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Abstract. Herein, a grafted copolymer composed of carboxymethylcellulose (CMC) and polyethylene-glycol-aminated
(PEG-NH2) was successfully synthesized via a facile ionic interaction and scalable route in the presence of EDC/NHS (Nethyl-N′-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide) activators. From Fourier transform infrared (FTIR) spectroscopy, the absorption peak at 1652 cm–1 corresponded to –NH groups of PEG-NH2. After grafting, the grafted
CMC-PEG was characterized for surface morphology, crystallinity, functional groups determination, and thermal analysis.
No cytotoxicity effect was observed in normal human dermal fibroblasts (NHDFs) cells following exposure to the grafted
CMC-PEG up to 2 mg/ml. The rheological studies suggested that the optimized 10% (w/v) grafted CMC-PEG hydrogels
crosslinked with 5% (w/v) citric acid (CA) exhibited better mechanical properties compared to the non-grafted CMC. This
work highlights the characterizations of grafted CMC-PEG and demonstrates the potential of grafted CMC-PEG hydrogels
crosslinked with CA for advanced 3D-bioprinting or as injectable hydrogels in various biomedical applications such as tissue
engineering, wound dressing materials, and drug delivery systems.
Keywords: rheology, carboxymethylcellulose, grafted copolymer, hydrogel, normal human dermal fibroblasts (NHDFs)

1. Introduction

[2, 3]. On the other hand, chemically modified polymer through techniques such as grafting has advantages over several physical processes. This includes
controllable and specific binding of interest polymer
chains through the formation of covalent bonds between chemically reactive functional groups [4].
Carboxymethylcellulose (CMC) is a low-cost natural polysaccharide with a wide range of applications.
CMC is commonly used as a thickener, viscosity
modifier, and water retention agent in the food industry as well as textile, flocculation, and oil drilling
industries. CMC is known to be non-cytotoxic,

Polymers modification is an exciting field of study,
especially in applied science research. Modification
of polymers to produce new polymeric materials
through methods such as physical and chemical
processes have been extensively studied over the past
few decades [1]. The physical process involves blending, irradiation, and oxidation with gases is a direct
method to produce new polymeric materials. However, it was reported that the physical blending of two
polymers with distinct properties could result in undesirable mechanical strength and water absorption
*
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the fabrication of hydrogels can be done under relatively mild conditions [14]. Many studies reported
the potential of CMC-based hydrogels for various
biomedical applications ranging from drug carriers
for drug delivery, wound dressing materials to injectable hydrogels and scaffolds for tissue engineering [15–19].
In this work, grafted CMC-PEG was synthesized
through two simple reaction steps represented in Figure 1. The structural properties of the synthesized
grafted CMC-PEG were characterized by Fourier
transform infrared (FTIR), carbon and proton nuclear magnetic resonance (NMR) to confirm the
grafting of PEG-NH2 to CMC. Furthermore, the surface morphology, crystallinity, thermal behavior, and
cytotoxicity of the synthesized product were also
studied. The rheological study was performed to
study the potential of grafted CMC-PEG hydrogel
as hydrogel scaffolds, injectable hydrogels, and hydrogels inks in 3D-printing for future biomedical applications.

biocompatible, and biodegradable polysaccharides.
Therefore, research on CMC had branched out to
more advanced fields such as heavy metals/dyes adsorption, drug delivery systems, and tissue engineering [5–7]. Polyethylene glycol (PEG) is a biocompatible, hydrophilic, and non-immunogenic synthetic
polymer. PEG was reported to respond significantly
to the change of pH by swelling and shrinking to increase tissue formation during the early wound healing stage and leads to the release of growth factors
embedded in the scaffold matrix. Besides, most
PEGs with molecular weight less than 1000g/mol
can be removed rapidly from the body system, thus
contributes to its wide usage in biomedical applications such as drug delivery systems and scaffolds for
tissue engineering [8]. According to Ghorpade et al.
[9], the reactive hydroxyl end terminal (–OH) of
PEG can be easily activated and replaced with different functional groups such as azide, carboxyl acid,
thiol, and amine. Functionalization of synthetic polymers diversified their potentials as biomaterials in
the biomedical field.
The advantage of CMC to develop biomaterials originates from its abundant functional groups such as
hydroxyl (–OH) and carboxylate (–COO–) groups.
Therefore, copolymerization of CMC as the main
backbone with different polymers to improve its physical and chemical properties are feasible with minimal changes to its nature. Kumar and Negi [10] reported the synthesis of CMC-graft-poly(sodium
1-hydroxyacrylate) (CMC-g-PnaHA). The grafted
copolymers demonstrated 427 times higher water
uptake capacity and better thermal stability compared to CMC and PnaHA, respectively. In another
study by Alange et al. [11], polyacrylamide-graftCMC (PAAm-g-CMC) showed promising potential
as microspheres carriers to deliver capecitabine for
the colon drug delivery system. Dahlan et al. [12]
reported the synthesis of CMC-graft-polyvinyl alcohol (CMC-g-CMPVA) with smart swelling behavior
in different pH environments and biocompatible to
living cells.
Most hydrogels are promising candidates for various
biomedical applications due to their biocompatible
nature and could provide a 3D environment with a
high water content to support cell regeneration [13].
Furthermore, hydrogels are an appealing material for
tissue engineering due to their structural similarity
to the extracellular matrix (ECM) of tissues and can
be applied in a minimally invasive manner. Besides,

