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A B S T R A C T   

Two novel chitosan derivatives were prepared by incorporating salicylhydrazide into chitosan Schiff base 
(SCsSB) and chitosan (SCs). Two nanocomposites, SCs/TiO2-1% and SCs/TiO2-3%, were also prepared. Their 
structures were confirmed using elemental analyses, FTIR, XRD, SEM, EDX and TEM. Their antimicrobial and 
anti-biofilm activities were arranged as: SCs/TiO2-3% > SCs/TiO2-1% > SCs > SCsSB > chitosan. SCs showed 
minimum inhibitory concentration (MIC) value of 1.95 μg/mL against A. niger which was comparable with that 
of Amphotericin B. SCs/TiO2-3% showed higher inhibition against S. epidermidis, S. aureus, S. pyogenes, 
P. aeruginosa and E. coli than Vancomycin. While, it showed comparable inhibition activity to that of Vancomycin 
against B. subtilis and P. mirabilis. SCs/TiO2-3% showed MIC values equal 0.48 and 0.98 μg/mL corresponded to 
0.98 and 1.95 μg/mL of Amphotericin B against C. albicans, A. fumigatus and A. niger, respectively. SCs/TiO2-3% 
showed much lower minimum biofilm inhibitory concentration (MBIC) values, ranged between 1.95 and 7.81 
μg/mL, than those of SCs, ranged from 62.5 to 125 μg/mL. SCs/TiO2-3% was safe on normal human cells. The 
modifiers and TiO2 nanoparticles incorporated into chitosan in one structure developed its performance. It is 
approach for attaining appropriate structures which are good competitors for antimicrobial agents.   

1. Introduction 

The infections that resist treatment with traditional antibiotics, like 
that caused by Pseudomonas aeruginosa, became a big problem and 
resulted in an increment in clinical consequences. They were specified as 
an eminent nosocomial infection all over the world. Generally, the 
resistance of microbial strains increased due to the overuse of antibiotics 
[1,2]. Thus, there is an imperious necessity for detecting new species of 
antibacterial agents having a total difference in their structures and 
action manner [3,4]. 

In the last decade, the metal oxide nanoparticles played a prominent 
role in the drug delivery systems and showed a good activity against 
microbes. Amongst these are the TiO2 nanoparticles which received the 
interest of many researchers because of their low cost, oxidative char-
acteristics and resistance to chemical as well as photo-chemical corro-
sion. The different shapes of TiO2 of hydrophilicity nature, included 
nanoparticles, nanotubes, mesoporous, nano rods and nano porous 

containing materials, are recently in use in several medical, pharma-
ceutical and cosmetic domains [5–7]. 

The biopolymer chitosan is characterized by its bio-degradability, 
bio-compatibility, non-toxicity, low price and abundance because it is 
easily obtainable. It has a distinguish ability to inhibit a large variety of 
microbes from growing and thus can be applied in various domains like 
agriculture, medicine, water treatment, food and pharmaceutical in-
dustries [8–10]. Chitosan is mostly chosen as a support for TiO2. Chi-
tosan-TiO2 system has a more useful impact than that of its components 
individually. Chitosan assists in the management of both the size and 
dispersion of the nanoparticles. It is established that chitosan can make 
changes in the TiO2 dispersibility via controlling in the electrostatic and 
steric forces between the nanoparticles, enhancing the stability and the 
dispersion ability of the suspended TiO2 nanoparticles [11,12]. How-
ever, the virgin chitosan, as a supporting material, is not capable for 
sorption so much of metal ions due to its low mechanical properties and 
low chemical stability in acidic media [13]. Thus, modification of both 
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the physical and chemical characteristics of chitosan is needed for 
improving its performance for absorbing metal ions and enhancing its 
capacity for microbial growth inhibition. The well-known strategies of 
chitosan modification included formation of either its substituted de-
rivatives [14,15], its grafted copolymers [16,17], its cross-linked 
hydrogels [18,19] or its blends with other polymers [20,21]. This 
comprises incorporation of a various assortment of functional groups in 
chitosan through reaction with the amino group at the C2 position and/ 
or the hydroxyl groups at the C3 and C6 positions, expanding its 
applications. 

In general, Schiff's bases show a great activity in inhibiting the 
growth of different strains of microbes, and thus they are applicable in 
medicinal and pharmaceutical fields [22]. Further, chitosan Schiff's 
bases have a higher adsorption capacity for metal ions and a better 
antimicrobial activity than the virgin chitosan [23]. The epoxy con-
taining compounds subjects to open their epoxide ring via reaction with 
aliphatic and aromatic amines to yield β-amino alcohols which are 
characterized by their high antimicrobial activity [24,25]. The hydra-
zide compounds show a high capacity for adsorption metal ions and can 
be assorted as effective metal chelating ligands [26]. They also possess a 
great efficiency for inhibiting the growth of various strains of bacteria 
and fungi [27,28]. Some chitosan hydrazide derivatives have shown a 
higher antimicrobial activity than that of their parent chitosan 
[6,24,27,29]. The natural phenolic compounds have shown a great 
significance in the plant physiology and play a vital role in the growth 
and reproduction of the plants. They have a high resistance to the 
pathogens. The polyphenolic compounds can be classified as anti- 
oxidative, anti-microbial, anti-viral, anti-cancer and anti-inflammatory 
agents [29,30]. 

