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Abstract: In the last few years, researchers have focused their attention on the synthesis of new
catalyst structures based on or inspired by nature. Biotemplating involves the transfer of biological
structures to inorganic materials through artificial mineralization processes. This approach offers
the main advantage of allowing morphological control of the product, as a template with the
desired morphology can be pre-determined, as long as it is found in nature. This way, natural
evolution through millions of years can provide us with new synthetic pathways to develop some
novel functional materials with advantageous properties, such as sophistication, miniaturization,
hybridization, hierarchical organization, resistance, and adaptability to the required need. The field
of application of these materials is very wide, covering nanomedicine, energy capture and storage,
sensors, biocompatible materials, adsorbents, and catalysis. In the latter case, bio-inspired materials
can be applied as catalysts requiring different types of active sites (i.e., redox, acidic, basic sites,
or a combination of them) to a wide range of processes, including conventional thermal catalysis,
photocatalysis, or electrocatalysis, among others. This review aims to cover current experimental
studies in the field of biotemplating materials synthesis and their characterization, focusing on their
application in heterogeneous catalysis.

Keywords: bio-templating; bio-templated; bio-inspired; catalyst

1. Introduction

Nature has been perfecting materials and biological systems through evolution over
thousands of years, developing a rather complex hierarchy at all levels to adapt to the
constant modifications of the environment. Those years of evolution provided natural
materials with some useful features such as resistance, adaptability, and sophistication [1].
The optimization of the use of materials and energy in nature makes it extremely interesting
to science, as it can learn from these biological materials and systems by taking advantage
of their intricate structures or mechanisms of action through their replication to develop
functional materials [2,3].

In the past two decades, the field of biotemplating has emerged as a new way of
engineering those new inorganic functional materials inspired by nature [4]. The founda-
tion of the biotemplating technique is based on the incorporation of the desired inorganic
compounds on the natural template followed by mineralization processes that occur natu-
rally, where organic compounds of the templates disappear through degradation [5]. This
entails the transfer of biological structures into inorganic materials through natural miner-
alization (fossilization) or artificial processes, allowing for the development of extremely
intricate structures that replicate the different scales of hierarchy of natural materials used
as templates. The process through which the bioinspired composites are obtained is mainly
divided into three phases, where after preparing the sample and depositing the inorganic
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material on the organic template, the natural pattern is mainly removed through thermal
treatments depending on the desired result of the new material or the actual template [6].
For example, Hashemizadeh et al. [1] designed some catalysts using Camellia tree leaves.
For that, they first washed, cut, and dried the leaves (preparation phase), then they added
TiCl3 as a precursor for the incorporation of the inorganic material (second phase), and
lastly, they calcined the synthesized the catalyst at 773 K to remove the organic template
(third phase).

The main templates that are used to replicate the nanoscale, or that are said to be useful,
are molecules such as native or modified proteins, DNA, microtubules, or cellulose [6,7].
Proteins have been used in many studies to fabricate materials such as nanotubes or
nanospheres since they are naturally able to display catalytic and structural functions
and are biocompatible and biodegradable. Protein crystals are of great interest as well,
as their structures allow for the development of 3D crystalline composites with potential
applications in different fields [8,9]. Self-assembly of biological molecules is one of the
characteristics that scientists are most interested in. Self-assembled DNA is a very useful
template as it can be used as a scaffold to design nanoparticles or nanowires and its nitrogen
and oxygen rich structure improves the binding capacity to transition metal ions during
the synthesis of inorganic materials through biotemplating [10,11]. Also, viral envelopes,
bacterial cell surface layer proteins, microalgae, both eukaryotic and procaryotic cells, and
biofilms are of great interest [12–15]. In particular, rod-like viruses such as the tobacco
mosaic virus provide an attractive approach because their hollow structures offer a viable
template to guide the synthesis of nanoparticles and control their sizes and constitution [16].
Another virus that has been used as a pattern for biotemplating approaches is the M13
phage, as its genetically engineered mutants present modifications on the surface that bind
to nanoparticles or nanotubes, improving the functionality of the material [17]. Wood [18],
cotton [19], aquatic plants [20], green leaves [1,21], or even animal products [22] have also
been used as templates. Butterfly wings are of great interest as they present an intricate
and complex microstructure and photonic resonances that control their structural color
and make them very suitable for catalysis and electrochemical applications [23–25]. As
the nanometer scale of natural templates has been replicated, the wide variety of prepared
materials have many potential applications [5,26]. These applications (catalysis, sensors,
cancer therapy, tissue engineering, energy capture and storage, adsorbents, etc.) were
considered to categorize the publications included in this review; after a more conscious
reading of the texts, all papers were classified into these categories depending on the
application that authors gave to the designed materials. The use of biotemplated materials
in these fields will be seen in more depth in the following sections. Although in the past the
background of this technique, the templates, and the applications in which the products
are used have been reviewed [27,28], our paper summarizes the current applications of the
techniques, focusing on catalysis and challenges that may be encountered in the future.

The relevance of biotemplating can be observed in the gradual increase in the number
of publications appearing in Scopus between 2000 and June 2021 (Figure 1a). To perform
this review, a search was conducted in the Scopus database limiting the type of document
to article and review. The search used the following keywords: “biotemplating” and
“bio-templating”. After joining the results obtained from both keywords and excluding
duplicates, 220 publications were included in this review.



Catalysts 2021, 11, 1364 3 of 34

Figure 1. (a) Total accumulated number of publications appearing in the Scopus database from
2000 until June 2021 after removing duplicates found through “biotemplating” and “bio-templating”
keyword data searching. (b) Scope of the different papers on biotemplating appearing in Scopus
from 2000 to June 2021.

As has been mentioned before, bioinspired materials have many potential applications
(Figure 1b). The first publications focusing on biotemplating only described the route
through which the material was developed. However, they were not applied to any specific
field. These papers were limited to the description of the synthetic approach and account
for about 39% of those found in Scopus. Catalysis (14%) and energy capture and storage
(19%) are the main applications of these bioinspired materials in the publications.

Among the reviews (accounting for 13% of the total), some of them focused on biotem-
plating, highlighting the importance of specific templates such as diatoms [29], polysaccha-
rides [30–32], DNA [10], proteins [33], fluorescent modified amino acids [34], or butterfly
wings [35], whereas Sotiropoulou et al. reviewed all biological templates that had been used up
to 2008 [36]. Others focused on the use of this technique in the production of metal oxides [37,38],
ceramics [39], inorganic materials [40], organic semiconductors [41], optical functional materi-
als [42,43], and noble metal nanoparticles [44] via different methods and templates.

2. Applications
2.1. Adsorbents

In analytical chemistry, the control of sample preparation is essential to guarantee the
isolation of an analyte at low concentration to improve its limit of detection. Although there
are different sample preparation methods depending on the extraction phase, solid phase
extraction (SPE) is the most used technique as it is a rapid and less arduous method [45,46].
In SPE, the analyte-containing solvent interacts with a sorbent material that has a high
affinity for the analyte that needs to be isolated [47]. Due to the internal layered organization
and porous structure of natural materials, biotemplating has been of great interest to
develop adsorbents with improved adsorption capacity and to reduce the limitations of
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current commercial adsorbents, including high cost, pH instability and a difficult synthesis
process [46,48]. These adsorbents have been used for different purposes.

Reducing pollution of aqueous samples is essential as it is a serious threat for human
health and the environment. Wang et al. [46] prepared an adsorbent using eggshell mem-
branes (ESMs), a by-product of the food industry, as a template. As ESM was subjected
to strong acidic conditions, the basic groups (e.g., amino groups, NH2) on ESMs were
protonated to produce a positively charged surface. Subsequently, an anionic surfactant,
linear alkylbenzene sulfonates, was added to the ESM and bound to its surface through
electrostatic interaction resulting in the formation of hemimicelle/admicelle aggregates
on the ESM that acted as adsorbents for polycyclic aromatic hydrocarbons (PAHs) from
water samples. Also, the macroporous structure of eggshells has great permeability due to
its protein fibers. The results of this experiment showed that using ESM as a template to
manufacture an adsorbent for SPE had some advantages as it preconcentrates PAHs in the
sample, and it is a low-cost and biocompatible material. Also, removing PAHS from water
was the priority in another study where the authors prepared magnetically activated carbon
nanocomposites from green tea leaves waste. The adsorbents showed high adsorption rates
(86–98%) when they were applied to mineral water and could remove PAHs from tap water
completely, which suggests that this templated-adsorbent might be useful for removing
those pollutants from food wastewaters [49]. In another study [48], researchers developed
a 3D porous-structure nanosheet of MgAl-layered double hydroxide anchored on carbon
fibers using cotton as the template to remove organic dyes from water. Congo red was
used as a model water pollutant to demonstrate the adsorption capacity of the material.
The use of carbon fibers resulted in a significant increase in surface area (27.5 m2 g−1 and
90.3 m2 g−1 for conventional MgAl-layered double hydroxide and the sample anchored
on carbon fibers, respectively) due to the presence of mesopores of a smaller size than
the ones of traditional Mg-Al layered double hydroxide (3.34 nm compared to 3.49 nm of
Mg-Al layered double hydroxide). This resulted in the adsorption of Congo red being 60%
higher on carbon fibers-modified solids with the adsorption/desorption capacity being
maintained after four adsorption/desorption cycles.

In clinical biochemistry, Ghani [45] developed a porous titania film as an adsorbent for
the isolation of analytes (e.g., nonsteroidal anti-inflammatory drugs) in urine by biotemplat-
ing with nanocrystalline cellulose derived from cotton fibers. The use of nanocrystalline
cellulose as the template restricted the growth of titania crystals due to the narrow space
between the crystals in the crystalline structure, thus resulting in a highly porous system
(surface area of 165 and 32 m2 g−1 for templated and untreated titania, respectively). The
authors did not perform a comparative study with other templates, though they pointed
out shape persistence, higher temperature, and tuneable dimensions as some advantages
of their approach compared to traditionally used “soft templates”. All in all, the limit of
detection was found to be between the range of 0.2 and 0.5 µg L−1 for all the nonsteroidal
anti-inflammatory drugs that were tested in this article.

