Orbital: Electron. J. Chem. 2021, 13(1), 85-89

the
electronic
journal of

Orbital

The electronic journal of chemistry

Short Communication | http://dx.doi.org/10.17807/orbital.v13i1.1574

Green Fluorescent Protein-Mediated Biomineralization
of Silver Microparticles
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Biomineralization is a bio-inspired technique of creating inorganic nanostructures using peptides or proteins. An
important consideration in selecting a biomineralization agent is the overall shape or geometry of the protein since
this can influence the properties of the produced nanostructures. The green fluorescent protein (GFP) from the
jellyfish Aequorea victoria is a promising biomineralization agent due to its distinct structure, characterized by
having a barrel-like structure. In this study, silver microparticles (AgMPs) with a diameter of 500 nm were
produced through GFP-mediated biomineralization under ambient reaction conditions. In the absence of GFP,
aggregated and disordered silver structures were formed. A proposed model to account for the observation
involves the formation of GFP networks to which growing silver particles may become adsorbed to. The presented
study provides the motivation for the further study of using GFP towards nanostructure synthesis.
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1. Introduction

Biomineralization is a biomimetic approach in creating
inorganic nanostructures that relies on proteins and peptides.
These biomolecules regulate the growth of the nanostructures
by acting as templates and capping agents due to their self-
assembly and metal coordinating properties [1].
Biomineralization, as a method to create micro and
nanomaterials, offers several advantages over traditional
bottom-up synthetic methods. Some of these benefits include
environment-friendly and non-toxic reaction conditions, and

diversity in terms of the types of structures produced since
different sequences of peptides and proteins can produce
nanomaterials with different properties [2]. A variety of
proteins have been documented to be effective for
synthesizing nanostructures, such as gelatin [3], the milk
protein casein [4], and soy protein [5]. However, an important
feature of peptides and proteins that make them attractive
biomineralization agents is their overall shape or structure.

The shape or geometry of the biomineralization agent has
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a significant impact on the structure and properties of the
resulting synthesized materials [6]. This strategy in
nanomaterial synthesis has led to the creation of
nanostructures with improved catalytic activity [6, 7], binding
affinity [8], and optical properties [9]. However, controlling the
shape and geometry of biomineralization peptides can be
tedious and difficult. Biomineralization peptides are relatively
short; therefore controlling the way they fold to achieve a
certain structure is a challenge. This is often carried out by
fusing the peptide to a scaffold that acts as a control element
that directs their shape and arrangement. These scaffolds or
control elements can be small organic molecules, DNA, short
peptide sequences, or proteins [10]. This is in contrast to most
proteins which intrinsically possess distinct shapes and
geometries which can be immediately utilized for
biomineralization. For example, the cage-like protein called
ferritin which has a 6 nm cavity was used as a template for
nanomaterial synthesis and yielded uniformly sized inorganic
nanostructures [11, 12]. The amyloid protein, which is known
for its remarkable self-assembly property has also been used
as a template for nanomaterials production [13, 14].

A promising protein that has the potential to be an
effective template is the green fluorescent protein (GFP)
extracted from the jellyfish Aequorea victoria. The GFP
inherently possesses a barrel-like structure that is 2.4 nm in
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Fig. 2. Morphologies of the AGMP produced in the absence of the protein at (A) 10,000x and at (B) 20,000x magnification.

The absorption spectra for both types of AgMP exhibit a
strong absorption maximum at around 400 nm (Figure 3),
indicative of surface plasmon resonance that is typical for
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diameter and 4.2 nm in length [15]. These distinct structural
characteristics of the GFP provide a strong motivation to
explore its capability as a biomineralization protein. A
previous study has also used GFP as a scaffold to which
biomineralization peptides were attached to successfully
synthesize palladium nanoparticles [16].

In this study, GFP was used as a biomineralization protein
to synthesize shape and size-controlled silver particles. The
protein’s influence on the formation of the synthesized
particles was also evaluated.

