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Abstract 

My PhD project was aimed to synthesize and evaluate linear polyethyleneimine and its 

derivatives as potential biomaterials and excipients for drug delivery. L-PEI was synthesized 

successfully by acidic hydrolysis of poly(2-ethyl-2-oxazoline) or PEOZ to remove all amide 

groups from the side groups. The complete conversion to L-PEI was confirmed by 1H-NMR 

and FTIR spectroscopies. Then, L-PEI was used to prepare physically crosslinked cryogels. 

Dissolution of L-PEI in deionized water was achieved at 80 oC and resulted in a transparent 

solution, leading to an opaque gel forming upon freezing and subsequent thawing. The cryogels 

exhibited reversibility and after heating at 80 oC formed a clear solution due to the melting of 

the crystalline domains of L-PEI. Different cooling temperatures and the use of various solvent 

compositions on L-PEI gelation have an effect on the enthalpy of melting, degree of 

crystallinity, viscosity and mechanical strength of L-PEI cryogels. This study demonstrates that 

the physical properties of L-PEI cryogels can be manipulated by controlling the cooling rate 

and solvent composition used to form the cryogels and its applications for drug delivery 

systems or antimicrobial wound dressings.  

Chemical modification of L-PEI is one approach to develop water solubility and 

properties of polymers. Therefore, we attempted to synthesize poly(2-hydroxyethyl 

ethyleneimine), P2HEEI and poly(3-hydroxypropyl ethyleneimine), P3HPEI as novel water-

soluble polymers for pharmaceutical applications. P2HEEI and P3HPEI were synthesized via 

nucleophilic substitution reaction between L-PEI and 2-bromoethanol and 3-bromo-1-

propanol, respectively. Both polymers had a good water solubility, low toxicity, and a low glass 

transition temperature. Due to the lower glass transition below 0 oC, these novel polymers were 

blended with chitosan to improve mechanical properties and the resulting polymeric films were 

evaluated for their applicability in transmucosal drug delivery.  

Chitosan and P3HPEI in the blends were fully miscible in solid stage. Blending of 

chitosan with P3HPEI also significantly enhanced elasticity and strength of the resulting films. 

A 35:65 (%w/w) blend of chitosan-P3HPEI provided the optimum Tg for transmucosal drug 

delivery and so was selected for further investigation with haloperidol, which was chosen as a 

model hydrophobic drug. Microscopic and X-ray diffractogram (XRD) data indicated that the 

solubility of the drug in the films was ~1.5%. The inclusion of the hydrophilic polymer P3HPEI 

allowed rapid drug release within ~30 min, after which films disintegrated, demonstrating that 
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the formulations are suitable for application to mucosal surfaces, such as in buccal drug 

delivery.  

Mucoadhesive films are one of commercially relevant formulations for buccal drug 

delivery due to their adaptability and ease of use. Additionally, the use of these films can 

prolong the time spent on the mucosa, directly delivering a precise dose of the drug to the 

tissue. Hence, this study aimed to synthesize poly(2-hydroxyethyl ethyleneimine) or P2HEEI 

and its mucoadhesive film formulations based on blends with chitosan for buccal delivery of 

haloperidol. Initially, P2HEEI was synthesized via nucleophilic substitution of linear 

polyethyleneimine (L-PEI) with 2-bromoethanol. P2HEEI exhibited good solubility in water, 

low toxicity in human dermal skin fibroblast cells, and low glass transition temperature (-31.6 

oC). This polymer was then blended with chitosan to improve mechanical properties and these 

materials were used for the buccal delivery of haloperidol. Chitosan and P2HEEI formed 

completely miscible blends. Blending chitosan with P2HEEI improved the mechanical 

properties of the films, resulting in more elastic materials. Blend films were also prepared 

loaded with haloperidol as a model poorly water-soluble drug. The cumulative release of 

haloperidol from the films increased when the blends were prepared with greater P2HEEI 

content. Mucoadhesive properties of these films with respect to freshly excised sheep buccal 

mucosa were evaluated using a tensile method. It was found that all films are mucoadhesive; 

however, an increase in P2HEEI content in the blend resulted in a gradual reduction of their 

ability to adhere to the buccal mucosa. These films could potentially find applications in buccal 

drug delivery.  

Hence, L-PEI and its derivatives have potential as biomaterials and excipients for drug 

delivery, enabling the development of novel formulations such as cryogels, drug-loaded films 

for poorly water-soluble drug administration, and mucoadhesive drug delivery system. 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

List of Publications 

1. Sitthiphong Soradech, Adrian C. Williams and Vitaliy V. Khutoryanskiy, Physically 

Crosslinked Cryogels of Linear Polyethyleneimine: Influence of Cooling Temperature 

and Solvent Composition, Macromolecules 2022, 532105- 117. Published. (Chapter 

2) 

2. Sitthiphong Soradech, Pattarawadee Kengkwasingh, Adrian C. Williams and Vitaliy V. 

Khutoryanskiy, Synthesis and Evaluation of Poly(3-hydroxypropyl Ethyleneimine) and 

Its Blends with Chitosan Forming Novel Elastic Films for Delivery of Haloperidol, 

Pharmaceutics 2022, 14, 2671. Published. (Chapter 3) 

3. Sitthiphong Soradech, Adrian C. Williams and Vitaliy V. Khutoryanskiy, 

Polyethyleneimine and Its Derivatives for Pharmaceutical and Biomedical Applications 

(a review). In preparation for submission. (Chapter 1) 

4. Sitthiphong Soradech, Pattarawadee Kengkwasingh, Adrian C. Williams and Vitaliy V. 

Khutoryanskiy, Synthesis of Poly(2-hydroxyethyl ethyleneimine) and Its 

Mucoadhesive Film Formulations Based on Blends with Chitosan for Buccal Delivery 

of Haloperidol. In preparation for submission. (Chapter 4) 

 

 

 

  



vi 
 

List of Conferences 

1. Pharmacy PhD Showcase 2020, University of Reading, 4th July 2020 – Talk (3 

minutes). 

2. Pharmacy PhD Showcase 2021, University of Reading, 16th April 2021 – Talk (5-

minutes). 

3. Pharmacy PhD Showcase 2022, University of Reading, 31st March 2022 -Talk (15 

minutes). 

4. International conference on Academy of Pharmaceutical Sciences at Belfast, Northern 

Ireland, UK, 7 – 9th September 2022 – Poster.  

5. The 6th London Polymer Group meeting, University College, London, UK, 27th April 

2023 – Poster.  

 

 

  



vii 
 

Table Content 

Acknowledgements………………………………………………………………………... i 

Declaration of original authorship……………………………………………………........ ii 

Abstract……………………………………………………………………………………. iii 

List of publications………………………………………………………………………... v 

List of conferences……………………………………………………………………….... vi 

List of figures…………………………………………………………………………….... xi 

List of tables………………………………………………………………………………. xvii 

Abbreviations……………………………………………………………………………… xviii 

Chapter 1: Polyethyleneimine and its derivatives for pharmaceutical and biomedical 

applications ……………………………………………………………………………….. 

1 

Abstract……………………………………………………………………………………. 2 

1.Introduction……………………………………………………………………………… 3 

2. Synthesis of polyethyleneimines……………………………………………………….. 4 

    2.1. Ring opening polymerization of azirdines…………………………………………. 4 

    2.2. Hydrolysis of poly(2-ethyl-2-oxazoline)…………………………………………... 6 

3. Physical properties of PEI……………………………………………………………… 8 

    3.1. Crystallinity and amorphous states of PEI………………………………………..... 8 

    3.2. Thermal properties of L-PEI and PEOZ-EI copolymers ………………………….. 12 

    3.3. Behavior in aqueous and non-aqueous solutions…………………………………... 14 

    3.4. Complexes of polyethyleneimines ………………………………………………… 16 

4. Toxicology of polyethyleneimines and derivatives ……………………………………. 19 

    4.1. Cell based assays…………………………………………………………………... 19 

    4.2. Non-cell based assays of PEI toxicity……………………………………………… 22 

5. Derivatives of polyethyleneimines……………………………………………………...  23 

    5.1. Thiolated PEI ……………………………………………………………………… 23 

    5.2. Acetylated PEI …………………………………………………………………….. 25 

    5.3. Synthesis of poly (2-oxazolines) by functionalized L-PEI………………………… 26 

    5.4. Nucleophilic substitution or alkylation of PEI …………………………………..... 29 

    5.5. Reductive methylation of PEI …………………………………………………….. 33 

    5.6. Chitosan conjugation on PEI ……………………………………………………… 34 

    5.7. PEGylation of branched polyethyleneimine ……………………………………..... 35 



viii 
 

6. Pharmaceutical and biomedical applications …………………………………………... 36 

    6.1. Gene delivery………………………………………………………………………. 36 

    6.2. Antimicrobial formulations………………………………………………………... 38 

    6.3. Mucoadhesive applications………………………………………………………… 41 

    6.4. Polymer blends…………………………………………………………………...... 44 

    6.5. Hydrogels and cryogels……………………………………………………………. 46 

    6.6. Other biomedical applications……………………………………………………... 50 

7. Conclusions……………………………………………………………………………... 52 

References…………………………………………………………………………………. 53 

Chapter 2: Physically crosslinked cryogels of linear polyethyleneimine: influence of 

cooling temperature and solvent composition………………………………………......... 

73 

Abstract …………………………………………………………………………………… 75 

1. Introduction…………………………………………………………………………….. 76 

2. Experimental section………………………………………………………………........ 77 

    2.1. Materials…………………………………………………………………………… 77 

    2.2. Synthesis of L-PEI…………………………………………………………………. 78 

    2.3. General method to prepare cryogels from L-PEI………………………………….. 78 

    2.4. Effect of thawing temperature on the formation of L-PEI cryogels……………….. 78 

    2.5. Effect of different freezing temperatures on physicochemical properties of L- 

           PEI cryogels……………………………………………………………………….. 

78 

    2.6. Effect of solvent on the formation and physicochemical properties of  

            L-PEI cryogels…………………………………………………………………….. 

79 

     2.7. 1H-Nuclear magnetic resonance spectroscopy (1H-NMR)………………………... 79 

     2.8. Fourier transformed infrared (FTIR) spectroscopy……………………………...... 79 

     2.9. Rheology…………………………………………………………………………... 79 

     2.10. Differential scanning calorimetry (DSC)………………………………………… 80 

     2.11. X-ray diffraction (XRD)………………………………………………………..... 80 

     2.12. Scanning electron microscopy (SEM)………………………………………........ 81 

     2.13. Swelling analysis……………………………………………………………........ 81 

     2.14. Statistical analysis……………………………………………………………….. 81 

3.Results and discussion…………………………………………………………………... 81 

     3.1. Formation of physically crosslinked cryogels based on L-PEI…………………… 81 

     3.2. Effect of different freezing temperatures on thermal, crystallinity and  84 



ix 
 

             rheological properties of cryogels based on L-PEI………………………….......... 

      3.3. Effect of solvent composition on formation, crystallinity and rheological  

             properties of cryogels based on L-PEI………………………………………......... 

94 

Conclusions…………………………………………………………………………........... 97 

References……………………………………………………………………………......... 98 

Supplementary information……………………………………………………………….. 103 

Chapter 3: Synthesis and evaluation of poly (3-hydroxypropyl ethyleneimine) and its 

blends with chitosan forming novel elastic films for delivery of haloperidol…………….. 

110 

Abstract…………………………………………………………………………………..... 112 

1.Introduction……………………………………………………………………………… 113 

2. Materials and methods………………………………………………………………...... 115 

    2.1. Materials…………………………………………………………………………… 116 

    2.2. Synthesis of linear poly(ethyleneimine) (L-PEI)………………………………....... 115 

    2.3. Synthesis of poly(3-hydroxypropyl ethyleneimine) (P3HPEI)…………………..... 115 

    2.4. Preparation of films………………………………………………………………... 116 

    2.5. Preparation of haloperidol-loaded films………………………………………........ 116 

    2.6. Characterization of polymers and films……………………………………………. 117 

    2.7. In vitro drug release study…………………………………………………………. 120 

    2.8. Cytotoxicity test…………………………………………………………………..... 120 

    2.9. Statistical analysis………………………………………………………………….. 120 

3. Results and discussion………………………………………………………………….. 120 

    3.1. Synthesis and evaluation of poly(3-hydroxypropyl ethyleneimine)………………. 121 

    3.2. Novel elastic films based on blends of chitosan and poly(3-hydroxypropyl  

           ethyleneimine): formulation, miscibility, and mechanical Properties……………... 

124 

    3.3. Chitosan/poly(3-hydroxypropyl ethyleneimine) film formulations for  

           loading and delivery of haloperidol: X-ray, microscopic, and drug Release  

           studies……………………………………………………………………………… 

132 

4. Conclusions……………………………………………………………………………... 135 

References………………………………………………………………………………..... 137 

Supplementary information……………………………………………………………….. 144 

Chapter 4: Synthesis of poly(2-hydroxyethyl ethyleneimine) and its mucoadhesive film 

formulations based on blends with chitosan for buccal delivery of haloperidol …………. 

154 

Abstract……………………………………………………………………………………. 156 



x 
 

1.Introduction……………………………………………………………………………… 157 

2. Materials and methods………………………………………………………………...... 159 

    2.1. Materials…………………………………………………………………………… 159 

    2.2. Synthesis of linear polyethyleneimine (L-PEI)…………………………………..... 159 

    2.3. Synthesis of poly(2-hydroxyethyl ethyleneimine)………………………………..... 159 

    2.4. Preparation of films………………………………………………………………... 161 

    2.5. Preparation of haloperidol loaded films…………………………………………… 161 

    2.6. Characterisation of polymer and films…………………………………………….. 161 

    2.7. In vitro drug release study………………………………………………………..... 165 

    2.8. Ex vivo mucoadhesive properties of film with and without haloperidol…………... 166 

    2.9. Statistical analysis…………………………………………………………………. 166 

3. Results and discussion…………………………………………………………………. 166 

    3.1. Synthesis and evaluation of poly(2-hydroxyethyl ethyleneimine), P2HEEI ……… 166 

    3.2. Preparation and evaluation of films based on blends of chitosan and poly(2-   

            hydroxyethyl ethyleneimine) ……………………………………………………... 

171 

    3.3. Chitosan and poly(2-hydroxyethyl ethyleneimine) films for buccal delivery of     

            haloperidol: In vitro drug release and Ex vivo mucoadhesion studies …………… 

182 

4.Conclusions……………………………………………………………………………… 186 

References…………………………………………………………………………………. 187 

Supplementary information……………………………………………………………….. 193 

Chapter 5: General conclusions and future work…………………………………………. 202 

5.1. General conclusions…………………………………………………………………... 202 

5.2. Future work…………………………………………………………………………… 206 

5.3. Significance of the key findings ……………………………………………………... 209 

References…………………………………………………………………………………. 210 

  



xi 
 

List of Figures 

1 Chemical structure of linear (a) and branched PEI (b).…………………………………….. 4 

2 Synthesis of B-PEI and L-PEI by ring-opening polymerization method ………………...... 5 

3 Schematic diagram of partial and full hydrolysis of PEOZ………………………………… 6 

4 Schematic diagram of acidic hydrolysis of PEOZ to form linear PEI ……………………... 7 

5 Schematic diagram of basic hydrolysis of PEOZ to form linear PEI ……………………… 7 

6 Crystal structures of poly(ethylene imine) ………………………………………………....  9 

7 DSC thermograms and X-ray diffraction patterns of PEI dried sample (a), PEI hydrated 

sample (b), and PEI hydrated with a large amount of water (c)…………………………… 

10 

8 X-ray diffraction patterns for L-PEI (a) and cryogel prepared from 5 % L-PEI solution (b) 

and this sample after heating at 80 oC (c)………………………………………...….......... 

11 

9 X-ray diffraction spectra of dry L-PEI (a) and wet L-PEI cryogels prepared at various 

freezing temperatures: -196 oC (b), -80 oC (c), -30 oC (d) and 0 oC (e)……………….…..  

12 

10 DSC thermograms of the L-PEI (a) and physical hydrogels from L-PEI (b-d). The lines of 

b, d, and c were from the first heating run, the cooling run, and the second heating run, 

respectively ……………………………………………………………………….………... 

13 

11 Solution – gel – solution transition of L-PEI cryogels.  The solution is initially heated to 80 

C forming a transparent solution.  After freezing at - 80 oC for 3 h and then thawing at 

room temperature, an opaque gel is produced which, on subsequent heating to 80 C, returns 

to a transparent solution (a).  Appearance of L-PEI cryogels (b) ………………………….… 

15 

12 Viscosities of L-PEI samples following their freezing and thawing in different 

ethanol/water mixtures and images of samples prepared at 20 % (a), 50 % (b) and 100 % 

(c) EtOH………………………………………………………………………….……….. 

16 

13 Schematic diagram of polyelectrolyte complex between PEI and PAC …………………. 17 

14 Schematic diagram of macromolecular co-assemblies consisting of metal ions ………… 18 

15 Human epithelial (HEp2) cell viability after 1 h (a) and 24 h (b) exposure time to 

PEIs…..................................................................................................................................... 

20 

16 DNA damaged detection in A431 cells using comet assay of untreated cells (a) Treated 

cells with hydrogen peroxide (b), treated cells with L-PEI (c), and B-PEI (d)…………….. 

21 

17 Production of mucus by slugs on exposure to various polyoxazolines and co-polymers 

with PEI (slug mucosal irritation assay)……………………………………………...…..... 

23 

18 Synthesis of thiolated polyethyleneimines using N-succinimidyl 3-(2-pyridyldithio) 

propionate and 1, 4-dithiothreitol and subsequent crosslinking to form disulfide bonds…... 

24 

19 Transfection efficiency between thiolated and crosslinked derivatives of PEI, in 

comparison to unmodified PEI and unmodified PEI containing 3% H2O2. SH indicates 

24 



xii 
 

thiolated PEI; b) SS indicates disulfide linked PEI. These samples were prepared by 

oxidation of PEI-SH samples (e.g., PEI-SS1 was prepared by oxidation of PEI-SH1)……. 

20 Scheme of synthesis of acylated polyethyleneimine with acetic and propionic anhydride… 25 

21 Synthesis of poly(2-oxazolines) from functionalized L-PEI ……………………………..... 26 

22 Synthesis of poly (2-oxazolines) series by functionalisation of L-PEI including poly(2-

methoxymethyl-2-oxazoline)(PMeOMeOx), poly(2-ethoxymethyl-2-oxazoline) 

(PEtOMeOx), poly(2-methyl-2-oxazoline)(PMeOx),poly(2-methoxyethyl-2-

oxazoline)(PMeOEtOx), poly(2-ethoxyethyl-2-oxazoline) (PEtOEtOx) and poly(2-

[methoxy-ethoxy-ethoxymethyl]-2-oxazoline) (PDEGOx) ……………………………….. 

27 

23 Synthesis of high molar weight poly(2-methyl-2-oxazoline) or PMOZ, poly(2-propyl-2-

oxazoline) or PnPOZ and poly(2-isopropyl-2-oxazoline) or PiPOZ by hydrolysis of PEOZ  

28 

24 Synthesis of methacrylated poly(2-ethyl-2-oxazoline) (MAPEOZ)………………………... 29 

25 Synthesis of poly(3-hydroxypropyl ethyleneimine) or P3HPEI from poly(ethyloxazoline) 

via linear PEI……………………………………………………………………………….. 

30 

26 Synthesis of poly(3-propionamide ethyleneimine) from linear PEI.…………………......... 31 

27 Synthesis of chitosan grafted with PEI (CHI-g-PEI)……………………………………..... 34 

28 Surface modification of B-PEI by PEGylation …………………………………………..... 35 

29 Antibacterial activity against E. coli. of PEI-capped silver nanoclusters (AgNCs) or PEI-

AgNCs, PEIs, and silver nanoclusters (AgNPs) …………………………………………… 

39 

30 Schematic synthesis of the quaternary ammonium polyethyleneimine derivative with 1-

bromobutane (C4).  ………………………………………………………………………… 

40 

31 The synthesis and the chemical structure of quaternary ammonium derivatives of BPEI 

(BPEI-met)………………………………………………………………...………………... 

41 

32 Mucoadhesion of the different formulations of liquid crystalline precursor systems 

(LCPSs) composed of different aqueous phases; water (FW), chitosan (FC), 

polyethyleneimine (FP), or chitosan/PEI (FPC).  Artificial saliva added at 30% (FW30, 

FC30, FP30, FPC30) or 100% (FW100, FC100, FP100, FPC100) ……………………….. 

43 

33 Fluorescence images showing retention of 1 mg/mL glycol chitosan, PEOZ, P(EOZ-co-

EI15), MA10PEOZ, P(EOZ-co-EI28), MA25PEOZ, P(EOZ-co-EI53 and MA35PEOZ solutions 

using 0.05 mg/mL sodium fluorescein as the solvent and pure 0.05 mg/mL sodium 

fluorescein solution on sheep nasal mucosa and washed with artificial nasal fluid (ANF). 

Scale bars are 2 mm. (b) Retention of 1 mg/mL glycol chitosan, PEOZ, MA10PEOZ, 

MA25PEOZ, and MA35PEOZ solutions using 0.05 mg/ mL sodium fluorescein as the 

solvent and pure 0.05 mg/mL sodium fluorescein solution on sheep nasal mucosa as washed 

with different volumes of ANF……………………………………………………………… 

44 

34 Synthesis of partially methacrylated branched polyethyleneimine (PEI-MA) hydrogel…… 47 



xiii 
 

35 Crosslinking process of bacterial cellulose (BC) and polyethyleneimine (PEI) with 

epichlorohydrin……………………………………………………………………………... 

48 

36 Glycerol diglycidyl ether (GDE) crosslinked branched PEI cryogels ……………………... 49 

37 Solution – gel – solution transition of L-PEI cryogels.  The solution is initially heated to 

80 C forming a transparent solution.  After freezing at - 80 oC for 3 h and then thawing at 

room temperature, an opaque gel is produced which, on subsequent heating to 80 C, 

returns to a transparent solution (a). Appearance of L-PEI cryogels (b). ………………...... 

83 

38 X-ray diffraction patterns for dry L-PEI (a) and wet cryogel prepared from L-PEI solution 

(b) and this sample after heating (to solution) at 80 oC (c). ……………………………….. 

84 

39 Figure 4. DSC thermograms of dry L-PEI (a) and wet L-PEI cryogels prepared at various 

freezing temperatures: -196 oC (b), -80 oC (c), -30 oC (d) and 0 oC (e)(A) and correlation 

between enthalpy (J/g) and degree of crystallinity (%) (B).………..…………………..…. 

85 

40 SEM images of freeze-dried L-PEI cryogels prepared at various freezing temperatures: -

196 oC (a), -80 oC (b) and 0 oC (c)..………………………………………………..………. 

87 

41 Swelling of freeze-dried L-PEI cryogels prepared at different freezing temperatures: -196 

oC (a), - 80 oC (b) and 0 oC (c) in deionised water: physical appearance (A) and swelling 

ratios (B). Statistically significant differences are given as: * - p < 0.05; ns - no 

significance.……………………………………………………………………..…………. 

88 

42 Storage (G') and loss (G”) modulus (a), and complex viscosity (η*, b) of L-PEI cryogels 

prepared at different freezing temperatures.…………………………………..………...…. 

89 

43 Storage (G') and loss (G”) modulus (a), complex viscosity (η*, b) and relative phase angle 

(c) of L-PEI cryogels, prepared at different freezing temperatures, as a function of 

temperature.………………………………………………………………….…...………… 

91 

44 Viscosities of L-PEI samples following their freezing and thawing in different 

ethanol/water mixtures and images of samples prepared at 20 % (a), 50 % (b) and 100 % 

(c) EtOH. ………………………………………………………………………..…………. 

93 

45 XRD spectra of L-PEI, wet and dried to constant weight L-PEI cryogels formed from 

water (a); XRD spectra (b); and degree of crystallinity (c) of dried L-PEI cryogels 

prepared from different ethanol/water mixtures.  Sample prepared from 100% ethanol did 

not form a gel but was dried and resulted in the same diffraction pattern as the starting L-

PEI (as in Figure 10a).…………………………………..…………………………….……. 

94 

46  1H NMR spectra of PEOZ (a) and L-PEI (b) in methanol-d4……………………...………. 96 

47 FTIR spectra of PEOZ (a) and L-PEI (b)……………………………………....................... 104 

48 Effect of thawing temperatures on the formation of L-PEI cryogels…………..…………... 104 

49 Effect of temperature on rheological behaviour of L-PEI cryogels……………..…………. 105 

50 FTIR spectra of dried L-PEI cryogels with different alcohol/water mixtures........................ 106 



xiv 
 

51 Scheme of CHI/P3HPEI films preparation…………………………………………………. 107 

52  1H NMR spectra of PEOZ in MeOH-d4, L-PEI in MeOH-d4, and P3HPEI in D2O……….. 116 

53 DSC thermograms of PEOZ, L-PEI, and P3HPEI……………………………..................... 122 

54 Cytotoxicity test of PEOZ, LPEI, and P3HPEI on human dermal fibroblast using an MTT 

assay. Statistically significant differences are given as: *—p < 0.05; ns—no 

significance………………………………………………………………………...……….. 

124 

55 FTIR spectra of CHI (a), their blends (b–e), and P3HPEI (f). Content of P3HPEI in the 

blends: 20 (b), 40 (c), 60 (d), and 80% (e)…………………………………………...…….. 

125 

56 TGA thermograms of CHI film, CHI/P3HPEI blend films, and P3HPEI…………..…….... 126 

57 DSC thermogram of CHI (a), their blends (b–e), and P3HPEI (f). Content of P3HPEI in 

the blends: 20 (b), 40 (c), 60 (d), and 80% (e)………………………………........................ 

128 

58 Correlation between weight fraction of P3HPEI and Tg of experimental results, compared 

with theoretical results……………………………………………………………………… 

129 

59 Fluorescent microscopy images of film surfaces of CHI (a) and their blends (b–e). 

Content of P3HPEI in the blends: 20 (b), 40 (c), 60 (d), and 80% (e) at 20x 

magnification…………………………………………………………………………..…… 

130 

60 Mechanical properties of CHI and their blends with P3HPEI. Statistically significant 

differences are given as: *—p < 0.05; ns—no significance…………………....................... 

131 

61 XRD diffractograms of haloperidol (a), haloperidol HCl (b), CHI/P3HPEI films loaded 

with haloperidol at various% drug loading, 5.0% (c), 2.5% (d), 2.0% (e), 1.75% (f), 1.5% 

(g), and 1.25% HP films (h) and drug-free CHI/P3HPEI film (i)………………………..… 

133 

62 Polarized light microscope images of drug-free CHI/P3HPEI film (a) and CHI/P3HPEI 

films loaded with haloperidol (HP) at various% drug loading, 5.0% (b), 2.5% (c), 2.0% 

(d), 1.75% (e), 1.5% (f), and 1.25% (g) (20× magnification). Scale bars are 150 

µm………………………………………………………………………………….............. 

134 

63 Cumulative drug release per unit area of CHI/P3HPEI films loaded with haloperidol (HP) 

at various% drug loading (5.0, 2.5 and 1.25%)……………………………………….…... 

135 

64 Synthesis scheme of P3HPEI…………………………………………………….………... 144 

65 FTIR spectra of PEOZ, LPEI and P3HPEI……………………………………..………….. 145 

66 X-ray diffractograms of PEOZ, LPEI and P3HPEI………………………………………… 146 

67 TGA thermograms of PEOZ, LPEI and P3HPEI………………………………..…………. 147 

68 Correlation between residue and amount of P3HPEI in CHI/P3HPEI blends....................... 148 

69 X-ray diffractograms of CHI (a), their blends (b–e) and P3HPEI (f). Content of P3HPEI in 

the blends: 20 (b), 40 (c), 60 (d) and 80% (e)……………………………............................. 

149 

70 SEM images of film surfaces (A) and cross section (B) of CHI (a) and their blends (b–e). 

Content of P3HPEI in the blends: 20 (b), 40 (c), 60 (d) and 80% (e)…………………...…. 

150 



xv 
 

71 DSC and TGA thermogram of CHI/P3HPEI (35:65)………………………………...…….. 151 

72 FTIR of haloperidol HCl (a), haloperidol HCl with different concentrations: 5% (b), 2.5% 

(c), 1.5% (d) and 1.25% (e) loaded in CHI/P3HPEI films and drug free CHI/P3HPEI film 

(f)…………………………………………………………………………………………… 

152 

73 Standard curve of haloperidol……………………………………………………..……….. 153 

74 Scheme of chemical transformations from PEOZ through L-PEI and then to P2HEEI.….... 167 

75 1H NMR spectra of hydroxyethyl substituted linear polyethyleneimine prepared at 

different molar ratios of L-PEI: 2-bromoethanol and reflux time. ………………….…….. 

168 

76 DSC thermograms of PEOZ, LPEI and P2HEEI …………………………………….…… 169 

77 Human dermal fibroblasts viability in the presence of PEOZ, LPEI and P2HEEI assessed 

using MTT assay. Statistically significant differences are given as: * - p < 0.05; ns - no 

significance.……………………………………………………………………….…..……. 

171 

78 FTIR spectra of CHI (a), their blends (b, c, d and e) and P2HEEI (f). Content of P2HEEI 

in the blends: 20 (b), 40 (c), 60 (d) and 80 % (e). ……………………………………..…... 

173 

79 TGA thermograms of CHI, CHI/P2HEEI blends and P2HEEI.………………………..….. 175 

80 DSC thermogram of CHI (a), their blends (b, c, d and e) and P2HEEI (f). Content of 

P2HEEI in the blends: 20 (b), 40 (c), 60 (d) and 80 % (e) (7a) and Correlation between the 

weight fraction of P2HEEI in P2HEEI-chitosan blends and Tg of experimental result 

compared with theoretical results (7b).………………………………………………..…… 

178 

81 SEM images of film surfaces (A) and cross-sections (B) of CHI (a) and their blends with 

P2HEEI (b, c, d, and e). Content of P2HEEI in the blends: 20 (b), 40 (c), 60 (d) and 80 % 

(e)…………………………………………………………………………………….……... 

179 

82 Mechanical properties of CHI and their blends with P2HEEI. Statistically significant 

differences are given as: * - p < 0.05; ns - no significance.…………………….………….. 

181 

83 Cumulative drug release per unit area of haloperidol loaded CHI and their blends with 

P2HEEI.…………………………………………………………………………….………. 

183 

84 Detachment force (a) and work of adhesion (b) of CHI/P2HEEI films with and without 

haloperidol to sheep buccal mucosa as a function of P2HEEI content in the blends. 

Statistically significant differences are given as: * - p < 0.05; ns - no 

significance.………………………………………………………………………………… 

185 

85 Scheme process of ex vivo mucoadhesive test using texture analyzer with a mucoadhesive 

holder. (a) The probe with CHI and CHI/P2HEEI films was moved downward. (b) Film 

was attached to sheep buccal mucosa. (c) The probe is withdrawn at a specified 

rate………………………………………………………………………………………….. 

194 

86 1H-NMR spectra of PEOZ and L-PEI (MeOH-d4) while P2HEEI (D2O)……………..…… 195 

87 FTIR spectra of PEOZ, LPEI, and P2HEEI……………………………………..…………. 196 



xvi 
 

88 X-ray diffractograms of PEOZ, LPEI and P2HEEI………………………………..………. 197 

89 TGA thermograms of PEOZ, LPEI and P2HEEI…………………………………..………. 198 

90 Correlation between residue and amount of P2HEEI in CHI/P2HEEI blends………...…… 199 

91 Fluorescent microscopy images of film surfaces (A) and cross-section (B) of CHI (a) and 

their blends (b, c, d, and e). Content of P2HPEEI in the blends: 20 (b), 40 (c), 60 (d) and 

80 % (e)…………………………………………………………………………………….. 

200 

92 X-ray diffractograms of CHI (a), their blends (b, c, d and e), and P2HEEI (f). Content of 

P2HEEI in the blends: 20 (b), 40 (c), 60 (d) and 80 % (e)…………………………………. 

201 

93 Structures of quaternary ammonium derivatives of poly(2-hydroxyethy ethyleneimine) 

and poly(3-hydroxypropyl ethyleneimine).………………………………………………… 

208 

94 Key findings of this thesis………………………………………………………………….. 209 

   

 

 

 

 

 

 

 

 

 

 

 

  



xvii 
 

List of Tables 

1 Thermal properties of PEOZ-EI co-polymers as determined by DSC and TGA. ……….. 14 

2 Cytotoxicity of PEIs to human epithelial HEp2 cells ……………………………………. 20 

3 Summary of some modified PEI materials using nucleophilic substitution with different 

alkyl halides and their resultant properties. ………………………………………………. 

31 

4 Examples of modified PEIs that have been evaluated for gene delivery…………….…… 37 

5 Summary of modified PEI for applications in biomedical fields………………………… 50 

6 Enthalpy, degree of crystallinity and mean crystal size of L-PEI cryogels prepared           

at different freezing temperatures.……………………………………………...………… 

86 

7 FTIR peaks of dried L-PEI cryogels with different alcohol/water mixtures……………… 108 

8 Freezing point of water/ethanol mixture solvent…………………………………………. 108 

8 Degree of crystallinity and average size of crystals of L-PEI and dried L-PEI cryogels.... 109 

9 FTIR absorption bands in CHI/ P3HPEI blends and their assignment..………………… 126 

10 Thickness of CHI and CHI/P3HPEI films..………………………………………………. 147 

11 Water loss of CHI, P3HPEI and their blends detected by TGA analysis ………………… 147 

12 Solubility of haloperidol in various media. ………………………………………………. 152 

13 Different amount of L-PEI, 2-bromoethanol and potassium carbonate (base) to 

synthesize poly(2-hydroxyethyl ethyleneimine). ………………………………………… 

160 

14 Degrees substitution of hydroxyethyl polyethyleneimine prepared at different mole 

ratios of L-PEI: 2-bromoethanol: base and reflux time.……………………………...….... 

