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a b s t r a c t
One of the most important self-defense strategies employed by bacteria to resist the action of antibiotics is a bioﬁlm formation upon the infected surface. Thus, there is an urgent need to explore novel candidates that have potent antibacterial and anti-bioﬁlm effects to tackle this challenge. In this endeavor, we have transformed shrimp
shell wastes to N-methylated water-soluble chitosan thiomer (MWSCT) which was used as either a chelating
agent or bio-reductant and capping agent for Ag(I) ions in the preparation of a Ag(I)MWSCT complex or silver
nanocomposite (Ag(0)MWSCT), for targeting antibacterial and anti-bioﬁlm applications. The antibacterial and
anti-bioﬁlm performance of the new methylated chitosan thiomer (MWSCT) and its silver architectures (Ag(I)
MWSCT, Ag(0)MWSCT) were assessed in vitro against E. coli and S. aureus. These new materials have signiﬁcant
capacities to synergistically inhibit the proliferation of the targeted bacterial cells and bioﬁlm formation, in a
structure- and species-dependent manner. Ag(0)MWSCT emerged as the most potent compound in inhibiting
the growth of bacterial strains (MICE. coli/ MICS. aureus = 0.05/ 0.34 μg/mL, 1.6-/ 2.5-times lower than that recorded
for the clinical drug (ciproﬂoxacin, Cipro). Also, this nanocomposite showed the highest anti-bioﬁlm effects (only
1.7% E. coli bioﬁlm growth; 11.8% staphylococcal bioﬁlm growth).
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Fighting bacterial colonization and bioﬁlm formation (self-secreted
extracellular polymeric matrices comprising exopolysaccharides (EPS),
DNA, and lipid) remains a major challenge in many domains including
the medical, environmental, and industrial ﬁelds [1,2,3]. Bioﬁlms can
frequently establish on living tissues, synthetic biomaterials (such as
urinary catheters, dental implants, and arthro-prostheses) and abiotic
solid surfaces, causing serious health and environmental problems
[1,2,3]. Meanwhile, the embedding of bacterial pathogens in bioﬁlms alters their behaviors comparing to planktonic bacteria, such as acquiring
high resistance to antibiotics and stress coupled with the host's immune
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defense [4]. Several innovative strategies have been developed recently
to combat bioﬁlms. One strategy exploits self-secreted ingredients of a
bioﬁlm to damage bioﬁlms through attacking its EPS matrix, nevertheless, this strategy could not kill bioﬁlm-inducing bacterial cells [5,6,7].
Another strategy is to utilize nano-scaffolds to deliver antibiotics to
the core of bioﬁlms allowing them to freely access and affect bacterial
cells resulting in their death and bioﬁlm eradication [8,9]. This strategy
offers an opportunity to minimize antibiotic dosage required for bioﬁlm
extermination. However, the reliance on traditional antibiotics in this
strategy may foster the onset of acquired antibiotic-resistance. Another
more recent strategy is to design novel smart antimicrobial materials
that have the capacity to kill bacterial cells and destroy bioﬁlms because
of their prominent bioactivity [10,11,12,13].
Amongst these antimicrobial materials, silver nanoparticles (AgNPs)
occupy a forefront as potent antimicrobial agents that exhibit broadspectrum toxicity against diverse microorganisms. Moreover, AgNPs
have a lower propensity to induce bacterial resistance in comparison
with traditional antibiotic treatments [14,15,16]. Hence, AgNPs have
been broadly used in therapeutic catheters, prosthetic cardiac, and
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orthopedic devices [17,18]. Furthermore, it was reported that AgNPs exhibited some potential as anti-bioﬁlm agents [19,20,21]. Interestingly,
the antimicrobial efﬁcacy for AgNPs is greatly depending on particle
size. Many researchers reported that AgNPs with sizes N20 nm are not
optimal for the antimicrobial applications [22]. Whereas, AgNPs of particle sizes ≤20 nm were recognized as the most potent antibacterial
nanoparticles due to their ability to directly interact with bacterial
cells [23]. Nevertheless, the biomedical applications of AgNPs are often
disappointing due to the ease of their oxidation and agglomeration
into bulky particles or ﬁbers, resulting in the loss of their biological features along with the acquisition of harmful properties for the environment and human health [24,25]. Thus, searching for safe, smart, and
innovative stabilizers for wrapping AgNPs is an important issue to address these challenges. Enveloping of AgNPs is an excellent technique
to preserve and boost their features as it increases the stability of
AgNPs and decreases their agglomeration. Furthermore, this wrapping
technique is important to block the cytotoxic action of AgNPs toward
living cells.
Despite several organic and inorganic coating materials which have
been used to stabilize AgNPs, the biodegradable biopolymer, chitosan,
and its derivatives have been proven to be more effective in stabilizing
AgNPs and maintaining their morphological properties which play pivotal roles in their antimicrobial action [26,27]. Particularly, watersoluble chitosan (WSC) is considered as the most attractive bioactiveencapsulating agent where the aqueous-solubility of WSC enhances its
digestion, absorption and thus bioavailability [28]. Furthermore, the
therapeutic potentials of WSC such as an antimicrobial [29,30], anticancer agent [31], antioxidant [32,33] etc., were emphasized. Furthermore,
the silver-tagged chitosan nanocomposites were demonstrated excellent antimicrobial performance [34,35].
The aforementioned prominent facts coupled with our ongoing interest in searching for promising chitosan-based pharmaceutical materials [36,37,38] motivated us to design a facile and efﬁcient protocol for
the green synthesis and bio-functionalization of AgNPs (≤ 20 nm) mediated by N-methylated water-soluble chitosan thiomer (MWSCT) to give
novel MWSCT-based Ag(I) complex (Ag(I)MWSCT) and silver nanocomposite (Ag(0)MWSCT) for targeting antibacterial and anti-bioﬁlm
applications.
2. Experimental section
Details for the chemicals and different analytical techniques used for
the comprehensive characterization of as-synthesized materials were
described in the electronic supplementary material (ESM). Moreover,
extraction of chitosan from shrimp shell and its controllable degradation into low molecular weight chitosan (LWMC), N,N-dimethyl
water-soluble chitosan (DMWSC), N,N,N-trimethyl water-soluble chitosan (TMWSC) and N-methylated water-soluble chitosan thiomer
(MWSCT) were also given in ESM.
2.1. Synthesis of Ag(I)MWSCT complex
To a hot solution of MWSCT (0.1 g, 0.65 mmol of thiol group) in
50 mL of ethanol containing a few drops of ammonium hydroxide, a
hot solution of silver(I) nitrate (0.11 g, 0.65 mmol) in 25 mL of deionized (DI) water was added dropwise. The Ag(I) complex was precipitated immediately from the reaction mixture as a gray precipitate.
Then, the solution was stirred at room temperature (RT) for 1 h. Thereafter, the Ag(I)MWSCT was collected by ﬁltration, washed with cold
ethanol followed by Et2O and dried in vacuo. Yield 83%.

