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Abstract: The present review focuses on the proteins and peptides at the interfaces of nanostructured metals 
and semiconductors as a result of their use in synthesis in-situ and functionalization of nanostructures. 
We start the review with an introduction about the peculiar properties of nanostructured materials and 
their applications. In the following, the chemical and structural properties of peptides and proteins that 
allow their use as reducing, stabilizing, and functionalization agents are discussed. Proteins and peptides 
have not only the chemical groups for the metal ion reducing but also provide templates for directing 
the crystalline growing of nanostructures to the desired shapes and sizes. Proteins and peptides are also 
used mainly for the stabilization and functionalization of a diversity of nanostructured materials providing 
properties such as biocompatibility, plasmon-enhanced catalysis, sensing, micro/nanomotors, spin filters, 
and others. Nanostructured materials of metal oxides have mainly been functionalized with proteins and 
peptides to gain specific properties such as light harvesting and spin filters. Herein, we described the 
synthesis and functionalization of some types of nanostructured materials by using peptides and proteins. 
In the last part of the review, it is discussed the perspectives and challenges for the use of proteins and 
peptides in Nanotechnology.
Key words: controlled synthesis, noble-metals, nanomaterials, catalysis, proteins, peptides.

Correspondence to: Iseli L. Nantes-Cardoso 
E-mail: ilnantes@ufabc.edu.br/ 
ilnantes@gmail.com  
ORCid: https://orcid.org/0000-0003-1434-3154

INTRODUCTION

NANOSTRUCTURED MATERIALS

The physical and chemical properties of the 
solids are dependent on the following parameters: 
chemical composition, atomic structure and 
the solid size in one, two and three dimensions. 

Considering the latter parameter, the study of the 
nanostructured materials has gained enormous 
interest because they can provide advances in 
theragnosis, cosmetics, sensing, energy harvesting, 
conversion and storage, information storage, 
chemical, and photocatalysis, among others 
(Roduner 2006, Seehra 2017, Logothetidis 2012, 
Eustis et al. 2005, Huang et al. 2007, Rhyner et al. 
2006, Parameswaran and Tian 2018, Geonmonond 
et al. 2018). To be considered nanocrystals, the 
crystals must have at least one dimension in the 
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scale of 1 to 100 nm. Therefore, size matters for 
the material properties and there are two types 
of size-dependent effects: surface and quantum 
confinement effects (Roduner 2006, Gleiter, 2000). 
The surface effect is related to the fraction of total 
atoms (N) at the surface that is defined as dispersion 
F. The dispersion F increases proportionally with 
the inverse radius or diameter, i.e., with N-1/3. The 
relation of F with N-1/3 is also maintained for long 
cylinders of radius r and thin plates of thickness d 
(Roduner 2006). An example of the relationship 
of dispersion with the cluster size is showed in 
Figure 1. In the clusters, the atoms at the surface 
are poorly coordinated, and consequently, they 
have lower stabilization. These atoms exhibit the 
higher affinity for adsorbent molecules. The lower 
stabilization of the surface atoms also responds to 
the lower melting points of the superficial layer of 
the clusters. Surface effects are also related to the 
breakdown of thermodynamics in nanocrystals. 
The behavior of nanocrystals resembles more 
those of molecules than bulk matter. Therefore, at 
a given temperature, different phases are present at 
different positions and, in this condition, the Gibbs 
phase rule becomes meaningless. 

Another characteristic of the nanoscale 
materials is the quantum confinement (Roduner 
2006, Rao et al. 2004a). Distant atoms have their 
valence atomic orbitals with the same energy. In 
a bulk solid, the proximity of the atoms leads to 
the orbital overlap which, except for noble gases, 
promotes the orbital combination to extended band 
structures. In a solid with N atoms in proximity, the 
Pauli Exclusion Principle determines the splitting 
of each valence atomic orbital into N molecular 
orbitals. In a band, the density of states (DOS) is 
on the order of N/eV. The bandwidth (a few eV) 
increases only slightly with the addition of more 
atoms making DOS basically proportional to N and 
consequently very large for bulk materials and low 
for nanostructures. The electrons that are confined 
to the extent of a solid, of the order of meters, 
are nearly free, i.e., they can move almost freely 

through the crystal lattice. Electrons confined to the 
vicinity of individual ionic cores are named bound 
electrons. The quantum mechanical approach to 
handling the effect of confinement is consistent 
with the results obtained from the use of the analogy 
of waves on a string (Roduner 2006, Rodary et al. 
2007). Considering the wave-particle duality, let 
us consider electron as a wave and relate energy, 
momentum, and wave vector corresponding to this 
particle through equation 1:
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By using the analogy of waves on a string, 
if one end of the string is tied to a wall and the 
other extremity is free, the string can adopt a shape 
consistent with any wavelength. However, if both 
extremities of the string are tied to the walls, the 
waves supported by the string must have nodes at 
both extremities, or the waves must be featured 
in such way that the distance between the ends of 
the string must correspond to integral multiples of 
half wavelengths (Fig. 2). In the condition in which 