Water deficiency can have many impacts on health and the environment. Therefore,
water harvesting by generating water from collected rain is essential in areas where fresh
water is scarce. Suvindran et al. [50] assessed the wettability of Tradescantia pallida, an inva-
sive species that can survive through drought and in arid places because it uses humidity
from the environment. The authors determined that the leaves have an efficient dual way
water harvesting system via the para-hydrophobic surface and the hydrophobic trichomes
guiding the water along parallel channels. They subsequently developed a replica applying
the conventional two-step biotemplating technique and using polypropylene pearl wool
fibres to mimic the trichomes. It exhibited a similar hierarchical structure and wettability.
Although more studies are needed to prove its efficiency, it was proposed that this material
could be useful for a water harvesting system.
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2.2. Cancer Therapy

Cancer is one of the main causes of death among humans in developed countries.
Chemotherapy is a rather invasive treatment as it attacks both carcinogenic and normal cells.
Therefore, research into targeted therapy is of prime importance to find treatments that are
directed only towards tumor cells. The most promising techniques that are being studied
are photothermal and photodynamic therapies, where applying local heat to cancerous
cells and a chain of photochemical reactions derived from a photoactivated molecule,
respectively, attacks cancer cells in a targeted way. Also, applying nanotechnology to
therapies can have a major impact on the development of new treatments as nanomaterials
can penetrate targeted tissue easily owing to their miniscule size. Furthermore, combining
nanotechnology and photothermal therapy provides medicine with green technologies to
help treat this disease. Although without the use of biotemplating, that combination is
what Akhavan and Ghaderi [51] evaluated after preparing graphene oxide nanostructures
with a high efficiency in reducing tumor size (100% tumor elimination after 48 h of injecting
concentrations of 10 µg mL−1 of the graphene material), due to graphene’s capacity to
absorb near infrared spectra and the nanoscale of the synthesized products, which provided
the material with better penetration capability and retention in the tumor. Jiang et al. [52],
using targeted graphene oxide nanostructures, combined photodynamic therapy and
targeted drug delivery, as they developed some nanoplatforms that absorbed the near
infrared spectra and could release drugs, resulting in a more aggressive destruction of
the tumor. Similar results were obtained by Lima-Sousa et al. [53], who functionalized
reduced graphene oxide with hyaluronic acid to attack CD44, a glycoprotein that is in
charge of tumor metastasis. They developed nanostructures that efficiently ablated cancer
cells after being irradiated with a laser, obtaining a cancer cell viability of ~10%. Green tea
has also been used to reduce graphene oxide and develop some nanostructures that are
targeted towards colon cancer cells, which showed almost two orders of magnitude more
efficiency than previously tested graphene materials [54]. Glucose has also been used to
reduce graphene oxide and prepare sheets in the presence of a Fe catalyst, developing a
material that required 12 min to destroy cancer cells after being irradiated with an infrared
laser source at a low concentration (0.05 mg mL−1) [55].

Focusing on biotemplating, Xue et al. [56] developed gold nanoshells from an ade-
novirus vector after being co-incubated with AuCl3. Apart from showing no significant
cytotoxicity (minimum and maximum biocompatibility of 88.3% and 94.5%, for concen-
trations of 2.5 × 10−5 mM and 2.5 × 10−4 mM, respectively), these nanoshells led to the
total death of tumoral cells in photothermal therapy using a light irradiation of 4 W cm−2.
Another study carried out by Shukla et al. [57] evaluated the impact of aspect ratio on
biodistribution through cancer cells using components of tobacco mosaic virus as templates.
They produced nanoparticles with different values for that aspect ratio, some of them la-
beled with polyethylene glycol (PEG) and others with the tripeptide RGD (Arg–Gly–Asp).
After different histological analyses had been conducted, the researchers found that the
PEGylated nanoparticles with the lowest aspect ratio (AR 3.5) diffused better into the tumor.
Also, RGD-labeled nanoparticles were able to specifically interact with the endothelium
of blood vessels, although they were rapidly cleared by immune cells. Therefore, these
nanoparticles can be used as capsules for drug delivery as their behavior and functionality
can be easily controlled [57]. Another study showed that PEGylated nanoribbons destroyed
approximately 72% of a tumor after 24 h in the dark, without being toxic in a concentration
of 1 mg mL−1 [58].

Drug delivery with hydrogels and aerogels is also being studied. Omidi et al. [59] de-
veloped some graphene and chitosan and cellulose-based hydrogels to release an anticancer
drug when receiving an external pH change from 7.4 to 5.4. Drug release studies were
carried out with antimicrobial investigations which suggest that chitosan-based graphene
hydrogels can act as promising drug delivery systems for different diseases. Also, some
graphene aerogel nanoparticles were developed in acidic conditions and showed an effi-
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cient pH-dependent release of drugs, and thus the authors suggest that these nanoparticles
might be promising for tumors that develop in acidic media [60].

2.3. Bone Tissue Engineering

Inorganic polymers that are currently used as scaffolds in bone tissue engineering
have been reported to have some drawbacks like cytotoxicity and limitations on recreating
the 3D natural structure of bones [61]. Scaffolds for bone tissue engineering need to be
porous and show some properties like osteoconductivity, biodegradability and bioactivity
to avoid cells deposition and tissue formation on the edges of the scaffold [62,63]. To
try and solve these drawbacks, bone tissue engineering using biotemplating to fabricate
scaffolds has become an interesting approach to repair damaged tissue due to the structure
of natural composites.

As hydroxyapatite is one of the main inorganic components that forms bones, syn-
thesizing it from natural materials has been of great interest in this field. Despite its poor
mechanical properties, it has good biocompatibility and osteoconductivity. Also, when
hydroxyapatite is structured into different nanoshapes, its ability to act as bone filler is im-
proved due to size. In 2010, Kim et al. [64] developed a hydroxyapatite nanotubular mesh
using poly(ε-caprolactone) as a template. The results showed that the hydroxyapatite nan-
otubular mesh obtained could be readily applied as a filler for bone regeneration [64]. Also,
a nanocomposite porous scaffold of tricalcium phosphate and hydroxyapatite nanofibers
was developed. The toughness of the scaffold, evaluated by the area under the curve of
stress displacement obtained in the compression tests, increased with the concentration of
hydroxyapatite (from 1.00 to 1.72 kN m−1, as the concentration of hydroxyapatite increased
to 5 wt.%) and showed better mechanical properties than previous calcium scaffolds [65].

The template used in a previously mentioned paper, poly(ε-caprolactone) (PCL), is a
biodegradable and noncytotoxic [66] artificial polyester that is currently used as scaffold
despite its poor cell affinity and hydrophobicity [67]. Considering both the advantages and
limitations that hydroxyapatite and PCL offer, developing a material with both components
may be useful for bone engineering. Qian et al. [67] produced a honeycomb-like PCL/nano-
hydroxyapatite from cane. These scaffolds showed the ability to support MG-63 cells
adhesion, a cell line isolated from human osteosarcoma. PCL/hydroxyapatite composites
were synthesized by an easy sol-gel synthesis method. The product obtained showed no
sign of cytotoxicity and cells were able to proliferate and grow on these porous scaffolds,
which made them promising scaffolds for bone tissue engineering. The incorporation of hy-
droxyapatite resulted in a better biocompatibility (approximately 30% increase as measured
by tetrazolium-based colorimetric assay); this could be accounted for by the enhancement
of cell attachment and protein adsorption on the scaffolds. Cane was also the template
this group used in two different studies focused on the identification of new scaffolds for
bone tissue engineering. One of them had the main objective of developing hydroxyapatite
ceramic scaffolds using both biotemplating and the sol-gel method. When compared with
pine-derived hydroxyapatite ceramic scaffolds, cane-derived scaffolds showed improved
porosity (76–84% vs. 69–77% in pine-derived solids for sintering temperatures in the
1400–1100 ◦C range), which makes them more suitable for tissue engineering [62]. Another
study focused on producing silk fibroin scaffolds from cane that provided an appropriate
substrate for MC3T3-E1 cells, osteoblasts isolated from mice [68]. The biocompatibility,
strength, and toughness of the silk fibroin protein make it a very interesting material
for tissue engineering. The scaffolds exhibited good mechanical stability (compressive
modulus of 1.56 ± 0.06 MPa), porosity (82.7%), and a bimodal pore size distribution (15
and 172 µm).

Glass-ceramics can also be used in bone regeneration as they have been shown to
induce the correct organization of a bone-like apatite layer on their surface. To prepare
these glasses using a sustainable process of biotemplating, Qian et al. used sugarcane as a
pattern to produce and characterize a biomorphic 45S5 bioglass [63]. Poly-L-lysine with a
large positively charged surface for binding [69] has also been used for creating bioinspired
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bone-tissue engineering materials. Gold colloids were deposited on poly-L-lysine coated
fused silica to grow silicon nanowires with a controlled diameter. After 4 weeks, osteoblasts
were differentiating and clustered on the surface, which suggests that these materials may
have the potential to be applied in bone tissue engineering.

As has been previously mentioned, graphene has some properties like biocompatibility
and conductivity that make it useful in photothermal therapy or drug delivery. Also, its
capacity of promoting cell adhesion makes it appropriate for tissue engineering. Graphene
nanogrids were used as templates for the proliferation of human mesenchymal stem
cells. When there were some chemical inducers (dexamethasone, β-glycerophosphate, and
ascorbic acid) these grids allowed for the fastest osteogenic differentiation of cells that had
been reported, as they only took 7 days to achieve this process [70].

