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A B S T R A C T   

A simple and highly sensitive photoelectrochemical biosensor towards L-phenylalanine, as a kind of typical 
essential amino acid and phenylketonuria biomarker was developed on a surface molecular imprinted (MIP) 
polydopamine-coated CdS/CdSe/Zn heterojunction. Hierarchical marigold flower-like Zn layer decorated by n- 
type dichalcogenides interfacial heterojunction was successfully designed and synthesized on Ti foil for PEC 
converter by in situ electrodeposition. A visible-light-driven molecular imprinting film was prepared through the 
electropolymerization of dopamine in the presence of L-Phe as biomarker. The combination of bio-MIP and 
photoelectrochemistry overcomes the defects of the PEC method, which is the absence of selectivity, and offers a 
new PEC sensor with high sensitivity and selectivity based on visible-light-driven heterojunction and biopolymer- 
enhanced strategy. The unique interfacial between the Zn marigold flower layer as low work function support 
and CdS/CdSe n-n heterojunction as well as n-type characteristics of polydopamine imprinted by L-Phe 
biomarker drastically increase the light trapping and absorption in the visible range, and dramatically inhibit the 
charge carrier recombination, which is crucial for boosting the Bio-PEC activity. Photocatalytic, electrocatalytic 
and physicochemical properties of the above-mentioned layers were fully characterized. As-prepared PEC 
biosensor displayed superb performance for the detection of L-Phe biomarker in the optimized condition ob
tained from central composite design modeling, showing two linear range 0.005–2.5 and 2.5–130 μM and a low 
detection limit of 0.9 nM. This work suggests that such L-Phe-imprinted polydopamine-coated Zn/CdS/CdSe 
heterojunction is greatly promising for being applied in photoelectrochemical biosensing with high photo- 
electron conversion efficiency.   

1. Introduction 

Phenylketonuria (PKU) is a widespread disease in the intrinsic dis
order of amino acid metabolism, which often emerges in children and 
youngsters (Banik et al., 2016; MacDonald et al., 2004). PKU can harm 
the neonatal nervous system, so untreated PKU can often lead to severe 
mental retardation as well as physical and behavioral abnormalities 
such as heart problems (Khemir et al., 2011), small head (Hasanzadeh 
et al., 2018), and low birth weight. Moreover, it causes epilepsy and 
eventually leads to death (Campistol and Plecko, 2015). Although PKU 
is not curable, the early identification and effective treatment of PKU 
could prevent irreparable damage (Xu et al., 2019b). Most patients are 

diagnosed via newborn screening, in which non-invasive blood or urine 
sampling is more appropriate because of their convenience and harm
lessness for newborns (Szabo’ et al., 2015; Yan et al., 2020). Moreover, 
the reliable point-of-care testing of the biomarkers may expedite the 
diagnosis and management of the underlying medical conditions 
(Christodouleas et al., 2018; Min et al., 2018). The detection of PKU 
markers in body fluid has been done with bacterial inhibition assay 
(Isabella et al., 2018), immunoassays using fluorescence (Long, 2013) 
and electrochemical methods under the assistance of an aptamer or DNA 
using high-performance liquid chromatography or gas chromatogra
phy� mass spectrometry (Aghaei et al., 2017; Idili et al., 2019; Naghib 
et al., 2012). Since these methods usually require a long time for sample 
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processing, modern system based on developed electrochemical anal
ysis, with the advantages of rapid response, high sensitivity, and simple 
handling can be used for the development of next-generation clinical 
diagnostic technology (Moreira et al., 2018; Xu et al., 2019b). Because 
PKU is a disease caused by the deficiency of the metabolic phenylalanine 
hydroxylase (PAH) enzyme, PAH activity measurements has been pro
posed as a method of PKU diagnosis (Heintz et al., 2012), while 
complicated handling procedures and the requirement for special care 
with enzymatic activity make these methods less robust and difficult for 
continuous in situ analysis (Charkhabi et al., 2018; Sassolas et al., 2012; 
Wick et al., 2019). Accordingly, PKU treatment demands urgent inno
vative interventions, developing a method based on direct detection of 
L-Phe as the most effective PKU marker without the employment of 
bio-recognizers, which is the most appropriate pathway to overcome the 
above-mentioned limitations and thus suitably μM analysis of L-Phe 
(Cheung et al., 2019; Idili et al., 2019; Zhou et al., 2018). This paper 
addresses the critical need for novel reliable tools for the predictive, 
label-free and minimally invasive early detection of PKU processes. It 
will bring a novel, rapid, sensitive, selective and efficient lab-on-chip 
tool employing the electrochemical deposition to address new fron
tiers in detection, early diagnosis and monitoring of PKU disorder 
(Chałupniak and Merkoc;̧i 2017; Tiwari et al., 2016; Wongkaew et al., 
2018; Xu et al., 2019a). This new modern device is a versatile handheld 
platform based on photo-electrochemical, which opens an innovative 
gate to develop monitoring of many other key biomarkers (Cao et al., 
2020; Lv et al., 2018; Qiu et al., 2018) as well as aims to make a 
transformative impact on the life of newborn patients affected by PKU 
(Hong et al., 2018). To beat this challenge, we designed push 
state-of-the-art technology towards an unprecedented sensor construct 
making the most of biological, chemical, physical, analytical, electronic, 
magnetic and engineering means (Ibrahim et al., 2018; Shi et al., 
2019b). We have reasoned that proposed assay as a new and promising 
analytical, bioanalytical and physical multiple technique (Zhao et al., 
2017). It is based on coupling PEC active species and selective organic 
biopolymer and inorganic photo-absorbent semiconducting materials to 
improve charge transport properties under light illumination with low 
background signals (Fan et al., 2019; Wang et al., 2017b; Yu et al., 
2019). The electron transfers among analyte, photoactive species and 
electrode under photo-irradiation, which could be an effective diagnosis 
and detection modality that is easily applicable to clinical settings (Song 
et al., 2018). This assay benefits from a photoactive molecularly 
imprinted biopolymer, for overcoming poor selectivity and sensitivity of 
conventional sensing systems due to the selective interaction between 
biopolymer and L-Phe analyte (Tsafack et al., 2000; Wang et al., 2017a; 
Yang et al., 2019). Generally, the molecular imprinting (MI) technique 
provides a mimetic receptor system to recognize the target molecule 
(Kolaei et al., 2016; Shi et al., 2019a). In addition, due to the coupling of 
the proposed material species, a novel selective type II heterojunction 
structure will be formed on low work function metallic 
nanoparticles-coated titanium foil as opal electrode. This is expected to 
show better PEC performance due to highly efficient light trapping, 
improved charge separation and charge collection (Lee et al., 2016; Mao 
et al., 2019; Yang et al., 2018). 

