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A B S T R A C T   

L-dopa is a catecholamine neurotransmitter used to treat Parkinson’s disease. This paper presents a low-cost 
paper-based biosensor aimed at enhancing the convenience of monitoring L-dopa concentrations. ZnO nano
rods (ZnO-NRs) were synthesized on papers in less than 90 min using a microwave-assisted hydrothermal 
method. The ZnO-NRs amplify green fluorescence signals to enhance the detection sensitivity of L-dopa, best 
measured at excitation/emission wavelengths of 475/537 nm. We systematically characterized the effect of 
reaction conditions on the corresponding fluorescence enhancements. The proposed ZnO NRs-paper biosensor 
presented a ~3-fold increase in green fluorescence compared to unmodified papers. The linear range of detection 
for L-dopa was 25–2000 nM, with a limit of detection of 24 nM, which meets the clinical requirements for the 
monitoring of L-dopa in Parkinson’s patients.   

1. Introduction 

ZnO nanomaterials have attracted tremendous attention for their 
unique optical properties, including a wide bandgap (approximately 
3.37 eV at room temperature) and a large exciton binding energy (60 
meV). The fact that ZnO nanomaterials are biocompatible [1], inex
pensive [2], environmentally benign makes them a promising material 
for biomedical application [3,4]. They have also been formed into a 
variety of nanostructure morphologies, such as nanoparticles [5–7], 
nanowires [8–10], nanorods [11–13], and nano-flowers [14–16]. 
Specially, one-dimensional (1D) ZnO nanostructures array show signif
icantly fluorescence enhancement properties in previous report [14]. 
This was due the direct fluorescence from the fluorophores as well as 
guided fluorescence from 1D ZnO nanostructures [14]. Many research 
groups fabricated not only ZnO but also metal/metal oxides on the 
surface of cellulose fiber for analytical and medical applications 
[17–19]. Notedly, the rapid microwave-assisted synthesis of nano
materials on paper can be achieved at a relatively low reaction tem
perature at low cost [20,21]. 

L-dopa is a major precursor to produce dopamine through the 
enzyme aromatic L-amino acid decarboxylase. L-dopa is the medication 
most commonly prescribed for Parkinson’s disease as an effective 
replacement for dopamine [22]. However, many studies have reported 
side-effects of this treatment, including orthostatic hypotension, 

excessive daytime somnolence, and nausea [23]. The closely monitoring 
of patients is crucial to making timely adjustments in L-dopa dosages 
[24]. L-dopa often coexists with other catecholamine analogs including 
dopamine, norepinephrine, and epinephrine [25]. A number of methods 
have been developed for quantification of L-dopa such as electro
chemical sensors [26], high-performance liquid chromatography 
(HPLC) [27], sensors based on nanomaterials [28], and small-molecule 
fluorescence dyes [29]. The high sensitivity of electrochemical sensors 
renders then susceptible to acquaintance redox potentials. In cases 
where catecholamines coexist with urea and ascorbic acid, the peaks of 
catecholamines tend to overlap [30]. The high specificity of HPLC can 
only be achieved through the use of expensive equipment, highly-skilled 
operators, and complicated pretreatment procedures. Compared with 
other methods, nanomaterial-based fluorescent sensors provide a low 
detection limit and ease of visibility at low cost [31–33]. 

In previous study, we developed a colorimetric L-dopa biosensor 
based on the formation of betalamic acid by L-dopa 4,5-dioxygenase and 
further non-enzymatic condensation with amines to form betaxanthins 
[34]. Glu-betaxanthins (Glu-BX) presented strong green fluorescence for 
the determination of L-dopa at a linear range of 5–500 μM. However, the 
in vivo detection of L-dopa was limited by ultralow concentrations, rapid 
oxidation, and physiological interference. In the current study, we 
combined the advantages of fluorescent sensors with those of nano
materials. ZnO-NRs were prepared on filter paper via 
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microwave-assisted hydrothermal synthesis under various synthesis 
conditions. The resulting ZnO-NRs were shown to amplify the green 
fluorescence signalfrom Glu-BX to facilitate the detection of L-dopa [35]. 
The green fluorescence signal from the proposed ZnO NRs-paper 
biosensor was a ~3-fold higher than that of non-modified paper, with 
a L-dopa detection limit of 24 nM. The proposed ZnO NRs-paper was 
successfully applied to the detection of L-dopa in physiological 
bio-fluids, including fetal bovine serum (FBS) and artificial urine (AU). 
The proposed ZnO NRs-paper enabled the quantitative analysis of L-dopa 
on a complex matrix quickly and easily. 

