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ABSTRACT: Herein are presented the results of experiments designed to evaluate the effectiveness of host−guest interactions in
improving the sensitivity of colorimetric detection based on surface-enhanced photochromic phenomena of tungsten(VI) oxide
(WO3) nanocolloid particles. The UV-induced photochromic coloration of WO3 nanocolloid particles in the presence of aromatic α-
amino acid (AA), L-phenylalanine (Phe) or L-2-phenylglycine (Phg), and heptakis(2,3,6-tri-O-methyl)-β-cyclodextrin (TMβCDx) in
an aqueous system was investigated using UV−vis absorption spectrometry. The characteristics of the adsorption modes and
configurations of AAs on the WO3 surface have also been identified by using a combination of adsorption isotherm analysis and
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR). A distinct linear relationship was observed between
the concentration of AAs adsorbed on the WO3 nanocolloid particles and the initial photochromic coloration rate in the
corresponding UV-irradiated colloidal WO3 in aqueous media, indicating that a simple and sensitive quantification of AAs can be
achieved from UV-induced WO3 photochromic coloration without any complicated preprocessing. The proposed colorimetric assay
in the Phe/TMβCDx/WO3 ternary aqueous system had a linear range of 1 × 10−8 to 1 × 10−4 mol dm−3 for Phe detection, with a
limit of detection of 8.3 × 10−9 mol dm−3. The combined results from UV−vis absorption, ATR-FTIR, and adsorption isotherm
experiments conclusively indicated that the TMβCDx-complexed Phe molecules in the Phe/TMβCDx/WO3 ternary aqueous system
are preferentially and strongly inner-sphere adsorbed on the WO3 surface, resulting in a more significant surface-enhanced
photochromic phenomenon. The findings in this study provided intriguing insights into the design and development of the “label-
free” colorimetric assay system based on the surface-enhanced photochromic phenomenon of the WO3 nanocolloid probe.

1. INTRODUCTION
Amino acids play important roles in various essential metabolic
processes, and their homeostasis is necessary for cell survival
and healing.1,2 For instance, fluctuations in the concentration
of L-phenylalanine (Phe), a proteinaceous L-α-amino acid
compound in humans, cause metabolic abnormalities.3 Phenyl-
ketonuria is a disease in which phenylalanine accumulates in
the body. The excessive buildup of Phe will lead to brain
damage and mental retardation.4,5 Accordingly, a simple, rapid,
and highly sensitive monitoring system for detecting Phe is
vital for disease diagnosis. Several detection approaches have
been developed to quantify amino acids in biological fluids,
including aptasensor, chemiluminescence, enzymatic colori-

metric sensor, electrochemical sensor, Laser-induced fluores-
cence, surface plasmon resonance (SPR) sensor, and whole-cell
biosensor.6−16 However, most of these methods require
expensive equipment and skilled operation experience, making
amino acid quantification assays and protocols more
complicated. The comparative studies [method, linearity
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range, and limit of detection (LOD)] on the determination of
Phe in the literature are given in Table 1. Strategic
development of phenylalanine colorimetric sensing that can
demonstrate new selectivity patterns is of fundamental
importance in disease diagnosis, treatment, and prevention,
since the use of assays based on new mechanisms is often
necessary to achieve the breakthrough. Naked-eye colorimetric
detection has attracted widespread attention from the
viewpoint of point-of-care testing due to its highly sensitive
visible readout, low cost, and no requirement for advanced
types of equipment.17,18 In particular, colorimetric detection
using nanoparticles, benefiting from recent advances in
nanotechnology, has been developed as a promising technique
for healthcare applications.19

Some transition metal oxides show an interesting photo-
chromic effect and can be deeply colored by exposing the
material to irradiation with appropriate energy.20,21 Such
photochromic phenomena of transition metal oxides have
attracted considerable attention because they can be applied to
display devices, erasable optical memory media, chemical
sensors, smart-windows, and other cutting-edge applica-
tions.22,23 Among them, tungsten(VI) oxide (WO3), a wide-
bandgap n-type semiconductor, is mainly the most studied
among inorganic photochromic materials because it has
characteristics such as chemical stability, coloring efficiency,
and fast coloring response time.24 Many researchers have
reported that the hybridization between WO3 nanomaterials
and organic constituents enhances photochromic performance
and consider that the monolayer of organic molecules
surrounding WO3 nanomaterials can behave as an active
form of organized organic matter.25−27 This unique enhanced
photochromic phenomenon by organic molecules adsorbed on
the metal oxide surface is called “surface-enhanced photo-
chromic phenomenon”.28 Recently, we have focused on the
surface-enhanced photochromic phenomena of colloidal WO3
in aqueous media in the presence of amino acid compounds
and experimentally demonstrated the usefulness of WO3
nanoparticles as a colorimetric probe for high-sensitive
“label-free” detection of amino acid compounds.29

Cyclodextrins (CDxs) are cyclic oligosaccharides consisting
of 6, 7, or 8 α-D-glucopyranose units linked by α(1 → 4)
bonds, usually called α-, β-, and γ-cyclodextrins, respectively.
CDx molecule has a truncated cone shape like a bottomless
bucket with an inner hydrophobic and an outer hydrophilic
surface. Due to their internal spatial structure, CDx and their
derivatives can easily form inclusion complexes with guest
molecules.30 Confinement in the hydrophobic cavity can
dramatically alter the physicochemical properties of the guest

molecule, such as solubility, chemical stability, antioxidant
activity, and bioavailability.31,32 For this reason, CDx and their
derivatives are not only used for basic research in various fields
such as analytical chemistry, synthetic chemistry, and supra-
molecular science but also for application development in
pharmaceutical technologies such as artificial enzyme reactions,
molecular recognition, chiral separation, photodynamic
therapy, and drug delivery.33−36 Despite such extensive
research, the adsorption phenomenon of CDx-complexed
amino acid molecules on solid surfaces, aiming at developing
a novel colorimetric sensing platform for amino acid ones, has
yet to receive much attention.

Herein, we report the effect of adding cyclodextrin derivative
on applying a high-sensitivity label-free amino acid detection
assay based on the surface-enhanced photochromic phenom-
enon of WO3 nanocolloid particles. The updated assay
approach aimed to improve detection sensitivity through
three main steps: (a) formation of inclusion complexes
between cyclodextrin derivative, heptakis(2,3,6-tri-O-methyl)-
β-cyclodextrin (TMβCDx), and aromatic amino acid (AA), L-
phenylalanine (Phe) or L-2-phenylglycine (Phg), in the
aqueous system; (b) competitive adsorption of TMβCDx-
complexed AA and free AA molecules to WO3 nanocolloid
particles in the aqueous system; (c) UV light irradiation to the
ternary aqueous system in the presence of AA, TMβCDx, and
WO3 nanocolloid particles. The outstanding enhanced photo-
chromic coloration in the AA/TMβCDx/WO3 ternary
aqueous system was the final result, indicating that TMβCDx
molecules act as a promoter of the surface-enhanced
photochromic phenomenon of WO3 nanocolloid particles.
Our results described here suggest a new direction for simple,
sensitive, and universal label-free colorimetric sensing assay
designs based on surface-enhanced photochromic phenomen-
on of various metal oxide nanomaterials.

