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Sustainability Spotlight

The present investigation provides a route to convert environmentally benign galactomannan to a 
useful product having biomedical applications by crosslinking with multifunctional crosslinker 
EDTA. The use of an efficient and sustainable green chemistry approach was opted for in-depth 
study. Synthesis of EDTA crosslinked guar films as green formulations via sustainable chemistry 
offers myriad benefits, catalyzing future investigations into the valorization of biomass to 
biomedical products, thereby addressing the sustainable and efficient use of natural resources. 
Hence, the work signifies the facile green synthesis by strategic selection of reactants, solvents, 
catalysts, and energy sources compliant with green chemistry principles. The work emphasizes 
following UNSDGs: zero hunger (SDG-2), industry, innovation, and infrastructure (SDG-9), 
responsible consumption and production (SDG-12) and climate action (SDG-13).
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EDTA-Mediated Crosslinking of Guar gum: A Sustainable Platform for 
Transdermal Curcumin Delivery
Jyoti Rajput,a,b Vineet Kumar,a Kalpana Chauhan,b Dhruv Kumar,c Garima Singhd and Ashish Mathurd

Crosslinking of carbohydrate polymers is advantageous for specific applications in food, textiles, biomedical, pharmaceuticals 

etc. In the present study, guar galactomannan has been crosslinked with ethylenediaminetetraacetic acid (EDTA), a green, 

competent, economic, and efficient crosslinker under aqueous conditions at ambient temperature to incorporate all carbons of 

reactants in the crosslinked product. Intriguingly, EDTA also acted as an autocatalyst under mild acidic conditions, resulting in 

water as the side product. The reaction parameters were optimized by varying concentrations of EDTA (0.25, 0.5, 0.75, 1 g), 

temperature (55±1 oC, 120±1 oC, 130±1 oC, 140±1 oC) and time (3, 2, 1 min) to synthesize porous and flexible EDTA crosslinked 

guar films. The mechanism of crosslinking with EDTA is proposed for the first time. Detailed analysis of films has been achieved 

by NMR, SEM-EDX, FTIR, XRD and TGA. Further, the transdermal delivery of loaded curcumin within the best optimized 

crosslinked film has been studied. The mechanistic study of the curcumin release profile via the Korsmeyer-Peppas model 

demonstrated a non-Fickian diffusion-controlled release mechanism (DCR) with a CPDR of 49.8±0.01% in 720 min. The 

antibacterial, antifungal and antioxidant results depict that the synthesized bio-compatible crosslinked biomaterial has 

potential utility in controlled and sustained drug delivery apart from other biomedical applications such as TDDS, wound 

healing, etc.

Sustainability spotlight

The present investigation provides a route to convert environmentally benign galactomannan to a useful product having 
biomedical applications by crosslinking with multifunctional crosslinker EDTA. The use of an efficient and sustainable green 
chemistry approach was opted for in-depth study. Synthesis of EDTA crosslinked guar films as green formulations via 
sustainable chemistry offers myriad benefits, catalyzing future investigations into the valorization of biomass to biomedical 
products, thereby addressing the sustainable and efficient use of natural resources. Hence, the work signifies the facile green 
synthesis by strategic selection of reactants, solvents, catalysts, and energy sources compliant with green chemistry principles. 
The work emphasizes following UNSDGs: zero hunger (SDG-2), industry, innovation, and infrastructure (SDG-9), responsible 
consumption and production (SDG-12) and climate action (SDG-13).

 Introduction

Carbohydrate polymers are the most abundant renewable 
biomaterials in nature that have attracted significant 
research interest, due to environmental sustainability, 
biodegradability, low cost, etc. Due to diverse functional 
groups, these can be modified1,2,3to impart desired 
functionalities with a view to overcoming the limitations of 
the native structure.4,2 One of the effective approaches for 
modification is crosslinking.5,6,7

Crosslinked polysaccharides exhibit stronger mechanical 
and thermal properties and augmented solubility and 
swelling behavior8 beneficial for tailored end-use 
applications, including biofilms for controlled drug 
delivery. Among polysaccharides, galactomannans have 
been extensively utilized for crosslinking. Interestingly, 
guar gum (GG) is the specialty galactomannan that 
displays an extensive array of novel and commercially 
valuable properties.
Approx. 80% of guar galactomannan is produced in India, 
making it a highly economical and abundantly available 
industrial polysaccharide. The biomaterial after 
crosslinking is very useful for the development of new and 
effective transdermal drug delivery systems (TDDS)9 due to 

aChemistryand  Bioprospecting Division, Forest
    Research Institute, Dehradun, Uttarakhand,
    India. Email:drvineet@gmail.com
bCentral University of Haryana,Department of
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cDepartment of Allied Sciences, University of Petroleum 
andEnergyStudies,Dehradun,Uttarakhand,India. 
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greater affinity and compatibility for drugs. Thus, in the 
present investigation, guar gum has been chosen as the 
most suitable polysaccharide to prepare crosslinked matrix 
for TDDS due to its mucoadhesive nature, bioabsorption 
and low antigenicity.TDDS is one of the efficient strategies 
that delivers drugs at a controlled dosage through the 
periphery of the skin. This type of delivery system renders 
the key advantage of steady, non-invasive dosing while 
avoiding first-pass hepatic metabolism and gastrointestinal 
irritation.50 Their clinical reach has broadened from 
conventional patches to microneedle arrays and stimuli-
responsive polymer films that deliver both small molecules 
and biologics.10,52  Thus, the crosslinked polysaccharides 
facilitate transdermal drug delivery by providing controlled 
rate of drug delivery at the targeted site and exhibit 
wound healing tendency via absorbing wound exudates 
and biological fluids.11Formerly, developed films out of 
polysaccharides such as sodium alginate, carrageenan and 

carboxymethyl cellulose are known to demonstrate 
physico-chemical characteristics which are not 
desirablefor drug delivery applications below  1% (w/v) 
concentration.12However, crosslinked guar galactomannan 
was found to excel in this aspect of film-forming tendency 
at the lowest possible concentration for favourable casting 
over petri plate. Previously, crosslinking of carbohydrate 
polymers via a variety of synthetic, carcinogenic, expensive 
and non-environmentally friendly crosslinking agents such      
as formaldehyde,13 epichlorohydrin,14 toluene 
diisocyanate15 and glutaraldehyde16 have been reported. 
However, during the last decade, green crosslinking agents 
such as carboxylic acids like citric acid, malonic acid, tannic 
acid, etc. have gained attention due to their GRAS 
(generally recognized as safe) status.17,18 Being naturally 
abundant, environment-friendly, and 
biodegradable,19carboxylic acids act as platform chemicals 
for diversified applications.20,21,51

