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Abstract: The quest for novel nanoscale materials for different applications necessitates that they
are easy to obtain and have excellent physical properties and low toxicity. Moreover, considering
the ongoing environmental impact of noxious chemical waste products, it is important to adopt eco-
friendly approaches for nanoparticle synthesis. In this work, a natural polymer (medium molecular
weight chitosan) derived from chitin was employed as a reducing agent to obtain gold nanoparticles
(AuNPs) with a chitosan shell (AuNPs@CS) by a microwave oven. The chitosan is economically
viable and cost-competitive in the market showing also nontoxic behavior in the environment and
living organisms. The synthesized AuNPs@CS-FITC NPs were fully characterized by spectroscopic
and microscopic characterization techniques. The size distribution of NPs was about 15 nm, which
is a suitable dimension to use in biomedical applications due to their high tissue penetration, great
circulation in blood, and optimal clearance as well as low toxicity. The prepared polymer-capped
NPs were further functionalized with a fluorescent molecule, i.e., Fluorescein-5-isothiocyanate (FITC),
to perform imaging in the cell. The results highlighted the goodness of the synthesis procedure, as
well as the high internalization rate that resulted in an optimal fluorescence intensity. Thus, this
work presents a good sustainable/green approach-mediated polymer nanocomposite for various
applications in the field of diagnostic imaging.
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1. Introduction

Chitosan is a polysaccharide material derived from the deacetylation of chitin obtained
from exoskeletons of insects and crustaceans [1]. As a consequence of meat extraction from
crustaceans, a great amount of shell waste is produced, which represents 40-60% of the
total animal weight. As it is necessary to reuse the waste, among different strategies, chitin
and chitosan extractions represent a good choice [2].

In addition, a recent study [3,4] regarding the environmental and economic viability
of chitosan production in Guayas, Ecuador, suggested that this activity was economically
profitable in terms of costs without an environmental impact and with a rate of return
of 67.31%.

In addition, chitosan is a biocompatible and low toxic material widely used in bio-
logical and medical applications [5]. In addition to its eco-friendly nature, chitosan shows

Clean Technol. 2022, 4, 942-953. https:/ /doi.org/10.3390/ cleantechnol4040058

https://www.mdpi.com/journal/cleantechnol


https://doi.org/10.3390/cleantechnol4040058
https://doi.org/10.3390/cleantechnol4040058
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cleantechnol
https://www.mdpi.com
https://orcid.org/0000-0003-2204-8817
https://orcid.org/0000-0002-8230-853X
https://orcid.org/0000-0001-9849-5301
https://orcid.org/0000-0001-6018-3548
https://orcid.org/0000-0002-0424-047X
https://orcid.org/0000-0002-5843-8772
https://orcid.org/0000-0003-2798-9341
https://doi.org/10.3390/cleantechnol4040058
https://www.mdpi.com/journal/cleantechnol
https://www.mdpi.com/article/10.3390/cleantechnol4040058?type=check_update&version=2

Clean Technol. 2022, 4

943

unique physicochemical properties such as a positive charge [6], different viscosity [7], and
high solubility in water due to the conspicuous presence of ammino and hydroxylic groups
in its chemical structure [8,9]. Chitosan has also antibacterial and anticancer properties,
enhancing internalization through the cross of the negatively charged surfaces such as
cell membranes [10]. However, its use as a reducing agent to obtain metallic NPs, such
as AuNPs, is not very widespread in the literature, even though the combination of the
metal with chitosan is particularly advantageous in the field of nanomedicine [11,12]. In
particular, AuNDPs are suitable to prevent the agglomeration and precipitation of NPs [13]
due to their unique properties regarding the chelation of metal ions, forming van der Waals
bonds on the NP surface. In addition, compared with conventional heating, microwave
irradiation is a green method, which reduces energy consumption, increasing the reac-
tion uniformity as demonstrated in [14]. In different studies, the AuNPs obtained by CS
employed tetrachloroauric acid and microwaves, often using constant power levels [15-17].