2. EXPERIMENTAL SECTION
2.1. Materials. Concentrated hydrochloric acid (conc.

HCl, 37 wt %, 12 M), sodium tungstate(VI) dihydrate
(Na2WO4·2H2O), and superdehydrated ethanol (EtOH) are
of analytical or organic synthesis grade from Junsei Chemical
(Tokyo, Japan). As shown in Scheme 1, two aromatic amino
acids (AA), L-phenylalanine (Phe) and L-2-phenylglycine
(Phg), were obtained from Tokyo Chemical Industry
(Tokyo, Japan), and heptakis(2,3,6-tri-O-methyl)-β-cyclodex-
trin (TMβCDx) was purchased from FUJIFILM Wako Pure
Chemical (Osaka, Japan). All other chemicals were of reagent
grade from Nacalai Tesque (Kyoto, Japan), Kishida Chemical
(Kyoto, Japan), or Sigma-Aldrich Chemical (MO, USA) and

Table 1. Comparison of Various Detection Methods in the Literatures for Determination of Phea

detection method linear range/mol dm−3 LOD/mol dm−3 ref

carbon nanosphere electrode 1.0 × 10−6−1.0 × 10−4 1.0 × 10−6 6
chemiluminescence 1.5 × 10−8−1.2 × 10−7 2.4 × 10−10 7
DNA-aptasensor 7.2 × 10−7−6.0 × 10−3 2.3 × 10−7 8
electrochemical biosensor 5.0 × 10−7−1.5 × 10−2 4.2 × 10−7 9
electrochemical sensor 5.0 × 10−7−1.0 × 10−4 1.0 × 10−8 10
enzymatic colorimetric sensor 1.0 × 10−5−3.0 × 10−3 1.9 × 10−5 11
laser-induced fluorescence 1.0 × 10−5−1.5 × 10−3 3.0 × 10−6−5.0 × 10−5 12,13
optical biosensor 1.0 × 10−5−1.0 × 10−2 5.0 × 10−6 14
SPR sensor 5.0 × 10−6−4.0 × 10−4 1.7 × 10−7 15
whole-cell biosensor 5.0 × 10−6−5.0 × 10−5 4.8 × 10−6 16

aLOD: limit of detection.
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used as received without further purification. Ultrapure water
was prepared using a Milli-Q system (Millipore, USA),
resulting in a specific resistivity of 18.2 MΩ cm, and used in
all experiments.
2.2. Nanostructured WO3 Particles. Nanostructured

tungsten oxide particles were synthesized via the size-selective
dialysis-based sol−gel process using a semipermeable mem-
brane.37,38 The detailed synthesizing process was as follows. In
a typical experiment, Na2WO4·2H2O (100 g, 0.3 mol) was
dissolved in 100 mL of water under continuous stirring at 25
°C, and afterward adding conc. HCl (7 mL, 0.7 M) dropwisely.
A cream white deposit was formed. After efficient stirring for
ca. 1 h, a colorless transparent aqueous WO3 nanocolloid
solution (pH 3.3, 0.023 M WO3) was eventually obtained,
which was then closed in a semipermeable tubular membrane
(molecular weight cutoff [MWCO] 3500; Cellu-Sep T1,
Membrane Filtration Products, Inc., TX, USA) and dialyzed
in a 1000 mL beaker containing Milli-Q water for a period of 8
h. The Milli-Q water was periodically replaced until chloride
ions could not be detected by ion chromatography. The
concentration of chloride ion in the WO3 colloid solution was
determined by using a portable-type IC analyzer (PIA-1000,
Shimadzu, Japan) equipped with an anion-exchange Shim-pack
IC-A3 column (Shimadzu, Japan) at 30 °C. The eluent used in
this study was 4-hydroxybenzoic acid (8.0 × 10−3 M)/bis(2-
hydroxyethyl)iminotris(hydroxymethyl)methane (Bis−Tris;
3.2 × 10−3 M), and the flow rate was 300 μL/min. The
concentration of the tungsten component in the WO3 colloid
aqueous solution was determined by inductively coupled
plasma-atomic emission spectrometry (Liberty Series II,
Varian, USA). The as-prepared WO3 colloid solutions were
stable for at least 1 month at room temperature, yielding
excellent processability, and refrigerated at 4 °C until used in
the experiments. The dried WO3 colloids were analyzed by X-
ray diffraction (RINT-2500, Rigaku, Japan) with CuKα
radiation (40 kV, 100 mA) from 2θ = 5 to 75° with a scan
speed of 5° min−1. The XRD pattern was indexed to a WO3·
2H2O layered structure in accordance with the JCPDS card no.
18-1420 (see Figure S6 in Supporting Information). The band
gap energy of the as-prepared WO3 nanocolloid particles was

determined to be 3.2 eV, corresponding to an indirect band
gap of crystalline WO3·2H2O (see Figure S7 in Supporting
Information).39 The morphology of the as-prepared WO3
nanocolloid particles was studied by using a transmission
electron microscope (JEM-2100, JEOL, Japan). The typical
TEM image (Figure S8a in Supporting Information) shows
that the as-prepared WO3 nanocolloid particles is made of a
homogeneous phase with particles uniformly sized, which
display spherical-like morphology, with a smooth surface. The
size distribution histogram of WO3 nanocolloid particles was
assessed by averaging the size of 100 particles directly from
TEM images, where the range was from about 8 to 26 nm and
the average diameter was estimated as 21.4 nm (see Figure S8a
in Supporting Information).

The pH-dependent surface charge characterization using a
zeta-potential analyzer (ELSZ-2Plus, Otsuka Electronics,
Japan) revealed that the as-prepared WO3 nanocolloid particles
in aqueous media had a point of zero charge (PZC) at a pH of
around 0.2 which is consistent with the literature value40 (see
Figure S9 in Supporting Information). The zeta-potential
values were calculated based on Smoluchowski equation.
2.3. Adsorption of Aromatic Amino Acids on the WO3

Nanocolloid Particles in the Absence/Presence of
TMβCDx. Adsorption of AA molecules on the WO3 nano-
colloid particles in the absence and presence of TMβCDx was
investigated by a batch technique at room temperature (25 ± 2
°C) according to the previously reported sequence.29 Briefly,
AA and TMβCDx were dissolved in water separately as stock
solutions. As-prepared WO3 colloid aqueous solution and the
TMβCDx stock aqueous solution were diluted sequentially to a
series of concentrations and mixed together evenly. Then, the
AA aqueous solution would be added and stirred for 30 min at
room temperature. The preliminary studies indicated that the
adsorption of AA molecules on the WO3 nanocolloid particles
used in this study achieved complete equilibrium within 30
min. The same concentration sequence in the absence of
TMβCDx was also run in the identical condition. The aqueous
system was adjusted to the desired pH by adding small
volumes of 0.01 or 0.1 M HCl or NaOH. The pH values of the
AA/TMβCDx/WO3 ternary and AA/WO3 binary aqueous
solution were periodically checked with an F-14 pH meter
(Horiba, Japan) equipped with a 6366-10D glass electrode
(Horiba, Japan). After filtration using a disposable filter unit
(Ekikuro Disk 25CR, Shimadzu, Japan), the concentration of
AAs was determined by HPLC on a CTO-20A (Shimadzu,
Japan) system equipped with a guard column and a
COSMOSIL Cholester (250 mm L × 4.6 mm i.d., 5 μm)
column (Nacalai Tesque, Inc., Japan) with UV detection
(SPD-20A, Shimadzu, Japan: at 258 nm for Phe, and 257 nm
for Phg), using water (100%) adjusted to ionic strength (0.1
M) with sodium sulfate as an eluent at 1 mL/min and 25 °C.
Optimal conditions for the various amino acids were carefully
considered and a calibration curve was built. The accuracy of
determination of AAs within the studied concentration range
was within 5%. Figure S5 in Supporting Information shows a
typical HPLC chromatogram obtained in the Phe/TMβCDx/
WO3 ternary aqueous system. We detected (1) WO3
nanocolloid particles with AA and/or TMβCDx-complexed
AA molecules adsorbed on the surface, (2) free AA molecules,
and (3) TMβCDx-complexed AA molecules separately. The
amount of AA adsorbed on the WO3 nanocolloid particles
could be determined using the difference between the initial
and equilibrium concentrations. In the AA/WO3 binary

Scheme 1. Chemical Structure of L-phenylalanine (Phe), L-
2-Phenylglycine (Phg), and Heptakis(2,3,6-tri-O-methyl)-β-
cyclodextrin (TMβCDx)a

apKa values of aromatic amino acid compounds from CRC Handbook
of Chemistry and Physics (2010).57
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aqueous system, the difference between the initial and
equilibrium concentrations (Δ[AA]bi/mol dm−3) can be
written as

[ ] = [ ] S
V

AA AAbi ad (1)

where [AA]ad is the concentration of AA on the WO3 colloid
surface (mol dm−2). On the other hand, in the AA/TMβCDx/
WO3 ternary aqueous system, the difference between the initial
and equilibrium concentrations (Δ[AA]ter/mol dm−3) can be
described as follows

[ ] = [ ] + [ · ]S
V

AA AA TM CDx AAter ad (2)

Herein, [TMβCDx·AA] refers to the concentration of
TMβCDx-complexed AA in the aqueous solution (mol dm−3).
2.4. Photochromic Coloration of Aromatic Amino