Recently, cellulose, alginate, bioglass nanoparticles, and gentamycin nanocompos-
ite thin films were synthesized by electrophoretic deposition under different pressure
conditions. Those that were prepared under a 5-bar pressure process showed more bio-
compatibility and improved osteoblast proliferation [71].

The regeneration of nervous tissue is another important approach in tissue engineering.
It has been observed that, due to the electrical properties of graphene [72,73], its use in the
nerve stimulation of neurons could be of great help to promote this regeneration. Different
studies have been carried out using graphene oxide foams [72], fluorinated graphene [74],
red ginseng-reduced graphene oxide [73], and graphene nanogrids on a SiO2 matrix with
TiO2 nanoparticles [75]. General results showed that these materials were effective in
inducing neural stem cells differentiation into neurons due to their ability to transmit
electric currents that stimulate stem cells to become neurons, and the fact that they can
express nestin, a neural marker. These characteristics show that these graphene-based
materials may have a potential application in regenerative medicine.

Finally, it is important to highlight the role of viruses as templates for developing
scaffolds and materials that could be used in tissue engineering. Specifically, plant viruses,
such as tobacco mosaic virus, are of great importance in this field due to their inability to
develop human infections, homogeneous pore distribution, and self-assembly capacity.
Furthermore, they have a capsid that is extremely useful for nanomaterials synthesis on
the inside, and that allows for genetic modification to achieve the desired morphology and
functionality of the material. As this virus is stable at pH 2.5–9.0 and temperatures up to
90 ◦C and can also resist the presence of many organic solvents, tobacco mosaic virus is a
potential template for tissue engineering [76–78].

2.4. Light-Emitting Materials

The ability of living organisms to emit light, bioluminescence, can be used as a
potential imaging tool. The most well-known light emitting mechanism that has been
described is observed in fireflies, but isolating some of the molecules that participate in it is
rather arduous. Recreating some inorganic materials based on luciferin, the substrate of
the enzymatic reaction through which fireflies produce light, has been the focus of some
studies related to this topic. A molecular lantern of gold nanoclusters decorated with green
emitting dye (λ = 520 nm) was synthesized with hydroquinone and dipeptide Cys-Gly.
Due to good biocompatibility (98.4% of HeLa cells were alive after 24 h in the presence of
the lantern even at high concentrations of 200 µM), these materials have been proposed as
promising imaging probes [79].

Optoelectronics is a field that needs constant improvement to meet the security and
usefulness requirements of new devices. Some of these optoelectronic semiconductor
materials like ZnO are capable of emitting light efficiently in ambient conditions. To develop
a sustainable process of synthesizing ZnO semiconductor materials using biotemplating,
rattan was used as a template. Al2O3 microvessels were produced and coated with ZnO
tetrapods. The intensity of the emission that can be easily controlled and the internal
structure of the bioinspired material make them a potential candidate for a semiconductive
optoelectronic material and a gas sensor composite, respectively [80].
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Also, porous ceramic burners have shown high efficacy in producing light and heat
sustainably to promote a green economy. Yttrium disilicate (Y2Si2O7) is a rare earth disili-
cate that is stable at high temperatures and has a luminescent performance. These materials
exhibit light emission in the infrared range (λ = 750–4300 nm) and at the wavelength of
1000 nm at 400 ◦C. Santos et al. [81] developed β-Y2Si2O7 from the sponge Luffa Cylindrica,
which showed good gas burning and light emission efficiency. Using the same template
and product, they obtained a dysprosium-doped yttrium disilicate burner with a micro-
porous structure and thermoluminescent response at 580 nm at 180 ◦C. The prepared
material showed a porous microstructure and a pycnometric density of 3.21 g cm−3 (80%
of the theoretical value density, which accounts for 4.04 g cm−3), which suggests that
biotemplating allowed for the synthesis of morphology-controlled structures with good
burner efficiency [82].

2.5. Sensors

Tin dioxide (SnO2) is highly used in the development of gas sensors as it is a cost-
effective semiconductor with chemical stability. The process through which the gas is
detected takes place on the surface of the nanomaterial, between the desired target gas
and the oxygen of SnO2. Therefore, porosity is essential to ensure the presence of channels
for gas diffusion [83,84]. Zhu et al. took advantage of the porous hierarchical structure
of Euploea mulciber butterfly wings to create PdO-decorated SnO2 nanocrystallites with a
high sensitivity of 229 (to 200 ppm acetone) and rapid response/recovery time of 10 s/31 s
(to 50 ppm acetone) at 230 ◦C. This sensitivity and rapid response/recovery might be
caused by the size and hierarchical structure of nanoparticles, which promote gas diffusion
through them [84]. Also, SnO2 crystal films have been produced using cellulose crystals
as templates. The final product was a fast (approximately 3 s until 90% of the maximum
signal) and highly sensitive (at ppm levels) sensor to carbon monoxide and showed better
performance than other CO sensors described in the literature, which took, for example,
10 s to several minutes until 90% of the maximum signal was achieved [83].

Pressure and strain sensing have emerged in the last few years due to their applicability
to the manufacture of wearable electronic devices. The focus of producing new pressure
sensors is improving their sensitivity and detection limit. To achieve that, wrist pulse
pressure sensors with polypyrrole layers produced from the replication of rose petals have
been developed. They exhibit an ultrahigh sensitivity (70 KPa−1, <0.5 KPa), an ultralow
detection limit (0.88 Pa), a wide pressure detection range (from 0.88 Pa to 32 KPa), and
a fast response time (30 ms). Moreover, upon light illumination, sensitivity enhanced to
120 KPa−1 (<0.5 KPa) and the detection limit lowered to 0.41 Pa. Due to the petal structure,
the pressure sensors were capable of showing excellent sensing activity [85]. A similar
observation was made in the development of an engineered-Au/poly(dimethylsiloxane)
strain sensor using a lotus leaf as a template. The results showed that the strain sensor had
a high sensitivity (gauge factor = 20 at 20% strain, 350 at 80% strain) and a wide sensing
range (up to 80%), being able to detect subtle strains like human wrist pulse [86].

Also, biotemplating has been used to prepare a high resolution optical fiber surface-
enhanced Raman scattering sensor using cicada wings [87]. These templated materials
were coated with silver and their functionality was tested with thiophenol and rhodamine
6G as analytes. Authors obtained the characteristic thiophenol peaks that are described
in the literature (1573 cm−1, 1071 cm−1, 1021 cm−1, 1000 cm−1, 692 cm−1, and 422 cm−1)
and the characteristic rhodamine 6G spectra but with a broad silica peak at 400 cm−1 due
to the experimental conditions that they used to analyze this compound. The fidelity and
sensitivity obtained by these results show the potential application of these materials in
sensing. Photonic crystals for temperature and gas sensors from Entimus imperialis beetle
scales and a mixture of organopolysiloxane were prepared [26]. The silica-based replica
of these scales could resist temperatures up to 600 ◦C. Authors suggest that changing
structural characteristics of organopolysiloxane could allow for the synthesis of sensors



Catalysts 2021, 11, 1364 9 of 34

with tunable properties and therefore materials with the desired photonic characteristics
could be prepared.

Electrophoretic deposition was used to develop some graphene oxide nanowalls which
were effective in the detection of single nucleotide polymorphisms of a DNA deter-mined
sequence. This is of great interest as they can be used as biosensors with high sensitivity in
detecting mutations that could lead to diseases like cancer and help in their prevention [88].
In fact, graphene-based technologies, while being less expensive, showed a five orders of
magnitude higher detection sensitivity of leukemia cells than reference technologies such
as next generation sequencing of DNA [89]. Mg2+ charged graphene electrodes fabricated
by electrophoretic deposition also showed more efficiency and a lower detection limit
(about 1000 orders of magnitude) than conventional techniques in detecting leukemia cells
in a fast period of 60 min, with the advantage of requiring less investment and incubation
time [90].

Copper oxide nanoflakes were synthesized to act as biosensors for the detection of
E. coli [91]. These structures were reduced by hydrogen produced during the glycolysis
process of the bacteria to become active, which makes them suitable for detecting all types
of bacteria that carry out this process. It showed high sensitivity as it was able to detect low
concentrations of bacteria of 102 CFU mL−1. Another study showed that bacterially reduced
graphene oxide by hydrogen produced in that glycolysis process exhibited antibacterial
activity inhibiting bacteria proliferation on its surface. These findings suggest that reduced-
graphene oxide can be used to develop thin coatings to inhibit bacterial proliferation in
specific areas [92].

Finally, it is important to highlight commercial applications of biotemplated sensors.
Some sensors were developed to be used in the food industry to detect fish freshness
using rape bee pollen as a template [93]. The sensor was based on the fluorescence
quenching of ZnO by H2O2 produced by xanthine oxidase in the oxidation of xanthine, a
molecule that helps in fish freshness detection. The prepared sensor was able to detect low
concentrations of xanthine, with a limit of detection of 1.3×10−10 mol L−1, which suggests
that the synthesized material is accurate in determining fish freshness and that of other
high-protein foods.

2.6. Energy Capture and Storage

The development of Li batteries has been of significant importance in recent years
as they are the main candidates for next generation energy storage due to their capacity
and cost effectiveness. However, there are still some limitations related to safety when
it comes to their use in large electronic devices. To improve the internal resistance of
the batteries using nanosized and intricate structures of natural materials to decrease the
path that electrons have to travel, and thus reduce the heat that damages batteries in high
thermal resistance materials, biotemplating has been widely used in the synthesis of useful
materials not only for its ability to control the morphology of the product but also because
it allows for an environmentally friendly synthesis process [94]. There are different types
of Li batteries for which bioinspired materials have been synthetized, like Li–S, Li–Se, or
Li–oxygen. Also, biotemplating has been useful to develop suitable materials for energy
harvesting applications [95], supercapacitors, solar cells, and Na batteries.

