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Chitin

• Linear homopolysaccharide
• Poly β-1-4-N-acetylglucosamine

• Structural polysaccharide in animals and fungi
• Not in plants (not in mammals) 

• Insoluble and similar to cellulose in plants
• The shells of crustaceans (and fungi) is the main commercial source
• Raw material for making chitosan, N-acetylglucosamine and glucosamine

Chitin

Chitosan

Chitosan
• Natural biopolymer found in some fungi 
• Mostly obtained by deacetylation of chitin
• Obtained in few steps from steps from crustacean shells

• 1. Deproteination by treatment with weak NaOH
• 2. Demineralization by treatment with HCl
• 3. Deacetylation by treatment with strong (50%) NaOH

• Polycationic and soluble in acetic aqueous solutions

Chitosan Applications
• Industry

• Water treatment
• Agriculture

• Plant Protection
• Food processing

• Preservative
• Flocculant

• Health Nutraceutical
• Anti-obesity 
• Cholesterol lowering

• Pharmaceutical-Biomedical
• Wound healing 
• Bone growth
• Nanoparticles 
• Gene-delivery
• Antimicrobial

https://doi.org/10.1016/j.jd
dst.2020.101896
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Chitosan in scientific research

• Chitosan may currently be the most studied polymer in scientific research

Biopolymers Synthetic polymers 

Biopolymer name 
Number of 2023 

publications* naming 
the polymer in the title 

Polymer name 
Number of 2023 

publications* naming 
the polymer in the title 

Chitosan 5,547 Polyethylene (PE) 2,485 
Cellulose 5,288 Polyurethane (PU) 2,132 

Starch 2,937 Polypropylene (PP) 1,315 
Collagen 2,359 P. m.methacrylate (PMMA)   713 

Hyaluronic Acid 1,098 Polylactic Acid (PLA)   689 
Chitin   492 Polycaprolactone (PCL)   445 

Dextran   485 Polydimethylsiloxane (PDMS)   328 
Elastin   143 Polytetrafluoroethylene(PTFE)  178 

*Based on a search in ISI Web of Science, use the search term shown in bold. The result reported in this table is the number 

of documents registered in Web of Science where the search term appears in the document's title in 2023.  

Chitosan limitations
• Limited structural variation
• Charge is dependent on pH
• Low solubility at neutral pH

• Usually dissolved in dilute organic acids or HCl
• Divalent anions (like phosphate) may cause precipitation

• Low solubility in organic solvents
• Limits processing and chemical modification

• Purity is important
• Proteins (especially allergens)
• Endotoxin (affects cellular assays)

Chitosan Derivatives

„Direct” Modification

• Simple reactions
• Often one step

• Lack of selectivity an issue
• Lack of detailed 

characterization a 
common issue in 
publications
• Sometimes DS is not 

reported
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OV Rúnarsson, C.  Malainer, J Holappa, 
STh. Sigurdsson, M Másson Carbohydr. 
Res. 2008,  343,  2576–2582 
OV Rúnarsson, J Holappa ,C Malainer, H 
Steinsson, M Hjálmarsdóttir, T. 
Nevalainen and M. Másson Eur.  Polym. J.  
2010, 46 (6), 1251-1267.
W. Song, V. S. Gaware, Ö.V. Rúnarsson, 
M.  Masson, J.F. Mano . Carbohydr. 
Polym. 2010 . 81 (1)  140-144 

Synthesis using TBDMS 
chitosan as precursor
• DCM or NMP as solvent
• Quantitative reactions common
• Good control of DS

• Incomplete deprotection can be an 
issue

• Mw reduction

7 8

9 10

11 12



6/25/2025

3

13

(0.1 eq)

