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Sustainable Grafting of (Ligno)Cellulose-Based Powders
with Antibacterial Functionalities: Effect of Biomass Type

and Synthesis Conditions

Maria Luisa Testa, Omar Ginoble Pandoli, Claudio Cecone, Enzo Laurenti, Valeria La
Parola, Claudia Vineis, and Maria Laura Tummino*

The problem of microbial resistance to antibiotics makes it necessary to
develop new materials capable of overcoming the resistance to the chemicals
currently used. Herein, the antibacterial properties of modified bamboo
powder are tested and compared with modified cellulose isolated from
soybean hulls. Such biomasses are functionalized in a water solution with
(3-aminopropyl)triethoxysilane to introduce primary amino groups, and two
different functionalization procedures are adopted: the first requires
conventional heating steps, whereas the second implies microwave radiation
use. The main outcomes from the characterizations evidence that the
materials prepared with the thermal treatment are stabler than those obtained
by the microwave-assisted procedure and that bamboo-derived samples react
with the (3-aminopropyl)triethoxysilane through different functionalities other
than hydroxyl groups. Finally, the antibacterial activity measured against
Escherichia coli and Staphylococcus aureus shows that all the functionalized
samples could efficiently remove Gram-positive and Gram-negative bacteria
(removal > 93%). Moreover, active filters are realized by packing the material
powders: when the bacterial inoculum passes through them in a continuous
flow, some differences are observed between cellulose and bamboo-based
materials, but the overall performances show that after 17 min and five
recirculation cycles, both the samples reach an excellent Escherichia coli

removal of about 100%.

1. Introduction

The development of innovative antibacterial materials different
from traditional antibiotics attracts much attention due to the

intensification of antimicrobial resis-
tance by several microorganisms that can
cause sanitary crises, as witnessed by sev-
eral sources and debated both in the re-
search field and among policymakers!!?!
(see, for instance, Goal 3 “Ensure healthy
lives and promote well-being for all at
all ages” of the United Nations’ Sus-
tainable Development Goals). Many an-
tibacterial agents on the market are pro-
duced from inorganic (such as metal
nanoparticles) and nonrenewable sub-
stances. Moreover, commonly used dis-
infectant chemicals such as hydrogen
peroxide and chlorine-based compounds
are even more often insufficient to
fight microorganisms.’! In order to im-
prove efficiency and promote the tran-
sition toward the use of renewable ma-
terials, the research is oriented toward
the development of renewable antibacte-
rial materials, such as biomass-derived
ones.[! This trend is also favored by
the global and urgent necessity of re-
considering the productive paradigms
in all the industrial sectors (biomedi-
cal, energy supply, construction, environ-
ment remediation, etc.) where biomass,
better if wasted, can be exploited as a sustainable carbon-
based raw material, often substituting fossil resources.l> These
greener strategies are again promoted among the United Nations’
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Sustainable Development Goals, in particular, Goal 12: “Ensure
sustainable consumption and production patterns”.

Within this framework, cellulose has recently been used
as a support of bioactive antibacterial compounds. In particu-
lar, quaternary ammonium salts as several bromide derivatives
(DDTMABr, TDTMAB1, HDTBPBr, DDTPPBr) showed their ef-
fective antibacterial activity against Staphylococcus aureus, Es-
cherichia coli, Candida albicans, and Pseudomonas aeruginosa.!**’
However, quaternary ammonium salt functionalization often re-
quires long, multi-step, and resource-demanding procedures,
with the possibility of undesired byproduct formation."!l Ma-
terials containing —N'H, moieties have also demonstrated good
antimicrobial reduction levels.['213] Additionally, metal nanopar-
ticles decorating cellulose, such as the well-known silver (Ag)
and zinc oxide (ZnO), acted as bioactive compounds against
Escherichia coli, Staphylococcus epidermidis, Klebsiella oxytoca,
Salmonella, Shigella dysenteriae, Shigella boydii, and Staphylococ-
cus aureus.1*1°1 Recently, some of us have described the excellent
antibacterial properties of aminopropyl waste cellulose-derived
materials.[?! In that work, waste cellulose first underwent an ex-
traction process from soybean hulls, and then a functionalization
step was carried out to introduce aminopropyl groups. The op-
timization of the functionalization conditions was addressed by
tuning the molar ratio of reagents, the solvent and the operating
temperature. The more toxic toluene initially used as a solvent
was successfully substituted by the more compatible ethanol, de-
creasing the synthesis temperature. That study was considered
a starting point for developing cellulose-based materials that can
be employed as antibacterial surfaces, textiles and filters for water
depuration treatments. Despite this, some critical issues for sus-
tainable production of these materials needed to be addressed. In
fact, the synthetic procedure involved the use of organic solvents
at their reflux temperature, implying non-negligible production
costs (energy and raw materials).