2. Materials and methods 

2.1. Chemicals 

Dopamine (DA), L-dopa, tyramine, ascorbic acid (AA), norepineph
rine (NE), epinephrine (Epi), glutamic acid, and phenylalanine (Phe) 
were purchased from ACROS. Iron(II) sulfate, tryptophan, phenyleth
ylamine (PEA) were purchased from Sigma-Aldrich. Glycine, isopropyl 
β-D-1-thiogalactopyranoside (IPTG), carbenicillin and glycerol were 
purchased from Amresco. Tyrosine was purchased from KYOWA and 
Merck. FBS and AU were purchased from GE Healthcare Life Sciences. 
Calcium chloride was purchased from Ferak Berlin GmbH. Magnesium 
sulfate was purchased from Fisher chemical. 

2.2. Synthesis of ZnO NRs on chromatography paper 

The ZnO-NRs were prepared from solutions of zinc nitrate hexahy
drate and hexamethylenetetramine on the Whatman No. 93 chroma
tography paper with a seed layer prepared from immersed in zinc 
acetate solution (2.19 g/100 mL water) for 1 min and followed by 
heating at 100 ◦C for 1 h. The chromatography paper with seeding layer 
was immersed in the solution containing 1.022 mol/L ammonia hy
droxide, 110 mmol/L zinc nitrate hexahydrate, 64.4 mmol/L hexa
methylenetetramine, and 4 mg/mL polyethyleneimine. ZnO-NRs were 
synthesized by conventional and microwave-assisted hydrothermal 
methods. For the hydrothermal synthesized ZnO-NRs, the resulting 
suspension solution was transferred into a teflon-lined stainless-steel 
autoclave and sealed tightly at 90 ◦C for 5 h in a furnace (Thermo sci
entific BF51828C-1). For the microwave-assisted hydrothermal synthe
sized ZnO-NRs, the resulting suspension solution were heated at 400 W 
for 90 min using a microwave digesting system (START D). 

2.3. Detection of L-dopa by protein-based methods 

4,5-Dioxygenase protein extractions were collected following stan
dard protocol. The reaction medium containing 25 mM sodium phos
phate buffer (pH 6.8), 0.25 mg/mL purified protein, 10 mM ascorbic 
acid, 0.5 mM iron(II) sulfate, and various concentrations of L-dopa (0, 
25, 50, 250, 500, 1000, 1500, 2000 nM) were mixed. The mixtures were 
reacted at 37 ◦C for 30 min until a yellow solution was obtained. The 
solution was reacted with glutamic acid at room temperature for 16 h. 
The production of Glu-BX was synthesized by Schiff condensation. The 
Glu-BX synthesized by L-dopa of various concentrations was spotted on 
the ZnO NRs-paper. The green fluorescence was measured by FluorChem 
M (TCX-LS13) at excitation/emission wavelengths of 475/537 nm. The 
images were converted to grayscale value, and analyzed by ImageJ. 

2.4. Interference study 

The fluorescence was measured as described above in the presence of 
other amino acids, neurotransmitters, and structural analogs, such as 
DA, Epi, NE, PEA, tyramine, Phe, tyrosine, tryptophan, and AA at 2 μM. 
Measurements were performed at room temperature on ZnO-NRs-paper. 

2.5. Bacteria growth conditions 

The bacterial cells that express 4,5-Dioxygenase protein were 
transformed into E. coli BL21. The cells were diluted (1 %) in 6 mL LB 
medium and incubated for 7 h. After culturing for 7 h, the cells were 
diluted (0.1 %) in M9 medium. The M9 medium was supplemented with 
5 mg/mL thiamine hydrochloride, 11.1 μg/mL calcium chloride, 0.24 
mg/mL magnesium sulfate, and 1% glycerol. Both the LB and M9 me
dium were supplemented with 50 μg/mL of carbenicillin. 

