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ABSTRACT: We report a simple and versatile system for
generating highly concentrated H2O2 on the surface of nanoparticles
through enzymatic oxidation of glucose. It involves immobilization of
glucose oxidase, a negatively charged enzyme, on the surface of a
positively charged metal nanoparticle via electrostatic attraction.
Upon the introduction of glucose at a concentration of 1.7 mM, this
system is able to produce enzymatic H2O2 on the surface of the
nanoparticle, with oxidation power equivalent to that of aqueous
H2O2 at a concentration of 5 M when it is directly added into the
reaction solution. We have evaluated the system for the etching of
both twinned and single-crystal Ag nanocubes. We identified that the
highly localized and concentrated H2O2 generated on the surfaces of Ag twinned cubes would lead to selective etching from the
{111} facets parallel to the twin plane, in a fashion identical to the growth process but in the reversed order. For Ag single-
crystals nanocubes, the etching would initiate from the corners to gradually transform the cubes into spheres. This study offers
the opportunity to control the etching of metal nanocrystals with selectivity for elucidating the mechanism and diversifying the
nanocrystals.

■ INTRODUCTION

Noble-metal nanocrystals with controlled shapes have received
ever increasing attention because of their unique properties for
an array of applications in optical sensing,1−3 biomedical
imaging,4−7 and catalysis.8−12 A commonly used approach to
manipulating the shape of nanocrystals involves seed-mediated
growth,13−16 in which well-defined seeds serve as templates to
direct the deposition of atoms. The growth typically progresses
more rapidly at sites with higher surface free energies, leading
to the formation of nanocrystals enclosed by low-energy facets.
Alternatively, oxidative etching has also been explored to
maneuver the shape of metal nanocrystals in a controllable
fashion.15,17−21 In this case, the atoms are often oxidized and
removed from facets in the order of high to low surface energy,
generating nanocrystals with a series of shapes resembling those
observed during seed-mediated growth, but in a reserved
sequence.21

For Ag-based nanocrystals, oxidative etching has been
extensively used to transform them into products with new
dimensions, compositions, structures, shapes, and morpholo-
gies through selective removal of the Ag component.22 In
principle, any chemical with a reduction potential higher than
that of Ag+/Ag can serve as an oxidative etchant. Among them,
hydrogen peroxide (H2O2) has been well-established as a
versatile oxidant due to its easiness of handling.23 In particular,
aqueous H2O2 solutions have been extensively used to remove
Ag from Ag−M (M = Au, Pd, and Pt) bimetallic nanocrystals

for the generation of nanoframes, nanoboxes, and nanoc-
ages.24−29 Despite these successful demonstrations, the use of
bulk H2O2 has a number of limitations. For example, it relies on
a constant supply of H2O2 to the surface of a nanocrystal in
order to initiate and maintain an etching process, which
typically leads to inhomogeneity among different nanocrystals.
Additionally, H2O2 would become more susceptible to
decompose into O2 in the presence of noble-metal nano-
particles due to their role as a catalyst. As a consequence, it
often requires a large excessive amount of H2O2 and it also
takes a long period of time to complete the etching process.
The O2 bubbles produced from the decomposition of H2O2
may also interfere with optical characterization (e.g., in situ
spectroscopy measurement) and bring challenges to the
collection of resultant solids by centrifugation.
One solution to address the aforementioned issues is to

generate H2O2 in situ on the surface of a nanocrystal. It is well-
known that glucose oxidase (GOx) can catalyze the oxidation
of glucose by O2 (from air or dissolved in the solution) to
produce gluconic acid and H2O2.

30 In fact, this reaction has
been widely used in the development of new techniques for
glucose sensing.31,32 For example, it has been documented that
GOx-functionalized Ag nanoprisms or Ag−Au bimetallic
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nanoparticles could be used for the colorimetric detection of
glucose with high sensitivity.33−35 These studies suggest that
the H2O2 derived from the enzymatic oxidation of glucose
could remove Ag to alter the morphology of nanoparticles, and
ultimately change their localized surface plasmon resonance
(LSPR) peaks in the visible region. However, to our knowledge,
there is no report on a mechanistic understanding of the
etching process by enzymatic H2O2. In this work, we
demonstrate that the highly concentrated H2O2 generated on
the surface of nanoparticles through enzymatic oxidation of
glucose could greatly accelerate the etching process and, at the
same time, enable a spatial control. By using Ag twinned cubes
as a model system, we demonstrated that the enzymatic H2O2
could sequentially remove Ag atoms from the high-energy
facets by following a pathway identical to the growth of Ag
nanoplates into twinned cubes, but in the reversed order. We
also confirmed such selectivity for the etching of single-crystal
Ag nanocubes. Collectively, this work suggests that the
enzymatic H2O2 can serve as an effective means to etch Ag
nanocrystals for precisely engineering their shape or morphol-
ogy to target a variety of applications.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Ethylene glycol (EG) was purchased

