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Abstract

The primary metabolites frequently used for various applications including medicinal applications. Currently, natural 
deep eutectic solvents (NADESs) is prepared through primary metabolites and it is a good solvent with better biocompat-
ibility, biodegradability, and non-toxic nature. In the current study, NADES was designed and used for the polymerization 
to drug carrier synthesis. The maximum quantity of poly(HEMA) was obtained by the stoichiometric ratios of choline 
chloride and xylitol (1:1) of NADES. The NADES-poly(HEMA) was attempted as a carrier with loaded 5-�uorouracil (5-FU). 
The NADES formation and PHEMA were characterized by proton nuclear magnetic resonance (1H NMR), Fourier-transform 
infrared spectroscopy. The phase purity of synthesised NADES-poly(HEMA) and 5-FU loaded NADES-poly(HEMA) carrier 
was investigated by X-ray di�raction. Furthermore, the scanning electron microscope exhibited as-synthesised NADES-
poly(HEMA) and 5-FU loaded NADES-poly(HEMA) was smooth with interconnected porous morphology. The encapsu-
lation e�ciency of the carrier was obtained 77 ± 1% and in vitro of 5-FU release from NADES-poly(HEMA) carrier was 
achieved in various physiological environment. Biodegradability of NADES-poly(HEMA) carrier was determined in the 
presence of esterase enzyme. The enhanced cytotoxicity of 5-FU-loaded NADES-poly(HEMA) was investigated against 
HeLa cancer cell line. Thus, the newly developed 5-FU loaded NADES-poly(HEMA) carrier is suitable for cancer treatment 
over a prolonged period of drug release.
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1 Introduction

Deep eutectic solvents (DESs) is a great potential usage 
for biomedical applications including organic reac-
tion, electrochemical reaction, nanoparticles synthesis, 
enzyme catalyst, and polymerization reactions, etc. [1–3]. 
The development of deep eutectic solvents was prepared 
by using primary metabolites and secondary metabolites 
which is called natural deep eutectic solvents (NADESs). 
The NADESs had attracted much more attention due to 
the increasing solubility of the di�erent compounds such 
as carbohydrates, synthetic polymers, and metal chloride 
etc., and also it have promising alternative to organic sol-
vents [4, 5]. NADESs is less expensive, non-toxic, sustain-
able, biodegradable, and biocompatible because NADESs 
is a combination of naturally available metabolites [6–12]. 
The NADESs was prepared by the endothermic complex-
ation of hydrogen bond donor (HBD) for examples citric 
acid/xylitol/sucrose/tartaric acid/ethylene glycol/malonic 
acid/malic acid and hydrogen bond acceptor (HBA) such as 
Choline Chloride, N-ethyl-2-hydroxy-N,N-dimethylethana-
minium chloride/N-benzyl-2-hydroxyl-N,N-dimethylethan-
aminium/methyltriphenylphosphonium bromide/N,N-
diethyl ethanol ammonium chloride molecules were 
formed by self- association via hydrogen bonds [13]. In 
these, hydrogen bond formations for charge delocalization 

between halide anion and the hydrogen donor moiety is 
the responsible for the decreasing in the freezing point of 
the mixture relative to the melting points of its individual 
compounds [14].

NADES have been used as active pharmaceutical 
ingredients (API) [15] in the pharmaceutical industry. The 
API-NADES compounds o�er improved properties, such 
as increased stability, solubility, permeability and drug 
delivery than comparable solid pharmaceutical forms 
[16]. poly(octane diol-co-citrate)-lidocaine was devel-
oped as DESs for local anesthetic drug delivery [17]. The 
system has reported rapid drug releasing properties with 
the non-specific drug releases. Meanwhile, increasing 
the prolonged releases and reducing the side e�ects, the 
researchers were concentrated polymeric drug carrier. In 
view of shortcomings, Methacrylate and its derivatives 
was frequently used preparation of biomaterials for drug 
release [18, 19]. The individuality that made for the poly-
mer potential materials for biological applications such 
minimal in�ammatory reaction with tissues, greater frac-
ture resistance, good solubility, biodegradation, excellent 
biocompatibility, and sustained drug release. Methacrylate 
and its derivatives was widen application with combina-
tion of other polymers like chitosan [20], polyurethane 
[21], gelatin [22] etc. A previous research, methacrylate 
derivative was prepared by using a different organic 
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solvent which is highly toxic nature, it has been not suit-
able for drug delivery applications [23].

