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using a magnetic microplate
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ABSTRACT
A high-throughput and selective method for the determination of ʟ-dopa (levodopa) in complex
formulations was developed. The method is based on the oxidation of ʟ-dopa to yield
dopachrome using tyrosinase-labeled magnetic nanoparticles (TYR-MNPs) as the oxidation
catalyst. TYR-MNP activity was retained at 75% after 20 reuse cycles, which is superior to
previously reported systems that employ other substrates or cross-linkers for the immobilization
of tyrosinase. In addition, the precision (< 3%), accuracy (recovery = 95–102%), and selectivity of
the newly developed quantitative-analysis method for ʟ-dopa in complex polypill formulations
meets the pharmaceutical industry’s quality-control requirements; consequently this method can
be applied to the routine analysis of complex formulations. The quality-control assay uses 96-
well microplates, which reduces the required volume of reagents, and the tyrosinase can easily
be recycled and reused using an in-house-prepared magnetic microplate, thereby rendering the
proposed method economical and less wasteful than existing methods.
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1. Introduction

3,4-Dihydroxy-ʟ-phenylalanine (ʟ-dopa, levodopa) is the
precursor of dopamine, and its supplementation can
increase dopamine levels in the body. This compound
is the most efficacious and best-tolerated treatment for
Parkinson’s disease, which is caused by a significant
depletion of dopamine resulting from the death of dopa-
mine-producing neurons in the brain. However, as dopa-
mine cannot penetrate the brain-blood barrier, ʟ-dopa

therapy is employed to treat this disease (1). More
specifically, ʟ-dopa is rapidly converted into dopamine
in peripheral tissue through the action of dopamine dec-
arboxylase enzymes. Since the use of ʟ-dopa can result in
excessive dopaminergic firing as a possible side-effect, it
is commonly paired with carbidopa, which is an inhibitor
of decarboxylase enzymes (2).

A number of methods for the analysis of ʟ-dopa in
pharmaceutical formulations have been reported to
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date, including spectrophotometry (3,4), multivariate
calibration of kinetic-spectrophotometric methods (5,6),
H-point standard addition methods (7), chemilumines-
cence (8), fluorometry (9), voltammetry (10), high-per-
formance liquid chromatography (11–13), capillary
electrophoresis (14), and liquid chromatography
tandem-mass spectrometry (15). Of the various
methods reported, spectrophotometry is perhaps the
most convenient analytical technique for routine analysis
because of its inherent simplicity, low cost, and wide
availability in quality-control laboratories. However, exist-
ing spectrophotometric methods for the determination
of ʟ-dopa in complex formulations have a number of dis-
advantages, including poor selectivity, complex sample
preparation procedures, and long analysis times (3, 7).

With this background in mind, we describe herein a
high-throughput spectrophotometric method for the
determination of ʟ-dopa in complex polypill formulations
that overcomes these drawbacks. This assay is performed
using reusable tyrosinase-immobilized magnetic nanopar-
ticles (TYR-MNPs) and an in-house-prepared 96-well mag-
netic microplate, which provides a convenient system for
the detection of multiple samples in a single run with low
sample and reagent volumes. In our introduced system,
detection is based on the tyrosinase-catalyzed oxidation
of ʟ-dopa; we quantified ʟ-dopa by determining the
absorption of dopachrome, the oxidation product of ʟ-
dopa, at 475 nm. The reusability and stability of the TYR-
MNPs were investigated, and two complex formulations,
namely Madopar® and Stalevo®, were analyzed using this
high-throughput spectrophotometric method.

2. Material and methods

2.1 . Chemicals

Glutaraldehyde (GA, grade I, 25 wt% in water), iron(III)
chloride hexahydrate (97%), and iron(II) chloride tetrahy-
drate (98%) were purchased from Alfa Aesar (Reston, VA,
USA). Tyrosinase from mushroom lyophilized powder (EC
1.14.18.1), ʟ-dopa, sodiumphosphatemonobasicmonohy-
drate (NaH2PO4·H2O, ACS reagent, ≥98%), and sodium
phosphate dibasic (Na2HPO4, ACS reagent, ≥99.0%) salts
were used for the preparation of the phosphate buffer
(PB) solution; tetraethoxysilane (reagent grade, 98%) and
triethoxysilane (3-aminopropyl) (≥98%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Ammonium
hydroxide (28.0–30.0%, Baker Analyzed™ ACS Reagent)
was obtained from Fisher Scientific (New Jersey, USA). All
chemicals were used as received without further purifi-
cation. Samples ofMadopar® and Stalevo®were purchased
as commercial goods in a community pharmacy in Taiwan
and tested within their expiry dates.