168 

15 FTIR absorption bands in CHI/P2HEEI blends and their assignment. …………………... 174 

16 Thickness of CHI and CHI/P2HEEI films………………………………………………... 199 

  



xviii 
 

Abbreviations 

1H-NMR 1H-Nuclear Magnetic Resonance Spectroscopy  

MTT assay 3-(4, 5-Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium 

bromide (MTT) assay  

ANOVA Analysis of variance 

B-PEI Branched polyethyleneimine 

CHI Chitosan  

η* Complex viscosity  

DS Degree of substitution  

CD3OD deuterated methanol  

D2O Deuterium oxide 

DSC  Differential Scanning Calorimetry 

DMEM Dulbecco’s modified eagle medium  

FITC Fluorescein isothiocyanate labeled chitosan 

FTIR Fourier Transformed Infrared Spectroscopy 

Tg Glass transition temperature 

IC50 Half maximal inhibitory concentration 

HP Haloperidol  

hPa Hectopascal 

Hz Hertz  

HCl  Hydrochloric acid 

HELPEI Hydroxyethyl-substituted linear polyethyleneimine  

HPMC hydroxypropyl methylcellulose  

kDa Kilodalton 

L-PEI Linear polyethyleneimine 

G″ Loss or viscous modulus  

MHz Megahertz 

Tm Melting temperature   

MWCO Molecular weight cut off  

PEtOx-PEI Poly (2-ethyl-2-oxazoline)-co-polyethyleneimine 

PEtOx, PEOZ Poly(2-ethyl-2-oxazoline) 

P2HEEI Poly(2-hydroxyethyl ethyleneimine)  



xix 
 

P3HPEI Poly(3-hydroxypropyl ethyleneimine)  

PAOx Poly(oxazoline)s  

PAC Polyacrylic acid  

PEI Polyethyleneimine 

PVA Polyvinyl alcohol  

QACs Quaternary ammonium compounds 

QP2HEEI Quaternary ammonium of poly(2-hydroxyethyl ethyleneimine)  

QP3HPEI Quaternary ammonium of poly(3-hydroxypropyl ethyleneimine) 

Tan δ Relative phase angle 

RT Room temperature  

SEM Scanning Electron Microscopy  

NaCl Sodium chloride 

NaOH Sodium hydroxide  

SD Standard deviation  

G' Storage or elastic modulus  

TGA Thermogravimetric analysis  

XRD X-ray diffraction analysis  

 

 



1 
 

Chapter 1 

Polyethyleneimine and Its Derivatives for Pharmaceutical 

and Biomedical Applications 

 

 
 

 

 

 

This chapter was prepared for submission as: Sitthiphong Soradech, Adrian C. Williams, and 

Vitaliy V. Khutoryanskiy, Polyethyleneimine and Its Derivatives for Pharmaceutical and 

Biomedical Applications (a review). 

 

 

 

 

 

 



2 
 

Chapter 1 

Polyethyleneimine and its derivatives for pharmaceutical and biomedical applications 

Sitthiphong Soradech, Adrian C. Williams, and Vitaliy V. Khutoryanskiy* 

 

 Reading School of Pharmacy, University of Reading, Whiteknights, Reading, RG6 6AD, UK 

 

*Corresponding author: 

Postal address: Reading School of Pharmacy, University of Reading, Whiteknights, PO Box 

224, RG6 6AD, Reading, United Kingdom 

E-mail address: v.khutoryanskiy@reading.ac.uk 

Telephone: +44(0) 118 378 6119 

Fax: +44(0) 118 378 4703 

 

Abstract 

Polyethyleneimine (PEI) and its derivatives have been used for numerous pharmaceutical and 

biomedical applications since their properties can be tailored for particular uses. In this review, 

we consider both linear and branched PEI as well as their derivatives and review their physical 

properties, including solid-state properties and behavior in aqueous and non-aqueous solutions. 

Complexation of PEI with anionic polymers and metal ions is described and biocompatibility, 

solubility and toxicity of the parent and derivative polymers is discussed. Further, we review 

uses of these materials spanning gene delivery, antimicrobial formulations, mucoadhesion, 

polymer blending, hydrogels and wound dressing. 

Keywords: Polyethyleneimine (PEI), pharmaceutical, biomedical, and toxicology  
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1. Introduction  

In the pharmaceutical and biomedical industries, polymers are widely used [1]. Among 

many applications for the cationic polymer PEI, gene delivery, drug delivery and polymer 

therapeutics are widely reported [2-5]. It can use as an antifouling coating and has antibacterial 

properties [2-5]. As a cationic polymer, PEI is water soluble, it forms flexible films and has 

been reported to be non-immunogenic, biocompatible [2-5] and nondegradable polymer [6]. 

PEI repeating units are two carbons aliphatic CH2CH2 spacers and an amine group (Fig. 

1). As a chemical class, PEIs, are among the most extensively developed polycations [6] and 

are investigated due to both their highly positive charge and diverse structures.  PEI can be 

synthesized and used as either linear (usually denoted L-PEI) or branched (B-PEI), which 

significantly affects their properties [7].   

L-PEI is semi-crystalline and only dissolves in water at high temperatures [8, 9] with  a 

melting point between 60 and 69 oC [10]. L-PEI is also soluble in water at low pH, and in 

methanol, ethanol, and chloroform, but not in cold water or non-polar solvents (ethyl ether, 

acetone, and benzene) [7]. The temperature-dependent solubility in water is attributed to 

polymer crystallinity; crystalline domains are found at < 60 oC whereas above this chain 

mobility increases with crystallite melting allowing dissolution in water [11, 12]. L-PEI 

solubility is also pH dependent and the amine groups result in a broad pKa range, with no 

simple or obvious definition for pKa [13, 14]. Using NaOH to titrate the polymer solution 

results in  opacity changes from transparent to cloudy as the polymer forms semi crystalline 

and crystalline domains around pH 9.4 [15].   

In contrast, branched PEI is a viscous colourless liquids containing mixtures of various 

primary, secondary, and tertiary amines.  B-PEI   is an amorphous polymer that is readily 

soluble in water [13]. 

 

 

(a) 
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(b) 

Fig.1. Chemical structure of linear (a) and branched PEI (b). 

 

Here, we focus on the synthesis and physical properties of linear and branched PEI and 

complexation of PEI with anionic polymers and metal ions. PEI derivatives have been studied 

in terms of biocompatibility, solubility, and toxicology. Finally, applications of PEI and its 

derivatives in pharmaceutics and biomedicine are discussed. 

 

2. Synthesis of polyethyleneimines 

Both L-PEI and B-PEI can be prepared by ring-opening polymerization of azirdines [16].  

Additionally, L-PEI can be synthesized  by hydrolysis of poly-(2-ethyl-2-oxazoline), PEOZ 

[17]. 

 

2.1. Ring opening polymerization of azirdines 

L-PEI can be synthesized by cationic ring-opening polymerization of poly (2-ethyl-2 -

oxazoline) or azirdines, which is then hydrolyzed under acidic conditions to yield L-PEI; B-

PEI can be likewise be synthesized by ring-opening polymerization of aziridine (Fig. 2).  

Using cationic ring-opening polymerization of 2 - oxazoline, Saegusa et al. [18] first 

characterized L-PEI. Alternatively, L-PEI can also be generated by polymerizing aziridines 

with cationic ring-opening and hydrolysis of the side chain. Substitution of aziridines with 

polymerized benzyl, alkyl, perfluoro, or acyl sulfonyl groups initiate this reaction before 

hydrolysis of the side chain and deprotonation of polyaziridines yields L-PEI with only 
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secondary amines in the polymer backbone [16]. Alternatively, Rivas et al. [17]   used a cationic 

ring-opening method to synthesize acylated PEI by polymerizing 2-oxazoline before hydrolysis 

under acidic or alkaline conditions to produce L-PEI. Jäger et al. [16] reported the 6-step 

synthesis of B-PEI from ring-opening of aziridine. Firstly, ring opening is initiated by 

electrophilic attack of a Lewis acid (or protons) on an aziridine monomer. Then, the active 

aziridinium ion is attacked by a nucleophilic species to obtain the ring opening product. The 

aziridine monomer serves as a nucleophile in this process which results in a product with a 

secondary amino group and a new aziridium species at the terminus. Linear propagation of the 

chain results from multiple consecutive attack of aziridine. However, the secondary and tertiary 

amine groups during the polymerization process can also react to form branched PEI.  

Deprotonation, which can protonate an aziridine monomer to create a new chain, follows. 

Finally, by targeting the polymerization process of B-PEI using nucleophile substances such 

as water or methanol, polymerization can be terminated. According to Kunath et al. [19] , the 

ratio of primary, secondary, and tertiary amines in the backbone of B-PEI is 1:2:1.  

 

 

Fig. 2. Synthesis of B-PEI and  L-PEI  by ring-opening polymerization method [16]. 
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2.2. Hydrolysis of poly(2-ethyl-2-oxazoline) 

To eliminate all the amide groups on the side chains of L-PEI, complete hydrolysis of 

poly(2-ethyl-2oxazoline), PEOZ, has been conducted under acidic or basic conditions. 

Additionally, partial hydrolysis has been used to form the co-polymer  poly(2-ethyl-2-

oxazoline-co-ethyleneimine) (PEOZ-EI copolymer [20]. Fig. 3 illustrates the general scheme 

for these reactions. 

 

Fig. 3. Schematic diagram of partial and full hydrolysis of PEOZ [20].  

 

2.2.1. Acidic hydrolysis  

          Acid hydrolysis is generally preferred since it confers greater control over the reaction 

than basic hydrolysis. Fig. 4 illustrates the mechanism of acidic hydrolysis; initially water 

molecules attack the protonated from of amide groups in PEOZ which provides the rate-

determining step. The resultant tetrahedral intermediate is transformed into an amine whilst 

liberating a propionic acid. Under acidic conditions, PEI is protonated [15]. However, repulsion 

effects were also evident from PEOZ hydrolysis so the reaction is pushed to completion, 

resulting in protonation of all PEOZ amine groups. Adding HCl to generate strongly acidic 

conditions can thus produce L-PEI from PEOZ. Further, temperature also affects the hydrolysis 

of PEOZ to L-PEI; increasing the temperature above 180 oC caused the polymer backbone to 

degrade under acidic hydrolysis conditions, resulting in the conversion of amines to a 

protonated form [21, 22].  
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Fig. 4. Schematic diagram of acidic hydrolysis of PEOZ to form linear PEI [15]. 

 

2.2.2. Basic hydrolysis 

Alkaline conditions can be used to hydrolyze PEOZ [15]. Initially, the -OH can attack 

carbonyl groups of PEOZ, and a tetrahedral intermediate is also deprotonated. Subsequently, 

the carboxylate at the side chain is released, resulting in the formation of L-PEI, as shown in 

Fig. 5. Saegusa et al.[23] used cationic polymerization of 2-oxazoline or 2-methyl-oxazoline 

in dimethyl formamide and subsequently hydrolyzed the product under alkaline conditions 

[21]. Different molecular weights of the semicrystalline PEI melted at 58.5 oC but the resultant 

polymers did not exceed 104 Da. 

Lambermont-Thijs et al. [12] reported that the value of basic hydrolysis of PEOZ in 

generating L-PEI is limited due to partial backbone degradation. As a result of significant 

contact with the column material, it was not possible to quantify the molecular weight of L-

PEI using size exclusion chromatography (SEC). Due to the low molar mass the authors found 

that hexafluoroisopropanol was a preferable solvent for reducing interaction in the column [24]. 

 

Fig. 5. Schematic diagram of basic hydrolysis of PEOZ to form linear PEI [15]. 
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2.2.3. Partial hydrolysis  

         By varying reaction time, partial hydrolysis of PEOZ can allow production of PEOZ-PEI 

copolymers containing different degrees of PEI units and the remaining PEOZ units [22]. Kem 

[25] first demonstrated partial hydrolysis of PEOZ and hypothesized that new polymers could 

be prepared for copolymer synthesis. More recently, PEOZ-PEI copolymers have been 

demonstrated to be biocompatible for up to 25% hydrolysis. Kuringen et al.[20] reported partial 

hydrolysis of poly (2-ethyl-2-oxazoline) for biomedical applications.  Initially, PEOZ-200K 

was hydrolyzed in simulated gastric fluid (pH 1.2) generating a degree of hydrolysis < 0.2% at 

37 oC for 6 hrs. Using 5.8 M hydrochloric acid at 57, 73, 90, or 100 oC, PEtOx-200k was shown 

to be completely hydrolyzed in 5.8 M HCl at 100 oC within 120 mins, while the hydrolysis 

tended to decline to 54% (90 oC) 14% (73 oC) and 4% (57 oC), respectively. Partial hydrolysis 

can be achieved not only via chemical reaction but also through enzymatic hydrolysis as 

reported by Wang et al. [26]. 

 

3. Physical properties of PEI   

3.1. Crystallinity and amorphous states of PEI  

In polymers, crystallization is the partial alignment of their molecular chains during 

cooling processes from solvent evaporation, melting, or mechanical stretching. As a result of 

polymer crystallization, mechanical, thermal, optical and chemical properties change. Solid-

state polymers can be either crystalline or amorphous and can contain both crystalline and 

amorphous domains; in this semi-crystalline phase, the crystallinity of L-PEI can vary from  10 

to 80 % [27].   

Further, L-PEI, contains varied crystalline phases that changes depending on the 

humidity and can be anhydrate, hemihydrate, sesquihydrate, and dehydrate, determined from 

their water/ethylene imine (EI) ratio (Fig. 6) [28, 29]. Hashida, Tashiroa, and Inaki [30] 

reported the changing crystallinity of L-PEI with water content. PEI exhibits four different 

crystalline hydrates: anhydrate (EI/water 1/0), hemihydrate (1/0.5), sesquihydrate (1/1.5), and 

dihydrate (1/2). The chain conformation changes from a double helix in the anhydrate to a 

planar zigzag form in the three hydrates. 



9 
 

 

Fig. 6. Crystal structures of poly(ethylene imine) [30]. 

 

Hashida and Tashiro [31] explored changes to the L-PEI chain conformation, from a 

double helix to a single chain, using DSC and X-ray diffraction, as illustrated in Fig. 7. Fig. 7a 

shows the melting temperature of the PEI dried sample (anhydrate), which is lower than the 

melting temperature of the hydrated PEI. FTIR spectroscopy showed that the N-H stretching 

mode shifted with increasing temperature indicating weakening of intermolecular hydrogen 

bonds between molecules. At ~55 oC, the anhydrate double helix split into single chains which 

then melted at 66 ℃. The melting of hydrate PEI was investigated using a mixture of anhydrate 

and hemihydrate PEI using thermal analysis and X-ray diffractometry. The anhydrate 

crystalline peak was lost at >60 °C, but was retained for the hemihydrate, up to 80 °C (Fig 7 

b). The melting of hydrated PEI revealed the formation of a partial hemihydrate due to the 

presence of a trace amount of water. As illustrated in Fig. 7c, the melting behavior of PEI-

hydrated samples with a high proportion of water exhibits a pronounced amorphous phase 
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transition. The PEI sample consisted of a mixture of hemihydrate and sesquihydrate, which 

was stored at 33 °C. After heating, the hemihydrate content decreased, and the material melted 

at 93 oC. In contrast, the sesquihydrate PEI was observed between 60 and 80 °C, which then 

melted at 93 °C, the same temperature as the hemihydrate form. The transition from 

hemihydrate to sesquihydrate was responsible for the exothermic peak observed at 75 oC (Fig. 

7c).  The interactions between water and L-PEI are clearly complex and indeed are dynamic 

during thermal analysis. 

 

Fig. 7. DSC thermograms and X-ray diffraction patterns of PEI dried sample (a), PEI hydrated 

sample (b), and PEI hydrated with a large amount of water (c) [31]. 

 

Interactions of L-PEI with water have also been explored in studies of hydrogels.  Yuan 

and Jin [32] formed thermoreversible physical hydrogels from L-PEI. The anhydrated and 

hydrated forms of linear PEI have a significant tendency to crystallise. The solid PEIs prior to 

hydrogelation were crystallised in an aqueous solution including ammonia via deprotonation 

of PEI/HCl salt. to the authors concluded that the development of hydrogels was associated 

with the crystallisation of PEIs during cooling of a heated PEI-containing aqueous solution. 

Solid-state L-PEI used to prepare hydrogels exhibited XRD diffraction peaks at 2θ = 

12.0, 18.8, 20.6, and 27.9° from to the hemihydrated crystalline structure of PEI. In 

comparison, for the dihydrate, a hydrogel containing 5% L-PEI produced XRD diffraction 
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peaks at 2θ = 13.5, 20.3, 27.2, and 27.9° whilst lyophilization increased the amorphous phase 

of L-PEI [32]. 

Soradech et al. [29]  developed physical cryogels from linear polyethyleneimine (L-

PEI). The L-PEI starting material showed diffraction peaks at 2θ = 18, 20 and 28°, in agreement 

with the above literature reports for the hemihydrate crystalline structure. The cryogels 

provided diffraction peaks at 2θ = 20, 27 and 28° (Fig. 8-9), typical for the dihydrate crystalline 

state. Further, when the cryogels were re-heated at 80 oC, again forming a clear solution, the 

diffractogram showed no evidence of crystalline domains. The formation of physical cryogels 

based on L-PEI is attributed to the change in polymer chain conformation from a double helix 

in the anhydrate to a planar-zigzag as water molecules are absorbed into the L-PEI lattice, and 

to the formation of NH-O and OH-N bonds between the zigzag PEI chains and water 

molecules[29]. 

 

Fig. 8. X-ray diffraction patterns for L-PEI (a) and cryogel prepared from 5 % L-PEI solution 

(b) and this sample after heating at 80 oC (c)[29]. 
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Fig. 9. X-ray diffraction spectra of dry L-PEI (a) and wet L-PEI cryogels prepared at various 

freezing temperatures: -196 oC (b), -80 oC (c), -30 oC (d) and 0 oC (e) [29]. 

 

3.2. Thermal properties of L-PEI and PEOZ-EI copolymers 

Thermal behavior is important for pharmaceutical processes such as film coatings or 

granulation. Differential scanning calorimetry (DSC) is commonly used to determine the  glass 

transition temperature (Tg) and melting temperature (Tm) of polymers [32].  

Tanaka et al. [21] reported two distinct endothermic peaks of L-PEI following the first 

and second DSC scans up to 140 oC. Furthermore, due to water vapor escaping from the sample 

pan, the DSC curve of L-PEI in the first scan showed two endothermic peaks at 55-60 oC and 

70-80 oC, before the sample was slowly cooled. Only the 55-60 oC endotherm was evident after 

the second scan with the larger 70-80 oC thermal event lost. These results were attributed to  

melting of sesqui or dihydrate crystals of L-PEI, [11]. Saegusa et al. [23] also reported a Tm 

peak at 55-60 oC for L-PEI. 
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Yuan and Jin [32] developed a thermoreversible hydrogel by heating L-PEI at 80 oC 

and cooling at room temperature  From DSC, the starting L-PEI powder provided a melting 

point of ~56 °C, consistent with the above.  The first heating (at 10 °C/min) resulted in an 

endothermic peak at 64.7 °C. After a hold period of 10 mins at 90 °C, the sample was cooled 

at 10 °C/min generating an exothermic event at 29.6 °C. A second heating scan the revealed an 

endothermic peak at 62.7 °C, corresponding to the first scan feature (Fig.10). The results 

demonstrated a thermoreversible hydrogel with the melting event attributed to the dihydrate 

PEI crystalline structure. In comparison, a solid state sample of L-PEI containing 16% water 

was held at 150 oC to remove “crystalline water” before cooling to 0 °C (at 10 °C/min). 

Anhydrate PEI formed as a result of the removal of water molecules and generated a lower 

melting peak (Tm) of L-PEI (55.9 oC) on the second scan.  

 

Fig. 10. DSC thermograms of the L-PEI (a) and physical hydrogels from L-PEI (b-d). The lines 

of b, d, and c were from the first heating run, the cooling run, and the second heating run, 

respectively [32].  
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Partial hydrolysis of poly (2-ethyl-2-oxyazoline) was reported  by Kuringen et al. [20]  

and the series of PEOZ-EI copolymers were examined using DSC and thermogravimetric 

analysis (TGA.) All copolymers decomposed in a single step and were stable up to at least 306 

oC (5% weight loss). TGA demonstrated that partially hydrolyzed copolymers are more 

hygroscopic than the parent polymer and contain some water, i.e., 3% for PEOZ-EI-6, even 

after complete drying of the solid polymer samples. The increased hygroscopicity of PEOZ 

after partial hydrolysis can be attributed to the strong hydrogen bond donating ability of L-PEI 

combined with the strong hydrogen bond accepting ability of PEOZ, resulting in the capture of 

water. PEOZ is an amorphous polymer with a glass transition temperature (Tg) of 61.8 oC and 

a melting temperature (Tm) of 60 oC, whereas L-PEI is semicrystalline as described above (with 

a Tg of -29.5 oC and a Tm of ~60 oC depending on hydrate state). All of the partly hydrolyzed 

copolymers were shown to be amorphous with intermediate Tg values ranging from 5.1 to 62.3 

oC (Table 1). 

 

Table 1. Thermal properties of PEOZ-EI co-polymers as determined by DSC and TGA.  

Polymer  Glass transition 

temperature 

(oC) 

Meting 

temperature 

(oC) 

TGA 5% weight 

loss 

(oC) 

Water loss 

(%) 

PEOZ 61.8 - 402 0 

PEOZ-EI-6 62.3 - 357 3 

PEOZ-EI-9 n.d. - 351 3 

PEOZ-EI-25 58.9 - 332 4 

PEOZ-EI-43 47.6 - 312 6 

PEOZ-EI-71 5.1 - 306 16 

L-PEI  -29.5 60 376 6 

Source : Kuringen et al. [20]. 

 

3.3. Behavior in aqueous and non-aqueous solutions  

Soradech and co-worker [29] reported that L-PEI can be dissolved at 80 oC in water in 

order to break crystalline domains before freezing at -80 oC, followed by subsequent thawing 

at room temperature (25 oC), forming stable cryogels (Fig. 11). The cryogels formed a 

dihydrated structure due to the high absorption of water molecules into L-PEI lattices. In 

addition, thermal cycling promoted physical crosslinking via the formation of structured 

crystalline domains of the polymer chains through phase separation. Several phases form 
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during the thermal cycling process. Initially, as the gel cools to low temperatures, the water 

phase freezes. This creates regions of high polymer concentration which can thus form 

crystallites and regions of low polymer concentration resulting in pore formation. The frozen 

gel was then thawed at room temperature to obtain interconnected macro-porous gels [33]. 

Reversibility of the L-PEI cryogels, shown by reheating the gel at 80 oC to form a transparent 

solution, confirmed their physical rather than chemical crosslinking (Fig. 11).   

 

 

Fig. 11. Solution – gel – solution transition of L-PEI cryogels.  The solution is initially heated 

to 80 C forming a transparent solution.  After freezing at - 80 oC for 3 h and then thawing at 

room temperature, an opaque gel is produced which, on subsequent heating to 80 C, returns 

to a transparent solution (a).  Appearance of L-PEI cryogels (b) [29]. 

The influence of solvent composition on the formation and physicochemical properties 

of L-PEI cryogels was also reported [29]. L-PEI was dissolved in ethanol-water mixtures 

before freezing at -80 oC for 3 h, and subsequent thawing at 25 oC.  Dissolving L-PEI in ethanol 

alone did not result in the formation of cryogels; samples were cooled to -80 oC whereas the 

freezing point of ethanol is -115 oC.  However, L-PEI in mixtures of water with ethanol did 

form gels. With increasing ethanol content, the gels became softer, probably due to reduced 

intermolecular hydrogen bonding between L-PEI macromolecules due to competition with 

solvent molecules (Fig. 12). The transition from hard to soft gels was associated with a decrease 

in gel viscosity as the concentration of ethanol in the solvent mixtures increased. These results 

also correspond with literature reports that increasing concentrations of alcohol in aqueous 

mixtures decreased both rigidity and fusion temperature of PVA cryogels [34].  

Heating Freeze-thawing Heating 
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Fig. 12. Viscosities of L-PEI samples following their freezing and thawing in different 

ethanol/water mixtures and images of samples prepared at 20 % (a), 50 % (b) and 100 % (c) 

EtOH [29]. 

 

3.4. Complexes of polyethyleneimines  

Polyelectrolyte complexes can be formed by strong electrostatic interactions between 

polycationic and polyanionic polymers with opposing charges [35]. When polyelectrolytes 

with opposite charges are mixed in aqueous solutions, new compounds can form immediately 

via salt bonding [36, 37]. Under acidic conditions, polyethyleneimine (PEI), a cationic 

polymer, has a positive charge (CH2CH2NH2
+) [9].  Many studies have shown that complexes 

between PEI and anionic polymers can be formulated into a variety of dosage forms such as 

films [36], hydrogels [38], nanoparticles [39], beads [40], and liposomes [41].  

Kopylova et al. [38] developed hydrogels from polyacrylic acid (PAC) and branched 

polyethyleneimine (B-PEI). PAC as a polycarboxylic acids with the polymeric amine formed 

polyelectrolyte complex hydrogels, with inter-chain salt bonds converting to covalent bonds.  

Furthermore, Mülle et al. [39] created polyelectrolyte complex nanoparticles by 

combining B-PEI and poly (acrylic acid) (PAC) solutions, which they used in a drug delivery 
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system. The mixing ratio, mixing order, polyelectrolyte concentration, molecular weight and 

pH all influenced the size and internal structure of a complex formed by B-PEI and PAC. 

Zezin et al. [36] presented a schematic diagram for polyelectrolyte complexes formed 

by PEI and PAC, which is shown in Fig. 13. They illustrate that the opposing positive charge 

of NH2
+ in PEI and the negative charge of COO- in PAC caused the PEI and PAC 

polyelectrolyte complex to form a film. The film was transparent and brittle when dry, and 

could swell when wet. The modulus of this film was approximately 2 to 10 MPa, and the 

elongation at break was approximately 500%. The PEI/PAC polyelectrolyte complex films 

exhibited high water permeability. 

 

Fig. 13. Schematic diagram of polyelectrolyte complex between PEI and PAC [36]. 

 

Liu et al. [42] developed a lipo-polyethylene glycol-polyethyleneimine (PEI) complex 

(LPPC), a cationic lipocomplex designed to bind an active protein at a surface. LPPC can 

readily form LPPC/protein complexes and could capture antibodies, protein immunogens and 

beta-glucuronidase (G), through noncovalent binding it. Lin et al. [41] also created a cationic 

liposomal polyethyleneimine and polyethylene glycol complex (LPPC) for protein delivery.  

Ray et al. [40] used a polyelectrolyte complex of sodium carboxymethyl xanthan gum 

and PEI to create a multiunit sustained release dosage form of diltiazem hydrochloride. The 

PEI-treated diltiazem resin was complexed with xanthan gum, and the beads formed between 

the two polymers with different charges. Drug release at pH 1.2 and pH 6.8 was 40% and 80%, 

respectively, depending on the formulation. Reduced swelling of the beads resulted in slower 

release of the drug due to the PEI treatment.  

In addition to polyelectrolyte complex formed between PEI and anionic polymers, PEI 

can form complexes with various metal ions, including copper (II) [37, 43 - 45],  nickel (II) 
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[46] and cobalt (II) [45, 46]. Takagishi et al. [47] explored complexation between branched 

PEI and divalent metal ions such as Co2+, Zn2+, Cu2+, Ni2+ and azo dyes with hydroxyl groups 

(-OH) in their structures. The results showed that the addition of metal ions into PEI-dye 

binding systems resulted in a significant increase in binding. Also, it has been found that 

hydrolysis of nitrophenyl caproate by modified PEIs containing imidazole moieties is markedly 

enhanced in the presence of divalent metal ions and the order of effectiveness is Cu2+ > Co2+ > 

Zn2+ > Ni2+ > Mn2+. During the course of these investigations, it was discovered that metal 

ions, specifically cupric ion, have a remarkable affinity for associating with PEI and its 

derivatives. In addition, it is well-known that amines form stable complexes with metal ions. 

Lázaro-Martnez et al. [43] reported the formation of copper complexes with linear 

poly(ethylenimine hydrochloride) of different molecular weights (22, 87 and 217 kDa), 

discovering that the coordination of copper ions can produce a significant reduction in the chain 

mobility of its polymer, yielding homogeneous and ordered materials when Cu2+ was desorbed.  

Pergushov et al. [37] studied the sorption of metal ions by polyelectrolyte complexes 

and reported that the monomer units of PAA and PEI polyelectrolyte complex were crosslinked 

with chelating ligands. As shown in Fig. 14, the interaction of metal ions with IPECs results in 

the sandwiching of these ions between PAA and PEI, which is coordinated by their functional 

groups, leading to the creation of triple (tricomponent) macromolecular co-assemblies 

containing metal ions. 

 

Fig. 14. Schematic diagram of macromolecular co-assemblies consisting of metal ions [37].  
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4. Toxicology of polyethyleneimines and derivatives 

As a cationic polymer, PEI contains abundant amino groups and as a result has a certain 

degree of cytotoxicity. Cationic PEI enters cells by adhering to negatively charged 

transmembrane heparanproteoglycans, which can cause cell damage through membrane 

destabilization [49]. Additionally, the internalized PEI causes apoptotic cell death by forming 

pores in the mitochondrial membrane [50]. Whilst the cationic properties of PEI are 

advantageous for complexation, the relatively high charge density raises concerns for toxicity 

when in contact with biological tissues and cells.  The toxicity of the polymers has thus been 

explored in various systems and models.   

 

4.1. Cell based assays  

Cytotoxicity assays have been extensively used to assess the safety of polymers and 

other materials. The 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide 

(MTT) assay uses a colorimetric reaction to determine cellular metabolic activity since the 

MTT reagent can be reduced to a colored formazan product by viable cells. Other cytotoxicity 

tests include the sulforhodamine B (SRB) assay, the WST assay, and the clonogenic assay [48]. 

Using the MTT assay, Soradech et al. [49] showed that linear PEI is highly toxic to 

human dermal fibroblasts with an IC50 of 0.04 mg/mL, which correlates with previous literature 

reports [20].  L-PEI toxicity can be attributed to disruption of cell membranes, resulting in 

necrotic cell death, and disruption of mitochondrial membranes, resulting in cell apoptosis [50]. 

Furthermore, as a cationic polymer L-PEI accumulated on the outer cell membrane, causing 

necrosis [51]. Fischer et al. [52] reported that, due to its positive surface charge, L-PEI can 

bind to the negative charge of cell membrane phospholipids, cell membrane proteins, and blood 

proteins, resulting in cellular damage. The cytotoxicity of PEI is thus a major issue when using 

this polymer in pharmaceutical and biomedical applications [54] with numerous studies 

exploring cytotoxicity of linear and branched PEI and its analogues such as PEtOx-EI [20, 53-

55]. 

Gibney et al. [53] reported that both concentration and molecular weight of PEI affects 

the viability of human papillomavirus type 18 DNA cells (HEp-2 cells, a liver cancer cell line) 

after 1 h, as shown in Fig. 15 and Table 2. The highest toxicity in HEp-2 cells was reported 

for 10,000 kDa branched PEI, with an 80 % reduction in cell viability when cells were dosed 

at 10 µg/mL for 1 h.  At the same concentration, only a marginal reduction in cell viability was 
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seen for branched polymers with lower molecular weights (600 and 1800 kDa).  As expected, 

increasing exposure time also adversely affected cell viability. 

 

Fig. 15. Human epithelial (HEp2) cell viability after 1 h (a) and 24 h (b) exposure time to 

PEIs [53]. 

 

Table 2. Cytotoxicity of PEIs to human epithelial HEp2 cells [53]. (EC50 = Half maximal 

effective concentration whereas IC50 = Half maximal inhibitory concentration). 

Type of PEI  Mw (kDa) EC50 (µg/mL) IC50 (µg/mL) 

1 h 24 h 

B-PEI0.5 600 >4000 >4000 2305 ± 225 

B-PEI1.1 1800 >4000  1026 ± 90 116 ± 16 

B-PEI12 10000 >4000 27 ± 3 7 ± 0.4 

L-PEI4.4 2500 >250 155 ± 15 13 ± 0.9 

L-PEI6.5 25000 >250 69 ± 0.1 8 ± 0.4 

 

Others have reported similar findings that an increase in either molecular weight or 

concentration of L-PEI decreased cell viability. Wang et al. [56], reported that the higher the 

molecular weight of PEI, the greater the toxicity in Chinese Hamster Ovary (CHO) and C2C12 

myoblasts cells. No cytotoxicity was observed for L-PEI (0.8 and 1.2 kDa) at 20 µg/mL, 

whereas PEI 25kDa at the same concentration reduced cell viability by ~15%. Beyond the 
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concentration and molecular weight of PEI, Okon et al. [55] reported that linear PEI was less 

toxic than branched PEI in both HeLa and Vero cells, results which correlated with those from  

Gibney et al. [53].  

Kafil and Omidi [54]  reported cytogenomic testing of L-PEI and B-PEI in A431 cells 

(an epidermal cell line) to investigate the mechanism of apoptosis induction. They showed that 

internalization of B-PEI is higher than that of L-PEI, inducing greater toxicity in cell cultures. 

To assess the degree of possible DNA fragmentation within treated cells with polymers alone 

or as complexed with DNA, the widely used single cell electrophoresis or comet assay was 

exploited. Fig. 16 shows the typical results obtained by means of the comet assay for A431 

cells treated with PEI polymers and their polyplexes as well as with hydrogen peroxide, H2O2 

(as a positive control known to induce DNA damage). There is no diffusion of fragmented 

DNA in untreated A431 cells (16a) or cells treated with L-PEI (16c). Diffusion of DNA 

fragments is seen when cells are treated with B-PEI (16b) and hydrogen peroxide (19d). 

Therefore, it was deduced that L-PEI is safer than B-PEI, though its transfection efficiency is 

lower than B-PEI. 