Acid/WO3 Binary and Aromatic Amino Acid/TMβCDx/
WO3 Ternary Aqueous Solution. The AA aqueous solution
or mixture of AA and TMβCDx aqueous solutions was added
to the aqueous solution containing WO3 colloids and sodium
sulfate for ionic strength adjustment. Then, the AA/WO3
binary and AA/TMβCDx/WO3 ternary aqueous solution
were individually injected into a single compartment cell (1.0
cm path-length) with two quartz windows. Afterward, these
binary and ternary aqueous solutions were bubbled with N2 gas
to eliminate the oxygen, and then the cells were tightly sealed.
Black lights (FL4BLB, Panasonic, 4 W × 4, λmax = 365 nm)
were used as the excitation UV source. The photochromic
colorations in the AA/WO3 binary and AA/TMβCDx/WO3
ternary aqueous system were measured by using a UV−vis
spectrometer (V-730, Jasco, Japan). Photochromic behaviors
in the TMβCDx/WO3 binary aqueous system were also
investigated in a similar manner as described above.
2.5. ATR-FTIR Spectroscopic Analysis of Aromatic

Amino Acid Adsorbed onto WO3 Thin Films. According
to the reference procedure,41 the adsorption modes (outer-
and inner-sphere adsorption) of AAs was investigated using
attenuated total reflectance Fourier-transform infrared (ATR-
FTIR) spectroscopy on cast WO3 nanoparticles’ thin film. The
ATR-FTIR spectra were collected on a Nicolet iS10 FTIR
spectrometer equipped with an MCT detector (Thermo, USA)
and a horizontal ATR accessory (PIKE, USA). A multiple 45°
reflection AMTIR (Amorphous Material Transmitting Infrared
Radiation, Ge33As12Se55) crystal prism was attached to the
ATR trough-type cell. A total of 256 scans at 4 cm−1 resolution
were averaged for each spectrum to reduce noise. To create the
WO3 nanoparticles’ thin film on the AMTIR crystal, aqueous
WO3 colloid solution (0.023 M WO3, 2 mL) was added to the
flow cell and dried at RT under vacuum for 1 day. Then, the
loosely deposited WO3 nanoparticles were removed from the
cast WO3 film by rinsing with water. At first, a background
spectrum of the cast WO3 nanocolloid particle film immersed
in a background aqueous solution containing buffer and
sodium sulfate for ionic strength adjustment was collected,
followed by a sample spectrum of the cast film immersed in a
sample aqueous solution containing aromatic amino acid and
TMβCDx with the same pH and ionic strength over sufficient
time for adsorption equilibrium (>30 min). The spectra of the
adsorbed species on the WO3 nanoparticles were obtained by
subtracting the background spectrum from the sample
spectrum. No visible effect was observed in the ATR-FTIR

measurements of the cast WO3 thin film for slight dissolution/
dispersion of WO3 nanoparticles.

On the other hand, the spectra of the dissolved Phe, Phg, or
TMβCDx aqueous solution were obtained by subtracting the
background spectrum from the sample spectrum at the same
pH and ionic strength.

3. RESULTS AND DISCUSSION
3.1. Inclusion Phenomena of TMβCDx with Aromatic

α-Amino Acids. An amino acid has both an acidic carboxyl
group (−COOH) and a basic amine group (−NH2) and,
therefore, exhibits pH-dependent electrical properties due to
protonation/deprotonation of the corresponding functional
groups: cationic form [CF] in acidic media, zwitterionic form
[ZF] in intermediate media, and anionic form [AF] in basic
media.

Bulk aqueous solutions of Phe and Phg show characteristic
absorption signals in the UV region of 200−300 nm exclusively
due to aromatic side-chains (designated as La and Lb band
according to Platt’s nomenclature42). Note that a significant
difference between Phe and Phg is the presence or absence of a
methylene spacer between the aromatic benzene ring and the
chiral α-carbon. The TMβCDx inclusion complexations of Phe
and Phg molecules were quantitatively investigated at various
pH conditions by UV−vis absorption titration. Typical
examples are given in Figure S2 in Supporting Information,
which shows the UV absorption spectra of Phe and Phg in the
acidic aqueous system containing various concentrations of
TMβCDx. As shown in Figure S2a in Supporting Information,
the Lb band maximum of Phe (258 nm) was gradually shifted
to a longer wavelength upon the addition of TMβCDx. The
neutral and basic aqueous systems also showed similar spectral
changes (not shown). The red-shift in the absorption band, in
addition to the well-defined isosbestic points, was consistent
with the inclusion of the aromatic moiety of amino acids into
the hydrophobic cyclodextrin inner cavity.43 In contrast,
neither the absorption spectra of Phg at pH range tested
showed significant changes in the presence of TMβCDx, even
at the high concentrations, probably resulting from a very weak
interaction between Phg and TMβCDx molecules. Phg is a
relatively rigid molecule with only one rotatable bond. These
opposing results are, therefore, likely due to the Phe molecule’s
greater flexibility than the Phg one, the greater distance
between hydrophobic and hydrophilic moieties, and deeper
penetration into the TMβCDx hydrophobic cavity.44

Generally, the formation of a 1:1 inclusion complex between
native β-cyclodextrin (nonfunctionalized) and aromatic
compounds has been extensively reported.45 Since the Phe
molecule has two acidic dissociation constants (Ka1 and Ka2) of
the carboxyl and amine groups, respectively, we will consider
three stability constants for three different forms (CF, ZF, and
AF). Also, assuming the formation of 1:1 TMβCDx-complexed
CF, ZF, and AF of Phe in the present systems, we analyzed
herein the observed absorption spectral data in the Lb band
region by means of modified Benesi−Hildebrand-type
equation containing acid dissociation constants for Phe.
Herein, a double reciprocal plot can be used to more
accurately determine stability constants for TMβCDx-
complexed Phe molecules with the change in absorbance as
a function of concentration of proton, Phe, and TMβCDx (eq
3)
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where Abs and Absini are the absorbance in the presence and
absence of TMβCDx, respectively. [TMβCDx] and [Phe] refer
to the initial concentration of TMβCDx and Phe, respectively.
That means, by definition, [Phe] = ([CF] + [ZF] + [AF]). Δε
denotes the change in the molar extinction coefficient between
the free and complexed Phe. Kcpx_CF, Kcpx_ZF, and Kcpx_AF are
the stability constant for the formation of the 1:1 TMβCDx-
complexed CF, ZF, and AF of Phe, respectively, and are
defined as follows

= [ · ]
[ ][ ]_K

TM CDx CF
TM CDx CFcpx CF

(4)

= [ · ]
[ ][ ]_K

TM CDx ZF
TM CDx ZFcpx ZF

(5)

= [ · ]
[ ][ ]_K

TM CDx AF
TM CDx AFcpx AF

(6)

where [TMβCDx·CF], [TMβCDx·ZF], and [TMβCDx·AF]
denote the concentration of TMβCDx-complexed CF, ZF, and
AF of Phe, respectively. Equation 3 holds under the
experimental conditions of a higher concentration of TMβCDx
than that of Phe (at least 10 times). A plot of 1/Abs−Absini
versus 1/[TMβCDx] gives a linear relationship at various pHs,
as shown in Figure S3 in Supporting Information. The stability
constants of each TMβCDx complex were calculated from the
slope and the intercept of the plots and given in Table 2. The
TMβCDx inclusion behavior was distinctly different for each of
the Phe molecule’s three forms (CF, ZF, and AF). Under the
buffered neutral aqueous condition where Phe molecules
ionized as zwitterions, the tendency to form inclusion
complexes was relatively lower than those observed under
acidic and basic aqueous ones. This trend has also been
reported for the native β-cyclodextrin-complexed α-amino
acids in aqueous media.46

3.2. Adsorption Isotherm of Aromatic α-Amino Acid
on the WO3 Nanocolloid Surface in the Absence/
Presence of TMβCDx. In the aqueous media, under-
coordinated metal ions on the top layer of metal oxide
surfaces react more readily with water molecules to form
surface hydroxyl groups to complete their coordination sphere.
Thus, the specific protonation/deprotonation of the resulting
surface hydroxyl groups brings about pH-dependent charges
on the surface of metal oxides.47 The surface charge state of
metal oxide particles can be understood with the knowledge of