2.2. Quantitative determination of ʟ-dopa and
TYR-MNP reusability

ʟ-Dopa was quantitatively determined using an indirect
assay based on the relationship between the TYR-MNP-
promoted oxidation of ʟ-dopa and the quantity of dopa-
chrome produced and detected. The preparation of the
TYR-MNPs is described in the Supplementary Information.
TYR-MNPs were prepared twice (labeled as “batch 1” and
“batch 2”) in order to verify that the preparationwas repea-
table. A schematic representation of the procedures
employed for the detection of ʟ-dopa and the recycling
of the TYR-MNPs are shown in Scheme 1. In Step 1, an
aliquot (200 μL) of the desired ʟ-dopa standard solution
or test sample was added to microplate wells containing
80 μL of 0.1 mg/mL TYR-MNPs prepared in 0.1 M PB (pH
6.0). ʟ-Dopa standard solutions with a range of concen-
trations were prepared in 0.1 M PB (pH 6.0) and mixed
using a pipette prior to incubation at 30°C for 13 min. In
Step 2, the microplate was placed on top of an in-house-
prepared magnetic microplate that attracted the TYR-
MNPs to the bottom of the plate, and a portion of the
solution (150 μL) was transferred to another microplate.
The absorbance of dopachrome at 475 nm was then
measured using a FlexStation 3 MultiMode Microplate
Reader (Molecular Devices, Sunnyvale, CA, USA), and the
TYR-MNPs were recycled by washing three times with PB
(0.1 M, pH 6.0). Relative tyrosinase activity (Equation 1)
following storage or recycling demonstrated the TYR-
MNPs were stable.

Relative tyrosinase activity (%)

= (A− b)/(A0 − b)× 100% (1)

where A0 is the absorbance measured using fresh TYR-
MNPs, A is the absorbance measured using the recycled

Scheme 1. Detection of ʟ-dopa and TYR-MNP recycling using the
magnetic microplate.
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TYR-MNPs or TYR-MNPs stored in a refrigerator for a period
of time, and b is the absorbance of a blank well.

2.3. Determination of ʟ-dopa in Madopar® and
Stalevo® tablets

Five tablets of each formulation (Madopar® and Stalevo®)
were accurately weighed and the average weights of the
tablets calculated (Madopar® = 572.2 mg, Stalevo® =
587.4 mg); the resulting samples were separately
ground into powders using a mortar and pestle. The
desired quantity of each powder was subsequently accu-
rately weighed and dissolved in 0.1 M PB (pH 6.0) under
ultrasonication for 20 min. Following filtration through a
hydrophilic polyvinylidene fluoride syringe filter (mem-
brane diameter and pore size of 25 mm and 0.22 μm,
respectively), the filtered sample solutions were diluted
with the required volumes of 0.1 M PB (pH 6.0) to give
the desired ʟ-dopa concentrations. All prepared sol-
utions were within the linear range of the resulting cali-
bration curve.

2.4. Statistical analyses

All experiments were conducted in triplicate (n = 3) and
average values were calculated along with the corre-
sponding standard deviations. Paired t-tests, using Micro-
soft Excel 2013 software, were used to compare the
stabilities of the tyrosinase solution and the TYR-MNPs.

3. Results and discussion

3.1. TYR-MNP reusability and stability

The optimal time for the reaction between ʟ-dopa and
the TYR-MNPs was determined prior to TYR-MNP reusa-
bility and stability testing. As indicated in Figure S5
(see Supporting Information), the absorbance of dopa-
chrome plateaued after 7 min, indicating that the oxi-
dation of ʟ-dopa was complete. Hence, a reaction time
of 7 min was selected for all subsequent experiments.

TYR-MNP reusability was then examined by recycling
the nanoparticles 20 times over a single day. Although
TYR-MNP activity was observed to gradually decrease
to 75% after 20 reuse cycles (Figure 1), these nanoparti-
cles exhibited superior reusability compared to pre-
viously reported systems that employed other
substrates or cross-linkers for the immobilization tyrosi-
nase, as summarized in Table 1.

The activities of TYR-MNP suspensions stored at 4°C for
0–44 d were then measured. As shown in Figure 2, the free
tyrosinase solution retained 87% of its original activity after
44 d, while the TYR-MNPs retained 95% of their initially

recorded activity. As expected from these observations,
the results of the paired t-test (p < 0.01) revealed that
the immobilized tyrosinase was more stable during
storage than the free tyrosinase solution. In addition,
when compared to the stability results of tyrosinase
immobilized using a range of methods (see Table 2),
these data confirm that the immobilization method used
herein is superior to previously reported methods (16–19).

3.2. Assay repeatability for the determination of
ʟ-dopa

Figure 3 displays regression plots of ʟ-dopa obtained
using both freshly prepared and recycled TYR-MNPs;
the regression plots are linear in the 0.0158–0.197 mg/

Table 1. Tyrosinase activities of systems using various
immobilization methods.

Matrix Cross-linker

Number
of reuse
cycles

Retained
tyrosinase
activity (%) Reference

Polystyrene
microplates

GA 9 75 (18)

MNPs Cyanuric
acid

4 57 (19)

MNPs GA 20 75 This study

Figure 1. Relative tyrosinase activities of the TYR-MNPs over 20
reuse cycles.

Figure 2. Tyrosinase stability during storage at 4°C.