from J. T. Baker. All other chemicals were obtained from Sigma-
Aldrich and used as received, including silver nitrate (AgNO3, 99+%),
silver trifluoroacetate (CF3COOAg, 98%), gold(III) chloride trihy-
drate (HAuCl4·3H2O, 99.9+%), ethanol (200 proof), Brilliant Blue G
(pure), poly(vinylpyrrolidone) (PVP) with an average molecular
weight of 29 000 (PVP−29) or 55 000 (PVP−55), sodium hydro-
sulfide hydrate (NaHS·xH2O), aqueous hydrochloric acid (HCl, 37%),
L-ascorbic acid (AA, 99%), sodium hydroxide (NaOH, 98+%),
hydrogen peroxide (H2O2, 30 wt % in H2O), cetyltrimethylammonium
chloride (CTAC, 98+%), glucose oxidase from Aspergillus niger (GOx,
100 000+ units/g), phosphoric acid (H3PO4, 85%), phosphoric acid
(H3PO4, 99+%), sodium phosphate monobasic (NaH2PO4, 99+%),
sodium phosphate dibasic (Na2HPO4, 99+%), sodium phosphate
tribasic dodecahydrate (Na3PO4·12H2O, 98+%), and glucose (99.5+
%). All aqueous solutions were prepared using deionized (DI) water
with a resistivity of 18.2 MΩ·cm.
Synthesis of Ag Nanoplates, Twinned Cubes, Single-Crystal

Cubes. We followed our published protocols for the synthesis of Ag
nanoplates,36 twinned cubes,37 and single-crystal cubes,38 respectively.
For the synthesis of Ag nanoplates, the product was collected by
centrifugation at a speed of 15 000 rpm, washed twice with ethanol,
and then redispersed in 0.5 mL of DI water for future use. For the
synthesis of Ag twinned cubes, the product was collected by
centrifugation at 5000 rpm, washed with DI water, and finally
redispersed in 6.1 mL of DI water for future use. For the synthesis of
Ag single-crystal cubes, after centrifugation and washing with acetone
and DI water three times, the Ag nanocubes were dispersed and stored
in 7.2 mL of DI water.
Preparation of CTAC-Functionalized Twinned Cubes. In a

typical process, 0.1 mL of CTAC (10 mM) and 0.5 mL of DI water
were mixed in a 1.5 mL plastic vial, followed by the addition of 0.4 mL
of the twinned cubes. After 30 min, the solids were collected by
centrifugation at 5000 rpm and then redispersed in 1.0 mL of DI water
for future use.
Preparation of GOx-Functionalized Twinned Cubes. In a

typical process, 1 mL of CTAC-functionalized twinned cubes was
injected to a 1.5 mL plastic vial, followed by the injection of 10 μL of
GOx solution (1000 units/mL). After 5 min, the solids and
supernatant were collected by centrifugation at 15 000 rpm for the
etching process and the quantification of GOx, respectively.
Preparation of Bradford Reagent. 1 mg of Brilliant Blue G was

dissolved in 0.5 mL of ethanol, followed by the addition of 1 mL of

phosphoric acid (85%). The solution was further diluted to 10 mL
with DI water and filtered twice through filter paper.

Bradford Assay. 0−40 μL of GOx solutions (100 units/mL) and
50 μL of phosphate buffer (500 mM, pH = 6) were mixed in a 1.5 mL
plastic vial and further diluted to 300 μL with DI water. After the
addition of 500 μL of Bradford reagent and incubation for 15 min, the
UV−vis spectra were recorded.