Table 2. Stability Constants of 1:1 TMβCDx-Complexed AA Molecules in Aqueous Solution, Saturated Concentrations, and
Adsorption Constants of AA and TMβCDx-Complexed AA Molecules onto the WO3 Nanocolloid Surface at 25 °C

aromatic α-amino acid

ion strengtha/mol dm−3 Phg Phe

binding constants/mol dm3 Kcpx_CF 0.1 (0.18 ± 0.05) × 102

Kcpx_ZF 0.1 (0.11 ± 0.03) × 102

Kcpx_AF 0.1 (1.01 ± 0.14) × 102

saturated conc./mol dm−2 aAA 0.01−0.1 (2.81 ± 0.21) × 10−8 (2.51 ± 0.13) × 10−8

aAA‑CDx 0.01−0.1 (0.81 ± 0.09) × 10−8

adsorption constant/dm KCF′ 0.01 (9.98 ± 0.47) × 10−4 (7.97 ± 0.38) × 10−4

0.05 (8.21 ± 0.40) × 10−4 (6.18 ± 0.33) × 10−4

0.1 (6.12 ± 0.31) × 10−4 (5.38 ± 0.29) × 10−4

KZF′ 0.01 (9.71 ± 0.35) × 10−6 (9.52 ± 0.33) × 10−6

0.05 (8.05 ± 0.38) × 10−6 (7.44 ± 0.27) × 10−6

0.1 (5.89 ± 0.32) × 10−6 (5.08 ± 0.25) × 10−6

KAF′ 0.01 not obtained not obtained
0.05 not obtained not obtained
0.1 not obtained not obtained

KCF‑CDx′ 0.01 (1.10 ± 0.21) × 10−2

0.05 (1.14 ± 0.23) × 10−2

0.1 (1.09 ± 0.18) × 10−2

KZF‑CDx′ 0.01 (8.32 ± 0.78) × 10−4

0.05 (7.99 ± 0.66) × 10−4

0.1 (8.17 ± 0.72) × 10−4

KAF‑CDx′ 0.01 not obtained
0.05 not obtained
0.1 not obtained

aIon strength was kept with sodium sulfate.
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the PZC at a pH where they carry a zero net charge. Charged
metal oxide surfaces attract and hold ionic species more
strongly than nonionic ones.40

A detailed adsorption analysis of AAs on the WO3

nanocolloid particles will provide us insight into intrinsic
interaction pathways on the nanostructured surface. The
concentrations of AAs adsorbed on the surface of WO3

particles were also determined using HPLC technique. The
results in the AA/WO3 binary and AA/TMβCDx/WO3 ternary
aqueous system at various pHs are presented in Figures 1 and
2, respectively. The pH value remarkably influences AAs’
adsorption behavior, regardless of the presence or absence of
TMβCDx. In acidic media, the measured isotherm shows a
sharp initial rise, while the plots gradually change at neutral
pH. Notably, the presence of TMβCDx remarkably promotes
the adsorptivity of Phe molecules onto WO3 particles. The
shape of each set of adsorption isotherms has a clear Langmuir-
type plateau, thereby clearly indicating the applicability of a
monolayer coverage of AAs’ species on the WO3 surface.
Although the Langmuir isotherm has been used to resolve the
molecular adsorption mechanism at surfaces, this isotherm
model is not highly applicable because three equilibrated forms
(CF, ZF, and AF) of AAs would be present in both binary and
ternary systems (see Figure S1a,b in Supporting Information
for details). In order to analyze the adsorption behavior of AAs
onto the WO3 colloid surface, we used the following modified
Langmuir isotherm equation in the AA/WO3 binary aqueous
system

[ ] = [ ] [ ]
+ [ ] + [ ] + [ ] [ ]

+
[ ][ ]

+ [ ] + [ ] + [ ][ ]

+
[ ]

+ [ ] + [ ] + [ ]

+

+ + +
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+ + +

+ +

a K
a K K K K

aK K
a K K K K K
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( H H ) H AA
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( H H ) H AA
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( H H ) AA
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AA CF

2

AA a1 a2 a1
2

CF
2

ZF a1

AA a1 a2 a1
2

ZF a1

AF a1 a2

AA a1 a2 a1
2

AF a1 a2

(7)

In this equation, the first, second, and third algebraic
fractions on the right-hand side represent the Langmuir-type
adsorption of CF, ZF, and AF, respectively, of AAs. [AA]ad and
[AA] denote the concentration of AA on the WO3 colloid
surface (mol dm−2) and that in the aqueous solution (mol
dm−3), respectively. Herein, aAA and [H+] refer to the
saturated concentration of AA on the WO3 colloid surface
(mol dm−2) and the concentration of proton in the aqueous
solution (mol dm−3), respectively. K′CF, K′ZF, and K′AF,
respectively, are the adsorption constants of CF, ZF, and AF
of AA onto the WO3 colloid surface and are defined as follows

=
[ ]
[ ]

K
CF
CFCF

ad

(8)

=
[ ]
[ ]

K
ZF
ZFZF

ad

(9)

=
[ ]
[ ]

K
AF
AFAF

ad

(10)

where the brackets with and without subscript “ad” denote the
concentration of each form on the WO3 colloid surface (mol
dm−2) and in the aqueous solution (mol dm−3), respectively.
That means, by definition, [AA]ad = ([CF]ad + [ZF]ad +
[AF]ad) and [AA] = ([CF] + [ZF] + [AF]).

Figure 1. Adsorption isotherms of (a) Phe and (b) Phg molecules on the WO3 colloid surface at various pH values. The solid line is the best-fitting
data for eq 7 (see text). Concentration conditions: [AA] = 1.0 × 10−4 M, [WO3] = 1.0 × 10−6 to 5.0 × 10−2 M, [Na2SO4] = 3.3 × 10−2 M.

Figure 2. Adsorption isotherms of (a) Phe and (b) Phg molecules on the WO3 colloid surface in the presence of TMβCDx molecules at various pH
values. The solid lines are the best fit of data to eq 11 (see text). Concentration conditions: [AA] = 1.0 × 10−4 M, [TMβCDx] = 1.0 × 10−2 M,
[WO3] = 1.0 × 10−6 to 5.0 × 10−2 M, [Na2SO4] = 3.3 × 10−2 M.
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In the Phe/TMβCDx/WO3 ternary aqueous system, it is
important to consider how the free TMβCDx molecules, the
three charged forms of Phe molecules, and the corresponding
TMβCDx complexes are adsorbed onto the surface. Since the
adsorptivity of TMβCDx molecules on WO3 nanocolloid
particles is actually negligibly small (see SI-2 section in

Supporting Information), the competitive adsorption model
between free Phe and TMβCDx-complexed Phe molecules can
explain the adsorption behavior in the ternary system. The
isotherm equation in this ternary system was further modified
to include the stability constant term of the TMβCDx
complexes as the following
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On the right-hand side of the equation, the first three
algebraic fractions correspond to the Langmuir-type adsorp-
tion of free Phe molecules, while the last three correspond to
the same for TMβCDx-complexed Phe molecules. Herein,
aAA‑CDx is the saturated concentration of TMβCDx-complexed
Phe molecules on the WO3 colloid surface (mol dm−2)
K′CDx‑CF, K′CDx‑ZF, and K′CDx‑AF, respectively, are the
adsorption constants of the 1:1 TMβCDx-complexed CF,
ZF, and AF of Phe molecules onto the WO3 colloid surface,
and are defined as follows

=
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TM CDx CFCDx CF
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(14)

Herein, that means, by definition, [Phe]ad
total = ([CF]ad +

[ZF]ad + [AF]ad + [TMβCDx·CF]ad + [TMβCDx·ZF]ad +
[TMβCDx·AF]ad) and [Phe]total = ([CF] + [ZF] + [AF] +
[TMβCDx·CF] + [TMβCDx·ZF] + [TMβCDx·AF]) (see
Scheme S1 in Supporting Information in for various equilibria
in this ternary aqueous system). The adsorption parameters
derived from the least-squares curve-fitting analysis of eqs 7 or
11 under various pH conditions are summarized in Table 2.
Note that K′AF and K′AF‑CDx values were unable to be obtained,
because the concentration of AF was extremely smaller under
the pH range of 1−6. Since the determined PZC value of the
as-prepared WO3 is about 0.2, the surface charge of the WO3
particles is always negative under the pH conditions (see
Section 2.2 and Figure S9 in Supporting Information).

