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With water access challenged, there is a need to develop efficient and sustainable alternatives for water puri-
fication. Here, cellulose nanofibrils (CNFs) isolated from three source materials (softwood, soybean hulls and oat
straw) were compared for the generation of hydrogels beads, and compared as support and reducing agent for
silver nanoparticles formation. The silver-functionalized hydrogel beads (Ag-CNFs) were characterized, and the
Oat straws surface energy and specific surface area were evaluated. Antimicrobial testing was conducted to assess the ef-
Softwood ficacy of the Ag-CNFs against E. coli. The results showed that the Ag-CNFs had a higher specific surface area and
E. coli lower surface energy compared with unmodified CNFs. Softwood-based Ag-CNFs exhibited the highest silver
content and specific surface area, while the soybean hull based showed the highest hydrophobic character. The
silver-functionalized soybean hull beads (Ag-sbCNF) showed the highest efficacy in reducing the growth of
bacteria. Overall, this study highlights the potential of silver-functionalized CNFs hydrogel beads as a promising
environmentally friendly and sustainable material for water filtration and disinfection. The findings also suggest
that lower surface energy of the Ag-CNFs play an important role in their antimicrobial effect on tested water by
enabling shorter retention, providing useful insights into the design of future water filtration materials.

1. Introduction antimicrobial filtration systems that can be used as point-of-use in low

income and remote areas.

The pursuit for bio-based, low cost, and effective water remediation
materials has risen in parallel to environmental awareness and chal-
lenges. One of these challenges relates to new trends on invasive wildlife
species movement and relocation -such as wild pigs- that impact the
quality of water sources such as lakes and rivers used for human con-
sumption and recreation (Bolds et al., 2021; McDonough et al., 2022).
This is particularly harmful in rural and isolated areas worldwide (Barth
et al., 2018; Bolds et al., 2022), where concentrations of E. coli range
between 10° and 10° CFU/mL, concentrations higher than those
considered pathogenic for humans (Ishii & Sadowsky, 2008). Therefore,
there is a need to develop sustainable, equitable, and locally sourced
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One recognized short contact strategy to eliminate bacteria and other
coliforms from water sources is the use of silver nanoparticles (AgNPs)
(Liao et al., 2019). These nanoparticles are of interest because of their
effectiveness and wide variety of green production methods, which
include plant and animal extractives that can be used as a reduction and
stabilizing agents (Vishwanath & Negi, 2021). Using green and local
reagents in the design is congruent with the international sustainable
goals. However, AgNPs are colloidally stable when free, which would
mean that they will wash off when in contact with flowing water. To
alleviate this, immobilization in 3D structures is needed for their use in
efficient water remediation strategies. Polymeric substrates stand out as
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potential materials due to their low density, processability, and the
ability to be shaped. Using biopolymers, and most specifically natural
polymers, would allow silver nanoparticle antimicrobials to reduce their
carbon footprint while improving biodegradability after their end of the
functional lifetime.

Among the various natural polymers available, cellulose present the
advantages of wide abundance and the possibility of being obtained
from different raw materials (Klemm et al., 2005). Moreover, cellulose
nanomaterials (CNMs) can be isolated with varying surface charge and
intrinsic properties depending on the source and isolation process
(Foster et al., 2018; Iglesias et al., 2020, 2021). This variability among
CNMs can be exploited to assert various degrees of modification when
grafting polymers or growing nanoparticles on their high surface area
(Drogat et al., 2011; Feng et al., 2014; Roy et al., 2009; Stinson-Bagby
et al., 2019; Valencia et al., 2020; Wohlhauser et al., 2018). Further-
more, some modified cellulosic materials have proven to be advanta-
geous in water remediation strategies as well as in the elimination of
bacteria from water sources (Carpenter et al., 2015; Lin et al., 2015;
Olivera et al., 2016).

Hence, silver nanoparticles-cellulose composites are an attractive
system to explore as antibacterial materials. There is a wide variety of
processes in which they can be generated, tending to present extended
active lifetimes when compared to organic antimicrobials, and having
relative nontoxicity to eukaryotic cells (Fiorati et al., 2020; Xu et al.,
2018). However, ecotoxicity may still become a problem if silver ions
are liberated too fast (Fiorati et al., 2020). To address this issue, design
strategies where the nanoparticles are grown in situ, ion liberation is
slow, and other phenomena help control contact time and ion release are
promising alternatives to overcome these issues (Karlsson et al., 2019;
Wu et al., 2014). Likewise, the antibacterial materials need a shape that
facilitates their packing into filtration systems, maximizing surface area
and allowing short residence times for the treated water.

Due to their high-water retention and efficient packing shape
(Gomez-Maldonado, Ponce, & Peresin, 2022), regenerated cellulose
hydrogel beads could serve as a suitable substrate material for further
modification and functionalization towards antimicrobial systems.
Particularly their solid content — and therefore surface area — can be
tuned in the starting cellulose solution, while avoiding crosslinking or
other chemical modification of exposed moieties (Gericke et al., 2013;
Wang et al., 2016). Traditionally, these hydrogel beads have been made
from pure dissolving pulp; however, recently we demonstrated that
these beads can be produced using nanocellulose fibril as a starting
material (Gomez-Maldonado, Ponce, & Peresin, 2022). This provides
multiple advantages, such as the capability of using agri-residues as
sources that include residual polymeric fractions such as residual lignin,
pectin, and other hemicelluloses and their respective functionalities.
Thus, it is worth exploring the difference in performance that the
different source materials will give in applications such as the genera-
tion of scaffold hydrogels for silver reduction in antimicrobial systems.