Producing FeS2 bioinspired materials was the focus of the study developed by Gan et al.
in 2016, because this metal sulfide has been considered a useful anode material for its low
environmental impact. Using cotton as a template and a carbon source, they developed
high capacity FeS2 decorated sulfur-doped fibers that were applied as the anode of Li
batteries [96]. Specific capacities were about 1200, 900, 700, 550, and 400 mAh g−1 after
every 10 cycles at 0.1, 0.2, 0.5, 1, and 2 A g−1. Mirvaux et al. [97] produced other iron-based
electrodes for Li batteries by using the bacteria Sporosarcina pasteurii as a nucleating tem-
plate. Bacteria played different roles such as a template for the growth and organization of
particles, a source of carbon residue (beneficial to electrode conductivity), and a source of
porosity (which favors lithium ions mobility) because of gas released upon mild heating to
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decompose bacteria. The resulting electrode materials exhibited enhanced performance
(in terms of first cycle reversibility, reversible capacity, power efficiency, and cycle life) as
compared to similar solids obtained without the use of bacteria biotemplating.

Further progress in Li batteries requires the substitution of graphite as negative elec-
trode materials in those devices with other composites, including TiO2, RuO2, or IrO2 [98],
that have demonstrated a low environmental impact and a higher capability than graphite,
apart from being safer and faster. Using TiO2 nanostructures for this matter enhances the
effectivity of batteries because of the increase in electrode–electrolyte contact area. Taking
this into account, hollow TiO2 nanofibrils from nanofibrillated cellulose were synthetized
through a biotemplating technique [99]. Despite replicating the structure of cellulose,
the performance of the material was not impressively improved. However, this shows
a potential approach to produce TiO2 electrodes for Li batteries. Kim et al. [100] used
diphenylalanine as a template to design a hollow ribbon anatase TiO2 nanonetwork struc-
ture to be used as an electrode for Li batteries through biotemplating and an atomic layer
deposition technique. This unique structure provides the material with some advantages
like facile electronic conduction and better performance than previous nano-electrodes
due to an improved Li diffusion. These nanoribbons showed a 154.5 mAh g−1 capacity
and retained 83.2% of the initial capacity after 200 cycles, which is much higher than that
obtained by TiO2 nanopowder, which accounted for a 73.5 mAh g−1 specific capacity,
retaining 68.8% of it after 200 cycles.

Also, some metal oxide–graphene materials have been used to improve the cycling life
capacity of conventional carbon anodes. SnO2/C composites were developed by Li et al.
in 2014 from cotton, due to its plant fibers’ uniform morphology. The final product had a
higher reversible capacity (530 mAh g−1) than carbon anodes (372 mAh g−1) [101]. Other
examples of metal oxide–graphene anodes were developed by Ping et al. [102], where
genetically modified E. coli to express 5R5 proteins on its surface was used as a template
to develop rod-shaped mesoporous silica particles, as 5R5 is a protein that is integrated
by five repetitions of the R5 domain. This domain is responsible for the catalytic activity
of a protein that can synthesize silica in vitro, called silaffin. Tetraethyl orthosilicate was
the SiOx/C precursor. These nanorods showed a specific capacity of 791.7 mAh g−1 after
100 cycles, higher than that of non-templated SiOx (~400 mAh g−1) [102]. In another study,
NiO/C microspheres were synthesized by biotemplating using lotus pollen grains as both
a template and a carbon precursor in a chemical bath deposition method [103]. In using
NiO/C microspheres as an anode material for Li batteries, a high discharge capacity and
stability (after 10 cycles, the specific capacities at 0.1, 0.5, 1, and 3 Ag−1 were 698, 608, 454,
and 352 mAh g−1, which were 88.4–98.7% of the initial capacities) were achieved [103].
Sea cucumber-like LiMn2O4/C composites were synthesized through a biotemplating
technique by using spirulina as a template. These composites showed improved elec-
trochemical performance (130 mAh g−1 after 10 cycles compared to 118 mAh g−1 of a
LiMn2O4 obtained by a sol-gel method), which could be related to its hierarchical structure,
as it could facilitate lithium-ion conduction and slow down magnesium dissolution in
electrolytes during the performance of the battery [104]. Another metal oxide–graphene
high-capacity electrode was developed using spirogyra as a template and as a carbon
source in the study conducted by Wang et al., where they designed a MnO/C anode for
lithium batteries [105]. These electrodes exhibited high reversible lithium storage capacity
(610 mAh g−1 at 200 mA g−1) [105]. This metal oxide had also been used in the past to
develop microspheres as electrode materials from Nannochloropsis oculata for Li batteries,
with a high reversible capacity of 700 mAh g−1 at 0.1 A g−1 and a cycling stability of
94% capacity retention [106]. Xia et al. developed LiFePO4/C composites from spirulina
to serve as a high potential cathode for lithium ion batteries which showed an excellent
cycling stability of 141 mA g−1 after 50 cycles [107]. Also, some studies have shown a
specific binding capacity of some polypeptides depending on the amino acids sequence to
cathode materials, such as the previously mentioned LiMn2O4 or LiCoPO4, which might be
useful to improve their potential theoretical value, poor cyclability, and rate capability [94].
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Sugarcane bagasse has been used to design single-crystalline α-MoO3 micro belts with
high electrochemical performance (302 mAg g−1 and 99.4 mAh g−1 at 100 mAg−1 and
2000 mAg−1, respectively) and discharge capacity (270 mAh g−1 after 200 cycles) [108]. In
addition, Zhu et al. produced MnO/C porous composites with hollow structures from
lotus pollen grains by combining biotemplating with chemical bath deposition. These
composites showed an excellent cycling stability (740 mAh g−1 after 50 cycles) which
makes them a potential anode material for Li batteries [109].

In addition, to improving the capacity and stability of graphitic carbon anodes, silicon
oxycarbides (Si–O–C) have received great attention. Xia et al. [110] developed Si–O–C
microspheres as an anode material for Li batteries by using Nannochloropsis microalgae
as a template and a carbon source and supercritical CO2 fluid technology to assure high
penetration and mass transfer control into the pattern. The product showed a high re-
versible capacity of 450 mAh g−1 (compared to 248.9 mAh g−1 of carbon) and a higher
cycling stability (453.5 mAh g−1 after 200 cycles at 0.1 A g−1) than carbon electrodes, which
suggests that using both biotemplating and supercritical CO2 fluid technology will produce
useful materials in a sustainable and controllable way. In fact, they used these two pro-
cesses to synthesize Ni(OH)2 modified porous carbon microspheres from yeast to serve as
cathodes, with a high discharge capacity (1335 mAh g−1 at 0.1 C) and good cycling stability
(602 mAh g−1 after 200 cycles) [111]. Other Si–O–C composites have been developed using
those two techniques, resulting in the production of cathodes that not only encapsulated
Se in Li–Se batteries, but also showed a high capacity and cycling stability [112].

Reducing the temperature of the synthesis process of garnet solid state electrolytes
materials to lower lithium evaporation is another major objective. This was achieved
through a sol-gel method, by creating high conductivity tetragonal Li7La3Zr2O12 and
cubic Li6.4Al0.2La3Zr2O12 using Agar polymer due to its low cost [113]. The authors
hypothesized that this decrease in the temperature synthesis process might be attributed to
a homogeneous metal ion mixing and garnet nucleation in the templated matrix.

Lithium–sulfur batteries attract great attention as a more energetic option than nor-
mal lithium batteries. In the work of Xia et al. [15], porous carbon microspheres were
prepared by using Schizochytrium sp. microalgae. These particles did not only show high
reversible capability and good cathode properties, but could also encapsulate sulfur to
reduce the degradation of electrodes in Li–S batteries due to the accumulation of lithium
polysulfides [15]. Reducing this effect, which is called the “shuttle effect”, is essential to
improve the performance of Li-S batteries. Kong et al. [114] fabricated aluminum-doped
ZnO nanoparticles-decorated carbon nanoflakes decorated using kapok fibers as templates.
Owing to their electrochemical performance (initial discharge capacity of 1114 mAh g−1

and 927 mAh g−1 after 100 cycles), these nanoparticles demonstrated a reduced shuttle
effect and improved the performance of Li–S batteries [114]. Also, this template was
used to develop carbon nanoflakes decorated with metal oxides nanoparticles. The ap-
plication of MgO/C, La2O3/C, and CeO2/C as sulfur cathodes showed a higher capacity
(1.368 mAh g−1, 1.345 mAh g−1, and 1.388 mAh g−1, respectively) and cycling stability
(0.034%, 0.047%, and 0.066% capacity decay per cycle, respectively) than Al2O3/C and
CaO/C electrodes (1.330 mAh g−1 and 1.246 mAh g−1, respectively). Also, CaO/C showed
a poorer lithium polysulfides capture capability in reducing the shuttle effect than MgO/C,
La2O3/C, and CeO2/C because, as those sulfides are poor ionic and electronic conductors,
they are better captured by electrodes with a better cycling performance [115]. They also
developed some Sn@C composites to serve as anodes for Li batteries using the microalgae
Spirulina platensis, as metallic tin is an interesting option for anodes material due to its
theoretical capacity (993 mAh g−1), its high operating voltage, and its resistance towards
solvent that minimizes irreversible charge loss [116]. In another study, E. coli was coated
with metal–organic frameworks to manufacture N and P co-doped carbon capsules to ex-
press self-phosphorized metal phosphides. Owing to the dispersion of these particles over
the bacteria carbon capsule, they can bind to lithium polysulfides and therefore suppress



Catalysts 2021, 11, 1364 12 of 34

polysulfide shuttling. They can also catalyze oxygen conversion, which makes them a great
material for lithium–sulfur batteries and zinc–air batteries [117].

