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Resumo

Materiais hibridos constituidos por 6xido de zinco e nanocelulose tém sido amplamente
explorados para um numero de aplicagdes consideravel, incluindo propdsitos
relacionados a cicatrizagao de feridas ou como curativos. No entanto, as investigacdes
desse potencial t€ém sido particularmente direcionadas a compostos hibridos constituidos
por 6xido de zinco e nanocelulose bacteriana, que € significativamente mais cara de obter
devido a sua natureza.
Este trabalho visa a obten¢do de compostos hibridos nanocelulose/ZnO que sejam seguros
e sustentaveis para uso como materiais cicatrizantes. Para tal, foram exploradas condigdes
de sintese in-situ, tendo-se usado os métodos hidrotérmico e sol-gel, onde se explorou o
impato de diferentes parametros reacionais (racio de reagentes; temperatura; tempo;
métodos de lavagem e secagem) nas proprieadades estruturais dos materiais obtidos. A
obtengdo bem sucedida dos diferentes materiais foi atestada por espectroscopia de
Ultravioleta-Visivel (UV-Vis), os quais foram caraterizados a nivel estrutural por:
escpectroscopia de FT-IR (do inglés, Fourier Transform Infrared Spectroscopy) para
estudo das vibracdes carateristicas da nanocelulose); por Raio-X de Pés (avaliagdo dos
padrdes de difragdo e cristalinidade) e por microscopia eletronica, mediante utilizagdo de
SEM (do inglés, Scanning Electron Microsccopy) e TEM (do inglés, Transmission
Electron Microscopy).
Os materiais hibridos de nanocelulose/ZnO obtidos que demonstraram robustez e
carateristicas estruturais diferenciadores foram estudados in vitro para determinagdo da
concentragdo segura a partir de testes citotoxicos efetuados em células HaCaT, e o seu
potencial de cicatrizacdo de feridas foi também avaliado a partir de ensaio in vitro.
Palavras-chave: material hibrido; nanocelulose; 6xido de zinco; sintese in-situ,

cicatrizagdo de feridas
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Abstract

Hybrid materials comprising zinc oxide and nanocellulose have been widely explored for
a good number of applications, including wound healing/dressing related purposes.
However, investigation of wound healing materials has been more focused on bacterial
nanocellulose-based zinc oxide hybrid composites, which utilize a form of nanocellulose
that is significantly more expensive to obtain due to its nature.
This work aims the obtention of sustainable and safe nanocellulose-based zinc oxide
hybrid composites as wound healing materials. For this purpose, in-situ synthesis’
conditions were explored, employing in-sifu hydrothermal and sol-gel synthetic
approaches, where the impact of various reactional parameters (reagents ratio;
temperature; time; washing and drying methods) on the structural properties of obtained
materials was explored. Successful obtention of all different materials was attested via
Ultraviolet-Visible (UV-Vis) spectroscopy, which were characterized on a structural level
by: FT-IR (Fourier Transform Infrared) spectroscopy (for study of nanocellulose
characteristic vibrations); by Powder X-ray analysis (evaluation of diffraction patterns
and crystallinity) and by electronic microscopy, through SEM (Scanning Electron
Microsccopy) and TEM (Transmission Electron Microscopy).
Obtained hybrid materials of nanocellulose/ZnO, that showed robustness and
differentiating structural characteristics, were studied in vitro for determination of safe
concentration through cytotoxicity tests performed on HaCaT cells, and their wound
healing potential was also evaluated through in vitro assay.

Keywords: hybrid material; nanocellulose; zinc oxide; in-situ synthesis; wound

healing potential
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1. Introduction

1.1. Hybrid nanomaterials: General Considerations

Hybrid nanomaterials are constituted by the conjugation of two or more
components at a nanometer scale. These materials can have both inorganic and organic
building units, functioning as an organic-inorganic hybrid system.! By conjugating two
or more components, it is possible to combine the intrinsic characteristics of each and
have a synergistic effect with the introduction of interesting properties such as
biocompatibility, biodegradability, transparency, high mechanical stability, antimicrobial
activity, sustainability, among others, which are desirable traits for wound healing, drug
delivery, medical imaging and other applications.>

Among the hybrid nanomaterials, there is an increasing interest on the cellulose-
based nanomaterials, particularly nanocellulose and metal oxide nanoparticles hybrids, as
confirmed by the increasing number of publications (Figure 1). The Figure 1 shows
accounts for all published research papers with nanocellulose and metal oxides as
keywords query search. Thus far, there is a total of 155 published scientific papers
pertaining to keywords query search with nanocellulose and metal oxides as topics, and
about half of these were published in the last 3 years. Of those 155 papers, 21 include
nanocellulose and zinc oxide as main topics from the period between 2017-2023, at the

time of the search.
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Figure 1. Number of publications on topics of nanocellulose and metal oxides, as well as

nanocellulose and zinc oxide, from 2013 to 2023 using Web of Science™ platform.’

Pertaining the scientific publications illustrated in Figure 1, a significant number
of applications for hybrid materials comprising of nanocellulose and metal oxides has

been explored: food packaging,®® material reinforcement,*!%!2 wastewater treatment,>!3

14-16 17,18

antimicrobial materials, wound healing, among others.

The commercialization of hybrid materials comprising nanocellulose and metal
oxides implies the process scalability at low cost, with low environmental impact, and
low toxicity. However, research so far has only produced hybrids at a laboratory scale. In
addition, studies on environmental toxicity are at an early stage for nanocellulose-based
hybrids, further delaying their entry into the market. When combining metal oxides with
nanocellulose matrix, the agglomeration tendency of metal oxides is a challenge in the
preparation and processing of the hybrids due to negative effects that may compromise
the materials’ desired properties. For wound healing applications, a simultaneous balance
between increased flexibility, toughness, and antimicrobial activity of materials has been
a challenge in terms of materials design. With the increase in metal oxides concentration,

there is an increase in antimicrobial activity and other functionalities; however, the

toxicity of the hybrid also increases, and an equilibrium needs to be established.*!?



1.1.1. Construction Building Units
1.1.1.1. Nanocellulose

Cellulose is a renewable, sustainable, and affordable resource, and, on a
nanometer scale is referred to as nanocellulose. It can be obtained from plants, algae,
wood, and other organic sources by chemical treatments that remove lignin,
hemicelluloses and other impurities as waxes.'?

This organic compound is formed by B-1,4-linked glucopyranose units, and each
unit is associated to three hydroxyl groups, which yield the high hydrophilicity and
biodegradability of the compound. Cellulose construction units have a polymerization
degree that ranges from hundreds to thousands of units. They are packed into microfibrils,
which are structures comprised of construction units disposed in orthogonal layers. On
the other hand, microfibrils are stabilized by hemicellulose and lignin that are connected
via hydrogen bonds and intermolecular electrostatic forces, namely, van der Waals
forces.!>!?

Figure 2 shows a schematic representation of cellulose structure and illustrates the

various levels of complexity from the lowest (B-1,4-linked glucopyranose units) up to the

highest with their integration within the cell wall.
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Figure 2. The structural arrangement of cellulose. Image adapted from Oun et al. (2020).?

Nanocellulose is isolated from cellulose sources by mechanical disintegration
(e.g., high-power ultrasonication) or by chemical treatments, namely acid and basic
hydrolyses. Mechanical disintegrations can be preceded by chemical or enzymatic pre-
treatments to reduce the energy needed for defibrillation. Tetramethylpiperidine N-Oxyl
(TEMPO)-oxidation is a usual pre-treatment used in this case that allows easier
defibrillation and functionalization of cellulose, with the introduction of carboxyl and
aldehyde groups to the surface of the compound.!'*2°

Several terminologies have been used for cellulosic materials, particularly for
materials with similar crystallinity, size, and shape characteristics. The use of several
terms for one object may lead to ambiguities and misunderstandings due to nomenclature
issues, as is the case of cellulose nanocrystals being also denominated as cellulose
nanowhiskers, nanocrystalline cellulose, cellulose nanorods, among others.?! %>
Considering the nomenclature issues on cellulosic materials, there have also been

some anomalies concerning their classification in current literature.?*?° In the review
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article from Trache et al. (2020), the authors consider their division into two major
classes: a) nanostructured materials that include cellulose microcrystals and microfibrils
and b) nanofibers that include, in turn, nanocellulose with three different classifications,
which differ according to morphology, size and extraction method- cellulose
nanocrystals, cellulose nanofibrils and bacterial cellulose. This classification of
nanocellulose materials was established by a draft version standard from Technical
Association of the Pulp and Paper Industry (TAPPI) designated as TAPPI WI 3021:
Standard Terms and Their Definition or ISO/TS 20477:2017.272% This nomenclature
standard and classification of cellulosic materials is also adopted in other recent literature
reports such as the ones from Gorbunova et al. (2023) and Barhoum et al. (2022).2!%°

Below, Figure 3 presents the different hierarchical structures of cellulosic

materials divided according to the aforementioned standard.

transverse cellular wall cellulose individual cellulose ) covalent
section structure fibrils microfibrils microstructure EREAREHREL bond
[ L L 1 1 'l »
L T T 1 1 ] 1 L
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Cellulose Cellulose Cellulose Cellulose (BCNCs) (BCNFs)

microcrystals (CMCs) microfibrils (CMFs) nanocrystals (CNCs)  nanofibrils (CNFs)

Figure 3. Hierarchical structures of cellulosic materials and their classification according
to the TAPPI standard (ISO/TS 20477:2017). Image taken from Gorbunova et al.
(2023).%

Cellulosic materials are divided into two major classes according to their shape
and size. In this work, there will be a focus on nanocellulose as cellulose nano-objects,
and their nomenclature will follow the one employed by the TAPPI standard from ISO/TS
20477:2017.%



Nanocellulose structure and properties vary with the method of extraction. When
the main technique applied is a mechanical treatment, nanocellulose is commonly present
as cellulose nanofibrils (CNF). On the other hand, when nanocellulose is obtained, for
example, by acid hydrolysis, cellulose nanocrystals (CNC) are obtained. Additionally,
nanocellulose can be obtained via bacteria or other microbial synthesis and, in this case,
is designated as bacterial cellulose (BNC),!2:20:22:30

Below in Figure 4, it is represented the different morphologies of nanocellulose
by Electronic Microscopy (Transmission Electron Microscopy (TEM) and Scanning

Electron Microscopy (SEM)).



Figure 4. TEM (a, b) and SEM (c) images of the different types of nanocellulose,
illustrative of their typical morphology: (a) cellulose nanofibers, CNF; (b) cellulose
nanocrystals, CNC and (c) bacterial nanocellulose, BC. Image adapted from Solhi et al.
(2023).%

Due to the more conservative isolation method, CNFs contain more amorphous

regions compared to CNCs since the fibrous structure of the former is conserved (Figure

7



4). In acid hydrolysis, these regions suffer disintegration, giving nanocellulose the
characteristic rod-like and higher crystallinity index.'??%?23% According to Solhi et al.
(2023), BNC is similar to CNFs due to possessing semicrystalline fibers (Figure 4),
although their cross-sectional disposition is different and akin to rectangular form.??
Commercially, nanocellulose can be obtained in the form of CNFs and CNCs. It is
possible to obtain CNCs through CNFs but not the reverse, with a combination of
mechanical disintegration and chemical treatment.’!

According to TAPPI standard classification, nanocellulose materials are classified
according to aspect ratio (length/diameter), diameter and length: diameter between 5-30
nm and a length between 100-600 nm for CNFs with an aspect ratio greater than 50;
diameter around 3-10 nm and an average length inferior to 500 nm for CNCs and an
aspect ratio greater than 5, and BNC is considered to have a diameter between 10-40 nm,
length superior to 1000 nm (micrometer scale) and possessing an aspect ratio from 100
to 150.2%2°

However, these dimensions are simply a recommendation for their classification.
Recent literature also reported CNFs as having an average length in the micrometer scale
between 1-15 um and CNCs also reaching lengths in the micrometer scale, ranging
between 50 nm to 10 pm.??

