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A B S T R A C T   

The development of antibacterial resistance imposes the development of novel materials to relieve the burden of 
infection. Chitosan, a material of natural and sustainable origin, possesses ideal characteristics to translate into a 
novel biomaterial with antibacterial properties, as it already has these properties and it allows easy and scalable 
chemical modification to enhance its activity. The aim of the present work was that of producing low molecular 
weight chitosans that have higher solubility and can remain protonated at physiological pH, thus enhancing the 
antimicrobial action. This was achieved by reacting acid hydrolysed low molecular weight chitosan with 2-bro
moethyleneamine hydrobromide or Fmoc-Lys(Fmoc)-OH to elicit N-(2-ethylamino)-chitosan and N-2(2,6-dia
minohexanamide)-chitosan polymers. The latter derivative, CS3H Lys, that was synthesised for the first time, 
showed superior efficacy against Staphylococcus aureus, supporting further studies for its inclusion in implant 
coating materials to tackle the burden of orthopaedic implant-associated infections.   

1. Introduction 

Novel antimicrobial materials to limit usage of current antibiotics, 
against which many bacteria have developed resistance, are increasingly 
needed for surgical interventions (Mullis et al., 2021). Of particular 
interest is the development of coating materials for implantable devices 
prone to infection mainly by Staphylococcus aureus (Oliveira et al., 
2018). Infection remains the main reason for failure of orthopaedic 
implants with serious implications for individual patients who often 
require a second surgery, removal of the implant and a long-stay in 
hospital. Thus, these infections are not only debilitating for the patient 
but also costly for national health services (Arciola & Campoccia, 2018). 
Chitin and chitosan biomaterials are sustainable and recyclable waste 
materials that possess natural antibacterial properties, which can be 
enhanced by chemical modification, and are widely studied as coatings 
for implantable devices (Roldo & Fatouros, 2011). Chitosan is effective 
against a wide range of target organisms and available in a variety of 
formulations (solutions, films, composites) (Abd El-Hack et al., 2020; 
Costa-Pinto et al., 2021). Molecular weight (MW), degree of deacety
lation (DD) and chemical modification of chitosan determine the phys
icochemical properties and biological activities of the polymer, 

including its antibacterial effects. Formulation parameters are also 
critical to their successful application and these include the concentra
tion, pH, physical form and ionic strength (Costa-Pinto et al., 2021; Yuan 
et al., 2011). The antibacterial activity of chitosan and its derivatives has 
been studied from the early 1980s, while different mechanisms and 
combination of mechanisms have been suggested, researchers more 
generally agree on its complexity and its dependence on factors such as 
molecular weight, degree of deacetylation and physical form (Goy et al., 
2009; Tan et al., 2013). One of the suggested mechanisms of action is 
based on the electrostatic interaction between chitosan positively 
charged amino groups and the predominantly anionic lipopolysaccha
ride (LPS) on Gram-negative bacteria or teichoic acid on Gram-positive 
bacteria (Kulawik et al., 2019). In Gram-negative bacteria, chitosan 
interacts with LPS molecules and displaces divalent cations (e.g., Ca2+

and Mg2+) inducing depolarisation of the cell membrane, resulting in 
increased permeability, osmotic damage, intercellular leakage and ul
timately cell death. In Gram-positive bacteria, chitosan diffuses inside 
the cell, binds to the cellular membrane, and inhibits their growth (Chao 
et al., 2019). Studies on ultra high molecular weight chitosan suggest 
also a mechanism of engulfment by chitosan, whereby chitosan coated 
cells slowly rupture and decompose (Li et al., 2016). And more recent 
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studies, looking at chitosan fibers, highlight the complex relation be
tween molecular weight and degree of deacetylation in determining the 
antibacterial effect (Li et al., 2022). Various chitosan derivatives have 
been engineered to maintain the cationic charge or enhance it by 
introducing more reactive amino groups onto the chitosan backbone. 
Rahmani et al. successfully synthesised 4-N, N dimethyl amino benzyl N, 
O carboxymethyl chitosan achieving a higher positive charge at pH 7.2, 

higher solubility and more effective antibacterial activity against 
Escherichia coli, S. aureus and Staphylococcus epidermidis (Rahmani et al., 
2016). By introducing the quaternary amine group using glycidyl tri
methyl ammonium chloride, Cheah et al. formed a quaternized chitosan 
nanofiber membrane, and reported that the antibacterial activity against 
E. coli was enhanced by two-fold compared to unmodified chitosan 
(Cheah et al., 2019). Hu et al. synthesised and tested the antibacterial 

Scheme 1. Synthesis of N-(2-ethylamino)-chitosan.  

