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-Poly-L-lysine (-PLL) extracted from Streptomyces 
albulus was solubilized and analysed for its structural 
as well as chemical stability in several deep eutectic 
solvents (DESs). The DES synthesized was composed of 
urea (hydrogen-bond donor) and choline chloride (hydro-
gen-bond acceptor) in the molar ratio 2 : 1. Further-
more, it formed a soft ionogel (gel strength: 177 g cm–2) 
in the presence of 20% w/v -PLL at room temperature 
in about 10–15 days. However, such gelation was not 
observed at lower concentrations (5%, 10% and 15% 
w/v) of the homopolypeptide. Regenerated -PLL from 
DES was examined, and it was found to maintain its 
structural and chemical stability during the dissolution 
process.  
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-POLY-L-LYSINE (-PLL), a natural polypeptide comprising 

25–30 L-lysine units, has been isolated from culture filtrates 

of Streptomyces albulus1–3. Proteins are different from -

PLL because the amide linkage in -PLL is between -NH2 

and –COOH for the –CONH peptide bonds, while in proteins 

it is between the -NH2 and –COOH groups. Furthermore, 

proteins comprise multiple amino acids, while -PLL con-

sists of a lone amino acid constituent (L-lysine)4. -PLL and 

its derivatives are extensively used in various fields like food 

industries, as absorbable hydrogels, biodegradable fibres, 

in tissue culture, as an emulsifying and dietary agent, for 

drug delivery and extended applications in biotechnology5. 

 Deep eutectic solvents (DESs) are composed of hydrogen-

bond interactions between two or more components that 

assist self-association with each other to form a eutectic 

mixture. The resulting eutectic mixture has a lower 

melting point than the individual components from which it 

is made. DESs are prepared using hydrogen-bond 

acceptors 

and donors. They are suitable alternatives to ionic liquids 

(ILs) as solvents6. Eutectic solvents are used as a dissolution 

and extraction medium for biomacromolecules such as DNA, 

lignin, carrageenan, cellulose, chitin, agarose and starch7,8.  

 Ionogel materials show a relationship between the 

dispersed ILs/DESs phase and the solid continuous phase. 

The liquid is trapped inside a solid, which holds or 

enhances the functional properties in the gel of those 

ILs/DESs, such as thermal stability, vapour pressure, 

stretchability, thixotropicity, healability, electric 

conductivity and shape memorability combined with the 

practicality of a solid9–14. We have recently studied the 

solubility of -PLL in several ILs15. It has been observed 

that the dissolution ability of DESs and ILs is different for 

certain macromolecules such as DNA. Herein, dissolution 

of -PLL and formation of soft ionogel and regeneration of -

PLL were studied in several DESs. 

Materials and methods 

Materials 

The -PLL utilised in this study was procured from 

Handary, SA, Belgium, and was produced by Streptomyces 

albulus. Various DESs were synthesised using methods 

that were previously reported16. Urea was purchased from 

Rankem Ltd in New Delhi, India, while choline chloride 

was obtained from SDFCL in Mumbai, India. Methanol 

was procured from M/s Spectrochem Chemicals Ltd in 

Mumbai, and isopropyl alcohol was purchased from Loba-

chemie Pvt Ltd in Mumbai for the regeneration of -PLL.  

Methods 

Fourier-transform infrared spectroscopy (FT-IR): FT-IR 

spectra of standard and regenerated -PLL and DES were 

analysed using a Perkin-Elmer FT-IR machine (Spectrum 

GX, USA) on a KBr disc (2 mg sample in 500 mg KBr).  
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Table 1. Dissolution of -poly-L-lysine in various deep eutectic solvents (DESs) 

DES Solubility Concentration (% w/v) 
 

Tetra-N-octyl ammonium bromide : decenoic acid Not soluble – 

Tetra heptyl ammonium bromide : decenoic acid Not soluble – 

Tetra butyl ammonium chloride : decenoic acid Not soluble – 

Methyl tri-N-octyl ammonium chloride : decenoic acid Not soluble – 

Tetra decyl ammonium bromide : decenoic acid Not soluble – 

Choline chloride : acetic acid Not soluble – 

Choline chloride : levulinic acid Not soluble – 

Choline chloride : ethylene glycol Not soluble – 

Choline chloride : glycerol Not soluble – 

Choline chloride : urea Soluble 22 

 

 

Nuclear magnetic resonance: The JEOL ECZ600R MHz 

FT-NMR spectrometer equipped with the ROYAL probe 

was used to record Nuclear Magnetic Resonance (NMR) 

spectra. Standard as well as regenerated -PLL were dis-

solved in D2O (60 mg ml–1) while DESs were directly dissol-

ved in acetonitrile-D3, and spectra were recorded at room 

temperature. Acetonitrile-D3 was taken as the internal 

standard for both standard and regenerated -PLL as well 

as DESs.  