The crystallinity is an important parameter to be evaluated since it will impact
many physicochemical properties. It can be afforded by X-Ray Diffraction, namely by
Powder X-Ray Diffraction (PXRD) analysis, and it varies in the nanocellulose materials
according to the cellulose source and isolation method. Current literature reports have
identified CNCs with a crystallinity index between 58 to 90% and BNC with 80 to 100
%, depending on the material source.?*

Nanocellulose-based materials have been widely used for material reinforcement,
biomedical applications, and in the electronics field (due to inherent high thermal
conductivity), as reported by Oun et al. (2020).

Despite having some desired properties such as biocompatibility,
biodegradability, and high stiffness for material reinforcement, nanocellulose lacks some
properties that metal oxide nanoparticles have, such as antibacterial, optical, magnetic,

and special electronic properties.!'?2%33



1.1.1.2. Metal Oxides

In line with what was aforementioned, metal oxides are relevant as construction
units of hybrid materials due to their properties and desirable traits such as bandgap, low
toxicity, high thermal and chemical stability, electron conductivity, increase of surface
area, and due to being economically accessible.>** The properties of the metal oxide
nanoparticles depend on the synthesis method and conditions applied. The combination
of nanocellulose with metal oxide nanoparticles allows for the acquisition of new and
enhanced properties. Also, nanocellulose can be used as a supporting material in their
production to improve the dispersion of these nanoparticles. >

Many metal oxide nanoparticles are described in the literature to attain hybrid
materials with nanocellulose, including, but not limited to ZnO, TiO,, MgO, CuO, and
Fe304 nanoparticles. 233738

In the last decade, ZnO, CuO and Ag nanoparticles were considered the most
attractive due to their potential applications in electronics, polymers, biosensors,
ceramics, inks, biocides, biomedical products, among other fields. These nanoparticles
have been gaining interest in potential biomedical applications and food packaging
studies due to their antibacterial and UV barrier properties. %341

Amongst metal oxide nanoparticles, zinc oxide nanoparticles seem to have a
promising potential for application in wound healing, with literature reporting these
nanoparticles embedded in nanocellulose as displaying significant antibacterial
properties, whereas, amidst photocatalytic inorganic materials, zinc oxide nanoparticles
showed high efficiency with photo-induced oxidation and the consequent production of
reactive oxygen species. Zinc oxide is also considered a safe material according to the
Food and Drug Administration.®!>1633

Zinc oxide nanoparticles may be obtained through two different synthetic
approaches: synthesis via ex-situ or in-situ methods. In the ex-situ approach, these
nanoparticles are synthesized separately and later added to a polymeric matrix. They can
be deposited onto polymers via physical means, such as electrospinning and melt-
spinning, or via chemical means, as is the case of immersion of polymer in solution or
dispersion containing the metal nanoparticles*’. In the in-situ preparation methods, the

polymeric matrix, in this particular case, nanocellulose, exhibits a double function as a

template and a reducing agent in the obtention of the zinc oxide nanoparticles.'?



In general, in-situ methods allow for a good spatial distribution of zinc oxide
particles within the polymeric matrix and better dispersion, preventing agglomeration,
with the main disadvantage relying in the influence of unreacted groups from the
polymeric base on the final product’s properties. On the other hand, the ex-situ methods
possess, as the critical factor, the lack of appropriate dispersion of the zinc oxide particles
onto the polymeric matrix, but allow the possibility of larger scale production .+

The selection of the synthetic approach to attain ZnO nanoparticles will be largely
influenced by the intended application and/or desired characteristics, such as size and

morphology.*+#°

Conventional synthesis approaches include: hydro/solvothermal
synthesis; sol-gel synthesis; synthesis by controlled precipitation and by chemical vapor
deposition.

Hydrothermal synthesis (Figure 5), which constitutes an environmentally-friendly
process due to not requiring any organic solvents or additional processing such as
calcination, for example. It can be performed at high temperatures, usually at a range from
80 to 250 °C, and high pressure environment (e.g., autoclave), and the resulting product
may have a wide variety of shapes and dimensions, presenting high purity and
crystallinity. Solvothermal synthesis is a similar process, but the solvent used is any other
than water (ethanol, for example). The main disadvantage for hydrothermal/solvothermal

method is the requirement for expensive equipment and high temperatures.***
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Hydrothermal/solvothermal synthesis

= Temperature
& in oven/

- autoclave:
—— B0-250°C

1

: , - || Reacton
s “ -
Zinc oxide precursor e time in oven/
autoclave:

* or
Solvent (deionized water or 3 Stod8h
other) -

LY
Reductor agent (e.g.: NaOH) _.

+
Other (e.g.: surfactant)

Autoclave

product *

Figure 5. Schematic representation of hydrothermal synthesis for ZnO particles.**4

Sol-gel synthesis (Figure 6) is a widely applied method due to its reliability,
repeatability, low cost, and simple execution. ZnO obtained from this method presents
favorable optical properties. However, the cost of raw materials may be steep and

oftentimes volume shrinkage occurs, as well as cracking during the drying process.**4
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Sol-gel synthesis

Formation of Sol Formation of Gel
hase (colloidal phase (connected
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-change in pH;
-temperature {room
temip; 50-60 *CJ;
-sol r
¥ s gt
lf;"f/ ) -other parameters.

Drying and
other -
Final processing (e.g.:
product calcination)

Figure 6. Schematic representation of sol-gel synthesis with the main stages for obtaining

ZnO particles. 47

Controlled precipitation (Figure 7) allows the production of ZnO with
reproducible properties, such as dimension sizes. The main disadvantage would be the
difficulty in breaking down the agglomerates formed during the precipitation of the

precursor.*#
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Controlled precipitation synthesis

N Formation of
precipitate
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o + = } - Drying and other
Surfactant (optional, for growth -time of precipitation; processing (e.g.:
control IEn:nfzncl particles) -other parameters. calcination)

O Final product| «-----—-"""

Figure 7. Schematic representation of controlled precipitation synthesis for ZnO

particles.**4

Chemical vapor deposition (Figure 8), where gaseous substances react with the
substrate. Chemical vapor deposition is preferred for uniform film coating with high
purity, low porosity, and high stability. A main disadvantage of chemical vapor

production of ZnO particles is the formation of toxic by-products. 43454
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Figure 8. Schematic representation of chemical vapor deposition synthesis for obtaining

ZnO particles.*>>°

Apart from the synthetic approaches described, there are physical synthesis
approaches that may require higher temperatures, like thermal evaporation approach, or
high-energy milling, as is the case of the mechanochemical process, and they are preferred
for industrial-scale production. However, obtained products have a lower purity, and
parameters such as size and morphology are harder to control, #4152

In recent literature, efforts have been observed in developing greener alternatives
for the synthesis of ZnO particles by adopting plant-based or microorganism-based
approaches, sonochemical methods, amongst others, for a more economical and/or

environmentally friendly process.*43-53:34

1.1.2. Synthetic approaches applied to Nanocellulose/Metal Oxides hybrid materials

Generally, chemical synthetic approaches have been preferred over physical ones
due to the requirement of simpler equipment, the utilization of milder reaction conditions,

and the ease of scale-up.>’
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Recently, conventional synthetic approaches of nanocellulose/metal oxides

hybrids that were most employed include: sol-gel,>>7 sonochemical, *”>” hydrothermal,

55,57,58 37,59,60 37,55,57

co-precipitation, and microemulsion

For dispersion and growth of metal oxide nanoparticles (MONPs) within
nanocellulose, some interactions must occur regardless of the synthetic approach applied
(ex-situ or in-situ).

In-situ growth of MONPs is possible without any external reducing or
capping agents (which may be introduced through surface modification, as is the case of
TEMPO-mediated oxidation, for example). Cellulose without surface modification binds
and stabilizes MONPs through ion-dipole interactions via surface hydroxyl groups and
MONPs are generated through nucleophilic interactions. Surface hydroxyl groups can be
activated using hydrothermal synthesis, UV, and microwave irradiation methods.’

The addition of negatively charged groups via surface modification allows for better
dispersion of MONPs and better colloidal stability due to electrostatic repulsion. Some
common forms of surface modification on cellulose include sulfonation, via hydrolysis
with sulfuric acid, and carboxylation by TEMPO-mediated oxidation. Non-covalent
surface modification is possible with the adsorption of surfactants, interacting with

cellulose surface via hydrogen bonds and van der Waals forces.?

1.1.2.1. Preparation of Nanocelluose/ZnO hybrid materials

A significant number of hybrid materials comprising nanocellulose and zinc oxide
are reported in current literature. Table 1 summarizes this type of hybrids obtained
through different synthetic approaches.

A great number of CNC and CNF-based hybrids reported in the literature (Table
1) have been synthesized through in-situ hydrothermal method.’®¢!"¢* One simple and
possibly scalable synthesis method seems to be the in-sifu solution casting approach,

which allows the obtaining of small and well-dispersed zinc oxide nanoparticles.’*%

BNC-based hybrids explore equally ex-situ and in-situ synthetic approaches.%¢"2

Ex-situ synthetic approaches commonly include immersion,®” where nanocellulose is
immersed in zinc oxide solution, deposition with surface spraying of nanocellulose’! or
other techniques such as MAPLE (matrix assisted pulsed laser evaporation) deposition ¢

and mixing of zinc oxide solutions with nanocellulose solution®”-">"3, Nanocellulose-

based construction units have been functionalized using electrospinning deposition
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method®®% and via a novel synthesis method of the nanohybrids: MAPLE deposition
technique, with deposition of ZnO particles onto bacterial nanocellulose 3D matrix®s,

Some optimizations on in-situ synthesis methods have been achieved, such as the
implementation of simpler protocols with two-step®> and one-step® hydrothermal
syntheses; synthesis processes assisted by sonication, allowing for preservation of
nanocellulose 3D matrix®® and green methods such as SPP (solid-phase peptide)
synthesis, that bypasses the need for a reducing agent compared against a synthesis using
ammonium hydroxide as reducing agent®.

The simplest preparation methods in terms of time spent for hybrid synthesis took

72-74

about 40 min to an hour’>7*, and the materials prepared were either freeze-dried’>”* or

had a short dry time, as is the case in Azizi et al. (2013)"* with drying for 1 h at 120 °C.
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Table 1. Overview of hybrid materials comprising nanocellulose and zinc oxide nanoparticles.