Scheme 2. Synthesis of N-2(2,6-diaminohexanamide)-chitosan.  
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activity of 6-amino-ethylamino-6-deoxy chitosan, 6-butyl-amino-6- 
deoxy chitosan, and 6-pyridyl-6-deoxy chitosan. These modified chito
san derivatives showed higher antibacterial activity compared to 
streptomycin against S. aureus, E. coli, Bacillus anthracis, Bacillus subtilis, 
and Salmonella enterica serovar Thypi (Hu et al., 2016). 

Several reports support that a higher degree of deacetylation (DD) 
enhances the antibacterial properties of chitosan by increasing the 
charge density along the polymer (Goy et al., 2009; Rahmani et al., 
2016), although more investigation is needed to identify whether the 
enhanced activity is specifically linked to the DD value or more gener
ally to an increase in water solubility. Less consensus has been achieved 
on the effect of molecular weight (MW). In a comparative study, low MW 
(107 kDa) chitosans showed higher antibacterial activity against 
Aggregatibacter actinomycetemcomitans and Prevotella buccae, while high 
MW (624 kDa) chitosan was more effective against Streptococcus mutans 
and Tannerella forsythensis (Costa et al., 2012). Against S. aureus, chi
tosans of 50–225 kDa were more effective than those of 10–35 kDa, with 
a further reduction in activity observed for chitosan oligomers (2–4 kDa) 
(Sahariah et al., 2019). Similarly high (600–800 kDa) MW chitosans 
were more effective than chitosan with low MW (100 kDa) against the 

Table 1 
Reaction yields (mean ± SD, n = 3) and molecular weight of chitosan polymers 
as determined by GPC/LALLS.  

Polymer Reaction yield (%) Mw (g mol−1) Mn Mw/Mn 

CS N/A 1.653 × 105 4.229 × 104 3.909 
CS3H 89.5 ± 1.8 4.709 × 104 4.156 × 104 1.133 
CS3H EtNH2 75.1 ± 2.8 - Could not be measured - 
CS3H Lys 74.4 ± 3.5 3.345 × 104 1.893 × 104 1.768  

Fig. 1. 1H NMR spectra of chitosan polymers. (A) CS, (B) CS3H, (C) CS3H EtNH2, and (D) CS3H Lys.  
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cariogenic microorganisms S. mutans and Streptococcus sobrinus (Abe
dian et al., 2019). It has been postulated that MW cannot be considered 
separate from other factors such as pH, DD, viscosity and bacteria 
examined. Here, we hypothesise that producing low MW (<50 kDa) 
chitosans that possess higher solubility and remain protonated at 
physiological pH will elicit greater antibacterial activity. To attain these 
characteristics, low MW chitosan polymers were modified by adding 
ethylamine or lysine moieties. These grafted polymers enable the pro
tonated amine to be less sterically hindered and remain protonated at 
physiological pH enhancing the overall aqueous solubility and cationic 
charge at physiological pH of the polymers. Even though numerous 
chitosan derivatives have been prepared, to the best of our knowledge, 
there are no reports of the synthesis and characterisation of N-(2-eth
ylamino)-chitosan and N-2(2,6-diaminohexanamide)-chitosan. These 
novel low MW polymers were tested for their antimicrobial properties 
against S. aureus and P. aeruginosa and cytocompatibility with 
osteoblasts. 

2. Materials and methods 

2.1. Materials 

Commercially available low-viscosity chitosan from shrimp shell 
(CAS 9012-96-4, Lot #BCBQ 3414V, MW: 165.3 kDa (GPC-LALLS), and 

DD 84.63%) was purchased from Sigma-Aldrich Inc. (Gillingham, 
Dorset, UK). All other chemicals used in this study were analytical grade 
and purchased from Sigma Aldrich Inc. (Gillingham, Dorset, UK), unless 
otherwise stated. 

2.2. Preparation of low molecular weight chitosan hydrochloride (CS3H) 

Chitosan (CS) was degraded in hydrochloric acid as previously 
described (Lalatsa et al., 2012). Briefly, chitosan (1 g) was dissolved in 
HCl (4 M, 72 ml) and heated to 50 ◦C under vigorous stirring. After 3 h, 
the reaction was stopped by cooling down the reaction mixture in an ice 
bath. The product was then dialysed (molecular weight cut off 12–14 
kDa, Medicell Membranes Ltd. London, UK) against 5 l of distilled water 
with six changes over 24 h. The dialysed solution was freeze-dried and 
obtained as a white cotton-like material (CS3H). 