2.6. Detection of L-dopa by cell-based method 

Cells were diluted in M9 medium and incubated at 250 rpm, 37 ◦C 
(~O.D.600 = 0.4). The cells were induced with 100 μM IPTG, 10 μM 
iron(II) sulfate, 10 mM ascorbic acid, and various concentrations of L- 
dopa (0, 25, 50, 250, 500, 1000, 1500, 2000 nM). The mixtures were 
reacted at 37 ◦C for 30 min to allow enzymatic conversion of L-dopa to 
betalamic acid. The addition of glutamic acid to a medium with beta
lamic acid leads to the production of Glu-BX by Schiff condensation. 
After 4 h, Glu-Bx was spotted on the ZnO NRs-paper and examined the 
green fluorescence intensity by FluorChem M (TCX-LS13) as described 
above. 

2.7. Detection of L-dopa in real sample 

AU and FBS were diluted (1:1, volume %) in cell-based medium 
before all measurements. 

3. Results and discussion 

3.1. SEM images and XRD characterization of ZnO-NRs on paper-based 

We first examined morphological difference among ZnO-NRs pre
pared on paper using conventional hydrothermal methods and 
microwave-assisted methods. (Figs. S1A and S1C) present scanning 
electron microscope (SEM) images of ZnO-NRs synthesized using the 
two methods. The microwave-assisted and conventional hydrothermal 
methods produced both vertically-aligned ZnO-NRs with high-density 
coverage; however, the hydrothermal approach resulted in a long re
action time (5 h). We therefore adopted the microwave system to syn
thesize the ZnO-NRs for subsequent experiments. The X-ray powder 
diffraction (XRD) spectrum of as-prepared paper surface was charac
terized using an X-ray diffractometer to elucidate the chemical compo
sition. The XRD spectrum of cellulose in the paper presented distinct 
peaks at 16.2◦and 22.7◦ (Fig. S1D). Additional peaks were also observed 
at 2θ = 31.9◦, 34.6◦, 36.5◦, 47.8◦, and 56.8◦ (Fig. S1D) indicating that 
the crystallographic structure of the ZnO-NRs was the wurtzite (JCPDS 
file number 36-1451). The XRD spectrum of ZnO-NRs was nearly iden
tical to those synthesized from hydrothermal approach (Fig. S1B). 
Transmission electron microscope (TEM) images of ZnO-NRs prepared 
from hydrothermal approach were shown in (Fig. S1E and F) 

3.2. Signal enhancement by ZnO-NRs on paper of various porosities 

Next, we compared the effects of ZnO-NRs in enhancing fluorescence 
to cellulose paper samples of various porosities. The surface morphol
ogies of papers before the modification of ZnO-NRs were characterized 
by SEM. (Fig. S2A-2F) presents the SEM images of Whatman chroma
tography papers with pore sizes of 2.5, 10, and 25 μm without and with 
ZnO-NRs. We also examined the photos and intensity of green fluores
cence of the same ZnO NR-papers after they were spotted with Glu-BX 
solutions synthesized by L-dopa of various concentrations. ZnO NRs 
have slight green fluorescence compared with bare cellulose paper 
which is consistent with previous study [36]. The protein buffer solution 
without L-dopa was used as a control (Blank). As shown in (Fig. S2G), the 
ZnO NRs-paper with the medium pore size presented the strongest 
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fluorescence enhancement. Thus, the paper with 10 μm pore was used 
for all subsequent tests. Additionally, the stability of as-prepared 
ZnO-NR-papers remain similarly after 3-month storage at room tem
perature (Fig. S2H). 

3.3. Optimization of synthesis conditions for ZnO NRs-paper 

We characterized the effect of reaction time on the final morphology 
of the ZnO NRs-paper and corresponding fluorescence enhancements. 
SEM images revealed that ZnO coverage increased with reaction time 
(Fig. 1A–D). Overall, the most pronounced fluorescence enhancement 
obtained at reaction times exceeding 90 min (Fig. 1E). We therefore 
adopted a 90 min microwave reaction time for following experiments. 
We also examined the effect of pH (between 10 and 8) on the 

morphology of ZnO-NRs (Fig. 1F and G). The most pronounced fluo
rescence enhancement was obtained under strongly basic conditions 
(Fig. 1H). 

