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cle-intercalated mesoporous
silica-based nanozyme for the selective
colorimetric detection of dopamine†

Shounak Ray, Rima Biswas, Rumeli Banerjee and Papu Biswas *

Highly dispersed aggregation-free gold nanoparticles intercalated into the walls of mesoporous silica

(AuMS) were synthesized using thioether-functionalized silica as a nanozyme, which exhibited an

excellent peroxidase mimic activity. The AuMS material was characterized via XRD, N2 adsorption–

desorption, FESEM, SEM-EDS particle mapping, TEM, and XPS. The peroxidase-like activity of the AuMS

material was studied thoroughly, and the effect of pH and temperature was evaluated. The

reproducibility of the peroxidase mimic activity and long-term stability of the AuMS catalyst were also

studied. Furthermore, the AuMS catalyst was successfully utilized for the detection and quantification of

dopamine, an important neurotransmitter, colorimetrically with a linear range of 10–80 mM and a limit of

detection (LOD) value of 1.28 nM. The determination of dopamine concentration in commercially

available dopamine hydrochloride injection showed high accuracy, good reproducibility, and high

selectivity in the presence of uric acid, ascorbic acid, glucose, tryptophan, phenylalanine, and tyrosine.
Introduction

In the human body, there exists a perfect balance among bio-
logical substances. The imbalance between them could lead to
loss of life. Therefore, a specic and selective detection of bio-
logical species has arisen as the highest priority to maintain
a sustainable life. By utilizing the mechanism of peroxidase
activity of HRP, a new and attractive eld, which is inspired by
nature and aims to imitate natural enzymes using alternative
materials, in biomimetic chemistry1,2 has begun recently and
aptly termed as articial enzymes by Ronald Breslow.3 Among
these articial enzymes, mostly nanozymes have proved to have
the potential to replace natural enzymes by mimicking their
activity.4–6 Also, various advantages of these nanozymes over
natural enzymes are that they are (1) cheap and easy to
synthesis, (2) robust to harsh environments, (3) stable for a long
time, and have (4) large surface area for further modication.
The current research trend is focused on nanoenzymes not only
because of their enzyme-mimic activity but also because these
activities can be tuned to detect biologically relevant materials,
such as H2O2,7–10 glucose,11–15 amino acids viz. L-cysteine,7,14,16

nucleotides,17 ascorbic acid,13 melamine,18 and dopamine,19

which have vast applications in medicine and other
industries.20–25
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Dopamine (DA) is the most important neurotransmitter
present in the human brain and body, whose deciency causes
Parkinson's disease, attention decit hyperactivity, senile
dementia etc.26–28 In the recent years, various techniques such as
electrochemical,29 uorescence,30 and LCMS,31 have been
applied for the detection of DA. However, these processes
require extensive experimental techniques. Also, the electro-
chemical detection of DA has one disadvantage of the strong
interference from uric acid and ascorbic acid owing to their
close voltammetric response.32 Keeping the fact in mind that
UV-vis spectroscopy is still the regularly used analytical tool for
the detection of various species in most of the research labo-
ratories, an easy operational colorimetric method for the
determination of DA using a simple UV-vis spectrophotometer
without any signicant interference from UA and AA appeared
to be very relevant.

Several groups have reported that nanozymes suffer from
poor biocompatibility, toxicity, low activity or selectivity, and
complex synthesis procedures despite high stability and tune-
ability. Moreover, metal nanoparticle-based nanozymes have
few inherent shortcomings such as agglomeration, storage
difficulty, and poor heterogeneous distribution. Thus, the
modication of metal nanoparticles via the immobilization of
the nanoparticles on a surface having signicantly large surface
area for the catalytic reaction is one of the possible ways.
Immobilization will also eradicate the agglomeration issue to
some extent. However, modication with metal nanoparticles
oen leads to the lowering of the active surface area of the
catalyst, and thereby the catalytic activity decreases.33,34 In this
regard, materials based on mesoporous silica have attracted
This journal is © The Royal Society of Chemistry 2020
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considerable attention due their large surface area, tunable
pore size, and feasibility of easy surface modication. Until now
very few metal nanoparticle-modied mesoporous silica-based
nanozymes have been reported for the detection of biologi-
cally relevant substrates. Cu–SBA-15 was reported to demon-
strate peroxidase-like activity and utilized to determine H2O2.35

