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Protein—inorganic nano hybrid sheets of Pd

embedded BSA as a robust catalyst in water
for oxidase mimic activity and C—C coupling
reactions, and as a sustainable material

for micromolar sensing of dopaminet

Sirilata Polepalli,® Bhawna Uttam® and Chebrolu Pulla Rao (2 3*°

Protein—inorganic hybrids with tunable morphology offer excellent applications in several fields due to
their versatile characteristics. Herein, we report a new hybrid material prepared using commercially avail-
able protein bovine serum albumin (BSA) and a palladium salt. Employing a green process, distinctive
colonies of Pd-nanoparticles (Pd_NPs) (2-5 nm) embedded in BSA hybrid sheets (PA_NP@BSAgneet) Were
synthesized and characterized using different microscopy techniques. While naked Pd_NPs show larger
particles of ~52 nm in size, the size of the PA_NPs embedded in BSA sheets is as small as ~4 nm and
they form well separated colonies by providing a much greater number of distinct reaction centers.
Further characterization was performed using thermal, spectral and diffraction techniques. PA_NP@BSAgneet
shows excellent oxidase enzyme mimic activity as demonstrated using 3,3',5,5’-tetramethylbenzidine (TMB)
and o-phenylenediamine (OPD) as substrates. The selective detection of the neurotransmitter dopamine by
the in situ generated oxidized species of TMB has been demonstrated in buffer, human serum and urine
samples to a micromolar detection limit. The hybrid PA_NP@BSAgneet Was also shown to have superior
catalytic activity in Suzuki coupling reactions performed in water as compared to several other literature
reported Pd-based catalysts and its reusability has been demonstrated. Thus, the hybrid PA_NP@BSAeet
material is promising and sustainable as an oxidase enzyme mimic, as a biosensor for sensing crucial
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Introduction

Protein-inorganic hybrid materials have gained immense interest
in recent times, due to many desirable properties that they exhibit
based on both the inorganic and the protein components present
in them. Proteins offer a template for the formation of novel
morphological features as the side chains of the amino acid
residues provide functional groups suitable for coordination with
metal ions. In addition to this, the biocompatibility is an added
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neurotransmitter dopamine and as a catalyst for C-C coupling in aqueous medium.

advantage of naturally occurring proteins. Artificial nanoscale
enzymes, viz., nanozymes, have high stability and possesess better
catalytic activity as compared to some natural enzymes." In spite
of several literature reports about inorganic nanozymes,** protein
based inorganic materials as artificial enzyme mimics are scarce.
The advantages offered by protein-inorganic nanomaterials in
different applications like catalysis, sensing and drug delivery
have been reviewed recently in the literature.*> As protein based
materials are water soluble and biocompatible, the corresponding
inorganic-protein hybrid materials are in dire need to demon-
strate their unusual properties.

Bovine serum albumin (BSA) is the most commonly used
protein for the preparation of novel inorganic nanohybrid
materials. There are a few literature reports on BSA based metal
and metaloxide nanoparticles®'° as artificial enzyme mimics.
However, to our knowledge, there is no report on BSA based
palladium hybrids with nanosheet morphology. The sheet mor-
phology with Pd_NPs embedded in it provides an increased
surface to volume ratio, which results in higher activity. The sheet
morphology is important in the controlled synthesis of Pd_NPs

This journal is © The Royal Society of Chemistry 2020
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in order to result in a greater surface area. Such features are
necessary for better performance of the material. Palladium
based nanomaterials and gels are versatile as catalysts in
organic coupling reactions,"*™* and as enzyme mimics.">™*®
In this work, Pd-nanoparticles embedded in hybrid sheets of
bovine serum albumin (BSA) were synthesized from aqueous
solution in a greener approach with distinct morphological
features. Pd_NP@BSAgpcet is @ new and novel hybrid material of
a protein-inorganic system. Such a material is expected to have
the characteristics of both the protein and the inorganic
components and hence would exhibit unexpected and unpre-
cedented properties. Hence it is important to explore its
application potential. To our knowledge, such a sheet morpho-
logy material based on BSA and palladium has not been
reported earlier. Therefore, such a protein-inorganic hybrid
material deserves to be studied for its applications. In the
present work, this material has been studied for its enzyme
mimic activity, as a sensor and also as a catalyst for C-C
coupling. All these aspects are explored in detail in this paper.