Et3N, CH2Cl2

TPCN1P 30
O

O
TBDMSO *

NH

*

OTBDMS

Br 4

O

O
O

TBDMSO *
NH

*

Ar1, R1  Ar1, R2

OTBDMS

O

N
H

N

CH2Cl2, 25 C

N(CH3)3 or

O
O

TBDMSO *

NH

*

Ar1, Br

O

OTBDMS

38 Ar1 - 10%, Br - 90%

N N

R1 - N(CH3)3

R2 -

Ar1 - TPCN1P

where,

39 Ar1 - 10%, R1 - 90%

40 Ar1 - 10%, R2 - 90%

TBAF,
NMP, 55 C

Porphyrin (TPP) analogues

Concd HCl,
MeOH, 25 C

O
O
HO

NH

*

OH

O

O
O
HO *

NH

OH

O

N

NH N

HN

NH

H

H
H H

O

N

N N

N

42 (Ar1 = 10%, R2 = 90%)

O

O
HO

NH

*

OH

O

O

O
HO *

NH

OH

O

41 (Ar1 = 10% R1 = 90%)

N

NH N

HN

NH

H

H
H H

O

N

N N
Cl

Synthesis of TPCN1P-chitosan

Pandya et al. (2020)–
Biomacromolecules 19 (9) 3649-3658
(https://doi.org/10.1021/acs.biomac.0c
00061)

Gaware et al.. (2017) 
Biomacromolecules 18 (4), 1108-1126  
https://doi.org/10.1021/acs.biomac.
6b01670 )

Gaware et al. (2013). J. Med. Chem. 56, 
807−819 dx.doi.org/10.1021/jm301270r 

14

Photo-physical properties

15

GPC DLS

UV-Vis Fluorescence

Cellular uptake of TPC-chitosan
(work done at the Norwegian Radium Hospital) 

16

Subcellular localisation of TPC-chitosan 42 and 46

HCT 116 cells 

A and E: Alexa-488 ovalbumin fluorescence

B and F: Phase contrast

C and G: TPC fluorescence

D and H: Merge of Alexa-488 and TPC fluorescence

In Vivo results of TPC-chitosan
(work done at the Norwegian Radium Hospital) 

17

In vivo bioluminescence imaging after PCI treatment of of HT116/Luc 

tumor-bearing animals with TPC-chitosan 42 and 46 and bleomycin

Design of Experiments optimization of N,N,N-trimethyl chitosan synthesis using N,N-diisopropylethylamine base

Conclusion

chitosan N,N,N-trimethyl chitosan (TMC)

Up to 68% DTM in one step, no O-methylation, DIPEA base and DMF solvent implemented, Viscosity 

issues mitigated, enhanced scalability achieved

Objectives: High degree of N-trimethylation (DTM), No O-

methylation, Addressing viscosity issues, Utilizing Design of 

Experiments (DoE)

Factors Symbol Level 1 Level 2 Level 3

MeI (eq) X1 6 (-) 9 (0) 12 (+)

Base addition X2 4 (-) 6 (0) 8 (+)

A: Summary of fit plot

B: Coefficient plot where the X axis represents the investigated 

factors and their square terms: MeI for the molar ratio factor and 

BA for the base addition factor.
Response contour plot, showing the molar ratio of MeI and the base 

addition factors

13 14

15 16

17 18

https://doi.org/10.1021/acs.biomac.0c00061
https://doi.org/10.1021/acs.biomac.0c00061
https://doi.org/10.1021/acs.biomac.6b01670
https://doi.org/10.1021/acs.biomac.6b01670


6/25/2025

4

Structure-activity relationship 
Degree of substitution

TMC – Guanidyl Chitosan – Hydroxypropyl Chitosan

Molecular Weight

The Quantitative Molecular Weight-Antimicrobial Activity 
Relationship for Chitosan Biopolymers and Derivatives

• A bilinear equation was formulated to describe the 
molecular weight-antimicrobial activity association for 
chitosan and its derivatives:

𝐿𝑜𝑔
1

𝑀𝐼𝐶
= 𝐴𝑚𝑎𝑥 +

𝐴𝑚𝑎𝑥 − 𝐴𝑚𝑖𝑛

𝐶𝑀𝑊
× 𝑀𝑤 − 𝐿𝑜𝑔

10
𝐴𝑚𝑎𝑥
𝐶𝑀𝑊

×𝑀𝑤

10
 𝐴𝑚𝑖𝑛
𝐶𝑀𝑊

×𝑀𝑤
+

10 𝐴𝑚𝑎𝑥

10𝐴𝑚𝑖𝑛

• The shape of the activity vs. Mw graph is then determined 
by three constans:
• 𝐴𝑚𝑎𝑥 = 𝐿𝑜𝑔

1

𝑀𝐼𝐶𝑚𝑖𝑛
 

• 𝐴𝑚𝑖𝑛 = 𝐿𝑜𝑔
1

𝑀𝐼𝐶𝑚𝑖𝑥

• CMW  ( critical molecular weight for maximum activity )

-4

-3

-2

-1

0

1 0,1

1

10

100

1000

10
4

0 5 10 15 20 25 30

L
o

g
 (

1
/M

IC
) M

IC
 (

g
/m

l) 

Mw KD

A
max

A
max

CMW

A
min

Slope = (A
max

-A
min

)/CMW

Már Másson (2024). The quantitative
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relationship for chitosan polymers, 
oligomers, and derivatives. Carbohydrate 
Polymers 337 122159 

Data from 2012 to 2018
S. aureus, fungi – chitosan, chitosan derivative
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Kulikov et al. 2012 

Chitosan vs MRSA  pH 6.75

Mw KD

CMW  =  5.8 ± 0.1  KD 
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Kulikov et al. 2014 

Chitosan vs C. scotti  pH 5.7

Mw KD

CMW  = 10.1 ± 2.3 KD 
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 Blagodatskikh et al. 2018 

Betain. chitosan vs  S. aureus pH 6.4

Mw KD

CMW = 9.2 ± 0.2KD 

The 2019 study
TMC
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N,N,N-trimethyl chitosan (TMC)

vs S. aureus Ph 7.4
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CMW = 10.2± 0.6  KD 
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Results of fitting published data reporting the minimal inhibitory 
concentration (MIC) as a function of the molecular weight (Mw) 
of chitosan biopolymers and chitosan derivatives to Equation 1. 

 

Biopolymer Mw range 

(data points) 

pH organism CMW Amax (MICmin) Amin (MICmax) 

Chitosan            

Kulikov et al. ,Eur. J. Med. Chem. 2012  

Chitosan (DA = 0.02-0.07) 2 to 600 KD (8) 5.7 C. albicans 6.7 ± 2.1 KD  -2.63 (427 μg/ml) -3.61 (4 mg/ml) 
Chitosan (DA = 0.02-0.07) 1.5 to 600 KD (9) 5.7 C. kruisei 7.8 ± 2.7 KD  -1.73 (53 μg/ml) -3.61 (4 mg/ml) 

Chitosan (DA = 0.02-0.07) 1.5 to 600 KD (9) 5.7 C. parapsilosis 10.2 ± 1.6 KD  -1.51 (32 μg/ml) -3.61 (4 mg/ml) 

Chitosan (DA = 0.02-0.07) 1.5 to 600 KD (9) 5.7 C. tropicalis 6.6 ± 2.4 KD  -1.58 (38 μg/ml) -3.53 (3 mg/ml) 

Chitosan (DA = 0.02-0.07) 0.7 to 600 KD (10) 5.7 C. scotti 5.1 ± 2.3 KD  -1.20 (16 μg/ml) -3.53 (0.4 mg/ml) 

Chitosan (DA = 0.02-0.07) 1.5 to 600 KD (9) 5.7 C. glabrata 6.6 ± 2.1 KD  -1.58 (38 μg/ml) -3.52 (3 mg/ml) 

Saharaiah et al. ,Int. J. Mol. Sci. 2019  

Chitosan (DA = 0.09) 4 to 225 KD (14) 7.0 S. aureus  21.2± 3.2  KD  -3.61(4096 μg/ml) -4.35 (22 mg/ml) 