In the current study, in view of the functionalization proce-
dure optimization, water was used as a substitute for ethanol as
an even greener solvent, and microwave (MW) irradiation was
proposed as an alternative energy source to conventional ther-
mal heating. Indeed, microwave-assisted methodologies are re-
cently being applied to synthesize materials as low-energy im-
pact procedures.!?!?2l MW irradiation is rapid and allows homo-
geneous heating of the reaction mixture, with the advantages of
high penetration, high speed, good radiation uniformity and low
thermal inertia.[?*?*] In particular, in the presence of lignocellu-
losic matter, it has been reported that the heating mechanism
of microwave treatment involves dipole rotation and ionic con-
duction: lignocellulose-based materials absorb microwave energy
due to the interaction between the polar molecules and the mi-
crowave electromagnetic field.[?*]

Another issue presented in the previous study!?’! was the elab-
orate procedure requested for cellulose isolation, consisting of
the preliminary extraction of peroxidase followed by acid/basic
treatments. With the scope of developing a sustainable produc-
tion process, in terms of energy, raw materials and costs, bam-
boo powder without pretreatments has been used herein as the
substrate for the functionalization of aminopropyl groups. Bam-
boo was chosen since it possesses a more complex composition
(i-e., richer in lignin and hemicellulose than pristine soybean
hulls), serving as a more representative material for a more com-
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prehensive range of available lignocellulose-based biomass types.
Bamboo -considered a giant grass- is widely studied in the litera-
ture as a sustainable, biodegradable and abundant material that
is employable in different sectors, such as in the construction
field, energy production, environmental remediation and food
and biotechnology industries.[-2] Exploiting bamboo as a lig-
nocellulosic resource is also advantageous because of its inex-
pensive cost, fast-growing and role in CO, sequestration (carbon
negative strategy).[*>3°! Moreover, such biomass is disseminated
worldwide, mainly in tropical and subtropical countries where
water sanitization and antibacterial treatment are important top-
ics that have a high social impact on poor communities. More
in detail, bamboo is a lignocellulosic source material with vari-
ous chemical and bio-macromolecular compositions depending
on the species and genera. On average, the composition varied
for holocellulose 45-85% (cellulose and hemicellulose), lignin
17-32%, total extractives contents 2-13%, and ashes content 1—
6%.311 The bamboo-based lignocellulose biomass’s excellent me-
chanical and physical properties rely on the crystalline cellulose
contents, hierarchical structure, and highly oriented 3D vascular
bundles,**) making bamboo a suitable natural resource for de-
veloping new hybrid materials and related microfluidic devices
with catalytic and bioactive properties.333¢] Regarding decon-
tamination applications, for the first time in 2015, Kuan et al.
prototyped a bamboo-based analytic platform to create a cheap
and user-friendly point-of-care (POC) for chemical and bacterial
detection in drinking water.3”] Successively, surface deposition
of copper-based metal-organic framework (MOF199) was con-
ducted on bamboo timbers to add new water-proof properties and
antibacterial activities against E. coli and S. aureus.*®) Li et al. im-
mobilized silver nanoparticles (Ag-NPs) into the bamboo vascu-
lar bundle for environmental applications in Chinese river and
lake water remediation.[* In the form of powder, bamboo was
functionalized with chitosan and zinc oxide to confer antibacte-
rial properties. /404

In this work, a MW-assisted amino-functionalization proce-
dure has been carried out on waste soybean hull-derived cellulose
(as a reference) and bamboo powders using a water solution as a
reaction medium. The so-prepared samples were compared with
the corresponding samples synthesized by conventional thermal
processes. All the materials were characterized in-depth. In or-
der to verify the degree of functionalization, elemental analy-
sis, thermogravimetric analysis and infrared spectroscopy were
carried out. Differential scanning calorimetry was used in ad-
dition to thermogravimetry to investigate the thermal behavior
of the materials. The structural and surface composition of the
materials were addressed by X-ray diffraction and X-ray photo-
electron spectroscopy, respectively. The morphology of the mate-
rial was investigated by scanning electron microscopy. Finally, to
understand how the synthetic approaches used could influence
bioactivity, antibacterial tests on both Gram-positive and Gram-
negative microorganisms were performed. Moreover, thinking
of a possible application for scaling up the system for wastew-
ater treatments,[*?] the most promising materials were selected
for simulating filters for water depuration and, thus, subjected to
antibacterial tests under continuous flow.

Summarizing the various aspects taken into account so far, the
key points related to the (ligno)cellulose amino-functionalization
procedures that were adopted in this research are associated with
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the use of i) water as a unique solvent, ii) microwave as an alter-
native energy source, and iii) bamboo as a biomass exploited in
its raw form. Moreover, the potentiality of the prepared hybrid
materials to fight bacteria in water without the aid of nanoparti-
cles or traditional antimicrobial substances (antibiotics, chlorine,
etc.) represents another big advantage.

2. Experimental Section

2.1. Biomass Powder Types and Functionalization Procedure

The isolation of cellulose from soybean (Glycine max) hulls has
been detailed previously: the product obtained after protein ex-
traction and acid/basic hydrolysis resulted in a sufficient degree
of cellulose cleanness after the removal of the other major hull
components (hemicellulose and lignin).?"! Bamboo powder, in-
stead, was obtained from a 4-year-old bamboo Dendrocalamus gi-
ganteus Munro collected from the botanic garden at PUC-Rio,
Brazil, whose complete characterization can be found in recent
papers.3*3] In terms of composition, the bamboo powder herein
employed showed the presence of cellulose, hemicellulose and
lignin at 22%, 30% and 16%, respectively, plus some ashes and
other minor components.

