the template and the TiO2 matrix 

was investigated by UV–vis and Fourier-transform infrared (FTIR) spectroscopies. 

Additionally, morphological studies using scanning electron microscopy (SEM) were 

conducted and the photocatalytic and self-cleaning properties of the film were studied. 

2. Experimental 

2.1. Materials 

Ammonium hexafluorotitanate (IV) ([NH4]2TiF6, Mw: 197.93) was purchased from 

Morita Chemical Industries, Japan. Boric acid (H3BO3), hydrochloric acid (HCl, 1.0 M) 

and ammonia (NH3, 30 wt% in H2O) were purchased from Wako Pure Chemicals, Japan. 

Tetrakis(N-methylpyridinium-4-yl)porphine, tetrakis(p-toluenesulfonate) (TMPyP, Mw: 

1363.61) was purchased from Tokyo Kasei, Japan. Acetic acid and aromatic carboxylic 

acids (ACAs, Scheme 1), including 4-aminobnzoic, 4-nitrobenzoic, phthalic, isophthalic, 

trimellitic, and mellitic acids, were purchased from Tokyo Kasei, Japan. All reagents used 

were of analytical grade and used without further purification. Deionized pure water (18.2 

Ω∙cm, Aquapuri 541; Young In Scientific, Korea) was obtained by reverse osmosis 

followed by ion exchange and filtration. 
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2.2. Modification of LPG optical fibers using imprinted TiO2 films

The process of modifying the surface of the optical fiber LPG with a molecularly 

imprinted film is illustrated in Scheme 2. In brief, the section of fiber containing the LPG 

was immersed in an LPD reaction solution containing (NH4)2TiF6 (100 mM), H3BO3 (500 

mM), and TMPyP (1.0 mM) aqueous solutions ((NH4)2TiF6:H3BO3:TMPyP = 4.5:4.5:1, 

v/v]. After the deposition, the TMPyP/TiO2 film-modified LPG was kept in an oven at 

60 °C (humidity 90%) for 12 h. A non-imprinted TiO2 film-forming solution was prepared 

by mixing a 100 mM (NH4)2TiF6 aqueous solution with a 500 mM H3BO3 aqueous 

solution at a ratio of 1:1. The TMPyP/TiO2 film was also deposited onto a quartz substrate 

in the same manner as that used for the preparation of the LPG sensor. The composition 

and optical responses of the films were confirmed using a UV–vis spectrophotometer (V-

570; JASCO, Japan). Fluorescence images of the TMPyP/TiO2 film were recorded using 

a fluorescence microscope (Stereo Lumar V12, Carl Zeiss). 

2.3. Imprinting effect and guest selectivity 

Transmission spectra (TS) of the LPG were acquired by coupling the output from a 

tungsten-halogen lamp (HL-2000; Ocean Optics, USA) into the optical fiber and 

analyzing the transmitted light using a fiber-coupled CCD spectrometer (HR-2000; Ocean 

Optics, USA). The TMPyP/TiO2 film was immersed into 0.01 M of HCl for 15 min to

remove the TMPyP template. Additionally, the TMPyP-imprinted film (hereinafter 

defined as MI-film) was treated with aqueous ammonia solution (5 wt%) for 5 min in 

order to make the charge of the film negative before template rebinding. TMPyP template 

rebinding was conducted by immersing the LPG sensor into a TMPyP solution (0.1 mM 
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in water) for 15 min. Selectivity testing was also performed using acetic acid and ACA 

guest molecules (1–1000 M in water) for 15 min. Usually, organic carboxylic acids are 

capable of making strong complexes with TiO2 and thus ACAs were chosen for selectivity 

tests. The TS were recorded with the LPG in water and in air, before and after exposure 

to TMPyP and to the ACAs. For FTIR measurements, a TMPyP/TiO2 film was prepared 

on a gold-coated glass plate in the same manner and measured using a Spectrum 100 

FTIR spectrometer (Perkin Elmer Japan Co., Ltd.).  

2.4. Photodegradation of the template 

For SEM measurements and photodegradation characterization, the MI-film was 

deposited onto a silicon wafer (2 × 2 cm2) in the same manner as that used to prepare the 

LPG sensor. SEM measurements were performed using a Hitachi S-5200 apparatus. For 

the photodegradation experiments, a TMPyP solution (10 M, 4 mL) was placed into a 

plastic cell with the silicon wafer coated with an MI-film. A UV light (100 V, 6 W, = 

352 nm, SANHAYATO, Japan) served as the UV light source. The absorption spectrum 

of the solution was measured at 30 min intervals. 

