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A B S T R A C T

In this work, AuePd core-shell nanoparticles (NPs) biosynthesized through Arabidopsis thaliana phytochelatin
synthase-modified Escherichia coli (Au-Pd/AtPCS1-E. coli) with catalytic enhanced chemiluminescence (CL) and
benzyl alcohol oxidation (BAO) was investigated. Such biosynthesis of AuePd core-shell NPs was obviously
enhanced due to insertion of the gene sequence of Arabidopsis thaliana phytochelatin synthase (AtPCS1) to a
plasmid vector (pET-28b) of Escherichia coli (E. coli). The obtained Arabidopsis thaliana phytochelatin synthase-
modified Escherichia coli (AtPCS1-E. coli) could generate phytochelatins (PCs, (γ-Glu-Cys)n-Gly, n > 1) for ef-
ficient capture and enrichment of Au3+. The component and morphology of AuePd core-shell NPs were checked
through X-ray diffraction (XRD), scanning electron microscope (SEM), transmission electron microscopy (TEM)
and energy dispersive spectrometer (EDS). Catalytic CL (in H2O2-luminol system) and BAO (in H2O2-benzyl
alcohol system) effect with different experimental conditions were examined, respectively. These results re-
vealed that multifunctional PCs could effectively facilitate biosynthetic process of AuePd core-shell NPs with
better distribution, higher yield and lower cost while stronger CL intensity and higher conversion could be
obtained for further quantitative analysis and application.

1. Introduction

The superior chemical activity of bimetallic nanoparticles to their
monometallic counterparts have attracted enormous attentions for many
years [1] where the improvement of their properties and characteristics
have revealed great advantages and potentials in both theoretical and
experimental areas [2]. Among these multifunctional bimetallic struc-
tures, AuePd core-shell nanoparticles (NPs) have obtained many in-
vestigations towards their synthesis and application [3] due to their fas-
cinating features in which the synergistic [4] and tunable [5] effect
between these two transition metal NPs have exhibited highly efficient
catalytic performance [6]. In addition, such core-shell structure [7] also
facilitates decreasing the loading amount of the high cost shell metal (Pd)
[8]. It is reported that the AuePd core-shell NPs have been applied to
catalytic oxidation of CO [9], alcohol [10], benzyl alcohol [11] and
phenol [12], etc. Recent researches on AuePd core-shell NPs mainly
concentrate on enhanced synthesis and further development. Compara-
tively, traditional synthetic techniques of AuePd core-shell NPs mainly

concentrate on seed growth-based, template-based, one pot-based, co-
reduction-based and potential deposition-based strategies [13], which
have realized effective fabrication of AuePd core-shell NPs with various
morphologies and sizes. However, traditional chemical synthesis always
occurs with high temperature and pressure, which on the one hand in-
creases the cost of facility and production process; on the other hand
releases excessive toxic waste water and gas to the eco-environment.
Therefore, synthesis of AuePd core-shell NPs with simplicity, efficiency
and environmental friendship remains as a great challenge to be solved.

For providing an effective alternative, serving as a newly-emerging
and green synthetic method, generation of nanomaterials through
bacteria [14] has been widely investigated and developed [15] where
studies on their particular reactivities have shown excellent probability
for deeper improvement and further application [16]. Comparing with
traditional chemical route, this bacteria-based biosynthetic system has
definitely created a novel research area of producing nanomaterials
through biochemical methods [17]. It is proven that the structure and
reactivity of bacteria could be remained after generation process, which
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contributes to recycle of bacteria and chemical source for later research
[18]. Moreover, such biosynthetic strategy also realized fabrication of
nanomaterials (single metal, alloy or composite) with all kinds of
multifunctional bacteria [19]. There is no doubt that this biosynthetic
technology not only provided an environmental-friendly method for
fabrication of nanomaterials [20], but also filled the gap between
bioactivity and nanotechnology through biosynthetic strategy [21].
Thus it is expected as an ideal technique of producing nanomaterials
under mild and green conditions, which also indicated further technical
improvement and condition optimization for subsequent practical ap-
plication and industrial production [22].

Studies based on above biosynthetic method have shown that
Shewanella oneidensis [23], Pichia pastoris [24], Desulfovibrio desulfuricans
[25], Cupriavidus necator [26] and Escherichia coli (E. coli) [27] could ef-
fectively generate AuePd core-shell NPs. However, relatively lower pro-
duction efficiency due to poor utilization of metal ions has limited its
wide application. Therefore, enhanced biosynthesis for higher efficiency
and yield is urgently necessary for fabrication of AuePd core-shell NPs.