To produce lithium–cobalt batteries, Kang et al. [19] developed the biotemplating
technique using wood, cotton, and pollen as templates. Due to the performance of the final
product and its potential for commercialization, cotton was selected as the appropriate
pattern among the ones they tested. Cotton–Li–Co batteries showed a higher capacity
(52.6 mAh g−1) than traditional ones (36.2 mAh g−1).

Porous structures in gas batteries are desirable to achieve improved gas access, and
therefore improved performance efficiency. In this respect, producing porous materials
with controlled pore sizes through biotemplating provides an easy process to synthesize
useful materials in a sustainable form. In Li–oxygen batteries, the solid/gas interface
of the cathode is crucial, so having porous structures to facilitate the entrance of the
gas will allow a much more extended use of these batteries, which are considered to
have three times more energy density than Li batteries. Oh et al. [118] used different
non-pathogenic bacteria (E. coli and S. epi) to prepare cathode materials with pores of
200–500 nm to 1–2 µm size and geometrical shapes including cylindrical and spherical
ones. The porous multiwalled carbon nanotubes obtained were more beneficial when the
pores were cylindrical (produced by E. coli), showing more power and an improved cycle
life than spherical pores (3.46 mAh g−1 compared to 2.73 mAh g−1 of S. epi multiwalled
carbon nanotubes; and 2–3 times more total discharge capacity, respectively). The authors
suggested this might be attributed to the better interconnectivity of cylindrical pores.

Supercapacitors are energy storage devices with long life cycle and high power. In
2015, based on the extremophile bacteria Deinococcus radiodurans as a biotemplate, Ata-
lay et al. [119] used NiCl2 as a precursor to produce NiO nanostructures with a high
surface-to-volume ratio for synthesizing potential materials for supercapacitors. Sawdust
was used as a template to fabricate porous Co3O4 nanoparticles, as it is a low-priced
and abundant material. They showed strong reversibility, high capacitance, and stability
(179.1–289.7 F g−1 at 20 mA after 100 cycles), which made them appropriate for a super-
capacitor [120]. Cellulose nanocrystals from cotton were used to produce orthorhombic
niobium pentoxide nanocrystalline films with lithium-ion intercalation pseudocapacitance.
The material exhibited good cycling performance, wide temperature tolerance, and a
unique intercalation capacity that provide an interesting approach for the production of
materials with high power and energy density for energy storage [121]. The black wings of
Troides Helena butterflies were used as a pattern for the synthesis of biomorphic NiO/Ni su-
percapacitor electrode materials with a higher capacitance and stability than non-templated
materials (381.4 F g−1 at 1 A g−1 compared to 251.2 F g−1 at 1 A g−1 for non-templated
NiO). The wings were correctly replicated as can be seen in Figure 2, although pores in the
structure were reduced and ridges achieved a serpentine shape compared to the original
template [25]. Mycelium pellets [122] and polyalanine [123] have also been used to prepare
useful materials for the production of supercapacitor devices.

Biotemplating has also been used to develop electrodes from different templates such
as viruses [17,124–126], proteins [127], and plants [128] for different applications. For
example, it has provided the solution for a global problem involving a lack of potable water.
One of the most relevant techniques is deionization, where ions in water are attracted
towards electrodes with a potential difference, causing a diminished concentration of these
ions in water. Bioinspired materials including carbon electrodes derived from rattan have
been applied to water desalination. These materials showed excellent performance in
adsorbing high concentrations of salt (~0.058 g of salt from a 10 g L−1 salt solution) by
applying a voltage as low as 1.2 V [128].
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Figure 2. Figure extracted from Tong et al. (2021) [26]. Picture (a) shows an image of the Troides
Helena butterfly used as a template. Pictures (b,c) compare the original template and the templated
material, respectively. Although the structure was accurately replicated, pores diminished their sizes
and ridges changed their straight disposition. Picture (d) shows nitrogen adsorption/desorption
isotherm and pore size distribution of the biotemplated electrode. Reproduced with the permission
of Wiley.

Solar cells are electronic devices that can transform light into electric energy. There is
an urgent need to improve the performance of solar cells, including their light absorption
capability and carrier transport. One of the main strategies to achieve this is to synthesize
materials with nanoscale architectures, which improves charge collection and light harvest-
ing with the incorporation of different metals on their active layer. As natural materials
have a highly porous structure and intricate nanoscale hierarchy, using biotemplating to
solve this matter is of great interest. Dorval et al. [129] designed solar cells through biotem-
plating of M13 bacteriophage to produce titania–lead sulfide heterojunctions that were
also complexed with gold and silver nanoparticles and nanoplates. They obtained a 36.5%
improvement in power conversion efficiency (measured as the percentage of solar light con-
verted into electrical energy) using virus-based devices with silver nanoplates compared to
that obtained by virus-based devices without nanoparticles. Another group [130] applied
an entangled hollow TiO2 nanoribbon anode from diphenylalanine for dye-sensitized
solar cells that showed a power conversion efficiency of 3.8%, which is comparable to that
obtained by commercial titania (3.5%) [130]. Sasakia Charonda Formosana butterfly wings
were also used for the preparation of TiO2 nanocrystal solar cells [131].

Na batteries are considered an alternative to Li batteries due to the abundance and
the low cost of sodium; therefore, developing bioinspired materials for this application is
attracting attention. The M13 bacteriophage was chosen by Zhang et al. [132] to develop
zinc sulfide nanofibers coated with a layer of carbon to serve as anodes for Na batteries. It
is necessary to find high-capacity anode materials for sodium batteries as sodium ions are
not able to intercalate into conventional graphite anodes. Although the product showed
good reversible capacity and efficiency (603 mAh g−1 at 100 mA g−1 discharge rate), the
authors suggested that more research was required to reduce the production cost [132].
Dextran has also been used with this purpose. Using this template allowed the authors
to control the morphology of the nanoparticle, which exhibited a higher energy storage
capacity than traditionally created materials after the same conditions (103.1 mAh g−1

compared to 80.1 mAh g−1 after 10 cycles, respectively) [133].



Catalysts 2021, 11, 1364 14 of 34

2.7. Catalysis

a) Sustainable production of hydrogen and biofuel

The current energy system is based on fossil fuels. As their combustion releases
polluting elements that contribute to climate change, finding renewable and sustainable
energy sources is essential to reduce those damages to the environment. The replacement
of these fossil fuels using biomass-derived alternatives has taken a substantial leap towards
a sustainable energy system to meet the global growing demand. In 2017, Xue et al. [134]
developed a biorefinery process to co-produce biofuels and silver nanomaterials. Impreg-
nation of pure cellulose with silver nitrate and subsequent pyrolysis led to a substantial
increase in gas yield (especially hydrogen, three times higher than using raw cellulose)
and higher content in furfurals (e.g., 5-hydroxymethylfurfural content is doubled) of the
condensable biooil components. Moreover, the authors suggested that the silver-char
components be calcined to yield biotemplated silver nanomaterials for use in catalytic
energy applications. Another approach towards a sustainable biofuel production process
was assessed in 2020 by Ashman et al. [135]. Impregnation of silver nitrate into the spent
grain waste of a brew through a wet impregnation method prior to pyrolysis resulted in
a dramatic increase in non-condensable gas production (hydrogen and ethane, a 10-fold
increase in the case of the former). Moreover, fuel production was accompanied by the
biotemplated synthesis of micro- and nanostructured materials.

Hydrogen is an attractive alternative to fossil fuels since water vapor is the only
product obtained through its combustion. However, it is currently mainly obtained from
natural gas, oil, or coal. One alternative is hydrogen production from biomass-derived oxy-
genated organic compounds (photo-reforming) using light in the presence of water, at room
temperature and anaerobic conditions, to generate gaseous hydrogen and carbon dioxide.
The process uses a semiconductor as the catalyst that needs to be activated through light to
complete its function. To be activated, the photon that is absorbed from light needs to have
the same or higher energy than the difference between the conduction band and the valence
band (band gap). Chen and Wang [136] designed boron carbon nitride tube catalysts from
kapok fibers which were used as a template and carbon source. The performance of the
boron nitride tubes was evaluated in the production of hydrogen using triethanolamine
as a sacrificial reagent and Pt as a cocatalyst under visible light, obtaining a hydrogen
evolution rate of 2.8 µmol h−1. Hashemizadeh et al. synthesized biotemplated artificial
titania leaves with the architecture of Camellia tree leaves [1]. Subsequent incorporation of
ruthenium oxide on the surface resulted in a material able to reduce CO2 under UV and
visible light. Results showed that these biotemplated catalysts had a higher selectivity for
methane in the reduction of CO2 under UV light and an enhanced visible light activity
than P25, a reference commercial titania photocatalyst (selectivity of 3.8 µmol per grams of
catalyst compared to 5.1 µmol per grams of catalyst of P25, which yields mostly CO). This
higher selectivity was attributed to the interconnected nanostructures that were achieved
after replicating the thylakoid membrane of the leaves [137], as their hierarchical pore net-
work increases the time that reactants are in contact with the titania surface of thylakoids,
increasing the possibility of full CO2 reduction to CH4. Other green leaves including olive
leaves were used as templates to create a titania-based catalyst (artificial olive leaf, AOL) to
participate in the production of hydrogen through glycerol photoreforming. As olive leaves
and glycerol are by-products from olive oil and biodiesel production, respectively, their
use as templates for catalysts and as a sacrificial agent, respectively, in photoreforming con-
stitutes an interesting valorization route for biohydrogen production. AOL produced 64%
and 144% more hydrogen than P25 and under solar light irradiation and UV irradiation,
respectively. These results show the potential applications of olive leaves as a template for
photocatalysis [21]. This catalyst was further tested after depositing copper on the structure.
Results showed that both under solar light and UV light irradiation, copper enhanced
the photocatalytic activity and therefore hydrogen production in glycerol photoreforming.
This synergistic effect of titanium and copper was attributed to a heterojunction between
TiO2 and CuO, where electrons accumulated at the CuO conduction band reduced protons
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to hydrogen and holes in titania oxidized glycerol. However, a high quantity of copper
deposited on the structure decreased the activity, probably as a result of copper acting as
an electron–hole recombination center [138].