2. Results and Discussion

The materials produced from the GFP biomineralization
are silver microparticles (GFP-AgMP) that follow a normal
distribution, with a diameter of 500 + 115 nm (Figure 1A,
inset). These scanning electron microscopy (SEM) images
show that the GFP-AgMPs are well dispersed and
predominantly spherically shaped (Figure 1, A and B). These
observations on the size and morphology of GFP-AgMP are
strikingly different from the silver microparticles (AgMPs)
synthesized in the absence of the GFP which resulted to be
severely aggregated and gave rise to disordered structures
(Figure 2, A and B).
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silver particles. As for the GFP, the strong absorption peak at

400 nm, and a slightly weaker absorption at 480 nm are

characteristic for this fluorescent protein [17].
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Fig. 3. UV-Vis absorption spectra of AGQMP (dotted line), GFP-
AgMP (dashed line), GFP (solid line).

The obtained results indicate the effect of GFP on the size
and morphology of AgMP during formation. The GFP may
serve as nucleation sites for small silver clusters during
reduction, wherein the formation of the GFP networks guide
the growth of the microparticle. This model is supported by
the FTIR analyses which indicate the interaction of GFP with
the AgMP.

The FTIR spectra of the GFP and GFP-AgMP are shown in
Figure 4. Both of them exhibited peaks at 3354 cm-, which
may be accounted for the presence of the hydroxyl (OH)
groups from the water, and the phenolic groups that are
present.
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Fig. 4. FTIR spectra for GFP-AgMP (dashed line) and GFP (solid
line).

The peak at around 3239 cm™' and 3238 cm™' for GFP and
GFP-AgMP, respectively, may be attributed to overlapping N-H
stretching vibrations which belong to the amino groups in
proteins [18].

The amide | and amide Il IR regions are often used to
qualitatively assess changes in the protein conformation. In
the spectra, the peak occurred at 1644 cm for GFP belongs
to the amide | band which is related to the carbonyl (C=0)
stretching vibration [19]. Particularly, the presence of the
amide | band indicates that the protein is in the secondary
structure. This peak is also present in GFP-AgMP but at a
slightly lower wavenumber at 1636 cm-'. This slight shift to a
lower wavenumber can be accounted for a conformational
change, which occurred in the secondary structure of the GFP
[20] and is associated with its adsorption onto the AgMPs [21-
23]. The interaction of the protein to the AgMPs can be
attributed to the formation of covalent bonds to the amino
groups and the cysteine residues, and through electrostatic
interactions to the carboxyl group [24].
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For the GFP, a small peak at 1418 cm™ is attributed to the
amide Il band from the N-H bending and the C-N stretching
vibrations [24]. However, in the GFP-AgMP, peaks around this
area are absent which might be due to the occurrence of a
conformational change in the protein.

Due to the dilution of the GFP, the small peaks appearing
at 1113 cm™ and 993.3 cm™™ may be from to the splitting of a
supposedly very sharp signal at 1042 cm, which can be
attributed to the carboxylate group (COO") of the protein [21,
25]. Similarly, for the GFP-AgMP, small and weak signals for
the COO- group are observed at 1111 cm™' and 1047 cm-.

The formation of the GFP networks (Figure 5) further
supports the proposed model of GFP-mediated
biomineralization. The shape, size, surface hydrophobicity,
and surface charge of the protein are known to contribute to
the self-assembly capability of GFP [26].

Fig. 5. SEM image of the GFP networks at 20,000x magnification.

Taken together, a model is herein proposed in an attempt
to explain silver biomineralization by GFP (Figure 6). In the first
stage, GFP forms networks via non-covalent interactions.
After the addition of silver ions and reduction, silver clusters
are adsorbed with the GFP. Since there is an abundant excess
of silver compared with the protein, silver agglomeration
continues wherein the GFP remains to be bound to the silver
particles in which this occurrence may have an influence on
regulating the size and shape of the continuously growing
particle.