60–65 °C and the acidity of this solution was adjusted to pH 5.0 using
1% AcOHaq. Then, a hot solution of AgNO3 in DI water (10 mL, 1 mM)
was slowly added to MWSCT solution under vigorous stirring. A gradual
change in the color of the reaction mixture from pale yellow to dark yellow and eventually to reddish-brown was observed upon the gradual
addition of AgNO3 to the thiomer solution. The reaction was further
stirred under reﬂux conditions for 1 h to ensure completeness of reaction. The resulting reddish-brown suspension of the nano-composite
was centrifuged and Ag(0)MWSCT was collected and dried in vacuo at
50 °C. Yield 34%.
2.3. Antibacterial studies
The bacterial species used in this work, Staphylococcus aureus
(S. aureus, ATCC 29737) and Escherichia coli (E. coli, ATCC 10536) were
obtained from the National Organization for Drug Control and Research
(NODCAR), Cairo, Egypt. All bacterial species were grown aerobically in
a nutrient broth (NB; Difco) containing sterile glycerol (50%) kept at
−70 °C. These strains were sub-cultured twice in NB and incubated at
37 °C for further use.
2.3.1. Agar well-diffusion (AWD) method
The antibacterial performance of synthesized MWSC thiomer
(MWSCT), its silver derivatives (Ag(I)MWSCT, Ag(0)MWSCT) and ciproﬂoxacin HCl (Cipro) (positive control) were assessed for their capacity to inhibit the growth of broth cultured E. coli and S. aureus using the
agar well-diffusion (AWD) method [40]. Three different concentrations
of the materials (25, 50 and 150 μg/mL) were tested against the pathogenic bacterial strains. 20 mL of the nutrient agar was poured into Petri
dishes and left to solidify, thereafter, wells were constructed using gel
puncture and ﬁlled with three different concentrations of the tested
compounds (30 μL) in three different wells. The zones of inhibition
(ZOI, mm), the clear zone around the wells (see Fig. S1), were measured
as a marker of antibacterial activity.
2.3.2. Colony forming unit (CFU) method
The antimicrobial activities of MWSCT-based silver architectures (Ag
(I)MWSCT, Ag(0)MWSCT) and Cipro were screened against E. coli and
S. aureus by the CFU method. This experiment was performed using a
set of three test tubes for each sample. In the foremost tube, a mixture
of nutrient broth (NB) (10 mL) and bacterial culture (1.0 mL) was
added. The second test tube (treatment tube) contains a mixture of
NB (10 mL), bacterial culture (1.0 mL), and a solution of the tested sample (50 μg/mL). The last test tube was ﬁlled with a mixture of NB
(10 mL) and a sample (50 μg/mL). Then, 3 mL suspension from each
sample was diluted to produce an operating (growth control) suspension of 19.3 × 106 and 21.5 × 106 CFU/mL for S. aureus and E. coli, respectively. Thereafter, all test tubes were incubated under shaking for 24 h at
30 °C. Afterward, 20 μL of each diluted suspension was added to the agar
medium and kept in an incubator at 37 °C for 24 h. Then, the CFU/mL for
each plate was examined using the plate count method. The percentage
of bacterial colonies reduction (R%) was calculated by the following
equation (Eq. 1):
R% ¼