Synthetic approach
Nanocellulose- Metal
based In q oxide Morphology Hybrid Potential
construction situ/E Method Rea.ctlon Temp. (°C) precursor Solxe Washing step Drying Odicy of ZnO form application Cbe Ret
< . Time a nt reagents
units X situ and/or zinc
oxide unit
Stirring at 60 °C of zinc
acgzglgl:cﬂirt?:;:nd Isopro S NaOH; S
Dipping of cellulo’qe panol Drying in HMT With increase of the
. Chemical bath fibers on chemical bath Zn(CH5CO> and Thorough wash with hot air (hexameth}/ ! Spherical and uv Am}d Surfactar{t (HMT), 75
CNF In situ .. >7h o . S L oven for enetetramin nanorod-shape Pellet humidity ZnO particles form
deposition at 4 °C (30 min) and )2.2H>0; deioni deionized water .
; o 24h at 60 e); like sensor smaller
drying at 100 °C (30 zed °C Zn(NOs)2.6 agglomerates
min); Stirring at 100 °C water H 6 > e
(6 h) for growth of ZnO ?
particles
700 colloid Cellulose nanofibers
Electrostatic in were washed 2 Freeze
- . times with . Production
assembly in commercial — drying of Authors denote a
o NaCl deionized water of .
aqueous form (1% d f h mixi sample Iyvel. 1 b al substantial
medium with . w/w in and. after cach mixing suspensio Polyelectro "cauliflower- Paper antibacteria production of 73
Modified CNF Ex situ 40 min N.a. . deioni step with PDDA and ytes: PDDA o paper sheets X .
polyelectrolytes diethylene ns for like" shape sheets ith 1 reactive species of
as glycol) zed PSS (6, washes further and PSS with oW oxygen under light
water total); Final wash content in s
macromolecular from . L character exposure conditions
. . with deionized S ZnO
linkers Colorobbia . izations
(Italy) water after mixing
with ZnO colloid.
2 washes with
Seeding of ZnO onto o::lzglezre:n‘::;leii Energy-
nanocellulose surface at Ethan ng &y Authors were able
120 °C (pre-annealing); ol and of seeded material HMT; harvesting to optimize
3 - ~ ’ 0, > <
CNF In situ In situ 501. gel >10h Annealing at 150-160 °C | Zinc acetate deioni and the other after 90 C'for Zn(NO3)..6 Nanorods Paper dev1ce§ synthesis method by 62
synthesis i growth of ZnO 5 min coating (mechanical .
for 4 to 6 h; Growth of zed . H.O employing a two-
. o nanoparticles when and thermal
ZnO particles at 90 °C water . X step protocol
for3 h 1mm§rsed in sources)
chemical bath
solution
L Thermal
- Stlrrmg.of_NaOH, ZnCl, - Several washes via NaOH; energy Functionalization of
. . One-step in situ and deionized water at Deioni . . . o .
Functionalized . - centrifugation with 60 °C for PEG; . Nanocom storage and novel phase change 63
In situ hydrothermal >24h room temp. (15 min); ZnCl, zed L Flower-like . .
CNC . TSI deionized water and 12h PHBV; posite controllable nanofibers via
synthesis Reaction time in oven at water ethanol DCM/DMF drug release electrospinnin
80 °C for 24 h g pimng
systems
2 hydrothermal Different ZnO
syntheses: a)heating of particle
CNC and zinc nitrate . . Washes via . morphologies were
. R Zinc nitrate Lo . . Sheet-like; . .
In situ hexahydrate mixture to hexahydrate Deioni centrigugation (12 Flower-like: Absorption observed at different 61
CNC In situ hydrothermal >24h 80 °C; b) hydrothermal and Zinc zed 000 rpm at 10 °C, N.a. NaOH 3 hcroidal, Sheet of cationic pH (flower-like and
synthesis growth in autoclave at chloride water 20 min) with P shane dyes sheet-like shape at
80 °C for 24 h of CNC deionized water P higher pH and
and zinc chloride spheroidal-like
mixture shape at lower pH)
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Table 1 (CONT.)

Synthetic approach

Nanocellulose- Metal
based In q oxide Morphology Hybrid Potential
construction situ/E Method Rea.mon Temp. (°C) precursor Solvent Washing step Drying @i of ZnO form application @ Rt
q . Time q reagents
units X situ and/or zinc
oxide unit
Authors observed a
stronger
antibacterial
Several activity of the
. In situ sol-gel Thermal stirring at 80 Zinc acetate Deionized wa;hes e 120 °C Ethanol and Hexagonal Nanoco Antimicrob nanohybrids against 74
CNC In situ . >1h B . centrifugation . . . Gram-positive
synthesis C dihydrate water - 2 for 1 h NaOH shape mposite ial material
with deionized Staphylococcus
water aureus compared to
Gram-Negative
Salmonella
choleraesuis
Synthesis method
Maogneuc stirring at 90 A}r Antibacteri employed is
C of zinc oxide drying al material considered a cheap
precursor solution Zinc acetate - 4 washes with overnigh Irregular disc- and and simple
. In situ solution mixed with cellulose (1 Deionized . tand . Nanoco . approach and can 65
CNC In situ ) 4h . - hexahydrat deionized NaOH like . potential -
casting h); Continuous stirring water subseque mposite potentially be
o . e water B agglomerates for
at 90 °C after white nt drying performed on a
L . o wastewater . .
precipitate formation at 65 °C treatment industrial scale for
(3h). in oven wastewater
treatment
uv
Stirring at room shielding
temperature of NaOH Washes by against Study of effects of
One-step in situ and zinc chloride Zine Deionized centrifugation 60 °C UVA and the obtained 58
CNC In situ hydrothermal >24h mixture; Storing of . with deionized NaOH Flower-like Sheet UVB nanohybrid
. . - chloride water for 12 h . o
synthesis mixture after addition of water and irradiations electrospun onto
CNC suspension at 80 ethanol and PHBYV nanofiber
°C for 24 h in oven antibacteria
1 activity
Magnetic stirring at
room temp. of aqueous
solution with zinc oxide Synthesis method
precursor and 5 washes by applied is
. . nanocellulose; Addition Zinc nitrate Lo centrifugation 80 °C for . . . . appue
. In situ solution . Deionized - e . Ammonium Paper Antibacteri inexpensive and 70
CNC In situ . N.a. of ammonium hexahydrat with deionized 6hin . N.a. . . .
casting . . _ water hydroxide coating al material allows the obtaining
hydorxide until pH=10 e water and oven of small and well
at 45 °C ; Overnight ethanol

continuous stirring of
the mixture at room
temp.

dispersed particles
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Synthetic approach

Nanocellulose- Metal
based In q oxide Morphology Hybrid Potential
construction situ/E Method Rea'ctmn Temp. (°C) precursor Solvent Washing step Drying @i of ZnO form application @ Rt
q . Time A reagents
units X situ and/or zinc
oxide unit
Wound dressing
Heating at 70-80 °C Zinc oxide anllbz?cter{al
. material with
until homogeneous nanopowde Lo .
. . significant potential
slurry is obtained r purchased .
.. . . Freeze- Polyethylen . to regulate topical
TEMPO- Ex . (containing in Deionize . Topical i L 76
n X Freeze-dried N.a. . None dried at - e glycol Agglomerates Spongy X bleeding and aid in
oxidized CNF situ nanocellulose and PEG commercial d water o bleeding X
. 80 °C (PEG) the combat against
solutions); After form from L. X
e X bacterial infection,
addition of ZnO, slurry Sigma S
. o . after infliction of
is frozen at -20 °C Aldrich N
traumatic dermal
injury
Ultrasonic Stirring at 50 °C of Ethanol Thorough WaSh . F— . . Consn?rvatlve
- J . H . with deionized Ammonium cauliflower Antibacteri synthesis method
. assisted in situ zinc oxide precursor Zinc acetate + Freeze- . e 66
BNC In situ . Upto9h . . . Lo water and . hydroxide fungus-like' Sheet al wound that preserves the
synthesis dissolved in water- dihydrate Deionize " dried . .
- . sonication for 30 solution shape dressing 3D structure of BC
(sonochemical) ethanol solution d water . .
min matrix
Ex situ
synthesis of Mixing of BC in ZnO Nanocomposite
ZnO by P .
recipitation suspension in shaking Freeze- showed enhanced
P incubator at 50 °C, 150 . . - . Wound wound healing and
Ex method, Zinc nitrate Deionize dried at - . Nanoco . . . 67
BNC X >24h rpm for 24 h, after None . NaOH Spheroidal . dressing tissue regeneration
situ followed by - : tetrahydrate d water 50 °C for mposite .
. . immersion of BC material compared to BC
immersion of . 10h . X
membrane in ZnO alone in animal
nanocellulose .
suspension burn model
membrane and
mixing
Novel synthesis
method that allows
the controlling of
interfaces: matrix
MAPLE Water; . . . .
BNC Ex deposition N.a. N.a. (vacuum chamber) Zinc acetate Chlorofo N.a. (sler{llz-ed N.a. Ammonia Agglomerates Film Antlbact'erl assisted p ulsgd laser 68
situ technique m by UV radiation) al material evaporation
q (MAPLE) used for
deposition of ZnO
particles onto 3D
matrix of BC
SPP synthesis . Zing nitrate - Antibacteri Authors con51d§r
o Immersion of BC Deionize Lo . al wound the SPP synthesis
and deposition . . hexahydrat Sonication using . . -
. . pellicles in aqueous = d water; - Freeze- Ammonium Plate-like and . dressing method as a green 69
BNC In situ of ZnO into N.a. N .. e; Zinc deionized water . . Pellicle .
solutions containing Methano . dried hydroxide rod shaped and technique, that
nanocellulose o acetate (30 min)
. zinc ions at room temp. . 1 wastewater bypasses the need
pellicles dihydrate X
treatment for a reducing agent




Table 1 (CONT-)

Synthetic approach

Nanocellulose- Metal
based oxide : .
f In q Morpholog Hybrid Potential
construction . Reaction precursor . . Other L Obs. Ref.
., i't:if Method Time Temp. (°C) and/or Solvent ‘Washing step Drying R y of ZnO form application
° zinc oxide
unit
After
immersion of
BC pellicles in
solutions of
ZnO precursor,
mixture is Vacuum-dried Food Functional hybrid
Facile synthesis shaken at 120 at 80 °C for packaging, with UV shielding,
impre Illlation of- rpm, 24 h at Zinc nitrate Deioniz Washed with 20 min by wound photocatalytic 70
BNC In situ nanofellﬁlose in ZnO >34h room temp. hexahydrat ed deionized water sheet former; NaOH N.a. Film healing and activity and
recursor Following e water Room temp. other antibacterial
p placement in drying (6 biomedical activity as
NaOH solution, days) applications properties
seeded material
is shaken in
same
conditions for
10 h
In one of the Authors used BDP
Ex situ synthesis of hybrid (Betulin-3,28-
ZnO by sonochemical s n);hesis diphosphate) to
and sol-gel method; na:]nel wiih modify ZnO
BC-ZnO . Y . nanoparticles and
. immersion of Zinc N
nanocomposites were BC in zinc acetate studied its effects.
Ex obtained via two . . Washed with In vivo
. . nitrate dihydrate; . . BDP; Nanoco Wound . 71
BNC situ + different methods: N.a. tetrahydrate Zine nitrate Ethanol deionized water Vacuum-dried NaOH N.a. mposite healin experiments were
In situ surface spraying of BC the sze ded ? tctrahydrat until pH=7 P & carried out to
films with ZnO matorial s ey study the effect
aqueous solution and laced in and properties of
immersion of BC film p . synthesized
. - NaOH solution .
in aqueous solution of for 10 min at 50 nanohybrids
ZnO precursor oC relevant to wound
healing
Developme
nt of
nanocompo Nanohybrid was
Zn0 in site with obtained through a
enhanced economically
Mixing of ZnO narrlofg ::de NMMO Washed with properties: friendly method
BNC L_’Tx hanop; larncles into >1h N.a. prepared Deioniz deionized water Freeze-dried NaOH Oval shape Film regenerjated and‘d%splayed non- 72
situ bacterial cellulose from ed for 48 h BC with toxicity as well as
solution I enhanced significant cellular
precipitatio water thermal biocompatibili
n synthesis . patibility
mechanical towards animal
and cells
bactericidal
properties

Legend: CNF- cellulose nanofibers; CNC- cellulose nanocrystals, BNC- bacterial nanocellulose.