However, the size distribution in a specific range was very variable; in particular, for
our purpose, i.e., biomedical applications, it was necessary to have a size of about 15 nm.
This specific size was less toxic [18] than others even at higher concentrations [19], exhibiting
better tissue penetration, great circulation in blood, and optimal clearance, making them
powerful tools in drug delivery applications. In addition, the size of 15 nm was suitable for
bioimaging, for example, for application in Computed Tomography (CT) [20]

In addition, given the increasing attention to the environment, it is necessary that
chemical syntheses became as safe as possible and with low time consumption and equip-
ment in terms of energy [21,22]. In this context, the use of microwaves for inorganic NP
synthesis was particularly advantageous because the route is fast and requires low reaction
volumes [23]. In addition, the heating in the reaction flask containing the precursors is
homogenous, unlike other types of synthetic procedures [24].

For this reason, in this work, AuNPs were synthesized using chitosan as a reducing
agent. Au shows several interesting properties; among these, Localized Surface Resonance
(LSR) has the most important optical properties [25,26]. Indeed, their inert chemical
nature and low toxic behavior make them optimal tools for medical employment [27], in
particular, for photothermal therapy treatment [28,29]. The synthesis was carried out in a
domestic microwave oven with a reaction time of about 2 min. Therefore, our synthetic
approach appears to be eco-friendly and mostly appears to fall within the principles of
green chemistry, which are based on the recovery of waste sources (such as crustacean
exoskeletons) to create products without the involvement of toxic agents [30-36].

In this way, monodisperse AuNPs with a chitosan shell (AuNPs@CS) were synthe-
sized in the present work with a specific size of 15 nm, perfectly suitable for biomedical
applications. These new nanostructures, after being characterized by Transmission Electron
Microscopy (TEM), UV-vis, Fourier-transform infrared spectroscopy (FTIR), Dynamic
Light Scattering (DLS), and Zeta Potential, were used to be functionalized with a fluo-
rophore, namely, Fluorescein-5-isothiocyanate (FITC). This step allowed us to track their
internalization in HeLa cells by confocal microscopy. In the future, the combination be-
tween fluorescence and photothermal therapy will be tested by exploiting the properties of
Au to increase the anticancer potential of these structures.

2. Materials and Methods
2.1. Synthesis of Gold Nanoparticles by Chitosan Using a Microwave Oven

The synthesis of AuNPs@CS was performed using 1 mL of HAuCl, (Sigma-Aldrich,
Dorset, UK) at concentration of 1 mM and chitosan medium molecular weight (Sigma-
Aldrich, Dorset, UK) at concentration of 2% (100 uL). The two solutions were mixed in a
glass vial and then transferred to a microwave oven. After 2 min, the solution turned from
light yellow to deep red applying 400 W of power. Then, the solution was centrifuged for
30 min at 7000 rpm to collect NPs.
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2.2. Functionalization of AuNPs@CS by FITC

The AuNPs@CS were washed several times in water to eliminate any unreacted reac-
tion products. Then, an amount of FITC (Sigma-Aldrich, Dorset, UK) dissolved in ethanol
(2 mg/mL~!) was added to AuNPs@CS solution in a concentration range of 500 uM~! mM.
The solution was put under stirring overnight in the dark at room temperature to permit
the bond between the amino groups of chitosan with isothiocyanate groups. The labeled
AuNPs@CS were centrifugated at 13,000 rpm for 20 min and washed several times until no
detectable fluorescence was measured in the supernatant. The collected AuNPs@CS-FITC
were stored at 4 °C in the dark before use. The synthetic steps were reported in Figure 1.

chitosan
crustaceans waste
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000
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AuNPs@CS-FITC Microwaves oven