Here in, improved biosynthesis of AuePd core-shell NPs through E.
coli with the assistance of phytochelatins (PCs) for catalytic enhanced
chemiluminescence (CL) and benzyl alcohol oxidation (BAO) is in-
vestigated. As far as we know, this is the first report of catalytic en-
hanced CL and BAO by biosynthesized AuePd core-shell NPs. It is
worth noting that acting as a classical peptide produced by higher
plants for detoxification, PCs could efficiently capture, fix and sequester
heavy metal ions [28], which offered an excellent strategy for selection,
enrichment and application of heavy metal ions [29]. However, existing
techniques for production of pure PCs suffered from high cost and low
yield. In order to solve this problem, this work will innovatively insert
the gene sequence of Arabidopsis thaliana phytochelatin synthase
(AtPCS1) to a plasmid vector (pET-28b) [30] to modify the property of
E. coli [31] so that AtPCS1 will be expressed and released within the cell
[32]. The obtained AtPCS1 could facilitate transformation of glu-
tathione to produce PCs and subsequent enrichment [33] of Au3+ [34]
so as to promote the generation process of AuePd core-shell NPs [35].
It is believed that the AuePd core-shell nanoparticles biosynthesized
through Arabidopsis thaliana phytochelatin synthase-modified Escher-
ichia coli (Au-Pd/AtPCS1-E. coli) could provide traditional chemo-
synthesis and catalytic application a unique alternative, which also
exhibits great possibility for further technological improvement and
practical application. Relevant abbreviations are listed in Table 1.

2. Experimental

2.1. Chemicals, materials and pretreatment

E. coli (Rosetta (DE3) pLysS) strain is bought from Novagen,
Madison, WI. The gene sequence of AtPCS1 (RAFL04–14-H04) from

Arabidopsis thaliana is obtained from Riken BioResource Research
Center, Saitama, Japan. pET-28b vector is purchased from Novagen,
Madison, WI. HAuCl4·3H2O, K2PdCl4, HCOONH4, benzyl alcohol, ben-
zaldehyde, 30% H2O2, hexadecyl trimethyl ammonium bromide
(CTAB) and Isopropyl-β-D-1-thiogalactopyranoside (IPTG) are obtained
from Wako Pure Chemical industries, Japan. NaCl, Tris-HCl, glycerol
and Tween20 are bought from Kokusan Chemical Co. Ltd., Japan.
Tryptone and yeast are purchased from BD Biosciences Advanced
Bioprocessing, Miami, USA. The filter is obtained from Toyo Roshi
Kaisha, Ltd., Japan. Double deionized water is used throughout the
experiment. All chemical reagents used in this experiment are analy-
tical grade and used without further purification. In addition, the
transfer of gene sequence of AtPCS1 [36], preparation of Arabidopsis
thaliana phytochelatin synthase-modified Escherichia coli (AtPCS1-E.
coli), analysis of AtPCS1 expression and detection of glutathione and
PCs are described in detail in our previous work [37]. In addition, re-
levant abbreviations are listed in Table 1.

2.2. Synthesis of au-Pd/AtPCS1-E. coli

10 μL cryopreserved AtPCS1-E. coli is transferred to 5mL Luria-
Bertani (LB) culture media (1% tryptone, 0.5% yeast and 1% NaCl) for
amplification at 37 °C for 12 h, then 200 μL such suspension is added to
40mL LB culture media for incubation at 37 °C for 2 h. The optical
density value at 600 nm (OD600) of above suspension is adjusted to 0.6
and next 400 μL, 10mM IPTG is added. After incubation at 37 °C for 4 h,
the suspension of AtPCS1-E. coli is washed by centrifugation (3000 rpm,
4 °C, 3min) three times with double deionized water to eliminate LB
culture media and finally the AtPCS1-E. coli cells are suspended in
40mL double deionized water. Subsequently, 300 μL, 0.375mM
HAuCl4 is added and further cultured at 37 °C for 48 h. After that,
300 μL, 0.375mM K2PdCl4 and 800 μL, 0.5M HCOONH4 are added with
incubation at 37 °C for 48 h. After that, the suspension is washed three
times and finally suspended in sterilized water. For comparison, we also
prepared control samples of AuePd core-shell NPs produced by wild
type E. coli (Au-Pd/wtE. coli). The control samples were fabricated in
the same method as previous production process through AtPCS1-E.
coli.