In a classical synthesis procedure inspired by the previ-
ous work,?l a mixture of soybean hull-derived waste cellu-
lose (W) or bamboo (B) powder (1 g) and 1.5 mL of (3-
aminopropyl)triethoxysilane (APTES, 95%, Sigma-Aldrich) was
refluxed in distilled water (20 mL) at 80 °C overnight. The mate-
rial was filtered in vacuo and dried for 2 h at 100 °C. The prepared
materials were labeled W1 and B1 for waste cellulose and bam-
boo precursors, respectively. Alternatively, APTES (1.5 mL) was
added to a mixture of soybean-derived cellulose or bamboo pow-
der (1 g) in water (20 mL) and the mixture was placed inside a
conventional household microwave set at a power of 180 W, op-
erating for 20 cycles (20 s on, 10 s off) with a total irradiation time
of 6.40 min. The obtained products, labelled W_MW and B_MW,
were filtered in vacuo and dried for 2 h at 100 °C. When necessary,
further comparison with commercial cellulose as a reference was
reported (Cellulose Fibers, medium, Sigma Aldrich).

2.2. Compositional and Physical-Chemical Characterization

Elemental analysis (C, H, N, S) was performed on pristine sup-
ports (B and W) and all the functionalized samples with a Thermo
Nicolet FlashEA 1112 Series (Waltham, MA, USA) instrument.
One of the main parameters considered was the Nitrogen content
(% wt), as an indicator of NH,-functionalization. The stability of
functionalization was verified by washing the powders in deion-
ized water two consecutive times (with each step of soaking and
stirring lasting 3 h). After each period, a portion of the solid was
separated and dried to be subjected to elemental analysis and to
quantify the residual N amount with respect to the initial N value
of non-washed samples.

The X-ray photoelectron spectroscopy (XPS) was conducted us-
ing a VG Microtech ESCA 3000 Multilab (VG Scientific, Sussex,
UK), equipped with a dual Mg/Al anode. Un-monochromatized
Al Ka radiation at 1486.6 eV was utilized as the excitation source.
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The binding energies were referred to Cls energy, arising from
adventitious carbon, based on a previous calibration at 285.1 eV.
Peak analysis was performed with the CasaXPS§ software (Version
2.3.18PR1.0).

Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectra were recorded with a Thermo Nicolet iZ10 spec-
trometer (Milan, Italy) equipped with a Smart Endurance (ZnSe
crystal) in the range 4000-650 cm™! with 32 scans and 4 cm™!
band resolution. Diffusion reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) (Vertex 70, Bruker Optics, Ettlin-
gen, Germany) was employed in the 4000-400 cm™! range with
128 scans and 2 cm™! band resolution.

The morphology of samples was investigated by using an
EVO10 Scanning Electron Microscope (Carl Zeiss Microscopy
GmbH, Germany) with an acceleration voltage of 20 kV. The
samples were coated with a sputtered 20 nm-thick layer of gold
through a Quorum Q150R ES Plus Sputter Coater (chamber con-
ditions: 20 Pa of rarefied argon).

X-ray diffraction (XRD) analyses were performed using X-ray
diffraction (XRD) measurements on a Bruker-Siemens D5000
X-ray powder diffractometer (Bruker AXS, Karlsruhe, Germany)
equipped with a Kristalloflex 760 X-ray generator and a curved
graphite monochromator using Cu Ka radiation (40 kV/30 mA)
in reflection mode (Bragg-Brentano geometry). A proportional
counter and 0.05° step sizes in 26 were used. The assignment
of the crystalline phases was based on the ICSD powder diffrac-
tion file cards (PDF 00-056-1718). In order to evaluate differences
in crystallinity among the different samples, the crystallinity in-
dex CI (%) was calculated through the tools in OriginPro 2023
software. The peaks due to crystalline cellulose and amorphous
cellulose were added to perform deconvolution (Gaussian func-
tions). Then, the CI (%) was determined according to the follow-
ing equation (Equation 1):[43#4]

CI (%) = % % 100 (1)

where Sc represents the area of the crystalline domain and St the
area of the domain in the range 10-30 ° 26, respectively.

Segal and co-workers!*] developed another method for finding
the CI (%), taking into account only one reflection of cellulose I
lattice (200), which appears at around 26 = 22.5°. In this method,
crystallinity was calculated by comparing the (200) peak intensity
to that at the minimum between the (200) and (110) peaks (the
height is measured approximately at 18 °).

The average crystallite size was calculated by means of Scher-
rer’s equation (Equation 2) applied on the (200) peak (typical of
cellulose diffractograms).

_ Kia
" Pcosd

(2)

where d = coherent diffraction domain size, 4 = the wavelength
of the X-ray source applied, g = the reflection width (26), 6 = the
Bragg angle and K = the shape constant.