2.3. Synthesis of N-(2-ethylamino)-chitosan (CS3H EtNH2) 

The synthesis of N-(2-ethylamino)-chitosan (CS3H EtNH2) was 
adapted from the method developed by Gerecht et al. for the derivati
zation of dextran (Scheme 1) (Gerecht et al., 2011). CS3H (0.5 g) was 
dispersed in N-methyl-2-pyrrolidone (NMP, 50 ml, Rathburn Chemicals 
Ltd. Scotland, UK) in the presence of triethylamine (2.8 ml). To this, a 
solution of 2-bromoethyleneamine hydrobromide (BEAHB, 0.9375 g) in 
NMP (3 ml) was added dropwise. The reaction was stirred at 50 ◦C and 
protected from light. After 24 h, the product was precipitated by addi
tion of ice cold ether (30 ml) and centrifuged (2000 rpm, 10 min). The 
product was collected and dialysed (MWCO: 12–14 kDa) against 500 ml 
cold ethanol for 1 h (twice) followed by dialysis against 5 l of distilled 
water with six changes over 24 h. The dialysate was lyophilised, and a 
white cotton-like product was obtained. 

2.4. Synthesis of N-2(2,6-diaminohexanamide)-chitosan (CS3H Lys) 

The method for the synthesis of N-2(2,6-diaminohexanamide)-chi
tosan was adapted from the procedure developed by Romanelli et al. for 
the production of Fmoc-protected-valine derivatives of peptides 
(Scheme 2) (Romanelli et al., 2015). CS3H was reacted with Fmoc-Lys 
(Fmoc)-OH (Nα,Nε-di-Fmoc-L-lysine, CAS #78081-87-5) in the pres
ence of 1-ethyl-3-(3-dimethylamino) propyl carbodiimide (EDC) and N- 
hydroxysuccinimide (NHS). Briefly, to a solution of Fmoc-protected 

Table 2 
Results of elemental analysis and calculated C/N ratio and degree of substitution 
(DS) values; degree of acetylation (DA) as calculated from 1H NMR (mean ± SD, 
n = 3); and pKa values calculated by titration (mean ± SD, n = 3). One-way 
ANOVA for DA p > 0.05 and pKa p < 0.05, Dunnett's multiple comparisons: 
*p < 0.05; **p < 0.01; ***p < 0.001.  

Sample Elemental composition DA (%) pKa 
value ±
SD C (%) H (%) N (%) C/N DS 

CS 40.59 
± 0.05 

7.96 
± 0.04 

7.33 
± 0.06  

5.53 N/A 15.37 
± 0.47 

6.38 ±
0.01 

CS3H 33.27 
± 0.04 

7.15 
± 0.06 

6.06 
± 0.04  

5.49 N/A 14.20 
± 0.17 

6.68 ±
0.06*** 

CS3H 
EtNH2 

40.31 
± 0.08 

7.26 
± 0.05 

7.28 
± 0.16  

5.54 0.03 14.03 
± 0.10 

6.60 ±
0.04** 

CS3H 
Lys 

50.16 
± 0.05 

7.22 
± 0.04 

7.60 
± 0.03  

6.60 0.18 17.56 
± 5.23 

6.56 ±
0.06**  

Fig. 2. A) Determination of amino groups on chitosan and its derivatives by TNBS assay. Data are reported as mean ± SD (n = 3); one-way ANOVA (p > 0.05). B) UV 
transmittance at 600 nm of polymeric solutions as a function of pH. CS; CS3H; CS3H EtNH2; CS3H Lys. Data are reported as mean ± SD 
(n = 3). 
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lysine (1.54 g, 2.6 mmol, 1 Equiv) in N-methyl-2-pyrrolidone (NMP, 20 
ml), stirred at room temperature for 1 h to allow complete dissolution, 
the following were added: EDC (0.85 g, 4.42 mmol, 1.7 Equiv) in 4 ml of 
NMP, and NHS (0.15 g, 1.3 mmol, 0.5 Equiv) in 1 ml of NMP. The re
action was left to proceed under stirring at room temperature for 3 h and 
was protected from light. CS3H (1% w/v, 0.5 g) in NMP (50 ml) was 
added and the pH was adjusted to >7.5 using NaOH (1 M in NMP). The 
reaction mixture was stirred at 40 ◦C for further 24 h. Fmoc was then 
removed by adding piperidine (20% v/v, 6 ml) and stirring at 40 ◦C for 
20 min. The product was filtered with Whatman No. 1 filter paper, and 
the deprotection process was repeated four times for the filtrate. The 
product was collected and dialysed (MWCO: 12–14 kDa) against 5 l of 
distilled water with 6 changes over 24 h. The dialysate was lyophilised, 
and a white product was obtained. 

