
ORIGINAL PAPER

β-Cyclodextrin coated porous Pd@Au nanostructures with enhanced
peroxidase-like activity for colorimetric and paper-based
determination of glucose

Fang Li1 & Yuting Hu1
& Anqi Zhao1

& Yachao Xi1 & Zimu Li1 & Jianbao He1

Received: 8 April 2020 /Accepted: 23 June 2020
# Springer-Verlag GmbH Austria, part of Springer Nature 2020

Abstract
β-cyclodextrin-functionalized porous Pd@Au nanostructures (β-CD-Pd@Au) with intrinsic and enhanced peroxidase-like ac-
tivity were successfully synthesized by a two-step method. The synthesized β-CD-Pd@Au can efficiently catalyze the oxidation
of various substrates, such as 3,3′,5,5′-tetramethylbenzidine (TMB), mixture of 4-amino antipyrine (4-AAP) and 3,5-dichloro-2-
hydroxy acid sodium (DHBS) (4-AAP/DHBS), and mixture of 4-AAP and N-Ethyl-N-(3-sulfopropyl)-3-methyl-aniline sodium
salt (TOPS) (4-AAP/TOPS), by H2O2 to generate visual blue, purple, and pink color, respectively. The UV-vis absorbance peak
of the three β-CD-Pd@Au catalyzed the chromogenic reaction system located at 650 nm, 510 nm, and 550 nm, respectively. The
β-CD-Pd@Au-catalyzed TMB-H2O2 chromogenic reaction exhibited higher absorbance intensity, catalytic efficiency, and color
stability in comparison to 4-AAP/DHBS-H2O2 and 4-AAP/TOPS-H2O2 chromogenic reactions. The catalytic activity of β-CD-
Pd@Auwas enhanced about 4-fold compared to that of Pd@Au in terms of Kcat for H2O2. Using TMB as chromogenic substrate,
a colorimetric assay was fabricated for the determination of H2O2 with a detection limit of 2.78 μM (absorbance at 650 nm). The
colorimetric determination of glucose with a detection limit of 9.28 μM was further achieved by coupling with glucose oxidase
enzymatic reaction, indicating the versatility of the β-CD-Pd@Au-based detection strategy. A paper-based detection method
coupled with smartphone for fast visual and instrument-free detection of glucose was further developed. Finally, the developed
colorimetric assay and paper-based detection method were successfully applied to the determination of glucose in human serum
sample.
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Introduction

Recently, artificial enzymes have attracted lots of research
interests due to their great catalytic activity, easy of prepara-
tion, low cost, and good stability, which exhibited great ad-

vantages over natural enzymes [1, 2]. Nanozyme promoted
the development of inorganic artificial enzymes [3, 4]. Lots
of metal, metal oxide, metal complexes, and hybrid-based
nanozymes were synthesized and widely used in organic syn-
thesis, biocatalyst, and biosensors [5]. Fe3O4 nanoparticles
were the first reported nanozyme possessing horseradish per-
oxidase (HRP) like peroxidase-like activity [6]. Then, increas-
ing research interests were attracted for the synthesis and ap-
plication of nanozyme possessing peroxidase-like activity [7].
For example, recently, Fe-N single site embedded graphene,
rosette-shaped graphitic carbon nitride, protein copper hybrid
nanoflowers, and CdCo2O4 nanosheets with intrinsic
peroxidase-like activity were synthesized and applied for the
determination of H2O2 or glucose [8–11]. Nanozyme contain-
ing Au has attracted particular attentions attributed to the
unique optical and physical properties, biocompatibility, easy
of modification, and great catalytic activity of Au. Au
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nanoparticles and Au nanoclusters possessing peroxidase-like
activity were synthesized and used as catalyst in colorimetric
bioassays [12–14]. Controllable synthesis of nanozyme
achieved enhanced catalytic property, since the property of
nanozyme is not only relevant to the composition but also to
the shape, size, and structure. Accordingly, bimetallic
Au@Ag nanorods [15], Ag@Au core/shell triangular
nanoplates [16], bimetallic Au/Pt nanoclusters [17, 18], Au/
g-C3N4 hybrid nanozyme [19], Au-Fe3O4 nanoparticles [20],
Au/Fe3O4/GO hybrid material [21], Au/Co3O4-CeOx nano-
composites [22], ternary metallic FePt-Au [23], and Cu/Au/
Pt [24] nanoparticles with enhanced catalytic properties were
synthesized. Nanozyme with highly porous and dendritic
structures has attracted special attentions due to their large
surface-to-volume area and abundant surface catalytic centers
[25]. Accordingly, porous Pd@Au nanoparticles possessing
peroxidase-like activity were fabricated and applied as labels
to fabricate colorimetric and photoelectrochemical bioassays
[26–28]. Nevertheless, the catalytic activity, binding affinity,
and stability of many nanozymes remain low. Therefore,
expanding the species of nanozyme and further enhancing
their catalytic activity and stability are of great importance.

