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Abstract 

Cationic polymers are promising antibacterial agents since they have a low propensity 

for bacteria to evolve resistance, but they usually have low biocompatibility due to their 

hydrophobic moieties. Herein, we report a new biodegradable and biocompatible chitosan-

derived cationic antibacterial polymer, 2,6-Diamino Chitosan (2,6-DAC). 2,6-DAC shows 

excellent broad-spectrum antimicrobial activity with minimum inhibitory concentrations 

(MICs) of 8-32 µg/mL against clinically relevant and multi-drug resistant (MDR) bacteria 

including Listeria monocytogenes, Staphylococcus aureus, Escherichia coli, Klebsiella 

pneumoniae, Pseudomonas aeruginosa and Acinetobacter baumannii. Further, 2,6-DAC 

shows an excellent synergistic effect with various clinically relevant antibiotics proved by 

decreasing the MICs of the antibiotics against MDR A. baumannii and MRSA to <1 µg/mL. In 

vivo biocompatibility of 2,6-DAC is proved by a dosage of 100 mg/kg compound via the oral 

administration and 25 mg/kg compound via intraperitoneal injection to mice; 2,6-DAC does 

not cause any weight loss and any significant change in liver and kidney biomarkers nor the 

important blood electrolytes. The combinations of 2,6-DAC together with novobiocin and 

rifampicin show >2.4 log10 reduction of A. baumannii in murine intraperitoneal and lung 

infection models. The novel chitosan derivative, 2,6-DAC, can be utilized as biocompatible 

broad-spectrum cationic antimicrobial agent alone or in synergistic combination with various 

antibiotics. 
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1. Introduction 

Nowadays, the development of bacteria resistance towards antibiotics is emerging as a 

severe healthcare problem1. After decades of antibiotic abuse as drugs or detergents2-3, bacteria 

have developed antibiotic resistance mechanisms, such as alternating the target protein of the 

antibiotics4, secreting enzymes to degrade the antibiotics5, changing membrane permeability 

to prevent antibiotics influx6, and developing membrane efflux pumps to exclude the antibiotics 

inside bacteria7-8. The bacterial cell membranes function as barriers for antibiotics9-10. Inspired 

by natural antimicrobial peptides, membrane-targeting cationic antimicrobial polymers provide 

a novel approach in curing bacterial infection11. Combined with the hydrophobic moiety, the 

cationic polymer can interrupt cytoplasmic membrane and cause the leakage of cytosol, 

resulting in the death of bacteria12. However, the reported cationic antimicrobial polymers have 

low biocompatibility in general measured by high hemolytic activity and cytotoxicity towards 

mammalian cells13. Although the progress in this area has discovered some biocompatible 

cationic antimicrobial polymers based on polycarbonate14, α-peptide15, β-peptide16, 

polyaspartamide17, poly(2-oxazoline)18, etc., most of them shared the general design principle 

of balanced cationic and hydrophobic residues. Therefore, it is critical to search and develop 

cationic antimicrobial polymers with good biocompatibility based on new design. 

Chitosan is a cationic polysaccharide derived from chitin, the main component in many 

natural materials. Chitosan has certain amount of antimicrobial activity via membrane 

interruption19-20 and has been applied as a defensive material to different animals in 

agriculture21. Various forms of chitosan and its derivatives such as pure chitosan22, quaternary 

ammonium chitosan23, chitosan grafted with quaternary pyridinium24, phosphonium and 

sulphonamide groups25 have been reported for antimicrobial applications26-27. However, the 

toxicities of such chitosan derivatives are still high due to the introduction of hydrophobic 

moieties together with cationic charges; the hydrophobic side groups also limit the application 
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of the chitosan derivatives as antimicrobial agents in water due to reduced solubility. On the 

other hand, chitosan backbones tend to aggregate by formation of hydrogen bonds28, and the 

aggregated chitosan nanoparticle without hydrophobic moieties functions as a cationic proton 

sponge, which can be used as an effective antimicrobial agent with high biocompatibility29. 

However, even though the antimicrobial effects of chitosan and its derivatives are well-

reported, the efficacies are generally weak, making the bottleneck of real application of 

chitosan and its derivatives as antimicrobial agents21.  

  Due to their unique membrane interruption ability30, cationic polysaccharides based on 

chitosan and its derivatives are good candidates to effectively sensitize the multi-drug resistant 

(MDR) bacteria to classical antibiotics. Chitosan is reported to sensitize a broad-spectrum of 

Gram-positive and Gram-negative bacteria to a wide range of antibiotic agents such as 

gentamicin31, ceftriaxone, sulfamethoxazole, tetracycline32 and caffeic acid33, but the 

synergistic potency is limited by the low solubility of chitosan32. On the other hand, the 

modifications of chitosan can further improve its solubility34 and membrane interruption 

potency35. Further, chitosan backbones tend to aggregate which provides more versatility to 

fabricate nanoparticle formulation of chitosan for synergizing with antibiotics36. Even though 

the synergy between pure chitosan and antibiotics are recently published, the synergy between 

modified chitosan derivatives and antibiotics are still not reported. 

Herein, we report a new antibacterial and biocompatible chitosan-derived polymer 

synthesized by conversion of the 6-position hydroxyl group on the glucosamine unit to amino 

group (2,6-DAC) (Scheme 1) which has much higher potency than native chitosan as 

antimicrobial agent. 2,6-DAC has excellent broad-spectrum antimicrobial efficacy (MICs in 

the range of 8-32µg/mL against both Gram-positive and Gram-negative bacteria) due to an 

enhanced proton sponge effect, and excellent biocompatibility due to the absence of 

hydrophobic moieties. 2,6-DAC also sensitizes drug resistant pathogens such as multi-drug 
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resistance (MDR) A. baumannii and Methicillin-resistant Staphylococcus aureus (MRSA) to 

various classes of clinically important antibiotics such as amikacin, tazobactam, tobramycin, 

rifampicin and novobiocin. The synergies between 2,6-DAC and antibiotics were proved by 

both in vivo intraperitoneal and lung infection models.  