The intrinsic peroxidase-like activity of Fe–SBA-15 microparti-
cles36 and Fe-graed mesoporous silica for H2O2 and glucose
detection have also been reported.37 This has drawn attention
towards noble metal and rare-earth metal nanoparticles, which
show some unexpected enzyme-like activity.38–51

Recently, in the eld of nanozymes, gold nanoparticle-based
materials have recently grabbed the prime attention of
researchers due to their intrinsic optical and redox properties
for use as peroxidase mimicking enzymes.38–45 Mesoporous
silica-encapsulated gold nanoparticles were reported as
a glucose oxidase mimick by Ren and Qu et al., collaboratively.46

Their groups also demonstrated the AuNP growth on meso-
porous silica walls, which possess both peroxidase and oxidase
activities and used as an efficient antibacterial agent.47 Recently,
dendritic brous nano silica-supported gold nanoparticles
(DFNS/Au)48 and thiolated dendritic mesoporous silica nano-
particles loaded with gold nanoparticles (T-DMSN@Au)49 were
also reported as nanozymes capable of mimicking the
peroxidase-like activity. Though materials reported so far
exhibited good enzymatic behaviour, the reproducibility and
long term stability of the catalysts have not been studied thor-
oughly. We envisioned that utilizing a method to conne the
active nanoparticles into the walls of a silica matrix would be an
effective route to obtain homogeneously distributed nano-
particles without any agglomeration and pore blocking so that
the catalytic activity could be enhanced. Herein, we have
demonstrated that the composite of gold nanoparticles inter-
calated into the walls of mesoporous silica (AuMS) mimicked
the peroxidase activity and catalyzed the oxidation of peroxidase
substrate 3,30,5,50-tetramethylbenzidine (TMB) in the presence
of H2O2 to generate a blue colour. A selective and sensitive
colorimetric method for the determination of dopamine was
developed by utilizing the peroxidase-like activity of AuMS,
which was successfully used to determine dopamine concen-
tration in a commercially available dopamine hydrochloride
injection.
Experimental section
Materials and reagents

The reagents used for the detection of H2O2 and dopamine viz.
3,30,5,50-tetramethylbenzidine (TMB) and dopamine hydro-
chloride were obtained from Sigma Aldrich. Terephthalic acid,
30% H2O2, and NaOH were purchased from Spectrochem,
India. Other reagents used for the selectivity study of DA
detection viz. glucose (Glu), tryptophan (Try), phenylalanine
(Phe), tyrosine (Tyr), ascorbic acid (AA) and uric acid (UA) were
purchased from TCI. All chemicals were of analytical grade and
used without any further purication. A dopamine hydrochlo-
ride injection was used as a real sample procured from the
This journal is © The Royal Society of Chemistry 2020
hospital medical shop. Aqueous solutions were prepared with
Milli-Q double distilled water.

Instrumentation

All the UV-vis colorimetric experiments were performed on an
Agilent 8453 diode array spectrophotometer. Fluorescence
measurements were studied on a Horiba Fluorolog spectrou-
orometer with a 1.0 cm quartz cell (PerkinElmer, USA).

The phase characterization was determined via powder X-ray
diffraction (XRD) patterns recorded on a Bruker D8 advanced
diffractometer with Bragg–Brentano focusing geometry and
monochromatic CuKa radiation (l ¼ 1.540598 Å).