3.4. Surface modification of paper with stearic acid 

The ZnO NRs-paper was also modified with the stearic acid, which is 
a low-cost and non-toxic long hydrophobic alkyl chain molecule. (Fig. 2) 
illustrates the signal enhancement and water contact angle before and 
after stearic acid modification. Prior to stearic acid treatment, the sur
face of the ZnO NRs-paper was hydrophilic. Following stearic acid 
treatment of 20 mM for 20 min, the surface of the ZnO NRs-paper had 
become hydrophobic, as indicated by the high water-contact-angle 
130◦, indicating a significant change in hydrophobicity. SEM revealed 

Fig. 1. SEM images of ZnO-NRs prepared by a microwave-assisted hydrothermal method with various reaction time including (A) 10, (B) 30, (C) 90, and (D) 120 
min. (E) We characterized the effect of reaction time on its fluorescence enhancement (indicated by numbers). Glu-BX solutions synthesized by L-dopa at 0, 2, and 5 
μM. Inset: the fluorescence images of ZnO-NRs/paper were acquired by using a fluorescence imager. Representative SEM images of ZnO-NRs synthesized at (F) pH =
10 and (G) pH = 8. (H) The effect of synthesis pH conditions on its fluorescence enhancement (indicated by numbers) of as-prepared ZnO NR/paper. Inset: the 
fluorescence images of ZnO-NRs papers were acquired by using a fluorescence imager. 

Fig. 2. SEM images of ZnO-NRs surface after treatment with (A) 10 mM and (B) 20 mM stearic acid. (C) The quantified enhancement intensities of ZnO NRs/paper 
after treatment with stearic acid at various concentrations (10 and 20 mM). Inset: contact angle of water and photo of green fluorescence images of ZnO-NR/paper. 
Glu-BX solutions which were synthesized by L-dopa of 0, 2, and 5 μM. 
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change in the surface morphology of the ZnO NRs-paper after stearic 
acid treatment (Fig. 2A and B). Paper treated with stearic acid concen
trations of 10 or 20 mM presented a non-uniform distribution. Samples 
treated with 20 mM of stearic acid resulted in the increase of surface 
roughness (Fig. 2B), which is consistent with the results from previous 
study [37]. Overall, stearic acid concentrations resulted in higher con
tact angle; moreover, stearic acid treatment was also found to improve 
fluorescence intensity (approximately 27 % increase) (Fig. 2C). 

3.5. Selectivity of L-dopa dioxygenase on ZnO NRs-paper 

Under the optimal conditions described above, as-prepared ZnO NRs- 
paper samples presented a ~3-fold increase in green fluorescence 
compared to non-modified paper (Fig. 2C). The resulting ZnO NRs-paper 
samples were subsequently used to quantify L-dopa by Glu-BX green 
fluorescence. Selectivity for L-dopa dioxygenase was evaluated in the 
presence of catechol amines (DA, Epi, NE), aromatic amino acids (Phe, 
tyrosine, and tryptophan), and up/downstream metabolites (PEA, 
tyramine, and AA) at 2 μM, respectively. Green fluorescence was 
observed only in the presence of L-dopa regardless of the substrates, 
thereby demonstrating the selectivity and activity of L-dopa dioxygenase 
on ZnO NRs-paper (Fig. 3A). We further examined the co-presence of 
catecholamines. Green fluorescence intensities were compared in the 
solutions containing L-dopa alone, L-dopa with DA/NE/Epi, and a 
mixture of four. As shown in (Fig. 3B), intensities of green fluorescence 
remained similarly in the co-presence of catecholamines, indicating low 
interference from catecholamines. 