2. Results 

2.1 Characterization of 2,6-Diamino Chitosan (2,6-DAC) and the Derivatives 

The synthesis of 2,6-Diamino Chitosan (2,6-DAC) is summarized in Scheme S1a and 

b37. Other amino/imidazole/triazole chitosan derivatives are synthesized as shown in Scheme 

S1c. Briefly, the intermediate 6-bromo-N-phthaloyl chitosan (Compound 3) was synthesized 

by phthalic protection of the amino group on chitosan followed by substitution of the hydroxyl 

group on the 6-position of chitosan to bromide group by N-bromosuccinimide (Scheme S1a). 

The bromide group in Compound 3 was converted to the azido group (N3) and further reduced 

to amino group (Scheme S1b). Similarly, various functional groups, including imidazoles, 

polyamines and triazoles were used to substitute the bromide group on Compound 3, resulting 

in a library of chitosan derivatives (Scheme S1c, Compounds 5b-j). As the primary amine is 

more reactive than secondary amine, the side-reaction of secondary amine can be avoided by 

controlling the amount of precursor amines added. 

The synthesis of 2,6-Diamino-chitosan was tracked by 1H NMR and FTIR 

characterization (Figure S1 and S2). For Compound 2, the 1H NMR peaks at 7.5-8.0 ppm 

indicated the successful phthalic anhydride protection (Figure S1A) of the amino group on 

chitosan. After bromide substitution, the new FTIR signal at 657 cm-1 (C-Br) (Figure S2, 

Compound 3) indicated the successful grafting of Br at the 6-position of glucosamine. The 

substitution of bromide group by the azido group (Compound 4) was not trackable by 1H NMR. 

However, the azido group on Compound 4 was confirmed by the new FTIR signal at 2105 cm-
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1 (N3)
 (Figure S2, Compound 4). For Compound 5a (2,6-DAC), the complete deprotection 

of the phthalic group was confirmed by disappearance of peaks at 7.5-8.0 ppm in the 1H NMR 

spectrum (Figure S1D red circle) and the complete reduction of azido group was confirmed 

by the disappearance of the azido signal at 2105 cm-1 (Figure S2, Compound 5a) and a further 

increase of the C-N bond signal at 1570 cm-1in the FTIR spectrum, indicating the conversion 

of C-N3 to C-NH2 at the 6-position of chitosan. The 1H NMR spectra of other chitosan 

derivatives (Compounds 5b-j) are summarized in the supporting information (Figure S3). The 

molecular weight of 2,6-DAC is 12 850 Da with a polydispersity of 1.50 calculated from GPC 

with pullulan as standards (Figure S4). 

2.2 Colloidal properties of 2,6-DAC aggregation 

Due to hydrogen bonds between the polysaccharide backbones, 2,6-DAC can aggregate 

into nanoparticles in an aqueous environment at neutral pH. The critical aggregation 

concentration (CAC) of 2,6-DAC measured by light scattering was 50 µg/mL in both de-

ionized (DI) water and PBS (employed to mimic physiological conditions) (Figure S5A). The 

2,6-DAC polysaccharide chains aggregated into nanoparticles (Figure S5B) with 

hydrodynamic radius (Rh) of 22.5 nm in DI water. 

Chitosan aggregates are reported to have proton sponge effect due to the buffering 

capacity of primary amino groups38. The proton sponge effect is responsible for antimicrobial 

efficacy of chitosan derivatives29. To compare the proton sponge effect of 2,6-DAC with native 

chitosan, 10 mg/mL of chitosan or 2,6-DAC underwent pH-potentiometric titration with pH 

increased from 2 to 12. From the pH-potentiometric titration curve (Figure S5C), more protons 

were accepted by 2,6-DAC (0.15 mM) as compared with native chitosan (0.053 mM) at neutral 

pH=7. Therefore, compared with native chitosan, the proton sponge effect of 2,6-DAC was 

more significant. The surface charge on 2,6-DAC nanoparticle was higher and upon contacting 
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with anionic cytoplasm membrane of bacteria, the excess protons resulted in higher osmotic 

pressure which led to the rupture of the anionic membrane39. 

2.2 In vitro Antimicrobial Efficacy Test 

Table 1 summarizes the antimicrobial efficacy and cytotoxicity of 2,6-DAC. 2,6-DAC 

shows broad antimicrobial activity against both Gram-positive and Gram-negative bacteria. 

The MICs against S. aureus, E. coli and P. aeruginosa are 16, 16-32 and 8 µg/mL respectively. 

Additionally, 2,6-DAC shows good biocompatibility as measured using the 3T3 fibroblast cells 

(Table 1). The 24 hrs cell viability with 200 µg/mL of 2,6-DAC is up to 94.25%. Furthermore, 

2,6-DAC does not cause significant hemolysis at 2500 µg/ml while the control AMP 

Gramicidin has caused 100% hemolysis at 78 µg/ml (Figure S6). The hemolytic result further 

supports the good biocompatibility of 2,6-DAC. However, the other chitosan derivatives 

grafted with imidazole or triazole groups showed either poor antimicrobial efficacy or low 

biocompatibility compared with 2,6-DAC (Supporting information Table S1).  