2.5. Characterisation of the modified chitosan polymers 

2.5.1. Molecular weight determination (GPC-LALLS) 
Weight-average molecular weight (MW), number-average molecular 

weight (Mn) and molecular weight distribution (MW/Mn) were 
measured using gel permeation chromatography and low angle light 
scattering (GPC-LALLS) (Wyatt Technology, Santa Barbara, CA). A low- 
angle laser light scattering (LALLS) detector with three detection angles 
(2, 90 and 135◦), laser wavelength λ = 658 nm (mini Dawn Treos, Wyatt 
Technology, Santa Barbara, CA), and an interferometric refractometer 
(Optilab, Wyatt Technology, Santa Barbara, CA) were connected to the 
GPC system. The mobile phase was acetate buffer (0.3 M anhydrous 

sodium acetate, 0.2 M glacial acetic acid, pH = 4.5) (Lalatsa et al., 
2012). Samples were filtered (0.2 μm polyethersulfone (PES) filter, 
Millipore Millex-HA) and injected using a rheodyne injector equipped 
with 100 μl injection loop. Measurements were performed at room 
temperature with a mobile phase flow rate of 0.5 ml min−1 (Jasco PU- 
980 isocratic pump, Tokyo, Japan). The data were analysed using 
ASTRA for windows version 6 software (Wyatt Technology Corpora
tion). Bovine serum albumin was used a standard to check column 
separation performance (Lalatsa et al., 2015; Siew et al., 2012). 

2.5.2. 1H NMR spectroscopy 
1H NMR spectra were recorded using a 400 MHz Nuclear Magnetic 

Resonance Spectrometer (JEOL, Oxford Instruments, Abingdon, UK), 
and analysed with JEOL Delta (v5.0.1) software. CS (15 mg) was dis
solved in a few drops of deuterium chloride 20% w/v and diluted with 1 
ml of deuterium oxide (DLM-4-100, Cambridge Isotope Lab, Leicester
shire, UK) containing 0.04% of 3-(trimethylsilyl)-1-propanesulfonic acid 
sodium salt (DSS, CAS #2039-96-5). CS3H and CS3H Lys were dissolved 
1 ml of D2O. Integrals of characteristic signals were used to calculate the 
degree of deacetylation using Eq. (1) (Hirai et al., 1991): 

DD(%) =

⎡

⎢
⎢
⎣1 −

∫
CH3

3∫
(H2−H6)

6

⎤

⎥
⎥
⎦ × 100 (1)  

where 
∫

CH3 is the integral of the –CH3 signal (~2 ppm) and 
∫

H2-H6 is 
the sum of integrals of H2 (~3.0–3.3 ppm), H3, H4, H5, H6, and H6

′

Fig. 3. Growth curves of S. aureus in LB medium at 37 ◦C in the presence of different concentrations of chitosan polymers. Results are reported as a mean ± SD (n =
3). Two-way ANOVA for all polymers found a statistically-significant effect on average bacterial growth dependent on both concentration (p < 0.0001) and time (p <
0.0001) with statistically significant interactions (p < 0.0001). Post-hoc Bonferroni test found statistically significant difference between all concentrations tested (p 
< 0.0001) apart from between 200 and 400 μg/ml for CS3H Lys (p > 0.05). 
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protons (~3.4–4.3 ppm). 

2.5.3. Elemental analysis 
The carbon, hydrogen and nitrogen (CHN) content was determined 

by elemental analysis using a Carlo-Erba (Thermo Flash 2000, Thermo 
Scientific, UK) elemental analyser. The degree of substitution (DS) was 
calculated applying Eq. (2) (Jiang et al., 2010): 

DS =

(
C/N

)

m −
(
C/N

)

u

n
(2)  

where (C/N)m is the C/N ratio of the chitosan derivative, (C/N)u is that 
of CS3H, n is the number of carbon atoms introduced after modification. 

2.5.4. Potentiometric titration 
Chitosan (0.05 g) was dissolved in 5 ml of HCl (0.1 M) and 10 ml of 

deionised water and stirred until completely dissolved. The chitosan 
solution was titrated with a dilute alkali solution (NaOH, 0.1 M) in 
known increments. Both the volume of NaOH added and pH values of 
the solution were recorded (Sivashankari & Prabaharan, 2016). The 
potentiometric titrations were monitored with a pH meter FE20 (Mettler 
Toledo, Greifensee, Switzerland). A titration curve of pH versus NaOH 
volume was drawn, and the midpoint calculated (Figs. S1 and S2) to find 
the pKa value (Kasaai, 2009). 

2.5.5. Amine quantification 
The amine content was determined by a 2,4,6-trinitrobenzene sul

fonic acid (TNBS, Fisher Scientific, Loughborough, UK) assay. A fresh 
0.1 M NaHCO3 buffer solution was prepared, and the final pH adjusted 
with NaOH (1 M) to 8.5. Each sample (20 mg) was swelled in 10 μl HCl 
(1 M); deionised water (990 μl) was then added before adjusting the 
total volume to 10 ml with 0.1 M NaHCO3. TNBS (5% in methanol, 0.25 

ml) was added to 0.5 ml of each sample, mixed and incubated at 37 ◦C in 
a shaking incubator for 2 h. Sodium dodecyl sulfate (SDS, 0.25 ml, 10%) 
and HCl (0.125 ml, 1 M) were added to each sample, according to 
manufacturer's instructions. A standard curve was constructed with 
arginine (2–20 μg/ml) in 0.1 M NaHCO3. Samples absorbance was 
measured at 335 nm (Multiskan Go UV–Vis spectrophotometer, Thermo 
Fisher Scientific, Paisley, UK). 

