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ARTICLE INFO ABSTRACT

Keywords:
Cellulose nanocrystal (CNC)
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Nanoparticles (NPs), offering high specific surface, are considered as the best potential anti-microbial agents for a
wide range of medical nanotechnology. Among them, silver NPs (AgNPs) allow high biocidal activity. A design of
ecological capsules is proposed where AgNPs of 22 nm in diameter are grafted on the surface of biobased

;}f:;flm dic nanocrystals obtained from cellulose (CNC) and chitin (ChiNC). These silver nanohybrids are dispersed in
Hydrogel calcium-alginate microgels of 45-50 ym in diameter using microfluidic tools. Such double level of immobili-

zation of AgNPs leads to highly stable carriers, prolongs shelf life and raises bioactivity, with a precise control of
well dispersed AgNPs as determined by scanning transmission electron microscopy, UV-Vis spectroscopy and
atomic absorption spectroscopy. Preliminary tests for antimicrobial activities of these new microgels have shown
a significant inhibitory effect on Candida albicans, the most common fungal pathogen, responsible for thrush and

Antimicrobial activities

vaginal yeast infections, for very low levels of silver.

1. Introduction

In the recent fast development of medical nanotechnology, nano-
particles (NPs) are considered as new potential anti-microbial agents,
notably against many bacteria, viruses, fungi, and protozoan species
(Cai et al., 2021; Dakal et al., 2016; Ernest Ravindran et al., 2020;
Gomez-Garzon et al., 2021a; Hendiger et al., 2020; Nikolov et al., 2021;
Rahman et al., 2019). Particularly, silver NPs are known to show anti-
bacterial activity. The adhesion of AgNPs onto the surface of the cell
membrane of microorganisms leads to membrane alteration and
disruption of cell activity causing damage to intracellular organelles and
biomolecules. Moreover, AgNPs increase the amount of reactive oxygen
species (ROS) that modulate signal transduction pathways causing cell
death (Dakal et al., 2016; Hendiger et al., 2020; Neves et al., 2021).
Studies have shown that the antimicrobial action of AgNPs is intensely
dependent on their shape, size, concentration and colloidal state (Dakal
et al., 2016). Notably, it was shown that the nanometric size of AgNPs
leading to a high specific surface area was the main factor affecting
biocidal activity, unlike their internal structure (Musino et al., 2021).
Their aggregation can also have a negative impact on their antibacterial

efficiency. The hybridization of metal NPs on larger supports limits this
phenomenon and increases the specific surface area resulting in a better
efficiency to antibacterial effect at lower concentration (Zhou et al.,
2013). Recently, AgNPs were stabilized with polyvinylalcohol (PVA)
using droplet-based microfluidic reactors resulting in suspension of
hybrids of 17 nm with antibacterial activity (Bashir et al., 2022).

To open up the green route, the nano-biotechnology uses NPs natu-
rally biosynthesized (Gomez-Garzon et al., 2021a;Thiruvengadam &
Pandidurai, 2014; Ullah et al., 2018). Biopolymers, with chelating
ability, are good stabilizers of silver through polymer-metal interactions
(Rojas et al., 2023). The biodegradability of substrates is also useful for
antibacterial treatment applications. Thereby, cellulose nanocrystals
(CNCs) obtained from plants (Klemm et al., 2011), and chitin nano-
crystals (ChiNCs) obtained from arthropod exoskeleton or fungi and
yeast cell walls (Perrin et al., 2014) are safe for the environment, sus-
tainable and globally available in large quantities. CNCs and ChiNCs
represent attractive biopolymeric templates and stabilizers for the syn-
thesis of AgNPs, and allow the production of hybrid nanomaterials
dispersible in water valuable for a large range of applications. Recently,
AgNPs between 16 and 18 nm were grafted onto the surface of CNCs
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after reduction of AgNOs salt by NaBH,4 using a simple preparation in
aqueous medium. Hydroxyl groups on the CNC surface were identified
as nucleation points for AgNPs (Musino et al., 2020; 2021). With this
grafting method on cellulose substrate, amount of individual AgNP was
controlled. To date, this hybridization method was only demonstrated
on a cellulose substrate. The use of other bio-based substrates to develop
new ecological hybrids is required to reach a wider range of
applications.

