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In-site encapsulating gold “nanowires” into
hemin-coupled protein scaffolds through
biomimetic assembly towards the nanocomposites
with strong catalysis, electrocatalysis, and
fluorescence properties†
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Hua Wang *

An efficient and green biomimetic assembly protocol was developed for the fabrication of multifunctional

nanocomposites by mimicking the configuration of natural protein enzymes. Bovine serum albumin (BSA)

as the protein model was first split to produce the disassembled BSA (dBSA) of linear polymer and then

coupled with catalytic Hemin (Hem). The yielded dBSA-Hem scaffolds were utilized to in-site encapsulate

gold nanoclusters (AuNCs) through biominerization, yielding the dBSA-Hem-AuNCs. It was discovered

that the nanocomposites could display the well-defined composition and spheric morphology. In particu-

lar, they could exhibit unexpectedly strong catalysis, electrocatalysis, and fluorescence properties, in

which the biominerized AuNCs would act as fluorescence sources and “nanowires” for promoting the

electron-transfer of the catalytic nanocomposites. Colorimetric investigations show that the developed

enzyme mimics could present peroxidase-like catalysis activities comparable to natural horseradish per-

oxidase. In addition, they could facilitate the direct electrocatalysis for H2O2 at concentrations as low as

0.40 µM. Moreover, strong red fluorescence of AuNCs in nanocomposites could be expected for the

fluorimetric analysis of H2O2 with linear concentrations ranging from 50 nM to 100 μM. Such a bio-

mimetic assembly route may open a new door toward the preparation of diverse nanocomposites with

multifunctional catalysis and fluorescence, thus promising extensive applications of catalysis and detec-

tion in the chemical, environmental, and biomedical fields.

Introduction

Natural enzymes, particularly protein enzymes, with high cata-
lysis efficiency and specificities have been widely applied in
different catalysis fields. However, they may suffer from some
disadvantages such as cost-ineffectiveness, storage difficulty,
easy denaturation, and environment-affected catalysis activi-
ties.1 Aiming to overcome these drawbacks of natural enzymes,
huge efforts have alternatively contributed to the development
of artificial enzyme mimics,2 such as heme,3,4 hemeatin,5

cyclodextrin,6 and porphyrin.7,8 Herein, heme, which generally

converts to hemin (Hem) in vitro, is well established to be the
redox active site for heme-containing proteins like hemoglobin
and horseradish peroxidase (HRP).9–11 However, the direct
applications of cheap heme or Hem as a catalyst can be chal-
lenged by some limitations such as sparing solubility in water,
destructibility in oxidizing media, and aqueous molecular
aggregation forming catalytically inactive dimers.12 In
addition, the catalysis environments of Hem are very different
from those of most peroxidases like HRP. For example, the
optimum catalysis reaction of Hem occurs in hash alkaline
solution (about pH 11),13 much higher than that of HRP (pH
5.8), of which the applications in the neutral biological
systems can be greatly limited.

The past few decades have witnessed the rapid development
of nanomaterials and nanocomposites,14,15 particularly those
exhibiting peroxidase-like catalysis activities, such as Fe3O4

nanoparticles,14 cerium oxide nanoparticles,16,17 silver nano-
particles,18 graphene oxide nanosheets,19 Fe3O4 nano-
composites,20 Pt nanocomposites,21 and carbon nanotubes.22
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However, numerous disadvantages should be addressed before
they could be applied on a large scale, such as low catalytic
efficiency, biological toxicity, limited selectivity, and unclear
mechanism.2,23,24 Moreover, the catalysis performance of
metal nanomaterials, such as gold nanomaterials, could sub-
stantially depend on their sizes, known as the “size
effect”.25–28 As a result, gold nanoclusters (AuNCs) with small
sizes (less than 5.0 nm) have been widely prepared and
applied.29–31 Notably, they could present the additional advan-
tages of high stability and biocompatibility for biomedical
applications.32–34 Although AuNCs as enzyme mimics have still
been limited by their low catalysis activity for direct appli-
cations, their catalysis activity could be improved with some
enzyme-like modulation materials such as graphene oxide.35

