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alization of chitosan isolated from
shrimp shells, using salicylaldehyde ionic liquids in
exploration for novel economic and ecofriendly
antibiofoulants†

Reda F. M. Elshaarawy,*ab Fatma H. A. Mustafa,c Annika Herbst,b Aida E. M. Faragd

and Christoph Janiakb

Since the use of organotin as antifouling additives was prohibited in 2003, many researchers have

endeavored to design and develop novel economic environment-friendly marine antifouling additives.

This work reports the successful functionalization of biopolymeric chitosan, isolated from shrimp shells,

with salicylidene ionic liquid (IL-Sal) brushes, (ILCSB1–6). These designed architectures were structurally

and morphologically characterized. Marine biofouling-inducing bacterial strains (S. aureus, E. coli,

A. hydrophila and Vibrio) were selected as microfoulants for a laboratory antibacterial and biofilm

susceptibility assay investigation. Our outcomes unveiled a novel promising ecofriendly biocidal agent

with excellent and broad antibacterial efficacy compared to parent chitosan and the standard antifoulant,

Diuron®. The fabricated poly-IL-brushes chitosan architectures were subjected to a rigorous test in

a field trial in Red Sea water. Our findings provide new insights into eco-friendly antifouling additives as

an alternative to traditional antifouling agents. Novel IL-functionalized chitosan-based coatings exhibited

long-term durability, surface inertness and promising antifouling performance.
Introduction

The invasive biofouling process is a source of serious negative
environmental and economic impact that creates adverse
inuences on marine-related activities, metal-based materials,
medicinal implants and also becomes the major drawback that
limits the application of membrane ltration technology in
wastewater treatment.1 Bacteria are one of the major contribu-
tors to biofouling. Bacterial adhesion to a suitable surface or
substrate is a crucial step in biolm formation, which can
ultimately allow colonization by macrofouling organisms.2 For
example, Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) are responsible for biofouling of fabric and medical
devices3 and their pronounced inuence on marine bio-fouling
was reported.4 Additionally, it was reported that the marine-
sourced bacteria (Aeromonas sp. and Vibrio sp.) were found to be
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essential for building up bacterial biolms as a precursor for
marine biofouling.5

To address surface biofouling while maintaining the bulk
properties of the materials used, metal-based biofouling-
ghting coatings (such as copper(I) compounds and organotins)
have been developed1,6 and used for a long time. However due to
their acute harmful effects to the environment and non-target
organisms, they were recently banned by IMO (International
Maritime Organization).7

Thus, it remains one of the most important challenges is to
develop environmentally friendly antifoulants with synergistic
antibacterial efficacy, which could be further incorporated into
the matrix of commercial coatings to obtain safe ecofriendly
antibacterial/antibiofouling coatings for a variety of
applications.

To date, the natural biopolymer chitosan (CS), an amino-
glucopyranans heteropolymer composed of N-acetylglucos-
amine (GlcNAc) and glucosamine (GlcNH2) units, may offer an
ideal promising candidate for antibiofoulants due to its broad
antimicrobial (antibacterial, antifungal, anti-algal) efficacy8 and
excellent antifouling9 prole. Furthermore, chitosan could be
part of a green chemistry approach to ght biofouling as chi-
tosan is extracted mainly from marine organism by-products
(e.g. shrimp shell) using very simple methods (i.e. economically
attractive).
RSC Adv., 2016, 6, 20901–20915 | 20901
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Scheme 1 Schematic representation of the extraction of chitosan from shrimp shells and synthetic route to ionic liquid-based chitosan Schiff
bases.

RSC Advances Paper

Pu
bl

is
he

d 
on

 1
9 

Fe
br

ua
ry

 2
01

6.
 D

ow
nl

oa
de

d 
by

 te
st

 3
 o

n 
21

/0
2/

20
16

 1
7:

12
:2

9.
 

View Article Online
It is well known that quaternary ammonium salts exhibit
high biocidal activity due to their strong electrostatic interac-
tion with the anionic microbial cell wall10 followed by diffusion
and disruption of the cytoplasmic membrane causing leakage
of microorganism constituents and nally cell death.11 Inter-
estingly, antimicrobial susceptibility assays of imidazolium,
pyridinium and quaternary ammonium ionic liquid (IL)-based
architectures demonstrated signicantly higher activities.12

Notably, many ionic liquids display biocidal activity against
Gram-positive/-negative bacteria, fungi and algae.13

Recently, much attention has thus been paid to polymeric
ionic liquids (PILs) due to their interesting properties, such as
high thermal stability, inherent conductivity,14 excellent
mechanical and electrochemical properties,15 biocompatibility,
and as good matrices for enzyme immobilization,16 as well as
promising precursors for catalytic membranes.17

To the best of our knowledge, there are no reports about the
design and fabrication of polymeric ionic liquid-based chitosan
Schiff bases (ILCSBs) (see Scheme 1) for antifouling evaluation.
Inspired by previously mentioned facts and in continuation of
our ongoing programs directed toward the development of
novel materials for biological application,12a–c,18 we aimed
herein to explore the antibacterial and antibiofouling proles of
novel PILs-based chitosan architectures in search of developing
20902 | RSC Adv., 2016, 6, 20901–20915
a new economically attractive/ecofriendly promising
antibiofoulants.
Experimental section

Instrumentation, materials and preparation details of a series
of salicylaldehydes ionic liquids can be found in the ESI.†
Elemental analysis data of CS and ILCSBs is given in Table 1 and
used in the Results and discussion section to derive at molec-
ular formulas for these compounds.
Extraction of chitin from shrimp shells

As a literature survey shows,19 the following conditions were
chosen as an optimal extractive treatment: the rst stage of the
extraction process involves a thermomechanical treatments,
where the shells are scraped free of loose tissue and washed
individually in lightly saline water, then separated from ceph-
alothoraxes, salted (5 kg of NaCl per 250 g of shell), washed
thoroughly in distilled water, dried in the sun (25–30 �C) for 3
days, and nally dried in an oven at 60 �C for 48 h. Aer that, the
dried shells were grinded, sieved, and the fraction below 80 mm
was used hereaer. The second stage started with a demineral-
ization process which was carried out using 0.5 M HCl solu-
tions. Typically, 100 g of shrimp shells powder was immersed in
This journal is © The Royal Society of Chemistry 2016
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Table 1 DS and proposed molecular formula of monomeric unit with elemental analysis for chitosan and ILCSBs

Sample DAa (%) DSb (%) Molecular formula of monomeric unit (M, g mol�1)

EA calcd (found) (%)

C H N

CS 24.3 — (C8H13NO5)0.243(C6H11NO4)0.757$H2O (189.39) 41.13 (40.63) 7.18 (7.12) 7.18 (7.31)
ILCSB1 — 51.8 (C8H13NO5)0.243(C6H11NO4)0.239(C18H23ClN3O5)0.518

(293.77)
51.99 (52.35) 6.08 (6.33) 9.72 (9.92)

ILCSB2 — 49.4 (C8H13NO5)0.243(C6H11NO4)0.263(C20H32ClN2O5)0.494
(297.34)

54.16 (53.92) 7.41 (7.54) 7.04 (7.02)

ILCSB3 — 50.3 (C8H13NO5)0.243(C6H11NO4)0.258(C20H24ClN2O6)0.503
(303.03)