2. Experimental method 

2.1. Materials 

CdSO4, NaCH3COOH, Na2S2O3, Na2Se2O3, Zn(CH3COOH)2.2H2O, 
Na2S, teriethanol amine (TEA), ethylenediaminetetraacetic acid 
(EDTA), Tween 80, L-phenylalanine (L-Phe), ethylene glycol (EG), 
ascorbic acid (AA), dopamine (DA), HCl, NaOH, Tris-HCl buffer, mel
amine, L-tyrosine, thymine, L-cysteine, guanine, adenine, citric acid, 
adipic acid, bovine serum albumin, acetone and ethanol were obtained 
from Merck (Darmstadt, Germany). As received materials were used 
without any further purification. Phosphate buffered saline (PBS) pellet 

and 0.3 mm thick Ti foil (99.7%) were acquired from Sigma-Aldrich. 
Stock solutions (1.0 mmol L� 1) were prepared by dissolving the stan
dard powder in DI water followed by its dilution with a nitrogen-assisted 
deaerated buffer supporting electrolyte (0.1 mol L� 1 PBS containing 1.0 
mM AA (pH 7.0)) to achieve the desired concentration of solutions 
required for running experiments. 

2.2. Electrodeposition of Zn marigold flower layer on Ti foil 

Before the electrodeposition of the Zn marigold flower as low work 
function layer on Ti foil (Zn/Ti), a Ti foil (1 cm � 3 cm) was wet-polished 
followed by the removal of titania residue by sonicating in acetone, 
ethanol and distilled water for 10 min. Deposition solution was a 
mixture of sodium acetate (0.5 M) as a complexing and capping agent, 
zinc acetate (0.75 M) and 100 mL of anhydrous ethylene glycol. The 
electroplating of the Zn marigold flower layer was performed in the 
prepared deposition solution at 70 �C by CA with 1.0 V potential for 500 
s. After the deposition, to remove any remaining sodium acetate and 
other unreacted reagents, the electrode was immersed and rinsed in 
distilled water (70 �C) for 3 times and finally dried at ambient 
temperature. 

2.3. Electrodeposition of double-shelled CdS- and CdSe-Cosensitized Zn/ 
Ti substrate 

The CdS thin film was coated on Zn/Ti (CdS–Zn/Ti) in an electrolytic 
bath containing 0.07 M CdSO4, 0.7 M Na2S2O3, and 0.1 M EDTA in the 
volumetric ratio of 1:4:3 (the solution pH was maintained at ~4). A 
three-electrode configuration was used for the deposition of CdS on Zn/ 
Ti substrate as working electrode at 50 �C for 450 s in constant potential 
of � 0.85 V. After the deposition, to remove any remaining reagents, the 
electrode was immersed and rinsed in distilled water (70 �C) for 3 times 
and finally dried at ambient temperature. Subsequently, an aqueous 
solution composed of 0.02 M Cd(OAc)2, 0.07 M Na2SeO3, and 0.04 M 
EDTA was used as electrolyte for the electrodeposition of CdSe on the 
CdS–Zn/Ti substrate at the potential of � 1.5 V for 450 s. Finally, to 
remove any remaining reagents, the CdSe–CdS–Zn/Ti electrode was 
immersed and rinsed in distilled water followed by drying at ambient 
temperature. 