Further, the antimicrobial efficacy of 2,6-DAC was evaluated against a panel of 

multidrug resistant (MDR) and clinically isolated bacteria (Table 2), including L. 

monocytogenes, P. aeruginosa BAA2797, and K. pneumoniae BAA2784. The MICs of 2,6-

DAC against these bacteria tested were also excellent (MICs among 8-16 μg/mL). We further 

found that 2,6-DAC demonstrated good antibacterial activity with MICs in the range of 8 to 32 

μg/mL against 3 A. baumannii strains (AB-1, BAA2803, 17978) (Table 2). The antimicrobial 

activity toward AB-1 was further confirmed by the time-kill assay (Figure 1A), 2,6-DAC 

treated AB-1 rapidly stopped bacterial growth; the polymer displayed 3.5 log10 reduction at 

MIC level (32 μg/mL) in 24 hrs. The killing kinetics of 2,6-DAC against Gram-positive 

bacteria MRSA USA300 and Gram-negative bacteria P. aeruginosa PAO1 at 1 MIC, 2 MIC 

and 4  MIC showed that 2,6-DAC had fast killing kinetics against both Gram-positive bacteria 

MRSA USA300 (Figure 1B) and Gram-negative bacteria P. aeruginosa PAO1 (Figure 1C). 
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2.3 Synergistic Study of 2,6-Diamino Chitosan with antibiotics 

We also screened 2,6-DAC as a potentiating agent for synergistic combinations with 

antibiotics against both A. baumannii AB-1 and MRSA USA300. Before the synergy tests, the 

MIC values of antibiotics were tested against MDR A. baumannii AB-1 (Table 3a) and MRSA 

USA300 (Table 3b). Then, the synergy of 2,6-DAC with antibiotics was determined using the 

checkerboard assay. As shown in Table 3a, 2,6-DAC displayed potent synergy with antibiotics 

that function as protein synthesis inhibitors (tobramycin and amikacin) against MDR pathogen 

AB-1. Both tobramycin and amikacin had fractional inhibitory concentration (FIC) indices as 

low as 0.265 in combination with 2,6-DAC. Combining 2,6-DAC at a combination 

concentration of 8 and 16 µg/mL, the MICs of both amikacin and tobramycin were reduced 

greatly from >128 µg/mL to 1-2 µg/mL. Furthermore, 2,6-DAC demonstrated synergy with 

novobiocin (Table 3a), a DNA gyrase inhibitor, with FIC as low as 0.312. Combining with 

2,6-DAC at a concentration of 8 µg/mL, the sensitivity to novobiocin was restored as the 

antibiotic MIC reduced from 8 µg/mL to 0.5 µg/mL. Additionally, 2,6-DAC also displayed 

synergy with tazobactam (FIC=0.5), a β-lactamase inhibitor (Table 3a). However, 2,6-DAC 

only had partial synergies (0.5<FIC<1) with other antibiotics against MDR AB-1 (Table S2). 

For MRSA USA300, 2,6-DAC also showed synergy with carbenicillin (FIC=0.5), novobiocin 

(FIC=0.312) and tobramycin (FIC=0.312) (Table 3b). For both Gram-positive and Gram-

negative bacteria tested, novobiocin combined with 2,6-DAC showed the best bactericidal 

efficacy among the antibiotics tested. 

Moreover, synergistic effects of 2,6-DAC with antibiotics against AB-1 were 

demonstrated by time-killing curves (Figure 2). At sub-inhibitory concentration, both 2,6-

DAC and the antibiotics tested (novobiocin, amikacin, tobramycin and tazobactam) showed no 

killing of bacteria after 24 hrs. Combinations of sub-inhibitory concentrations of 2,6-DAC 

(0.25×MIC) with sub-inhibitory concentrations of novobiocin (0.125 to 0.25×MIC) (Figure 
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2A) were found to be synergistic and achieved 4 log10 orders of bacteria killing. Similarly, 

combination of 2,6-DAC (0.5×MIC) with tazobactam (0.06×MIC) and amikacin (0.002×MIC) 

(Figure 2B and 2C) demonstrated synergistic effects with 4 log10 bactericidal efficacy. 

However, the overall bactericidal efficacy of tobramycin (0.002×MIC) and 2,6-DAC 

(0.5×MIC) combination (Figure 2D) was poor with 2 log10 reduction against AB-1. It is worth 

noticing that the 2,6-DAC + novobiocin and 2,6-DAC + tobramycin combinations did not 

cause toxicity against mammalian NIH 3T3 cells; the cell viability of both combination groups 

is more than 95% (Figure S7). 

The drug accumulation study showed that the antibiotic concentration of combination 

of rifampicin and 2,6-DAC inside bacteria is significantly higher than the antibiotic alone 

(Figure 3A), indicating that the antimicrobial mechanism of polymer/antibiotic combination 

is that 2,6-DAC increases the membrane permeability of bacteria to let more antibiotic reach 

its target inside bacteria. Moreover, the negative result of 2,6-DAC on the efflux inhibition 

indicated that the potentiating effect of 2,6-DAC does not involve in the efflux inhibition 

(Figure 3B). 