The objective of this study is modification of chitosan for enhancing 
its antimicrobial and anti-biofilm activities to reach to the health envi-
ronment. This was achieved by protecting its bioactive amine groups 
from coupling and confining the modification on its primary hydroxyl 
groups via incorporating the bioactive salicylhydrazide moieties. Thus, 
amino groups of chitosan were reacted with benzaldehyde to give chi-
tosan Schiff's base, followed by reaction of the primary hydroxyl groups 
with epichlorohydrin yielding epoxy chitosan Schiff's base. Then, the 
epoxy rings were easily opened by a compound having a free electron 
pair, salicylhydrazide. Finally, the benzaldehyde moieties were elimi-
nated for regaining the amino groups of chitosan. Salicylhydrazide was 
utilized, for the first time, in the present study to prepare novel sali-
cylhydrazido chitosan Schiff's base (SCsSB) and salicylhydrazido chito-
san (SCs) for combining the advantages of their components. Moreover, 
SCs was loaded with two different concentrations of TiO2 nanoparticles 
for further enhancement of their antimicrobial and anti-biofilm activ-
ities. FTIR, XRD, SEM, EDX, TEM and elemental analysis were used to 
confirm the structure of SCsSB, SCs and the SCs/TiO2 nanocomposites. 
The antimicrobial activity and biofilm inhibition activity of SCsSB, SCs 
and the SCs/TiO2 nanocomposites were investigated against different 
pathogenic microorganisms using XTT and MTT assay, respectively. 

2. Experimental 

2.1. Materials 

Chitosan (its deacetylation degree = 88% and molecular weight = 2 
× 105 g mol− 1) was supplied by Funakoshi Co. LTD (Japan). Benzal-
dehyde (≥99%), epichlorohydrin (≥99%), salicylhydrazide (98%) and 
TiO2 (anatase, nano powder, <25 nm particle size) were provided by 
Sigma-Aldrich (Germany). XTT sodium salt (2,3-Bis(2-methoxy-4-nitro- 
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt, ≥90%) and 
MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide, 98%) were obtained from Sigma (USA). The other used chemicals 
and solvents were extra pure and received from Sigma-Aldrich 
(Germany). 

2.2. Methods 

2.2.1. Synthesis of SCsSB and SCs 
In the first step, protection of the amino groups in chitosan, by their 

condensation with benzaldehyde, was carried out by stirring chitosan (4 
g) in MeOH (50 mL) at room temperature for 1 h for swelling, followed 
by adding benzaldehyde (15 mL) with a continuous stirring for 24 h. The 
yielded chitosan Schiff's base (CsSB) was separated by filtration, rinsed 
extremely with MeOH and dried at 70 ◦C for 12 h [24]. 

In the second step, CsSB (3 g) was mixed with aqueous sodium hy-
droxide solution (100 mL, 0.001 mol L− 1) and stirred well at room 
temperature for 1 h for swelling. To this suspension, epichlorohydrin (5 
mL) was slowly added and stirred for 6 h. The yielded epoxy chitosan 
Schiff's base (ECsSB) was filtered, rinsed several times with water then 
MeOH and dried at 70 ◦C for 12 h [27]. 

In the third step, ECsSB (2.5 g) that stirred in aqueous NaOH solution 
(75 mL, 0.001 mol L− 1) was treated with a solution of salicylhydrazide 
(3.5 g in 25 mL of N, N-dimethyl formamide) and stirred at room tem-
perature overnight. The yielded salicylhydrazido chitosan Schiff's base 
(SCsSB) was filtered, rinsed with H2O then MeOH and dried at 70 ◦C for 
12 h. 

In the fourth step, SCsSB (1.5 g) was mixed with ethanolic HCl so-
lution (50 mL, 0.24 mol L− 1) with stirring at room temperature for 24 h. 
The yielded salicylhydrazide chitosan (SCs) was filtered, rinsed with 
H2O then MeOH and dried at 70 ◦C for 12 h (Scheme 1). 

2.2.2. Preparation of SCs/TiO2 nanocomposites 
SCs/TiO2-1% and SCs/TiO2-3% nanocomposites were prepared 

through blending of 200 mg of the SCs with 1% TiO2 nano-particles (2 
mg) and 3% TiO2 nano-particles (6 mg), respectively. The mixtures were 
put in 100 mL distilled water and kept under mechanical stirrer for 8 h to 
assure complete homogeneity and equal dispersion of the nano-particles 
into the SCs matrix, then the mixtures were filtered and dried. 

2.2.3. Minimum inhibitory concentration assay 
The least concentration that can totally inhibit the microbes from 

growing is called minimum inhibitory concentration (MIC) and is 
determined using the micro-dilution method [31]. The microbial inoc-
ulate was prepared as a suspension at 106 CFU/mL. Dimethyl sulfoxide 
which works as a negative control was used to prepare the samples and 
the reference antibiotics. Then, twofold dilutions (1000–0.24 μg/mL) 
were carried out in a 96 well plate. The growth medium brain heart 
infusion (40 μL), inoculum (10 μL) together with the diluted samples 
(50 μL) were introduced into each well of the microplate, followed by 
incubation of the plates at 37 ◦C for 24 h for the examined microbes, 
then XTT (40 μL) was added and incubated again at 37 ◦C in the dark for 
1 h. The change in the XTT reduction assay was calorimetrically 
measured at 492 nm employing a Tecan Sunrise absorbance microplate 
reader (UK). 

2.2.4. Biofilm inhibition assay 
Inhibition of the biofilms of the microorganisms is proceeded in 96 

well plates in accordance with the assay of the eradication of the biofilm 
[32]. The strains of the microorganisms were incubated in Muel-
ler–Hinton broth for 20 h at 37 ◦C, followed by dilution of the cultures 
until concentration of 1 × 107 CFU/mL. Then, incubation of the mi-
croorganisms' cultures (150 μL), that were put in 96 pegs-lids, for 24 h to 
let forming the biofilms. To remove the planktonic cells, the pegs were 
rinsed three times using the sterilized solution of phosphate buffered 
saline (PBS). The peg-lids were conveyed to another 96-well plate which 
included different samples' concentrations (1000–0.98 μg/mL), fol-
lowed by their incubation for 2 h at 37 ◦C. Washing of the pegs using PBS 
was done and transport their contents to another 96 well plate, at which 
each well included MTT (200 μL, 0.5 mg mL− 1), followed by its incu-
bation for 4 h at 37 ◦C. To dissolve the formed formazan crystals in each 
well, 50 μL of sodium dodecyl sulphate aqueous solution (25% v/v) was 
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added. The capacity of the studied samples for inhibiting the formed 
biofilms was determined by measuring the reduced MTT to its non- 
soluble formazan using the Microplate reader (Tecan, Inc.) at 595 nm 
to estimate the viable biofilm cells. The least concentration of the sample 
that needed for inhibiting the biofilm formation is known as minimum 
biofilm inhibitory concentration (MBIC). 