20




Synthesis methods that took longer than 24 h, such as the ones in Wahid et al.
(2019), Khalid et al. (2017), and Abdalkarim et al. (2018), for example, are less
economically friendly due to the time and resources spent - 24 h at 80 °C.3%67-70

A proposal mechanism to attain nanocellulose/ZnO hybrid materials via in-situ
synthesis is depicted in Figure 9, based on the work developed by Wahid ez al. (2019).
They proposed the obtention of ZnO particles through adsorption of zinc ions on bacterial
cellulose nanofibers with consequent conversion of those ions into ZnO by reaction with

hydroxyl group. 7

Suggested mechanism for

formation of BNC/ZnO hybrids

E— )
In?* NaOH

BNC film A = Zn?* * =Zn0

Zn?* + BNC ) 7,2+ — — — BNC

Zn?* — — — BNC + 2 (OH) =) Zn(OH), — — —BNC
Zn(OH), — — — BNC ) 7nO — — — BNC + H,0

Figure 9. Proposal mechanism to attain a hybrid material of bacterial nanocellulose
(BNC)/ZnO according to Wahid et al. (2019).”°

This proposal is also supported by other literature reports, including other forms
of nanocellulose in the hybrid compounds comprising similar construction units, namely
CNC, BNC and zinc oxide.®¢%%74

The zinc oxide particles of hybrid materials obtained by different in-situ and ex-
situ synthetic approaches exhibited various morphologies: spheroidal/oval,®"-67727> rod

58,61,63,66,73

shape, 6297 flower-like, agglomerate shape, ®*7¢ sheet-like®' and plate-like®

structures that are depicted in Figure 9.
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Figure 10. Morphologies of ZnO particles in hybrids composed of ZnO and
nanocellulose: (A) spheroidal/oval®!; (B) sheet-like®'; (C) agglomerates®®; (D) plate-
like®’; (E) flower-like’’; (F) rod-like”. Images (A) to (E) were obtained via SEM

microscopy, while image (F) was obtained through TEM microscopy.

Flower-like shape was commonly observed from in-situ hydrothermal
syntheses, ®°1:% and in the literature, a connection between the ZnO morphology and pH
is established: formation of flower-like and sheet-like shapes at higher pH (11 and 10.5,
respectively) and appearance of spheroidal shape in lower pH (8.5). As previously
mentioned, a relation is established between the change in ZnO morphologies with the
alteration of hydroxyl group content in the hybrids.®!

The work reported by Wahyuono et al. (2016) describes a mechanism of ZnO
nanoflowers obtention by wet chemical synthesis. At higher temperatures, dehydration

reaction of [Zn(OH)4]*" yields ZnO nuclei and extra hydroxyl groups, and, in low
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hydroxyl group content, the nucleation rate is high. In conditions of low temperature for
early growth phase of ZnO nuclei, the ZnO particles acquired hexagonal-ended nanorod
morphology, while at higher temperatures and longer reaction times, ZnO acquired a
prism-ended nanorod form. Nanoflower morphology is considered to be derived from the

radial spatial arrangement of ten prism-ended nanorods (Figure 11).”

Early 3
Hydralysis Nucleation O Growth -
Z“{NG3}:I.6H?O—.-ZI-|{QH4}2- —.- ® O<%-) l I --------
[
: ]
e Prism-ended
Zn0 nanorods ' Growth &
Wi Self-
- i\ | o Assembly
TINSS ¢
Zn0
nanoflowers

Figure 11. Schematic representation of the mechanism to obtain ZnO nanoflowers.

Adapted from Wahyuono et al. (2016).”

1.1.3. Applications

The nanocellulose/metal oxide hybrids exhibit promising antimicrobial activity
and significant enhancement over biofilms’ properties such as thermal stability, UV-
barrier, and mechanical properties.®

As an overview of the state of the art of the hybrid materials mentioned above, a
summary pertaining different types of nanocellulose, metal oxide incorporated and their
morphology, hybrid form, and potential applications related to the hybrid structure is
highlighted in Table 2.
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Table 2. Overview of the state of the art on nanocellulose/metal oxide hybrids.

Type of Metal Hybrid
Morphology Potential application Reference
Nanocellulose| oxide Form
) ) Antibacterial activity against
CNC Ag,0 Spherical Film 36
E.coli
INanocompo |Antibacterial activity against
CNF TiO, N.a. 38
site E.coli, S.aureus
Freeze-
IAntimicrobial activity against
CNF CuO N.a. dried
C.albicans, S.aureus, E.coli 78
nanofibrils
. INanocompo | Dual contrast agent for MRI
CNC Fe;O, Spherical ) 79
site scan
“CNC-
based
Spherical; Rod- |dispersions, | Magnetically assisted drug
CNC CoFe,0, ) i 80
like films and delivery
composite
fibers”
CNC ZnO Spherulite Sheet Wound dressing 58
) INanocompo o )
BNC MgO Spherical ) Clinical wound healing 37
site
CNF ZnO Rod-like Pellet UV and humidity sensor 75
Neuro-Endovascular
BNC Fe;0, Agglomerates Hydrogel ) 60
Reconstruction
INanocompo | Wound healing and tissue
BNC TiO, N.a. ) ) 15
site regeneration
Development of antibacterial
BNC CuO Sheet-like Film 14
materials
Spherical, sheet ) o
CNC ZnO } Sheet Absorption of cationic dyes 61
and flower-like

Legend: N.a.- not available.

From current literature reports, the most common applications described for
hybrid nanomaterials comprising nanocellulose and metal oxides include (Figure 12):

antibacterial or antimicrobial materials, which, in turn, exhibit a tremendous potential to
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be used in food packaging and for wound dressing/healing purposes;'*3¢37:6%70.7278 1y

and humidity sensing;’> wastewater treatment;®""%>%° tissue regeneration;!® neuro-
endovascular reconstruction;*® potential use as dual contrast agent for MRI (magnetic

resonance imaging) scan or, in other words, potential use in medical imaging”® and

63,80

development of drug delivery systems.

Antimicrobial
material
UV & humidity

Drug Delivery sensing
Systems

General
Applications

Neuro-
endovascular
Reconstruction

Wastewater
treatment

Medical Tissue
Imaging regeneration

Figure 12. General applications of hybrids comprising nanocellulose and metal

oxides. 14,15,72,75,78-80,36,37,60,61,63,65,69,70

A special focus on hybrids composed of nanocellulose and ZnO will be given in
this work owing to the fact that these type of hybrids are widely explored in materials
science, engineering, food packaging and other areas, particularly due to possible use of
these compounds as antibacterial agents, making for a great potential alternative to
antibiotics, and, consequently, a possible solution to antibiotic resistance. >!%728!

As observed in Tables 1 and 2, hybrid materials comprising nanocellulose and
zinc oxide have many potential applications (Figure 13), including:
antimicrobial/antibacterial related purposes;>®64-66.68.70.72-74 (JV and humidity sensing;”
UV shielding helpful for biomedical or cosmetic applications;*® absorption of cationic
dyes that may be useful for wastewater treatment;®' energy-harvesting and storage

systems;*>%® sustained drug release systems® and regulation of topical bleeding’®.
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Figure 13. General applications of hybrids comprising nanocellulose and zinc oxide

particles 58,61-66,68,70,72-76

The majority of hybrid materials comprising CNC or BNC and ZnO (Table 1)
possess an antimicrobial/antibacterial activity,5466:68.72.74

In the work developed by Trindade ef al. (2013) was reported a hybrid material in
paper sheet form comprising modified CNF and ZnO particles. This hybrid presented
good antibacterial activity with a low content of ZnO.”

In this work there will be a focus on the applicability of nanocellulose-based/ZnO
hybrids as wound healing/dressing materials. Some BNC-based/ZnO nanohybrids (Table
1) displayed great potential for the applicability mentioned above due to synergistic
combination of bacterial nanocellulose and zinc oxide properties such as
biocompatibility, low toxicity, and antibacterial effect on infected wounds. Their
potential has been studied through in vitro and in vivo experiments (Figure 14), using

animal cells and live animal models.%¢7%7
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Wound Healing

( Evaluation
o
-Study of hybrid
material interaction
wi cultivated blood Antibacterlal
: ; cells from inflicted activity of hybrid
Live animal wound !
odel - BALB wound site; material
m. (e.g.: -Measurement of
mice burn model) wound contraction +
(to evaluate healing Cytocompatibility
progression); .
+ -Other parameters assay I:E.g.. MTT
assay)
+
Histopathological Microscopical evaluation
analysis of cell adhesion,
marphelogy and

proliferation w/
interaction with hybrid
material

Figure 14. Most studied biological properties of nanocellulose/zinc oxide hybrids for

wound healing/ dressing applications.5¢7%76

Recent works that proposed wound healing applicabity for nanocellulose/ZnO
hybrids equally explored in vitro assays for evaluation of antibacterial activity of obtained
hybrids on common bacteria strains (e.g., E.coli).%¥7%"> Futhermore, cytocompability
assays were carried out via 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) method®® and study of zinc release in water’?. In
the work of Ul-Islam er al. (2014), the interaction of prepared hybrid film with animal
cells namely osteoblast cells from the MC3T3-E1 ATCC line was also evaluated.’

Works that suggested application of synthesized nanocellulose/ZnO hybrids as
wound dressing materials mostly included in vitro assessment of antibacterial
activity®366:67:69.76 " and Shefa et al. (2019) and Melnikova et al. (2021) studied the
cytocompatibility of obtained hybrids via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay using L929 fibroblast cell culture’"-’®. Some specific
wound dressing applications have been studied, namely: hemostatic dressing for
traumatic dermal injury with in vivo evaluation, particularly using rabbit ear arterial
bleeding model in Shefa et al. (2019)’® and burn wound dressing with histopatholgical
analysis using sacrificed mice, and evaluation of healing progression using in vivo BALB

mice burn model in Khalid ez al. (2017) ¢7.
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Besides nanocellulose/ZnO hybrids, other types of nanocellulose/metal oxides
materials have been reported for wound dressing/healing. Here, are summarized some
examples:

1) novel hybrids comprising of MgO and BNC synthesized by ex-situ and in-situ
methods, where the authors suggest possible applications of the products obtained for
clinical wound healing due mainly to hybrid antibacterial activity against S.aureus and
E.coli;¥’

i1) hybrid nanocomposite comprising of regenerated BNC and TiO, nanoparticles
obtained via simplified synthesis, with authors reporting biological properties like
biocompatibility, non-toxic profile, and aid in cell proliferation, revealing potential for
tissue regeneration and wound healing;'?

ii1) hybrids comprising BNC and Fe;O4 in hydrogel form, were explored as a
potential alternative to conventional treatment, which consists mainly in procedures with
invasive surgery, for aneurysms that cause brain injury. Mechanical properties of hybrids
were studied using regular BNC and magnetic BNC, and both types displayed similar
responses when compared against other samples from authors’s previous work®.
Significant cell viability and evaluated properties of the prepared hybrids displayed
promising potential for neuro-vascular regeneration.®

The evaluation of the biocompatibility of the hybrid materials with animal cells is
commonly performed by using the MTT assays.'>’!7® For the evaluation of the
antibacterial activity, the disc diffusion method seems to be the most common method in
studies referring to antimicrobial and wound healing applications, commonly studying
activity against E.coli and S.aureus bacteria.>’%¢7%7276 In terms of nanocellulose type,
hybrids comprising of BNC and any other metal oxide seem to have the most reports
regarding wound healing/dressing applications, which may be due to enhanced
biocompatibility derived from usually higher purity and the disposition of cellulose
nanofibers, !3:37:60,66-72

The application of nanocellulose/zinc oxide hybrid materials as wound
dressing/healing materials demands further investigation to attain faster and cheaper
synthetic processes easily scalable for their incorporation in the market, such as in vivo
and in vitro studies for medium to long term exposure, other toxicity evaluations such as

environmental toxicity and, lastly, clinical trials.>!>¢7
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1.1.4. Innovation and aim of this work

In this work, we intend to prepare hybrid materials comprising nanocellulose and

zinc oxide nanoparticles through different in-situ synthetic approaches, perform their

structural elucidation, and evaluate their potential for wound healing applications.