Quantification of GOx in the Supernatant Using the
Bradford Assay. 200 μL of supernatant, collected after the surfaces
of CTAC-functionalized twinned cubes or as-obtained twinned cubes
had been modified with GOx, was added into a 1.5 mL plastic vial,
followed by the injection of 0−20 μL of GOx solutions (100 units/
mL) and 50 μL of phosphate buffer (500 mM, pH = 6). The solution
was further diluted to 300 μL with DI water, followed by the addition
of 500 μL of Bradford reagent. After incubation for 15 min, the UV−
vis spectra were recorded.

Etching of GOx-Functionalized Twinned Cubes. 1−15 μL of
glucose solution (2%) and 20 μL of phosphate buffer (500 mM, pH 6)
were mixed with 1.0 mL of the suspension of GOx-functionalized
twinned cubes hosted in a 5 mL glass vial under magnetic stirring at
600 rpm. The etching was allowed to proceed for different periods of
time up to 120 min.

Etching of GOx-Functionalized Twinned Cubes in the
Presence of Ag+. 0−20 μL of aqueous AgNO3 (10 mM), 15 μL of
glucose solution (2%), and 20 μL of phosphate buffer (500 mM, pH
6) were mixed with 1.0 mL of the suspension of GOx-functionalized
twinned cubes hosted in a 5 mL glass vial under magnetic stirring at
600 rpm. The etching was allowed to proceed for different periods of
time up to 120 min.

Etching of CTAC-Functionalized Twinned Cubes by H2O2. 1
mL of the suspension of CTAC-functionalized twinned cubes was
added into a 5 mL glass vial, followed by the introduction of aqueous
H2O2 with concentrations controlled in the range of 0.1 mM to 5 M
under magnetic stirring at 600 rpm. The etching was allowed to
proceed for different periods of time up to 60 min.

Preparation of GOx-Functionalized Ag Nanocubes. 0.01 mL
of the as-prepared suspension of Ag nanocubes was added into an
aqueous solution containing 0.1 mL of CTAC (10 mM) and 0.89 mL
of DI water hosted in a 1 mL vial. After 30 min, the product was
collected by centrifugation at 5000 rpm and then redispersed in 1.0
mL of DI water. In the second step, 1 mL of the CTAC-functionalized
Ag nanocubes was added into a 5 mL glass vial, followed by the
introduction of 10 μL of the GOx solutions (1000 units/mL) and
incubation for 5 min.

Etching of the GOx-Functionalized Ag Nanocubes. 15 μL of
glucose solution (2%) and 20 μL of phosphate buffer (500 mM, pH 6)
were mixed with 1.0 mL of the GOx-functionalized Ag nanocubes
hosted in a 5 mL glass vial under magnetic stirring at 600 rpm. The
etching was allowed to proceed for different periods of time up to 120
min.

Instrumentation and Characterization. The UV−vis spectra
were recorded using a Cary 60 spectrometer (Agilent Technologies,
Santa Clara, CA). Dynamic light scattering (DLS) characterization was
conducted with a Nano ZS Zetasizer (model ZEN3600, Malvern
Instruments, Worcestershire, U.K.) using a He−Ne laser with a
wavelength of 632.8 nm. An Eppendorf 5430 centrifuge was used for
collecting and washing solid samples. Transmission electron
microscopy (TEM) images were taken using a Hitachi HT7700
microscope (Hitachi, Tokyo, Japan) operated at 120 kV.

■ RESULTS AND DISCUSSION
Figure 1 outlines the three major steps involved in a typical
experiment. The Ag twinned cubes bearing a negatively charged
surface are first functionalized with cetyltrimethylammonium
chloride (CTAC) to acquire some positive charges, followed by
the immobilization of negatively charged GOx through
electrostatic attraction to obtain GOx-functionalized twinned
cubes. Using Bradford assay, we could quantify the amount of
GOx adsorbed onto the surface of the twinned cubes. Upon the
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introduction of glucose, H2O2 will be locally produced on the
surface at a high concentration to initiate etching of Ag from
the two {111} facets parallel to the twin plane.
We synthesized citrate-free Ag nanoplates and then used

