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ABSTRACT: A facile strategy has been developed to fabricate Cu(OH), supercages
(SCs) as an artificial enzyme system with intrinsic peroxidase-mimic activities (PMA). SCs
with high catalytic activity and excellent recyclability were generated via direct conversion
of amorphous Cu(OH), nanoparticles (NPs) at room temperature. More specifically, the
process that takes a single nanoparticle to a 3D supercage involves two basic steps. First,
with addition of a copper—ammonia complex, the Cu’* ions that are located on the surface
of amorphous Cu(OH), NPs would evolve into a fine lamellar structure by coordination
and migration and eventually convert to 1D nanoribbons around the NPs. Second,
accompanied by the migration of Cu®", a hollow cavity is generated in the inner NPs, such
that a single nanoparticle eventually becomes a nanoribbon-assembled 3D hollow cage.
These Cu(OH), SCs were then engineered as an artificial enzymatic system with higher
efficiency for intrinsic PMA than the peroxidase activity of a natural enzyme, horseradish
peroxidase.

B INTRODUCTION lamellar assembly of cadmium selenide nanoclusters.” 3D plasmo-
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Figure 1. Characterization of Cu(OH), supercages (SCs): (a) low-
magnification and (b) high-magnification TEM images; (c) HRTEM
image (inset, SAED).
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Figure 2. TEM images of nanoribbon assembly for Cu(OH),
supercages. Samples were prepared from synthesis using different
amounts of NHj in copper—ammonia complex: (a and b) 200 uL,
(c and d) 400 uL, (e and f) 600 uL, and (g and h) 800 uL.

assembly approach.'” An assembled superstructure was obtained
from anisotropic Pt nanocubes using a home-built evaporation-
controlled system.'" Despite the enormous pioneering attempts,
most of these superstructures have been formed by a time-
consuming bottom-up approach, during which the uniformity in
particle size, the properties of the solvent, and interparticle
interactions must all be carefully controlled to avoid disintegra-
tion or deformation of the superstructures.'

In contrast, we developed a facile top-down process for the
preparation of Cu(OH), supercages (SCs). These Cu(OH),
SCs, which are packed by 1D nanoribbons, are prepared by
transformation of a single nanoparticle with the assistance of
NH;-H,0 (Scheme 1). The process that takes a single nano-
particle to a 3D supercage involves two basic steps. First, with
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Figure 3. XRD patterns of the corresponding samples from the syn-

thesis with different amounts of NH; reacted in copper—ammonia
complex: (a) 0 L, (b) 400 uL, (c) 200 uL, (d) 600 L, and (e) 800 uL.

addition of a copper—ammonia complex, the Cu®* ions that
are located on the surface of amorphous Cu(OH), NPs would
evolve into a fine lamellar structure by coordination and
migration, and eventually convert to 1D nanoribbons around
the NPs. Second, accompanied by the migration of Cu*, a
hollow cavity is generated in the inner NPs, such that a single
nanoparticle eventually becomes a nanoribbon-assembled 3D
hollow cage. Both formation and decomposition of SCs can be
tuned simply by changing the concentration of NH;-H,O.
More significantly, high catalytic activity can be expected
from an artificial enzymatic system constructed by such SCs
because (1) a large surface area results from the small size of
the nanoribbons and (2) the collision probability of the active
molecules can be increased when they are trapped in the
cages.

B EXPERIMENTAL SECTION

Synthesis of Amorphous Cu(OH), Nanoparticles. The syn-
thesis of amorphous Cu(OH), nanoparticles (Figure 3a) followed the
approach developed by our group based on a previous strategy,"’
which involves reacting CuCl, with NaBH, in ethanol. In our
experiment (Scheme S1), CuCl,-2H,0 (17 mg), polyvinylpyrrolidone
(PVP) (molecular weight = 55 000) (130.5 mg), and ethanol (40 mL)
were added into a 100 mL flat-bottomed flask one by one. After
10 min of ultrasonication and 30 min of stirring, 7.7 mg of NaBH, was
dissolved in 10 mL of ethanol and quickly added to the solution under
vigorous stirring. After 72 h, the products were collected by centri-
fugation and washed with ethanol three times.

