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In this study, water-soluble chitosan salts (chitosan amine sulfopropyl salts) were prepared from chitosan
samples with different molecular weights and deacetylation degrees. These soluble-in-water polymer salts
allowed us to produce, in an eco-friendly and facile method, silver nanoparticles (AgNPs) with better control on
size and polydispersity, even at large silver concentrations than their corresponding chitosan sample. Chitosan

salt-based materials (films and scaffolds) were analyzed in terms of antibacterial properties against Staphylo-
coccus aureus ATCC23915 or Pseudomonas aeruginosa ATCC 27853. 3D scaffolds enhanced the effect of the
chitosan-AgNPs combination compared to the equivalent films.

1. Introduction

The antimicrobial activity of silver has been well-known since
ancient times. The earliest evidence of the use of silver for therapeutic
purposes dates back to the Han Dynasty in China; texts from Hippocrates
described the use of silver in wound healing, and silver vessels were used
to make water potable in the Phoenician empire [1-3]. Silver has been
used in the form of metallic silver, silver nitrate or silver sulfadiazine in
treating burns, wounds and different infections. In particular, treating
wounds with silver was common from the 1800s to the mid-1900s.
However, the use of silver and other non-antibiotic treatments dimin-
ished with the discovery of penicillin and other highly effective antibi-
otics against bacterial infection. Today, due to the emergence of
antibiotic-resistant strains, interest in non-antibiotic treatments such
as silver is gaining attention again [4]. Nanosized metallic particles are
unique and can considerably change physical, chemical, and biological
properties compared to bulk materials. Silver nanoparticles have proven
to be efficient antimicrobial entities due to their large surface area-to-
volume ratio [5]. Silver nanoparticle synthesis can be carried out by
physical, chemical or physicochemical methods [6,7]. Physical ap-
proaches include the use of heat, plasma or ultrasound radiation, among
others [8-10]. This approach exhibits high speed and low chemical

Abbreviation: AgNPs, silver nanoparticles.

consumption, but these processes are highly energy-demanding, require
specialized types of equipment, the yields are low and the samples are
highly polydisperse.

The chemical approach needs a metal precursor, a reducing agent
and a stabilizing/capping agent [11]. Most chemical AgNPs production
processes are based on citrate (Turkevich method), borohydride reduc-
tion, Tollens reaction and polyol reaction [6]. Citrate reduction is fast
and cost-effective, but borohydride reduction allows better size and
shape control. Although these methods are more accessible than phys-
ical ones and exhibit large yields, they use hazardous chemicals and the
production of high-purity nanoparticles is difficult since the chemicals
tend to fix the surface of the nanoparticles. Therefore, the synthesis of
AgNPs by chemical reduction of Ag+ is a non-expensive process that
requires using green strategies for biomedical applications to avoid
using hazardous chemicals and solvents. It is possible to find numerous
reports on silver nanoparticle synthesis using stabilizers of natural
origin, such as soybean polysaccharides, chitin, chitosan, heparin and
starch, among others [12-16].

Among them, chitosan is a biodegradable and biocompatible poly-
mer obtained by the deacetylation of chitin, one of the most common
polymers in nature. Due to its natural origin, chitosan cannot be defined
as a ubiquitous molecule but as a family of copolymers of N-
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acetylglucosamine and glucosamine. Chitosan has been used in several
fields, such as biocatalysts, the food industry, biomedicine, pharmacy,
and agriculture [17].

Chitosan is soluble in aqueous acid solution and can be readily
manufactured in different technological forms such as films, micro and
nanoparticles, sponges, threads, or hydrogels for a large variety of ap-
plications [18-22]. In the pharmaceutical field, properties such as
biocompatibility, biodegradability and wound healing make this poly-
mer a molecule of great interest [23]. Chitosan was added to the list of
excipients in the USP in 2011, and it also appears in the EU Pharma-
copeia, boosting the interest in this polymer in pharmaceutical and
biomedical applications [24,25]. However, chitosan has some limita-
tions like its lack of solubility in physiological pH, and therefore, mod-
ifications in the molecule need to be carried out. These chitosan
derivatives are also very promising molecules in the field of biomedical
applications since they are designed to improve chitosan properties such
as water solubility, mucoadhesion or antimicrobial activity, among
others [26-28].