The crosslinking potential of carboxylic acids depends 
upon the acid chosen for crosslinking. The number of 
carboxyl groups present in di-, tri-, tetra- and other 

carboxylic acids influences the crosslinking reaction rate by 
conversion of available carboxyl groups into ester linkages 
by optimization of reaction temperature and curing 

Fig.1.The proposed scheme for crosslinking of Guar Gum with EDTA at 55 oC with mild acidic condition.
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conditions.22 Among carboxylic acids, tetra-carboxylic acids 
are reported to show higher crosslinking capability than 
that of di- and tri-  carboxylic acids23,24due to the 
additional number of carboxyl groups which makes them 
more facile towards activation, thereby facilitating 

nucleophilic attack of polysaccharide in proximity. The 
higher the number of carboxylic groups, the higher is the 
rate of formation of reactive cyclic anhydride 
intermediate, which enhances crosslinking via 
esterification under cured conditions.25,26,27

Keeping in view the drawbacks of synthetic crosslinkers, in 
the present investigation, ethylenediaminetetraacetic acid 
(EDTA) or edetic acid has been chosen as a green 
crosslinker. EDTA is an underexplored yet promising green 
crosslinker for polysaccharide-based hydrogels. It 
crosslinks guar galactomannan (GG) through facile 
reaction in an aqueous medium using a green chemistry 
approach, resulting in the incorporation of all the carbons 
of EDTA in the product. The reaction demands only mild 
acidic conditions (pH 5) to form the ester due to the 
autocatalytic action of EDTA. Being a tetracarboxylic 
aminopolycarboxylate, EDTA forms multiple ester linkages 
with hydroxyl-rich backbones, surpassing di- and 
tricarboxylic acids and avoiding the steric hindrance 
encountered with larger polyacids, resulting in 
comparatively better crosslinked films. In addition to its 
crosslinking efficacy, EDTA is inexpensive, biodegradable, 
economically viable, and provides intrinsic antimicrobial 
and antibiofilm activity-attributes advantageous for 
wound-care TDDS.28 It is a potentiating and sensitizing 
agent that exhibits antimicrobial potential and antibiofilm 
properties, due to which it finds utility in transdermal 
wound care applications.29,30 Despite being such a valuable 
and abundantly available crosslinker, the application of 
EDTA as a crosslinking agent has not been widely 
investigated. Recent studies have employed EDTA-
crosslinked chitosan to template antibacterial silver 
nanocomposites53 yet analogous work with 
galactomannan remains scarce. Earlier EDTA-guar gum 

formulations were developed for hydraulic-fracturing 
fluids at pH ≈ 12 with 20 wt% crosslinker, conditions that 
diminish guar viscosity and preclude biomedical 
application.54 Thus, a systematic investigation of EDTA-
crosslinked guar gum films synthesized under skin-
compatible, green conditions is still lacking. Addressing 
this gap could merge the sustainability of EDTA chemistry 
with the favorable rheology of galactomannan to advance 
next-generation TDDS. With this milieu, synthesis of EDTA 
crosslinked guar gum films (EGG) matrix, followed by the 
sustained release of curcumin, was studied via the EGG 
matrix. The study further discusses the reaction 
mechanism of GG crosslinking with EDTA. To date, only the 
reaction mechanism of crosslinking with di- and tri- 
carboxylic acids has been reported.  It is observed that 
EGG holds the potential to absorb wound exudates due to 
its controlled swelling rate and demonstrates a sustained 
curcumin transdermal release profile. The EGG film has 
been characterized by FTIR, NMR, SEM, XRD and TGA. Such 
crosslinked films encompass chemically stable covalent 
bonds, providing robust and tunable mechanical 
properties and can be engineered for diverse practical 
biomedical applications, such as wound dressings or 
localized therapy that organoids cannot provide directly. 
Hence, the crosslinked films fabricated in our study exhibit 
promising potential as supportive matrices for organoid 
development, which is an advanced and evolving tool in 
biomedical research.49 The green reaction is useful for its 
utility as TDDS.

RESULTS AND DISCUSSIONS

For crosslinking GG, EDTA has been chosen as an 
appropriate crosslinking agent because being a tetra-
carboxylic acid, it contains four carboxyl groups, which can 
provide more number of reactive sites for esterification. 
Upon crosslinking with EDTA no harmful by-products are 
formed as shown in the proposed scheme in Fig.1. The 
EDTA-crosslinked guar gum matrix (EGG) was evaluated as 
a transdermal drug delivery system (TDDS) owing to its 

non-invasive nature, which offers substantial advantages 
over traditional administration routes. Previously, 
crosslinked film of polyvinyl alcohol with 1,2,3,4-
butanetetracarboxylic acid (BTCA) has been used for 
topical wound dressings.31 Therefore, on using EGG as 
TDDS, a steady and sustained release rate of the drug is 
observed over an extended period, thereby reducing 
adverse effects and therapeutic failures of intermittent 
dosing. Also, the application and removal of the EGG 
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transdermal patch on the wound surface avoids painful 
adhesion and subsequently leads to optimal progression of 
pharmacological effects. EDTA has also been approved by 
the FDA for the treatment of lead poisoning in adults and 
children and has been prescribed by physicians for 

decades due to its ability to bind lead tightly and it is more 
efficient than other common chelators. In dentistry, it is 
widely used for root canal irrigation, removal of debris and 
rinsing of the tooth demanding treatment.