The anticancer drug delivery system was limited to 
develop using NADES with a combination of another pol-
ymer [16, 24–27]. In this present study, the feasibility of 
the formation of HEMA polymerization of the biodegrad-
able system was demonstrated with a new combination of 
natural deep eutectic solvents. The ability of drug loading 
and release properties were investigated with di�erent 
physiological conditions and cytotoxicity e�ect with cel-
lular uptake, and apoptosis was studied on HeLa cancer 
cell line.

2  Materials and method

2.1  Materials

Choline chloride, xylitol was obtained from Himedia, 
India. 2-Hydroxyethyl methacrylate (HEMA) and 5-Fluo-
rouracil (5-FU) were obtained from Sigma-Aldrich, India. 
Chloroform, diethyl ether, ethyl acetate, acetone were 
purchased from Merck, India. All other chemicals are 
analytical grade and it was used without further puri�ca-
tions. Double distilled water was used for all experimental 
procedures.

2.2  Preparation of natural deep eutectic solvents 
(NADESs)

NADES was prepared by a previously described method 
with slight modi�cations [28]. In brief, hydrogen bond 
acceptor (HBA) salt of choline chloride and hydrogen bond 
donor (HBD) salt of xylitol were mixed in a round bottom 
�ask and warmed at 37 °C with constant blending with 
di�erent molar proportion (1:1; 1:2; 1:3; and 2:1) under  N2 
atm until homogeneous �uids were formed (S. Fig. 1). The 
homogenous liquid collected; puri�ed and formed the 
structure of the NADESs was investigated by using 1H-NMR 
spectroscopy.

2.3  Polymerization of 2-hydroxyethyl methacrylate

NADES-poly(HEMA) was prepared by a slight modi�ed 
of a previously reported procedure [16]. Briefly, 1  ml 
(0.0034 mol) of NADES (1:1) and 0.4 ml (0.44 mol) of HEMA 
were taken in a 50 ml of round bottom �ask, and the reac-
tion mixture was stirred with constant stirring at room 
temperature (50 °C) for 2 h and then allowed to polym-
erize up to 24 h at 70 °C. The obtained polymer product 
was collected and cooled to room temperature (37 °C). 
After polymer product, ethanol was added to remove the 

unreacted reactants. The puri�ed polymer was used for 
further characterizations [29].

2.4  Drug loaded NADES-poly(HEMA)

The carrier (100 mg) was placed in a 20 ml beaker. 5-Fu in 
ethanol (50 mg/ml) was added on the carrier and stirred 
for 1 h. The supernatant solution from the 5-Fu loaded 
carrier mixture solution was removed at 15 min intervals 
and analyzed by UV spectrometer (Shimadzu-UV 1600) at 
a λmax 280 nm [30].

2.5  In vitro release study

The in vitro drug releases were analyzed by using a dialysis 
membrane technique [31]. 5-FU releases from 5-FU loaded 
NADES-poly(HEMA) carrier were assessed as follows: 10 mg 
of 5-FU-loaded NADES-poly(HEMA) was added to the 
bu�er solution (5 ml; pH 2.8, 5.5, 6.8, and 7.4) in the dialysis 
membrane bag at 27 °C and it was placed in a dialysis mem-
brane. The dialysis membrane was incubated in a 50 ml 
water containing beaker at 27 °C with constant stirring at 
100 rpm. At 10 min time intervals, 2 ml of the sample solu-
tion was taken and an equal amount of freshly make pH 
solution was added to maintain the equal volume of the 
system. The 5- FU cumulative release was measured using 
a UV spectrometer (Shimadzu-1600) at the λmax 267 nm.

