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ABSTRACT

A dopamine (DA) colorimetric probe based on the growth and aggregation of un-functionalized gold nanoparticles (AuNPs) is
reported. Upon addition of AuNPs to dopamine at various concentrations, the shape, size and colour change of the nanoparticles
results in spectral shifts to higher wavelengths and hence colour change is the mode of detection. The colour change can be easily
observed by the naked eye from as low as 5.0 nM DA, even under sub-optimal conditions. Under optimal pH conditions the
calculated limit of detection was 2.5 nM (3ó). The probe was successfully applied to whole blood sample and showed good
selectivity and sensitivity towards DA. The simple, sensitive and selective probe could be an excellent alternative for on-site and
immediate detection of DA without the use of instrumentation and would thus be useful for rapid diagnostic applications.
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1. Introduction
Dopamine (DA) is an important neurotransmitter that plays

a number of physiological roles in the mammalian central
nervous system, human metabolism, cardiovascular, renal, and
hormonal systems.1–5 It is formed by decarboxylation of L-3,4-
dihydroxyphenylaniline6 which is also known as L-DOPA.
Dopamine affects the fundamental functions of the brain such
as reward-related behaviour, movement and mood.7 Current
methods for the accurate detection of DA, including spectro-
scopic and electrochemical, are time consuming, often lack selec-
tivity and require technically competent personnel and equip-
ment.8 Moreover, DA, ascorbic acid (AA) and uric acid (UA) are
found together in biological samples.1 AA and UA usually cause
interferences during DA determination. There is therefore a
considerable demand for an analytical method that is not only
sensitive, simple, and rapid but also has good selectivity for DA
detection (especially over AA and UA).

Methods to detect biological and inorganic compounds have
been reported for many years. Newly developed methods
are usually characterized by advantages over conventionally
accepted methods, particularly in sensitivity and selectivity.9–12

Among the newer methods, colorimetric detection appears to be
commonly applied to routine analysis because it is simple, cheap
and the detection can be achieved with the naked eye,13 thus
removing the need for complicated instruments. There are
reports on colorimetric detection of DA. However, they are
limited due to low selectivity and sensitivity or are associated
with complex procedures.14 To overcome the challenges in
detecting DA, in this study, gold nanoparticles (AuNPs) were
employed.

AuNPs have attracted great interest as components of
colorimetric probes owing to properties such as stability, bio-
compatibility,15 ease of preparation and distinct spectral proper-
ties.16 AuNPs are known to have colours that range from red to
purple and blue depending on the formation of aggregates, size
and shape of the particles, which results in changes that can
easily be perceived with the naked eye. AuNP-based colorimetric
probes are exceptionally sensitive due to their high extinction
coefficients compared with traditional organic chromophores.17

Selective colorimetric detection of DA based on functional-
ized AuNPs has been explored and reported. For example,
dithiobis(succinimidylpropionate),7,18 4-mercaptophenyl-
boronic and 4-(dimethylamino)pyridine19 functionalized AuNPs
were applied as probes for optical detection of DA. The com-
pounds employed to functionalize the AuNPs were used as
stabilizers of the AuNPs and also for enhancing the selectivity of
the probes towards DA.7 These methods all rely on consistent
functionalization and are therefore sensitive to variations in the
manufacture and storage conditions. Herein, we report a tech-
nique to detect DA employing un-functionalized AuNPs in
aqueous samples. The selectivity and sensitivity of the method
was evaluated in whole blood samples. In this study, un-func-
tionalized AuNPs are used for the first time to detect DA.

2. Experimental

2.1. Reagents and Materials
Reagents and materials used in this study are similar to those

that were used in our previous publication.20 Gold (III) chloride
hydrate (99.999 %) (HAuCl4·xH2O), sodium borohydride
(98.0 %) (NaBH4), sodium acetate tri-hydrate (C2H9NaO5), dopa-
mine hydrochloride (99.95 %) (DA, C8H11NO2D·HCl), uric acid
(99.0 %) (UA, C5H4N4O3) and ascorbic acid (99.0 %) (AA, C6H8O6)
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were purchased from Sigma-Aldrich (Saint Louis, MO, USA).
Acetic acid (99.5 %) (CH3CO2H), hydrochloric acid (32.0 %) (HCl)
and nitric acid (55.0 %) (HNO3) were from B & M Scientific CC
(Western Cape, South Africa). Formic acid (85.0 %) (HCO2H) was
purchased from Minema (Gauteng, South Africa). Sodium
dihydrogen phosphate (NaH2PO4) was purchased from May &
Baker (Dagenham, England) and sodium hydroxide (NaOH)
was from Merck (Gauteng, South Africa). All chemicals were of
analytical grade and used as received. All the glassware and
magnetic stirrer bar used were washed with freshly prepared
aqua regia (1:3 HNO3:HCl) and rinsed thoroughly with
deionized water before use. Absorbance measurements were
performed using a Lambda 25 Perkin-Elmer UV spectro-
photometer (Santa Clara, CA, USA). Ultrapure water obtained
from a Millipore RiOS™16 and Milli-Q Academic® A10 system
(Milford, MA, USA) was used throughout this study.