Figure 1. Schematic representation of AuNPs@CS-FITC achievement.
2.3. Characterization of AuNPs@CS-FITC

The morphological characterization of NPs was performed by TEM. The microscope
model was a HITACHI 7700 (Tokyo, Japan) operating at 120 Kv. A few NPs dissolved in
water were dropped on the carbon-supported 400-mesh copper grid. On TEM images, a
statistical analysis was performed by using Image] software (National Institutes of Health,
USA) on 70 NPs with particle analysis plugin. The DLS and (-potential measurements were
acquired by a Zetasizer Nano-ZS (ZEN3600, Malvern Instruments Ltd., Malvern, UK), with
a HeNe laser (4.0 mW) working at 633 nm detector in aqueous solutions (25 °C, pH 7). The
FTIR measurements in the spectral range 400-4000 cm ! were obtained at a resolution of
4 cm~! using a Jasco-670 (Jasco, Tokyo, Japan), whereas UV-vis absorption was recorded by
a Shimadzu-2550 (Kyoto, Japna) with 1 cm quartz cuvettes. The emission absorption spectra
were measured using an LS-55 spectrophotometer (PerkinElmer, Waltham, MA, USA).

2.4. Cell Culture

Human cervix carcinoma (Hela, Sigma-Aldrich, Dorset, UK) was seeded in high
glucose Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich, Dorset, UK) with
50 uM of glutamine, 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. Cells
were maintained at 37 °C in a humidified controlled atmosphere with a 95% of air and a
5% ratio of CO,.

2.5. Metal Content Measurement by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES)

HeLa cells (1 x 10°) were seeded in 1 mL of the medium in a multiwell. After
24 h, the medium was removed and replaced with DMEM containing AuNPs@CS-FITC
(1 ug/mL, 5 ug/mL, and 10 ug/mL) for 24 h and 48 h. After exposure, the culture medium
was removed. Several washes with Phosphate-Buffered Saline (PBS) were performed to
eliminate the NPs left in suspension. Cells were separated and counted using an automatic
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cell counting chamber as described in [37]. The solution was analyzed to evaluate the ppm
of Au using an ICP-OES Perkin Elmer AVIO 500.

2.6. MTT Assay

HelLa cells were seeded in 96-well microplates (5000 cells /well) at final volume of 50 uL
and incubated for 24 h. AuNPs@CS-FITC were dispersed in DMEM at three concentrations:
1ug/mL, 5 ug/mL, and 10 ug/mL in 100 pL for each well for 24 h and 48 h. WST-8 assay
(Sigma-Aldrich, Dorset, UK) was performed following the procedure previously described
in [38]. Data were expressed as mean =+ SD.

2.7. Confocal Microscopy Analysis and Fluorescence Quantification

HelL a cells were seeded (7 x 10* cells/mL) in glass Petri dishes. After 24 h of stabi-
lization, DMEM was displaced and replaced with AuNPs@CS-FITC (10 ug/mL) at 3 h,
12 h, 24 h, and 48 h. After, NPs were removed, and the cells were washed with PBS.
Glutaraldehyde (0.25%) was used to fix samples for 10 min followed by a permeabilization
step with Triton X-100 (0.1%) for 5 min.

Two different dyes were used for plasma membrane and nuclei labeling, i.e., Cell-
Mask™ Deep Red Plasma Membrane Stain (Thermo Fisher Scientific, Waltham, MA, USA),
and Dapi (Thermo Fisher Scientific, Waltham, MA, USA). Confocal acquisitions were per-
formed using a Zeiss LSM700 (Carl Zeiss Microscopy GmbH, Munich, Germany) CLSM
mounted on an Axio Observer Z1 (Carl Zeiss Microscopy GmbH, Munich, Germany)
inverted microscope, using the Alpha Plan-Apochromat (Carl Zeiss Microscopy GmbH,
Munich, Germany) 100x oil-immersion objective with 1.46 NA2.10. The fluorescence
quantification was performed by Image]J software. Histograms of red (RC-1) positive pixels
were analyzed. The tool “ImageJ/Analyze/Histogram/List” was used, followed by the
sum of the counted pixels.