2.2.5. Cytotoxicity 
The viability assay was used to measure the cytotoxicity of SCs/TiO2- 

3% nanocomposite against normal human lung fibroblast cells (WI-38 
cell line) in accordance to the previously reported method [33]. 

2.3. Measurements 

A Perkin Elmer C, H, N, S Analyzer (Model 2410 series II, USA) was 
used to determine the percentage of elements in chitosan, CsSB, ECsSB, 
SCsSB and SCs. 

A Tescan Shimadzu FTIR spectrophotometer (Model 8000, Japan) 
was utilized for recording the FTIR spectra of chitosan, CsSB, ECsSB, 
SCsSB, SCs and SCs/TiO2 nanocomposites in the wavenumber range of 
400 to 4000 cm− 1 using KBr pellets. 

The advanced wide-angle X-ray diffractometer (Brucker's D-8) was 
employed for inspecting the internal structures of both chitosan, CsSB, 
ECsSB, SCsSB, SCs and SCs/TiO2 nanocomposites. The X-ray source 
(1.5406 ◦A, 40 kV, 30 mA) was generated by a nickel filtered CuKα 

Scheme 1. Synthesis route of SCsSB and SCs  
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radiation. The specimen was scanned between 3◦ and 60◦ diffraction 
angle at a speed of 8◦ min− 1 at 25 ◦C. 

A Quanta scanning electron microscope (model FEG 250) equipped 
with an energy dispersive X-ray spectrometer (EDX) was utilized for 
photographing the surface morphology of both chitosan, SCs and SCs/ 
TiO2 nanocomposites that were coated with gold. 

Transmission electron microscope (Type JEM-HR-JEOL-JEM 2100) 
was employed to assay the morphology of the suspended solution of the 
SCs/TiO2 nanocomposites. 

3. Results and discussion 

3.1. Synthesis of SCsSB, SCs and SCs/TiO2 nanocomposites 

In the present work, we have modified chitosan by incorporating a 
functionalized salicylhydrazide moiety as a pendant group from its 
repeating unit. This was realized via four successive steps; the first step 
was aimed for protection of the amino group of chitosan through 
condensing it with the carbonyl group of the benzaldehyde, getting 
CsSB. Thus, the reaction with epichlorohydrin, in the second step, was 
directed to the primary –OH group on C6 of CsSB to incorporate epoxy 
ring. The latter was facilely broken, in the third step, via reacting it with 
salicylhydrazide due to its possession of lone pair of electrons, producing 
SCsSB. In the fourth step, benzaldehyde moiety was removed from 
SCsSB in acid medium to restore the amino group of chitosan and obtain 
SCs. Thus, the proposed modification method doesn't consume the 
reactive and bioactive NH2 groups of chitosan, since it was confined on 
the primary hydroxyl groups on C6 of chitosan. Further, two different 
amounts of TiO2 nanoparticles were dispersed into the matrix of SCs to 
produce SCs/TiO2-1% and SCs/TiO2-3% nano composites. 

Interestingly, chitosan modification, by insertion of designed func-
tional moieties, was proposed to improve its activity to inhibit both the 
growth and proliferation of hazardous bacteria and fungi. On the other 
hand, the modified chitosan can efficiently inhibit the growth of mi-
crobial biofilms. In this work, chitosan was modified using salicylhy-
drazide and TiO2 nanoparticles to enhance its capacity for inhibiting the 
growth of both the microbes and the biofilms. 

3.2. Characterization of SCsSB, SCs and SCs/TiO2 nanocomposites 

3.2.1. Elemental analysis 
There is an appreciable variance in the percentage of elements, 

particularly the carbon and nitrogen, of chitosan before and after its 
modification as illustrated from elemental analysis data (Table 1) which 
supply a sufficient proof for completion of the modification. For SCsSB, 
there is an appreciable increment in the percentage of carbon and ni-
trogen as compared with that for the parent chitosan. This is ascribed to 
the moieties of the salicylhydrazide and benzaldehyde incorporated into 
chitosan. On the other hand, the results recorded a considerable incre-
ment in the percentage of nitrogen accompanied with a lowering in the 
percentage of carbon of SCs relative to that of the SCsSB. This confirms 
that the benzaldehyde molecules lost through regaining process of the 
primary amine groups. 

3.2.2. FTIR analysis of SCsSB and SCs 
Fig. 1 represents FTIR spectra of chitosan, CsSB, ECsSB, SCsSB and 

SCs. It can be noted that there is a significant variation in the absorption 
frequencies of chitosan derivatives relative to the parent chitosan. The 
chitosan demonstrated four bands at 1155, 1073, 1030 and 895 cm− 1 

confirmed to its saccharide units. The peak that related to its amino, 
hydroxyl groups and H– bonds manifested over the range of 
3200–3600 cm− 1 (intense and broad) and included two peaks at 3460 
and 3190 cm− 1, asserting the presence of the free primary amino groups. 
The peak at 2923 cm− 1 agreed well with the C–H bonds in the ring of 
glucopyranose. Two peaks having a relatively lower intensity appeared 
at 1653 and 1567 cm− 1 related to amide I and amide II, respectively, 
indicating that the deacetylation extent of chitosan is high. The defor-
mation peak of the amino group at 1600 cm− 1 has been overlapped with 
that of amide I at 1653 cm− 1, giving rise to an intensive one [34]. In the 
spectrum of CsSB, the two peaks at 3460 and 3190 cm− 1, that assigned 
to the –NH2 groups, were fully vanished and replaced by a broad peak 
at 3439 cm− 1 corresponded to –OH groups that were bonded by 
hydrogen bonds. This refers to that all the –NH2 groups were consumed 
during their condensing reaction with C––O groups of the benzaldehyde 
molecules. This evidences that all the –NH2 groups of chitosan were 
fully protected. This is in addition to the apparition of five new peaks; at 
692 and 757 cm− 1 related to mono-substituted benzene rings (out of 
plane bending vibration), at 1579, 1555 and 1493 cm− 1 ascribed to 
C––C in aromatic rings and C––N of imine groups, respectively [24]. In 
addition of the aforementioned peaks, the spectrum of ECsSB revealed 
the appearance of a new peak at 1259 cm− 1 attributed to the epoxide 
ring linkages [29]. The structure of the formed SCsSB was confirmed by 
the demise of the epoxy moieties peak at 1259 cm− 1. This refers to that 
all the epoxide rings were opened during their reaction with salicylhy-
drazide. This in addition to the appearance of two new absorption peaks 
at 1454 cm− 1 corresponded to bending vibration of –NH-NH linkages 
and at 1237 cm− 1 attributed to the vibration of phenolic OH group. The 
vibration frequency of the carbonyl groups of the hydrazide moieties 