In the AA/WO3 binary aqueous system, the K′CF values for
both Phe and Phg molecules are significantly larger than the
K′ZF values found for the corresponding amino acid (see Table
2), indicating the high affinity between the CF and the WO3
particle surface. Using the observed saturated concentration
(a) values of Phe and Phg in the binary aqueous system, the
area per molecule on the WO3 surface was calculated to be 83
and 77 Å2 per molecule, respectively. The projection area of
Phe and Phg is estimated to be ca. 70−90 Å2 from the
calculated CPK model. Therefore, it is evident that both Phe
and Phg molecules are adsorbed relatively densely on the
surface of WO3 particles. Moreover, to further delineate the
adsorption characteristics of Phe and Phg onto the WO3
colloid surface, we set out to quantify the influence of ionic
strength on the isotherm under a constant concentration of
corresponding amino acid. Evaluating adsorption as a function
of ionic strength can provide insight into the long-range
electrostatic forces and near-range physical and chemical forces
involved in molecular adsorption. As listed in Table 2, Phe and
Phg’s adsorption constants decreased with increasing ionic
strength (salt concentration). This finding reveals that
electrostatic interaction between the positively charged
amino group of Phe and Phg molecules and the negatively
charged WO3 surface is the critical factor governing the
adsorption behavior on the WO3 colloid surface.

The adsorption parameters in the Phe/TMβCDx/WO3
ternary aqueous system are also calculated using experimental
dependences on the pH and ionic strength. It is herein
intriguing that the molecular occupied area of the TMβCDx-
complexed Phe molecule determined from the saturated
surface concentration values of Langmuir model in the ternary
aqueous system is approximately equal to the vertical sectional
area of the TMβCDx molecule against the C7 axis (213 Å2),
revealing a steric role of the TMβCDx in the adsorption
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process of TMβCDx-complexed Phe onto the WO3 surface.
Moreover, the adsorption constants of the TMβCDx inclusion
complex of Phe obtained in the Phe/TMβCDx/WO3 ternary
aqueous system are about 2 orders of magnitude larger than
those of the corresponding free (unincluded) Phe. Namely, the
adsorptivity of Phe molecules onto the WO3 particles was
remarkably promoted due to the formation of inclusion
complexes in the aqueous media. As is evident from Figure 2
and Table 2, the adsorptivity of TMβCDx·CF inclusion
complexes of Phe molecules on WO3 is also much higher than
that of the corresponding TMβCDx·ZF ones, which is similar
to the adsorption trend of free aromatic amino acids on the
WO3 surface as described above. Note that the adsorption
constants of the TMβCDx-complexed Phe molecules were
completely independent of the ionic strength. The different
adsorption isotherms in the binary and ternary aqueous
systems may stem from the difference in the two adsorption
modes of Phe molecules on the WO3 surface sites. We will
discuss the characterization of the multiple adsorption modes
of AAs in a later section.
3.3. Kinetic Analysis of Photochromic Behaviors in

Aromatic α-Amino Acid/WO3 Binary and Aromatic α-
Amino Acid/TMβCDx/WO3 Ternary Aqueous System.
The AA/WO3 binary and AA/TMβCDx/WO3 ternary
aqueous solutions were stable without precipitate for a week
at room temperature. Indeed, the TEM result showed that no
agglomeration of the WO3 nanocolloid particles occurred by
the addition of AAs and/or TMβCDx (see Figure S8 in
Supporting Information). It is of great importance for chromic

probe materials to be well dissolved/dispersed in any aqueous
systems to move toward realistic implementation.

We investigated the photochromic behaviors of the AA/
WO3 binary and AA/TMβCDx/WO3 ternary aqueous
solutions under UV irradiation. Initially, the photochromism
in the WO3 unary and TMβCDx/WO3 binary aqueous system
was preliminary examined. Both as-prepared WO3 and
TMβCDx/WO3 binary aqueous solutions have an optical
band gap of 386 nm (3.21 eV), which is consistent with their
colorless and transparent feature in the ground state. Under
UV excitation where the wavelength of the most intense line
was 366 nm, both solutions changed to a light blue color after
a few minutes, as detectable by the naked-eye (see inset in
Figure 3). This color change is doubtless associated with the
formation of bronze-type tungsten oxide compounds caused by
partial reduction of tungsten atoms,48 whose broad absorption
band peaking at 775 nm gradually increases with UV
irradiation time (Figure 3). The detailed mechanism of
photoinduced coloration will be described in a later section.
Noted here that the presence/absence of TMβCDx does not
affect the UV-induced color change behavior of the WO3
aqueous solution.

The UV-induced photochromic behaviors of the AA/WO3
binary and AA/TMβCDx/WO3 ternary aqueous solutions are
also displayed in Figure 4. Interestingly, the AA/WO3 binary
aqueous solutions showed an obvious photochromic effect
than the as-prepared WO3 aqueous one, and the Phe/
TMβCDx/WO3 ternary aqueous ones showed an even more
intense enhanced photochromic effect than the corresponding
Phe/WO3 binary aqueous ones. Judging from the photo-

Figure 3. Typical absorption spectral changes of (a) as-prepared WO3 and (b) TMβCDx/WO3 binary aqueous solution under UV light irradiation.
Concentration conditions: [WO3] = 1.0 × 10−2 M, [TMβCDx] = 1.0 × 10−2 M, [Na2SO4] = 3.3 × 10−2 M, pH 1.5. The insets show the
photograph of the sample solutions after the irradiation for 30 min.

Figure 4. Typical absorption spectral changes of (a) Phe/WO3 binary (b) Phg/WO3 binary, (c) Phe/TMβCDx/WO3 ternary, and (d) Phg/
TMβCDx/WO3 ternary aqueous solution under UV light irradiation. Concentration conditions: [WO3] = 1.0 × 10−2 M, [AA] = 1.0 × 10−3 M,
[TMβCDx] = 1.0 × 10−2 M, [Na2SO4] = 3.3 × 10−2 M, pH 1.5. The insets show the photograph of the sample solutions after the irradiation for 10
min.
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chromic coloration and adsorption isotherm results in the as-
prepared WO3, TMβCDx/WO3 binary, and AA/WO3 binary
aqueous systems, it can be concluded unambiguously that only
the AA molecules adsorbed on the WO3 surface affects the
photochromic properties of the aqueous WO3 solutions, as we
previously pointed out.28,29 Importantly, no significant
enhanced photochromic effect with the addition of TMβCDx
was observed in the Phg/TMβCDx/WO3 ternary aqueous
system, where the weak intermolecular interaction between
Phg and TMβCDx molecule makes it unlikely to form
inclusion complex (see Section 3.1).

Figure 5 shows the time profiles of the absorbance at 775
nm of the AA/WO3 binary and AA/TMβCDx/WO3 ternary

aqueous solutions under UV light irradiation at various pH
values. The coloration kinetics of the as-prepared WO3 and
TMβCDx/WO3 binary aqueous solutions are also shown in
Figure 5 for reference. As indicated in the figure, the initial
coloration rate (r0) of the photochromic behaviors is given by
the rate of increase of the absorbance at 775 nm (Abs775)
versus the time curve at t = 0.

=
=

r
t

d(Abs )
d

t
0

775

0 (15)

The actual values were assessed by differentiating the
quadratic equation fitted to the observed points. The r0 values
in the AA/WO3 binary and AA/TMβCDx/WO3 ternary
aqueous system varied depending on their pH levels, whereas
there was no variation in r0 ones in the as-prepared WO3 and
TMβCDx/WO3 binary aqueous system. Because the adsorp-
tion isotherms of AAs molecules onto the WO3 particles are
essentially dependent on pH, this difference should be
ascribable to AAs’ forms (CF, ZF, or AF) adsorbed on the
WO3 surface.

We have previously reported the unique surface-enhanced
photochromic phenomena, in which the photochromic
coloration of inorganic oxide semiconductor particles (such
as WO3 and MoO3) can be dramatically enhanced by surface-
adsorbed organic compounds. Herein, the colorimetric
analytical performance based on the surface-enhanced photo-
chromic phenomenon was compared in the absence and
presence of TMβCDx, using the initial coloration rate (r0),
which is suitable for rapid and effective monitoring. Figure 6
shows the experimental data for r0 values as a function of the
total concentration of various aromatic amino acids on the

Figure 5. Time profiles of the absorbance at 775 nm of (a) as-
prepared WO3, (b) TMβCDx/WO3 binary (c) Phe/WO3 binary, (d)
Phg/WO3 binary (e) Phe/TMβCDx/WO3 ternary, and (f) Phg/
TMβCDx/WO3 ternary aqueous solution under UV light irradiation
at various pH values. Concentration conditions: [WO3] = 1.0 × 10−2

M, [TMβCDx] = 1.0 × 10−2 M, [Na2SO4] = 3.3 × 10−2 M.