2.6  In vitro enzymatic degradation and weight loss 
analysis

In vitro bio-degradation property of the NADES-poly(HEMA) 
carrier was investigated in di�erent pH solutions (2.8 and 

6.8) with esterase enzyme at the concentration of 0.2 mg/
ml. The biodegradation of NADES-poly(HEMA) carrier was 
carried out in a small vial containing 10 mg of the sample 
and 10 ml of pH solution with esterase enzyme. The vial was 
incubated with esterase for enzymatic activity at 27 °C with 
a constant stirring (100 rpm). At predetermined immersion 
duration, 5-FU loaded NADES-poly(HEMA) carrier sample 
were removed from the incubation medium and washed 
gently with distilled water. The NADES-poly(HEMA) carrier 
was lyophilized at − 40 °C in a lyophilizer (Sub Zero Lyo-
philizer, Chennai, India) and determined weight loss. The 
weight loss of the 5-FU loaded NADES-poly(HEMA) was 
estimated based on the following Eq. (2).

(1)

Encapsulation efficiency (%)

=
Total amount of drug − Free amount of drug

Total amount of drug
× 100

(2)Degradation (%) =
W0 −Wt

W0
× 100
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where W0 is the original dry mass of NADES-poly(HEMA), 
Wt is the residual dry mass of NADES-poly(HEMA) after 
degradation with di�erent time periods.

2.7  Physicochemical characterizations

2.7.1  Density

The densities of the prepared (ChoCl:Xylitol) mixtures were 
obtained using specific gravity bottle with a standard 
accuracy of ± 14.01 g cm−3. The estimated uncertainty of 
the density measurements was observed ± 2 g cm−3.

2.7.2  Nuclear magnetic resonance spectroscopy technique

NMR spectra were recorded in (Bruker 300  MHZ) instru-
ment with tetramethylsilane as an internal standard, and 
using  CDCl3 as the solvent. Chemical shifts are given in 
parts per million (ppm).

2.7.3  Fourier transforms infrared spectroscopy analysis

The con�rmation of the functional changes of NADES, 
poly(HEMA) polymerization and 5-FU loaded NADES-
poly(HEMA) carrier formation was analyzed by FT-IR spec-
troscopy (Spectrum GX-I, Perkin Elmer, Waltham, MA, USA). 
The transmission scanning mode in the spectral area was 
4000–1000  cm−1 and KBr pellets used for the sample 
preparation.

2.7.4  X-ray powder di�raction (XRD) analysis

XRD (PW3040/60 X-pert PRO, Almelo, Netherlands) was 
used to characterize using analysis of phase identi�cation 
of NADES-poly(HEMA) carrier and 5-FU loaded NADES 
poly(HEMA) carrier.

2.7.5  TGA analysis

The thermal stability of the NADES-poly(HEMA) carrier 
and 5-FU loaded NADES poly(HEMA) carrier was assessed 
by the thermogravimetric instrument (SDTQ-600) in the 
 N2 atmosphere at a scanning rate of 10 K/min from 25 to 
800 °C.

2.7.6  Scanning electron microscope (SEM) analysis

The surface morphology of the NADES-poly(HEMA) car-
rier and 5-FU loaded NADES-poly(HEMA) carrier were 
analyzed by using SEM (JEOL JSM LV-5600). Dispersion of 
the NADES-poly(HEMA) carrier and 5-FU loaded NADES-
poly(HEMA) carrier drop was placed onto a glass plate and 
dried at 27 °C. The plate was mounted on a plate using 

double side carbon adhesive tab and was then coated 
with gold using an ion sputter. The coating was attained 
at 25 mA for the 60 s. Scanning was performed under high 
vacuum and room temperature, with a beam voltage of 
20–30 kV.

