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Single-crystal Au microflakes with the planar area over 103 lm2 (i.e. being accessible to the human eye
resolution) were synthesized in an environment-friendly route by directing two-dimensional growth of
Au nanocrystals into macroscopic scales with amino acids as both reducing agents and capping agents.
Side groups of amino acids were found to be a determinant parameter to tune the dimension and size
of Au single crystals. The successful synthesis of Au microflakes provides an unprecedented opportunity
to bridge nanotechnology and macroscopic devices, and hereby to start a new scenario of exploring their
unique properties and applications in optoelectronic devices and bio-sensing fields across multiple length
scales. For example, Au microflakes respond to air humidity upon depositing on films of chitin nanofibrils,
and sense various physiological molecules as electrode materials of biosensors.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Owing to outstanding combination of unique atomic structure,
stability and quantum size effect, Au nanocrystals have been
revealed with fascinating structure-/environment-dependent
properties and hereby promised diverse applications in catalysis,
electronics, photonics, plasmonics, and biomedicine [1,2]. Among
various shapes of Au nanocrystals, the discovery of exceptional
anisotropic features and atomically flat surfaces in two-
dimensional single-crystal Au crystals (2DAC) triggered particular
interests in optoelectronic devices and bio-sensing fields based
on their unique properties (e.g. surface plasmon resonances, con-
ductivity, catalytic efficiency and affinity with biomolecules) [3].
Developing novel approaches to enable full shape/size control of
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2DAC has become one of the most attractive and active subjects
under investigation [1]. For instance, besides regular shapes (trian-
gle, hexagon and truncated hexagon), belt-like and shield-like
geometries have been produced by finely tuning free energies of
different crystallographic facets of Au nanocrystals in a ‘‘kinetically
controlled” synthesis pathway [3]. The thickness within a broad
range of 5–150 nmwas achieved by carefully selecting soft/interfa-
cial templates and capping agents. Notwithstanding these encour-
aging findings, however, limited lateral dimension still severely
hinders the transference of unique 2D effect of 2DAC across multi-
ple length scales demanded in practical applications [4,5], e.g. pre-
cisely positioning tips of 2DAC for nano-focus effect in gas sensing
devices [6].

Despite repeated endeavour on pushing up the lateral dimen-
sion of 2DAC, it remains highly challenging to synthesize single-
crystal Au microflakes with the planar area over 103 lm2 (i.e. being
accessible to the human eye resolution). According to the typical
nucleation-and-growth mechanism of 2DAC [7], larger lateral sizes
could be achieved through lessening their nuclei and slowing down
the growth process, which, however, were less than 1 lm in most
cases (i.e. nanoplates). On the other hand, a lateral size over 1 lm
could be produced in principle through a mechanism of reorgani-
zation and interconnection of Au nanocrystals, where small nano-
plates connect together along their lateral planes with higher free
energy [3]. This process has been noted at interfaces of solid–liquid
[8] and liquid–liquid [9], and within self-assemble lamellar struc-
tures in the presence of surfactants [10] and/or block copolymers
[11].

In analogue to the bio-evolution which creates complex and
‘‘life-like” organic materials scaled in 100–109 nm in green and
benign chemistry, bio-mimetic synthesis processes have also
shown their potential to yield series of inorganic materials with
hard-to-reach structures and properties with the assistance of bio-
logical molecules [12]. For example, a lateral dimension up to
20 lm was shown in bio-synthesis of 2DAC where proteins [13]
and polysaccharides [14] were employed to direct the 2D growth
of Au plates. We discovered the possibility of synthesizing single-
crystal Au microflakes with the help of protein assemblies [5],
despite poor control on their size, complicated synthesis proce-
dures and sensitivity to reaction parameters.

As pioneering organic molecules in universe and basic build-
ing units of proteins, amino acids have shown their superiority
in sophisticated bio-mineralization in living systems. By tuning
their side groups, amino acids are expected as all-round mole-
cules in bio-mimetic synthesis of diverse nanomaterials. Actu-
ally, spherical Au nanocrystals have been successfully
synthesized by using amino acids both as reducing agent and
capping agent [15–17]. 2DAC with the lateral size <1 lm was
also synthesized by certain amino acids (e.g. aspartate [18] and
tryptophan [17]), yet with the help of synthetic capping agents
[17] and at high temperatures [19]. In spite of these inspiring
studies, to the best of our knowledge, no attempt has been made
to systematically investigate the correlation of side groups of
amino acids and morphology control of Au crystals. Single-
crystal Au microflakes have also not been synthesized with
amino acids.