In this work, a comparison of the formability of regenerated cellulose
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hydrogel beads starting from three sources of CNFs (softwood pulp, and
the agri-residues: soybean hulls and oat straw) was evaluated, aiming to
demonstrate the effect of the source material on the AgNP formation and
consequent antibacterial capacity. With the working hypotheses i) the
source's physicochemical properties would impact the surface area and
surface energy of the hydrogel beads; ii) higher initial surface charge
would increase the reducing capacity, generating more AgNPs on the
regenerated hydrogel beads; and iii) higher AgNP content would have
stronger antimicrobial effects, enabling shorter retention times. A
graphical flow of the study is presented in Fig. 1.

2. Experimental
2.1. Materials and reagents

Production of the softwood cellulose nanofibrils (swCNF, 2.07 wt%,
pH 6.1) and bleached soybean hull nanofibrils (sbCNF, 2.11 wt% pH 4.9)
was done at the Sustainable Bio-Based Materials Lab at Auburn Uni-
versity (Auburn, AL, USA) by mechanical fibrillation. Briefly, Southern
Bleached Softwood Kraft pulp with a standard composition of <1 %
lignin, 97.1 % cellulose, and 2.0 % hemicellulose (Matachowska et al.,
2020) was washed for 30 min in water at pH 3, lowered with 1 M HCI,
followed by rinse with DI water until pH was between 4.5 and 5; then the
pulp was transferred to a 0.001 M NaHCOj3 bath with a pH 9 for 30 min.
After rinsing with DI water until constant conductivity, a 2 wt% sus-
pension was processed in a Masuko Super Mass Colloider (MKZA-10-15
J, Masuko Sangyo Co., Ltd., Japan) with 20 passes (Gomez-Maldonado
et al., 2021). Meanwhile, sbCNFs were isolated from soybean hulls with
a composition of 11.9 % Klason lignin, 63.6 % holocellulose, and 9.1 %
pectin (Hernandez et al., 2022). As described, the soybean hulls were
placed in a 0.1 N HCI suspension for 1 h at 90 °C to extract the pectin,
after filtration, sodium chlorite was added at a 1:25 fiber to liquor ratio
for 1 h at 75 °C and the bleaching was stopped with rinses with DI water
until pH was 7. The pulp was then washed as described for the Southern
Bleached Softwood Kraft pulp and a 2 wt% suspension was mechanically
fibrillated with 12 passes in the Masuko Super Mass Colloider
(Hernandez et al., 2022). Bleached oat straw nanofibrils (0sCNF, 1.58 wt
% pH 5.9) were produced at the Universidad de Cérdoba (Cérdoba,
Spain) as described in Espinosa et al. (Espinosa et al., 2017). In brief, a
pulp with 5.3 % lignin, 14.8 % hemicelluloses, and 76.4 % cellulose was
pretreated with an Novozym 476 enzyme cocktail using a 0.83 %
enzyme dosage based (0.d.m) in 1.5 L of buffer water pH 5, with a ratio
of 50 g pulp/L at 50 °C for 3 h, the hydrolysis was stopped by heating the
suspension to 80 °C for 15 min. Then the pulp was washed with DI water
changes until no changes in pH were measured; afterwards, the pulp was
diluted to a 1 wt% suspension that was passed 10 times through a
pressure homogenizer PANDA 2000 (Gea Niro Soavi, Italy).

Urea and nitric acid were procured from VWR (Randor, PA, USA);
while NaOH pearls (97 % purity) and Agar were bought from Alfa Aesar
(Ward Hill, MA, USA). Sodium nitrate was obtained from Acros Organics
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Fig. 1. Schematic of the experimental flow in this article.
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(Waltham, MA, USA). Ammonium hydroxide (18-30 % solution) was
produced by Millipore Sigma (San Luis, MO, USA). Poly-
diallyldimethylammonium chloride (pDADMAC) and potassium poly-
vinyl sulfate (PVSK) were purchased from BTG Americas (Norcross, GA,
USA). 1x phosphate buffer saline (PBS), Luria broth (LB), and Luria
Agar media were all prepared according to protocols described in Cold
Spring Harbor Protocols (2006, 2006, 2009). Ultrapure water was pu-
rified from distilled water by a ThermoScientific Barnstead Nanopure
system (18.2 mQ cm). Unless specified, all weights indicated in this
manuscript are oven dry basis.

2.2. Bacterial inoculum

E. coli (ATCC 25922) was transferred from glycerol stock into LB in a
50 mL Falcon centrifuge tube and grown overnight at 37 °C and 7.38 rcf
in an orbital incubator. The culture was then centrifuged for 5 min in
2050 rcf to pellet out the E. coli. LB was removed from the tube and the
pellet was resuspended in 1x PBS. Alternatively, for subsequent exe-
cutions, an extra agar plate was swabbed with the inoculum before
testing and incubated with the test and control plates. E. coli was then
directly swabbed from the extra plate into 2-3 mL of PBS to create a
suspension. For both methods, optical density (ODggo) was measured by
spectrophotometer (Thermoscientific Genesys 50) and adjusted to 0.5
with PBS to create the testing inoculum.

2.3. Cellulose hydrogel beads fabrication

The beads were generated as previously described in Gomez-
Maldonado et al. (Gomez-Maldonado, Ponce, & Peresin, 2022).
Briefly, a 2 wt% nanocellulose suspension was mixed with urea, sodium
hydroxide, and water was added to achieve a final concentration of 12 %
urea - 7 % NaOH at —10 °C. Once a homogeneous solution was formed,
the solution was added dropwise to a volumetric cylinder containing 2 M
nitric acid through a syringe with a 21G 100 (0.8192 mm outer diam-
eter) needle. Once the cellulose was regenerated, the water was
exchanged for fresh ultrapure water until a neutral pH was achieved.