Chitosan derivatives       

Blagodatskikh et al. ,Microbiology. 2018 

Betainated  Chitosan (DS  0.14-0.19) 2 to 42 KD (6) 6.4 S. aureus 9.2 ± 0.2KD  -0.90 (8 μg/ml) --3.17 (1 mg/ml) 

Betainated  Chitosan (DS  0.14-0.19) 2 to 42 KD (6) 7.4 S. aureus 6.4  ± 1.1 KD  -0.90 (71 μg/ml) --2.94 (1 mg/ml) 

Betainated  Chitosan (DS  0.14-0.19) 2 to 42 KD (6) 6.4 E. coli 7.3  ± 0.5 KD  -0.90 (8 μg/ml) --2.56 (0.4 mg/ml) 
Betainated  Chitosan 

(DS  = 0.14-0.19) 

2 to 42 KD (6) 7.4 E. coli 5.1  ± 0.4 KD  -1.51 (32 μg/ml) --2.33 (0.1 mg/ml) 

Saharaiah et al. ,Int. J. Mol. Sci. 2019  

N,N,N-Trimethyl Chitosan (TMC)  

(DS  0.94) 

3 to 186 KD (20) 7.4 S. aureus  10.2± 0.6  KD  -1.51(32 μg/ml) -5.29 (195 mg/ml) 

 

Biopolymer Mw range 

(data points) 

pH organism CMW Amax (MICmin) Amin (MICmax) 

Chitosan            

Kendra & Hadwiger, Exp. Mycol. 1984  

Chitosan (DA = NR*) 0.5 to >50 KD (6) ? F. solani Pisi 1.21 ± 0.06 KD -0.9 (8 μg/ml) -4.9 (79 mg/ml)  
Chitosan (DA = NR*) 0.5 to >50 KD (7) ? F. solani  Phaseoli 1.19 ± 0.09 KD -0.6 (4 μg/ml)  

Omura et al. , Biocontr. Sci.  2003  

Chitosan (DA = 0)  1 to 350 KD (6) 6.0 B. subtilis 6.8 ± 0.5 KD -2.6 (400 μg/ml) -4.6 (37 mg/ml) 

Chitosan (DA = 0)  1 to 350 KD (6) 6.0 E. coli 6.4 ± 1.6 KD -2.6 (400 μg/ml) -4.6 (42 mg/ml) 

Chitosan (DA = 0) 1 to 350 KD (6) 6.0 S. Aureus 8.0 ± 0.7 KD -2.8 (600 μg/ml) -4.5 (29 mg/ml) 
Chitosan (DA = 0)  0.8 to 350 KD (7) 6.0 P. aeruginosa 4.1 ± 0.1 KD -2.6 (400 μg/ml) -3.8 (6 mg/ml) 

Mellegård et al. , Int. J. Food Microbio.  2011  

Chitosan (DA = 0.16)  2 to 98 KD (3) 6.0 B. cereus 5.52 ± 0.01 KD -1.95 (89 μg/ml) -4.8 (59 mg/ml) 

Chitosan (DA = 0.16)  2 to 98 KD (3) 6.0 E. Coli  6.3  KD  -1.63 (42 μg/ml) -4.7 (51 mg/ml) 

Chitosan (DA = 0.48)  11 to 224 KD (4) 6.0 B. cereus 31.4 ± 6.8 KD -2.95 (891 μg/ml) -3.8 (6 mg/ml) 
Chitosan (DA = 0.48)  11 to 224 KD (4) 6.0 E. Coli  25.7 ± 3.8   KD  -2.18 (151 μg/ml) -3.57 (4 mg/ml) 

Kulikov et al. , Carbohydr. Polym.  2012  

Chitosan (DA = 0.02-0.07) 1.5 to 20 KD (9) 5.5 S. aureus (MRSA) 4.1 ± 0.5   KD  -1.60 (40 μg/ml) -3.72 (5 mg/ml) 

Chitosan (DA = 0.02-0.07) 1.5 to 20 KD (9) 5.75 S. aureus (MRSA) 4.2 ± 0.3   KD  -1.49 (31 μg/ml) -3.60 (4 mg/ml) 