Table 1 
Percentage of carbon (% C) and nitrogen (% N) of chitosan and its derivatives.  

Samples % C (calc.) % C (found) % N (calc.) % N (found) 

Chitosan  45.1  45.4  8.4  7.9 
CsSB  61.1  60.7  5.7  5.9 
ECsSB  61.7  62.3  4.8  4.5 
SCsSB  60.4  60.5  9.2  9.1 
SCs  52.0  51.9  11.4  11.4  

Wavenumber (cm-1) 

Fig. 1. FTIR spectra of the modified chitosan derivatives.  
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have been overlapped with that of amide I at 1631 cm− 1. The absorption 
of mono and ortho-substituted benzene rings manifested at 634 and 750 
cm− 1, respectively. SCs showed absorption peaks similar to that 
appeared in the spectrum of SCsSB. Moreover, the doublet peak of the 
–NH2 groups at 3431 and 3190 cm− 1 reappeared and the peak of the 
mono-substituted benzene rings at 634 cm− 1 disappeared. This confirms 
the complete restoring of the primary amine groups in SCs units. 

3.2.3. FTIR analysis of SCs/TiO2 nanocomposites 
The impact of TiO2 nanoparticles impregnated into SCs structure was 

evidenced via FTIR analysis (Fig. 2). There is a slight shift in the position 
of some absorption peaks in SCs spectrum to lower frequencies, resulting 
from the formation of the hydrogen bonds between the functional 
groups of SCs and TiO2 nano-particles. The doublet peak around 3431 
and 3190 cm− 1, attributed to the primary NH2 groups, was replaced by 
one peak and shifted to 3427 and 3425 cm− 1 in SCs/TiO2-1% and SCs/ 
TiO2-3%, respectively, the peak at 1640 cm− 1 corresponded to C––O 
group was shifted to 1634 and 1632 cm− 1 in SCs/TiO2-1% and SCs/ 
TiO2-3%, respectively, while the peak related to the –OH groups at 
1064 cm− 1 was shifted to 1068 and 1070 cm− 1 in SCs/TiO2-1% and SCs/ 
TiO2-3%, respectively, as shown in Fig. 2. 

3.2.4. XRD analysis of SCsSB and SCs 
The modified derivative's interior structure was investigated by X- 

ray diffraction (XRD) technique and their patterns were illustrated in 
Fig. 3. the XRD of the parent chitosan was also given for comparison. The 
XRD pattern of chitosan showed two peaks at diffraction angle, 2Ɵ, near 
10◦ and 20◦ which are attributable to its amorphous and crystalline 
fragments, respectively [35]. This can be ascribed to its outstanding 
capacity for forming numerous inter- and intra-molecular hydrogen 
bonds due to its possession of a great number of –NH2 and –OH groups, 
that characterized by a high polarity, embedded in its repeating units. 
Due to the consumption of most of these groups during the reaction of 
chitosan with the functionalized modifiers, it loses the character of its 
XRD pattern. The moieties of the pendant modifier, attached to the 
repeating units, considerably separate the neighboring chains from each 
other. This diminishes the intra- and inter-chain hydrogen bonds, 
leading to a significant reduction in the crystalline segments together 
with an increment in the amorphous segments. This can be noted by 

both the disappearing the peak at 2Ɵ = 10◦ and much lowering of the 
intensity of the peak at 2Ɵ = 20◦ as illustrated in XRD patterns of de-
rivatives, CsSB, ECsSB and SCsSB. Consequently, the modified structures 
become more open and much easily accessible. In addition, the getting 
rid of benzaldehyde moieties from SCsSB results in an increment in the 
spaces inside the resulting SCs matrix, leading to a much more open 
inner structure with expansion in the amorphous portion, as illustrated 
by the almost complete disappearance of the crystalline peak at 2Ɵ =
20◦. 

3.2.5. XRD analysis of SCs/TiO2 nanocomposites 
As shown in Fig. 4, the XRD patterns of the SCs/TiO2 nanocomposites 

showed characteristic peaks at 2ϴ = 25.3◦, 38.5◦, 48.01◦, 53.8◦ and 
55.05◦ assigned to the anatase phase of TiO2 nanoparticles which 
indexed to (101), (112), (200), (105) and (211) crystal planes, respec-
tively (ICSD No. 01-076-3179) [36]. In these patterns, the peak at 25.3◦

had a higher intensity compared with the other crystalline peaks which 
indicated that TiO2 phase changed in the nanocomposites due the ho-
mogeneous dispersion of the nanoparticles inside the polymer matrix 
and the low agglomeration between TiO2 nanoparticles [37] which is 
well illustrated from the selective area diffraction pattern (Fig. 5) [38]. 
The patterns also showed that the inner structure of SCs sample wasn't 
affected by the incorporated TiO2 because the nanocomposites exhibited 
a similar amorphous structure. 

3.2.6. Scanning electron microscopy (SEM) of SCs and SCs/TiO2 
nanocomposites 

Scanning electron microscopy was used to examine the surface 
morphology of chitosan, SCs and SCs/TiO2 nanocomposites. In 

Wavenumber (cm-1) 

Fig. 2. FTIR spectra of SCs and its TiO2 nanocomposites.  