BCCT −BCTT
BCCT

ð1Þ

where BCCT and BCTT are the number of bacterial colonies in growth control and treatment test tubes, respectively.
2.4. Determination of MIC

2.2. Synthesis of Ag(0)MWSCT nano-composite
MWSCT‑silver nano-composite was synthesized according to earlier
reported work [39] with a slight change. Brieﬂy, 0.1 g of MWSCT
(0.65 mmol of thiol group) was dissolved in 50 mL of DI water at

The minimum inhibitory concentration (MIC), the lowest concentration blocking the growth of visible bacterial cells at the bottom of well,
of MWSCT-based silver architectures (Ag(I) MWSCT, Ag(0)MWSCT)
and Cipro against E. coli and S. aureus cells was determined by a standard
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serial dilution experiment in a 96-well microtiter plate. Brieﬂy, ninefold serial dilutions (starting from 32 μg/mL) of MWSCT and its silver
derivatives were prepared in Mueller-Hinton broth (MHB) and transferred to a 96-well plate (50 μL/well). Afterward, the overnightcultivated bacterial culture was diluted with MHB to ~106 CFU/ mL
and then 50 μL of each diluted culture was added to each well. Thereafter, all plates were incubated for 24 h at 37 °C before the estimation of
MIC values which determined macroscopically by comparison of the
bacterial growth in the tested wells to the growth control (pure untreated bacterial culture).
2.5. Anti-bioﬁlm study
The anti-bioﬁlm assay of the new compounds was carried out according to our previously reported work [41] with slight modiﬁcation. Brieﬂy,
ﬂat-bottom 96-well microtiter plates coated with aqueous sample solution (10 μg/mL, 30 μL/ well) were left to dry overnight at 37 °C. DI water
was used as a negative control. S. aureus and E. coli were cultivated on
tryptic soy agar (TSA) overnight at 37 °C. Then, a few colonies of each bacterial species were suspended in a tryptic soy broth supplemented with
2% glucose (TSB). Thereafter, the suspension was vortexed for 60 s and
its optical density at 600 nm (OD600 nm) was adjusted to be 0.08 which
is matching for ~107 CFU/ mL. Afterward, 200 μL of the diluted bacterial
suspensions were added to each pre-coated well. Non-inoculated TSB
medium was served as a growth control. Eventually, plates were incubated at 37 °C for 24 h. Subsequently, quantiﬁcation of bioﬁlms was performed using the crystal violet staining protocol [42]. Brieﬂy, the plates
were rinsed three times with phosphate-buffered saline (PBS, pH =
7.4) and air-dried. Then, each well was stained with crystal violet solution
(0.1% (v/v), 200 μL) at RT for 15 min. Afterwards all wells were washed
three times with PBS, and then 200 μL of ethanol were added to each
well and incubated at RT for 30 min to solubilize the dye. Finally, the absorbance was measured using a microplate reader at 600 nm.
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by a multi-range test Tukey's. All results were presented as mean ±
standard medium error and signiﬁcance level was considered with P
values b0.05.
3. Results and discussion
3.1. Chemistry
Multiple integrated thermochemical processes including
deproteination, demineralization, deacetylation, oxidative degradation,
N-methylation, and thiolation were followed to convert shrimp-shells
wastes into low molecular weight chitosan (LWMC), N-methylated
water-soluble chitosan (MWSC) and N-methylated water-soluble chitosan thiomer (MWSCT) (Schemes 1). Initially, shrimp-shells wastes
were reﬁned into chitin (Ch) which undergoes partial acetylation
forming chitosan, followed by oxidative degradation mediated by
H2O2 to form LMWC [37].
Then a water-soluble N,N,N-trimethyl derivative of LMWC (MWSC)
was obtained by quaternization of chitosan using dimethyl carbonate
((CH3)2CO3) as N-methylation reagent in 1-butyl-3-methylimidazolium
chloride ([bmim]Cl) ionic liquid [43]. Afterward, the MWSC was subjected to an indirect thiolation process by reaction with thiourea in an
acidic medium under microwave condition to form the isothiouronium
ion intermediate, followed by microwave-assisted alkaline-hydrolysis
to generate MWSCT [44].
Then, the as-synthesized N-methylated chitosan thiomer was used
as either a chelating agent for Ag(I) ions to prepare the Ag(I)-chitosan-thiolate complex (Ag(I)MWSCT), or as a reducing, stabilizing, and
capping agent for elemental nanosilver Ag(0) in the synthesis of Ag
(0)-chitosan-thiomer nanocomposite (Ag(0)MWSCT) (Schemes 2).
The newly synthesized materials were characterized using different
spectroscopic and microscopic techniques.
3.2. Structural characterizations