them as seeds for further growth to obtain Ag twinned cubes by
following our previously reported protocols.36,37 A typical
growth process involved the introduction of 1 mL of HAuCl4
(0.1 mM) into an aqueous suspension containing 100 μL of Ag
nanoplates (0.37 mg/mL), 1 mL of ascorbic acid (AA, 100
mM), and 2 mL of poly(vinylpyrrolidone) (PVP, 1 mM),
followed by the titration of aqueous AgNO3 (2.0 mM) under
ambient conditions. We used UV−vis spectroscopy to monitor
the growth process (Figure S1A). Prior to the titration of any
AgNO3, we observed the formation of Ag−Au nanoframes
(Figure S1B) due to the reduction of HAuCl4 by Ag nanoplates
and AA via galvanic replacement and reduction, respectively,

and the deposition of Au. The Ag−Au nanoframes displayed a
weak and broad LSPR peak between 700 and 800 nm. With the
titration of AgNO3 up to 0.1, 0.5, 0.8, and 1.5 mL, we noticed a
constant blue shift for the LSPR peak from 624 to 436 nm
(Figure S1A), indicating vertical growth for the Ag nano-
plates.35 Figure S1C−F shows TEM images of the resultant
nanostructures at different titration volumes. At 1.5 mL, we
obtained Ag twinned cubes with an average edge length of 47.3
± 5.5 nm, together with some truncation at the corner sites. By
considering that both HAuCl4 and AgNO3 would be reduced
into atoms and then deposited onto Ag nanoplates, we
calculated the mass ratio between Ag and Au of as-prepared

Figure 1. Schematic illustration of three major steps involved in an
experiment: (i) modification of the as-prepared Ag twinned cubes with
CTAC to switch the polarity of surface charges; (ii) functionalization
of the CTAC-covered twinned cubes with GOx; and (iii) localized
etching upon the introduction of glucose.

Table 1. Average Sizes and Zeta Potentials of As-Prepared
Twinned Cubes, CTAC-Twinned Cubes, and Twinned
Cubes Modified with Different Concentrations of GOx

sample
average size

(nm)
zeta potential

(mV)

as-prepared twinned cubes 46.1 −22.8
as-prepared twinned cubes
+ 5 units/mL GOx

47.1 −21.9

as-prepared twinned cubes
+ 10 units/mL GOx

48.8 −20.9

as-prepared twinned cubes
+ 20 units/mL GOx

51.9 −20.4

CTAC-functionalized twinned cubes 41.7 44.6
GOx-functionalized twinned cubes
(5 units/mL)

53.3 22.9

GOx-functionalized twinned cubes
(10 units/mL)

60.1 16.7

GOx-functionalized twinned cubes
(20 units/mL)

155.9 14.6

Figure 2. (A) UV−vis spectra recorded from Brilliant Blue G after
reacting with GOx at different concentrations indicated on the curves.
(B) Linear correlation between the ratio of absorbance of Brilliant
Blue G at 595 and 450 nm (A595/A450) and the concentration of GOx.
(C) Linear correlation between the ratio of absorbance of Brilliant
Blue G at 595 and 450 nm (A595/A450) and the concentration of GOx
spiked into the supernatant obtained after removal of the CTAC-
functionalized twinned cubes.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.6b03546
Chem. Mater. 2016, 28, 7519−7527

7521

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b03546/suppl_file/cm6b03546_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b03546/suppl_file/cm6b03546_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b03546/suppl_file/cm6b03546_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b03546/suppl_file/cm6b03546_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.6b03546


twinned cubes to be 18.1:1. As shown in Table 1, the as-
prepared twinned cubes were negatively charged.
It is critical for the surface of the nanoparticles to bear

positive charges for the immobilization of negatively GOx
through electrostatic attraction.32 In practice, we applied CTAC
modification to reserve the sign of surface charges. We used
dynamic light scattering (DLS) to fully characterize the
nanoparticles when their surfaces were functionalized with
CTAC and/or GOx. When the Ag twinned cubes were
functionalized with GOx only at concentrations of 5, 10, and 20
units/mL, we observed very little changes to both the
hydrodynamic size and the zeta potential. In this case, the
negatively charged GOx could not adsorb onto the twinned
cubes via electrostatic attraction. In comparison, upon the
treatment with CTAC, we noticed that the zeta potential was
changed from −22.8 to 44.6 mV, confirming the formation of