Experimental

All the chemicals used in this work were procured from either
Sigma Aldrich or Spectrochem Pvt. Ltd, and were used without
further purification.

Preparation of Pd_NP@BSApcet

In a typical reaction, 1 mg of PdCl, was added to 1 mL of
aqueous BSA solution having different concentrations (1, 2, and
5 mg), herein referred to as Pd_BSA,, (n = 1, 2, 5). Each of these
solutions was subjected to vortexing for 8 hours, which resulted
in an orange colored suspension, and then was heated at 60 °C
in a dry bath for 10 minutes followed by addition of 100 uL of
0.2 M ascorbic acid. The resulting solutions were further heated
in a dry bath for 60 minutes to obtain a black suspension,
which settles on centrifugation, and washed thoroughly with
Milli-Q water 6-7 times in order to remove excess reagents and
dried in a desiccator under a vacuum for 3 days.

Characterization of the protein-inorganic hybrid Pd_NP@BSAgcet

The protein-inorganic hybrid samples were characterized by
spectral, thermal and diffraction methods. The FT-IR spectra
were measured on a PerkinElmer infrared spectrometer. X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed on a Kraytos Analytical Axis Supra by drop casting the
samples on aluminium foil. The thermal analysis of the BSA
protein and Pd_NP@BSAgpe. Wwas performed on a PerkinElmer
Diamond TG/DTA under a nitrogen atmosphere. The samples
were heated from 25 to 1000 °C at a rate of 10 °C min™".
For powder X-ray diffraction, Cu K, radiation of wavelength
1.54 A was used and scanned over a 20 range of 5 to 100° on a
Panalytical Empyrean instrument.

The morphology of the samples was studied by different
microscopy techniques. Transmission electron microscopy (TEM)
was carried out on a JEOL JEM-2100F, 200 kV. The black
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Table 1 List of substrates used and the products obtained in Suzuki
coupling reactions carried out using PAd_NP@BSA¢cet as a catalyst

HO

Pd_NPs@BSA,
Ar-l + \B— Ar' 'sheet - ArAr
HO/ K,COj3, Water
80°C

Substrate used Product obtained (number)

Phenyl boronic acid
4-Fluorophenyl boronic acid
4-Chlorophenyl boronic acid
4-Methylphenyl boronic acid
4-Formylphenyl boronic acid
4-Acetylphenyl boronic acid
4-Cyanophenyl boronic acid
2-Methoxyphenyl boronic acid
3-(Trifluoromethyl)phenyl
boronic acid
3,5-Dimethylphenyl

boronic acid
3,4-dimethoxyphenyl
boronic acid

1,1’-Biphenyl (1a)
4-Fluoro-1,1'-biphenyl (1b)
4-Chloro-1,1-biphenyl (1c)
4-Methyl-1,1'-biphenyl (1d)
[[1,1’-Biphenyl]-4-carbaldehyde] (1e)
1-{[1-1'Biphenyl]-4-yl}ethane-1-one (1f)
[1,1’-Biphenyl]-4-carbonitrile (1g)
2-Methoxy-1,1’-biphenyl (1h)
3-(Trifluoromethyl)-1,1’-biphenyl (1i)
3,5-Dimethyl-1,1’-biphenyl (1)

3,4-Dimethoxy-1,1"-biphenyl (1k)

suspension (Pd_BSA,) was drop cast on a copper grid and dried
in a desiccator under a vacuum. For mapping the elements,
scanning transmission electron microscopy (STEM) mode
was used. Scanning electron microscopy was performed on a
JSM-7600F field emission gun scanning electron microscope
(FEG-SEM). The samples for SEM were prepared by drop-
casting the Pd_NP@BSAghee: Suspension on aluminium foil
and dried in a desiccator under a vacuum. The samples were
sputtered for 60 s at 10 mA prior to imaging. Atomic force
microscopy (AFM) was performed for Pd_NP@BSApee: Using a
Veeco Nanoscope IV. Optical microscopy images were taken on
a Nikon Eclipse fluorescence microscope.