The development of alternative delivery systems involving metal NPs
is gaining much attention due to their significant potent antimicrobial
therapeutic activity (Aisida et al., 2020; Ou et al., 2020). Various
methods using electrospinning (Ferashteh et al., 2019) or photo-
polymerization batch methods (Leawhiran et al., 2014; Ou et al., 2020)
were developped based on functional synthetic polymers to obtain
medical carriers such as wound dressing or injectable matrix. These
encapsulation techniques improved the release and targeting ability of
metal NPs. In this way, Monerris et al. developed a method to encap-
sulate AgNPs inside swollen hydrogel based on N-isopropylacrylamide
and derivatives, thanks to in-situ photoreduction of Ag" ions. This
original method avoids the dispersion of AgNPs and regulates Ag" ions
release rate (Monerris et al., 2017). Various biocompatible synthetic
materials with a diameter and a thickness around 1 cm and 200 pm
respectively can be thus produced. However, the lack of control of
morphological and biodegradability characteristics limits the use of
these materials for medical applications such as local injection in spe-
cific tissues. Biodegradable and biocompatible materials from natural
sources have emerged as materials intented to interface with biological
systems in the treatment of infectious diseases (Munoz-Bonilla et al.,
2019; Williams, 2009). Various gelling polysaccharides from natural
sources, such as alginate (Matalanis et al., 2011), chitosan (Dang et al.,
2016), or pectine (Marquis et al., 2014) form networks physically con-
nected through hydrogen-bonds or electrostatic interactions. In this
way, droplet-based microfluidics were used to encapsulate AgNPs in
uniform and monodisperse chitosan microparticles with controlled size
between 294 um and 630 um (Yang et al., 2016). The simple and bio-
friendly approach offered solid chitosan microparticles impregnated
with AgNPs exhibiting antimicrobial activities. The combination of
chitosan with other materials, e.g. natural polymers, is usually used to
overcome breakable hydrogels that are less suitable for delivery system
applications (Seidi et al., 2021; Shoueir et al., 2021).

The immobilization of synthetic AgNPs nanowires using vanadium
oxide as the reductant and stabilizer was recently developed. The syn-
thetic nanowires were then loaded into alginate microfibers prepared via
electrospinning to limit infections by microorganisms and reduce in-
flammatory reaction in wound healing (Huang et al., 2022). The present
work proposes to apply this approach to produce bio-based silver
nanohybrids compatible to local treatment injection applications. To
enhance properties and activities, biopolymer sources will be mixed.
Whereas cellulose or chitin nanocrystals offer bio-based substrate for the
AgNPs synthesis, alginate is one of the most used natural polymers in
biomedical field due to its biocompatibility and its ability to form a
strong hydrogel network (Cinel et al., 2021; Mancini et al., 1999; Mar-
kert et al., 2013). This work focuses on (1) the expansion of bio-based
hybridization of Ag™ using ChiNC as biodegradable and sustainable
substrate on which 8 wt% of AgNP are grafted onto surface only, then (2)
the encapsulation of bio-based silver nanohybrids in alginate-based
microhydrogels to better control the size and content of AgNPs and to
avoid their aggregation. CNC/AgNPs and ChiNC/AgNPs nanohybrids
will be encapsulated in alginate microgels of approximately 50 pm in
diameter via microfluidic methods, to improve and control the localized
distribution of NPs by limiting the diffusion in the host receiving local
injection of antibiotic treatments.

Carbohydrate Polymer Technologies and Applications 6 (2023) 100405

2. Materials & methods
2.1. Materials

Cellulose nanocrystals (CNCs) were purchased from CelluForce
(product num. 2015-009, Canada). CNCs were extracted from bleached
Kraft pulp performing an acid hydrolysis procedure and then neutralized
to sodium form and spray-dried (length = 183 + 88 nm; cross-section =
6 + 2 nm; aspect ratio = 31) (Reid et al., 2017). Chitin nanocrsystals
(ChiNCs) were extracted from commercial shrimp shell powder (Sig-
ma-Aldrich, France) by acid hydrolysis according to the experimental
procedure developed by Perrin et al. (2014). Briefly, an amount of 4 g of
shrimp shell powder were dispersed in 80 mL of boiling 3 N HCI solution
and put under stirring for 90 min. The resulting suspension was
neutralized and purified by filtration (1.2 pm pore size cellulose nitrate
membranes, Millipore, USA) and finally suspended in water. Then, a
dialysis step was performed against ultrapure water for 10 days and the
final ChiNC aqueous suspension was at pH 5.5 with a ChiNC concen-
tration of 15 g/L. The ChiNCs had a length of 150-250 nm and a width of
about 20 nm (Jiménez-Saelices et al., 2020). Silver nitrate (AgNO3 > 99
%), sodium borohydride (NaBH4 > 96 %), 2,2,6,6-Tetramethylpiperi-
dine 1-oxyl (TEMPO: 98.8 %), sodium bromide (NaBr: 99 %), sodium
hypochlorite solution (NaClO: 10 % RT) were purchased from
Sigma-Aldrich and used without further purification. Alginate (Mw =
151 550 g/mol, Ip = 2.11) was obtained from FMC biopolymer (U.S.A).
Freeze-dried CaCO3 powder was provided by Mikhart Provencale S.A.
Sunflower seed oil was purchased from Fluka. Sodium chloride (NaCl),
calcium chloride (CaCly), Span 80 and acetic acid were purchased from
Sigma-Aldrich. For all the aqueous suspensions, ultra-pure water was
used.