β-Cyclodextrin (β-CD) can form host-guest complex with
aromatic compounds via noncovalent interactions [29]. Thus,
β-CD as modification reagent has been used to improve se-
lectivity and sensitivity of biosensors and to enhance the water
solubility and catalytic activity of nanomaterial [30, 31].
Recently, two kinds of β-CD-modified nanozyme possessing
peroxidase-like activity, including Fe3O4@mSiO2@HP-β-
CD nanoparticles and β-CD-capped copper nanoclusters,
were synthesized and applied to colorimetric detection of β-
estradiol, H2O2, and glucose [32, 33]. The modified β-CD

molecules on the nanoparticles can provide cavity to bind
suitable guest molecules in vicinity to the reacting sites on
nanoparticle surface and thereby facilitate molecular recogni-
tion and overall catalytic process [31, 33]. The reported two
colorimetric detection systems by using β-CD-modified
nanozyme as catalyst were both solution detection by using
3,3′,5,5′-tetramethylbenzidine (TMB) as chromogenic sub-
strate and UV-vis spectrophotometer as detection instrument.
The further enrichment of the species of β-CD-based
nanozyme and expanding the application ability of β-CD-
modified nanozyme are of great importance.

Herein, β-CD-modified porous Pd@Au nanostructures (β-
CD-Pd@Au) were successfully synthesized by a hydrother-
mal synthesis method. The synthesized β-CD-Pd@Au exhib-
ited intrinsic peroxidase-like activity and can efficiently cata-
lyze the oxidation of TMB, mixture of 4-amino antipyrine (4-
AAP) and 3,5-dichloro-2-hydroxy acid sodium (DHBS) (4-
AAP/DHBS), and mixture of 4-AAP and N-ethyl-N-(3-
sulfopropyl)-3-methyl-aniline sodium salt (TOPS) (4-AAP/
TOPS) by H2O2 to create visual blue, purple, and pink color,
respectively (Scheme 1). β-CD-Pd@Au as novel nanozyme
was demonstrated to exhibit higher peroxidase-like catalytic
activity than that of Pd@Au. As model application, a colori-
metric assay was fabricated for H2O2 detection by using β-
CD-Pd@Au as catalyst and TMB as chromogenic substrate.
The sensing strategy was further applied for colorimetric de-
tection of glucose by coupling with glucose oxidase (GOx)
enzymatic reaction. Paper-based detection method for glucose
detection was further developed by coupling with smartphone
detection. The β-CD-Pd@Au-based sensing strategy showed
versatility in biosensing by combination with various enzy-
matic reactions.

Scheme 1 a Schematic
illustration for the synthesis of β-
CD-Pd@Au. b Schematic
illustration for colorimetric detect
of H2O2 and glucose by using β-
CD-Pd@Au as catalyst
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Experimental section

Chemicals and materials

Sodium tetrachloropalladate (Na2PdCl4), chloroauric acid hy-
drated (HAuCl4·4H2O), hexadecylpyridinium chloride
monohydrate (C5H5N(Cl)(CH2)15CH3∙H2O, HDPC), ascorbic
acid, and glucose were bought from Sinopharm Chemical
Reagent Corporation (Shanghai, China, http://www.
sinoreagent.com/). TMB, 4-AAP, DHBS, TOPS, and β-CD
powder were bought from Aladdin (Shanghai, China, https://
www.aladdin-e.com/). GOx and Whatman chromatography
paper (WCP#1) were bought from Beijing Solarbio
Biotechnology Co. Ltd. (Beijing, China, http://www.
solarbio.com/). All other reagents were of analytical grade.
Ultrapure water was used throughout.

Apparatus

Transmission electron microscopy (TEM), high-resolution
TEM (HRTEM), and X-ray energy-dispersive spectroscopy
(EDS) performed on a JEM-2100F (Hitachi, Japan) micro-
scope, scanning electron microscope (SEM, Gemini 500,
Carl Zeiss, Germany), and Fourier transform-infrared spec-
trometry (FT-IR, Perkin-Elmer, America) were used to char-
acterize the morphology and composition of β-CD-Pd@Au.
UV-vis absorbance spectra were measured by an Agilent
(Cary 60, USA) spectrophotometer.