Moreover, the protein-templated preparation strategy has
recently emerged for the synthesis of functional nanomaterials
under mild conditions.36,37 For example, bovine serum
albumin (BSA) was utilized as the protein scaffold to template
the synthesis of AuNCs by way of biominerization;38,39

however, this method entailed very high protein dosages.
Inspired by the structure and configuration of natural

protein enzymes, in the present study, intact BSA was alterna-
tively split by reduction to yield the linear polymer of dis-
assembled BSA (dBSA) to be coupled with Hem extracted from
the catalysis-active centers of heme-containing proteins like
hemoglobin. The obtained dBSA-Hem scaffolds, which could
serve as stabilizer and reduction agents40 with the exposed 35
cysteine residues,41 were utilized for the in-site encapsulation
of AuNCs by biominerization, followed by the reassembly of
the protein scaffolds of dBSA. To our surprise, the resulting
dBSA-Hem-AuNCs nanocomposites exhibited multifunctional
properties of strong catalysis, electrocatalysis, and fluo-
rescence, in which the formed AuNCs would act as fluo-
rescence sources and “nanowires” for promoting the electron-
transfer towards improved catalysis of the nanocomposites.
The HRP-like catalysis activities of the obtained dBSA-Hem-
AuNCs were systematically investigated in catalyzing the
typical chromogenic reactions of 3,3′,5,5′-tetramethyl benzi-
dine (TMB) and H2O2 together with the calculated steady-state
kinetic parameters. Moreover, the electrocatalysis performance
of the enzyme mimetics was confirmed in sensing H2O2. In
addition, the developed nanocomposites with strong red fluo-
rescence of AuNCs were employed for the fluorimetric assay of
H2O2 by H2O2-induced fluorescence quenching. To the best of
our knowledge, this is the first success on the bio-inspired
assembly of nanocomposites with multifunctional catalysis
and fluorescence by mimicking the structure and configur-
ation of natural protein enzymes with catalysis active centers-
coupled protein scaffolds and biominerized gold “nanowires”.

Results and discussion
Synthesis and characterization of dBSA-Hem-AuNCs

It is well recognized that native Hem, which is generally
extracted from the catalysis-active centers of heme-containing

proteins like hemoglobin, could display substantially low cata-
lysis activity, as compared to natural peroxidases like HRP. By
mimicking the configuration of natural protein enzymes, in
the present study, the multifunctional nanocomposites were
fabricated by the biomimetic assembly procedure as schemati-
cally shown in Scheme 1. Typically, intact BSA was denaturated
and disassembled by using urea and dithiothreitol (DTT) to
produce the linear polymer of dBSA with exposed 35 cysteine
residues containing amine groups,41 and then coupled with
the catalytic Hem with carboxyl groups (Hem-COOH) by the
cross-linking chemistry. The as-obtained dBSA-Hem scaffolds
were first encapsulated in site with AuNCs by biominerization,
and simultaneously reassembled to yield the dBSA-Hem-
AuNCs nanocomposites through the interaction between their
cysteine residues with thiols and encapsulated AuNCs. Herein,
the dBSA-Hem scaffolds with some functional groups (e.g.,
amine, carboxyl, and thiol groups) could act as stabilizer and
reducing agents for the gold biominerization at a low protein
concentration of dBSA (i.e., 2.0 mg mL−1) in contrast to that of
intact BSA (i.e., 50 mg mL−1) reported elsewhere for gold bio-
minerization.36 In particular, AuNCs could be encapsulated
into the dBSA-Hem scaffolds acting as “nanowires” for promot-
ing the electron-transfer of the nanocomposites towards
enhanced catalysis. Strong red fluorescence of AuNCs could
also be expected for the resulting nanocomposites. Therefore,
the as-prepared dBSA-Hem-AuNCs could feature multiple func-
tions of peroxidase-like catalysis, electrocatalysis, and fluo-
rescence properties and shows promise in the catalysis and
florescence analysis applications demonstrated in the sub-
sequent sections.