2.8  Biological characterizations

2.8.1  Cell culture maintenance

A human cervical cancer cell line (HeLa cell) was purchased 
from the National Centre for Cell Science (Pune, India) and 
cultured for in vitro experiments studies. For culturing 
minimal essential medium supplemented with 13% heal 
inactivated FBS, penicillin/streptomycin grown at 37 °C 
was used 5%  CO2 in air atmosphere.

2.8.2  In vitro cytotoxicity of 5-FU loaded 

NADES-poly(HEMA)

The anticancer efficiency of 5-FU loaded NADES-
poly(HEMA) carrier was investigated on HeLa cancer cell 
line. Pure cell line and NADES-poly(HEMA) carrier as a con-
trol groups and 5-FU loaded NADES-poly(HEMA) carrier 
was studied cytotoxicity e�cacy by MTT (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay 
method [32]. HeLa cancer cell line was seeded in 96-well 
plates at a density of 1 × 105 cells per well plate and incu-
bated with the samples for 24 h at 37 °C in an atmos-
phere of 5%  CO2. Di�erent concentrations such as 50, 75, 
and 100 µg of 5-FU loaded NADES-poly(HEMA) carrier 
were added to each well and cultured for a further 1, 7 
and 14 days. Then, of MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay solution (50 μl) 
was added to each cell well and incubated at 37 °C. The 
medium containing unreacted MTT was completely 
removed by PBS solution carefully and measured the 
intensity at an absorbance–wavelength of 570 nm in the 
UV–visible spectrometer. The cell viability was compared 
with control cells.

2.8.3  Cellular uptake studies

5-FU loaded NADES-poly(HEMA) carrier were suspended 
in a cell culture medium at the concentration of 100 µg/
ml. HeLa cells were a culture in 96 well plates for 24 h. 
Moreover, control was also performed above the culture 
medium. After incubation of 24 h, the culture medium 
was removed and cells were washed two times with PBS 
solution. Cells were stained with 30 min incubation with 
a 0.25% solution of DAPI and 0.2% of Tublin in PBS with 
1% of Bovine Serum Albumin [33]. This was done to visu-
alize the cell nucleus (blue) and cell membrane (red) by 
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confocal microscope (Olympus IX 81 under DU897 mode, 
Tokyo, Japan).

3  Results and discussion

3.1  Preparation of natural deep eutectic solvents

Natural deep eutectic solvents were prepared through 
simple blending method at 37 °C. The desired amount 
of the choline chloride was mixed with a stoichiometric 
ratio of the hydrogen bond donor of xylitol molecule. 
Both compounds were mixed thoroughly with a di�erent 
ratio like 1:1; 1:2; 1:3 and 2:1 at 37 °C. The ratio increases 
from 1:1 to 1:3 the viscosity gradually decreases and in the 
case of 2:1 form as solid, when the mixing of both com-
pounds. The 1:1 ratio of NADES was the transparent liquid 
and it is used for reactions. The clear NADES solution was 
o�ered for synthesis and polymerization reaction to make 
and control the drug delivery system [34, 35]. The density 
of the solvent is very important for chemical reactions, 
extraction and solubility of the compounds. The use of 
transparent NADES favored the easy tuning of the ratio of 
hydrogen bond donating compounds to a certain thresh-
old value those NADESs [36]. The formation of the NADES 
was initially con�rmed by the homogeneous liquid and it 
further characterized.

The compositions of the four different ratios of the 
NADES solvent physicochemical properties were listed in 
the Table 1. The obtained NADES solvent is well correlated 
with the system of ChoCl + urea based DES [37]. The high-
est density was recorded for 1:1 of NADES, which showed 
a maximum of 1.5 g cm−3 at 27 °C whereas the ratio of 
1:2, 1:3, and 2:1 showed the lowest densities 1.1 g cm−3, 
1 g cm−3, and 1.3 g cm−3 of the measurement of at 27 °C. 
The present results showed that the increase molar ratio 
of hydrogen donor in the mixture, which is expected due 
to the clear role that the hydrogen bond strength between 
the molecules decreases, because decreased in the den-
sities. The experimental densities were calculated by the 
Eq. (3):

where ρ (g cm−3) is the density; m is the mass of bottle; v 
is the volume of the substance. The 1:1 ratio of NADES sol-
vent used for the polymerization process and the scheme 
for the NADES-poly(HEMA) formation is represented as in 
Scheme 1.