2. Experimental
2.1. Materials
Carboxymethyl cellulose, sodium salt (CMC) (Mw =
135 000 g/mol, degree of substitution (DS) = 0.85),
triethylamine, sodium carbonate (Na2CO3) and N-hydroxysuccinimide (NHS) were purchased from
Nacalai Tesque, Japan. N-ethyl-N′-(3-dimethylaminopropyl)carbodiimide (EDC), ρ-toluenesulfonyl chloride were purchased from Sigma-Aldrich, USA. Polyethylene glycol (Mw = 4000 g/mol), sodium chloride
(NaCl), and glycine were supplied by Merck, Germany. Dichloromethane (DCM), magnesium sulfate
anhydrous (MgSO4), potassium chloride (KCl), citric acid, and hydrochloric acid (HCl) were purchased
from Friendemann Schmidt, Australia, while 30%
ammonia solution, potassium dihydrogen phosphate
(KH2PO4) and 2-propanol were purchased from R&M
Chemicals, United Kingdom. Ninhydrin reagent was
obtained from Fisher Scientific, United States (US)
while disodium hydrogen phosphate (Na2HPO4) was
supplied by HmBG Chemicals, Germany. MTS 3(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium was purchased from Promega Corporation, USA. Fibroblast
basal medium, fetal calf serum (FCS), human basic
fibroblast growth factor (hbFGF), and insulin solution were purchased from PromoCell GmbH, Heidelberg, Germany. Dichloromethane was dried over
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in a desiccator for subsequent analyses. The percentage yield of the final was calculated by Equation (1):

magnesium sulfate while ρ-toluenesulfonyl chloride
was re-crystallized using acetone before use.

W
Percentage yield [%] = Wf $ 100
c

2.2. Method
2.2.1. Synthesis of PEG-NH2
The modification of hydroxyl groups (–OH) of PEG
with amine groups (–NH2) groups was performed
according to Cameron et al. [20] with modification.
Briefly, PEG (10 g) was dissolved in 100 ml of dry
dichloromethane. After the addition of triethylamine
(7.5 ml), the solution was cooled to 0 °C. Then,
p-toluenesulfonyl chloride (5 g) was added and
stirred overnight at room temperature. The residue
was filtered from the solution, and the filtrate was
washed using a separatory funnel with 30 ml of 1 M
sodium carbonate solution to remove unreacted ptoluenesulfonyl chloride. The bottom layer was extracted for subsequent neutralization. Then, 30 ml of
10% HCl for neutralizing the filtrate was added to
the bottom layer. The bottom layer containing PEGtosylate was extracted while the upper layer was removed. The remaining solvent was then removed by
rotary evaporation. Next, the yellow product (10 g)
was dissolved in 25% aqueous ammonia solution
(150 ml), and the reaction mixture was vigorously
stirred for 3 days at room temperature. The reacted
mixture was left overnight to evaporate the ammonia. The basic solution containing remaining ammonia was extracted three times with DCM using a separatory funnel, and finally, the DCM was removed
by rotary evaporation.

(1)

where Wf denotes the weight of grafted CMC-PEG
and Wc represents the initial weight of CMC.
2.2.3. Degree of grafting
The degree of grafting was determined by ninhydrin
assay. First, approximately 100 mg of grafted CMCPEG was heated with the ninhydrin reagent (2% (w/v)
in 2-propanol) at 100 °C for 15 minutes. The PEGNH2 sample was considered as the control. The solution was cooled at room temperature, and the optical absorbance was recorded at 570 nm using a
spectrophotometer. The amount of –NH2 groups was
determined from a standard curve of glycine concentration versus absorbance. The degree of grafting
was calculated by Equation (2):
Degree of grafting [%] =

NHi - NH f
$ 100
NHi

(2)

where NHi and NHf represent the amount of free
amine groups before and after grafting.
2.2.4. Characterization
The surface morphology of the synthesized grafted
CMC-PEG was examined on a Hitachi SU8010 field
emission electron microscope (FESEM). The sample
was sputter-coated with platinum after mounting on
double-sided carbon tape. The infrared spectra of
PEG, PEG-NH2, CMC, and grafted CMC-PEG were
taken in the range of 400–4000 cm–1 using Spectrum-Two FT-IR spectrophotometer, Perkin Elmer,
Inc. XRD patterns of PEG, PEG-NH2, CMC, and
grafted CMC-PEG powdered samples were recorded
in the range of 5–60° at ambient temperature on
BRUKER D8 Discover X-ray Diffraction system.
Percentage crystallinity was calculated using Equation (3) [22]:

2.2.2. Grafting of PEG-NH2 onto CMC
For the synthesis of grafted CMC-PEG, 2% (w/v)
CMC and PEG-NH2 were separately dissolved in distilled water. Subsequently, the activating agents of
EDC and NHS (2:1) were added to the CMC solution
to activate the reaction, followed by the addition of
dissolved PEG-NH2. In this study, EDC coupled with
NHS was used to activate the carboxyl groups of
CMC to form a stable amide bond with primary
amines of PEG-NH2 [21]. The final concentration of
the reaction mixture was CMC (0.07 mM), PEG-NH2
(2.50 mM), EDC (9.66 mM), and NHS (6.52 mM).
The reaction took place at room temperature for
24 hours by stirring in a sealed beaker. To remove
unbound PEG-NH2, the solution was dialyzed against
distilled water overnight. Finally, the product was
dried to constant weight. The grafted CMC-PEG solid
was grounded and sieved through 150 μm and stored

A
Percentage crystallinity [%] = A +c A $ 100
c
a

(3)

where Ac represents the area of the crystalline peak
while Aa is the area of the amorphous peak.
Molecular weights and polydispersities of PEG-NH2
and grafted CMC-PEG were determined by gel permeation chromatography (GPC, Tosoh EcoSEC
HLC-8320GPC) equipped with both refractive index
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sterile water, and incubated in the oven at 80 °C until
dissolution. The stock polymer solution with
10 mg/ml concentration was achieved by adding
500 μl of FBM media to the dissolved polymer solution. Subsequently, test samples containing grafted
CMC-PEG with concentrations ranging from
0.00001 to 10 mg/ml were prepared by diluting the
stock solution. NHDFs cells with a density of
2.5·104 cells/ml were seeded onto a 96-well sterile
tissue culture plate (TCP) containing 100 µl FBM
and kept in the incubator at 37 °C for 24 h. Subsequently, the FBM medium in each NHDFs seeded
well was replaced with 100 μl of the prepared grafted CMC-PEG at different concentrations (CPe). Furthermore, NHDFs seeded with FBM acted as the
control (NHDFc) while non-seeded wells with either
grafted CMC-PEG solutions with different concentrations (CPb) or FBM medium (Fb) served as the
blank. The prepared TCP was incubated for 24 h. At
the end of the time-point, 10 µl of MTS solution was
added to the wells, followed by incubation at 37 °C
for 3 h. Then, the optical density (OD) values were
measured at a wavelength of 490 nm using a Microplate reader. The relative cell viability was calculated by Equation (4):

(RI) and ultraviolet (UV detection, λ = 280 nm) detectors using Tosoh alpha 4000 and 2000 columns.
The solvent and mobile phase was water containing
0.1 M NaNO3 and 0.1 M NaHCO3 with a flow rate
of 1 ml/min. The calibration curves were obtained
using 10× low dispersity PEG/PEO standards (PEG/
PEO: 615–1.38·106 g/mol, R2 = 0.9995). 1H NMR
(nuclear magnetic resonance) of grafted CMC-PEG
was recorded at 30 °C in D2O using BRUKER
500 MHz FT-NMR with a relaxation delay time of
1 second. 13C cross-polarization magic angle spinning
(CPMAS) was recorded using a Bruker BioSpin
GmbH operating at 75.44 MHz. In CPMAS experiment, the sample was spun at 10 kHz. For differential
scanning calorimetry, approximately 5 mg of CMC,
PEG, PEG-NH2, and grafted CMC-PEG powdered
samples were analyzed by DSC Q100 in a platinum
crucible scan with a scan speed of 20 °C/min over a
temperature range of –50 to 200 °C under constant
nitrogen. The samples were pre-dried in the oven
overnight prior to the analysis. The following protocol was used for each sample: equilibrate at –50 °C
and isothermal for 1 min, heating to 200 °C and
isothermal for 1 min, cooling to –50 °C and isothermal for 1 min, and finally reheating to 200 °C. Data
was collected from the second heating curve. The
thermograms of CMC, PEG, PEG-NH2, and grafted
CMC-PEG were obtained using TGA Q500 V6.7
Build 203 device. Approximately 5 mg samples
were analyzed with temperatures ranging from 25 to
700 °C under nitrogen.

OD CPe - OD CPb
$ 100 (4)
Cell viability [%] = OD NHDF
c - OD Fb
2.2.6. Grafted CMC-PEG hydrogel preparation
In this study, 10% (w/v) grafted CMC-PEG was prepared by dissolving the polymer in distilled water. The
polymer solution was incubated in the oven at 80 °C
to ensure complete dissolution. For the crosslinking
of hydrogels with citric acid (CA), the dissolved grafted CMC-PEG was crosslinked with 5, 10, and
15% (w/v) of CA, indicated by 10% CMC-PEG5,
10% CMC-PEG10, and 10% CMC-PEG15, respectively before the analysis. The hydrogels were incubated
in the oven at 37 °C overnight during the crosslinking
process. On the other hand, 2.5% (w/v) CMC was dissolved at room temperature. Then, the same steps
were repeated for preparing 2.5% (w/v) cross-linked
with 5, 10 and 15% (w/v) of CA denoted as 2.5%
CMC5, 2.5% CMC10 and 2.5% CMC15, respectively.