The morphological investigations were studied on a JEOL
JSM 7610F eld-emission scanning electron microscope
(FESEM). SEM-EDS spectra were recorded using an Oxford
Instruments X-MaxN50 X-ray detector attached to a JEOL JSM
7610F scanning electron microscope (SEM). Transmission
electron microscopy (TEM) images and selected area electron
diffraction (SAED) patterns were recorded using a JEOL JEM-
2100 microscope working at 200 kV.

The elemental composition of the catalyst was determined
by XPS measurements using a PHI 5000 Versa ProbII, FEI Inc.
instrument.

Preparation of gold nano-particles conned in the walls of
mesoporous silica

Pluronic P123 (5 g) was dissolved in 375 mL of 2 M HCl in
a 500mL round-bottomed ask at 45 �C. Tetraethyl orthosilicate
(TEOS, 10.4 g, 100 mmol) was added dropwise with stirring to
the resulting mixture, followed by bis[3-(triethoxysilyl)propyl]
tetrasulde (0.54 g, 1 mmol). An aqueous solution of Au(III)
chloride trihydrate (0.39 g, 1 mmol) was subsequently added
dropwise to the solution. The stirring was continued for 24 h at
45 �C temperature and aged for 72 h at 100 �C (without stirring).
The solid precipitated in the round bottomed ask was ltered
off and washed using water thrice, followed washing using
ethanol (2 � 30 mL). The resulting solid was dried at 100 �C for
24 h and calcined at 500 �C for 5 h.

Colorimetric H2O2 detection

To study the response of AuMS towards peroxidase-like activity,
initially, a typical colorimetric experiment was performed in
a 0.1 M acetate buffer (pH 4.0) with 2.4 mL TMB (0.125 M in
DMSO), which was oxidised by 4 mL of 30% H2O2 solution in the
presence of 15 mL AuMS (2 mg catalyst dispersed in 1 mL water).
The total volume of the solution was kept at 2 mL. UV-vis
spectra were recorded at a denite time interval for 5 min,
and their corresponding absorbance was plotted against time.

Hydroxyl radical measurements via uorescence spectroscopy

The generation of OHc was detected through a terephthalic acid
photoluminescence probe experiment. 1 mM sodium salt of
terephthalic acid (TA) was prepared by dissolving TA into an
aqueous solution of NaOH (pH 12). 10 mg AuMS and 10 mM
H2O2 were incubated in 20 mL acetate buffer (pH 4.0). Aer the
Nanoscale Adv., 2020, 2, 734–745 | 735
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continuous interval, the solution was centrifuged and used for
uorimetric measurements (lex ¼ 315 nm). A steady increase in
the uorescence intensity at 422 nm was observed with the
gradual production of OHc radicals.
Colorimetric dopamine detection

For a colorimetric dopamine assay, different amounts of freshly
prepared dopamine hydrochloride (DA) solutions (2–100 mM)
were introduced in a similar reaction system of total 2 mL as
above containing 10 mL TMB (0.125 M in DMSO), 20 mL H2O2 in
0.1 M acetate buffer (pH 4.0) in the presence of 15 mL AuMS
(2 mg catalyst dispersed in 1 mL water). The solution was
incubated at 40 �C for 10 min to generate a blue coloured
solution before the addition of DA solutions. The gradual fading
Scheme 1 Formation of mesoporous silica with well-dispersed gold
nanoparticles incorporated into the walls of silica (AuMS).

Fig. 1 (a) Physisorption isotherms and (b) corresponding NLDFT pore si

736 | Nanoscale Adv., 2020, 2, 734–745
of the blue colour of the oxidized TMB upon the addition of DA
to the solution was recorded on a UV-vis spectrophotometer at
room temperature.
DA determination in the DA hydrochloride injection

For DA determination in the DA hydrochloride injection, rst
a dopamine injection was procured for a general hospital
medical store and diluted 10 times. Then, DA detection was
performed with 5 sets of real sample solutions via the above
procedure.
Results and discussion
Synthesis and characterization of the AuMS catalyst

A one-pot sol–gel method was utilized for the synthesis of
AuMS. The incorporation of Au(0) nanoparticles into the wall-
framework of SBA-15 was facilitated by the addition of 1,4-
bis(triethoxysilyl)propane tetrasulde (TESPTS) and HAuCl4
during the formation of SBA-15 (Scheme 1).50 Pure SBA-15 was
also prepared under the same condition using both TEOS and
TESPTS as the silica sources.