Figure 1 - Dispersion F plotted as a function of N1/3 for N up to 
106 (N1/3 = 100). The inset shows the structure of the first three 
cubic clusters. The surface atoms are represented in yellow, 
and the bulk atoms are represented in blue. Some surface 
atoms were made 50% transparent to allow the visualization of 
the blue atoms inside the cluster. The figure was adapted from 
ref. Roduner 2006.
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only one end of the string is tied to the wall, there 
no restriction to any wave vector values and, since 
energy E is proportional to k2, the Plot of E vs. k 
for a free electron results in a continuous parabola 
(Fig. 2). For the electron confined in a 1d box 
potential, it is considered that the L (extension of 
the confinement) is defined by equation 2:

( ) 2
2

nL λ
=

Where n is an integer equal 1, 2, 3…and the 
wave vector k should be defined as equation 3.
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Therefore, considering equation 1, the values 
of E allowed for the confined electron are according 
to equation 4:
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The Plot of  E vs. k for the confinement 
condition is still a parabola but with specific 
values that are permitted that is consistent with the 
quantization of the energy (Figure 2). Considering 
that L is in the denominator, the smaller the 
extension of the confinement, the more widely 
spaced are the k values and consequently E values 
that are permitted. The larger electron confinement, 
the more closely spaced are the allowed values of 
as well as the corresponding values of k (Roduner 
2006, Gleiter 2000, Wrest 2017, Rodary et al. 
2007). 

Figure 3 shows that the bandgap between 
valence and conduction band (Kubo gap) increases 
as the nanocluster size decreases. In a bulk material, 
at a given temperature, electrons are thermally 
populating the valence and conduction bands. 
However, at the same temperature, nanocrystals of 
the same material become an insulator. However, 
in a higher temperature in which the thermal 
energy equals the Kubo gap, the behavior of a low-

Figure 2 - The Plot of E vs. k for the confinement condition 
for free electron (left) and showing specific values that are 
permitted for the confined electron.

Figure 3 - The increase of the band gap energy and the density 
of states associated with the decrease of the number of atoms 
constituting a particle. From left to right, microscopic crystal 
(green) and out of scale, nanostructures in decreasing sizes 
showed above the schematic representation of valence and 
conduction bands (vb and cb). Below it is shown that at 0K 
the Fermi level is exactly between vb and cb. The increase 
of temperature leads to a finite probability that higher energy 
states are occupied and a finite probability low energy states 
are empty.
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temperature insulator changes to a semiconductor 
and at higher temperatures is similar to a metal 
(Gleiter 2000, Roduner 2006, Aneesh et al. 2014, 
Rao et al. 2004b).

APPLICATIONS OF NANOSTRUCTURED 
MATERIALS

The peculiar properties of nanostructured metals and 
semiconductors have been applied in a diversity of 
areas such as medicine, biology, energy conversion 
and storage, spintronics, sensing (Eustis et al. 2005, 
Huang et al. 2007, Majumdar et al. 2017, Zhang et 
al. 2018, He et al. 2010). Proteins and peptides are 
frequently used for the functionalization of inorganic 
nanoparticles to achieve specific properties such as 
biocompatibility, sensing, hierarchically structured 
materials and others (Pan et al. 2013, Ma et al. 2015, 
Mondal et al. 2015, Zhang et al. 2018).

NANOCAGES FOR DRUG DELIVERY

An example of nanomaterial construction for 
potential medical and pharmaceutical application 
was reported by Ma et al. 2015. The authors 
demonstrated a protocol to precisely construct 
an hybrid structure using the DNA binding 
protein from starved cells (Dps) with a single 
His tag (polyhistidine tag) as the building block 
on platforms of AuNPs functionalized Ni2+ bound 
nitrilotriacetic acid (Ni2+−NTA) chelates. The 
affinity of histidine to Ni2+ made feasible that each 
Dps cage was attached on the external surface. The 
nanocages of the Dps structure can be loaded with 
drugs, magnetite nanoparticulated, and enzymes 
(Pan et al. 2013, Ma et al. 2015, Uchida et al. 
2007). Also, the physical or chemical properties of 
the cargos inside the Dps cages allows medical and 
pharmaceutical applications. 