2.2.5. Cell cytotoxicity study
Cell culture
Normal human dermal fibroblasts (NHDFs) was cultured in fibroblast basal medium (FBM) supplemented with 2% (v/v) fetal bovine serum (FBS), 1 ng/ml
basic fibroblast growth factor (hbFGF), 5 μg/ml insulin solution, 100 U/ml penicillin and 100 μg/ml
streptomycin in a 25 cm2 cell culture flask. The
NHDFs cells were then incubated in a humidified atmosphere (95%) containing 5% CO2 at 37 °C. The
culture medium was changed every three days.
Quantitative cell viability MTS assay
The cytotoxicity of grafted CMC-PEG at different
concentrations was determined using MTS colorimetric assay. Before the experiments, 10 mg of powdered grafted CMC-PEG were sterilized by UV light
for 60 min, followed by the addition of 500 μl of

2.2.7. Rheology analysis
Rheology measurements were performed at 25 °C on
an Anton Paar MCR 302 rheometer. The measurements were performed using a sand blasted-type
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geometry (25 mm in diameter). The storage modulus
(G′) and loss modulus (G″) of materials were measured in oscillatory mode at 25 °C. For amplitude
sweep measurement, the hydrogel materials were
tested for strain values of 0.01 to 1000% by keeping
the angular frequency constant at 10 Hz. In the frequency sweep measurement, the hydrogel materials
were tested from 0.1 to 100 rad/s frequency range by
keeping constant the shear strain constant at 0.5%.
2.2.8. Statistical analysis
Data were analyzed by one-way analysis of variance
(ANOVA) using GraphPad Prism Version 8.1.2 for
Windows (GraphPad Software, Inc.) and presented
as mean ± standard deviation for triplicates with
p < 0.05.

3. Results and discussion
3.1. Synthesis of grafted CMC-PEG
In this study, the amine groups of functionalized
PEG-NH2 were grafted to the reactive carboxyl
groups on the backbone of CMC via a ‘grafting to’
approach. In this approach, new properties will be introduced to the newly grafted product while maintaining the desirable properties of each polymer substrate
[23, 24]. First, PEG-NH2 was modified through asymmetric activation of symmetrical PEG. PEG-tosylate
was then synthesized as a precursor before the amination process, as shown in Figure 1a. Tosylate groups
are excellent candidates for substitution reactions to
enable the conversions of different functional groups
[25]. Formation of grafted CMC-PEG was achieved

through coupling reaction of EDC/NHS. In this case,
EDC activated the carboxyl group of CMC to form
an unstable amine-reactive intermediate followed by
coupling NHS that rearranged the intermediate into
a more stable amine-reactive ester. A stable amide
bond was then created between CMC and PEG-NH2
to form grafted CMC-PEG [21, 26]. Based on the
grafting reaction scheme of grafted CMC-PEG illustrated in Figure 1(b), the grafting of PEG-NH2 could
be alternately random on the CMC backbone.
According to Kumar et al. [27], ninhydrin causes oxidative deamination of –NH2 releasing ammonia
(NH3) followed by condensation of reduced ninhydrin to form colored substances. Therefore, the degree of PEG-NH2 grafted onto the CMC backbone
was investigated using the ninhydrin assay. A similar
approach was used by Baharifar et al. [28] to measure the amount of free amines of deacetylated chitosan conjugated to PEG. The free amine groups of
PEG-NH2 were measured using ninhydrin method
before and after the grafting process. It was found
that 71% of PEG-NH2 was successfully grafted to
CMC. Meanwhile, a percentage yield of 177% was
obtained after the grafting of PEG-NH2 to CMC. The
high yield indicates an ideal CMC-PEG grafting approach for large-scale production of polymeric biomaterials.