This task will be accomplished by the execution of the following specific goals:

1.

ii.

iil.

1v.

Study the influence of different reaction parameters (e.g., ratio of reagents,
temperature, and time) in the obtention of nanocellulose/ZnO hybrid materials,
using different in-situ synthetic pathways — hydrothermal and sol-gel;

Evaluate the successful obtention of the hybrid materials through UV-Vis
spectroscopy;

Perform the structural elucidation of all hybrid materials by ATR-FT-IR; PXRD
and Electronic Microscopy — SEM and TEM,;

Evaluation of the hybrid materials (at least two different morphologies resultant
for the most promising synthetic approaches) for wound healing applications —
materials cytotoxicity evaluated via PrestoBlue assay; and potential as wound

healing materials assessed through in vitro scratch assay.

The innovative character of the work developed within this MSc project is based

on studying the direct impact of different reaction parameters in in-situ approaches

(hydrothermal and sol-gel methods) in the structure of the obtained hybrid materials.
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2. Materials and Methods

2.1. Reagents

The reagents used in the synthesis methods are of analytical grade and used
without further purification processes. Zinc chloride (> 98%), zinc acetate dihydrate (>
98%) and commercial ZnO nanopowder presenting with particles of less than 100 nm in
size were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethanol (> 99.8%) was
purchased from Honeywell (Buchs, Switzerland) and sodium hydroxide (> 99%) was
purchased from LABCHEM (Zelienople, PA, USA). Cellulose nanocrystals (100 wt%) -
white, odorless solid of cellulose sulfate sodium salt dried by using the spray-drying

process — were purchased from CelluForce Inc (Canada).

2.2. Preparation of CNC/ZnO hybrid materials

Hybrid materials CNC/ZnO were prepared by using in-situ approaches based on
hydrothermal and sol-gel methods. A detailed description of the reaction conditions

studied in each method is provided in the following subsections.

2.2.1. Hydrothermal method

Two different strategies were employed with the use of two different zinc oxide
precursors to determine its influence on morphology and/or other structural properties.
This approach was used taking into consideration the evidences found in literature
showing that different zinc oxide precursors originate particles with various morphologies
i.e., zinc chloride produced flower-like ZnO structures on CNC surface®, while zinc
acetate dihydrate morphologies such as ZnO nanorods®? and nanospheres®’.

In this manner, syntheses of materials using zinc chloride (HS1-HS5) and zinc
acetate dihydrate (HS6-HS8) as distinct zinc oxide precursors were carried out.

The synthesis of material HS1 was based on the reactional conditions described
by Abdalkarim et al. (2018)°8. Briefly, 10.0837 g of CNC were dissolved in 25 mL of
deionized water, followed by the addition of 0.6821 g of ZnCl> and 0.6135 g of NaOH.
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The solution was then heated in an oven at 80 °C for 24 h. The conditions to attain the
materials (HS2-HSS5) resulted from alterations of this protocol: in all cases, after the
reaction, the materials were thoroughly washed with water (100 mL), followed by ethanol
(25 mL), and dried overnight at 55 °C. The hybrid materials HS2-HS5 were obtained in
the following way:

HS2: The preparation of material HS2 followed similar reactional conditions
previously described for HS1, but was studied the ratio 1:0.2:0.2 for CNC/ZnCl,/NaOH.

HS3: In the preparation of this hybrid material was investigated the following
ratio 1:0.2:0.3 of CNC/ZnCl2/NaOH, keeping the reaction temperature at 80 °C for 24 h.

HS4: This material was obtained by wusing the ratio 1:0.2:0.3 of
CNC/ZnCl>»/NaOH, the same studied for HS3, but the reaction occurred at 100 °C for
66.5 h.

HSS: The hybrid material HSS in a similar way previously described for HS4, but
using the ratio 1:0.6:0.5 for CNC/ZnCl,/NaOH.

In the preparation of the materials HS6-HS8 was studied a different zinc oxide
precursor, the zinc acetate dihydrate. These materials were prepared in the following way:

HS6: For the obtention of the material HS6 was used the following ratio 1:0.6:0.5
of CNC/Zn(CH3COOH),.2H,0/NaOH. The solution was heated at 100 °C for 68 h,
washed with water (100 mL), followed by ethanol (25 mL), and then dried overnight in
an oven at 55 °C.

HS7: The material HS7 was obtained by using the conditions previously described
for HS6, but using a ratio of 1:0.2:0.3 for CNC/Zn(CH3COOH),.2H>O/NaOH.

HS8: The hybrid material was also obtained by using the reaction conditions
described for HS6, but was studied the  ratio 1:1.5:1.5 for
CNC/Zn(CH3COOH)2.2H,0/NaOH.

2.2.2. Sol-gel method

Three different hybrid materials were prepared by using the sol-gel method (SG1-
SG3). The steps to afford these materials followed the study reported by Azizi et al.
(2013)™, but were studied different ratios of reagents, and also a different zinc salt - zinc
acetate dihydrate.

All prepared materials followed the same steps: to a solution containing CNC and

deionized water (12.5 mL), ethanol (15.5 mL) and zinc acetate dihydrate were added. The
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obtained solutions were homogenized through magnetic stirring for 1 h at room
temperature, followed by gentle stirring for 2 h at 80 °C. Then, NaOH (5 mol/L) was
added dropwise. The materials were washed with deionized water (100 mL), and then
placed in oven at 120 °C for 1 h, to allow conversion of remaining unreacted zinc
hydroxide into zinc oxide. Synthesized products were left to dry in an oven at 55 °C for
6 h. The hybrid materials were then attained by using the following ratio for the reagents

CNC/Zn(CH3COOH)2.2H>0: 1:0.5; 1:1, and 1:1.5 for SG1, SG2, and SG3, respectively.

2.3. Characterization of CNC/ZnO Hybrid Materials
2.3.1. UV-Vis Spectroscopy

The UV-Vis spectra for the hybrid materials obtained by hydrothermal (HS3-HSS8)
and sol-gel methods (SG1-SG3) were performed according to the procedure previously
described by Yu et al. (2015)% with some modifications. Briefly, aqueous solutions at
0.06% (w/v) were analyzed on a BioTek Epoch 2 microplate reader in the spectral range

of 300 to 700 nm. All analyses were performed in triplicate.

2.3.2. Attenuated Total Reflection Fourier-Transform Infrared (ATR-FT-IR)
Spectroscopy

The ATR-FT-IR spectra of the CNC/ZnO hybrid materials (HS3-HS8 and SG1-
SG3) and the CNC building unit were recorded using Frontier™ MIR/FIR spectrometer
from PerkinElmer with a reading spectral range between 550 to 4000 cm™! for 8 scans

and a spectral resolution of 4 cm™'. All analyses were performed at least in duplicate.

2.3.3. Powder X-ray Diffraction (PXRD) analysis

The Powder X-ray diffraction (PXRD) analyses for the hybrid materials (HS3-
HS8 and SG1-SG3), as well as for CNC and ZnO were performed on a Rigaku MiniFlex

600 diffractometer utilizing a Cu ka radiation at a voltage of 40 kV and a current of 15
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mA (3°<26>100° step of 0.01 and speed rate of 3.0°/min). All analyses were conducted

at least in duplicate.

2.3.4. Electronic Microscopy analysis

Scanning Electron Microscopy (SEM)

The SEM analyses for the hybrid materials (HS3-HS8 and SG1-SG3), and for
CNC and ZnO were performed using a Thermo Scientific™ Pro Scanning Electron
Microscope to observe the hybrids' morphology. Before the analysis, the samples were
prepared by being placed in observation stubs using double-sided adhesive carbon tape
as fixation material (NEM tape) and then coated with Au/Pd (target SC510-314B from
ANAME, S.L., Madrid, Spain) via Sputter Coater (Polaron, Bad Schwalbach, Germany).
Samples’ analyses were performed under high vacuum medium and with an acceleration

voltage of 10 kV.

Transmission Electron Microscopy (TEM)

The morphology of the hybrid materials HS6 and HS8 obtained by the
hydrothermal synthesis, as well as the morphology of CNC and ZnO were also
investigated by TEM. All analyses were performed using a JEOL JEM 1400 TEM
equipment (Tokyo, Japan) at 120 kV voltage. Digital images were extracted from a CCD
digital camera (Orious 1100W, Tokyo, Japan) at the HEMS/13S institute of the University
of Porto.

For samples’ preparation, 10 puL of each sample was loaded onto Formvar/carbon
film-coated mesh nickel grids (Electron Microscopy Sciences, Hatfield, PA, USA) and
left standing for 2 minutes. Excess liquid was then removed using filter paper, and each
different grid maintained contact with a drop of uranyl acetate at 2% (w/v) for 2 minutes

at a time.
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2.4. Cytotoxicity evaluation

The cytotoxicity evaluation was performed by PrestoBlue assay, according to ISO
10993-5: 2009 (E) and considering the recommendations of ISO 10993-5:2. The
PrestoBlue assay was performed according to the manufacturer’s instructions using the
human keratinocyte cell line HaCaT (CLS, Germany). Cells were kept in culture in
DMEM media (Gibco) supplemented with 10% FBS (Gibco) and 1% antibiotic (Gibco)
at 37 °C, with 5% CO: in a humidified atmosphere. For the assays, these cells were
seeded, at a concentration of 1x10* cells/well, in 96-well plates and incubated to allow
cellular adhesion.

Hybrid materials selected for cytotoxicity tests, previously sterilized with UV
radiation, were prepared with a concentration of 1 mg/mL of media (w/v). From that
concentration, 5 successive dilutions were prepared for each sample with a 1:2 ratio. The
solutions were added to the cells and incubated for 24 h. PrestoBlue reagent was added
to the 96-well plates and incubated for 3 hours. The fluorescence signal was read in a
BioTek Synergy H1 microplate reader (USA). The results are expressed in percentage of
cell viability as compared with a control (cells without treatment). At least two

independent experiments were performed.

2.5. Wound healing assessment by in vitro scratch assay

The wound healing assessment was performed via scratch assay using HaCaT
cells seeded into sterilized ibidi® p-Plate 24 Well Black ID 14 mm ibiTreat. The plate
had a gap, similar to a scratch made by a pipette tip or needle, between monolayer of cells
that mimics a wound. Cells were seeded at 50000 cells per insert and were left to adhere
for 24 h. Then, cells were treated with Mitomycin C at 25 pg/mL for 2 h to block cell
proliferation before the addition of the hybrid composites. Dispersions of hybrid materials
selected for wound healing assay were prepared in media with concentrations of 200
png/mL and 50 ug/mL according to the cytotoxicity observed for each compound. For ZnO
a concentration of 20 ug/mL was used.

Photographs were taken using a Primovert inverted microscope (Zeiss) and Zen
software (Zeiss) at 0 h, 18 h, 24 h and 42 h of cells exposure to added hybrid composites.

At each timepoint the cells were washed with PBS solution to remove influence of the
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hybrid materials in the image capture. The wound area for wound healing evaluation was

quantified using ImagelJ software.
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3. Results and Discussion

In-situ approaches were employed for the obtention of hybrid materials CNC/ZnO
based on the hydrothermal and sol-gel synthesis methodologies. The detailed reaction
conditions studied in the two methodologies are described in the subsections below.