53.53 (53.17) 5.99 (6.21) 6.94 (7.26)

ILCSB4 — 50.8 (C8H13NO5)0.243(C6H11NO4)0.249(C18H23F6N3O5P)0.508
(346.60)

43.58 (43.76) 5.11 (5.21) 8.14 (7.78)

ILCSB5 — 47.1 (C8H13NO5)0.243(C6H11NO4)0.286(C20H32F6N2O5P)0.471
(342.80)

45.81 (45.49) 6.28 (6.35) 6.01 (5.84)

ILCSB6 — 49.1 (C8H13NO5)0.243(C6H11NO4)0.265(C20H24F6N2O6P)0.491
(354.21)

45.31 (44.96) 5.09 (5.14) 5.90 (5.73)

a DA ¼ degree of acetylation. b DS ¼ degree of substitution.
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1000 mL of 0.5 M HCl at ambient temperature (25 �C) under
constant stirring for 24 h. Aer ltration, the residue was
washed with distilled water until the pH of the rinsed water
became neutral. Then the residue was subjected to deprotei-
nation, by immersing in 1000 mL of 1 M NaOH under vigorous
stirring at 60 �C for 24 h. Then the proteins were removed by
ltration. Distilled water was used to wash the residue to
neutral. Then, the shrimp shell residue was subjected to the
above procedure, starting with the thermochemical treatment,
two more times. The chitin obtained still had a slight pink
colour. Further decolourisation was achieved by soaking chitin
in 250 mL of 1% KMnO4 for 1 h. Followed by 250 mL of 1%
oxalic acid for 2 h. The amount of 250 mL of 95% ethanol and
200 mL of absolute ethanol were sequentially used to remove
ethanol-soluble substances from the obtained crude chitin and
to dehydrate the chitin. Finally the chitin was dried in air at 50
�C overnight. Yield 96.34 g (96.34% based on 100 g of shrimp
shell powder).
Preparation of chitosan (CS)

The puried chitin was deacetylated to form chitosan by treat-
ing 10 g of chitin with 100mL 65%NaOH under stirring at 60 �C
for 72 h. Aer ltration, the residue was washed three times
with 10 mL of hot deionized water at 60 �C. The crude chitosan
(7.9 g) was obtained by drying in an air oven at 50 �C overnight.
The obtained crude chitosan was puried by dissolution in 1%
(v/v) aqueous acetic acid until a homogenous solution is ob-
tained, ltered through 22 mm Whatman lter paper to remove
insoluble impurities, then precipitated by titration with 1 N
NaOH until pH value of 8.5, and nally washed several times
with distilled water. Yield 7.5 g (92.6% based on chitin). FTIR
(KBr, cm�1): 3462 (m, br, n(O–H+NH2)), 3101 (m, br, n(N–H)), 1653
(vs, sh, n(C]O)acetyl), 1568 (m, sh, amide II), 1380 (m, sh, amide
III), 1069 (m, sh, n(C–O–C)str), 896 (m, sh, n(C–O–C), b-glycosidic
linkage). 1H NMR (600 MHz, 1% CD3COOD/D2O)60 �C d (ppm):
5.22 (d, J ¼ 7.2 Hz, 1H, GlcNH2 residue), 4.24 (m, 2H, GlcNH2

and GlcNAc residue), 4.12–3.90 (m, 3H, GlcNH2 and GlcNAc
This journal is © The Royal Society of Chemistry 2016
residue), 3.53 (s, 1H, GlcNH2 residue), 2.40 (s, 3H, NHAc). 13C
NMR (151 MHz, 1% CD3COOD/D2O)60 �C d (ppm): 177.03, 98.16,
94.35, 90.46, 83.89, 75.27, 70.73, 68.57, 62.80, 60.53, 56.28,
46.01, 32.61 and 23.54. Degree of acetylation 24.3%. Anal. calcd
for (C8H13NO5)0.243(C6H11NO4)0.757$H2O (M ¼ 189.39 g mol�1):
C, 41.13; H, 7.18; N, 7.18; found C, 40.63; H, 7.12; N, 7.31. For
SEM images see Fig. 4.
Synthesis of the salicylaldehyde ionic liquid (IL-Sal)-
functionalized chitosan Schiff bases (ILCSB1–6)

A portion of 1 g of CS was dissolved in 200 mL of a mixed
solution of 1% aqueous acetic acid (100 mL) and ethanol (100
mL) under stirring at room temperature for 30 min. Ionic
liquid-based salicylaldehyde (IL-Sal, 2, 3a–c, see ESI† for
synthesis) (equivalent to the molar N-content in CS) was dis-
solved in EtOH (30 mL) and the solution was added to the
chitosan solution over a period of 30 min at 30 �C. Then the
reaction mixture was stirred at 40 �C for 24 h. The reaction
product was precipitated by adding an excessive amount of
ethyl acetate (AcOEt) under ultrasonic irradiation at r.t. for 3 h,
ltered to remove the solvent and then washed with 3 � 10 mL
of 30 : 70, 20 : 80, and 0 : 100 EtOH : AcOEt mixtures sequen-
tially. Finally, the product was dried at 35 �C under vacuum for
24 h to obtain the desired ionic liquids-functionalized chitosan
Schiff bases (ILCSB1–6).

5-(1-Methylimidazol-3-ium chloride)-salicylidene chitosan
(ILCSB1). Canary yellow powder, yield (1.53 g, 98.6%). FTIR
(KBr, cm�1): 3424 (vs, br, n(O–H+NH2)), 3147 (m, br, n(N–H)), 1659
(vs, sh, n(C]O)acetyl), 1635 (vs, sh, n(C]N)azomethine), 1562 (m, sh,
amide II), 1369 (m, sh, amide III), 1285 (m, sh, n(Ar–O)), 1155 (s,
sh, n(H–C]C+H–C]N)bend, Im), 1063 (m, sh, n(C–O–C)str), 895 (m, sh,
n(C–O–C), b-glycosidic linkage), 760 (m, sh, Im). 1H NMR (600
MHz, 1% CD3COOD/D2O)60 �C d (ppm): 10.35 (s, 1H, OH), 10.29
(s, 1H, OH), 9.07 (d, J ¼ 11.7 Hz, 2H, 2 � H–C]N), 8.14 (s, 1H,
NH of GlcNHAc residue), 8.10 (d, J¼ 9.0 Hz, 1H, Ar-H), 7.98 (dd,
J ¼ 8.8, 2.4 Hz, 2H, 2 � Ar-H), 7.90–7.72 (m, 2H, 2 � Ar-H),
7.60–7.39 (m, 1H, Ar-H), 5.75 (s, 2H, CH2 of CH2Ar), 5.24 (s, 1H,
RSC Adv., 2016, 6, 20901–20915 | 20903
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GlcN residue), 4.25 (s, 6H, 2 � CH3 of MeIm), 3.84 (t, J ¼ 7.2 Hz,
5H, GlcN and GlcNHAc residue), 3.56 (s, 1H, GlcN residue), 3.17
(br, s, 6H, GlcN and GlcNHAc residue), 2.76 (t, J ¼ 8.2 Hz, 2H,
GlcN and GlcNHAc residue), 2.40 (tt, J ¼ 15.4, 7.4 Hz, 3H,
NHAc). 13C NMR (151 MHz, 1% CD3COOD/D2O)60 �C d (ppm):
177.14, 168.29, 155.10, 153.27, 141.89, 137.77, 133.84, 126.20,
124.50, 122.66, 118.78, 111.90, 101.96, 98.53, 88.15, 84.77,
70.65, 61.16, 57.76, 50.71, 45.27, 42.29, 38.72, 36.27, 31.22, 29.79
and 22.51.