Diffraction angle, 2  (degree) 

Fig. 3. XRD patterns of the modified chitosan derivatives.  
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comparison to the smooth surface structure of free chitosan, the SEM 
images of SCs revealed surface with a bulk of lumps with a little of big 
pores resulted from the hydrogen bonds between phenolic –OH groups 
and the chitosan amino groups. The SEM images of SCs/TiO2 nano- 
composites show uniform dispersion of TiO2 nanoparticles onto to the 
SCs surface Fig. 6. The dispersion of TiO2 nano particles inside the 
polymer matrix was also evidenced by EDX analysis which showed the 
percentage of the C, O, N and Ti elements that constitute the nano- 
composites SCs/TiO2-1% and SCs/TiO2-3% as indicated from Fig. 7. 

3.2.7. Transmission electron microscopy (TEM) SCs/TiO2 nanocomposites 
The TEM images of SCs/TiO2 nanocomposites were illustrated in 

Fig. 8. The images clearly showed the distribution of the TiO2 nano-
particles inside the matrix. The TiO2 nanoparticles appeared with 
irregular spherical shape and size ranged from 12 to 32 nm. 

3.3. Antimicrobial activity of SCsSB and SCs and SCs/TiO2 
nanocomposites 

The reduction of the negatively charged tetrazolium salt (XTT) will 
lead to formation of the orange soluble formazan dye. This takes place 
outside the cells by transportation of electrons through living cells 
plasma membranes. The metabolism activities of the cells can be 
determined via the quantities of XTT. For evaluating if the metabolism 
activities of the cells increased or decreased, the absorbance was 
determined in comparison to that of the non-treated cells (control so-
lutions). Therefore, XTT can be applied to assess the cells proliferation. 

XTT assay was done for determining of the activities of chitosan, 

      Diffraction angle, 2  (degree) 

Fig. 4. XRD patterns of SCs/TiO2 nanocomposites.  

Fig. 5. Selective area electron diffraction pattern of SCs/TiO2-3% nano-composite.  
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SCsSB and SCs against some microbes via measurements of the mini-
mum inhibitory concentration (MIC) values that cause the inhibition of 
the growth of these microbes. 

3.3.1. Antibacterial activity of SCsSB, SCs and SCs/TiO2 nanocomposites 
The conduct of chitosan, SCsSB and SCs against some microbes was 

investigated using XTT assay. Gram-negative bacteria such as Pseudo-
monas aeruginosa (P. aeruginosa, ATCC 10145), Escherichia coli (E. coli, 
ATCC 11775), Proteus mirabilis (P. mirabilis, ATCC 12453) and Klebsiella 
pneumonia (K. pneumonia, ATCC 13883) and Gram-positive bacteria 
such as Staphylococcus epidermidis (S. epidermidis, ATCC 11774), Bacillus 
subtilis (B. subtilis, ATCC 6051), Staphylococcus aureus (S. aureus, ATCC 
25923) and Streptococcus pyogenes (S. pyogenes, ATCC 12344) were used 
in this investigation. The reference antibiotic Vancomycin was utilized 
for comparison. 

It could be noted that both SCsSB and SCs are more efficient than 
chitosan against all the tested bacteria. They showed MIC values ranged 
from 7.81 to 125 and from 3.9 to 62.5 μg/mL corresponding to MIC 
values of chitosan that ranged from 125 to 250 and from 62.5 to 250 μg/ 
mL against the examined Gram-negative and Gram-positive bacteria, 
respectively (Tables 2 and 3 and Online supplemental Files 1 and 2). 

The antibacterial activity of chitosan was explained by three 
reasonable mechanisms. One of them describes the electrostatic inter-
action that takes place between the sites of cationized charges on chi-
tosan and the sites of anionized charges on the bacterial cell membranes. 
Thus, the permeability of these membranes alters, causing a seepage of 
the internal cellular electrolytes and their protein components [39]. On 
the basis of this assumption, the performance of the antibacterial agent 
would be enhanced with an increment of the number of the positively 
charged sites on its surface. As compared to the structure of chitosan, 

Fig. 6. SEM images of chitosan, SCs and SCs/TiO2 nanocomposites.  
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Fig. 7. EDX analysis of SCs/TiO2 nanocomposites.  

Fig. 8. TEM micrographs of SCs/TiO2 nanocomposites.  

Table 2 
Minimum inhibitory concentration (MIC) indices of chitosan, SCsSB, SCs and SCs/TiO2 nanocomposites against the tested Gram-negative bacteria.  

Samples MIC (μg/mL) 

E. coli P. mirabilis K. pneumonia P. aeruginosa A. baumannii 

Chitosan  250  125  250  250 – 
SCsSB  125  31.25  62.5  31.25 – 
SCs  31.25  31.25  15.63  7.81 – 
SCs/TiO2-1%  7.81  7.81  3.9  1.95 62.5 
SCs/TiO2-3%  1.95  1.95  1.95  0.98 15.63 
Vancomycin  3.9  1.95  0.49  3.9 3.9  
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SCsSB involves C––O, 2 NH, 2 OH and N––CH as additional sites on its 
surface, whereas SCs comprises C––O, 2 NH, 2 OH in addition to the 
regained NH2 groups. Thus, SCsSB and SCs possess much more cationic 
sites due to the facile protonation of the aforementioned polar groups. 
This leads to an increment in the net result of the positive charge in-
tensity, increases its electrostatic interaction with the membranes of the 
cells of bacteria having negative charge sites and accordingly improves 
the activity against bacteria. This finding is in well consistent with the 
reported results in some previous studies [9,24,27,29,34]. 