Mechanism 
Crosslinking using tetra-carboxylic acid takes place via the 
activation of EDTA at pH 6.2. After which, intra-molecular 
six-membered cyclic anhydride formation takes place. This 
is followed by a nucleophilic attack of the hydroxy group of 
guar gum at the cyclic anhydride, resulting in ring opening 
and formation of mono-ester. This formed monoester 
further gets activated in the protonic environment in 
which 

further intra-molecular cyclic anhydride is formed which is 
again attacked by the hydroxy group of guar gum to 
produce di-ester. EDTA undergoes effective ester linkage 
formation via intermediate cyclic anhydride formation. 
Therefore, this study also proposes the plausible reaction 
mechanism of crosslinking of guar galactomannan with 
EDTA as shown in Fig.2.
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Fig.2  The  plausible reaction mechanism of crosslinking of Guar Gum with EDTA
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Degree of Di-esterification. 

Complexometric titration has been used for the 
quantification of the di-ester linkages of EDTA.32The 
degree of di-esterification has been calculated for cured 
EGG films at 120±1 oC, 130±1 oC and 140±1 oC for 3, 2 and 
1 min, respectively, using different concentrations of 
EDTA, 0.25, 0.5, 0.75, and 1 g. As shown in Fig.3, on 
increasing the concentration of EDTA from 0.25 to 1 g, the 
degree of di-esterification increased from 0.0077±(1.0x10-

4) to 0.022±(0.4x10-4) for films cured at 120±1oC for 3 min; 
films cured at 130±1oC for 2 min showed an increase from 
0.0194±(2.0x10-4) to 0.030±(0.2x10-4) while the increase 
from 0.0174±(0.2x10-4) to 0.0295±(1.5x10-4) was observed 
for films cured at 140±1oC for 1 min.  Curing at 140±1oC 
beyond 2 min turns the crosslinked product texture 
brown. Therefore, curing temperature and time are 

optimized accordingly to avoid any adverse effect of 
overheating upon the physical morphology of crosslinked 
films. It was observed that curing at 130±1oC for 2 min 
resulted in the most appropriate physical morphology of 
EGG film crosslinked with 0.75 g EDTA. This was further 
used for curcumin loading and in vitro studies. Similar 
findings have been reported in our previous work, where 
the degree of di-esterification of crosslinked GG with 
malonic acid has been calculated using complexometric 
titration.33 Previously, the quantification of citrate starch 
using complexometric titration has been reported.34 Thus, 
our observations and discussed results are in line with 
previous findings. The degree of di-esterification increased 
as the concentration of EDTA was increased from 0.25 to 1 
g.

Swelling Behavior and Solubility 

The data depicting the solubility and swelling behavior of 
EGG film is presented in Fig.4. Due to hydrophilic 
properties, GG tends to absorb water, which leads to poor 
mechanical integrity of the galactomannan matrix. 
Therefore, controlling the high swelling rate of GG is 
crucial for its diversified industrial applications. In the 
present work, it was observed that the increase in EDTA 

concentration from 0.25 g to 1 g  led to crosslinked matrix, 
resulting in a decrease in swelling behavior from 
576±(0.31)% to 417±(0.35)%. This is due to the reason that 
with the increase in crosslinking density, the water 
penetration into the GG gets regulated, thereby 
strengthening the GG matrix. Dastidar & Netravali 
reported similar results in which starch crosslinked film 

                 Fig.3    Degree of di-esterification vs concentration   of  EDTA
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with malonic acid showed a decrease in swelling behavior 
as the malonic acid concentration was increased.25 

However, solubility follows the opposite trend to that of 
swelling behavior. Because as the concentration of EDTA is 
increased, the solubilized mass of the EGG film increases. 
This leads to an increment in solubility from 68±(0.5)% to 

87±(0.15)%. This is in agreement with the previous study 
of Dangi et al., 2022, in which the guar galactomannan 
crosslinked hydrogel with sodium trimetaphosphate shows 
an increment in solubility as the concentration of 
crosslinker is increased.35

Fourier Transform Infrared (FTIR) Study

The FTIR spectra of GG and EGG are illustrated in Fig.5.  In 
GG spectra, a broad peak corresponding to O-H stretching 
at ~3385 cm-1 becomes narrower and shifts to ~3370 cm-1   
due to the involvement of hydrogen-bonded hydroxyl 
groups from native GG in the crosslinking process with 
EDTA, as shown in EGG spectra. An additional sharp and 
strong peak is observed at ~1738 cm-1 corresponding to 
the ester functional group introduced in EGG due to 
esterification. There is a shift observed in the 
characteristic C-H stretching and bending peaks of the 
native GG structure. In the region between 800 and 1300 
cm-1, the highly coupled C-C-O, C-O-H and C-O-C stretching 

peaks corresponding to anhydroglucose units of GG and 
EGG appeared. An intense peak region around 1010 cm-1 

corresponding to C-O-C glycosidic linkage appears in both 
spectra. The peak observed near ~1629 cm⁻¹ is attributed 
to the bending vibration of absorbed water molecules 
within the GG matrix, while the peak at ~1638 cm⁻¹ in the 
EGG matrix corresponds to the asymmetric stretching 
vibration of the carbonyl group in carboxylic acid moieties 
introduced through crosslinking. Thus, the FTIR spectra 
study validates the crosslinking done in GG's native 
structure.

Fig. 4 Swelling behavior and solubility trend of EGG film on increasing the concentration of crosslinker  EDTA
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X-ray Diffraction Study (XRD)

The XRD patterns of native GG and EGG are shown in Fig.6. 
The native GG exhibits a slight hump-like appearance 
attributed to its amorphous characteristics and non-
crystalline structure. It is observed that due to the higher 
crosslinked density of EGG film, it has greater crystallinity 
than that of GG. Chemical crosslinking with EDTA results in 
a more ordered structure of the crosslinked matrix, 
thereby restricting the mobility of molecules and 
contributing to an increase in the crystalline structure of 
EGG. It is visible that a broad hump appears at 20.530 in 

the GG XRD pattern, whereas in EGG the diffraction peaks 
appeared between 110 to 760 (2Ѳ), confirming the 
introduction of crystallinity in the amorphous structure of 
GG, thereby substantiating the FTIR results. Akar et al., 
2012 reported a similar type of results when they 
crosslinked carboxy methyl cellulose with fumaric acid.36

4000 3500 3000 2500 2000 1500 1000 500

 GG

T
ra

ns
m

itt
an

ce
 (%

)

Wavelength  cm-1

EGG

                          Fig.5  FTIR spectra of GG and EGG
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Scanning Electron Microscope (SEM-EDX)

Scanning Electron Microscopy (SEM) was used to inspect 
the morphology of the EGG film. It is observed that in 
native GG film, a non-porous surface with fractured rough 
scales was observed, as shown in the supplementary 
information. Whereas, the EGG film in Fig.7 showed 
porous, homogenous, smooth, and uniform morphology in 

which fractured scales were absent. Majorly, pores of 
diameter in the range 200.1 µm-300.4 µm appeared after 
chemical crosslinking with EDTA.  The EDX demonstrates 
the elemental composition of EDTA within the EGG film. 
The results align with the expected outcomes as verified 
by the spectroscopic methods.