2.2. Surface-modification of ChiNCs via TEMPO-mediated oxidation
(TChiNCs)

To perform the surface carboxylation of ChiNCs, TEMPO-mediated
oxidation was performed using an experimental method proposed by
Musino et al. (2021) which was adapted from the work of Araki & Hida
(2018). Oxidation of CNC using 2,2,6,6-tetramethylpyperidine-1-oxyl
(TEMPO), inducing carboxyl groups onto the surface, appeared to be
an excellent strategy as it improved the hydroxyl groups accessibility. A
volume of 100 mL of ChiNCs suspension (2 g/L) was mixed with 0.25 g
of NaBr and 0.05 g of TEMPO. Then, a volume 2.5 mL of NaClO was
dropwise added to start the carboxylation leading to a pH increase. The
suspension was stirred at room temperature for 24 h keeping the pH at
10.3 by the controlled injection of 0.1 M NaOH solution using an
automatic titrator (Metrohm 901 Titrando, France). It was then centri-
fuged twice (10 min; 10,000 g), dispersed in ultra-pure water to obtain a
final concentration of 15 g/L and finally homogenized by ultrasound
(amplitude = 10; 5 min). The final suspension was dialyzed against
ultra-pure water for one week (dialysis bath volume to sample volume =
10:1) in order to completely remove the residual contaminants.

2.3. Synthesis of CNC/AgNP, ChiNC/AgNP and TChiNC/AgNP hybrid
suspensions

To synthetize CNC/AgNP, ChiNC/AgNP and TChiNC/AgNP hybrid
suspension where AgNPs are nucleated and well-dispersed on the bio-
based support, the experimental method proposed in one of previous
works was used (Musino et al., 2020; 2021). Briefly, a volume of 9.8 mL
of CNC, ChiNC or TChiNC aqueous suspension (15 g/L) were mixed at
room temperature for 1 min with an amount of 2 mL of AgNO3 aqueous
solution (0.05 M). A volume of 1.5 mL freshly prepared NaBH, aqueous
solution (20 mL, AgNO3/NaBH,4 molar ratio equal to 1.5) was added to
the suspension in order to induce the reduction of Ag* ions thus forming
AgNPs (i.e., color sample from translucent to yellow). During the
preparation, all the samples were covered with aluminum foil to avoid
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AgNP oxidation and mixed at room temperature for 24 h. Finally, the
CNC/AgNP, ChiNC/AgNP and TChiNC/AgNP hybrid suspensions were
dialyzed against water for 24 h (dialysis bath volume to sample volume
=10:1).

2.4. Characterization of CNC/AgNP, ChiNC/AgNP and TChiNC/AgNP
hybrid suspensions

2.4.1. Scanning transmission electron microscopy (STEM)

A Quattro S field emission gun scanning microscope (Thermo Fisher
Scientific, USA) equipped with a STEM detector was used for the
acquisition of STEM Images, working at 10 kV. Firstly, the samples were
diluted with ultra-pure water at 0.5 g/L in CNC, ChiNC or TChiNC
content. Then, 10 pL were deposited on glow-discharged carbon coated
grids (200 meshes, Delta Microscopies, France) for two minutes. The
excess was then removed using Whatman filter paper and the grids were
dried in air for 12 h and finally coated with a 0.5 nm platinum layer
using an ion-sputter coater (LEICA AM ACE600, Germany). The ac-
quired STEM images were analyzed using ImageJ software. The AgNP
size distributions were obtained considering the mean AgNP Feret’s
diameter (i.e., the largest distance between two tangents to the contour
of the measured particle) considering the largest possible number of
AgNPs (at least 100, depending on the sample).

2.4.2. UV-Vis spectroscopy

A Mettler-Toledo UV7 spectrophotometer (Columbus, OH, USA)
equipped with a 10 mm quartz cell was used to record light-visible
spectra of the hybrid suspensions in the 300-900 nm range. The sus-
pensions were diluted (1:10) and ultra-pure water was used as a blank
reference.

2.4.3. Atomic absorption spectroscopy (AAS)

The effective AgNP content in each hybrid suspension was estimated
by Atomic Absorption Spectroscopy (ICE 3300 AAS, Thermo Fisher,
USA). A volume of 0.5 mL of hybrid was mixed with HoO/aqua regia
mixture (i.e., 40 mL, 30 % v aqua regia; HCl/HNOs: 3/1) for 24 h and
then analyzed. A calibration curve was defined using a silver standard
solution (1000 pg/mL, Chem-Lab NV) at various concentrations, from
0.25 to 10 ppm. For each sample, two independent measurements were
performed and the final AgNP content was expressed in mg of AgNP per
g of sample.

2.4.4. X-ray powder diffraction

For each sample, an XRD diffractogram was recorded using a Bruker
D8 Discover diffractometer. A Cu-Kal radiation (Cu Kal, 1.5405 .7\) was
produced in a sealed tube at 40 kV and a 40 mA was selected and par-
allelized using a Gobél mirror parallel optics system and collimated to
produce a 500 mm beam diameter. The acquisition time was fixed at 10
min in the 3°-70° 20 range.