2.4. Electrodeposition of L-Phe-imprinted polydopamine on 
CdSe–CdS–Zn/Ti 

The L-Phe-imprinted polydopamine (L-Phe-IPDA) as photoactive 
selective layer coated on CdSe–CdS–Zn/Ti substrate (L-Phe-IPDA-CdS- 
CdSe-Zn/Ti) was fabricated by cyclic voltammetry method for dopamine 
polymerization in the presence of L-Phe biomarker target as follows: 15 
mg/mL dopamine-HCl was prepared in degassed double distilled water 
followed by adding and dissolving appropriate amounts of Tris buffer 
solution (TBS, pH 7.4, 130 mg/mL containing 0.03% Tween 80), L-Phe 
(7.5 mg/mL), KCl (10 mg/mL) and NaCl (300 mg/mL) by magnetic 
stirring and nitrogen bubbling for 1.0 h. The solution was then poured in 
electrochemical cell including Pt counter electrode, Ag/AgCl reference 
electrode and CdS–CdSe–Zn/Ti as photoactive substrate. The voltage 
and scanning rate for the electrochemical reduction of dopamine- 
containing L-Phe onto the CdS–CdSe–Zn/Ti substrate were set to be 
within the range of 1.5 V to � 1.5 V and at 50 mV/s, respectively. After 
each cycle, a decrease in the area enclosed with the voltammogram 
curve was observed due to the imprinting of L-Phe-containing poly
dopamine on the CdS–CdSe–Zn/Ti substrate. After 20 cycles, the amount 
of deposited L-Phe-IPDA led to nearly full insulation of the 
CdS–CdSe–Zn/Ti substrate. For comparisons, non-imprinting polydop
amine (NIPDA) was prepared similar to the above-mentioned method in 
the absence of L-Phe target. All steps for L-Phe-IPDA and L-Phe-IPDA- 
CdS-CdSe-Zn/Ti preparation were schematically illustrated in Schemes 
1 and 2, respectively. 
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2.5. Samples characterization 

A Metrohm 691 pH meter (Switzerland) was applied to measure the 
desired pH of the working solution, which was set using dilute NaOH or 
HCl. An electron beam of energy 15.00 keV was applied in field emission 
scanning electron microscopy (FESEM: Sigma, Zeiss, Jena, Germany) to 
observe the morphology of constituents of the working electrode. The 
FESEM equipped with energy-dispersive X-ray spectrometry (EDX) with 
solid-state detector (Oxford INCA II) was applied to acquire the EDX 
spectrum of the sample to obtain its elemental composition. The struc
ture and phase of the components of working electrode were investi
gated using X-ray diffraction (XRD, PW, 1880; Philips, Amsterdam, 
Netherland) over 2θ range of 10.0–80.0� by CuKα radiation taken at 40 
kV and 40 mA. The films were studied by UV–vis diffuse reflectance 
spectroscopy (UV–Vis DRS, Shimadzu UV-2550) to determine their op
tical characteristics. Other materials, apparatus, and software were 
applied based on manufacturer instructions as mentioned in our previ
ously published works (Dashtian et al., 2019). 

2.6. Electrochemical measurements 

The photocurrent was tested with the commonly used three- 
electrode system, in which the platinum wire and Ag/AgCl electrode 
were used as the counter and reference electrodes, respectively. 0.1 M 
PBS was used as the electrolyte for all photoelectrochemical measure
ments. The prepared L-Phe-IPDA-CdS-CdSe-Zn/Ti was used as working 
electrode. In all tests, the light source was set to be blue, green, orange, 
red and violet LED lamp which was manually turned on for 10 s and 
subsequently turned off for 10 s in different cycles. To remove dissolved 
oxygen, highly pure nitrogen was bubbled into the electrolyte for 10 min 
and then the photocurrent was recorded with continuously flowing 

nitrogen. Electrochemical impedance spectroscopy (EIS), chro
nopotentiometry, cyclic voltammetry, Mott-Schottky, Bode-phase, and 
chronoamperometry were performed on an AutoLab PGSTAT at room 
temperature with 0.1 M KCl serving as supporting electrolyte. 

2.7. Detection of L-Phe in real samples 

The photoelectrochemical response of L-Phe-containing juice sam
ples (apple and grape juice) was performed through the following steps: 
1.0 g of samples, purchased from a local supermarket, was grounded and 
mixed with 0.1 mol L� 1 HCl solution. After integrating for 15 min, the 
mixture was centrifuged for 15 min at 5000 rpm, and the supernatant 
was filtered through a 0.45 mm Whatman filter and diluted up to 10 mL 
with distilled water. The urine sample was obtained from a 4-year-old 
boy. For all samples, known amounts of L-Phe were added to 0.1 mol 
L� 1 KCl solution containing 50.0 mL of the urine. 