 

Fig. 16. DNA damaged detection in A431 cells using comet assay of untreated cells (a) 

Treated cells with hydrogen peroxide (b), treated cells with L-PEI (c), and B-PEI (d)[54]. 
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4.2. Non-cell based assays of PEI toxicity 

Beyond cell-based assays, the slug mucosal irritation (SMI) test has been employed to 

assess the toxicity of PEI [20], proving that this material is nontoxic,  non-allergic and non-

irritating [57]. The slug mucosal irritation (SMI) in vivo study, developed by Adriaens and co-

workers [58]. The SMI assay has been used to predict irritation caused by materials and for 

rapid screening studies as opposed to using higher order animals in preliminary toxicological 

studies[59, 60]. The mucosal layer of the slug is located on the body's surface and is hence 

easily observable by the investigator. In this test, colorless mucus, secreted by slugs after 

contact with a test substance, is a good initial indicator of biocompatibility. The total amount 

of mucus produced serves as the main criterion to test the biocompatibility of formulations 

since these increases on exposure to stronger irritants [61]. These assessments provide 

quantifiable data for test materials to be classified as nonirritating, mild, moderate, or severely 

irritating[60]. 

This approach was used to test the toxicity of L-PEI and various polyoxazolines and 

their co-polymers. Mucus secretion by slugs in response to stimuli can predict sensitization in 

humans. After exposing slugs to polymer solutions (or films) the production and color of mucus 

are determined and compared to negative (phosphate buffered saline) and positive (1% 

benzalkonium chloride) controls.  Slugs were exposed to solutions at 10 mg/mL for 1 h after 

which their mucus remained colourless, and there was no slug mortality, indicating severe 

tissue damage had not occured (Fig. 17). Polyethyloxazoline (PEtOx) and PEtOx-PEI 

containing up to 25% L-PEI produced minimal mucus, and not statistically different to the 

negative control, showing that they are nonirritating. However, polymers with higher L-PEI 

contents and pure L-PEI resulted in mucus production, which may indicate that prolonged 

exposure may cause irritation and tissue damage[20]. 
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Fig. 17. Production of mucus by slugs on exposure to various polyoxazolines and co-

polymers with PEI (slug mucosal irritation assay) [20]. 

 

5. Derivatives of polyethyleneimines   

In order to improve biocompatibility of the polymer, or to alter its physical properties, 

numerous studies have reported modifications to PEI and are discussed below. 

 

5.1. Thiolated PEI  

Aravindan et al. [62] compared redox-sensitive crosslinked compounds to branched 

polyethyleneimine (25 kDa) as transfection agents. Using N-succinimidyl 3-(2-pyridyldithio) 

propionate as a hetero-bifunctional reagent, thiol derivatives of polyethyleneimine were 

synthesized (Fig. 18). The PEI chain has thiol groups due to the reduction of pyridyl disulfide 

derivatives from 1, 4-dithiothreitol (DTT). Thiolated polymers had 390 to 2300 mmol SH 

groups/mol, whilst polymeric backbones were also crosslinked by disulfide bonds giving 

polymers with lower thiol concentrations. Thiolated and cross-linked derivatives of PEI caused 

less hemolysis than the parent PEI. Fig. 19 shows the transfection efficiencies of original PEI, 

thiolated PEI and crosslinked derivatives in HEK293 cells.  Unmodified PEI and PEI treated 

with 3% H2O2 at 1:10 DNA:polymer w/w had similar transfection efficiencies, however 

thiolated and crosslinked PEI gave better transfection efficiencies than unmodified PEI. Also, 

increasing the polymer derivatives' thiol concentration boosted transfection efficiency, albeit 

not as much as crosslinked derivatives. Compared to other crosslinked derivatives, PEI-SS5 
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(disulfide linked PEI prepared by oxidation of thiolated PEI SH5) had a lower transfection 

efficiency [62]. 

 

Fig. 18. Synthesis of thiolated polyethyleneimines using N-succinimidyl 3-(2-pyridyldithio) 

propionate and 1, 4-dithiothreitol and subsequent crosslinking to form disulfide bonds [62]. 

 

Fig. 19. Transfection efficiency between thiolated and crosslinked derivatives of PEI, in 

comparison to unmodified PEI and unmodified PEI containing 3% H2O2 [62]. SH indicates 

thiolated PEI; b) SS indicates disulfide linked PEI. These samples were prepared by oxidation 

of PEI-SH samples (e.g., PEI-SS1 was prepared by oxidation of PEI-SH1).   
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5.2. Acetylated PEI  

Commercially available branched 25 kDa PEI was acylated using acetic anhydride or 

propionic anhydride to modify the primary and secondary amines on the polymeric backbone 

to secondary and tertiary amides, substituted with acetyl (ACAN) or propionyl group (PRAN), 

as shown in Fig. 20. 1H-NMR spectroscopy showed that the PEI had 31% primary, 41% 

secondary, and 28% tertiary amines, with a branching degree of 1.46. Due to the higher steric 

barrier of the longer acyl groups, the percentage of modification decreased from ACAN to 

PRAN and the polymer's buffering capacity and DNA binding ability changed when comparted 

to the parent polymer, due to a reduction in primary amines. However, the acylated branched 

25 kDa PEI were more hemocompatible and less cytotoxic than B-PEI, with higher transfection 

efficiencies due to effective plasmid release in the cytoplasm. Polymers with buffering 

capabilities > 50% but  <80% of PEI demonstrated increased transfection efficiency [63]. When 

compared to acetic anhydride modified polymers, propionic anhydride modified polymers 

demonstrated greater membrane contact and optimal binding strength with plasmid DNA, 

making them superior transfection agents; a vector of 0.3 mol propionic anhydride at a 1:2 w/w 

DNA:polymer composition was the most effective in terms of transfection efficiency and 

cytotoxicity [63]. 

 

Fig. 20. Scheme of synthesis of acylated polyethyleneimine with acetic and propionic 

anhydride [63]. 
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5.3. Synthesis of poly (2-oxazolines) by functionalized L-PEI 

        Using functionalized L-PEI, it is possible to produce poly(2-oxazolines) that contain a 

series of carboxylic acids in the side chain of the amino groups of L-PEI, the amount of which 

varies depending on the coupling reagent used [15] (Fig. 21).  

          

Fig. 21. Synthesis of poly(2-oxazolines) from functionalized L-PEI [15]. 

 

Sedlacek et al. [5] described a novel method for producing superhydrophilic poly(2-

alkyl-2-oxazoline)s (PAOx) from poly(2-ethyl-2-oxazoline) (PEtOx). Hydrolysis of PEtOx 

yielded L-PEI, which was then acylated with amine groups of L-PEI by a series of carboxylic 

acids. L-PEI amidation was accomplished using a standard peptide coupling protocol that 

included (benzotriazol-1-yloxy)-tripyrrolidinophosphonium hexafluorophosphate (PyBOP) as 

a coupling agent, DIPEA as a base, and dry DMF as a solvent, as shown in Fig. 22. The 

physicochemical and biological properties of hydrophilic poly(2-alkyl-2-oxazoline)s or 

PAOx’s were evaluated for biomedical applications. The results showed that the modification 

of L-PEI with carboxylic acid increased the relative hydrophilicity of the polymers, with 

poly(2-methoxymethyl-2-oxazoline) or PMeOMeOx having the highest hydrophilicity 

whereas poly(2-[methoxy-ethoxy-ethoxymethyl]-2-oxazoline) or PDEGOx had the lowest 

glass transition temperature (Tg). All modified L-PEI’s were found to be non-cytotoxic at 0.1 

mg/mL, suggesting potential use in pharmaceutical and biomedical products. 

 

 

 



27 
 

 

Fig. 22. Synthesis of poly (2-oxazolines) series by functionalisation of L-PEI including poly(2-

methoxymethyl-2-oxazoline)(PMeOMeOx), poly(2-ethoxymethyl-2-oxazoline) (PEtOMeOx), 

poly(2-methyl-2-oxazoline)(PMeOx),poly(2-methoxyethyl-2-oxazoline)(PMeOEtOx), 

poly(2-ethoxyethyl-2-oxazoline) (PEtOEtOx) and poly(2-[methoxy-ethoxy-ethoxymethyl]-2-

oxazoline) (PDEGOx) [5]. 

 

Shan et al. [64] synthesized a series of poly(oxazolines) from commercially available 

50 kDa PEOZ, including poly(2-methyl-2-oxazoline) (PMOZ), poly(2-propyl-2-oxazoline) 

(PnPOZ), and poly(2-isopropyl-2-oxazoline) (PiPOZ) via PEI (Fig. 23). The synthesis 

hydrolysed PEOZ to obtain poly(ethylene imine), which was then functionalized with acetic, 

butyric, or isobutyric anhydrides. The poly(2-oxazolines) series was used to make solid 

dispersions of haloperidol, a model poorly-water soluble drug. The results revealed that 

increasing the number of hydrophobic groups (-CH2- and -CH3) in the polymer contributed to 

greater inhibition of haloperidol crystallinity in the order: PnPOZ = PEOZ > PMOZ. Because 

of the lower critical solution temperature and the insolubility of this polymer in the dissolution 

medium, solid dispersions of drug with poly(n-propyl-2-oxazoline released the drug very 

slowly. 
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Fig. 23. Synthesis of high molar weight poly(2-methyl-2-oxazoline) or PMOZ, poly(2-propyl-

2-oxazoline) or PnPOZ and poly(2-isopropyl-2-oxazoline) or PiPOZ by hydrolysis of PEOZ 

[64]. 

 

Shan et al.[60] also synthesized methacrylated poly(2-ethyl-2-oxazoline) (MAPEOZ) 

by partial hydrolysis of 500 kDa PEOZ, which was then reacted with methacrylic anhydride to 

obtain poly[(2-ethyl-2-oxazoline)-co-ethylenimine] P(EOZ-co-EI) (Fig. 24). The secondary 

amines in P(EOZ-co-EI) provide reactive sites for additional methacrylation via reaction with 

methacrylic anhydride in the presence of TEA as a basic catalyst. P(EOZ-co-EI) copolymers 

were chosen for further methacrylation after 0.5, 1, 2, and 3 hours of partial hydrolysis. The 

temperature-responsive properties of MAPEOZ were dependent on the degree of 

methacrylation. On that basis, three soluble MAPEOZ derivatives with varying degrees of 

methacrylation were chosen and tested for cytotoxicity against the HEK293 cell line, revealing 

no significant cytotoxicity and PEOZ and MAPEOZ did not cause mucosal irritation in a slug 

mucosal irritation assay. The presence of methacryloyl groups and residual amines had a 

remarkable synergistic effect on mucoadhesive properties of these polymers. 
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Fig. 24. Synthesis of methacrylated poly(2-ethyl-2-oxazoline) (MAPEOZ) [60]. 

 

5.4. Nucleophilic substitution or alkylation of PEI  

      L-PEI contains a secondary amine with a free electron pair, allowing it to be used in 

nucleophilic substitutions with, for example, an alkyl halide. Alkylation with an alkyl halide is 

a common method for substituting L-PEI, which is then reacted with an alkaline reagent, such 

as potassium bicarbonate or potassium carbonate [15].  

L-PEI can be substituted with 4(5)-bromomethylimidazole [15]. Sanders et al. [65] 

synthesized and characterised linear poly(methyl ethylene imine) (LPMEI) conductivities 

using alkylated linear PEI. Lambermont-Thijs et al. [66] synthesized linear poly(benzyl 

ethylene imine) (PBnEI) by nucleophilic substitution of PEI (nucleophile) with benzyl bromide 

(electrophile). The synthesis of PBnEI used bromide as a leaving group and potassium 

carbonate as a weak base, which deprotonated via post-nucleophilic substitution (SN2). The 

competitive alkylation of benzyl bromide and potassium carbonate results in the formation of 

a secondary amine, which can then be alkylated to give the tertiary amine.  A viscous and sticky 

PBnEI wax with a glass transition temperature (Tg) of -18 oC was obtained and was insoluble 

in water and a mixture of water and ethanol due to the increased hydrophobicity. 

Soradech et al. [49] synthesized poly(3-hydroxypropyl ethyleneimine) (P3HPEI ) using 

nucleophilic substitution of L-PEI with 3-bromo-1-propanol in absolute ethanol, with 

potassium carbonate as a base, as shown in Fig. 25. NMR and FTIR spectroscopies confirmed 

successful conversion of L-PEI to P3HPEI. P3HPEI had good water solubility, was 

significantly less toxic than the parent L-PEI and had a low glass transition temperature (Tg = 

-38.6 oC).  
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Fig. 25. Synthesis of poly(3-hydroxypropyl ethyleneimine) or P3HPEI from 

poly(ethyloxazoline) via linear PEI. [49]. 

 

Patil et al. [67] synthesized hydroxyethyl substituted L-PEI, using nucleophilic 

substitution between L-PEI and 2-bromoethanol, as a carrier for siRNA delivery. The L-PEI 

was modified to produce hydroxyethyl-substituted L-PEI with a degree of substitution ranging 

from 15% to 45%. The effect of modification on the physicochemical properties of the 

polymer, including buffering capacity, solubility, biocompatibility and stability was 

investigated. Surprisingly, despite the absence of ionizable amines, substitution enhanced 

solubility and even overcame the pH-dependent solubility of L-PEI.  

Soradech et al. [68] modified  L-PEI using nucleophilic substitution between L-PEI and 

amides with different side-chain lengths including 2-bromoacetamide, 3-chloropropionamide 

and 2-bromopropionamide to obtain poly(2-acetamide ethyleneimine), poly(2-propionamide 

ethyleneimine) and poly(3-propionamide ethyleneimine), respectively; an example is in Fig 

26. Poly(2-acetamide ethyleneimine) and poly(2-propionamide ethyleneimine) were water-

soluble and presented low toxicity (< 5 mg/mL) in human dermal fibroblast cells, whilst poly(3-
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propionamide ethyleneimine) was also water-soluble but was more toxic than the above two 

polymers (< 1 mg/mL).  Table 3 summarizes some of the modified PEI materials synthesized 

in our laboratories and their key features and uses.  

 

Fig. 26. Synthesis of poly(3-propionamide ethyleneimine) from linear PEI. 

 

Table 3.  Summary of some modified PEI materials using nucleophilic substitution with 

different alkyl halides and their resultant properties.  

Modified L-PEI  Alkyl halide Chemical structure of 

final product 

Properties and 

applications 

Poly(2-

hydroxyethylethylenei

mine) [67]. 

 

2-bromoethanol  

 
 

 

▪ Soluble in water 

▪ Low glass 

transition 

temperature 

(below 0 oC) 

▪ Low toxicity 

above 5 mg/mL  

▪ Sticky   

▪ Liquid at room 

temperature  
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Poly(3-hydroxypropyl 

ethyleneimine) [49] 

 

3-bromo-1-

propanol  

 
 

 

▪ Soluble in water 

▪ Low glass 

transition 

temperature 

(below 0 oC) 

▪ Low toxicity in 

human dermal 

fibroblast cells 

above 5 mg/mL 

▪ Sticky  

▪ Liquid at room 

temperature  

 

Poly(benzyl ethylene 

imine) [66] 

 

Benzyl bromide  

 
 

 

▪ Insoluble in 

water 

▪ Low glass 

transition 

temperature 

(below 0 oC) 

▪ Sticky  

 

 

 

 

Poly (methyl ethylene 

imine) [65] 

 

Methyl iodide  

 
 

▪ Soluble in 

chloroform, THF, 

acetone, ethanol, 

methanol, N,N-

dimethylformami

de, HFIP and 

water at room 

temperature and 

in n-hexane 

above 45 °C 

▪ Yellow powder  

 

Poly (2-acetamide 

ethyleneimine) [68] 

 

2-bromoacetamide  

 
 

▪ Soluble in water 

▪ Glass transition 

temperature ~ 80 
oC 

▪ Low toxicity in 

human dermal 

fibroblast cells 

below 5 mg/mL 
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Poly (3-propionamide 

ethyleneimine) [68] 

 

3-chloro 

propionamide 

 
 

▪ White powder  

▪ Soluble in water 

▪ Glass transition 

temperature ~ 

25oC 

▪ Low toxicity in 

human dermal 

fibroblast cells 

below 1 mg/mL  

Poly (2-propionamide 

ethyleneimine) [68] 

 

2-bromo 

propionamide 

 
 

 

▪ Yellowish 

powder  

▪ Soluble in water 

▪ Glass transition 

temperature ~ 80 
oC 

▪ Low toxicity in 

human dermal 

fibroblast cells 

below 5 mg/mL 

 

 

 

5.5. Reductive methylation of PEI 

        By reducing alkylation, Lambermont-Thijs et al. [66] produced linear poly(ethyl ethylene 

imine) (PEEI) and linear poly-(methyl ethylene imine) (PMEI). Because poly(2-methyl-2-

oxazoline) or PMeOX is insoluble in any solvent for a reduction process, the synthesis of PEEI 

was initiated with L-PEI; L-PEI was dissolved in acetic acid and then sodium borohydride 

(NaBH4) was slowly added drop-wise. As ~half of the secondary amines were converted to 

ethylated monomer units, some acetamido-groups were also obtained. The reduction was then 

be completed by dissolving the polymer in dry tetrahydrofuran (THF) and adding 

borane/dimethylsulfide (BH3/DMS) as a reducing agent to form PEEI. Proton NMR 

spectroscopy validated the synthesis. Reductive methylation was also used to synthesise PMEI 

by dissolving L-PEI in water and adding formaldehyde and formic acid. The polymer was then 

purified using CH2Cl2. 
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5.6. Chitosan conjugation on PEI 

Jiang et al. [69]  improved chitosan transfection efficiency by grafting with L-PEI (CHIg-

PEI). As shown in Fig. 27, the synthesis was via an imine reaction between periodate-oxidized 

chitosan and polyethyleneimine (PEI). Multi-angle laser scattering and proton NMR was used 

to characterise the CHI-g-PEI copolymer, which varied with molecular weight and 

composition. Complexation between the copolymers and plasmid DNA (pDNA) at various 

charge ratios was also studied. The results showed that CHI-g-PEI had a high efficiency of 

DNA binding, implying that it would protect DNA from nuclease attack within cells. 

Furthermore, a reduction in particle size of the CHI-g-PEI/DNA complexes was seen with 

increasing charge ratios. The conjugated chitosan had lower cytotoxicity than 25 kDa L-PEIand 

CHI-g-PEI/DNA complexes at high nitrogen:phosphate (N/P) ratios resulted in higher 

transfection efficiencies in HeLa, 293T, and HepG2 cell lines.  

          Triphati et al. [70] also created linear polyethyleneimine-graft-chitosan copolymers (L-

PEI-g-CS). In comparison to L-PEI and chitosan, L-PEI-g-CS again demonstrated significantly 

improved transfection, endosomal escape and DNA release kinetics.  

Wong et al. [71] reported that low MW L-PEI grafted with chitosan resulted in higher 

transfection efficiency of L-PEI-g-CS, with improved biocompatibility, cellular uptake, and 

buffering ability compared to PEI alone (25 kDa). According to Park et al. [72], increasing the 

level of the targeting ligand tended to increase the transfection efficiency of PEI-g-CS 

polymers. 

 

Fig. 27. Synthesis of chitosan grafted with PEI (CHI-g-PEI) [69]. 
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5.7. PEGylation of branched polyethyleneimine 

               As described above, a notable limitation to the widespread biomedical use of  L-PEIs 

is the high cytotoxicity in cells caused by their positive charge[73]. To mitigate this, surface 

modification by PEGylation of PEIs has been explored [74, 75].   

                Wen et al. [76] modified PEI surfaces by covalent modification of the amines, 

including neutralizing negatively charged PEI with acetic anhydride (PEI–Ac), succinic 

anhydride (PEI–SAH), or by hydroxylating PEI with glycidol (PEI–Gly) or poly(ethylene 

glycol) (PEI–poly(ethylene glycol)) (Fig. 28). There were no cytotoxic effects of the PEI 

derivatives in mouse fibroblast (L929) cells at concentrations up to 200 µg/mL whereas 10 

µg/mL PEI was toxic to these cells. The PEI surface charge could be tailored to be positive, 

negative or neutral, with partial neutralization of the surface amines of PEI derivatives 

potentially useful for gene delivery. In addition, it improves efficiency for drug delivery, for 

example, PEGylation of B-PEI provided an efficient strategy to target tumor 

microenvironment, in turn afforded superior therapeutic outcome in anti-tumor activity [75]. 

 

Fig. 28. Surface modification of B-PEI by PEGylation [76].  
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6. Pharmaceutical and biomedical applications 

     6.1. Gene delivery 

Gene delivery (usually DNA) is only effective if the material is protected throughout 

its transport through a cell to reach the endogenous genome within the cell nucleus. Vectors 

used for gene delivery can be broadly classified as those that use a virus as a carrier (usually a 

recombinant virus) or synthetic vectors. Critical issues include the ability to deliver the gene to 

the correct (target cell), cellular toxicity from the vector and efficiency or gene transfer and 

subsequent expression [77].  

These is extensive literature regarding development of non-viral gene delivery systems 

such as liposomes or nanoparticles. The ability to protect DNA from degradation in the 

extracellular medium, to cross the cell membrane, and to release the gene(s) with low toxicity 

and high efficiency to the cells is a key criterion for a capable vector [78]. Among polymers, 

cationic PEI is commonly used for gene delivery since  PEI can complex with DNA molecules 

core [79 -  81], resulting in small homogeneous particles  (less than 100 nm) [82]. The small 

and uniform particle size results in more efficient transfection, with a significant increase in 

DNA protection against degradation by nucleases when compared to other polycation vectors, 

attributed  to the higher charge density and greater complex efficiency with DNA (and 

oligonucleotides) [82]. Guillem et al. [83] created an immune-polyplex from streptavidin-

polyethyleneimine (St–PEI), as a targeted non-viral vector for gene delivery in human 

lymphoma cell lines. The St–PEI was created by covalently coupling N-succinimidyl 3-(2-

pyridildithio)-propionate or SPDP linker molecules with both streptavidin and PEI resulting in 

an immune-polyplex system. Due to its specificity and selectivity in nucleic acid transfer, the 

immune-polyplex was an efficient and effective non-viral vector. As shown in Table 4, many 

modified PEI have been developed to improve gene delivery properties. 
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Table 4. Examples of modified PEIs that have been evaluated for gene delivery.   

Modified PEI Positive and negative effect  References 

1. Grafting targeting ligands on PEI 

HIV-1 Tat peptides (RGD) 

grafted with SPDP 

Increase in gene expression Kunath  et al. [84] 

2. Polyplexes (PEI/DNA) coated with PEGylated PEI 

Grafting RGD on PEI/DNA 

complexes and coated by 

PEGylated PEIs 

Improving cellular uptake and transfection 

efficiency in neuronal cells 

Kursa et al. [85] and Suk 

et al.[86] 

3.PEI gaffing with poly (amino acids)  

Poly (γ-benzyl l-glutamate) 

(PBLG-) grafted PEI 

Effect on down-regulated luciferase for gene 

expression in cells. 

Chen et al.[87]  

Poly(phenylalanine) grafted PEI Inducted tumor apoptosis and inhibited 

tumor growth. 

Xia et al. [88] 

4. Linear aliphatic acids and steroids grafted with PEI 

Oleic and stearic acid grafted 

PEI 

Generation of water- soluble lipopolymers, 

Enhancement of membrane interaction and 

trafficking into cells. 

Alshamsan et al.[89] 

5.Chitosan conjugation on PEI 

L-PEI grafted chitosan (PEI-g-

CS) 

Increase in transfection efficiency, 

endosomal escape, and kinetic release of 

DNA. 

Tripathi et al.[90] 

Galactosylated poly(ethylene 

glycol)-chitosan-graft-PEI 

Enhanced DNA delivery to liver cells. Jiang et al[91] 

6. Disulfide cross-linked PEI  

6.1 Disulfide cross-linked 

PEI/DNA complexes using the 

homo-functional cross-linker N-

succinimidyl 3-[2-

pyridyldithio]- propionate 

Increasing transfection efficiency and 

increasing the half-life of the pDNA in 

blood. 

Neu et al.[92]  

6.2 Disulfide cross-linked 

linked PEI using cross-linkers 

dithiobis (succinimidyl 

propionate) and dimethyl-3,3’-

dithiobispropionimidate 

Enhanced transfection efficiency in CHO 

cells. 

Gosselin et al.[93]  

7. Liposome polyethylenimine 

complexes 

Enhanced DNA and siRNA delivery. Schäfer et al. [94] 

8. PEGylation of PEI Reduced cytotoxicity and hemolytic activity.  

Increased In vitro transfection efficiency  

compared to PEI25. 

Mao et al. [95] 

9. Polyester conjugation on 

PEI 

-Beneficial effect of PEG-co-PCL grafting 

onto PEI25 in buffering capacity, stability, 

and surface charge of polyplexes [96] 

-Reduced toxicity with significant siRNA-

mediated gene silencing compared to parent 

polymer (PEI25)[97]. 

-Reduced the inherent toxicity of cationic 

polymers by virtue of surface charge 

neutralization [98]. 

Zheng et al. [96] 

 

 

Liu et al. [97] 

 

 

Merdan et al. [98] 

10. PEI-based organic–inorganic 

composites nanoparticles 

- Increased efficient gene delivery to 

targeted glioblastoma cells and the further 

inhibition of protein expression. 

Kong et al. [99] 

11. PEI-derived copolymers or 

conjugation of a hydrophilic 

polymer layer onto the surface 

of preformed complexes 

 

Promote gene delivery in the case of vectors 

with ahigh intrinsic endosomolytic capacity 

Petersen et al. [100 - 

101]  
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 6.2. Antimicrobial formulations 

Cationic polymer based on PEI have been widely used as antimicrobial agents due to 

the positive charge from cationic PEI which can electrostatically interact with negatively 

charged bacterial cell surfaces.  

Khalil et al. [102] reported that addition of PEI to both hydrophilic and hydrophobic 

antibiotics increased their efficacy. Azevedo et al. [103] discovered that PEI can penetrate into 

and disrupt bacterial cell membranes, so inhibiting bacterial growth. Traditionally, cationic 

poly(ethylene imine) polymers (PEIs) have been utilised as drug carriers in biomedical 

application because of their ability to enter cells or permeabilize cell membranes [103 - 105]. 

Gibney et al. [53]  studied the effects of molecular architecture and size of a series of relatively 

low molecular weight B-PEIs and L-PEIs on antibacterial activity. The activity against E. coli 

and S. aureus was dependent on both the PEI structure and molecular weight and it was notable 

that the PEIs exhibited greater activity against the Gram positive organism S. aureus than 

against the Gram negative E. coli yet. Membrane permeabilization assays suggested that PEIs 

exerted their antibacterial activity by mechanisms other than membrane disruption. 

Silver (Ag+) has long been used for its antimicrobial properties in wound dressing, 

creams and as a coating on medical devices.  Xu et al. [106] used PEI 25kDa to synthesize PEI-

capped silver nanoclusters (AgNCs), and the antibacterial activity of PEI-AgNCs determined. 

Although PEI demonstrates strong antimicrobial activity, the incorporation of silver 

nanoclusters resulted in higher surface-to-volume ratios than with more traditional 

nanomaterials. PEI-AgNCs were synthesized by varying the molecular weights of PEI (0.6 to 

25 kDa) before the antibacterial activities were determined using agar plate and broth dilution 

techniques. PEI-AgNCs had higher antibacterial activity when used with a lower molecular 

weight PEI. (Fig. 29).  
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Fig. 29. Antibacterial activity against E. coli. of PEI-capped silver nanoclusters (AgNCs) or 

PEI-AgNCs, PEIs, and silver nanoclusters (AgNPs) [106]. 

 

Quaternary ammonium polyethyleneimine (QPEI) possesses excellent antibacterial 

activity because of the combined effects of the antibacterial groups on the macromolecular 

chains [107, 108]. The QPEI disrupts cell membranes and releases the intracellular contents 

[109];  Generally, cationic polymers exhibit excellent antibacterial activity resulting from the 

strong electrostatic interactions with the negatively charged bacterial cell surface [110].  

Gao et al. [109] reported that propylene oxide was used as an alkylating agent to 

alkylate the primary and secondary amine groups on the macromolecule chains of PEI. TPEI 

was created as a result of the ring-opening and addition reactions of propylene oxide and PEI. 

Tertiary amine groups of TPEI were quaternized using benzyl chloride, yielding quaternized 

PEI, or QPEI. QPEI exhibited strong antibacterial activity due to its higher density of 

quaternary ammonium groups on the backbone, resulting in electrostatic interactions and 

strong adsorption between QPEI and E. coli.  The quaternary ammonium structure on PEI 

caused disruption of the cell membranes, intracellular content release and hence cell death.  

Lana et al. [111] synthesised four quaternized ammonium branched PEI derivatives 

with different alkyl halides i.e., bromoethane (C2), 1-bromobutane (C4), 1-bromohexanel (C6) 

and 1-bromoheptane (C8) (Fig. 30), which exhibited broad-spectrum antimicrobial activity 

against both Gram-negative (E. coli and P. aeruginosa) and Gram-positive (B. 
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amyloliquefaciens and S. aureus) bacteria. Branched PEI substituted with 1-bromohexanel 

(QPEI-C6) exhibited the highest antimicrobial activity again demonstrating that activity is 

related to molecular weight; QPEI-C6 was also shown to be biocompatible at the minimal 

inhibitory concentrations.  

 

Fig. 30. Schematic synthesis of the quaternary ammonium polyethyleneimine derivative with 

1-bromobutane (C4).   

 

Kwolek et al. [112] also synthesized quaternary ammonium derivatives of 

polyethylenimine (QPEI) for antibacterial application (Fig. 31), but using branched PEI. B-PEI 

methylation (BPEI-met) was achieved using iodomethane in N-methyl-2-pyrrolidone (NMP) 

and generated 87% quaternization with a large excess of iodomethane. BPEI-met strongly 

interacted with negatively charged lipid membranes, acting as a model for bacterial cell 

membranes. BPEI-met had strong bacteriostatic effects on Gram-positive bacteria but was less 

effective against Gram-negative bacteria. 
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Fig. 31. The synthesis and the chemical structure of quaternary ammonium derivatives of 

BPEI (BPEI-met) [112]. 

 

6.3. Mucoadhesive applications   

Mucoadhesion is the ability of materials to adhere to mucosal membranes (usually in 

the human body), providing temporary retention. Mucoadhesive dosage forms are valuable for  

targeted drug delivery via the buccal, oral, nasal, ocular, and vaginal routes [113, 114]. 

Consequently, researchers have sought to develop polymeric mucoadhesive materials to act as 

drug carriers or for coatings on, for example, tablets [115, 116] or wafers [117]. Hydrophilic 

polymers possessing charged groups and/or non-ionic functional groups capable of forming 

hydrogen bonds with mucosal surfaces tend to be strongly mucoadhesive. [113].  
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Polyethyleneimine (PEI) is cationic polymer which has a high density of cationic 

charge and it is able to interact electrostatically with negatively charged surfaces to adhere to 

mucosal surfaces [119]. PEI has been investigated for use in drug delivery systems [118] and 

due to its charge density, PEI acts as a proton sponge in response to changes in pH. Dextran 

(DS) is an anionic polysaccharide formed from the condensation of glucose,  containing 2.3 

mol of sulphate groups per glucosyl unit, and  has been widely used in pharmaceutical 

formulations due to its biodegradability and biocompatibility [120]. The opposite charges of 

PEI and DS contribute to an ionic interaction that results in the formation of PEI–DS 

nanoparticles (PDNPs), which have been as mucoadhesive materials for oral drug 

delivery[121].  

Tiyaboonchai et al. [122] reported the mucoadhesive properties of polyethyleneimine–

dextran sulphate nanoparticles (PDNPs) for oral mucosal drug delivery. The active ingredient, 

Punica granatum peel extract (PGE), was loaded into PDNPs to reduce oral malodor and 

prevent carries. Again, because of the opposite charges of the polymers, polyethylenimine 

(PEI) and dextran sulphate (DS) (with polyethylene glycol 400, PEG 400 as a stabilizer), 

formed particles by polyelectrolyte complexation. The PDNPs were mucoadhesive and 

provided sustained release of the active ingredient and efficacy against oral bacteria. 

Calixto et al. [123] developed and characterised four liquid crystalline precursor 

systems (LCPSs) with different aqueous phases such as water alone (FW) or aqueous solutions 

containing chitosan (FC), polyethyleneimine (FP), or chitosan/PEI (FPC) . In this study, the oil 

phase was oleic acid, and the surfactant was ethoxylated and propoxylated cetyl alcohol. The 

LCPSs containing chitosan and PEI (FPC) demonstrated suitable buccal properties and 

regulated drug release towards the treatment of a variety of oral diseases [124].  Then, 30% 

(FW30, FC30, FP30, FPC30) or 100% (FW100, FC100, FP100, FPC100) artificial saliva was 

added to the FW, FC, FP, and FPC preparations. The addition of 30% saliva into the 

formulations significantly enhanced their mucoadhesion, and this was the case for all 

formulations, as shown in Fig. 32. Regardless of formulation, the addition of 100 % saliva 

further significantly increased mucoadhesion relative to formulations without saliva or those 

containing 30 % saliva. The formulations FC100, FP100, and FPC100 achieved comparable 

levels of mucoadhesion; however, only the FP100 formulation had a significant difference in 

mucoadhesion compared to the formulation containing the aqueous phase (FW100). 
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Fig. 32. Mucoadhesion of the different formulations of liquid crystalline precursor systems 

(LCPSs) composed of different aqueous phases; water (FW), chitosan (FC), polyethyleneimine 

(FP), or chitosan/PEI (FPC).  Artificial saliva added at  30% (FW30, FC30, FP30, FPC30) or 

100% (FW100, FC100, FP100, FPC100) [123]. 

 

Shan et al. [60] demonstrated methacrylation of poly(2-ethyl-2-oxazoline) by reacting 

hydrolyzed poly(2-ethyl-2-oxazoline) to obtain partially hydrolyzed PEI, which was then 

substituted with methacrylic anhydride. As shown in Fig. 33, methacrylation significantly 

increased mucoadhesion on nasal mucosa tissue compared to the parent poly(2-ethyl-2-

oxazoline), owing to synergistic binding of methacrylate groups as well as residual secondary 

amines being available to interact with the mucosal surface. Methacrylated PEOZ has the 

potential to be used in dosage forms as a mucoadhesive material for transmucosal drug 

delivery. 
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Fig. 33. Fluorescence images showing retention of 1 mg/mL glycol chitosan, PEOZ, P(EOZ-

co-EI15), MA10PEOZ, P(EOZ-co-EI28), MA25PEOZ, P(EOZ-co-EI53 and MA35PEOZ solutions 

using 0.05 mg/mL sodium fluorescein as the solvent and pure 0.05 mg/mL sodium fluorescein 

solution on sheep nasal mucosa and washed with artificial nasal fluid (ANF). Scale bars are 2 

mm. (b) Retention of 1 mg/mL glycol chitosan, PEOZ, MA10PEOZ, MA25PEOZ, and 

MA35PEOZ solutions using 0.05 mg/ mL sodium fluorescein as the solvent and pure 0.05 

mg/mL sodium fluorescein solution on sheep nasal mucosa as washed with different volumes 

of ANF [61].  