5-(N,N,N-Triethylammonium chloride)-salicylidene chitosan
(ILCSB2). Yellow crystals, yield (1.54 g, 98.1%). FTIR (KBr,
cm�1): 3451 (vs, br, n(O–H+NH2)), 3150 (m, br, n(N–H)), 1661 (s, sh,
n(C]O)acetyl), 1638 (vs, sh, n(C]N)azomethine), 1556 (m, sh, amide
II), 1377 (m, sh, amide III), 1283 (m, sh, n(Ar–O)), 1073 (m, sh,
n(C–O–C)str), 896 (m, sh, n(C–O–C), b-glycosidic linkage). 1H NMR
(600 MHz, 1% CD3COOD/D2O)60 �C d (ppm): 10.35 (s, 2H, 2 �
OH), 9.08 (d, J ¼ 11.9 Hz, 2H, 2 � H–C]N), 8.24 (d, J ¼ 11.9 Hz,
1H, NH of GlcNHAc residue), 8.14 (d, J ¼ 2.4 Hz, 1H, Ar-H), 7.98
(d, J¼ 8.7 Hz, 1H, Ar-H), 7.86–7.80 (m, 3H, 3� Ar-H), 7.47 (d, J¼
8.7 Hz, 1H, Ar-H), 5.77 (s, 4H, 2� CH2 of CH2Ar), 5.27 (d, J¼ 7.3
Hz, 1H, GlcN residue), 4.28–4.22 (m, 6H, GlcN and GlcNAc
residue), 4.11 (s, 2H, GlcNAc residue), 3.84 (t, J¼ 7.2 Hz, 4H, 2�
CH2), 3.56 (br, s, 2H, GlcN residue), 3.39–3.29 (q, 6H, 3� CH2 of
CH2CH3), 3.15–2.94 (q, 6H, 3 � CH2 of CH2CH3), 2.76 (t, J ¼ 8.2
Hz, 4H, GlcN and GlcNHAc residue), 2.43–2.34 (br, m, 3H, CH3,
NHAc), 2.12–2.01 (t, JHH ¼ 7.00 Hz, 9H, 3 � CH2CH3), 1.88–1.76
(t, JHH ¼ 7.02 Hz, 9H, 3 � CH2CH3).

13C NMR (151 MHz, 1%
CD3COOD/D2O)60 �C d (ppm): 177.21, 164.30, 159.57, 138.23,
135.13, 133.42, 126.51, 124.22, 122.73, 119.08, 107.34, 100.21,
83.89, 77.61, 76.55, 72.36, 66.19, 61.28, 56.91, 53.65, 50.48,
36.97, 31.99, 29.78, 23.66, 17.89.

5-(2-Methoxypyridinium chloride)-salicylidene chitosan
(ILCSB3). Pale yellow powder, yield (1.58 g, 98.7%). FTIR (KBr,
cm�1): 3436 (vs, br, n(O–H+NH2)), 3158 (m, br, n(N–H)), 1656 (s, sh,
n(C]O)acetyl), 1640 (vs, sh, n(C]N)azomethine), 1524 (m, sh, amide
II), 1373 (m, sh, amide III), 1286 (m, sh, n(Ar–O)), 1159 (s, sh,
n(H–C]C+H–C]N)bend, Py), 1070 (m, sh, n(C–O–C)str), 897 (m, sh,
n(C–O–C), b-glycosidic linkage), 769, 657 (m, sh, Py+). 1H NMR
(600 MHz, 1% CD3COOD/D2O)60 �C d (ppm): 10.35 (s, 1H, OH),
10.27 (s, 1H, OH), 8.99 (dd, J ¼ 18.4, 7.4 Hz, 2H, 2 � H–C]N),
8.24 (d, J ¼ 7.5 Hz, 1H, Py), 8.15 (d, J ¼ 7.3 Hz, 1H, NH of
GlcNHAc residue), 8.00 (d, J¼ 8.7 Hz, 1H, Py), 7.81 (dd, J¼ 26.5,
7.5 Hz, 4H, Py + Ar), 7.59 (t, J ¼ 7.7 Hz, 1H, Ar), 7.48 (d, J ¼ 8.7
Hz, 1H, Ar), 5.98 (s, 4H, 2 � CH2 of CH2Ar), 5.25 (d, J ¼ 7.7 Hz,
1H, GlcN residue), 4.48 (s, 6H, 2 � CH3 of MeOPy), 4.27 (br, s,
2H, GlcN and GlcNHAc residue), 4.15–4.00 (br, m, 4H, GlcN and
GlcNHAc residue), 3.83 (t, J ¼ 7.2 Hz, 2H, GlcN residue), 3.56
(br, s, 2H, GlcN residue), 3.27–3.14 (br, m, 4H, GlcN and
GlcNHAc residue), 2.76 (t, J ¼ 8.1 Hz, 2H, GlcNHAc residue),
2.40 (dd, J ¼ 15.6, 8.6 Hz, 3H, NHAc). 13C NMR (151 MHz, 1%
CD3COOD/D2O)60 �C d (ppm): 177.10, 172.20, 166.91, 163.00,
156.50, 145.76, 140.02, 137.85, 134.09, 125.86, 122.05, 118.99,
114.19, 113.77, 91.88, 81.51, 73.45, 71.10, 68.34, 62.06, 58.38,
56.41, 53.48, 50.71, 42.36, 31.21, 17.54, 13.93.

5-(1-Methylimidazol-3-ium hexauorophosphate)-salicyli-
dene chitosan (ILCSB4). Yellow powder, yield (1.81 g, 98.9%).
FTIR (KBr, cm�1): 3431 (vs, br, n(O–H+NH2)), 3145 (m, br, n(N–H)),
20904 | RSC Adv., 2016, 6, 20901–20915
1660 (s, sh, n(C]O)acetyl), 1634 (vs, sh, n(C]N)azomethine), 1558 (m,
sh, amide II), 1370 (m, sh, amide III), 1285 (m, sh, n(Ar–O)), 1155
(s, sh, n(H–C]C+H–C]N)bend, Im), 1066 (m, sh, n(C–O–C)str), 895 (m,
sh, n(C–O–C), b-glycosidic linkage), 836 (s, sh, n(PF6

�)), 761 (m, sh,
Im). 1H NMR (600 MHz, 1% CD3COOD/D2O)60 �C d (ppm): 10.35
(s, 1H, OH), 10.28 (s, 1H, OH), 9.06 (d, J ¼ 11.5 Hz, 2H, 2 � H–

C]N), 8.17 (s, 1H, NH of GlcNHAc residue), 8.10 (d, J ¼ 8.7 Hz,
1H, Ar-H), 7.96 (dd, J ¼ 8.5, 2.1 Hz, 2H, 2 � Ar-H), 7.89–7.75 (m,
2H, 2 � Ar-H), 7.61–7.42 (m, 1H, Ar-H), 5.76 (s, 4H, 2 � CH2 of
CH2Ar), 5.25 (s, 1H, GlcN residue), 4.25 (s, 6H, 2 � CH3 of
MeIm), 3.85 (t, J ¼ 7.0 Hz, 5H, GlcN and GlcNHAc residue), 3.53
(s, 1H, GlcN residue), 3.16 (br, s, 6H, GlcN and GlcNHAc
residue), 2.76 (t, J ¼ 8.2 Hz, 2H, GlcN and GlcNHAc residue),
2.40 (m, 3H, NHAc). 13C NMR (151 MHz, 1% CD3COOD/
D2O)60 �C d (ppm): 176.24, 168.56, 154.95, 152.87, 141.89, 138.02,
133.84, 126.22, 124.51, 122.53, 118.89, 111.90, 102.12, 98.13,
87.25, 84.48, 70.65, 61.61, 57.32, 50.71, 45.26, 41.99, 38.72,
35.87, 31.22, 30.13, 22.56.