N2 adsorption–desorption measurements were used to
investigate the textural parameters of SBA-15 including BET
surface area, pore volume, and pore size distribution (Fig. 1 and
Table 1). As shown in Fig. 1a, the nature of nitrogen adsorption
isotherms of SBA-15 is type IV with H1-type hysteresis loops,
which exhibit a sharp increase at pressures ranging from 0.40–
0.8. The nature of isotherms is common for the SBA-15 type of
mesoporous silica and conrms the retention of the hexagonal
mesoporous structure aer the incorporation of Au(0) nano-
particles (AuNPs) into pore walls. The BET surface area and pore
volume of the as-prepared sample were found to be 517 m2 g�1

and 0.68 cm3 g�1, respectively. SBA-15 prepared under the same
condition using TEOS and TESPTS exhibited a BET surface area
of 557 m2 g�1 and a pore volume of 0.74 cm3 g�1. The BET
surface area and pore volume for the samples are almost
identical. This indicates that very small AuNPs are mostly
incorporated into the pore wall and are not grown inside the
pores. The pore size distribution of SBA-15, determined via the
non-local density functional theory (NLDFT),51 are displayed in
Fig. 1b. The average pore diameters are found to be 5.4 and
ze distributions of SBA-15 and AuMS.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Textural parameters of SBA-15 and AuMS

Samples
BET surface
area/m2 g�1

Pore
volume/cm3 g�1

Pore
diameter/nm

SBA-15 557 0.74 5.4
AuMS 516 0.68 4.8
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4.8 nm for SBA-15 and AuMS, respectively. A very narrow pore
size distribution was found for both the samples.

The crystallinity and phase purity was analyzed via wide-
angle powder X-ray diffraction, and are shown in Fig. 2.
Fig. 2a exhibits the characteristic diffraction peaks at 38.50,
44.72, 64.92, 77.85, 81.91, 98.37, 111.00, 115.48 and 135.54�,
corresponding to the (111), (200), (220), (311), (222), (400), (331),
(420) and (422) crystal planes of the cubic Au(0) phase (Fm�3m
space group 225) (JCPDS no. 04-0784). The result indicates the
formation of pure single-phase AuNPs without any other
possible impurities. The broad and weak peaks of AuNPs indi-
cate that the very small Au(0) nanoparticles are highly
dispersed. It may be concluded that the conned growth of
AuNPs into the walls of mesoporous silica attributes toward
small crystalline grain sizes. SBA-15 shows no peak within the
range of 20–80� (Fig. 2b).
Fig. 2 Wide-angle XRD patterns of (a) AuMS and (b) SBA-15.

Fig. 3 (a) SEM image of AuMS, (b) TEM image of SBA-15, (c–e) TEM, (f)

This journal is © The Royal Society of Chemistry 2020
The morphology of the materials was studied via SEM and
TEM. As shown in Fig. 3a, short bent rod-like structures with
a length of about 1 mm can be observed. The TEM images of
SBA-15 are presented in Fig. 3b–d. The hexagonal pores present
in AuMS are clearly visible, as shown in Fig. 3c. TEM images
(Fig. 3d and e) of the sample reveal well-resolved small nano-
particles within SBA-15. Fig. 1f and g illustrate the HRTEM
image of AuNPs located inside the silica framework and corre-
sponding live FFT image, respectively. The SAED pattern of
AuNPs (Fig. 3h) shows spots and rings indexed to the (200) and
(222) planes of gold with an fcc structure, which is in agreement
with the X-ray diffraction studies. The particles into the walls
are 3.8 � 0.5 nm in diameter (Fig. 3e) with an average size of
4 nm (Fig. 4).