            Fig.7     Represent   SEM-EDX image of EGG

                          Fig.6  XRD spectra of GG and EGG
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TGA And DTG Studies

TGA and the derivative thermograms of GG are given in 
supplementary information, while that of EGG is depicted 
in Fig.8. As represented in our previous study34 the GG 
thermograph showed inclusive weight loss% and rate of 
weight loss%. Initially, 10% of weight loss was observed 
below 111.34 °C. This loss is due to the disintegration of 
GG’s macromolecular polymeric chains and moisture loss. 
With the initiation of degradation, GG weight loss begins 
rapidly. During this phase, 70.4% weight loss occurs 
(second stage) between 236°C and 634°C. The rate of 
weight loss% for GG also showed a two-stage mechanism 
in DTG. The first rate of weight loss% began before 50 °C 
and reached a maximum rate of 0.13%/°C at 67 °C. The 
second rate of weight loss% is higher than that of the first 
rate of weight loss%, with a maximum rate of 1.51%/°C at 
300 °C. At 650 °C, only 12% residue was left. Fig.8 
demonstrates a three-stage weight loss of EGG initiated 
with  10% moisture loss after 58.72 °C. The second stage 
weight loss of 30.1% was observed between 150.59 °C and 
301.3 °C. In the third stage, a weight loss of 18% occurred 

from 312.37 °C to 440 °C. At 650 °C, 19.5% residue was 
observed. DTG data of EGG also showed that the rate of 
weight loss % was found in three events. The first event 
showed a small hump due to moisture loss with a rate of 
weight loss % of 0.12%/°Cat 82.04 °C, while the middle 
event showed the maximum rate of weight loss% of 
0.38%/°C at 272.13 °C and the third event showed a rate 
of weight loss % of 0.31%/°C at 405 °C. At 650 °C, 19.17% 
of the residue is left.
Hence, from the TGA and DTG thermogram data, it can be 
interpreted that after crosslinking with EDTA, the thermal 
stability of EGG is enhanced such that the gradual 
degradation of GG gets controlled in respective three 
events of weight loss and in the case of DTG, the 
corresponding rate of weight loss% (1.51%/°C) which is 
maximum at 300 °C for GG gets controlled in two events of 
rate of weight losses% with lesser rate of degradation. 
Therefore, it can be concluded that crosslinking of guar 
galactomannan with EDTA is a more facile reaction.
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                      Fig.8   Representing TGA and DTG thermogram of EGG 
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Thickness and Mechanical Properties

The data of tensile strength and elongation at break % 
(EAB) of GG and EGG at different concentrations of EDTA 
are represented in Table 1. GG has a tensile strength of 
17.5±(0.5) MPa, depicting its brittle nature. Due to 
brittleness, GG has low flexibility, thereby exhibiting poor 
EAB value i.e. 5.23±(0.51)%. However, it was observed that 
on increasing the concentration of crosslinker EDTA from 
0.25 g to 1 g in 1% solution of guar gum, the values EAB % 
increased considerably. This remarkable increment in 
EAB% values is due to the moisture-holding capacity of the 
crosslinked matrix. The enhanced flexibility on account of 
increased EAB%, as depicted in Fig.9, facilitates the 
transdermal release of the model drug at the targeted site. 

In Fig.9, at minimal crosslinker concentration of 0.25 g, the 
film produced is of poor flexibility and easily ruptures 
when subjected to mechanical stress. On the contrary, as 
the concentration of crosslinker is increased from 0.5 g to 
1g, the films demonstrated improved stretchability under 
mechanical stress. However, the tensile strength 
conversely decreased with the increasing concentration of 
the EDTA, resulting in lowering of the brittleness of native 
GG. This attribute facilitates effective adhesion of the film 
to the targeted site for drug delivery. Thus, the film 
inherits the desired mechanical properties for transdermal 
drug delivery of curcumin. 

Table 1   Mean values of mechanicalproperties of GG and EGG

Crosslinking ratio Thickness (mm) Elongation at 
break   (%) 

Tensile strength 
(MPa)

1:0 0.14± (0.03)* 5.23± (0.51) 17.5 ± (0.5)

1:0.25 0.27± (0.05) 23.0 ± (1.5) 9.03 ± (1.5)

1:0.5 0.31± (0.03) 24.6 ± (2.5) 8.29 ± (1.5)
1:0.75 0.32± (0.05) 37.43± (3.5) 7.57 ± (0.5)

1:1 0.35± (0.05) 44.6± (1.5) 5.05± (0.2)
F 3.26 525.78 63.86
P >0.05 ≤0.05 ≤0.05

Significant/
Non-significant

     Non-significant significant significant

*Values in brackets represent standard error
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(a)

(c) (d)

(b)