3. Results and Discussion

In this work, the synthesis of AuNPs using chitosan was performed. This nanoplatform
was suitable to attach a fluorescent molecule with the aim to develop a safe nanotool for
cell imaging.

In this contest, chitosan acting as a green reducing agent controlled the size and the
shape-direction, and, at the same time, stabilized the metal NPs making the colloidal
solution stable [39]. This is particularly interesting because, in aqueous solution metal, NPs
tend to aggregate due to the van der Waals interactions. Chitosan acts as a steric barrier due
to the positive charge that permitted the formation of uniform metal NP solutions [40]. In
addition, this natural polymer is a valid green alternative reagent to conventional chemical
synthesis [41] allowing it to achieve NPs without toxic and hazardous solvents that limit
their use in biomedical applications.

Moreover, it has been shown that, from an economic point of view, the use of chitosan
is very advantageous. The extraction of chitin from crustacean waste is a simple process and
it also allows the elimination of this waste, which represents a disposal problem, especially
in sea regions. In this perspective, Riofrio et al. [3] analyzed the environmental impact and
the life cycle assessment of chitosan production in Guayas, Ecuador, and concluded that it
is economically low coat and safe.

In our work, chitosan and a domestic microwave oven were used to obtain stable
nanostructures using a frequency of 2.45 GHz [42]. This frequency permits the oscillation
of polar molecules, such as water, to be generated, producing uniform heating [43]. The
use of microwaves is particularly suitable as an eco-friendly method for metal NPs because
they combine the use of reduced reaction volumes with low energy consumption [44].
In addition, the procedure is easy with a high reproducibility rate. First, we proceed to
optimize the chitosan concentration with the time of reaction (2 min) and the power of
microwaves (400 W) kept constant to obtain good AuNPs@CS. Using 0.5% and 1% chitosan
concentrations, the solutions changed color from light yellow to light red suggesting the
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start of the reduction process from Au ions into Au atoms. Using a 2% CS concentration,
the solution became dark red suggesting the formation of NP chitosan-capped AuNPs
(Figure 2).

CS=0.5% CS=1% CS=2%

T ¥ B

Figure 2. Color change in HAuCly solution (1 mM) modifying CS concentration.

The TEM acquisitions (Figure 3a—c) showed the morphology of AuNPs@CS-FITC that
were perfectly round and monodispersed. In addition, no organic residues were visible.
On the other hand, the presence of a clear visible low-contrast organic shell on the AuNPs
surface was noted, demonstrating the efficacy of chitosan to work also as a capping agent.
The mean size distribution, measured by Image] analysis, was around (14.5 £ 0.2) nm
(Figure 3d). The statistical analysis was conducted by selecting 70 nano-objects for each NP
to perform a Gaussian fitting.
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Figure 3. TEM images of AuNPs@CS-FITC obtained by microwave eco-friendly synthesis at different
magnifications: 200 nm (a), 100 nm (b), and 20 nm (c). Statistical analysis with Gaussian fit (red line)
for AuNPs@CS-FITC (d).

DLS measurements on AuNPs@CS-FITC (in water) confirmed the TEM data and
showed NPs with a hydrodynamic radius of (15 & 2). The surface charge was positive in
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water (+32 £ 3) mV due to the presence of amino groups associated with the chitosan shell
(Table 1).

Table 1. Characterization of AuNPs@CS in water and DMEM by DLS and (-potential (mV) measurements.

Size (nm) in Water C-Potential (mV =) in Water

AuNPs@CS 15+2 +32+2
Size (nm) in DMEM C-Potential (mV +) in DMEM

AuNPs@CS 23+4 —30+3

The obtained size (c.a 15 nm) is particularly interesting for the goal sought in this
work, since it is the optimal size to use in biomedical applications showing low toxicity and
high penetration rate; these two properties are very important for imaging applications in
which a high rate of internalization is required [18].