Several reports can be found in the literature exploring the use of
chitosan as AgNPs stabilizer [29,30] or as a reducing and stabilizer agent
[31,32]. The production of AgNPs using chitosan both as a reducing
agent and stabilizer is a complex issue due to the lack of homogeneity in
the results. Chitosan-reducing properties seem to be related to the
polymer physicochemical properties (molecular weight and deacetyla-
tion degree) and the method of the polymer obtention [33,34]. Other
parameters, such as polymer or silver concentration, also affect the final
result since chitosan rendered highly viscous gels or even precipitate in
the presence of AgNOs solutions due to its chelating properties at room
temperature. Some studies have shown that pH plays a fundamental role
in forming AgNPs controlling size, polydispersity and stability [35,36].
Studies showed that acid media produced larger and polydisperse
nanoparticles, and some authors have produced the silver AgNPs using
chitosan suspensions in basic media [37,38]. Another approach is the
use of soluble chitosan derivatives that avoid the use of acid pH. Chi-
tosan hydrochloride salt solutions were not compatible with AgNO3
since AgCl precipitated. Twu and coworkers have tested several chitosan
salts and water-soluble derivatives to produce silver nanoparticles [37].
Depending on chitosan molecular chitosan, chitosan acetic salt and
chitosan nitric salt solutions rendered highly viscous gels in the presence
of AgNOgs solutions at room temperature. N-carboxymethyl chitosan was
water soluble and formed a large insoluble silver chelate after adding
AgNOg solution. Other derivatives have been used to stabilize the silver
nanoparticles once produced by chemical reduction. For instance, tri-
methyl chitosan nitrate has successfully stabilized silver nanoparticles
using glucose as a reducing agent [27]. Although these derivatives
successfully stabilized the nanoparticles, the use of extra chemicals is a
disadvantage from the point of view of simplicity and sample purity.
Furthermore, some processes used for the preparation of chitosan de-
rivatives cost a great deal of time since multi-step processes are needed
in their synthesis (i.e. trimethyl chitosan nitrate, enzymatically pro-
duced low molecular weight chitosan) or the use of energy-consuming
equipment such as ultrasonic bath is needed (i.e. chitosan-poly(3-
hydroxybutyrate); gallic acid-conjugated chitosan) [27,39,40].

Among chitosan derivatives, chitosan salt produced by the reaction
of chitosan and propane sultone is gaining interest in biomedical ap-
plications due to the simplicity of its chemistry, its good water solubility,
its antibacterial and antifungal activities [41], and its antibiofilm
properties [42]. Although this chitosan derivative is identified as N-(3-
sulfopropyl)chitosan salt, recently, a detailed study of the reaction has
determined that the final product depends on the pH of the reaction
[43]. When the reaction is carried out at acidic pH, the product is a
mixture of N-(3-sulfopropyl)chitosan salt (covalent derivative) and
sulfopropyl chitosan salt (ionic derivative) while N-(3-sulfopropyl)chi-
tosan salt is mainly produced at basic media. The ionic derivative is
soluble in water and does not precipitate or form gels in the presence of
silver ions, so it is a potential candidate to be tested as a reducing agent
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and stabilizer in synthesizing silver nanoparticles. Therefore, this paper
aims to evaluate, for the first time, the ability of chitosan ionic sulfo-
propyl salt to produce and stabilize silver nanoparticles by controlling
both size and nanoparticle distribution and to determine their antimi-
crobial activity both in solution and as part of polymeric materials
(scaffolds and films). We hypothesize that chitosan salt may contribute
to the production of stable silver nanoparticles (AgNPs) with controlled
size and polydispersity, particularly when water is used as a solvent.
Moreover, manufacturing AgNP-chitosan in the form of 3D scaffolds
may increase the antibacterial activity compared to AgNP-chitosan films
due to a large surface.

2. Materials and methods
2.1. Materials

Chitosan (CHT1) was kindly donated by InFiQuS S.L. (Madrid,
Spain). Polymer characterization data is shown in Table 1. Propane
sultone, KNOy and AgNOs (purity > 99.0 %) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Methanol, acetic acid and HCI were
purchased from Panreac (Madrid, Spain).

2.2. Chitosan depolymerization

Chitosan was chemically depolymerized with KNO2/HCI to produce
the sample denoted as CHT2 [44]. Briefly, the polymer was dissolved in
HC10.1 M at 1 % w/v overnight, and a freshly prepared KNO, solution in
water (31.36 mM) was added in a volume ratio of 1:27. The polymer
depolymerization was carried out at 37 °C for 30 min. To stop the re-
action and recover the depolymerized chitosan, a solution of NaOH in
water (10 M) was dropped under stirring until a pH of 8-9 was reached.
Finally, the solid polymer was recovered by filtration, it was thoroughly
washed with milli-Q water and dried at 45 °C.

2.3. Chitosan reacetylation

As previously described, Chitosan was reacetylated with anhydride
acetic to produce the sample CHT3 [45]. In brief, chitosan (2 % w/v) was
dissolved in acetic acid 0.1 M and MeOH (ratio 1:1) was slowly added to
this solution. A stoichiometric amount of anhydride acetic dissolved in
MeOH (1 mL) was added to the chitosan-MeOH solution and the reaction
was carried out for 24 h at room temperature. The polymer was
precipitated by adding ammonia dropwise until pH 8 was reached. The
precipitate was thoroughly washed with milli-Q water and dried at
45 °C.