The thermal characteristics of the samples were studied by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). TGA analyses (TGA 1 Star System of Mettler
Toledo, Schwerzenbach, Switzerland) were conducted on about
10 mg of sample that was brought from room temperature to

© 2024 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

95UB01 7 SUOLULLOD 9AIIE1D) 3[cedldde au Aq peusenob afe e VO ‘85N JO Sa|nJ 1oy Akeuq1 18Ul JUO A8]IA UO (SUOTIPUOD-PUe-SWLBIL0D" A 1M ARe.q 1[Bu 1 [UO//:SIY) SUONIPUOD PUe SWIS | 8L 88S *[202/TT/vZ] Uo ARiqiauluo As(im * dnois HND - oulwwin | eane et A 0T.00vZ02 NSPe/Z00T 0T/10p/Lod™A8|im Aleiq1pui|uo//sdny wouy pspeojumod ‘0 ‘9812992


http://www.advancedsciencenews.com
http://www.advsustainsys.com

ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

100 °C, left at this temperature for 30 min and then heated to
1000 °C at a rate of 10 °C min~' in 30 mL min~! of nitrogen
flux. Derivative thermogravimetry (DTG) was employed to iden-
tify the temperature of maximum mass-loss rates. Differential
scanning calorimetry (DSC) was carried out with a DSC calorime-
ter (Mettler Toledo 821e, Schwerzenbach, Switzerland) calibrated
by an indium standard. The DSC cell was flushed with N, at 100
ml min~'. The run was performed in the temperature range 30—
500 °C, at the heating rate of 10 °C min~! and the mass sample
was about 5 mg. STARe Software was used to process the result-
ing data.

2.3. Antibacterial Tests

The antibacterial activity of the biomass-based samples was
tested following the ASTM E 2149-2013 procedure “Standard test
method for determining the antimicrobial activity of immobi-
lized antimicrobial agents under dynamic contact conditions.”
The bacteria were Escherichia coli ATCC 11229 (Gram-negative)
and Staphylococcus aureus ATCC 6538 (Gram-positive).

The bacteria were grown in a nutrient broth (Buffered peptone
water for microbiology, VWR Chemicals) for 24 h at 37 °C. The
Dbacteria concentration was measured with a spectrophotometer
and diluted into a sterile buffer to give a 1.5-3.0 X 10° CFU mL™"
working dilution. This bacterial inoculum was put in contact with
the antibacterial agent (cellulose/bamboo powder) under shak-
ing at room temperature for 1 h using the standard antibacterial
powder:inoculum ratio of 1 g:50 mL. After this time, 1 mL of in-
oculum was diluted 1000 times and plated in Petri dishes with
yeast extract agar (Sigma Aldrich). The Petri dishes were incu-
bated at 37 °C for 24 h and subsequently, the surviving bacteria
colonies were manually counted and compared to the initial bac-
teria concentration of the inoculum to calculate the % bacterial
reduction using this equation (Equation 3).

(A — B) x 100

Reduction (%) = i

G)
where: A = number of viable microorganisms before treatment,
B = number of viable microorganisms after treatment. The stan-
dard deviation of the antibacterial tests calculated on three repli-
cates has been determined <10%.

W1 and B1 were also tested in different conditions, namely a
continuous mode, letting the inoculum of Escherichia coli con-
tinuously flow through the antibacterial samples. The setup was
composed of a peristaltic pump (Millipore), Tygon tubing (Merck,
Germany) and a sterilized plastic filter holder (25 mm inter-
nal diameter, Sartorius Stedim Biotech GmbH, Germany). W1
and B1 powders were uniformly distributed between two disks
(25 mm) of filter paper Whatman Grade 1 (Sigma Aldrich, parti-
cle retention of 11 pm). The sandwich containing the antibacte-
rial sample (200 mg for W1 and 80 mg for B1) was placed in the
filter holder. The explanation of the different amounts of powder
used for W1 and B1 is reported in the Results and Discussion
section. After setting the filter holder loaded with antibacterial
agents at the extremity of the pump equipment, 20 mL of the
E. coli bacterial inoculum, prepared following the same ASTM E
2149-2013 procedure, was pumped from the reservoir at 5.4 mL
min~! flow rate in the system. Approximately every 3 min, 1 mL
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Figure 1. Representation of antibacterial tests conducted in a continuous
flow, where A) shows the preparation of the active filter and B) the overall
setup.

Filter holder

Bacterial inoculum

of inoculum was taken from the reservoir and pleated in yeast
extract agar. The inoculum was cycled in the system, letting the
entire volume of bacterial inoculum (diminished over time of the
withdrawn aliquots) pass through the filter five times for a total
of ca. 17 min. For the sake of clarity, the trial setup is reported in
Figure 1.

3. Results and Discussion

3.1. Composition and Stability

The functionalization of the bamboo and cellulose has been con-
firmed by XPS, thanks to the presence of the peaks at 103 and
399.5 eV due to Si2p and N1s photoemissions.[*! N1s binding
energy values are typical of the amino group. The lower N/C ra-
tio (see Table 1) than Si/C might indicate the leaching of some
lateral NH,-containing moieties during the grafting process or
the reversed or folded configuration of APTES molecules, caus-
ing the XPS nitrogen signal attenuation by the limited electron
mean free path.[*”~*] Comparing N/C ratios from XPS (more re-
lated to surface composition) with those obtained from CHNS
(Table 1), in the case of W1 and W_MW, it is possible to see that
the two values are coherent (starting W-cellulose does not contain
N). Contrarily, bamboo-derived samples intrinsically contain ni-
trogen also in bulk (reference bamboo N/C = 0.006) and B_MW
achieved a lower functionalization degree than B1.150]

Regarding stability, the lowest total leaching values after two
washing cycles were observed for the samples prepared with

Table 1. Chemical composition data from XPS and CHNS analyses and
Nitrogen leaching degrees after two washing cycles.