MIMICKING ENZYMES

One example of the construction of nanomaterial 
for application in catalysis is the association 

of microperoxidases, the product of the tryptic 
digestion of cytochrome c, to mesoporous 
silica. Araujo et al. reported that the ferric 
microperoxidase-11 (MP-11), was entrapped 
in MCM-41, and resulted in a catalyst (Fe(III)
MP11MCM41) with catalase and monooxygenase 
properties. The latter activity allowed the catalyst 
to oxidize phenol to 2,4-dihydroxyphenol (Araujo 
et al. 2007). Lykourinou et al. 2011 demonstrated 
that the peroxidase activity of MP-11 successfully 
entrapped into a mesoporous metal-organic 
framework (MOF) formed of nanoscopic cages was 
enhanced when compared with MCM-41. Another 
application of nanostructured materials in catalysis 
refers to the development of biofuel cells that will 
be discussed below. 

ENERGY CONVERSION AND STORAGE

There is an increasing interest in the development 
of devices to be used in advanced energy conversion 
and storage such as Li-ion batteries, supercapacitors, 
biofuel cells, photoelectrochemical water splitting 
cells, solar cells, among others. The exclusive physical 
and chemical properties of the nanostructured 
materials are useful for the construction of the devices 
that are expected to contribute enormously for the low-
cost, green, and sustainable technologies (Gärtner et 
al. 2012, Sivula et al. 2011, Souza and Leite 2013, 
Zang 2011). An important application of proteins 
in energy is represented by the biofuel cells. 
(Olyveira et al. 2013) Biofuel cells use the catalytic 
properties of enzymes in the purified form and in 
the whole microorganisms’ metabolic pathways 
for the oxidation of biomass molecules to generate 
electricity (Olyveira et al. 2013). Thus, oxide-
reductases are key enzymes for the fabrication of 
biofuel cells.(de Souza et al. 2017) GOx has been 
largely used as a powerful enzyme-based bioanode. 
However, the use of GOx in biofuel cells requires 
a membrane due to the interference of oxygen 
present in the cathode compartment.(Ivnitski 
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et al. 2006, Fu et al. 2009, Olyveira et al. 2013, 
Santos et al. 2014). Thus, glucose dehydrogenase 
(GDh) (de Souza et al. 2016, Luz et al. 2018), 
and alcohol dehydrogenase (ADH) (Pereira et 
al. 2017, Pereira et al. 2018) gained importance 
for the development of bioanodes for biofuel 
cells. The use of GDh and ADH is important 
for the development of implantable biofuel cells 
that are exposed to oxygen. Bioelectrochemistry 
also takes advantage of the nanostructured 
materials to improve electron transfer kinetics in 
bioelectrodes. The nanostructured materials allow 
controlling the physical and chemical properties 
of the associated enzymes at the molecular level.
(Huczko 2000) A diversity of nanomaterials have 
been used to modified electrodes such as carbon 
nanotubes, metallic nanoparticles, and others. 
Another application of proteins associated with 
nanostructured materials in energy conversion, 
harvesting, and storage is represented by bio-
solar cells based on light-harvesting proteins 
(Somasundaran et al. 2011, Ihssen et al. 2014, 
Purchase and de Groot 2015). The protein-based 
bio-solar cells are promising to face the demand 
for green and sustainable energy. The desirable 
characteristics of light-harvesting proteins to 
be applied in energy conversion and storage are 
thermal stability and broadband absorption. Light 
harvesting proteins alone or whole photosynthetic 
reaction centers have been used for the fabrication 
of hybrid bio-inorganic PV and PEC devices. 
These proteins and protein/dye complexes can 
sensitize nanostructured metal and semiconductor 
surfaces. Ihssen et al. present a review of a 
diversity bio-inorganic electrodes such as TiO2/
bacteriorhodopsin, TiO2/WO3/photosynthetic 
reaction center, TiO2/ZnO/PSI, α-Fe2O3/C-
phycocyanin, gold/PSI and others.(Ihssen et al. 
2014) An extra advantage of the use of proteins 
for light harvesting and energy conversion is the 
possibility to tune their properties using mutation. 
As an example, mutants of bacteriorhodopsin 

can be produced with low cost and exhibits high 
quantum efficiency and thermal robustness. 
Photosynthesis converts solar energy to chemical 
energy that is abundantly stored as organic matter 
(Somasundaran et al. 2011, Purchase and de Groot 
2015). Cytochrome c can also be used in systems 
that mimic photosynthesis with applications 
extensive to spintronic as discussed below.