5-(N,N,N-Triethylammonium hexauorophosphate)-salicyli-
dene chitosan (ILCSB5). Yellow plates, yield (1.79 g, 98.8%).
FTIR (KBr, cm�1): 3425 (vs, br, n(O–H+NH2)), 3163 (m, br, n(N–H)),
1659 (s, sh, n(C]O)acetyl), 1633 (vs, sh, n(C]N)azomethine), 1561 (m,
sh, amide II), 1373 (m, sh, amide III), 1280 (m, sh, n(Ar–O)), 1067
(m, sh, n(C–O–C)str), 836 (s, sh, n(PF6

�)).
1H NMR (600 MHz, 1%

CD3COOD/D2O)60 �C d (ppm): 10.37 (s, 1H, �OH), 10.28 (s, 1H,
OH), 9.08 (d, J ¼ 10.8 Hz, 2H, 2 � H–C]N), 8.26 (br, s, 1H, NH
of GlcNHAc residue), 8.13 (d, J ¼ 2.2 Hz, 1H, Ar-H), 7.98 (d, J ¼
8.7 Hz, 1H, Ar-H), 7.85–7.77 (m, 3H, 3 � Ar-H), 7.47 (d, J ¼ 8.7
Hz, 1H, Ar-H), 5.75 (s, 4H, 2� CH2 of CH2Ar), 5.26 (d, J¼ 7.3 Hz,
1H, GlcN residue), 4.28–4.23 (m, 6H, GlcN and GlcNAc residue),
4.21 (br, s, 2H, GlcNAc residue), 3.90 (t, J¼ 7.2 Hz, 4H, GlcN and
GlcNAc residue), 3.63 (br, s, 2H, GlcN residue), 3.41 (q, 6H, 3 �
CH2 of CH2CH3), 3.17 (q, 6H, 3 � CH2 of CH2CH3), 2.76 (t, J ¼
8.2 Hz, 4H, GlcN and GlcNHAc residue), 2.40–2.34 (br, m, 3H,
CH3, NHAc), 2.03–1.92 (t, JHH ¼ 6.99, 7.01 Hz, 9H, 3� CH2CH3),
2.03–1.92 (t, JHH ¼ 7.15 Hz, 9H, 3 � CH2CH3).

13C NMR (151
MHz, 1% CD3COOD/D2O)60 �C d (ppm): 179.89, 166.93, 159.87,
139.36, 135.55, 134.27, 128.86, 125.74, 122.69, 120.83, 107.25,
100.99, 83.77, 77.23, 76.18, 72.07, 66.66, 61.50, 56.20, 53.31,
51.63, 36.79, 32.06, 30.13, 24.89, 18.92.

5-(2-Methoxypyridinium hexauorophosphate)-salicylidene
chitosan (ILCSB6). Yellowish white powder, yield (1.85 g,
98.9%). FTIR (KBr, cm�1): 3438 (vs, br, n(O–H+NH2)), 3161 (m, br,
n(N–H)), 1655 (s, sh, n(C]O)acetyl), 1637 (vs, sh, n(C]N)azomethine),
1530 (m, sh, amide II), 1371 (m, sh, amide III), 1284 (m, sh,
n(Ar–O)), 1160 (s, sh, n(H–C]C+H–C]N)bend, Py), 1070 (m, sh,
n(C–O–C)str), 898 (m, sh, n(C–O–C), b-glycosidic linkage), 840 (s, sh,
n(PF6

�)). 769, 655 (m, sh, Py+). 1H NMR (600 MHz, 1% CD3COOD/
D2O)60 �C d (ppm): 10.36 (s, 1H, OH), 10.27 (s, 1H, OH), 9.03 (d,
J¼ 7.4 Hz, 2H, 2�H–C]N), 8.24 (d, J¼ 7.5 Hz, 1H, Py), 8.14 (d,
J ¼ 7.2 Hz, 1H, NH of GlcNHAc residue), 7.98 (d, J ¼ 8.7 Hz, 1H,
Py), 7.80 (d, J ¼ 7.5 Hz, 4H, Py + Ar), 7.55 (t, J ¼ 7.6 Hz, 1H, Ar),
7.41 (d, J ¼ 8.1 Hz, 1H, Ar), 5.88 (s, 4H, 2 � CH2 of CH2Ar), 5.23
(d, J ¼ 7.7 Hz, 1H, GlcN residue), 4.45 (s, 6H, 2 � CH3 of
MeOPy), 4.27 (br, s, 2H, GlcN and GlcNHAc residue), 4.17–4.03
(br, m, 4H, GlcN and GlcNHAc residue), 3.82 (t, J ¼ 7.0 Hz, 2H,
GlcN residue), 3.54 (br, s, 2H, GlcNHAc residue), 3.18–3.00 (br,
This journal is © The Royal Society of Chemistry 2016
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m, 4H, GlcN and GlcNHAc residue), 2.75 (t, J ¼ 8.1 Hz, 2H,
GlcNHAc residue), 2.39 (d, J ¼ 8.5 Hz, 3H, NHAc). 13C NMR (151
MHz, 1% CD3COOD/D2O)60 �C d (ppm): 177.10, 174.60, 166.90,
162.65, 156.50, 145.77, 139.02, 137.64, 134.09, 125.86, 122.05,
118.99, 114.19, 113.77, 91.88, 81.51, 73.45, 71.10, 68.34, 62.06,
58.38, 56.41, 53.48, 51.68, 42.36, 32.21, 19.99, 17.98.
General procedure for the synthesis of lms and solid powder
samples

Thin lms of CS or ILCSB were obtained by casting 3mL of ionic
liquid-functionalized biopolymer solution of CS or ILCSBs
(0.1 g biopolymer/10 mL of 1% CH3COOH) into a DUROPLAN
Petri dish with diameter of 2.5 cm or 5 cm. The obtained crude
lms (Fig. 1) were further dried in vacuum at 35 �C. Powders of
different yellow color intensities were also obtained by lm
grinding under liquid nitrogen. Samples of the isolated solids
were characterized as shown in the Experimental section.
Anti-microfouling assays

Anti-bacterial activity against marine biolm bacterial
strains

Reagents. Dimethylsulphoxide (DMSO) and 3-(3,4-dichlor-
ophenyl)-1,1-dimethylurea (Diuron®, DCMU) antifoulant
(C9H10Cl2N2O, 233.09 g mol�1) were obtained from Sigma
Chemical Co. (Germany).