Synthesis of β-CD-Pd@Au

Porous β-CD-Pd@Au nanostructures were prepared by a two-
step synthesis method. Firstly, Pd@Au nanostructures were
prepared according to the reference [28]. The detailed synthe-
sis process of Pd@Au is shown in the Electronic supporting
material. Then, 15 mL freshly prepared β-CD solution (0.2%)
was further added to the obtained Pd@Au colloids and quick-
ly stirred for 15 h to synthesize β-CD-Pd@Au colloids. The
obtained β-CD-Pd@Au nanostructures were isolated from the
solution by centrifugation at 9000 rpm for 15 min and washed
twice with water and ethanol, respectively.

Peroxidase-like activity and kinetic assay of β-CD-
Pd@Au

The peroxidase-like activity of β-CD-Pd@Au was investigated
through oxidation reactions by using TMB, 4-AAP/TOPS, and
4-AAP/DHBS as model colorimetric substrates in the presence
of H2O2. Typically, constant concentration of β-CD-Pd@Au
(26 mg L−1, calculated to be 2.1 × 10−11 M) was added to
TMB (40 mM) in pH 2.9 sodium acetate buffer (50 mM), or
mixture of 4-AAP (40 mM) and DHBS (40 mM) in pH 6.5
sodium acetate buffer, or mixture of 4-AAP (40 mM) and

TOPS (40 mM) in pH 3.8 sodium acetate buffer. The mixtures
were further added with H2O2 (0.5 M) and incubated at 35 °C
for 25 min. Then, the UV-vis spectra were measured.

Kinetic analysis were carried out by using TMB and H2O2

as typical substrates. Various concentration of TMB (30, 40,
50, 60, 70, 80 μM) was mixed with fixed concentration of
H2O2 (0.25 M), and various concentration of H2O2 (20, 30,
40, 50, 60, 70 μM) was mixed with fixed concentration of
TMB (1 mM). Then, 0.75 mL 26 mg L−1 β-CD-Pd@Au or
3.2 × 10−11 M Pd@Au was added to the above mixtures dis-
persed in 15mL pH 2.9 sodium acetate buffer. Finally, a series
of initial reaction rates were measured by recording absor-
bance at 650 nm every minute. The apparent kinetic parame-
ters were calculated from the Lineweaver-Burk plots derived
from Michaelis-Menten equation: 1/V =Km/Vmax (1/[S] + 1/
Km), where V is the initial velocity, Km is the Michaelis con-
stant, Vmax is the maximum reaction velocity, and [S] is the
concentration of substrate (TMB or H2O2).

Detection of H2O2

For colorimetric detection of H2O2, firstly, 375 μL β-CD-
Pd@Au (26 mg L−1), 200 μL TMB (40 mM), and 75 μL
H2O2 with various concentrations (0 to 700 μM) were mixed
together into 13.5 mL sodium acetate buffer (0.5 M, pH 2.9).
Then, the mixture was incubated at 50 °C for 25 min.
Photographs of the reaction solutions were taken, and UV-
vis adsorption spectroscopy was scanned from 500 to
800 nm immediately.

Detection of glucose

For glucose, firstly, 50 μL GOx (200 U mL−1) and 50 μL
various concentrations of glucose (0 to 40 mM) were added
to 100 μL pH 7.0 phosphate buffer and incubated at 37 °C for
30 min. Next, the above mixture was added to 5 mL sodium
acetate buffer (pH 2.9) containing 375 μL β-CD-Pd@Au
(26 mg L−1) and 187.5 μL TMB (40 mM). Then, the mixture
was incubated in 50 °C water bath for 25 min. Finally, pho-
tographs of the final reaction solutions were taken, and UV-
vis adsorption spectroscopy was scanned from 500 to 800 nm.

Serum samples were obtained from whole blood by coag-
ulation and centrifugation (4000 rpm for 5 min) treatment
processes to remove the blood cells and proteins. Then, the
serum samples were diluted with phosphate buffer by 5-fold.
Finally, glucose concentration in serum was determined ac-
cording to the above standard procedure.

Paper-based detection method for glucose

The paper-based detection method for the determination of
glucose was fabricated as follows. Firstly, the detection paper
wax printed with hydrophilic microzones (6 mm in diameter)
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was fabricated according to our previous work [34]. Then,
3.0 μL of 1 mg/mL chitosan prepared in acetic acid (0.25%,
v/v) was added to the detection zones of the test paper in order
to improve the color uniformity. After drying, 3 μL GOx
(200 U mL−1) was further added. Then, 3 μL various concen-
trations of glucose (0, 0.4, 1, 1.5, 2.5, 3.5, 4.5, 5 mM) or 3 μL
2-fold diluted serum sample were added and incubated at
room temperature for 7 min. Then, 3 μL TMB (1 mM) was
added twice followed by the addition of 3 μL β-CD-Pd@Au
(26 mg L−1). Then, the detection paper was dried at room
temperature for 2 min. Finally, photographs of the detection
paper were captured by a smartphone (iPhone 6). Gray values
of the microzones were measured by using Image J software
for quantification.