In order to confirm successful obtaining of the CNC/ZnO hybrids, UV-Vis
spectroscopy was performed. Posteriorly, structural features of these hybrid materials
were characterized by: ATR-FT-IR, for evaluation of the vibrations of the functional
groups characteristic of cellulose; PXRD, to observe their diffraction pattern and
crystallinity and by electronic microscopy (SEM and TEM) for observation of their
morphology. Hybrids with the most potential in terms of synthesis methodology and/or
distintictive structural characteristics were selected for study of wound healing potential
through the study of cytotoxicity with PrestoBlue assay, and wound healing evaluation

via in vitro scratch assay.

3.1. Preparation of the CNC/ZnO hybrid materials

In the first instance, obtaining CNC/ZnO hybrids was explored through
hydrothermal and sol-gel syntheses from Abdalkarim et al. (2018)°® and Azizi et al.
(2013)", respectively. Concerning issues found with the employed methodology and,
with the intention to explore the impact of change in reaction conditions in the obtaining
of different methodologies, different reaction parameters, including different ratios (e.g.,
ratio of CNC to zinc salt), different temperatures, reaction time and washing cycles were
explored.

Pertaining to the hydrothermal synthesis method, there are reportedly many
advantages, such as the obtaining of final products with high purity and crystallinity, with
no requirement for organic solvents that may negatively affect the environment with the
release of toxic by-products during the synthesis reactions. This, combined with the
bypassing of the need for additional processing, in theory, is the main motivation for the
choice on one of the synthetic methods employed in this work, #443-58.61.63

On the other hand, sol-gel synthetic approach has similar advantages to
hydrothermal ones in terms of ease of execution, minimal reagents requirement as well

as repeatability. However, hybrid materials synthesized by this method reportedly took
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less time in terms of reaction time during preparation of materials, as well as drying time,
making for a more sustainable synthetic method. ®>7* As such, this encompasses the main

motivation for the choice of this approach in this work.

3.1.1. Hydrothermal process

For the in-situ synthesis of CNC/ZnO hybrids via the hydrothermal method, the
reaction conditions reported in Abdalkarim et al. (2018)® where firstly evaluated.

Below, Table 3 encompasses all materials prepared by the hydrothermal method
and the detailed reaction conditions applied, where a change in reactional parameters was
introduced with the exploration of different reagents ratio, different reaction temperature
and time, and different zinc salts in order to ascertain their impact in the materials’

structural features.
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Table 3. Reaction conditions applied in the hydrothermal synthesis to attain CNC/ZnO
hybrid materials (HS3-HSS).

CNC/ZnO Hybrid Materials
Reaction Conditions HS1 HS2 HS3 HS4 HS5 HS6 HS7 HS8
Solvent Deionized water (25 mL)
Zinc Chloride (g) 0.6821 2.0025 0.6845 0.6840 0.6788
Zinc Acetate Dihydrate
® 0.6917 0.6945 1.8211
Sodium hydroxide (g) 0.6135 1.8133 0.6005 0.6001 0.6019 0.5981 0.5968 1.7930
Cellulose nanocrystals (g)| 10.0837 10.0420 2.5108 2.5353 1.2105 1.1894 2.4934 1.2085
Temperature (°C) 80 100
Reaction Time (h) 24 66.5 68
Washing solvents Deionized water; ethanol
Washing cycles 6 9 8
Drying temperature (°C),
overnight 55
Mass of the hybrid
material (g) 1.1813 1.9788 0.5511 0.7085 1.6108 0.9135

In total, eight different materials were prepared via hydrothermal synthesis and
will be referred to, in order of synthesis, as materials HS1-HS8. Two different approaches
were tested, by using different zinc salts: zinc chloride for materials HS1-HSS and zinc

acetate dihydrate for HS6-HSS.
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Reaction conditions described in Abdalkarim et al. (2018)°® served as base for
obatining of material HS1 and HS2, where the latter had a change of reagents ratio
introduced.

Seeing that the final mixture of the first two initial preparations displayed a pasty
texture, which was hard to resuspend in distilled water for washing step, those materials
(HS1 and HS2) were excluded from core analysis characterization.

For material HS3, reaction conditions used for HS1 were replicated changing the
quantity of CNC, which was lowered to 2.5 g to try and achieve a better dispersion with
mixture of zinc chloride, sodium hydroxide and distilled water, before placement in oven.
Having observed a product with solid and liquid phase, is can be deduced that final
mixture had a better dispersion.

A change in reagents ratio based on the reaction conditions of material HS3 was
explored for the other hydrothermal synthesis materials (HS4-HS8), as well as an increase
of reaction time to 66.5 h for materials HS4 and HS5 and 68 h for HS6-HS8, and an
increase of the reaction temperature (80 to 100 °C) for HS4-HSS .

Materials that were washed via centrifugation (HS3-HSS8), represented in Figure
15, were dried in oven at 55 °C and took 6 hours to fully dry. The drying temperature in
this case is slightly lower than the one employed in Abdalkarim et al. (2018) %, which
was 60 °C and, seeing that it took practically half the time for drying, compared to the
reported 12 h, we can observe optimization in our hydrothermal synthetic approach when
it comes to drying time of the obtained materials, since less time means less resources

consumption and a more economical synthetic approach.
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Figure 15. Synthesized hydrothermal hybrid materials with (a), (b), (¢), (d), (e) and (f)
representing materials HS3, HS4, HSS, HS6, HS7 and HSS, respectively. In each image

there is a sample of the material before (left) and after (right) drying in oven.

Before drying of whole material, samples were extracted for material
characterization and to observe the behavior of obtained materials under environment at
55 °C for an extended period of time (in this case, overnight).

The successful obtaining of the hybrids was assessed via UV-Vis spectroscopy, as

seen in Figure 16.
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Figure 16. UV-Vis spectra of the CNC/ZnO hybrids obtained by hydrothermal synthesis
(HS3-HSS).

This characterization technique allows the confirmation of successful hybrid
formation since in the region of 300 to 700 nm there is a characteristic absorbance peak
from 356 to 367 nm, according to Yu et al. (2015)% that is attributed to the presence of
Zn0O and CNC alone did not present with any relevant peak in the spectrum of 300 to 700
nm.

The peaks observed with maximum absorbance at 360 and 370 nm (Figure 16)
indicate successful formation of zinc oxide on CNC surface, which correspond to the
expected results from previous literature.

Materials HS3 and HS4 of hydrothermal synthesis showed maximum absorbance
at lower wavelength, 300 nm (Figure 16).

This event is attributed to a blue shift, which describes a change in absorbance to
a shorter wavelength, and may suggest changes in either morphology, shape, or size of
formed zinc oxide nanoparticles, according to Azizi et al. (2013).7*

On the other hand, Yu et al. (2015), reported a red shift, which is the opposite of
a blue shift, describing a change of absorbance to a longer wavelength, and relate it to an
increase in size of ZnO particles which could be directly related to Zn>" ion

concentration.®
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In the results obtained herein, this change in absorbance may be due to the
decrease in size of ZnO particles. In Wahyuono et al. (2016), a direct correlation between
the increase in ZnO crystallite size and the increase of annealing temperature is observed

from synthesized ZnO particles.”’

3.1.2. Sol-gel process

Pertaining to the in-situ sol-gel approach for obtaining CNC/ZnO hybrids, the
reaction steps reported by Azizi et al. (2013)’* were taken into consideration. The authors
synthesized hybrids of CNC/ZnO via in-situ sol-gel method with different ratios of zinc
salt to CNC. Hybrid with the most promising characteristics from structural and thermal
characterization was chosen for antimicrobial evaluation, which was compared against
ZnO nanoparticles alone, and the authors found that the hybrid performed better.”*

Considering that there are reports of different ZnO morphologies using the same
zinc salt, namely zinc acetate, a change in ratio of zinc oxide precursor to CNC was
introduced in this work to explore the effects on the material structure.>’* Below, Table
4 summarizes all reaction conditions for the different materials prepared by sol-gel

method.
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Table 4. Reaction conditions applied in the sol-gel synthesis to attain CNC/ZnO hybrid
materials (SG1-SG3).

CNC/ZnO hybrid material SG1 SG2 SG3
Solvent Deionized water (12.5 mL)

Cellulose nanocrystals (g) 1.1983 1.2108 1.1975
Zinc Acetate Dihydrate (g) 0.6116 1.2196 1.8025
Ethanol (mL) 15.5

Sodium hydroxide (M) 5

Mixing time (h) 1

Reaction time (h) 2+1

Reaction temperature (°C) 80, followed by 120

Washing solvent Deionized water

Washing cycles 5

Drying temperature (°C),

overnight 55°C

Mass of the hybrid material (g) 0.2921 0.2354 0.4118

The steps to attain the materials SG1-SG3 followed the methodoly previously
described were by Azizi et al. (2013)74, but a different zinc salt was used (zinc acetate
dihydrate), being also explored different reagent ratios of
CNC/Zn(CH3COOH)2.2H20:1:0.5; 1:1, and 1:1.5 for SG1, SG2, and SG3, respectively.

From hydrothermal approach to sol-gel one the number of wash steps was
moderately lower.

Authors Azizi et al. (2013) 7 were able to obtain dry materials after the preparation
step with placement in oven at 120 °C for 1 h. However, in this case, prepared materials
needed further drying. As such, drying conditions applied for materials prepared with
hydrothermal approach were employed.

In the materials obtained by the sol-gel methodology (Figure 17) was observed
the occurrence of volume shrinkage and cracking of material during drying, which is a
known possible disadvantage from this synthetic approach reported in Carter et al.

(2007).46
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Figure 17. Synthesized sol-gel hybrid materials with (a), (b) and (¢) representing
materials SG1, SG2 and SG3, respectively where in each image there is a sample of the

material before (left) and after (right) drying in oven.

In a similar way to the materials of hydrothermal synthesis, formation of
CNC/ZnO hybrids was confirmed through UV-Vis spectroscopy and this evaluation can

be observed in Figure 18 below.
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Figure 18. UV-Vis spectra of the CNC/ZnO hybrids obtained by sol-gel synthesis (SG1-
SG3).

As with hydrothermal synthesis, hybrid characteristic peak at 360 nm was also
observed with material SG3 (Figure 18). However, a blue shift was observed with
materials SG1 and SG2, which may be associated with changes in either shape, size or
morphology of ZnO particles according to related literature.’

Since the quantity of CNC was fairly similar for all sol-gel preparations, there is
a possible influence of the zinc oxide precursor as for the first two preparations (SG1 and
SG2) the quantity of zinc acetate dihydrate is lower than the third sol-gel preparation final
product (SG3). As such, it is reasonable to relate the change in maximum absorbance to
the change in zinc oxide precursor quantity and, therefore, Zn>" ion concentration, as

reported in Yu et al. (2015).%

3.2. Structural Features of the CNC/ZnO Hybrid Materials

Hybrids composed of CNC/ZnO obtained through hydrothermal (HS3-HS8) and
sol-gel (SG1-SG3) syntheses were evaluated on a structural level via: ATR-FT-IR
spectroscopy, that allowed the conservation of samples since the covalent bonds remain
intact and, similarly to UV-Vis spectroscopy, allowed the visualization of the stretching
and bending vibrations characteristic to certain functional groups of the composites,
namely nanocellulose®®%®7%; PXRD analysis, useful for determination of unknown
compounds and is based on the evaluation of the diffraction pattern of a crystalline

6L68.71 and via

structure, that is, the structural arrangement of atoms present in the samples
SEM and TEM microscopy which allowed the observation of the disposition of particles
and cellulose nanofibers, providing information relative to morphology and their

dimension, as well.%¢7!