2.4. Preparation of Tollens' reagent and in situ silver nanoparticle
synthesis

The silver nanoparticle synthesis method was adapted from one
described previously in the literature (Wu et al., 2014). Briefly, 10 mL of
0.1 M Tollens' reagent was prepared by dissolving 0.1698 g of silver
nitrate and 50 pL of sodium hydroxide in ultrapure water. Next, 860 pL
of ammonium hydroxide was added to the solution, activating the so-
lution while changing its color from transparent to brown. The solution
was then diluted to a 0.03 M concentration in a 15 mL solution con-
taining 3 cm® of nanocellulose hydrogel beads, 6.5 mL of ultrapure
water, and 4.5 mL of the silver ammonia solution. The beads were left to
impregnate with silver ions in an orbital rotator for 15 h, followed by the
reduction of the silver by immersing them into a water bath at 80 °C for
10 min. The beads were immediately rinsed out with ultrapure water
until no changes in pH or conductivity were measurable, assuring that
the silver content measured was not from residual salts.

2.5. Characterization techniques

2.5.1. Charge density

The amount of charged moieties in the CNMs was evaluated by in-
verse polymer titration. The protocol was adapted from Espinosa et al.
(2016) with the different nanocellulose suspensions being measured 6
times and the results averaged. Briefly, CNFs suspensions at 0.04 wt%
were prepared, 15 mL of the suspension were then mixed with 25 mL of
pDADMAC. The mixture was centrifugated at 2050 rcf for 15 min, then
10 mL of the solution were placed into a Laboratory Charge Analyzer
Chemtrac LCA-1, (Norcross, GA, USA). Titration with PSVK was done
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until the current value was 0, the PSVK volume consumed was used with
the following equation (Eq. 1).

(@DADMAC] *Vp_pabmac ) — ([PVSK]*Vpysk )

Charge density =
Wdry sample

)

where [pDADMAC] was the concentration of the cationic polymer used
and Vp papmac is the volume added. [PVSK] was the concentration of the
anionic polymer, and Vpysk the volume used for titration. Lastly, Wqry
sample Was the weight of the solid content of nanocellulose titrated.

2.5.2. Dynamic light scattering (DLS)

The hydrodynamic radius and zeta potential were investigated by
triplicate measurements of 0.1 wt% suspensions in a Litesizer from
Anton-Paar (Gratz, Austria). For all samples, triplicate measurements
were done using the Omega cuvettes and the default settings for solvent,
approximation model, and reference material.

2.5.3. Fourier transformed infrared spectroscopy with attenuated total
reflectance (FTIR-ATR)

Chemical characterization of the CNMs and formed hydrogels was
done to determine the present functional groups. Samples were analyzed
in a PerkinElmer Spotlight 400 FT-IR Imaging System (Waltham, MA,
US) with a diamond/ZnSe crystal ATR accessory using a resolution of 4
cm ™! and 64 scans. All data was processed with Spectrum 6 Spectros-
copy Software (PerkinElmer, Massachusetts, USA). Normalization to the
lower band (1150 cm™ 1) was done for all the spectra and automatic base
line correction was run to improve comparison capacity of the resulting
bands.

2.5.4. X-ray diffraction (XRD)

To assess the presence of the AgNPs and changes to the hydrogel
bead cellulose, freeze-dried samples were grounded and analyzed in a
RIGAKU Smartlab SE model equipped with Cu Ka irradiation (A = 1.541
A) at 40 kV and 50 mA. Measurements were done at a scan speed of 0.01
s/step, from 5° to 80°, using a 0.5 slit and step speed of 20°/min.

2.5.5. Thermogravimetric analysis (TGA)

Thermal behavior and degradation points of the nanocellulose
hydrogel beads were evaluated. For this, samples were measured in a
TGA Q5000IR from Waters TA Instruments (New Castle, DE, USA). The
samples were heated from room temperature to 600 °C under air at a
rate of 10 °C/min.

2.5.6. Scanning electron microscopy (SEM)

To compare the nanocellulose hydrogel beads morphology and ar-
chitecture, samples were fractured with the aid of liquid nitrogen then
placed onto aluminum stubs and sputtered with gold for 95 s in a Q150R
ES sputter coating device from Electron Micros- copy Sciences (Hatfield,
PA, USA). Images were recorded at 20 kW and working distances be-
tween 7 and 10 mm in a Zeiss Evo 50VP scanning electron microscope
(Oberkochen, Germany).

2.5.7. Inverse gas chromatography (iGC)

The surface area and energy profiles of the freeze-dried beads were
obtained in an iGC Surface Energy Analyzer (SMS, Alperton, UK) and the
data were analyzed using both standard and advanced SEA Analysis
Software. The freeze-dried samples were packed into individual silan-
ized glass columns and the experiment was conducted as described
elsewhere (Gomez-Maldonado, Reynolds, et al., 2022).

2.5.8. Inductively coupled plasma with optical emission spectrometry (ICP-
OES)

For the quantification of the silver content in the nanocellulose
hydrogel beads, samples were prepared according to the EPA (US
Environmental Protection Agency, 1996). Briefly, dried samples were
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placed in 2.5 mL of ultrapure water to obtain a 5 mg/mL suspension.
Then, 12.5 mL of nitric acid (70 %) were added, and the tube was
sonicated in a heating bath for 1.5 h. Lastly, 1 mL of the digested solu-
tion was placed in 39 mL of ultrapure water to obtain a 0.02 % hydro-
lyzed stock for testing. Prior to testing, the samples were evaluated using
DLS to confirm that no AgNPs were present. The samples were measured
in a Spectro ATCOS II Multi View ICP-OES detected at 328 nm with the
detection limit of 0.001 mg/L. Each measurement presented is an
average of 3 integrations.