Oxidase enzyme mimic activity and steady state kinetics of
Pd_NP@BSAgheet

The oxidase activity of Pd_NP@BSAgneer Was studied using
3,3',5,5'-tetramethylbenzidine (TMB) and o-phenylenediamine
(OPD) as substrates in acetate buffer at pH 4.5. The enzyme
kinetics of Pd_NP@BSAgheet Was evaluated using varying con-
centrations of TMB solutions (0.1, 0.2, 0.5, 0.8 and 1 mM) with
100 ug mL ™" of Pd_NP@BSAgpcc- The formation of the oxidized
TMB (TMB,,,) was observed by taking the absorption at 652 nm at
varying time intervals starting from 1 to 30 minutes. The
Michaelis-Menten constant was derived using the Lineweaver—
Burk plot: 1/v = (Km/Viax) (1/[S] + 1/Ky,), where v is the initial
velocity, Vinax is the maximal reaction velocity, [S] is the substrate
concentration and Ky, is the Michaelis constant (the reciprocal of
the reaction rate (1/v) on the Y-axis and the reciprocal of the
substrate concentration (1/[S]) on the X-axis). Similar studies
were also carried out at pH = 7.4 using TMB as the substrate.

Detection of dopamine using the Pd_NP@BSAgjcec TMB,, System

Detection of the neurotransmitter dopamine was performed in
different media, i.e., PBS buffer at pH 7.4, human serum and
urine samples using the oxidase activity of the Pd_NP@BSAgpeer
TMB, system. Firstly, a 1 mM stock solution of dopamine was

Mater. Adv., 2020, 1, 2074-2083 | 2075
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prepared in buffer at pH 7.4. Then 1 mM TMB solution was
oxidized with 100 pg mL™' Pd_NP@BSAgpeer to form TMB,,.
Dopamine solution was added with increasing concentrations to
this reaction mixture containing Pd_NP@BSAgpcer TMByy to
observe the decrease in the absorbance of the band at 652 nm.
A similar procedure was followed for the experiments performed
with human serum and urine samples spiked with dopamine.
The selectivity to dopamine among other biologically important
molecules was tested by a similar method, using several other
interfering bio-relevant molecules, such as glucose, fructose,
lactose, urea, K', Na', glutamic acid, aspartic acid, alanine,
glycine, tryptophan, threonine, and cysteine.

C-C coupling reactions with Pd_NP@BSApect

To a well-stirred mixture of iodobenzene (55 pL, 0.49 mM),
phenylboronic acid (90 mg, 0.74 mM) and K,CO; (136 mg, 0.98 mM)
in water (1.5 mL), 5 mg of the catalyst, Pd_NP@BSAgpcer, Was
added. The reaction mixture was stirred at 80 °C for 8 h. The
reaction mixture was extracted with diethyl ether (15 mL) two
times. The organic phase was collected and dried over Na,SO,
and concentrated under a vacuum. The crude product obtained
was purified by silica-gel column chromatography using ethyl
acetate/pet-ether in a 5:95 v/v ratio.

Results and discussion
Preparation and characterization of Pd_NP@BSApcet

The protein-inorganic Pd_NP@BSAy,c.¢ Was prepared as given
in the experimental section. Aqueous BSA solutions of different
concentrations, i.e., 1, 2 and 5 mg mL ™", were used to optimize

L-ascorbic

Acid
60°C

Fig. 1 Preparation of PAd_NP@BSAgneet: (@) Orange suspension of PdCl,
aqueous solution after vortexing. (b) Black suspension of PA_NP@BSAncet
after reduction with L-ascorbic acid. (c) Bright field optical microscope
image of PA_NP@BSAgneet (the scale bar is 10x). Some of the dark spots
are labelled for reference.

. 54
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the sheet formation and the corresponding products are
referred to as Pd_BSA,, Pd_BSA, and Pd_BSA;, respectively.
An orange colored suspension was obtained when the reaction
mixture was vortexed as seen in Fig. la. Treating this with
r-ascorbic acid reduces Pd** into Pd(0) and the metal is
embedded into the BSA sheets. Overall, this is observed as a
black suspension with the naked eye as can be noticed from
Fig. 1b. Macro sheet formation, visible with the naked eye, was
observed only in the case of Pd_BSA; (Pd_NP@BSAgpcet)-
At lower concentrations of BSA (Pd_BSA; and Pd_BSA,) the
reduction yields a powder material without forming any sheets.
Pd_BSA; acquires a sheet morphology (Pd_NP@BSAgheet)
as observed in Fig. 1c and hence all the studies were carried
out using Pd_NP@BSAgpeet- The hybrid sheets can be observed
under a bright field microscope to exhibit a brown uneven
surface with darker spots. This catalyst is being referred to as
Pd_NP@BSAgpee in this paper.