2.5.6. Solubility studies 
The pH dependence of chitosan polymers solubility was evaluated at 

room temperature by turbidimetry (Kubota et al., 2000). Samples (50 
mg) were dissolved in 10 ml of aqueous acetic acid (10% v/v) and stirred 
for 1 h. The transmittance of the solutions was recorded, on a Nicolet e- 
100 spectrophotometer (Thermo Fisher Nicolet Corp., UK) using a 
quartz cell with an optical path length of 1 cm at 600 nm, after each 
stepwise addition (200 μl) of NaOH (5 M) until pH 12 (FE20 pH meter, 
Mettler Toledo, Greifensee, Switzerland). 

2.6. Bacterial growth inhibition 

Staphylococcus aureus (ATCC® 25923) and P. aeruginosa (ATCC® 
27853), stored in Luria Broth (LB) medium and sterile glycerol 30% 
(1:1) at −80 ◦C, were transferred into 5 ml of fresh sterile LB medium by 
a sterile tip and incubated at 37 ◦C in 5% CO2 atmosphere overnight. 
Bacteria were grown in 50 ml of sterile LB in 250 ml sterile flasks. Each 
flask contained approximately 1 × 106 CFU/ml (equal to 0.001 at 
OD600nm) thoroughly mixed. Polymers stock solutions (20,000 μg/ml) 
were prepared in 0.5 M acetic acid; serial dilutions were performed to 
obtain 50, 100, 200, or 400 μg/ml test solutions and the pH was adjusted 
to 6.7 with NaOH (1 M). Media inoculated with bacteria and sterile 
media served as controls. Samples were incubated at 37 ◦C and 200 rpm 

Fig. 4. Percentage reduction in OD600nm at stationary phase for S. aureus grown in LB medium at 37 ◦C in the presence of chitosan polymers at different concen
trations. Data are reported as mean ± SD (n = 3). Statistical significance of data was tested by one-way ANOVA and subsequently by Tukey's multiple comparison 
test. (**p < 0.01, ***p < 0.001, ****p < 0.0001 compared to 0 μg/ml; ##p < 0.01, ####p < 0.0001 compared to 400 μg/ml and $p < 0.05, $$$p < 0.001, $$$$p <
0.0001 for comparisons shown on graphs). 

D.P. Rahayu et al.                                                                                                                                                                                                                              



Carbohydrate Polymers 289 (2022) 119385

7

(MaxQ™ 8000, Thermo Scientific, UK). Aliquots (1 ml) were removed 
from the culture every hour for 9 h (OD600nm, cell density meter Ultro
spec 10, Biosciences, Cambridge, UK). OD values were plotted as a 
function of time to obtain a growth curve. A single OD reading was taken 
at stationary phase, to calculate the overall percentage OD reduction. 

2.7. Cytocompatibility studies 

Human osteoblasts hFOB 1.19 (ATCC® CRL-11372™) were cultured 
in DMEM/F-12 containing 10% FBS, and 1% penicillin/streptomycin. 
Each polymer was prepared in acetic acid 0.5 M at the following con
centrations 0, 50, 100, 200, 400, 800, and 1600 μg/ml, and the pH was 
adjusted to 6 with NaOH (0.1 M), this allowed the cell medium to 

maintain a neutral pH. Osteoblasts (passages 8–9) were plated in 96-well 
microtiter plates at a density 5 × 103 cells per well. Plates were incu
bated at 37 ◦C in an atmosphere of 5% of CO2. After 24 h of incubation, 
cells were treated with the polymer solutions and incubated for 24 h. 3- 
[4,5-Dimetylthiazol]-2,2,5-diphenylterazolium bromide (MTT, 5 mg/ 
ml) was dissolved in PBS, added to a final concentration of 0.5 mg/ml to 
each well and incubated for further 4 h. After removing the MTT/me
dium, the purple formazan crystals were dissolved in 100 μl of DMSO 
and absorbance was measured at 570 nm (SpectraMax i3x, Molecular 
Devices, Berkshire, UK). 