2.3. Characterizations

XRD patterns of the obtained AuePd core-shell NPs are gained by
Rigaku RINT 2000 diffractometer with monochromator-filtered Cu Ka
radiation (λ=1.5418 Å) at 40mV and 40mA. Ultraviolet-visible
(UV–vis) absorption are checked on UV–vis spectrophotometer (Jasco,
V-550, Japan) from 400 to 700 nm. SEM (S-4800, Hitachi, Japan with a
cold field-emission gun at 15 kV) is used to observe the morphologies of
the samples. The internal structure and component of AuePd core-shell
NPs are characterized by TEM (JEM-2010, JEOL, Japan) with operation
at 200 kV and EDS (EX-24025JGT, JEOL, Japan), respectively. Size
distribution and average diameter of samples are calculated within 58
AuePd core-shell NPs. The concentration of Au3+ and Pd2+ are de-
termined on inductively coupled plasma atomic emission spectrometer
(ICP-AES, SPS-3500, SII Nano Technology, Japan).

2.4. CL test

The obtained Au-Pd/AtPCS1-E. coli or Au-Pd/wtE. coli is re-
suspended in 40mL extraction buffers (25mM Tris-HCl (pH=8),
400mM NaCl, 10% glycerol, 0.1% Tween20) in ice bath for ultra-
sonication treatment to break the structure of cell and release the
AuePd core-shell NPs inside. The precipitation of such mixture is
eliminated by centrifugation. Finally, the supernatant is treated with
0.45 μm filter. The CL is detected by using a luminescence analyzer
(ImageQuant Las 4000, General Electric Company, USA) and test time
is 2min. In a typical experiment, 50 μL, 10−4M luminol, 50 μL, 0.1M

Table 1
Table of abbreviations.

CL chemiluminescence
BAO benzyl alcohol oxidation
NPs nanoparticles
At Arabidopsis thaliana
AtPCS1 Arabidopsis thaliana phytochelatin synthase
PCs phytochelatins
pET-28b a plasmid vector of Escherichia coli
E. coli Escherichia coli
AtPCS1-E. coli Arabidopsis thaliana phytochelatin synthase-modified

Escherichia coli
Au-Pd/AtPCS1-E.

coli
Au-Pd core-shell nanoparticles biosynthesized through
Arabidopsis thaliana phytochelatin synthase-modified
Escherichia coli

wtE. coli wild type Escherichia coli
Au-Pd/wtE. coli Au-Pd core-shell nanoparticles produced by wild type

Escherichia coli
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H2O2 and 50 μL suspension of AuePd core-shell NPs are mixed in a 96-
well plate with mild shaking. The image and relevant CL intensity of
each well is recorded. Each experiment is repeated three times.

2.5. BAO test

A 5mL glass bottle containing benzyl alcohol (0.2mL, 0.25M), 30%
H2O2 (2.451mL), CTAB (36.44mg) and suspension of AuePd core-shell
NPs (1mL) is sealed and kept in a constant temperature (40 °C) water
bath with vigorous stirring for 12 h. Then 365 μL above mixture is di-
luted to 10mL with acetonitrile for gas chromatography and mass
spectrometry (GCMS, Shimadzu-QP2010 SE, Japan) test. The GCMS is
equipped with DB-5 capillary column (Agilent, USA). The temperature
of column oven, injector port, ion source and interface is 80 °C, 250 °C,
200 °C and 250 °C, respectively. The program of the oven is set as: firstly
held at 80 °C for 2min, then increased to 300 °C at the rate of 30 °C/min
and kept for 5min. Selective ion monitoring is applied to detect benzyl
alcohol (m/z: 79), benzaldehyde (m/z: 77) and benzoic acid (m/z: 105).

Conversion of benzyl alcohol (Calcohol) and selectivity towards
benzaldehyde (Saldehyde) were calculated as follows:

= ×C [(C C )/C ] 100%alcohol 0 alcohol 0

= ×S [C /(C C )] 100%aldehyde aldehyde 0 alcohol

In these equations, C0 represents the initial concentration of benzyl
alcohol, Calcohol and Caldehyde mean the concentration of the benzyl al-
cohol and benzaldehyde, respectively. Each experiment is repeated
three times.