3.2  NMR spectroscopy analysis

The formation of ChoCl:Xylitol based NADES was 
characterized by using 1H-NMR technique for the 
determination of structure of the formed solvent 
and results were presented in S. Fig. 2. The HBA com-
pound of ChoCl characteristic signal of the proton 
values of 4.10  ppm for (OH–CH2–CH2–N–(CH3)3), 
3.56  ppm for (OH–CH2–CH2–N–(CH3)3) and 3.55  ppm 
for (OH–CH2–CH2–N–(CH3)3) appeared and pre-
sented in S. Fig.  2A. The HBD compound of Xylitol 
showed proton s ignals  f rom 3.35  ppm for 
 (OHCH2–OHCH–OHCH–OHCH–CH2OH), 3.42  ppm for 
 (OHCH2–OHCH–OHCH–OHCH–CH2OH), 3.55  ppm for 
 (OHCH2–OHCH–OHCH–OHCH–CH2OH), 4.13  ppm for 
(OHCH2–OHCH–OHCH–OHCH–CH2OH), and 4.50  ppm 
for (OHCH2–OHCH–OHCH–OHCH–CH2OH) (S. Fig. 2B.). 
The formed ChoCl:Xylitol (NADES) showed proton sig-
nals of 3.3 ppm for  (OHCH2–CH2–N(CH3)3), 3.89 ppm for 
(OH–CH2–CH2–N(CH3)3), 3.62 (OH–CH2–CH2–N(CH3)3), 3.53 ppm for 
(OHCH2–OHCH–OHCH–OHCH–CH2OH–xylitol), 3.48 ppm 
for  (OHCH2–OHCH–OHCH–OHCH–CH2OH–xylitol), 
3.34 ppm for  (OHCH2–OHCH–OHCH–OHCH–CH2OH–xylitol), 
3.57 ppm for (OH···Cl). From the spectrum, the hydrogen 
bonding of (OH···Cl) group is obvious demonstrating the 
interaction of ChoCl and Xylitol solvent to form NADES (S. 
Fig. 2C). The characteristic signal of NADES protons was 
shifted to down�eld compared to free ChoCl and Xylitol 
protons. Down�eld chemical shifts were indicative of the 
formation of hydrogen bond formation [38]. The excess 
hydroxyl group of NADES did not appear in a spectrum. 
This can be done by the rapid exchange of NADES proton 
with  D2O solvent [39].

3.3  FT-IR analysis

The FT-IR spectrum of HEMA, poly(HEMA) and 5-FU loaded 
NADES-poly(HEMA) was presented in Fig.  1. Figure  1a 
shows the typical spectra of HEMA; the characteristic 
peaks at 1295, 1640 1724, and 3415 cm−1 in a response 
to the presence of C–H, C=C, C=O, and OH groups respec-
tively. In Fig. 1b shows that the characteristic peaks of 
poly(HEMA) and the peaks corresponds to the formation of 
a polymer from monomers such as 1295–1301, 1640–1645, 

(3)ρ =
m

V

Table 1  Optimization reaction with di�erent molar ratio for the 
polymerization of HEMA ChoCl:Xylitol (1:1) and density value

S. no. NADES Molar 
ratio

Tem (°C) Density 
(g cm−3)

Observation

1 ChoCl:Xylitol 1:1 27 1.5 Transparent 
liquid

2 ChoCl:Xylitol 1:2 27 1.1 Semi solid

3 ChoCl:Xylitol 1:3 27 1.0 Semi solid

4 ChoCl:Xylitol 2:1 27 1.3 Solid
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and 1724–1708 cm−1. The major signi�cant polymer peak 
is observed from 3415–3423 cm−1. This peak correspond-
ing to hydroxyl groups (–OH) showed broad peak and high 

intensity compared with HEMA hydroxyl peak. It indicates 
that hydroxyl was hydrogen bonded with NADES and it 
forms as NADES-poly(HEMA) carrier. Moreover, the overall 