Silver is one of the most common biomineralized inorganic
material, and the most common product of this process is in
the form of silver nanoparticles (AgNPs). However, producing
silver microparticles (AgMPs) is also valuable and provides
advantages in different applications.

In its micro or nanoscale, silver particles are an effective
antibacterial agent. One emerging concern is that these silver
particles may also pose a threat to humans, as it is known to
be toxic to microorganisms due to its small size. In mice, it
was found out that both AgNPs and AgMPs are cytotoxic and
cause apoptosis, but the damage is more widespread from the
AgNPs due to its smaller size. These AgNPs can in fact be
distributed from the bloodstream into the vital organs.
Meanwhile, AQMPs could not even enter the bloodstream [27-
29]. Interestingly, when tested in human red blood cells,
AgNPs promote the increase of the blood's procoagulant
activity but not with AgMPs [30]. AgMPs were also found to
provide steady and greater silver ion release compared to
AgNPs, which means that its antibacterial effect would last
longer [31]. As a thermal conductor, AgMPs showed superior
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thermal conductivity over AgNPs due to its larger size. AGQNPs
also tend to agglomerate which made them inferior to AgMPs
[32]. Thus, the presented method of producing uniformly
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shaped and sized AgMPs has promising applications in
different areas.

GFP-AgMP

Fig. 6. Proposed model for GFP-mediated silver biomineralization. The cylinders represent the GFP while the spheres represent silver

microparticles.

Overall, these results present a simple approach in AgMP
synthesis. Moreover, several advantages of GFP-mediated
biomineralization include a one-pot and benign reaction setup,
and only a small amount of GFP is needed to control AgMP
formation. The present approach is also more straightforward
and convenient since GFP is utilized as the main
biomineralization agent to produce these microparticles.

3. Material and Methods

The GFP-mediated biomineralization of AgMP was
conducted by mixing AgNOQ3 (Sigma-Aldrich) with GFP (E. coli-
expressed, N-terminal histidine-tagged green fluorescent
protein diluted in PBS containing 20% glycerol from Merck-
Millipore) in distilled water to achieve a final concentration of
25 mM for the metal salt and 2 pM for the protein, at pH 7.4.
Metal reduction was carried out through the addition of 75 mM
of NaBH4 (Sigma-Aldrich) and was allowed to proceed for 30
minutes. For the control experiment, the same reaction
conditions were repeated but in the absence of GFP.

The morphology of the produced AgMPs was evaluated
through a JEOL JSM-5310 scanning electron microscope. For
the GFP-AgMP and the AgMP, the samples were prepared by
placing 20 pL of the onto a piece of aluminum foil and then air
dried. After air drying, the foil containing sample was then
analyzed. The diameter of 100 particles was manually
measured using ImageJ [33] and served as the basis for
reporting the mean particle diameter. For the SEM analysis of
the GFP alone, the dried sample was sputter-coated with gold
prior to microscopy.

The absorption spectra of each samples were analyzed
using a Thermo Fisher NanoDrop™ 8000 Spectrophotometer
at a path length of T mm by dropping 1pL aliquots of each
samples, as is, on the measurement surface.

FTIR was carried out through attenuated total reflectance
(ATR) using a Shimadzu IRAffinity-1S FTIR spectrometer with
a QATR-10 diamond crystal-equipped attachment.

4. Conclusions

In summary, predominantly spherically shaped silver
microparticles with a uniform size distribution were
synthesized using GFP as the biomineralization protein. The
effect of the GFP on silver microparticle synthesis was clearly
observed, suggesting direct participation during the formation
process. The presented method is attractive since it is a one-

pot setup, conducted in ambient conditions, and only requires
a small amount of GFP. The presented results provide the
motivation for further analysis of using GFP to perform
controlled inorganic micro and nanoparticle synthesis.
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