In this study we show that side groups of amino acids could be a
determinant parameter to tune the dimension and size of Au single
crystals. Not only 2DAC could be synthesized in a facile
environment-friendly process, but also their lateral size could be
extended to the human eye resolution. The successful synthesis
of Au microflakes may provide an unprecedented opportunity to
bridge nanotechnology and macroscopic devices, and hereby to
start a new scenario of exploring their unique properties and appli-
cations in optoelectronic devices and bio-sensing fields across mul-
tiple length scales.
2. Experimental Section

2.1. Materials

Amino Acids (L-lysine, L-arginine, L-tryptophan, L-aspartic acid
and L-glutamic acid) and tetrachloroauric acid (HAuCl4, 48% Au
basis) were purchased from Sigma and used without any further
purification.

2.2. Preparation of 2D Au crystals

Calculated quantities of two solutions of HAuCl4 (10 mM, pH 2)
and amino acids (20 mM, pH 2) were added sequentially into Mil-
lipore water (pH 2) to achieve a homogenous mixture, in which the
HAuCl4 concentration was kept at 1.0 mM while the amino acid
concentration was tuned at 0.5, 1.0, 2.0 or 5.0 mM. The reaction
continued at 70 �C without stirring for different periods of time
before quenching into ice–water. The final suspensions were cen-
trifuged at 5000 rpm for 10 min. After several washing cycles with
ethanol, the resultant products were maintained at 4 �C before
characterization.

2.3. Preparation of chitin nanofibrils

Chitin nanofibrils were extracted from crab shell powder in a
four-step protocol: (1) Crab shell powder was sequentially treated
with 9% (v/v) HCl and 10 wt% NaOH solutions by vigorously stirring
for 10 h and then centrifuged at 10,000 rpm for 15 min. (2) The
precipitation was re-dispersed in 30 wt% NaOH by vigorously stir-
ring for 1.5 h at 90 �C before washing with Millipore water to
pH � 7. (3) The precipitation was suspended in water (pH 3.5,
tuned with acetic acid). After magnetically stirred at 1300 rpm
for 3 days and ultrasonically treated (300W, 45 kHz) for 30 min,
the resultant solution was dialyzed (cutoff: 6000 Da) with Milli-
pore water. (4) The final solution of chitin nanofibrils was adjusted
to pH � 3.5 and stored at 4 �C.

2.4. Preparation of chitin-Au bilayer films

The dispersion of chitin nanofibrils was vacuum-filtered with a
Nylon filtration membrane (pore size of 0.2 lm, diameter of
47 mm) before filtering the suspension containing 2D Au crystals.
The thicknesses of two layers were controlled by the volumes of
the two dispersions. After finishing the filtration process, the film
was air-dried for one week before further characterization.

2.5. Characterization

Scanning electron microscope (SEM) measurements were per-
formed on Hitachi S-4800 operated at 10 kV. The specimens were
mounted on SEM stubs with carbon conductive tabs, and then
sputter-coated with a �3 nm platinum layer. The Ultraviolet–visi-
ble (Uv–vis) spectrophotometric analysis was performed on DU800
Uv–vis spectrophotometer at ambient temperature. All the solu-
tions were diluted to appropriate concentrations and scanned in
1 cm-path-length quarts cuvettes with the wavelength scan mode
between 200 and 800 nm. The scan speed was 400 nm/min and the
sample interval was 1.0 nm. Conductivity measurements were
tested with Guangzhou Probes Tech RTS-8 Four Probes Detector.
Electrochemical measurements were performed on an electro-
chemical analyzer (CHI 660E, CH instruments, Inc., Shanghai) with
a three-electrode cell, in which an Ag/AgCl electrode was the refer-
ence electrode and platinum foil served as counter electrode. A
modified glassy carbon electrode (GCE) was prepared by a simple
casting procedure as the working electrode. 2D Au crystals were
synthesized with amino acids and washed three times with



Fig. 1. (a) Chemical structures of amino acids used in this study. (b) Schematic illustration of synthetic routes of Au microflakes. The inset gives a typical SEM image of Au
microflakes.

Fig. 2. SEM images of Au microflakes synthesized with (a) 2.0 mM L-tryptophan, (b) 1.0 mM L-glutamic acid and (c) 1.0 mM L-arginine. Experimental parameters: 1.0 mM
tetrachloroaurate ions, 1.0 mM amino acid, 70 �C, pH 2, 50 h. The scale bars in figure (a–c) are 100 lm.