Scheme 1  Synthetic pathway for the formation of 5-FU loaded NADES-poly(HEMA) carrier
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polymer peaks were shifted from the monomer peaks. 
These shifted peaks might be ascribed to the polymer 
formation [16]. The FT-IR spectrum of 5-FU loaded NADES-
poly(HEMA) shows the characteristic peaks at 3571 cm−1 
corresponded to the N–H stretching vibration, other char-
acteristic peaks indicates the C=O stretching vibration at 
1655 cm−1 and the spectrum of C–F peaks stretching vibra-
tions observed at 793 cm−1 of the 5-FU (Fig. 1c). The peaks 
at 793 cm−1(C–F) demonstrated the encapsulation of 5-FU 
drug loaded on the NADES-poly(HEMA) carrier.

3.4  XRD analysis

The XRD patterns of NADES-poly(HEMA) carrier and 5-FU 
loaded NADES-poly(HEMA) carrier were shown in Fig. 2. 
Form the XRD analysis, a broad peak at the 2θ value of 
around 25° appears, and it indicates the semi-crystalline 
nature of NADES-poly(HEMA) carrier. After 5-FU loaded 
on NADES-poly(HEMA), attributed peak shifted to 2θ 
value of 29° and the intensity was reduced signi�cantly 
compared with an unloaded carrier (Fig. 2b). This is due 
to the encapsulation of 5-FU on the carrier reduce the 
crystalline nature of the carrier. The amorphous nature is 
signi�cantly involved in the drug delivery [40] and also 
two new peaks are noticeable at the 2θ value of 44.39°, 
64.64°. This indicates that the drug loaded on the carrier 
has good interaction and forms amorphous formulation. 
These were con�rmed, the successful loading of the 5-FU 
drug on NADES-poly(HEMA) carrier and change of phases 
with the interaction of drug and the carrier.

3.5  TGA analysis

The decomposition and thermal stability of the NADES-
poly(HEMA) and 5-FU loaded NADES-poly(HEMA) carrier 
were analyzed by TGA, which is shown in Fig. 3. Figure 3a 
shows the thermal and decomposition of the NADES-
poly(HEMA) over a four-stage degradation process, the 
�rst stage is a 130–255 °C related to the evaporation of 
the moisture, absorbed water molecule on the NADES-
poly(HEMA) and weight loss occurred > 15%. The second 
stage from 290 to 320 °C corresponds to the elimination of 
strong hydrogen bond interaction between choline chlo-
ride and xylitol,  CO2, CO and weight loss was observed 
at > 26% [41, 42]. The third weight loss from 410 to 470 °C 

Fig. 1  FT-IR spectrum of (a) NADES-Mono (HEMA), (b) NADES-
poly(HEMA), and (c) 5-FU loaded NADES-poly(HEMA) carrier

Fig. 2  XRD pattern of (a) NADES-poly(HEMA) carrier and (b) 5-FU 
loaded NADES-poly(HEMA) carrier

Fig. 3  TGA measurements for (a) NADES-poly(HEMA) carrier and (b) 
5-FU loaded NADES-poly(HEMA) carrier
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was related to the decomposition of poly(HEMA) interacted 
NADES and weight loss occurred at > 16%; �nal weight loss 
from 510 to 570 °C associated with the aliphatic chains of 
poly(HEMA). After the loading of 5-FU, the degradation pro-
cess was slightly increased due to the 5-FU molecules being 
located in the carrier, which shows excellent thermal stabil-
ity when compared to the poly(HEMA) (Fig. 3b). From these 
results, the higher thermal stability of the carrier is suitable 
for anticancer drug delivery application due to the heat 
induced release stability of chemotherapeutic applications.