3. Results and discussions

3.1. Biosynthetic process of Au-Pd/AtPCS1-E. coli

As is shown in Fig. 1, the biosynthetic process of Au-Pd/AtPCS1-E.
coli could be divided into eight parts: preculture, amplification, ad-
justment of OD value, rinse, addition of Au3+, incubation, addition of
Pd2+ and incubation. During such biosynthetic process, the AtPCS1-E.
coli cells are cultured to a certain concentration with optimal activity.
Adjustment of OD value have ensured precursors with similar state.
IPTG is added to induce expression of AtPCS1 and generation of PCs.

Through such biosynthetic strategy, the AuePd core-shell NPs are ob-
tained for later characterization and application. Definitely, AtPCS1-E.
coli could remain active after previous amplification and express
AtPCS1 after addition of IPTG during the generation process. The
AtPCS1 will be activated by addition of Au3+ and further catalyze
production of PCs to collect and enrich Au3+ [38]. Meanwhile, E. coli
itself is responsible for transforming Au3+ to Au NPs. Subsequently,
precipitation of Pd2+ by HCOONH4 occurs on Au NPs (core) and the
obtained Pd NPs (shell) cover the surface of Au NPs so that such AuePd
core-shell structure could be fabricated within AtPCS1-E. coli [39].
Based on above synthetic process, comparing with traditional chemo-
synthesis, the biosynthesis technique exceeds in economical reactant (E.
coli cells, LB culture media and chemicals), quick generation process
(incubating E. coli cells and adding Au3+ and Pd2+), simple instruments
(sample tube), which has established a time-saving and environmental-
friendly biosynthetic strategy [40]. Although it seems that such bio-
synthetic process is not very simple (eight parts) comparing with tra-
ditional chemosynthesis, it is worthwhile to point out that green pro-
cess together with fewer wastes have definitely shown superior
advantages of this novel biosynthetic strategy where great potential is
proven to be accessible comparing with existed chemosynthesis.

3.2. XRD patterns of Au-Pd/AtPCS1-E. coli

XRD patterns of the obtained Au-Pd/AtPCS1-E. coli is shown in
Fig. 2a. The main diffraction peaks at 38.26°, 44.60°, 64.68° and 77.55°
can be indexed to the (111), (200), (220) and (311) diffractions of Au
(JCPDS No. 65–2870). Another four peaks centered at 40.12°, 46.66°,
68.13° and 82.11° correspond to the (111), (200), (220) and (311)
diffractions of Pd (JCPDS No. 46–1043) [41], which also indicates ef-
fective reduction of Au3+ and Pd2+ to Au and Pd during the biosyn-
thetic process. The relevant broad peaks indicate the small particle size
of Au and Pd NPs. Similarly, XRD patterns of Au-Pd/wtE. coli (Fig. 2b)
also displayed characteristic and broad peaks of Au and Pd NPs.

3.3. Morphology and component characterization of biosynthesized Au-Pd/
AtPCS1-E. coli

The morphologies of Au-Pd/AtPCS1-E. coli are observed by SEM

Fig. 1. Biosynthetic process of Au-Pd/AtPCS1-E. coli.
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(Fig. 3a and b) that plenty of AuePd spherical NPs exist together with
AtPCS1-E. coli with fairly well dispersion while there is no AuePd core-
shell NPs outside of the cell body. TEM images (Fig. 3c and d) not only

display these NPs distribute without agglomeration, but also further
prove that these NPs locate at the inner surface of the cell. These
morphologies are also observed in Au-Pd/wtE. coli sample (Fig. S1a–d).

Fig. 2. XRD patterns of (a) Au-Pd/AtPCS1-E. coli and (b) Au-Pd/wtE. coli.