Fig. 3. Lateral size distribution of 2D Au nanocrystals synthesized (a) with L-tryptophan at different concentrations, and (b) with 1.0 mM amino acids with different side
groups. Experimental parameters: 1.0 mM HAuCl4, 1.0 mM amino acid, 70 �C, pH 2, 50 h.
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ethanol. This suspension in ethanol was then casted on the sur-
faces of GCEs and air-dried for 8 h. The cyclic voltammetry (CV)
and differential pulse stripping voltammetry (DPSV) were obtained
in PBS buffer (0.2 M, pH 7.4 for CV and pH 6.0 for DPSV, and satu-
rated N2) with certain amount of H2O2, ascorbic acid (AA) and/or
dopamine (DA) at a scanning rate of 50 mV/s.
3. Results and discussion

In order to investigate the effect of side groups of amino acids
on morphologies of Au single crystals, five amino acids character-
istic of indole group (L-tryptophan), carboxylic group (L-glutamic
acid and L-aspartic acid), guanidino group (L-arginine) and amine



Fig. 4. (a) Time-resolved Uv–vis spectrophotometry of tetrachloroaurate ions reduced by 1.0 mM L-aspartic acid. (b) Variation of Uv–vis absorbance at 311 nm of
tetrachloroaurate ions in the presence of different amino acids. Experimental parameters: 1.0 mM tetrachloroaurate ions, 1.0 mM amino acid, 70 �C, pH 2.

Fig. 5. (a) Schematic representation of sequentially filtering chitin nanofibrils and
2D Au crystals. (b) SEM image of top Au surface of chitin-Au film. The bottom chitin
surface was given as the inset. (c) Humidity controlling electric switch constructed
with chitin-Au bilayer films. Unsymmetrically swelling in two layers with water in
humid air induces the film curl and LED on. (d) Patterning Au layer on chitin
nanofibril film.
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group (L-lysine) were examined (Fig. 1). In sharp contrast to spher-
ical Au nanocrystals synthesized in most of previous studies
[20,21], 2DAC with regular shapes (e.g. triangular, hexagonal and
truncated triangular) were synthesized at pH 2, 70 �C and
1.0 mM HAuCl4 (see Fig. 2), being independent of side groups of
amino acids (Fig. S1). Furthermore, there exists an optimized con-
centration of amino acids within 0.5–2.0 mM to minimize the for-
mation of Au spheres (see Fig. S1) and maximize the sizes of 2DAC
up to Au microflakes (Figs. 3a and S2). In view of the structural fea-
ture of {111} crystal facets on both the top and bottom surfaces in
most 2DAC, moderate reducing rates and strong capping effect
(i.e. chemisorption selectivity to {111} crystal facets) are experi-
mentally preferred to synthesize 2D Au crystals in a ‘‘kinetically
controlled” pathway [3]. In the present case of amino acids serving
as both the reducing agents and capping agents, lower concentra-
tions of amino acids would lower their capping effects, therefore
tending to adopt thermodynamically favored and nearly spherical
morphologies. Higher concentrations of amino acids, on the other
hand, would bring out not only a fast reducing rate but also a
low selectivity in {111} capping (due to chemisorption saturation
on all Au facets), thus hindering the formation and growth of 2D Au
crystals (Fig. S3). Appropriate concentrations of amino acids, how-
ever, would help 2D growth of 2DAC by reorganization or recon-
nection of Au nanocrystals (Fig. S4a and b).

Further cross-comparison demonstrates that these amino acids
have different optimal concentrations to direct 2D growth of Au
crystals (see Figs. S1 and S2), and different sizes of 2DAC were
obtained by altering amino acids under the same experimental
conditions (Fig. 3b). For example, Au microflakes with the lateral
dimension over 100 lm were produced with 2.0 mM

L-tryptophan, 1.0 mM L-glutamic acid and 1.0 mM L-arginine
(Fig. 2). In particular, an impressive lateral size up to 150 lm
was achieved by L-tryptophan, and 240 lm by L-arginine, one order
of magnitude larger than those in the literature [4] and comparable
with Au microflakes synthesized by protein assemblies [5]. The
thickness up to 2.4 lm in Figs. 2c and S4c, to the best of our knowl-
edge, is also the largest among 2D Au crystals ever synthesized [3].