2.4 In vivo toxicity and antimicrobial test 

The in vivo toxicity of 2,6-DAC was measured by intraperitoneal injection at 25 mg/kg 

and by oral delivery at 100 mg/kg. The systemic toxicity and oral toxicity were quantified by 

monitoring liver and kidney biomarkers and body weight. A single dosage of 25 mg/kg 2,6-

DAC by intraperitoneal injection did not cause a significant change in the biomarkers 

associated with kidney and liver functions (Figure 4A) indicating it neither caused any liver 

and kidney toxicity nor influenced the blood electrolytes (Table S4). More interesting, a single 

dosage of 100 mg/kg 2,6-DAC through oral route did not cause any decrease of body weight 

in 7 days (Figure 4B), reflecting a good biocompatibility of 2,6-DAC by oral administration.  
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The in vivo synergy between 2,6-DAC and novobiocin and rifampicin against MDR A. 

baumannii (AB-1) was evaluated in both intraperitoneal (IP) and lung infection models. In the 

intraperitoneal model, bacteria were firstly introduced by IP injection, followed by injection of 

drug treatment after 2 hrs. Figure 4C and Figure S8 show that 2,6-DAC (25 mg/kg) or 

novobiocin (10 mg/kg) alone was ineffective in both intraperitoneal fluid and distal organs 

such as liver, kidney and spleen. However, the combination of 2,6-DAC (25 mg/kg) and 

novobiocin (10 mg/kg) led to 99.99% (4.1 log10) eradiation of bacteria in the intraperitoneal 

cavity (Figure 4C). Moreover, reduction of bacteria was also observed in distal organs, 

including kidneys (99.3%, 2.2 log10) (Figure S8A), liver (99.6%, 2.5 log10) (Figure S8B) and 

spleen (99.7%, 2.6 log10) (Figure S8C). Histological analysis of liver, spleen and kidney for 

infection control, 2,6-DAC alone, novobiocin alone and their combination was also performed 

with the normal mice as the comparison group. the individual treatment groups by both 2,6-

DAC and novobiocin did not improve the tissue appearance compared to the infection control 

group; congestion of central vein and infiltration of inflammatory cells, immune cell apoptosis 

and their exchange with blood cells, hyperaemic interstitial capillaries and tubular necrosis 

were observed in liver, spleen and kidney respectively (Figure S9). However, the combination 

treatment groups significantly alleviated these tissue abnormalities associated with bacterial 

infections40-42, which are closer to the tissue appearance from normal mice (Figure S9). 

Furthermore, the proof of efficacy of combination treatment was demonstrated in a neutropenic 

lung infection model. Rifampicin (10 mg/kg) alone had around 1.6 log10 reduction on the lung 

bacteria while 2,6-DAC (25 mg/kg) did not have any protective effect (Figure 4D). However, 

the combination treatment (rifampicin+2,6-DAC) further improved the rifampicin efficacy 

from around 1.6 log10 to 2.5 log10 of bacteria reduction (Figure 4D). Similarly, histological 

analysis of lung for infection control, 2,6-DAC alone, rifampicin alone and their combination 

was also performed with the normal mice as the comparison group. The tissues of 2,6-DAC 



11 
 

and infection control groups showed remarkable effusion in the alveolus and thickened 

respiratory membranes in the lungs (Figure S10). In contrast, the tissues from rifampicin 

treated group showed partially alleviated these abnormalities associated with bacterial 

infections43, while the tissues from the combination treatment by 2,6-DAC and rifampicin 

remarkably eliminated these abnormalities, which are closer to the tissue appearance from 

normal mice (Figure S10). 

3. Discussion 

To further explore the antimicrobial potential of chitosan, the 6’-position on 

glucosamine units of chitosan was modified into amine/imidazole/triazole groups. Despite 

polymers grafted with heterocyclic amino groups44-45 are reported to have antimicrobial 

efficacy, the simple amino group modification on 6-position (2,6-DAC) shows better 

antimicrobial efficacy compared with other derivatives grafted with imidazole or triazole 

groups. This balanced antimicrobial efficacy and biocompatibility should be attributed to the 

introduction of amino groups which enhance the proton sponge effect and increase the 

hydrophilicity of chitosan. Compared with native chitosan, the proton sponge effect due to 

presence of amino groups is enhanced in 2,6-DAC (Figure S5), resulting in a higher cationic 

charge compared with native chitosan. The simple amino group in 2,6-DAC is also more 

hydrophilic compared with grafting of imidazole and triazole groups in other chitosan 

derivatives synthesized. The presence of the hydrophobic moieties reduces the 

biocompatibilities of the polymers. The more hydrophobic side groups also reduce the 

solubility of the chitosan derivatives or interrupt the hydrogen bond for aggregation; therefore, 

the antimicrobial potencies of the polymers are limited in solution. The synergy between 2,6-

DAC and antibiotics seems dependent on the antimicrobial mechanisms of the antibiotics. 2,6-

DAC shows a better synergistic effect with DNA gyrase inhibitor (novobiocin), protein 

synthesis inhibitor (amikacin and tobramycin) and β-lactamase inhibitor (tazobactam). The cell 
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wall synthesis inhibitor only shows partial synergy with 2,6-DAC (Table S2). Further studies 

on mechanisms for synergy are needed. 

4. Conclusion 

In conclusion, 2,6-DAC shows broad bactericidal efficacy towards both Gram-positive 

and Gram-negative bacteria with MICs of 8-32 µg/mL, including the clinically important MDR 

A. baumannii strains. 2,6-DAC also shows synergistic activity with various kinds of antibiotics, 

including amikacin, tobramycin, novobiocin, rifampicin and tazobactam. The synergistic 

activity of 2,6-DAC with novobiocin and rifampicin was proved by the in vivo intraperitoneal 

or lung infection models. This is the first report of a 6-position modified cationic 

polysaccharide showing synergy with antibiotics. The antimicrobial synergy between 

antibiotics and cationic polymers or peptides are reported; however, the synergy is limited to 

cationic/hydrophobic copolymers or peptides which have lower biocompatibility or only 

applied to limited kinds of antibiotics. In comparison, 2,6-DAC is a highly biocompatible and 

biodegradable cationic polysaccharide. 2,6-DAC can be further applied in antimicrobial 

therapies such as the fabrication of nanoparticles with antibiotics or layer-by-layer assembled 

antimicrobial coatings. 