2.8. Experimental design 

Small central composite design was applied to investigate the effects 
of the three operational factors on the photoelectrochemical response in 
presence of L-Phe analyte. The solution pH, light source wavelength and 
applied potential as studied parameters were selected based on the 
preliminary experiments. The design matrix and parameter levels are 
shown in Table S1. After running 15 trials, a second order polynomial 
model, analysis of variance and summary statistics were used for pre
dicting the optimal point as well as main effect and interaction of pa
rameters (Jafari et al., 2017; Tabatabaei et al., 2018). 

Scheme 1. The schematic diagram of the preparation of the L-Phe-IPDA.  

Scheme 2. The schematic diagram of the preparation of the L-Phe-IPDA-CdS-CdSe-Zn/Ti.  
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3. Results and discussions 

3.1. Sample characterization 

XRD pattern of Zn marigold flower-like nanostructured thin-film 
grown on Ti foil substrate showed sharp peaks at 2θ of 36.36, 39.08, 
43.32, 54.47, 70.24 and 70.80�, which revealed that they were corre
lated with the 002, 010, 011, 012, 013 and 110 crystal planes, respec
tively in hexagonal structure (Reference: 2436-901-96) (Fig. 1a) (Shou 
et al., 2017). After CdS/CdSe deposition, there are some peaks at 25.5, 
44.0, and 52.1� associated with the 111, 220, and 311 planes, which 

correspond to the cubic structure of cadmium sulfide (JCPDS No. 
80–0019) and cadmium selenide nanocrystals (JCPDS No. 08–0459), 
respectively (Bang et al., 2012; Cao et al., 2013; Xu, 2019). After elec
trochemical deposition of the L-Phe-imprinted PDA on the 
CdS/CdS–Zn/Ti substrate, all of the above-mentioned peaks have 
appeared, while the addition of new sharp peaks at 2θ of 15.1, 20.1 and 
21.5� may be due to the complex formation between the cadmium in the 
substrate and polydopamine. Polydopamine is able to form complexes 
with some metal atoms such as cadmium because of its free electron 
nitrogen atoms and the soft structure of this molecule. Thus, the new 
appeared peaks indicated to confirm the two-dimensional complex 

Fig. 1. XRD pattern (a) and EDS spectra (b) of as-prepared samples.  

Fig. 2. FESEM images (a) and EDS mapping (b) of Zn marigold flower-like nanostructured thin-layer on Ti foil (up right inset of 2a is the cross-sectional view FESEM 
image), FESEM images (c) and EDS mapping (d) of spherically structured CdS/CdSe layer on Zn/Ti substrate (up right inset of 2c is the cross-sectional view FESEM 
image) and FESEM images (e) and EDS mapping (f) of as-prepared L-Phe-IPDA-CdS/CdSe–Zn/Ti (up right inset of 2e is the cross-sectional view FESEM image). 
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formation between polydopamine and cadmium (Fig. 1a). The EDS 
spectrum of the Zn/Ti, CdS/CdSe–Zn/Ti and L-Phe-IPDA-CdS/Cd
Se–Zn/Ti have been presented in Fig. 1b, which indicates all of the 
proposed elements confirming that the experimental values were near to 
the theoretical values as calculated from EDS spectra. 

The morphology of as-prepared electrodes was investigated using FE- 
SEM analysis. Fig. 2a shows the growth of marigold flower-like Zn 
nanostructured thin layer on the Ti foil surface. This highly ordered 
structure of high porosity makes it suitable for the growth of other 
layers. Cross-sectional FESEM image in upright inset in Fig. 2a showed a 
thickness of about 1.0 μm for the Zn marigold flower-like layer. The 
uniform distribution of the presence of elements was investigated by the 
EDS mapping and the results confirmed the uniform dispersion of Zn on 
the Ti substrate. Apparently, the appeared oxygen is related to the sur
face adsorbed oxygen (Fig. 2b). 

Spherical CdS/CdSe nanoparticles with an average size of about 40 
nm in uniform distribution (elemental mapping of Cd, Se, and S in the 
netlike CdSe and CdS) have been well grown on the Zn/Ti surface 
(Fig. 2c and d). Cross-sectional FESEM image in the bottom right inset in 
Fig. 2c showed a thickness of about 2.0 μm for the CdS/CdSe layer. The 
results provide the efficiency of the electrochemical stabilization 
method as an efficient option for growing uniform nanostructured layers 
and achieving mass production of these layers. FE-SEM images of L-Phe- 
imprinted PDA layer on the CdS/CdSe–Zn/Ti electrode showed spher
ical, smooth and compact L-Phe-PDA nanoparticles (Fig. 2e and f). The 
thin L-Phe-imprinted PDA layer was good for charge transport and the 
surface imprinted sites accelerate the speed of specific recognition of L- 
Phe target, which effectively enhances the sensing performance. Cross- 
sectional FESEM image in the upright inset in Fig. 2e showed a thick
ness of about 1.0 μm for the L-Phe-imprinted PDA layer. Generally, for 
applications in various PEC systems, such a unique morphology can 
expose more active sites, accommodate more target molecule as well as 
facilitate the connection between the internal active material and elec
trolyte. The uniform distribution of the Ti, Se, Cd, S, Zn, O, Zn and N 
elements in the mentioned electrode was also successfully confirmed by 
the EDS mapping method (Fig. 2f). 