3.2.1. ATR-FT-IR spectroscopy

Figure 19 below contains all ATR-FT-IR spectra of CNC/ZnO hybrids obtained
by in-situ hydrothermal (HS3-HS8) and sol-gel (SG1-SG3) approaches as well as of
CNC used in the synthesis of the hybrids.
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Figure 19. ATR-FT-IR spectra of CNC, a) materials from hydrothermal (HS3-HS8) and
b) sol-gel (SG1-SG3) syntheses.

In this work, ATR-FT-IR spectra have a limited reading spectra from 550 to 4000
cm’ wavenumber. As such, the region of 430 to 442 cm™! described in Azizi et al. (2013)
cannot be observed, which represents the stretch bands of zinc and oxygen.”*

However characteristic peaks of prepared hybrids at 3337 and 1377 cm™! attributed
to the stretching and bending of hydroxyl groups can be distinguished in the hybrids from
hydrothermal (HS3-HS8) and sol-gel (SG1-SG3) preparation.

According to the work of Aguayo ef al. (2018), it is possible to observe a peak at
900 cm™! (C-H rocking) which is attributed to the glycosidic linkages (Figure 19).537 The
presence of stretching vibration bands at 1060, 1110 and 1161 cm™ associated to the C-
O-C ring are characteristic of cellulose functional groups and, in turn, of CNC. In the
range of 1420 to 1430 cm! the peaks that can be observed are attributed to the symmetric
bending of CH», which can also be found in cellulose molecular structure. Furthermore,
between 1330 to 1380 cm™ bending vibrations attributed to the C-H and C-O groups of
cellulose polymers (polysaccharides) are also observed.®’

From the literature, the vibration band observed in the range of 1642-1650 cm! is
)56

associated with adsorbed water in cellulose (O-H bending)®®, as described by Aguayo et

al. (2018) and Yu et al. (2015).8>%7 Other characteristic peaks from cellulose can also be
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noted, such as the ones attributed to the hydroxyl group at 3337 cm™! and 1377 cm™,
representing stretching and bending vibrations. Furthermore, a characteristic peak
attributed to the pyranose ring ether band at 1050 cm™ is also present. The peak in the
region of 2800 to 2900 cm’! is attributed to the stretching band of the C-H. 8%7

The main spectra that differ from the literature are the ones from HS3 and HS8
(Figure 19), with varying intensities around the 1050 cm™ region, attributed to the C-O-
C ring characteristic of cellulose.

The FT-IR spectra of sol-gel materials (SG1-SG3) appear to show the same
characteristics peaks attributed to nanocellulose that were mentioned earlier for materials

of hydrothermal synthesis (Figure 19), corroborating current literature on the subject.®>%

3.2.2. PXRD analysis

The PXRD patterns of the CNC/ZnO hybrids obtained by in-situ hydrothermal
(HS3-HS8) and sol-gel (SG1-SG3) approaches, as well as PXRD patterns of the CNC

building unit and of commercial ZnO sample can be observed in Figure 20.
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Figure 20. PXRD patterns of CNC and commercial ZnO as well as of materials from a)

hydrothermal (HS3-HS8) and b) sol-gel (SG1-SG3) syntheses.
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All the materials attained through hydrothermal (HS3-HS8) and sol-gel (SG1-
SG3) syntheses exhibited the characteristic reflections of ZnO at 20 = 31.7°, 34.4°, 36.2°,
47.5°, 56.4°, 62.9°, 67.7° and 69.1° Additionally, it is also possible to observe, in all
PXRD patterns, the characteristic reflections of CNC (cellulose I) at 15.1°, 16.4°, 22.7°,
and 33.9°.7+% These findings also corroborate the successful obtention of the CNC/ZnO
hybrid materials in all cases.

In the materials obtained by the hydrothermal process, it is possible to observe a
lower peaks intensity in materials HS3 and HS4 (Figure 20), suggesting a smaller crystal
size and crystallinity, in both cases, which contrasts with the results obtained to the
material HS8 — highest reflection intensities suggesting an increased size of ZnO. .%°

Regarding the materials obtained by the sol-gel method, the PXRD pattern of SG3
showed increased peak intensities than the other materials, suggesting that a higher

concentration of the zinc salt resulted in a material with a higher crystal size.

3.2.3. Electronic Microscopy

With SEM and TEM microscopy we can observe the structure of the hybrids,
allowing us to identify morphology of ZnO particles dispersed in cellulose nanocrystals
matrix and particles dimension. The choice to employ both types of electronic microscopy
stems from the different type of information that they provide: SEM microscopy as a
scanning image with information about the sample surface and TEM microscopy as a
transmission image providing information about the inner structure of the sample with

near-atomic resolution.5¢7!-88

3.2.3.1. SEM microscopy

Below, Figure 21 contains SEM images of materials prepared by hydrothermal
method (HS3-HS8). SEM images of CNC (building unit) and of ZnO commercial sample

were included for a better comparison between those and obtained hybrid composites.
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Figure 21. SEM images (8000 x ampliation) of hydrothermal materials: a) HS3, b) HS4,
¢) HSS, d) HS6, e) HS7 and f) HSS, as well as of construction units of the hybrids where
g) ZnO particles and h) CNC.
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All materials except material HS8 exhibited a similar ZnO morphology that can
be identified as being irregular agglomerates (Figure 21), considering the reports with
similar morphology on hybrids with identical construction units.%7¢
Material HS8 (Figure 21) presented with at least two different morphologies:

58,61,63,66,73 , and

flower-like, according to observed morphology from previous literature
sea urchin-like that could be considered a transitory state for flower-like morphology due
to long and thin rod-like morphology in the sea urchin-like ZnO particles. This suggests
lower crystallinity of the particles compared to flower-like, that requires longer
crystallization time, despite the reduced size. The transitory state to flower-like
morphology is also suggested due to findings reported by Wahyuono et al. (2016), with
observation of intermediate structure: “screw-drive” to nanoflower.”” Abdalkarim et al.
(2018) observed transition from uniform nanosheet to flower-like on the surface of CNC
from prepared hybrids, also sustaining the possibility that sea urchin-like morphology
observed in this work may be a transitory state for flower-like morphology.”®

Similarly to Figure 21, the figure below (Figure 22) comprises SEM images of
prepared sol-gel materials (SG1-SG3), commercial ZnO nanopowder and CNC from

CelluForce.
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Figure 22. SEM images (8000 x ampliation) of sol-gel materials with a) SG1, b) SG2,
¢) SG3 and of: d) commercial ZnO particles sample and ¢) CNC from CelluForce.
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Morphology of ZnO particles of sol-gel synthesis materials (Figure 22) most
likely can be defined as irregular agglomerate shapes, following the same rational as the
one mentioned above for the hybrid composites prepared through hydrothermal
synthesis.®’¢

SEM images (Figure 21 and Figure 22) of the hybrids show amorphous
agglomerates akin to a tightly “packed structure” that, according to Abdallah ez al. (2018),
suggest presence of CNC agglomerates.®

Observing the SEM profile of CNC and ZnO in separate, a clearer distinction
between those can be made in the synthesized hybrids, where ZnO particles obtained from
employed in situ synthetic approaches (Figure 21 and Figure 22) are visible as distinct
agglomerates in the CNC surface. This fact, along with the suggestion made above,
supports the success in the hybrids preparation, a finding that corroborates with the results
from the previous analyses.

From a cursory view and considering that all SEM images have the same
ampliation (8000 x) and scale (20 pm), hybrid composites derived from sol-gel
preparation (Figure 22) formed bigger irregular agglomerates compared to hydrothermal

synthesis ones (Figure 21).

3.2.3.2. TEM microscopy

TEM analysis will only include the hybrids HS6 and HS8, which had the most
promising potential for wound healing study based on the distinctive morphology
observed via SEM and TEM microscopy, and based on the fact that hydrothermal
synthesis is considered to be the greenest approach in this work from the comparison
between the two synthesis methods herein employed. Therefore, the Figure 23 below
contains TEM images of materials HS6, HS8, commercial ZnO nanopowder and CNC

from CelluForce.
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Figure 23. TEM images (50000 x ampliation) of hydrothermal materials: a) HS6 and b)

HS8 as well as ¢) ZnO commercial sample and d) CNC from CelluForce.
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Material HS6 presents with nanorod-like morphology of ZnO according to the
TEM image (Figure 23), a morphology that is reported in Hafez et al. (2014), Kumar et
al. (2011), Janpetch et al. (2016), and Sahoo et al. (2020).6%-7583 On the other hand,
material HS8 presents with flower-like morphology of ZnO which is more defined.

In both hybrids (HS6 and HS8) a good dispersion of ZnO particles (dark
agglomerates) on cellulose matrix is observed, and the latter (CNC) presents with a

reticular shape (gray fibers), according to TEM images in Figure 23.748
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3.3. Safety evaluation: selection of materials and their properties

3.3.1. Selection of materials for safety evaluation

For safety evaluation the aim was to select materials with, at least, two different
morphologies. Having obtained materials with three different morphologies from
hydrothermal synthesis approach, materials HS6 and HS8 were selected for cytotoxicity
evaluation. These were selected due to their distinctive morphology including nanorods
and sea urchin-like as well as due to hydrothermal synthesis method being a greener
approach in terms of hybrids preparation, with less resources consumption, compared to
sol-gel approach employed in this work. Hybrid materials’ concentrations were chosen
for wound healing assay depending on toxicity profile observed in cytotoxicity assay.
These considerations also applied to the construction units of the prepared hybrids: CNC
from CelluForce and ZnO nanopowder from Sigma-Aldrich, both commercial products

used as control.

3.3.2. Cytotoxicity assay

Considering that this assay follows the protocol of ISO 10993-5:2, a sample is
considered to exert significant cytotoxicity against studied HaCaT cell line when the
material suppresses 30% or more of cells’ metabolic activity.

Figure 24 shows the metabolic inhibition exerted by the hybrid materials and

construction units’ dispersions on HaCaT cells.
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Figure 24. Impact of hybrid materials HS6 and HS8, and of CNC and ZnO nanopowder
commercial products used as control, at 20 pg/mL, 50 pg/mL and 200 pg/mL upon
HaCaT cells metabolic activity. The dotted line represents the 30% cytotoxicity limit as
defined by the ISO 10993-5:2.

As is possible to see from Figure 24, the CNC displayed non-toxic profile with
negligible metabolic inhibition, as expected taking in consideration the data present in
literature.'??%3 However, hybrid materials evaluated in this assay had significant toxicity
for concentrations higher than 0.0625 mg/mL for HS6 and at 0.25 mg/mL for HSS.

This may be due to a variety of factors such as presence of ZnO particles, synthesis
conditions, or synthetic approach of the material among others.'? Studies pertaining
wound healing/dressing applications of hybrid materials comprising ZnO particles and
other forms of nanocellulose, namely BNC and CNF, have reported significant
biocompatibility with other cell lines, including human dermal fibroblasts and 1929
fibroblast cells.5%71:76

In this work, ZnO particles alone displayed the most significant toxicity effect for
concentrations higher than 0.031 mg/mL. There are many reports concerning ZnO
toxicity against a variety of cell lines, including human erythrocytes, human
keratinocytes, human lymphocytes, among other cell lines *°. Literature reports on in vitro
cytotoxicity evaluation of ZnO nanoparticles have a consensus for low toxicity on
mammalian cells at a microscale for concentrations equal or less than 100 pg/mL.%%!

Low surface area also seems to contribute to lower toxicity as is the case of BNC-ZnO

hybrid film synthesized by Dinca et al. (2020). MTS assay with samples containing 1.68
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ng ZnO NPs/mm? demonstrated high cell viability compared to bacterial cellulose alone
and the control (human dermal fibroblast cells only).®® A direct correlation between
increase in antibacterial efficiency, size, as well as the concentration of ZnO NPs, has also
been established in recent literature.!>°!