Synthesis of 3D Cu(OH), Supercages. In a typical experiment,
amorphous Cu(OH), nanoparticles (9.7 mg) and PVP (molecular
weight = 1.3 X 10%) (20 mg) were dispersed in 20 mL of DI water by
ultrasonication for 15 min in a 100 mL flat-bottomed flask. The solu-
tion was vigorously stirred for 15 min. A copper—ammonia complex
solution was prepared from S mL of Cu(NO;),-3H,0 (24.16 mg)
aqueous solution plus 15 mL of NH;-H,O solution (400 uL of NH;:
H,0 (29%) plus 14.6 mL of DI-water). Then, 20 mL of copper—
ammonia complex solution was added to the above mixture of
amorphous Cu(OH), nanoparticles in 1 min and stirred for 10 min.
The products were collected by centrifugation and washed with
acetone and methanol three times.

Using the same strategy, Cu(OH), supercages were disassembled
by the addition of 200, 600, and 800 uL of NH;-H,O (29%) to form
solutions of copper—ammonia complex.
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Figure 4. Schematic of (a) [Cu(HO,)]** coordinating with NH;-H,O to generate [Cu(NHj;),]**, (b) coordination growth of the lamellar structure,

and (c) formation of nanoribbons and Cu(OH), supercage.

Catalyzed Oxidation. Unless otherwise stated, steady-state kinetic
assays were carried out at 25 °C in a 1.5 mL tube with 30 ug of
Cu(OH), SCs (3.5 x 10° supercages) or 300 ng HRP (4.1 x 10*
enzyme molecules) in S00 uL of reaction buffer (0.2 M NaAc, pH 4.5)
in the presence of 530 uM H,0, for Cu(OH), SCs or HPR using
800 #uM TMB as the substrate. For experiments at different pHs
(1-12) at 25 °C, 30 uL of H,0, (30%) was added to 400 uL of
reaction buffer and vortexed for 4 min. Then, 40 uL of TMB (10 mM)
was added into the mixture and vortexed for another 4 min. Finally,
30 uL of Cu(OH), SCs (1 mg/mL) was quickly added to the mixture.
Immediately after addition of Cu(OH), SCs, color changes were
observed. All reactions were monitored in time-scan mode at 652 nm
using a Cary Bio-100 UV/vis spectrometer (Varian).

To study the effect of different temperatures (22—6S °C) at pH 4.5,
400 uL of reaction buffer was held at the desired temperature for
S min. Then, 30 uL of H,0, (30%) was added to the reaction buffer
and vortexed for 1 min, and the mixture was held at that temperature
for 4 min. Then, 40 uL of TMB (10 mM) was added to the mixture
and vortexed for 1 min, and the mixture was held at that temperature
for another 4 min. Finally, 30 uL of Cu(OH), SCs (1 mg/mL) was
quickly added to the mixture. The reaction was monitored in time-scan
mode at 652 nm using a Cary Bio-100 UV /vis spectrometer (Varian).
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B RESULTS AND DISCUSSION

In a typical procedure, Cu(OH), NPs (Figures S1 and S2a)
were employed as a starting materials in a top-down process.
The Cu(OH), SCs were obtained after a copper—ammonia
complex ([Cu(NH;),](NO;),) was added to the mixture of
Cu(OH), NPs and PVP with vigorous stirring at room tem-
perature. The resulting products were collected by centrifuga-
tion after stirring for 10 min. Low-magnification transmission
electron microscopy (TEM) showed that uniform hollow nano-
cages with an average edge length of ~200 nm were formed
(Figure la). High-magnification TEM (Figure 1b) images
further revealed that these hollow nanocages were composed of
packed nanoribbons. The wall thickness of the hollow
supercages was about 30 nm, and the length of the nanoribbons
ranged from 150 to 250 nm. The crystal phase of the hollow
nanocages was determined to be orthorhombic Cu(OH),
(Powder Diffraction File no. 13-0420, International Centre for
Diffraction Data, 2002) from the corresponding powder X-ray
diffraction (XRD) pattern shown in Figure 3b. The observed
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Figure S. Absorption spectra for the oxidation catalysis process (min)
of (a) Cu(OH), SCs and (b) HRP, where TMB was used as the
substrate in the presence of H,0,, pH was 4.5, and temperature was
25 °C. (c) Photographs of Cu(OH), SCs-catalyzed oxidation of TMB
in the presence of H,0, at different times.