2.2. Preparation of the Un-functionalized AuNPs Probe
The un-functionalized gold nanoparticles (UF-AuNPs) were

synthesized by dissolving 39 mg of HAuCl4·xH2O in 10 mL of
water. NaBH4 (0.3 mg) was added in solid form while the solu-
tion was being stirred vigorously. The solution was constantly
stirred for 30 min at room temperature.

2.3. Procedure of Colorimetric Detection of DA
Various concentrations of DA (0.005 mM – 2.5 M) were

prepared and 5 mL of each concentration used for the determi-
nation. The AuNPs solution (100 µL) was added to the 5 mL DA
solutions. The resulting mixture was transferred to a 1 cm path-
length quartz cuvette to record the absorption spectra over the
wavelength range of 270 to 700 nm.

2.4. Selectivity Studies
For selectivity studies, AA and UA (each 0.125 M), DA (0.05 M)

and mixtures of AA, UA and DA were prepared. Then the proce-
dure in section 2.3 (addition of AuNPs) was followed to investi-
gate the selectivity of the probe towards DA.

2.5. pH Studies
For the pH studies, two types of buffer solutions (acetate and

phosphate) were used to adjust the pH of the solutions. The
acetate buffer was prepared by mixing 10 mM of sodium acetate
tri-hydrate and 10 mM acetic acid, and this was used for pH 2–6,
whilst the phosphate buffer prepared by mixing 10 mM sodium
dihydrogen phosphate and 10 mM of sodium hydroxide was
used for pH 7–11. Dopamine (5 µM) was used as a representative
for the study and the profile of the absorbance ratio (A388/A308)
was plotted against pH.

2.6. Detection of DA Under Controlled Conditions
Firstly, 1 mL of the buffer solution (phosphate buffer pH 8) was

added to 50 µL of the UF-AuNPs. Then 4 mL of various concen-
trations of DA solutions (5 nM – 50 mM) were added to the
mixture. The solutions were incubated at room temperature
(25 ± 2 °C) for 2 min before the absorbance was recorded at 308
and 388 nm. Five absorbance readings were taken for each
concentration.

2.7. Colorimetric Detection of DA in Whole Blood Sample
Whole blood samples were purchased from Seronorm

(Billingstad, Norway). The sample was diluted 100 times with
phosphate buffer (pH 8) before analysis, and no other
pre-treatment was required. Particularly, 3 mL of 5 µM and
50 µM DA was added to 2 mL of the sample solution and subse-

quently, 50 µL of the UF-AuNPs was added. Absorption spectra
were recorded after incubation at room temperature as before,
for 2 min.

3. Results and Discussion

3.1. Visual and Spectroscopic Characteristics of DA
The NaBH4 reduced UF-AuNPs were green in colour and were

stable against aggregation for more than 3 months (stored in a
cupboard or in the refrigerator at 4 °C in the dark). The stability
was attributed to excess AuCl4

– and AuCl2
– ions that bind to the

surface of the gold nanoparticles in the solution during the
reduction of AuCl4

–.16 Fig. 1A shows the colours of the solutions
of different concentrations of DA that resulted from reacting
with 100 µL of the AuNPs. The 0 M solution (pale green) was
used as a control. Colour changes from pale green to pale orange
(0.5 mM), orange (5 mM), dark orange (0.05 M), wine-red (0.5
and 1 M) and brown (2.5 M) were observed immediately after
addition of various concentrations of DA. The series of photo-
graphs and corresponding absorption spectra are shown in
Fig. 1A and Fig. 1B, respectively. Additional DA concentrations
of 1.25 mM, 2.50 mM, , 12.5 mM, 25.0 mM, 0.125 M, 0.250 M and
0.625 M were also prepared in order to better evaluate the subtle
spectroscopic changes (Fig. 1B). The absorption band of the gold
salt before addition of any NaBH4 had an observed maximum at
294 nm as shown in Fig. 1B (a1).