Fig. 5. Growth curves of P. aeruginosa in LB medium at 37 ◦C in the presence of different concentrations of A) CS, C) CS3H and E) CS3H Lys. Results are reported as a 
mean ± SD (n = 3). Two-way ANOVA for all polymers found a statistically-significant effect on average bacterial growth dependent on both concentration (p <
0.0001) and time (p < 0.0001) with statistically significant interactions (p < 0.0001). Post-hoc Bonferroni test found statistically significant difference between all 
concentrations tested compared to 0 and 50 μg/ml (p < 0.0001). Percentage reduction in OD600nm at stationary phase for P. aeruginosa grown in LB medium at 37 ◦C 
in the presence of different concentrations of B) CS, D) CS3H and F) CS3H Lys. Data are reported as mean ± SD (n = 3). Statistical significance of data was tested by 
one-way ANOVA and subsequently by Tukey's multiple comparison test. (****p < 0.0001 compared to 0 μg/ml and ####p < 0.0001 compared to 50 μg/ml). 
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2.8. Statistical analysis 

All experiments were performed at least in triplicate and data are 
presented as mean ± standard deviation (SD). Data were analysed using 
GraphPad Prism version 8.2.1 for Windows, GraphPad Software, San 
Diego, California USA, www.graphpad.com. Details of the statistical 
analysis used are reported in figures and tables. 

3. Results 

3.1. Synthesis and characterisation of chitosan derivatives 

Low molecular weight chitosan (CS3H, 47,090 Da) was obtained by 
acid hydrolysis of a chitosan polymer and used as starting polymer for 
the synthesis of CS3H EtNH2 and CS3H Lys. All products were success
fully obtained in a high (>70%) yield (Table 1). 

The synthesis of modified chitosan (CS3H Lys) resulted in further 
reduction in molecular weight (33,450 Da). Since the molecular weight 
was derived by size exclusion chromatography combined with low angle 
light scattering (GPC-LALLS), absolute molecular weight was measured 
rather than relative molecular weight based on the retention time, which 
means that we can exclude aggregation or other conformational changes 
affecting the elution time and thus the calculated molecular weight. 
Both CS3H and CS3H Lys had lower polydispersity (PDI) compared to 
the original chitosan, as expected for low molecular weight degraded 
polymers (Lalatsa et al., 2012). All polymeric solutions were filtered 
through a 0.2 μm filter before injection into the GPC-LALLS; CS3H 
EtNH2 was not completely soluble in the acetate buffer solution, which 
resulted in a loss of mass upon filtration that did not permit accurate 

analysis. Polymers were further characterised by 1H NMR (Fig. 1). The 
ethylenamine peak of CS3H EtNH2 was evident at 2.04 ppm (Fig. S3). 
The introduction of 2,6-diaminohexanoic in CS3H Lys was evidenced by 
new peaks at 2.038 ppm (overlapped with the acetyl group peak), 
2.406–2.804 ppm, and at 3.481 ppm (Table S1, Figs. S3 and S4). The 
COSY spectrum for CS3H Lys (Fig. S5) further confirmed that the 2,6- 
diaminohexanoic chain was incorporated into the chitosan backbone 
based on the correlation peak between the proton from the acetyl group 
(2.049 ppm) with the proton from the CH in lysine (3.481 ppm). 
Modification was also evidenced by FTIR spectra (Fig. S6). 1H NMR 
spectra were also used to determine the degree of acetylation (DA) 
which was not significantly affected by HCl hydrolysis (p > 0.05, 
Table 2). Also in the synthesis of CS3H EtNH2 and CS3H Lys no signif
icant change in the degree of acetylation compared to CS3H (p > 0.05 
Dunnett's multicomparison test) was observed. 

The C/N ratio, calculated by elemental analysis, of degraded chito
san decreased to 5.49 due to acid induced depolymerisation (Table 2), 
while the addition of carbon containing chains to CS3H NH2 and CS3H 
Lys was confirmed by an increase in the C/N ratio to 5.54 and 6.60, 
respectively. The DS values of the chitosan derivatives were 0.03 and 
0.18 for CS3H EtNH2 and CS3H Lys, respectively. While there was no 
significant increase (p > 0.05) in the number of free amino groups, as 
detected by TNBS assay (Fig. 2A), the pKa of the degraded and modified 
chitosan was increased significantly (p < 0.001 and p < 0.01, respec
tively) thanks to the formation of the hydrochloride salt during dialysis 
(Fig. 2B). The other derivatives also showed higher pKa compared to the 
original chitosan. The increasing pKa means that the modified chitosan 
is soluble in a wider pH range (Fig. 2B). In acidic conditions (pH < 6.5), 
all polymers exhibited good water solubility (transmittance > 90%) due 

Fig. 6. Percentage viability of osteoblast cells grown in presence of different concentrations of A) CS; B) CS3H and C) CS3H Lys, as determined by MTT assay. Data 
are reported as mean ± SD (n = 4). Data were analysed by two-way ANOVA followed by Dunnett's multiple comparisons test (*p < 0.05; **p < 0.01; ****p 
< 0.0001). 
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to the protonation of the primary amine. However, when the pH was 
raised above 7, the transmittance of CS, CS3H, and CS3H Lys decreased 
(Mao et al., 2004; Panda et al., 2019). In general, the reduction of mo
lecular weight, the addition of less hindered amino groups and the for
mation of hydrochloride salts all contributed to an increase in solubility 
of the polymers under study. 