2.4. Chitosan modification with propane sultone

Chitosan samples (CHT1, CHT2 and CHT3) were dissolved in acetic
acid 0.2 M and heated at 60 °C, propane sultone was added to this media
(chitosan amino group: propane sultone molar ratio 1:1), and the
mixture was stirred for 6 h at 60 °C. After that, the mixture was trans-
ferred into a dialysis membrane (MWCO 3.5 kDa), and the samples were
dialyzed against milli-Q water for 5 days changing the media every 12 h
[43]. Chitosan derivatives (CHT1-S, CHT2-S and CHT3-S) were recov-
ered by lyophilization (Telstar LyoQuest 55). In all cases, the recovered
polymers were soluble in water, which indicates chitosan salt formation.

2.5. Polymer characterization

The chitosan acetylation degree was determined by the UV-first de-
rivative spectroscopy method [46]. Chitosan viscosity average molecu-
lar weight (Mv) was determined by viscosity measurements and using
the Mark-Houwink relationship. Chitosan samples were dissolved in 0.3
M AcOH/0.2 M AcONa [47], while chitosan sulphated samples were
dissolved in NaCl 0.1 M [48,49].
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Table 1

Main properties of chitosan and chitosan derivatives.
Sample DA n (dL/g) Mv (kDa) Crl (%) S (%) T max! (°C) H (%) T max 2 (°C)
CHT1 9.0 2.88 £0.17 58 61 - 65.19 10.74 (188.85 °C) 297.00
CHT2 7.0 1.16 + 0.09 18 69 - 62.82 11.11 (179.57 °C) 299.68
CHT3 23.0 1.83 + 0.05 31 62 - 61.63 10.06 (190.45 °C) 292.97
CHT1-S - 0.94 £+ 0.03 67 24 6.36 51.17 9.06 (105.88 °C) 241.01
CHT2-S - 0.81 £ 0.02 58 27 7.06 57.25 9.20 (114.36 °C) 237.57
CHT3-S - 0.30 £+ 0.01 21 22 6.18 60.45 9.59 (115.76°°C) 237.27

DA: Acetylation degree, MV: viscous molecular weight, CrI crystallinity index; S: sulphur content; T max: T determined as maximum in DGT curves. Humidity was
determined as the weight lost at the end of the first weight loss. End-point temperature for humidity is shown in brackets.

X-ray diffraction patterns were obtained using an x-ray diffractom-
eter (PHILIPS X'PERT SW) with a copper anode at room temperature.
The samples were scanned continuously from 5° to 50° 20 angle at 45 kV
and 40 mA. The crystallinity index (CrI) was determined according to
Eq. (1) [50]

1110 — lam,

] =
cr 1110

100 @
where 110 = crystallinity diffraction pattern intensity at 20 = 20° and
Lym = amorphous diffraction pattern intensity at 26 = 16°.

The sulphur content was determined by elemental analysis (LECO,
CHNS-932) at CAI of Elemental Microanalysis at Complutense
University.

ATR-FTIR measurements were carried out using a Cary 630 FTIR
Spectrometer. Samples were analyzed at room temperature in the range
between 450 and 4000 cm ™! with 20 scans.

Thermal analysis of the chitosan samples and the derivatives was
carried out in a nitrogen atmosphere. Thermogravimetric (TG) and
differential (DTG) thermogravimetric studies were carried out with a TA
Instruments SDT Q600 system. All analyses were performed with around
4 mg sample in aluminium pans under dynamic nitrogen (20 mL) be-
tween 25 and 900 °C. The experiments were run at a scanning rate of 10
K/min.

For 'H NMR and !3C NMR analysis, around 10 or 20 mg of the
polymers were diluted in 1 mL of D20 or D,O/DCl, and the spectra were
recorded at room temperature in a Bruker AV 500 MHz system.

2.6. Silver nanoparticle synthesis and characterization

AgNOg dissolved in water (1 mM, 5 mM, 10 mM, 25 mM and 50 mM)
was mixed with the polymer solution (1 %) dissolved in 0.1 M acetic acid
(chitosan) or Milli Q water (chitosan salt). This rendered silver con-
centrations in the polymeric solutions of 0.166, 0.83, 1.66, 4.15 and 8.3
mM, respectively. The mixtures were heated at 90 °C for 5 h and the
formation of AgNPs within the chitosan and chitosan salt solutions was
followed by the appearance of the characteristic Ag exciton peak around
400 nm [33] in a UV-Vis spectrometer (Specord 205, Analityk Jena AG,
Jena, Germany). AgNPs zeta potential was determined by Laser Doppler
Electrophoresis in triplicates in a Nano-Zetasizer system (Malvern Pan-
alytical's, Malvern, UK).