AuCl4
– ions have been reported to show an absorption band

at 220 nm with a shoulder at 290 nm; this is caused by charge
transfer between gold and the chloro ligands,21 which was also
observed in this case. After reduction with NaBH4, but before
addition of the analyte (DA), the absorption band had shifted to
308 nm (Fig. 1B, a). The band at 308 nm confirms that nano-
particles were formed but the borohydride that was added could
not reduce all the AuCl4

– ions. Absorbance decreased progres-
sively at 308 nm with increasing concentration of DA was
observed, especially at very low DA concentrations of 0.005 mM
and 0.05 mM (Fig. 1B, a–c). These spectral shifts are not sufficient
to allow visual detection of DA, but may be developed in a spec-
trophotometric method. On addition of significant amounts of
DA (1.25 mM, 2.5 mM, 0.0125 M and 0.025 M) an absorption
maximum at 388 nm was observed (Fig. 1B, d–g). A second band
at 500 nm was observed for higher DA concentrations of 0.125,
0.25, 0.625, 1 and 2.5 M (Fig. 1B, h–j). Dopamine is known to act as
a good reducing agent in certain circumstances.22 When the
green AuNPs were mixed with the different concentrations of
DA, more and more of the remaining AuCl4

– and AuCl2
– ions are

reduced to Au0 nanoparticles, thus resulting in the reduction of
the initial band at 308 nm. The newly formed nanoparticles
attached themselves onto the existing nanoparticles to form
bigger nanoparticles or aggregate particles resulting in colour
changes and shifts in the absorption spectra from lower to
higher wavelengths (Scheme 1). A similar process is common in
the deliberate synthesis of shaped nanoparticles from small
‘seed’ nanoparticles.23

In order to understand how the spectral features of the probe
are related to particle size and shape, transmission electron
microscopy (TEM) studies were conducted. The TEM images
(Fig. 2) were in agreement with the UV-visible spectroscopy
results as they showed an increase in the size of the nanoparti-
cles and that aggregates were formed. The synthesized nano-
particles were initially well dispersed, roughly spherical in
shape and their average diameter was estimated to be 10 nm
(Fig. 2a). The TEM images confirmed growth and aggregation of
the AuNPs in the presence of DA (Fig. 2, b–f). Interestingly, TEM
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also revealed the generation of different shapes of the AuNPs for
different concentrations of DA. Again this is consistent with a
‘seed’ approach to AuNP synthesis.23

3.2. Selectivity
The selectivity of the UF-AuNPs for DA detection in the

presence of interferences (ascorbic acid and uric acid) was inves-
tigated. The results shown in Fig. 3 demonstrate that there was
no colour change when the UF-AuNPs were introduced to a
relatively high concentration of UA (Fig. 3A, b) and there was
also no significant spectral change for this solution (Fig. 3B, b).
An orange colour was observed for DA (Fig. 3A, c) while the
colour changed to purple in AA (Fig. 3A, d) with absorption
maxima around 498 and 609 nm, respectively (Fig, 3B, c and d).
The response of AA to the nanoparticle probe was not surprising
since it is known that AA and DA have similar chemical proper-
ties. In this case, both chemicals have been used as reducing
agents for nanoparticle synthesis.24,25 In this study, however,
while it is likely that AA like DA is reducing excess AuCl4

– and
AuCl2

– ions, the resulting nanoparticles are different and present
a very different colour. Interestingly, a mixture of the three
analytes resulted in an orange colour (Fig, 3A, e) with absorption
maxima at 490 nm (Fig. 3B, e) corresponding to that of DA yet the
concentration of DA was much lower (almost one third of both
AU and AA).

Based on the results in Fig. 3, the UF-AuNPs probe can be used

to detect AA in the absence of the interfering compounds. AA
was further investigated as a possible interfering species because
of the observed colour change. Different concentrations of AA
were prepared to investigate the extent to which the probe could
detect AA. Colour changes were observed from light green to
purple for 0.125 mM to 1 M AA (Fig. 4A).

The absorption maxima for the nanoparticles in the presence
of AA were between 553 and 613 nm (Fig. 4B, c–g) while the ones
for the reduced particles alone was at 308 nm (Fig. 4B, a and b).