In fact, recent cytotoxicity screening tests for engineered nanomaterials including
ZnO nanoparticles described them as having cytotoxic effects with a half maximal
inhibitory concentration no higher than 50 pg/mL on THP.1 cells with induced
differentiation, via Alamar Blue assay.”” From the study of Kocbek et al. (2010), a
concentration as low as 15 pg/mL is enough to exert cytotoxic effects on human
keratinocytes, for short-term exposure.”? In contrast, other studies report with reported
non-toxicity at concentrations up to 100 pg/mL of micro and nanoparticles of ZnO."!

From these reports it can be considered that the ZnO particles evaluated in this
assay begin to have a cytotoxity effect at a concentration that is within the expected range
of previously reported values (between 15 pg/mL and 100 pg/mL for micro and
nanoparticles of this metal oxide).”!™?

Considering possible factors that may explain the cytotoxicity of prepared
hybrids, namely, HS6 and HSS8, and, observing that all prepared hybrids from

hydrothermal and sol-gel synthesis had a pH of 9, approximately, a comparison between

HS8 with and without dialysis was made in this assay (Figure 25).
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Figure 25. Graph of HS8 with dialysis (pH=7.4) and HS8 without dialysis (pH=9)
concentrations plotted against respective metabolic inhibition effect on HaCaT cells. The

dotted line represents the 30% cytotoxicity limit as defined by the ISO 10993-5:2.

HS8 with dialysis had a final pH of 7.4, similar to the physiological pH of the
human body, which is in theory ideal for the maintenance of a prosperous environment
for cell viability in most cell lines.”*%°

In Figure 25, it 1s possible to see that HS8 material with or without dialysis didn’t
show a significant difference upon HaCaT cells metabolic activity, thus suggesting that
the toxicity of the hybrids is not due to pH or to the presence of other compounds from
the synthesis process.

Taking into consideration the results of CNC and ZnO alone, the observed

cytotoxic response in studied HaCaT cells may be due to presence of the ZnO particles in

the hybrids composition.

3.3.3. Wound healing assay

For the wound healing assay via scratch test, it was used a special plate with a gap
between monolayer of cells, the ibidi® p-Plate 24 Well Black ID 14 mm ibiTreat,
mimicking a cell-free zone, similar to a wound area. The in vitro scratch assay allows the
study of the samples’ wound healing potential by observation of cell migration, compared

against a basal control.’®*’For proper migration detection the proliferation of HaCaT cells
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has to be inhibited, which, in this case, was achieved by treatment with Mitomycin C, an
antineoplastic drug with antiproliferative effects.”®*

The cytotoxicity evaluation carried out in this work was used to define the safe
concentrations of materials for the assay. The following concentrations were prepared:
20 pg/mL of ZnO, 200 pg/mL of CNC (duplicates), 50 ug/mL of CNC, 200 pg/mL of
HS8 and HS6 (duplicates) and 50 pg/mL of both HS8 and HS6. These concentrations
were chosen considering the values where the hybrid materials and construction units’

samples didn’t exert cytotoxic effects, according to the PrestoBlue assay. Figure 26

contains the main results of wound healing assay.
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Figure 26. A) Photographs obtained for wound area contraction upon contact with ZnO
(20 pg/mL), CNC (at 50 and 200 pg/mL), HS8 and HS6 (at 50 pg/mL) hybrid materials
at 0, 18, 24 and 42 h by Zen software (Zeiss). B) Graph with average values and standard
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deviation for wound area percentage for ZnO (20 ug/mL), CNC (at 50 and 200 pg/mL),
and HS8 and HS6 (at 50 pg/mL) materials at 0, 18,24 and 42 h .

Results from wound healing assay for materials HS6 and HS8 at 200 pg/mL
showed some cell death (data not shown). As such, Figure 26 only contemplates the basal
control, and all the material samples where wound area contraction was be observed.

The basal control suffered a significant wound area contraction, ca. 60% over 24
h and practically total contraction over 42 h. It was the fastest condition to close the
wound.

ZnO sample at 20 pg/mL displayed significant cell migration rate with 34 % of
wound area contraction over 42 h. Samples of CNC at 200 pg/mL and HS6 at 50 pg/mL
had a relatively similar wound contraction rate, with ca. 60 % and 50 % of wound area
contracted over 42 h, respectively. On the other hand, CNC and HS8 at 50 pg/mL
displayed a lower cell migration rate, presenting a wound contraction rate of 38% and 43
% of wound area over 42 h, respectively.

Taking into consideration the rate of wound closure of the analyzed materials
compared against the performance of the basal control, the developed materials exerted
the wound contraction up to some extent, however they did show total wound contraction,
so a inhibition in cell migration was caused, therefore they didn’t present wound healing
potential.

There are reports in literature on ZnO nanoparticles or ZnO-based hybrid
materials with wound healing potential from both in vivo and in vitro experiments
including investigation of biological activity in rats, quantification of the expression of
growth factors and pro-inflammatory cytokines and other inflammatory mediators,
wound healing rate and others. Even so, they differ from this work in the sense that
promotion of wound healing wasn’t attributed solely to cellular migration, being, instead,
supported by the promotion of wound healing rate compared to reference controls,
reduction of the expression of pro-inflammatory cytokines, observation of reduced
hypoxia and oxidative stress, among other events related to wound healing,.”!-190-102

In the present work, the hybrid materials showed inhibition of cell migration,
which promotes the process of wound healing. Interestingly, there is one report from
Sonntag et al. (2022) pertaining to the use of ZnO tetrapods, a form of ZnO nanoparticles,
as modulators for wound healing in an in vitro environment which also reported wound

healing inhibition. The authors indicated possible application as an anti-inflammatory
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agent due to observing inhibition of proteins that promote inflammation, namely
cytokines, as an innovative approach for development of coating materials that modulate
wound healing.'® Molecular mechanisms that may be at play for inhibition of cell
migration with the evaluated samples, still need to be further explored and characterized,
for a better comprehension of the hybrid materials and construction units’ effect on the
studied cell line. With the work of Lee ef al. (2018), it is proposed that certain signaling
pathways that regulate reactive species of oxygen activity may inhibit cell migration.'*!
In line to the aforementioned observations, the results obtained through this study
showed that zinc oxide particles did not directly take part in the migration process of the
analyzed keratinocytes, an event that promotes wound healing as previously discussed in
this work. As such, to further explore wound healing potential of the evaluated materials,
other in vitro and in vivo experiments should be employed: study of antibacterial activity,
which in theory promotes wound healing since bacterial infections delay the process;
epithelization; angiogenesis; collagen deposition and other related events relevant to

wound healing processes.”™!%*

4. Conclusion

In this work CNC/ZnO hybrids were prepared through in-situ approaches, where
CNC exhibited a double function, acting as a reducting agent and as a support matrix, via
hydrothermal and sol-gel methods. Those methods were chosen due to reported
advantages such as high purity and crystallinity of synthesized products, repeatability and
ease of execution as well as minimal reagents requirement and mild reactions making for
amore environmentally-friendly process. The successful obtention of the hybrid materials
was investigated by UV-Vis spectroscopy, and the structural features were studied by
ATR-FT-IR; PXRD, and electronic microscopy. The CNC/ZnO hybrid that revealed to be
stable and distinct structural properties were selected to be evaluated in wound healing.

In the preparation of the hybrid materials, using the in-situ hydrothermal process
were obtained the materials HS1-HS8. While the process to attain the materials HS1 and
HS2 revealed issues in the collection of the material after the reaction to further
processing, the process to obtain the materials HS3-HS8 revealed to be robust, without
any complication regarding the obtention of the desired materials. In the in-situ

hydrothermal process was investigated the following set of reaction conditions: utilization
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of different zinc salts (ZnCl; and Zn(CH3COOH),.2H>0); different ratios of CNC/Zinc
salt/NaOH, and different reaction temperature and time.

On the other hand, by the sol-gel methodology, were obtained the materials SG1-SG3,
where different ratios of CNC/ Zn(CH3COOH)».2H>0 were studied.

The successful obtention of the hybrid materials HS3-HS8 and SG1-SG3 was
confirmed by UV-Vis spectroscopy. The materials (HS5-HS8 and SG3) showed a
characteristic peak (360/370 nm), as expected from literature reports, confirming the
obtention of the desired products. For the CNC/ZnO hybrid materials HS3-HS4, and
SG1-SG2 was observed a blue shift (change in absorbance that occurs at the wavelength
of 300 nm), when compared with the previous data obtained, which may be associated
with a decrease in the size of ZnO in the hybrid materials.

The structural features of the CNC/ZnO materials obtained by hydrothermal
(HS3-HS8) and sol-gel (SG1-SG3) in-situ approaches were evaluated by ATR-FT-IR
spectroscopy, PXRD analysis and electronic microscopy (SEM and TEM).

By ATR-FT-IR spectroscopy, it was possible to observe the characteristic
vibrations of the CNC building unit. The PXRD analysis allowed to obtain the PXRD
patterns for all mentioned hybrid materials (HS3-HS8 and SG1-SG3), and the
comparison with the PXRD patterns attained for the CNC building unit, and for a
commercial sample of ZnO. In all CNC/ZnO materials, the characteristic reflections of
CNC and ZnO were present, corroborating the successful obtention of the hybrid
materials. This technique also allowed the study of crystallinity and to make assumptions
regarding the crystal size.

The morphological study for the hybrid materials was performed by SEM (HS3-
HS8 and SG1-SG3) and by TEM (HS6 and HS8) — in both cases the morphology of the
obtained materials was compared with the morphology of the CNC building unit, and
with the morphology of a commercial nanopowder of ZnO.

The variety of morphologies present in material HS8 indicate that the sea urchin-
like morphology of ZnO is a transitory state for the flower-like morphology that was
observed from SEM and TEM microscopy images. In line to this assessment, material
HS6 presented with nanorod-like morphology on TEM microscopy analysis and the
remaining hydrothermal materials (HS3-HSS and HS7) presented with irregular
agglomerates of ZnO from SEM evaluation.

SEM images of sol-gel materials denote the formation of irregular agglomerates

of ZnO and, according to SEM analysis, formation of bigger agglomerates occurred in

64



hybrids from sol-gel preparation (SG1-SG3) in comparison to the ones from
hydrothermal synthesis (HS3-HS8), which may be due to the synthesis method
employed.

Cytotoxicity evaluation revealed that CNC displayed non-toxicity which was
according to previous reports on biocompatibility of other forms of nanocellulose.
Developed hybrid compounds, namely materials HS6 and HS8, did not exert toxicity for
concentrations up to 0.0625 mg/mL and 0.25 mg/mL, respectively.

Finally, to conclude, the wound healing assay shows that there was no significant
wound healing potential for evaluated hybrid materials since cell migration was inhibited
compared to basal control.

In sum, considering the main findings from the hybrid materials preparation,
structural characterization and biological evaluation, lower concentrations of the
materials chosen for wound healing study shall be tested to further explore the effect of

compounds’ concentration on cell migration.

5. Future Work

In an effort to further characterize the prepared hybrids contemplated in this work,
as well as to explore other possible potential applications according to the hybrid
materials’ properties, further characterization analyses will be employed:

-ZnO distribution on the different hybrids via elemental analysis and LIBS technology;
-zinc and sulfur distribution on the different materials through EDS (Energy-dispersive
X-ray Spectroscopy) mapping;

-thermal (TGA, also known as thermogravimetric analysis) and structural materials’
stability;

- The structure determination of the hybrid material with the highest biological potention
will be determined by Single-crystal X-Ray Diffraction.

In line to this assessment, lower concentrations of the hybrids should be tested for

evaluation of wound healing potential considering the results obtained herein.
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