The elemental compositions were conrmed by EDS (Fig. S1,
see ESI†) and their distributions were further veried by the
SEM EDS-mapping results. As shown in Fig. S2, (see ESI†) the
elements Si, O and Au exist and distribute uniformly. The
content of Au on the SBA-15 was about 2.02 wt%.

The surface composition and electronic structure of AuMS
was investigated via the XPS analysis. A wide XPS scan of the
sample (Fig. 5a) shows the presence of Au, Si and O. The peaks
at around 102.1, 154.0 and 531.7 eV could be assigned to Si2p,
Si2s, and O1s, respectively. Gold was observed as a small peak at
HRTEM, (g) live FFT and (h) SAED analysis of AuMS.

Nanoscale Adv., 2020, 2, 734–745 | 737
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Fig. 4 Particle size distribution of AuMS.
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around 85 eV in the surface spectrum (Fig. 5a). The enlarged
XPS scan of Au4f (Fig. 5b) demonstrates two peaks at 83.2 eV
and 86.8 eV, which are assigned to Au4f7/2 and Au4f5/2, respec-
tively, and indicates the presence of Au(0). Fig. 5c exhibits
a wide XPS scan of SBA-15 (Fig. 5a), which shows the presence of
Si and O. The peaks at around 101.9, 153.7 and 531.5 eV are
assigned to Si2p, Si2s, and O1s, respectively.
Peroxidase-like activity of AuMS

The peroxidase-like activity of AuMS was studied through the
oxidation of 3,30,5,50-tetramethylbenzidine (TMB), a typical
Fig. 5 (a) Wide XPS scan, (b) XPS spectrum of Au4f of AuMS and (c) wid

738 | Nanoscale Adv., 2020, 2, 734–745
colorimetric substance that generates blue colour in its oxidized
form. The catalytic oxidation of TMB was performed with the
assistance of hydrogen peroxide (30% H2O2) and AuMS. If the
appearance of blue colour in the presence of catalyst follows
Michaelis–Menten kinetics, then the catalyst is capable of
showing peroxidase mimic activity. The catalytic parameter for
a typical enzyme catalytic reaction of the type:

E + S ¼ ES

ES / P

is obtained from the following Michaelis–Menten equation:

V0 ¼ Vmax[S]/{KM + [S]}

where, E, S, ES, P, V0, Vmax, and KM represent enzyme, substrate,
enzyme–substrate adduct, product, initial velocity, maximum
reaction velocity, and Michaelis–Menten constant, respectively.
Vmax is attained when the catalytic sites on an enzyme are
saturated with the substrate. Another important parameter, i.e.,
the turnover frequency Kcat for an enzyme catalytic reaction is
given by the relation Vmax/[E]0 and catalytic efficiency by the
relation Kcat/KM, where [E]0 is the total enzyme (here AuMS)
concentration.

Herein, we report the peroxidase-like behavior for AuMS
studied through the catalytic oxidation of TMB in the presence
e XPS scan of SBA-15 silica.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Time-dependent absorption curve for the TMB–H2O2 system
using AuMS at 653 nm under different conditions.
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of H2O2. TMB is chosen as a substrate because it is a non-
carcinogenic chromogenic agent. The transformation of col-
ourless TMB to a blue oxidized product having an absorption
maxima at 653 nm appears due to the formation of 3,30,5,50-
tetramethylbenzidine diimine53 in the presence of AuMS and
H2O2, proving the peroxidase-like activity of AuMS.