2.6. Statistical analysis
The SPSS 20.0 software (SPSS Inc.) was used for all statistical assessments. Data were analyzed using one-way variance (ANOVA) followed

The molecular weights (Mw) of those chitosan derivatives were estimated from the intrinsic viscosities ([η]) values, for their aqueous
CH3COOH/ NaCl solutions at 25 °C, based on Mark–Houwink–Sakurada

Scheme 1. Consecutive reaction pathway for the preparation of chitin, chitosan, LMWC, MWSC and MWSCT.
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Scheme 2. Protocol for biofunctionalization of silver motifs with N-methylated water-soluble chitosan thiomer (MWSCT).

(MHS) equation [45]; [η] = k.Mα where η intrinsic viscosity, k =
1.81 × 10−3 (cm3/g) and α = 0.93. Table 1 shows the intrinsic parameters (viscosity ([η]), molecular weight (Mw), elemental analysis (EA),
degree of aceylation/quaternization (DA/DQ) and degree of substitution
(DS) of chitosan derivatives).
The FTIR spectra of LMWC, MWSC, MWSCT, Ag(I)MWSCT, and Ag(0)
MWSCT (Fig. 1), offer initial evidence for the success of our synthesis
protocol in obtaining the new desired materials. The main characteristic
peaks for LMWC were observed at 3463, 1653, and 1581 cm−1 attributable to the stretching vibrations of O\\H and N\\H, amide I (C=O),
N\\H bending (NH2) and amide II, respectively [41,46]. On the other
hand, the disappearance of the N\\H absorption band at 1592 cm−1 in
the spectrum of MWSC conﬁrms the replacement of H-atoms in the
amino group by the methyl group and quaternization of the N-atom of
LMWC [47]. Thiolation of MWSC to form MWSCT is evident by the
emergence of new absorption bands at 2685 and 638 cm−1 in the spectrum of MWSCT, corresponding to S−H and C−S stretching vibrations
of thiol group [39,44]. Compared to the FTIR spectrum of MWSCT, the

spectrum of the Ag(I)MWSCT complex exhibits the majority of main
peaks of MWSCT, nevertheless, a slight peak-shift and/or peakweakening were observed in a few peaks. For instance, a decrease in
the broadness and intensity of the O\\H peak coupled with its slight displacement (~3460 cm−1) proves the involvement of the –OH group in
complexation with Ag(I) ions. Meanwhile, disappearance of the S\\H
absorption band (2685 cm−1) coupled with a C\\S peak-shift
(~635 cm−1) and the emergence of a new peak at 538 cm−1 due to

Table 1
Intrinsic physicochemical parameters of chitosan derivatives.
Compd.

[η]
(mL/g)

Mw
(KDa)

CS
LMWC
MWSC
MWSCT

502.76
21.83
36.56
40.69

713.6
24.5
42.6
47.8

EA (%)
C

H

N

S

40.63
40.95
49.35
43.64

7.12
7.20
8.05
7.53

7.31
7.35
6.29
5.21

–
–
–
22.8

DAa

DQb

DSc

24.3
25.1
–
–

–
–
12.8
–

–
–
–
1.49

a
The degree of acetylation (DA) was calculated from elemental analysis (EA) according
to the following equation (Hu et al., 2007): DA = [(C/N − 5.14)/1.72] × 100%.
b
The degree of substitution (DS) was calculated from the sulfur content (S%) in the
thiomer derivative, according to equation (Eq. (3)), outlined later.
c
The degree of quaternization (DQ) of MWSC was quantiﬁed from the 1H NMR spectrum based upon equation (Eq. (2)), outlined later.