5. Material and Experiment 

5.1 Material 

Low molecular weight chitosan (200 KDa), phthalic anhydride, N-methyl pyrrolidinone, N-

bromosuccinimide (NBS), triphenylphosphine (TPP), sodium azide (NaN3), hydrazine 

solution, anhydrous N,N- dimethylformamide, sodium hydroxide, 3,5-amino 1,2,4 triazole, 3-

amino 1,2,4 triazole, 5-amino imidazole 4-carbonitrile, spermine, ethylene diamine, 

diethylenetriamine, Tris(2-aminoethyl)amine, ethylene glycol bis (2-aminoethyl)ether, 1-(3-
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aminopropyl)imidazole are purchased from Sigma-Aldrich Corp and used without further 

purification. 

Bacteria: Pseudomonas aeruginosa PAO1, S. aureus ATCC 29213, MRSA USA300, L. 

monocytogenes, P. aeruginosa BAA2797, and K. pneumoniae BAA2784, Acinetobacter 

baumannii (ATCC17978 and BAA-2803) are from ATCC. Acinetobacter baumannii AB-1 is 

from Tan Tock Seng Hospital, Singapore. 

5.2 Experiment 

5.2.1 Characterizations 

1H NMR spectra are recorded at 25 °C on a Bruker AV300 NMR spectrometer at 300 MHz. 

Chemical shifts (δ) are reported in parts per million (ppm) with reference to the internal 

standard protons of tetramethyl silane (TMS).  

5.2.2 Synthesis  

Synthesis of N-Phthaloyl Chitosan (Compound 2): (N-Phthaloyl chitosan preparation follows 

the procedure reported29. To 5 g (27.93 mmol) chitosan 1 is added 100 mL anhydrous DMF 

and the mixture is bath sonicated (bath preheated at 80 oC) for 1 h under Ar atmosphere. Then 

the mixture is stirred at 80 oC for 1h to fully dissolve the chitosan. The solution is reacted with 

13.8 g (93.2 mmol) phthalic anhydride at 130 oC for 24 h under Ar atmosphere, then cooled to 

room temperature, precipitated into DI water (500 mL) and filtered. The product is washed 

repeatedly with water, ethanol and acetone, and vacuum dried overnight at 60 oC. The NMR 

analysis shows that >96% of chitosan amine groups are phthaloyl-protected. 1H NMR 

(300MHz) DMSO-D6, 25C: δH (ppm) 8-7.5 (m, 5H, phthalic) 5-3.5 (m, overlap, 7H chitosan 

backbone). 

Synthesis of 6-bromo-N-phthaloyl-chitosans (Compound 3): N-bromosuccinimide and 

triphenylphosphine (226.34 mmol each) are added to a solution of Compound 2 (7 g, 22.63 
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mmol of sugar unit) and NMP (700 mL) in an ice/ water bath, and then the mixture is stirred at 

80 oC for 8 h under nitrogen. The dark brown reaction mixture is poured into EtOH (2 L), and 

the resulting precipitate is collected by centrifugation and filtration, and then washed with 

EtOH, acetone-water, and then acetone. After drying under reduced pressure at 60 oC, the 

bromo-deoxy derivative 3 is obtained as a dark brown powder. 1H NMR (300 MHz) DMSO-

D6: δH (ppm) 8-7.5 (m, 5H, phthalic), 5.27 (1H, anomeric ring proton), 4.35-3.0 (m, overlap, 

6H chitosan backbone). 

Synthesis of 6-azido-N-phthaloyl-chitosan (Compound 4): Sodium Azide (8.73 g, 134.34 

mmol) is added to a solution of Compound 3 (5 g, 13.43 mmol of sugar unit) in NMP (500 

mL), and the mixture is stirred at 80oC for 8 h under nitrogen. The mixture is filtered through 

cotton to remove the salts and the filtrate is poured into EtOH (1.5 L). The resultant precipitate 

is collected by centrifugation and washed with EtOH–water, then acetone. After drying under 

reduced pressure at 60 oC, 6-azido-6-deoxy- N-phthaloyl-chitosan 4 is obtained as a dark brown 

powder. 1H NMR (300 MHz) DMSO-D6: δH (ppm) 8-7.5 (m, 5H, phthalic), 5.27 (1H, 

anomeric ring proton), 4.35-2.90 (m, overlap, 6H chitosan backbone)  

Synthesis of 2,6-Diamino Chitosan (Compound 5a): Triphenylphosphine (7.06 g, 26.92 mmol) 

is added to a solution of Compound 4 (3 g, 8.97 mmol of sugar unit) in NMP (200 mL), and 

the reaction solution is stirred at rt for 12 h under nitrogen. The reaction mixture is then treated 

with 4 M aqueous hydrazine monohydrate (200 mL) and stirred at 100 oC for 12 h. Following 

evaporation of the water, the suspended reaction mixture is poured into EtOH (2 L). The 

resultant precipitate is collected by centrifugation and washed with EtOH and acetone 

repeatedly to give Compound 5 as a brown powder. 1H NMR (300 MHz) D2O: δH (ppm) 5.2-

4.9 (1H, anomeric ring proton), 4.35 (1H, C-4 proton), 4.1-2.5 (5H, C-2, 3, 5, 6 and -NH2 

protons)  
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General Procedure for Synthesis of 6-substituted-6-deoxy- chitosan derivatives 5b-j: Amines 

a-i (1.61 mmol) are added to a solution of Compound 3 (200 mg, 0.537 mmol of sugar unit, 

d.s. bromo 0.95) in NMP (5 mL), and the reaction solution is stirred at 80 oC for 12 h under 

nitrogen atmosphere. The reaction mixture is then treated with 4 M aqueous hydrazine 

monohydrate (5 mL) and stirred at 100oC for 12 h. Then the reaction mixture is cooled to room 

temperature and dialyzed (1 KDa cut-off dialysis membrane) against DI-water for four days. 