3.6  SEM analysis

The surface morphology of the NADES-poly(HEMA) carrier 
and 5-FU loaded NADES-poly(HEMA) carrier are given in 

Fig. 4a, b. From Fig. 4a, it can be noted uniform and inter-
connected porous nature of NADES-poly(HEMA) carrier. 
The porous of NADES-poly(HEMA) carrier is obliging for 
drug loading and it is signi�cant role in the drug delivery 
applications. The 5-FU loaded NADES-poly(HEMA) carrier 
shows that the drugs were adsorbed (entrapped) and 
�lled (encapsulated) in the porous of the carrier. The drug 
loaded 5-FU on NADES-poly(HEMA) was clearly shown 
in the SEM image (inner image of Fig. 4a, b). The porous 
structure provided a high surface area as well as a large 
number of surface functionalities of NADES-poly(HEMA) 
carrier, supporting the drug molecules binding to as physi-
cal interactions.

Fig. 4  SEM images of a NADES-
poly(HEMA) carrier, b 5-FU 
loaded NADES-poly(HEMA) 
carrier

Fig. 5  a SEM images of NADES-poly(HEMA) carrier in 0.2  mg/ml (esterase enzyme) and pH 2.8 solution. A Control for 0  day, B 10  day, C 
20 day, and D 30 day; b the degradation study of 5-FU loaded poly(HEMA) carrier at pH 2.8 and 6.8
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Fig. 6  a Drug encapsulation e�ciency of NADES-poly(HEMA) carrier and b in vitro release pro�le of 5-FU loaded NADES-poly(HEMA) carrier 
at c pH 2.8, d 5.5, e 6.8, f 7.4, g cumulative drug release pattern of 5-FU loaded NADES-poly(HEMA) carrier
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3.7  Biodegradation and weight losses analysis

The degradation property of the NADES-poly(HEMA) 
carrier was investigated in different pH solutions (pH 
2.8 and 6.8) with esterase enzyme at room temperature 
(27 °C), which is depicted in Fig. 5. The ester bonds of 
NADES-poly(HEMA) carrier are readily hydrolyzed broken 
with esterase enzyme. The biodegradability of NADES-
poly(HEMA) carrier was estimated the weight loss and 
the morphological changes were captured through SEM 
technique (Fig. 5a). The biodegradation rates of NADES-
poly(HEMA) carrier were shown in Fig. 5b. From this �g-
ure, the biodegradability rate was increased with increas-
ing with incubation time. After 30  days of incubation 
period, the NADES-poly(HEMA) carrier morphological 

structure was totally changed with an irregular breakup. 
The NADES-poly(HEMA) carrier had 72 ± 1% of weight loss 
(pH 2.8) when compared with the zero day of incubation 
with enzyme. In contrast with, the drug-loaded carrier has 
a 32 ± 1% weight loss (pH 6.8) in compared with 0 days 
without enzyme. This result strongly suggests that carrier 
has biodegradability and biocompatible nature in pH 2.8 
condition.

3.8  Encapsulation e�ciency and in vitro drug 
release

The encapsulation e�ciency of NADES-poly(HEMA) carrier 
has been investigated by UV–visible Spectroscopy and the 
results is shown in Fig. 6a. Encapsulation e�ciency of 5-FU 

Fig. 7  a Cytotoxicity e�ect of NADES-poly(HEMA) carrier and 5-FU 
loaded NADES-poly(HEMA) carrier treated on HeLa cell line. b  IC50 
values of control is a (pure cell), di�erent days (1, 7, and 14  days) 

and concentrations of 5-FU loaded NADES-poly(HEMA) samples 
50 µg, 75 µg, and 100 µg used to treat with HeLa cell
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on NADES-poly(HEMA) carrier increased with time due to 

the interactions between drug and carrier. The encapsula-
tion of drugs is depends upon the solubility of drug in the 