The secondly proposed mechanism assumes that chitosan amal-
gamates with DNA of the microbes, inhibiting the protein and mRNA to 
be synthesized [40]. In SCsSB and SCs, the separation between their 
neighboring chains from each other predominated. This is ascribed to 
the inclusion of both benzaldehyde and salicylhydrazide as pendant 
moieties in SCsSB and salicylhydrazide in SCs. Thus, their inter-chains 
hydrogen bonds considerably reduced, facilitating their penetration 
into the cells of the microbes. This suppresses the microbial growth 
through inhibiting DNA to be converted into RNA and achieves a better 
antibacterial performance. 

The third one depends on the great capability of chitosan to be co-
ordinated with spore elements, metals and substantial nutrients [41]. It 
has long been known that the compounds containing imine and/or hy-
drazide linkages behave as effective ligands for chelating metals 
[23,26,42,43]. Both the imine and the hydrazide linkages that inserted 
into TCsSB, and also the hydrazide in addition to regained amino groups 
into TCs, raises the chelation sites number with spore elements, metals 
and substantial nutrients. This illustrates the higher potency of TCsSB 
and TCs against bacteria in comparison with chitosan itself. 

SCs has a greater inhibition performance than that of SCsSB against 
all the examined bacteria. SCs exhibited MIC values ranged from 7.81 to 
31.25 and from 3.9 to 15.63 μg/mL corresponded to MIC values of SCsSB 
that ranged from 31.25 to 125 and from 7.81 to 62.5 μg/mL against the 
examined Gram-negative and Gram-positive bacteria, respectively (Ta-
bles 2 and 3 and Online supplemental Files 1 and 2). SCs combines both 
the salicylhydrazide linkages together with the retrieved amino groups 
which are readily protonated. The resulting protonated sites can elec-
trostatically interact with the negative charges on the surfaces of 
membranes of the cells of bacteria. This emphasizes the most proper 
mechanism of the antibacterial action of chitosan. The antibacterial 
action of SCsSB is lower than that of SCs (Tables 2 and 3 and Online 
supplemental Files 1 and 2), confirming the lesser efficacy of the imine 
groups in comparison to the free amino groups. This may be ascribed to 
lower capacity of the imine groups than that of the NH2 groups for 
protonation, increasing the electrons density on SCsSB, dropping its 
performance for electrostatic interaction toward the negative charges on 
the surfaces of the membranes of the bacterial cells and consequently 
decreasing its inhibition efficiency against bacteria relative to SCs. 

The inhibitory action of SCsSB toward the inspected bacteria is or-
dered as follows: B. subtilis (MIC = 7.81 μg/mL) > S. pyogenes (MIC =
15.63 μg/mL) > S. aureus = P. aeruginosa = P. mirabilis (MIC = 31.25 μg/ 
mL) > S. epidermidis = K. pneumonia (MIC = 62.5 μg/mL) > E. coli (MIC 

= 125 μg/mL) (Tables 2 and 3 and Online supplemental Files 1 and 2). 
While, the potency of inhibition of SCs is arranged as follows: B. subtilis 
(MIC = 3.9 μg/mL) > S. pyogenes = P. aeruginosa (MIC = 7.81 μg/mL) >
S. aureus = S. epidermidis = K. pneumonia (MIC = 15.63 μg/mL) >
P. mirabilis = E. coli (MIC = 31.25 μg/mL) (Tables 2 and 3 and Online 
supplemental Files 1 and 2). The various strains of both the Gram- 
positive bacterial cells and the Gram-negative ones are different con-
cerning their wall's structure. The cellular walls of the Gram-positive 
bacteria are highly porous, this permits easily diffusion and speedily 
absorption of the foreign compounds inside the cells. On contrast, the 
Gram-negative bacteria have more complicated cellular walls that 
comprise of two layers; a thinly interior membrane and a thicky exterior 
membrane. The latter represents a diffusion barrier toward the foreign 
substances [40]. These structural variations bear the responsibility for 
the diverse influences exhibited by SCsSB and SCs. 

The effect of inclusion the TiO2 nanoparticles into SCs on its anti-
bacterial activity was also studied using XTT assay. The results showed 
that the incorporated TiO2 nano particles greatly increased the inhibi-
tion tendency of SCs as indicated from the lower MIC values for the SCs/ 
TiO2-1% and SCs/TiO2-3% nanocomposites than free SCs. They showed 
MIC values ranged from 0.98 to 7.81 and from 0.24 to 3.9 μg/mL cor-
responded to MIC values of SCs that ranged from 7.81 to 31.25 and from 
3.9 to 15.63 μg/mL against the examined Gram-negative and Gram- 
positive bacteria, respectively (Tables 2 and 3 and Online supple-
mental Files 1 and 2). Interestingly, the SCs/TiO2-1% and SCs/TiO2-3% 
nanocomposites showed a significant inhibition activity against Acine-
tobacter baumannii (A. baumannii, ATCC 19606) (their MIC values ranged 
from 15.63 to 62.5 μg/mL) (Table 2 and Online supplemental File 1) and 
Methicillin-resistant Staphylococcus aureus (MRSA, ATCC-BAA-1720) 
(their MIC values ranged from 7.81 to 31.25 μg/mL) (Table 3 and On-
line supplemental File 2) on contrast to SCs which had no any inhibition 
activity toward them. Further, the increased TiO2 nanoparticles amount 
extremely inhibited the growth of the microorganisms as indicated from 
the lower MIC values for the SCs/TiO2-3% (its MIC values ranged from 
0.98 to 15.63 and from 0.24 to 7.81 μg/mL) as compared with SCs/TiO2- 
1% (its MIC values ranged from 1.95 to 62.5 and 0.98 to 31.25 μg/mL) 
against the examined Gram-negative and Gram-positive bacteria, 
respectively (Tables 2 and 3 and Online supplemental Files 1 and 2). It is 
merit mentioning that the SCs/TiO2-3% was more potent in inhibition 
against S. epidermidis (MIC value = 0.24 μg/mL), S. aureus (MIC value =
0.98 μg/mL), S. pyogenes (MIC value = 1.95 μg/mL), P. aeruginosa (MIC 
value = 0.98 μg/mL) and E. coli (MIC value = 1.95 μg/mL) as compared 
with the reference drug Vancomycin (MIC values were 1.95, 1.95, 3.9, 
3.9, 3.9 μg/mL, respectively). While, SCs/TiO2-3% showed a compara-
ble inhibition activity to that of Vancomycin against B. subtilis (MIC 
value = 0.98 μg/mL) and P. mirabilis (MIC value = 1.95 μg/mL). 