 NMR Spectroscopy

The spectral data of GG have been discussed in detail in 
our previous study33 and are provided along with the 
spectral data of EGG in the supplementary information. 
The 1H NMR and 13C NMR spectra of GG and EGG are 
represented in Fig.10a-10b. In 1H NMR, the signals 
appeared in two distinct regions, namely anomeric and 
ring regions.37,38 In GG spectra, the signals appearing at 
5.02 ppm and 4.90 ppm depict anomeric protons of 
mannose(M1) and galactose (G1) units, respectively. 
Furthermore, peaks [G2-3.82, G3-3.94, G4-4.05, G5-3.90, 
G6-3.74, M2-4.13, M3-3.80, M4–3.98, M5-3.56, M6-3.75 
ppm] represent the protons in ring region. However, it is 
observed in 1H NMR spectra of EGG that after crosslinking, 

additional peaks at carbons [C3,C7-3.48, C5,C6-3.37 and 
C2-3.47], corresponding to protons of methylene units of 
crosslinked EDTA ester linkages, appear. Furthermore, the 
C5, C6 protons at 3.37 ppm appear with enhanced 
intensity due to the increment in the same environment 
protons after crosslinking and are comparatively more 
shielded than the protons at C3, C7 and C2 positions due 
to direct attachment with the Nitrogen atom.
In 13C NMR spectra of GG, the anomeric region appeared 
at G1-98.63 and M1-100.18, corresponding to galactose 
and mannose units, respectively. The ring region peaks 
appeared at positions [G2-69.82, G3-70.87, G4-70.45, G5-
72.77, G6-60.96, M2-71.26, M3-73.26, M4-76.52, M5-

Fig.9 Represents crosslinked films samples corresponding to crosslinker EDTA Concentration of (a)  0.25 g 
(b)  0.5 g (c)  0.75 g (d)  1 g used for Thickness and mechanical testing 
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74.99, M6-61.22]. The additional peak at C1-170.77 ppm 
confirms the formation of the ester linkage. Also, the 
peaks corresponding to carbons [C2-55.22, C3,C7 -54.59 
and C5,C6- 51.32]ppm represent the methylene units of 
incorporated crosslinked EDTA ester linkages.
During 2D-NMR analysis, many signals were overlapping. 
Hence, these were studied by different techniques via the 
heteronuclear (HSQC and HMBC) correlation of chemical 
shifts which is represented in the supplementary 
information.43,45,46              
The heteronuclear coupling (HSQC) of proton and carbon 
showscross peaks at G1 (4.90, 99.26), G2 (3.82, 69.22), G3 
(3.94, 69.99), G4(4.04, 70.77), G5 (3.91, 71.09), G6 (3.75, 
60.94); M1 (5.02, 100.45), M2 (4.14, 70.99), M3 (3.81, 
72.89), M4 (3.98, 76.82), M5 (3.57, 74.92) and M6 (3.76, 

61.99) ppm in spectra for GG. The HSQC spectra of EGG 
showed additional cross peaks at C2 (3.47, 55.13), C3 
(3.48, 54.58) and C5 (3.37, 51.29). The 3JC–H (proton-
carbon) long-range coupling was studied by HMBC. The 
native GG showedpeaks at M4–M6 (3.75, 76.91), M2–M4 
(3.98, 71.05), M3–M1(3.80, 100.48), G4–G6 (4.06, 60.74), 
G2–G4 (3.82, 69.11) and G3–G1 (3.91, 98.43) ppm. While 
in EGG, an amplified crosspeak at M6-C1 (3.79, 170.11), 
C2-C6 (3.47, 54.66) and C7-C2 (3.48,55.16) ppm appeared, 
which confirmed the ester group linkage in the GG 
structure.
Hence, additional peaks in various spectra competently 
establish the integration of EDTA in the GG native 
structure. 
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Curcumin Loading and In Vitro Release Study

The sustained release of curcumin from the hydrophilic 
matrix of EGG was facilitated in PBS at pH 7.4 via swelling 
of the crosslinked EGG matrix, through which curcumin 
release in cumulative time intervals was recorded. It was 
observed that the drug loading capacity (DLC) and 
entrapment efficiency (EE) of curcumin are 7.92±(0.2)% 
and 72.2±(0.5)%, respectively, as shown in Table 3. In 
Table 2, the CPDR% of sustained release of curcumin via 
EGG film is shown. EGG exhibits a CPDR% of 49.8±(0.01)% 
in 720 min, with negligible increase beyond 600 min, 
indicating a plateau in release.

Furthermore, the in vitro kinetics of CPDR% of curcumin 
release from the loaded EGG film was studied via First and 

Second order kinetics. Whereas the mechanistic study was 
evaluated using the Korsmeyer–Peppas model. This model 
fits best because it gives the maximum value of the 
coefficient of determination R2, which comes out to be 
0.9987. Applying this statistical model, the value of the 
release exponent ‘n’ comes out to be 0.76, which means 
that the drug release mechanism comes out to be a 
combined effect of erosion and diffusion. This showed that 
curcumin depicts a non-Fickian diffusion-controlled release 
(DCR) mechanism. A rate constant ‘k’= 0.37 indicates a 
minimal interaction between the formulated film and the 
loaded curcumin. This observation demonstrates that 
EDTA-crosslinked guar gum film matrix exhibits a non-
Fickian diffusion-controlled mechanism (DCR) of curcumin 
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     Fig.10  Represents (a) 1H NMR spectrum of GG (b) 1H NMR spectrum of EGG
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release, supporting its potential for sustained transdermal 
release of curcumin over 12 h.

Further, the release rate of curcumin fits best to the first-
order kinetic model (R² = 0.983, K1= 0.000982min-1), 
suggesting concentration-dependent release. While the 
second-order kinetic model also described the release 
profile adequately. It was observed that the second-order 
fit (R² = 0.981, K2 = 0.151258 min-1) was slightly lower 

(Fig.11). These results indicate that the drug release rate is 
predominantly concentration-dependent, consistent with 
first-order kinetics governing the release process. Thus, 
the study of release kinetics complements the mechanistic 
insights obtained from the Korsmeyer-Peppas model by 
confirming that the drug release follows first-order kinetics 
rather than solely mechanistic interpretations.