The light-harvesting capacity of the samples was demonstrated by 
their UV–Vis diffuse reflectance spectra (DRS) in Fig. 3a. Zn/Ti shows no 
obvious absorption edge in the range from 200 to 800 nm, which is due 
to its metallic property. The absorption edges of CdS and CdSe are 

located at 550 and 800 nm exhibiting their excellent visible light ab
sorption capacity. Furthermore, it is seen that the light absorption ca
pacity of the CdS/CdSe–Zn/Ti after coating the L-Phe-IPDA is superior to 
others, which is due to the good polymerization and π-plane conjugation 
degree of PDA. In addition, L-Phe-imprinted PDA resembles either 
electronic-ionic hybrid conductor due to its π-system and act as an 
effective photosensitizer and electrons donor to improve the separation 
of electrons-holes. The band gap of each sample was calculated using the 
Kubelka-Munk function (Fig. 3b). The position of conductive band (CB) 
and valence band (VB) was estimated according to the transformed Tauc 
plots and empirical formula where confirmed by mott Schottky analysis 
(Dashtian et al. 2018, 2019). 

The Mott-Schottky curves of Zn/Ti, CdS–Zn/Ti, CdS/CdSe–Zn/Ti and 
L-Phe-IPDA-CdS/CdSe–Zn/Ti in 0.5 mol L� 1 Na2SO4 solution were 
measured in a standard three-electrode electrochemical cell. The three- 
electrode system consists of Pt film, Ti-based (coated with 1 cm2 of Zn/ 
Ti, CdS–Zn/Ti, CdS/CdSe–Zn/Ti and L-Phe-IPDA-CdS/CdSe–Zn/Ti 
films), and Ag/AgCl electrode. The applied voltage to the Ti working 
electrode for photocurrent was 0 V, and the applied potential for Mott- 
Schottky curves varied from � 0.1 V to 0.1 V, and the frequency scan was 
10 kHz. Besides, for comparison, the Mott-Schottky of each pure sample 
was conducted. The flat band potential (EFB) of pure CdS, pure CdSe and 
pure L-Phe-IPDA can be obtained using Mott-Schottky analysis by 
extending the linear section to 1/C2 ¼ 0 (See Fig. 3c) according to our 
previous report (Dashtian et al., 2019). The EFB values of pure CdSe, 
pure CdS and pure L-Phe-IPDA were obtained to be � 0.35, � 0.15 and 
0.00 V, respectively, vs NHE. In addition, the positive slope of the linear 
part indicates that all samples exhibit n-type semiconductor properties. 
The ECB values are approximately equal to EFB for these n-type semi
conductors, and the relevant parameters are summarized in Table S2. 

The recombination-separation behavior of the photogenerated 
electron-holes was studied by the photo-chronopotentiometry using the 
open-circuit potential (OCP) diagram (Fig. 3d) after electron excitation 
under blue light radiation source. The magnitude of the potential and 
the rate of decay of the OCP were investigated and the results showed 
that the slope of the OCP decay for the L-Phe-IPDA-CdS/CdSe–Zn/Ti 
electrode was slower than that of the other electrodes. It can also be said 
that after each electrochemical deposition step, the rate of charge car
riers decay was decreased and their lifetime increased. This indicates 
successful bands alignment of L-Phe-IPDA, CdS and CdSe photoactive 

Fig. 3. UV–Vis DRS spectra (a), Tauc plot (b), Mott-Schottky plot (c), open-circuit potential diagram (d), EIS (e) and bod phase (f) of the as-prepared photoelectrodes.  
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semiconductors and increases the surface area of each step compared to 
the previous step (Fig. 3d). Prior to the extraction of L-Phe species from 
PDA, the rate of OCP was higher than its rate of decline after L-Phe 
extraction, which indicates that the L-Phe acts as a space hindrance layer 
to prevent electron-hole transferring. 