Results and discussion

Synthesis and characterization of β-CD-Pd@Au

β-CD-Pd@Au was synthesized using a two-step method.
Firstly, porous Pd@Au nanostructures were prepared via the
co-reduction of Na2PdCl4 and HAuCl4 by using ascorbic acid
as reduction reagent in the presence of HDPC [28]. Then, β-CD
was further modified onto the surface of Pd@Au through che-
lation interaction between hydroxyl groups from β-CD with
Pd@Au to obtain β-CD-Pd@Au. Subsequently, the morphol-
ogy, size, and compositions of β-CD-Pd@Au were systemati-
cally investigated. As shown in Fig. 1a, the SEM image indicate
that β-CD-Pd@Au exhibited spherical morphology and

homogeneous monodispersion. The TEM image of β-CD-
Pd@Au (Fig. 1b) shows that each β-CD-Pd@Au nanostructure
possesses well-defined porous nanostructures with a solid core
and highly branched subunits with perpendicular pore channels
between the branches. The β-CD-Pd@Au was monodispersed
with an average diameter of 42 nm. The clear fringes in the
HRTEM image show periods of 0.2 nm (Fig. 1c), indicating
good crystallization of the β-CD-Pd@Au. The TEM and
HRTEM images of β-CD-Pd@Au are similar with that of
Pd@Au (Fig. S1A, B), indicating the stability of β-CD-
Pd@Au after the modification of β-CD. EDS analysis
(Fig. S2) shows that β-CD-Pd@Au consists of Au, Pd, C,
and O elements, consistent with the composite formation of
β-CD-Pd@Au. Then, FT-IR spectra of β-CD and β-CD-
Pd@Au were measured. Compared with the FT-IR spectrum
of β-CD, the characteristic absorption peak located at
3383 cm−1 belonged to the O–H stretching vibrations of β-
CD [33]; absorption peak located at 1412 cm−1 belonged to
C–H bending mode of β-CD [35]; and absorption peaks locat-
ed at 1153 cm−1, 1081 cm−1, and 1029 cm−1 belonged to C–O
and C–O–C stretching vibrations of β-CD [36] were observed
and slightly shifted in the FT-IR spectrum of β-CD-Pd@Au
(Fig. 1d), demonstrating the successful modification of β-CD
in the prepared β-CD-Pd@Au nonocomposites.

Peroxidase-like catalytic activity of β-CD-Pd@Au

The peroxidase-like catalytic activity of β-CD-Pd@Au was
first assessed by using TMB as chromogenic substrate. As
shown in Fig. 2A, TMB and H2O2 mixed with β-CD-Pd@Au

Fig. 1 SEM (a), TEM (b), and
HRTEM (c) images of β-CD-
Pd@Au. d FT-IR spectra of β-
CD and β-CD-Pd@Au
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generate blue color solution, and the UV-vis spectrum shows
strong absorption peak at 650 nm, corresponding to oxidation
product of TMB. In comparison, the reaction systems including
TMB + β-CD-Pd@Au, H2O2 + β-CD-Pd@Au, TMB +
H2O2 + β-CD, TMB+H2O2, and TMB alone did not generate
any obvious color change or absorption peak in the UV spectra
ranging from 500 to 800 nm. It indicated that TMB, H2O2, and
β-CD-Pd@Au were indispensable in the colorimetric reaction,
and porous β-CD-Pd@Au exhibited an intrinsic peroxidase-
like activity. Porous Pd@Au was reported to possess
peroxidase-like catalytic activity [27]. Pd@Au nanostructures
can facilitate the broke up of the O–O bond from H2O2 into
double •OH radical. The generated •OH radical can further cat-
alyze the oxidation of TMB to form a blue color product [27].
In this work, it can be seen that even though blue color solution
can be obtain by mixing TMB and H2O2 with Pd@Au, the
color of the solution was much lighter, and the absorption peak
at 650 nm was much weaker compared with that mixed with β-
CD-Pd@Au under the same conditions. It indicated that the
peroxidase-like catalytic activity of β-CD-Pd@Au was greatly

enhanced in comparison with Pd@Au nanostructures. The cor-
responding absorbance-time plots of the above reaction systems
by using TMB as substrate are displayed in Fig. 2B. The color
and absorbance change were very fast by using β-CD-Pd@Au
as catalyst. The absorbance intensity of β-CD-Pd@Au was 4
times higher than that of Pd@Au at 25 min, further demonstrat-
ing the enhanced catalytic activity β-CD-Pd@Au. The highly
enhanced peroxidase-like catalytic activity of β-CD-Pd@Au
was due to synergistic effects of β-CD and Pd@Au. Firstly,
β-CD-Pd@Au can catalyze the decomposition of H2O2 to gen-
erate high concentration of •OH radical for catalysis [27].
Secondly, large amount of pocket-like β-CD molecules coated
on the surface of the β-CD-Pd@Au can bind guest species such
as TMB closely to the catalytic surface, leading to increased
substrates binding affinity and enhanced catalytic rate [31, 33].