 

Circular dichroism: Circular dichroism (CD) spectra (range 

180–350 nm) were recorded (Jasco, model J-815). The -PLL 

solutions were prepared in 10 mM potassium phosphate 

buffer with 5 mM Na2SO4. The solutions were maintained at 

pH 10.6. Two spectra were recorded: (i) at T = 37C and 

(ii) after heating the solution at 70C for 50 min.  

 

UV-Vis spectroscopy: The Varian Cary 500 UV-VIS-NIR 

spectrophotometer was used to record the UV–Vis spectra 

of -PLL solutions (range 200–400 nm). 

 

Powder X-ray diffraction: Powder X-ray diffraction (XRD) 

of standard and regenerated -PLL was carried out on a 

Phillips X’pert MPD system (Cu-K radiation 

( = 0.15405 nm) with a 2 range from 5 to 40) with 

0.1 s–1 scanning speed.  

 

Rheological measurements: The prepared soft ionogel was 

analysed for its rheological properties using a rheometer 

(Anton Paar, Physica MCR 301, USA) equipped with par-

allel plate PP50/P-PTD200 geometry (49.971 mm diameter; 

0.5 mm gap). The dynamic viscosities at 25C were deter-

mined by varying the shear rate. The storage and loss 

moduli (G and G) for the ionogel were measured at 25C 

for its time, frequency and strain dependence.  

 

Dissolution and regeneration: Table 1 shows various 

DESs used for the solubility of -PLL. Choline chloride : 

urea (1 : 2) successfully solubilized -PLL (maximum 

22% w/v). The dissolution was done at room temperature 

by adding -PLL in each DES. The -PLL dissolution was 

confirmed by cloud point method17. Regeneration of -PLL 

and DES were achieved by the addition of methanol and 

isopropyl alcohol (IPA) respectively, followed by centrif-

ugation and washing with IPA and acetone and drying under 

vacuum (Figure 1). There was no contamination in the re-

covered DES, as observed by comparing the UV-Vis, FT-

IR, 1H NMR, 13C NMR and CD spectra of the recovered and 

standard DESs (Supplementary Figures 1–3). No insoluble 

particles were visible in the -PLL solution in DES, exam-

ined by microscopic imaging, which were earlier visible in 

the solution before dissolution (Supplementary Figure 4). 

Results and discussion 

FT-IR 

Figure 2 shows the FT-IR spectra of standard and regenerat-

ed -PLL with 3245 cm–1 assigned to the unprotonated 

NH2; 3074 cm–1 to NH+
3; and 1655 and 1561 cm–1 attributed 

to the amide I and II bands respectively, in the polypeptide. 

This result indicates that there is no chemical degradation 

in the regenerated -PLL18.  

13C-NMR 

In standard -PLL, carbon (C-2) linked to -amino groups 

was observed as a singlet at 54.03 ppm, while carbon (C-3) 

linked to the -amino groups was also observed as a singlet 

at 39.88 ppm. A carbon shift occurred at 170.32 ppm be-

cause of carbonyl carbon (C-1; Figure 3). Other methylene 

carbon shifts appeared at 31.31 ppm (C-4), 28.72 ppm (C-5) 

and 22.48 ppm (C-6). In the regenerated -PLL, the chemical 

shifts were almost similar (C-1: 170.95 ppm; C-2: 54.19 ppm; 

C-3: 39.94 ppm; C-4: 31.12 ppm; C-5: 28.81 ppm and C-6: 

22.59 ppm). Attributions of carbon resonances in -PLL 

were compared with those reported in the literature and with 

the data obtained from ChemBioDraw Ultra 11.0 (ref. 19). 