2.6. Antimicrobial testing

To test antimicrobial properties, E. coli contaminated water at
varying bacteria concentration was flowed through the filtration pack-
ing column, a 3 mL syringe barrel, filled to 13 cm, 26 cm, and 39 cm
height, with either the silver decorated or control nanocellulose
hydrogel beads. A schematic of the testing design is presented in Fig. 2.
To obtain the bacteria, an inoculum was prepared in LB or from plates
and adjusted to 0.5 ODggo with PBS. Afterwards, serial dilutions of the
inoculum were performed to obtain dilutions at 1078, 1077, and 107®
(approx. 0-2 CFU/mL, 5-20 CFU/mL, and 200-600 CFU/mL, respec-
tively). For each packing column, 3 mL were applied by triplicate, with
the last flow-through milliliter collected in a 1.5 mL microcentrifuge
tube for each condition, resulting in 1, 2, and 3 s residency times
depending on the column height. 100 pL of the flow-through bacteria
suspension was collected and plated onto sterile Luria agar plates using
conventional spread plate technique. 100 pL of the diluted bacterial
inoculums were also spread plated for controls. The agar plates were
incubated overnight at 37 °C and colonies were counted after incuba-
tion. Log reduction was calculated (Eq. 2) to determine the antimicro-
bial efficacy, where A is the initial (neg control) colonies and B is the
colony numbers after antimicrobial treatment (flow-through).

Antimicrobial Testing
Method for Beads
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Fig. 2. Schematic of the antimicrobial testing design.
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2.7. Statistical analysis

To examine the impact of the antimicrobial capabilities of different
materials, at different filter heights with different bacteria concentration
on the reduction of bacterial growth a multifactor one-way ANOVA was
conducted. The reduction of bacterial growth was log-transformed to
approach normality (Sokal & Rohlf, 1987). The model was fitted using
source material (3 levels), presence of nanoparticles (2 levels), filter
heights (3 levels), and the CFU initial concentration (3 levels) as fixed
variables. Interactions were included in the model to assess the com-
bined influence of the fixed variables. When a significance difference
between groups was identified (P < 0.05), a post hoc Tuckey HDS was
performed to determine which groups were different. All analyses were
carried out in the statistical software R (R Core Team, 2023).

3. Results
3.1. Nanocellulose suspension properties

To address the first hypothesis “the source material's physicochem-
ical properties would impact the surface area and surface energy of the
hydrogel beads”, the hydrodynamic radius, zeta potential, and poly-
electrolyte consumption -which relates to surface charge density- were
measured for the starting materials and the results are presented in
Table 1. Further characterization of these CNFs can also be found in
previous reports, specifically the softwood (swCNF) (Gomez-Maldonado
et al., 2021), soybean hull (sbCNF) (Iglesias et al., 2021), and oat straw
(0sCNF) (Espinosa et al., 2017).

The swCNF was obtained from Kraft pulp and bleached as they are
industrially done for paper and tissue formation. These presented the
highest residual carboxyl group content and smallest hydrodynamic
radius. The size distribution could likely be linked to the highly
branched structures seen in the atomic force microscopy (AFM) images
(Gomez-Maldonado et al., 2021).

The second highest charge density was for the sbCNF, which also had
the higher zeta potential, this is linked to colloidal stability (Iglesias
et al., 2023). These CNFs had the intermediate hydrodynamic radius,
however, had the lower polydispersity which is most likely benefited by
the shorted fibers observed with AFM (Iglesias et al., 2021).

The osCNF showed a higher hydrodynamic radius but a lowest value
for zeta potential and charge density. The lower zeta potential and long
fibers would consequently tend to aggregate to form compact coiled
fibrils in the suspensions (Redlinger-Pohn et al., 2017).

The difference in these nanocelluloses from different sources gives
some indication of the main properties that could affect subsequent
structure assembly and their properties. For example, degree of poly-
merization, which varies between sources as well as by the processing
done, can impact the mechanical properties after regeneration (De Silva
& Byrne, 2017). Here, this was not measured, but the particle size can
give hints as it was observed in our previous work that decreasing di-
mensions allowed for the use of nanocellulose in the formation of
hydrogel beads (Gomez-Maldonado, Ponce, & Peresin, 2022). This also
allowed for the integration of other polysaccharides as well as other

Table 1
Charge density and DLS data from the raw materials.

Polyelectrolyte Hydrodynamic radius ~ Zeta potential
consumption [peq/g] [nm] [mV]
SWCNF —186 + 24 223 £ 120 —20.2+0.8
sbCNF —129 + 22 318 £ 0.3 —27.0+£0.7
0sCNF —54.7 £ 11 372 £ 54 —14.7 £ 0.2
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polymeric biomass fractions like lignin (results not published).

The presence of functionality on the surface is of interest as it is
expected to impact the surface charge and therefore the reducing ca-
pacity of the cellulose to serve as seeding points for the growth of silver
nanoparticles (Wu et al., 2014). Thus, understanding the physico-
chemical characteristics of the initial CNFs is of high importance for the
valorization of these agri-residues in the development of new effective
products like the antimicrobial hydrogels explored here.