   Time (min)      Absorbance     CPDR%
60 0.128±(0.002) 10.33±(0.11)
120 0.154±(0.001) 14.26±(0.15)
180 0.167±(0.001) 19.28±(0.01)
240 0.196±(0.011) 23.63±(0.01)
300 0.242±(0.001) 28.25±(0.01)
360 0.269±(0.003) 33.3±(0.15)
420 0.298±(0.005) 37.61±(0.25)
480 0.314±(0.001) 41.28±(0.01)
540 0.347±(0.001) 45.55±(0.15)
600 0.382±(0.005) 49.57±(0.11)
660 0.405±(0.001) 49.81±(0.01)
720 0.404±(0.001) 49.8±(0.01)
F 4256.617 201351.8
P ≤0.05 ≤0.05

Significant/
Non significant significant significant

Sample Model R2 n k Release
mechanism

DLC% EE%

EGG Korsmeyer-
Peppas

0.9987 0.76 0.37 DCR 7.92±(0.2) 72.2±(0.5)

             Table 3   The curcumin release profile and  loading efficiency of EGG

            Table 2   The in vitro CPDR% release of curcumin from EGG matrix 
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Antibacterial activity

The Kirby–Bauer disk diffusion test was employed to test 
the antibacterial activity of the native GG and curcumin-
loaded EGG (EGG cur) film. Fig.12a–12e, shows the 
susceptibility of GG and EGG cur against E. coli and S  
.aureus gram-negative and gram-positive strains, 

respectively. As assumed, the native GG film did not 
exhibit any antibacterial activity, whereas the EGG cur film 
showed significant antibacterial activity. Distinct inhibition 
zones of 23±(0.01) mm and 18±(0.01) mm, respectively, 
are observed around curcumin-loaded EGG films against 
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Fig.11  (a) Standard curve of curcumin  (b) First-order release kinetic profile plot of ln(100-CPDR) against Time(min) (c) 
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these bacterial strains. This is primarily because of the 
strong antimicrobial action of curcumin, which has been 

synergistically enhanced by crosslinked EDTA in EGG films.

 Antifungal activity

The antifungal activity was performed against A. niger 
fungal species. As shown in Fig.12c, the native GG showed  
no fungal prohibition around its periphery. However, 
considerable retardation in fungal growth around the EGG 
films periphery is observed which is depicted in Fig.12e. 

Hence, the Kirby–Bauer disk diffusion test demonstrated 
that the curcumin-loaded crosslinked EGG film exhibited 
pronounced antifungal activity by retarding the fungal 
growth of A. niger around the periphery of EGG films.

(a)

(f)(e)(d)

(c)(b)

Fig.12  (a) antibacterial result of GG against S. aureus (b) antibacterial result of GG against E. coli (c) antifungal result of 
GG against A. niger (d) antibacterial activity of EGG against E. coli with 23 mm zone of inhibition (ZOI) (e) antibacterial 
activity of EGG against S. aureus with 18 mm zone of inhibition (ZOI) (f) antifungal activity of EGG against A. niger
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Antioxidant activity

The antioxidant activity of a GG and modified GG with 
different concentrations of EDTA along with curcumin 
impregnation, was measured using DPPH radical 
scavenging activity, and the results are displayed in Fig.13. 
It is observed that the initial 48.3±(0.13)% of antioxidant 
activity is mainly due to native GG. The antioxidant 
potential increases as the crosslinking concentration of 

EDTA increases from (0.25 to 1)g and shows an increment 
from 68.4±(0.2)% to 90.8±(0.5)%. However, it is also 
observed that the curcumin-impregnated EGG film showed 
maximum antioxidant potential of 94.3±(0.5)%. This is 
probably because of the synergistic impact of both EDTA 
and curcumin towards enhancing the antioxidant 
properties of  EGG films.

EXPERIMENTAL SECTION

Material and Methods

Guar gum (GG; M/G ratio= 1.8:1; Molecular weight= 
210,000Da; Viscosity=5800cps (1%, 25oC))  was procured 
from M/s Sunita Hydrocolloids Pvt. Ltd., Jodhpur. 
Ethylenediaminetetraacetic acid (EDTA) and curcumin of 

laboratory grade were purchased from SRL Chemicals, 
Mumbai, India. Monopotassium phosphate (KH2PO4), 
dipotassium phosphate (K2HPO4) and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) were purchased from SD Fine-Chem 

Fig.13   Represents the antioxidant activity of GG and EGG films at different concentrations of EDTA

GG EGG(0.25)g EGG(0.5)g EGG(0.75)g EGG(1)g EGG(cur)

48.3%

68%

77.7%

88.4%

90.8%

94.3%

A
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da
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 a
ct
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 in
 (%

)
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Limited, Mumbai, India. Nutrient agar medium (NAM) and 
potato dextrose agar (PDA) were purchased from HiMedia, 

Mumbai, India.

Preparation of EDTA crosslinked guar gum (EGG) films

A homogeneous 1% (w/v) aqueous solution of GG was 
prepared by dissolving 1.0 g of GG in 100 mL of distilled 
water and stirred at 500 rpm for 1 h to attain maximum 
viscosity. Concurrently, EDTA solution (0.25, 0.5, 0.75 and 
1.0 g in 10 mL in distilled water) was adjusted to pH 6.2 by 
1M NaOH. Each EDTA solution (10 mL) was introduced 
dropwise using a micropipette to the homogeneous 
viscous solution of GG under constant stirring at 55oC for 
another 1 h, with the pH 5.0 maintained by dropwise 
addition of 1 N HCl during the reaction. After completion, 

the reaction mixture was adjusted to pH 7.0, degassed, 
cast onto a Teflon plate at room temperature for 30 min, 
and oven dried at 55 oC for 48 h. The resulting films were 
thermally cured at 120 oC, 130 oC and 140 oC for 3, 2, and 1 
min, respectively, to obtain crosslinked EGG films with 
optimized morphology. Finally, the films were peeled from 
the plate, washed thoroughly with deionized water, and 
stored in polyethylene bags for subsequent 
characterization. The crosslinking films cured at different 
curing temperatures are shown in  Fig.14.