Sample N/C N/C Si/C Cls Total N
(CHNS) (XPS) (XPS) leaching
W1 0.01 0.01 0.07 286.3 (82%) 38%
288.8 (18%)
W_MW 0.01 0.01 0.09 286.2 (66%) 48%
288.5 (34%)
B1 0.04 0.02 0.10 286.7 (71%) 24%
288.3 (17%)
290.2 (12%)
B_MW 0.02 0.01 0.08 286.5 (81%) 43%
288.3 (13%)
290.2 (6%)
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Figure 2. Spectra recorded in A) ATR-FTIR, B) DRIFT modes; C1s region of materials from XPS for C) W-series and D) B-series. In (A), reference cellulose

indicates the commercial fibrous cellulose sample.

the conventional thermal procedure. It has to be underlined
that, after the first washing step, the release continued to the
greatest extent in the presence of B_MW (21%), whereas the
other specimen leaching was limited to a maximum of 14%
(bare bamboo has also been subjected to the release of the
inherently present nitrogen). It has been previously assumed
that the APTES molecules most prone to be desorbed are the
monomeric species, whereas a firmer anchoring has been at-
tributed to self-condensed silanes.[**>!] Moreover, the lower ef-
ficiency of MW-assisted synthesis can be attributed to the low
temperature reached in the adopted conditions, <80 °C.[52-4]
ATR-FTIR of W- and B-derived samples are illustrated in
Figure 2A. For W-series, the main signals, typical of cellulose,!?°]
are: i) the band in the wavenumber range of 3400-3200 cm™
(assignable to O—H and, when present, N—H stretching), ii)
the peaks at 2970 and 2840 cm™! (related to —CH, asymmet-
ric and symmetric stretching vibrations), and iii) the prominent
band in the spectrum region 1200-950 cm™ (attributable to
C—0, C—0—C of pyranose ring skeleton and C—OH groups).
The peak positioned at about 1630 cm™! is due to adsorbed wa-
ter, whereas between 1450 and 1230 cm™!, there are the char-
acteristic signals of other —CH, and C—H deformations. At ca.
900 cm™?, the B-glycosidic linkage signal appears.>! For the func-
tionalized samples, the small shoulder around 1560 cm™! has
been assigned to the N—H bending of primary amines!?’! and
it is consistent with APTES attachment. The bamboo absorp-
tions are more complex and, regarding the spectral regions al-
ready analyzed for W-celluloses, presented these differences: i)
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a smoother band in the —OH/—NH region at high wavenum-
bers (due to different hydrogen bondings, i.e., given by pheno-
lic portions!®®l), ii) broader peaks related to methyl and methy-
lene groups (3000-2750 cm™!) and carbohydrate region (1250-
950 cm™'). From 1800 to 1200 cm™!, the bamboo powder sample
showed its peculiar series of signals that, according to previous
works,’”>8] are non-conjugated carbonyl stretching at 1730 cm ™,
conjugated carbonyl stretching at 1640 cm™~! and aromatic skele-
tal vibration at 1600, 1505 and 1460 cm™!, typical of lignin and
hemicellulose. It is possible to observe a reasonable indication of
the grafting occurrence in correspondence to the disappearance
of the peak at 1736 cm™' for B1 and B_MW. This fact allowed
us to hypothesize that C=0 groups are further points of attack,
other than cellulosic hydroxyls, during the bamboo reaction with
APTES.

DRIFT spectra were also recorded to search for other partic-
ular discrepancies among the samples (Figure 2B), since such
a spectroscopical technique, often applied to powders, implies
a diffusely scattered light derived from multiple reflections of
incident radiation within the sample.®) In general, the absorp-
tion positions of both ATR and DRIFT correspond to the same
functional groups.[®! The peculiar points that can be first no-
ticed in DRIFT spectra of the W-series regard the region at high
wavenumbers. The sample W_MW has a sharp peak at 3433
cm™!, with respect to the “flatter” and doubled band of W and W1.
Such signal modification can represent the transformation of the
hydrogen bonding network, and it can be associated with an in-
crease in crystallinity, which goes hand in hand with the intensity
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Figure 3. X-ray diffraction patterns for W1, W_MW, B1 and B_MW.

enhancement of the vibrations at 1430 cm™! and 1370 cm1.[61:62]
In the case of bamboo-derived samples, the main peak at 3440
cm™! for B1 and B_MW was shifted compared to the bare bam-
boo powder, again suggesting modifications to the hydrogen
bonding network after amino-functionalization. Regarding the
evaluation of grafting procedure success, the carbonyl peak at
1737 cm™! completely disappears in B1, whereas it remains as
a shoulder in B_MW, confirming ATR results and the hypothesis
of APTES interaction with carbonyl groups. Furthermore, around
1560 cm™!, the bare bamboo spectrum has a valley that changes
its rounded shape in functionalized samples, probably due to the
amino group presence.