Fig. 3. Morphology and component characterization of Au-Pd/AtPCS1-E. coli. (a) SEM observation; (b) Magnified SEM micrographs; (c) TEM observation; (d)
Magnified TEM micrographs; (e) EDS analysis; (f) size distribution and average diameter analysis.
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Interestingly, Au and Pd elements could not be detected (Fig. S2b) in
the intracellular spaces without NPs (Fig. S2a, white circle), which
means that the internal metal ions have been reduced to NPs. It could
be deduced that in this biosynthetic system, E. coli cells for one thing
fabricate AuePd core-shell NPs by themselves, for another thing offer
sufficient intracellular space so as to prevent unnecessary accumulation
of AuePd core-shell NPs and better dispersion of them could be ac-
quired [42]. Moreover, EDS analysis (Figs. 3e and S1e) of above system
also demonstrates the coexistence of Au and Pd elements. It is notable
that the average diameters of Au-Pd/AtPCS1-E. coli is 32.3 nm (Fig. 3f)
while Au-Pd/wtE. coli is 16.7 nm (Fig. S1f). This longer diameter is
ascribed to existence of PCs within AtPCS1-E. coli cells, these PCs have
offered a great many active sites for collection and enrichment of Au3+

so that more AuePd core-shell NPs could be produced. Similarly, higher
concentrations of Au3+ and Pd2+ are also detected in Au-Pd/AtPCS1-E.
coli (1.36×10−4M and 2.9×10−4M) than Au-Pd/wtE. coli
(7× 10−5M and 2.56×10−4M) sample through ICP-AES test.

3.4. UV–vis absorption spectra of biosynthesized Au-Pd/AtPCS1-E. coli

The UV–vis absorption spectra of biosynthesized Au-Pd/AtPCS1-E.
coli with different concentration of Au3+ added are shown in Fig. 4a. It
is found that the absorbance intensities raise as the concentration of
Au3+ increase from 0.125 to 0.5mM both in the ultraviolet (250 to
400 nm) and visible-light region (> 400 nm), which means that higher
concentration of Au3+ contributes to increased UV–vis absorbance due
to higher yield of AuePd core-shell NPs within AtPCS1-E. coli (Fig. S4)
[43]. In addition, UV–vis absorption spectra of PdeAu core-shell NPs
with the concentration of Au3+ ranging from 0.125 to 0.5 mM (Fig. 4b)
indicate that 0.375mM facilitates highest absorbance. However, the
characteristic peak at 550 nm, representative peak of Au NPs, could
only be found in PdeAu core-shell NPs sample because Au NPs exist at
the surface of the structure. It is deduced that in AuePd core-shell NPs
sample, the Au NPs are covered by Pd NPs so that the peak located at
550 nm could not be detected. The above comparisons have further
demonstrated the core-shell structure of biosynthesized AuePd NPs.

3.5. CL spectra of H2O2-luminol system with biosynthesized Au-Pd/
AtPCS1-E. coli under different experiment conditions

3.5.1. Condition optimization of H2O2-luminol system
The CL spectra of H2O2-luminol system as the blank with different

experiment conditions are detected and optimized (Fig. S3). It is found
that higher concentration of luminol (10−4M) facilitates higher CL
intensity (Fig. S3a) and darker CL image (Fig. S3a, inset) where more
luminol could be oxidized and excited. In addition, stronger emission is
acquired with addition of Au-Pd/AtPCS1-E. coli or Au-Pd/wtE. coli than
blank sample where disintegration of H2O2, evolution of highly reactive

·OH, oxidation of luminol and generation of emissive intermediate
could be greatly enhanced through catalysis of AuePd core-shell NPs.
However, Au-Pd/AtPCS1-E. coli has realized higher CL intensity than
Au-Pd/wtE. coli owing to higher production of AuePd core-shell NPs.
The PCs synthesized by AtPCS1-E. coli could efficiently capture and
enrich more Au3+ within the cell body so that higher yield of AuePd
core-shell NPs is feasible. Meanwhile, better emissive effect could be
obtained with suitable concentration of H2O2 (0.5M) where insufficient
H2O2 results in fewer excited intermediate while excessive H2O2 leads
to decomposition of illuminant (Fig. S3b). Similarly, Au-Pd/AtPCS1-E.
coli not only does help to stronger emission than blank, but also con-
tributes to higher CL intensity and deeper CL image (Fig. S3b, inset)
than Au-Pd/wtE. coli with PCs for efficient collection of Au3+.