3.2. Inhibition of bacterial growth 

The effect of chitosan and its derivatives on the growth curve of 
S. aureus was studied (Fig. 3). 

At concentrations up to 100 μg/ml chitosan and its derivatives did 
not have a significant effect on the duration of the lag phase of S. aureus. 
At higher concentrations (200 μg/ml), the lag phase of CS, CS3H and 
CS3H Lys extended over 9 h, while CS3H EtNH2 caused stress to the 
bacterial cells, resulting in a prolonged lag phase (up to 3 h) and a slower 
growth rate (Hamill et al., 2020). At the highest concentration (400 μg/ 
ml), all chitosan polymers, except CS3H EtNH2, showed complete 
growth inhibition (Fig. 4). CS3H Lys is the only polymer showing 
complete growth inhibition starting at 200 μg/ml demonstrating supe
rior effect compared to chitosan and chitosan derivatives. 

Due to the lower antibacterial effect of CS3H EtNH2 this polymer was 
not further investigated, while the other polymers were tested also 
against the Gram-negative P. aeruginosa (Fig. 5). Although CS3H EtNH2 
could be more effective against other bacterial species, the limited sol
ubility is likely to limit its applications, therefore this polymer was not 
studied further. P. aeruginosa was more susceptible to all treatments, 
with the 100 μg/ml dose causing complete growth inhibition by all 
polymers. CS3H Lys at 50 μg/ml had a slowing effect on the initial 
exponential growth phase of P. aeruginosa (Fig. 5E) but at stationary 
phase there was no statistical difference (one-way ANOVA p > 0.05) 
between the growth inhibition caused by the three polymers at this 
concentration. 

3.3. Cytocompatibility study 

The viability of osteoblast cells treated with various concentrations 
of chitosan polymers was tested (Fig. 6). CS and CS3H were relatively 
non-toxic to osteoblasts up to 400 μg/ml, while the CS3H Lys at the 
lowest concentration (50 μg/ml) elicited death of 30% of the cells. At 
200 μg/ml CS3H Lys, a highly effective dose for preventing S. aureus 
growth, 66% of osteoblasts are viable. 

4. Discussion 

Molecular weight reduction of chitosans can be achieved by acid 
hydrolysis following a first order degradation (Lalatsa et al., 2012) in 
which both the glycosidic bonds (SN1 reaction or depolymerisation) and 
the N-acetyl bonds (SN2 reaction or deacetylation) are cleaved (Aljbour 
et al., 2019; Kasaai et al., 2013). The rate of SN1 is similar to that of SN2 
in the presence of low concentration of acid, while in concentrated acid 
the rate of SN1 becomes 10 times higher than the rate of SN2 (Einbu & 
Vårum, 2007; Vårum et al., 1997). In the present work chitosan (165 
kDa) was degraded by treatment with HCl 4 M at 50 ◦C, inducing the 
simultaneous activation of SN1 and SN2 processes. The acid hydrolysis 
successfully reduced the molecular weight and significantly decreased 
the degree of acetylation by around 1% (p < 0.05). The shorter polymer 
(CS3H) was successively modified by addition of 2-ethylanimo- (CS3H 
EtNH2) and 2,6-diaminohexanoic- (CS3H Lys) moieties. Amino groups 
in the chitosan are attached directly to the polysaccharide backbone 
therefore being limited in their intermolecular interactions by steric 
hindrance. In order to reduce the steric hindrance, spacers of 2 and 6 
carbon atoms were used. In the CS3H EtNH2 synthesis, 2-bromoethyl
amine was reacted under alkaline conditions to obtain an intermediate 
cyclic ethylenimine derivative by the intramolecular attack of its pri
mary amine that caused the halogen (Br) release (Hermanson, 2013). 