Cerium oxide (CeO2) has a high stability and efficient photocatalytic activity under
UV radiation due to its wide band gap (~3–3.2 eV) [139], so it is considered a promising
photocatalyst for hydrogen production reactions. To enhance its photocatalytic activity, N–
CeO2 has been used to extend the light absorption capability towards the visible light region
and slow down the electron–hole recombination rate. Liu et al. [140] studied the application
of N-doped hollow CeO2 spheres prepared from Hemerocallis pollen grains to hydrogen
production through methanol photoreforming. These spheres, which completely replicated
the natural structure of the template, acted as biotemplated catalysts that produced almost
4 times more hydrogen than CeO2 nanopowder (521 µmol h−1 g−1 vs. 141 µmol h−1 g−1).
This enhancement in the photocatalytic activity might be attributed to the fact that the
introduction of nitrogen in the structure can maintain the hydroxyl groups on the surface
of CeO2 to favor hydrogen production reaction (Figure 3) [140].

Figure 3. Figure extracted from Liu et al. (2017) [140]. Picture (a) is an image of the template
Hemerocallis fulva and (b) is a fluoroscopy photograph of pollen. Pictures (c,d) show SEM images of
both the original template and the templated material, respectively and (e) shows the porous surface
of biotemplated CeO2 microcapsule at a lower scale. Pictures (f–h) show the TEM image of the
templated CeO2 microcapsule, HRTEM image of the templated CeO2 microcapsule and the selected
area diffraction pattern of CeO2 nanoparticles, respectively. The right picture also shows hydrogen
production comparing the templated material (N-doped CeO2 microcapsules) with non-templated
forms of CeO2. Reproduced with the permission of Elsevier.

Strontium titanate has been used to produce hydrogen from water splitting, although
its performance under visible light is limited due to its large band gap (indirect band gap of
3.25 eV and direct band gap of 3.75 eV) [141]. To address this problem, Nuraje et al. [142] pre-
pared photocatalytically active N-doped perovskite strontium titanate (SrTiO3) nanowires
from a genetically engineered M13 virus to produce hydrogen by water splitting under
visible-light irradiation. Reactions were carried out by adding 0.05 g of strontium titanate to
60 mL of a mixture of methanol: water (1:1.4 v/v) under visible light using Pt nanoparticles
as co-catalysts. SrTiO3 nanowires that were treated at 650 ◦C during the ammonia treatment
showed the highest photocatalytic activity at producing H2 (40 µmol g−1 h−1). This result
is significantly better than the hydrogen rate achieved by non-templated SrTiO3 described
in the literature (~10 µmol g−1 h−1) [143]. The improvement in hydrogen production
by this templated catalyst can be ascribed to doping with N, which enhances solar light
absorption [142].
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b) Decontamination reactions

Pollution is one of the main problems that mankind is facing. Photocatalysis is the
main strategy used jointly with biotemplating to address this problem. Azmy et al. [144]
designed BiFeO3 nanoparticles to act as catalysts for the degradation of methylene blue
under visible light irradiation, as their narrow band gap of 2.1 eV makes them a good
material for visible light capture. The template they used was κ-carrageenan, a sulfated
polysaccharide extracted from red seaweed that allows for the nucleation of nanoparticles.
The results showed that 12.79 mmol/L of BiFeO3 could degrade 10 ppm of methylene
blue over a 120 min period and remove 96% of the dye at pH 8 in a 180 min period. They
suggested that the adsorption capacity of the materials depends on the concentration of
the dyes, and that BiFeO3 is a better catalyst than an adsorbent, as in basic media it could
not adsorb the dyes but it could catalyze methylene blue degradation. The reusability
experiments the authors carried out showed that the catalyst did not lose activity until
the third cycle. To catalyze the same reaction, Yang et al. produced hierarchical Fe2O3/C
composites from agarose which showed enhanced photocatalytic activity with a four times
higher photodegradation rate constant of 0.091 min−1 vs. the 0.020 min−1 rate constant of
Fe2O3 [145].

TiO2 is another interesting semiconducting photocatalyst because of its nontoxicity,
high activity under ultraviolet light, and low cost. Some TiO2-based photocatalysts were
developed from Juncus effuses to be used in the degradation of water or gas pollutants.
The results showed that the photocatalytic activity of the biotemplated photocatalysts in
the degradation of methylene blue was better than that of P25, mainly due to the auto-
doping of carbon into titania [146]. Ivanova et al. [147] designed some titania porous films
using nanocrystalline cellulose from cotton as a template. The resulting material showed
photocatalytic activity as well as excellent performance as thin anodes for dye-sensitized
solar cells (they showed a current density of 6.02 mA cm−2 compared to 5.24 mA cm−2 of
a reference titania cell). To demonstrate its photocatalytic activity, the material was used to
purify aqueous media polluted by 4-chlorophenol. The degradation of 4-chlorophenol with
the biotemplated films had a higher first-order rate constant (0.18 h−1) than the highest
reported rate (0.12 h−1). It was also tested in the catalytic oxidation of NO, showing a
conversion efficiency of 16% over the 10% obtained with previous catalysts. This behavior
was attributed to the high crystallinity, porosity, and the presence of the anatase phase in
the titania films [147].

However, fast recombination of TiO2 electron–hole pairs needs to be assessed to
improve its performance. To address this problem, doping with metals or non-metals
and TiO2–carbon heterojunctions are some of the possibilities. C-doping of TiO2 has been
reported to improve its photocatalytic activity in the visible spectra while being more
effective than other non-metal doping because it can enhance both TiO2 conductivity
and surface adsorption [148]. C-doped TiO2 nanorods were developed using regenerated
cellulose membrane from non-printed area of recycled newspaper, which served as both a
template and a carbon source. The photocatalytic activity of these catalysts was analyzed
through methyl orange degradation, to be used in reactions to purify polluted water.
Results showed a better degradation percent of methyl orange in reactions catalyzed by
biotemplated catalysts (96.6%) than in commercial P25 (28%) or non-catalyzed reactions.
This massive difference in the degradation percent can be attributed to the presence of
carbon, which widens the absorption spectra of TiO2 towards the visible region. These
results suggest that C-doped TiO2 catalysts can be very useful in the degradation of water
pollutants under visible light irradiation [149].

As mentioned above, heterojunctions are another possibility to improve TiO2 pho-
tocatalytic performance. Some P25-based TiO2@graphitic carbon heterojunctions have
been prepared by biotemplating of Staphylococcus aureus. These catalysts were used to
induce the reduction of Cr6+ into Cr3+ to decrease the impact of Cr6+ toxicity. The re-
duction reaction was performed under a 500 W xenon lamp with a 420 nm filter. The
results showed that the biotemplated composites exhibited photoactivity on Cr6+ reduc-
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tion, whereas commercial P25 did not. Also, due to the hierarchical structure of the
composites, TiO2@graphitic carbon showed higher activity in Cr6+ reduction under visible
light (almost complete degradation after a 240 min period) [150]. Magnabosco et al. [151]
produced some TiO2/SiO2 catalysts that proved to be efficient in the degradation of rho-
damine B with simulated solar light. The catalysts were designed using sea urchin spines.
To introduce more porosity to the structure, polystyrene nanoparticles were deposited
on the surface of the spine, and some TiO2 and SiO2 precursors were added to form the
structure. [151]. Other TiO2 nanoparticles with dominantly exposed {001} facets from
cellulose nanocrystals with high catalytic performance in degrading rhodamine B were also
developed [152]. Some nanocomposites were synthesized by loading TiO2 onto reduced
graphene oxide–silver nanoparticles with extended absorption spectra towards the visible
region. These composites were tested under visible light degradation of rhodamine B,
where photocatalytic activity was tested with suspensions of 1 g L−1 catalyst in 10 mg L−1

of rhodamine B solution. Results showed that with an increasing content of graphene
oxide/silver nanoparticles on the composite, photodegradation increased, but only up to
a point, as more than 50 µL of graphene oxide/silver nanoparticles content resulted in
a gradual drop of the photocatalytic activity (reaction rate constant of 38 × 10−4 min−1

with 50 µL content vs. 4 × 10−4 min−1 with 500 µL). These catalysts were also tested as
antimicrobial agents and showed that the composite enhanced the inactivation rate of
E. coli under visible light radiation in comparison to TiO2 (~10 colonies vs. ~70 colonies,
respectively) by producing reactive oxygen species that prevented DNA replication [153].
In another study, [154] the photocatalytic activity of TiO2 nanoparticles was improved by
reducing the bandgap (2.41 eV) and increasing surface area and by incorporating graphene
quantum dots to slow electron–hole pair recombination. Photocatalytic experiments were
carried out by adding 50 mg of the photocatalyst (TiO2 nanoparticles, graphene quantum
dots, P25, or the composite TiO2@graphene quantum dots) into 60 mL of a rhodamine B
solution that was irradiated with a xenon lamp. Results showed that the synthesized com-
posites exhibited a better photocatalytic performance which makes them suitable for the
photodegradation of pollutants (rate coefficients of 0.149–0.170 min−1 for the composites
and 0.126 min−1 for TiO2 nanoparticles) that could be attributed to an increase in the light
quantum efficiency that occurs by loading TiO2 on the graphene quantum dots.