3.5.2. Different concentrations or interaction time of IPTG
Serving as an indispensable chemical for inducing expression of PCS

and production of PCs, IPTG with different concentrations or interac-
tion time on CL effect are detected. As is exhibited in Fig. 5a, when the
concentrations of IPTG increases from 2.5 to 10mM, higher CL intensity
of H2O2-luminol-Au-Pd/AtPCS1-E. coli system could be attained, which
means that 10mM IPTG is sufficient for expression of PCS by AtPCS1-E.
coli. Furthermore, the luminous intensity of all these samples have ex-
ceeded the sample without addition of IPTG. It is certain that more
IPTG contributes to more PCS expression, production of PCs and fab-
rication of AuePd core-shell NPs. Comparatively, these samples with
Au-Pd/AtPCS1-E. coli have shown superior CL performance and darker
CL image (Fig. 5a, inset) than with Au-Pd/wtE. coli under same ex-
perimental conditions. On account of multifunctional PCs, more Au3+

could be captured and utilized so that more Au NPs could be generated
with deeper purple suspension (Fig. S4a) and stronger UV–vis absor-
bance at 550 nm (Fig. S5a and b) [44]. The stable CL intensities with
Au-Pd/wtE. coli in different concentrations of IPTG also indicate the
gene sequence of AtPCS1 do not exist in wild type Escherichia coli (wtE.
coli). In addition, the CL effect of H2O2-luminol-Au-Pd/AtPCS1-E. coli
system with different interaction time with IPTG revealed increased
intensity from 2 to 6 h treatment and remain stable from 6 to 12 h re-
action (Fig. 5b), which illustrates that 6 h is suitable for evolution of
more PCS, PCs, AuePd core-shell NPs and intense purple suspension
(Fig. S4b) and more obvious UV–vis absorbance at 550 nm (Fig. S5c and
d). It is worth noting that lower CL intensity and lighter CL image
(Fig. 5b, inset) with Au-Pd/wtE. coli than Au-Pd/AtPCS1-E. coli are also
observed and slight increase of CL effect from 2 to 12 h is attributed to
slow proliferation of wtE. coli together with mild biosynthesis of AuePd
core-shell NPs.

3.5.3. Different concentration of Au3+ and E. coli cells
The CL performance of H2O2-luminol-Au-Pd/AtPCS1-E. coli system

with different concentration of added Au3+ is also checked (Fig. 5c) in

Fig. 4. UV–vis absorption spectra of biosynthesized Au-Pd/AtPCS1-E. coli (a) and Pd-Au/AtPCS1-E. coli (b) with different concentration of Au3+. Inset are core-shell
structures of AuePd and PdeAu NPs, respectively.
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which better CL performance is obtained from 0.125 to 0.375mM Au3+

with higher yield of Au NPs (Fig. S6) while excessive Au3+ leads to
decreased CL because of fewer Au NPs together with lower cell viability
where exposure to excessive amount of Au3+ (0.5mM) results in

irreversible cytotoxicity [45]. Similar to previous samples, the CL
system with Au-Pd/AtPCS1-E. coli have exhibited preferable glowing
effect and darker CL image (Fig. 5c, inset) than with Au-Pd/wtE. coli in
the same conditions due to poor interaction between Au3+ and E. coli

Fig. 5. CL spectra of H2O2-luminol system with Au-Pd/AtPCS1-E. coli or Au-Pd/wtE. coli under different experiment conditions. Different concentration of (a)
concentration and (b) interaction time of IPTG; different concentration of (c) Au3+ and (d) E. coli cells; (e) different pH; different (f) concentration and (g) mole ratio
of AuePd core-shell NPs; (h) different temperature. Concentration of luminol: 10−4M, concentration of H2O2: 0.5M. P: with Au-Pd/AtPCS1-E. coli, E: with Au-Pd/
wtE. coli.
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cell without the assistance of PCs. Expression of PCS is conducive to
efficient absorption and enrichment of Au3+ in AtPCS1-E. coli thus
higher production of AuePd core-shell NPs accompanied with deeper
purple suspension (Fig. S4c) and stronger UV–vis absorbance at 550 nm
(Fig. S5e and f) are available. Meanwhile, E. coli cells not only act as
reagent and reactor, but also achieve green biosynthetic process. In
Fig. 5d, higher concentration of AtPCS1-E. coli (from 0.08 to 0.65 g/L)
brings about enhanced CL effect of H2O2-luminol-Au-Pd/AtPCS1-E. coli
system, which means that more AtPCS1-E. coli contributes to generation
of more PCs and AuePd core-shell NPs. However, redundant cells (from
0.65 to 3.25 g/L) give rise to reduced CL intensity, which is attributed
to decrease of cellular activity with limited culture media [46]. Simi-
larly, stronger CL emission and deeper CL image (Fig. 5d, inset) with
Au-Pd/AtPCS1-E. coli are observed than with Au-Pd/wtE. coli. Owing to
existence of PCs, darker purple suspension (Fig. S4d) and more evident
UV–vis absorbance at 550 nm (Fig. S5g and h) could be gained.