The remarkable ability of L-tryptophan, L-glutamic acid and

L-arginine in directing 2D growth of large Au microflakes may orig-
inate in their appropriate combination of the reducing and capping
effects. The reaction rates of amino acids in reducing HAuCl4 were
revealed by the variation of a typical Uv–vis absorbance of tetra-
chloroaurate at 311 nm in Fig. 4, as L-tryptophan < L-glutamic acid
and L-aspartic acid < L-arginine < L-lysine. Except L-arginine, this
sequence is also in accord with the decreasing lateral size of 2D
Au crystals shown in Fig. 3b, e.g. a maximum dimension of
55 lm with L-lysine in sharp contrast to 165 lm with

L-tryptophan. It seems that the guanidino group of L-arginine offers
a strong chemisorption selectivity to {111} Au facets, therefore
enabling the formation of large Au microflakes.

2DAC spatially scaled within 102–105 nm were synthesized
simply by altering side groups of amino acids in a green
bio-mimetic approach, which were immediately invoked to con-
struct diverse functional Au materials or devices. For example, by



Fig. 6. (a) CV of the electrodes of bare GCE (curve I) and 2DAC-modified GCE (curve III) in the presence of 2 mMH2O2. 2DAC modified GCE without H2O2 was also measured as
the control (curve II). (b) DPSV of 2DAC-modified GCE in the presence of 1.0 mM AA and 0.05 mM DA. 2DAC was synthesized with 1 mM L-arginine.
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sequentially filtering the solutions containing chitin nanofibrils
extracted from marine crab shells [22] and 2DAC (Fig. S5), bilayer
films (thickness �20 lm) could be produced for multiple applica-
tions (see Fig. 5). 2DAC formed a continuous top layer (thickness
�4 lm) with a metallic conductivity of 1.0 � 102 S/cm. The bottom
layer of chitin nanofibrils served as a biomass-based substrate [23],
meeting the requirements of soft electronics substrates in biologi-
cal devices, e.g. flexibility, high mechanical property, biocompati-
bility and biodegradability [24]. Due to higher capability of the
chitin layer in absorption and penetration of water than the
2DAC layer, the film showed a reversible shape-memory effect
upon cyclic exposure to humidity, making them a promising candi-
date for humidity sensors and humidity-driving actuators. Accord-
ingly, a humidity-controlling electric switch was constructed to
light LED (Fig. 5c). Furthermore, 2DAC layers filtered on commer-
cial filtration membranes could be patterned to specific shapes
and transferred on other substrates (e.g. films of chitin nanofibrils,
Fig. 5d), potentially serving as electric circuits in diverse electronic
devices.

In analogue to Au crystals synthesized before [25], these 2DAC
also have high electrochemical catalytic activities and could be
used in biosensors. An electrochemical sensor to H2O2 was first
exampled not only due to its fast-detection, low cost, high sensitiv-
ity and good selectivity, but also due to its close association with
glucose detection for diabetes mellitus [25]. 2DAC synthesized by
1.0 mM L-arginine was particularly evaluated by immobilizing on
GCEs (i.e. 2DAC modified GCE), though showing no significant
difference with 2DAC produced by L-lysine (Fig. S6). As shown in
Fig. 6a, 2DAC modified GCE exhibited notable redox currents of
H2O2 (2.0 mM), in contrast to weak electrochemical response of
bare GCE. Besides H2O2, other molecules of importance for physio-
logical functions of organisms [26] could also be detected by this
2DAC modified GCE, e.g. AA and DA shown in Fig. 6b.
4. Conclusions

In this work, the effect of side groups of amino acids on mor-
phology control of Au crystals was systematically investigated for
the first time. Due to the different reducing and/or capping abilities,
side group species of amino acids determined not only thickness but
also the lateral size of Au crystals. For instance, L-tryptophan (indole
group), L-glutamic acid (carboxyethyl group) and L-arginine (guani-
dino group) were capable of directing 2D growth of Au crystals
to synthesize Au microflakes, while only Au nanosheets were
synthesized by L-aspartic acid (carboxymethyl group) and L-lysine
(amine group). Moreover, by precisely tuning the experimental con-
ditions, 2DAC with lateral size up to 240 lm could be synthesized
via L-arginine, much larger than those reported in literatures
[4,5,12,13]. When depositing on chitin nanofibrils, the 2DAC could
be used for conductive circuits and humidity-responsive actuators,
and their catalytic feature further enables them applicable in biosen-
sors. Further studies should focus on exploring the 2DAC with large
lateral size (i.e. accessible to the human eye resolution) in bridging
nanotechnology and macroscopic device fabrications.
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