3.2. Field emission electron microscope
(FESEM)
Figure 2a shows the granule morphology of grafted
CMC-PEG. The granular appearance of grafted

Figure 1. Schematic representations of (a) modification of PEG-OH to PEG-NH2 and (b) the grafting of PEG-NH2 to CMC.
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Figure 2. Surface morphology of grafted CMC-PEG at (a) ×30, (b) ×1000 and (c) ×5000 magnifications.

the –OH stretching. In addition to that, the band
around 1100–1000 cm–1 was assigned to –COC
bonds. After modification with amine groups (NH2),
the most significant differences can be detected at
specific regions ranges from 4000–2500 and 1800–
1600 cm–1 as illustrated by the PEG-NH2 spectrum.
The band centered at 3492 cm-1 attributable to –
NH2 asymmetric and symmetric stretching. Furthermore, a peak located at 1652 cm–1 was assigned to
the primary –NH2 group introduced after the modification as shown in Figure 3b. The grafted CMCPEG exhibited an absorption band at 2874 cm–1 corresponding to the –CH functional groups. Characteristic bands of –OH and –NH at 3504 and
1656 cm–1, indicating that the grafting of PEG-NH2
to CMC was successful, as evidenced by the formation of an amide bond. The absorption bands at 1462
and 1354 were attributed to the –CH2 bending of
scissoring type and –CO vibration, respectively. An
absorption band at 1108 cm–1 was assigned to
the –COC functional groups.
The diffraction patterns of PEG, PEG-NH2, CMC,
and grafted CMC-PEG are shown in Figure 4. The
X-ray diffractogram of PEG showed diffraction
peaks at 13.55, 19.15, 23.27, 26.26, and 27.04° with

CMC-PEG at higher magnification showed a smooth
surface with rough edges, as shown in Figure 2b
and 2c.

3.3. Fourier transform infrared (FT-IR) and
X-ray diffraction (XRD) analyses
Fourier transform infrared spectroscopy was used to
characterize and identify the functional groups of
PEG, PEG-NH2, CMC, and grafted CMC-PEG, as
shown in Figure 3a. The infrared spectrum of CMC
showed a broad spectrum at 3288 cm–1, which represents the –OH stretching of non-substitute hydroxyl groups of the cellulose. An absorption band at
2886 cm–1 exhibited –CH stretching vibration. According to the literature, the bands caused by –CO
stretching of the ether linkage [1,4-β-D-glucoside]
or the ether group outside and inside the ring of cellulose carboxymethylation can be detected
1024 cm–1 [12]. The absorption bands at 1590, 1416,
and 1322 were attributed to carbonyl stretch
of –COO–, the –CH2 bending of scissoring type
and –CO vibration, respectively. The spectrum of
PEG exhibited the characteristic bands attributed to
C–H bonds at 2750 cm–1 stretching vibration. The
broad band centered at 3480 cm–1 was assigned to

Figure 3. FTIR spectra of PEG, PEG-NH2, CMC, and grafted CMC-PEG at (a) 400–4000 cm–1 and (b) 850–1850 cm–1.
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3.4. Molecular weight analysis
The molecular weight and polydispersity index of
PEG-NH2 and grafted CMC-PEG obtained from
GPC analysis are tabulated in Table 1. The amination of PEG to PEG-NH2 exhibited a low polydispersity index (PDI = 1.179) with uniform polymer
chains. After the grafting process, the GPC trace of
grafted CMC-PEG shifted towards higher molecular
weight regions with lower elution time. As a result,
the molecular weight (Mw) of grafted CMC-PEG
(572 034 g/mol) increased significantly compared to
the Mw of CMC (135 000 g/mol) after being grafted
with PEG-NH2. The exceptional Mw and wide PDI
of grafted CMC-PEG could be due to the effects of
polymer branching, length, and grafting flexibility
[34]. Moreover, the high Mw of grafted CMC-PEG
supported our calculated percentage yield of 177%
mentioned in Section 3.1. Ciftci [35] reported a similar observation through the synthesis of poly(styrenegraft-poly(ethylene glycol) methacrylate) (PS-gPEGMA).

Figure 4. X-ray diffractograms of PEG, PEG-NH2, CMC,
and grafted CMC-PEG.

a percentage crystallinity of 97.1%. These are typical
peaks for PEG as reported in the literature. Therefore, this indicates the PEG used in this study is of a
pure form [29]. Comparing with PEG, the intensity
of peaks at 2θ = 19.23 and 23.42° reduced significantly in the XRD spectrum of PEG-NH2. Furthermore, the position of peaks at 2θ = 13.55, 26.26 and
27.04° have shifted to 13.02, 25.30 and 26.32°, and
the percentage crystallinity reduced significantly to
81.1%. According to the literature, the functionalization of PEG with –NH2 disrupts intermolecular
hydrogen bonds leading to lower crystallinity [30].
CMC, having an amorphous nature, shows broad diffraction peaks at 2θ = 13.09 and 19.65° with 53.3%
crystallinity. In contrast, the X-ray diffractogram of
grafted CMC-PEG revealed that the crystalline domain anticipated from the presence of PEG-NH2
with well-defined diffraction peaks and reduced intensities at 19.13, 23.31 and 26.63°. This indicates
the successful grafting of PEG-NH2 to the CMC backbone. A broad peak was also detected at 2θ = 11.66°.
The results demonstrated the semi-crystalline nature
of grafted CMC-PEG indicated by the mixture of
crystalline and amorphous domains. Badwaik et al.
[31] reported the disruption of the semi-crystalline
nature of carboxymethyl xanthan gum with acrylamide (CMXG-g-PAAm). Similarly, Yang et al.
[32] reported a decrease in crystallinity of carboxymethyl β-cyclodextrin-grafted-carboxymethyl
chitosan. Our study found that the percentage crystallinity of grafted CMC-PEG (54.2%) was significantly lower than PEG-NH2, yet comparable to the
CMC. The formation of covalent bonds between the
functionalized polymer and the main polymer chain
(the backbone) could affect the chain arrangement,
hence reducing the crystallinity [33].