Yan et al. produced TiO2/SiO2 photocatalysts from three aquatic plant leaves which
served as both templates and sources of silica, to degrade gentian violet. Mixed oxides such
as TiO2/SiO2 structures are interesting in photocatalysis because of their specific surface
area and light-harvesting efficiency. The photocatalytic activity of TiO2/SiO2 samples was
compared to that obtained with P25 and non-templated TiO2 under simulated sunlight
irradiation. The results showed that the photocatalytic activity of samples prepared by
biotemplating was higher than that obtained by the other photocatalysts (degradation
yields of 72.0% and 61.4% of templated samples vs. 42.4% and 24.5% of P25 and TiO2
particles prepared with no template, respectively), and that it depended on the type of
plant [20].

Other groups have focused on developing doped heterojunctions with TiO2. N-doped
CeO2–TiO2 nanosheets were prepared from Chinese rose petals to eliminate dibenzoth-
iophene, which is one the main organic sulfides in fuels. This doped heterojunction is
expected to have better photocatalytic activity due to the extension of the energy range of
photoexcitation and the increase of the charge separation. Catalyst was added to a 10 ppm
oil composed of dibenzothiophene and n-octane and the reaction was irradiated with UV
light. The highest photocatalytic desulfuration activity (93.7%) was achieved when the
molar ratio of Ce and Ti was 1:1. The enhanced photocatalytic activity of combined CeO2–
TiO2 nanosheets is considered to be of great interest in photocatalysis for the degradation
of pollutants [155].

These decontamination reactions have been tested with different photocatalysts.
Serra et al. [156] developed some Ni@ZnO@ZnS shells from Spirulina plantensis microalgae
to catalyze the degradation of methylene blue (10 ppm solution). Results were compared
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with Ni@ZnO–Spirulina structures to study the effect of the heterostructure coating in the
photocatalytic activity. Ni@ZnO@ZnS–Spirulina exhibited a high photocatalytic activity
with a methylene blue degradation efficiency of 88.9% (artificial solar light) and 86.5%
(simulated solar light), three times higher than Ni@ZnO, even after being reused up to 25
times. During the photocatalytic mineralization of pollutants, hydroxyl radicals are respon-
sible for the degradation, and Ni@ZnO@ZnS–Spirulina produced 30 times more hydroxyl
radicals than Ni@ZnO–Spirulina under UV-filtered simulated sunlight, which suggests that
ZnS formed a heterojunction with Ni@ZnO that improved the photocatalytic activity of the
material. These catalysts were also used in the production of bioethanol from the biomass
of the Spirulina after its saccharification and fermentation. This process showed that this
reaction presented similar yields of bioethanol production to the highest ones obtained
using carbohydrates feedstocks [156]. They also developed Cu@Cu2O@CuO–microalgae
(Spirulina platensis) photocatalysts to remove tetracycline from wastewaters under visible
light radiation and so reduce the potential risks of antibiotics to human health. The results
showed that 98.3% and 76.5% of tetracycline was degraded at pH 8 and 6, respectively,
after 80 min of irradiation. The fact that these photocatalysts exhibit such high activity at
pH 6 and 8 makes them extremely useful for water decontamination as it is the usual pH
range of wastewater [157].

The enhanced light absorption capability and high surface for charge transfer of
butterfly wings motivated Rodriguez et al. [24] to design some ZnO coated M. sulkowskyi
butterfly wing through biotemplating by an atomic layer deposition technique to act as
photocatalysts. To test their photocatalytic activity, a reaction was carried out where ZnO
coated wings were added to 10 mL of a 20 µM methylene blue solution and irradiated with
a 15 W fluorescent 365 nm lamp. Wings were coated with ZnO films of different thicknesses.
The 15 nm ZnO coated butterfly wing was the fastest to degrade the dye from water, being
able to reduce the concentration of methylene blue by 66.4% after being irradiated with UV
light for 12 h. The results of this study show that the use of biotemplating with butterfly
wings allows for the production of materials with numerous applications and, specifically,
with improved photocatalytic activity. The control offered by working with this template,
butterfly wings, allows for the extension of possible applications of these materials. Zinc
oxide has also been combined with graphene oxide to prepare a graphene oxide–zinc
oxide nanocomposite to test in methyl orange decontamination reactions. Photocatalytic
experiments were carried out by adding 50 mg of the catalyst to 50 mL of 5 × 10−5 M
methyl orange solution, which was irradiated with solar light for 2 h. The stability of
the photocatalysts was evaluated in three cycles reaction, showing no significant change
in its activity. The degradation rate constant for the composite was higher (0.024 min−1)
than that of commercial ZnO (0.008 min−1), due to the narrowing of the bandgap of the
composite, which allows it to absorb solar light better. Also, it could be seen that the
color of the solution changed completely to transparent within 120 min of reaction and it
achieved a removal rate of 97% of the pollutant [158].

Juárez et al. [159] developed gold nanowires using protein lysozyme fibrils as tem-
plates with potential use as catalysts for p-nitrophenol reduction into p-aminophenol by
NaBH4.. Researchers chose this reaction to test catalytic activity because the borohydride
reduction of p-nitrophenol is known to be catalyzed by noble metals. The reaction rates
were 1.5–4 times larger than those obtained in previous reactions and the catalysts showed
high activity even after being recovered several times. This reaction was also used to test
the catalytic activity of gold nanoparticles embedded in magnolia leaves, which resulted
in active and reusable catalysts due to their structure [160], and to test the activity of four
types of biopolymer-capped gold nanoparticles. Poly(-glutamic acid) gold nanoparticles
showed 4–6 times more activity in this chemical reaction and could also be used as an
antibacterial agent as they inhibited Salmonella enterica and Escherichia coli growth more
efficiently than gentamycin [161] Qin et al. used pollen grains as a template to produce
TiO2/C and SiO2/C microellipsoids with immobilized Fe2O3 in the pores to use in the pho-
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tocatalytic degradation of X-3B dye, which was favored by the hollow and hierarchically
porous structure of the biotemplated composite [162].

Calcined layered double hydroxides (CLDH) are frequently used as photocatalysts
due to their high porosity and structural properties. To be tested in the degradation of water
pollutants, Liu et al. designed hierarchically porous ZnAl-CLDH/FeWO4 heterojunction to
obtain photocatalysts with improved efficiency. Lotus pollen was used as a template. The
photocatalytic activity of the catalysts was evaluated through the degradation of Congo
red. The photocatalytic degradation rate of the biotemplated catalysts was higher under
visible light irradiation than the obtained by the other catalysts they used in the study,
mainly due to the structure of the materials [163].

A tungsten oxide–graphene oxide (WO3–GO) nanocomposite was prepared and tested
in the photocatalytic degradation of methylene blue and indigo carmine [164]. Experiments
were carried out by adding 15 mg of catalyst to 75 mL of 20 ppm pollutant solution at
pH 7 under solar light. The photocatalytic degradation of the dyes was enhanced by
the composites (percentage of degradation of 97.03% for methylene blue and 95.43% for
indigo carmine, compared to 78.96% and 94.2% of pure WO3, respectively) and it was also
achieved in less time than with pure WO3 (180 min compared to 270 min for methylene
blue; 120 min compared to 180 min for indigo carmine). These results suggest that the
WO3–GO nanocomposite is a promising photocatalyst for dye degradation, as it was also
stable after three cycles, only decreasing its activity from 97% to 94%. These photocatalysts
also showed antibacterial properties, as they inhibited bacterial growth under irradiation
at low concentrations (2.5–5 mg mL−1), and anticancer properties, as they killed 50% of a
lung cancer cell line in a concentration of 139.6 µmL−1 of nanocomposite.

c) Electrocatalysis

Electrocatalysis involves the reduction and oxidation of compounds due to the transfer
of electrons provided by an electronic current in the presence of electrocatalysts. Biotemplat-
ing has also been used to develop green and efficient electrocatalysts to catalyze different
reactions. For example, Qiu et al. [165] used cotton fibers as a template and carbon source
to prepare bark-structured TiC nanowires to serve as the support for Pt electrocatalysts
in methanol oxidation. The bioinspired electrocatalyst (Pt/TiC NWs) showed a current
density of 348.3 mA·mgPt−1, which was 4 times higher than that of the Pt/C electrocatalyst
(94.1 mA mA·mgPt−1). Peng et al. [166] created bioinspired Fe3C@C composites from
Bodhi leaves to carry out the electrochemical reduction of nitrogen to ammonia under
ambient conditions with a Faraday efficiency of 9.15%, which is comparable with that of
noble metal-based catalysts.

As hydrogen production via water electrolysis is of great interest in electrocatalysis,
Records et al. [167] developed some Pt-Ni(OH)2 nanonetworks from M13 phage to catalyze
alkaline hydrogen evolution in KOH, which showed the highest mass activity (0.17–0.39 A
mgPt

−1 vs. 0.017–0.32 A mgPt
−1 of non-templated catalysts).

d) Other reactions

The use of diesel vehicles has deteriorated the quality of air by polluting the atmo-
sphere through soot emissions. To reduce these emissions, oxidation catalysis has been
used to lower the combustion temperature of soot. Perovskite-type catalysts are of great
interest due to their promising properties, La0.9K0,1CoO3 in particular. Liu et al. [168] devel-
oped La0.9K0,1CoO3 catalysts from pinewood, with a high porosity and surface area (total
pore volume of 0.050–0.101 cm3/g and BET surface area of 84.09–147.97 m2/g depending
on the treatment of wood, respectively), that reduced soot combustion temperature to
340 ◦C. To test the catalytic activity of the product, a catalyst: soot solution with a mass
ratio of 20:1 was analyzed by a thermal gravimetric analyzer. The result of this analysis
showed that the temperature at which 10% of carbon was oxidized was reduced by 59 ◦C, which
confirmed the potential use of La0.9K0,1CoO3 catalysts in reducing soot combustion emissions.

Catalytic activity was tested via allyl alcohol catalytic hydrogenation with peptide
derived Pd nanocatalysts. Modifications in the amino acid content strongly influenced the
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structure of the Pd nanocatalysts, resulting in a significant amount of highly disordered
surface atoms. Results showed that the catalytic reaction rate might be attributed to the
available surface area; since those peptides contain histidine, the peptide is better anchored
so there is less space to bind to the alcohol, resulting in a slower reaction rate [169].