Next, concentrations of DA and AA were varied and mixed to
investigate if the probe was selective to various concentrations of
DA in the existence of AA. The results are shown in Fig. 5. An
orange colour was observed on addition of the AuNPs to a solu-
tion of DA, even when AA concentrations were 20 times greater
or 50 times lower than that of DA (Fig. 5A, b and c, respectively).
The corresponding absorption spectra (λmax around 500 nm)
(Fig. 5B, b) were similar to those that were observed for DA in the
absence of AA. When the concentration of AA was increased to
200 times greater than that of DA, a purple colour was observed
(Fig. 5A, a) and the corresponding absorption spectra (λmax

around 605 nm) was similar to that observed for AA in the
absence of DA (Fig. 5B, a). It is clear that the probe can be used for
detecting both AA and DA, separately, or for detecting DA in the
presence of moderate amounts of AA. In biological samples
where concentrations of AA are higher than those of DA (usually
100–1000 times higher) the probe will only remain effective until
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Figure 1 (A) Photograph showing colour changes of solutions of different concentrations of DA reacted with 100 µL of the UF-AuNPs; (B) absorbance
spectra of: a, Au salt before NaBH4, AuNPs in DA solutions a, 0 M; b, 0.005 mM; c, 0.05 mM; d, 1.25 mM; e, 2.5 mM; f, 0.0125 M; g, 0.025 M; h, 0.125 M;
i, 0.625 M; j, 2.5 M.

Scheme 1
Schematic representation of the proposed mechanism of detection.

https://journals.sabinet.co.za/content/journal/chem/


the AA concentrations are 200 times greater than those of DA.
Above this the high concentrations of AA would interfere with
the detection of DA.

3.3 Optimization of pH
Dopamine is an organic base with a pKa of 8.9. The media pH

can therefore affect the form of DA in aqueous solution and thus
the reaction between DA and the AuNPs. Therefore, it is impor-
tant to optimize the pH of the solution. We investigated the

impact of pH in the range from 2 to 11 (see electronic supplemen-
tary information) and the absorbance ratio of A388/A308 were
plotted against pH. It must be noted that DA absorbs at three
wavelengths (308, 388 and 500 nm). The A388/A308 ratio was chosen
because most of the DA concentrations that were prepared
absorb at these two wavelengths. Lower absorbance ratios
(A388/A308) were observed for pH < 7.4 and pH > 9. The highest
absorbance ratio (A388/A308) was observed at pH = 8. For pH < 7.4,
the low ratio is probably due to the fact that DA is protonated
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Figure 2 HRTEM of the UF-AuNPs in various DA concentrations. a–c Show growth in the size of the NPs from 0 M (a) average diameter of 10.12 nm,
in 5 mM (b) with core size of 64.61 nm and in 0.05 M (c) with core side of 230.61 nm, d–e show aggregates of NPs.

Figure 3 (A) shows the colours that resulted when the analytes reacted with the AuNPs. a, is a control, AuNPs in water; b, UA (0.125 M); c, DA (0.05 M);
d, AA (0.125 M) and e mixture of the three analytes; (B) depicts the absorption spectra corresponding to (A).

https://journals.sabinet.co.za/content/journal/chem/


and relatively stable at acidic and neutral pH; it can therefore not
be used to reduce the excess AuCl4

– or AuCl2
– ions. In basic media

(e.g. pH 8), DA becomes deprotonated,26 very unstable and
easily oxidized; this results in the AuCl4

– or AuCl2
– ions being

easily reduced to form nanoparticles, hence resulting in a higher
absorbance ratio. At pH > 9 the AuNPs were not stable and tend
to aggregate rapidly, resulting in a colour change before DA
is introduced (not shown). Therefore pH 8 was chosen as the
optimal media pH.

3.4. Detection of DA Under Optimal pH
Under optimal pH, colour changes were observed for solu-

tions of DA as low as 5 nM (Fig. 6A). The control solution (0 M
DA), was pale green but when DA was introduced the green
colour first intensified with increasing concentration of DA
(5 nM – 5 µM) and gradually changed to an orange colour (for
higher concentrations of DA). As depicted in Fig. 6B, the
absorbance ratio of A388/A308 gradually increased upon addition
of more DA. The mechanism that brings about the colour change
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Figure 4 (A) shows the response of the probe to AA; (B) depicts the absorption spectra of the UF-AuNPs in different concentrations of AA. a, 0.005 mM;
b, 0.05 mM; c, 1.25 mM; d, 2.5 mM; e, 5 mM; f, 0.0125 M; g, 0.5 M.