Fig. 1. FTIR spectra for low molecular weight chitosan (LMWC), N-methylated water soluble chitosan thiomer (MWSCT), MWSCT-based Ag(I) complex (Ag(I)MWSCT), and silver
nano-composite (Ag(0)MWSCT). Peaks assignment: *, amide I (C=O); **, N\
\H (NH2),
amide II; *,**,***, C\
\H (CH3); *, S\
\H (thiol); **, C-S; *, S\
\H (thiol); **, Ag-S; *, S\
\H
(thiol); **, C=O; ***, Ag(0).
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vibration of the Ag\\S moiety conﬁrms the complete deprotonation of a
thiol group to give the thiolate anion which shares in coordination to Ag
(I) ions [48]. Also, comparing the FTIR spectrum for Ag(0)MWSCT with
that of MWSCT reveals a remarkable reduction coupled with slight
shifts in the O\\H and S\\H stretches due to the participation of these
groups in the bio-reduction of Ag(I) ions and capping of nanosilver.
Noteworthy, the growth of the new peak at 1678 cm−1 which can be
assigned as a C_O stretching vibration gives evidence for the oxidation
of the glycosidic hydroxyl group during Ag(I) reduction [49]. Moreover,
the emergence of a new intense peak at 1449 cm−1 in the Ag(0)MWSCT
spectrum, characteristic for nanosilver, provides evidence for the formation of nanosilver capped with MWSCT [39].
The 1H NMR spectra of LMWC, MWSC, and MWSCT are depicted in
Fig. 2. In comparison to the spectrum of LMWC, there are two new singlet peaks at 3.18 ppm (~6H) and 3.84 ppm (2.6H) assigned to the
dimethyl- and quaternized-amino groups, respectively. Thus, MWSC
comprises a hybrid structure of mainly dimethyl-amino groups with a
moderate contribution of quaternized-amino groups, being fully consistent with previously reported work [43]. Moreover, the degree of
quaternization (DQ) of MWSC can be quantiﬁed from the 1H NMR spectrum based upon Eq. (2) [50]:

DQ % ¼

I TMC
9  100
I H1

ð2Þ

where ITMC and IH1 are the integrals of the H-atoms belonging to the
quaternized-amino group and the anomeric C-atom (C-1) of the glucopyranose ring. Therefore, the DQ of MWSC was found to be 12.8%.
Compared to the 1H NMR spectrum of MWSC, the spectrum of chitosan−thiomer (MWSCT) shows a new additional intense singlet at

713

2.77 ppm due to the resonance of the proton of a high-density thiol
group (−SH). This sharp signal suggests the competence of our applied
thiolation protocol. Moreover, the ﬂuctuations in the intensity and/or
chemical shift of peaks provide additional support for the thiolation of
MWSC.
The efﬁciency of the applied thiolation protocol was assessed based
on the degree of substitution (DS) (the average number of hydroxyl
groups that have been exchanged by the substituent (thiol group) in
the anhydrous glucose unit of the monomeric unit for MWSC). The DS
values can be calculated from the sulfur content (S%) in the thiomer derivative, which can be estimated using microanalytical and gravimetric
techniques, according to Eq. (3) [51]:
DS ¼

162 x S%
½100 x B−½ðC−1Þx S%

ð3Þ

where 162 is the molecular weight of the anhydrous glucose unit, B is
the atomic weight of sulfur (32 g/mol), C is the molecular weight of
the thiol group (33 g/mol). In the analytical estimation by iodometric titration, the sulfur content was found to be 22.6% which is corresponding
to DS of 1.5. Meanwhile, the microanalytical analysis supported 22.8%
(DS = 1.49).
The success of our proposed protocol for the coordination and/or the
bio-reduction of Ag+ ions into nanosilver mediated by MWSCT can be
checked using UV–Vis spectroscopy. The color-change of the colorless
MWSCT solution into yellowish-gray (in case of complexation) and
reddish-brown (in case of nanosilver formation) upon mixing with
AgNO3 indicates the alteration of the microstructure of silver due to coordination or bio-reduction and capping with the MWSCT (Fig. 3). The
UV–Vis absorption spectrum of the Ag(I)MWSCT complex is characterized by three distinctive peaks at 381, 459 and 583 nm. As previously

