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1. Materials 

Peroxidase from horseradish (HRP), trypsin from porcine pancreas, deoxyribonucleic acid (DNA), 

sodium salt, salmon testes, choline bicarbonate (80 wt% in water), phosphonoacetic acid, hydrogen 

peroxide, 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt  (ABTS), sodium 

phosphate monobasic monohydrate and sodium phosphate dibasic were purchased from Merck. 

Ultrapure Milli-Q water was used for preparing assay solutions. 

2. Synthesis of Ionic Liquid (IL) 

Choline phosphonoacetic acid ([Cho]2[PAA]; 2:1) was synthesized following a standard protocol through a 

simple acid-base reaction.1 Phosphonoacetic acid was added slowly in portion to choline bicarbonate with 

continuous stirring at 75 °C. The reaction mixture was kept stirring for 12 h. The ILs was dried in rotavapor 

as well as under reduced pressure using a vacuum line. ILs with 3±1 wt% of water were then collected and 

stored in air tight vessel inside a desiccator for further use to study the enzymatic reaction. The pH of 

synthesized [Cho]2[PAA] (50%) was found out to be 5.5±0.2. The structure of the IL is shown in Figure S1. 
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Figure S1. Chemical structure of the IL used in the present study.

3. Enzymatic assays preparation and peroxidase activity of HRP

(a) Optimization of final concentration of IL, DNA, and IL+DNA

The concentration of HRP was quantified using Shimadzu UV-1900i spectrophotometer with a quartz 

cuvette of 1 cm path length. The extinction coefficient of HRP at 403 nm is 1.0 × 105 M−1 cm−1. Further, to 

optimize the final concentration of formulations, the activity studies of HRP was conducted by combining, 

10 μL of 100 nM HRP, and 50 μL of 40 mM ABTS solution to 930 μL of phosphate buffer (100 mM, pH 7.4) 

and to all the IL solutions (0 to 20 wt%), DNA (0 to 0.75 mg/mL) and IL (0 to 20 wt %) + DNA (0.75 mg/mL), 

DNA ( 0 to 0.75 mg/mL) + IL (15 wt%) based formulations. The assay solution was incubated for 15 minutes 

at 37 ℃ before adding 10 μL of 10 mM H2O2, and the reaction progress was monitored using UV-vis 

spectroscopy at 420 nm for 120 seconds. The enzymatic activities were calculated by observing the 

changes in absorbance at 420 nm using the spectrophotometer considering the final product ABTS+. 

(ɛ420 nm=3.6 × 104 M−1 cm−1). Subsequently, the HRP activity was calculated from the following equation 

with the first 60 seconds duration.

% 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒(𝑡 = 60 𝑠𝑒𝑐) ‒ 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒(𝑡 = 0 𝑠𝑒𝑐) 𝑖𝑛 𝐼𝐿/𝐷𝑁𝐴
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒(𝑡 = 60 𝑠𝑒𝑐) ‒ 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒(𝑡 = 0 𝑠𝑒𝑐) 𝑖𝑛 𝑏𝑢𝑓𝑓𝑒𝑟

∗ 100

(b) Activity of HRP after trypsin digestion 

To profile the activity of HRP in the presence of a biological denaturant, HRP was further incubated in 

the presence of 6 µM of trypsin at 37°C for 24 h along with phosphate buffer (pH=7.4) and all optimized 

formulations (IL (15 wt%), DNA (0.75 mg/ mL) and IL(15 wt%)+ DNA(0.75 mg/mL)).  For relative activity 

calculations, the activity of HRP in buffer incubated in the presence of trypsin at time 0 was taken as 

100%, and the activity of other systems was calculated relative to that.



4. Stability Studies of HRP in the presence of phosphate buffer (pH =7.4), IL, DNA and IL+DNA

The conformational and colloidal stability of HRP in the presence of IL, DNA and IL+ DNA was analyzed 

using UV-visible, circular dichroism (CD) spectroscopy and zeta potential. 

The UV absorbance spectra of HRP (0.5 mg/mL) at 403 nm were recorded using a Shimadzu UV-1900i 

spectrophotometer using 1 nm resolution, utilizing matched quartz cuvettes with a 1 cm path length in 

the presence of phosphate buffer (pH=7.4), IL (15 wt %), DNA (0.75 mg/ mL) and IL(15 wt %)+DNA (0.75 

mg/ mL). The average of three spectra after eliminating the relevant blank from the tentative spectrum 

was considered for analysis. Further, HRP was digested in trypsin (6 µM) in the presence of all four 

optimized formulations for 24 h and the UV spectra of HRP was recorded.

CD spectrum of DNA, HRP and trypsin was recorded on Jasco-1500 spectrophotometer, equipped with a 

Peltier system for temperature control.  The wavelength range taken was 190-350 nm. The response time 

of 1 s and 1 nm bandwidth was used with a scan speed 20 nm/min. The concentration of DNA taken was 

0.75 mg/ mL in the presence of phosphate buffer and IL (15 wt %). Whereas, the HRP and trypsin 

concentration was 2 mg/mL in the presence of phosphate buffer (pH=7.4), IL (2 wt %), DNA (0.75 mg/mL) 

and IL (2 wt %) + DNA (0.75 mg/mL). The samples were equilibrated for 15 min. All spectra were procured 

after blank subtraction. 