3.6. Protein- and cell-based methods for quantification of L-dopa 

The efficacy of as-prepared ZnO NRs-paper as an analytical tool was 

assessed in terms of the green fluorescence intensity of Glu-BX as an 
indication of L-dopa concentrations. As the concentration of L-dopa was 
increased from the range of 25–2000 nM, we observed a gradual in
crease in green fluorescence intensity. The calibration plot was linearly 
fitted, as follows: grayscale intensity (a.u.) = 0.0414 × [L-dopa] nM +
71.003 (a.u.) (R2 = 0.990). The L-dopa limit of detection was 24 nM 
(Fig. 4A). To reduce the reaction time for imine condensation, we 
employed a cell-based approach to synthesizing Glu-BX. The bio
production process of Glu-BX was carried out by taking bacterial su
pernatants containing Glu-BX without extra purification. This 
significantly reduced the reaction time from 16 to 4 h. Under these 
conditions, we observed a similar linear relationship between green 
fluorescence and the concentration of L-dopa ranging from 25 to 2000 
nM and the limit of detection was 45 nM (Fig. 4B). According to Shah
rokhian et al. [38], the peak plasma concentrations of L-dopa in the 
blood of Parkinson’s disease patients on L-dopa therapy ranges from 1.26 
to 12.27 μM [39,40], and the plasma level for healthy individuals is 
normally at 30–40 nM [41]. Thus, the as-developed assay could meet the 
clinical requirements for the monitoring of L-dopa in Parkinson’s 
patients. 

3.7. Measuring L-dopa in AU and FBS matrix 

We also evaluated as-prepared ZnO NR-paper as an analytic tool 
using complex matrixes containing AU and FBS at dilution ratios of 10, 
20, 30, 40 and 50 % in order to mimic real-world physiologic conditions. 
Overall, the green fluorescence intensity of Glu-BX was identical to those 
obtained under buffer conditions (Fig. S3A). When AU or FBS were 
spiked with various concentrations of L-dopa, the recovery range was 
(83–120 %) and relative standard deviation (RSD) was ≤10 % 
(Table S3B). 

Fig. 3. (A) The selectivity of the 4,5-Dioxyge
nase protein in the presence of common in
terferences including DA, Phe, PEA, tyramine, 
AA, tryptophan, tyrosine, Epi, and NE at 2 μM 
was examined. The protein buffer solution 
without L-dopa was used as a control (Blank). 
Inset: the fluorescence images of ZnO-NRs/ 
paper. (B) The green fluorescence intensities 
were compared in the presence of L-dopa alone, 
L-dopa with DA/NE/Epi, and a mixture of four. 
Two levels of concentrations were applied to 
each analyte respectively in the experiments (0.2 
and 2 μM). Inset: the fluorescence images of 
ZnO-NRs papers.   

Fig. 4. (A) The green fluorescence profiles of 
Glu-BX molecules after mixing betalamic acid 
with glutamic acid for 16 h. The belalamic acid 
was produced in the presence of various con
centrations of L-dopa (25, 50, 250, 500, 1000, 
1500, and 2000 nM). Inset: the fluorescence 
images of ZnO-NRs papers. (B) Glu-BX mole
cules synthesized using cell-based methods by 
adding 100 μM IPTG and L-dopa at (25, 50, 250, 
500, 1000, 1500, and 2000 nM), and subse
quently glutamic acid in the growth media after 
1 and 4 h postinduction, respectively. The 
linear relationships between green fluorescence 
and L-dopa concentrations in water, FBS, and 
AU were plotted. Inset: the fluorescence images 
of ZnO-NRs papers.   
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4. Conclusions 

This paper outlines the fabrication and characterization of ZnO NRs- 
paper for the detection of L-dopa under various synthesis conditions. The 
ZnO NRs-paper outer performed unmodified paper samples, as indicated 
by a ~3-fold increase in Glu-BX green fluorescence and enhanced 
sensitivity in the detection of L-dopa at concentrations of the range of 
25–2000 nM, with a detection limit of 24 nM. A comparison of linear 
ranges and LOD obtained with several enzyme and nanomaterial-based 
methods for the determination of L-dopa was listed in Table S1. Many 
approaches have been developed for the fast detection of L-dopa 
(Table S1); however, as-prepared ZnO-NRs/papers are sensitive, simple, 
and cost-effective alternatives to conventional analytical methods. The 
efficacy of the resulting paper samples was also evaluated using urine 
and serum samples. The proposed ZnO-NR-paper detection samples 
provide a convenient yet highly sensitive approach to measuring L-dopa 
concentrations in biofluids. 
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