Fig. 2. 1H NMR spectra of LMWC, MWSC and MWSCT solutions in D2O at 300 MHz, new blue line-framed peaks are due to the nuclear resonance of lactyl protons. Peaks assignment: †, †,
quaternized-amino group ((CH3)3N+–); ‡, ‡, dimethyl-amino group ((CH3)2N–); ¶, anomeric C-atom (C-1) of the glucopyranose ring; ¶, S\
\H (thiol).
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Fig. 4E. The EDX spectrum exhibits intense silver peaks around ~3 keV,
which is typical for silver crystallites. Moreover, it is clearly observed
several peaks for nitrogen, oxygen, carbon, chlorine, and sulfur, which
could be assigned to MWSCT bound to the surface of nanosilver.
3.3. Morphological characterizations

Fig. 3. Comparative UV–Vis spectra of N-methylated water soluble chitosan thiomer
(MWSCT), MWSCT-based Ag(I) complex (Ag(I)MWSCT), and silver nano-composite (Ag
(0)MWSCT).

reported, the broad peak observed at 583 nm is characteristic for Ag(I)thiolate complexes [52,53] as a result of the deprotonation of the thiol
group to give the thiolate anion which then coordinates with Ag
(I) ions. On the other hand, the shoulders observed at 381 and 459 nm
can be attributed to the absorption by silver clusters, that formed by aggregation of Ag(I) ions (4–9) on the surface of MWSCT as a preliminary
step for starting the bio-reduction of Ag(I) ions to Ag(0) atoms [52,53].
As compared to the UV–Vis spectra of MWSCT and Ag(I)MWSCT, the
spectrum of Ag(0)MWSCT exhibited a distinctive intensive peak at
423 nm assignable to the surface plasmon resonance (SPR) phenomena
characteristic for the metallic nanosilver [54]. Furthermore, the emergence of a new broad band at ~653 nm coupled with the parent peak
of MWSCT at ~295 nm gives a strong indication for the formation of
nanosilver capped with MWSCT.
To further validate the bio-reduction of Ag(I) to nanosilver (Ag(0))
and its capping with MWSCT, a sample of the obtained product was analyzed using energy-dispersive X-ray (EDX) technique as depicted in

The morphological features of MWSCT, Ag(I)MWSCT complex and
silver nano-composite (Ag(0)MWSCT) were investigated using SEM
and TEM techniques (Fig. 4A-D). It is evident from the SEM micrograph
(Fig. 4A) that the MWSCT has a lamellar texture which acquires dislocations upon coordination with Ag(I) ion (Fig. 4B). On the other hand, it is
noticed in the SEM micrograph of Ag(0)MWSCT (Fig. 4C) that the silver
nanoparticles were randomly distributed onto the surface of MWSCT,
conﬁrming a successful preparation of the desired material. It is also
noted that nanoparticles agglomerates as the population of metallic
Ag in the ﬁlm were increased. These Ag agglomerates were observed
to be unevenly dispersed in the MWSCT matrix. TEM images of the assynthesized Ag(0)MWSCT (Fig. 4D) revealed that a lower concentration
of AgNPs with almost spherical shape and approximate size in the range
of 9–15 nm have been scattered in the texture of MWSCT.
3.4. Antibacterial studies
Recently, Chauhan et al. [39] reported that the silver-tagged
chitosan-thiomer (CHH–SH–Ag) nanocomposites exhibited promising
antibacterial efﬁcacy against E. coli and S. aureus even at very low concentrations (30–180 μg/mL). Where the CHH–SH–Ag-13 shows the
highest ZOI size of 35 mm and lowest MIC 3.7 μg/mL against E. coli. Taking into account the previous study, the antibacterial assessment by an
AWD experiment, using very low concentrations (25–150 μg/mL), demonstrates superb activity against tested bacterial strains (S. aureus and
E. coli). In general, the efﬁcacy of MWSCT to inhibit the growth of
S. aureus (ZOI = 18–21 mm) is slightly higher than its activity against
E. coli (ZOI = 16–18 mm). On the other hand, the ZOIs of new Agbased MWSCT derivatives were in the ranges of 39–24 and 29–23 mm
against E. coli and S. aureus, respectively, (Fig. 5) conﬁrming that these

Fig. 4. (A,B,C) SEM micrographs of native MWSCT, Ag(I)MWSCT complex, and silver nano-composite (Ag(0)MWSCT), respectively. (D) TEM image of Ag(0)MWSCT. (E) EDX spectra of
MWSCT (top) and Ag(0)MWSCT (bottom), respectively.
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Fig. 5. Zone of inhibition (ZOI) values as markers of antibacterial activity of various synthesized materials in mm against (A) E. coli and (B) S. aureus.