To figure out the potential roles of dBSA and Hem in the
formation of AuNCs, dBSA and Hem were separately employed
to synthesize AuNCs, according to the procedure described in
our recent report.42 Interestingly, both dBSA and Hem could

Scheme 1 Schematic illustration of the biomimetic assembly principle
and procedure of the multifunctional dBSA-Hem-AuNCs nano-
composites, including the BSA disassembly for dBSA, Hem coupling for
dBSA-Hem scaffolds, in-site biominerization of AuNCs, and protein
scaffold reassembly by using BSA, Hem-COOH, and HAuCl4.
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serve as reducing agents in yielding AuNCs but showed
different particle sizes, presumably due to the existence of
some reductive groups like thiol and pyrrole in dBSA and
Hem, respectively. Moreover, Hem could be covalently coupled
onto the linear polymer of dBSA to obtain the dBSA-Hem,
showing a filamentous scaffold structure as shown in the TEM
image (Fig. 1A). In particular, the enhanced reduction could
thus be expected in the in-site encapsulation of AuNCs and
scaffold reassembly to form stable dBSA-Hem-AuNCs. Fig. 1B
manifests the TEM image of the resulting dBSA-Hem-AuNCs.
Accordingly, the prepared nanocomposites can illustrate the
well-defined composition and spherical morphology, which
were mostly aggregated with an average particle size of about
5.5 nm, as more clearly shown in the amplified TEM view
(Fig. 1C), which is basically consistent with the protein size of
BSA.43 Fig. 1D displays the further amplified TEM image of the
nanocomposites that were furnished with gold signatures
showing the apparent crystalline lattices, of which AuNCs (less
than 2.0 nm in diameter) were encapsulated in the dBSA
scaffold as-reassembled. Moreover, UV-vis spectra of
dBSA-Hem-AuNCs were measured by comparing to those of
native Hem and dBSA (Fig. 2A). It could be noted that the
dBSA-Hem-AuNCs could display two absorption peaks at
280 nm and 397 nm, which are assigned to dBSA and Hem,
respectively, indicating that they could exist in the nano-
composites. However, there is no absorption peak in the range
of 500–550 nm, which can belong to gold nanoparticles with
large particle sizes, implying the formation of small AuNCs in
the dBSA-Hem-AuNCs. Therefore, the data above indicate that
the dBSA-Hem-AuNCs nanocomposites were successfully syn-
thesized through mimicking the configuration of natural
protein enzymes, of which the catalysis active centers-coupled
protein scaffolds were produced for in-site biominerization of
gold “nanowires”.

Colorimetric investigations of peroxidase-like catalysis
activities of dBSA-Hem-AuNCs

The peroxidase-like catalysis properties of dBSA-Hem-AuNCs
were investigated by colorimetric tests using the TMB–H2O2

reactions. Fig. 2B shows the results detailing the comparison of
catalysis activities among dBSA-Hem-AuNCs, Hem-AuNCs, Hem
(each containing Hem of similar concentration), and AuNCs.
The UV-vis absorbance peaks of the TMB–H2O2 products were
monitored at 375 nm and 652 nm. Clearly, the dBSA-Hem-
AuNCs could display much stronger catalysis performances
than either of Hem-AuNCs, Hem, and AuNCs. Herein, the
enhanced catalysis activity of dBSA-Hem-AuNCs was thought to
result mainly from Hem, whose catalysis activity was dramati-
cally enhanced by biominerized gold “nanowires” that would
accelerate the electron transfer involved. In addition, the encap-
sulated AuNCs with the “size effect”-dependent catalysis25 could
to some degree contribute to the catalysis of dBSA-Hem-AuNCs.
Besides, the dBSA-Hem scaffolds not only facilitate the for-
mation of biominerized AuNCs but also provide the desirable
catalysis micro-environments for improving the catalysis of the
as-assembled dBSA-Hem-AuNCs.

To further characterize the catalysis activities of dBSA-Hem-
AuNCs, kinetic investigations were conducted and compared
with those of Hem-AuNCs and native Hem. The Michaelis con-
stant (Km) and maximal reaction velocity (Vm) values were cal-
culated by the typical Lineweaver–Burk double reciprocal
curves (Fig. S1A and B†) and summarized in Table S1.† It
could be observed that the apparent Km of dBSA-Hem-AuNCs
for TMB (0.518 mM) is significantly lower than those of Hem-
AuNCs (4.80 mM) and Hem (5.06 mM), so was its maximal
reaction velocity. Moreover, dBSA-Hem-AuNCs could present
much lower Km than the others. In particular, the Km of
dBSA-Hem-AuNCs for H2O2 is surprisingly nearly six times
lower than that of HRP as reported elsewhere,14 indicating the
higher catalysis affinity to the oxidizing substrates.