Characterization of Pd_NP@BSAgpcet

Pd_NP@BSAgpc.c Was characterized by several microscopy tech-
niques. The TEM images of naked Pd nanoparticles (Pd_NPs)
without BSA exhibited polydispersity where the size of the
particles ranges from 20 to 100 nm due to the lack of any
capping agent (Fig. S01a, ESIt). Interestingly, in the presence of
BSA, a change in the morphology of Pd_NP formation was
observed. While Pd_BSA; exhibited the formation of spherical
aggregates (Fig. S01b, ESIt), Pd_BSA, exhibited the initial
formation of smaller sheets as observed in Fig. SO1c (ESIT).
When the BSA concentration is 5 mg mL ™" (PA_NP@BSAgpcet),
well-formed sheets can be observed in Fig. 2a with small
colonies of Pd_NPs embedded in the BSA sheets (Fig. 2b and
Fig. S02a-c, ESIf). Another distinctive feature seen in
Pd_NP@BSAghcet 1S the substantial decrease in the size of
palladium nanoparticles embedded in the sheets and the size
is ~4 nm (Fig. 2d and Fig. S02d-g, ESIY). Literature reports
suggest that the presence of a high percent of tyrosine and
histidine residues will result in the nucleation and the growth
of the palladium nanoparticles because of their coordination to
Pd>".">'® The amino acid composition of BSA has approxi-
mately 3.4% tyrosine and 2.9% histidine residues. The side
chains of these amino acids are responsible for the binding of
Pd>" followed by the formation of characteristic colonies where

Fig. 2 TEM images of (a) PA_NP@BSAheet (the scale bar is 1 uM) and (b) colonies of Pd_NPs distributed in PA_NP@BSAgncet (the scale bar is 100 nm). (c)
HRTEM image of Pd_NPs embedded in PAd_NP@BSA¢cet (the scale bar is 2 nm). (d) Elemental mapping showing the presence of palladium as colonies
distributed in the hybrid sheet (purple). The inset shows the area for which the mapping was taken (the scale bar is 50 nm).
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the protein also acts as a template. Proteins and peptides form
different types of nanostructures, such as fibrils, tubes and
sheets, under the influence of metal ions.””*! Amyloidogenic
proteins like BSA and lysozyme form self-assembled B-sheet
rich regions in one dimension to form fibrils, which in turn
assemble further in the second dimension to give nanosheets.?>
From EDS (Fig. S03a and b, ESIT) and elemental mapping, the
presence of palladium concentrated in the aggregate can be
clearly noticed in Fig. 2d, while the other elements (C, N, O, and S)
are seen distributed all over the sheet (Fig. S03c-h, ESIT).

The particle size distribution of naked Pd_NPs and that of
Pd_NPs present in the hybrid Pd_NP@BSAgner are given in
Fig. 3 in order to appreciate the differences observed between
these two types of Pd_NPs. Most of the naked Pd_NPs are in the
size range of 20-90 nm (Fig. 3a) with a weighted average
of ~52 nm. However, the size of the Pd_NPs present in
Pd_NP@BSAgee: €Xhibits a narrow size distribution of 2-5 nm
(Fig. 3b) and these form dense colonies. Thus, the Pd_NPs present
in Pd_NP@BSA.c: are one tenth the size of the naked Pd_NPs and
are expected to show better catalytic efficiency.

The hybrid Pd_NP@BSAgheet Was characterized using other
microscopy techniques, such as AFM and SEM. The SEM image
and the cross-sectional features given in Fig. 4a and Fig. S04d
(ESIY) further confirm that the thickness is ~250 nm. The AFM
images given in Fig. 4b and Fig. S04b (ESIt) show a distinct
sheet morphology with a height of 250 nm as noticed from the
profile given in Fig. 4c. The AFM and SEM images of the naked
Pd_NPs reveal varying sizes (Fig. S04a and c, ESIt) as already
noticed even from the TEM images.
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Fig. 5 Characterization of Pd_NP@BSAgheet- (@) FTIR spectra of BSA,
naked Pd_NPs and PA_NP@BSAghcet. (b) XPS spectra of deconvoluted Pd
3d peaks in PA_NP@BSAgheer. (€) PXRD of naked Pd_NPs, Pd_BSA;,
Pd_BSA, and Pd_NP@BSAgneer. (d) TGA thermogram of Pd_NPs,
Pd_NP@BSA¢ncet and BSA. Colour code: BSA (black), Pd_NPs (red),
Pd_BSA; (yellow), Pd_BSA; (pink) and Pd_NP@BSAsneet (blue).