AgNPs morphology and size were evaluated under Transmission
Electronic Microscopy (JEOL JSM 6335F, Tokyo, Japan) while the
crystalline structure was elucidated by Selected Area Electron Diffrac-
tion (SAED) at ICTS National Centre of Electronic Microscopy (Com-
plutense University). TEM images were analyzed with ImageJ software
(National Institutes of Health, USA), and histograms were generated
with Origin Pro 2021 software (OriginLab Corporation, Northampton,
MA, USA). At least 50 representative nanoparticles per sample were
analyzed to produce the histograms.

2.7. Film preparation

Polymeric solutions containing silver nanoparticles (silver

concentration in the polymeric solution was 0.83, 4.15 and 8.3 mM)
were mixed with a genipin solution in water (5 mg-mL™!), and the
mixture was stirred for 10 min. 100 pL of each solution was placed into a
96 multiwell plate, and the films were produced by solvent casting
methodology by allowing the samples to dry at room temperature for 48
h. Films were kept at room temperature in dark conditions until further
assays.

2.8. Scaffold preparation

Polymeric solutions containing silver nanoparticles (0.83 or 8.3 mM
silver concentration) were mixed with a genipin solution in water (5
mg~mL’1), and the mixture was stirred for 10 min. The solutions were
frozen at —80 °C and lyophilized at —50 °C (Telstar LyoQuest 55, Azbil
Telstar, Japan). Scaffolds were kept at room temperature in dark con-
ditions until further assays.

2.9. Silver release

The release of the AgNPs from films and scaffolds in phosphate buffer
saline (PBS) and phosphate buffer at pH 7.4 was evaluated. A known
amount of the film or the scaffold was put in 2 mL of buffer at 37 °C
under orbital stirring (100 rpm). Buffer was completely removed at
different times (1, 2, 3, 4, 6 and 24 h) and fresh buffer was added. The
removed buffer solution was diluted in HNO3 0.1 M and filtered through
a 0.45 mm regenerated cellulose filter (Albet, Relliehausen, Germany)
before silver content determination by inductively coupled plasma mass
spectrometry using an OPTIMA 2100 DV spectrometer (PERKIN ELMER,
Waltham, MA, USA). Each experiment was carried out in triplicates.

2.10. Antimicrobial activity

Minimal inhibitory concentration (MIC) was evaluated in microwell
plates according to CLSI standards [51]. Briefly, the activity of two-fold
dilution amounts of the compounds was tested against ~5-10% cells per
well of either Staphylococcus aureus ATCC23915 or Pseudomonas aeru-
ginosa ATCC 27853 at 37 °C for >18 h in Mueller-Hinton broth (MHB,
Laboratorios Conda, Spain). Those wells with the lowest amount of the
products showing no visible growth (measured at 595 nm in a Biorad
Model 680 microplate reader) were recorded as the MIC. The content of
the wells showing no growth was tenfold diluted in MHB (final volume 2
mL), to dilute 10 times the AgNPs concentration and allow the recovery
of those cells whose growth was stopped but not killed, and incubated at
37 °C and 150 rpm for 18-24 h. After that, tubes with no visible growth
were considered to harbour minimal bactericidal concentration (MBC).

The activity of scaffolds or films was evaluated in triplicate by
including one piece of each type in tubes containing 2 mL. MHB inocu-
lated with 6.25-10° cellsmL™! of either S. aureus or P. aeruginosa.
Growth was visually inspected after incubation at 37 °C for 24, 48 and
120 h in an orbital shaker at 170 rpm. After 24 h, bacterial inhibition in
tubes showing no apparent growth was evaluated by plating tenfold
serial dilutions onto MH plates and incubating at 37 °C for an additional
period of 24 h.

To detect the activity of AgNPs upon release from scaffolds, scaffolds
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were immersed in sterile MHB and incubated at 37 °C and 170 rpm using
Ag" solutions at the same concentration as controls. Samples at different
times (0, 0.5, 1, 1.5, 2, 3, 4, 6, 9 and 24 h) were isolated and assayed in a
microwell assay. 96-well plates were inoculated with ~5.10* bacteria
per well, either with P. aeruginosa or S. aureus and incubated for 24 h at
37 °C and 200 rpm in a SPECTROstar Nano (BMG LABTECH GmbH,
Biogen Cientifica SL, Spain) recording bacterial growth every 30 min.
Growth curves were analyzed using MARS v3.3 (BMG LABTECH GmbH).

In addition, after 24 h of release (24 h), scaffolds were rescued from
tubes, washed with MHB and immersed in fresh MHB to detect the
remaining activity. Released samples were obtained from these tubes
after 24 and 48 additional hours (Samples denoted as “24 N h” and “48
N h”). 24 h, 24 N h and 48 N h samples were assayed as above in trip-
licate, calculating the percentage of inhibition after 10 h of growth
compared to the non-treated control. A two-way ANOVA was performed
to detect statistically significant differences at p < 0.05 using GraphPad
Prism 6.0.