The possible catalysis mechanism of dBSA-Hem-AuNCs in
catalyzing TMB–H2O2 reactions was further explored. The
double reciprocal plots of initial velocity against three fixed
concentrations of one substrate were obtained over a range of
concentrations of the second substrate (Fig. S1C and D†). It is

Fig. 1 TEM images of (A) dBSA-Hem scaffolds, (B) dBSA-Hem-AuNCs in
low magnitude view, and (C, D) dBSA-Hem-AuNCs in the magnitude-
amplified views.

Fig. 2 (A) UV-vis spectra of (a) Hem, (b) dBSA-Hem-AuNCs, and (c)
dBSA. (B) Typical absorption curves of the reaction products of the
TMB–H2O2 reactions catalyzed separately by (a) dBSA-Hem-AuNCs, (b)
Hem-AuNCs, (c) Hem, and (d) AuNCs. The catalytic TMB–H2O2 reactions
were monitored with corresponding photographs (insert).
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found that the parallel lines were obtained for both TMB and
H2O2 substrates with three concentrations, indicating that the
characteristic catalysis of dBSA-Hem-AuNCs should feature a
ping-pong type mechanism as reported elsewhere for other
Hem-existing enzymes such as HRP.14 Furthermore, Hem
could play a vital role in the catalysis behavior of dBSA-Hem-
AuNCs. In addition, it is well established that the catalytic
activities of peroxidases like HRP depends on the pH values,
temperature, and ionic strengths.44,45 The main catalysis reac-
tion conditions of dBSA-Hem-AuNCs were studied with the
results shown in Fig. S2.† Accordingly, the optimal catalysis
conditions for the as-prepared nanocomposites are found to
be close to the physiological conditions (37 °C at pH 6.0)
except for NaCl of 18 mg mL−1. Besides, the storage stability of
dBSA-Hemin-AuNCs was also studied (Fig. S2D†), showing no
significant changes in the catalytic activities of the nano-
composites stored for the long term (up to 14 weeks).

Moreover, colorimetric assays using dBSA-Hem-AuNCs were
conducted for probing H2O2. Fig. 3A describes the comparison
of H2O2 concentration-dependent colorimetric responses
among dBSA-Hem-AuNCs, Hem-AuNCs, and Hem. As
expected, the developed dBSA-Hem-AuNCs displayed the best
responses to H2O2 using the optimal nanocomposite concen-
tration of 3.0 μg mL−1 (Fig. S5E†). Remarkably, it was found
that the enzyme mimetics could tolerate the toxic H2O2 with
the concentration up to 250 mM, whose capacity is much
stronger than that of HRP.46 Fig. 3B shows the concentration–
response curve of dBSA-Hem-AuNCs for H2O2. It could be
observed that H2O2 can be detected in the concentrations line-
arly ranging from 5.0 µM to 0.21 mM, with a high correlation
coefficient (R2 = 0.9843). A detection limit of 1.2 µM is esti-
mated by the 3σ rule, which is also lower than that of HRP
reported elsewhere (20 μM).47

Electrochemical studies on the electrocatalysis activities of
dBSA-Hem-AuNCs

The electrocatalysis performances of dBSA-Hem-AuNCs as
enzyme mimetics for H2O2 were evaluated comparably. Fig. 4

manifests the electrochemical LSV responses of the
dBSA-Hem-AuNCs modified electrode before and after adding
H2O2 (line a), taking the ones with Hem-AuNCs (line b) and
Hem (line c) for the comparison. As shown in Fig. 4A, the peak
potential of LSV responses of the dBSA-Hem-AuNCs electrode
peaked at −0.28 V, which is lower than those of the Hem and
Hem-AuNCs electrodes both peaking at −0.32 V. Accordingly, a
more efficient electron-transfer between the active centers of
dBSA-Hem-AuNCs and the electrode surfaces could thus be
expected, presumably due to the encapsulation of AuNCs that
could act as “nanowires” to promote the electronic shuttling
from their catalytic active centers to the electrode surfaces. In
particular, much larger current responses to H2O2 could thus
be achieved for the dBSA-Hem-AuNCs electrode (Fig. 4A, the
upper line a). As shown in Fig. 4B, the current difference of
the nanocomposites modified electrode is much higher than
those of Hem and Hem-AuNCs modified electrodes, resulting
in much higher H2O2 electrocatalysis.