The nano hybrid Pd_NP@BSAgheer Was characterized using
several techniques. The presence of the protein in Pd_NP@
BSAgheet Was confirmed by FTIR analysis, where the amide
vibrational peaks are observed at 1650, 1545 and 1445 cm ™'
(Fig. 5a). The high resolution XPS spectrum of Pd_NP@BSAgpeet
of Pd 3d shows 3ds,, and 3d;/, peaks for Pd(0) at 335.0 and
340.3 eV, respectively, with the partial presence of Pd**, resulting
from the peaks observed at 336.8 (3ds/,) and 341.7 eV (3ds,,) with
an area ratio of 2:3 of Pd(0): Pd** (Fig. 5b). The PXRD pattern
for Pd_NP@BSAgheer Seen from Fig. 5¢ shows peaks arising
from (111), (200) and (220) of Pd, with a decrease in crystallinity
as the concentration of BSA increases from 1 to 5 mg mL .
Thermogravimetric analysis of Pd_NP@BSAgpce: Suggests that
these sheets are thermally stable till about 250 °C, with a weight
loss of 70% due to the degradation of the organic compo-
nent at 450 °C. Comparison of this with the control systems
(BSA and Pd_NPs) showed that the Pd_NP@BSAg.; sheets are
loaded to an extent of ~11% Pd (Fig. 5d).
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Fig. 4

(@) SEM cross section area of PA_NP@BSAgheet Showing an approximate thickness of ~250 nm (the scale bar is 1 uM). (b) AFM image of

Pd_NP@BSApcet and the highlighted box shows the region where the height of the sheet was measured (the scale bar is 30 uM). (c) Profile showing the

thickness of PAd_NP@BSAsheet based on AFM (~250 nm).
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Fig. 6

reaction of TMB (0.8 mM) with the Pd_NP@BSAgeet Nano hybrid (100 pg mL™

(a) Reaction illustrating the oxidase activity of TMB as a substrate using PA_NP@BSAeet s a catalyst. (b) The spectral traces obtained for the
%) as a function of time and the reaction is carried out up to 30 min. (c) Plot

of absorbance at 652 nm (TMB,,) vs. time showing the oxidase activity of PA_NP@BSAgncet. (d) Photograph showing the increasing blue color of TMB,, at
different time intervals (0—30 min, from left to right). (e) The oxidase activity of 100 ug mL™? Pd_NP@BSAspee: tested for 30 min with varying substrate
(TMB) concentrations (mM): 0.1 (black), 0.3 (red), 0.5 (blue), 0.8 (magenta) and 1.0 (green). (f) Steady state enzyme kinetics from the plot of V (M min™) vs.

TMB (mM). (g) Double reciprocal plot for calculation of K, and Vinax.

Oxidase mimic activity of Pd_NP@BSAgpcet

The oxidase activity of Pd_NP@BSAgncet Was investigated using
TMB as a substrate (Fig. 6a). Pd_NP@BSAgp.c; catalyzes the oxida-
tion of TMB with no addition of H,O, to give a blue colored
product (TMB,,) which shows an absorption maximum at 652 nm
(Fig. 6b), and thus acts as an oxidase enzyme mimic. The oxidase
activity at different time intervals in the range of 1 to 30 min can be
seen from Fig. 6c. A gradual increase in the blue color with
increasing time of the reaction can be noticed from Fig. 6d. Time
dependent oxidation of the TMB substrate using Pd_NP@BSAgpcet
as a catalyst was performed to evaluate the enzyme kinetics using
the Michaelis-Menten equation and Lineweaver-Burk plot. From
the absorbance vs. time plot (Fig. 6e), the initial velocity was
estimated by taking & of TMB,, as 39000 M~ ' em ™" for the band
at 652 nm as given in the literature.”® Comparing the K, value
of Pd_NPs@BSAgneer With several literature reports shows the
superior oxidase enzyme mimic activity of the system (Table 2).
The plot of the reaction velocity vs. substrate concentration showed
a typical Michaelis-Menten saturation curve (Fig. 6f). From the
double-reciprocal Lineweaver-Burk plot, the Michaelis-Menten
parameters were estimated to be Vi = 10.5 x 107° M min™"
and K, = 0.19 mM (Fig. 6g). The oxidase mimic activity of
Pd_NP@BSAgheer Was also studied at pH 7.4 and the data
are given in Fig. S05a-c (ESIt). The specific activity of Pd_NP@
BSAgheer is 179.2 U mL™", which is higher as compared to
the natural enzyme laccase (106.38 U mL™"),>* suggesting