3.2. Nanocellulose hydrogel beads assembly and silver nanoparticle
synthesis

The three CNFs sources used in this study were capable of dissolving
and regenerating under the same conditions to form hydrogel beads.
Using CNFs as starting material allowed the use of agri-residues as
source material rather than the traditional pretreated wood dissolving
pulp, using only mechanical treatment to decrease the degree of poly-
merization instead of chemical (Trygg & Fardim, 2011) or enzymatical
(Qi et al., 2008). This as the dissolution of the cellulose in the cold
NaOH/urea solution is improved by the maximization of surface area,
allowing for more hydrogen bonding between cellulose chains and the
urea (Jiang et al., 2014), even if residues of other biopolymers are still
present in the cellulose suspensions.

A successful reduction of the silver ions added with the Tollens' re-
agent into Ag nanoparticles on the hydrogel cellulose fibers was first
observed by the color change consequent to the plasmon resonance of
the formed nanoparticles (Yang et al., 2016). The swCNF beads
exhibited the highest color change, turning into a deep brown color like
those observed in colloidal silver (Drogat et al., 2011), followed by a
yellow tint to the osCNF beads, and almost no coloration on the wet
sbCNF beads. However, all silver-containing beads showed a brown
color in the dry powders upon freeze-drying. These differences
confirmed the first hypothesis regarding the effect of the initial source in
the properties of the nanocellulose hydrogel beads. Further character-
ization was done to assess which properties changed and to confirm the
relationship between surface charge and silver content.

FTIR spectra was done as a qualitative analysis of the chemical
footprint of the materials (Fig. 3). In general, subtle differences between
the cellulose hydrogel beads were observed, especially in the areas of the
bands around 3000-2700 cm™! corresponding to the C—H stretching
(Fig. 3b) and the C=O region around 1800-1500 cem ! (Fig. 3c). To
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better see these differences, the first derivative of the spectra (Fig. S1)
was obtained to see the changes as peaks and valleys corresponding to
the changes in slopes.

For the cellulose hydrogel beads before AgNP formation, differences
are observable between the bands at 2870-2850 cm ™! and particularly
for the osCNF, a peak in the derivative (Fig. S1b) can be seen at 1760
cm™ L. These differences suggest the presence of residual hemicelluloses
and pectin as they were in the fibrils before regeneration (Fan et al.,
2012).

Once the nanoparticles were formed, the main differences can be
seen in the C—H stretching bands. There was an increase in the intensity
of the bands at 2925 and 2855 cm ™2, as well as the appearance of a
shoulder at 2917 and 2850 cm™!. These bands are most likely linked to
the oxidation of the cellulose and ring opening as a result of the Tollens'
reagent which formed new aldehyde groups (Wu et al., 2014).

XRD spectra were collected to better identify changes in the material
with the growth of the AgNPs (Fig. 4). A broad peak at 21° was observed
for all the hydrogel beads, which is characteristic of cellulose II allo-
morph (Garcia et al., 2021). The apparent low concentration of AgNPs
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Fig. 4. XRD spectra of (a) the beads before and after AgNP formation. The
orange short dashed lines indicate the peak attributed to the cellulose II allo-
morph and the purple long dashed line to the peak at 39° linked to silver
nanoparticles.
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Fig. 3. FTIR-ATR spectra of (a) the beads before and after AgNP formation. (b) magnified images of aldehyde region and (c) carboxyl region.
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on the beads was expected and results, making the identification of
AgNPs peaks rather challenging. However, a wide peak at 39° is clearly
observed, which is attributed to AgNPs and not to adsorbed silver ions
(Yang et al., 2016). Most notably, is the clear increase of signal observed
in the peaks at 12.4° corresponding to cellulose II allomorph. This may
be cause by changes in the crystalline structure of cellulose after in-
teractions with AgNPs, as previously described in the literature (Garcia
et al., 2021).

The peak observed at 27° can be observed in a lower degree in cel-
lulose II spectra (Malgas et al., 2020; Nomura et al., 2020), and do not
seem to be a result of residual silver nitrate (Aziz et al., 2017). In some
hemicellulose, like arabinogalactan, a peak at 27° is also present
(Wibowo & Park, 2022). As the osCNF and swCNF hydrogel beads had
the highest presence of these other biopolymers, the increased intensity
of this peak after the interaction with silver could suggest changes in the
accommodation of the hemicelluloses on the surface, affecting the
crystallinity.

The quantification of silver content in the different nanocellulose
hydrogel beads was done using ICP-EOS (Table 2). These measurements
enabled testing of the study's second hypothesis that higher initial sur-
face charge would increase the reducing capacity, generating more
AgNPs on the regenerated hydrogel beads. The swCNF hydrogel beads
showed the highest amount of silver content with 0.192 mg/L (from the
5 mg/mL hydrolyzed sample), followed by osCNF with 0.172 mg/L and
sbCNF with 0.054 mg/L. This trend matched the ash content measured
in the TGA and visual observations of brown coloration in the samples. It
is worth noting that, as expected, no silver was detected in any of the
unmodified nanocellulose hydrogel beads, indicating that the silver
content was specifically due to the reduction of silver ions on the surface
of the CNFs and not from possible impurities on the water or nitric acid
used.

The thermogravimetric analysis (Fig. 5) of the cellulose hydrogel
beads showed that there is almost no difference between the hydrogel
beads made from swCNF and sbCNF. Conversely, the hydrogel beads
made with osCNF had a lower degradation temperature and a mass loss
after 450 °C that was reported in the original work due to the residual
lignin present in the material (Espinosa et al., 2017). Lower thermal
stability has been linked to lower degree of polymerization and higher
aldehyde content (Agustin et al., 2016). Which could be possible as
agricultural plants had traditionally lower DP than wood fibers (Hallac
& Ragauskas, 2011). Another possible factor affecting is that, as the
swWCNF and sbCNF have lower hydrodynamic radius and higher zeta
potential, they dissolved better in the NaOH/urea, increasing the cel-
lulose II content which also increases the thermal stability of the ma-
terials (Wei et al., 2020). Furthermore, all unreacted CNFs reached close
to 0 % ash content at the end of the TGA experiments.