3. Results and discussion 

3.1. Evaluation of film deposition 

The LPG acts to couple light from the forward propagating mode of the core of the 

fiber to a discrete set of co-propagating cladding modes at wavelengths governed by the 

phase matching condition (Eq. 1), 

λ(x) = (ncore ‒ nclad(x))Λ                            (1) 

where λ(x) represents the wavelength at which coupling occurs to the linear polarized 
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(LP0x) mode, ncore is the effective refractive index of the mode propagating in the core of 

the fiber, nclad(x) is the effective index of the LP0x cladding mode, and Λ is the period of 

the grating. The behaviour of the TS of LPGs of period equal to that reported here has 

been well described in previous articles [30‒33], where it has been shown to be sensitive 

to changes in the optical thickness of coatings deposited onto the surface of the cladding 

of the optical fiber.     

Figure 1 shows the evolution of the TS of the LPG when immersed into the film 

forming solution. As the TiO2 film increases in optical thickness, the central wavelengths 

of the attenuation bands corresponding to coupling to the LP020, LP019 and LP018

cladding modes (at 652 nm, 610 nm and 575 nm, respectively), undergo small blue shifts 

until the optical thickness of the coating is such that the mode transition region is 

accessed[34,35], after approximately 900 s. At the mode transition region, one of the 

cladding modes becomes phase matched to the waveguide formed by the coating and is 

no longer guided, resulting in a reorganisation of the cladding modes and a region of 

enhanced sensitivity to changes in coating properties, evidenced by the rapid blue shift in 

the attenuation bands’ wavelengths. In this case, the period of the LPG has been optimised 

such that the phase matching turning point (PMTP) is also accessed for a coating of this 

optical thickness. At the PMTP, the LPG’s phase matching condition is such that coupling 

to a higher order cladding mode, in this case LP021, is achieved. The coincidence of the 

PMPT and the mode transition region is known to allow optimum sensitivity. As the film 

grows further, the LP band deepens before splitting into two [36]. The faints bands seen 

to the red wavelength sides of the LP018, LP019 and LP020 attenuation bands during the 

mode transition region, and the band that forms after approximately 1200 s centred at 775 

nm, are attributed to coupling to hybrid modes, which are typically observed when the 
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refractive index of the coating has an imaginary component, corresponding to losses due 

to absorption or scattering [34,36,37].  

Figure 2a (Figure S1a) shows the TS of the optical fiber LPG before and after 

deposition of the TMPyP/TiO2 film for 4.5 h, and after heat treatment at 60 °C for 12 h, 

measured in air and in water. Three LPG resonance bands with central wavelengths of ca. 

692, 775, and 888 nm are newly observed after 4.5 h deposition. During LPD film 

deposition, the transmission decreases at 775 nm as the resonance band at the phase 

matching turning point is formed. The band at around 775 nm splits into two bands 

(known as dual resonance bands) at around 692 nm (1st band) and 888 nm (2nd band) 

after film deposition for 4.5 h. These changes in TS of the LPG, which are typical and 

usually observed at the coating of the LPG with nanothin films [31,32], indicate an 

increase of the optical thickness of the TMPyP/TiO2 film. The shoulders on the blue 

wavelength edge of the band at 888 nm and the red wavelength edge of the band at 692 

nm correspond to coupling to the hybrid modes described in Figure 1, as does the band at 

775 nm. Furthermore, a blue shift of the 1st resonance band at around 690 nm and a red 

shift of the 2nd resonance band at around 905 nm are observed following heat treatment. 

This suggests that the degree of crystallinity of the TiO2 coating increases upon heat 

treatment. As a result, the RI of the TMPyP/TiO2 film is enhanced. To calibrate the RI 

sensitivity of the TMPyP/TiO2 film-modified LPG sensor, aqueous solutions containing 

different sucrose concentrations were used (Figure S2). TMPyP is shown to be 

successfully incorporated into the TiO2 matrix during the LPD process. 

Upon the deposition of the non-imprinted film (hereinafter defined as NI-film), the 

TS of the LPG undergoes similar changes. After heat treatment, the 1st and 2nd resonance 

bands of the NI-film modified LPG, which were found originally at around 711 and 847 
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nm, are also shifted in opposite directions to 700 and 874 nm, respectively, as shown in 

Figure 2b (Figure S1b). The band separation of the 1st and 2nd resonance bands before 

and after heat treatment is much bigger in the TMPyP/TiO2 film than in the NI-film. This 

larger band separation appears to be caused by the increase in the RI owing to the 

incorporation of TMPyP in the film [38,39]. 