2078 | Mater. Adv., 2020, 1, 2074-2083

Table 2 Comparison of the K, values of literature reported oxidase
enzyme mimics with PA_NP@BSAneet

K
Material Substrate  (mM)  Ref.
Laccase from K. pneumoniae ABTS 0.38 24
(natural enzyme)
Ag nanoparticles TMB 0.25 25
C0,S;/Co(OH), hybrid nanotubes TMB 1.33 26
Praseodymium embedded TMB 0.27 27
ceria nanocubes
Lysozyme directed Pt nanoclusters ~ TMB 0.63 28
Pd_NP@BSAgpect TMB 0.19 This work

better activity for this material. Thus, the data suggest
that the Pd_NP@BSAghee: Nano hybrid acts as a better oxidase
enzyme mimic.

In addition to the study carried out with TMB, the oxidase
activity was also evaluated using o-phenylenediamine (OPD) as
a substrate with Pd_NP@BSAgp.cc as a catalyst (Fig. 7a). With an
increase in time, the absorbance of the oxidised OPD (OPD,y)
observed at 420 nm increases as noticed from Fig. 7b. The
absorption peak for OPD,, has been reported in the literature.®
A plot of absorbance vs. time shows a linear fit as given in

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) Reaction showing the oxidase activity of OPD as a substrate using PA_NP@BSAshcet as a catalyst. (b) The spectral traces obtained during the

titration of OPD (0.5 mM) with Pd_NP@BSAcneet (100 pg mL™) over a period of 30 min. (c) Plot of the absorbance of OPD,, at 420 nm as a function of
time. (d) Photograph showing the increasing yellow color of OPDoy with an increase in time (0—-30 min).

Fig. 7c. The gradual colour change of OPD. can also be seen
from the photograph of the vials given in Fig. 7d.

Detection of dopamine using the Pd_NP@BSAgpeet TMB,, System

Dopamine is an important neurotransmitter in the human
body with a critical role in neural networks and motor func-
tions. Abnormal levels of dopamine are responsible for life
threatening disorders like Parkinson’s disease,”® dementia and
clinical depression.?® Although there are several literature reports
for efficient detection of dopamine,®’™* a facile colorimetric
method for its sensing in bodily fluids with no necessity of
H,0, is always in demand. Utilizing the oxidase activity of
Pd_NP@BSAgheer, @ colorimetric method has been developed
using the Pd_NP@BSAghe.e TMB,, system for easy detection of
dopamine in biological samples such as human serum and urine.
The absorption peak at 652 nm corresponding to TMB,,, decreases
with increasing concentration of dopamine (Fig. 8a) and the blue
color gradually diminishes. A plausible mechanism for the detec-
tion of dopamine by Pd_NP@BSAgpc. is the reduction of TMB,, to
TMB with concurrent oxidation of dopamine to aminochrome,
which can be monitored spectrophotometrically.>* A linear rela-
tionship has been observed between the concentration of dopa-
mine (in the range of 1-20 pM) and the absorbance of TMB,, at

652 nm in all three cases, viz.,, pH 7.4 buffer, urine, and serum
samples (Fig. 8b), and the corresponding limit of detection (LOD)
comes out to be 1.01, 1.14 and 1.77 puM, respectively. The LOD was
calculated based on the literature reported procedure of 3a/s,
where ‘s’ is the slope of the calibration curve and ‘¢’ is the SD of
the response.** The efficiency of the Pd_NP@BSAgheer TMBoy
system used for sensing dopamine in the present case is better
than many of the reported ones given in Table 3. Ours is the only
catalyst which functions without the use of H,0O,. In order to test
the greater selectivity for dopamine by Pd_NP@BSAghee TMB,y,
sensing studies were performed with several biologically relevant
molecules, including sugars and amino acids as noticed from the
histogram given in Fig. 8c. Thus, Pd_NP@BSAghecc. TMB,x can be
used as a simple and efficient colorimetric method for the
detection of dopamine in biologically relevant media.