Figure 6. Dependence of the initial coloration rate (r0) on the
concentration of AA adsorbed on the WO3 colloid surface {(a)
[Phe]ad and (b) [Phg]ad; lower axis} and the initial concentration of
AA {(a) [Phe]ini and (b) [Phg]ini; upper axis} in the absence (primary
upper axis) and presence (secondary upper axis) of TMβCDx. The
straight lines indicate the best-fitting curves obtained by the least-
squares method. The magnitude of the error bars was calculated from
the uncertainty given by five independent measurements.
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WO3 surface ([AA]ad), which was calculated by using the
stability and adsorption parameters obtained in this study, i.e.,
[AA]ad = [CF]ad + [ZF]ad + [AF]ad in the AA/WO3 binary
aqueous system; [AA]ad = [CF]ad + [ZF]ad + [AF]ad + [CF-
CDx]ad + [ZF-CDx]ad + [AF-CDx]ad in the AA/TMβCDx/
WO3 ternary aqueous system. The upper axes show the initial
bulk concentration of AA in the binary (without TMβCDx)
and ternary (with TMβCDx) aqueous system. Error bars of r0
values denote σ, where σ is a standard deviation from an
average of five measurements. As shown in Figure 6, linear
relationships between r0 value and [AA]ad were obtained in the
range from ca. 1.0 × 10−10 to 2.0 × 10−8 mol dm−2: for Phe
(slope = 2.41 × 106 Abs dm2 mol−1 min−1, R2 = 0.98) and for
Phg (slope = 2.67 × 106 Abs dm2 mol−1 min−1, R2 = 0.99).
Here, we would like to highlight that the enhanced
photochromic phenomenon gives us quantitative information
about amino acid molecules that are in direct contact with the
WO3 colloid surface. Comparing the results in the binary
aqueous system to ones in the ternary aqueous system, we see
that the two data sets of the aromatic amino acids are in good
quantitative agreement, which can be described by the same
surface concentration-dependent linear equation. These data
confirmed the previously reported findings and further a novel
role for TMβCDx in the surface-enhanced photochromic
phenomena of inorganic oxide semiconductor particles.

The LOD in general analytical methods is simply the lowest
amount of analyte in a sample, detectable but not necessarily
quantifiable as an absolute value. Meanwhile, the limit of
quantification (LOQ) is the lowest amount of analyte in a
sample, which can be determined quantitatively with suitable
precision and accuracy. According to ISO guidelines
provided,49 the LOD and LOQ values were evaluated for the
r0 data set obtained in various systems using the intercept and
standard deviation of the regression line, respectively (Figure
6). The LOD and LOQ values (in mol dm−3) in the AA/WO3
binary and the AA/TMβCDx/WO3 ternary systems are listed
in Table 3. Compared with previously published methods for

Phe detection (see Table 1), our colorimetric method based
on the WO3 surface-enhanced photochromic phenomena
shows excellent sensitivity and good LOD values. Remarkably,
the presence of TMβCDx improved both LOD and LOQ
values for Phe to about 30-fold higher. In contrast, in the Phg/
TMβCDx/WO3 ternary aqueous system, no improvement in
the detection and quantification of Phg was observed by the
presence of TMβCDx. There is no doubt that the preferential
adsorption of TMβCDx-complexed Phe molecules on the
WO3 surface is directly responsible for the improved sensitivity
of Phe detection by the surface-enhanced photochromic
phenomenon. Although we have not yet optimized conditions
for all amino acids and related compounds, this finding

supports the idea that supramolecular host−guest interactions
can promote analytical sensitivity of “label-free” colorimetric
strategies based on the surface-enhanced photochromic
phenomena of metal oxide semiconductor nanoparticles for
detecting target molecules for detecting target molecules.
3.4. ATR-FTIR Spectroscopy of Aromatic α-Amino

Acids Adsorbed on WO3 Nanocolloid Particles. The
adsorption of amino acids and their derivatives on metal oxide
surfaces can be classified as the outer-sphere and inner-sphere
adsorption modes, governed by electrostatic and covalent
interactions, respectively.50 Outer-sphere adsorption is electro-
statically driven when oppositely charged attract each other
through solvent-separated species and is essentially reversible.
This adsorption mode is typical when adsorbates are greatly
affected by changes in ionic strength. On the other hand, inner-
sphere adsorption involves the irreversible formation of metal−
ligand coordinated bonds and is often preceded by initial
outer-sphere adsorption. This adsorption mode is less affected
by changes in ionic strength.51 In this study, the characteristics
of the adsorption modes and configurations of AAs were
investigated by attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR). The spectra recorded
using this technique have a remarkable sensitivity to the
adsorbed species, thus making it possible to determine the
adsorption modes, including the conformation and structural
changes of the AAs adsorbed on the surface of the WO3
nanocolloid particles.52

ATR-FTIR spectra of AAs dissolved in aqueous solution and
adsorbed on WO3 particles deposited on the surface of
horizontal ATR crystal in the presence/absence of TMβCDx
were collected (Figures 7 and 8). The measurements were

conducted only under acidic conditions (pH 1.5), where the
most prominent coloration phenomena were observed upon
UV irradiation. Characteristic IR absorption bands from
various vibration modes of Phe and Phg molecules appeared
from 1800 to 1000 cm−1 in the wavenumber range. These
observed bands were tentatively assigned by referring to several
published studies on IR spectra of adsorbed amino acids and
related compound molecules (see Table 4).53−56 Since Phg

Table 3. LOD and LOQ Values for Aromatic Amino Acids
Determination in Various Systema

aromatic α-amino acid system LOD/mol dm−3 LOQ/mol dm−3

Phe binary 9.88 × 10−7 2.99 × 10−6

ternary 0.317 × 10−7 0.0961 × 10−6

Phg binary 8.27 × 10−7 2.50 × 10−6

ternary 8.05 × 10−7 2.44 × 10−6

aLOD: limit of detection, LOQ: limit of quantification, binary: AA/
WO3 aqueous solution, ternary: AA/TMβCDx/WO3 aqueous
solution. Figure 7. A comparison between ATR-FTIR spectra for (a) acidic

Phe aqueous solution, (b) Phe adsorbed on the WO3 nanoparticles in
the absence of TMβCDx, and (c) Phe adsorbed on the WO3
nanoparticles in the presence of TMβCDx. Concentration conditions:
[Phe] = 1.0 × 10−4 M, [TMβCDx] = 1.0 × 10−2 M, [Na2SO4] = 3.3 ×
10−2 M, pH = 1.5.
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and Phe have similar molecular structures, the only difference
being the addition of a methylene bridge (−CH2−) in Phe
between the aromatic ring and the polar amino/carboxy
groups, it is helpful to compare the corresponding spectra
between Phg and Phe.

First, let us analyze the ATR-FTIR spectra of Phe and Phg
dissolved in the acidic aqueous solutions (pH 1.5), as shown in
Figures 7a and 8a, respectively. For Phe, the prominent bands
at 1728, 1622, 1526, 1405, 1321, and 1224 cm−1 correspond to
C�O stretching vibration [ν(C�O)carboxylic acid] of the
carboxyl group (−COOH), asymmetric bending vibration
[δas(NH3

+)] and symmetric bending vibration [δs(NH3
+)] of

the protonated amino group, symmetric vibration [νs(COO−)]
of the deprotonated carboxyl group (carboxylate: −COO−),
out-of-plane wag vibration [ω(CH2)] of methylene bridge, and
C−OH stretching vibration [ν(C−OH)carboxylic acid] of the
carboxyl group, respectively. Also, there was a weak shoulder
band at about 1600 cm−1, which was observed as a
contribution of asymmetric stretching vibration [νas(COO−)]
of the carboxylate. For Phg, there was no significant difference
in band position from that of Phe in the acidic aqueous
solution except for the absence of ω(CH2) band. The spectral
analysis showed that cationic and zwitterionic species of Phe
and Phg are present in this acidic aqueous solution. This result

seems reasonable since approximately 74 and 83% of the
species distribution of Phg and Phe, respectively, at pH = 1.5
are cationic, while the remaining (26 and 17%) are
zwitterionic, based on the corresponding pKa values (see
Scheme 1 and Figure S1 in Supporting Information).57