In order to investigate the functional groups more deeply, the
C1s regions acquired by XPS for different powders are displayed
in Figure 2C,D. Both W- and B-materials showed the main peaks
at ca. 287 eV, typical of the C—OH bond, and at ca. 288 eV, ascrib-
able to O—C—O0 bonding!*®! (see Table 1 for percentage values).
Additionally, bamboo-derived samples possessed the peak related
to —C=0 (290 eV).[63)

3.2. Microstructural, Thermal, and Morphological
Characterization

XRD patterns of samples resemble crystalline cellulose type 18,
with the main peaks at 14.5°, 16.5°, 20.5° and 22.5° 26 attributed
to the planes (1-10), (110), (102) and (2 0 0) respectively, and
an amorphous component (Figure 3).

Through the deconvolution method, the CI (%) for W1 was
61% and, for W_MW, it was 69%. The CI (%) obtained with the
Segal estimation was higher, >85% (as often occurs with this
method*]). For B1 and B_MW, as reasonable, the amount of
non-crystalline components was more significant®’** and the
microwave effect seemed inverted: B_MW reached a CI (%) value
of 43%, whereas for B1 it was 48% (a trend also confirmed
using the Segal method). Some considerations concerning the
lack of a trend could be made, ascribing it to a different inter-
action of the two biomasses towards microwaves. In general,
it has been reported that, in the presence of oxygen-containing
species like cellulose, microwaves can influence the C—O bond
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length at lower power and hydroxyl groups at higher power.[%°]

Sadeghi-Shapourabadi et al.,l®] who studied nano-fibrillated cel-
lulose from potato peel waste, assumed that microwaves, in ad-
dition to the elimination of non-crystalline components, can in-
duce the hydroxyl groups of cellulosic chains to form intramolec-
ular and intermolecular hydrogen bonds. Such bonding hin-
ders the free cellulose chain movements, favoring the creation
of an orientation and, therefore, increasing the crystallinity val-
ues. This phenomenon has also been reported for bamboo-based
materials,[®”] but what we observed in this work can be more
related to the modification of the complex matrix of bamboo
formed by different components!®® and the type of cellulose
chain arrangement. Indeed, Wang et al. noticed that the struc-
ture of bamboo cellulose was altered by microwave treatment,
resulting in the transformation of cellulose from the crystalline
region to para-crystalline,[®”) where paracrystalline cellulose has
been defined as a non-equilibrium intermediate structure be-
tween amorphous and crystalline states.”"] Furthermore, crystal-
lite sizes for W-derived samples were estimated at about 4.5 nm
and for B-series ca. 3 nm, which are in good agreement with the
literature.5771-73]

Thermal analyses were carried out by both TGA and DSC tech-
niques (Figure 4).

It is possible to notice that W1 and W_MW TGAs were al-
most superimposable before 400 °C and started their degrada-
tion at higher temperatures than other samples. The phenom-
ena visible in the DTG occurring between 250-300 °C, especially
in bamboo-derived samples, can be attributed to the presence of
other biomass components, especially hemicellulose.l”*”*] The fi-
nal weight loss percentages were: 87% for W-cellulose, 85% for
W1, 83% for W_MW, 77% for bamboo powder B, 62% for B1 and
71% for B_MW. The differences between these values correlate to
the silicon-based functionalization moieties and to the presence
of the non-cellulosic portion, which caused the formation of char
and ashes in a nitrogen atmosphere, increasing the residue at
1000 °C.I7677]

Regarding DSC outcomes, all the main heat exchange events
correlated to carbohydrates and lignin were centered in the 354—
364 °C range. From the inspection of the shapes of the calorimet-
ric curves, the peaks of W1 and W_MW are well-defined as typi-
cal cellulose powders, even sharper than the original W sample.
The enthalpy obtained from the area integration of W1 peak at
363 °C was higher than W_MW (278 vs 204 ] g7!), and the water
evaporation-related peak within 150 °C was more pronounced for
W_MW (the accessibility to water has been related to the amor-
phous fraction!”®)). This double evidence may lead to hypothe-
sizing a lower crystallinity for W_MW, in contrast to the above-
presented XRD and DRIFT elaborations.

The thermal-induced phenomena in the presence of bamboo-
derived samples are less intense than in the W-samples and dis-
tributed along a wider range of temperatures since they underlie
the heat exchanged by different bamboo components. In the case
of B1, a significant event related to water evaporation (centered at
ca. 80 °C) took place, and exothermic peaks were recorded after
250 °C, differently from the other specimens. These two observa-
tions can be related, respectively, to the greater presence of amor-
phous regions!”®l and to the predominance of the depolymeriza-
tion reactions at the expense of amorphous parts, also influenced
by the highest presence of APTESI">#% (see Table 1). Again, these
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Figure 4. A) TGA and DTG profiles. B) DSC results.

results apparently contradict the XRD CI(%) determination if we
compare B1 and B_MW behaviors.

Although the discrepancies emerging from XRD and DSC re-
sults do not allow the formulation of a solid hypothesis regarding
the effect of microwaves on the crystalline structures of the exam-
ined biomasses, they give the opportunity to discuss the reasons
for these outcomes. The two techniques exploit completely differ-
ent physical-chemical mechanisms and are obviously conducted
in different conditions, one among all, in terms of operating
temperatures. Going into detail, DSC phenomena for cellulose-
based samples involve an overall thermal degradation, not only
at the expense of the crystalline fraction. A critical point arising
from XRD evaluation, instead, is the presence of small crystal-
lites, which are plausibly incorporated into the amorphous contri-
bution through the common fitting procedures,/’>#!! potentially
causing misinterpretations. Moreover, in the case of XRD, the
original dataset must undergo manipulation (graphic elabora-
tion, peak fitting, etc.).