Pd_NP@BSAgpeet as a heterogeneous catalyst for C-C coupling
in water

Organic C-C coupling reactions are generally performed with
palladium-based catalysts under an inert atmosphere using
organic solvents to a large extent. However, when palladium
is converted into a nano-form in the presence of BSA to result in
Pd_NP@BSAgcet, this material turned out to be an alternate,
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Fig. 8 Sensing of dopamine with the PA_NP@BSA¢ eet— TMBox System: (a) absorption spectra obtained during the titration of the Pd_NP@BSAgneet— TMBox
system with increasing concentration of dopamine. (b) Plot of absorbance at 652 nm vs. different concentrations of dopamine added (1-20 uM) in pH 7.4
buffer (black), urine (red) and serum (blue) samples using 100 pg mL™* of the Pd_NP@BSAgnce: Catalyst at room temperature. (c) Histogram depicting
selective sensing of dopamine among different bio-molecules studied as labeled on the X-axis.
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Table 3 Comparison of limit of detection (LOD) values reported for dopamine in the literature with that obtained in the present work

Material Method of sensing Linear range (uM) Limit of detection (uM) Ref.
Polydimethylsiloxane (PDSM)/glass microfluidic chip Electrochemical 10-500 3.92 36
Reduced graphene oxide-Au nanocage composite Electrochemical 5-250 3 37
Reduced graphene oxide-Ag nanoparticles Electrochemical 10-800 5.4 38

Gold nanoparticles Colorimetric 2.5-20 2.5 39

Silver nanoparticles Colorimetric 3.2-20 1.2 40
Pd_NP@BSAgheet Colorimetric 1-20 1.01 This work

heterogenous catalyst to perform Suzuki coupling reactions in
aqueous solution with very high efficiency. This is a green,
protein-based unique catalyst suitable for C-C coupling reac-
tions in water. The reaction conditions were optimized for the
formation of product 1a (Table 1) by varying the catalyst
amount, temperature and time (Fig. S06a-c, ESI) and it was
found that 5 mg of catalyst (0.059 mol% and 6.3 ppm of Pd) at
80 °C and 8 hours of reaction time are optimum to obtain a
high product yield. The possibility of leaching was tested by
using the left-over mother liquor of the reaction mixture in
place of the catalyst. The yield of the biphenyl product when the
mother liquor was used as the catalyst was as low as 2%,
suggesting that almost no Pd is leached from Pd_NP@BSApeet-
To further explore the substrate scope, a library of substituted
phenylboronic acid derivatives with different functionalizations
was used in the cross-coupling reactions with Pd_NP@BSAgpeet as
a catalyst. Both the electron donating and electron withdrawing
groups showed high conversion rates for the C-C coupled
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gol®
Z
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Fig. 9

products and this is evident from Fig. SI07 and Table S01 (ESIt)
and the characterisation data of the C-C coupled products,
including GC-MS data for all the coupled products, are given in
Fig. SI08 and SI09 (ESIY).

Recyclability of Pd_NP@BSAgpeet

Pd_NP@BSAghet Was regenerated by separating it from the
reaction mixture and washing several times with water followed
by drying it in a desiccator. The regenerated Pd_NP@BSAgpect
was reused and demonstrated for five consecutive cycles of
C-C coupling and from the histogram no significant loss of
catalytic activity could be seen (Fig. 9a). The morphology of
Pd_NP@BSAgheet after 5 cycles was studied by TEM microscopy.
Comparison of this (Fig. 9b) with that of the fresh Pd_NP®@
BSAgneet (Fig. 9¢) shows that the sheet morphology is intact and
the Pd_NPs are distributed on it with the same characteristics
in both cases. Thus, the nano hybrid Pd_NP@BSAge. is facile

(a) Histogram showing the percent of conversion of phenylboronic acid to biphenyl for 5 consecutive cycles using the PA_NP@BSAghcet catalyst.

After each cycle the catalyst is recovered, washed and re-used for the next cycle. TEM image of (b) the PA_NP@BSAhce: recycled catalyst after 5 cycles
and (c) that of the fresh PA_NP@BSAgneet Catalyst. The scale bar is 100 nm in both cases.

Table 4 Literature reports on bio-material coated Pd_NP catalyzed Suzuki coupling reactions

Material Catalyst mol%  Solvent Temperature % yield Ref.