To better understand the promotion of PEC process, we further used 
photoelectrochemical impedance spectra (EIS) to analyze the charge 
transfers in the as-prepared PEC sensor (Fig. 3e). EIS consists of two 
parts; the semicircle diameter, which is detected at higher frequencies, 
presents the limited process for charge-transfer resistance (Rct) and the 
linear part, which is obtained at lower frequencies, symbolizes the 
diffusion-limited process. The Zn/Ti electrode reveals a relatively high 
Rct value, which is significantly decreased by CdS and CdSe deposition, 
that causes the separation of photoinduced electron-hole pairs and 
makes the rapid charge transfer from the surface of CdS/CdSe to the 
surface of Zn/Ti. After further modification of L-Phe-PDA, the Rct 
decreased obviously, which is due to the well aligned band structure 
between CdS/CdSe and L-Phe-PDA. The Rct value marginally decreases 
after L-Phe extraction from PDA polymer because of good conductivities 
and π-conjugation of PDA. The Bode plot of the Zn/Ti shows a peak at 
high frequency region, suggesting that at least a charge transfer process 
exists during the PEC, which is attributed to the charging of space charge 
layer (Fig. 3f). Other layer deposition leads to decreased and shifted 
peak toward lower frequency, indicating a decreased space charge layer 
and improved surface reaction process. In addition, the electron lifetime 
in prepared electrodes was correlated with the frequency peaks in Bode 
phase plots (Fig. 3f) according to our previous report (Dashtian et al. 
2018, 2019). There is almost change after each layer deposition due to 
the decrease in space charge layer (depletion layer) demonstrating that 
the Zn as low work function agent as well as CdS and CdSe as photo
active agent can prolong the lifetime in samples. However, the 
L-Phe-IPDA-CdS/CdSe–Zn/Ti possesses a longer electron lifetime when 
compared with the other, identifying that the heterojunction of IPDA, 
CdS and CdSe layers can prolong the electron lifetime and facilitate 
charge transport. 

Photoelectric behaviors of Zn/Ti, CdS–Zn/Ti, CdS/CdSe–Zn/Ti, L- 
Phe-PDA-CdS/CdSe–Zn/Ti and L-Phe-IPDA-CdS/CdSe–Zn/Ti were 
examined by recording the photocurrent response of each electrode in 
PBS solution (Fig. 4A). The photocurrents of L-Phe-PDA-CdS/CdSe–Zn/ 
Ti and L-Phe-IPDA-CdS/CdSe–Zn/Ti electrodes were observed to be 
much higher than that of others, indicating that the PDA nanoparticles 
could greatly enhance the photoelectric response of Zn–CdS/CdSe due to 
well π-plane conjugation. While photocurrent intensity before the L-Phe 
extraction from PDA structure was lower than that after the L-Phe 
extraction which is due to the hindrance effect of L-Phe. The L-Phe- 
IPDA-CdS/CdSe–Zn/Ti electrode presented a superior photocurrent 

response to L-Phe compared to others, which is due to further testifying 
the formation and modification of molecularly imprinted layer on the 
electrode surface. The coupling of the low work function marigold 
follower-like Zn, CdS/CdSe n-n type II heterojunction and bio
moleculgsar imprinting makes a robust strategy for photocurrent 
increasing. In this electrode, marigold flower-like Zn bonded to the Ti 
electrode surface and CdS/CdSe can be simultaneously photoexcited, 
which causes that the L-Phe to be specifically recognized and photo- 
oxidized on the IPDA layer. Besides, the L-Phe-IPDA-CdS/CdSe–Zn/Ti 
electrode showed good photocurrent stability for 30 cycles (Fig. 4B). 

3.2. Optimization of electron donor 

It is a known fact that suitable electron donors and acceptors can 
convert specific sensing events into corresponding current signals in a 
typical PEC sensing mechanism. In case of lack of electron donors in the 
solution to trap holes in this heterojunction systems, the holes will react 
with S2� and Se2� causing photo-corrosion of CdS and CdSe. Therefore, 
Na2S, TEA, and AA as electron donors were selected and revealed the 
kinds of donors that can increase the photocurrent. The AA was found to 
be more effective than Na2S and TEA. Thus, it was selected as an electron 
donor throughout the experiment. 

3.3. Analysis of central composite design 

The quadratic model as a significant model was selected and used for 
operating parameters estimation (Table S2). The regression coefficient 
values, standard error, and Prob > F value are given in Table S3. It was 
found that pH (A), applied potential (B), light wavelength (C), their 
interaction coefficients and their quadratic coefficients were significant 
at 95%-confidence level since Prob > F of the model was less than 0.001. 
In fact, the value of Prob > F less than 0.05 indicates that the model term 
is significant. Therefore, the second-order polynomial effect of the 
mentioned variables is influential parameters, having the cross- 
relationship between the PEC responses and studied independent vari
ables as follows:  

R (mA) ¼ þ5.21–0.136A þ 0.37B-0.41C-0.46ABþ0.52ACþ0.48BC- 
0.49A2þ0.044B2-1.02C2                                                                         

Two three-dimensional response surfaces were plotted based on the 
above-mentioned model equation to estimate the PEC biosensor re
sponses over independent variables, as shown in Fig. S1. The plots, given 
in this figure, reveal the relative effects of two variables on the sensing 
efficiency. The goodness-of-fit of the regression model would be evalu
ated regarding the coefficient of determination, R2 (Fig. S2a) where the 
regression model had high value (See Table S3). This value indicates that 