The issues related to a nonunivocal crystallinity determination-
firstly, the lack of absolute crystalline and amorphous standards-
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have already been expressed in a recent paper by Salem et al. B!l

who compared XRD-based methods with Nuclear Magnetic Res-
onance, Raman, Infrared and Sum-Frequency Generation spec-
troscopies.

From SEM analyses in Figure 5, the fibers of soybean-derived
cellulose samples (W, W1 and W_MW), with median length dis-
tribution centered between 30 and 40 um and width of 5-10 pym,
did not show morphological differences in dependence on the
functionalization treatment. The cemented regions were already
detected in the previous paper and ascribed to residual soybean
hulls” matrix components.[2*#2] Bamboo-derived samples (B, B1
and B_MW) are characterized by the presence of bundles of fibers
with lengths in the order of magnitude of some hundreds of mi-
crometers and diameters for single fibers of about 15-30 pm. Ar-
eas of “disordered” and non-fibrous matter have also been de-
tected (see, for instance, the bottom part of the image related to
sample B), as well as metaxylem vessels with reticulate and pit-
ted thickenings (see the central area of the figure with sample
B1).3283] Although parenchymal cells are typical of the structure
and, thus, of the morphology of bamboo, they have been revealed

N T sgim

Figure 5. SEM images of various samples at the same magnification (scale bar = 40 um); in the inset of the sample B_MW, a micrograph at higher

magnification of the sample has been reported.
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Table 2. Reduction of Escherichia coli and Staphylococcus aureus, operated
by different samples under study, following the ASTM E 2149-2013 proce-
dure.

Bacterial reduction [%)]

Sample E. coli S. aureus
Reference cellulose?) 15 0
w2 52 0

B 0 0
W1 100 99.5
W_MW 100 99.5
B1 100 98.6
B_MW 100 93.8

E)
) Reference cellulose and W values are taken from.[20]

by this SEM exploration only in the case of B_MW, probably be-
cause the microwave treatment caused a certain separation from
other matrix components®#1 and a higher exposition of these
tissues. Starch granules in the parenchyma cells are presented in
the micrograph inset of sample B_MW.[#¢]

3.3. Antibacterial Activity

Data in Table 2 summarize the antibacterial efficiencies of all
the materials examined. Reference cellulose and W values come
from,[?) and it is worth briefly recalling that the activity of bare
W cellulose against E. coli was attributed to residual polypheno-
lic substances, typical of soybean hull composition and eventu-
ally freed/exposed after the isolation procedure. Contrarily, the
bamboo powder alone did not demonstrate any activity toward
both strains. This result is interesting since the real effective-
ness of bamboo fibers’ non-extracted polyphenols in removing
or resisting microorganisms is debated in the literature.[-%]
Polyphenols are, indeed, well-known antioxidant and antimi-
crobial substances exploiting hydroxyl groups’ action.®®! Their
antimicrobial activity principally occurs by destroying mi-
croorganism cells and, subsequently, inhibiting intracellular
functions.[*!

Table 2 also shows that, in general, the functionalized biomass
samples reached an excellent degree of bacterial removal. The
mechanism that rules such activity must be searched in the func-
tion of amino groups as cationic sites, therefore following a recog-
nized pathway: i) adsorption and penetration into the negatively-
charged bacterial cell wall; ii) reaction with the cytoplasmic mem-
brane (lipid or protein) leading to membrane destabilization;
iii) release of intracellular low-molecular-weight substances; iv)
degradation of proteins and nucleic acids; and v) wall lysis caused
by autolytic enzymes.29] Nevertheless, the presented results
also reveal that the removal of E. coli was complete for all the ma-
terials under examination, while for S. aureus, a minimal bioactiv-
ity decrement was observed. This slight difference is ascribable
to the diverse bacterial cell membrane compositions of Gram-
positive and Gram-negative strains. Indeed, Gram-negative bac-
teria cell walls are composed of thin peptidoglycan layers, sur-
rounded by an outer membrane containing lipopolysaccharides,
whereas Gram-positive bacteria are devoid of an outer membrane
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but are surrounded by thicker layers of peptidoglycans.?*l These
characteristics can lead to different microorganism’s susceptibil-
ities to antimicrobial agents.