Pd NPs with Pulicaria glutinosa extract 5 H,0/SDS 100 °C ~100 41

Au/Pd bimetallic NPs with Euphorbia condylocarpa root extract 0.2 H,0 80 °C 92 42

Pd NPs with hearth wood extract of Artocarpus lakoocha 0.5 H,0 80 °C 94 43
Pd/TiO, NPs with Myrtus communis leaf extract 0.7 NMP: H,O 120 °C 98 44

Pd NPs with cationic cellulose nanofibers 0.02 DMF 110 °C 98 45
Pd-DNA-Fe;0, 9.4 Deep eutectic solvent 85 £+ 5 °C 92.2 46
Pd_NP@BSAghcet 0.059 H,0 80 °C 98.5 This work
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Fig. 10 Schematic illustration showing the preparation and characterisation of nano hybrid Pd_NP@BSA4neet With multiple applications as an oxidase
enzyme mimic, for dopamine sensing and as a catalyst in C—C coupling reactions.

to use and separate from the reaction mixture, and is recyclable
with high TOF values and negligible leaching.

The efficiency of Pd_NP@BSAghe: @S a green catalyst in
Suzuki coupling reactions is compared with several literature
reports as given in Table 4. In order to make this table, only
those materials synthesized based on bio-molecules or biologi-
cal extracts are considered for comparison. To our knowledge
there is no previous report on a complete protein based Pd
catalyst with a hybrid sheet morphology. As observed from the
table, these sheets show better activity even at a low catalyst
mol% in water, while most of the other reported reactions use
large concentrations of the catalyst. Thus, Pd_NP@BSAgpeet acts
as a sustainable, recyclable and green catalyst for Suzuki
coupling reactions to take place in water.

Conclusions and comparisons

An unprecedented protein-inorganic hybrid material, Pd_NP@
BSAgheet, has been developed and we demonstrated successfully
three of its applications spanning across different areas, as an
artificial enzyme mimic, and in sensing and C-C coupling catalysis.
The reaction conditions were optimized in order to obtain the sheet
morphology for the protein, BSA. The templated formation of such

This journal is © The Royal Society of Chemistry 2020

a sheet morphology controlled the size as well as the distribution of
the embedded Pd_NPs. The distribution of Pd_NPs in the sheet
resembles the formation of colonies filled with NPs of ~4 nm size
with monodispersity, while these are aggregated to give NPs of
~60 nm in the absence of such protein templation, suggesting the
role of BSA in the formation of this protein-inorganic hybrid
nanosheet material. All this was clearly demonstrated through
extensive characterization performed using TEM, SEM, AFM,
PXRD, FT-IR, XPS and TGA analysis. The hybrid nanosheets
showed excellent oxidase enzyme mimic activity as demonstrated
using TMB and OPD substrates. The kinetics study gave V,.x and
K, values of 10.5 x 107° M min~" and 0.19 mM, respectively. The
oxidized TMB present in the reaction mixture (Pd_NP@
BSAgheer. TMB,,,) exhibits selective detection of neurotransmitter
dopamine present in pH 7.4 buffer, human serum and urine
samples. The LOD was 1-2 pM in all the three media, suggesting
that the protein-inorganic hybrid catalyst would work well
in biological systems. Compared to various literature reported
sensors, the present one, viz., Pd_NP@BSAgheet TMB,, showed
superior sensing ability without the use of any H,0, as can be
noticed from the data given in Table 3. Pd_NP@BSAgp¢ also acts
as a sustainable green catalyst for Suzuki coupling reactions in
water. For all the 11 different substrates, it showed >90%
catalytic activity with high TOF values. Recyclability of the C-C

Mater. Adv., 2020, 1, 2074-2083 | 2081
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coupling was demonstrated for 5 cycles and the sheet morphology
of the catalyst was intact even after 5 cycles as observed based on
TEM, supporting that the material is robust, recoverable and
reusable. Pd_NP@BSAgpce: possesses higher catalytic ability even
at a low mol% of catalyst in water as compared to several bio-
based materials given in Table 4. The green synthesis and the
application aspects of the protein inorganic nano hybrid material,
Pd_NP@BSAgheer, are summarized in Fig. 10. Thus, Pd_NP®@
BSAgheet Nanosheets find useful applications, in chemical biology
as an enzyme mimic, in analytical biochemistry to sense micro-
molar concentrations of neurotransmitter dopamine and in
organic synthesis to give C-C coupled products even in aqueous
reactions with recyclability, and hence are a versatile and sustain-
able hybrid nanobiomaterial.
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