Fig. 4. (A) Photocurrent responses of Zn/Ti (a), CdS–Zn/Ti (b), CdS/CdSe–Zn/Ti (c), L-Phe-PDA-CdS/CdSe–Zn/Ti (d) and L-Phe-IPDA-CdS/CdSe–Zn/Ti (e) and (B) 
photocurrent stability of L-Phe-IPDA-CdS/CdSe–Zn/Ti in 0.1 M PBS at 0.6 V applied potential under visible light irradiation. 
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94.21% of the variations for the sensing process can be explained by the 
regression equation, which shows a good agreement between the 
experimental and predicted values. Leverage, DFFIT and residual values 
for PEC biosensor responses show no trend and have a small value, 
confirming the significance of selected model (Fig. S2). 

The multi-response optimization desirability function (DF) approach 
was used as one of the popular and recognized techniques for the 
determination of optimum setting of input variables and to determine 
optimum performance levels for one or more responses. Fig. S3 shows 
the DF profile of the optimal solution for multi-response optimization, in 
which maximum predicted response value of 5.47 mA for multi-response 
optimization was obtained at pH 5, 0.6 V applied potential and 540 nm 
light wavelength. 

3.4. Analytical performance of L-Phe-IPDA-CdS/CdSe–Zn/Ti for L-Phe 
detection 

The insulating effect caused by the hindrance effect was directly 
correlated with L-Phe concentration in two areas (Fig. 5a). The photo
current signal of as-prepared PEC biosensor without incubating process 
was denoted as I0. After incubating in a PBS solution containing 1 mM 
AA as electron donor, the signal corresponding to different concentra
tions of L-Phe was represented as Is. The difference between Is and I0 
represented as ΔPI was used for the quantification of L-Phe. The Is 
decreased and subsequently ΔPI increased with the increase in the 
concentration of L-Phe over 0.005–2.5 μM due to the enhanced occu
pation of imprinted pores (fitted line shown in Fig. 5b). After 2.5 μM L- 
Phe, the Is decrement was directly related to the L-Phe concentration in a 
wide linear range from 2.5 to 130 μM with a correlation coefficient of 
0.997 (Fig. 5b). The detection limit was calculated to be 0.9 nM based on 
3Sb/slope (Sb is the standard deviation of the blank samples). High 
correlation between the L-Phe concentration and the PI intensity 
confirmed that in the proposed strategy, more L-Phe target would yield 
greater hindrance to the mass transport and electron transfer. 

In addition, to better understand the result the response signals of the 
L-Phe-IPDA-CdS-CdSe-Zn/Ti sensor were its normalized, Bn, which 
calculated according to Bn ¼

I0 � Is
I0 , and the binding isotherms were 

generated using Bn values. The values of the dissociation constant (KD) 
and the maximum binding response at saturation (Bmax) were derived 
from fitting the binding isotherm to Langmuir adsorption model (B ¼
CBmax
CþKD
Þ. The Bn values were used to plot the binding isotherms (Fig. S4). 

The L-Phe-IPDA-CdS-CdSe-Zn/Ti sensor showed a hyperbolic response 
as a function of the L-Phe concentrations. According to the Langmuir 
adsorption model, when all binding sites are occupied by molecules, no 
further adsorption will occur on the surface and the saturation response 
(Bmax) will be obtained. The fitting results showed that L-Phe-IPDA-CdS- 
CdSe-Zn/Ti sensor bound the target L-Phe, with the dissociation con
stant KD of 25.89 μM. 

The repeatability and reproducibility of the as-prepared PEC sensor 
was investigated by measuring the PI of 30 μM of L-Phe for 5 times by 5 
sensors. The relative standard deviation (RSD%) was as low as 4.0% for 
entering day and intraday. After 25 days, the PI response remained 92%, 
which confirmed and validated the outstanding repeatability and sta
bility of the proposed PEC biosensor. 

To investigate the selectivity of the as-prepared PEC biosensor to
wards L-Phe, the effects of common interference was selected as inter
ference conditions on the photocurrent intensity of the L-Phe-IPDA-CdS/ 
CdSe–Zn/Ti and NIPDA-CdS/CdSe–Zn/Ti electrodes (See Table S4). L- 
Phe-IPDA-CdS/CdSe–Zn/Ti shows negligible change upon immersion 
into another molecule solution. There is less than 3.0% photocurrent 
change except for L-Tyr due to the same redox potential of L-Tyr and its 
chemical structure as well as D-phenylalanine (D-Phe), D-tyrosine (D- 
Tyr), glycine (Gly) and alanine (Ala) could not easily enter into the L-Phe 
imprinted cavity, primarily due to shape and functional group mediated 
diffusional constraints. The imprinting factor (IF), which expresses the 
ratio of the photocurrent of the target under specific-to-nonspecific 
binding (IF ¼ ΔPIMIP/ΔPINIP) was investigated as an important param
eter in evaluating the effectiveness of the imprinting process. The high IF 
values demonstrate the outstanding selectivity of this bio-PEC sensor, 
which is mainly due to shape identification, the π-π and electrostatic 
interaction from IPDA, as well as the higher oxidation ability of L-Phe 
(See Table 1). 