Once the silver nanoparticles were grown on the fiber surfaces of
nanocellulose hydrogel beads, the onset temperature increased for all
the materials. However, the full degradation of the cellulose, that nor-
mally appears after 400 °C (Wei et al., 2020), presented earlier with the
AgNPs as they can help conduct heat and catalyze the degradation
(Sivaranjana et al., 2017). As the ash content can be linked to the silver
content (Yan et al., 2016), it was of interest to note that the swCNF beads
left behind 12 % ash residue, followed by the osCNF beads with 3 %, and

Table 2
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the sbCNF beads with 2.3 %.

The morphological appearance of the formed nanocellulose hydrogel
beads were observed through SEM images (Fig. 6). These revealed that
all the hydrogel beads presented macro and microporosity, with not a
visible change before and after AgNP formation, confirming that the
process did not break the supra-structure. Evident fiber formation with
the regeneration process can be seen on the walls of the pores, especially
visible for the osCNF and Ag-osCNF (Fig. 6e and f). The sbCNF, both with
and without AgNP (Fig. 6¢ and d) had a thicker external wall, which may
be attributed to the fibers size and low polydispersity in the hydrody-
namic radius, affecting the cellulose regeneration (Gericke et al., 2013).
At the obtainable scale in these images, the presence of the nanoparticles
cannot be assessed.

A better comparison of the morphological differences was obtained
with the measurement of the surface energy and area, seeing the changes
in functional groups and energy profiles that could occur after nano-
cellulose dissolution and regeneration. Table 2 presents the dispersive
surface energy (yd), acid-base surface energy (yab), and total surface
energy (yt = yd + yab), as well as the hydrophilicity index (yab/yt) and
the specific surface area (SSA) of the samples as measured by iCG.

The results of surface energy of the unmodified nanocellulose
hydrogel beads followed a similar trend to the charge density, with
swCNF having the highest surface energy values and osCNF having the
lowest. The hydrophilicity index of the materials was similar, with all
samples presenting values of 0.13-0.14. The SSA of the swCNF and
sbCNF hydrogel beads had the same value despite having a significant
difference in hydrodynamic radius prior to regeneration, and the oSCNF
hydrogel beads had 20 % less surface area.

After silver reduction, osCNF hydrogel beads presented the highest
surface energy, followed by the swCNF. In contrast, sbCNF presented
almost no change in surface energy, consistent with the lower silver
content measured in the ICP. For the SSA, the swCNF hydrogel beads
increased more than double, followed by osCNF with an increase of
about 10 %, and sbCNF presenting no change. This suggests a rela-
tionship between the silver content and the surface area increase, indi-
cating that the silver nanoparticles may have helped open the fibrils
network when nucleating around them and increasing the porosity.

Overall, these results confirmed the first hypothesis, demonstrating
an impact of source material after the regeneration process on properties
such as surface area and surface energy of the resulting hydrogel beads.
Contrary, these findings negate the second hypothesis, as there is no
direct trend between the silver content with carboxyl content nor with
the zeta potential measured values.

Yet, the silver nanoparticles were formed on the nanocellulose
hydrogel beads and differences were measured with the different source
material. The closest relationship that can be deduced from these data is
with the particle size polydispersity of the CNFs before dissolution. As
sbCNF had the lowest variance and the lower silver content while swCNF
had the highest values. The presence of other non-reducing moieties in
the CNFs could also influence the silver formation, as not all carboxyl
groups on the CNF surface may be available for silver ion reduction after
regeneration in the acid baths.

Silver content measured by IOC-EOS, Median (50 % percentile of surface energy) of dispersive surface energy (yd), acid-base surface energy (yab), total surface energy
(yt = yd + yab), hydrophilicity index (yab/yt), and specific surface area of samples.

Ag content (mg/L) Y4 (mJ/m?) Yab (mJ/m?) ¥ (mJ/m?) Yab/ YVt SSA (m%/g)
SWCNF ND 57.79 9.28 67.09 0.14 1.87 + 0.03
Ag-swCNF 0.192 65.63 10.87 76.02 0.14 3.84 + 0.04
sbCNF ND 56.89 8.85 65.74 0.13 1.87 + 0.04
Ag-sbCNF 0.054 59.37 8.61 68.09 0.13 1.87 + 0.01
0sCNF ND 48.70 7.05 55.37 0.13 1.51 + 0.08
Ag-0sCNF 0.172 67.33 12.62 79.95 0.16 1.65 + 0.16

ND = non detected.
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Fig. 5. Thermogravimetric analysis of the beads prior and after silver nanoparticles formation. In (a) the mass loss data is presented, while (b) shows the

first derivative.

3.3. Antimicrobial testing

The last hypothesis was that a higher amount of silver would increase
the antimicrobial capacity of the nanocellulose hydrogel beads in water
samples containing E. coli. This was evaluated by the log growth
reduction of plated bacteria after passing through syringes packed with
different volumes of nanocellulose hydrogel beads. The obtained results
are presented in Fig. 7 and the significant value tables of the statistical
test are shown in the Supplementary Information.

Overall, the presence of the silver nanoparticles was statistically
significant. When the interaction with the materials was done, the sig-
nificance was maintained for the sbCNF hydrogel beads and the swCNF
hydrogel beads but not for the osCNF as in many of the conditions they
do not have a significant difference.