(a)

(e)(d)

(c)(b)

(f)

Fig.14 Represents (a) the viscous crosslinked solution formed after 1 h of reaction (b) ) Degassed crosslinked solution 
casted on Petri plate (c) Crosslinked EGG film cured at 120±1 oC with fractured surface (d) Crosslinked EGG film cured at 
130±1 oC with flexible and smooth morphology (e) Crosslinked EGG film cured at 140±1 oC with slight brown texture 
and rough morphology (f) Crosslinked film cured at 130±1 oC with suitable morphology for serving as TDDS
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Quantification by the degree of di-esterification

The degree of di-esterification has been calculated using 
complexometric titration, taking a cue from the previous 
study of Menzel et al, 2013.34 Briefly, two solutions were 
titrated against 0.02 M CuSO4 solution. In the first 
titration, 200 mg weighed EDTA-crosslinked guar gum film 
(EGG) was hydrolyzed in 25 mL (0.1 M) KOH solution for 20 
min. This gives the total amount of EDTA consumed in the 
film. In the second titration, 200 mg weighed EGG was 
immersed in distilled water (25 mL). This will give the total 
content of free EDTA and mono esters present in the EGG 
film. As an indicator, murexide was introduced to the 
solution of 0.02 M CuSO4, which displayed an orange color 
and at the endpoint indicated a light pink color. Total EDTA 
di-ester content was calculated as follows:   

Total EDTA di-ester (Wdi-ester)=Total EDTA content present 
in the film - (free EDTA + mono ester of EDTA) 

The degree of di-esterification (D.D.E) was calculated as 
follows: 
D.D.E     =   2 × Mma ×Wdi-ester × MAGU

MMa X Mgg

Where, Mma, is the weight of EDTA used
Wdi-ester, is the weight of di-ester calculated
MAGU, is the mass per anhydroglucose unit of GG
MMa, is the molecular weight of EDTA
Mgg, is the molecular weight of GG

Swelling Behavior and Solubility

To study swelling behavior and solubility, 200 mg of EGG 
film was dissolved in 10 mL of distilled water and stored 
for 24 h. Afterwards, samples were heated over a water 
bath at 85±2°C for 10 min, followed by centrifugation at 
3000 r.p.m. for 10 min.39  The swelling test was performed 
as follows:

Swelling behavior (%)=  Wi-Wo × 100
                                            Wo

Where,    Wi, the weight of the swollen film
        Wo, the weight of the initially taken dry film sample
To examine the solubility of EGG, the supernatant was 
taken in a petri dish and dried at 70±2oC for 24 h in an 
oven and afterwards formulated as given below:  

Solubility (%)=    We  -  Wf × 100
                         Wf

Where, We,  the weight of the petri dish dried for 24 h
      Wf, the initial weight of the petri dish 

3.5 Characterization of GG and EGG films

The detailed characterizations were systematically 
performed. The FTIR spectra of samples GG and EGG were 
recorded through Cary 630 FT-IR spectrometer (Agilent 
Technologies, USA) with a resolution of 4 cm-1 in between 
wavelength range of 400-4000 cm-1. The crystallinity of the 
samples was examined using the X-ray diffraction (XRD) 
method on a Rigaku Smart Lab X-ray diffractometer with 
detector D/teX Ultra 250 and filter 1D CuK radiation. The 
scan speed was 2o C/ min for Bragg's angle (2Ѳ), which is in 
the 50-800 nm range. For the investigation, the device was 
set to 40 kV and 50 mA. The surface morphology of GG 

and EGG was studied via scanning electron microscopy 
(SEM) and SEM-EDX, respectively, using the SEM-Carl Zeiss 
EV018 instrument. Thermal stability and degradation 

behavior were investigated using a thermogravimetric 
analyzer (Discovery TGA55, TA instruments) in a nitrogen 
environment at a rate of 5±1oC/min. Samples were 
investigated under temperature range between 25±1oC to 
800±1 oC. A digital micrometer was used to measure the 
thickness of all films.40The universal testing machine 
(UTM) (Tinius Olsen Limited, UK, Model-25ST) was used 
with a gauge length of 25 mm and a crosshead speed of 50 
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mm/min. The standard deviation and mean thickness were 
calculated. The mechanical properties of the rectangular 
pieces of samples GG and EGG about 5cm x 1 cm were 
measured under humid conditions of 55±0.3% maintaining 
temperature 27±2oC, according to ASTMD882-02. For the 
recording of liquid state NMR, Bruker AV 500 MHZ 
spectrometer was used. The samples GG and EGG were 
hydrolyzed for 4 h with 1 M HCl, followed by co-distillation 

with methanol over a rotatory evaporator. After drying, 
samples were lyophilized at -60±2oC and deuterium 
exchange was done 3-4 times. Further, samples were 
filtered through a 0.45 μm syringe filter, collected in an 
Epindroff tube and weighed. For the 1H NMR spectrum at 
500.17 MHz, 512 scans were recorded with 2.2282 s data 
acquisition time for the FID, having a relaxation delay of 1 
s. For 13C NMR at 125.78 MHz, 2048 scans were recorded.

Curcumin loading and in vitro release study

 Curcumin loading

Curcumin has been chosen as a ‘model drug’ to study its 
release profile from the EGG film matrix. After developing 
crosslinked EGG film, the cured EGG film (130±10C for 2 
min) was dipped in 100 ppm of ethanolic solution of

Curcumin for 24h.33,41In due course, the prepared 
curcumin-loaded EGG film was washed thoroughly with 
ethanol to remove any portions of unloaded curcumin.

 Curcumin loading and encapsulation efficiency

To investigate the loading potential of the EGG matrix, 500 
mg of the curcumin-loaded EGG film was completely 
disrupted in 50 mL of acetone and constantly stirred for 48 
h to extract the loaded curcumin from the film. The 
solution was filtered and assayed by a UV 
spectrophotometer at 491.2 nm as performed in our 
previous work.33 The percentage content of drug loading 
capacity (DLC) and  drug encapsulation efficiency (DEE) 
was calculated as follows:42

DLC % =         Entrapped drug    x  100
                     ------------------------
            Weight of drug drug-loaded film  

DEE % =      drug added-free drug    X    100
                     ----------------------------
                            drug added

In vitro curcumin release 

To examine the efficacious transdermal release of 
curcumin from EGG film, 200 mg of film was placed in a 
measured volume (50 mL) of phosphate buffer saline (PBS) 
solution with pH 7.4 at 37±2oC.43 This is due to the reason 
that chronic wounds and infectious skin sites have an 
alkaline environment with pH ranging from 7-9. The 
amount of curcumin release was determined at different 

time intervals by measuring the absorbance of the release 
medium with a UV-Vis spectrophotometer at 491.2 nm. 
The calibration graph was plotted to obtain the correlation 
coefficient (R2) value. Subsequently, the cumulative 
percentage drug release (CPDR) of curcumin was 
calculated.43,44