 

6.4. Polymer blends  

Polymer blends are commonly used to tailor physicochemical and mechanical 

properties for defined uses [125, 126]. Combinations span two natural polymers (e.g. proteins 

and polysaccharides, proteins and lipids, polysaccharides and lipids) two synthetic polymers 

or combinations of natural and synthetic materials [127]. The mechanical and barrier properties 

of blended polymeric films is dependent on the constituting polymer characteristics and their 
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compatibility[128]. For example, the brittle nature of some hydrophobic or rigid polymers,  

such as chitosan, can be improved by blending with a hydrophilic polymer or polymer acting 

as a plasticizer [129, 130]. The addition of a hydrophilic polymer (or plasticizer) is commonly 

used to enhance the mechanical and physical properties of hydrophobic films [131] or of 

polymeric films with high glass transition temperatures [132].  

L-PEI is semi-crystalline [8] with a glass transition temperature ~29.5 oC [20] and, 

therefore, appears to be a suitable candidate to blend with chitosan in order to improve film 

mechanical properties and drug release profiles. However, L-PEI only dissolves in water at 

high temperatures [8], forms a gel at room temperature [32] and has been shown to cause 

cytotoxicity [49]. Chemical modifications of L-PEI to increase water solubility and decrease  

its toxicity have been reported [133].  

Soradech et al. [68] developed novel flexible and mucoadhesive films based on chitosan 

and poly(2-hydroxyethyl ethyleneimine) or P2HEEI. P2HEEI was synthesized via nucleophilic 

substitution of linear polyethyleneimine (L-PEI) with 2-bromoethanol. P2HEEI exhibited good 

solubility in water, low toxicity in human dermal skin fibroblast cells, and a low glass transition 

temperature (-31.6 C). This polymer was blended with chitosan to improve mechanical 

properties for buccal delivery of haloperidol. Differential scanning calorimetry and scanning 

electron microscopy confirmed that chitosan and P2HEEI formed miscible blends and the 

mechanical properties of films cast from the blend resulting in more elastic drug delivery 

systems than chitosan alone. Haloperidol release from the films increased with increasing 

P2HEEI content. The mucoadhesive properties of these films were evaluated on freshly excised 

sheep buccal mucosa and showed that, as P2HEEI content in the blend increased, 

mucoadhesion declined.  

Soradech et al. [49] also developed novel elastic films based on poly(3-hydroxypropyl 

ethyleneimine)  and chitosan for rapid delivery of haloperidol. Poly(3-hydroxypropyl 

ethyleneimine)  or P3HPEI was synthesized using nucleophilic substitution of linear 

polyethyleneimine (L-PEI) with 3-bromo-1-propanol, and demonstrated good solubility in 

water, low toxicity, and a low glass transition temperature. P3HPEI was subsequently blended 

with chitosan to generate novel flexible films by casting from aqueous solutions and 

evaporating the solvent.  The polymers were miscible in the solid state and again blending 

chitosan with P3HPEI significantly affected the elasticity and strength of films ( increased 

elongation at the break but reduced puncture strength). A 35: 65 (% w/ w) blend of 
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chitosan/ P3HPEI provided the optimum glass transition temperature for the delivery of 

haloperidol through mucosal membranes.  Microscopic and XRD analyses indicated that the 

solubility of haloperidol in the films was ~1. 5% .  The inclusion of the hydrophilic polymer 

P3HPEI allowed rapid drug release followed by disintegration due to rapid water diffusion into 

the films, swelling, and erosion, supported by the relaxation of the polymer chains.  The drug 

release profiles were consistent with the physicochemical properties of P3HPEI, a hydrophilic 

polymer with a low Tg. Hence, blending P3HPEI with chitosan allows the selection of desirable 

physicochemical and mechanical properties of the films for the loading and rapid delivery of 

haloperidol, a model poorly water-soluble drug for transmucosal drug delivery, such as buccal 

or ocular administration [49]. 

 

6.5. Hydrogels and cryogels  

Hydrogels are swelling polymeric materials with a three-dimensional network structure 

that can be synthesized physically or chemically using hydrophilic polymers or a combination 

of the two polymers [134]. Due to their  valuable properties including biocompatibility, 

flexibility, high water content, and softness, hydrogels have been widely used in 

pharmaceutical and biological applications [135, 136].  

Hydrogels are typically classified as either physical (reversible) or chemical 

(permanent) [135, 137]. Physically crosslinked hydrogels form through various interactions, 

including hydrophobic forces, ionic bonds and hydrogen bonds, and can redissolve in response 

to changes in environmental parameters such as temperature, ionic strength, and pH. Chemical 

hydrogels, on the other hand, are formed by a network of covalent linkages incorporating 

diverse macromolecular chains, for example by crosslinking polymers [138, 139]. Hydrogels 

can be charged or uncharged, depending on the type of the functional groups included within 

their molecular structure [138] and  typically swell in response to variations in pH, with shape 

changes [140]. In general, two approaches are used to create chemically crosslinked hydrogels. 

The first approach, referred to as three-dimensional polymerization, utilizes a hydrophilic 

monomer to polymerize with the aid of a functional cross-linking agent. Alternatively, water-

soluble polymers can be crosslinked directly. Polymerization is typically facilitated by free-

radical producing chemicals, such as ammonium peroxodisulphate, benzoyl peroxide, and 2, 

2-azo-isobutyronitrile, or by the application of electron beam, ultraviolet, or gamma radiation.  
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PEI has been used to create physical and chemical hydrogels [32, 141, 142].  According 

to Yuan et al. [32], linear PEI backbone gelation in water was generated by cooling heated 

aqueous solutions to ambient temperature and then forming a physical (thermoreversible) gel. 

The L-PEI physical hydrogel was created by mixing L-PEI with distilled water and heating to 

80 °C until PEI fully dissolved before cooling to room temperature; this resultant opaque gel 

converted back to a transparent solution by re-heating at 80 oC. 

According to Paciello and Santonicola [141], partially methacrylated 

polyethyleneimine (PEI-MA) was used to form a methacrylated branched polyethyleneimine 

(PEI-MA) hydrogel. To synthesize this polymer, different molar ratios of methacrylic 

anhydride were used at room temperature for 18 h in dichloromethane (DCM) with 

triethanolamine as an alkaline catalyst (Fig. 34). Nucleophilic attack of the primary and 

secondary amine groups of B-PEI on the carbonyl group of methacrylic anhydride resulted in 

the formation of amide bonds.  

 

Fig. 34. Synthesis of partially methacrylated branched polyethyleneimine (PEI-MA) hydrogel 

[141].  

 

Wahid et al. [142] reported that, whilst bacterial cellulose (BC) has useful properties 

for various applications, however, it lacks antibacterial activity. To address this, crosslinked 

BC and PEI-based antibacterial hydrogels were formulated containing an epichlorohydrin 

(ECH) as a coupling agent (Fig. 35). As described above, PEI is a cationic polymer that has 

good antibacterial activity. The addition of ECH to the BC solution was stepped and 
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homogenised before crosslinking with different concentrations of PEI. The antibacterial 

properties of the BC/PEI hydrogels were tested against S. aureus and E. coli using the agar 

diffusion method. PEI content affected the antibacterial activity of all hydrogels with highest 

antibacterial activity against both strains at 12.88 mg/mL of PEI. The hydrogels were 

developed as putative wound dressing materials. 

 

Fig. 35. Crosslinking process of bacterial cellulose (BC) and polyethyleneimine (PEI) 

with epichlorohydrin[142]. 

 

Cryogels can be generated from appropriate monomers or polymeric precursors using 

a cryogelation technique and form supermacroporous gel. Cryogels also typically offer osmotic 

stability and tensile strength and so have been promoted for use as a biomedical scaffold 

material [143]. According to Kumar et al. [144], cryogels are gel matrices formed by 

polymerization at temperatures below zero. Whilst the polymerization process takes place in 

the unfrozen domains, ice crystals also form and act as pore forming agents. At the end of 

polymerization, once the cryogels are thawed, supermacropores are thus formed within the 

cryogel structure. One of the most often utilised processes for generating physically cross-

linked hydrogels is cytotropic gelation. In this process, the polymer solution passes through 

one or more freeze-thaw cycles, resulting in the creation of an interior structure of 

interconnected pores [33, 145 – 147]. After reaching the solvent crystallisation temperature, 

the system is essentially a heterogeneous block containing solvent crystals and the unfrozen 

liquid micro-phase (UFLMP), where the reagents rapidly concentrate (a phenomenon known 

as cryoconcentration), resulting in gelation [34, 148].  The solvent acts as a pore-forming agent 

in this case: when the solvent crystals melt, they leave a macro and micro-porous network 
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inside the gel (cryogel). The size of the system's macro-pores, as well as its mechanical 

properties such as the elastic modulus, are directly proportional to the concentration of the gel-

forming chemicals used, as well as the number and conditions of the freeze-thawing cycles 

[149, 150]. 

In comparison to conventional hydrogels, cryogels tend to be more flexible, are highly 

porous, and respond rapidly  to stimuli [151]. Sahiner et al. [152] used a cryopolymerization 

process with glycerol diglycidyl ether (GDE) to produce branched PEI-based cryogels, as 

illustrated in Fig. 36. The study demonstrated the formation of superporous PEI cryogels, 

which responded rapidly to external influences (pH, solvent, and temperature), were highly 

elastic and offered a high mechanical strength. 

 

Fig. 36. Glycerol diglycidyl ether (GDE) crosslinked branched PEI cryogels [152]. 

 

As described earlier (Section 3.3), Soradech et al. [29] developed physically crosslinked 

cryogels based on linear polyethyleneimine (L-PEI) using a freeze-thawing technique. 

Dissolution of L-PEI in deionized water was achieved at 80 oC and resulted in a transparent 

solution, which then formed an opaque gel forming upon freezing and subsequent thawing. The 

cryogels exhibited reversibility; heating at 80 oC regenerated a clear solution. L-PEI cryogels 

were evaluated after freezing aqueous solutions to various temperatures (-196, -80, -30 and 0 

°C) for 3 h and subsequent thawing at 25°C for 24 h. Gel rigidity correlated with the freezing 
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temperature and gels were strongest when cooled to -196 oC, consistent with determinations of 

the degree of crystallinity in the gels, the enthalpy of fusion and rheological behaviour. The 

effect of solvent mixtures on the crystallinity and rheological properties of L-PEI cryogels was 

also investigated. Water/ethanol mixtures containing a higher proportion of ethanol 

significantly reduced the strength, viscosity and degree of crystallinity of the L-PEI cryogels. 

Thus, by controlling the freezing temperature or modifying the solvent, L-PEI cryogels were 

designed with desired mechanical properties.     

 

 6.6. Other biomedical applications  

PEI and its derivatives have been used to prepare various organic/organic or 

organic/inorganic hybrid materials for different biomedical applications as illustrated in Table 

5.  

Table 5. Summary of modified PEI for applications in biomedical fields.   

Modified PEI Application Benefits References 

Polyethyleneimine-

modified scaffolds with 

polyethylene oxide, chitin 

and chitosan. 

Regeneration of 

cartilaginous tissue 

Increase in adhesion 

efficiency of bovine 

knee chondrocytes 

Proliferation of bovine 

knee chondrocytes 

(BKCs), secretion of 

glycosaminoglycans, and 

production of collagen 

Kuo et al.[153] 

Polyethyleneimine grafted 

chitosan films (Ch-g-PEI) 

Enzyme technology Increase in the 

immobilizations of 

enzyme laccase 

Metin [154] 

Polyethyleneimine-

modified 

silica nanoparticles 

Regenerative medicine Sustained delivery 

growth factors and 

promoted stem cell 

differentiation.  

Wang et al. [155] 

Polyethyleneimine‑grafted 

collagen fiber 

Immobilization of 

biological cells 

Carrier for cell 

immobilization 

Zhu et al. [156] 

Gelatin-polyethylenimine 

blend nanofibers 

(GEL/PEI) 

Tissue engineering Promotion of cell 

adhesion and an increase 

in cell viability 

Lakra et al.[157] 

Polydextran aldehyde/PEI 

nanofibers 

Antibacterial coatings Maintain 

cytocompatibility to 

fibroblasts, high 

effective and long-acting 

for antibacterial activity  

Meng et al. [158] 

Nanofiber composed of 

poly(ɛ-caprolactone) and 

polyethylenimine 

Scaffolds for tissue 

engineering  

 

Promoting the 

attachment and 

proliferation of human 

umbilical vein 

endothelial cells 

Jing et al. [159] 
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Polyethylenimine and 

sodium cholate-modified 

ethosomes complex 

Transdermal delivery Increase skin penetration 

and effective means for 

treating melanoma 

Ma et al. [160] 

Hydroxypropyl β-

cyclodextrin-grafted 

polyethyleneimine 

Transdermal delivery Penetration enhancer for 

transdermal drug 

delivery 

Wang et al.[161] 

Hyaluronic 

acid/poly(ethylenimine) 

polyelectrolyte multilayer 

coatings 

Layer-by-layer thin 

films and coatings  

prevention of restenosis 

on molecular level 

Koenig et al. [162] 

Polyethyleneimine and 

graft-copolyimide with 

polymethacrylic acid side 

chains 

Polyelectrolyte 

nanocapsules  

Controlled release of 

drug  

Ibragimova et al.[163] 

PVA/B-PEI Nanofiber 

Mats 
Wound healing  Increase in cell 

migration 

and wound healing by B-

PEI nanofibers (97% 

wound coverage in 17 h) 

when compared to B-

PEI (15% wound 

coverage in 17 h). 

Mary et al. [164] 

Polyethylenimine-Based 

Nanogels 
Biomedical applications 

(gene therapy, drug 

delivery and 

bioimaging)  

Increased a targeted 

diagnosis and therapy of 

cancer 

Zou et al. [165] 

PEI amine groups 

onto the surface PEI-

stabilized iron oxide 

nanoparticles (NPs) 

Biomedicine Targeted cancer imaging Li et al. [166] 

Ligand-modified 

PEI possessing pH-

responsiveness 

Biomedicine A carrier 

system to encapsulate 

anticancer drug for 

targeted delivery to 

cancer cells 

Zhou et al. [167] 

Gold nanoparticle 

(AuNP)-PEI conjugates 
Biologically applicable 

materials 

Gene-carriers for 

genome editing or 

nanoscale positive 

control for 

nanotoxicology 

Cho et al. [168] 

PEI as a colloidal 

stabilizer coating on 

magnetic Fe3O4 particles 

in bio-imaging 

Bioimaging probes Magnetic bioimaging 

probes as applied for 

magnetic resonance 

imaging and therapy 

Cai et al. [169] 

Redox ferrocene (Fc) 

modified PEI multilayers 

with tunable stiffness by 

using a LBL self-

assembly method 

Cell culture matrices Controlling the 

interaction between cells 

and the substrate 

Sun et al. [170] 
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7. Conclusions  

      Polyethyleneimine is widely used in multiple sectors as a detergent, adhesive and water 

treatment agent, amongst others.  It is extensively researched for use in biomedical sciences 

and for use in drug delivery.  Here, the various synthetic approaches to linear PEI and branched 

PEI have been considered before the physical properties of both forms of PEI, such as solid-

state and behavior in aqueous and non-aqueous solutions, were discussed. As a major limitation 

to the widespread adoption of PEI in medicine, the toxicity of PEI has been assessed using a 

variety of techniques, including cytotoxicity, slug mucosal irritation (SMI) and cytogenomic 

testing. To mitigate these adverse effects of the polymer, researchers have developed multiple 

chemical and structural modifications to PEI through varied chemistries.  In general terms, the 

PEI derivatives tend to have improved biocompatibility, transfection efficiency, solubility and 

reduced toxicity, predominantly by effectively removing (substituting) amine groups from the 

PEI structure. PEI and its modified polymers have been explored for multiple pharmaceutical 

and biomedical applications ranging from gene delivery vectors to mucoadhesive formulation 

excipients to transdermal drug delivery adjuvants, as antibacterial agents, for hydrogels as well 

as a scaffold for tissue stem cell engineering and wound healing. Given the breadth and depth 

of studies, it is clear that PEI and in particular its modifications will have an expanding role in 

pharmaceutical and biomedical sciences. 
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ABSTRACT 

Physically crosslinked cryogels can be prepared using linear polyethyleneimine (L-PEI) and a 

freeze-thawing technique. L-PEI was synthesized by hydrolysis of poly(2-ethyl-2-oxazoline) 

under acidic conditions. Dissolution of L-PEI in deionized water was achieved at 80 oC and 

resulted in a transparent solution, leading to an opaque gel forming upon freezing and 

subsequent thawing. The cryogels exhibited reversibility and after heating at 80 oC formed a 

clear solution due to the melting of the crystalline domains of L-PEI. The effects of different 

cooling temperatures and the use of various solvent compositions on L-PEI gelation were also 

studied. L-PEI cryogels were produced by freezing aqueous solutions to various temperatures 

(-196, -80, -30, and 0 °C) for 3 h and subsequent thawing at 25°C for 24 h. Gel rigidity 

correlated with the freezing temperature and was strongest when cooled to -196 oC, consistent 

with determinations of the degree of crystallinity in the gels, the enthalpy of fusion and 

rheological behaviour. The effect of solvent mixtures on the crystallinity and rheological 

properties of L-PEI cryogels was also investigated. Water/ethanol mixtures containing a higher 

proportion of ethanol significantly reduced the strength, viscosity and degree of crystallinity of 

the L-PEI cryogels. Thus, by controlling the freezing temperature or modifying the solvent, L-

PEI cryogels can be designed with desired mechanical properties for applications ranging from 

cell immobilisation and tissue culture scaffolds to drug delivery systems or antimicrobial 

wound dressings. 
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1. INTRODUCTION 

       Polymeric gels are extensively used for biomedical applications due to their flexibility, 

high water content, biocompatibility, and softness 1. They are also widely used in drug delivery 

systems, chromatography, as immobilization matrices, for biomedical scaffolds and in wound 

healing products. Gels are defined as three-dimensional cross-linked polymer networks, which 

are swollen in solvents 2, 3. Networks swollen in water provide hydrogels, whereas those 

swollen in organic solvents are organogels. Polymeric gels are broadly classified as physical 

and chemical gels. Physical gels can be prepared through physical crosslinking of polymer 

chains via hydrophobic effects, ionic or hydrogen bonds and through the formation of 

crystallites within the network. Physical gels commonly re-dissolve upon changes in 

environmental conditions such as temperature, ionic strength, and pH.  In contrast, chemical 

gels form by cross-linking through covalent bonds, leading to irreversibly insoluble networks 

4.  

Cryotropic gelation has been used to prepare physically cross-linked gels by freezing 

and subsequent thawing aqueous solutions of poly(vinyl alcohol) (PVA)5. PVA cryogels form 

via hydrogen bonds between PVA chains in the unfrozen phase, leading to microcrystalline 

domains that act as crosslinks 6. PVA cryogels can be prepared from water or dimethyl 

sulfoxide (DMSO)7; with DMSO as the solvent, transparent gels formed whereas  opaque PVA 

cryogels were formed from aqueous solutions 8. The properties of PVA cryogels depended on 

multiple factors including the molecular weight and concentration of PVA in the initial 

solution, additives, the solvent from which they were formed, the cryogenic conditions 

(temperature and time of freezing, rates of thawing) and on the number of freezing and thawing 

cycles 7, 9.   

Physically crosslinked cryogels with antimicrobial properties and surface charge 

control would be beneficial for biomedical, wound healing, and pharmaceutical applications. 

Due to the nonionic nature of PVA, its physically cross-linked cryogels do not exhibit 

antimicrobial properties. Therefore, physical cryogels based on cationic polymers are of 

interest for antimicrobial applications.  

Polyethyleneimine (PEI) is a cationic polymer consisting of two carbon aliphatic (-

CH2CH2-) spacer groups and primary, secondary and tertiary amine groups in each repeating 

unit. PEI is either linear or branched, which differ in structure and some properties 10. In linear 

PEI all amine groups are secondary whereas branched PEI has primary, secondary and tertiary 
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amine groups. Branched PEI is usually synthesized by ring-opening polymerization of aziridine 

and L-PEI can be prepared by hydrolysis of poly(2-ethyl-2-oxazoline) under acidic or basic 

conditions to eliminate all the amide groups in the side chains 11,12. Branched PEI is an 

amorphous polymer that is readily soluble in water13, whereas L-PEI is semi-crystalline and 

only dissolves in water at high temperatures13, 14. Chantani et al.14 demonstrated that 

temperatures > 60 oC lead to increased chain mobility of L-PEI, resulting in the melting of 

crystallites and eventual dissolution in water 15. PEI is used in a wide range of applications, 

including gene delivery16, pharmaceutical10, antimicrobial17,18 and enviromental applications19.  

Branched PEI cannot be used to prepare physically crosslinked hydrogels via cryo-gelation 

techniques, but it may form hydrogels through covalent cross-linking with various reagents, 

such as epichlorohydrin, diglycidyl ethers of glycols, and glutaraldehyde20, 21. In contrast, L-

PEI is capable of forming physically crosslinked hydrogels, as shown by Yuan et al 22. They 

reported gelation of L-PEI in water by cooling its hot aqueous solutions to room temperature, 

forming physical or thermoreversible gels22. This work provided new opportunities for the 

development of L-PEI hydrogels as a potential candidate for biorelated applications such as 

scaffolds for cell culture and controlled drug delivery 22.  

To the best of our knowledge, there are no reports in the literature on L-PEI cryogels 

formed by freezing and subsequent thawing of its aqueous solutions. Thus, the fabrication of 

physically crosslinked cryogels based on L-PEI via cryotropic gelation has advantages, since 

this method does not require the use of cross-linkers or initiators.  Therefore, the purpose of 

this study was to develop L-PEI as physically crosslinked cryogels using a freeze-thawing 

technique and to study the influence of cooling temperature and solvent composition on 

thermal, crystallinity, and rheological properties of these systems.   

 

2. EXPERIMENTAL SECTION 

2.1.Materials 

Poly(2-ethyl-2-oxazoline) (50 kDa), deuterated methanol (CD3OD) and sodium 

hydroxide, hydrochloric acid and ethanol were purchased from Merck (Gillingham, UK). All 

other chemicals were of analytical grade and used without further purification.  
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2.2. Synthesis of L-PEI 

L-PEI was synthesized by hydrolysis of poly(2-ethyl-2-oxazoline) as described by Shan 

et al 23. Briefly, 10 g of poly(2-ethyl-2-oxazolines) (PEOZ) was dissolved in 100 mL of 18.0 

% (w/w) hydrochloric acid and then refluxed at 100 oC for 14 h to remove all amide groups in 

the side chains. The PEI solution obtained in hydrochloric acid was then diluted with cold 

deionized water (500 mL). Cold aqueous sodium hydroxide (4M) was added dropwise to the 

suspension until the polymer dissolved, but with further addition of 4 M sodium hydroxide, the 

base form of L-PEI precipitated at pH 10 - 11 11. The precipitate was recovered by filtration, 

washed with deionized water and re-precipitated twice before drying under vacuum to obtain 

L-PEI as a white power (yielding 3.8 g (88.4 %)).  

 

2.3. General Method to Prepare Cryogels from L-PEI  

5 % (w/w) L-PEI cryogels were prepared by a freezing and thawing method. For each 

cryogel, 100 mg of L-PEI powder was dispersed in 2 mL of deionized water. All samples were 

then heated at 80 oC until clear solutions were formed. The L-PEI solutions were then frozen 

for 3 h before being placed in an incubator at 25 oC for 24 h to thaw. As a reversibility control, 

the cryogels were re-heated at 80 oC until they formed a clear solution. The cryogels and 

reversible control were characterised using X-ray diffraction. All samples were prepared in 

triplicate.   

 

2.4. Effect of Thawing Temperature on the Formation of L-PEI Cryogels  

5 % (w/w) L-PEI cryogels were prepared as above and were all frozen at -80 oC for 3 

h. Samples were then allowed to thaw at various temperatures between 20 – 80 oC for 24 h.   

 

2.5. Effect of Different Freezing Temperatures on Physicochemical Properties of L-PEI 

Cryogels  

Cryogel solutions were prepared as above and then cooled to various temperatures (-

196 oC, -80 oC, -30 oC and 0 oC) for 3 h followed by thawing in an incubator at 25 oC for 24 h. 

Cooling used liquid nitrogen (-196 oC) and controlled temperature freezers at -80 oC and -30 

oC. In addition, L-PEI solution was placed in normal ice to cool to 0 oC.  
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2.6. Effect of Solvent on the Formation and Physicochemical Properties of L-PEI 

Cryogels 

Firstly, 100 mg of L-PEI was added to 2 mL ethanol-water mixtures.  Ethanol-water 

mixtures that generated suspensions were heated at 80 oC in a water bath to form clear solutions 

whereas samples in which L-PEI readily dissolved were prepared using a vortex mixer at room 

temperature. The solutions were then cooled at -80 oC for 3 h followed by thawing in an 

incubator at 25 oC overnight. The rheological properties of the cryogels were characterised 

using a Brookfield rheometer (DV II, Germany). Samples of all cryogels were dried in a 

vacuum oven at 40 oC until constant weight and then characterised using FTIR spectroscopy 

and X-ray diffractometry. All samples were investigated in triplicate. 

 

2.7. 1H-Nuclear Magnetic Resonance Spectroscopy (1H-NMR) 

         After dissolving 20 mg of dried PEOZ and L-PEI in methanol-d4, 
1H NMR data were 

collected using a 400 MHz ULTRASHIELD PLUSTM B-ACS 60 spectrometer (Bruker, UK). 

Spectral analysis used MestReNova software.  

 

2.8. Fourier Transformed Infrared (FTIR) Spectroscopy 

       Solid samples of PEOZ, L-PEI and dried L-PEI cryogels were scanned from 4000 to 400 

cm-1 at 4 cm-1 resolution using a Nicolet iS5-iD5 ATR FT-IR spectrometer (Thermo Scientific, 

UK). Data was processed based on the average of six scans per spectrum. 

 

2.9. Rheology 

The rheological properties of L-PEI cryogels were evaluated using a strain-controlled 

rheometer (TA Instruments) fitted with a plate−plate geometry (25 mm diameter).  The storage 

modulus (G´), loss modulus (G´´) and complex viscosity (η*) were recorded as a function of 

temperature from 20 to 80 oC for gel-sol transition experiments. The η* was calculated 

according to equations (1) and (2).  In addition, the oscillation frequency mode was used to 

measure G´, G´´ and complex viscosity (η*) at 25 oC for cryogels prepared at different cooling 

temperatures. The following conditions were used in these experiments: a strain of 0.5%, a gap 

of 0.5 mm, constant frequency of ω = 6.28 rad/s to establish the linear viscoelastic region and 

a frequency sweep in the range of 0.01–100 Hz 24.  
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η* = G*/ɷ     (1), 

G* =√G´2 + G´´ 2     (2),  

where η* is the complex viscosity, which is a measure of the total resistance to flow as a 

function of angular frequency (ω) given by the quotient of the maximum stress amplitude and 

maximum strain rate amplitude. G* is the complex shear modulus which allows the viscous 

and elastic components contributing to the total material stiffness.  

The viscoelastic behavior of samples was quantified through dynamic measurements in 

terms of relative phase angle (tan δ = G´´/ G´, where δ was the loss angle). If tan δ is <1 then 

this indicates predominantly elastic behavior and a tan δ >1 shows predominantly viscous 

behavior 25.   

 

2.10. Differential Scanning Calorimetry (DSC) 

   Thermal analysis of samples was performed using DSC (TA Instruments, Germany). 

Dried L-PEI powder (~3 mg) was loaded into pierced Tzero aluminum pans, whereas wet 

cryogel samples (~3 mg) were loaded into non-pierced Tzero aluminum pans to prevent 

evaporation of the water. The thermal behaviour of each sample was investigated from 30 to 

100 oC at 10 ◦C/min in a nitrogen atmosphere. The values of the melting (Tm) and enthalpy of 

samples were determined. All samples were analysed in triplicate.   

 

2.11. X-ray Diffraction Analysis (XRD) 

Wet or dried L-PEI crygels were placed on a silica slide and analyzed in a Bruker D8 

ADVANCE PXRD equipped with a LynxEye detector and monochromatic Cu Kα1 radiation 

(λ = 1.5406 Å). Samples were rotated at 30 rpm and data collected over an angular range of 5 

- 60 o 2θ for 1 h, with a step of 0.05o (2θ) and count time of 1.2 s. The results were analyzed 

using Origin software. All samples were analysed in triplicate.  

From the data, the percentage of crystallinity (χ) and crystallite size (P) were calculated 

according to equations (3) and (4), as follows 26: 

𝛘 =  
∫ 𝑨𝒄

(∫ 𝑨𝒄+∫ 𝑨𝒂)
   (3), 
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where Ac and Aa are the values of area under the peaks corresponding to crystalline and 

amorphous phases, respectively.  

𝑷 =  
𝑲𝜆

𝜷𝒄𝒐𝒔𝞱
   (4), 

where P is the mean size of the ordered (crystalline) domains, K is 0.9 (Scherrer's constant), λ 

is the X-ray wavelength (0.15406 nm), β is peak full width at half maximum (FWHM, radians), 

θ is the Bragg angle that is obtained from the peak position (radians). 

 

2.12. Scanning Electron Microscopy (SEM) 

SEM was used to investigate the porous structure of L-PEI cryogels. Briefly, samples 

of freeze-dried cryogel samples were examined using a FEI Quanta 600 FEG SEM microscope 

(Field Electron and Ion Company, USA) with an acceleration voltage of 20 kV. Samples were 

coated with gold sputter to facilitate high resolution imaging.  

 

2.13.  Swelling Analysis  

Freezed-dry L-PEI cryogels were placed into petri dishes with 40 mL of deionised water 

at 25 oC. The petri dishes were then placed on graph paper and changes in the sizes of the dry 

cryogels were measured over time. The diameter of each sample was measured 5 times in 

different directions and mean ± standard deviation values were calculated. The swelling ratio 

of L-PEI cryogels was calculated according to equation (5): 

Swelling ratio =  diameter of swollen gels/diameter of dry gels 

 

2.14. Statistical Analysis  

Results are presented as mean ± standard deviations for no fewer than three independent 

experiments. Student’s t-test and one-way ANOVA was used for the analysis of the data to 

determine the extent of any differences between cryogel preparation methods. 

 

3. RESULTS AND DISCUSSION 

3.1. Formation of Physically Crosslinked Cryogels based on L-PEI  

To prepare our initial L-PEI cryogels, the polymer was first dissolved at 80 oC in water 

in order to break crystalline domains before freezing at -80 oC, followed by subsequent thawing 

at room temperature (25 oC), forming stable cryogels (Figure 1).  It is known that L-PEI 
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exhibits water-induced phase transitions between four types of crystalline hydrates, dependent 

on the amount of absorbed water; anhydrate (EI monomer unit:water molecules = 1:0), 

hemihydrate (1:0.5), sequihydrate (1:1.5) and dihydrate (1:2) 27. The polymer chain 

conformation changes from a double helix in the anhydrate to a planar-zigzag form in the hemi-

, sesqui- and dihydrate forms. In brief, the PEI double helix forms via intermolecular NHN 

hydrogen bonds. When water molecules are absorbed into the lattice, NHO and OHN bonds 

form between zigzags of PEI chains and water molecules 28. In this study, L-PEI cryogels in 

water formed a dihydrated structure due to the high absorption of water molecules into L-PEI 

lattices (determined by XRD, see below). In addition, thermal cycling promotes physical 

crosslinking via the formation of structured crystalline domains of the polymer chains through 

phase separation. Several phases form during the thermal cycling process. Initially, as the gel 

cools to low temperatures the water phase freezes. This creates regions of high polymer 

concentration which can thus form crystallites and regions of low polymer concentration 

resulting in pore formation. The frozen gel was then thawed at room temperature to obtain 

interconnected macro-porous gels 29. Whilst formation of physically crosslinked cryogels from 

L-PEI using freezing and thawing method has not been previously reported, it is likely that the 

mechanisms are similar to those in PVA cryogels 30. Lozinsky et al. 31 found that PVA cryogel 

rigidity increased with increasing concentrations of PVA, due to the increase in hydroxyl 

groups for intermolecular hydrogen bonds. Hassan and Peppas 32 reported that increasing the 

concentration of PVA resulted in a highly stable gel due to the high degree of crystallinity and 

lower secondary crystallization. Caló et al.8 reported poly(vinyl alcohol)-Gantrez® AN 

cryogels formed by a freezing and thawing technique. Inter- and intra-chain hydrogen bonding 

formed more rapidly in the unfrozen liquid micro-phases where the reagents were more highly 

concentrated by the formation and expansion of solvent crystals during freezing.  Subsequent 

thawing resulted in a network of interconnected pores within the cryogel internal structure 

which influenced the physical and mechanical properties of the samples. 

Reversibility of our L-PEI cryogels, shown by reheating the gel at 80 oC which formed 

a transparent solution, confirms their physical rather than chemical crosslinking (Figure 1).   
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Figure 1. Solution – gel – solution transition of L-PEI cryogels.  The solution is initially heated 

to 80 C forming a transparent solution.  After freezing at - 80 oC for 3 h and then thawing at 

room temperature, an opaque gel is produced which, on subsequent heating to 80 C, returns 

to a transparent solution (a).  Appearance of L-PEI cryogels (b).  