Bacterial cultures. The antibacterial activity of natural prod-
ucts was assessed against four bacterial species: Staphylococcus
aureus ATCC 25923 (American Type Culture Collection, Rock-
ville, MD), Escherichia coli ATCC 25922, Aeromonas hydrophila,
and Vibrio maintained in BHI at 20 �C; 300 mL of each stock-
culture were added to 3 mL of nutrient broth. Overnight
cultures were kept for 24 h at 36� 1 �C and the purity of cultures
was checked aer 8 h of incubation. Aer 24 h of incubation,
the bacterial suspension (inoculum) was diluted with sterile
physiological solution, for the diffusion and indirect bioauto-
graphic tests, to 108 CFU mL�1 (turbidity ¼ McFarland barium
sulfate standard 0.5). For the direct bioautographic test, bacte-
rial suspension was diluted with BHI broth to a density of
approximately 109 UFC mL�1 (McFarland standard 3).
Fig. 1 Photographs of chitosan (CS) and ionic liquid salicidene (IL-Sal)-fu
right image shows the flexibility of the films.

This journal is © The Royal Society of Chemistry 2016
Antimicrobial susceptibility. Antimicrobial susceptibility of the
bacterial strains was carried out by agar well diffusion method20

for the target compounds as well as standard antifoulant,
Diuron®. The diameter of the zones of inhibition (ZOI, mm)
was measured accurately as indicative of antimicrobial activity.

Determination of MIC. As parameters of the antibacterial efficacy,
the minimal inhibitory concentration (MIC) of the new compounds
against marine bacterial isolates were determined using two
different culture media: Mueller–Hinton broth and Luria Bertania
(LB). The inoculum was prepared as described previously. ILCSBs
products were dissolved in DMSO (10% of the nal volume) and
diluted with culture broth to a concentration of 2mgmL�1. Further
1 : 2 serial dilutions were performed by addition of culture broth to
reach concentrations ranging from 2 to 0.0156 mg mL�1; 100 mL of
each dilution was distributed in 96-well plates, as well as a sterility
control and a growth control (containing culture broth plus DMSO,
without antimicrobial substance). Each tested and growth control
wells were inoculated with 5 mL of a bacterial suspension (108 CFU
mL�1 or 105 CFU per well). All experiments were performed in
triplicate and the microdilution trays were incubated at 36 �C for 18
h. Bacterial growth was detected former by optical density (ELISA
reader, CLX800-BioTek Instruments) and aer by addition of 20 mL
of an INT alcoholic solution (0.5 mg mL�1) (Sigma). The trays were
again incubated at 36 �C for 30 min, and in those wells, where
bacterial growth occurred, INT changed from yellow to purple. MIC
values were dened as the lowest concentration of each natural
product, which completely inhibited microbial growth. The results
were expressed in milligrams per milliliters using two different
culture media: Mueller–Hinton broth and Luria Bertania (LB). The
inoculum was prepared as described previously. Natural products
were dissolved in DMSO (10% of the nal volume) and diluted with
culture broth to a concentration of 2 mg mL�1. Further 1 : 2 serial
dilutions were performed by addition of culture broth to reach
concentrations ranging from 2 to 0.0156 mg mL�1; 100 mL of each
dilution were distributed in 96-well plates, as well as a sterility
control and a growth control (containing culture broth plus DMSO,
without antimicrobial substance). Each test and growth control well
was inoculated with 5 mL of a bacterial suspension (108 CFU mL�1

or 105 CFU per well). All experiments were performed in triplicate
and the microdilution trays were incubated at 36 �C for 18 h.
nctionalized chitosan Schiff bases (ILCSBs1–6) biopolymeric films. The

RSC Adv., 2016, 6, 20901–20915 | 20905
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Bacterial growth was detected former by optical density (ELISA
reader, CLX800-BioTek Instruments) and aer by addition of 20 mL
of an INT alcoholic solution (0.5 mg mL�1) (Sigma). The trays were
again incubated at 36 �C for 30 min, and in those wells, where
bacterial growth occurred, INT changed from yellow to purple. MIC
values were dened as the lowest concentration of each natural
product, which completely inhibited microbial growth. The results
were expressed in mg mL�1.
Field anti-macrofouling assays at Eastern Harbor of
Alexandria beach

Among novel polymeric ionic liquid-based chitosan Schiff bases,
the most potent biocidal one, ILCSB2, has been selected to be
subjected to a eld immersion antifouling paint testing for moni-
toring its antifoulant properties over time under in vivo conditions.
In this test; ILCSB2wasmixed with an inert matrix using a suitable
blend of resins and supporting it with nontoxic inert pigments to
form a paint which was then immersed in the sea using suitable
iron frames. Four marine paint formulations are prepared by
incorporating ILCSB2, standard (Diuron®), chitosan extracted
from shrimp shells and commercial chitosan bought from the
market into soluble matrix paint, in addition to an inert paint
formulation which used as a control. 0.2 mm thick sheets of acrylic
were cut to panel dimensions of 10� 15� 0.2 cm (see Fig. 8). The
panels were roughened using emery papers starting with a coarse
one and proceeding in steps to ner grades. The panels were
coated from front and back with two successive coats of the
prepared paint, being allowed to dry for two days between each
coating. The coated panels were connected to the tested frames
with nylon threads through nails bored in the panels (see Fig. S1,
ESI†). All panels were immersed in the Eastern Harbor of Alexan-
dria, where their antifouling proles were studied periodically from
12 May 2015 to 6 October 2015 by visual inspection and photo-
graphic recording (see Fig. 8). The condition of each coated panel
was recorded as a total cover percentage with respect to different
marine fouling organisms over different time intervals (see Fig. 9).
Results and discussion
Chemistry

In this work, dual quaternization strategy and Schiff-base
chemistry have been used as a convenient route for surface
functionalization of natural biopolymer chitosan (CS), which
obtained by efficient deacetylation of chitin extracted from
shrimp shells wastes (Scheme 2). The key starting materials ionic
liquid salicylaldehydes (IL-Sal, 2, 3a–c) were synthesized starting
from chloromethylsalicylaldehyde (1) via an efficient green
chemistry protocol, in which, the chloromethylsalicylaldehyde
was explored as agent for quaternization of various nitrogen-
containing compounds (such as 1-methylimidazole (1-MeIm),
triethylamine (Et3N), 2-methoxypyridine (2-MeOPy)) to generate
imidazolium/ammonium/pyridinium-based salicylaldehyde
chlorides (2a–c), respectively. Anion metathesis of 2a–c with
hexauorophosphoric acid (HPF6(aq)) afforded the corresponding
hexauorophosphate salts (3a–c). Eventually, the desired
ILCSB1–6, were obtained simply by Schiff-base condensation of
20906 | RSC Adv., 2016, 6, 20901–20915
ionic salicylaldehyde salts (2, 3a–c) with the natural biopolymer
chitosan. These chitosan architectures were isolated in excellent
yields and structurally characterized by elemental analysis, FTIR,
NMR (1H, 13C, 19F, 31P), as well as morphologically characterized
by SEM analysis.
Structural characterizations of CS and ILCSBs

Structural characterizations of CS. The degree of acetylation
(DA) was calculated from elemental analysis according to the
following eqn (1):21

DA ¼ [(C/N � 5.14)/1.72] � 100%

¼ [(40.63/7.31 � 5.14)/1.72] � 100% ¼ 24.3% (1)

Based on the elemental analysis and degree of deacetylation
of chitosan, we propose a plausible structure for the monomeric
building unit of CS in Scheme 3.