Figure 3 compares the surface morphology of the TMPyP/TiO2 film and of the NI-

film before and after heat treatment at 60 °C for 12 h. The NI-film is deposited on the 

silicon substrate by forming relatively large non-uniform particles (ca. 50–100 nm) 

(Figure 3a). In contrast, the TMPyP/TiO2 film is formed from uniform nanosized particles 

(ca. 5–10 nm) (Figure 3c), which helps in improving sensing performance by increasing 

the surface area and also provides precise binding sites for the template. No structural 

changes are seen following heat treatment at 60 °C for both films (Figures 3b and d). The 

insets in Figures 3b and d show photographs of the NI-film and TMPyP/TiO2 film, 

respectively, created on silicon substrates. The TMPyP/TiO2 film is more transparent than 

the NI-film, indicating that smaller TiO2 particles were formed in the TMPyP/TiO2 film. 

3.2. Sensitivity and selectivity of the sensor 

The LPD-based TiO2 film can be deposited onto the surface of the optical fiber 

according to the reactions in Eqs. 2 and 3. The surface of TiO2 is readily hydroxylated in 

aqueous solution to form two distinctive hydroxyl groups (Eq. 4). It is thought likely that 

TMPyP is incorporated into the TiO2 matrix via ion-exchange reaction of hydroxyl groups 

of TiO2 with p-toluenesulfonate (p-CH3-ph-SO3
−) counter anions of the TMPyP (Eq. 5). 

The pH of the surrounding aqueous solution influences the surface state of the TiO2, with 

surface charges being balanced at a certain pH. The surface charge of the as-prepared 
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TMPyP/TiO2 film can be controlled in accordance with the acid-base equilibria in Eqs. 6 

and 7, which correspond to lower pH (HCl treatment) and higher pH (ammonia treatment), 

respectively. The HCl treatment of the film makes the electrostatic interaction between 

the TMPyP and TiO2 matrix weak. Consequently, the TMPyP molecules can be removed 

from the film. 

   (NH4)2TiF6 + 2H2O → TiO2 + 2NH4F + 4HF            (2) 

H3BO3 + 4HF → BF4
– + H3O

+ + 2H2O               (3) 

Ti–O–Ti + H2O → 2TiOH                     (4) 

4TiOH + TMPyP4+(4p-CH3-ph-SO3
–) → 

 4TiO– + TMPyP4+ + 4p-CH3-ph-SO3H            (5) 

TiO– + H+ → TiOH                       (6) 

TiOH + OH– → TiO– + H2O                  (7) 

To confirm the imprinting of TMPyP, the TMPyP/TiO2 film was immersed in HCl (0.01 

M) for 15 min. As a result, the reduction in the RI of the coating caused wavelength shifts 

of the 1st and 2nd resonance bands from 690 and 905 nm to 738 and 815 nm, respectively, 

as shown in Figure 4a (Figure S3a). This indicates that the TMPyP template molecules 

are completely removed from the TMPyP/TiO2 film. Subsequently, template rebinding 

into the matrix with prior treatment of the LPG in 5 wt% ammonia solution was performed. 

Significant wavelength shifts of the LPG resonance bands were observed upon rebinding 

the template into the matrix following treatment with ammonia, indicating that the 

negatively charged surface of the MI-film, which is described in Eq. 7, promotes the 

adsorption of TMPyP. Therefore, the same ammonia treatment of the MI-film for 5 min 

was applied to all guest binding tests. 
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The responses of the MI-film-modified LPG sensor to different concentrations of 

TMPyP are also shown in Figure 4a. The wavelength shifts of the resonance bands 

become more pronounced as the concentration of TMPyP increases from 1.0 to 100 μM. 

The 2nd resonance band shows red shifts of 31, 72, 76, and 87 nm for TMPyP 

concentrations of 1.0, 10, 50, and 100 μM, respectively. Changes in the TS of the dried 

MI-film after TMPyP adsorption are also observed (Figure S3b). In contrast, the 1st 

resonance band shows a blue shift of 47 nm upon 100 μM TMPyP rebinding. These 

wavelength shifts are significantly larger than those obtained using the NI-film (Figure 

4b). It is well-known that TMPyP is a two-photon dye, showing a red color upon UV 

excitation. As evident in Figure S4, the fluorescence of TMPyP disappears completely 

upon exposure of the TMPyP/TiO2 film to HCl (0.01 M), and is restored after TMPyP 

(100 μM) rebinding, indicating that the fabrication of the MI-film was successful and 

molecularly imprinted sites for TMPyP rebinding were created in the film. 