GREEN CHEMISTRY LETTERS AND REVIEWS 401



mL concentration range, with the regression equation for
the freshly prepared TYR-MNPs determined to be: A =
0.5588 C + 0.02582 (R² = 0.9999), where A is the absor-
bance and C is the ʟ-dopa concentration (mg/mL). In
addition, the limit of detection was determined to be
5.6 μg/mL based on 3.3 sb/m, where sb is the standard
deviation of the blank and m is the slope of the
regression line. Furthermore, the limit of quantitation is
0.017 mg/mL based on 10 sb/m. The regression equation
for the recycled TYR-MNPs was found to be: A = 0.5440 C
+ 0.0190 (R² = 0.9998), leading to a less than 2.7% differ-
ence in the slopes of the equations for the fresh and
recycled TYR-MNPs.

Regression-plot repeatability was determined using
TYR-MNPs from batch 1, the results of which are listed
in Table 3. The average slope for the inter-day assays
was 0.533 ± 0.009, with a 1.7% relative standard devi-
ation in the slope, and the precision was < 3% at an
ʟ-dopa concentration of ≤0.1 mg/mL. The reproducibility
of the slope of the assay using TYR-MNPs from both
batches 1 and 2 was 3%.

3.3. Application of the TYR-MNP assay

Our newly developed method for the determination of ʟ-
dopa was then applied to complex formulations

containing this target compound. The accuracy and selec-
tivity of themethodweredeterminedby spiking prepared
solutions of pharmaceutical formulations with known
concentrations of ʟ-dopa. For this purpose, we used
Madopar® and Stalevo® at concentrations of 0.2138 and
0.147 mg/mL, respectively. As shown in Table 4, the
recoveries in the Madopar® and Stalevo® assays were in
the 95.6–96.3% and 98.0–101.2% ranges, respectively.
Based on this assay, the measured ʟ-dopa contents for
each purchased Madopar® and Stalevo® tablet were 206
(± 3.4) and 101 (± 7.7)mg, respectively, which are compar-
able to themanufacturers’ specified quantities of 200 and
100 mg, respectively. These results clearly confirm that
this high-throughput spectrophotometric method is
accurate and unaffected by other tablet components.

4. Conclusions

We developed a high throughput and selective method
for the determination of ʟ-dopa in complex formulations.
In this system, ʟ-dopa was oxidized to dopachrome using
TYR-MNPs, which were stable and recyclable. Recovery
and reuse were achieved through the implementation
of an in-house-prepared magnetic microplate, which
renders the method both economical and less wasteful
than existing methods. This method was then employed
to determine the ʟ-dopa contents of two complex
pharmaceutical formulations (i.e. Madopar® and
Stalevo®); the new method proved to be highly accurate
and was unaffected by other tablet components. Fur-
thermore, the accuracy and selectivity of this method
meets the pharmaceutical industry’s quality-control
requirements. The 8th pharmacopoeia published by the

Table 2. Stabilities of tyrosinase immobilized by a range of
methods.

Supported matrix
Cross-
linker

Storage
time (d)

Retained
tyrosinase
activity (%) Reference

Polystyrene
microplates

GA 41 75 (18)

MNPs Cyanuric
acid

40 70 (19)

Cysteamine self-
assembled
monolayers

GA 25 56.4 (16)

Boron-doped
diamond

GA 30 90 (17)

MNPs GA 44 95 This study

Figure 3. Regression plots of ʟ-dopa using freshly prepared and
recycled TYR-MNPs from batch 2.

Table 3. Regression equations of inter-day assays using TYR-
MNPs from batch 1.

Slope (±sm) R2 Intercept (±Ib)

Day 5 0.535 ± 0.007 0.9996 0.0348 ± 0.0008
Day 7 0.541 ± 0.05 0.9671 0.068 ± 0.004
Day 54 0.523 ± 0.004 0.9999 0.0546 ± 0.0007

sm is the standard deviation of the slope and Ib is the standard deviation of the
intercept calculated by least squares linear regression.

Table 4. Recoveries using the new method following the
additions of various quantities of an ʟ-dopa standard solution
to known concentrations of Madopar® and Stalevo® solutions.

Sample

Added
concentration of
ʟ-dopa (μg/mL)

Detected
(μg/mL)

Recovery
(%)

Relative
standard

deviation (RSD)
(%, n = 3)

Madopar® 7.90 7.55 95.6 5.7
49.3 47.5 96.3 5.0
98.6 94.6 95.9 1.0

Stalevo® 7.90 7.75 98.1 4.7
49.3 49.9 101.2 1.2
98.6 96.6 98.0 2.4

402 H. TSAI ET AL.



Food and Drug Administration of Taiwan states that
accuracy can be expressed in terms of percent recovery,
with a value of 95–105% being the criterion for accep-
tance; using this standard, our proposed method can
be applied to the routine analysis of complex polypill for-
mulations. The quality control assay uses a 96-well micro-
plate, which reduces the reagent volume and facilitates
tyrosinase recycling and reuse, in turn resulting in a
method that is economical and less wasteful than
other methods.
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