SPINTRONICS AND NANOROBOTS

Spintronics is emergent technology in which 
both electronic charge and electron spin carry 
information.(Abbott et al. 2018, Dong et al. 2018, 
Lou et al. 2018, Mai et al. 2018, Parameswaran 
and Tian 2018) The spintronic is expected to be 
applied in electronics that will combine standard 
microelectronics with spin-dependent effects 
resulting from the interaction between the spin of 
the carriers and external magnetic fields. Spintronic 
is an advance in the field of information which, 
usually, has the storage based on magnetism 
and the processing based on charge. The field of 
spintronic emerged fast since the discovery of giant 
magnetoresistance (GMR) effect in 1988, awarded 
A. Fert and P. Grunberg with the Nobel Prize in 
Physics in 2007. More recently it was discovered 
the chiral induced spin selectivity (CISS) effect, 
that allows the injection of spin-polarized current 
without the use of a permanent magnetic layer. The 
CISS effect results that electron transport is spin-
selective through chiral molecules.(Zhang et al. 
2018) In this regard, proteins and peptides are chiral 
molecules with a helical structure that are highly 
efficient spin filters. Cytochrome c is an interesting 
molecule for application in energy conversion and 
spintronics (Dias et al. 2012, Araújo-chaves et al. 
2014, Mondal et al. 2015). Dias et al. reported 
the molecular interaction of cytochrome c with 
two TiO2  structures: P25 TiO2 NPs and  titanate 
nanotubes.(Dias et al. 2012) Both the TiO2 
structures were able to promote photoreduction of 
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the cytochrome c heme iron. Titanate nanotubes 
were able of adsorbing 2.3-fold more cytochrome 
c (1.75 μg m−2) than P25 TiO2 NPs (0.75 μg m−2). 
P25 TiO2 NPs reduced cytochrome c that remained 
in solution while titanate nanotubes were able to 
reduce adsorbed protein. The adsorption on the 
titania surfaces did not change the redox properties 
of cytochrome  c. Cytochrome reduced by the 
titania materials was re-oxidized by peroxides and 
could be reversibly reduced. In these systems, the 
UV-illumination of the semiconductor materials 
promotes the formation of the electron (e-) hole 
(h+) pair. A similar process was observed using 
nanoparticulated hematite (Araújo-chaves et 
al. 2014). The electron is transferred from the 
conduction band to cytochrome c, and water 
splitting supplies the electron for the valence 
band vacancy with the formation of hydroxyl 
radical that for this system, was trapped by DMPO 
spin trapping and detected by EPR. The redox 
photoreaction occurring in the system cytochrome/
semiconductor is a mimetic of the photosynthesis 
(Figure 4) according to Dias et al. 2012. However, 
in the mechanism of water splitting promoted 
by semiconductors, water splitting has hydroxyl 
radicals as intermediates of molecular oxygen 
evolution. The hydroxyl free radical can combine 
to form hydrogen peroxide or molecular oxygen 
and two protons that could be reduced to hydrogen 
gas. However, in the latter process, molecular 
oxygen is produced in the singlet excited state, and 
an energy barrier of 1eV is added to the process 
of hydrogen production. The presence of a chiral 
molecule such as cytochrome c can act as a spin 
filter in the electron transfer favoring the production 
of the ground state triplet molecular oxygen rather 
than hydrogen peroxide. It was surprising that 
cytochrome c remained reduced in a medium with 
high production of hydrogen peroxide. Future 
studies are necessary to investigate if a selective 
spin reduction of cytochrome c occurs favoring 
molecular oxygen evolution. In this condition, 

the system cytochrome c/semiconductors mimics 
photosynthesis. Another important and amazing 
advance involving the interaction of proteins 
and whole cells with metallic nanostructures 
is the development of nano/micromotors and 
robots (Sitti 2018). The functional part of micro/
nanorobots is fabricated with synthetic materials 
that are frequently toxic. A strategy for getting 
biocompatibility is the use of cells and biomaterials 
such as proteins.