Zeta potential (ζ) studies were carried out using Anton Paar Litesizer 500 device in which prior to the 

analysis, the samplings were made similar to that of UV-Vis spectra. ζ potential analysis was performed in 

the Omega cuvette Mat. No. 225288 and all the studies were recorded in the protein mode with 200 cycles 

of run.

5. SDS-PAGE of HRP before and after trypsin digestion

HRP stability before and after digestion with trypsin in PBS and different solvent systems namely 

[Ch]2[Dhp] IL, DNA, and DNA+IL were investigated using denatured SDS-PAGE. HRP was individually 

dissolved in 15 wt% of IL, 0.75 mg/mL DNA, and IL+DNA, respectively and were incubated with trypsin for 

24 h at 37 oC. HRP solutions before and after digestion with trypsin were added with 2x laemmlie sample 

buffer was mixed with β-mercaptoethanol (50 µL in 950 µL 2x laemmlie sample buffer) for denatured SDS 

PAGE. Prior addition of the sample to the sample well the samples were heated to 90 oC for 5 minutes for 

all the denatured SDS PAGE. After that 6 µg of enzyme sample was added to the sample well of 12% 

(PolyAcrylamide Gel) precast Mini-Protein TGX gel. Subsequently, electrophoresis was conducted at 100 

V for 4 h with 10x-tris-glycine/SDS buffer. Thereafter, it was stained with silver nitrate solution for 20 



seconds to develop the electrophoretic bands. The bands were analyzed comparing with pre-stained 

protein ladder (PageRuler, Thermo Scientific).

6. Computational Study

The structures of horseradish peroxidase (HRP), Trypsin (TRY) and B-DNA were obtained from the Protein 

Data Bank (PDB) with the corresponding PDB IDs: 1HCH, 1S0Q and 1BNA, respectively. The initial 

preparation of these structures involved the removal of water molecules and other heteroatoms. 

Hydrogen atoms were subsequently added using the Discovery Studio Visualizer,2 to ensure proper 

geometry and charge distribution. To accurately model the protonation states of the HRP and TRY residues 

at the experimental pH of 5.5, the H++ server was employed.3,4 This is crucial for achieving realistic docking 

simulations. HRP-DNA and HRP-TRY docking simulations were conducted using the HDock server.5 For 

further validation of docked complexes, AlphaFold’s structural predictions were employed.6 The structure 

of the ionic liquid (IL) was initially drawn in ChemDraw.7 It was then optimized and minimized using 

Maestro,8 part of the Schrödinger Suite, to ensure a conformation suitable for docking. The docking of the 

IL with the DNA, protein and HRP/DNA complex was performed using the SwissDock.9,10 For DNA-IL 

docking: the box size was set to 40, 40, 40 and the box center to 15.0, 21, 9.0. For IL-HRP docking: the box 

size was set to 30, 30, 30 and the box center to -2.0, -2.0, 7.0. For IL-HRP/DNA complex docking: the box 

size was set to 40, 37, 33 and the box center to -9.0, -2.0, 1.0. The analysis of the docked complexes was 

carried out using PyMOL.11 



Figure S2. HRP-DNA complex highlighting three distinct DNA conformations from the top 10 docked 

models. HRP is shown in magenta, while the DNA conformations are represented as orange (top pose), 

gray (second-best pose), and cyan (third-best pose). These conformations, although distinct, bind around 

the HRP catalytic site without obstructing it. Catalytic residues are highlighted as green sticks and labelled.

Figure S3. (a-b) Absorbance vs. time plot of HRP activity assay in presence of various concentration of DNA 

(a), different concentration of [Ch]2[PAA] IL (b), at various concentration of DNA with fixed IL 

concentration (15 wt%) (c), and at various concentration of IL and fixed DNA concentration (0.75 mg/mL) 

(d). 



Figure S4. AlphaFold-predicted structure of the HRP-TRY complex with an ipTM score of 0.38, indicating 

very low reliability in predicted relative positions of the sub-units. Thus, these results were not considered 

for analysis. 

Figure S5. Validation of the HRP-TRY complex docking results. HRP is depicted in magenta, with catalytic 

residues shown as green sticks. The top pose generated by GRAMM12 (orange), is in agreement with the 

corresponding pose from HDock (cyan). For clarity and presentation purposes, the loops have been 

smoothed in PyMOL.



Figure S6. Activity of trypsin in presence of different solvent systems using N-α-benzoyl-DL-arginine 4-
nitroanilide as substrate. 

Activity of trypsin: We investigated the effect of IL/DNA-based formulations on the activity of Try. A 
mixture of N-α-benzoyl-DL-arginine 4-nitroanilide (BAPNA, 1 mM) and Try (0.5 µM) was prepared at 37 °C 
in Tris-HCl buffer (50 mM, pH 7.8) containing CaCl2 (10 mM).13 The activity was studied under different 
conditions: in the presence of Tris-HCl alone, and in the presence of our studied systems—IL, DNA, and 
IL+DNA. The reaction progress was monitored using UV-vis spectroscopy at 405 nm over a duration of 
1800 seconds. 

Figure S7. CD spectra of trypsin in the presence of different solvent systems.
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