All considered, the grafting procedure applied in this work
was confirmed as a valuable method to obtain strong antibac-
terial materials. This statement can also be sustained by tak-
ing into account previous attempts:(?] all the chosen synthesis
conditions, namely changing the solvent and the biomass types
and using microwaves, still led to highly efficient materials. On
an earlier occasion,?’l the performances of our aminated cel-
luloses were compared to other cationic celluloses (functional-
ized with quinolinium!®! or phenanthridinium!®®! silane salts
and peptides!®’)), standing out for their optimal activity against
Gram-negative and positive strains, even in exiguous quantities.
Further validation of the interesting performances of our mate-
rials can be found by deepening the most recent literature sce-
nario. Carvalho et al.l®®! pointed out that suspensions of amino-
modified cellulose nanocrystals (prepared by tosylation and sub-
sequent reaction with ethylenediamine) showed a limited bacte-
ricidal effect against S. epidermidis and E. coli. Serizawa et al.l>”)
enzymatically amino-functionalized nanocellulose and further
added ethylenediaminetetraacetic acid (EDTA), obtaining mate-
rials capable of destabilizing the cell wall of E. coli but not of
S. aureus. Regarding the functionalized bamboo, chlorocholine
chloride/urea (CIChCl-urea) was used by Ye et al.1%! as a deep
eutectic solvent to achieve cationized bamboo fibers. The solvent
of CIChCl-urea partially removed the bamboo non-cellulosic sub-
stances and the obtained material exhibited bacteriostatic rates
of 75.5% and 72.7% toward E. coli and S. aureus, respectively.
Szadkowski et al.,[1%] instead, prepared hybrids of APTES onto
bamboo fibers (using toluene as the reaction solvent) and did not
notice any antibacterial activity against E. coli, S. aureus, and B.
subtilis.

In order to make a step forward in our research, cellulose and
bamboo-derived samples prepared through the thermal method,
namely W1 and B1, were selected as the best materials in terms
of performance and stability to be adopted in antibacterial exper-
iments conducted under continuous flow. They have been used
in different amounts, given the different physical packing capaci-
ties of the powders, to avoid leaching from the sample holder. W1
amount was 200 mg, whereas the employed B1 mass was 80 mg.
Moreover, the two powders have slightly different bulk densities
(comprised between 0.22 and 0.26 g cm~3, not far from the litera-
ture results(192-1%]), Considering these premises and the fact that
the contact time was proportional to the void volume of the pow-
der sandwiched between paper filters, the contact between the so-
lution containing bacteria and B1 was more prolonged than in the
case of W1. Although this factor, W1 kinetics of bacterial reduc-
tion was faster, indicating that the concentration of antibacterial
agent was fundamental in the first moments of this process (see
Figure 6). However, after only 17 minutes, E. coli removal action
was complete for both materials, corroborating their outstanding
performances and their applicability in filters for water decon-
tamination. According to the studies reported in,[?! indeed, an-
tibacterial tests performed by both reducing the functionalized
powder amount up to 10000 folds or by reusing materials that
partially lost nitrogen showed that the decontamination ability of
the NH,-grafted cellulose-based materials could be retained even
in more severe conditions.
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Figure 6. Five-cycle continuous flow tests of W1 and B1 against Escherichia
coli.

Certainly, the partial nitrogen loss makes the activity of these
materials attributable, at longer times, to both heterogeneous and
homogeneous phenomena, needing further optimization stud-
ies. However, imagining a possible impact of APTES release, it
has been found that this reactant is relatively safe in terms of
cytotoxicity.!1277:10]

4. Conclusions and Perspectives

In this work, starting from pre-existent knowledge, soybean hull-
derived cellulose and non-pretreated bamboo powders were func-
tionalized with APTES (bearing aminopropyl groups) to impart
antibacterial properties and evaluate the impact of different kinds
of biomass as substrates. Moreover, with respect to previously
adopted syntheses, the aminopropyl groups were grafted in water
as a unique solvent, either following a thermal-based procedure
(heating at 80 °C) or using microwaves as the energy source.

Despite the advantages in terms of time, energy, and cost de-
mand associated with using microwave radiation instead of the
conventional thermal route, the physical-chemical characteriza-
tions showed a higher instability of the samples prepared us-
ing the MW-assisted procedure (higher leaching of nitrogen). In-
deed, this methodology needs condition adjustments and opti-
mization to exploit all potentialities. Regarding the differences
seen in correspondence with the use of diverse biomass sub-
strates, it was possible to hypothesize that bamboo powder re-
acted with the grafting agents using functionalities other than
hydroxyl groups (i.e., carbonyl), brought about by hemicellulose
and lignin. Other differences related to the bamboo complex ma-
trix were detected in thermally induced behavior (from TGA/DSC
outputs) and morphology (from SEM investigation).

The antibacterial trials performed on Gram-negative and
Gram-positive strains (E. coli and S. aureus, respectively) showed,
in general, bacterial reductions comprised between 93% and
100%. The action mechanism of the prepared materials was elu-
cidated and attributed to the ability of amino groups to destabilize
bacterial cells. Moreover, moving forward to a possible applicative
upscale, the tests carried out using the powders as filters for wa-
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ter decontamination in a continuous flow demonstrated that the
cellulose-based sample was able to reach a total bacterial reduc-
tion against E. coli in the first minutes, whereas functionalized
bamboo required 17 min. The reasons could be related to the fil-
ter packing conditions that allowed a lower presence of bamboo-
derived powder and, therefore, a lower availability of -NH, moi-
eties.

To summarize, employing amino groups to functionalize dif-
ferent (ligno)cellulosic materials in even greener synthetic con-
ditions has been revealed to be a convenient tool for developing
novel and efficient antibacterial hybrids, as also evidenced by the
comparisons with other studies. Efforts need to be made to in-
crease the stability of such materials while maintaining mild syn-
thesis conditions and to understand their biocompatibility for ap-
plication in real waters. However, the strategies employed in this
study, also thanks to previous investigation findings, can be fur-
ther applied to the creation of other bioactive materials, such as
antibacterial fabrics.
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