NADES-poly(HEMA) medium [43]. It was achieved 77% of 
encapsulation e�ciency. After loaded 5-FU loaded NADES-
poly(HEMA) carrier was investigated the releasing proper-
ties of 5-FU from the carrier. The in vitro drug releasing 
pro�le of 5-FU loaded carrier was investigated in the pH 
2.8, 5.5, 6.8, and 7.4; it was presented in Fig. 6g. The drug 
release at pH 5.5, 6.8, and 7.4 the 5-FU was then slowly 
released from the carrier up to 73.0%, 43%, and 33% of 
5-FU in 130 h. At the same time period, 5-FU release was 
obtained 85.0% at the pH 2.8 solution. The releasing rate of 
5-FU from NADES-poly(HEMA) carrier was higher in pH 2.8 
medium compared with pH 5.5, 6.8, and 7.4 medium. The 
degradation of the carrier is one the main factors in drug 
release mechanism and in acidic environment the carrier 
ester bond easily broken compared with the neutral condi-
tion [44]. This clearly says that NADES-poly(HEMA) carrier is 
pH sensitive and the drug released as a controlled manner.

3.9  Cytotoxicity studies

The cell viability and cytotoxicity activity of the NADES-
poly(HEMA) carrier and 5-FU loaded NADES-poly(HEMA) 
carrier was analyzed by MTT assay method and results was 

represented in Fig. 7. From this Fig. 7a, Days-dependent 
cell viability and cytotoxicity was observed in free carrier  
and 5-FU loaded carrier. The inhibitory concentration value 
 [IC50—39.07 μg] of the two samples is shown in (Fig. 7b). 
The treatment of HeLa cell line with NADES-poly(HEMA) 
carrier, the cell viability of carrier was 98%. In contrast, the 
cytotoxicity induced by 5-FU loaded NADES-poly(HEMA) 
carrier was 79%, which is higher activity of 5-FU in loaded 
carrier.

3.10  Cellular uptake studies

The cell uptake properties of as-synthesized 5-FU loaded 
NADES-poly(HEMA) carrier treated with HeLa cells and the 
results shown in Fig. 8. From the results, the cell uptake 
of 5-FU loaded NADES-poly(HEMA) was increased with 
increasing of days via more intense �uorescence repre-
senting a high accumulation of drug-loaded carrier in 
the HeLa cell lines. It is due to the 5-FU loaded NADES-
poly(HEMA) carrier showed a gradual release of the 5-FU 
drug to the cell. Moreover, this carrier occurred in a sus-
tained release manner and had the controlled release 
behavior. This could con�rm that the 5-FU loaded NADES-
poly(HEMA) carrier has penetrated the cell membrane and 
internalized into the cell nucleus [45].

Fig. 8  Confocal laser scanning 
microscopy images of HeLa cell 
incubated with 5-FU loaded 
NADES-poly(HEMA) carrier for 
24 h. a Bright �led (HeLa cell 
line), b DAPI-stained HeLa cells 
(blue), c 5-FU encapsulated 
NADES-poly(HEMA) carrier 
loaded tubulin are red colour, 
and d the merged image 
was the overlapping image 
obtained by DAPI (blue) and 
nucleus (red)
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4  Conclusion

In the current study, we developed bio-degradable 5-FU 
encapsulated NADES-poly(HEMA) carrier for sustainable 
anti-cancer drug delivery system. The 5-FU encapsulated 
NADES-poly(HEMA) carrier was successfully synthesized 
through polymerization of HEMA by the assistance of 
ChoCl:Xylitol (1:1) NADES. The structure, functionality, 
crystalline nature and morphology of the 5-FU encapsu-
lated NADES-poly(HEMA) carrier were con�rmed using 
NMR, FT-IR, XRD and SEM respectively. The sustainable 
cumulative drug releases from the 5-FU encapsulated 
NADES-poly(HEMA) carrier was observed and longer drug 
releasing nature up to 130 h was obtained. The NADES-
poly(HEMA) showed no cytotoxicity e�ects against HeLa 
cells. The 5-FU encapsulated NADES-poly(HEMA) carrier 
showed higher cytotoxicity e�ects. Since NADES assisted 
polymeric carrier is a good platform for the delivering anti-
cancer drug.
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