Spectral data (FTIR and NMR) provide further validation
evidences for the proposed structure of the building block of CS.
The FTIR spectral data of CS revealed an absorption peak for
N–H stretching vibration of the NH2 group, in GlcNH2 at 3436
cm�1 and for the N–H stretching vibration of the NH group in
GlcNHAc at �3160 cm�1 coupled with an increase of NH2 band
intensity reecting higher degree of deacetylation (i.e. higher
GlcNH2 : GlcNHAc ratio). Stretches at 1653, 1568 and 1380 cm�1

are characteristic for carbonyl, amide II and amide III frag-
ments of GlcNHAc. The FTIR spectra of commercial chitosan
and chitosan obtained from shrimp shell were found to be quite
similar. The degree of deacetylation (DDA) can be determined
from the absorption or transmittance (A or T) ratios between
C]O band (AC]O), characteristic for N-acetylated fragment
(GlcNHAc), and NH2 band (ANH2

), characteristic for N-deacety-
lated fragment (GlcNH2), using the Kasaai eqn (2).22

DDA ¼ 100�
�
AC]O

ANH2

� 115

�
¼ 100�

�
A1653

A3462

� 115

�
(2)

with here

A1653 ¼ �log(T1653/100) ¼ �log(0.91144) ¼ 0.04

and

A3462 ¼ �log(T3462/100) ¼ �log(0.65010) ¼ 0.19,

so that DDA ¼ 75.8% and DA ¼ 24.2% (in agreement with the
value obtained from elemental analysis).

The degree of acetylation, DA of chitosan can also be calcu-
lated on the basis of proton signals intensities (I) assigned for
H1 or H2, characteristic for GlcNH2 fragment, and H1 or CH3,
characteristic for GlcNHAc fragment, in the 1H NMR spectra of
CS (see Fig. 2) using one of the following eqn (3) and (4).23

DA% ¼ 100� IH1

IH1 þ �
ICH3

�
3
�� 100 (3)

DA% ¼ 100� IH2

ICH3

� 100 (4)
This journal is © The Royal Society of Chemistry 2016
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Scheme 2 Schematic diagram for the synthesis of ionic liquid salicylaldehydes (IL-Sal, 2, 3a–c) and surface-functionalized chitosan ILCSB1–6.
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here ICH3
¼ 1301.8, IH1 ¼ 756.4 and IH2 ¼ 985.1, so that the

calculated value for DA% in using the 2nd equation is 24.3%
which agrees with that calculated from EA and FTIR data.

In conclusion, elemental and spectral data for isolated chi-
tosan from shrimp shells (of the degree of deacetylation (DDA)
Scheme 3 Proposed structure for the monomeric building unit of CS.

This journal is © The Royal Society of Chemistry 2016
agree to �75.7%) demonstrating that, the building block in CS
architecture is a copolymer from GlcNH2 and GlcNHAc kept at
ca. 3 : 1 molar ratio, i.e., (GlcNHAc)0.243(GlcNH2)0.757(H2O) or
(C8H13NO5)0.243(C6H11NO4)0.757(H2O) (fully agree with proposed
structure cf. Scheme 3).
RSC Adv., 2016, 6, 20901–20915 | 20907
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Fig. 2 1H NMR spectrum of CS (600 MHz, 1% CD3COOD/D2O70 �C).

Scheme 4 Suggested structural formula for the building block of ILCSBs.
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Structural characterizations of ILCSBs
Microanalytical data and degree of substitution DS (immunization)

for ILCSBs. For synthesis of ILCSBs, the experimental conditions
were optimized to avoid any loss of the nal product during the
ðC8H13NO5Þ0:243ðC6H11NO4Þ0:757
CS

þ ILsal

2; 3a� c
/

ðC8

x ¼ degree of substitution ðDSÞ

20908 | RSC Adv., 2016, 6, 20901–20915
reaction workup. Consequently, the obtained product yield could be
used to calculate the degree of substitution DS (immunization)
according to the following proposed reaction;
H13NO5Þ0:243ðC6H11NO4Þ0:757�xðILsalC6H9NO4Þx
ILCSBsð1� 6Þ

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 FTIR patterns for comparison of the azomethine (H–C]N) stretching vibrations and splitting patterns of ILCSB1–6 with CS. † ¼ amide I
stretch around 1660 cm�1; ‡ ¼ amine N–H stretch at ca. 1595 cm�1; { ¼ aryl-O vibration bands at ca. 1285 cm�1.
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For example, Schiff-base condensation of chitosan (1.00 g)
and 2a yields 1.55 g of the ILCSB1 product, i.e., a 55% massive
increase in chitosan weight. Consequently, the molecular
weight of the monomeric building unit of ILCSB1 will be 55%
higher than the chitosan monomeric unit, i.e. (C8H13-
NO5)0.243(C6H11NO4)0.757$H2O (M ¼ 189.39 g mol�1). The
molecular weight of ILCSB1 monomeric unit with an empirical
formula of (C8H13NO5)0.243(C6H11NO4)0.757�x(C18H23ClN3O5)x
will be 293.77 g mol�1. By solving this equation, the value of DS
is found to be 51.8% which is consistent with the values ob-
tained from CHN analysis for ILCSB1. Anal. calcd for
(C8H13NO5)0.243(C6H11NO4)0.239(C18H23ClN3O5)0.518: C, 51.99; H,
6.08; N, 9.72. Found for ILCSB1 (DS ¼ 51.8%) C, 52.35; H, 6.33;
N, 9.92 (Table 1).

On the basis of elemental and spectral analyses for ILCSBs
(1–6) suggested structure for ILs-functionalized salicylidene
Fig. 4 Representative surface topography of CS and ILCSB1–6 biopolym

This journal is © The Royal Society of Chemistry 2016
chitosan architectures for the monomeric building unit is given
in Scheme 4.

FTIR

Emerging or new bands coupled with marked changes in the
FTIR signatures of (ILCSB1–6) compared with those of CS
(Fig. 3) demonstrated that IL-based salicylaldehydes have been
successfully graed onto the chitosan backbone to obtain the
IL-functionalized CS Schiff bases. The FTIR spectra of
(ILCSB1–6) are quite similar. Extremely strong broad peaks
around 3436 cm�1 arises from three overlapping peaks;
phenolic O–H stretch (coincident with the maxima of aryl-O
vibration bands at ca. 1285 cm�1), amide NH stretch mode
(coupled with amide I stretch around 1660 cm�1) and primary
amine N–H stretch (further conrmed by bending vibration
shoulders of NH2 at ca. 1595 cm�1). Permanence of very weak
ers by SEM.

RSC Adv., 2016, 6, 20901–20915 | 20909
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Fig. 5 Zone of inhibition (ZOI, inmm) for target compounds against different bacterial species: (a) in 40% AcOH+ 40% seawater + 20%DW; (b) in
50% AcOH + 50% seawater. Arrows refer to the most potent compounds.
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nNH2
shoulders conrms a decrease in –NH2 group content

through partial Schiff base condensation. Intense bands around
1635 cm�1 are due to azomethine (H–C]N) stretching vibra-
tions which are frequently coupled or demasked with amide I
stretch. Three main peaks (C]N stretching vibration: 1562–
1524 cm�1; PF6

� vibrations: 845 cm�1 and bending vibrations:
773–757 cm�1) are characteristic for the ionic liquid terminals.