The peroxidase-like catalytic activity of β-CD-Pd@Au
was further validated by using 4-AAP/DHBS and 4-AAP/
TOPS as chromogenic substrates. Compared with by using
TMB as substrate, β-CD-Pd@Au can catalyze the oxidation
of the two chromogenic reaction systems in the presence of

Fig. 2 (A) Typical absorption spectra of TMB in different reaction
systems after 25 min of reaction: (a) TMB+H2O2 + β-CD-Pd@Au, (b)
TMB +H2O2 + Pd@Au, (c) TMB + β-CD-Pd@Au, (d) H2O2 + β-CD-
Pd@Au, (e) TMB + H2O2 + β-CD, (f) TMB + H2O2, and (g) TMB.
Inset shows the corresponding photographs. (B) Time-dependence absor-
bance of TMB at 650 nm in the presence of H2O2, β-CD-Pd@Au, β-CD,
Pd@Au, H2O2 + Pd@Au, and H2O2 + β-CD-Pd@Au. (C) Typical UV-

vis absorbance spectra of TMB, 4-AAP/TOPS, and 4-AAP/DHBS cata-
lyzed by β-CD-Pd@Au in the presence of H2O2 after 25 min of reaction.
Inset shows the corresponding photographs. (D) Photographs of different
reaction systems: (a) 4-AAP/DHBS, (b) 4-AAP/DHBS +H2O2, (c) 4-
AAP/DHBS + H2O2 + Pd@Au, (d) 4-AAP/DHBS + H2O2 + β-CD-
Pd@Au, (e) 4-AAP/TOPS, (f) 4-AAP/TOPS + H2O2, (g) 4-AAP/
TOPS +H2O2 + Pd@Au, and (h) 4-AAP/TOPS +H2O2 + β-CD-Pd@Au
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H2O2 to generate purple color solution with UV-vis absorp-
tion peak at 510 nm (4-AAP/DHBS) and pink color solution
with UV-vis peak at 550 nm (4-AAP/TOPS), respectively
(Fig. 2C). The results indicate that β-CD-Pd@Au exhibited
broad-spectrum peroxidase-like catalytic activity. Compared
with Fig. 2D, the color of the two chromogenic reaction sys-
tems in the presence of β-CD-Pd@Au is much deeper than
that in the presence of Pd@Au, further demonstrating the
enhanced peroxidase-like activity of β-CD-Pd@Au. The
peroxidase-like catalytic activity of β-CD-Pd@Au to different
chromogenic reaction systems is found to be dependent on the
reaction pH (Fig. S3–5). For instance, the β-CD-Pd@Au
showed maximum activity at pH 2.9, pH 3.8, and pH 6.5 in
sodium acetate buffer by using TMB, 4AAP/DHBS, and 4-
AAP/TOPS as chromogenic substrate, respectively. Of the
above three chromogenic reaction systems, β-CD-Pd@Au-
catalyzed TMB-H2O2 chromogenic reaction showed higher
absorbance intensity, catalytic efficiency, and color stability
in comparison with 4-AAP/DHBS-H2O2 and 4-AAP/TOPS-
H2O2 chromogenic reactions. Therefore, TMB was used as
optimal chromogenic substrate in the following studies.

Steady-state kinetic assay of β-CD-Pd@Au

The catalytic activities of β-CD-Pd@Au were studied by
steady-state kinetic assay. The typicalMichaelis-Menten curves
and corresponding Lineweaver-Burk plots for H2O2 and TMB,
respectively, in the presence of β-CD-Pd@Au are demonstrat-
ed in Fig. 3. The results in Fig. 3 prove that the peroxidase

catalysis process fits the Michaelis-Menten model well, and
the corresponding Lineweaver-Burk plots show well-defined
linear fits. Kinetic parameters including Km and Vmax were cal-
culated from the Lineweaver-Burk plots. Lower Km value indi-
cates higher enzyme affinity to its substrates. The typical
Michaelis-Menten curves and corresponding Lineweaver-
Burk plots for TMB and H2O2, respectively, in the presence
of Pd@Au are also investigated as shown in Fig. S6. Compared
with Table 1, the Km values of β-CD-Pd@Au by using H2O2