CHARACTERISTIC OF PROTEIN AND PEPTIDE 
STRUCTURES USEFUL FOR THE SYNTHESIS 
AND STABILIZATION OF NANOSTRUCTURES

Proteins and peptides have chemical and structural 
characteristics that contribute both their use to the 
in-situ synthesis, stabilization, and functionalization 
of metallic nanoparticles. Proteins and peptides 
have functional groups that act as chelating and 
reducing agents of the metal ions. The bottom-
up synthesis of metallic nanoparticles from the 
corresponding metallic salts requires a reducing 
agent to convert the salt ion (Mn+) to the atomic 
form (Mo) (Miranda et al. 2016). The reducing role 
played by cysteine and lysine residues for reducing 
the metal ions to the atomic form to produce 
the nanoclusters is well known (Xia et al. 2009, 
Chen 2014, Spicer and Davis 2014, Siriwardana 
et al. 2015). Proteins and peptides have three-
dimensional structures that create specific 
microenvironments for the nucleation process 
and nanoparticle growth. In the crystalline growth 
process of metallic nanoparticles, functional groups 
of proteins and peptides have specific affinity for 
certain metallic facets. Thus, proteins and peptides 
direct the crystalline growth of the nanostructures 
to a diversity of size and shape (Tofanello et al. 
2016). Proteins, and peptides are also largely 
used for the stabilization and functionalization of 
a diversity of nanostructured materials providing 
properties such as biocompatibility, plasmon-
enhanced catalysis, sensing, fabrication of micro/
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nanomotors and others. The mechanisms involved 
in the reducing step of metallic nanoparticle 
synthesis promoted by proteins and peptides are 
complexes and present specific peculiarities. 
Pereira et al. studied the molecular interactions 
and redox processes occurring during the synthesis 
of palladium nanoparticles associated to glucose 
oxidase (GOx-PdNPs) in a supramolecular 
arrangement (Pereira et al. 2011). GOx is associated 
to the cofactor FAD that constitute the redox center 
of the enzyme. During the synthesis of PdNPs, 
unexpectedly Pd ions and FAD were reduced. The 
synthesis occurs in two steps, the conversion of 
Pd ions to Pd0 reduction and the formation of a 
supramolecular aggregate of 80 nm containing 3.5 
nm sized PdNPs associated with multiples units 
of GOx. Therefore, it was proposed that the thiol 

group of the cysteine 521 residue of GOx interacts 
with Pd ions leading to Pd reduction. Probably 
due to the drastic structural changes exhibited by 
the enzyme, reducing amino acid side chains are 
positioned close to FAD leading to its concomitant 
reduction. The mechanism characterizes the 
existence of competition among Pd ions and FAD 
for the reduction in such a way that formic acid was 
necessary as a co-adjuvant reducing agent for the 
PdNP growing. In another study, Tofanello et al. 
demonstrated that not only the presence of cysteine 
residues in a peptide structure is the warranty of 
an adequate reducing capacity for the synthesis of 
gold nanoparticles (GNPs) (Tofanello et al. 2016). 
For that study, alkaline peptides AAAXCX (X = 
lysine or arginine residues) were designed having 
as inspiration the conserved motif of the enzyme 

Figure 4 - A comparative view of the redox potentials of the semi-reactions involving cytochrome f in the photo-phosphorylation 
process and cytochrome c reduction in the biohybrid systems of semiconductors and cytochrome c. Redox potentials at pH 7.0 (vs. 
SHE) according to ref. Dias et al. 2012. For the photo-reduction of cytochrome f, the intermediate steps of the have been omitted 
for improving clarity. Bellow, it is depicted the spin-directed competitive formation of hydrogen gas and hydrogen peroxide.
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thioredoxin (Tofanello et al. 2016). The alkaline 
peptides were compared with free cysteine, the 
counterpart acidic peptides γ-ECG (glutathione) 
and AAAECE, as well as the neutral peptide 
AAAACA. The results demonstrated that the amino 
acids neighboring a cysteine residue modulates the 
synthesis of GNPs in a pH-dependent manner. Like 
it was observed for bovine and human albumin used 
for the synthesis of GNPs, for the designed peptides 
it was corroborated that gold speciation and the 
peptide structure also influenced the synthesis 
and stabilization of GNPs (Miranda et al. 2016). 
Most often, the proteins direct the anisotropic 
growth of Au0 into plate-like structures using 
mechanisms in which environmental variables 
such as temperature and pH play key roles in the 
anisotropic growth of gold nanoparticles (Xia et 
al. 2009, Barnard 2012). Figure 5 shows the field 
emission scanning electron microscopy (FESEM) 
images of gold nanostructures produced by using 
bovine serum albumin as reducing and stabilizing 
agents. The nanoplates were produced either 
truncated triangular or hexagonal in geometry with 
very smooth edges with thickness at the nanoscale 
(Figure 5). Like to the results previously obtained 
with the peptide AAAKCK, the use of albumin 
at pH 11 for the synthesis of gold nanostructures 
also results in polydispersity in shapes and sizes 
that was probably promoted by twinning that is 
a common process for face-centered cubic (fcc) 
metals (Barnard 2012, Niu et al. 2013, Polte 
2015). The random twinning could result from a 
fast and non-uniform reduction of gold ions. In 
a review, Carmona-Ribeiro et al. describe that 
the association of peroxidases or systems with 
peroxidase-like activity with different types of 
nanostructures including nanoparticles, nanotubes, 
thin films, liposomes, micelles, nanoflowers, and 
nanorods have been used to improve catalytic 
activity, reusability, and targeting. These strategies 
are particularly important as peroxidases are 
enzymes largely used for several technological and 

biomedical applications (Carmona-Ribeiro et al. 
2015). Some examples of effects of nanostructures 
on the catalytic activity of enzymes are described 
herein.