Linsha et al. [170] used biotemplating to develop hierarchically porous alumino-
siloxane gels to immobilize the steapsin lipase enzyme for catalytic application. This
enzyme is a digestive protein in the pancreatic juice that is responsible for many chemical
reactions. In this work, pollen grains from Hibiscus rosa-sinensis were used as patterns to
develop uniform spherical particles that were distributed homogenously in the alumino-
siloxane gels. The catalytic activity of the products was tested by the hydrolysis of olive oil,
showing a ~3 times higher yield than the physically bonded enzyme to aerogels; the esterifi-
cation of oleic acid with methanol, where the higher conversion rate was observed with the
acid: alcohol molar ratio 1:6 but was completely lost after six cycles; and the transesterification
reaction involved in biodiesel production, where the immobilized enzyme showed higher
stability against chemical or mechanical inactivation than the free enzyme, which highlights
the potential of the immobilized enzyme in microbeads in biofuel production.

Graphene has also been used to develop photocatalysts with antibacterial and antiviral
properties. It has been combined with TiO2 [171], which exhibited higher antibacterial
activity than bare TiO2 after 4 h of solar light irradiation (improved by a factor of ~6),
and WO3 [172], which showed a great photocatalytic performance in virus inactivation,
inactivating 99.9% of viruses after 3 h of visible light irradiation. However, even though
they are promising antibacterial agents, TiO2–graphene oxide composites have been tested
for being cytotoxic to minuscule animals, suggesting that more studies need to be done in
order to clarify the side effects of these potential photocatalytic antibacterial agents [173].

Also, Ag–TiO2/Ag/anatase–TiO2 solar light-active nanocomposites were synthesized
and tested on their antibacterial activity against E. coli. Under solar light, these composites
exhibited 1.35–6.90 times more antibacterial activity than Ag/anatase-TiO2 and anatase–
TiO2 films. Taking these results into account, and the fact that it exhibited 11 times higher
durability than the other films it was compared with, this nanocomposite is a promising
photocatalyst to develop biomedical materials [174].

2.8. Template Replication and Potential Application of the Material

The sections above highlighted applications of synthesized biotemplated materials,
but this information is not available in all papers. Some of them described the synthesis
method but only mentioned potential applications those materials may have. Table 1
summarizes this information.
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Table 1. Potential application of some materials created through biotemplating distributed by template and the type of
material that was produced.

Template Type of Material Created Using These
Templates Potential Application

Bio-organisms

Zeolites and silicon-based materials
Production of photonic materials [175].

Catalysis [176].

Not specified [177].

Biopolymer and polystyrene solutions Production of super-surfaces for antimicrobial, self-cleaning, and
eukaryotic cell modulation [22].

Metal oxides
Nanobiotechnology [178].

Not specified [179].

Metallic structures

Targeted drug delivery, development of biosensors [180].

Chemical sensing, building blocks for nanostructures [181].

Nanoelectronics, cancer therapy [182].

Not specified [16,23,183,184].

Ceramics Not specified [185].

Cellular
components and

structures

Metallic structures

Fundamental studies [186].

Ultra-high-density data-storage [187].

Catalysis [188–190].

Nanoelectronics and nanodevices [11].

Microfluidics [191].

MRI contrast imaging [192].

Large-scale production of chiral materials with optical
properties [193].

Biosensing, MRI [194].

Production of nanometer-scale electronic devices [195].

Fabrication of customized materials [13].

Not specified [196–202].

Metal oxides

Sensing, cell-manipulation [203].

Photochemistry and optoelectronics [204].

Catalysts supports and thermal isolation [205].

Heterogeneous catalysis molecular separation membranes [206].

Catalysis [207].

Not specified [208–211].

Zeolites and silicon-based Drug delivery, hydrogen storage [190].

Others Not specified [212].

Metal oxides

Gas/liquid purification or pollutant decomposition [213].

Solar cells, photoelectric diodes, chemical sensors [214].

Substrates in microelectronic applications [215].

Production of nanostructures for catalysis and solar energy
conversion [216].

Purification reactions, catalysis, adsorption, energy storage [217].

Not specified [218–220].



Catalysts 2021, 11, 1364 22 of 34

Table 1. Cont.

Template Type of Material Created Using These
Templates Potential Application

Plants, vegetable
structures and

products

Zeolites and silicon-based materials

Synthesis of gold nanowires with optical properties [221].

Synthesis of adsorbents and catalysis [222].

Fluid sensing [223].

Catalysis [224,225].

Catalysis and filtration [226].

Not specified [227–229].

Ceramics

Sensing, catalyst carriers, support for enzyme
immobilization [230].

Nitride wood ceramics preparation [18].

Production of filters, sensors, catalysts carriers [231].

Low density heat insulation structures, catalyst carriers [232].

High temperature filters and catalyst support structures [233].

Microtools, chemical reaction or catalyst support structures [234].

Composites manufacturing [235].

Not specified [236–240].

Metallic structures

Catalysis [241].

Development of terahertz electromagnetic devices [242].

Synthesis of microstructured objects for catalysis and
electrochemistry [243].

Photothermal antibacterial therapy, biological detoxification,
targeted delivery [244].

Others

Tunable terahertz antennas design [245].

X-Ray image storage improvement [246].

Production of eco-materials for wood ceramics design [247].

Not specified [248].

Eggs and egg
structures

Metal oxides

Fabrication of novel composites materials [249].

Storage of radioactive isotopes [250].

Photocatalysis [251].

Tailored development of ceramic materials [252].

Not specified [253].

2.9. Other Applications

Biotemplating has been used in many applications that are not included in any of
the previously mentioned categories. For example, Dietrich et al. [254] developed wood
ceramics to evaluate the conditions in which natural petrification occurs as it is an excellent
method to reconstruct ancient environments. This template was also used to construct
porous oxide ceramics to immobilize Sr isotopes and to act as storage [255] and to opti-
mize the design of silicon carbide ceramics to have a better control of their macroscopic
properties [256]. Also, a similar objective was pursued by other groups that focused their
studies on evaluating which techniques are best to control the template preservation for
the manufacture of composite materials using protein crystals [257].

In fact, developing materials with optimized properties has been one of the main
objectives of researchers focusing on biotemplating. Rahman et al. [258] used tobacco
mosaic virus to develop different structured surfaces to prove the importance of wickability
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in dictating critical heat flux on hydrophilic surfaces. The role of wickability was demon-
strated through analyzing different samples, which showed repeatable and independent
results. These findings suggest that this technique could be used for optimizing material
coatings. Mathew et al. [259] found that biotemplating could optimize speckle patterns for
the digital image correlation method through analyzing a template pattern, which showed
useful frequency spectrum properties to improve the results of this technique, while being
able to adjust scaling and noise. This technique has also improved the substrate-dependent
quality of the signal of surface-enhanced Raman spectroscopy, which is an interesting
detection technology in different fields due to its sensing capabilities in detecting trace or
single molecules. Cai et al. [260] developed some Au nanostructures from diatom frustules
via biotemplating, as Au- and Ag-covered materials showed a better signal, and exhibited
a great performance, with a low limit of detection and good signal reproducibility. This
suggests that this technique is a potential approach towards the development of convenient
hierarchical micro-nano pillar arrays with Au that could be used in applications like the
detection of low concentrations of pesticides for environment monitoring.

Finally, biotemplating has been applied to evaluate the acceleration effect of hydration
in calcium alumina cement in the presence of biopolymers such as alginate [261], to develop
useful materials for conducting polymer devices [262], and to evaluate cysteine-free peptide
adhesion onto Au particles to ease the understanding and development of different fields
such as biotemplating itself, protein aggregation, and the design of nanomaterials and
devices [263].

3. Conclusions and Future Perspectives

This review has presented a body of work that has demonstrated that biotemplating
is a promising technique readily applicable to many fields to improve material properties.
Since 2000, many papers have appeared in Scopus with the criteria of “biotemplating” or
“bio-templating”, where materials were applied to catalysis, energy capture and storage,
cancer therapy, or bone tissue engineering, among other applications, while others were
only characterized to demonstrate that the natural template had been correctly mimicked.
Judging by the search that was conducted and the number of publications that appeared
in the mentioned database until June 2021, it seems that this technique is at its peak and
might experience a broadening of the fields of application. When only considering the last
6 years, catalysis makes up 23% of the publications with biotemplating or bio-templating as
keywords. Comparing that number to the one which appears in Figure 1b (corresponding
to the full 2000 to June 2021 period), it seems that biotemplating is an emerging technique
for the synthesis of catalysts and suggests that, in the upcoming years, there might be
more research into new bioinspired catalysts that could be applied in different chemical
reactions and could incorporate the benefits that nature has always brought to natural
processes, while at the same time using the evolution that science has undergone in these
past decades. Energy capture and storage has also received more attention (14% in the
2000–2021 range vs. 29% in the last 6 years) in order to develop shape-controlled structures
and to improve current battery efficiency conducive to current energy demand (Figure 4).
Also, the use of biotemplating for the development of adsorbents to reduce pollution and
materials that are beneficial for medicine might become an objective for researchers in the
coming years. All in all, biotemplating evolution will reflect the scientific challenges our
society will face in the coming years in climate change, pollution, sustainable energy, or
medicine, to cite some examples. This will also require substantial advances in theoretical,
experimental, and computational simulation studies of the different roles played by the
diverse natural structures, with the synergistic contribution of researchers from different
fields (e.g., physics, biology, chemistry, materials science) in a multidisciplinary approach.
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Figure 4. Applications of biotemplating in different fields from 2015 to June 2021. Source: Scopus,
searching biotemplating or bio-templating.
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