Figure 5 (A) Photograph showing the response of the probe to the mixtures of DA and AA concentrations; (B) depicts the corresponding absorption
spectra of the mixtures of (a) 0.25 mM: 50 mM (DA/AA), (b) 1.25 mM: 250 mM (DA/AA), and (c) 2.5 M: 0.05 M (DA/AA).

https://journals.sabinet.co.za/content/journal/chem/


is similar to the one observed previously under sub-optimal pH
conditions, where the AuNPs were seen to become larger,
changed morphology and aggregated on addition of increas-
ingly more DA (see supporting information). Good linearity was
obtained over a range of 5.0 × 10–8 –5.0 × 10–5 M and the detection
limit was estimated to be 2.5 nM (3σ) which is better than the
limit of the recently reported probes.27–30 The method has better
selectivity than other reported AuNP-based colorimetric
methods for detecting DA.14,19,31,32

3.5. Detection of Dopamine in Whole Blood Sample
Lastly, the sensitivity and selectivity of the probe towards DA

in a whole blood sample was studied. The results are presented
in Fig. 7. Before the addition of any AuNPs the blood sample was
red in colour (Fig.7A, a). When the AuNPs were added to the
solutions, a colour change from red to green was observed; the
green colour intensified after spiking the solutions with DA
(Fig.7A, b–d). The change of colour before spiking in Fig. 7A, b; is
likely due to the presence of DA in blood. In Fig. 7B, (a) is the
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Figure 6 (A) Photograph of the UF-AuNPs in the presence of various concentrations of DA at pH 8; (B) plots of the absorbance ratio (A388/A308) versus
logarithm of the concentrations of DA (0 M, 5 nM, 50 nM, 500 nM, 5 µM, 50 µM, 500 µM, 5 mM and 5 mM, respectively); n = 5 and standard deviation =
0.0047.

Figure 7 Detection of dopamine in real sample (whole blood). In (A), a, whole blood; b, whole blood + AuNPs; c, whole blood + AuNPs + 5 µM DA;
d, whole blood + AuNPs + 50 µM DA; (B) depicts the absorption spectra that correspond to the solutions in (A).
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absorption spectra of the blood sample before the AuNPs were
added. Apart from the main intense band at 406 nm, several
small absorption bands (~280, 500, 538, 574 and 633 nm) were
observed, which all disappeared on addition of the AuNPs
(Fig. 7B, b–c). The insert in Fig. 7B clearly shows the disappear-
ance of the minor bands from the whole blood sample, which
means that the probe was not sensitive to other interferences
present in the whole blood. The additional peaks that were
formed in the presence of the AuNPs around 308 and 389 nm,
shown in the spectra of b (whole blood + AuNPs), c (whole
blood + AuNPs + 5 µM DA) and d (whole blood + AuNPs +
50 µM DA) corresponded to those that were observed for DA in
the absence of whole blood. Another band was formed around
540 nm (Fig. 7B, d), which further confirmed the detection of DA
(the increase of DA in the solution as before). The probe showed
good selectivity and sensitivity for DA in a very complex matrix
(whole blood), without any additional sample preparation.

4. Conclusions
The study developed a novel probe for detecting DA in

aqueous samples by utilizing UF-AuNPs. By taking advantage of
good reducing properties, DA induced growth of UF-AuNPs
and the subsequent change in the morphology of the nano-
particles resulted in a clear and observable colour change from
pale green to orange then brown. Spectral shifts were observed
to accompany the colour changes signalling the formation of
large particles or aggregates. Under non-optimized conditions,
colour change was observed from 0.5 µM. In the mixture of DA
and AA, the probe could detect DA, even when the concentra-
tions of AA were up to 200 times higher than those of DA. At very
high concentrations of AA (more than 200 times greater than
DA), a deep purple colour is observed with absorption maxima
around 605 nm, showing the interference of AA. Under opti-
mized pH conditions, colour changes were observed already
from 5 nM DA and the detection limit was improved to 2.5 nM
from the previous 500 nM. The probe could selectively detect DA
in whole blood sample without any sample preparation other
than dilution. The practical simplicity of the probe demon-
strated that it would be very useful in the development of new
AuNP-based probes as it is safe and reproducible (no toxic
functionalization is required) and rapid, resulting in colour
changes at room temperature within 2 min. The developed
probe also gave some insight into the synthesis of various
shaped AuNPs during the detection of DA, and this information
is now being used to further develop sensitive probes with both
free and immobilized nanoparticles.
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Electronic supplementary information  

 

 

Figure 1: Effect of media pH on the absorbance ratio (A388/A308). 

  

 

Figure 2:  TEM images of the un-stabilized AuNPs in the presence of DA. A-B shows growth in the size of the nanoparticle, in 5 nM (B) 
with core size of 18.37 nm and in 5 μM (C) with core side of 83.66 nm, C and D shows aggregates of nanoparticles formed in 0.05 mM and 
0.5 mM respectively. 
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