materials have remarkable higher antibacterial efﬁcacies, with a better
effect against E. coli. Noteworthy, the nanosilver-MWSCT composite
(Ag(0)MWSCT) (ZOI E. coli = 42–35 mm; ZOIS. aureus = 34–29 mm) has
greater antibacterial effects complex than the silver(I)-MWSCT complex
(Ag(I)MWSCT) (ZOIE. coli = 33–28 mm; ZOIS. aureus = 29–24 mm. The increased activity of silver-based MWSCT as compared to native MWSCT
is due to the higher inﬁltration of the silver component and its capacity
to induce multiple bactericidal effects into the bacterial cell including:
(i) Disrupting the bacterial cell membrane via interaction with the bacterial envelope components; (ii) Malfunctioning in the bacterial cell
through binding to biomolecules (functional proteins, nucleic acids,
and enzymes) inside the cell; (iii) Catalyzing the production of reactive
oxygen species (ROS) [55]. Meanwhile, the promoted activity of the silver nanocomposite in comparison to the silver complex can be attributed to the smaller size of the nanosilver particles allowing them to
strongly interact and bind with the bacterial surface causing biological
malfunctions within the bacterial cell [56]. The inhibition of signal
transduction and consequently bacterial growth through signal transduction as a result of phosphorylation of tyrosine residues on the peptide substrates could offer a plausible explanation for the higher antiE. coli activity as compared to anti-staphylococcal efﬁcacy [55]. Moreover, the structural difference of bacterial wall in Gram-negative and
Gram-positive bacteria may offer another reason for this preferable activity against E. coli. Additionally, the capping of nanosilver with chitosan thiomer enhances the bioadhesive feature of the colloidal system
allowing facile diffusion of nanoparticles through the mucus-layer of
bacterial species.

The AWD assay revealed that MWSCT-based silver architectures exhibit better antibacterial efﬁciencies compared to the native MWSCT
and MWSC. Hence, further antibacterial studies were performed for
these silver architectures only against the targeted bacterial strains.
These studies were carried out based on the CFU method in which the
CFU/mL values were estimated for both untreated samples of E. coli
and S. aureus (growth controls) and bacterial samples treated with silver architectures. As aforementioned in the experimental section, the
CFU/mL was found to be 19.3 × 106 and 21.5 × 106 CFU/mL for the controls of S. aureus and E. coli, respectively. As shown in Fig. 6A, a marked
reduction in the proliferation of bacterial cells was observed in the bacterial samples treated with silver architectures as revealed from the
lowering of CFU/mL values in these samples. Where the counts of
E. coli and S. aureus were diminished to 1.9 × 105 (99.2% bacterial reduction compared to growth control) and 3.4 × 105 CFU/mL (98.2% bacterial reduction compared to growth control), respectively, in Ag(0)
MWSCT-treated samples. On the other hand, in Ag(I)MWSCT-treated
samples the colonization of bacterial cells were reduced by 95.3% and
94.8% for E. coli and S. aureus, respectively. Thus, the obtained data reveal that the proliferation of bacterial cells has signiﬁcantly reduced
upon treatment with MWSCT-based silver architectures. These results
are in good consistency with those obtained by AWD method.
The minimum inhibitory concentrations (MICs) of the newly synthesized MWSCT-based silver architectures against E. coli and S. aureus
were estimated by the broth dilution (BD) method. BD assay was carried out in 96-well microtiter plate using samples with concentrations
range between 0.05 and 32 μg/mL. The MICs values (Fig. 6B) revealed
that the bactericidal efﬁcacy of Ag(0)MWSCT against E. coli (MICE. coli =

Fig. 6. (A) Effects of MWSCT-based silver architectures (Ag(I)MWSCT, Ag(0)MWSCT) on E. coli and S. aureus using CFU protocol; (B) The minimum inhibitory concentrations (MICs) values
(μg/mL) of these silver derivatives against the targeted bacterial strains (E. coli and S. aureus) in comparison to ciproﬂoxacin HCl (Cipro) (positive control).
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4. Conclusion

Fig. 7. Prevention of E. coli and S. aureus bioﬁlms formation by MWSCT and its silver
architectures (Ag(I)MWSCT, Ag(0)MWSCT) in comparison to Cipro as a positive control
and DI water as a negative (untreated) control. Bioﬁlm formation was quantiﬁed using
crystal violet staining.