Furthermore, a scan rate study was performed for the
dBSA-Hem-AuNCs modified electrode with the electrochemical
CVs over the potentials scanning from 25 to 200 mV s−1

(Fig. S3A†). It could be observed that the peak currents gradu-
ally increase as the scan rates increase, showing a linear
relationship between scan rates and peak currents (Fig. S3B†).
A surface controlled electron transfer could thereby occur for
the dBSA-Hem-AuNCs modified electrodes. In particular, the
shape of the H2O2 reduction peaks was well-retained for the
developed electrode even on conducting the electrochemical
CVs 20 times with continuous addition of H2O2. In contrast,
the Hem and Hem-AuNCs modified electrodes survived for no
more than 10 times (data not shown). Furthermore, the elec-
trocatalysis stability was comparably studied for the
dBSA-Hem-AuNCs modified electrodes by performing CVs of
100 consecutive cycles at a scan rate of 50 mV s−1 (Fig. S4†). It
can be seen from Fig. S4a† that the developed electrodes could
maintain better shape of reduction peak, higher reduction
peak current, and lower peak potential when compared with
these electrodes modified separately with Hem-AuNCs
(Fig. S4b†) and Hem (Fig. S4c†). In addition, the nano-

Fig. 3 (A) Colorimetric comparison of H2O2 concentration-dependent
responses among (a) dBSA-Hem-AuNCs, (b) Hem-AuNCs, and (c) Hem,
each containing 2.0 μg mL−1 Hem, using 0.69 mM TMB as the substrate.
(B) The calibration curve of dBSA-Hem-AuNCs-based colorimetric
assays with the absorbance values versus different H2O2 concentrations
ranging from 5.0 µM to 0.21 mM.

Fig. 4 (A) Electrochemical LSV responses of the electrodes modified
separately with (a) dBSA-Hem-AuNCs, (b) Hem-AuNCs, and (c) Hem
before (lines a1, b1, and c1) and after (lines a2, b2, and c2) the addition
of 0.50 mM H2O2, corresponding to (B) the differences of current
responses of these enzyme mimics between before and after the
additions of H2O2.
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composite dosage-depending responses for the H2O2 electroa-
nalysis were measured, showing an optimal concentration of
2.0 μg mL−1 (Fig. S5F†). The above results indicate that the
dBSA-Hem-AuNCs modified electrodes could achieve much
higher electrocatalysis and stability in sensing H2O2.

The electrocatalysis performances of the dBSA-Hem-AuNCs
electrodes were further investigated for sensing H2O2 (Fig. 5).
When H2O2 was added at a step of 0.50 mM, a rapid increase
in the reduction peak current was observed reaching 95% of
the steady-state current within 5 s. In particular, the obtained
current responses could increase linearly with the increasing
concentrations of H2O2 (Fig. 5A) with the corresponding CVs
(Fig. 5A, insert). A calibration curve was thereby obtained for
the analysis of H2O2 for the dBSA-Hem-AuNCs electrodes
(Fig. 5B). Accordingly, H2O2 could be detected with concen-
trations ranging from 2.0 µM to 2.2 mM, with a detection limit
of about 0.40 μM (by 3σ rule), which is comparable to those of
the H2O2 electroanalysis documented previously using the
HRP modified electrodes (i.e., 0.42 μM and 9.0 μM).48–53

Therefore, the developed dBSA-Hem-AuNCs electrodes can
allow for the electroanalysis of H2O2 with high detection
sensitivity.

Fluorimetric evaluation for dBSA-Hem-AuNCs with
fluorescence

It was discovered that the as-prepared dBSA-Hem-AuNCs could
emit the blue and red fluorescence peaking at 437–460 nm
and 625 nm (Fig. 6A a), respectively, which are similar to those
of AuNCs alternatively synthesized using HRP templates.54