Figure 4c shows the calibration curves corresponding to wavelength shifts of the 1st 

and 2nd resonance bands of the TS recorded in water, and of the 2nd resonance band of 

the TS recorded in air, for different concentrations of TMPyP. The LPG shows significant 

wavelength shifts of the resonance bands after treatment with 10 μM of TMPyP. For 

concentrations above 10 μM, the LPG sensor signal reaches saturation and it can be seen 

that the MI-film-modified LPG sensor is highly sensitive to the template. Consequently, 

the dissociation constant (Kd), which was obtained using the wavelength shifts of the 2nd 

resonance band recorded in water, is estimated to be 1.95 ± 0.20 × 10−6 M. This value is 

very close to the reciprocal (1.67 × 10−6 M) of the binding constant (Ka) that has been 

obtained from the Benesi–Hildebrand plot (see the Electronic Supporting Material). 

Similarly, Ka and Kd values can be also obtained using the wavelength shifts of the 1st 
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resonance band recorded in water, which are summarized in Table S1. 

 The MI-film-modified LPG sensor exhibited similar sensitivity to TMPyP molecules 

after 5 days of use. However, a remarkable decrease in the sensitivity of the MI-film was 

observed after 10 days (Figure S5). Plausibly, this is because the imprinted cavities are 

polluted as the film was left under ordinary room conditions. 

The selectivity of the MI-film and imprinting effect were tested with TMPyP (100 M), 

acetic acid (1000 M), and the ACAs (1000 M) in water (Figures 5a and S6a) and in air 

(Figure S7). Upon exposure to TMPyP, the LPG sensor made with the MI-film shows 

wavelength shifts for the 1st and 2nd resonance bands that are 4.6 and 30.5 times larger 

than those of the sensor made with the NI-film, respectively. The MI-film led to 

substantial wavelength shifts of the two resonance bands in the range of 19−31 nm for 

MA and TA, significantly larger than those observed in response to the other chemicals. 

The wavelength shifts of the resonance bands of the MI-film-modified LPG sensor when 

exposed to BA, i-Pa, NH2-BA, PA, and NO2-BA are much smaller than those observed 

when exposed to the template. To confirm the efficiency of the molecular imprinting, the 

response of the NI-film-modified LPG sensor to TMPyP and the ACAs was examined 

(Figure 5b). 

Figure 6 compares the wavelength shifts of the 1st and 2nd resonance bands upon 

exposure to the template and guest molecules for the MI- and NI-films. The NI-film 

shows small responses to all the tested compounds in a wavelength shift range of 2−7 nm. 

Interestingly, MA and TA in both MI- and NI-films show relatively large binding 

compared to the template. This response might be attributed the intermolecular hydrogen 

bonding in cases of MA and TA, because they have six and three carboxyl groups in a 

molecule, respectively. Among them, some carboxylic acids are used for forming intra- 
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and intermolecular hydrogen bonds, for which water molecules are excluded from the 

film. Therefore, we can conclude that structural analogues or other molecules have no 

effect on the identification of the target molecule. 

The removal and rebinding of the TMPyP template are confirmed in the FTIR 

measurement results (Figure 7). Relatively large vibration bands in the range 500−700 

cm−1 originate from the Ti−O−Ti bond, which are observed in all samples. The peaks at 

1641 and 1186 cm−1 are due to the stretching vibrations of the C=N group in the 

pyridinium and pyrrole rings of TMPyP in the hybrid. Additionally, the presence of 

TMPyP can be confirmed from the peak for the out-of-plane bending vibration for the C–

H bonds of the p-substituted pyridines near 815 cm−1. These peaks disappear upon 

exposure of the film to HCl (0.01 M), and are restored after TMPyP (0.1 mM) rebinding. 

Interestingly, a broad band is observed at around 1665 cm−1 after template removal, which 

may be assigned to the O−H vibrations due to the presence of adsorbed water in the film. 

This band disappears after template rebinding and the peak at 1641 cm−1 is restored, 

suggesting that the water was removed from the film, owing to the rebinding of TMPyP.   