Peroxidase mimicking activity of AuMS

A series of controlled experiments were carried out where the
same catalytic reaction was tested with (i) TMB and SBA-15, (ii)
TMB and AuMS, (iii) TMB, H2O2 and SBA-15, (iv) TMB, H2O2

with a AuMS leaching solution and (v) TMB, H2O2 and AuMS.
Fig. 6 shows the time-dependent absorption curve of AuMS
catalyzing the oxidation of TMB. It is evident from Fig. 6 that the
absence of H2O2 inhibits the oxidation of TMB, while the
presence of H2O2 shows limited and slow oxidation kinetics
even in the presence of bare SBA-15. The only condition for the
efficient peroxidase activity is the presence of both catalyst
AuMS and H2O2. It was also checked that the AuMS leaching
solution was unable to show peroxidase activity even in the
presence of H2O2, indicating that the peroxidase activity is
a combined effect of AuMS and H2O2. A negligible increase in
the activity in the presence of the AuMS leaching solution
proves that Au was not leached in the solution when the AuMS
Fig. 7 (a) Effects of pH and (b) temperature on the catalytic oxidation o

This journal is © The Royal Society of Chemistry 2020
dispersion in water was prepared. For the preparation of the
AuMS leaching solution, rst TMB and AuMS were incubated at
40 �C in a 2 mL acetate buffer (pH ¼ 4). Then, AuMS were
centrifuged and separated from the solution. Finally, H2O2 was
added to the solution before measuring the kinetic study. Thus,
the role of AuMS is indispensable as peroxidase mimetic is
proven.
Parameter calibration of kinetic reaction

Like a natural peroxidase enzyme HRP, the catalytic activity of
AuMS is also effected by temperature and pH. The optimum
catalytic condition was studied through varying the reaction pH
and temperature. It is seen that the peroxidase activity increases
with an increase in pH from 2 to 4, aer which it decreases
(Fig. 7a). This is probably because TMB is a diamine, which has
a poor solubility at a higher pH.54 Also, the variation of reaction
temperature shows that the catalytic activity is optimum at
40 �C, which is also a suitable temperature for natural peroxi-
dase enzymes (Fig. 7b). From the catalyst optimization experi-
ment performed in a similar fashion, (Fig. S3, see ESI†) the
amount of catalyst was chosen to be 15 mL (from a stock solution
of 2 mg AuMS in 1mL water). Therefore, it is inferred that AuMS
is suitable as a nanozyme for the peroxidase-like activity.
Reproducibility and long-term stability of AuMS

The reproducibility of the proposed catalytic system was tested
with the kinetic study of 5 batches of reaction mixtures with
AuMS, and the catalytic activity was compared between them in
the presence of 40 mL H2O2 and 2.4 L mL TMB by performing the
kinetic reaction. Nearly similar absorption behavior indicates
that AuMS has an excellent reproducibility (Fig. 8a).

The long-term stability of AuMS was tested with a compar-
ison of catalytic activity for the effectiveness of the catalytic
oxidation of TMB between freshly prepared AuMS samples with
AuMS samples stored for 90 days and found no signicant
difference of rates between them, which claries that the AuMS
is highly stable in normal condition (Fig. 8b). It is worth
mentioning that AuMS is highly dispersible in water (2 mg
mL�1), which helps to improve its catalytic activity.
f TMB in the presence of AuMS and H2O2.
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Fig. 8 (a) Reproducibility and (b) long term stability of AuMS as a catalyst.
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Kinetics of the TMB oxidation

Aer a positive response from the catalyst AuMS, two sets of
reaction kinetics were obtained to check the concentration
dependency over H2O2 and TMB. The rate of reaction was esti-
mated from the kinetics of catalysis reaction monitored at
a wavelength of 653 nm against reaction time as deep blue
colour arises due to the oxidation of TMB with time. In one
scenario, the concentration of TMB was xed at 100 mM, while
the concentration of H2O2 was varied from the 0 to 42 mM
range. In the other case, the concentration of H2O2 was kept
constant at 13 mM, while the concentration of TMB was varied
Fig. 9 Steady-state kinetic analyses using the Michaelis–Menten mod
concentration of TMB with a fixed amount of H2O2 and (c and d) varyin