NMR spectroscopy
1H NMR spectra of (ILCSB1–6) have a common deshielded
resonance at d ¼ �10.35 ppm originating from the
Fig. 6 Antibacterial efficacy of ILCSBs against different bacterial spec
susceptibility (MIC); (B) bacteriostatic susceptibility (MBC).

20910 | RSC Adv., 2016, 6, 20901–20915
intramolecularly H-bonded phenolic OH,24 and multiplets
between 7.39 and 8.24 ppm assignable to aromatic protons,
which conrm the successful anchoring of ILs-Sal (2, 3a–c) onto
the chitosan backbone. Additionally, consistent with successful
surface functionalization of CS with IL-Sal is the observation of
the azomethine proton signal at ca. 9.00 ppm. Also the intensity
ratio of the anomeric proton around 4.25 ppm to that of
aromatic protons at the range of 7.40–8.14 ppm clearly
demonstrated that the degree of substitution25 was around 50%
which is in good agreement with the DS values calculated from
elemental analysis. In the 13C NMR spectra for (ILCSB1–6)
ies in comparison to standard antifoulant, Diuron®: (A) bactericidal

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 SEM micrographs of both blank, control bacterial cell cultures and with ILCSB2 treated bacterial cell culture morphology. (A and B) Blank
E. coli cells (C) control E. coli cells (D–F) ILCSB2 treated damaged E. coli cell. Red circle in SEM images shows the release of bacterial cell content
after ILCSB2 antibacterial action.
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signals in the range of 35–85 ppm corresponding to carbon
atoms of the chitosan backbone conrm that chitosan retains
its structural stability even aer its chemical-modication with
IL-Sal. Evidences for successful chemical anchoring of ionic
liquid-factionalized salicylaldehydes to the chitosan skeleton, is
provided by the set of additional peaks observed in the low eld
region, 107–135 ppm, attributed to the aromatic carbon atoms
of salicylidene. Signals for the C–OH and HC]N carbon atoms
were observed around 156 ppm and 167 ppm, respectively.
Hexauorophosphate surface-functionalization of CS in
(ILCSB4–6) was authenticated by the appearance of the septet
signal (centered at ca. 144 ppm) and doublet signal (centered at
ca. 70 ppm) in their 31P/19F NMR spectra which are character-
istic for PF6

� counter anions.
Morphological and topographical characterizations of CS and
ILCSBs

The self-standing ILCSB exible lms were analyzed by scan-
ning electron microscopy (SEM) measurements (see Fig. 4),
which revealed difference in the surface morphology as
compared to chitosan (CS). The chitosan lm surface displays
a smooth, dense and at morphology while ILCSBs exhibit
rough sponge like structures.
Bacterial susceptibility prole

Many trials of new antifoulants end in failure due to the low
efficacy, serious negative environmental impact or exorbitant
cost for fabrication of new antifoulants. Functionalization of
This journal is © The Royal Society of Chemistry 2016
chitosan (CS), economically isolated from marine-waste, could
provide a synergetic effect of improving biopotency/antifouling
performance and at the same time may offers new generation of
eco-friendly antibiofoulants.

Antibacterial activity prole. The target imidazolium/
ammonium/pyridinium IL-bearing chitosan Schiff bases
(ILCSBs) and a standard antifoulant, Diuron®, were in vitro
assessed for their capacity to inhibit the growth of a range of
signicant biolm-inducing bacterial strains including Escher-
ichia coli (E. coli, ATCC 25922), Staphylococcus aureus (S. aureus,
ATCC 25923), Aeromonas hydrophila (A. hydrophila) as well
Vibrio. Generally, zone of inhibition (ZOI) data (Fig. 5) demon-
strate that chitosan is a better bactericide than Diuron®, espe-
cially against S. aureus and Vibrio, which have an extraordinary
capacity to attach to implanted medical devices, forming
serious biolm, through direct interaction with the device's
polymer surface or by establishing adhesion to human matrix
proteins that covered the device.26 Enhanced biopotency effect
can be observed by some ILCSBs in comparison to CS. This can
be attributed to several reasons. Firstly, hydrogen-bonding
through the azomethine group (H–C]N), H-bond acceptors,
and phenolic OH, H-bond donor/acceptor, of chitosan-N-sali-
cylidene fragments with the active centers of the bacterial cell
constituents resulting in the interference with normal cell
process.27 Secondly, the poly(ionic liquid) brushes on the
surface of chitosan can provide effective bactericidal efficacy
through a contact mechanism, where, aer the bacterial strains
are adsorbed on the biopolymer surface by electrostatic or
hydrophobic interaction, or both.28 Cationic imidazolium,
RSC Adv., 2016, 6, 20901–20915 | 20911
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Fig. 8 Photographs collected from field test of anti-macrobiofouling assay for ILCSB2-pigment coated acrylic panels in comparison to control,
Diuron-coated panels and uncoated panel (blank).

RSC Advances Paper

Pu
bl

is
he

d 
on

 1
9 

Fe
br

ua
ry

 2
01

6.
 D

ow
nl

oa
de

d 
by

 te
st

 3
 o

n 
21

/0
2/

20
16

 1
7:

12
:2

9.
 

View Article Online
ammonium or pyridinium Sal-IL groups in the structure of poly-
(GlcNHAc-GlcNH2-GlcNSal-IL

+X�) brushes enhance the anti-
bacterial activity, due to electrostatic interactions with the
negatively charged outer wall of the bacteria.29 The hydrophobic
pharmacophores (alkyl terminals) help the ionic liquids to
penetrate into the bacterial cell wall and disrupt the cytoplasmic
membrane with simultaneous release of potassium and other
constituents, eventually causing pathogen death. Finally, the
effectiveness of the ILCSBs against different pathogens depends
on the permeability of the cell wall of bacterial strains which is
affected by hydrophobicity–hydrophilicity balance of the target
compound or difference in ribosome of the microbial cells.30

Among all tested compounds, ILCSB5, 5-(N,N,N-triethy-
lammonium hexauorophosphates)-salicylidene chitosan,
exhibits remarkable extra-potent bactericidal activity in
comparison to standard antifoulant, Diuron®, and can be
classied as a new promising candidate to hinder attachment,
colonization and growth of Staphylococcal and Vibrio strains.