Herein, the red fluorescence of dBSA-Hem-AuNCs at 625 nm
could originate from small AuNCs so encapsulated. As for the
blue fluorescence peak at 437–460 nm, it could come from the
dBSA-Hem scaffolds with some aromatic side groups of some
amino acid residues (i.e., tryptophan, tyrosine, and phenyl-
alanine),55 as comparably confirmed in Fig. 6A c. Interestingly,
the addition of H2O2 could induce the fluorescence of the
nanocomposites to be quenched and enhanced at 625 nm and
460 nm, respectively (Fig. 6A b). Fig. 6B shows that H2O2 could
quench the fluorescence of dBSA-Hem-AuNCs till it completely
disappeared. In particular, the quenching degrees of the fluo-

rescence of dBSA-Hem-AuNCs could depend on the amounts
of H2O2, as visually witnessed by the corresponding photo-
graphs in Fig. 6C. Moreover, the effects of reaction tempera-
ture, pH values, and nanocomposite amounts on the fluo-
rescence responses were investigated (Fig. S5†), showing the
optimal conditions of pH 7.0 at 25 °C using nanocomposites
of 1.0 μg mL−1. In addition, it was found that the H2O2-
induced fluorescence quenching of dBSA-Hem-AuNCs could
be completed within 7 min (Fig. S5C†). Accordingly, a fluori-
metric analysis method was developed to probe H2O2 using
the as-prepared nanocomposites (Fig. 7A and B). It was
observed that the fluorescence peak ratios of F625/F460 could
decrease linearly with the increasing H2O2 concentrations
ranging from 50 nM to 100 μM. The limit of detection for
H2O2 is about 15 nM as estimated by 3σ rule, which is lower
than those of the fluorimetric H2O2 analysis using AuNCs pre-
pared by HRP templates (LOD = 30 nM).54,56,57 Therefore, the
unique red fluorescence characteristics of dBSA-Hem-AuNCs
could not only facilitate the sensitive fluorimetric analysis for
H2O2 but also show promise in potential applications for the
fluorescence imaging of H2O2 in biological samples.

Fig. 5 (A) Amperometric responses recorded at the electrodes
modified with dBSA-Hem-AuNCs to the successive additions of H2O2 at
a step of 0.50 mM at a potential of −0.30 V with corresponding CVs
(insert); (B) the calibration curve of the current responses versus
different H2O2 concentrations ranging from 2.0 µM to 2.2 mM.

Fig. 6 (A) Fluorescence spectra of dBSA-Hem-AuNCs in the (a)
absence and (b) presence of 50 mM H2O2, with (c) dBSA-Hem scaffolds
as the control. (B) The photographs of dBSA-Hem-AuNCs under visible
light and UV light (ex 380 nm) in the (left) absence and (right) presence
of 50 mM H2O2. (C) The physical map of fluorescence responses of
dBSA-Hem-AuNCs to H2O2 with concentrations ranging from 50 nM to
100 μM.

Fig. 7 (A) Fluorescence responses of dBSA-Hem-AuNCs to H2O2 with
the concentrations ranging from 50 nM to 100 μM. (B) The calibration
curve with the fluorescence ratios [F625/F460] versus the logarithmic
concentrations of H2O2.
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Conclusions

In the present study, multifunctional nanocomposites have
been prepared for the first time by way of the biomimetic
assembly through mimicking the configuration of natural
protein enzymes. Compared to native Hem or Hem-AuNCs, the
prepared nanocomposites of dBSA-Hem-AuNCs could present
dramatically enhanced catalysis and electrocatalysis perform-
ances as evidenced by the colorimetric and electroanalytic
H2O2 assays. In addition, steady-state kinetic studies indicate
that dBSA-Hem-AuNCs could display much better affinity to
the catalyzing reaction substrates, of which the Michaelis con-
stants are even lower than those of natural peroxidases like
HRP. Herein, the protein scaffolds of dBSA-Hem could facili-
tate the formation of AuNCs by biominerization and provide
the catalysis micro-environments for the resulting nano-
composites. Moreover, the encapsulated AuNCs acting as
“nanowires” inside dBSA-Hem-AuNCs could boost the elec-
tron-transfer towards the enhanced catalysis of nano-
composites. Besides, strong red fluorescence of AuNCs could
be additionally expected for the dBSA-Hem-AuNCs. Therefore,
the developed nanocomposites feature peroxidase-like catalysis
and red fluorescence properties, which should find wide appli-
cations in catalysis-based sensing and fluorimetric analysis. In
particular, such a facile and efficient biomimetic assembly
route may open a new way toward fabrication of diverse nano-
composites with multifunctional catalysis and florescence pro-
perties. However, more efforts need to be made to translate the
fundamental phenomenon and potential scientific mechan-
ism before it can be practically applied on a large scale.
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