At the lowest concentrations (0-2 CFU) there were less instances
where significance was found; with sbCNF hydrogel beads eliminating
the bacteria even at low material concentrations (13 mm). At the highest
contact time (39 mm), swCNF hydrogel beads also had a significant
reduction of the bacteria. This variability could be expected as higher
error was most plausible at being a yes/no presence test.

At medium concentrations (5-20 CFU/mL), trends started to be
visible. The sbCNF-based hydrogel beads were also the best performing
and significantly outperformed the osCNF and swCNF hydrogel beads at
all filter heights. Here, the effect of the presence of the silver nano-
particles was best seen at the 2 s contact time (26 mm), as all the source
materials were significantly different, but the non-AgNP containing
0sCNF were better than the Ag-osCNF.

At higher concentrations (200-600 CFU), the Ag-sbCNF beads were
significantly different at all filter height, even being able to reduce
almost in their totality bacterial growth (log reduction of 1.6) with only
1 s of contact. The clearest summary of the materials capacity can be
found at 39 mm filter height. There the silver containing sbCNF and
swCNF hydrogel beads were significantly different than their silver-free
counterpart. All source materials were significantly different between
them with sbCNF being the one that performed the best with a 2-log
reduction (100 %).

The results and trends measured in this setup negate the working
hypothesis as the antibacterial capacity of nanocellulose hydrogel beads
did not follow a linear relationship to the amount of silver in each
hydrogel bead. The sbCNF had the lowest silver content but showed the
highest potential for inhibiting bacterial growth, while the swCNF had
the highest silver content but was ranked as the second-best system for
bacterial remotion. The most significant relationship was found between
the total surface energy (y: in Table 2) of the nanocellulose hydrogel

beads and bacterial growth reduction. The hydrogel beads with more
hydrophobic surfaces (lowest hydrophilicity index and lower surface
energy) induced a more prominent reduction in bacterial detection. This
could be attributed to the higher attraction that bacterial surface pro-
teins present with low-energy surfaces. This attraction is reversible as
the bacteria would have relatively low adhesion, allowing for maxi-
mized silver-bacteria contact while enabling the free passage of bacteria
through the filter (Song et al., 2020) or having a sorption effect,
retaining the bacteria in the column. Future work, like running the
bacteria suspension for longer timeframes, could help clearly identify
the main phenomena occurring.

It is also possible that a comparable phenomenon is occurring with
the Ag-swCNF beads, which showed a higher density packing that
permitted more material with high surface area to be placed in the filter.
This would enable relatively slower pass of the bacteria solution,
increasing retention times and permitting the interaction of the bacteria
with the silver nanoparticle regardless of higher surface energy of this
system compared to the sbCNF hydrogel beads (Abebe et al., 2015).
Thus, these findings indicate that the Ag-sbCNF hydrogel beads could
possess the greatest capacity to inhibit bacterial growth or induce
sorption, followed by the Ag-swCNF and Ag-osCNF hydrogel beads,
which could be better suited for other applications with higher contact
times.

4. Discussion
4.1. Silver nanoparticle formation

Despite severe controversy, the use of silver nanoparticles as anti-
microbial agents is still commonly studied due to its effectiveness
against a wide variety of microorganisms, from E. coli to other coliforms
and gram-positive pathogens (Guzman et al., 2012). The research
community and regulatory bodies have some reservations on the use of
this agent for its possible ecotoxicity and non-specific action mecha-
nisms that could lead to cytotoxicity in humans and other fauna. How-
ever, testing in multiple cell lines has shown that no adverse effect at low
concentrations exist (Xu et al., 2018). This is of relevance when strate-
gies for its use limits to the delivery of Ag ions and avoids the liberation
of the full silver nanoparticles (Vishwanath & Negi, 2021), emphasizing
the alignment of the methodology here presented with these safety
considerations.

Moreover, this work demonstrates that local production of nano-
cellulose hydrogel beads can be achieved by using different natural
sources, including wood and agri-residues. Likewise, these hydrogel
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Fig. 6. Scanning electron microscopy images of cryofracture nanocellulose hydrogel beads and insert showing a picture of (a) swCNF, (b) Ag-swCNF, (c) sbCNF, (d)

Ag-sbCNF, (e) osCNF; and (f) Ag-osCNF.

beads have demonstrated to be stable under different pH conditions
(Gomez-Maldonado, Ponce, & Peresin, 2022). That and the inherent
solvent resistance of cellulose give the flexibility to use other green
process to seed and grow silver nanoparticle on the hydrogel beads, even
using reducing agents like plant and animal isolates (Vishwanath &
Negi, 2021). These two factors are of relevance as the need for effective
and affordable water filtration systems are more prevalent in rural and
developing areas.

Using cellulose as scaffolding for the silver nanoparticles also allows
for an ecofriendly and biodegradable approach for antimicrobial filtra-
tion systems (Wu et al., 2012; Xu et al., 2018). As demonstrated herein,
cellulose can be used not only as substrate (Stinson-Bagby et al., 2019)

but also as a reduction agent, tuning the AgNPs content by controlling
the starting CNFs particle size and polydispersity. Another method to
tune silver content is by controlling the initial silver ions diluted to be
reduced in the surface (Wu et al., 2014). While this was not explored in
this work, using different initial concentrations has also been studied in
other regenerated cellulose microspheres prepared using HCl acid as
regeneration media (Wu et al., 2012). Wu's group modulated the silver
content on their microspheres to concentrations between 1.1 and 4.9 wt
%, like the range of the content measured in this work by ash content in
the TGA analysis and ICP.