740 | Nanoscale Adv., 2020, 2, 734–745
from 0 to 75 mM. It is clear from Fig. 9 that the reactions follow
typical Michaelis–Menten kinetics within a specic range of the
substrate concentration. The reaction rates obtained from
different sets of reaction kinetics studies were tted to the
Michaelis–Menten equation and Lineweaver–Burk plot to
determine the Michaelis–Menten constant, which appears to be
0.146 mM for TMB as substrate and 78.6 mM for H2O2 as
a substrate, which is substantially a better result as compared to
some other gold-catalyzed studies. These values also justify the
better binding affinity of AuMS to TMB than the natural
peroxidase enzyme HRP (Table 2).
el and Lineweaver–Burk model for AuMS by (a and b) varying the
g the concentration of H2O2 with a fixed amount of TMB.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Comparison of KM and Vmax of the catalytic oxidation catalyzed by AuMS

Serial no. Catalyst Substance KM (mM) Vmax (M s�1) Ref.

1 EMSN–AuNPs H2O2 119.2 5.25 � 10�8 46
2 MSN–AuNPs TMB, H2O2 0.0411, 15.81 12.6 � 10�8, 17.30 � 10�8 47
3 DFNS/Au-5 TMB 0.220 17.1 � 10�8 48
4 T-DMSN@Au 0.0407 mM 25.9 � 10�8 49
5 HRP TMB, H2O2 0.434, 3.7 10 � 10�8, 8.7 � 10�8 5
6 AuMS TMB, H2O2 0.146, 78.6 5.07 � 10�8, 9.9 � 10�8 This work
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Mechanism of the peroxidase-like activity

Themechanism for the peroxidase-like behaviour of nanozymes
is well-studied.52,53 The catalytic process follows a Fenton
reaction-like pathway.19,53–56 In the presence of nanozymes,
Fig. 10 Fluorescence spectra of the terephthalic acid photo-
luminescence probe.

Fig. 11 (a) UV-vis spectra of TMB oxidation in the presence of a variable a
oxidation in the presence of 100 mM various interfering species, and (d)

This journal is © The Royal Society of Chemistry 2020
H2O2 decomposed to form a hydroxyl radical (OHc), which in
turn oxidizes TMB to TMB+ giving rise to blue colour. Due to the
high affinity of AuMS towards TMB, the excited electron transfer
is promoted and the recombination of electron–hole pairs get
hindered, which in turn facilitates the formation of OHc,
resulting in an improved peroxidase-like activity.57 The mecha-
nism of the reaction was additionally conrmed from the
oxidation of terephthalic acid (TA) performed under similar
reaction conditions. The acid is a nonuorescent molecule but
in the presence of cOH, it converts into an extremely uorescent
2-hydroxyterephthalic acid (HTA).13,58 With time, more cOH
radicals get generated developing more intense uorescence
with time. Thus, the generation of cOH radicals and their
involvement towards the TMB oxidation in our peroxidase-like
activity study has been conrmed (Fig. 10). Since, the gold
nanoparticles were conned within the walls of a mesoporous
silica matrix, the mesoporous surface of AuMS with more
accessible surface area helps the catalytic oxidation of TMB by
H2O2. It is noteworthy to mention that the catalytic reaction
only happens in the simultaneous presence of AuMS, H2O2, and
mount of DA (b) linear calibration plot for DA (c) UV-vis spectra of TMB
comparison with other substrates.
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Table 3 Application of the proposed assay for the detection of DA in real samples

Sample Without spiking (mM) DA spiked (mM) DA measured (mM) Recovery (%)

Injection 1 17.21 � 0.89 5 22.44 � 0.42 104.6
Injection 2 14.87 � 0.77 10 24.58 � 0.61 97.1
Injection 3 22.34 � 0.57 15 37.85 � 0.26 103.4
Injection 4 11.58 � 0.72 20 30.82 � 0.21 96.2
Injection 5 7.29 � 0.63 25 32.65 � 0.37 101.4
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TMB. The absence of any of the component fails to exhibit blue
colouration.
Detection of dopamine