        Evidence for crystalline domains was obtained by X-ray diffractometry.  The L-PEI 

starting material showed diffraction peaks at 2θ = 18, 20, and 28°, in agreement with literature 

reports for the hemihydrated crystalline structure of PEI 22. The cryogels provided diffraction 

peaks at 2θ = 20, 27, and 28° (Figure 2), typical for the dihydrate crystalline state 16, 19. The 

formation of physical cryogels based on L-PEI is caused by the change in polymer chain 

conformation from a double helix in the anhydrate to a planar-zigzag as water molecules are 

absorbed into the L-PEI lattice, and the formation of NHO and OHN bonds between the 

zigzag PEI chains and water molecules 28.  Further, when the cryogels were re-heated at 80 oC, 

again forming a clear solution, the diffractogram showed no evidence of crystalline domains 

due to their melting caused by the breakdown of hydrogen bonds at high temperatures. Yuan 

et al 22 reported gelation of L-PEI following heating of L-PEI solutions at 80 oC and then 

cooling to room temperature. Again, gel formation was attributed to crystallization of L-PEI 

and they showed that the L-PEI used to prepare gels was semi-crystalline whereas their 5% L-

PEI hydrogel gave the same diffraction pattern as our cryogels, with PEI in a dihydrate 

crystalline state.  

Heating Heating Freezing/thawing 
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Figure 2. X-ray diffraction patterns for dry L-PEI (a) and wet cryogel prepared from L-PEI 

solution (b) and this sample after heating (to solution) at 80 oC (c).  

 

3.2. Effect of Different Freezing Temperatures on Thermal, Crystallinity and Rheological 

Properties of Cryogels based on L-PEI 

Given the role of phase separation in cryogel formation, we anticipated that the size of 

ice crystals formed during freezing L-PEI solutions would affect the mechanical and physical 

properties of the cryogels. Specifically, the rate and extent of freezing could affect both PEI 

crystallization and the pore size resultant from ice crystals. Ceylan and Okay 33 previously 
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reported the effect of freezing temperature on the properties of gels prepared by solution 

crosslinking of butyl rubber in frozen benzene solutions using sulfur monochloride as a 

crosslinking agent. Therefore, the effect of freezing conditions on the physical properties of L-

PEI cryogels was evaluated in this work. 

Figure 3 shows X-ray diffractograms of dry L-PEI and L-PEI cryogels produced when  

polymer solutions were frozen to  -196 oC, -80 oC, - 30 oC and 0 oC, respectively. The XRD 

patterns of all cryogels were in agreement with the above results, giving peaks at 2θ = 20 o, 27 

o and 28o typical for the dihydrate crystalline form (EI:H2O = 1:2).  

 

Figure 3. X-ray diffraction spectra of dry L-PEI (a) and wet L-PEI cryogels prepared at 

various freezing temperatures: -196 oC (b), -80 oC (c), -30 oC (d) and 0 oC (e).  

 

The degree of crystallinity of L-PEI in cryogels can be estimated using the area under 

the sharp (crystalline) peaks over the total area and was clearly dependent on the freezing 

temperature; crystallinity within the samples increased as the freezing temperature fell, with 

over 1.6 % crystallinity seen when the solutions were rapidly frozen at -196 oC.  (Table 1). As 

expected, the size of the crystallites also reduced when frozen more rapidly since molecular 
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mobility is hindered at lower temperatures. This inhibits crystallite growth resulting in a greater 

number of smaller crystallites when frozen rapidly to -196 oC compared to the larger but fewer 

crystallites when frozen to 0 oC.  These results are in good agreement with other studies28, 29. 

A lower freezing temperature contributed to smaller cryogel crystals and a smaller cross-

section of macropores within the gel 34.  

 

Table 1. Enthalpy, degree of crystallinity and mean crystal size of L-PEI cryogels prepared           

at different freezing temperatures. 

Freezing  

temperature (
o
C) 

Enthalpy   

(∆H, J/g) * 

Degree of  

crystallinity  

(%)** 

Mean crystal  

size 

(nm)** 

Dry L-PEI 94.2 ± 14.9 30.8 ± 0.39 3.50 ± 0.03 

-196 10.7 ± 0.2 1.65 ± 0.10 0.73 ± 0.07 

- 80 9.8 ± 0.8 1.51 ± 0.18 0.76 ± 0.03 

- 30 9.2 ± 0.1 1.17 ± 0.22 0.78 ± 0.02 

0 7.7 ± 1.7 1.00 ± 0.14 0.83 ± 0.08 

               *Determined from DSC experiments. 

               **Determined from XRD experiments. 

 

Figure 4A shows DSC thermograms of L-PEI and L-PEI cryogels produced when 

frozen to -196 oC, -80 oC, - 30 oC and 0 oC, respectively. It is known that dry L-PEI exhibits a 

sharp endothermic transition at 66.9 C, which corresponds to melting of its crystalline domains 

and the melting temperature of L-PEI correlated to a report of Shan et al. 23  All thermograms 

of L-PEI cryogels also show this endothermic event around this temperature, but the peaks are 

broad and potentially show two overlapping events, one from melting of crystalline domains 

as above and a second thermal event with an earlier onset possibly due to thermal dissociation 

of intermacromolecular hydrogen bonds. The area under the endothermic peak was calculated 

to provide the enthalpy of these processes (Table 1). The enthalpy of L-PEI melting was 94.2 

J/g, whereas L-PEI cryogels exhibited the highest enthalpy values when frozen at -196 oC, 

followed by -80, -30, and 0 oC with a linear correlation (R2=0.9035) between the enthalpy 

values and the XRD-determined degree of crystallinity (Figure 4B). 
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(A) 

 

(B) 

Figure 4. DSC thermograms of dry L-PEI (a) and wet L-PEI cryogels prepared at various 

freezing temperatures: -196 oC (b), -80 oC (c), -30 oC (d) and 0 oC (e)(A) and correlation 

between enthalpy (J/g) and degree of crystallinity (%) (B). 
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The porous structure of freeze-dried L-PEI cryogel samples generated at various 

freezing temperatures was investigated using scanning electron microscopy (SEM). Figure 5 

shows SEM images of selected cryogel samples. The results indicate that all L-PEI cryogels 

have a macroporous structure, with highly interconnected pores. Unfortunately, due to the 

irregular shape of the pores, average pore size could not be determined. However, these images 

indicate that the freezing temperatures does not radically change the porosity of the samples. 

 

Figure 5. SEM images of freeze-dried L-PEI cryogels prepared at various freezing 

temperatures: -196 oC (a), -80 oC (b) and 0 oC (c). 

 

Initially, an attempt was made to study the swelling properties of freeze-dried cryogels 

using a gravimetric technique. However, once immersed in deionised water, the cryogels 

rapidly lost their integrity and disintegrated during sample handling. The swelling and 

mechanical properties of these samples are very different to the cryogels based on PVA-

Gantrez® AN, reported by Caló and co-workers 8.  L-PEI cryogels are more fragile and can 

easily disintegrate upon swelling, whereas PVA-Gantrez® AN were highly elastic and achieve 

high swelling ratios. Therefore, a less invasive approach was subsequently used with visual 

inspection of changes to L-PEI cryogel volumes. Figure 6 presents the changes in the 

appearance and swelling ratio of dry L-PEI cryogels prepared at different freezing temperatures 

during swelling in deionised water. In general, swelling ratios were modest with no significant 

changes over the first 6 h for any given cryogel or between cryogels prepared at different 

freezing temperatures. After 24 h, the material prepared by freezing at 0 oC gave a significantly 

greater swelling ratio than that prepared at -196 oC (p < 0.05), and this sample, produced at the 

lowest temperature, had increased swelling at 24 h compared to its initial size.  These modest 

changes are consistent with the SEM data: the similarity in sample porosity results in similar 

swelling behaviour.   
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(A) 

 

 

(B) 

Figure 6. Swelling of freeze-dried L-PEI cryogels prepared at different freezing temperatures: 

-196 oC (a), - 80 oC (b) and 0 oC (c) in deionised water: physical appearance (A) and swelling 

ratios (B). Statistically significant differences are given as: * - p < 0.05; ns - no significance. 

Time (h) 
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The rheological behaviour of L-PEI cryogels prepared at the different freezing 

temperatures was studied in an oscillation frequency mode at 0.1 to 100 Hz with a fixed strain 

of 0.5% (Figure 7). The results demonstrated that freezing temperature affected the elastic 

behaviour of L-PEI cryogels. The storage (or elastic) modulus values (G') of all the samples 

was greater than the loss (also known as the viscous) modulus (G″) over the whole frequency 

range, demonstrating predominantly gel-like rheological behavior. The storage modulus has 

been used to predict the stiffness of a material 29, 30 and so the greater G' values seen with 

samples produced at lower freezing temperatures indicates increased mechanical strength. 

Likewise, the loss modulus (G′′) generally increased as the freezing temperature declined.  

However, between 0.1 and ~1 Hz, the loss modulus fell for all samples and then rose again 

with increasing oscillation frequency up to 100 Hz due to reduction in the intermolecular 

hydrogen bonding as the cryogels were disrupted. Consequently, the complex viscosity (η*)  

fell as oscillation frequency increased from 0.1 to 100 Hz, which is consistent with the 

reduction in the intermolecular hydrogen bonding as a result of disruption of the cryogels.  Our 

rheological data correlates well with that from X-ray diffraction and thermal analysis. 

Comparison of the degrees of crystallinity values with the rheological properties of the samples 

indicates that mechanically stronger gels are more crystalline; the crystallites act as physical 

cross-linking junctions and also smaller water crystals formed at lower freezing temperature 

resulting in smaller pores in the cryogels. Lozinsky 35 also reported that preparing physically 

crosslinked polysaccharide cryogels at lower freezing temperatures resulted in increased gel 

strength.   
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Figure 7.  Storage (G') and loss (G”) modulus (a), and complex viscosity (η*, b) of L-PEI 

cryogels prepared at different freezing temperatures. 
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The storage modulus (G′), the loss modulus (G″) and complex viscosity (η*) of L-PEI 

cryogels were investigated as a function of temperature from 20 to 80 oC. Figure 8 shows the 

effect of temperature on the rheological properties of L-PEI cryogels prepared at different 

freezing temperatures.  As expected, both the storage and loss modulus values as well as shear 

viscosity fall with increasing temperature.  Interestingly, the G′, G″ and η* data suggest that 

the cryogels are essentially liquid at 60 oC.  Our thermal analysis (Figure 4) showed L-PEI 

melting at ~67 oC, though the onset for the melt was earlier.  Thus, it may be that the gel-sol 

transition seen by rheology is predominantly driven by disruption of the intermacromolecular 

hydrogen bonds before melting of the polymer crystalline domains.  To explore this further, 

the relative phase angle (tan δ = G″/ G′, where δ was the loss angle) was calculated (Figure 8 

c). When tan δ is lower than 1, then this indicates predominantly gel behavior whereas values 

higher than 1 reflect viscous or liquid behavior 25.  The data show a gradual increase in phase 

angle between 60 and 70 oC, and only exceeds a value of 1 beyond the melting temperature of 

L-PEI. This indicates that, whilst gel structure is initially lost by disruption of the 

intermolecular hydrogen bonds, the cryogels retained some structural organisation from the 

crystalline domains until melting where the systems were truly liquid. However, the rheological 

data demonstrates that it is the hydrogen bonds that are predominantly responsible for the 

structural integrity of the cryogels.  
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Figure 8. Storage (G') and loss (G”) modulus (a), complex viscosity (η*, b) and relative 

phase angle (c) of L-PEI cryogels, prepared at different freezing temperatures, as a function 

of temperature. 
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3.3. Effect of Solvent Composition on Formation, Crystallinity and Rheological 

Properties of Cryogels based on L-PEI 

The influence of solvent composition on the formation and physicochemical properties 

of L-PEI cryogels was explored. L-PEI was dissolved in ethanol-water mixtures before freezing 

at -80 oC for 3 h, and subsequent thawing at 25 oC.  Dissolving L-PEI in ethanol alone did not 

result in the formation of cryogels; our samples were cooled to -80 oC whereas the freezing 

point of ethanol is -115 oC (Table S2). However, L-PEI in mixtures of water with ethanol did 

form gels. With increasing ethanol content, the gels became softer, probably due to reduced 

intermolecular hydrogen bonding between L-PEI macromolecules because of competition with 

solvent molecules (Figure 9). The transition from hard to soft gels was associated with a 

decrease in gel viscosity as the concentration of ethanol in the solvent mixtures increased. 

These results also correspond with literature reports that increasing concentrations of alcohol 

in aqueous mixtures decreased both rigidity and fusion temperature of PVA cryogels 9.  

 

Figure 9. Viscosities of L-PEI samples following their freezing and thawing in different 

ethanol/water mixtures and images of samples prepared at 20 % (a), 50 % (b) and 100 % (c) 

EtOH.  
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As described above, L-PEI starting material was shown to be a hemihydrate which then 

reverted to a dihydrate structure when formed into a hydrogel from water.  When dried to 

constant weight, these samples transitioned to a sesquihydrate (EI: H2O = 1:1.5), with further 

diffraction peaks at 2θ = 24 and 25o (Figure 10a).  These findings are consistent with data 

from Hashida and Tashiro 36 who demonstrated that PEI exhibits water-induced phase 

transitions between four crystalline hydrates: anhydrate (El/water=1/0), hemihydrate (1/0.5), 

sesquihydrate (1/1.5), and dihydrate (1/2). From the diffraction patterns, the L-PEI and dried 

L-PEI cryogels were estimated to have a crystallinity of 31 and 40 %, respectively (Table S3), 

similar to studies of Lázaro-Martnez et al. 37. The increased crystallinity of dried L-PEI 

cryogels when compared to L-PEI may result from intermolecular hydrogen bonding between 

NHO and OHN in L-PEI molecules. 

Figure 10b shows the XRD patterns of dried (to constant weight) L-PEI cryogels 

prepared in various ethanol/water mixes, with significant peaks at 2θ = 20, 24, 25, 27, and 28°. 

The sample from 100% ethanol did not form a cryogel but was dried to constant weight giving 

a diffraction pattern consistent with the starting L-PEI (as a hemihydrate). The diffraction peaks 

in the dried hydrogels are in agreement with the typical pattern of sesquihydrates, consistent 

with the literature 36 and with the pattern resulting from the dried cryogel produced from water 

alone. The degree of crystallinity of L-PEI in the dried cryogels tended to decrease (p < 0.05) 

as the concentration of ethanol in L-PEI ethanol/water mixtures increased, and was significant 

(p < 0.05) when comparing the gel produced from water (39.9% crystalline) and when 

recovered from ethanol alone (31.5 %) (Figure 10c). It is feasible that ethanol either competes 

with, or interferes with, the intermolecular hydrogen bonding between NHO and OHN in 

L-PEI.  
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Figure 10. XRD spectra of L-PEI, wet and dried to constant weight L-PEI cryogels formed 

from water (a); XRD spectra (b); and degree of crystallinity (c) of dried L-PEI cryogels 

prepared from different ethanol/water mixtures.  Sample prepared from 100% ethanol did not 

form a gel but was dried and resulted in the same diffraction pattern as the starting L-PEI (as 

in Figure 10a).   
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4. CONCLUSIONS 

Cryogels based on L-PEI were formed by freeze/thaw processing of concentrated L-PEI 

solutions in water. The physically crosslinked cryogels were also validated by demonstrating 

that they formed a clear solution upon heating to 80 oC due to the melting of the L-PEI 

crystalline domains. L-PEI cryogels were found to have a higher enthalpy, crystallinity, and 

strength when cooled to temperatures below 0 oC. Additionally, increasing ethanol content in 

water-ethanol mixture used to prepare L-PEI cryogels resulted in a decrease in mechanical 

strength, crystallinity, and viscosity. This could be because the intermolecular hydrogen bonds 

between NHO and OHN in L-PEI decreased, most likely due to hydrogen bond competition 

from the solvent molecules. This study demonstrates that the physical properties of L-PEI 

cryogels can be manipulated by controlling the cooling rate and solvent composition used to 

form the cryogels. Hence, due to the unique chemical and physical properties of L-PEI, these 

novel physical cryogels have potential for biomedical and antimicrobial applications.  
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Figure S1. 1H NMR spectra of PEOZ (a) and L-PEI (b) in methanol-d4.  

 

 

 

 

Figure S2. FTIR spectra of PEOZ (a) and L-PEI (b).  
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Figure S3. Effect of thawing temperatures on the formation of L-PEI cryogels. 
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Figure S4. Effect of temperature on rheological behaviour of L-PEI cryogels. 
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Figure S5. FTIR spectra of dried L-PEI cryogels with different alcohol/water mixtures. 
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Table S1. FTIR peaks of dried L-PEI cryogels with different alcohol/water mixtures. 

Functional groups of L-PEI 

cryogels in mixture between 

water and alcohol ratios 

IR bands (cm-1) 

r(CH2) + 

r(NH) + 

r (OH) 

w(CH2) + 

t(CH2)  

va (CH2)  vs(CH2) v(NH) 

Anhydrate L-PEI 856 [1] 1281[1] 2877[2] 2807[2] 3219[2] 

Hemihydrate L-PEI 876[1] 1289[1] 2909[2] 2821[2] 3267[1] 

Sequihydrate L-PEI 876[1] 1289[1] 2909[2] 2837[2] 3259[2] 

Dihydrate L-PEI 918[1] 1282[1] 2911[2] 2848[2] 3271[2] 

L-PEI 873 1280 2905 2821 3268 

100: 0 872 1279 2905 2836 3255 

10: 90 871 1277 2905 2819 3265 

30: 70 872 1277 2905 2820 3267 

50: 50 872 1278 2905 2820 3266 

70: 30 872 1278 2904 2819 3265 

0: 100 872 1278 2905 2820 3266 

Where r = rocking mode, ω =wagging mode, t = twisting mode, ν= stretching mode, va = 

antisymmetric and vs = symmetric.  

Source Hashida et al.[1] and Kakuda et al. [2] 

 

 

Table S2. Freezing point of water/ethanol mixture solvent  

Water : Ethanol Freezing point (oC) 

100: 0 0 

90 : 10 -4 

80 : 20 -9 

70 : 30 -15 

60 : 40 -23 

50 : 50 -32 

40 : 60 -37 

30 : 70 -48 

20 : 80 -59 

10 : 90 -73 

0 : 100 -115 
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Table S3. Degree of crystallinity and average size of crystals of L-PEI and dried L-PEI  

cryogels.  

Sample Degree of  

crystallinity  

(%) 

Average size of crystals  

(nm) 

L-PEI  30.79 ± 0.30 3.50 ± 0.03 

Dried L-PEI cryogels 39.96 ± 0.78 3.60 ± 0.05 
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Abstract  

This study aimed to develop novel elastic films based on chitosan and poly(3-hydroxypropyl 

ethyleneimine) or P3HPEI for the rapid delivery of haloperidol. P3HPEI was synthesized using 

a nucleophilic substitution reaction of linear polyethyleneimine (L-PEI) with 3-bromo-1-

propanol. 1H-NMR and FTIR spectroscopies confirmed the successful conversion of L-PEI to 

P3HPEI, and the physicochemical properties and cytotoxicity of P3HPEI were investigated. 

P3HPEI had good solubility in water and was significantly less toxic than the parent L-PEI. It 

had a low glass transition temperature (Tg = −38.6 °C). Consequently, this new polymer was 

blended with chitosan to improve mechanical properties, and these materials were used for the 

rapid delivery of haloperidol. Films were prepared by casting from aqueous solutions and then 

evaporating the solvent. The miscibility of polymers, mechanical properties of blend films, and 

drug release profiles from these formulations were investigated. The blends of chitosan and 

P3HPEI were miscible in the solid state and the inclusion of P3HPEI improved the mechanical 

properties of the films, producing more elastic materials. A 35:65 (%w/w) blend of chitosan–

P3HPEI provided the optimum glass transition temperature for transmucosal drug delivery and 

so was selected for further investigation with haloperidol, which was chosen as a model 

hydrophobic drug. Microscopic and X-ray diffractogram (XRD) data indicated that the 

solubility of the drug in the films was ~1.5%. The inclusion of the hydrophilic polymer P3HPEI 

allowed rapid drug release within ~30 min, after which films disintegrated, demonstrating that 

the formulations are suitable for application to mucosal surfaces, such as in buccal drug 

delivery. Higher release with increasing drug loading allows flexible dosing. Blending P3HPEI 

with chitosan thus allows the selection of desirable physicochemical and mechanical properties 

of the films for delivery of haloperidol as a poorly water-soluble drug. 

Keywords: Chitosan, poly(3-hydroxypropyl ethyleneimine), polymer blend, elastic films, 

miscibility, and transdermal drug delivery. 
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1. Introduction  

Buccal drug delivery is commonly used to administer drugs to and through the buccal 

mucosa to provide local or systemic pharmacological effects [1] and has generated interest as 

an alternative to oral drug delivery. The advantages of the buccal route include direct access to 

the systemic circulation via the jugular vein, rapid onset of action, circumventing hepatic first-

pass metabolism, avoidance of gastrointestinal acid-related hydrolysis, increased patient 

compliance (particularly those with dysphagia), and a wide variety of drugs and excipients 

exist that cause little or no mucosal damage or irritation [2]. Mucoadhesive films are 

commercially available and these drug delivery systems can prolong the time spent on the 

mucosa, directly delivering active pharmaceutical ingredient to or through the tissue [2, 3].  

Chitosan, a natural cationic polysaccharide [5], is widely used in numerous 

applications, including drug delivery systems, artificial skin, cosmetics, nutrition, and food 

additives, due to its biocompatibility, biodegradability, adhesivity, antimicrobial properties, 

and film-forming abilities [2,3,4]. Further, chitosan has been reported to improve skin 

penetration and wound healing by increasing the function of inflammatory and repair cells [5–

7] and has been used to control drug release for transdermal [6] or transmucosal [8] delivery. 

However, chitosan-based films have some limitations, including low elasticity and brittleness 

[9]. In addition, the glass transition temperature (Tg) of film-forming polymers affects the drug 

release profile, since temperatures above Tg enable polymer chain movement, which facilitates 

drug release [10]. The physiological temperature of mucosal membranes is ~35–37 °C and 

external skin temperature is ~32 °C [11], whereas chitosan has a high glass transition 

temperature (~131 °C) [9], which can restrict drug release from films applied to these biological 

surfaces. 

The poor mechanical properties and high glass transition temperature of chitosan can 

be moderated by blending with other water-soluble polymers [12]. Blending provides a simple 

and low-cost approach to design materials with tailored properties. For example, improved 

mechanical and mucoadhesive properties of chitosan-based films were achieved by combining 

cellulose ethers and chitosan [13]. Chitosan has also been blended with poly(N-vinyl 

pyrrolidone) [14], poly(ethylene oxide) [15], and poly(vinyl alcohol) [16] to improve 

physicochemical properties. Luo et al. [12] developed elastic films using chitosan–

hydroxyethylcellulose blends (HEC), whereas Abilova et al. [9] developed films using chitosan 

and poly(2-ethyl-2-oxazoline) (PEOZ) blends. The Tg of films based on chitosan and PEOZ 
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decreased from 131 to 63 °C, although the mechanical properties of the resultant films were 

also compromised as the proportion of PEOZ increased [9]. 

Linear polyethyleneimine (L-PEI) is a cationic polymer composed of two aliphatic 

carbon spacer groups (-CH2CH2-) and secondary amine groups in each repeating unit [17]. It 

can be synthesized by hydrolysis of poly(2-ethyl-oxazoline) to remove all amide side chains 

[18,19]. Generally, L-PEI is semi-crystalline [20,21] with a glass transition temperature ~−29.5 

°C [22] and, therefore, appears to be a suitable candidate to blend with chitosan in order to 

improve film mechanical properties and drug release profiles. However, L-PEI only dissolves 

in water at high temperatures [20], forms a gel at room temperature [23], and has been shown 

to cause cytotoxicity [22,24]. The solubility and toxicity of L-PEI is naturally a significant 

concern when considering its use in pharmaceutical and biomedical applications [25]. 

Chemical modifications of L-PEI is one approach to increasing solubility in water and 

decreasing its toxicity [26]. Patil et al. [26] used nucleophilic substitution to synthesize 

hydroxyethyl-substituted linear polyethyleneimine (HELPEI) for the delivery of siRNA 

therapeutics; the cytotoxicity of HELPEI on human bronchial epithelial cells decreased as the 

degree of substitution increased. Here, we selected poly(3-hydroxypropyl ethyleneimine) 

(P3HPEI) as a suitable candidate to blend with chitosan to produce films to deliver haloperidol 

and report, for the first time, its synthesis using nucleophilic substitution reaction of linear 

polyethyleneimine with 3-bromo-1-propanol. 

Haloperidol (HP), an antipsychotic drug, is associated with the side effect of drug-

induced extrapyramidal syndrome (EPS) in conventional monotherapy [27]. It is poorly water 

soluble and is commonly formulated as a solution for oral administration or injections and as 

tablets [18]. The average oral dose of haloperidol ranges from 0.5 to 30 mg per day [28]. 

Further, HP is a BCS class 2 drug, characterized by low solubility but high permeability [29] 

and has poor oral bioavailability (59%) [28]. Consequently, Samanta et al. [27] developed HP-

loaded matrix dispersion films with Eudragit NE 30D as a controlled release transdermal 

dosage form. Gidla et al. [29] developed HP-loaded buccal films to provide rapid onset of drug 

action, with improved patient compatibility and without requiring swallowing. However, HP-

loaded films using Eudragit NE 30D [27] or hydroxypropyl methylcellulose (HPMC) [29] have 

some limitations due to the high glass transition temperature of these polymers, which can 

restrict drug release from the films when applied to skin or mucosal surface. Therefore, loading 

HP in polymer blends where the glass transition temperature (Tg) has been optimized to below 

the temperature of mucosal membranes (~35–37 °C) or external skin (32 °C )[11] can improve 

drug release into mucosal tissue and also improve the mechanical properties of films. 
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Here, we aimed to develop novel elastic films based on chitosan and poly(3-

hydroxypropyl ethyleneimine) or P3HPEI for the rapid buccal delivery of haloperidol. P3HPEI 

was synthesized as a novel water-soluble polymer for pharmaceutical and biomedical 

applications. The physicochemical properties and cytotoxicity of this new material were 

assessed before it was blended with chitosan to fabricate elastic films for the rapid delivery of 

haloperidol, chosen as a model poorly water-soluble drug. Miscibility between polymers and 

the mechanical properties of blend films are reported. An optimal composition of chitosan and 

P3HPEI blend was then selected for drug incorporation and release studies. 

 

2. Materials and Methods 

2.1. Materials 

High molecular weight chitosan (CHI, MW∼310–375 kDa, degree of deacetylation: 

75–85%), poly(2-ethyl-2-oxazoline) (PEOZ, MW∼50 kDa, PDI 3–4), 3-bromo-1-propanol, 

hydrochloric acid solution, fluorescein isothiocyanate (FITC), and haloperidol were purchased 

from Merck (Gillingham, UK), while phosphate-buffered saline (PBS) tablets and sodium 

hydroxide were from Fisher Chemicals (Fisher Scientific, UK). All other chemicals were of 

analytical grade and used without further purification. 

2.2. Synthesis of Linear Poly(ethyleneimine) (L-PEI) 

L-PEI was synthesized by hydrolysis of poly(2-ethyl-2-oxazoline), as described in our 

previous study [17]. Briefly, 10 g of poly(2-ethyl-2-oxazolines) (PEOZ) was dissolved in 100 

mL of 18.0% (w/w) hydrochloric acid and then refluxed at 100 °C for 14 h to remove all amide 

groups in the side chains. The L-PEI solution was then diluted with cold deionized water (500 

mL). Cold aqueous sodium hydroxide (4M) was added dropwise to the suspension until the 

polymer dissolved, with further addition of 4 M sodium hydroxide, the base form of L-PEI 

precipitated at pH 10–11 [30]. The precipitate was recovered by using a vacuum filtration, 

washed with deionized water, and re-precipitated twice before drying under vacuum oven at 

25–30 °C for several days to obtain L-PEI as a white powder yielding 3.8 g (89%). 

2.3. Synthesis of Poly(3-hydroxypropyl ethyleneimine) (P3HPEI) 

L-PEI (0.02 moles per repeating unit, 1.0 g) was dissolved in absolute ethanol (60 mL) 

in a three-necked round-bottom flask before 0.06 moles of 3-bromo-1-propanol (5.3 mL) were 

added. As a proton abstractor, 0.06 moles of potassium carbonate (8.1 g) were then added 
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before the reaction mixture was refluxed at 78 °C for 24 h; the reaction scheme is shown in 

Figure S1. After centrifugation of the reaction mixture, the supernatant was collected and 

evaporated using a rotary evaporator at 40 °C and 280 rpm. The resulting mixture was diluted 

with deionized water and purified using dialysis with a cellulose-based membrane (MWCO = 

3.5 kDa) at room temperature. P3HPEI was recovered as dry residue (77% yield) by freeze-

drying (−56.5 °C and 0.25 hPa) for several days. 

2.4. Preparation of Films 

Chitosan (CHI) films and their blends with P3HPEI were prepared by casting and 

solvent evaporation, as schematically shown in Figure 1. In this study, chitosan with a high 

molecular weight was used to form a film due to its high viscosity, excellent film forming 

properties, and adequate thickness. Initially, 1.0% w/v aqueous solutions of CHI and P3HPEI 

were prepared at room temperature; CHI solution (pH~2.0) was prepared in 0.1 M hydrochloric 

acid by stirring magnetically for 24 h, whereas P3HPEI solutions (pH~6.8) were prepared in 

deionized water and allowed to stir continuously for 1 h. The polymer solutions were mixed at 

different volume ratios, denoted as CHI 100:0 and CHI/P3HPEI: 80:20, 60:40, 40:60 and 

20:80. The pH of the combined solutions was in the range of 3.0–4.0. All CHI/P3HPEI 

solutions were magnetically agitated for 3 h to ensure a homogeneous mixture formed. Then, 

45 mL of each solution was poured into 90 mm diameter Petri dishes and dried at ~30 ± 2 °C 

in a hot air oven for several days until dry films formed. 

 

Figure 1. Scheme of CHI/P3HPEI films preparation. 
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2.5. Preparation of Haloperidol-Loaded Films 

A stock solution of haloperidol (5 mg/mL) was prepared by initially dissolving 50 mg 

of the drug in 5 mL of absolute ethanol. Subsequently, the total volume of haloperidol solution 

was adjusted to 10 mL. Aliquots were added to 10 mL of 1.0% CHI/P3HPEI solution to obtain 

1.0–5.0% drug loading, followed by stirring for 2 h before casting and drying into films, as 

described above, but instead using 10 mL of solution decanted into 35 mm diameter Petri 

dishes. The content of haloperidol in each film of 35 mm in diameter was 1.25 to 5.00 mg. 

 

2.6. Characterization of Polymers and Films 

2.6.1. 1H-Nuclear Magnetic Resonance Spectroscopy (1H-NMR) 

Approximately 20 mg of dried PEOZ or L-PEI was dissolved in 1 mL methanol-d4, 

whereas P3HPEI was dissolved in 1 mL D2O, before the samples were added into NMR tubes 

and analyzed using a 400 MHz ULTRASHIELD PLUSTM B-ACS 60 spectrometer (Bruker, 

UK). Data processing used MestReNova software. The degree of substitution (DS) of P3HPEI  

was determined using peak integration, according to Equation (1): 

 

where peak a corresponds to CH2CH2 on the main backbone adjacent to nitrogen, Peak b 

corresponds to CH2 on side group, na is the number of protons in CH2CH2 on the main backbone 

adjacent to nitrogen, and nb is number of protons in CH2 on the side group. 

2.6.2. Fourier Transformed Infrared (FTIR) Spectroscopy 

Polymer and film samples were scanned from 4000 to 400 cm−1 at a resolution of 4 

cm−1. Data were processed from the average of six scans per spectrum generated by the Nicolet 

iS5-iD5 ATR FT-IR spectrometer (Thermo Scientific, Leicestershire, UK). 

2.6.3. Differential Scanning Calorimetry 

Thermal analysis used a Q100 DSC (TA Instruments, Germany). Polymer and film 

samples (~3–5 mg) were loaded into pierced Tzero aluminum pans. The thermal behavior of 

each sample was investigated in a nitrogen atmosphere with a heating/cooling rate of 10 °C/min 

(−70 to 180 °C). The glass transition temperatures (Tg) of polymers were determined from the 

second heating cycle. 

% DS =  
ʃPeak b nb ⁄

ʃPeak a na⁄
x 100 (1) 
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2.6.4. Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis used a Q50 TGA analyzer (TA Instruments, UK) over the 

range between 20 and 600 °C heating at 10 °C/min under a nitrogen atmosphere. Prior to 

analysis, the films dried in a vacuum oven (as above) and were placed in a desiccator over dry 

silica gel for 3 days. Moisture content in each film was determined from the weight loss 

corresponding to the first step weight loss in their TGA curves (up to ~150 °C). 

2.6.5. Powder X-ray Diffractometry (PXRD) 

Dry polymers or films were placed on a silica slide and analyzed with a Bruker D8 

ADVANCE PXRD equipped with a LynxEye detector and monochromatic Cu Kα1 radiation 

(λ = 1.5406 Å). Samples were rotated at 30 rpm and data collected over an angular range (2θ) 

of 5–60° for 1 h, with a step of 0.05° (2θ), and count time of 1.2 s. The data were analyzed 

using Origin software. 

2.6.6. Film Thickness 

Polymer film thicknesses were measured with a digital micrometer (Mitutoyo, Japan) 

with 0.001 mm resolution. Measurements were taken at several points of the film before the 

mean values ± SD were calculated (Table S1). 

2.6.7. Scanning Electron Microscopy (SEM) 

SEM experiments used an FEI Quanta 600 FEG Environmental Scanning Electron 

Microscope instrument (FEI UK Ltd., Cambridge, UK), with an acceleration voltage of 20 kV. 

Images were taken from the fracture surface of the materials, which were first frozen in liquid 

nitrogen and coated with gold sputter to facilitate high resolution imaging. 

2.6.8. Fluorescence Microscopy 

The fluorescein isothiocyanate (FITC)-labelled chitosan was synthesized, according to 

Cook et al. [31]. High molecular weight chitosan (CHI, MW∼310–375 kDa, degree of 

deacetylation: 75–85%) was used in this study. Briefly, dehydrated methanol (100 mL) and 

FITC (2 mg/mL in methanol, 50 mL) were added to a chitosan solution (1% w/v in 0.1 M 

hydrochloric acid, 100 mL). The reaction was carried out in the dark at room temperature for 

3 h before precipitation in NaOH (0.1 M, 1 L). The resulting precipitate was filtered and 

dialyzed in deionized water (4 L, replaced daily) until FITC was not detected in the dialysate, 

before the product was freeze-dried. Then, films were prepared as described before (see Section 
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2.4), albeit using 10 mL of each solution poured into 30 mm diameter Petri dishes before 

drying. The morphology of the films was analyzed using fluorescence microscopy at 20× 

magnification. 