The use of other reducing agents besides Tollen's reagent such as the
traditional NaBH4 (Yan et al., 2016) could also help promote a more
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Fig. 7. Log reduction of bacterial growth of solutions with increasing CFU/mL using the hydrogel beads generated with different source materials, used for silver
nanoparticle reduction and support, and with different retention times (determined by the filter height). When no CFUs were found, a value of 1 was used to obtain
log10(1) = 0. The symbol “*” mark the parings that were significantly different based on multiparametric ANOVA with Tukey test.

direct relationship between the surface groups and the silver content. In
the reaction scheme explored herein, silver-ammonia complex facilitates
the oxidation of surface hydroxy groups to aldehyde and carboxyl
groups that serve as seeding points (Wu et al., 2014). Thus, it coheres
that the surface availability (SSA) of cellulose regenerated fibers in the
hydrogels, which related to the initial particle size, was the most
important factor influencing silver nanoparticle content. As mentioned,
this reaction scheme was selected as slow ion release was demonstrated
(Wu et al., 2014), lowering the risk of possible collateral toxicity.
However, other chemical pathways that use the existing surface moieties
might yield different results, demonstrating a more direct impact of the
initial surface charge.

4.2. Bacterial removal

As discussed, the most important mechanism of action of the silver
nanoparticle comes from the liberation of the ions to the solution in
which the bacteria and pathogens are present (Guzman et al., 2012).
However, Le Ouay and Stellacci (2015) described the antimicrobial ac-
tivity of the silver nanoparticles as a more complex system that also
involve cell-nanoparticle surface interactions, which are guided by the
zeta potential and stabilizing agents of the nanoparticle. Moreover, the
shape of the silver nanoparticles was also demonstrated to have an effect
in their antimicrobial efficiency and cytotoxicity (Tang & Zheng, 2018).
The nanoparticles generated herein were tightly formed around fibers
that have one or two order of magnitude higher than the expected AgNPs
size (10-30 nm) (Wu et al., 2014). This would have interfered with the
surface contact of bacteria and the AgNPs within the one to three sec-
onds flow path in the packed filter. These short or null contact times
possibly explain why there was not a proportional relationship between
silver content and bacterial growth reduction.

Likely, the most relevant factor driving the bacterial removal after
interactions with the materials studied in this work was their surface
energy. As noted, sbCNF showed the lowest surface energy and higher
bacterial growth reduction. Hydrophobicity on filtration systems have
been linked to enhanced interactions between bacteria and antimicro-
bial agents such as the silver nanoparticles (Ghosh et al., 2019; Song
et al., 2020). Similarly, interactions between CNMs and other systems
such as small molecules have been shown to be linked to a entropic
driven behavior in the hydrophobic face of the structures (Lombardo &

Thielemans, 2019). As demonstrated in this work, the formation of the
cellulose hydrogel beads with different source materials yielded
different surface energies and hydrophobic factors, with the sbCNF
presenting the lowest surface energy. This suggests that the hydropho-
bicity in cellulose-based antibacterial systems should be considered in
the design of new applications, independently of the addition of silver
nanoparticles.

Other research in archived literature suggest that hydrophilic ma-
terials tend to interact with bacteria best due to the higher retention
times (Rabiei et al., 2023; Xu et al., 2018). Although this contrasts with
the findings herein, the well-known amphipathic behavior of cellulose
(Iglesias et al., 2023), and hydrophilicity of the resulting hydrogel
beads, presents the opportunity to develop more mechanistic studies to
develop a better understanding of the surface phenomena responsible
for the bacterial removal of cellulose-silver nanoparticle composites.
The limited contact time of the antimicrobial tests presented in this work
demonstrated the importance of the hydrophobic phenomena in bacte-
rial removal. Other conclusive indications of important phenomena are
limited in this work, factors like the diffusion of silver ions in the
hydrogel, especially when contact times can be considered infinite in the
bacteria lifetime, should also be considered in future experimental
designs.

The versatility of the process presented in this work using cold
alkaline dissolution of cellulose nanofibrils suspensions and subsequent
reshaping in acidic media, allows for the formation of other shapes of
interest such as membranes, fibers, or even 3D printed structures. These
new shapes could be used to maximize contact times between the bac-
teria and silver ions, permitting a deeper understanding of the complex
antimicrobial phenomena. Hence, the generated silver containing
hydrogels from this study demonstrated bacterial remotion capacity and
provided insight into other mechanistic factors like direct contact by the
entropic driven interaction between the silver containing cellulose
scaffold and the bacteria.

5. Conclusions

Overall, this work presents a sustainable antimicrobial system that
could be locally sourced and produced to be used for water filtration.
Herein, different source materials were compared, including wood and
agri-residues, for the formation of nanocellulose hydrogel beads that
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were then used as scaffolds for silver nanoparticles growth and E. coli
elimination. The methods selected here for nanocellulose hydrogel
beads production and silver nanoparticle synthesis demonstrated that
considerations like initial surface availability were the most important
factor in this system. While surface energy and hydrophobicity were the
main drivers in bacterial removal in the packing systems used herein,
where ion diffusion time was limited, thus relying on surface contact for
the inactivation or sorption of E. coli. Alternative approaches to the
synthesis method with plant and animal isolates as reducing agents
might be beneficial to study in further systems as well as more system-
atic studies of surface charge, porosity, and bead size when contact times
are extended to develop a deeper understanding of the mechanism
driving antimicrobial activity on cellulose-silver nanoparticles com-
posites. Future work incorporating dynamic flow simulation tools,
considering osmotic pressures and diffusion rates, as well as live/dead
fluorescent staining assays may also provide a better understanding of
the impact of each condition on the antibacterial properties of the pro-
posed packed column system.
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0osCNF  bleached oat straw nanofibrils
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