lattice fringe of 0.221 nm in the high-resolution TEM (HRTEM)
image (Figure 1c) corresponds to the d spacing of the (130)
lattice planes in Cu(OH),. The ring-type selected-area electron
diffraction (SAED) pattern (inset in Figure 1c) indicates the
polycrystalline nature of these Cu(OH), SCs. To determine the
specific surface area, full nitrogen sorption isotherms of these
supercages were measured. According to the Brunauer—
Emmett—Teller (BET) model and the data in Figure S3, the
specific surface area of the supercages was 172 m”> g™,

To investigate the growth process of the supercages, aliquots
of reaction products were prepared by adding different amounts
of 29% NH;-H,O (200, 400, 600, and 800 uL) to the copper—
ammonia complex. As revealed by TEM images in Figure 2,
relatively dense cages were formed in the aliquot with 200 uL
of NH;-H,O added (Figure 2a,b). They were piled up by 1D
nanoribbons with lengths in the range of 200—250 nm, and
importantly, cavities were faintly visible at the center of the
cages. When the amount of NH;-H,O was increased to 400 uL,
nearly perfect supercages with side lengths around 200 nm
could be observed (Figure 2¢c,d). However, a further increase of
NH;-H,O solution to 600 uL caused slight disassembly of the
supercages, in which some nanoribbons were dissociated
(Figure 2e,f). Full disintegration of the supercages was observed
when 800 yL of NH;-H,O was added, leaving well-dispersed
nanoribbons (Figure 2gh). It is worth mentioning that the entire
process was also monitored by XRD, which showed (Figure 3)
that all the above products are orthorhombic Cu(OH),.

On the basis of the above results, a scheme can be proposed
for the formation of SCs (Scheme 1 and Figure 4). Before the
reaction, a protective layer of PVP is generated by mixing PVP
with Cu(OH), NPs in order to control the reaction rate.'* With
addition of the copper—ammonia complex ([Cu(H,0)q]*" +
nNH;H,0 = [Cu(NH,),]** + (n + 6)H,0, NH;H,0 =
NH,* + OH™), Cu** ions ([Cu(H,0)]**) on the surface of the
amorphous Cu(OH), NPs (Figure S1) first coordinate with
NH;-H,0 to generate [Cu(NH;),]** (Figure 4a). [Cu(NH,),]**
tends to coordinate in a square planar manner with OH™,"

leading to an extended complex chain structure on the particle
surface, ie, [Cu(NH;),]** — [Cu(NH32n_ (OH)]* - [Cu-
(NHs), ,(OH),] — . — [Cu(OH),]" " (Figure 4b)."
These chains can be connected through the coordination of
OH™ and Cu?, growing into a lamellar structure (nanoribbons)
on the surface of the original NPs (Figure 4b)."” As a result, Cu®*
migrates from the inner NPs to the tips of nanoribbons in the
form of [Cu(NH;),_,,(OH),]®™*'® generating, in turn, a
hollow cavity in the original NPs (Figures 2a,b and 4c). Because
nanoribbons are stacked around the particles through hydrogen
bonds,"® 3D hollow cages are eventually formed (Figures 2c,d
and 4c). It is interesting that the obtained SCs have size similar
to that of amorphous Cu(OH), NPs (200—250 nm, Figure S1).
Further addition of NH;-H,0O was shown to weaken the hydro-
gen bonds between the nanoribbons, thus causing partial break-
down of the cages (NH;-H,0 = NH,* + OH~, Cu(OH), +
20H™ = [Cu(OH),]*; Figure 2e,f). Finally, by increasing the
concentration of NH;-H,O, the supercages can be fully disas-
sembled into well-dispersed nanoribbons (Figure 2gh). It is
worth noting that all assembly and disassembly processes occur
at room temperature, indicating that this is a green procedure
with low energy cost.