and TMB as substrates are lower than HRP, Pd@Au and many
other reported nanozymes with peroxidase-like catalytic activ-
ity. It indicated that β-CD-Pd@Au have higher affinity to the
two substrate. Catalytic rate constant (kcat), which is an evalu-
ation parameter of enzymatic activity, is calculated by the equa-
tion kcat = Vmax/[E], where [E] is concentration of nanozyme
[38]. The calculated kcat value of β-CD-Pd@Au and Pd@Au to
H2O2 was 403 s−1 and 102 s−1, respectively. It demonstrated
that the catalytic activity of β-CD-Pd@Au was about 3.95-fold
higher than that of Pd@Au (in terms of Kcat for H2O2).
Furthermore, the ratio kcat/Km, which is an evaluation parameter
of catalytic efficiency for the enzyme to a given substrate, was
further calculated. The kcat/Km of β-CD-Pd@Au to H2O2 was
increased by about 18-fold compared with that for Pd@Au,
indicating that the catalytic efficiency of β-CD-Pd@Au was
dramatically improved. These results from kinetic assays dem-
onstrated that β-CD modification of Pd@Au nanozyme could
evidently increase the affinity of the nanozyme and further en-
hance the catalytic efficiency. The enhanced affinity and cata-
lytic efficiency of β-CD-Pd@Au was a comprehensive result.

Fig. 3 The steady-state kinetic
analysis of β-CD-Pd@Au using
Michaelis-Menten model. a
Varied concentration of H2O2 in
the presence of fix concentration
of TMB (40 mM). b Lineweaver-
Burk plot of β-CD-Pd@Au to
H2O2. c Varied concentration of
TMB in the presence of fix con-
centration of H2O2 (0.25 M). d
Lineweaver-Burk plot of β-CD-
Pd@Au to TMB
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Firstly, the highly porous structures of β-CD-Pd@Au can pro-
vide high percentage of Pd and Au catalytic atoms exposed on
the surface, leading to superior peroxidase-like activity of β-
CD-Pd@Au [27]. Secondly, the large numbers of β-CD assem-
bled on the porous nanostructures of β-CD-Pd@Au can pro-
vide abundant cavity to bind TMB in close proximity to the
catalytic surface, resulting in enhanced substrates binding affin-
ity and facilitated catalytic process for catalysis [31, 33].

Detection of H2O2

H2O2 is widely used in organic synthesis, paper bleaching,
and pharmaceutical and plays an important role in many bio-
logical processes. As model application, a colorimetric detec-
tion method was fabricated for H2O2 detection based on β-
CD-Pd@Au-catalyzed TMB-H2O2 colorimetric reaction.
Firstly, the concentration of β-CD for the synthesis of β-CD-
Pd@Au (Fig. S7) and the temperature for colorimetric reac-
tion (Fig. S8) are optimized. The optimized concentration of
β-CDwas 0.2%, and the optimized temperature for colorimet-
ric reaction was 50 °C. It was found that the catalytic activity
of β-CD-Pd@Au and Pd@Au increased with the increase of
the concentration of Na2PdCl4 and HAuCl4 used for the syn-
thesis of the nanozyme (Fig. S9). A 10 mM Na2PdCl4 and
10 mM HAuCl4 were used as a comprehensive consideration
of cost and catalytic efficiency. Under the optimized condi-
tions, the influence of H2O2 concentration on the β-CD-
Pd@Au-based sensing system was investigated. The insets
in Fig. S10A show the photographs of the developed β-CD-
Pd@Au-based sensing system in the presence of various con-
centrations of H2O2. The color of the solution changes obvi-
ously from colorless to dark blue with increasing the concen-
tration of H2O2 from 0 to 700 μM. The color changes can be
easily distinguished by naked eyes, achieving visual semi-
quantitative detection of H2O2. The corresponding UV-vis
absorbance spectra of the developed β-CD-Pd@Au-based

sensing system in the presence of various concentrations of
H2O2 are monitored (Fig. S10A). Constant absorbance peaks
located at 650 nm were observed. The absorbance intensity in
the absence of H2O2 was lowest, while the absorbance inten-
sity (at 650 nm) increased gradually with H2O2 concentration
increasing, which were in consistent with the color change of
the detection solution. Subsequently, quantitative detection of
H2O2 was realized by reading the peak absorbance intensities
at 650 nm. As shown in Fig. S10B, the peak absorbance in-
tensity shows good linear relationship with the concentration
of H2O2 ranged from 20 to 700μM (R2 = 0.9956). The limit of
detection was calculated to be 2.78 μM (S/N = 3).