Fmoc-Lys(Fmoc)-OH was used in the CS3H Lys preparation in order to 
protect the amino groups in the amino acid chain, to avoid undesirable 
side reactions such as self-association of amino acid molecules. The 
chemical structure of chitosan and chitosan derivatives was confirmed 
by NMR, FTIR, and elemental analysis. NMR also confirmed the com
plete deprotection step of the Fmoc using piperidine (absence of Fmoc 
peaks at 7.2–7.8 ppm) (Zhang et al., 2009). The incorporation of 2-ethyl
animo and 2,6-diaminohexanoic moieties did not increase the amine 
quantity significantly as corroborated by both the TNBS assay and 
elemental analysis. The cleavage of polymer chains using HCl and the 
addition of 2-ethylanimo and 2,6-diaminohexanoic groups succeeded in 
increasing the pKa, thus the solubility of the polymers at physiological 
pH. A clinical area in need of novel materials with antimicrobial prop
erties is that of orthopaedic implants that are liable to infection caused 
in 66% of cases by Gram-positive staphylococci, more than half of which 
are S. aureus (Oliveira et al., 2018); of the minority infections (ca. 10%) 
caused by Gram-negative bacteria, 80% are caused by P. aeruginosa 
(Campoccia et al., 2006). Our results confirmed the ability of chitosan to 
inhibit the growth of S. aureus, as it is widely documented in literature 
(Abd El-Hack et al., 2020). Chitosan showed a dose-dependent effect, 
with changes to the growth curve observed at concentrations as low as 
50 μg/ml and significant reduction (p < 0.001) of total growth with 
complete growth inhibition at 400 μg/ml. Reduction in molecular 
weight enhanced the activity at lower concentrations with significantly 
higher (p < 0.001) growth reduction at stationary phase. The reduction 
in molecular weight from 165 to 47 kDa was associated with a 1% in
crease in DD and an increase in pKa from 6.38 to 6.68; while the changes 
in DD and pKa can enhance the antibacterial activity, there is evidence 
in literature that a molecular weight around 50 kDa is less effective than 
higher molecular weights (Costa et al., 2012), therefore the overall ef
fect observed for CS3H was not as significant as desired. Further 
modification with the addition of less-hindered amino groups was 
investigated as a way to enhance activity as low molecular weight 
polymers will be preferred and easier formulated. This was not the case 
with CS3H EtNH2 possibly due to the reduced solubility of the polymer. 
CS3H Lys instead showed enhanced activity with complete inhibition of 
bacterial growth at 200 μg/ml. The better performance of CS3H Lys 
showed that pKa or molecular weight are not good predictors of activity 
on their own. We hypothesise that here the presence of less hindered 
amino groups and the possible hydrophobic interactions that the C6 
chain can establish with the bacterial wall are responsible for the 
enhanced activity (Ardean et al., 2021). Due to the limited solubility and 
the failure to enhance antibacterial efficacy CS3H EtNH2 was not further 
investigated. Chitosan polymers were tested also against the Gram- 
negative P. aeruginosa, all polymers induced complete growth inhibi
tion starting from 100 μg/ml demonstrating that this strain is more 
susceptible to the action of chitosan independently from molecular 
weight and pKa. Cytotoxicity of the polymers was assessed against os
teoblasts. CS showed high cytocompatibility with cell viability higher 
than 70% even at concentrations as high as 800 μg/ml. CS3H presented 
reduced toxicity compared to the higher molecular weight polymer, 
with significant reduction in cell viability observed only at 400 μg/ml 
(compared to 200 μg/ml for CS). Both CS and CS3H presented significant 
toxicity at concentrations above 1 mg/ml, this observation has not been 
reported in literature before as there are no reports of cytotoxicity 
testing of chitosan solutions on osteoblasts. More commonly scaffolds 
containing or composed of chitosan in the solid state are tested on os
teoblasts (Koski et al., 2020). However, there is evidence of cytotoxicity 
against other cell lines for example a reduction of cell viability to ca. 
70% has been reported for depolymerised (50 kDa) glycol chitosan 
tested on chondrocytes (Knight et al., 2007), while Huang et al. reported 
significant toxicity of chitosan solutions at concentrations above 0.7 
mg/ml against A549 cells (Huang et al., 2004). CS3H Lys caused a 
reduction in viability of 30% at the lowest concentration tested with 
65% viability at 200 μg/ml the minimum concentration that elicits 
complete inhibition of S. aureus growth. However, these results alone are 
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not conclusive in regards to cytotoxicity as other effects due to the lysine 
pendant chain could be at play. For example, lysine-decorated nano
particles have been developed for pH specific adsorption of organic dyes 
so CS3H Lys might interact with MTT reducing the amount of dye 
absorbed and therefore metabolised by the cells giving a lower signal 
that is not necessarily associated with higher toxicity (Jing et al., 2018). 
On the other hand MTT might favour cell and mitochondria internal
isation of CS3H Lys that could have an inhibitory (Zhou et al., 2019) or 
promoting (De Marchi et al., 2019) effect on mitochondrial metabolism. 
Therefore, the MTT results need to be interpreted with caution in 
regards to the suggested cytotoxicity of CS3H Lys and further studies 
using flow cytometry are required. Further studies will focus on the 
development of composite materials containing CS3H Lys as coatings for 
orthopaedic implants. This material also has potential in applications for 
wound healing and as component of dental hygiene products (Rahayu 
et al., 2022). 

5. Conclusion 

In summary, we have successfully synthesised and characterised two 
novel chitosan derivatives: CS3H EtNH2 and CS3H Lys with lower mo
lecular weight and a higher pKa value compared to the original chitosan. 
The original and modified chitosan polymers presented antibacterial 
activities against S. aureus and P. aeruginosa, with CS3H Lys having the 
highest effect against S. aureus. Although an MTT assay showed that this 
polymer can be potentially reducing the number of metabolically active 
osteoblast cells, more studies are needed to support these data as the 
grafted lysine chain might interfere with the MTT dye. 
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