3. Results and discussion
3.1. Chitosan salt production

In this work, a chitosan sample (CHT1) was depolymerized (CHT2)
and reacetylated (CHT3) to obtain three chitosan samples with different

physicochemical properties, as shown in Table 1. These samples were
used as starting material to prepare three sulfonated-chitosan salts
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whose properties are also summarized in Table 1. In Fig. 1A inset, the
typical 'H NMR spectrum from chitosan in D;O/DCl was observed, the
signal at 2.4 ppm was ascribed to acetyl groups, and the signals at
4.0-4.3 ppm were assigned to the H-2, H-3, H-4, H-5, and H-6 of chi-
tosan GluNAC moieties and signal at 3.2 was assigned to H-2 of chitosan
GluN moiety. In the chitosan derivatives dissolved in D50, the signals
occurring at 2.2-2.3, 3.2-3.3 and 4.0-4.1 ppm arose from three kinds of
—CHy on the sulfopropyl group (Denoted with * in Fig. 1A). Sulphur
contents determined by elementary analysis ranged from 6 to 7 % also
confirming the presence of sulfopropyl moiety.

It has been widely reported that chitosan can be modified with
propane sultone to render a soluble derivative identified as N-sulfo-
propyl chitosan [52,53]. However, Heydari et al. [43] have recently
evaluated this reaction in detail, finding that the main product at acid
pH was not the covalent derivative but a salt; since the hydrolysis of
propane sultone, which occurs in acid media, produces negatively
charged sulfopropyl groups that bound to N-sulfopropyl-chitosan chains
producing a mixture of covalently modified chain (around 5 %) and
sulfopropyl salt (around 95 %). To determine in more detail the
composition of the samples produced in this work (sulfopropyl salt,
covalent derivative or mixture of both), exhaustive dialysis (7 days
changing media every day) of the derivatives against a basic media (pH
around 10) was carried out. We analyzed the samples by 'H NMR and
13C NMR to elucidate their composition. In Fig. 1 (B, D), it is clearly
observed the presence of the sulfopropyl chain in our sample (denoted
with * in the figure) before the dialysis in basic media, while these

CHT1-S
Dialyzed ‘ ‘ 22
against basic | ‘ 20
: f18
IECE “ H2-H6 6
‘ ::14
| | 1 ;12
f \‘ i {10
‘ I \‘
g‘ ‘\ }“ ‘\«/\ 38
[ |V | ¥
[\ “/ \ | 4

5.8 5.4 5.0 4.6 4.2 3.8 3.4 3.0 2.6 22! 1.8 14 1.0
f1 (ppm)

CHT1-S f6500
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5500
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media {500
f4000
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M 500

o
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-1000
-1500

100 96 92 88 84 68 64 60 56 52
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Fig. 1. Liquid 'H NMR in D,0/DCl of samples CHT1-S dialyzed against water (A) and basic media (B). Liquid '*C NMR in D,0/DCl of samples CHT1-S dialyzed
against water (C) and basic media (C). Inset in panel A) Liquid 'H NMR in D,0/DCl of sample CHT1.
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signals disappeared in the sample once it was dialyzed against basic
media (Fig. 1 B, D). This indicates that the sulfopropyl group is ionically
bonded to chitosan rather than covalently since under appropriate
conditions was eliminated by dialysis.

These salts were further characterized in terms of composition by
ATR-FTIR (Fig. 2).

The ATR-FTIR spectrum of sample CHT-2 is shown in Fig. 2 as an
example of a chitosan spectrum. The broadband with a maximum at
3360 cm ™! and the shoulder at 3290 cm™! confirmed the presence of
—OH and —NH groups, respectively. The signal at 2871 cm-1 corre-
sponded to —CH, stretching, at 1652 cm™! —C=0 stretching from
amide I, at 1595 N-H bending from primary amide and —CO asymmetric
stretching, the signal at 1425 cm™! was assigned to —CH, bending,
signals at 1053 cm ™! and 1156 cm™! were assigned to C—O stretching,
the signal at 1026 cm™! was assigned to —C—O—C— stretching and
signals at 886 were assigned to C—H bonds. All these bands correspond
with chitosan ones [54].

In the derivatives, new bands appeared, while others were slightly
modified in their position. Modification in the chitosan primary amino
group was shown since the signal at 3360 cm ™! maintained its position
while the signal at 3290 em! disappeared. The band at 2871 em ! of
chitosan was assigned to —CHj, stretching split, and two new bands at
2907 em™! and 2881 cm ™! emerged. Bands around 532-662 cm !
appeared due to the presence of sulphate groups [55,56].