3.5. Nuclear magnetic resonance (NMR)
As shown in Figure 5a, the structure of PEG-NH2
was confirmed using 1H NMR. Chemical shift at
2.26 ppm corresponded to the –NH2 groups of PEGNH2. On the other hand, the shift at 3.57 ppm was the
proton signals from the oxyethylene chains of PEG
block (–CH2CH2O–) [36]. Veeramachineni et al. [37]
confirmed the structure of carboxymethylcellulose
synthesized from sago biomass through the appearance of chemical shifts at 3 and 4 ppm corresponded
to the H1 and H2 of the glucose units, respectively.
The H3–6 protons in the glucose units appeared between 4 to 4.5 ppm. Finally, the peaks appearing between 3.8 to 4.4 ppm were assigned to the methylene
protons in the substituted carboxymethyl groups.
Meanwhile, 1H NMR spectrum of grafted CMC-PEG
in D2O is shown in Figure 5b. The sharp peak at
3.65 ppm was assigned to –CH2CH2O– chains of
PEG. Similarly, the proton signals of CMC backbone
related to H2 to H6 in an anhydroglucose unit and
Table 1. GPC data obtained for PEG-NH2 and grafted
CMC-PEG.
Sample
PEG-NH2
Grafted CMC-PEG
*theoretical

Mn
[g/mol]

M w*
[g/mol]

2 592

3 056

1.179

226 287

572 034

2.528

PDI
(Mw/Mn)

Mw of PEG and CMC were 4000 g/mol and
135 000 g/mol, respectively.
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Figure 5. 1H NMR of (a) PEG-NH2 and (b) grafted CMC-PEG.

methylene protons in the substituted carboxymethyl
groups appeared as broad regions between 3.60 to
4.23 ppm [38, 39]. The grafting of PEG-NH2 onto the
CMC chain was confirmed through the proton on the
amide group with characteristic peaks that appeared
between 7.31 to 7.71 ppm. A study by Li et al. [40]
observed similar peaks within the same region, to confirm the conjugation of folate to carboxymethyl chitosan through polyethylene glycol spacer (CMCSPEG-FA).
Figure 6 shows the solid-state 13C CPMAS NMR of
grafted CMC-PEG. In the 13C CPMAS NMR spectrum, the six carbon atoms in the CMC glucose units
appeared within 50–100 ppm. The peaks at 100.21,
94.24, and 70.76 ppm were assigned to C1, C4 and
overlapping of C2, C3, C5 and C7 of the CMC. The
signal at 58.62 ppm was assigned to C6 [41–43]. On
the other hand, the presence of PEG was identified

Figure 6. 13C CPMAS NMR of grafted CMC-PEG.

through the appearance of peaks at 70.76, and
58.62 ppm corresponds to the Cc and Cb. The signal
at 174 ppm was specific to the amide bond due to
the reaction between the –NH2 groups of PEG-NH2
and –COOH groups of CMC. The presence of these
619
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melting temperature decreased significantly to
49.91 °C. The thermal property of grafted CMC-PEG
(Melting temperature, Tm = 56.80 °C) indicates that
the product is semi-crystalline. The enthalpy change
(ΔHm) of PEG, PEG-NH2, and grafted CMC-PEG
are tabulated in Table 2. This concludes that ΔHm
decreased due to the –OH end terminal modification
and grafting process, resulting in a reduced crystallinity of grafted CMC-PEG. This result is in line
with the findings of XRD in Figure 3b.
Thermogravimetric (TGA) and derivative thermogravimetric analyses (DTG) were conducted to investigate the thermal behavior such as decomposition
temperature of CMC, PEG, PEG-NH2, and grafted
CMC-PEG, their percentage of residue, and thermal
stability (Figure 7b, 7c and Table 2). The thermal decomposition of PEG started around 355 °C and decomposed rapidly at 427.97 °C. As PEG has a simple
linear chain, the thermal decomposition was assumed to occur at both –C–O and –C–C bonds of the
polymer chain [45]. Interestingly, the amination of
PEG to form PEG-NH2 exhibited a lower decomposition temperature of 331.90 °C. The intermolecular
hydrogen bond between –OH groups is stronger than
the one with amine (–NH2) groups, which attributes
to the lower decomposition temperature [46, 47].
CMC showed a significant weight loss of 5.4% at
low temperature due to the loss of water molecules.
The second weight loss was then observed around
301 °C, due to the elimination of CO2 from the decomposition of the hydrocarbon backbone of the
polysaccharides. On the other hand, a loss in weight
was observed in two stages for grafted CMC-PEG.
The first weight loss was recorded at 310 °C, with
17% caused by the loss of CO2 molecules from the
polymeric backbone. A weight loss of 23.7% was

signals indicated the successful formation of grafted
CMC-PEG.