Antibacterial efficacy. To compare the antibacterial efficacy
of the ILCSBs, the MIC/MBC (MIC ¼ Minimal Inhibitory
Concentration; MBC ¼ Minimal Bactericidal Concentration)
were determined against tested biofouling-inducing bacteria
using the macro-dilution broth susceptibility test. The results
are summarized in Fig. 6 and Table S1 (see ESI†). MBC values
20912 | RSC Adv., 2016, 6, 20901–20915
were varied in several orders of magnitude from the MIC values,
with maximum biocidal action being achieved for ILCSB2
against E. coli (MIC/MBCE. coli ¼ 0.16/0.17 mg mL�1) which is 3-
fold lower than that against S. aureus (MIC/MBCS. aureus ¼ 0.50/
0.75). The MIC and MBC values of ILCSBs were signicantly
lower than those of the CS and standard antifoulant, Diuron®,
and varied dependent on bacterial strain, cationic core and
anionic counterion. For example, it was shown that the MIC/
MBC of ILCSB5 against two different species E. coli and
A. hydrophila differ by a factor of 5/6. Also, S. aureus viability
(bactericidal effects, DMIC ¼ 1.39 mg mL�1) is less affected by
the change of cationic/anionic sites than growth inhibition
(bacteriostatic effects DMIC ¼ 2.28 mg mL�1). Noteworthy, the
cationic core-dependent antibacterial activity of ILCSBs against
E. coli follows the following trend: ammonium (MIC/MBC ¼
0.16–0.25/0.17–0.32) > imidazolium (MIC/MBC ¼ 0.25–0.62/
0.64–0.65) > pyridinium (MIC/MBC ¼ 0.45–0.75/1.01–1.88).
Furthermore, hexauorophosphates were found to be more
effective than chloride analogues as revealed by MIC/MBC data.
Preliminary anti-biofouling assay

Biolm formation. Biolm formation is the initial step of the
complex biofouling process enables bacteria to grow under
This journal is © The Royal Society of Chemistry 2016
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harsh conditions and decreases their susceptibility to antibac-
terial/antibiofouling agents. Among biolm-inducing bacte-
rium, E. coli-dominated heterogeneous biolm led to formation
of differential aeration cells, ascribed to the differences in
oxygen levels between the biolm-coated and the area exposed
to the environment,31 which in turn triggers pitting corrosion.
Therefore, extensive research efforts have been devoted to ght
and prevent attachment, colonization and biolm growth due
to bacterial attack. Yet, control and eradication of biolms are
difficult since their resistance toward most antibiofoulants and
biocides is substantially increased.32 The effectiveness of most
efficient biocidal ILs-functionalized CS, ILCSB2, in inhibiting E.
coli-biolm formation was investigated by scanning electron
microscopy (SEM). On comparing the morphology of the blank
(Fig. 7A and B) and control bacterial strains (Fig. 7C) with that
treated with solution of ILCSB2 (Fig. 7D–F), it was noticed that;
(i) the E. coli cells were not aggregated in clusters as in the blank
and control. (ii) The blank and control slides exhibited well
developed dense E. coli biolm growth which reduced consid-
erably ILCSB2-treated E. coli cells. (iii) The cellular morphology
of a portion of ILCSB2-treated E. coli has signicantly changed
such as shrinkage of E. coli cells due to partial damage to the
cell membrane (cf. Fig. 7D–F). The consequences of damaged
cell membrane integrity might be due to the creation of
numerous of membrane pores, as a result of ILCSB2 penetra-
tion, prompting leakage of cytoplasmic contents and accumu-
lation of cell debris (red circle in Fig. 7E and F). These results
conrm that the poly-(GlcNSal-MeIm+Cl�) brushes can effi-
ciently inhibit E. coli biolm-growth and kill most of the E. coli
cells on the CS surface.
Fig. 9 Macroorganism panel coverage percent with time intervals for bl
Harbor starting from (12 May 2015) to (6 October 2015).

This journal is © The Royal Society of Chemistry 2016
Field antibiofouling trial in the marine environment.
ILCSB2-pigment coated acrylic panel was submerged in
a natural marine environment to investigate the biofouling
propensity of this coating, in comparison to blank, pigment and
standard antifoulant (Diuron®) coated panels, at Alexandria
Eastern Harbor beach in Egypt for 147 days. Evidence of macro-
fouling by attachment of macroorganisms is observed by visual
inspection. Fig. 8 shows the appearance of different coated/
uncoated panels with time intervals for 147 days, data were
collected in Table S2 (see ESI†). There were many factors
affecting brown and red algal growth during test period, among
these factors temperature level and nutrients, concentration. (1)
Temperature; aer 91 days temperature decreased to its
minimum value 21.7 �C but for both brown and red algae to
grow they needmore warmer water than this level, consequently
adhesion of these algae is considerably decreases aer 91 days.
(2) Nutrients level; similarly they decreased to their minimum
values from 91 to 147 days. Those nutrients are essential for
brown and red algae to grow (i.e. they must be high enough to
their growth). By comparison ILCSB2 minimized their growth
than normal (blank) during the same periods as shown in the
following gures and photos. The adhesion of marine fouling
macroorganisms to the surface of blank follows the following
affinity trend: tube worm (100% panel coverage aer 147 days) >
brown macroalgae (60% panel coverage aer 91 days) > barna-
cles (65% panel coverage aer 147 days) > bryozoans (60% panel
coverage aer 147 days) > red macroalgae (30% panel coverage
aer 63 days) > green macroalgae (25% panel coverage aer 147
days) > tunicates-zooids (20% panel coverage aer 147 days) >
ascidians (5% panel coverage aer 147 days). On the other
ank, control and painted acrylic panels immersed in Alexandria Eastern

RSC Adv., 2016, 6, 20901–20915 | 20913
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hand, representative photographs collected for control,
Diuron® and ILCSB2 coated panels showed different biofouling
propensity. All settlement data showed a statistically signicant
reduction in macrofoulant density on coated surfaces relative to
the uncoated surface (blank) (see Fig. 9). The experimental
results showed that the ILCSB2-coated exhibited extraordinary
resistance to adhesion of fouling organisms and prevention of
biofouling where this panel seems to retain a relatively clear
surface appearance throughout the period of study, yet the
coating failed at the 8th week. Interestingly, the congested
fouling population on ILCSB2-coated panel is lower than that of
standard antifoulant (Diuron®)-coated panel as revealed from
organism coverage percent where for example, ILCSB2 showed
no growth of red macroalgae during immersion period (0%
aer 147 days) while Diuron® showed a growth of (10% aer 63
days). Furthermore, lower densities of tube worms, barnacles
and bryozoan were attached to the ILCSB2 panel surface when
compared with the Diuron panel. From the obtained results we
can concluded that ILCSB2 showed superior fouling resistance
and prevention against macro-fouling of organism settlements.

Conclusion

Our work demonstrates a simple, safe, cost-effective, and eco-
friendly preparation of ionic liquid brushes-functionalized
chitosan-N-salicylidene (ILCSBs). To our knowledge, this study
is the rst to utilize IL-Sal in chitosan functionalization. The
designed ionic liquid brushes-chitosan-N-salicylidenes exhibit
excellent and broad antibacterial efficacy compared to parent
chitosan and standard antifoulant, Diuron®, against common
panel of biolm-inducing marine bacteria such as S. aureus, E.
coli, A. hydrophila and Vibrio. We have evaluated anti-biofouling
properties of the most efficient biocidal ILs-functionalized CS,
ILCSB2, through: (i) study its ability to inhibit the growth E. coli-
biolm using scanning electron microscopy (SEM). (ii) Field
immersion coating study to investigate the ability of marine
fouling macroorganism to attach to acrylic surface coated with
antifouling paint assembled by commercial pigment incorpo-
rated with ILCSB2. The obtained data revealed that novel ionic
liquid brushes-chitosan-N-salicylidenes surfaces exhibited good
marine conditions durability and can efficiently inhibit E. coli
biolm-growth or kill most of the E. coli cells on the CS surface.
Moreover, they could achieve economical savings, considering
the annual costs sustained for controlling biofouling impact.
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