1H-NMR 

In standard -PLL, the proton (H-2) linked to -amino 

groups showed a broad singlet at 3.95 ppm while protons 

https://www.currentscience.ac.in/Volumes/125/12/1328-suppl.pdf
https://www.currentscience.ac.in/Volumes/125/12/1328-suppl.pdf
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Figure 1. Photographic representation of -poly-L-lysine (-PLL) processing in deep eutectic solvent 
(DES) (choline chloride : urea in the ratio 1 : 2). 

 

 

 
 

Figure 2. FT-IR spectra of (a) standard and (b) regenerated -PLL. 

 

 

 

(H-6) linked to the -amino groups appeared as a broad 

singlet at 3.25 ppm. Protons attached to  carbon appeared 

as a broad singlet (1.89 ppm). The other protons attached 

to carbons appeared at 1.59 ppm (2H, d) and 1.40 ppm 

(2H, q) respectively. In the regenerated -PLL, chemical 

shifts of the protons were almost the same (H-2: 3.92 ppm; 

H-3: 1.89 ppm; H-4: 1.40 ppm; H-5: 1.59 ppm and H-6: 

3.25 ppm) (Figure 4). Attributions of carbon resonances in 

-PLL were compared with those reported in the literature 

and with the data obtained from ChemBioDraw Ultra 11.0 

(ref. 20). 

Power XRD 

Figure 5 shows the XRD of standard and regenerated -PLL 

in powder form. Both show a broad peak located at around 

24, which indicates the amorphous nature of this peptide21. 

Circular dichroism 

The change in structure of -PLL was confirmed using CD 

spectroscopy. The -PLL solutions were prepared as mentio-

ned earlier. -PLL showed -helix structure, and after 

heating at 70C for 50 min, it showed a -sheet struc-

ture22,23. A characteristic maximum peak at ∼192 nm and 

two minimum peaks at ∼209 and ∼222 nm were exhibited 

by the -helix structures, while a characteristic maximum 

and minimum peak at ∼200 and ∼220 nm respectively, 

was exhibited by the -sheet structures24–26 (Figure 6). 

UV spectroscopy 

Figure 7 shows the UV-Vis spectra of standard and regene-

rated -PLL. The positive peak at around ∼200 nm in both 

standard and regenerated -PLL indicates that there is no 

degradation in -PLL after regeneration from DES27.  

Rheological analyses  

Figure 8 a shows the time-dependent loss modulus and 

storage modulus of 5% and 20% -PLL in DES (choline 

chloride : urea in the ratio 1 : 2). The higher amplitude of 
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Figure 3. 13C NMR spectra of (a) standard and (b) regenerated -PLL. 
 

 
 

Figure 4. 1H NMR spectra of (a) standard and (b) regenerated -PLL. 
 

 

the storage modulus compared to the loss modulus indicates 

a gel nature for the 20% of -PLL in DES and viscous nature 

for 5% of -PLL in DES. Figure 8 b shows viscosity 

measurements of DES (choline chloride : urea in the ratio 

1 : 2) and 22% -PLL in DES, indicating lower and higher 

viscosity in the absence and presence of -PLL respectively. 
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Figure 5. X-ray diffraction of (a) standard and (b) regenerated -PLL. 

 

 

 
 

Figure 6. CD spectra of (a) Standard and (b) regenerated -PLL in the 
buffer showing (A) -helix and (B) -sheet structure. 

 
 

Figure 7. UV spectra of (a) Standard and (a) regenerated -PLL. 
 
 

 
 
Figure 8. Rheological data of (a) G G (Pa) against time of 5% and 
20% -PLL in DES and (b) viscosity measurement of DES and 22% -
PLL in DES. 

 
 

Conclusion 

-PLL was found to be soluble (up to 20% w/v) in a  

DES composed of choline chloride and urea (in the ratio 

1 : 2) with structural as well as chemical stability during 

dissolution. Gel formation for the polypeptide was 

observed at 20% w/v in the DES, whereas such gelation 

was not found at lower concentrations like 5%, 10% and 

15% w/v. Evaluation (FT-IR, NMR, PXRD, UV-Vis and 

CD spectroscopy) of the regenerated polypeptide from the  
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solvent confirmed that there was no chemical and structural 

degradation during dissolution and regeneration processes. 

Structural as well as chemical stability of structurally 

sensitive polymers upon long-term storage in DES is the 

major advantage of dissolution. 
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