3.3. Photocatalytic and self-cleaning performances 

To confirm the photocatalytic performance of the MI-film, the UV–vis absorption 

spectrum of the MI-film deposited on a quartz plate was investigated before and after heat 

treatment and upon TMPyP removal and rebinding, as shown in Figure 8a. The 

absorbance in the 200–250 nm region increases with increasing temperature of heat 

treatment from room temperature to 60 °C and 90 °C, most plausibly due to an increase 

in the crystallinity of the TiO2 film. All spectra of the TMPyP/TiO2 film exhibit a typical 

strong Soret band for the TMPyP molecule in the 400–450 nm region, along with four 
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weak Q bands in the 500–700 nm region. It can be seen that complete removal of the 

TMPyP is achieved after 15 min treatment with HCl. Interestingly, TMPyP rebinding after 

ammonia treatment completely recovers the intensity of the TMPyP Soret band to that 

measured before template removal. 

Figure 8b shows the decrease in the dye concentration upon irradiation with UV light 

(λ = 352 nm). Compared with the MI-film without heat treatment, both heat-treated MI-

films exhibit substantial enhancement of photocatalytic activity for template irradiation. 

TMPyP is completely decomposed in the films with heat treatment at 60 and 90 °C under 

UV irradiation for 300 min. According to these results, it is clear that the MI-films 

prepared with heat treatment have better crystallinity, suggesting that a synergy effect of 

molecular imprinting and heat treatment promotes the photocatalytic activity of the MI-

films.

The 1st and 2nd resonance bands of the MI-film-modified LPG exhibited shifts in 

opposite directions of 46 and 80 nm under UV irradiation, and of 45 and 76 nm under 

indoor visible light (Figure 9a). Figure 9b compares the dynamic intensity changes of the 

MI-film-modified LPG sensor measured at 800 nm. The rate of adsorption of TMPyP is 

faster in the first 10 min under UV irradiation than under indoor visible light. Interestingly, 

photodegradation of TMPyP under UV irradiation occurs after its saturated adsorption. 

The increased adsorption of TMPyP under UV irradiation can be explained by the 

following two factors: First, the increased negative charge density of binding sites due to 

UV irradiation and the enhanced electrostatic interactions between the template molecule 

and the activated TiO2 matrix. Second, the degradation of impurities adhering by physical 

adsorption to the MI-film. Plausibly, these factors will provide further active sites for 

template rebinding and photodegradation. 
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For the first time, to the best of our knowledge, the self-cleaning properties of

molecularly imprinted TiO2 nanothin films were combined with an optical fiber sensor, 

which enabled real-time monitoring of the decomposition process. This could be 

particularly advantageous in an application such as air filters, where TiO2 could be coated 

onto the fibers of the filter and the sensor could monitor, and allow control of, the level 

of contamination and hence enhance the lifetime of the filter. The flexibility of the 

molecular imprinting technique would allow enhancement of the binding capacity toward 

particular air-borne chemical and bio-contaminates [17–21]. 

One of the key limitations of the use of TiO2 for molecular imprinting is the limited 

availability of the functional groups that can provide stronger affinity towards particular 

analytes. This can be improved by combining molecularly imprinted inorganic matrices 

with organic moieties that can increase number of functional groups and hence improve 

selectivity. 

4. Conclusions 

  In this study, a novel molecular imprinting technique based on TiO2 nanothin films 

coupled with an optical fiber LPG was demonstrated. The cationic porphyrin compound 

TMPyP, which has four N-methylpyridinium moieties along with four p-toluenesulfonate 

counter anions, was used for complexation with the TiO2 matrix. There are a lot of 

cationic compounds, including organic dyes and metal ion complexes, in the environment. 

From this perspective, the TMPyP used in this study would provide the possibility, as a 

preliminary study, for the molecular imprinting of positively charged chemicals and 

macrocyclic biological molecules. Imprinted and non-imprinted TiO2 nanothin films were 

prepared via LPD of a mixture of (NH4)2TiF6 and H3BO3 with and without the template, 
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respectively. The TMPyP-imprinted TiO2 film showed higher sensitivity and selectivity 

towards the template molecule than to ACAs as guest molecules, providing a large 

wavelength shift of several tens of nanometers. In addition, the adsorption of TMPyP 

could be further improved under UV irradiation, which may be attributed to the increased 

negative charge density of binding sites due to UV irradiation; however, 

photodegradation of TMPyP occurs after its adsorption was saturated. Furthermore, 

impurities bound to the imprinted film could be completely decomposed through self-

cleaning under UV irradiation by exploiting the photocatalytic properties of TiO2. We 

believe that the current approach provides a useful methodology for new creation of 

sensing devices coupled with molecularly imprinted materials. In particular, the self-

cleaning ability of TiO2 might be helpful in preventing the contamination of binding sites, 

resulting in long-term stability and high efficiency of the device. 
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Scheme 1. Chemical structures and abbreviations of the compounds used for molecular 

imprinting and photodegradation experiments.