3.6. Thermal analysis
Herein, the thermal properties of PEG, PEG-NH2,
CMC, and grafted CMC-PEG were studied by DSC
and TGA, as shown in Figure 7. The DSC thermogram of CMC showed in Figure 7a indicates that due
to the amorphous state of CMC, it did not show any
prominent peak after heating to 200 °C. According to
the literature, the melting temperature of CMC was
observed around 315 °C [44]. After PEG modification of the –OH end terminal to –NH2, it was observed that the endothermic peak that corresponds to

Table 2. Thermal properties of CMC, PEG, PEG-NH2 and
grafted CMC-PEG.
Polymers

Tma
[°C]

ΔHma
[J/g]

Tdb
[°C)

Tmaxb
[°C]

Char yieldb
[%]

CMC

–

–

193.61

301.49

40.27

PEG

58.59

163.41

358.30

427.97

1.33

PEG-NH2

49.91

95.53

191.87

331.90

4.13

Grafted
CMC-PEG

56.80

38.15

279.32

310.00
419.07

47.68

aMelting

temperature (Tm) and enthalpy change (ΔHm) were determined from DSC.
bDecomposition temperature (T ) at which 5% mass loss occurs and
d
char yield is defined as the mass percent of residue at 500 °C were
determined from TGA while maximum temperature (Tmax) was determined from DTG curves.

Figure 7. (a) DSC, (b) TGA and (c) derivative TG curves of
PEG, PEG-NH2, CMC, and grafted CMC-PEG.
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showed a slight cytotoxic effect with 88.83±5.48%
cell viability. Thereafter, the NHDFs viability reduced
significantly with increasing concentrations of grafted CMC-PEG to 5 and 10 mg/ml. Based on the findings of the MTS assay, it can be concluded that the
grafted CMC-PEG exhibited low cytotoxicity property and excellent biocompatibility for up to 2 mg/ml
of grafted polymer concentration.

recorded at 419.07 °C, indicating the thermal decomposition of grafted CMC-PEG. Based on TGA/DTG
analysis, the grafting of PEG-NH2 onto the CMC
backbone was shown to improve the thermal stability of grafted CMC-PEG.

3.7. Cell cytotoxicity
Cell cytotoxicity of grafted CMC-PEG against
NHDFs was quantitatively evaluated using MTS
assay. The grafted CMC-PEG was dissolved to concentrations ranging from 0.00001 to 10 mg/ml followed by culturing with NHDFs for 24 h, as shown
in Figure 8. The grafted CMC-PEG exhibited a noncytotoxicity effect towards NHDF cells with percentage cell viability ranging between 100.99±7.35 to
98.97±5.74% for concentrations below 1 mg/ml. The
grafted CMC-PEG with a concentration of 2 mg/ml

3.8. Rheological analysis
The citric acid (CA) crosslinked hydrogels formed
through the formation of an ester bond between the
–COOH groups of acid and –OH groups of polysaccharides. This process is known as esterification [48].
Therefore, CA could be used to chemically crosslinked the grafted CMC-PEG to form hydrogels.
Then, a rheological analysis was conducted to study
the rheological properties of the crosslinked hydrogels as hydrogel inks for 3D-bioprinting or injectable
hydrogels. For example, the literature reported that
the viscosity of extruding materials for extrusionbased 3D-bioprinting should be between 0.3 to
6000 Pa·s [49, 50]. This information could be useful
for the development of hydrogels for specific biomedical applications. In this study, the sol-gel transition and flow behavior of CMC and grafted CMCPEG crosslinked with CA was studied via tube inversion method as shown in Figure 9. An induced flow
was observed for uncross-linked 2.5% (w/v) CMC
and 10% (w/v) grafted CMC-PEG after tube inversion. This indicates that the samples were not able to
maintain the shape, which could limit their potential
for advanced biomaterials development [51]. On the
other hand, CMC and grafted CMC-PEG formed

Figure 8. Cell viability of NHDFs after 24 h incubation
(MTS assay) for grafted CMC-PEG with different
concentrations ranging from 0.00001 to 10 mg/ml.
Data with symbols are significantly different with
p > 0.05 defined as ns, ***p ≤ 0.001 and
****
p ≤ 0.0001.