ENZYME-FUNCTIONALIZED 
NANOSTRUCTURES OF NOBLE METALS

The association of proteins with catalytic activity, 
i.e., the enzymes, with the metallic nanoparticles 
has attracted researchers because these associations 
can improve specific desirable characteristics of the 
enzymes. Enzymes can be associated with metallic 
nanoparticles that were previously synthesized 
with the use of conventional reducing agents such 
as sodium borohydride or sodium citrate. Another 
alternative is the synthesis of metallic nanoparticles 
in-situ by using the proteins as reducing and 
stabilizing agents (Miranda et al. 2016, Tofanello 
et al. 2016). In the present review, metallic 
nanoparticles functionalized with three different 
enzymes will be presented: bromelain, luciferase, 
and β-glycosidase. 

Bromelain (Bro) is a mixture of proteases 
extracted from a pineapple plant (Ananas 
comosus). Bromelain has biotechnological (food, 
cosmetic, textile) and therapeutic applications as 
anti-inflammatory, antiedematous, fibrinolytic and 
antithrombotic (Dutta and Bhattacharyya 2013). 
The biological application requires cell uptake, 
low toxicity, and specificity to a target (Salata 
2004, Britto and Nantes-Cardoso 2017). These 
characteristics can be attained by the association 
to nanoparticles, particularly, gold nanoparticles 
(GNPs). Our team have been studying one pot and 
green methods for the synthesis of biologically 
compatible GNPs using the purified extract from 
different parts of the pineapple and a commercial 
stem bromelain added to a tandem combination of 
three HEPES buffer and HAuCl4 concentrations 
that were characterized by color change of the 
solutions, UV-visible and Raman spectroscopies 
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(Figures 6, 7 and 8, respectively). The Raman 
spectra that are shown in Figure 8 compares the 
pineapple extracts obtained from fruit (red dash-
dot line), crown (green dash-dot line) and peel 
(dark cyan dash-dot line) with the corresponding 
gold nanoparticles obtained by in-situ synthesis 
using the respective extracts (red, green and dark 
cyan solid lines). The identification of proteins in 
the extracts is evidenced by the presence of bands 
amide I, II and III that involves the vibrations 
of C=O, C-N and N-H groups of a peptide bond 
(amide bond), respectively (Tofanello et al. 2016). 
The characteristic spectral features of proteins were 
also identified in the samples of GNPs synthesized 
with the respective extracts, and absent in GNPs 
synthesized using citrate. The BroGNPs were also 
characterized by zeta potential that ranged from 

-15 to -20 mV and was consistent with the colloidal 
stability exhibited by the suspension. 

GNPs produced with 2.5 mM buffer, and 
the three HAuCl4 concentrations remained stable 
after 10 days. GNPs produced with 0.2 mM buffer 
remained stable only using 0.4 mM of HAuCl4. 

The catalytic activity BroGNPs on hydrolyzed 
gelatin was studied in a comparatively with soluble 
free Bro and collagenase (Figure 9). Figure 9 shows 
the melting of gelatin gels resulting from proteolytic 
digestion by free Bro, collagenase, and BroGNPs. 
Collagenase from Clostridium histolyticum was 
used as the positive control. Collagenase promoted 
extensive digestion of gelatin leading to the melting 
of gelatin gel. In comparison with collagenase free, 
Bro was less efficient in promoting gelatin digestion, 
and its proteolytic activity was partially inhibited 
by E-64. Bro associated with GNPs was less 

Figure 5 - FESEM images of gold nanoplates produced either truncated triangular or hexagonal in geometry with very smooth 
edges with thickness at the nanoscale.
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Figure 6 - Snapshots of the solution colors obtained after the synthesis of GNPs using bromelain at the different 
conditions indicated in the figure.