3.5. PEC bioassay mechanism 

Organic molecules with proper redox properties can be reduced and/ 
or oxidized by photogenerated electrons and holes, respectively, in a 
photoelectrochemical platform. Generally, the photogenerated holes 

Fig. 5. Effect of different L-Phe concentrations on the photocurrent responses (A), linear calibration curve of (ΔPI) versus various L-Phe concentration (B) (a:0.0 b: 
0.005, c: 0.5, d: 1.0, e: 2.5, f: 30; g: 60, h: 90, i: 130, j: 190, K: 260 and l: 340 μM). The calibration curve in top-left inset of (B) is obtained with L-Phe concentration in 
the range of 0.005–2.5 μM (All points were replicated for 3 time) and binding isotherms of L-Phe to the L-Phe-IPDA-CdS-CdSe-Zn/Ti sensor (C). 

Table 1 
Interferent effect.  

Sample ΔPIMIP (mA) ΔPINIP (mA) IF R% 

L-Phe 7.000 0.106 17.24 100 
D-Phe 4.420 0.899 4.92 9.25 
Ala 0.590 0.231 2.55 6.56 
Gly 0.578 0.220 2.63 5.15 
L-cysteine 3.160 0.902 3.50 2.33 
Thymine 0.159 0.071 2.23 2.28 
Adipic acid � 0.175 0.129 1.35 � 2.50 
BSA � 0.119 0.094 1.26 � 1.70 
Guanine 0.103 0.079 1.30 1.47 
Adenine 0.140 0.050 2.80 2.00 
Tryptophan 0.360 0.103 3.50 2.33 
L-Tyr 0.710 0.125 5.69 10.14 
D-Tyr 4.023 1.145 3.50 2.33 
Citric acid 0.156 0.055 2.83 2.23 
Melamine 0.237 0.135 1.75 3.38  
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can be reacted with species with lower redox potential on priority and 
trigger higher photocurrent. Under blue light irradiation, electrons are 
excited from the occupied VB to the empty CB of CdS, CdSe and L-Phe- 
IPDA, leaving holes in their VB. The photogenerated electrons in the CB 
of n-type CdSe transfer to CB of n-type CdS and produce anodic photo
current while L-Phe-IPDA acts as a selective layer and sensitizing agent 
(See Fig. 6). Meanwhile, holes are transported in the opposite direction 
to the heterojunction interface and thus the efficient spatial separation 
of carriers is achieved. The addition of AA can scavenge photogenerated 
holes and amplify the anodic photocurrent signal. Besides, after adding 
L-Phe, it acts as an electron acceptor with steric hindrance effects, which 
inhibits charge separation, and hence the anodic photocurrent signifi
cantly decreases. 

3.6. Real sample analysis 

The accurate detection of real samples is the ultimate goal of the PEC 
sensor preparation. Here, standard addition method was applied for real 
sample detection; before analysis, the urine, apple juice, and grapes 
juice samples were diluted with PBS. After that, a suitable amount (20, 
30 and 40 μM) of the L-Phe solution was injected into all real samples 
and the parallel L-Phe amount was acquired after the PEC response was 
tested 3 times. Table S5 lists the results, and it is seen that the RSD is 
calculated to lower 5% with acceptable recoveries ranging from 65.65 to 
104.95%, which provides the evidence of potential possibility in the 
clinical analysis of L-Phe. 

3.7. Comparison with literature 

The linear range, limit of detection, transducer type and real sample 
type were analyzed and compared with other L-Phe sensors reported in 
the literature (Table S6). As seen, the L-Phe-IPDA-CdS-CdSe-Zn/Ti PEC 
sensor shows a much better linear range (about three orders of magni
tude) and a LOD of 0.9 nM. Moreover, other parameters are satisfactory 
and comparable to the best L-Phe sensors. 

4. Conclusion 

In conclusion, a selective PEC biosensor was developed based on a 
novel strategy by coupling organic photoactive molecular imprinted 
system with inorganic semiconducting type II heterojunction for PKU 
monitoring. This strategy proceeds without any enzyme, DNA and 
bacteria agent where AA was just used as an electron donor label to 
achieve ultrasensitive and high lifetime photocurrent. In the meantime, 
this sensitive and selective PEC biosensor minimized the mutual inter
ference. In addition, it was shown to be satisfactorily reproducible, 
stable, and selective and of acceptable practical application potential. 
Besides, this work inspires more interests in the design, development, 
and implementation of various organic and inorganic heterojunctions 

for advanced MIP-PEC-based bio-analysis in the future. 
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