2.5. Preparation of alginate hydrogel microparticles containing NPs using
microfluidic tools

2.5.1. Production of the microfiluidic flow-focusing device

The microfluidic device, comprising a Flow Focusing Device (FFD)
junction and a second one for the continuous phase, was prepared
following a method previously optimized (Marquis et al., 2016). Briefly,
the design of the device was drawn using Adobe Illustrator software to
obtain a photomask printed by high resolution printing. Dimensions of
the channels are shown on Figure S2. Then the mold was made using
photolithography techniques with a UV LED masker (UV-KUB 2, Kloé,
France) to obtain SU-8 2100 (CTS, France) positive relief structures, of
130 pm in height, on silicone wafers. Finally, the microfluidic
flow-focusing device was fabricated by soft lithography technique using
poly(dimethylsiloxane) (PDMS) (RTV 615, Elecoproduit, France). Two
PDMS polymer / crosslinker mixtures (10 % and 5 % crosslinker) were
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poured on the mold and in a Petri dish, respectively. After degassing, the
PDMS was cured 30 min at 70 °C. The curde PDMS (10 % crosslinker)
was cut and peeled off the mold and access holes were punched. Then,
the PDMS layer (10 % crosslinker) was cleaned and placed in contact
with the thin PDMS layer (5 % crosslinker) to generate the microchip by
gradient diffusion of the cross-linker diffusion during curing at 70 °C for
24 h. The outlet at the end of the PDMS microdevice was parallel to the
central channel and a polytetrafluoroethylene (PTFE) tube (inner
diameter, 0.3 mm; outer diameter, 0.76 mm; length, 20 cm) was directly
inserted into a PDMS short exit channel (depth, 130 pm; width, 400 pm;
length, 5 mm).

2.5.2. Preparation of calcium-alginate microgels containing nanohybrids
The generation of Ca-alginate microgels containing nanohybrids was
optimized by droplet-based microfluidic tools following methods
detailed in previous works (Marquis et al., 2012, 2016). The dispersed
phase (Qd) was composed of an aqueous solution of alginate at 1.0 wt%
and CaCOs at 0.2 wt% with the latter being the cross-linking agent in its
inative form. From this aqueous solution, three solutions containing
nanometerial suspensions were prepared with CNC at 0.5 wt%, CNC/Ag
at 0.5 wt% or TChiNC/Ag at 0.5 wt%. CaCOs particles and nanohybrids
contained in the aqueous solution were gently dispersed using vortex
mixing. The two continuous phases were composed of sunflower seed oil
and 0.5 wt% of Span 80. The second continuous phase (Qc2) differs from
the first one (Qcl) in added acetic acid at 0.5 wt% which acts as the
cross-linking activator. Flow rates of 5 pL/min for the aqueous dispersed
phase (Qd) and 90 puL/min for continuous phases (Qcl and Qc2) were
applied, using digitally controlled syringe pumps (Harvard Apparatus
PHD 2000, France), to generate droplets and their gelation. Finally,
microgels containing nanohybrids were collected in aqueous solution of
CaCly at 1.0 wt% during 40 min (for microgels caracterization and AAS
assays) or 60 min (for antimicrobial activity assays) so as to obtain a
suspension of microgels equivalent to 200 uL or 300 uL of dispersed
phase, respectively. Then microgels were washed by centrifugation
(2000 rpm, 5 min) and stored at 4 °C in the CaCls solution (1 mL).

2.6. Characterization of calcium-alginate microgels containing
nanohybrids

2.6.1. Imaging

The microgels containing CNC, CNC/AgNP and TChiNC/AgNP were
analyzed using phase contrast and fluorescence microscopy. Images
were captured with an Olympus IX51 inverse microscope (Olympus,
France) equipped with phase contrast illumination, a standard UV filter
(Exciter filter (BP) 330—385 nm, Dichroic Mirror (DM) 400, Barrier
Filter (BA) 420 nm) and a digital camera (Sony, SCD-SX90). Presence of
nanocrystals was visualized after addition of 100 pl of calcofluor-white
(CW) at 0.01 wt% in 1 mL of suspension of microgels. The size distri-
butions of the microbeads (N = 40) were analyzed using the ImageJ
freeware v1.35c.

2.6.2. Atomic absorption spectroscopy for microgels

A similar procedure was used to determine the AgNP content in
microgels. A controlled volume of microgels equivalent to 200 pL of
dispersed phase was mixed with 10 mL of HoO/aqua regia mixture for
24 h and then analyzed. For each sample, two independent measure-
ments were performed and the final AgNP content was expressed in mg
of AgNP per mL of hybrids suspension.