CTAC-functionalized twinned cubes covered by a positively
charged surface. The hydrodynamic diameter slightly decreased
from 46.1 to 41.7 nm. When these positively charged twinned
cubes were incubated with GOx at concentrations of 5 and 10
units/mL, we observed the zeta potential decrease from 44.6 to
22.9 and 16.7, accompanied by an increase in hydrodynamic
diameter from 41.7 to 53.3 and 60.1 nm, respectively. These
data indicate the formation of GOx-functionalized twinned
cubes. It should be pointed out that, when the concentration of
GOx was further increased to 20 units/mL, the twinned cubes
tended to aggregate with a significant increase in size up to
155.9 nm, primarily due to the neutralization of surface charges.
After incubation with GOx, we also used Bradford assay to

determine the amount of GOx adsorbed on the surface of
twinned cubes by measuring the concentration of GOx
remaining in the supernatant. Bradford assay is a commonly

Figure 3. (A) UV−vis spectra collected at different time points indicated on the curves upon the introduction of glucose (2%, 15 μL) into a
suspension of the GOx-functionalized twinned cubes in PBS buffer at pH = 6. (B−F) TEM images of the products of an etching experiment
obtained (B) before and (C−F) after the introduction of glucose for 15, 30, 60, and 120 min, respectively.
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used colorimetric method for measuring the concentration of
proteins in a solution. In a typical measurement, UV−vis
spectroscopy is used to record the absorption spectrum of
Brilliant Blue G upon its binding to the nonpolar region and
positively charged amine group on proteins via hydrophobic
and electrostatic interactions, respectively.39 Figure 2A shows
the UV−vis spectra of Brilliant Blue G in a 31.3 mM phosphate
buffer at pH = 6 after mixing with GOx at different
concentrations. The two absorption peaks located at 595 and
450 nm could be assigned to the anionic and cationic forms of
Brilliant Blue G, respectively. As the concentration of GOx was
increased, the absorption peak at 595 nm increased in intensity
while the peak at 450 nm decreased. Figure 2B shows a plot of
the ratio between the absorbance at 595 and 450 nm (A595/
A450) as a function of the GOx concentration in the range of 0−
20 units/mL, indicating a linear progression with a slope of
0.089. We then used this method to determine the
concentration of GOx remaining in the supernatant after
incubation with the CTAC-functionalized twinned cubes. In
this case, it is worth pointing out that the supernatant could
possibly contain some CTAC that would help stabilize the
anionic form of Brilliant Blue G and thus lead to a stronger
response to GOx. Figure 2C shows the relationship between
the ratio of A595/A450 and the concentration GOx spiked into
the supernatant from a suspension of the CATC-functionalized
twinned cubes, showing a slope of 0.093, which was indeed

slightly larger than 0.089. As a result, we should use the
calibration curve shown in Figure 2C to measure the
concentration of GOx remaining in the supernatant after
incubation with the CTAC-functionalized twinned cubes. On
the basis of the data from the Bradford assay, we found that the
concentration of GOx remaining in the supernatant was 1.72
units/mL after incubation with the CTAC-functionalized
twinned cubes at an initial concentration of 10 units/mL. In
other words, 8.28 units/mL of GOx had been immobilized onto
the surface of twinned cubes through electrostatic attraction.
We investigated the etching of the GOx-functionalized

twinned cubes in a phosphate buffer by adding different
amounts of a 2% glucose solution. We specifically chose
phosphate buffer with a pH at 6.0 to achieve the optimal
condition for GOx activity.34 In a typical experiment, we
functionalized the twinned cubes with CTAC, followed by
modification with GOx at a concentration of 10 units/mL for 5
min. The UV−vis spectra recorded from the twinned cubes
after the two modification steps (Figure S2) were essentially
identical to that of the as-prepared twinned cubes. This result
confirms the preservation of size, shape, and morphology
during the entire surface modification process. Next, we added
15 μL of glucose solution (1.7 mM) into the suspension of
nanoparticles to initiate etching, and then monitored the
progress by collecting UV−vis spectra at different time points
(Figure 3A). The LSPR peak showed a marked decrease in
intensity just after 10 min, together with a red shift from 443 to
452 nm. As the etching time was increased to 30, 60, and 120
min, the peak was further red-shifted to 530, 633, and 776 nm,
together with significant drop in intensity. Figure 3B−F shows
TEM images of the resultant nanostructures at different stages
of the etching process. These images suggest that the etching
was preferentially initiated from the Ag atoms located at the
two {111} facets parallel to the twin plane and progressed
through the sequential removal of {111} planes for the
transformation of a twinned cube into a nanoplate and then a
Ag−Au nanoframe. By comparing with the results obtained
from the vertical growth of Ag nanoplates into twinned cubes
(Figure S1), it is evident that the etching process followed
exactly the same pathway of a growth process, except for the
reversed sequence.35