2.6.9. Polarized Light Microscopy 

Films were examined for the presence of haloperidol crystals using a polarized light 

microscope (Mettler Toledo FP90, Germany) at 20× magnification; images were analyzed 

using Infinity 1 camera (Lumenera Corporation, Ontario, Canada). 

2.6.10. Mechanical Properties 

The mechanical properties of the films—puncture strength, elongation at puncture, and 

modulus at puncture—were determined using a TA.XT Plus Texture Analyser (Stable Micro 

Systems Ltd., Godalming, UK) in compression mode, adapted from our previous studies 

[9,32,33]. Square of film samples (30 × 30 mm) was fixed between two plates with a cylindrical 

hole of 10 mm diameter (area of the sample holder hole: Ars, 78.57 mm2) and compressed by 

the upper load 5 mm stainless steel spherical ball probe (P/5S) at 1.0 mm/s. The plate was 

stabilized to avoid movements using two pins. The measurements started once the probe was 

in contact with the sample surface and continued until each film sample broke. Test settings 

were: pre-test speed 2.0 mm/s; test speed 1.0 mm/s; post-test speed 10.0 mm/s; target mode 

distance; 5 mm; trigger force 0.049 N. The force required to puncture the films (N) was used 

to calculate the puncture strength by: 

Puncture strength = 
Fmax

Ars
 (2) 

where Fmax is the maximum applied force, Ars is area of the sample holder hole, with Ars = πr2, 

where r is the radius of the hole. 

Elongation (%) = (
√r2+d2−r

r
) x 100 (3) 

where r is the radius of the film exposed in the cylindrical hole of the film holder and d 

represents the displacement of the probe from the point of contact to point of puncture. 

Modulus at puncture = 
Puncture strength

Elongation (%)
 (4) 
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2.7. In Vitro Drug Release Study 

Haloperidol release from films was assessed using a modified Franz diffusion cell 

(FDC), which was adapted from Samanta et al. [27]. The receptor compartment was filled with 

20 mL of 20% PEG 400 (PEG 400 is a water-soluble oligomer with hydrophilic nature so it is 

used as a penetration enhancer to improve drug solubility and drug release with poor water 

solubility) in phosphate-buffered saline (pH = 7.4) to ensure sink conditions [27] and was 

stirred at 600 rpm at 37 °C throughout the experiment. Films containing 5.0, 2.5, and 1.25% 

haloperidol were placed between the donor and receptor compartments. 1 mL aliquots were 

taken from the receptor compartment at predetermined time intervals and replaced with 1 mL 

fresh receiver medium to maintain a constant volume. Drug release was monitored for 180 min, 

with the drug concentration determined spectrophotometrically at its respective wavelength. A 

standard calibration curve of haloperidol, ranging from 5–50 µg/mL, was prepared (Figure 

S10). The protocol used for the preparation of stock solution of haloperidol is described in 

supplementary information. For each type of film, three replicates were performed. 

2.8. Cytotoxicity Test 

Polymer cytotoxicity was evaluated using an MTT assay. Briefly, L-PEI was dissolved 

in 95% ethanol and then diluted with Dulbecco’s modified eagle medium (DMEM) to obtain 

polymer concentrations between 5–5000 µg/mL, whereas PEOZ and P3HPEI were dissolved 

directly in Dulbecco’s modified eagle medium (DMEM) and then diluted with DMEM to 

prepare solutions with polymer concentrations ranging between 5–5000 µg/mL. Human dermal 

fibroblasts (ATCC CRL-2522) were seeded at 1 x 105 cells/mL in a 96 well plate and allowed 

to attach overnight before being incubated with the polymer samples at 5, 50, 500, 1000, 2500, 

and 5000 µg/mL for 24 h. As a positive control, 10% DMSO (v/v) in DMEM was used, and for 

the negative control we used 10% fetal bovine serum in DMEM. Then, 100 µL of 3-(4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) solution was added into each 

well before the plate was incubated at 37 °C in a CO2 incubator for 3 h. The amount of formazan 

produced was then quantified from the absorbance at 570 nm using a standard plate reader 

(Thermo Scientific™ Multiskan™ GO, Vantaa, Finland). 

2.9. Statistical Analysis 

Data are presented as mean values ± standard deviation (SD) for no fewer than three 

independent experiments. Student’s t-test and one-way ANOVA were used to determine the 

extent of any differences between samples. 
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3. Results and discussion 

3.1. Synthesis and Evaluation of Poly(3-hydroxypropyl ethyleneimine) 

L-PEI was synthesized successfully by acidic hydrolysis of PEOZ to remove all amide 

groups from the side groups. The complete conversion to L-PEI was confirmed by 1H-NMR 

and FTIR spectroscopies. As illustrated in Figure 2, both PEOZ signals from the side groups, 

seen at 2.44 ppm and 1.13 ppm were eliminated, while the signal from the two methylene 

groups within the polymer backbone shifted to 2.75 ppm. FTIR (Figure S2) also confirmed the 

hydrolysis of the PEOZ amide groups through the loss of the amide carbonyl vibration at 1626 

cm−1 and the appearance of new strong peaks ~1474 cm−1 and 3263 cm−1 due to the N-H 

vibration in PEI. The 1H-NMR and FTIR results from hydrolysis of PEOZ to obtain L-PEI 

correlated well with earlier reports [18,34]. 

 

 

Figure 2. 1H NMR spectra of PEOZ in MeOH-d4, L-PEI in MeOH-d4, and P3HPEI in D2O. 

 

The L-PEI was then alkylated via nucleophilic substitution reaction with 3-bromo-1-

propanol in absolute ethanol, with potassium carbonate as a base. The obtained P3HPEI was 

also characterized using 1H-NMR and FTIR spectroscopies. The 1H NMR spectrum revealed 

four signals at approximately 2.65 ppm (signal a) due to -CH2CH2- in the polymer backbone, 

2.52 ppm (signal b) assigned to the -CH2- in the side chain adjacent to the backbone -CH2CH2-
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, 1.66 ppm (signal c) due to the -CH2- further down the side chain, and 3.54 ppm (signal d) 

arising from the terminal -CH2- in the side group, adjacent to a hydroxyl group (-OH). 

The degree of substitution (DS) of P3HPEI was determined by comparing the area 

under the peak from the methylene group on the side group to the area under the peak 

corresponding to the two methylene groups on the main backbone. The result indicated that the 

DS of P3HPEI was 97%, 99%, and 99%, as calculated based on signal b, c, and d, respectively. 

In addition, FTIR data (Figure S2) confirmed the successful synthesis of the hydroxypropyl 

substituted L-PEI (P3HPEI) by providing a broad absorption band at 3307 cm−1, assigned as 

an OH- stretching mode. 

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) 

characterized the thermal properties of PEOZ, L-PEI, and P3HPEI. DSC showed that PEOZ, 

L-PEI, and P3HPEI had glass transition temperatures (Tg) of 60.1, −21.5, and −38.6 °C, 

respectively (Figure 3). Furthermore, the DSC thermogram of L-PEI gave a melting point of 

61.8 °C, consistent with the literature [22,35]. The conversion of L-PEI to P3HPEI, with the 

inclusion of the side group containing a hydroxyl group, increases chain mobility and polymer 

flexibility, resulting in a change from a semi-crystalline to an essentially amorphous polymer; 

X-ray diffractometry confirmed that L-PEI is semi-crystalline, whereas the diffraction pattern 

from P3HPEI showed no evidence for crystallinity (Figure S3). 

 

Figure 3. DSC thermograms of PEOZ, L-PEI, and P3HPEI. 
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TGA was used to compare the thermal stability of P3HPEI to PEOZ and L-PEI (Figure 

S4). It is noticed that there are two distinct stages for the lost mass of PEOZ, L-PEI, and 

P3HPEI. The initial decrease was caused by the loss of free and physically bound water 

between 30 and 150 °C; the proportion of physically bound water was approximately 2.0% for 

PEOZ, 4.2% for L-PEI, and 8.0% for P3HPEI. The second weight loss of these were related to 

thermal decomposition, and the onset of decomposition was at 390 °C for PEOZ, 380 °C for 

L-PEI, and 235 °C for P3HPEI, indicating that the new polymer has lower thermal stability 

than its parent components. 

The cytotoxicity of P3HPEI, in comparison to PEOZ and L-PEI, was assessed using an 

MTT assay with human dermal fibroblast cells, as shown in Figure 4. L-PEI is highly cytotoxic 

between 50 to 5000 µg/mL, with less than 50% cell viability when dosed at 50 µg/mL and less 

than 20% viability when dosed at 500 µg/mL or above. Our modification radically reduces the 

cytotoxicity with P3HPEI showing no significant (p < 0.05) effects when dosed at 5 and 50 

µg/mL (viability 97.4 and 95.5%, respectively). At higher doses, a gradual decline in viability 

from 84.9% to 75.7% was seen as P3HPEI dosing increases from 500 to 5000 µg/mL. 

Consistent with the literature [36], PEOZ had no adverse effects on dermal fibroblasts as 

assessed by the MTT assay, with viabilities maintained above 94% for all concentrations tested. 

The literature contained several reports that L-PEI can cause cytotoxicity when assessed using 

the MTT assay [24] and that the polymer is highly cytotoxic to human dermal fibroblast cells 

[22]. Moghimi et al. [24] reported that L-PEI toxicity results from: (1) the disruption of cell 

membranes, causing necrotic cell death, and (2) the disruption of mitochondrial membranes, 

resulting in cell apoptosis. Furthermore, L-PEI is a cationic polymer that accumulates on the 

outer cell membrane, causing necrosis [37]. Fischer et al. [38] reported that the positive charge 

on the L-PEI surface can bind to the negative charge of cell membrane phospholipids, cell 

membrane proteins, and blood proteins, contributing to the interaction with the cell membrane 

that results in cell damage. 
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Figure 4. Cytotoxicity test of PEOZ, LPEI, and P3HPEI on human dermal fibroblast using an 

MTT assay. Statistically significant differences are given as: *—p < 0.05; ns—no significance. 

3.2. Novel Elastic Films based on Blends of Chitosan and Poly(3-hydroxypropyl 

ethyleneimine): Formulation, Miscibility, and Mechanical Properties 

P3HPEI exhibits good solubility in water, low toxicity, and has a low glass transition 

temperature (−38.6 °C). Therefore, it was blended with chitosan in aqueous solutions and cast 

into films to improve their mechanical properties for rapid drug delivery. 

Figure 5 and Table 1 show the FTIR data from CHI films and films from blends of 

CHI/P3HPEI and pure P3HPEI. The FTIR spectrum of pure CHI film revealed the presence of 

a broad peak above 3247 cm−1 due to OH- stretching, which overlaps with NH- stretching in 

the same region. Absorption bands at 2917 and 2878 cm−1 correspond to -CH2- and -CH- 

stretching vibrations, respectively. The absorption bands at 1625 and 1514 cm−1 are consistent 

with C=O stretching (amide I) and NH bending (amide II). CH- and OH- vibrations give the 

absorption band at 1412 cm−1. The band at 1376 cm−1 represents acetamide groups, indicating 

that chitosan was not completely deacetylated [9], and the band at 1311 cm−1 was caused by 

C-N stretching (amide III) [39]. The band at 1250 cm−1 is attributable to amino groups, as 

reported previously [12]. The absorption bands at 1152 and 1062 cm−1 correspond to the anti-

symmetric stretching of the C-O-C bridge and the skeletal vibrations involving the C-O 
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stretching, which are characteristic of the chitosan polysaccharide structure [40]. The broad 

absorption band at 3291 cm−1 in the FTIR spectrum of P3HPEI likewise indicates the presence 

of -OH stretching, as well as bound water. Absorption bands at 2940 and 2827 cm−1 are 

attributed to -CH2- stretching vibrations. The absorption bands at 1464, 1371, and 1340 cm−1 

are -CH- bending modes, whereas the absorption bands at 1297, 1260, and 1054 cm−1 are 

assigned to C-C stretching. Furthermore, P3HPEI provided an absorption band at around 1675 

cm−1 corresponding to water, since P3HPEI is a highly viscous liquid at room temperature, 

supported by the -OH stretching mode at 3291 cm−1. All characteristic bands of the component 

polymers were present in the spectra of their blends, and the intensities and shapes of the bands 

depended on the polymer ratio in the blends. The hydroxyl region of the spectra of the miscible 

CHI/P3HPEI blends changed gradually, indicating a redistribution of hydroxyl group 

associations. In short, the -OH stretching mode shifted to higher wavenumbers (3247 to 3348 

cm−1) as the amount of P3HPEI increased from 0 to 80%, possibly due to interactions between 

the polymers and water or arising from interactions between the hydroxyl and amine groups of 

CHI and the hydroxyl groups of P3HPEI. 

 

Figure 5. FTIR spectra of CHI (a), their blends (b–e), and P3HPEI (f). Content of P3HPEI in 

the blends: 20 (b), 40 (c), 60 (d), and 80% (e). 
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Table 1. FTIR absorption bands in CHI/ P3HPEI blends and their assignment. 

FTIR Absorption of Blends (cm−1) 
Assignment 

100:0 80:20 60:40 40:60 20:80  0:100 

3247 3248 3258 3259 3348 3291 -OH and NH stretching 

2917 2928 2929 2928 2920 2940 CH stretching 

2878 2879 2880 2880 2849 2827 CH stretching 

1625 1,2 1624 1,2 1635 1,2 1631 1,2 1633 1,2  1675 2 C=O stretching (amide I) 1, water region 2 

1514 3,4 1514 3,4 1515 3,4 1515 3,4 1468 3,4 1464 4 NH bending (amide II) 3, CH2 vibration 4 

1412 1416 1418 1410 1422 1424 CH and OH vibration 

1376 5,6 1375 5,6 1376 5,6 1376 5,6 1372 5,6 1371 6 Acetamide groups 5, CH vibration 6 

1311 1321 1317 1315 1302 - CN stretching (amide III) 

1152 1151 1152 1152 1150 - Anti-symmetric stretching of the C-O-C bridge 

1060 7,8 1056 7,8 1055 7,8 1053 7,8 1053 7,8 1054 8 
Skeletal vibration involving the C-O stretching 7, 

C-C stretching 8 

As shown in Figure 6, thermogravimetric analysis (TGA) was used to investigate the 

thermal stability of pure CHI film, P3HPEI, and films based on blends of CHI and P3HPEI. 

The results demonstrated that pure CHI film lost mass in two stages. The initial decline was 

due to the loss of free- and physically bound water between 30 °C and 150 °C; the proportion 

of physically bound water in pure CHI film was approximately 6%. The second weight loss 

occurred between 250 and 400 °C as the CHI film degraded by thermal decomposition; the 

maximum degradation rate was observed at 320 °C, resulting in a 58.3% loss in weight. 

Chitosan decomposes by depolymerization of its chains and pyranose rings via dehydration, 

deamination, and ring-opening reaction [9]. 

 

Figure 6. TGA thermograms of CHI film, CHI/P3HPEI blend films, and P3HPEI. 
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In contrast, three phases of weight loss were seen with P3HPEI. The first thermal event 

is evaporation of free- and bound water (approximately 8.0%) between 30 and 150 °C. 

Subsequently, the thermal degradation of P3HPEI is seen >235 °C (40%), followed by a further 

decomposition event >380 °C (89%). 

The blends of CHI/P3HPEI show four weight loss events: (1) 30–150 °C, again due to 

loss of free and bound water, (2) 200–250 °C consistent with the early degradation of P3HPEI, 

(3) 275–380 °C where the later degradation of P3HPEI is seen, and (4) 350–450 °C, which 

correlates with the degradation of CHI. In addition, the residue of CHI/P3HPEI blends tended 

to decrease (34.5 to 7.1%) as the P3HPEI content in the blends increased up to 80%, with a 

linear correlation (R2 = 0.9853) confirming the miscibility of polymer blends (Figure S5). 

Generally, a single glass-transition temperature (Tg) is taken as evidence for 

homogeneity (miscibility) in polymeric blend systems. Figure 7 shows DSC thermograms for 

CHI/P3HPEI blends, illustrating the presence of a single Tg in all compositions. As expected, 

the Tg of the CHI/P3HPEI blends all fell between the Tg values of the individual components 

(P3HPEI, −38.6 °C; chitosan, 131.9 °C) and the blends Tg shifted systematically to lower 

temperatures as the proportion of P3HPEI rose in the blends. The addition of P3HPEI, as a 

water soluble component, appears to have acted as a plasticizer [41,42]. 

Figure 8 shows the correlation between the weight fraction of P3HPEI in the blends 

and Tg using the above experimental result and those calculated theoretically; the Tg of miscible 

blends can be predicted using Fox [43] and Gordon–Taylor [44] equations, as shown in 

Equations (5) and (6): 

1

 Tg
=

WCHI

Tg, CHI
+

WP3HPEI

Tg, P3HPEI
              (Fox equation) (5) 

Tg=
WCHITg, CHI+kWP3HPEITg, P3HPEI

WCHI+kWP3HPEI
         (Gordon–Taylor equation) (6) 

where WCHI and WP3HPEI were the weight fractions of chitosan and P3HPEI, 

respectively; and Tg,CHI and Tg,P3HPEI are the glass transition temperatures of chitosan and 

P3HPEI, respectively; k is the ratio of heat capacity change in P3HPEI over chitosan [k = ΔCp2/ 

Cp1)] [45]. 

The predicted glass transition temperatures of the blends were in close agreement, as 

shown in Figure 7, with the Tg decreasing as P3HPEI content increased. The experimental data 

sit above the theoretical curves and are commonly seen when there are interactions between 

the blend components [46–48]. The results suggest that chitosan and P3HPEI are miscible and 

that the chitosan and P3HPEI molecules interact, probably through intermolecular hydrogen 
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bonds between the hydroxyl and amine groups of chitosan molecules and the hydroxyl groups 

of P3HPEI molecules. 

 

Figure 7. DSC thermogram of CHI (a), their blends (b–e), and P3HPEI (f). Content of P3HPEI 

in the blends: 20 (b), 40 (c), 60 (d), and 80% (e). 

Further, the interaction and miscibility of CHI and P3HPEI blends correlates with X-

ray diffraction patterns from the CHI/P3HPEI films (Figure S6). CHI films show the presence 

of crystalline domains in this polysaccharide, which was correlated well with previous reports 

[9,49]. The diffraction pattern from pure P3HPEI shows no clear crystalline features but only 

a broad amorphous “halo”, indicating that the polymer was essentially non-crystalline. The X-

ray diffractograms of CHI/P3HPEI films also reveal a broad halo, characteristic of polymers 

that are predominantly amorphous though some chitosan-typical diffraction peaks, could be 

detected in the blend films. Further, as P3HPEI content in the films increased, the sharper 

chitosan diffraction peaks were lost, suggesting molecular interactions between the 

components and their resultant miscibility. 
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Figure 8. Correlation between weight fraction of P3HPEI and Tg of experimental results, 

compared with theoretical results. 

Fluorescence microscopy was used to examine the morphology of the polymer film 

surfaces. Initially, fluorescein isothiocyanate (FITC)-labeled chitosan was synthesized and 

then blended with P3HPEI to form films. The images show no evidence of phase separation or 

interface boundaries and that all films appear homogeneous (Figure 9). Thus, the fluorescent 

microscope images data lend further support for miscibility of CHI and P3HPEI in the solid 

state at the ratios used here. The fluorescent microscope images correlated well with the 

scanning electron microscope (SEM) image of film surface and cross-sections (Figure S7). 

The mechanical properties of pure CHI film and its blends with P3HPEI are illustrated 

in Figure 10, including puncture strength, elongation, and modulus at puncture. Pure chitosan 

films (100%) had a higher puncture strength (0.38 N/mm2) but a lower percentage of elongation 

(5.62%) than the other films tested. The puncture strength of CHI/P3HPEI films decreased, 

compared to chitosan alone, whereas the flexibility (% elongation) increased with increasing 

P3HPEI content. The puncture strengths of CHI/P3HPEI films at 80:20, 60:40, 40:60, and 

20:80 were 0.27, 0.24, 0.16, and 0.03 N/mm2, while elongation was 7.85, 7.94, 11.97, and 

15.12%, respectively. The modulus at puncture was calculated from the puncture strength and 

elongation to predict the rigidity or stiffness of the films; the data show a similar trend to that 

of the puncture strength.  

Clearly, increasing the P3HPEI content in the films results in more elastic materials. As 

shown above, P3HPEI has a low glass transition temperature (−38.6 °C) and is a water-soluble 
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polymer, so may function as a plasticizer. Plasticizers are typically relatively small molecules, 

such as low molecular weight polyethylene glycol (PEG), that intersperse and intercalate 

between polymer chains, thereby disrupting hydrogen bonding and spreading the chains apart 

to increase flexibility by increasing the percentage of elongation while decreasing the strength 

and modulus [50]. Here, increasing the P3HPEI content in CHI/P3HPEI films probably 

decreases intermolecular hydrogen bonding between CHI chains, resulting in enhanced chain 

mobility and film flexibility [51], in agreement with the thermal analysis data above. 

 

 

Figure 9. Fluorescent microscopy images of film surfaces of CHI (a) and their blends (b–e). 

Content of P3HPEI in the blends: 20 (b), 40 (c), 60 (d), and 80% (e) at 20x magnification. 
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Figure 10. Mechanical properties of CHI and their blends with P3HPEI. Statistically 

significant differences are given as: *—p < 0.05; ns—no significance. 
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3.3. Chitosan/Poly(3-hydroxypropyl ethyleneimine) Film Formulations for Loading and 

Delivery of Haloperidol: X-ray, Microscopic, and Drug Release Studies 

Drug-loaded films have been used as drug delivery systems for administration via the 

transdermal, buccal, nasal, and ocular routes, which have advantages over oral and intravenous 

administration [52,53]. In particular, non-oral delivery methods are noninvasive or minimally 

invasive, painless, and simple for patients to utilize, especially those with swallowing 

difficulties. However, control over drug delivery is problematic with formulations, such as 

creams or gels [54,55]. Moreover, it was suggested that they can increase the bioavailability of 

various drugs [56]. Drug-loaded films have thus been developed for drug delivery systems via 

the topical [57], buccal [58], nasal [56], and ocular [9] routes. 

Polymeric films, and, in particular, their blends, can be selected to optimize both 

mechanical properties and drug release [59]. The glass transition temperature (Tg) of a polymer 

is an important factor when considering their use in drug delivery systems as this impacts the 

drug release profile; at temperatures greater than Tg, polymer chains become flexible, and thus 

promote drug release [10]. Since the physiological temperature of mucosal membranes is ~35–

37 °C (and skin ranges from 32 °C at the outer surface to body temperature in the inner layers) 

[11], a CHI/P3HPEI blend with a Tg ~20 °C was selected. To meet this criterion, the appropriate 

composition of CHI/P3HPEI was calculated from the data in Figure 7 as 35:65% (w/w); the Tg 

of this blend was then confirmed by DSC (Figure S8). 

Haloperidol (HP) was chosen as a model poorly soluble drug for inclusion in the film 

patch. Generally, HP, an antipsychotic, is associated with side effects of drug-induced 

extrapyramidal syndrome (EPS) in conventional monotherapy [27]. HP is a BCS class 2 drug, 

characterized by low solubility but high permeability, and has poor oral bioavailability [29]. In 

this study, CHI/P3HPEI films loaded with haloperidol (HP) at various% drug loading from 1.0 

to 5.0% were prepared. X-ray, microscopic, and drug-release studies of HP from CHI/P3HPEI 

films are shown in Figures 11–13. 

The X-ray diffraction (XRD) pattern of HP (Figure 11) is in agreement with literature 

[18]; a single crystalline polymorphic form was identified. The XRD pattern of the drug-free 

film showed a predominantly amorphous material with a pattern additive of those from CHI 

and P3HPEI. Peaks in the XRD patterns from drug-loaded films are attributable to HP crystals. 

However, the diffraction peaks of HP-loaded CHI/P3HPEI films exhibit a different pattern than 

that of HP as the free base, with peaks at 2θ = 17, 23, 25, and 31°. This is attributable to loading 

HP into a CHI/P3HPEI solution containing 0.1 M HCl (to solubilize chitosan), which then 
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converts HP to its hydrochloride salt; our data is consistent with the HP-HCl reported by Al 

Omari et al. [60]. 

As expected, HP peak intensity fell with reducing drug content in the films and no 

crystalline materials were detected below 1.5%. This may be below the limit of detection for 

the instrument or, alternatively, could reflect the solubility of HP in the polymer blend. 

 

Figure 11. XRD diffractograms of haloperidol (a), haloperidol HCl (b), CHI/P3HPEI films 

loaded with haloperidol at various% drug loading, 5.0% (c), 2.5% (d), 2.0% (e), 1.75% (f), 

1.5% (g), and 1.25% HP films (h) and drug-free CHI/P3HPEI film (i). 

Polarized light microscopic examination, as shown in Figure 12, provides direct visual 

evidence for the presence or absence of solid HP in the CHI/P3HPEI films with large crystals 

evident at high HP loading (2.0–5.0%), corresponding to the presence of the crystalline peaks 

shown by XRD. As the HP loading fell below 1.5%, the morphology of HP-loaded film altered, 

again reflecting the solubility of HP in the polymer blends and consistent with the XRD data. 

Based on these observations, HP solubility in the CHI/P3HPEI film is approximately 1.5%. 
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Figure 12. Polarized light microscope images of drug-free CHI/P3HPEI film (a) and 

CHI/P3HPEI films loaded with haloperidol (HP) at various% drug loading, 5.0% (b), 2.5% (c), 

2.0% (d), 1.75% (e), 1.5% (f), and 1.25% (g) (20× magnification). Scale bars are 150 µm. 

Figure 13 illustrates the cumulative release of HP (1.25, 2.5, and 5%) loaded into 

CHI/P3HPEI films using the Franz diffusion cell technique and a 20% PEG 400-PBS receiver 

solution at pH = 7.4 and 37 °C to maintain sink conditions [23]. The data show rapid release 

from the films, irrespective of drug loading. Drug release from films is dependent on both the 

physicochemical and mechanical properties of the polymers and also the nature and state of the 

drug, and whether encapsulated in a carrier. For the polymer matrix, the diffusion of water into 

the film, relaxation of the polymer chains, swelling, and erosion are important factors to 

consider [61, 62]. Here, the hydrophilic nature of our CHI/P3HPEI films permits rapid water 

diffusion, swelling, and erosion whilst the low Tg facilitates the relaxation of the polymer 

chains, resulting in rapid drug release followed by disintegration of the films. In addition, 

release increased with drug loading, allowing dose optimization from the films. Similar 

loading-related release has been described by Budhian et al. [63] when HP was encapsulated 

in PLGA nanoparticles; here, a simple dispersion of HP in our novel polymer-blended film 

provides rapid release, as is desired for administration in buccal or ocular delivery. 
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Figure 13. Cumulative drug release per unit area of CHI/P3HPEI films loaded with haloperidol 

(HP) at various% drug loading (5.0, 2.5 and 1.25%). 

4. Conclusions 

Poly(3-hydroxypropyl ethyleneimine), or P3HPEI, has been successfully synthesized 

and its physicochemical and cytotoxic properties have been described. The polymer 

demonstrated good solubility in water, low toxicity, and a low glass transition temperature. 

P3HPEI was subsequently blended with chitosan to generate novel flexible films by casting 

from aqueous solutions and evaporating the solvent. The polymers in the blends were fully 

miscible in the solid state. Blending chitosan with P3HPEI significantly affected the elasticity 

and strength of films (increased elongation at the break but reduced puncture strength). P3HPEI 

has a low glass transition temperature (−38.6 °C) and it is a water-soluble polymer, so may 

function as a plasticizer. Here, increasing the P3HPEI content in CHI/P3HPEI films probably 

decreases intermolecular hydrogen bonding between CHI chains, resulting in enhanced chain 

mobility and film flexibility. A 35:65 (%w/w) blend of chitosan/P3HPEI provided the optimum 

glass transition temperature for the delivery of haloperidol through mucosal membranes. 

Microscopic and XRD analyses were consistent and indicated that the solubility of the drug in 

the films was ~1.5%. The inclusion of the hydrophilic polymer P3HPEI allowed rapid drug 
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release followed by disintegration due to rapid water diffusion into the films, swelling, and 

erosion, supported by the relaxation of the polymer chains. The drug release profiles are 

consistent with the physicochemical properties of P3HPEI as a hydrophilic polymer with a low 

Tg. Hence, blending P3HPEI with chitosan allows the selection of desirable physicochemical 

and mechanical properties of the films for the loading and rapid delivery of haloperidol, a 

model poorly water-soluble drug for transmucosal drug delivery, such as buccal or ocular 

administration. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Figure S1. Synthesis scheme of P3HPEI.; Figure S2. FTIR spectra of 

PEOZ, LPEI and P3HPEI.; Figure S3. X-ray diffractograms of PEOZ, LPEI and P3HPEI.; 

Figure S4.TGA thermograms of PEOZ, LPEI and P3HPEI.; Table S1. thickness of films.; 

Table S2. Water loss of CHI, P3HPEI and their blends detected by TGA analysis.; Figure S5. 
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Figure S1. Synthesis scheme of P3HPEI. 
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Figure S2.  FTIR spectra of PEOZ, LPEI and P3HPEI. 
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Figure S3. X-ray diffractograms of PEOZ, LPEI and P3HPEI. 
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Figure S4. TGA thermograms of PEOZ, LPEI and P3HPEI. 

 

Table S1. Thickness of CHI and CHI/P3HPEI films. 

Films  Thickness (mm)  

CHI (100) 0.06 ± 0.01 

CHI/P3HPEI (80:20) 0.06 ± 0.02 

CHI/P3HPEI (60:40) 0.07± 0.02 

CHI/P3HPEI (40:60) 0.06 ± 0.01 

CHI/P3HPEI (20:80) 0.06 ± 0.01 

 

 

Table S2. Water loss of CHI, P3HPEI and their blends detected by TGA analysis 

CHI/P3HPEI Water loss (%) 

CHI (100) 6.0 

CHI/P3HPEI (80:20) 2.5 

CHI/P3HPEI (60:40) 4.9 

CHI/P3HPEI (40:60) 4.6 

CHI/P3HPEI (20:80) 2.4 

P3HPEI 8.0 
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Figure S5. Correlation between residue and amount of P3HPEI in CHI/P3HPEI blends. 
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Figure S6. X-ray diffractograms of CHI (a), their blends (b, c, d and e) and P3HPEI (f). 

Content of P3HPEI in the blends: 20 (b), 40 (c), 60 (d) and 80 % (e). 
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Figure S7. SEM images of film surfaces (A) and cross section (B) of CHI (a) and their blends 

(b, c, d, and e). Content of P3HPEI in the blends: 20 (b), 40 (c), 60 (d) and 80 % (e).  
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Figure S8. DSC and TGA thermogram of CHI/P3HPEI (35:65).  
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Figure S9. FTIR of haloperidol HCl (a), haloperidol HCl with different concentrations : 5% 

(b), 2.5% (c), 1.5% (d) and 1.25% (e) loaded in CHI/P3HPEI films and drug free CHI/P3HPEI 

film (f). 

 

Table S3. Solubility of haloperidol in various media. 

Medium  Solubility 

(mg/mL) 

Distilled water   0.01  

20% PEG 400-PBS pH 7.4 0.22  

50% EtOH-PBS pH 7.4  0.03  

95% EtOH  5.00 

0.1 M HCl  3.00  

 

Preparation of stock solution 

Haloperidol (100 mg) was weighed accurately and dissolved in methanol and the volume 

was made up to 100 mL with the same solvent in a volumetric flask. 

 

Preparation of phosphate buffer solution (pH 7.4) 

Phosphate buffer solution pH 7.4 was prepared by dissolving 10 tablets of phosphate 

buffered saline in 500 mL of deionized water and then added solution into 1000 mL of 
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volumetric flask. Subsequently, the total volume of PBS solution was adjusted to 1000 mL. 

The pH 7.4 of PBS was adjusted by adding 0.1 M HCl.  

 

Preparation of working standard solutions 

From the stock solution, 0.5, 1, 1.5, 2, 3, 3.5, 4.0, 4.5 and 5.0 mL were pipette out and the 

volume was made up to 100 mL with 20% PEG 400 in phosphate-buffered saline (pH = 7.4) 

to produce concentrations of 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 μg/ mL respectively.  A 

scan was performed in order to determine the λmax and the absorbance of diluted solution was 

measured at the λmax obtained using spectrophotometer against blank buffer solution of pH 7.4 

as the blank.  A calibration curve (Figure S10)  was constructed by plotting the absorbance 

against the concentration of haloperidol.  A regression equation was derived from the plot, 

which was used for the estimation of haloperidol in 20% PEG 400 in phosphate buffer solution 

(pH = 7.4). 

The method obeyed Beer's law in concentration range of 5 - 50 μg/mL and is suitable for 

the estimation of haloperidol from different sample solutions. The correlation coefficient value 

( r)  was found to be 0. 9991 indicating a positive correlation between the concentration of 

haloperidol and the corresponding absorbance values. The regression line describes the relation 

between the concentration and absorbance was as follows. 

Y= 0.0153 X + 0.0131 

Where, Y is the absorbance and X is the concentration of haloperidol in μg/mL. 