2.7. Antimicrobial activity

Antimicrobial activities of microgels were assessed against 9 indi-
cator prokaryotic and eukaryotic organisms (Table S1). After pre-
cultures in 10 mL of appropriate nutrient broth (Table S1) for 24 h at
30 °C, indicator strains were diluted and inoculated in 96-microplates at
an initial concentration of 10° CFU/mL approximately, in a total volume
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of 200 pL. Each strain was inoculated with 20 pL of microgels suspension
or alginate alone. Quantities of alginate, hybrids and silver into micro-
gels suspensions were estimated taking into account the equivalent
volume of 300 uL of dispersed phase, composed of 1 wt% of alginate and
0.5 wt% of hybrids, stored in a total volume of 1000 pL of CaCly solution.
Thereby, each inoculum of microgels suspension was composed of 0.3
mg/mL of alginate and 0.15 mg/mL of hybrids with 1.59 pg/mL or 1.26
ug/mL of silver, respectively for CNC/AgNPs or TChiNC/AgNPs hybrids
according to AAS results. Negative controls corresponding to the target
strain without microgels were performed in 5 replicates. The impact of
microgels on the target growth was estimated by the DO600nm mea-
surement (Varioskan LUX, Thermo Fisher Scientific, France) at 1 h, 4 h,
20 h, 24 h, 48 h and 72 h, at 30 °C.

3. Results and discussion

3.1. Transposition of silver nanohybridization method onto chitin
nanocrystals

The first objective of the present study was to enlarge the hybridi-
zation method to other bio-based nanocrystals. ChiNCs and TChiNCs
were used as new charged substrates for nucleation and growth of AgNP
onto their surface and compared to CNCs. These three templates present
different surface charge: (i) CNCs are negatively charged after the sul-
furic acid hydrolysis inducing sulfate half esters (OSO3—) onto their
surface; (ii) ChiNCs are weakly positively charged due to N-acetylglu-
cosamine groups that form primary amino groups available at their
surface after partial deacetylation; and (iii) TChiNCs are simultaneously
weakly positively and negatively charged after the surface TEMPO-
mediated oxidation that substitute some hydroxyl into carboxyl
groups onto the surface. It was previously shown on AgNPs grafted on
various CNCs that the OH groups served as nucleation point regardless of
the surface charge; however, the induced repulsion could better disperse
the CNCs leading to higher accessibility to the OH groups (Musino et al.,
2020). Results obtained in the present work confirmed this assumption,
and the surface-modification of ChiNCs by TEMPO oxidation improved
their dispersion in water compared to the untreated samples (i.e.,

ChiNC/AgNP
s 4

. &
..'¢.Y NN

a) CNC/ASNP
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electrostatic repulsion).

The silver precursor (AgNO3) was first dissolved in the CNC, ChiNC
or TChiNC aqueous suspensions, and in a second step the chemical
reducer (NaBH,) led to the formation of AgNPs. As shown from STEM
images (Fig. 1a), AgNPs were grafted and well-dispersed onto CNC,
ChiNC, TChiNC surface. Furthermore, the analysis of STEM images
allowed to determine the average diameter of AgNPs in the hybrids,
which was found equal to 20.4 + 13 nm, 22.1 + 14 nm and 24.2 + 14
nm for the CNC/AgNP, the ChiNC/AgNP and the TChiNC/AgNP system,
respectively. The AgNP size distributions are reported in Figure SII.
These results were in accordance with a previous study on hybrids using
bacterial CNC that reported a well-dispersed state of CNC/AgNPs, while
AgNPs synthetized in the same conditions without CNC rapidly aggre-
gated. This confirmed the positive effect of hybridization on the
dispersion and on the size distribution of AgNP, regardless of the CNC,
ChiNC or TChiNC source (Musino et al., 2021).

It can be also observed that the AgNPs formation induced a color
change of the sample from translucent to yellow; this corresponded to
the appearance of a dominant in-plane absorption peak at An,y around
400 nm in the UV-Vis spectra (Fig. 1b) typical of well-dispersed AgNPs
and thus corroborating previous result (Musino et al., 2021). The in-
tensity of the UV-Vis peak was quite similar for all the samples showing a
similar OH accessibility of the substrates. They were also characterized
by a very similar AgNP content, as estimated by AAS in mg AgNP / g of
hybrid (i.e., CNC/AgNP at 0.078 + 0.003 mg/g, ChiNC/AgNP at 0.069

+ 0.003 mg/g, TChiNC/AgNP at 0.075 + 0.002 mg/g); which corre-
sponds to 7 to 8 wt% of AgNP content for the three hybrids.

The structure of AgNPs in the hybrid suspensions were determined
by XRD. As reported in Fig. 1c, the XRD diffractograms proved the
presence of AgNPs in a crystalline form through the peak associated to
the (111) lattice place of a face-centered cubic silver structure (i.e., 26 =
38°, JCPDS Card No. 89-3722). Other less intense peaks were recorded
at angles 44° and 64°, corresponding to (200) and (220) crystalline
silver plans, respectively. These results proved the presence of silver
onto the nanocrystals.