Figure 9. Photographs showing the flow behavior of (a) (i) uncross-linked 2.5% (w/v) CMC cross-linked, and 2.5% (w/v)
CMC cross-linked with (ii) 5% (w/v), (iii) 10% (w/v) and (iv) 15% (w/v) CA and (b) (i) uncross-linked 10% (w/v)
grafted CMC-PEG and 10% (w/v) grafted CMC-PEG crosslinked with (ii) 5% (w/v), (iii) 10% (w/v) and
(iv) 15% (w/v) CA at 37 °C.
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at 0.5% strain. The frequency-dependent test measures the time-dependent viscoelastic properties of
the crosslinked hydrogel network within the non-destructive LVR region [55]. The high frequency represents short-term behavior such as mixing and extruding; meanwhile, the low frequency indicates longterm behavior such as settling [56]. The 10% (w/v)
CMC-PEG5 hydrogel exhibit a sharp increase of G′
at higher frequencies, indicating a ‘solid-like’ behavior predominates and gel stability due to the 3D
structure of the crosslinked hydrogels. However, the
G’ of 2.5% (w/v) CMC5 hydrogel decreased abruptly at higher frequencies (G’<G’’) with cross-over between G′ and G″ which indicates the viscoelastic liquid properties with undefined network structure.
Based on the rheological studies, 10% (w/v) CMCPEG5 hydrogel showed enhanced mechanical properties and promising rheological properties compared to 2.5% (w/v) CMC5 hydrogel.

stable hydrogels upon the addition of 5, 10, and
15% (w/v) CA crosslinker, respectively. Based on
the preliminary studies, 2.5% (w/v) CMC and
10% (w/v) grafted CMC-PEG crosslinked with
5% (w/v) CA exhibited shear-thinning behavior and
viscosities suitable as injectable hydrogels and hydrogel inks for 3D-bioprinting. These formulations were
subjected to further rheological analysis, such as
strain-dependent and frequency-dependent studies.
Storage (G′) and loss (G″) moduli measure the extent
to which a hydrogel can respond to stress by either
absorb energy (G′) or undergo stress relation to dissipate the energy (G″) [52]. For strain-dependent and
frequency-dependent studies, the chosen formulations of 2.5% (w/v) and 10% (w/v) grafted CMCPEG cross-linked with 5% (w/v) CA, represented by
2.5% CMC5 and 10% CMC-PEG5 were studied. The
purpose of the strain sweep was to determine the linear viscoelastic region (LVR) and mechanical properties of the crosslinked hydrogels. At low strain
(<20%), the storage modulus (G′) and loss modulus
(G″) of 2.5% (w/v) CMC5 and 10% (w/v) CMCPEG5 were constant and parallel with G′ > G″ indicating that the materials show a gel-like structure
termed as viscoelastic solid material (Figure 10a). At
high strain (>40%), the temporary structure of 10%
CMC-PEG5 was destroyed, and G′ started to decrease abruptly, whereas G″ started to increase, indicating deformation of the gel state [53]. The intersection of G′ and G″ of 10% (w/v) CMC-PEG5 at
147% indicating the collapse of the gel state to a
quasi-liquid state [54]. On the other hand, 2.5% (w/v)
CMC5 hydrogels exhibited viscoelastic fluid characteristics with G′ < G″.
Figure 10b presents G′ and G″ of 2.5% (w/v) CMC5
and 10% (w/v) CMC-PEG5 hydrogels as a function
of angular frequency ranging from 0.1 to 100 rad/s

4. Conclusions
In the present work, grafted CMC-PEG was successfully synthesized in the presence of EDC and NHS
as the activators. FT-IR confirmed the amination of
PEG and grafting of PEG-NH2 to the CMC backbone through the formation of an amide bond. The
successful grafting was also confirmed by 1H NMR
and solid-state 13C CPMAS NMR due to the appearance of characteristic peaks around 7 and 174 ppm
corresponded to the proton and carbon of the amide
group. XRD findings of grafted CMC-PEG showed
a semi-crystalline nature. Thermal studies by DSC
further confirmed the semi-crystalline nature of
grafted CMC-PEG, while TGA showed enhanced
thermal stability compared to the polymer substrates.
In vitro cytotoxicity assay confirmed the non-cytotoxic property of grafted CMC-PEG and excellent

Figure 10. (a) Strain-dependent and (b) frequency-dependent oscillatory shear rheology of the hydrogels. *Hydrogels with
subscript 5 indicate the 5% (w/v) percentage composition of CA in the crosslinked hydrogel samples.
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[8] Kono H.: Characterization and properties of carboxymethyl cellulose hydrogels crosslinked by polyethylene
glycol. Carbohydrate Polymers, 106, 84–93 (2014).

biocompatibility with NHDFs. The rheological analysis reported that grafted CMC-PEG crosslinked with
CA improved the hydrogel’s viscosity. The further
rheological analysis found 10% (w/v) grafted CMCPEG crosslinked with 5% (w/v) CA to be the best
hydrogel formulation with improved mechanical
property compared to the CMC crosslinked with
5% (w/v) CA. The hydrogel of grafted CMC-PEG
demonstrated potential use as hydrogel inks for 3Dbioprinting and injectable hydrogels for various biomedical applications such as tissue engineering, drug
delivery system, and wound dressing materials.
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