Artificial enzymes are very important components of bio-
mimetic chemistry, which aims to imitate the general principles
of natural enzymes using alternative materials.'” Compared
with natural enzymes, artificial enzyme systems display high
operational stability, low cost, facile preparation, and tunable
catalytic activity,'”*° and they are promising in such appli-
cations as biosensors, immunoassays, cancer diagnostics,
neuroprotection, stem cell growth, and pollutant removal.'”*!
For our first set of experiments, we investigated if Cu(OH),
SCs would exhibit peroxidase-mimic activity (PMA) for the
substrate 3,3',5,5'-tetramethylbenzidine (TMB). For compar-
ison, the activity of horseradish peroxidase (HRP), which is one
of the most utilized natural enzymes for biocatalysis,”* was also
investigated. After addition of Cu(OH), SCs into the TMB—
H,0, solution (pH 4.5) (Figure $4—S5), the solution changed
from colorless to a deep blue within 5 min at room tem-
perature, as shown by the photo and UV/vis absorption curves
(Figure S). This indicates that the reaction of H,0, and TMB
could be catalyzed by Cu(OH), SCs (Figure S6). The char-
acteristic absorption peak at 652 nm was chosen as the param-
eter to monitor the catalysis process.”” However, for HRP, a
relatively slow reaction rate was observed (Figure Sb), even
though the concentration of HRP was 2000 times higher than
that of Cu(OH), SCs. (See the calculation sections in the
Supporting Information.) In addition, the catalytic ability of
Cu(OH), SCs is better than that of amorphous Cu(OH), NPs
(Figure S7). This experiment confirmed that Cu(OH), SCs
could serve as an efficient artificial enzymatic system for
intrinsic PMA.>!

Next, the catalytic activity of Cu(OH), SCs was system-
atically investigated at different pHs and temperatures. To
accomplish this, PMA of Cu(OH), SCs was measured while
varying the pH from 1 to 12 and the temperature from 22 to
65 °C. For comparison, the activity of HRP using the same
parameters was also studied. The results in Figure 6a show the
high PMA of Cu(OH), SCs in the pH range of 3—S, with
catalytic efficiency reaching above 90%. Cu(OH), SCs also
exhibited excellent peroxidase catalytic activity over a broad
range of temperatures (Figure 6b). The optimum pH and tem-
perature for Cu(OH), SCs catalysis are approximately 4.5 and
25 °C, respectively, which are very close to those of HRP
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Figure 6. (a and b) pH- and temperature-dependent peroxidase-mimic activity of Cu(OH), SCs and HRP. (a) Cu(OH), SCs and HRP show an
optimal pH of 4.5; (b) Cu(OH), SCs and HRP show an optimal temperature around 25 and 32 °C, respectively. Experiments were carried out using
30 pg of SCs or 300 ng of HRP in a reaction volume of 0.5 mL of 0.2 M NaAc buffer, with 800 uM TMB as substrate. H,O, concentration was
530 uM for SCs and HRP. The maximum point in each curve (a and b) was set as 100%. Steady-state kinetic assays and catalytic mechanism of
Cu(OH), SCs were carried out under the following conditions: (c) The concentration of H,0, was 530 M, and TMB concentration was varied.
(d) The concentration of TMB was 800 uM, and H,0, concentration was varied. (e and f) Double reciprocal plots for Cu(OH), SCs with the
concentrations of (e) H,0, fixed and TMB varied and (f) TMB fixed and H,0, varied.