 

Figure S10. Standard curve of haloperidol. 
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Abstract  

Mucoadhesive films are one of commercially relevant formulations for buccal drug delivery 

due to their adaptability and ease of use. Additionally, the use of these films can prolong the 

time spent on the mucosa, directly delivering a precise dose of the drug to the tissue. Hence, 

this study aimed to synthesize poly(2-hydroxyethyl ethyleneimine) or P2HEEI and its 

mucoadhesive film formulations based on blends with chitosan for buccal delivery of 

haloperidol. Initially, P2HEEI was synthesized via nucleophilic substitution of linear 

polyethyleneimine (L-PEI) with 2-bromoethanol. P2HEEI exhibited good solubility in water, 

low toxicity in human dermal skin fibroblast cells, and low glass transition temperature (-31.6 

C). This polymer was then blended with chitosan to improve mechanical properties and these 

materials were used for the buccal delivery of haloperidol. Polymeric films based on chitosan 

and its blends with P2HEEI were prepared by casting from aqueous solutions. The 

investigation of these films using differential scanning calorimetry and scanning electron 

microscopy confirmed that chitosan and P2HEEI form completely miscible blends. Blending 

chitosan with P2HEEI improved the mechanical properties of the films, resulting in more 

elastic materials. Blend films were also prepared loaded with haloperidol as a model poorly 

water-soluble drug. The cumulative release of haloperidol from the films increased when the 

blends were prepared with greater P2HEEI content. Mucoadhesive properties of these films 

with respect to freshly excised sheep buccal mucosa were evaluated using a tensile method. It 

was found that all films are mucoadhesive; however, an increase in P2HEEI content in the 

blend resulted in a gradual reduction of their ability to adhere to the buccal mucosa. These films 

could potentially find applications in buccal drug delivery. 

Keywords: Chitosan, poly(2-hydroxyethyl ethyleneimine), mucoadhesive films, miscibility, 

buccal drug delivery.  
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1. Introduction    

Buccal drug delivery is commonly used  to administer drugs through the buccal mucosa 

to provide local or systemic pharmacological effects [1]. It has generated interest as a potential 

alternative to gastrointestinal drug delivery. The market for buccal drug delivery is anticipated 

to grow at a CAGR of 9.8%. In 2022, the market's worth is estimated to be $3.38 billion, and 

by 2030, it will have increased to $7.13 billion.  Numerous dosage forms such as buccal tablets, 

wafers, lozenges, liquids, patches, and films are available on the market [2]. The advantages of 

the buccal route include direct access to the systemic circulation via the internal jugular vein, 

rapid onset of action, possibility to by-pass hepatic first-pass metabolism, avoidance of 

gastrointestinal acid-related hydrolysis, increased patient compliance, and suitability for drugs 

or excipients that cause mild and reversible mucosal damage or irritation [3]. Mucoadhesive 

films are one of commercially relevant formulations for buccal drug delivery due to their 

adaptability and ease of use. Additionally, the use of these films can prolong the time spent on 

the mucosa, directly delivering a precise dose of the drug to the tissue [3].   

Chitosan is a natural cationic polysaccharide that has been widely used in a variety of 

applications, including drug delivery systems, artificial skin, cosmetics, nutrition, and food 

additives, due to its nontoxicity, biocompatibility, biodegradability, mucoadhesive and 

antimicrobial properties, and film forming ability [4, 5]. Furthermore, chitosan could improve 

skin penetration and wound healing by increasing the function of inflammatory and repair cells 

[6,7]. Chitosan can be chosen for buccal drug delivery due to its ability to enhance drug 

penetration by opening tight junctions and increasing the paracellular permeability of mucosal 

membranes. This polymer can also control drug release in buccal drug delivery systems and 

has excellent mucoadhesive properties [8]. The mucoadhesive properties and percutaneous 

penetration of chitosan are due to the interaction between positive charges of this polymer and 

negative charges of the mucosal membrane [7, 8].  However,  the use of pure chitosan 

mucoadhesive films has limitations due to their brittleness, resulting from its relatively high 

glass transition temperature (~131 oC) [9, 10].  

The characteristics of chitosan could be further enhanced by blending it with other 

water-soluble polymers [8]. Polymer blending may provide a simple and low-cost technique 

for the development of novel materials with a variety of valuable properties. For instance, good 

mechanical and mucoadhesive properties of chitosan were achieved through  combination with 

cellulose ethers [11]. Chitosan was also blended with poly(N-vinyl pyrrolidone) [12],  
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poly(ethylene oxide)[13, 14] and poly(vinyl alcohol) [15] to improve physicochemical 

properties. Luo et al. [8] developed mucoadhesive polymeric films using chitosan-

hydroxyethylcellulose blends (HEC). While blending chitosan with HEC improves the 

mechanical properties of materials, the mucoadhesion of films to the buccal mucosa decreased 

as the HEC content in the blends increased. Abilova et al.[9] developed films using chitosan 

and poly(2-ethyl-2-oxazoline) blends. The Tg of the blends based on chitosan and PEOZ 

decreased from 131 to 63 oC, but the mechanical properties declined with the increase in PEOZ 

content in the samples.  

Linear polyethyleneimine (L-PEI) is a cationic polymer comprised of two methylene (-

CH2CH2-) groups and secondary amino group in each repeating unit. It was synthesized by 

hydrolysis of poly(2-ethyl-oxazolines) to remove all amide side chains[16, 17]. Generally, L-

PEI has a semi-crystalline structure[18, 19] and a glass transition temperature (Tg) around  -

29.5 o [20]; hence, it can be blended with chitosan to improve mechanical properties. However, 

L-PEI can dissolve in water only at high temperatures [18] and forms a gel at room temperature 

[21]. Additionally  it is known to be cytotoxic [20, 22]. The solubility and toxicity of L-PEI is 

a significant concern when considering its pharmaceutical and biomedical applications [23]. 

Thus, modification of L-PEI is one of the methods for increasing its water solubility and 

decreasing toxicity. Patil et al. [24] used nucleophilic substitution to synthesize hydroxyethyl 

substituted linear polyethyleneimine (HELPEI) for the safe and efficient delivery of siRNA 

therapeutics. The percentage of linear p o l y e t h y len e imi ne  substitution with hydroxyethyl 

groups was between 11.8 and 43.3 %. Additionally, the cytotoxicity of HELPEI on human 

bronchial epithelial cells decreased as the degree of substitution increased. However, the degree 

of hydroxyethyl substitution in linear polyethyleneimine was less than 50%, and there was no 

information available about the physicochemical properties of this polymer. Previously, we 

modified L-PEI using nucleophilic substitution reaction with 3-bromo-1-propanol to form 

poly(3-hydroxypropyl ethyleneimine) or P3HPEI. It exhibited a good water solubility and was 

significantly less toxic in human dermal skin fibroblast cells than L-PEI. This polymer also had 

a low glass transition temperature (Tg = -38.6 oC). P3HPEI was then blended with chitosan to 

enhance its mechanical properties, and these materials were also used for rapid delivery of 

haloperidol. According to microscopic and X-ray diffraction (XRD) measurements, the 

solubility of haloperidol in CHI/P3HPEI films was ~1.5%. The incorporation of the hydrophilic 

polymer P3HPEI also facilitated rapid drug release within 30 minutes, after which the films 
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disintegrated, indicating that the formulations are acceptable for application to mucosal 

surfaces, such as buccal or ocular drug administration[10]. 

The present work aimed to synthesize poly(2-hydroxyethyl ethyleneimine) or P2HEEI 

and to prepare  mucoadhesive blends  with chitosan as a potential platform for buccal delivery 

of haloperidol. Firstly, a P2HEEI derivative with high degree of hydroxyethyl substitution was 

synthesized by reaction of linear polyethyleneimine with 2-bromoethanol. The 

physicochemical and toxicological properties of this polymer were then assessed. This polymer 

was blended subsequently with chitosan to fabricate novel elastic and mucoadhesive films for 

buccal delivery of haloperidol. Miscibility between polymers, mucoadhesive properties of the 

blend films, and drug release from these formulations were investigated. 

 

2. Materials and Methods 

2.2. Materials 

A high molecular weight of chitosan (CHI, MW∼310–375 kDa, degree of deacetylation: 

75–85%), poly(2-ethyl-2-oxazoline) (PEOZ, MW∼50 kDa and PDI 3–4), 2-bromoethanol, 

37% hydrochloric acid solution, fluorescein isothiocyanate (FITC) and haloperidol were 

purchased from Merck (Gillingham, UK), while phosphate-buffered saline (PBS) tablets and 

sodium hydroxide were ordered from Fisher Chemical (Fisher Scientific, UK). All other 

chemicals were of analytical grade and used without further purification. 

 

2.2. Synthesis of linear polyethyleneimine  

L-PEI was synthesized by hydrolysis of poly(2-ethyl-2-oxazoline) as described by our 

previous studies [25, 26]. Briefly, 10 g of poly(2-ethyl-2-oxazolines) (PEOZ) was dissolved in 

100 mL of 18.0 % (w/w) hydrochloric acid and then refluxed at 100 oC, 14 h to remove all 

amide groups in the side chains. The L-PEI solution obtained in hydrochloric acid was then 

diluted with cold deionized water (500 mL). Cold aqueous sodium hydroxide (4M) was added 

dropwise to the suspension until the base form of L-PEI precipitated at pH 10 - 11 [27]. The 

precipitate was recovered by filtration, washed with deionized water, and re-precipitated twice 

before drying under vacuum to obtain L-PEI as a white power (yielding 3.8 g (89 %)).  
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2.3. Synthesis of poly(2-hydroxyethyl ethyleneimine)   

P2HEEI was synthesized by nucleophilic substitution reaction, using the protocol 

adapted from our previous study [25]. Briefly, L-PEI (0.02 moles, 1.0 g) was dissolved in 

absolute ethanol (60 mL) in a three-necked round bottom flask and different quantities of 2-

bromoethanol (0.02, 0.03, 0.05 and 0.06 moles) were added. Then different quantities of 

potassium carbonate (0.02, 0.03, 0.05 and 0.06 moles) were added to this solution. The amounts 

of 2-bromoethanol and potassium carbonate used are shown in Table 1. The reaction mixture 

was refluxed at 78 oC with varied time between 24 and 48 h. After completion, the reaction 

mixture was centrifuged, subsequently, supernatant was collected and evaporated using rotary 

evaporator at 40 oC (280 rpm). The obtained mixture was then diluted with deionized water 

and purified by dialysis using cellulose membrane with MWCO 3.5 kDa at room temperature. 

P2HEEI was recovered by freeze-drying as a dry residue for several days. The 1H-NMR and 

FTIR spectroscopies were used to confirm the successful conversion of L-PEI to P2HEEI.  

 

Table 1. Different amount of L-PEI, 2-bromoethanol and potassium carbonate (base) to 

synthesize poly(2-hydroxyethyl ethyleneimine).  

L-PEI: 2-bromoethanol: base 

(moles) 

L-PEI  

(g) 

2-bromoethanol  

(mL) 

Potassium carbonate 

(g) 

0.02: 0.02: 0.02 1.0 1.7  3.2 

0.02: 0.03: 0.03 1.0 2.5  4.8 

0.02: 0.05: 0.05 1.0 3.3  6.4 

0.02: 0.06: 0.06 1.0 4.1  8.1 

 

2.4. Preparation of films  

Films were prepared based on chitosan (CHI) and its blends with P2HEEI by casting 

polymer solutions with subsequent evaporation of solvent. Initially, 1% w/v aqueous solutions 

of CHI and P2HEEI were prepared by dissolving pre-weighed amount of dry polymers at room 

temperature. CHI solution (pH~2.0) was prepared in 0.1 M hydrochloric acid by stirring 

magnetically for 24 h prior to casting, while P2HEEI solutions (pH~6.8) were prepared in 

deionised water and allowed to stir continuously for 1 h. The prepared polymer solutions were 

mixed at different volume ratios and named as CHI (100: 0), CHI/P2HEEI: (80:20), (60:40), 

(40:60) and (20:80). Subsequently, all CHI/P2HEEI solutions were magnetically agitated for 3 

h until homogeneous mixture was formed. The pH of the combined solutions was in the range 
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of 3.0 – 4.0. Then 45 mL of each mixture was poured into Petri dishes with 90 mm diameter 

and dried at 30 ± 2 oC in an oven for several days.  

 

 

2.5. Preparation of haloperidol loaded films  

A stock solution of haloperidol (5 mg/mL) was prepared by dissolving 50 mg of the 

drug in 5 mL of absolute ethanol and then making the total volume up to 10 mL. Then, 1 mL 

of haloperidol solution was aspirated and mixed with 9 mL of CHI and CHI/P2HEEI solutions 

for 2 h to generate the final 5 mg of haloperidol on films. The preparation of 1 % CHI solution 

and 1% CHI/P2HEEI solution was described as above.  Subsequently, prepared solution was 

casted and dried as mentioned above but using 10 mL of solution decanted into 35 mm diameter 

Petri dishes. 

 

2.6. Characterisation of polymer and films 

2.6.1. 1H-Nuclear magnetic resonance spectroscopy (1H-NMR) 

               1H NMR spectra were recorded for 20 mg/mL PEOZ and L-PEI prepared in 

methanol-d4 and 20 mg/mL P2HEEI prepared in D2O using a 400 MHz ULTRASHIELD 

PLUSTM B-ACS 60 spectrometer (Bruker, UK). The degree of substitution (DS) of P2HEEI 

was determined using peak integration with the following equation (1):  

% DS =  
ʃPeak b nb ⁄

ʃPeak a na⁄
x 100         (1) 

Where Peak a is the integral of CH2CH2 signal on the main backbone adjacent to 

nitrogen, Peak b is the integral of CH2 on side-group signal, na is the number of protons of 

CH2CH2 on the main backbone adjacent to nitrogen and nb is the number of protons in CH2 

on the side-group.  

 

2.6.2. Fourier transformed infrared (FTIR) spectroscopy 

         Dry polymer and film samples were scanned from 4000 to 400 cm-1 at resolution 

of 4 cm-1 using Nicolet iS5-iD5 ATR FT-IR spectrometer (Thermo Scientific, UK).  
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2.6.3. Differential scanning calorimetry  

          DSC characterization of polymer and film samples was conducted using a Q100 

DSC (TA Instruments, Germany). Polymer and film samples (~ 3 - 5 mg) were loaded into 

pierced Tzero aluminum pans. The thermal behavior of each sample was investigated in a 

nitrogen atmosphere with a heating/cooling rate of 10 oC/min (-70 to 180 oC). The values of 

the glass transition temperature (Tg) of polymers were determined from the second heating 

cycle.  

2.6.4. Thermogravimetric analysis (TGA)  

          Thermogravimetric analysis of polymer and film samples was conducted using 

Q50 TGA analyser (TA Instruments, UK) from 20 to 600 °C at a heating rate of 10 °C/min 

under nitrogen atmosphere. Prior to analysis, the films were dried in a vacuum oven (as above) 

and then were placed in a desiccator over dry silica gel for 3 days. Moisture content in each 

film was determined from the first step weight loss in their TGA curves (up to about 150 °C). 

 

 2.6.5. X-ray diffractometry (XRD) 

            Dry polymers (~20 mg) or films (2×2 cm2) were placed on a silica slide and 

analyzed in a Bruker D8 ADVANCE PXRD equipped with a LynxEye detector and 

monochromatic Cu Kα1 radiation (λ = 1.5406 Å). Samples were rotated at 30 rpm and data 

collected over an angular range (2θ) of 5 - 60 o for 1 h, with a step of 0.05o (2θ) and count time 

of 1.2 s. The results were analyzed using Origin software. 

 

2.6.6. Cytotoxicity of polymers  

          Polymer cytotoxicity was evaluated using an MTT assay. Briefly, L-PEI was dis-

solved in 95% ethanol and then diluted with Dulbecco’s modified eagle medium (DMEM) to 

obtain polymer concentrations between 5–5000 µg/mL, whereas PEOZ and P2HEEI were 

dissolved directly in Dulbecco’s modified eagle medium (DMEM) and then diluted with 

DMEM to prepare solutions with polymer concentrations ranging between 5–5000 µg/mL.  

The amount of formazan produced quantitatively was determined by monitoring the 

absorbance at 570 nm, which is proportional to the number of living cells. Human dermal 

fibroblasts (ATCC CRL-2522) were seeded at a density of 1 × 105 cells/mL cells per well in a 
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96 well plate and allowed to attach overnight before being incubated with the respective 

polymer solutions at 5, 50, 500, 1000, 2500, and 5000 µg/mL for 24 h. 10% DMSO (v/v) in 

Dulbecco's modified eagle medium (DMEM) was used as a positive control and, and 10% Fetal 

bovine serum in DMEM was used as a negative control. 100 µL of 3-(4, 5-dimethylthiazol-2-

yl)-2, 5-diphenyl tetrazolium bromide solution (MTT) solution was then pipetted into each well 

and the plate incubated at 37 oC in a CO2 incubator for 3 h. Finally, the absorbance at 570 nm 

was measured using a standard plate reader (Thermo Scientific™ Multiskan™ GO, Finland). 

 

2.6.7. Film thickness  

          The film thickness was measured with a digital micrometer (Mitutoyo, Japan) 

with 0.001 mm resolution. Several thickness measurements were taken at different points of 

each film and then, the mean values ± standard deviations were calculated (Table S1). 

 

2.6.8. Scanning electron microscopy (SEM) 

          SEM experiments used a FEI Quanta 600 FEG Environmental Scanning Electron 

Microscope instrument (FEI UK Ltd., UK) with an acceleration voltage of 20 kV. The images 

were taken from the fracture surface of the films, which were preliminary frozen in liquid 

nitrogen and coated with gold (a diode sputter) to facilitate high resolution imaging.  

 

2.6.9. Fluorescence microscopy 

          The fluorescein isothiocyanate (FITC)-labeled chitosan was synthesized 

according to Cook and co-workers [28]. Chitosan solution (1% w/v in 0.1 M hydrochloric acid, 

100 mL) was prepared, followed by the addition of anhydrous methanol (100 mL) and FITC 

(2 mg/mL in methanol, 50 mL). The reaction was carried out in the dark at room temperature 

for 3 h before precipitation in 1 L of 0.1 M NaOH. The resulting precipitate was filtered and 

dialyzed in deionized water until FITC traces were not detectible in water. The dialyzed product 

was then freeze-dried. Initially, 1% w/v aqueous solutions of FITC-labeled chitosan and 

P2HEEI were prepared by dissolving pre-weighed amount of dry polymers at room 

temperature. FITC-labeled chitosan solution was prepared in 0.1 M hydrochloric acid by 

stirring magnetically for 24 h prior to casting. P2HEEI solutions were prepared in deionised 

water and allowed to stir continuously for 1 h. The prepared polymer solutions were mixed at 

different volume ratios and named as FITC-labeled chitosan (100: 0), FITC-labeled chitosan 
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/P2HEEI: (80:20), (60:40), (40:60) and (20:80). Subsequently, FITC-labeled chitosan /P2HEEI 

solutions were magnetically agitated for 3 h until total homogeneous mixture was formed. After 

that, 10 mL of each solution was poured into Petri dishes (30 mm in diameter) and dried at 30 

oC in an oven for several days. The morphology of film samples was analysed using 

fluorescence microscope.  

 

2.6.10.  Mechanical properties of films 

                        The mechanical properties of films, including  puncture strength, elongation at 

puncture and modulus at puncture were evaluated using a TA.XT Plus Texture Analyser 

(Stable Micro Systems Ltd., UK) in a compression mode, which was adapted from  our 

previous studies [9, 29, 30]. Film thickness was measured in five different places using a hand-

held micrometre. Square shaped film samples (30×30 mm) were fixed between two plates with 

a cylindrical hole of 10 mm diameter (area of the sample holder hole: Ars = 78.57 mm2) and 

compressed by the upper load 5 mm stainless steel spherical ball probe (P/5S) at a test speed 

of 1.0 mm/sec. The plate was stabilised to avoid movements using two pins. The measurements 

started after the probe was in contact with the sample surface. The probe was moved at a 

constant speed until each film sample was broken. These tests were performed with the 

following settings: pre-speed test 2.0 mm/sec; test-speed 1.0 mm/sec; post-test speed 10.0 

mm/sec; target mode-distance; distance 5 mm; trigger type auto; and trigger force 0.049 N. The 

film samples were punctured and the force required in Newtons was recorded and puncture 

strength was calculated using the following equations (2-4): 

Puncture strength =  
Fmax

Ars
                      (2) 

where Fmax is the maximum applied force, Ars is the area of the sample holder hole, with Ars 

= πr2, where r is the radius of the hole.  

Elongation (%) = (
√r2+d2−r

r
) x 100          (3) 

where r is the radius of the film exposed in the cylindrical hole of the film holder and d 

represents the displacement of the probe from the point of contact to the point of puncture. 

Modulus at puncture =   
Puncture strength

Elongation (%)
        (4) 
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2.7. In vitro drug release study  

  Haloperidol release from films was carried out using a Franz diffusion cell and a 

methodology adapted from Samanta et al. [31] and Soradech et al. [10]. The receptor 

compartment was filled with 20 mL of 20% PEG 400 in phosphate-buffered saline (pH = 7.4) 

as a medium [31] and then it was stirred at 600 rpm and maintained at 37 °C throughout the 

experiment. 5% haloperidol loaded films were placed between the donor and receptor 

compartments. 1 mL aliquots were taken from the receptor compartment at predetermined time 

intervals and replaced with 1 mL fresh medium (20 % PEG 400 in phosphate-buffered saline) 

to maintain a constant volume. All release experiments were carried out for 180 minutes. The 

drug concentration in the aliquot was measured spectrophotometrically at 254 nm and 

calculated using a standard calibration curve ranging from 5–50 µg/mL. The protocol used for 

the preparation of stock solution of haloperidol and stand curve was followed from our previous 

study [10]. For each type of films, three replicate experiments were performed. 

 

2.8. Ex vivo mucoadhesive properties of film with and without haloperidol  

             Sheep buccal mucosal tissues were used for ex vivo assessment of mucoadhesive 

properties. The mucosal adhesion of the polymeric films with and without haloperidol was 

determined using a TA XT plus Texture Analyser (Stable Microsystems, UK) in a tensile mode 

at room temperature, as followed from the previous studies [32]. The scheme of ex vivo 

mucoadhesive test using texture analyzer is shown in Fig.S1 (Supporting information). Using 

double-sided adhesive tape, the square-shaped films (1×1 cm) were manually attached to the 

texture analyzer probe. The mucosal tissue was affixed on the mucoadhesion rig and 

moisturized with 1 mL of phosphate buffer saline solution. The films were brought in contact 

with mucosa and a downward force of 0.1 N was applied for 60 s. The probe was then 

withdrawn from the mucosa at 1 mm/s. Data acquired from the detachment experiments were 

then used to evaluate the maximal force required for the detachment (Fadh) and the total work 

of adhesion (the area under the force-distance curve, Wadh) values. For each type of films, five 

replicate experiments were performed. 

 

2.9. Statistical analysis  

The results of our measurements were shown as mean values ± standard deviation, 

which were calculated as a result of three independent experiments. One-way ANOVA and 
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Student's t-test were used for the analysis of the data to determine the extent of any differences 

between the results. 

 

3. Results and discussion 

3.1. Synthesis and evaluation of poly(2-hydroxyethyl ethyleneimine), P2HEEI 

L-PEI was synthesized successfully by acidic hydrolysis of PEOZ to remove all amide 

groups from the side moieties. The complete conversion of PEOZ into L-PEI was confirmed 

using 1H-NMR and FTIR spectroscopies. As illustrated in Fig. S2, both PEOZ signals at side 

moieties around 2.44 ppm and 1.13 ppm disappeared, while the signal of two methylene groups 

at the backbone was shifted to 2.75 ppm. FTIR (Fig. S3) confirmed the complete hydrolysis of 

the amide groups in PEOZ showing the disappearance of the amide carbonyl vibration at 1626 

cm-1 and the appearance of new strong bands at around 1474 cm-1 and 3263 cm-1 due to the N-

H vibration of PEI. The 1H-NMR and FTIR results correlated well with other reports [26][16].  

L-PEI was then alkylated via nucleophilic substitution with 2-bromoethanol in absolute ethanol 

in the presence of potassium carbonate as a base. The 1H-NMR and FTIR spectroscopies were 

used to confirm the structure of the resulting P2HEEI (Fig. S2 and Fig.S3). The result indicated 

the presence of two signals in the spectrum of P2HEEI. One signal is observed at 2.62 ppm 

(signal a) due to the methylene groups in the backbone and also methylene group in the side 

group adjacent to nitrogen. The second signal at 3.60 ppm (signal b) is due to the methylene 

group (CH2) adjacent to the hydroxyl group (-OH) at the side moiety. The downfield shift of 

signal b was caused by de-shielding effect of the -OH group. The from methylene group (CH2) 

on the side group adjacent to the nitrogen overlapped with the signal from the methylene groups 

of the backbone. P2HEEI was synthesized by varying the moles of 2-bromoethanol (0.02 to 

0.06 mol to 1 unit-mole of L-PEI repeating unit) and the reaction time (24 and 48 h). Fig.1 

shows the scheme of chemical transformations from PEOZ through L-PEI and then to P2HEEI. 
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Fig. 1. Scheme of chemical transformations from PEOZ through L-PEI and then to P2HEEI. 

 

Fig. 2 and Table 2 summarise 1H NMR spectra and the values of the degrees of 

substitution (DS). The result indicated that increasing the amount of 2-bromoethanol from 0.02 

to 0.06 moles to react with L-PEI at 24 h reflux time resulted in increase of the DS from 59.2 

to 84.3 %. The effect of reflux time on the DS was also investigated using the moles of L-PEI: 

2-bromoethanol of 0.02 : 0.06. A longer time to reflux (24 to 48 h) resulted in a higher DS, 

increasing from 84.3 to 97.1 %. FTIR (Fig. S3) also confirmed the successful synthesis of the 

hydroxyethyl substituted L-PEI derivative (P2HEEI) by observing the broad absorption peak 

at 3414 cm-1 in the FTIR spectrum of P2HEEI indicating the presence of OH- stretching.  
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Table 2. Degrees substitution of hydroxyethyl polyethyleneimine prepared at different mole 

ratios of L-PEI : 2-bromoethanol : base and reflux time. 

L-PEI: 2-bromoethanol : base 

(moles) 

Reflux time  

(h) 

Degree substitution 

(%) 

0.02 : 0.02 : 0.02 24 59.2  

0.02 : 0.03 : 0.03 24 72.5  

0.02 : 0.05 : 0.05 24 77.6  

0.02 : 0.06 : 0.06 24 84.3  

0.02 : 0.06 : 0.06 48 97.1  

 

 

Fig. 2. 1H NMR spectra of hydroxyethyl substituted linear polyethyleneimine prepared at 

different moles of L-PEI: 2-bromoethanol and reflux time.  
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PEOZ, L-PEI and P2HEEI were characterized using differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA). The glass transition temperatures (Tg) of PEOZ, 

L-PEI, and P2HEEI were 60.1, -21.5, and -31.6 oC, respectively (Fig. 3). Moreover, the DSC 

thermogram of L-PEI indicated a melting point of 61.8 oC, which is in a good agreement with 

the literature[20, 33]. P2HEEI, in contrast to L-PEI, exhibited a fully amorphous behavior. The 

high chain flexibility of P2HEEI and very low value of Tg is consistent with the properties of 

some other water-soluble polymers that have hydroxyl pendant groups, for example, poly(2-

hydroxyethyl vinyl ether) was reported to have Tg < -30 C [34] or poly(3-hydroxypropyl 

ethyleneimine) has a Tg = -38.6 oC [10]. The change from semi-crystalline L-PEI to fully 

amorphous P2HEEI was confirmed by X-ray diffractometry (Fig. S4).  

 

Fig. 3.  DSC thermograms of PEOZ, LPEI and P2HEEI. 
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TGA was used to characterize the thermal stability of P2HEEI in comparison to PEOZ 

and L-PEI (Fig. S5). It is seen that there are two distinct degradation stages for PEOZ, L-PEI 

and P3HPEI. The initial decrease was caused by the loss of free and physically-bound water 

between 30 and 150 oC; the proportion of physically-bound water was approximately 2.0 % for 

PEOZ, 4.2 % for L-PEI and 5.0 % for P2HEEI. The maximum temperature reached during the 

second stage of thermal degradation of P2HEEI was over 250 °C (42.0 %), while the maximum 

temperature reached during the third stage was approximately 300 °C (70.1 %), indicating that 

this polymer has lower thermal stability than its parent components.   

As this is the first report of the synthesis of P2HEEI with high degree of 

hydroxyethylation it was of interest to study its toxicological properties in comparison with 

PEOZ and L-PEI. These were evaluated using MTT assay with human dermal fibroblast cells 

(Fig. 4). P2HEEI was found to have relatively good biocompatibility. The human dermal 

fibroblast cells were >80 % viable even at 5000 µg/mL. On the contrary, L-PEI was found to 

be highly cytotoxic at concentrations ranging from 50 to 5000 µg/mL, with less than 50% cell 

viability. This is in good agreement with the literature, reporting cytotoxic properties of L-PEI 

[22, 35]. PEOZ exhibited excellent biocompatibility, which did not cause any substantial levels 

of cell death in a broad range of concentrations (5-5000 g/mL), which is also in good 

agreement with the literature [36]. Soradech and co-workers [10] reported that L-PEI can cause 

cytotoxicity when assessed using the MTT assay and that the polymer is highly cytotoxic to 

human dermal fibroblast cells.  In comparison to P3HPEI [10], the percentage of cell viability 

of all concentrations of P2HEEI (5-5000 g/mL) was higher than P3HPEI, indicating that 

P2HEEI was less toxic than P3HPEI.  This finding demonstrated that a longer alkyl chain led 

to an increase in the toxicity of modified L-PEI in human dermal skin fibroblast cells; however, 

both polymers were still low toxic in human dermal skin fibroblast cells. 
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Fig. 4.  Human dermal fibroblasts viability in the presence of PEOZ, LPEI and P2HEEI 

assessed using MTT assay. Statistically significant differences are given as: * - p < 0.05; ns - 

no significance. 

 

3.2. Preparation and evaluation of films based on blends of chitosan and poly(2-

hydroxyethyl ethyleneimine)  

Low glass transition temperature (-31.6 oC) of P2HEEI may be of interest for application 

in the preparation of polymeric blends with other polymers, exhibiting more rigid properties. 

In this case, P2HEEI may act as a plasticiser and will help to improve the mechanical properties 

of the resulting blends.  

In this study, polymeric films based on chitosan and its blends with P2HEEI were prepared 

by casting from aqueous solutions with subsequent drying. Fig. 5 and Table 3 show the FTIR 

spectra of films based on pure CHI, CHI/P2HEEI blends and pure P2HEEI. The FTIR spectrum 

of pure CHI film revealed the presence of a broad peak above 3247 cm-1, which belonged to 

OH- stretching and also overlaps with NH- stretching. Absorption bands at 2917 and 2878 cm-

1 corresponded to CH2- and CH- stretching vibrations, respectively. C=O stretching (amide I) 

and NH-bending (amide II) were the absorption bands at 1625 and 1514 cm-1, respectively. 

CH- and OH- vibrations were responsible for the absorption band at 1412 cm-1. The band at 



172 
 

1376 cm-1 was attributed to acetamide groups, confirming that chitosan was not completely 

deacetylated [9], and the band at 1311 cm-1 could be due to C-N stretching (amide III) [37]. 

The band at 1250 cm-1 corresponds to amino groups, which is consistent with the literature [8]. 

The absorption bands at 1152 and 1062 cm-1 correspond to the anti-symmetric stretching of the 

C-O-C bridge and the skeletal vibrations involving the C-O stretching, which are typical for 

FTIR spectra of all polysaccharides [38]. The FTIR spectra pattern of CHI agreed well with 

other reports [9, 10]. The broad absorption band at 3314 cm-1 in the FTIR spectrum of P2HEEI 

indicated the presence of OH- stretching as well as bound water. CH2- stretching vibrations are 

represented by absorption bands at 2940 and 2818 cm-1. The absorption bands at 1459, 1361, 

and 1361 cm-1 are due to CH-bending, while the absorption bands at 1288, 1112, and 1029 cm-

1 are owing to C-C stretching. In addition, P2HEEI demonstrated the absorption band at around 

1648 cm-1 corresponding to the water of amorphous region because P2HEEI is in liquid state 

at room temperature, which correlated to OH- stretching at 3314 cm-1. All of the characteristic 

bands of the component polymers were present in the spectra of their blends, and the intensities 

of the bands and the shape of the bands depended on the polymer ratio in the blends. The 

spectra of the CHI/P2HEEI blends showed significant changes in the hydroxyl region, 

indicating a redistribution of the hydroxyl group associations. When comparing the spectra of 

the blends as a function of the polymer composition, it was noticed that this band shifted 

towards higher wavenumbers (3247 to 3285 cm-1) as the amount of P2HEEI increased from 0 

to 80 % w/v. This behavior suggests that a significant portion of the hydroxyl and amine groups 

in chitosan are hydrogen-bonded to hydroxyl groups in P2HEEI or the interactions between 

the polymers and water are present.  
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Fig. 5. FTIR spectra of CHI (a), their blends (b, c, d and e) and P2HEEI (f). Content of 

P2HEEI in the blends: 20 (b), 40 (c), 60 (d) and 80 % (e).  
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Table 3. FTIR absorption bands in CHI/P2HEEI blends and their assignment.  