These results showed the efficiency of Ag" hybridization on CNC,

b) ---CNC C)
Amax~ 400 nm ---ChiNC
2 i -~ ~TChiNC
—CNC/AgNP
——ChiNC/AgNP - TChiNC/AgNP
° >
g —TChiNC/AgNP :
S = ChiNC/AgNP
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B @
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= N |
/
b o e TChiNC
o & h] = ~emeccccm e mecaman
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- 'Y =oEl NN S e Pew e e
o &N
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Fig. 1. a) STEM images of AgNPs grafted onto various bio-based support, b) UV-Vis peaks at 400 nm corresponding to AgNP in-plane dipole surface plasmon
resonance, and c¢) XRD diffrectograms of CNC/AgNP, ChiNC/AgNP, TChiNC/AgNP hybrids with characteristic 20 diffraction peaks (38°, 44° and 64°) of crystalline

silver with a lattice plane of face-centered cubic.
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ChiNC and TChiNC confirming the high potential of the nanohybrids
preparation method whatever the source of nanocrystals. This offers
several posibilities for the design of ecological silver nanohybrids with
good control of the AgNPs content and size, and highly dispersable in
aqueous medium. It is then interesting to consider their encapsulation in
a hydrogel that can carry them to the required target. This was carried
out only with CNC and TChiNC considering the similar results obtained
in dispersion, size and silver content of the nanohybrids with ChiNC and
TChiNC.

3.2. Encapsulation of silver nanohybrids into calcium-alginate microgels
using a microfluidic device

Encapsulation with biopolymers is an alternative to reduce adverse
effects and improve the physicochemical properties of metallic nano-
particles. Therefore, the second objective of the present work was
dedicated to developp a microfluidic method leading to the encapsula-
tion of silver nanohybrids without impact of reagents and process on
nanohybrids dispersion. Among the various classical gelling agents
generally used, alginate was selected due to its availability, biocom-
patibility, biodegradability and low cost. Its gelation facilities into
hydrogel was also a major advantage for a matrix able to retain the
hybrids and limit their early relesase. Indeed, as a natural linear polymer
composed of blocks of (1,4)-linked p -D-mannuronate (M) and o -L-
guluronate (G), with alternating M and G residues, alginate forms a
physical hydrogel in the presence of divalent cations, such as calcium,
following the egg-box model (Grant et al., 1973). Alginate gelation can
be obtained following two different mechanisms: external and internal
gelation. Several variations of each mechanisms deployed in micro-
fluidics, and using calcium as ionic source, were described in the liter-
ature (Chen et al., 2021). In the case of external gelation, the ionic
cross-linking was induced by diffusion of solubilized Ca®* ions from an
aqueous solution supplemented with CaCl,, towards the alginate drop-
lets ON- or OFF-chip. The presence of coalescence phenomena before
gelation, and deformation of microgels during transit through the
oil-water interface, induced variations in the size and shape of migrogels
(Oveysi et al., 2023; Sattari et al., 2021), While in the internal mode the
gelation occured inside the microfluidic device though the dissolution of

a) b)
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water-insoluble CaCO3 under reduce pH control, so as to fix directly the
size of alginate microgels (Huang et al., 2021; Paiboon et al., 2023). In
the present study, a two-step method was used to generate Ca-alginate
microgels containing silver nanohybrids, using internal mode of gela-
tion to fix rapidly the microgels and limit coalescence and deformation
phenomena (Marquis et al., 2016). The first step consisted to prepare the
dispersed phase containing nanohybrids by gently vortex mixing, to
avoid a possible detachment of AgNPs from the nanocrystals (Fig. 2a-1).
Brown (CNC/AgNPs) and dark yellow (TChtiNC/AgNPs) colors of mix
samples revealed well-dispersed AgNPs in the aqueous solution before
being introduced inside the microfluidic device, as it was previously
demonstrated during hybrid suspension preparations. The presence of
alginate and CaCO3 had no impact on hybrids dispersion (Fig. 2a-2). In
the second step, the aqueous suspension was injected in a flow of sun-
flower oil to generate oil-in-water emulsion through an inherently hy-
drophobic PDMS microfluidic device (Eddington et al., 2006). At the
first FFD junction, aqueous alginate droplets containing nanohybrids
and CaCOs3 were formed, followed by the initiation of the gelation, by
internal mode, at the second junction (Fig. 2b) (Marquis et al., 2012;
Zhang et al., 2007). Acetic acid diffused into the aqueous droplets,
triggering the release of Ca®' ions from CaCOj dissolution which
cross-linked alginates chains and thus led to the formation of the
hydrogel network. The presence of a second junction for the continuous
phase avoided cap-formation by early gelation of alginate at the first
FFD junction (Marquis et al., 2012). At the end of the process, the
Ca-Alginate microgels obtained had a diameter of 46 + 10 pm and 51 +
12 um in the presence of CNC/AgNPs and TChiNC/AgNPs, respectively.
Ca-alginate microgels stored for several months (over 12 months) in 1 wt
% CacCly solution at 4 °C remained stable in size and shape (results not
shown). Obtaining hightly stable microgels confirmed the effectiveness
of the method without inherent incidents from generation to storage
during long period of time.