To confirm the role of GOx on the surfaces of twinned cubes
in accelerating the etching process, we performed a control
experiment by mixing the as-prepared twinned cubes with GOx,
followed by the addition of glucose. Again, we conducted the
Bradford assay to determine the concentration of GOx
remaining in the supernatant. Figure S3 shows the relationship
between the ratio of A595/A450 and the concentration GOx
spiked into the supernatant from a suspension of the as-
prepared twinned cubes. The result indicates that the
concentration of GOx remaining in the supernatant was 9.89
units/mL, suggesting 0.11 units/mL of GOx had been adsorbed
onto the surface of twinned cubes. Upon the addition of
glucose to the mixture of as-prepared twinned cubes and GOx,
Figure S4 shows that the LSPR peak was shifted from 433 to
786 nm after 360 min, indicating that the etching process was
much slower than that of GOx-functionalized twinned cubes
(see Figure 3A).
We performed another set of experiments by varying the

incubation time with GOx from 5 min to 30, 60, and 180 min,
respectively. As shown in Figure S5A, the UV−vis spectra
recorded from the resultant twinned cubes showed very little
change upon surface modification with GOx for different

Figure 4. (A) The LSPR peak position of the GOx-functionalized
twinned cubes at different time points upon the introduction of
glucose at different final concentrations. (B) The LSPR peak position
of the GOx-functionalized twinned cubes at different time points upon
the introduction of glucose in the absence and presence of 93 μM
AgNO3, respectively. The final concentration of glucose was controlled
at 1.7 mM for both samples.
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periods of time. For each sample, upon the introduction of
glucose at a concentration of 1.7 mM, we collected a series of
UV−vis spectra at different time points up to 120 min. Figure
S5B shows a plot of the LSPR peak position as a function of
time, indicating that the GOx-functionalized twinned cubes
prepared with different incubation times were almost identical
to the twinned cubes obtained with an incubation time of 5
min. Collectively, our data suggest that the GOx-functionalized
twinned cubes were stable in a phosphate buffer and the GOx
could adsorb onto the CTAC-functionalized surface within 5
min.
To understand the role of glucose in controlling the etching

process, we performed a set of experiments by adding different
amounts of glucose into the same amount of an aqueous
suspension of GOx-functionalized twinned cubes. At each
concentration of glucose, we collected a series of UV−vis
spectra at different time points up to 120 min post the
introduction of glucose. Figure 4A shows a plot of the LSPR
peak position as a function of the etching time. At 0.1 mM
glucose, we only observed minor shifts for the LSPR peak
position from 443 to 470 nm, indicating an ineffective etching
process. When the glucose concentration was increased to 0.6,
1.1, or 1.7 mM, we observed red shifts for the LSPR peak from
443 to 578, 661, and 776 nm, respectively, at an etching time of
120 min. These results indicate that the etching would become
faster at a higher concentration of glucose due to an increase in
the local concentration of H2O2 on the surface of twinned
cubes.
It is well-known that the Ag+ ions could inhibit the activity of

GOx.40 The Ag+ ions could also possibly shift the chemical
equilibrium for the oxidation reaction of Ag backward and thus

suppress the etching. By assuming that the etching of Ag
twinned cubes would proceed along the reversed pathway for
the growth of nanoplates, the concentration of Ag+ could reach
a level of 93 μM after the twinned cubes had been etched into
the plates shown in Figure 3C according to the amount of
AgNO3 required for the transformation of the plates into
twinned cubes during growth (Figure S1E,F). Figure 4B
compares the changes to the LSPR peak position as a function
of etching time in the absence and presence of AgNO3,
respectively. At an etching time of 120 min, the peak position
was only red-shifted from 443 to 583 nm in the presence of 93
μM AgNO3. This result confirms that the etching would be
slowed down as more Ag atoms were oxidized and released as
Ag+ ions into the reaction solution.
We compared the etching of GOx-functionalized twinned