3.3.2. Antifungal activity of SCsSB, SCs and SCs/TiO2 nanocomposites 
The inhibitory action of chitosan, SCsSB and SCs was studied against 

Candida albicans (C. albicans, ATCC 18804), Aspergillus fumigatus 
(A. fumigatus, ATCC 9197) and Aspergillus niger (A. niger, ATCC 6275) as 
representative models of fungi utilizing XTT assay. The results of stan-
dard antifungal drug Amphotericin B were also provided for comparison. 

Against all the checked fungi, SCsSB and SCs have more repression 
potency than that of chitosan as shown in Table 4 and Online supple-
mental File 3. This is clarified from their decreased MIC values that were 
gotten from colorimetric change in the XTT color. They showed MIC 
values ranged from 1.95 to 125 μg/mL corresponding to MIC values of 
chitosan that ranged from 125 to 250 against the examined fungi 
(Table 4 and Online supplemental File 3). 

The most opportune mechanism that interprets the greater activity of 
SCsSB and SCs against the fungi in comparison to chitosan can be 
attributed to: (1) The more powerful chelation of additional electron 
releasing groups, imine, hydrazide and the recovered amino groups, on 
SCsSB and SCs and the metal ions of the nutrient necessary for the 
growing of the fungal, and (2) The more facile diffusion of SCsSB and SCs 

Table 3 
Minimum inhibitory concentration (MIC) indices of chitosan, SCsSB, SCs and 
SCs/TiO2 nanocomposites against the tested Gram-positive bacteria.  

Samples MIC (μg/mL) 

S. aureus S. pyogenes B. subtilis S. epidermidis S. aureus 
(MRSA) 

Chitosan  250  62.5  125  250 – 
SCsSB  31.25  15.63  7.81  62.5 – 
SCs  15.63  7.81  3.9  15.63 – 
SCs/TiO2- 

1%  
3.9  3.9  0.98  3.9 31.25 

SCs/TiO2- 
3%  

0.98  1.95  0.98  0.24 7.81 

Vancomycin  1.95  3.9  0.98  1.95 1.95  
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than chitosan, because they are less crystalline, higher hydrophilic and 
more swellable, into the fungal hypha leading to a disturbance in the 
activities of the enzymes which bear a responsibility for the growing of 
the fungal [44]. 

Further, SCs showed a better inhibitory efficiency than that of SCsSB 
against the fungal growth. SCs exhibited MIC values ranged from 1.95 to 
31.25 μg/mL corresponded to MIC values of SCsSB that ranged from 
7.81 to 125 μg/mL against the examined fungi (Table 4 and Online 
supplemental File 3). 

The suppression activity of SCsSB and SCs against the checked fungi 
has been classified as follows: A. niger (MIC = 7.81 and 1.95 μg/mL, 
respectively) > A. fumigatus (MIC = 15.631 and 3.9 μg/mL, respec-
tively) > C. albicans (MIC = 125 and 31.2595 μg/mL, respectively). This 
is due to that the structures of the walls of these fungi are different, 
leading to a difference impact of the SCsSB and SCs on them. 

Interestingly, SCs showed MIC value of 1.95 μg/mL to inhibit A. niger 
which is comparable with that obtained for the reference drug Ampho-
tericin B (Table 4 and Online supplemental File 3). 

The results also revealed that, compared to the parent SCs, SCs/TiO2- 
1% and SCs/TiO2-3% nanocomposites had a better antifungal activity 
against the tested fungi (Table 4 and Online supplemental File 3). They 
showed MIC values ranged from 0.48 to 3.9 μg/mL corresponded to MIC 
values of SCs that ranged from 1.95 to 31.25 μg/mL against the exam-
ined fungi (Table 4 and Online supplemental File 3). Interestingly, the 
SCs/TiO2-1% and SCs/TiO2-3% nanocomposites showed a significant 
inhibition activity with MIC values of 31.25 and 7.81 μg/mL, respec-
tively, against Cryptococcus neoformans (C. neoformans, ATCC 66031) on 
contrast to SCs which had no any inhibition activity toward it (Table 4 
and Online supplemental File 3). The order of inhibition potency of SCs/ 
TiO2-1% and SCs/TiO2-3% against the tested fungi is C. albicans (MIC =
0.98 and 0.48 μg/mL, respectively) > A. fumigatus (MIC = 1.95 and 0.98 
μg/mL, respectively) > A. niger (MIC = 3.9 and 0.98 μg/mL, respec-
tively) > C. neoformans (MIC = 31.25 and 7.81 μg/mL, respectively) 
(Table 4 and Online supplemental File 3). Further, the increased TiO2 
nanoparticles amount extremely inhibited the growth of the microor-
ganisms as indicated from the lower MIC values for the SCs/TiO2-3% (its 
MIC values ranged from 0.48 to 7.81 μg/mL) as compared with SCs/ 
TiO2-1% (its MIC values ranged from 0.98 to 31.25 μg/mL) against all 
the examined fungi (Table 4 and Online supplemental File 3). SCs/TiO2- 
3% was more potent in inhibition against A. fumigatus (0.98 μg/mL), 
A. niger (0.98 μg/mL) and C. albicans (0.48 μg/mL) as compared with the 
reference drug Amphotericin B (1.95, 1.95 and 0.98, respectively) 
(Table 4 and Online supplemental File 3). The aforementioned results 
affirmed the powerful effect of the incorporated TiO2 nanoparticles in-
side the polymeric matrix for anti-proliferation of the microbes. 

3.4. Antibiofilm activity of SCsSB, SCs and SCs/TiO2 nanocomposites 

It is very agreeable that the growth of the biofilms is the most 
recognized bacterial growth manner in both the host and the environ-
ment. Thus, the antimicrobial agents should be characterized not only 
by its ability to inhibit the growth of cells of bacteria but also by its 
capacity to prevent the growth of bacterial biofilms. 