3.3. The microgel preparation method enabled efficient AgNP
encapsulation

Next, the efficient AgNP encapsulation in alginate microgels was
demonstrated using calcofluor-white (CW) as fluorescence dye. CW was

- —
| 1) Step 1: Aqueous solutions preparation
(vortex mixing)

: (@) CaC03 0.2 wt%

0

’,",3"’_ +(3 Nanohybrids 0.5 wt%
(2) Ultrapure water
(D Alginate at 1 wt%

Preparation of aqueous solution with
CNC/AgNP or TChiNC/AgNP and CaCO3.
Addition of solutions in order from 1 to 4.

2) Homogeneous mix with hybrids

With CNC/AgNPs ~ With TChitNC/AgNPs

Alginate solution

Gelled alginate

Sunflower oil + 1 wt% Span 80
Nanohybrids

CaCOs3

Ca?*

Acetic acid at 0,5 wt%

=EEE000

Oil + Span 80 +
acetic acid

200 pm

Fig. 2. Schematic representation of the preparation of microhydrogels containing nanohybrids. a-1) Step 1: Aqueous solutions preparation by vortex mixing. Dis-
tribution of concentrations for each material of the mixture. a-2) Sample of hybrids with CaCO3 and alginate at optimal concentration conditions with brown (CNC/
AgNPs) and dark yellow (ChitNC/AgNPs) colors. b-1) Step 2: Formation of droplets and alginate gelation in the microfluidic device. b-2) Optical microscopy images
of microgels production inside the microdevice. Qd: dispersed phase (Alginate + CaCOs + nanohybrids); Qcl: continuous phase (Sunflower seed oil + Span 80 at 1 wt
%); Qc2: continuous phase (Sunflower seed oil + Span 80 at 1 wt% -+ acetic acid at 0.5 wt%). The flow rates of the alginate solutions and oil in each channel were Qd

= 5 pl/min, Qcl and Qc2 = 90 pL/min.
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selected due to its binding facilities to f(1-3) and p(1-4) oriented
structural polysaccharides such as crystalline cellulose and chitin. CW
fluoresces with an intense bluish/white color when excited with ultra-
violet, allowing hybrids localization (Harrington & Hageage, 2003).
Previously, a negative control confirmed that CW did not bind alginate
and CaCOs. Indeed, no fluorescence was observed in NPs-free Ca-algi-
nate microgels (Fig. 3a). On the other hand, a positive control, done on
Ca-alginate microgels containing CNC but no AgNP, showed a homo-
geneous bluish/white color due to cellulose without diffusion outside
the microgels (Fig. 3b). These control samples validated the CW-labeling
method to demonstrate the effective encapsulation of biobased nano-
particles. Similarly to the AgNP-free nanocrystal sample, the
CW-labeling showed a homogeneous bluish/white color in microgels
containing either CNC/AgNP (Figue 3c) or TChiNC/AgNP (Figue 3d),
and no diffusion outside the microgels was observed.

The amount of silver into the microgels was also analysed by AAS
investigations to measue the concentration in AgNP in mg per ml of
microgel. Content of 0.053 mg AgNP/mL (i.e. 5.3 wt%) and 0.042 mg
AgNP/mL (i.e. 4.2 wt%) of silver were measured in CNC/AgNP and
TChiNC/AgNP microgels, respectively.

All these results demonstrated the efficient encapsualtion, into
microgels, of Ag™ through hybridization with biobased nanocrystals.
They confirmed the presence of silver into microgels very well dispersed,
as no aggregation was observed, and at concentration above the mini-
mum inhibitory concentration (MIC) of AgNP determined at 0.016 mg

a)

Ca-Alginate microgels

100 pm

¢) CNC/AgNP Ca-alginate
microgels

50 pm

b) conc Ca-alginate microgels
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AgNP/ml of hybrid (i.e. 1.6 wt%) in previous work (Musino et al., 2021).
Moreover, the hybridization of Ag" on solid nanocrystals, as nano-
composites, reduced their release and could avoid the cytotoxic effect of
free Ag" on human cells while maintaining antibacterial capability (Liu
& Man, 2017; Marchioni et al., 2020). All these data demonstrate a
potential safe use of these types of smart biomaterials for biomedical
applications.

3.4. Screening of antimicrobial activity of silver hybrids encapsulated into
alginate microgels

To demonstrate the feasibility of bio-sourced silver immobilization
systems, an antimicrobial activity analysis was managed to identify
sensitive species to low silver contents. Antimicrobial activities of
microgels were assessed against 9 indicator strains representing micro-
bial diversity in term of organism (prokaryotic and eukaryotic cells),
cell-wall structure (Gram positive and Gram negative bacteria) and
involved in human infections, fish diseases and food spoilage (Table S1).
The impact of the presence of microgels, or sample controls of alginate
solution, on the indicator strain growth was assessed by absorbance
measurement for 72 h, using miniaturized methods. Fig. 4 compared the
concentration of indicator strains at their stationary phase in the
different conditions. Alginate alone did not affect the growth of targets,
the observed modifications on growth were thus related to the encap-
sulated nanohybrids. Previous study showed that a lowest AgNP content