FTIR absorption of blends (cm-1) 
Assignment 

100:0 80:20 60:40 40:60 20:80  0:100 

3247 3259 3266 3270 3285 3314 OH- and NH-stretching 

2917 2923 2920 2912 2918 2940 CH-stretching 

2878 2883 2891 2880 2832 2818 CH-stretching 

16251,2 16301,2 16331,2 16381,2 16391,2  16482 C=O stretching (amide I)1, water region2 

15143,4 15143,4 15163,4 15133,4 14553,4 14594 NH-bending (amide II)3, CH2 vibration4 

1412 1414 1413 1412 1422 1424 CH- and OH vibration 

13765,6 13775,6 13765,6 13765,6 13705,6 13616 Acetamide groups5, CH-vibration6 

1311 1317 1311 1316 1306 - CN- stretching (amide III) 

1152 1151 1152 1152 1150 - Anti-symmetric stretching of the C-O-C bridge  

10607,8 10637,8 10617,8 10627,8 10287,8 10298 Skeletal vibration involving the C-O 

stretching7, C-C stretching8 

 

     The thermal stability of CHI, CHI/P2HEEI and P2HEEI was investigated using 

thermogravimetric analysis (TGA) as shown in Fig. 6.  The results demonstrated that there were 

two main stages of degradation of CHI. The first stage of degradation of CHI was due to loosing 

of free water and physically-bound water between 30 °C to 150 °C and the amount of physically 

bound water in pure CHI film was around 6.0 %. The next degradation stage of CHI was due 

to the thermal decomposition which appeared between 250 to 400 °C (the maximum 

degradation rate was observed at ~320 °C as well as this degradation resulted in 58.3 % loss of 

sample weight). The decomposition of chitosan was a result of the depolymerisation of chitosan 

chains and pyranose rings through dehydration and deamination and finally ring-opening 

reaction[9]. There were three main stages of degradation of P2HEEI. The first thermal event 

occurs between 30 oC to 150 oC, which is likely associated with the evaporation of physically 

bound water (approximately 5.0 %). The maximum temperature reached during the second 

stage of thermal degradation of P2HEEI was over 250 °C (42.0 %), while the maximum 

temperature reached during the third stage was approximately 300 °C (70.1 %). The 

decomposition profiles of CHI/P2HEEI blends are characterised by four stages: (1) 30 - 150 

°C, corresponding to the loss of physically bound water; (2) 200–250 °C, due to the first stage 

of P2HEEI degradation; and (3) 275–350 °C, due to the second stage of P2HEEI degradation 

and (4) 300 - 450 °C, corresponding to the degradation of CHI.  In addition, the solid residue 
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of CHI/P2HEEI blends tended to decrease (34.5 to 2.5 % w/w) when rising P2HEEI content in 

the blends, with a linear correlation (R2=0.9515) (Fig. S6) indicating the miscibility of polymer 

blends. 

 

Fig. 6. TGA thermograms of CHI, CHI/P2HEEI blends and P2HEEI. 

 

The miscibility of the polymer blends was studied using differential scanning 

calorimetry (DSC). General ly , the presence of a single glass transition temperature between    

the Tg values of individual polymer components strongly suggests complete miscibility of the 

blend components. Fig. 7a shows the presence of a single glass transition in the blends, which 

is dependent on the polymer mixture composition. Depending on the amount of P2HEEI in the 

blends, Tg of CHI/P2HEEI blends were between the Tg values of individual P2HEEI (-31.6 °C) 

and chitosan (131.9 °C). P2HEEI appeared to have acted as a plasticizer for these blends. It is  

well known that traces of water can act as a plasticizer for water-soluble polymers, significantly 

lowering the glass transition temperature [34][39]. P2HEEI has a structural similarity to poly(2-

hydroxyethyl vinyl ether), which  has a Tg < -30  oC  [34]. Blending of  of poly(acrylic acid) 

with poly(2-hydroxyethyl vinyl ether) also resulted in a substantial reduction of Tg of the films 

[34]. 
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            Fig. 7b shows the correlation between weight fraction of P2HEEI and Tg of 

experimental result compared with theoretical calculations.  The Tg of miscible blends can be 

predicted by using Fox [40] and Gordon–Taylor [41] expressed by the following equations (5) 

and (6):  

1

 Tg
=

WCHI

Tg, CHI
+

WP2HEEI

Tg, P2HEI
        (Fox equation)     (5) 

Tg=
WCHITg, CHI+kWP2HEEITg, P2HEEI

WCHI+kWP2HEEI
            (Gordon–Taylor equation)   (6),  

where WCHI and WP2HEEI are the weight fractions of chitosan and P2HEEI, respectively; and 

Tg,CHI and Tg,P2HEEI are the glass transition temperatures of chitosan and P2HEEI, respectively; 

k is the ratio of heat capacity change of P2HEEI over chitosan [k = ΔCp2/ Cp1)][42]. 

The Tg of the blends tended to decrease as the P2HEEI concentration increased, and 

their relation was well expressed by the theoretical curves. The correlation curve between the 

weight fraction of P2HEEI and the Tg of CHI/P2HEEIl blends obtained from experimental data 

was observed to be higher than that obtained from the Fox and Gordon-Taylor equations, 

demonstrating greater interaction between the components and thus compatibility [43]. These 

findings suggested that a miscible phase was formed at the molecular level in these blends, and 

that intermolecular hydrogen bonds could probably form between the hydroxyl and amine 

groups of chitosan and the hydroxyl groups of P2HEEI.  
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(a) 
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(b) 

Fig. 7. DSC thermogram of CHI (a), their blends (b, c, d and e) and P2HEEI (f). Content of 

P2HEEI in the blends: 20 (b), 40 (c), 60 (d) and 80 % (e) (7a) and Correlation between the 

weight fraction of P2HEEI in P2HEEI-chitosan blends and Tg of experimental result 

compared with theoretical results (7b). 

 

The morphology of the polymer films in cross-section and surface was studied using 

scanning electron microscopy (SEM). The investigation of the sample cross-sections at high 

magnification (1000x) reveals that the films have a fully homogeneous morphology with no 

signs of phase separation and interface boundaries (Fig. 8). Similar lack of phase separation is 

observed on the film surfaces. Thus, the SEM data provided another evidence for miscibility 

between CHI and P2HEEI in the solid-state at different polymer ratios. The SEM results 

correlated well with the fluorescent microscopy evaluation of the films prepared using 

fluorescently-labelled chitosan (Fig. S7). The fluorescence images also show lack of phase 

separation in these blends.  



179 
 

 

 

Fig. 8. SEM images of film surfaces (A) and cross-sections (B) of CHI (a) and their blends 

with P2HEEI (b, c, d, and e). Content of P2HEEI in the blends: 20 (b), 40 (c), 60 (d) and 80 

% (e).  

 

Further, X-ray diffraction patterns recorded for CHI/P2HEEI films also indicate the 

possibility of interactions between CHI and P2HEEI and miscibility of these polymers in the 

blends (Fig. S8). CHI as a semi-crystalline polysaccharide has crystalline domains that 

typically show several diffraction peaks [44].  The diffraction pattern of pure chitosan film 

recorded in the current study has relatively low signal-to-noise ratio, which is possibly related 

to lower thickness of films used compared to Abilova et al. [9]. However, the diffraction peak 

at 12.9  typical for CHI is still clearly visible. The absence of different crystalline 

characteristics in the diffraction pattern of pure P2HEEI and the presence of a broad amorphous 

"halo" indicate that the polymer was essentially non-crystalline. The X-ray diffractograms of 

(A) 

(B) 
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CHI/P2HEEI films similarly display a large halo, which is characteristic of polymers that are 

predominately amorphous, despite the fact that chitosan-typical diffraction peaks were 

observed in the blend films. In addition, when the amount of P2HEEI in the films increased, 

the sharper chitosan diffraction peaks disappeared, resulting in their miscibility. 

Fig. 9 illustrates the mechanical properties of pure CHI film and its blends with 

P2HEEI, including the puncture strength, elongation, and modulus at puncture. The results 

indicated that pure chitosan films (100%) had a greater puncture strength (0.38 N/mm2) but it 

presented a lower percentage of elongation (5.6 %). When the P2HEEI content increased, the 

puncture strength of CHI/P2HEEI films decreased significantly (p < 0.05), whereas the 

flexibility of CHI/P2HEEI films tended to increase as seen from greater values of the 

percentage of elongation (p < 0.05). The puncture strengths of 80:20, 60:40, 40:60, and 20:80 

CHI/P2HEEI films were 0.19, 0.12, and 0.08 N/mm2, respectively, while percentages of 

elongation were 8.7, 11.9, 18.6, and 35.3 %. The modulus at puncture could be calculated by 

using the correlation between puncture strength over elongation, which had previously been 

used to calculate the rigidity or stiffness of materials. Because of the high strength and low 

percentage of elongation, the modulus was high. This study found that increasing the P2HEEI 

content in CHI/P2HEEI films resulted in a decrease in modulus at puncture, indicating that 

increasing the P2HEEI content results in more elastic materials. The decrease in modulus was 

caused by P2HEEI properties. According to the DSC results, P2HEEI had a low glass transition 

temperature (-31.6 oC) , hence it acts as a plasticizer [34]. Plasticizers are typically small or 

oligomeric molecules, such as low molecular weight of polyethylene glycol (PEG), that 

intersperse and intercalate between polymer chains, thereby disrupting hydrogen bonding and 

spreading the chains apart to increase flexibility [45]. As a result, increasing the P2HEEI 

concentration in CHI/P2HEEI films probably reduced intermolecular hydrogen interactions 

between CHI chains, resulting in improved chain mobility and film flexibility [45]. This result 

correlates with DSC data, as the higher elasticity of CHI/P2HEEI films with an increasing 

P2HEEI content is associated with a decrease in the glass transition temperature of 

CHI/P2HEEI films.  
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Fig. 9. Mechanical properties of CHI and their blends with P2HEEI. Statistically significant 

differences are given as: * - p < 0.05; ns - no significance. 
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3.3. Chitosan and poly(2-hydroxyethyl ethyleneimine) films for buccal delivery of 

haloperidol: In vitro drug release and Ex vivo mucoadhesion studies  

In this study, haloperidol (HP) was chosen as a model poorly water-soluble drug for 

buccal drug delivery. HP is an antipsychotic drug and, its use is often associated with 

extrapyramidal syndrome side effect  manifested as involuntary body movements that cannot 

be easily controlled [31]. It is a poorly water-soluble drug and is commonly formulated as 

solutions for oral administration or injections, and as tablets [26]. The average oral dose of 

haloperidol ranges from 0.5 to 30 mg per day [46]. Further, HP is a BCS class 2 drug, 

characterized by low solubility but high permeability[47] and has poor oral bioavailability 

(59%)[46]. Hence, developing a haloperidol formulation for buccal administration is of interest 

and the drug-loaded films based on blends of chitosan and P2HEEI were prepared for this 

purpose.  

The drug release from these films was studied using a Franz diffusion cell technique in 

a 20 % PEG 400-PBS solution at pH = 7.4 (37 oC). Fig. 10 illustrates the cumulative release 

profiles from HP-loaded CHI/P2HEEI films prepared at different polymer ratios It is seen that 

the drug release varied significantly (p < 0.05) when the CHI-P2HEEI ratio is changed in the 

films. The films based on pure CHI showed the lowest drug release (no more than ~125 µg/cm2) 

within 180 minutes. The addition of P2HEEI to CHI in the films from 0 to 80 % (w/v) resulted 

in an increase in the drug release from ~135 to ~207 µg/cm2. This faster release of haloperidol 

from the films plasticized with P2HEEI is likely related from their better flexibility that 

facilitates better diffusion of drug molecules.  
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Fig. 10. Cumulative drug release per unit area of haloperidol loaded CHI and their blends 

with P2HEEI. 

 

The mucoadhesive characteristics of films is an important property that will determine 

their applicability for buccal drug delivery. Good mucoadhesiveness of the films helps to 

achieve their longer residence on the buccal mucosa and to maintain high drug concentrations 

at the site of administration [48]. The tensile method is one of the approaches commonly 

utilized to examine the mucoadhesive characteristics of various formulations (films, tablet and 

granule) [49]. In this work, sheep buccal tissues were used as a substrate for mucoadhesion 

experiments. When CHI and CHI/P2HEEI films with and without haloperidol were placed on 

and then detached from the buccal tissue, the maximum detachment force (Fadh) and total work 

of adhesion (Wadh) were determined (Fig. 11). The results clearly indicated that the films based 

on pure chitosan exhibited greatest mucoadhesive properties with the highest Fadh (0.42 ± 0.09 

N) and Wadh (0.45 ± 0.13 NMm). This was expected as chitosan is known for its strong 

mucoadhesive properties due to its cationic nature and resulting electrostatic attraction to 

negatively charged mucosa. According to the literature, the chitosan’s hydroxyl groups may 

form hydrogen bonds with mucin, contributing to excellent mucoadhesive properties further 

[50]. As the amount of P2HEEI in the films increased, the values for detachment force and 
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total effort of adhesion tended to decrease progressively, which was consistent with the 

reduction in mucoadhesive properties. The Fadh declined significantly (P < 0.05) from 0.42 to 

0.12 N and the Wadh fall significantly (P < 0.05) from 0.45 to 0.16 NMm when P2HEEI content 

in the blends was up to 80% (w/v). This trend was also consistent with our previous research 

on the mucoadhesive properties of chitosan blends containing hydroxyethylcellulose (HEC) 

with porcine buccal mucosa [8], which demonstrated that the mucoadhesive properties  

decreased with increase in the content of HEC. In addition, Abilova et al.[32] developed 

mucoadhesive films based on chitosan and poly(2-ethyl-2-oxazoline). The result showed that 

an increase in poly(2-ethyl-2-oxazoline) content in the films showed a gradual reduction in the 

detachment force and total work of adhesion values [32]. In addition, the mucoadhesiveness of 

5% haloperidol-loaded CHI and CHI/P2HEEI films was lower compared to the films without 

haloperidol. 5% haloperidol loading in films exhibited some loss of mucoadhesive properties 

when compared to drug-free blends, probably due to the inability of small drug molecules to 

contribute to mucosal adhesion. This trend was previously observed in chitosan/poly(2-ethyl-

2-oxazoline) films loaded with ciprofloxacin [32].  
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Fig. 11. Detachment force (a) and work of adhesion (b) of CHI/P2HEEI films with and without 

haloperidol to sheep buccal mucosa as a function of P2HEEI content in the blends. Statistically 

significant differences are given as: * - p < 0.05; ns - no significance. 

 

 

(a) 

(b) 
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4. Conclusions 

Poly(2-hydroxyethyl ethyleneimine) or P2HEEI was synthesized successfully via 

nucleophilic substitution reaction of linear polyethyleneimine (L-PEI) with 2-bromoethanol. 

P2HEEI exhibited good solubility in water, low toxicity in human dermal skin fibroblast cells, 

and low glass transition temperature (-31.6 C). The increase in the molar ratio of 2-

bromoethanol to L-PEI and increase in the reflux time resulted in higher degree of substitution 

of P2HEEI. P2HEEI was then blended with chitosan providing novel flexible films, which 

were prepared by casting in aqueous solutions and then evaporating the solvent. Miscibility 

and physicochemical properties of these films were investigated. These investigations revealed 

that the polymers in the blends were completely miscible. Chitosan and P2HEEI based on 

blends significantly improved the elasticity and mechanical strength of the films. An increase 

in the amount of P2HEEI in the blends resulted in a greater cumulative release of haloperidol 

from the films.  For ex vivo mucoadhesion study with sheep buccal tissue, films based on pure 

chitosan and its blends with poly(2-hydroxyethyl ethyleneimine) demonstrated mucoadhesive 

properties; however, this property decreased significantly when the amount of P2HEEI in the 

films was increased. Therefore, blending chitosan with P2HEEI offers a simple way of 

modulating the mucoadhesive properties and these formulations have the potential to be used 

as elastic films for the buccal drug delivery. 
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Fig. S1. Scheme process of ex vivo mucoadhesive test using texture analyzer with a 

mucoadhesive holder. (a) The probe with CHI and CHI/P2HEEI films was moved downward. 

(b) Film was attached to sheep buccal mucosa. (c) The probe is withdrawn at a specified rate. 
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Fig. S2. 1H-NMR spectra of PEOZ and L-PEI (MeOH-d4) while P2HEEI (D2O). 
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Fig. S3.  FTIR spectra of PEOZ, LPEI, and P2HEEI. 
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Fig. S4. X-ray diffractograms of PEOZ, LPEI and P2HEEI. 
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Fig. S5.  TGA thermograms of PEOZ, LPEI and P2HEEI. 
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Fig. S6. Correlation between residue and amount of P2HEEI in CHI/P2HEEI blends.  

 

 

Table S1. Thickness of CHI and CHI/P2HEEI films 

Films  Thickness (mm)  

CHI (100) 0.06 ± 0.01  

CHI/P2HEEI (80:20) 0.06 ± 0.01 

CHI/P2HEEI (60:40) 0.07± 0.02 

CHI/P2HEEI (40:60) 0.07 ± 0.01 

CHI/P2HEEI (20:80) 0.07 ± 0.01 
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Fig. S7. Fluorescent microscopy images of film surfaces (A) and cross-section (B) of CHI (a) 

and their blends (b, c, d, and e). Content of P2HPEEI in the blends: 20 (b), 40 (c), 60 (d) and 

80 % (e).  
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Fig. S8. X-ray diffractograms of CHI (a), their blends (b, c, d and e), and P2HEEI (f). 

Content of P2HEEI in the blends: 20 (b), 40 (c), 60 (d) and 80 % (e). 
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Chapter 5 

General Conclusions and Future Work 

5.1. General conclusions 

The key findings of the PhD project as well as potential future work are detailed in this 

concluding chapter. This PhD project was focused on the synthesis and evaluation of linear 

polyethyleneimine and its derivatives as potential biomaterials and excipients for drug delivery.  

Polyethyleneimine (PEI) is a cationic polymer consisting of two carbon aliphatic                       

(-CH2CH2-) spacer groups and primary, secondary and tertiary amine groups in each repeating 

unit. PEI is either linear or branched, which differ in structure and some properties 1. In linear 

PEI all amine groups are secondary whereas branched PEI has primary, secondary and tertiary 

amine groups. Branched PEI is usually synthesized by ring-opening polymerization of aziridine 

and L-PEI can be prepared by hydrolysis of poly(2-ethyl-2-oxazoline) under acidic or basic 

conditions to eliminate all the amide groups in the side chains2,3. Branched PEI is an amorphous 

polymer that is readily soluble in water 4, whereas L-PEI is semi-crystalline and only dissolves 

in water at high temperatures. PEI is used in a wide range of applications, including gene 

delivery5, pharmaceutical1, antimicrobial6, 7 and enviromental applications8. Therefore, chapter 

1 describes the introduction and literature review about polyethyleneimine and its derivatives 

for pharmaceutical and biomedical applications. The synthesis methods of linear PEI and 

branched PEI have been reported in this review. Physical properties of both PEIs including 

solid-state properties and behavior in aqueous and non-aqueous solutions were also discussed. 

The studies of complex formation of PEIs and anionic polymers, as well as metal ions, have 

been described. The toxicity of both PEIs was then assessed using a variety of techniques, 

including cytotoxicity, slug mucosal irritation (SMI), and cytogenomic testing. Various 

methods used to synthesize modified PEI have been considered and critically evaluated. When 

compared to unmodified PEIs, PEI derivatives can improve biocompatibility, transfection 

efficiency, solubility, and toxicity. PEI and modified PEI can be used in a wide range of 

pharmaceutical and biomedical applications, including gene delivery, mucoadhesive 

properties, transdermal drug delivery, antibacterial agents, hydrogels, polymer blends, as well 

as scaffolds for tissue and stem cell engineering. Therefore, PEI and its derivatives may have 

future applications in pharmaceutical and biomedical industries.  
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Chapter 2 focuses on the development of physically crosslinked cryogels based on L-

PEI. Polymeric gels are extensively used for biomedical applications due to their flexibility, 

high water content, biocompatibility, and softness 9. They are also widely used in drug delivery 

systems, chromatography, as immobilization matrices, for biomedical scaffolds and in wound 

healing products. Gels are defined as three-dimensional cross-linked polymer networks, which 

are swollen in solvents 10, 11. Networks swollen in water provide hydrogels, whereas those 

swelling in an organic solvent are organogels. Polymeric gels are broadly classified as physical 

and chemical gels. Physical gels can be prepared through physical crosslinking of polymer 

chains via hydrophobic effects, ionic or hydrogen bonds and through the formation of 

crystallites within the network. Physical gels commonly re-dissolve upon changes in 

environmental conditions such as temperature, ionic strength, and pH.  In contrast, chemical 

gels form by cross-linking through covalent bonds, leading to irreversibly insoluble networks 

12.  The cryogels based on L-PEI were prepared by freeze/thaw processing of concentrated L-

PEI solutions in water. The physical nature of their crosslinking was also validated by 

demonstrating that the cryogels melt and form a clear solution upon heating to 80 oC due to the 

melting of the L-PEI crystalline domains. L-PEI cryogels were found to have a higher enthalpy 

of melting, crystallinity, and strength when cooled to temperatures below 0 oC. Additionally, 

increasing ethanol content in water-ethanol mixture used to prepare L-PEI cryogels resulted in 

a decrease in mechanical strength, crystallinity, and viscosity. This could be because the 

intermolecular hydrogen bonds between NH-O and OH-N in L-PEI decreased, most likely due 

to hydrogen bond competition from the solvent molecules. This study demonstrates that the 

physical properties of L-PEI cryogels can be manipulated by controlling the cooling rate and 

solvent composition used to form the cryogels. Hence, due to the unique chemical and physical 

properties of L-PEI, these novel physical cryogels have high potential for biomedical, 

pharmaceutical, wound healing, and antimicrobial applications. However, L-PEI typically 

dissolves in water at high temperatures 4 and has been shown to cause cytotoxicity. Hence, 

there are limitations of L-PEI cryogels for biomedical, pharmaceutical, wound healing, and 

antimicrobial applications. The solubility and toxicity of L-PEI is naturally a significant 

concern when considering its use in pharmaceutical and biomedical applications 14. Next a 

study, we attempted to synthesize poly(2-hydroxyethyl ethyleneimine), P2HEEI and poly(3-

hydroxypropyl ethyleneimine), P3HPEI as potential biomaterials and excipients for drug 

delivery.  
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Chemical modification of L-PEI is one approach to increase its water solubility and 

decrease its toxicity15. P2HEEI and P3HPEI were synthesized via nucleophilic substitution 

reaction between L-PEI and 2-bromoethanol and 3-bromo-1-propanol, respectively. Both 

polymers had a good water solubility, low toxicity, and a low glass transition temperature. 

However, neither polymer would be capable of freezing and thawing to form cryogels. 

Therefore, due to the lower glass transition below 0 oC, these novel polymers were blended 

with chitosan for improving mechanical properties and the resulting polymeric films were 

evaluated for their applicability in transmucosal drug delivery. Here, we selected poly(3-

hydroxypropyl ethyleneimine) as a suitable candidate to blend with chitosan to produce films 

to deliver haloperidol and report, for the first time, its synthesis using nucleophilic substitution 

reaction of linear polyethyleneimine with 3-bromo-1-propanol. 1H-NMR and FTIR 

spectroscopies confirmed the successful conversion of L-PEI to P3HPEI. P3HPEI had good 

solubility in water and was significantly less toxic than the parent L-PEI. It had a low glass 

transition temperature (Tg = −38.6 °C). Consequently, this new polymer was blended with 

chitosan to improve mechanical properties, and these materials were used for the rapid delivery 

of haloperidol. Films were prepared by casting from aqueous solutions and then evaporating 

the solvent. The blends of chitosan and P3HPEI were miscible in the solid state and the 

inclusion of P3HPEI improved the mechanical properties of the films, producing more elastic 

materials. A 35:65 (%w/w) blend of chitosan–P3HPEI provided the optimum glass transition 

temperature for transmucosal drug delivery and so was selected for further investigation with 

haloperidol, which was chosen as a model hydrophobic drug. Microscopic and X-ray 

diffractogram (XRD) data indicated that the solubility of the drug in the films was ~1.5%. The 

inclusion of the hydrophilic polymer P3HPEI allowed rapid drug release within ~30 min, after 

which films disintegrated, demonstrating that the formulations are suitable for application to 

mucosal surfaces, such as in buccal drug delivery. Higher release with increasing drug loading 

allows flexible dosing. Blending P3HPEI with chitosan thus allows the selection of desirable 

physicochemical and mechanical properties of the films for delivery of haloperidol as a poorly 

water-soluble drug. However, the preparation of novel films based on P3HPEI and chitosan 

resulted in cloudy materials, and the elasticity of this composite film remained low due to the 

long alkyl side chain. In a subsequent study, we attempted to develop novel films based on 

P2HEEI and chitosan to obtain transparent films with excellent mechanical properties that were 

suitable for buccal administration of haloperidol. 

Buccal drug delivery is commonly used  to administer drugs through the buccal mucosa 

to provide local or systemic pharmacological effects 16. It has generated interest as a potential 
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alternative to gastrointestinal drug delivery. The advantages of the buccal route include direct 

access to the systemic circulation via the internal jugular vein, rapid onset of action, possibility 

to by-pass  hepatic first-pass metabolism, avoidance of gastrointestinal acid hydrolysis, 

increased patient compliance, and suitability for drugs or excipients that cause mild and 

reversible mucosal damage or irritation 17. Mucoadhesive films are one of commercially 

relevant formulations for buccal drug delivery due to their adaptability and ease of use. 

Additionally, it can prolong the time spent on the mucosa, increasing the permeability of the 

buccal epithelial lining as well as it is capable of directly delivering a precise dose of the drug 

to the mucosa 17, 18.  Hence, chapter 4 focuses on the development of novel flexible and 

mucoadhesive films based on blends of chitosan and poly (2-hydroxyethyl ethyleneimine) as 

potential platform for buccal delivery of haloperidol. Initially, P2HEEI was synthesized via 

nucleophilic substitution of linear polyethyleneimine (L-PEI) with 2-bromoethanol. P2HEEI 

exhibited good solubility in water, low toxicity in human dermal skin fibroblast cells, and low 

glass transition temperature (-31.6 oC). This polymer was then blended with chitosan to 

improve mechanical properties and these materials were used for the buccal delivery of 

haloperidol. Polymeric films based on chitosan and its blends with P2HEEI were prepared by 

casting from aqueous solutions that the investigation of these films using differential scanning 

calorimetry and scanning electron microscopy confirmed that chitosan and P2HEEI form 

completely miscible blends with good transparency. Blending chitosan with P2HEEI improved 

the mechanical properties of the films, resulting in more elastic materials that were superior to 

those based on P3HPEI and chitosan. Blend films were also prepared loaded with haloperidol 

as a model poorly water-soluble drug. The cumulative release of haloperidol from the films 

increased when the blends were prepared with greater P2HEEI content. Mucoadhesive 

properties of these films with respect to freshly excised sheep buccal mucosa were evaluated 

using a tensile method. It was found that all films are mucoadhesive; however, an increase in 

P2HEEI content in the blend resulted in a gradual reduction of their ability to adhere to the 

buccal mucosa. These films could potentially find applications in buccal drug delivery. Further, 

this research will be conducted on in vivo studies and mucosal irritation test of haloperidol-

loaded chitosan-P2HEEI films as followed from Samanta et al. 19 

Therefore, L-PEI and its derivatives have potential as materials for pharmaceutical 

applications, allowing for the development of novel formulations such as cryogels, drug-loaded 

films for poorly water-soluble drug administration, and mucoadhesive drug delivery systems. 
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5.2. Future work 

5.2.1. Evaluation of antimicrobial activity of physically crosslinked cryogels based L-

PEI 

Physically crosslinked cryogels with antimicrobial properties and surface charge 

control would be beneficial for biomedical, wound healing, and pharmaceutical applications.  

Therefore, physical cryogels based on cationic polymers are of interest for antimicrobial 

applications3. PEIs are cationic polymers, which widely used as antimicrobial agents due to the 

positive charge, causing an electrostatic binding to the surfaces of bacterial cells 7, 20. To the 

best of our knowledge, there are no reports in the literature on antimicrobial activity of 

physically crosslinked cryogels based L-PEI. Thus, the antibacterial activity of L-PEI-based 

physical cryogels used in antimicrobial wound dressings will be investigated. 

5.2.2. Tissue irritation and in vivo studies of haloperidol-loaded novel films for buccal 

drug delivery  

Haloperidol (HP), an antipsychotic drug, is associated with side effects of drug-induced 

extrapyramidal syndrome (EPS) in conventional monotherapy 19. It is poorly water-soluble and 

is commonly formulated as solutions for oral administration or injections, and as tablets 21. The 

average oral dose of haloperidol ranges from 0.5 to 30 mg per day 22. Further, HP is a BCS 

class 2 drug, characterized by low solubility but high permeability23 and has poor oral 

bioavailability (59%)22. From chapter III and IV in this thesis, we prepared HP loaded films 

and then characterised their physicochemical properties, mucoadhesive properties ex vivo and 

in vitro drug release from these materials. However, these chapters did not include mucosal 

irritation test and in vivo studies of haloperidol-loaded novel films for application in 

transmucosal drug delivery.   

The evaluation of mucosal irritation of HP-loaded novel films is an essential criterion 

proving that these novel products are nontoxic,  non-allergic, and non-irritating24. The slug 

mucosal irritation (SMI) in vivo study, developed by Adriaens and co-workers 25 will be applied 

to quantify the toxicological properties of HP-loaded films. This test has been validated as a 

reliable method and is effective as a prescreening assay for determining the irritation potential 

of chemicals, formulations, and active ingredients to various mucosal membranes26, 27. The 

mucosal layer of the slug is located on the body's surface and is hence easily observable by the 

investigator. In this test, colorless mucus, secreted by slugs after contact with a test substance, 

is a good initial indicator of biocompatibility. The total amount of mucus produced serves as 
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the main criterion to test the biocompatibility of formulations since these increases on exposure 

to stronger irritants28. These assessments provide quantifiable data for test materials to be 

classified as nonirritating, mild, moderate, or severely irritating27. 

In vivo pharmacokinetics is also an important method to confirm the efficacy of  HP 

loaded in novel film formulations compared with original formulation, referring to the 

movement of drugs through the body (adsorption, distribution, excretion and metabolism), 

followed from study of Samanta and co-workers 19. Therefore, this research will be conducted 

on in vivo pharmacological studies and mucosal irritation test of haloperidol-loaded novel films 

for application in buccal drug delivery.  

 

5.2.3. Synthesis of novel antimicrobial polymers for wound dressings 

 The increase in the number of patients suffering from healing wounds provided a 

substantial issue for health care professionals. Infection of the wound is a major factor in 

impaired wound healing 29. Bacteria affect the equilibrium between degradative and 

reconstructive processes during wound healing by increasing and/or sustaining a pro-

inflammatory environment that inhibits re-epithelization. The majority of chronic wounds have 

mixed populations of aerobic and anaerobic bacteria 29. Due to the great prevalence in 

traumatic, surgical, burn, and other types of wounds, Staphylococcus aureus is regarded to be 

the most dangerous bacterium. In chronic wound infection, other bacteria such as Pseudomonas 

aeruginosa, Escherichia coli, and Klebsiella pneumoniae may also play a role 29.   Over the 

past two decades, there have been ongoing efforts to produce polymers with antibacterial 

properties. Important characteristics of cationic disinfectants are their positive charge 20. 

Antimicrobial polymers are materials that can kill or limit the growth of microorganisms on a 

surface or in their surrounding environment. They either have an intrinsic capacity to exhibit 

antibacterial activity. There are four classifications of antimicrobial polymers, including those 

that exhibit antimicrobial activity on their own, those whose biocidal activity is conferred by 

their chemical modification, those that incorporate antimicrobial organic compounds with 

either low or high molecular weight (Mw), and those that involve the incorporation of active 

inorganic systems 30. Among the researched antibacterial materials, cationic polymers have the 

most potential to serve as antibacterial agents due to their beneficial properties of 

compromising cell membrane integrity, prolonged inhibitory action, and broad-spectrum 

antibacterial activity 31, 32. The vast majority of bactericidal cationic polymers published in the 
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scientific literature are polycations generated from quaternary ammonium compounds 33, 

polyethyleneimine (PEI)7, polyethyleneimine (PEI) derivatives 32, 34 and chitosan derivatives35.  

From our previous study 36, the nucleophilic substitution reaction between L-PEI and 

excess of alkyl halide can be used to prepare quaternary ammonium compounds (QACs). The 

use of suitable base and chemical reagent ratio may prevent the over alkylation reaction 36. 

QACs are nitrogen (N)-containing compounds in which N is covalently linked to four distinct 

groups. They are represented by the generic formula N+ R1 R 2 R 3 R 4 .X −, where R can be a 

hydrogen atom, a plain alkyl group or an alkyl group substituted with different functional 

groups, and X represents an anion 37. Consequently, in the future work, we will be synthesized 

and evaluated quaternary ammonium derivatives of poly (2-hydroxyethyl ethyleneimine) or 

QP2HEEI and quaternary ammonium derivatives of poly (3-hydroxypropyl ethyleneimine) or 

QP3HPEI for antimicrobial and wound healing applications. The structures of QP2HEEI and 

QP3HPEI are shown in Fig. 1. Our preliminary experiments demonstrated a possibility to 

synthesize QP2HEEI and QP3HPEI and their structure was confirmed using 1HNMR, 13C-

NMR and FTIR spectroscopy. Thermal, cytotoxicity and antimicrobial activity of these novel 

polymers will also be evaluated.  The novel antimicrobial polymers can be formulated as a film 

forming spray for anti-infection and wound healing.  

 

Fig. 1. Structures of quaternary ammonium derivatives of poly(2-hydroxyethy ethyleneimine) 

and poly(3-hydroxypropyl ethyleneimine). 
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5.3. Significance of the key findings 

To the best of our knowledge, there are no reports in the literature on L-PEI cryogels 

formed by freezing and subsequent thawing of its aqueous solutions. Thus, the fabrication of 

novel physical cryogels based on L-PEI via cryotropic gelation has advantages, since this 

method does not require the use of cross-linkers or initiators.  In addition, by controlling the 

freezing temperature or modifying the solvent, L-PEI cryogels can be designed with desired 

mechanical properties for applications ranging from cell immobilisation and tissue culture 

scaffolds to drug delivery systems or antimicrobial wound dressings.  

This thesis also generated novel water-soluble polymers with low toxicity based on the 

modification of linear polyethyleneimine, including poly (2-hydroxyethyl ethyleneimine), 

P2HEEI, and poly(3-hydroxypropyl ethyleneimine), P3HPEI. Both polymers were effectively 

used as biomaterials and excipients for drug delivery, such as film-forming agents and 

plasticizers. Therefore, both polymers were blended with other polymers such as chitosan to 

optimize a glass transition temperature for applications in skin and transmucosal drug delivery 

as well as improved mechanical properties of polymers.   

 

Fig. 2. Key findings of this thesis. 

 

Novel elastic and mucoadhesive films based on blends of chitosan and linear PEI 

derivatives, i.e., P2HEEI and P3HPEI, were developed in this study for rapid buccal delivery 

of haloperidol. Consequently, L-PEI and its derivatives have potential as biomaterials and 

excipients for drug delivery, enabling the development of novel formulations such as cryogels, 
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drug-loaded films for poorly water-soluble drug administration, and mucoadhesive drug 

delivery system, as shown in Fig. 2.  
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