The polymers 5b-j are obtained via lyophilization. 

5.2.3 pH-potentiometric titration 

pH titration was performed according to a published procedure with modification29. A polymer 

solution of 10mg/mL was prepared in 0.01 M HCl solution (with pH = 12). 15 mL of the 

prepared solution was titrated with 10 μL droplets of 0.1 M NaOH until pH reached 12. The 

pH potentiometer used was an 809 Titrando Metrohm. The pH and conductivity of the solution 

in the beaker changed with the addition of NaOH and was plotted 

5.2.4 Critical Aggregation Concentration determined by Dynamic Light Scattering 

For the study of polymer aggregation, 10, 50, 100, 500 and 1000 µg of polymer was dissolved 

in 1 mL of DI water (pH=7) or PBS (pH=7.4) and filtered against 0.45 μm PES filter. The 

hydrodynamic radius (Rh) was calculated based on dynamic light-scattering (DLS) 

measurements at 45°, 60°, 75°, 90°, 105,° 120°, 135°, and 150° scattering angles. The method 

of mathematical analysis of autocorrelation function based on light scattering follows the 

protocol published by Schillen et al.46. 

5.2.5 Antimicrobial Efficacy 

Minimum Inhibitory Concentration (MIC) determination 

MIC values are determined using a broth micro dilution method. Bacteria cells are grown 

overnight at 37 °C in MHB to a mid-log phase (OD600 between 0.4-0.5 for each organism) and 
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diluted in MHB to 105 CFU/mL. The polymer is dissolved in water to a stock concentration of 

10 mg/mL. The antibiotics listed in Table S2 and S3 are dissolved and prepared to stock 

concentrations according to CLSI guidelines. 50 µl of the 1-5×105 CFU/mL bacterial cultures 

(final concentration) is aliquoted into 96-well microtiter plates and mixed with 50 µl of two-

fold dilutions of the polymer or antibiotics and incubated for 16-18 h at 37 0C with shaking at 

200 rpm. Growth inhibition is determined by measuring the optical density at 600 nm (OD600) 

of each well using a TECAN M200 microplate reader; the lowest polymer concentration at 

which exhibited no bacterial growth is defined as the MIC.  

Time Killing assay 

Bacteria cells are grown, diluted, and aliquoted into 96 well plates as described for the MIC 

assay, and then mixed with 50 µl volume of medium containing 0.5× and 1× MIC of the 

polymer and/or antibiotics for A. baumannii AB-1 or containing 1 MIC, 2 MIC and 4  MIC 

for Gram-positive bacteria MRSA USA300 and Gram-negative bacteria P. aeruginosa PAO1. 

The plates are sealed and incubated at 37 0C with shaking at 200 rpm.  

At 0, 0.5, 1, 2, 3, 5, and 24 h post-inoculation, each well is thoroughly mixed with a multi-

channel pipette and 20 μl of sample is removed, serially diluted in sterile phosphate buffered 

saline (PBS), plated on LB agar plates, and incubated at 37 0C for 12 hrs. Colonies are counted 

to determine the CFU/mL at each time point.  

Measurement of Synergy   

Synergy is measured by time killing assay and checkerboard assy. Time killing assay is 

performed as described above. Checkerboard susceptibility assays to measure combinations of 

antimicrobials are performed in MHB at 37°C as previously described48. The fractional 

inhibitory concentration (FIC) indices are calculated according to the following formula: 

FIC index = 𝐹𝐼𝐶𝐴 + 𝐹𝐼𝐶𝐵 
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Where 

𝐹𝐼𝐶𝐴 =
𝑀𝐼𝐶 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐴 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛

𝑀𝐼𝐶 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐴 𝑎𝑙𝑜𝑛𝑒
 

𝐹𝐼𝐶𝐵 =
𝑀𝐼𝐶 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐵 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛

𝑀𝐼𝐶 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐵 𝑎𝑙𝑜𝑛𝑒
 

Conservative interpretation of the FIC index has traditionally defined synergy as a FIC index 

≤0.5 and FIC index range from 0.5-1 as additive or partial synergy. And FIC index greater than 

1 shows no synergy. 

5.2.6 Mechanism study 

Antibiotic accumulation assay 

The antibiotic accumulation assay was performed accordingly to the published protocol48. 109 

CFU/ml log-phase of A. baumannii AB-1 was incubated with rifampin alone (2 µg/ml) or 

rifampin (2 µg/ml) + 2,6-DAC (8 µg/ml) with shaking at 37 oC, 200 rpm. The cultured solution 

was quickly spun down at 3 h post-incubation and washed with ice-cold sterile PBS. The 

bacterial pellet was immediately snap-frozen in liquid nitrogen after washing for three times.  