100 pm

d) TChiNC/AgNP Ca-alginate

microgels

50 pm

Fig. 3. Phase contrast microscopy observations in Ultra Violet of the Ca-alginate microgels staining the nanocrystals with calcofluor-white (0.009 g/L). Upwards are
control samples with a) no labeling in pure Ca-alginate microgels and b) effective labeling in microgels containing CNC showing no passive diffusion of nanocrystals
in time (same results were obtained with ChiNC). Downwards are samples of Ca-alginate microgels with effective encapsulation of nanohybrids whitout passive
diffusion for ¢) CNC/AgNP: 46 + 10 pym in diameter, and d) TChiNC/AgNP: 51 + 12 um in diameter.
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= Control
Alginate
Alginate with CNC
m  Alginate with TChiNC
Alginate with CNC/AgNP
m Alginate with TChiNC/AgNP

Pf(24h) Se(72h) Cd(72h) Cal (72h)

Indicator strains

Fig. 4. Comparison of indicator strain concentrations at the stationary phase, in the presence and absence of the four different microgels with 0.15 mg/ml of hybrids
or 0.3 mg/ml of alginate. The control corresponded to the growth of the indicator strain without microgel. It was performed in five replicates for each indicator
strain. The incubation time, considered as the stationary phase for the bacterial strain, was indicated in brackets. Indicator strains: Vibrio parahaemolyticus LMG 2850
(Vp), Vibrio harveyi LMG 4044 (Vh), Morganella morganii CIP A231T (Mm), Chromobacterium violaceum CIP 103350" (Cv), Aeromonas salmonicida CIP 103209" (As),
Pseudomonas fluorescens CIP 69.137 (Pf), Carnobacterium divergens V41 (Cd), Staphylococcus epidermidis CIP 68.21 (Se), Candida albicans DSM 1386 (Cal).

of 0.048 ug led to a well-detectable antimicrobial effect after disk-
diffusion on agar plate (Musino et al., 2021). In the present work,
microgels containing AgNPs showed only a little effect on bacterial
growth, which could be explained by the lower contents of silver after
inoculation, which were of 0.032 pg and 0.025 pg in solution per well for
CNC/AgNPs and TChiNC/AgNPs, respectively. Interestingly, an inhibi-
tory activity on the fungi responsible for candidiasis, Candida albicans,
was observed at these low contents of silver (Figs. 4, 5). Candidiasis is
considered a major health problem, particularly for their ability to
produce biofilms and virulence factors and to develop antifungal re-
sistances (Henriques & Williams, 2020; Mayer et al., 2013; Tsui et al.,
2016), new therapies and microcarriers are needed. A weak inhibition of

this indicator strain was observed in absence of AgNP (Alginate with
CNC and TChiNC) confirming the safety of native NPs. Both microgels
containing AgNPs (Alginate with CNC/AgNPs and TChiNC/AgNPs)
maintained a low concentration of C. albicans DSM1386 while 72 h, and
allowed finally a reduction at least by five the C. albicans concentration
(Fig. 5). These preliminary results are consistent with the inhibitory
activities of silver complexed with various ligands against C. albicans
previously described, such as the reduction of up to 80 % of the Candida
filamentous forms (corresponding to the pathogen form) with
Ag-natural NP (Gomez-Garzon et al., 2021b) or the growth inhibition of
Ag-NHC (N-heterocyclic carbenes) (Dileepan et al., 2021).
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Fig. 5. Candida albicans DSM 1386 kinetic growth in presence of microgels with 0.15 mg/ml of hybrids or 0.3 mg/ml of alginate, in Luria-Bertani (LB) medium at
30 °C. The culture of Candida albicans in LB medium, used as control, was performed in five replicates.
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4. Conclusion

This study demonstrated the design of ecological silver nanohybrids
based on biosourced nanocrystals from chitin (ChiNC or TChiNC). A
comparative study, including nanocrystals from cellulose (CNC),
showed, on STEM images, individual AgNPs with a size of 22 nm,
regardless of the nature and charge of the substrate, which confirms the
versatility of the developped method. It resulted in bioparticles perfectly
dispersible in water, bearing 7-8 wt.% of AgNPs grafted onto their
surface. For more controlled applications, the hybrids were encapsu-
lated into calcium-alginate microgels using microfluidic tools. It allowed
a double level of immobilization of AgNPs offering very stable carriers of
45-50 um in diameter with a precise control of the silver concentration.
It led to a high potential controlled release system for silver with no
passive diffusion outside the microgels.

The preliminary assays to assess the potential antimicrobial activities
of these low-silver content microgels have shown a significant inhibitory
effect on Candida albicans. Results obtained in the present work offer a
promising bio-friendly approach based on the controlled release of silver
that will find a wide range of applications in the pharmaceutical, cos-
metics and plant science.

Supporting Information

AgNP size distributions; Microchannel dimensions of the micro-
fluidic device; Indicator strain characteristics used for antimicrobial
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