DLS and ¢ potential characterizations were also performed in the cell culture growth
media, namely, DMEM, as these nanostructures were developed for imaging in cells.
An increase in the NP size was shown, which was probably due to the protein corona
influencing the ¢ potential value, which became negative.

Then, the optical characterization by UV-vis measurements indicating the formation
of AuNPs at concentrations of 1% and 2% chitosan was performed. Conversely, the lower
concentration, namely, 0.5% chitosan, did not induce noticeable AuNP formation. The
plasmonic peak was measured at about 550 nm and 560 nm using 1% and 2% chitosan
concentrations, respectively (Figure 4a). Therefore, the prominent peak was observed using
the highest concentration, indicating the optimum condition to obtain this kind of material
at the same time conditions and power of the microwaves.

The FTIR analysis of AuNPs@CS was performed to recognize the interactions between
the Au surface and the chitosan groups (Figure 4b). The spectrum that was related to
AuNPs@CS looked similar to that of the correspondent pure chitosan graph. The pure
chitosan exhibited specific vibrations in the range of 3357 and 3270 cm ™! related to the
stretching vibrations of the O-H or N-H groups. The peak observed at c.a. 2850 cm™!
corresponded to the vibration of the C-H groups, whereas the N-H bonds (amide II) (NH;)
were observed at 1579 cm~!. The intense peak at 1360 cm ™! could be associated with the
C-C stretching of the glucosamine group of chitosan, whereas the C-O vibration was shown
at 1015 cm ™.

The characteristic peaks in the AuNPs@CS graph were in the range of 3360-3260 cm !
and in the range of 2992-2900 cm~!. The other peaks were the same as those found in
the spectra of pure chitosan, demonstrating the functionalization of the Au surface by
chitosan [45,46].

The chemical structure of chitosan, characterized by primary amino and secondary
hydroxyl groups, lends itself very well to various types of chemical functionalization to
improve specific properties. Among different kinds of fluorescent dyes, FITC is a stable,
biocompatible, and polar molecule having a high fluorescence emission. The chemical
conjugation between the chitosan shell and FITC was through the bond between the amine
groups (-NHj) and isothiocyanate group R-N=C=S, which allowed the AuNPs@CS-FITC
by thiourea linkage to be obtained. Then, the fluorescence properties of AuNPs@CS-FITC
were carefully investigated using the excitation wavelength of 488 nm. In Figure 5, it was
possible to note that the peak associated with NPs was slightly red shifted (522 nm) with
respect to pure FITC (518 nm). This movement can be explained by the amino groups
of chitosan or, as a second hypothesis, by the connection between dye and metal NPs as
reported in a previous study [47].
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After physical and chemical characterizations, the ability of AuNPs@CS-FITC to work
as an imaging agent was verified by choosing the epithelioid cervix carcinoma human cell
line (HeLa) as the model system. Firstly, we assessed the cell viability, which showed no
significant toxicity using the three concentrations of NPs chosen in this study (1 ug/mL,
5ug/mL, and 10 ug/mL) and the two time points (24 h and 48 h) (Figure 6a).

I 24 h

Viability (%)

ng Au

Figure 6. (a). Viability assay performed on HeLa cell lines exposed to 1 ug/mL, 5 ug/mL, and
10 ug/mL of AuNPs@CS-FITC after 24 h and 48 h. The viability of cells exposed to NPs was nor-
malized to control cells (untreated). As a positive control (P), 5% of DMSO was used (data not
shown). Data were reported as the mean £ SD from three independent experiments. (b). Accumu-
lation in HeLa cell lines exposed to 1 ug/mL, 5 ug/mL, and 10 ug/mL of AuNPs@CS-FITC after
24 h and 48 h. The cells were then harvested, the live cells were counted, and the Au content was
measured in 360.000 cells (ng Au). The control was represented by untreated cells (values = 0, data
not shown). Data were the mean values of 3 experiments + SD and they were statistically significant
for p < 0.05 ().