Chitosan (DA = 0.02-0.07) 1.5 to 20 KD (8) 6.0 S. aureus (MRSA) 4.0± 0.3   KD  -1.49 (31 μg/ml) -3.73 (5 mg/ml) 
Chitosan (DA = 0.02-0.07) 1.5 to 20 KD (8) 6.25 S. aureus (MRSA) 4.4± 0.4  KD  -1.20 (16 μg/ml) -3.71 (5 mg/ml) 

Chitosan (DA = 0.02-0.07) 1.5 to 20 KD (8) 6.5 S. aureus (MRSA) 5.1± 0.3  KD  -0.96 (9 μg/ml) -3.78 (6 mg/ml) 

Chitosan (DA = 0.02-0.07) 1.5 to 20 KD (8) 6.75 S. aureus (MRSA) 5.8± 0.1  KD  -0.90 (8 μg/ml) -3.71 (5 mg/ml) 

Chitosan (DA = 0.02-0.07) 1.5 to 20 KD (8) 7.0 S. aureus (MRSA) 5.8± 0.1  KD  -2.40 (250 μg/ml) -4.35 (22 mg/ml) 

       

Good fit to 29 datasets from 7 studies 

Conclusion
• The antibacterial activity of chitosan and chitosan derivatives 

depends  on: 
• The structure of the substituent and charge

• Cationic substituents can contribute to activity
• Neutral and anionic substituents generally have negative effect

• Proximity of cationic charge to polymer backbone is important
• Lipophilic moieties mostly have negative effect

• But there also can be some synergistic effect with charged groups
• The activity of derivative should correlate with DS

• This is an important validation of the derivative
• Activity will increase with MW until CMW is reached and will not 

increase with further increase in Mw.

Reviews & article
• Már Másson (2021) Antimicrobial Properties of Chitosan and Its Derivatives. In: 

Jayakumar R., Prabaharan M. (eds) Chitosan for Biomaterials III. Advances in 
Polymer Science, vol 287. Springer, Cham.   
https://doi.org/10.1007/12_2021_104

•  
• Már Másson (2020)   – Chitin and Chitosan. Chapter 23 Handbook of 

Hydrocolloids 3rd Edition: (32 pages) Editors: Glyn Phillips Peter Williams, 
Elsevier/ Woodhead Publishing Paperback ISBN: 9780128201046 eBook ISBN: 
9780128242216 Published Date: 1st December 2020 , page 1039-1072 
https://doi.org/10.1016/B978-0-12-820104-6.00013-9

• Priyanka Sahariah & Már Másson (2017). Antimicrobial Chitosan and Chitosan 
Derivatives: A Review of the Structure-Activity Relationship. Biomacromolecules 
18 (11) 3846-3868 (https://doi.org/10.1021/acs.biomac.7b01058)

• Már Másson (2024). The quantitative molecular weight-antimicrobial activity 
relationship for chitosan polymers, oligomers, and derivatives. Carbohydrate 
Polymers 337 122159 ( https://doi.org/10.1016/j.carbpol.2024.122159 ) 
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Structure-Activity Relationship (SAR)
for antimicrobial action of cationic chitosan derivatives

• Degree of substitution (DS) 
• Charge position (CP)
• Lipophilicity (LP)
• Multiple substituents (MS)
• Molecular Weight (MS)

DS and activity of trimethylated derivatives against MRSA 
and P. auruginosa

S. Rathinam, S. Ólafsdóttir, S. Jónsdóttir, M.Á. Hjálmarsdóttir, M. 
Másson Int. J.of Biol. Macromol. 160 548 2020

DS and Antimicrobial activity

Priyanka Sahariah, Bjarni M Óskarsson, Martha Á Hjálmarsdóttir, Már Másson 
Carbohydrate Polymers 127, 407-417, 2015

CP and antimicrobial N-acyl derivatives
Priyanka Sahariah. Vivek S. Gaware, 
Ramona Lieder, Sigríður Jónsdóttir, 
Martha Á. Hjálmarsdóttir, Olafur E. 
Sigurjonsson and Már Másson  (2014).  