3.5.4. Different pH
It is widely accepted that cellular activity has close relationship with

pH value where excessively high or low pH will lead to decreased
viability of E. coli cells [47]. As is displayed in Fig. 5e, CL performance
varies among AuePd core-shell NPs fabricated with different pH in
H2O2-luminol-Au-Pd/AtPCS1-E. coli system where pH level of 7 does
help to stronger lighting effect. Moreover, too high or low pH would
inevitably inhibit biosynthesis of Au-Pd/AtPCS1-E. coli so that weaker
CL could be detected. Notably, because of the presence of PCs, H2O2-
luminol-Au-Pd/AtPCS1-E. coli system has exhibited more obvious
emission and darker CL image (Fig. 5e, inset) than with Au-Pd/wtE. coli
in the pH value ranging from 3 to 8 while deeper purple suspension
(Fig. S4e) and stronger UV–vis absorbance at 550 nm (Fig. S5i and j)
could also be observed.

3.5.5. Different concentration and mole ratio of Au-Pd/AtPCS1-E. coli
The CL spectra of H2O2-luminol-Au-Pd/AtPCS1-E. coli system with

different concentration of AuePd core-shell NPs suspension are
checked. Satisfactory CL performance could be gained with 0.75M
AuePd core-shell NPs where less catalysts give rise to poor interaction
and enhancement while more catalysts prevent effective contact and
reaction between H2O2 and luminol (Fig. 5f). Likewise, Au-Pd/AtPCS1-
E. coli facilitates better CL effect and darker CL image (Fig. 5f, inset)
than Au-Pd/wtE. coli and blank due to existence of intracellular PCs. In
addition, investigation of CL effect of H2O2-luminol-Au-Pd/AtPCS1-E.
coli system with various mole ratios reveal that higher CL intensity
could be obtained when mole ratio of Au:Pd increases from 1:0 to 1:0.5
while it decreases from 1:0.5 to 1:3 (Fig. 5g). Definitely, appropriate
mole ratio of Au:Pd (1:0.5) facilitates efficient electron transfer so that
reaction between H2O2 and luminol and evolution of excited inter-
mediate would be greatly improved [48]. Meanwhile, participation of
PCs could result in larger amount of biosynthesized AuePd core-shell
NPs thus the emissive intensity and CL image (Fig. 5g, inset) of samples
with Au-Pd/AtPCS1-E. coli have surpassed those with Au-Pd/wtE. coli.

3.5.6. Different temperature for fabrication of Au-Pd/AtPCS1-E. coli
A variety of temperature for generation of Au-Pd/AtPCS1-E. coli is

studied and shown in Fig. 5h. As the temperature increases from 25 to
37 °C, improved CL performance of H2O2-luminol-Au-Pd/AtPCS1-E. coli
system is acquired at 37 °C. It is believed that 37 °C contributes to
higher cell viability and later biosynthesis [49]. Interestingly, this
temperature is identical to the one with previous preculture and am-
plification step so that the E. coli cells with active state could be ob-
tained. Relatively speaking, the emission and CL image (Fig. 5h, inset)
of H2O2-luminol-Au-Pd/AtPCS1-E. coli have exceeded the system with
Au-Pd/wtE. coli where evolution of PCs has enabled AtPCS1-E. coli to
collect and utilize more Au3+ under specific temperature with deeper
purple suspension (Fig. S4f) and stronger UV–vis absorbance at 550 nm
(Fig. S5k and l) could be detected.

3.6. BAO test of H2O2-benzyl alcohol system with biosynthesized Au-Pd/
AtPCS1-E. coli under different experiment conditions

Serving as a significant industrial raw material and intermediate
with research and productive significance, benzaldehyde has been
widely used in fabrication of perfume, herbicides, drug and dye due to
its excellent chemical activity [50]. Generally, synthesis of benzalde-
hyde always occurs through oxidation of benzyl alcohol under con-
trolled conditions where productions with preferable conversion of
benzyl alcohol together with selectivity towards benzaldehyde have
remained a big challenge for both research and industry [51]. Hence, a
catalyst with high reactivity and easy preparation is urgently needed for
catalyzing oxidation of benzyl alcohol and generation of benzaldehyde
[52].