Infrared spectra of Phg and Phe molecules adsorbed on a
WO3 nanocolloid particle film cast on an ATR crystal under
acidic conditions (pH = 1.5) are shown in Figures 7b and 8b,
respectively. The spectra of AAs adsorbed on the WO3
nanoparticle film are significantly different from those in the
same pH aqueous solution regarding relative band intensities
and wavenumbers. These changes are attributed to the
interaction between the adsorption sites on the WO3 surface
and the functional groups of AAs. Upon adsorption to WO3,
the intensity of ν(C�O)carboxylic acid band (1728 cm−1 for Phe,
1725 cm−1 for Phg) and ν(C−OH)carboxylic acid band (1224
cm−1 for Phe, 1259 cm−1 for Phg) decreased, while the band
intensity of νas(COO−) and νs(COO−) increased (1606 and
1404 cm−1 for Phe, 1598 and 1389 cm−1 for Phg, respectively).
In addition, the δas(NH3

+) and δs(NH3
+) bands (1622 and

1526 cm−1 for Phe, 1617 and 1515 cm−1 for Phg, respectively)
were observed to weaken or disappear. These changes can be
explained by the consideration that the adsorption occurs via
the deprotonated carboxyl group of Phg and Phe molecules,
leading to the loss of the double bonding character of the C�
O bond and the breakage of some hydrogen bonds of the
protonated amino group.58 Such changes in the contribution of
carboxyl and amino groups of Phe and Phg molecules to the IR
spectra provide complementary information on structural
changes accompanying adsorption to WO3 particle film.

We also analyzed the ATR-FTIR spectra of Phg and Phe
molecules adsorbed to the WO3 surface in the presence of
TMβCDx. Note that the characteristic IR absorption bands of
nonadsorbed TMβCDx on WO3 in the acidic aqueous media
are mainly located in the 800−1200 cm−1 range, so there is no
overlap with amino acid compounds’ characteristic absorption
bands (1200−1800 cm−1), as shown in the preliminary
experiment (Figure S10 in Supporting Information). There-
fore, the presence of TMβCDx does not significantly affect the
analysis of the adsorption modes and configurations of AAs
using the spectra.59 The ATR-FTIR spectra of Phg molecules
on the WO3 surface in the presence and absence of TMβCDx
are very similar, with no significant difference in the band
shape or peak position. On the other hand, adsorbed Phe
molecules in the presence of TMβCDx show significantly
different spectra in terms of relative band intensities [complete
disappearance of bands at 1728 cm−1 [ν(C�O)carboxylic acid]

Figure 8. A comparison between ATR-FTIR spectra for (a) acidic
Phg aqueous solution, (b) Phg adsorbed on the WO3 nanoparticles in
the absence of TMβCDx, and (c) Phg adsorbed on the WO3
nanoparticles in the presence of TMβCDx. Concentration conditions:
[Phg] = 1.0 × 10−4 M, [TMβCDx] = 1.0 × 10−2 M, [Na2SO4] = 3.3
× 10−2 M, pH = 1.5.

Table 4. Peak Positions and Functional Group Assignments for Phe and Phg in Acidic Aqueous Solution and Adsorbed on
WO3 Nanocolloid Particles’ Film in the AA/WO3 Binary and AA/TMβCDx/WO3 Ternary Aqueous System

peak position/cm−1a

L-phenylalanine (Phe) L-2-phenylglycine (Phg)

solution adsorbed (binary) adsorbed (ternary) solution adsorbed (binary) adsorbed (ternary) vibrational modesb

1728 1728 1725 1725 1725 ν(C�O)carboxylic acid

1622 1622 (sh) 1622 (sh) 1617 1617 (sh) 1617 (sh) δas(NH3
+)

1600 (sh) 1606 1561 1596 (sh) 1598 1598 νas(COO−)
1526 1512 1515 (sh) 1515 (sh) δs(NH3

+)
1405 1404 1404 1393 1389 1389 νs(COO−)
1321 1321 1321 ω(CH2)
1224 1224 1259 1259 1259 ν(C−OH)carboxylic acid

ash: shoulder band. bνs/νas: symmetric/asymmetric stretches; δs/δas: symmetric/asymmetric bends; and ω: wag vibrations.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09239
ACS Omega 2024, 9, 18957−18972

18967

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09239/suppl_file/ao3c09239_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09239/suppl_file/ao3c09239_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09239?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09239?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09239?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09239?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and 1224 cm−1 [ν(C−OH)carboxylic acid)] and wavenumbers
[peak shift at 1606 cm−1 to 1561 cm−1 (νas(COO−))] from
adsorbed ones in the absence of TMβCDx, denoting the
difference in the adsorption configuration of free Phe and
TMβCDx-complexed Phe molecules on WO3 surface.

There are three modes of coordination between COO−

group and metal cation: monodentate, bidentate, and bidentate
bridging.60,61 In bidentate coordination, the metal cation
interacts with both oxygen atoms of COO− group, while in
monodentate coordination, it only interacts with one oxygen
atom. In bidentate bridging coordination, one metal cation
interacts with one oxygen atom, and the other interacts with
another. If a hydrogen atom from a water molecule replaces
one of the metal cations, it becomes a pseudobridging type.
Deacon and Phillips discovered an empirical rule that
correlates COO− group coordination with metal cations and
the frequency separation between COO− group’s asymmetric
and symmetric stretching modes (Δνa−s).62 Generally, it is
well-known that the Δνa−s values of COO− groups adsorbed
on metal oxides are 200−500 cm−1 for monodentate, 150−180
cm−1 for bidentate bridging, and 60−100 cm−1 for bidentate
chelating. The observed Δνa−s values in the ATR-FTIR spectra
of Phg adsorbed on WO3 nanoparticle film suggest that
monodentate adsorption mode is the most probable
adsorption configuration in the absence or presence of
TMβCDx. On the other hand, the Δνa−s values of Phe
adsorbed on WO3 nanoparticle film offer monodentate binding
and bidentate bridging structures of Phe molecules to the
surficial W6+ cations in the absence and presence of TMβCDx,
respectively.

Furthermore, we investigated the reversibility of the
adsorption process. The adsorption process of Phg molecules
on WO3 nanoparticle film was reversible regardless of the
absence or presence of TMβCDx, as the characteristic bands of
Phg decreased when water was flushed after the adsorption
experiment. The reversible adsorption of Phe molecules was
also observed in the absence of TMβCDx. However, in the
presence of TMβCDx, the characteristic bands of Phe persisted
even after water flushing, and the adsorption of Phe molecules
seemed to be irreversible. It is well-known that the dielectric
constant of water near metal oxide surfaces is much lower than
that of bulk water.63 This decrease in dielectric constant has a
direct impact on the hydration efficiency of the species
adsorbed on the surface.64 Although lacking sufficient
evidence, it is probable that TMβCDx, which adsorbs as an
inclusion complex of Phe, could be responsible for the
departure of water molecules engaged in outer-sphere
interactions from the WO3 surface, facilitating a robust
inner-sphere adsorption process. Detailed investigations are
underway to gain a more comprehensive understanding of this
phenomenon.
3.5. Surface-Enhanced Photochromic Phenomena of

WO3 Nanocolloid Particles by TMβCDx-Complexed Phe
Molecules. Using the above results of titration, adsorption,
UV−vis absorption, and ATR-FTIR, let us discuss the
photochromism mechanism in the Phe/TMβCDx/WO3
ternary aqueous system. We can provide evidence to support
the following facts: (i) The adsorptivity of TMβCDx molecules
onto the WO3 nanocolloid particles is very low; therefore, the
effect of free TMβCDx molecules on the photochromic
behavior is negligible (adsorption and UV−vis absorption);
(ii) TMβCDx molecules can form stable host−guest inclusion
complexes with Phe in bulk aqueous solution (titration); (iii)

Phe molecules adsorb in two different ways on the WO3
nanocolloid surface: they irreversibly inner-sphere adsorb via
electrostatic interaction of cationic amine groups and bidentate
bridging of carboxyl groups in the presence of TMβCDx, they
reversibly outer-sphere adsorb via electrostatic interaction of
cationic amine groups and monodentate fashion of carboxyl
groups on the negatively charged WO3 nanocolloid surface in
the absence of TMβCDx (adsorption and ATR-FTIR); (iv)
TMβCDx-complexed Phe molecules have a higher adsorptivity
for the WO3 nanocolloid particles than free Phe ones
(adsorption); (v) the initial coloration rate due to the
photochromism of the WO3 colloid solution depends upon
the concentration of Phe molecules adsorbed on the WO3
particle surface, regardless of the absence or presence of
TMβCDx (UV−vis absorption and adsorption).