Indeed, the reduction in live cells was very low, and it was never below 83%. To
connect the data regarding cell death with the NPs uptake, ICP measurements on the HeLa
cells after the incubation with the three concentrations of AuNPs@CS-FITC (1 ug/mL,
5ug/mL, and 10 ug/mL) were taken. As observed in Figure 6b, the internalization was
dose and time dependent. After 48 h, at the highest concentration tested, the amount of Au
was 18.4 ng, indicating that these NPs can be used for imaging purposes due to the high
uptake rate, as expected.

After the quantification of the internalization properties in terms of the Au amount,
the uptake was investigated through fluorescent quantification of the time. The higher
concentration of AuNPs@CS-FITC (10 ug/mL) was chosen due to the higher efficacy in
the endocytosis event. Hela cells were observed at four different time points (3 h, 6 h, 12 h,
24 h, and 48 h). At the end of each time, cells were fixed and labeled to visualize the actin
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and nucleus structure (Figure 7). As can be seen, the fluorescence intensity became higher
when the time increased with respect to the control cells (Figure 7a,b). Starting from 3 h
(Figure 7c,d), an increasing fluorescence intensity at 12 h (Figure 7e,f) was observed. After
48 h, it was possible to note the maximum fluorescence intensity showing a prominent
localization in the cell cytosol (Figure 7ij). The intensity of fluorescence was calculated
on confocal images using Image]J software (Figure 7k), confirming the data obtained by
confocal observations.

CellMask™ Deep Red,
Dapi,
FITC FITC

AuNPs@CS-FITC AuNPs@CS-FITC
12 h 3h

24 h

AUNPs@CS-FITC  AuNPs@CS-FITC
48 h

k- 4000 1 1 1 1 1 1

pixel

s § 8888 ¢

number of fluorescent FITC

=)
!

3h  6h 12h 24h 48h

Figure 7. Confocal acquisitions of HeLa cells labeled by cellMask and Dapi to visualize actin (red)
and nuclei (blue) (a,c,e,g,i) and relative green fluorescent (b,d,f,h,j) related to the internalization
of AuNPs@CS-FITC in the time (0, 3, 6, 12, 24, 48 h). Fluorescence analysis conducted on confocal
acquisitions using Image] software (k).
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All the experimental results corroborated the hypothesis that AuNPs@CS-FITC can be
used as safe agents for imaging in vitro. In particular, the smaller size of NPs can be useful
to visualize their accumulation in specific organelles, allowing high-resolution images to
be carried out. The same protocol can be applied to visualize also other kinds of cells, both
tumoral and healthy.

4. Conclusions

In conclusion, AuNPs were successfully synthesized via a green approach using
chitosan, a natural polymer with unique properties. This approach is extremely convenient
in terms of low time and energy consumption, as well as the absence of toxic substances in
the synthetic route.

TEM results showed the morphology of NPs, which was perfectly round; AuNPs
were monodispersed with a diameter of 14.5 &= 0.2 nm, particularly suitable for medicine
application since this size permits a high uptake rate and low toxicity to be obtained.
FTIR study elucidated the strong capping of AuNPs by chitosan, which confirmed the
formation of the AuNPs@CS complex. Furthermore, the new nanoplatform can be used
as a tool to visualize cellular compartments functionalizing the chitosan shell with a
fluorescent molecule, namely, FITC, following their internalization in cell models after
different time points. Further experiments will be carried out to combine imaging with
thermal therapy since AuNPs play an important role due to their high thermal conductivity.
This is possible thanks to the low toxicity of the NPs, also helped by the presence of chitosan
as a capping agent.
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