The GCMS total ions chromatograph (Fig. 6a) of H2O2-benzyl al-
cohol-Au-Pd/AtPCS1-E. coli system reveals that characteristic peaks of
benzaldehyde (3.1min) and benzyl alcohol (3.65min) could be ob-
served, which indicates that added Au-Pd/AtPCS1-E. coli could facil-
itate production of benzaldehyde [11]. In addition, through calculation
with standard curve method (Fig. S7), the conversion of H2O2-benzyl
alcohol-catalyst system exhibits that higher concentration of Au3+

(0.375mM) contributes to higher conversion (71.7%) of benzyl alcohol
(Fig. 6b) where more Au NPs could be prepared for subsequent catalysis
[53]. Comparatively, higher conversion of H2O2-benzyl alcohol system
with Au-Pd/AtPCS1-E. coli has been detected than with Au-Pd/wtE. coli
with the concentration of Au3+ ranging from 0.125 to 0.5 mM, which is
attributed to evolution of PCs so that more biosynthesized AuePd core-
shell NPs could effectively promote catalytic oxidation of benzyl al-
cohol [54]. Meanwhile, similar selectivity of these two samples displays
that these bimetallic structures could be considered as effective pro-
moters for generation of benzaldehyde [55].

In order to enable a direct proof of remarkable activity of this bio-
synthesized nanocatalysts, conversion and selectivity of as-prepared
Au-Pd/AtPCS1-E. coli with optimum experimental condition (6 h in-
teraction with 10mM IPTG, addition of 0.375mM Au3+ and 0.65 g/L
AtPCS1-E. coli, pH=7, 0.75M AuePd core-shell NPs, mole ratio of
Au:Pd is 1:0.5, incubation at 37 °C for 48 h) is compared with bio-
synthesized single metal and bimetal nanocatalysts fabricated in the
same condition. As is shown in Fig. 6c, single metal (Au or Pd) could
also displays higher catalytic activity than blank sample while rela-
tively lower conversion and selectivity is observed when compared with
bimetal (AuePd) nanocatalysts [56]. Acting as the key factors for op-
erative catalytic process, decomposition of H2O2 and generation of
highly oxidative ·OH have great influence on consumption of benzyl
alcohol [57]. The synergistic effect [58] between Au and Pd NPs have
realized efficient charge transfer for these two steps so that production
of benzaldehyde would be enhanced [59] while similar selectivity is
also detected [60]. Furthermore, it is also found that all the Au, Pd and
AuePd NPs synthesized by AtPCS1-E. coli have exhibited higher con-
version than by wtE. coli. Although Au-Pd/wtE. coli has also shown
catalytic activity to a certain degree [27], poor affinity towards Au3+

results in decreased yield of AuePd core-shell NPs together with lower
conversion. On the contrary, expression of PCs within AtPCS1-E. coli
does help to fabrication of more nanocatalysts and improvement of
catalytic reaction.

4. Conclusion

In this article, improved biosynthesis of Au-Pd/AtPCS1-E. coli for
catalytic enhanced CL and BAO is reported. Through insertion of the
gene sequence of AtPCS1 into the pET-28b vector of E. coli, character-
istic expression of AtPCS1 and synthesis of PCs could be realized within
AtPCS1-E. coli, which has achieved enrichment of Au3+, higher yield of
AuePd core-shell NPs accompanied with enhanced CL emission of
H2O2-luminol system and catalytic activity of H2O2-benzyl alcohol
system comparing with Au-Pd/wtE. coli. During the biosynthetic
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process, AtPCS1-E. coli on the one hand generates AuePd core-shell NPs
by itself, on the other hand provides plentiful active sites of PCs for well
dispersion of obtained NPs. Besides, the CL effect of H2O2-luminol
system with Au-Pd/wtE. coli under different experimental conditions
has displayed stronger CL intensity. In addition, BAO test with Au-Pd/
wtE. coli under different experimental conditions also exhibited en-
hanced catalytic activity. It is deduced that the multifunctional PCs
contribute to improved biosynthesis of AuePd core-shell NPs with
better distribution, higher yield and lower cost, which has provided an
eminent alternative to traditional chemosynthesis and catalytic appli-
cation thus further technological improvement and practical applica-
tion are foreseeable.
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