Many researchers have investigated the coloration/discolor-
ation phenomena of various WO3 materials. Some theoretical
models have been proposed to explain how the coloration
occurs in WO3 materials under UV irradiation, such as the
color centers model,65 the free electron absorption model,66

and the double insertion/extraction model of ions and
electrons.67 Although the detailed photochromic mechanism
of WO3 materials is still controversial, the double charge
intercalation/extraction model is widely accepted. Below are
simplified reaction equations that interpret the photoinduced
coloration mechanism of crystalline WO3·2H2O
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+

+ +

x x x
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6 5
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2
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Understanding this photochromic reaction would require
considering the behavior of structured water in the lattice or
absorbed water molecules from the solution, as mentioned by
several researchers.68,69 According to semiconductor band
theory,70 electrons in the valence band are excited into the
conduction band, leaving holes in the valence band under
persistent UV irradiation with more incredible energy than the
band gap. The photogenerated holes in the valence band
decompose neighboring water molecules into hydrogen ions
and oxygen radicals by attenuating the H−O bond.71

Bechinger et al.72 argued that the reactive oxygen radicals
combine to generate molecular oxygen, then diffuse into the
aqueous media in molecular form. Recently, Miu et al.73

demonstrated using density functional theory (DFT) calcu-
lations that hydrogen ions are intercalated into the W−O layer
network’s interstitial sites by linking to O or W atoms. The
photogenerated electrons promote the reduction of W6+ ions
into W5+ ions in crystalline WO3·2H2O. Therefore, the
photoinduced carriers (electron−hole pairs) give rise to the
formation of substoichiometric tungsten oxide containing
intercalated hydrogen ions and mixed-valence tungsten states
(so-called hydrogen tungsten bronze compound).74 The
coloration mechanism in this substoichiometric compound is
attributed to an intervalence charge transfer (IVCT) between
W6+ and W5+ ion sites.75 Given that the selective insertion of
hydrogen ions from the organic component into the [WO6]
octahedral framework enhances photochromism under the
excitation described above, it is no surprise that cationic Phe
molecules adsorbed on the WO3 surface act as an effective
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proton source and W6+ ions located near the WO3·2H2O
nanocrystal surface are preferentially photoreduced.

Based on several literatures on WO3 photochromism76−78

and the results obtained in this study, we propose the
relationship between the adsorption behavior of Phe molecules
on the WO3 surface and the photochromic behavior of WO3
nanocolloid particles in the acidic Phe/TMβCDx/WO3 ternary
aqueous system, as shown in Scheme 2. In the bulk aqueous
solution, cationic Phe molecules form inclusion complexes
with TMβCDxs with 1:1 stoichiometric ratio. Competitive
outer-sphere adsorption initially occurs between free cationic
Phe and TMβCDx-complexed cationic Phe molecules on the
negatively charged WO3 particle surface, driven by electrostatic
interactions. Stumm et al. indicated that a drastic enhancement
of hydrophobicity by species adsorbed densely on the metal
oxide surface promotes the release of ions (H+/OH−) from the
surface into the adjacent bulk aqueous solution, leading to the
formation of the inner-sphere complexes from the outer-sphere
ones on the surface.79 In the Phe/TMβCDx/WO3 ternary
system, dominant adsorption of hydrophobic TMβCDx-
complexed cationic Phe molecules is eventually regulated by
site-specific bindings consistent with bidentate bridging
arrangements of carboxyl groups on the WO3 surface via the
inner-sphere adsorption mechanism, resulting in high

adsorptivity of Phe molecules in the Phe/TMβCDx/WO3
ternary aqueous system. The protonated amino group of the
adsorbed Phe molecules acts as an effective proton source,
which significantly enhances the coloration behavior of WO3
nanocolloid particles by UV irradiation. Potentially, the
bidentate bridging site by the carboxylate group may act
more effectively as a hole trap and facilitate IVCT, as noted by
Atitar et al.58 Therefore, a highly sensitive label-free
colorimetric sensing of Phe molecules has been successfully
achieved using surface-enhanced photochromic phenomena,
which remain unaffected by external factors such as ionic
strength.

However, the complicated mechanisms governing photo-
chromism in WO3 materials are not fully understood, and we
cannot also completely rule out the possibility of inner-sphere
adsorption by bidentate bridging in the Phe/WO3 binary
aqueous system (without TMβCDx). Therefore, the proposed
mechanism of surface-enhanced photochromic phenomena in
the Phe/TMβCDx/WO3 ternary aqueous system may not be
sufficient. We aim to further elucidate the details of surface-
enhanced photochromic phenomena by conducting more
studies on adsorption and photochromism using other amino
acids, similar compounds, and various inclusion compounds.

Scheme 2. Schematic Illustrations of (a) Inclusion Complex between TMβCDx and AA in the Aqueous Media, (b) Phe and
TMβCDx-Complexed Phe Molecules Adsorbed Onto WO3 Nanocolloid Particles in the Phe/WO3 Binary and Phe/TMβCDx/
WO3 Ternary Aqueous System, Respectively, and (c) Proposed Photochromic Coloration Mechanism for IVCT of WO3
Nanocolloid Particles with TMβCDx-Complexed Phe Molecules Adsorbed on Their Surface Upon UV Irradiation
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4. CONCLUSIONS
We have demonstrated the novel colorimetric assay system
using the surface-enhanced photochromic phenomenon of
WO3 nanocolloid particles for “label-free” quantification of
aromatic amino acids (AAs), L-phenylalanine (Phe) and L-2-
phenylglycine (Phg), in an aqueous solution. The findings in
this study provided insightful information on the causal
relationship between AA-TMβCDx-WO3 ternary interactions
and surface-enhanced photochromic phenomena by amino
acid molecules absorbed on the WO3 surface. The identical
linear relationship between the concentration of AAs adsorbed
on the WO3 nanocolloid particles and the initial coloration rate
in the corresponding UV-irradiated colloidal WO3 in aqueous
media was observed, regardless of the presence of TMβCDx,
clearly indicating that specific molecular adsorption behaviors
can be converted into visually quantifiable detection signals.
Notably, the highest sensitivity was found in the Phe/
TMβCDx/WO3 ternary system, with the lowest LOQ and
LOD values. The detailed adsorption isotherm analysis
revealed that the TMβCDx-complexed Phe molecules have
significantly higher adsorptivity to the WO3 nanocolloid
particles than free Phe ones, resulting in “surface enrichment”
by these molecules. Furthermore, in the Phe/TMβCDx/WO3
ternary aqueous system, the present study identifies inner-
sphere adsorption of Phe molecules via bidentate bridging
bindings of carboxyl groups on the WO3 surface strongly
evidenced by both the ionic strength tests and ATR-FTIR
spectroscopy. Therefore, the combination of the promoted
adsorptivity and the strong inner-sphere adsorption of the
TMβCDx-complexed Phe molecules successfully achieves a
highly sensitive and robust colorimetric assay based on the
surface-enhanced photochromic phenomenon of WO3 nano-
colloid particles. Moreover, this colorimetric platform would
even be customized to detect a broad range of target molecules
as well as amino acid compounds, because it can integrate with
various host−guest molecule bindings. We believe that the
proposed coloration mechanism of a surface-enhanced photo-
chromic phenomenon has high potential utility and versatility
in the “label-free” colorimetric analysis system, and also
envisage new applications in environmental monitoring, point-
of-care testing, public health screening, pharmaceutical, and
biomedical fields. Further related work is in progress.
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(12) Kand’ár, R.; Žáková, P. Determination of Phenylalanine and
Tyrosine in Plasma and Dried Blood Samples Using HPLC with
Fluorescence Detection. J. Chromatogr. B: Anal. Technol. Biomed. Life
Sci. 2009, 877, 3926−3929.

(13) Zhang, K.; Yan, H.-T.; Zhou, T. Spectrofluorimetric
Determination of Phenylalanine Based on Fluorescence Enhancement
of Europium Ion Immobilized With Sol−Gel Method. Spectrochim.
Acta, Part A 2011, 83, 155−160.

(14) Arakawa, T.; Koshida, T.; Gessei, T.; Miyajima, K.; Takahashi,
D.; Kudo, H.; Yano, K.; Mitsubayashi, K. Biosensor for L-
Phenylalanine Based on the Optical Detection of NADH Using a
UV Light Emitting Diode. Microchim. Acta 2011, 173, 199−205.
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