 Kinetic study of curcumin release

The kinetics of curcumin release, data was analyzed using 
mathematical modeling. The cumulative percentage drug 
release (CPDR) data was studied against time and the 
amount of curcumin that was released at regular time 
intervals was fitted into the different models. For 
interpretation of the mechanism, the Korsmeyer-Peppas 

model has been used.45 Additionally, to quantitatively 
assess the kinetics of curcumin release, both first-order 
and second-order kinetic models were applied to the 
release data.48 The  First order kinetics assumes the 
release rate of the drug depends on the amount of drug 
remaining in the matrix, while second-order kinetics 
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considers that the release rate depends on the square of 
the amount of drug remaining. The equations (1), (2) and 
(3) used in different model studies are discussed below:

Korsmeyer-Peppas model: Mt/Meq=k.tn…………………(1)

Where, Mt, is the amount of drug released at time t, Meq, 
is the total amount of drug in dosage form,  k and n are 
the kinetic constant and release exponent, respectively. If 
the value of n is below 0.5, it denotes Fickian diffusion and 

if the value of n lies between 0.5 and 1, it depicts an 
anomalous or non-Fickian transport.
First Order Kinetics:    F = 1−e -(k1.t)………………………….(2)
Where, F, is the fraction of percentage of curcumin 
release, K1, is the first-order release rate constant and t is 
the time period of drug release.
Second Order Kinetics: 
t/Mt = 1/k2.M2equilibrium + (1/Mequilibrium). t  …………….(3)
Where, Mt, is the amount of drug released at time (t), 
Mequilibrium, is the total amount that can be released at 
100% and K2, is the second-order rate constant.

Antibacterial activity of curcumin-loaded films

The bacteria used in this study were E. coli and S. aureus, 
gram-negative and gram-positive strains, respectively. 
These strains were procured from the Health Sciences 
Division, UPES, Dehradun, India. The cultures were 
maintained at 4±2 oC on a nutrient broth (NB). The active 
cultures of strains for experiments were prepared by 
transmitting a loop full of cells from Petri plates to test 
tubes of nutrient broth which were then incubated for 24 
h at 37±2 oC. NAM was used for further susceptibility 

testing. To study antibacterial activity, the Kirby-Bauer 
method (also known as the disk diffusion method) was 
employed.39 Culture plates were prepared by pouring 20 
mL of sterile nutrient agar medium and each inoculum 
suspension was swabbed onto the agar surface. Discs of 
samples GG and were placed and culture plates were 
incubated for 24 h at 37±2 oC. The further activity was 
calculated by measuring  the diameter of zone of inhibition 
with the help of scale (mm).

Antifungal activity of curcumin-loaded films 

The fungus strain used for the study was A. niger. This 
strain was procured from the Health Sciences Division, 
UPES, Dehradun, India. The culture was prepared in PDA 
slant at 4±2 oC.  For experimentation, the fungal strain was 
revived and subcultured on PDA plates, which were 
incubated at 29±2 oC for 48 h.

To study antifungal activity Kirby-Bauer method was 
performed. After pouring 20 mL of PDA, culture plates 
were prepared. Each spore suspension was swabbed onto 
the media plates, which were then incubated at 29±2 oC 
for 3-4 days. Afterwards, fungal growth was examined.

 Antioxidant activity

The antioxidant activity of native GG and EGG films at 
different concentrations of EDTA and curcumin-loaded 
EGG films was evaluated using the 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH). Initially, a 50 mL methanolic 
solution of 0.1 mM DPPH was prepared. Small squares of 
the sample (20×20 mm) were cut and dipped in 10 mL 
DPPH methanolic solution and incubated at room 
temperature for 30 min in dark conditions. After 
incubation, the absorbance at 517 nm was measured using 

a UV-Vis spectrophotometer.47 Formula used is given 
below:48

%Scavenging=[(Abs.Blank – Abs.Sample)/Abs.Blank] × 100

Where  Abs.Blank is the absorbance of the blank (DPPH+ 
methanol)
Abs.Sample is the absorbance of the film sample 
(DPPH +methanol + film)

Statistical analysis For each investigation, swelling, solubility, antioxidant, 
thickness, and mechanical properties were measured in 
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triplicate. Statistical analysis was done using one-way 
ANNOVA. 0.05 was taken as the level of significance. The 

centrality level of P< 0.05 was used.

Conclusions

The present study has been planned by thoughtful 
curation of reaction design, keeping green chemistry 
principles at the forefront. A key principle is the selection 
of safe, eco-friendly reagents, namely the abundant 
agricultural biopolymer guar galactomannan and EDTA, a 
non-toxic, cost-effective, self-catalyzing crosslinker. By 
substituting EDTA for traditional toxic crosslinkers, we 
achieved efficient crosslinking under catalyst-free 
conditions and with a streamlined workup. The degree of 
di-esterification ranged from 0.0077± (1.0x10-4) to 0.0295± 
(1.5x10-4). Crosslinking decreased swelling and 
simultaneously increased solubility. EGG films were 
characterized by SEM-EDX, confirming a porous network 

and elemental composition; FTIR revealed an ester band at 
1735 cm-1. High-resolution ¹H/¹³C NMR, HSQC, and HMBC 
spectra further corroborated ester linkage formation. XRD 
revealed increased semi-crystallinity, while TGA 
demonstrated improved thermal stability with three 
distinct degradation stages. Curcumin-loaded EGG 
exhibited non-Fickian release over 720 min, and 
pronounced antibacterial, antifungal, and antioxidant 
activities. These findings underscore the feasibility of 
converting renewable biomass into advanced biomaterials, 
reducing dependence on non-renewable and non-
biodegradable resources, and extending EDTA’s utility 
beyond chelation to sustainable material applications. 

Supporting Information

The Tables demonstrating the degree of di-esterification 
and solubility and swelling behavior are given.  The SEM 
morphology and TGA graph of native GG and 1D and 2D 
NMR spectra of GG are provided. The figure for CPDR% 
drug release is also given along with the graphs of 
activation energy calculations for GG and EGG crosslinked 
films.
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