The excellent peroxidase behavior tempted us to see if any other
colorimetric application could be developed for the detection of
an important biologically active species. A facile and sensitive
colorimetric sensor for DA is fabricated depending on the fact
that due to the presence of the reducing ability of dopamine, the
amino and phenol hydroxyl groups of DA consume H2O2 via
redox reaction, which leads to the inhibition of the oxidation of
TMB, showing a blue colour fade and decreasing the absor-
bance intensity at 653 nm.59 Simultaneously, the electro-active
nature of DA favours its oxidation into dopamine-o-quinine by
H2O2 over TMB.60,61 Under optimized conditions, this quench-
ing of blue colour is recorded on a UV-vis spectrophotometer
with the gradual addition of DA into the reaction mixture con-
taining TMB, AuMS and H2O2 in a xed concentration in the
acetate buffer solution (pH 4).

With the gradual addition of a set of different concentrations
of DA into the reaction system, the absorption intensity at
653 nm decreases, which is also recognizable through naked eye
clearly (Fig. 11a and b). A linear relationship is established
between absorbance vs. concentration within the range of 10–80
mM (R2 ¼ 0.9799) with a LOD of 1.28 nM (S/N ¼ 3.3). The linear
range and LOD value are comparable with previously reported
values.62,63 The wide linear range favours this system for medical
and clinical applications also.

The selectivity of the proposed systemwas investigated in the
presence of various interfering species, which are also present
along with DA in the human body, such as glucose (Glu), tryp-
tophan (Try), phenylalanine (Phe), tyrosine (Tyr), ascorbic acid
(AA) and uric acid (UA) in place of DA. From Fig. 11c, it is clearly
evident that only DA has the ability to inhibit the oxidation of
TMB, thereby quenching the blue color efficiently. The high
selectivity towards DA is observed from the bar diagram
(Fig. 11d) plot of the difference of the absorbance value at
653 nm in the absence and presence of investigated molecules.
The photographic images clearly indicate the efficiency from
a naked eye view.
Detection of dopamine in the DA injection

The sensitivity of the proposed system was checked with a real
sample analysis. For the real sample analysis, a DA injection
was procured from a chemist shop, and the AuMS + TMB + H2O2
742 | Nanoscale Adv., 2020, 2, 734–745
system was applied to see the blue colour fade in UV-vis spec-
trophotometer along with the detection of DA. The results are
recorded in Table 3 and recovery were calculated, which shows
that the proposed system is highly suitable for clinical appli-
cations also.
Conclusion

In summary, AuNPs were intercalated into the walls of meso-
porous silica via a one-step sol–gel process, and this was
conrmed from the BET analysis. Pure SBA-15 and AuMS
exhibited almost the same surface area of 557 and 517 m2 g�1,
respectively, as revealed via the BET measurements, which
validate the fact of incorporation of AuNPs mostly into the walls
of mesoporous silica. The presence of pure metallic gold with
a face-centered cubic lattice was conrmed from the XRD
analysis. Two individual binding energies obtained in the XPS
analysis for Au4f7/2 and Au4f5/2 further strengthened the pres-
ence of metallic gold. The HRTEM analysis conrms the average
size of the intercalated AuNPs to be 4 nm. AuMS shows an
excellent enzymatic peroxidase-like activity using 3,30,5,50-tet-
ramethylbenzidine (TMB) as a model substrate, and the KM and
Vmax values observed are better than those of natural enzyme
HRP. However, the presence of dopamine (DA) inhibited the
formation of oxTMB and based on that a sensitive and selective
colorimetric DA detection probe was successfully achieved. The
colorimetric DA detection assay has a linear range of 10–80 mM
with a LOD of 1.28 nM. The proposed sensor was also tested for
the detection of DA in the dopamine hydrochloride injection
sample very efficiently.
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