The frozen pellets were gradually thawed on ice followed by the addition of 1 mL 80% (v/v) 

methanol in water and mixed for 30 s. The dissolved samples were sonicated in an ice-water 

bath for 60 mins at 100% power. The samples were subsequently centrifuged at 10,000g for 10 

mins at 4 oC. 800 µL of the supernatant was collected for each sample, diluted with 2 mL of 

ultrapure water in a falcon tube and stored at -80 oC before further processing. The frozen 

samples were lyophilized. The obtained powder was dissolved in 500 µL of 50% (v/v) aqueous 

methanol and was subjected to LC-MS studies. 

Efflux inhibition assay 
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Log-phase A. baumannii AB-1 were centrifuged and washed twice with sterilized PBS. 108 

CFU/ml bacterial suspension was incubated with 16 µg/ml ethidium bromide (EtBr) to achieve 

the maximum accumulation. The free ethidium bromide was removed by centrifugation at 

3,000g for 5 mins. The recovered bacterial pellet was resuspended in fresh PBS and treated 

with 2,6-DAC or carbonyl cyanide m-chlorophenyl hydrazone (CCCP) at the desired 

concentration. Glucose was added to 0.4% concentration. The fluorescence was recorded using 

the TECAN fluorescence spectrometer at 37 oC under 530 nm excitation and 585 nm emission, 

respectively. 

5.2.7 In vitro Cytotoxicity assay 

Mammalian Cell Biocompatibility test via MTT cell proliferation assay  

The mammalian cell biocompatibility test is done according to the published protocol using 

3T3 cells49. In a 96-well plate, 3T3 cells are co-cultured for 24hrs at 37 oC with polymer (100 

μg/mL and 200 μg/mL) at initial cell density of 1×105 cells per well. At the end of the 

incubation period, the culture medium is removed, each well is washed with PBS followed by 

the addition of MTT solution, and the plate is incubated for 4 h at 37 oC. The MTT medium is 

then removed, 100 μL of DMSO is added to each well, the plate is shaken at 100 rpm for 15 

mins and the absorbance at 570 nm is measured with plate reader (BIO-RAD Benchmark Plus, 

US). 

Hemolytic activity test 

5 ml fresh rabbit blood was washed three times with sterilized PBS and diluted to a final 

concentration of 5% v/v. A series concentration of 2,6-DAC and Gramicidin control were 

incubated with the prepared erythrocyte suspension for 1 h with shaking in a 96-well plate. 80 

μl supernatant was aliquoted to a new plate after centrifugation at 1000 g for 10 mins. The 

absorbance at 540 nm was recorded by the TECAN microplate reader. 0.1% Triton X-100 that 
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can lyse red blood cells completely was used as the positive control (Op) and the PBS was used 

as the negative control (On). The percentage of hemolysis was determined by the following 

equation: 

Hemolysis %= [(Ox – On)/(Op–On)] × 100% 

5.2.8 In vivo Toxicity and Antimicrobial efficacy assay 

In vivo oral and intraperitoneal toxicity determination  

A single high dose of 100 mg/kg of 2,6-DAC is administered by the oral route for Balb/c mice. 

The body weight of the mice is determined. The mice are observed in detail for any indications 

of toxicity effect within the first six hours after administration, and daily further for a period of 

7 days. All the animals are weighed and visual observations for mortality, behavioral pattern, 

changes in physical appearance, injury, pain and signs of illness are conducted daily during the 

period.  

Further, a single dosage of 25 mg/kg 2,6-DAC is injected by intraperitoneally. The 

biomarkers are determined before treatment (Day 0), and 1 (Day 1) and 7 Day (Day 7) after 

administration. The biomarkers of Day 0 are the untreated control. The animal experiments 

were carried out in accordance to the Code of Practice for the Institutional Care and Use of 

Animals for Scientific Purposes and were approved by the Ethics Committee of Ningbo 

University. 

5.2.9 In vivo test of synergy of 2,6-DAC with antibiotics 

Intraperitoneal infection model 

Bacterial cultures of MDR A. baumannii (AB-1) are prepared and used to infect 8-week-old 

female BALB/c mice. 300 µL of 106 CFU/mL of AB-1 is injected into the intraperitoneal cavity 

to introduce the infection. After 2 hrs of infection, specific dosage of antibiotic (10 mg/kg), 

2,6-DAC (25 mg/kg) or the combination of antibiotic (10 mg/kg) and 2,6-DAC (25 mg/kg) are 
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injected into the intraperitoneal cavity. PBS is used as a control. Mice euthanasian at indicated 

time points (18 hrs) is achieved by CO2 asphyxiation followed by cervical dislocation. The 

intraperitoneal fluid, kidney, spleen and liver are recovered, and counted for bacteria 

concentration. For histopathological analysis, the kidney, spleen and liver are fixed in 10% 

neutral buffered formalin and embedded in paraffin. The paraffin-embedded sections were 

stained with hematoxylin & eosin (H&E). The animal studies were carried out in accordance 

to protocol (A20029) approved by the NTU Institutional Animal Care and Use Committee 

(NTU-IACUC). 

Lung infection model 

The mice were conducted following the published protocol 49. Bacterial cultures of MDR A. 

baumannii (AB-1) are prepared and used to infect 8-week-old female BALB/c mice. 30 µL of 

108 CFU/mL of AB-1 is inhaled by the mouse to introduce the infection via intranasal route. 

After 2 hrs of infection, specific dosage of antibiotic (10 mg/kg), 2,6-DAC (25 mg/kg) or the 

combination of antibiotic (10 mg/kg) and 2,6-DAC (25 mg/kg) are administrated through 

intranasal route for 2,6-DAC and intraperitoneal route for antibiotic. Mice euthanasian at 

indicated time points (24 hrs) is achieved by CO2 asphyxiation followed by cervical 

dislocation. The lung is recovered and counted for bacteria concentration. For histopathological 

analysis, the lung is fixed in 10% neutral buffered formalin and embedded in paraffin. The 

paraffin-embedded sections were stained with hematoxylin & eosin (H&E). The animal studies 

were carried out in accordance to protocol (A19001) approved by the NTU Institutional Animal 

Care and Use Committee (NTU-IACUC). 