Chitosan salts exhibited lower crystallinity than their corresponding
parent chitosan due to the interaction of the negative charge of the
hydroxyl propane sulfonate chain with the positive charge of the pri-
mary amine group on the chitosan backbone. The chitosan salts were
also less viscous and were soluble in water at least up to 2 % w/v, while
parent chitosan samples were not. Thermal analysis of chitosan and
chitosan derivatives was also carried out (Table 1). For chitosan sam-
ples, weight loss occurred in two stages. The first one showed a
maximum in DTG curves around 61-65 °C. This stage has been related to
the strong affinity of polysaccharides for water molecules. The second
one was observed around 300 °C and has been related to chitosan
decomposition. These data are in good agreement with previously re-
ported data [57]. In the case of chitosan salts, the first stage appeared
around 50-60 °C and the second one around 240 °C. Polysaccharides
usually show a strong affinity for water, and this behaviour was also
observed in the chitosan salts with similar percentages of humidity;
however, while this water was strongly bonded to chitosan and high
temperatures were needed to remove it, in the case of the salts, the water
was removed from the polymer at lower temperatures.

0,06
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3.2. Colloidal AgNPs formation and characterization

The ability of chitosan to produce metallic nanoparticles acting both
as reducing and stabilizing agent is well described in the literature.
However, the control of the AgNPs characteristics, such as nanoparticle
size or polydispersity, depends on the physicochemical properties of the
polymer or even on the method used to produce it, as recently reported
[33]. Therefore, firstly, we evaluated the ability of the three chitosan
samples (parent, depolymerized or reacetylated) to produce the silver
nanoparticles under thermal conditions. The colour of the polymeric
solutions changed from transparent to brownish at low AgNOs3 concen-
trations (0.166-1.66 mM) and to dark grey at higher concentrations
(4.15-8.3 mM), as shown in Fig. S1. The appearance of the AgNPs in the
polymeric solutions was evaluated by following the typical surface
plasmon resonance band (SPR) of the silver nanoparticles that appear
around 400 nm. Symmetrical and narrow SPR band has been associated
with AgNPs with a narrow interval of size and uniform shape [31]. As
shown in Fig. 3 A, when using AgNO3 0.83 mM, a wide absorbance
spectrum was observed in the chitosan sample, which indicates the
presence of large AgNPs and polydispersity. Moreover, no exciton was
observed at higher AgNOs concentration (4.15 mM) (Fig. S2). To
improve the control in terms of AgNPs size and polydispersity, three
water-soluble chitosan salts with different physicochemical properties
(Table 1) were evaluated initially at 0.83 mM. Silver nanoparticle SPR
bands in the chitosan salts solutions in water were clearly observed in
contrast to chitosan solutions (Fig. 3 B), where broader spectra were
observed. We did not find relevant differences in the FTIR-ATR spectra
of AgNps-chitosan and AgNPs-chitosan salt samples that could explain
why the latter can better control the size and polydispersity of the
nanoparticles (Fig. S3). Chitosan derivatives exhibited a different ability
to control silver nanoparticle production. AgNPs produced with sample
CHT3-S exhibited a broad UV-vis spectrum with a maximum absorbance
around 464 nm which indicated that the highly acetylated chitosan
derivative had a poor control in the nanoparticle polydispersity and
large aggregates were expected. On the contrary, AgNPs produced with
samples with lower acetylation degree (CHT1-S and CHT2-S) showed
narrower spectra with a maximum absorbance at 419 and 452 nm,
respectively.

TEM micrographs revealed the presence of spherical nanoparticles
along with some polyhedral nanoparticles whose size and polydispersity
depended on the polymer characteristics (Fig. 3 C-E).

The histograms clearly showed that highly polydispersed nano-
particles were produced when using the highly acetylated derivative in
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Fig. 2. ATR-FTIR Spectra of chitosan (A) and chitosan salt (B).
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good agreement with the wide SPR band (Fig. 3 F, H). Comparing the
samples with similar acetylation degrees, the higher molecular weight
chitosan rendered nanoparticles with a larger size and better control in
terms of polydispersity than the sample with lower molecular weight.
The crystalline nature of the AgNPs was determined from the
selected area electron diffraction (SAED) patterns. An example of the
SAED pattern is shown in Fig. 3 C (inset). AgNPs exhibited concentric
rings in all samples, indicating that these nanoparticles were crystalline.
By determining the spacing between rings, the planes 111, 200 and 311,
which corresponded to FCC crystalline structure, were identified [58].
The zeta potential of the nanoparticles was approximately +40-45 mV
in all samples, which is a good indicator of their colloidal stability.
Sample CHT1-S was selected to further optimize AgNPs production
with silver concentrations in the polymeric solutions ranging from
0.166 mM to 8.3 mM (Fig. 4 left panel). The first point to be noticed was
the ability of the chitosan salt solubilized in water to stabilize the AgNPs,