~0.05 μg/mL) was 5 and 1.6-times higher than that of Ag(I)MWSCT
(MICE. coli = 0.25 μg/mL) and Cipro (MICE. coli = 0.08 μg/mL), respectively. Otherwise, the susceptibility of S. aureus toward silver architectures is lower than E. coli, where, the anti-staphylococcal activity of Ag
(0)MWSCT (MICS. aureus = 0.34 μg/mL) was 2 and 2.5-times higher
than that of Ag(I)MWSCT (MICS. aureus = 0.68 μg/mL) and Cipro
(MICS. aureus = 0.85 μg/mL), respectively. These results clariﬁed that
the Ag-MWSCT nano-composite manifested the lowest MICs values
and thus the highest bactericidal efﬁciency against tested strains. This
can be ascribed to the presence of thiol groups along with the smaller
size of the nano-composite system leading to the higher
monodispersibility and better bioavailability of silver in the nanocomposite system.
3.5. Antibacterial bioﬁlm assessment
The capacity of MWSCT and its silver architectures (Ag(I)MWSCT,
Ag(0)MWSCT) to limit the formation of E. coli and S. aureus bioﬁlms
on polystyrene surfaces were in vitro assessed in comparison to the
growth, negative (deionized water), and positive (Cipro) controls. As
shown in Fig. 7, all the tested materials have the ability to strongly inhibit the bacterial bioﬁlms formation, in a structure- and speciesdependent manner, as compared to the controls. For instance, MWSCT
can curb the staphylococcal bioﬁlm formation more effectively than
E. coli bioﬁlm, while, the effect of silver architectures in the prevention
of E. coli bioﬁlm growth was greater than that against staphylococcal
bioﬁlm. It is clear that the bioﬁlm production by a Gram-negative strain
E. coli was signiﬁcantly frustrated by MWSCT and its silver derivatives
(Fig. 7). In particular, MWSCT-Ag nano-composite (Ag(0)MWSCT)
showed the highest anti-E. coli bioﬁlm effect (only 1.7% ± 0.75% bioﬁlm
growth) which was higher than that of positive control (Cipro) (3.1% ±
1.6% bioﬁlm growth) (Fig. 7). Based on the aforementioned results, the
higher activity of Ag(0)MWSCT to prevent E. coli bioﬁlm formation
could be attributed to inhibition of the adherence of E. coli cells onto
the polystyrene surfaces coated with this nano-composite, coupled
with its very potent antibacterial effect on the E. coli cells submerged
in cultures or in bioﬁlms.
Similarly, MWSCT and its silver architectures also showed inhibitory
effects against staphylococcal bioﬁlm formation, however, with lower
efﬁcacies in comparison to E. coli. In a similar trend, the order capacity
in inhibiting the formation of staphylococcal bioﬁlm is Ag(0)MWSCT
(85.3% growth inhibition) N Ag(I)MWSCT (80.5% growth inhibition) N positive control (Cipro) (77.4% growth inhibition) N MWSCT
(64.2% growth inhibition) (Fig. 7). Again, the antibioﬁlm performance
is likely based on the banning of S. aureus cells to adhere to onto the
polystyrene surfaces coated with the MWSCT or its silver derivatives,
coupled with their higher bactericidal impacts of on the S. aureus cells
submerged in cultures or in bioﬁlms.

In this work, we have reﬁned shrimp shell wastes to N-methylated
water-soluble chitosan thiomer (MWSCT) which employed as a bioactive scaffold for ionic or elemental silver to fabricate MWSCT-based silver architectures (Ag(I)MWSCT, Ag(0)MWSCT). MWSCT was used as
either a chelating agent for Ag(I) ions in order to form an Ag(I)
MWSCT complex, or a bio-reductant and capping agent for Ag(I) ions
in the preparation of a silver nano-composite Ag(0)MWSCT. The antibacterial and anti-bioﬁlm performance of the new methylated chitosan
thiomer (MWSCT) and its silver architectures (Ag(I)MWSCT, Ag(0)
MWSCT) were in vitro assessed against E. coli and S. aureus. These
new biopolymeric materials have signiﬁcant ability to synergistically inhibit the proliferation of the targeted bacterial strain and prevent bioﬁlm growth. Ag(0)MWSCT emerged as the most potent compound in
inhibiting the growth of bacterial strains (MICE. coli/ MICS. aureus = 0.05/
0.34 μg/mL, 1.6−/ 2.5-times lower than that recorded for the clinical
drug (ciproﬂoxacin, Cipro)). Also, this nano-composite showed the
highest anti-bioﬁlm effects (only 1.7% E. coli bioﬁlm growth; 11.8%
staphylococcal bioﬁlm growth).
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