(Figure 6a,b). To test the reusability of the SCs, we used fresh
and recovered Cu(OH), SCs (artificial enzyme, 1.5 mg) to cata-
lyze the oxidation of TMB (800 uM TMB) by H,0, (530 uM)
in 25 mL of NaAc buffer (0.2 M NaAc, pH 4.5). The absorbance
was measured after 4.5 min reaction (round 1). The recovered
Cu(OH), SCs were separated from the reaction mixture by
centrifuging, then washed with 20 mL of ethanol two times and
with 20 mL of ether solvent one time to remove the product.
The recycled Cu(OH), SCs were mixed with a fresh reaction
mixture, and the absorbance at 4.5 min was measured (round 2).
The procedure was repeated once more (round 3). The results
(Figure S8) show that the catalytic efficiency (ratio of the
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absorbance at 4.5 min to the absorbance of the fresh SCs at
4.5 min) was 87.6% for round 2 and 75.2% for round 3.

To provide further insight, the catalytic activity of the
Cu(OH), SCs was studied by enzyme kinetics theory and
methods.”*** Typical Michaelis—Menten curves (Figure 6c,d)
were obtained for a range of TMB or H,O, concentrations, and
fitted by the Lineweaver—Burk equation (Figure 6e,f).”” Important
enzyme kinetic parameters, such as the Michaelis—Menten
constant (K,,) and maximum initial velocity (V,,,,,), were obtained
and are listed in Table 1. K is an indicator of enzyme affinity to
substrate,”* with a high K, value representing a weak affinity and
vice versa. Although the apparent K,,, value of Cu(OH), SCs with
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Table 1. Comparison of the Kinetic Parameters of Cu(OH), SCs and HRP“

[E] (M) substrate
Cu(OH), SCs 11.63 x 10712 TMB
Cu(OH), SCs 11.63 x 107*2 H,0,
HRPM*® 2.5 x 1071 TMB
HRP* 2.5 x 1071 H,0,

K, (mM) Vinax (Ms™) ke (s17)
2448 44.83 x 107% 3.83 x 10*
0.199 42.51 x 1078 3.66 x 10*
0.434 10 x 1078 4.00 x 10*
3.700 871 x 107% 3.48 x 10*

“[E] is the enzyme (or SC) concentration, K,,, is the Michaelis constant, V,,,, is the maximal reaction velocity, and k., is the catalytic constant, where

kcat = Vmax /[E]

TMB as the substrate was significantly higher than that of HRP,*®
the apparent K, value of Cu(OH), SCs with H,0, as the
substrate was about 20 times lower than that of HRP. Thus,
Cu(OH), SCs showed better affinity to H,O, compared to HRP.
This is ascribed to the high surface area-to-volume ratio in
Cu(OH), SCs, leading to more active sites for H,O,, which, in
turn, results in a lower K, and a higher V_,, giving an overall k,,
(Vma/[E]) of approximately the same value for SCs and HRP,
which is around two times higher than the values of irregularly
shaped platinum nanoparticles in the previous report.”” In addi-
tion, Cu(OH), SCs would have strong ability to convert H,0,
into hydroxyl radicals (-OH) and thus exhibit excellent peroxidase-
like activity.”®

B CONCLUSIONS

We have developed a facile strategy to fabricate 3D Cu(OH),
SCs via direct conversion of amorphous Cu(OH), NPs at
room temperature. The SCs displayed lengths in the range of
150—200 nm and an average wall thickness of around 30 nm.
To further understand the mechanism of SCs formation, an
assembly/disassembly process for the specific shape was also
studied. The artificial enzyme system composed of these SCs
exhibited high catalytic activity and excellent reusability as
mimics of HRP. By leveraging the color changes caused by the
artificial enzymatic system, these SCs can also be utilized for the
detection of biomolecules. The successful demonstration of
this work may offer researchers engaged in materials science
guidelines toward the construction of various superstructures
into organized functional systems.
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