The inhibition action of chitosan, SCsSB, and SCs against forming 
biofilm by Gram-negative P. aeruginosa, Gram-positive S. epidermidis, 
and Unicellular fungus C. albicans is represented in Fig. 9 and Table 5. 
MTT is reduced to the insoluble component formazan for estimating the 
inhibition of the biofilms. 

As shown in Table 5, The results indicated the weak performance of 
chitosan against inhibition of the formation of biofilms. It showed 
minimum biofilm inhibitory concentration (MBIC) ranged from 500 to 
1000 μg/mL (Table 5). On the other hand, SCsSB has a greater inhibitory 
efficiency than chitosan against formation of biofilms as illustrated from 
its lower MBIC values that ranged between 125 and 500 μg/mL. While, 
SCs showed MBIC values, ranged between 62.5 and 125 μg/mL, which 
are much better than that of SCsSB, indicating the role played by the 
regained amino groups in biofilm formation inhibition. 

The anti-biofilm activity of chitosan and its modified structures 
SCsSB and SCs can be attributed to their effect on disrupting the mode of 
communication between bacteria that allows specific processes to be 
controlled such as biofilm formation [45]. Chitosan, on the other hand, 
as a cationic polymer, has the ability to interact with negatively charged 
microbial cell membranes, disrupting their functions and inhibiting 
microbial communication, resulting in a decrease in signaling molecule 
secretion, which slows virulence factor production and biofilm forma-
tion [46,47]. SCsSB and SCs displayed a stronger antibacterial activity 
than chitosan due to the presence of extra cationic functional groups. As 
a result, SCsSB and SCs may disrupt microbial communication and, as a 
result, effectively suppress biofilm formation. 

The effect of incorporation of TiO2 nanoparticles into the matrices of 
SCs on its performance against biofilm formation was also studied. SCs/ 
TiO2-3% was more potent in inhibition of the biofilm formation of both 
P. aeruginosa, S. epidermidis and C. albicans than its parent SCs as shown 
in Fig. 9 and Table 5. This is illustrated from the extremely lower MBIC 
values of SCs/TiO2-3% that ranged between 1.95 and 7.81 μg/mL cor-
responding to those of its parent SCs that ranged from 62.5 to 125 μg/mL 
(Table 5). This indicates the role played by TiO2 nanoparticles in biofilm 
formation inhibition. 

3.5. Evaluation of cytotoxicity of SCs/TiO2 nanocomposite on human 
normal cells 

Cytotoxic activity of SCs/TiO2-3% nanocomposite (as a representa-
tive example) was studied against normal human lung fibroblast cells 
(WI-38 cell line) using concentrations ranged from 0 to 500 μg/mL 
(Table 6). The results showed that the viability of the normal cells 
slightly influenced by SCs/TiO2-3% at 62.5 μg/mL concentration, after 
that the viability decreased gradually by increasing the SCs/TiO2-3% 
concentration up to 500 μg/mL. The cytotoxic concentration (CC50) that 
caused toxic effects in 50% of intact cells was 328.0 ± 10.43 μg/mL. 
From Tables 2, 3 and 4, it was deduced that the SCs/TiO2-3% nano-
composite exhibited high antimicrobial activity on bacteria and fungi at 
concentrations lower than its cytotoxic concentration (62.5 μg/mL), 
indicating that the SCs/TiO2 nanocomposites are safe on normal human 
cells and are promising as potent antimicrobial agents in biomedical 
applications. Microscopic examination of normal human lung fibroblast 
cells (WI-38 cell line) that incubated for 24 h with SCs/TiO2-3% nano-
composite at 62.5 μg/mL concentration is shown in Online supplemental 
File 4. 

4. Conclusion 

Chitosan was chemically modified using salicylhydrazide to achieve 
two novel derivatives; salicylhydrazide chitosan Schiff's base (SCsSB) 
and salicylhydrazide chitosan (SCs). The latter was further modified 
with two different amounts of TiO2 nanoparticles to obtain SCs/TiO2-1% 
and SCs/TiO2-3% nano composites. Compared with virgin chitosan, 
their structures were proved both via the appreciable variance in the 
percentage of carbon and nitrogen, the significant variation in the FTIR 

Table 4 
Minimum inhibitory concentration (MIC) indices of chitosan, SCsSB, SCs and 
SCs/TiO2 nanocomposites against the tested fungi.  

Samples MIC (μg/mL) 

A. niger A. fumigatus C. albicans C. neoformans 

Chitosan  125  125  250 – 
SCsSB  7.81  15.63  125 – 
SCs  1.95  3.9  31.25 – 
SCs/TiO2-1%  3.9  1.95  0.98 31.25 
SCs/TiO2-3%  0.98  0.98  0.48 7.81 
Amphotericin B  1.95  1.95  0.98 3.9  
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absorption frequencies, the considerable change in interior structure 
and surface morphology and a good dispersion of TiO2. It was found that 
the antimicrobial activity and the anti-biofilms activity depended on the 
structure of the modified chitosan derivatives. SCsSB, SCs, SCs/TiO2-1% 
and SCs/TiO2-3% nano composites are more efficient than chitosan 
against all the tested bacteria and fungi and against biofilms formation. 
Their inhibitory efficiency is ordered as follows: SCs/TiO2-3% > SCs/ 
TiO2-1% > SCs > SCsSB > chitosan. Also, the antimicrobial activity and 
the anti-biofilms activity depended on the type of the microbial strains 
due to the structural variances in the cellular walls of the different mi-
crobes. Some of them showed comparable or even greater antimicrobial 
activity than the used reference bactericides or fungicides. Cytotoxic 
activity of SCs/TiO2-3% composite referred to that its use is safe on 
normal human cells. Thus, this study supplied a facile and feasible 
method to obtain chitosan-based modified biomaterials that can be 
utilized in the biomedical domains as efficient antimicrobial agents. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2022.03.076. 
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