cubes by glucose with that of CTAC-functionalized twinned
cubes using directly added aqueous H2O2. Figure 5A shows the
UV−vis spectra of CTAC-functionalized twinned cubes that
were collected after reacting with aqueous H2O2 at different
concentrations for 60 min. At a concentration of 1.7 mM,
equivalent to what was produced by enzymatic oxidation of
glucose, we noticed that the LSPR peak of the twinned cubes
was largely retained in peak position, only showing intensity
drop and peak broadening. The TEM images recorded from
resultant nanostructures indicate the formation of a mixture of
twinned cubes, thick plates, and thin plates (Figure 5B). These
results are completely different from what was observed in the
etching of GOx-functionalized twinned cubes by glucose. In the
latter case, at an etching time of 60 min, the LSPR peak was
shifted to 663 nm and Ag−Au nanoframes were formed (Figure
3A,E). In an aqueous solution, the added H2O2 would

Figure 5. (A) UV−vis spectra of the products obtained by reacting the GOx-functionalized twinned cubes with H2O2 at different concentrations
indicated on the curves for 60 min. (B−D) TEM images of the corresponding products obtained after etching with H2O2 at different concentrations.
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spontaneously decompose to H2O and O2, making the etching
less effective. When the concentration of aqueous H2O2 was
increased to 500 mM, we observed a red shift of the LSPR peak
to 565 nm and the formation of structures that include thin
plates, Ag−Au nanoframes, and twinned cubes (Figure 5C). In
this case, we suspect that the directly added H2O2 molecules
could reach the surface of a twinned cube via diffusion.
Different twinned cubes would be exposed to H2O2 at different
local concentrations, leading to the formation of diverse
structures from the twinned cubes. With a further increase of
H2O2 concentration to 5M, we finally observed the formation
of Ag−Au nanoframes (Figure 5D) similar to the products
obtained by etching the GOx-functionalized twinned cubes
with glucose (Figure 3F).
We also examined the etching of conventional, single-crystal

Ag cubes after GOx functionalization by following all the
procedures described in the standard protocol except for the
replacement of Ag twinned cubes with single-crystal cubes.38

Figure 6A shows the UV−vis spectra of Ag nanocubes collected
at different time points up to 90 min after the addition of
glucose. We observed a gradual decrease in intensity for the
LSPR peak at 441 nm as the etching proceeded. The LSPR
peak disappeared at 90 min, indicating the complete dissolution
of the Ag nanocubes. The TEM images in Figure 6B−D
indicate the transformation of the Ag cubes into rounded cubes
and then spherical particles. In this case, unlike the Ag twinned
cubes, the etching would be initiated from the corners and
edges of a Ag cube, leading to its gradual transformation into a
spherical particle.

■ CONCLUSIONS
In summary, we have demonstrated that the surface-
concentrated H2O2 derived from the enzymatic oxidation of
glucose could accelerate the etching of Ag nanocrystals with
selectivity. In the case of Ag twinned cubes, we observed that
the etching would begin from the Ag atoms located at the two
{111} facets parallel to the twinned plane, followed by the
sequential removal of {111} planes, leading to the trans-
formation of twinned cubes into Ag nanoplates in the order
opposite to the growth process. An increase in the
concentration of glucose would accelerate the etching process
because of the production of more H2O2 at the expense of
glucose. On the other hand, we noticed that the dissolved Ag+

ions from twinned cubes could potentially deactivate GOx and
thus decrease the production of H2O2 and slow down the
etching. When benchmarked against etching with the direct
introduction of aqueous H2O2, we found that 1.7 mM
enzymatic H2O2 (from glucose) was equivalent to 5 M
aqueous H2O2 in terms of etching rate and outcome. Our
results suggest that the enzymatic oxidation of glucose could
serve as a useful platform for generating highly concentrated
H2O2 on the surface of nanoparticles for their etching in a more
controllable fashion to maneuver their size, shape, and
morphology for a variety of applications.
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Figure 6. (A) UV−vis spectra obtained from the products after mixing glucose with the GOx-functionalized cubes for different periods of time
indicated on the curves. (B−D) TEM images of the products obtained by reacting the GOx-functionalized cubes with glucose for (B) 0, (C) 15, and
(D) 45 min, respectively.
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