Detection of glucose

Glucose plays a critical role in many metabolic processes and
is the key indicator for diabetes diagnosis. To investigate the
versatility of the β-CD-Pd@Au-based sensing platform, a col-
orimetric detection method was further fabricated for the de-
termination of glucose by coupling β-CD-Pd@Au-catalyzed
TMB-H2O2 colorimetric reaction with GOx-catalyzed glu-
cose oxidation reaction. For colorimetric detection of glucose,
firstly, glucose was mixed with GOx to produce H2O2 and
gluconic acid. The incubation time between GOx and glucose
to generate H2O2 is optimized as shown in Fig. S11. The
optimzed incubation time was 30 min. Then, the produced
H2O2 was monitored by using the developed β-CD-Pd@Au-
based sensing system. As shown in the inset in Fig. 4A, the
color of the solution changes from colorless to blue with in-
creasing of glucose concentration from 0 to 2 mM, achieving
visual detection of glucose. The corresponding absorbance
intensity (at 650 nm) of the detection solution increased with
glucose concentration increased from 0 to 2 mM (Fig. 4A).
The absorbance intensity at 650 nm exhibited a good linear
relationship with glucose concentration in the range from 0.02
to 2 mM (R2 = 0.9987), with LOD of 9.28 μM (Fig. 4B). The

Table 1 Comparison of the
Michaelis-Menten constant (Km)
and maximum reaction rate (Vm)
of β-CD-Pd@Au with other re-
ported typical nanozymes and
HRP

Catalyst Km/mM Vmax/10
−8 M s−1 Ref.

TMB H2O2 TMB H2O2

Graphene-Au NPs 0.38 26.4 18.30 15.41 [37]

Au NPs/PVP-GNs 2.63 104 13.04 11.98 [37]

Au/Co3O4-CeOx 0.1219 0.2724 0.8577 0.3898 [22]

FePt-Au HNPs 0.445 0.0185 24.67 0.6894 [23]

Cu/Au/Pt TNPs 0.15 2.34 7.33 136.5 [24]

Fe3O4@mSiO2@HP-β-CD 0.086 0.414 5.4 5.26 [32]

β-CD-Cu-NCs 0.543 32.87 43.4 45.2 [33]

HRP 0.43 3.70 10 8.71 [7]

Pd@Au 0.197 0.102 11.32 0.327 This work

β-CD-Pd@Au 0.152 0.022 9.64 0.847 This work
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detection limit was lower than most previously reported col-
orimetric assays for glucose detection by using Au-based
nanozymes as catalyst (Table 2). The cost of β-CD-Pd@Au
for each detection was calculated to be 0.0054 cent per sam-
ple, while the cost by using HRP (0.1 mg mL−1) for each
detection was about 0.42 dollar per sample. Thus, the devel-
oped method is cost-effective. The relative standard deviation
(RSD) of three replicate detection of 1 mM glucose within a
day and in different days was 1.89% and 2.53%, respectively,
indicating good repeatability of the developed glucose sensor.
The selectivity of the developed glucose assay was further
investigated. As shown in Fig. 4C, the absorbance intensity

of glucose (1 mM) at 650 nm is high, while the signals ob-
tained from the control samples including fructose, lactose,
maltose, uric acid, urea, ascorbic acid, cysteine, cholesterol,
Fe2+, K+, Ca2+, Mg2+, Zn2+, and immunoglobulin G (IgG) as
model interferents are similar low with that of blank. It indi-
cated that the developed β-CD-Pd@Au-based glucose assay
exhibited good selectivity toward glucose detection.

The practical application ability of the developed colori-
metric assay for glucose detection was further evaluated by
determination glucose in human serum samples from three
health volunteers. The determined glucose concentrations
were 5.5 ± 0.2, 5.8 ± 0.4, and 4.5 ± 0.3 mM, respectively, cor-
responding to the normal glucose levels of health human
ranged from 2 to 6 mM. The obtained glucose concentrations
were further compared with those measured by a commercial
glucose meter (ACCU-CHEK, ROCHE). The calculated rel-
ative errors between the present method with commercial glu-
cose meter were smaller than 7.4%, indicating good accuracy
of the develop method. The serum samples were further
spiked with 2 mM glucose. The recoveries range from 97.5
to 104%, further demonstrating good reliability of the devel-
oped glucose assay.

Paper-based detection method for glucose

Paper is cheap, abundant, portable, and easy to use and mod-
ify, which has been widely used in point-of-care testing

Fig. 4 (A) UV-vis absorption
spectra and corresponding photo-
graphs (inset) of β-CD-Pd@Au-
based glucose sensing system in
the presence of various concen-
trations of glucose (from a to k: 0,
0.02, 0.05, 0.125, 0.25, 0.5, 1, 1.5,
1.75, 2 mM). (B) Linear calibra-
tion plot for the determination of
glucose. (C) Selectivity investi-
gation in the presence of 1 mM
glucose, 5 mM lactose, maltose,
fructose, uric acid, urea, ascorbic
acid, cysteine, cholesterol, Fe2+,
K+, Ca2+, Mg2+, Zn2+ IgG, and
blank

Table 2 A comparison of this work with previously reported
nanozyme-based colorimetric glucose biosensor

Catalysts Linear range (mM) LOD (μM) Ref.