Marine Drugs , 12 (8), 4635-4658. 

Activity

Spacer
Length

LP and antimicrobial   N,N,N-trialkyl derivatives

Compound Hemolyticactivity

HC50

(µg/ml)

Gram-positive bacteria Gram-negative bacteria

S. aureus

MIC

(µg/ml)

E. faecalis

MIC

(µg/ml)

E. coli

MIC

(µg/ml)

P. aeruginosa

MIC

(µg/ml)

˃1,024 32 128 64 512

˃1,024 4 128 64 512 

36 32 64 32 512 

16 256 16 16 32 

384 256 512 128 1,024 

20 512 128 32 512         

40 1024 64 16 1,024

Benzalkonium 

chloride
28 ≤0.5 ≤0.5 16 64

Cetyl pyridinium 

chloride
≤0.5 ≤0.5 ≤0.5 16 256

Melittin 8* 4 8 16 64

LL-37 336** 512 1,024 32 128 

P Sahariah, P., BE. Benediktssdóttir, MA Hjálmarsdóttir, OE Sigurjonsson, KK Sørensen, M. Thygesen, M. B., Jensen, K. J., 
Másson, M. Biomacromolecules 2015 16 (5), 1449-1460

MS and Multi-dimensional SAR for antimicrobial 
chitsan cojugates

• Three type of moieties:
• N-acetyl
• N-trimethyl
• N-stearoyl

• Solubility, Activity against E. coli 
and S. Aureus and hemolytic 
activity

E. coli S. Aureus Human Red Blood Cells

. J  Mater. Chem B 2016 4 4762

31 32

33 34

35 36
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Design of experiment (DOE)
• Mathematical tool – statistical model
• To reduce number of required experiments.

• High number of input parameters
• Can evaluate many output parameter simultaneously
• Optimization and response contour plots


== +==

+++=
5

1

2
4

1

5

1

5

1 i
iii

i ij
jiij

i
ii xbxxbxbY 

Examples of Designs with 3 factors

Equation accounting for linear, interaction and nonlinear effect

Contour plots – 3 dimensions

The Design Matrix

Table 1. Equivalent quantities of reagents used for 
synthesis of chitosan derivatives 

Compound Reagents (equivalents) 

Acetyl 

chloride 

Stearoyl 

chloride 

Methyl 

iodide 

3i 0.95 0 5 

3ii, 3iii 0* 0 5 

3iv 0.65 0.3 5 

3v 0* 0.3 5 

3vi 0.65 0 5 

3vii 0.85 0.1 5 

3viii 0.75 0.2 5 

3ix 0* 0.2 5 

3x 0.25 0.3 5 

3xi, 3xii, 3xiii, 3xiv 0.425 0.15 5 

*Acetyl chloride was not added in this case since 

starting chitosan contains 5% acetylation.  

Contour plots

Significant factor (parameters)

G-efficiency = 0.72
R2 : y1 = 0.89, y2 = 0.82, y3 = 0.93, y4 = 0.98 
Q2: y1 = 0.76, y2 = 0.68, y3 = 0.77 and y4 = 0.95 

Optimization 
• Criteria:

• high antimicrobial activity (>4 
for S. aureus), (>3 for E. coli),

• high solubility (>60) 
• low hemolytic toxicity (<3). 

Proposed and observed values for optimized setpoint of all 
the responses. 

Optimized 
chitosan 
derivative 

Ratio of 
factors 

S. aureus 
log(1/MIC) 

E. coli 
log(1/MIC) 

Hemolyti
c activity 

log(1/HC50) 

Solub
ility 
(%) 

Proposed 
derivative 

TRI=0.63, 
ACE=0.08
STE=0.29 

4.80 2.77 3.00 75 

Observed 
derivative 

TRI=0.67, 
ACE=0.05
STE=0.28 

4.19 2.69 2.81 75 

 

37 38

39 40
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