Figure 7 - UV-Vis spectral changes during the synthesis of gold nanoparticles using bromelain purify 
extract from the following parts of the pineapple: orange line - fruit, light green line - crown, dark green 
line – peel. Purple line – control (2.5 mM HEPES). Spectra obtained before the detection of plasmonic 
bands are represented as dashed lines. The inset shows a zoom of the plasmonic bands.
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efficient to promote gelatin than free Bro. However, 
its activity was inhibited by E-64. Therefore, the 
process of synthesis and functionalization of GNPs 
using Bro resulting in a type of enzyme purification 
by selecting the E-64 sensitive fraction. Another 
interesting use of enzymes for the synthesis and 
functionalization of metallic nanoparticles is 
obtained with luciferases. Luciferases are enzymes 
that catalyze bioluminescent reactions used 
for high-throughput screening, particularly the 
bioluminescence-based assays. Bioluminescence 
is generated by highly exothermic, enzymatically 
catalyzed chemical reactions in which the energy 
of chemical bonds of organic compounds is 
converted preferably into visible light. In these 
reactions, molecules of luciferins are oxidized by 
oxygen, producing electronically excited molecules 
that decay by emitting light. These reactions are 
catalyzed by the enzymes called luciferases. In 
click beetle luciferases, catalyzes the oxygenation 
of luciferin using Mg2+ATP to yield excited state of 

oxyluciferin that emits light. These luciferases have 
served as study models of structure and function, 
especially between structure and bioluminescence 
spectra, resulting in important scientific discoveries 
about how the structure of these enzymes determines 
bioluminescence colors. New luciferases with 
modified properties for bioanalytical purposes have 
been developed. Currently, luciferases are applied 
as bioluminescent markers of gene expression in 
mammalian cells, in circadian rhythm studies in 
a neuronal cell, and in bacterial biosensors for 
bioprospecting of microbicidal agents and toxicity. 
Considering the several technological applications 
of the luminescent luciferin-luciferase system, the 
modulation of luciferase activity by the association 
with nanostructures is yet not well exploited. 
Some accounts about the effect of nanoparticles 
on luciferase activity have been restricted to the 
changes of the enzyme structure modulated by 
association with nanostructures. The association 
of enzymes to nanoparticles can provide several 

Figure 8 - Raman spectroscopy consistent with the particles covered by peptides due to the presence of Amide I, II and III bands.
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advantages such as enzyme stability, efficiency, 
and recycling. Considering that, the study of the 
structure and activity of firefly luciferases associated 
with metallic nanoparticles shows promising. In a 
first exploration, our group in collaboration with the 
group of professor Vadim Viviani initiated studies 
concerning the production of metallic nanoparticles 
functionalized with luciferases and a first account 
was presented in 20th International Symposium on 
Bioluminescence and Chemiluminescence by the 
study intitled Click Beetle Luciferase for Synthesis 
and Stabilization of Metallic Nanoparticles: 
Potential Nanotechnological Applications and is 
now composing a manuscript for publication.

Regarding the enzyme β-glucosidase, Araujo 
et al. has published its use in the successful in-
situ synthesis of silver nanoparticles (Araújo et 
al. 2017, 2018, Cruz et al. 2018). The enzymes 
β-glucosidases have many processes and industrial 

applications. One important application of 
β-glucosidases is the production of biofuel from 
biomass. In the article published by Araujo et al. 
it was described the photobiosynthesis of stable 
and functional silver/silver chloride nanoparticles 
(Ag/AgCl-NPs) with the use of hyperthermostable 
bacterial β-glucosidases. The synthesis resulted 
in Ag/AgCl-NPs coated and stabilized by 
β-glucosidases with a preserved enzymatic activity 
that is important for biotechnological applications 
(Araújo et al. 2017). In a subsequent study, it 
was demonstrated that the contents of Ag0 could 
be easily controlled by using different Ag+/Cl− 
ratios (Araújo et al. 2018). The plasmonic Ag/
AgCl NPs that was coated by the protein have 
photocatalytic activity and promoted methylene 
blue photodegradation. The dye degradation by 
Ag/AgCl NPs was facilitated by the protein layer 
capping the nanoparticles surface that adsorbed the 

Figure 9 - Snapshots of gelatin before (a) and after the proteolytic activity of collagenase (b), free Bro (c), free Bro plus E-64 (d), 
BroGNPs (e) BroGNPs plus E-64 (f).
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dye close to the catalytic surface. Furthermore, the 
protein could avoid the recombination rate of the 
electron-hole pairs, similarly to others previously 
described organic-molecules-coated nanoparticles 
(Kumar et al. 2017). In a similar protocol described 
for the synthesis of Ag/AgCl NPs, the replacement 
of chloride by bromide resulted in Ag/AgBr-NPs 
under blue light illumination. The content of Ag0 
in the Ag/AgBr-NPs could also be controlled with 
different Ag+/Br− ratios in the synthesis process. 
The photocatalytic activity on the degradation of 
methylene blue was also observed by the plasmonic 
protein-coated Ag/AgBr-NPs.