CdCo2O4 nanosheets 0.0005–0.1 0.13 [11]

Au NPs 0.018–1.1 4 [14]

Au@Ag nanorods 0.05–20 25 [15]

Ag@Au core/shell TNPs 1–30 800 [16]

Cu/Au/Pt TNPs 0.05–1 33 [24]

β-CD/Cu-NC 0.04–50 0.4 [33]

Au@TiO2 0–0.01 3.5 [39]

Hemin@carbon dot 0.00017–0.133 0.15 [40]

β-CD-Pd@Au 0.02–2 9.28 This work

425    Page 8 of 11 Microchim Acta (2020) 187: 425



(POCT) and on-site analysis. To investigate the applicability
of the developed β-CD-Pd@Au-based assay for POCT and
on-site analysis, paper-based detection method was further
fabricated for glucose detection. To fabricate the paper-
based detection system, firstly, chitosan and GOx were
immobilized in the paper. Then, glucose was added to gener-
ate H2O2. For paper-based detection, the optimized incubation
time to generate H2O2 is 7 min (Fig. S12). Then, TMB and β-
CD-Pd@Au were further added to initiate the chromogenic
reaction. Finally, the detection paper was dried at room tem-
perature, and the color images were captured by a smartphone.
The inset photographs in Fig. 5 shows the color images of the
detection paper in the presence of blank and various concen-
trations of glucose. The test paper was in gray color in the
absence of glucose but changed to blue in the presence of
glucose. The blue color of the detection paper turned darker
with the increase of glucose concentration from 0.4 to 5 mM.
Thus, fast semi-quantitative visual detection of glucose can be
achieved. Gray values of the images were measured by Image
J software.ΔGray values obtained by subtraction gray values
measured from blank with that measured in the presence of
various concentration of glucose were calculated. As shown in
Fig. 5,ΔGray values are linear to the concentration of glucose
ranged from 0.4 to 5 mM (R2 = 0.9926), with LOD of
0.026 mM. Thus, paper-based detection method was fabricat-
ed for sensitive and fast quantitative detection of glucose by
using β-CD-Pd@Au as catalyst and coupling with
smartphone as portable and convenient detecting device.
The practical applicability of the developed paper-based de-
tection method was further investigated by determining glu-
cose in real human serum samples. Two-fold diluted human
serum samples instead of whole blood samples were detected
in order to avoid color interference from red blood cells. The
determined glucose concentrations were 5.4 ± 0.2, 5.1 ± 0.2,
and 4.2 ± 0.2 mM, respectively, which were in good

accordance with normal glucose concentration in health hu-
man serum samples. The three serum samples were further
spiked with 1, 2, and 4 mM glucose. The recoveries range
from 96.7 to 105%. These results demonstrated that the devel-
oped paper-based detection method can be used for glucose
determination in real serum samples. However, the developed
paper-based detection method still needs improvement since
serum sample rather than whole blood was detected, which
slightly affected the applicability of the detection method for
fast on-site detection.

Conclusion

In conclusion, we reported a gentle method for the synthesis of
porous β-CD-Pd@Au nanostructures. The prepared β-CD-
Pd@Au exhibited intrinsic and highly enhanced peroxidase-
like activity. β-CD-Pd@Au as peroxidase mimic can catalyze
the oxidization of several substrates, including TMB, 4-AAP/
DHBS, and 4-AAP/TOPS in the presence of H2O2 to produce
blue, purple, and pink color, respectively. Kinetic analysis
indicated that β-CD-Pd@Au possessed high affinities with
H2O2 and TMB as the substrates. The catalytic activity of β-
CD-Pd@Au was higher than that of Pd@Au attributed to the
synergetic effect of β-CD and Pd@Au. Colorimetric assay for
the determination of glucose was fabricated based on β-CD-
Pd@Au-catalyzed TMB-H2O2 reaction. The developed color-
imetric assay can be expanded to the determination of other
important species such as uric acid and cholesterol, by cou-
pling with specific oxidase catalyzed H2O2 generation reac-
tions. Low-cost paper-based detection method by integrating
smartphone as portable detecting device was further devel-
oped for visual and instrument-free detection of glucose.
Further work is under investigation to fabricate paper-based
detection chip for multiplexed analysis and on-site analysis. β-
CD-Pd@Au as a promising nanozyme holds great application
potential for catalysis, bioassays, and sensing.
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