even at large silver concentrations, as revealed by the presence of the
silver SPR around 415-430 nm with an increment of the absorbance in
the red region as the silver concentration increased. Parent chitosan
could not produce silver nanoparticles with high silver concentration. In
this sample, the solution turned dark grey and no SPR was observed
(Figs. S1, and S2). We tested the formation of AgNPs using the water-
soluble salt dissolved in acetic acid and we observed the presence of
silver SPR but the maximum in the UV-vis spectra slightly shifted to red
compared to the samples in water. This shift was indicative of the
presence of large AgNPs and/or nanoparticle aggregation, indicating
that water is a more appropriate solvent to control AgNPs size and sta-
bility (Fig. S2). The silver concentration did not remarkably affect the
AgNPs' shape (Fig. 4). However, at 8.3 mM a large amount of AgNPs
with particle sizes lower than 5 nm were observed, while this effect was
not observed in the samples with lower concentrations. The AgNPs zeta
potential ranged from +40 to +50 mV in all cases, with no relevant
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differences among AgNPs produced using the three chitosan salt samples
or silver concentration in the range 0.83-8.3 mM (Fig. 4 right panel).
However, at a low silver concentration (0.166 mM), a lower positive
zeta potential of around +8 mV was observed; therefore, they tended to
aggregate as observed in TEM images.

3.3. Chitosan-based nanocomposites

Chitosan salts retained the filming properties of the parent chitosans,
and films loaded with silver nanoparticles were easily produced by
solvent-casting methodology. Films in PBS swelled to a large extent and
were difficult to handle, so to improve their performance, films were
crosslinked with genipin to avoid large swelling. In Fig. 5, the swelling of
the crosslinked films is shown. Films produced with chitosan samples
CHT2-S and CHT3-S samples showed higher swelling values than those
produced with sample CHT1-S sample. The presence of AgNPs in the
crosslinked films with genipin reduced the swelling of the films
compared to the control film (CHT1-S, no silver). A swelling reduction
was also observed when the amount of silver in the film was increased

(from 0.166 to 8.3 mM). This can be explained by considering that
metallic nanoparticles can act as chitosan crosslinkers [40].

Porous chitosan-based scaffolds were also produced by ice template
using polymeric solutions with AgNPs at a concentration of 0.83 or 8.3
mM (Fig. S4).

The release of AgNPs in PBS media from the films and the scaffolds at
pH 7.4 and 37 °C was studied for 24 h. In all cases, the amount of silver
detected by ICP was neglected. Due to the presence of chloride ions in
the PBS media, released AgNPs may precipitate in the form of AgCl, so
silver ions cannot be detected. Therefore, the experiment was carried
out in a phosphate buffer at pH 7.4. At 24 h, the percentage of silver
release from films was 10 %, while the release was 14 % for the scaffolds.

3.4. Antimicrobial properties

Chitosan and some chitosan derivatives exhibit antimicrobial activ-
ity against many microorganisms, which depends on the polymer's
physicochemical properties and the derivatives' chemical nature [17].
The antimicrobial activity of the parent chitosans, chitosan salts and the
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Fig. 5. Film swelling at equilibrium in PBS at 37 °C.

polymeric solutions containing the colloidal AgNPs (0.83 mM) was
tested against Staphylococcus aureus (Gram-positive) and Pseudomonas
aeruginosa (Gram-negative) (Table 2). Typically, chitosan has a larger
antimicrobial activity against S. aureus than P. aeruginosa, which is in
good agreement with our results. Both chitosan and its salts showed
moderate antimicrobial activity against S. aureus and P. aeruginosa,
although in the case of silver concentration MICs and MCBs were lower
than those published previously using chitosan-AgNPs [59]. A possible
explanation supported by previous studies is that antimicrobial activity
is related to the number of sulfopropyl moieties since low chitosan
sulfonated samples exhibited higher activity than high sulfonated ones
[60].

The antimicrobial activity of the different chitosan films was also
tested against P. aeruginosa and S. aureus in Mueller Hinton agar plates.

Table 2

Antimicrobial activity of chitosan, chitosan derivatives and colloidal AgNPs
stabilized with chitosan derivatives solutions against Staphylococcus aureus or
Pseudomonas aeruginosa.