Supplementary: Supplementary information includes synthesis scheme, NMR/FTIR spectra, 

summary of biological activity for all the synthesized polymers, calculations based on light 

scattering and pH-potentiometric titration. This material is available free of charge via the 

internet at http://pubs.acs.org/. 

http://pubs.acs.org/
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Figures and Tables 

 

 

Scheme 1. Chemical structure of 2,6-Diamino Chitosan (2,6-DAC). 

 

Figure 1. (A) Time-killing kinetics of 2,6-DAC against A. baumannii AB-1 at 0.5 MIC and 

1  MIC. (B), (C) The killing kinetics of 2,6-DAC against Gram-positive bacteria MRSA 

USA300 (B) and Gram-negative bacteria P. aeruginosa PAO1 (C) at 1 MIC, 2 MIC and 4  

MIC. 
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Figure 2. Time-killing assay of 2,6-DAC in synergistic combination with various antibiotic 

against A. baumannii AB-1, (A) novobiocin (Novob); (B) tazobactam (Tzb); (C) amikacin 

(Amk); (D) tobramycin (Tob).  
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Figure 3. Mechanism of synergistic combination of 2,6-DAC with antibiotics. (A) Drug 

accumulation inside A. baumannii AB-1 treated by rifampicin alone (2 μg/ml) or with a 

combination of rifampicin (2 μg/ml) + 2,6-DAC (8 μg/ml) that is quantified by LC-MS. Data 

are expressed as mean  standard deviation. (B) 2,6-DAC does not inhibit the ethidium bromide 

efflux in A. baumannii AB-1, carbonyl cyanide m-chlorophenyl hydrazone (CCCP) used as 

positive control. The fluorescence intensity was recorded by TECAN fluorescence 

spectrometer; ethidium bromide is 16 µg/ml. Data are expressed as mean  standard deviation. 
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Figure 4. (A) Biomarkers related to kidney and liver functions before (Untreated Control), 1 

day (Day 1) and 7 days (Day 7) after intraperitoneal injection at 25 mg/kg. (B) Weight change 

of mice after oral administration of 100 mg/kg 2,6-DAC. (C) In vivo efficacy of combination 

of 2,6-DAC with novobiocin (Novob) in intraperitoneal infection model. The infection was 

treated by either PBS control, 10 mg/kg Novob, 25 mg/kg 2,6-DAC alone or their combination 

(2,6-DAC + Novob). (D) In vivo efficacy of combination of 2,6-DAC with rifampicin (Rif) in 

lung infection model. The infection was treated by either PBS control, 10 mg/kg Rif, 25 mg/kg 

2,6-DAC alone or their combination (2,6-DAC + Rif). Statistical analysis used one-way 

ANOVA via GraphPad Prism 6.0. 
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Table 2. Antimicrobial efficacy of 2,6-DAC against clinically relevant antibiotic-susceptible and 

multidrug resistant (MDR) clinical isolates. 

Gram-negative bacteria  Minimum Inhibitory Concentration (MIC) (µg/mL) 

A. baumannii AB-1  32 

A. baumannii BAA2803  8 

A. baumannii 17978  16-32 

P. aeruginosa PAO1  8 

P. aeruginosa BAA2797  8 

K. pneumoniae 43826  16 

K. pneumoniae BAA2784  16 

E. coli BAA2774  16 

 

 

 

 

 

 

 

 

 

 

Table 1. Summary of in vitro biological properties of 2,6-DAC. 

Sample 

 Minimum Inhibitory Concentration (MIC) 

(µg/mL) 

 
%Cell viability 

 Gram-negative 

bacteria 
 

Gram-positive 

bacteria 
 

100µg/

mL 

200µg/

mL 

 P. 

aeruginosa 

E. coli  S. aureus MRSA  
  

2,6-Diamino Chitosan 

(2,6-DAC) 
 8 16-32   16 16  98.63 94.25 

Gram-positive bacteria  Minimum Inhibitory Concentration (MIC) (µg/mL) 

Listeria monocytogenes   16 

MRSA USA300  16 
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Table 3a. Summary of synergistic study of 2,6-DAC with various antibiotics against A. baumannii 

AB-1. 

Antibiotics Antimicrobial mechanisms 

MIC µg/ml 

FIC Without 

2,6-DAC 

Antibiotic in 

combination 

(µg/ml) 

2,6-DAC in 

combination 

(µg/ml) 

Amikacin Protein synthesis inhibitor >128 2 8 0.265 

Tobramycin Protein synthesis inhibitor >128 2 8 0.265 

Novobiocin DNA gyrase inhibitor 8 0.5 8 0.312 

Tazobactam β-lactamase inhibitor  64 16 8 0.5 

Table 3b. FIC indices of antibiotics in combination with 2,6-DAC against MRSA USA300. 

Antibiotics Antimicrobial mechanisms 

MIC µg/ml 

FIC Without 

2,6-DAC 

Antibiotic in 

combination 

(µg/ml) 

2,6-DAC in 

combination 

(µg/ml) 

Carbenicillin β-lactamase inhibitor  8 2 4 0.5 

Tobramycin Protein synthesis inhibitor 1 0.25 1 0.312 

Novobiocin DNA gyrase inhibitor 0.125 0.03125 1 0.312 
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