Scheme 2. Schematic illustration of the process of modifying the surface of the optical 

fiber LPG with a molecularly imprinted film. (a) KOH treatment to endow the surface 

with OH negatively charged functional groups and the corresponding LPG transmission 

spectrum, (b) immersion of the LPG into the film forming solution for LPD and the 

corresponding LPG transmission spectrum, and (c) removal of the template TMPyP using 

0.01M HCl and the corresponding LPG transmission spectrum.



23 

Figure 1. Evolution of the LPG’s transmission spectra when immersed in a TiO2 NI-film 

forming solution for 6 h. The grey scale represents the measured transmission, with white 

corresponding to 100% and black to 0%. The labels indicate the center wavelengths of 

the resonance bands and the corresponding LP modes to which fundamental mode is 

coupled: LP018 coupling to 18th LP mode at 560 nm; LP019 coupling to 19th LP mode at 

600 nm; LP020 coupling to 20th LP mode at 660 nm; dual LP021 coupling to 21th LP mode 

centered at 830 nm.
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Figure 2. Transmission spectra of the LPG following deposition of the (a) TMPyP/TiO2

film and (b) NI-film for 4.5 h and subsequently after heat-treatment at 60 °C (humidity 

90 %) for 12 h, measured in water (blue line) and in air (red line), respectively. The arrows 

indicate the positions of the resonance bands. 
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Figure 3. Comparison of the SEM images of the films deposited on silicon wafers. (a) 

NI-film after 4.5 h deposition and (b) after 12 h heat treatment at 60 °C. (c) TMPyP/TiO2

film after 4.5 h deposition and (d) after 12 h heat treatment at 60 °C. The insets in (b) and 

(d) show photographs of the NI-film and TMPyP/TiO2 film prepared on the silicon 

substrate, respectively.



26 

600 650 700 750 800 850 900 950

25

50

75

100T
ra

n
s
m

is
s
io

n
 /
 %

Wavelength / nm

 TMPyP 100 M rebinding

25

50

75

100

 TMPyP 50 M rebinding

25

50

75

100

 TMPyP 10 M rebinding

25

50

75

100

 TMPyP 1 M rebinding

25

50

75

100

 MI-film in water

 Template removal

600 650 700 750 800 850 900 950

25

50

75

100T
ra

n
s
m

is
s
io

n
 /

 %

Wavelength / nm

 TMPyP 100 M rebinding

25

50

75

100

 TMPyP 50 M rebinding

25

50

75

100

 TMPyP 10 M rebinding

25

50

75

100

 TMPyP 1 M rebinding

25

50

75

100

 MI-film in air

 Template removal

0 10 20 30 40 50 60 70 80 90 100

0

10

20

30

40

50

60

70

80

90

100

 1st band in water

 2nd band in water

 2nd band in air

W
a
v
e
le

n
g
th

 s
h
if
t 
/ 
n
m

 TMPyP concentration / M

Figure 4. Transmission spectra of the MI-film-modified LPG upon rebinding with 

different concentrations of TMPyP in (a) water and (b) air. (c) Calibration curves plotted 

the from wavelength shifts of the 1st and 2nd resonance bands in water, and the 2nd 

resonance band in air. The arrows indicate the positions of the resonance bands. 
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Figure 5. Changes in the transmission spectra of the (a) MI- and (b) NI-films due to 

exposure to different ACAs at 1.0 mM and to TMPyP at 100 uM in water. The arrows 

indicate the positions of the resonance bands. 
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Figure 6. Comparison of the wavelength shifts upon exposure to the template and guest 

molecules for the MI- and NI-films. 
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Figure 8.  (a) UV–vis absorption spectra of the MI-film before and after heat treatment 

at 60 and 90 °C and upon TMPyP removal and rebinding in a 100 μM solution. The pink 
line shows the UV–vis spectrum of a TMPyP solution (10 M). (b) The photodegradation 

of TMPyP on the MI-films, which are prepared without heat treatment (black line), with 

heat treatment at 60 °C (red line), and with heat treatment at 90 °C (blue line), under UV 

irradiation assessed from the absorbance at 422 nm. 
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UV irradiation. (c) Schematic illustration of improved guest binding in a molecularly 
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