CHALLENGES AND PERSPECTIVES

The fabrication of nanostructured materials 
associated with proteins and peptides has 
experienced tremendous expansions and advances 
that in turn poses new challenges. Proteins and 
peptides associated with nanostructure surfaces 
create a bio-nano interface that present properties 
distinct of the separated materials. For biological and 
technological applications, it is important a profound 
understanding of both the thermodynamics and 
kinetics of the protein corona formation considering 
the synthesis in situ using the biological molecules 
or the capping of prefabricated nanostructures. 
New tools have emerged as contributors for better 
comprehension and characterization of protein-
capped nanostructures, and mainly, computational 
simulations have provided crescent contributions. 
Considering the theranostic application of protein-
capped nanostructures, it is essential to conceive 
that the original protein corona can be exchanged 
the proteins present in the biological fluids (Heath 
2003, LaVan et al. 2003, Sanhai et al. 2008, 
Mahmoudi et al. 2011, Monnier et al. 2014). The 
evolution of protein corona of NPs introduced in a 
biological fluid has impacts and challenge for the 
advances in new tools to investigate the bio-nano 
interface. Another question is that proteins can suffer 

unfolding upon adsorption on nanostructures and 
become potentially harmful leading to diseases such 
as amyloidoses. In this regard, the current studies of 
our research groups, there are cases of both unfolding 
and stabilization of protein native structures. The 
synthesis in situ of PdNPs using GOx (Pereira et 
al. 2011) and GNPs using luciferase (unpublished 
results) led to significant changes in the respective 
native structure of the respective proteins whereas 
bromelain and albumin (Miranda et al. 2016) 
retain and further stabilized native structures. For 
technological applications such as spintronic in 
which the helical structure of proteins and peptides 
are responsible for the capacity to act as a spin 
filter, the structural stability is critical. Therefore, 
the use the highly stable hemeproteins such as 
cytochrome c is promising for these applications. 
The development of spintronics-based devices is a 
challenging task that requires innovative and precise 
fabrication techniques. The spintronics area requires 
extensive investigation, knowledge of materials 
science, physics, computational simulations and 
consequently the work in an interdisciplinary 
team (Joshi 2016). Disregard the applications, the 
synthesis reproducibility and colloidal stability 
of nanoparticles are others essential questions to 
consider. The application of the bio-nano interfaces 
in electronic is an emerging area. For biological and 
technological applications, the perspective is no more 
the development of a multiplicity of nanoparticles 
and their static assembly, but on the fabrication of 
communicating systems working by interacting with 
different nanostructures (Grzybowski and Huck 
2016, Zhang and Lieber 2016). The applications of 
the communicating systems based on the dynamic 
interactions of nanostructures are sensing, drug 
delivery, Boolean logical operations, among others 
(Bain and Staniland 2015, Grzybowski and Huck 
2016, Zhang and Lieber 2016).



ADRIANNE M.M. BRITO et al.	 INTERFACES PROTEINS/NANOSTRUCTURES

An Acad Bras Cienc (2019) 91(4)	 e20181236  14 | 17 

CONCLUSIONS

Proteins and peptides have many desirable 
characteristics for the synthesis, functionalization, 
and applications of metallic nanostructures. 
Proteins and peptides have several functional 
groups, with reducing capacity, among which the 
thiol group present in the cysteine ​​residues. The 
cysteine ​​thiol group besides the reducing capacity 
coordinates strongly with the metallic surface of the 
nanoparticles and stabilizes the functionalization of 
these structures. Proteins and peptides form three-
dimensional structures that act as templates and 
direct the crystalline growing of nanostructures. 
Functionalization of metallic nanoparticles with 
proteins and peptides confers biocompatibility, 
catalytic properties, stability and even facilitates 
the development of advanced materials such as 
those applied in spintronics. Moreover, proteins 
and peptides can be obtained from natural extracts 
and allow the synthesis of metallic nanostructures 
by facile, green, and one pot methods. The general 
challenges are secure, fast, green and reproducible 
fabrication of nanomaterials. For biological 
applications the characteristics of biocompatibility 
and degradability are important. For technological 
applications, the principal challenge is the large gap 
between the theoretical models that are predicted in 
the academy and the devices that are used by the 
industry. Strategic partnerships industry/academy 
are necessary to the practical applications.
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