Sample S. aureus P. aeruginosa

MIC MCB MIC MCB
CHT1? 1 2 2 2
CHT2* 1 1 1 4
CHT3* 0.5 1 1 4
CHT1-§" 2 2 2 >4
CHT2-§" 1 2 2 >4
CHT3-§" 0.5 1 1 >4
CHT1-S-AgNPs" 0.5 0.5 0.5 2
CHT2-S-AgNPs" 0.5 1 0.25 1
CHT3-S-AgNPs" 0.12 0.5 0.25 2
CHT1-S-AgNPs” 2.25 2.25 2.25 9
CHT2-S-AgNPs” 2.25 4.5 1.125 4.5
CHT3-S-AgNPs” 0.56 2.25 1.125 9

@ Minimal inhibitory concentration (MIC) and minimal bactericidal concen-
tration (MBC) were calculated on the basis of polymer concentration (mg-mL ).
b MIC and MBC were calculated on the basis of silver concentration (pg-mL’l)A

However, they did not provide conclusive results due to their inability to
maintain a regular shape when overlaid on the agar plate (data not
shown). Therefore, films harbouring 0.42 or 0.83 pmol AgNPs (silver)
were immersed in tubes containing 2 mL of Mueller Hinton broth and
inoculated with S. aureus or P. aeruginosa. Both types of films (0.42 and
0.83 pmol) inhibited the growth of both types of bacteria compared to
the control films without AgNPs after 24 h (Fig. 6). Clear tubes showing
no growth were analyzed by plating 10-fold dilutions on MH plates.
While the number of bacterial cells in either 0.42 or 0.83 pmol AgNO3
solutions was below the level of detection, 0.42 and 0.83 pmol AgNP
films only allowed duplication of the initial populations of P. aeruginosa
or S. aureus cells supporting a bacteriostatic effect for AgNP films.

Chitosan versatility allowed us to produce not only films but also
scaffolds which increased AgNPs exposition to the media. Scaffolds were
prepared from polymer solutions containing a silver concentration of
4.15 and 8.3 mM, respectively. The scaffolds were cut for a final silver
content of 0.17 and 0.83 pmol. Both concentrations inhibited bacterial
growth when assayed against P. aeruginosa or S. aureus, while the
unloaded scaffolds did not (Fig. 7). To detect a bacteriostatic or bacte-
ricidal effect, samples from clear tubes harbouring chitosan, AgNP-
scaffolds or Agt solutions were 10-fold diluted and plated onto MH
medium. The number of remaining cells in 0.83 pmol samples was below
the level of detection, while 0.17 pmol scaffold samples supported a
limited growth 5 orders of magnitude lower than the chitosan scaffold
counts; a fact that would explain that 24 h later (48 h from the beginning
of the experiment) 0.17 pmol scaffold tubes finally showed bacterial
growth (Fig. 7). After 120 h of incubation, no further changes were
observed (Fig. S5). Therefore, using a 3D scaffold enhanced the effect of
the chitosan-AgNPs combination compared to equivalent films previ-
ously assayed.

Scaffolds were immersed in MHB to detect a putative release of
AgNPs from AgNP-scaffolds that could explain their activities. Samples
from the supernatant were taken at different time points and assayed as
indicated in the Materials and Methods section. Preliminary results
showed that supernatants from 0.83 pmol AgNP-scaffolds inhibited
bacterial growth just 30 min after the onset of the experiment (Fig. S6).
Released solutions after 24 h had similar inhibitory activity against
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Fig. 7. Bacterial inhibitory activity of chitosan derivatives-based scaffolds with AgNPs against P. aeruginosa (A) or S. aureus (B) in MHB cultures after 24 h and 48 h of
treatment compared to chitosan scaffold or AgNO3 solutions. White arrows indicate scaffolds inside the tubes.

P. aeruginosa and S. aureus to that of an equivalent AgNOg3 solution
(Fig. 8). In addition, solutions recovered from additional periods of
release (24 and 48 h) in fresh media showed a progressive increase of
inhibitory activity against both bacteria, finally reaching a similar ac-
tivity to that of the AgNOs solution.

All these results together support a fast and long-lasting activity of
AgNP-chitosan scaffolds that could even be reused several times.

4. Conclusion

In this work, for the first time, the ability of a sulfopropyl chitosan
salt demonstrated its ability for the green synthesis of silver nano-
particles. Better control of the morphological properties of the nano-
particles and the use of large silver concentrations than those used with
chitosan was observed, particularly when acetic acid is substituted by
water. This result highlights the potential use of chitosan derivatives in
AgNPs scale-up processes since large silver concentrations in the pres-
ence of chitosan tend to form highly viscous solutions or even gels.
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achieved using 2-way ANOVA (n = 3). Levels of statistically significant differences are indicated as *, p < 0.05; **, p < 0.01, respectively; or ns, not significant. Error

bars represent the standard error of the means.

Moreover, for some applications, the control of AgNPs formation is
crucial, and water as solvent has proved to be more appropriate to this
end. Either films or scaffolds harbouring AgNPs had a bactericidal effect
at low concentrations of silver, thus, increasing the therapeutic index
compared to precedent formulations of silver nanoparticles.
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