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Article Info Abstract

Received: 8 February 2026 This study aims to develop a tripartite hybrid material composed of
Accepted: 16 April 2026 multi-walled carbon nanotubes (MWCNTs), gelatin (gel), and a
Available online: 15 May 2026 monosaccharide (2-glucosyloxyethyl methacrylate, GEMA) to achieve a

synergistic interaction that integrates structural integrity and

biological safety. The primary objective is to evaluate the potential in

vitro cytotoxicity of these synthesized materials against the MCF7

MWCNTs, hybrid materials, gelatin,  breast cancer cell line, facilitating the development of safe

monosccharides, in vitro bionanodevices for clinical applications. We prepare and characterize

cytotoxicity, MCF-7 cells MWCNTSs that have been functionalized with GEMA and coated with gel
for the study. The cytotoxicity was carried out using breast carcinoma
(MCF7) cell line via sulphorhodamine B (SRB) assay. This work also
studied the effect of the functionalized MWCNTs on their
physicochemical properties using Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction patterns (XRD), scanning and
transmission electron microscopes (SEM and TEM). The results
showed that gelatin was successfully reacted with GEMA via their
amino groups using Michael addition reaction. Besides, the
functionalized MWCNTSs exhibited low cytotoxic effects in comparison
with the standard Doxorubicin®. These results suggest that gelatin-
monosaccharide functionalized MWCNTs serve as a promising, low-
toxicity platform for targeted drug delivery and imaging.

Keywords

1. Introduction

The existing MWCNT functionalization methodologies encounter obstacles due to the intrinsic cytotoxicity and
aggregation of pristine MWCNTSs, their hydrophobic nature and inadequate dispersibility in biological systems,
and the continual demand for enhanced biocompatibility and targeting strategies. Recent studies on the
functionalization of multi-walled carbon nanotubes (MWCNTSs) indicate enhanced dispersibility, biocompatibility,
and cellular uptake; however, several critical aspects remain inadequately addressed in the existing literature.
Specifically, the field lacks: (i) long-term stability of the functionalized CNTs under in vitro or in vivo conditions,
including protein corona formation and enzymatic degradation; (ii) quantitative, tissue- and cell-type-specific
targeting efficiency with appropriate controls and in vivo biodistribution data; (iii) comprehensive toxicity
assessments across acute and chronic exposures, and immunotoxicity. To go from proof-of-concept to clinically
useful CNT-based delivery systems, it is important to fill in these gaps [1,2].
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Recent research on gelatin- and GEMA-functionalized MWCNTSs presents a unique amalgamation of covalent
surface stabilization, bioactivity, and modular functionality, distinguishing it from traditional coatings such as
PEGylation, polydopamine, and purely non-covalent wrappers. Gelatin makes biocompatible, bioactive surfaces
with cell-adhesion motifs, and GEMA makes methacrylate handles that let CNT surfaces bond permanently with
covalent bonds. This dual functionalization creates a surface that is stable in complex biological media, can be
adjusted for crosslink density and degradation, and can be used to attach targeting ligands or therapeutic cargos
later. All of these features work together to make the product more stable and easier to disperse, allow for
controlled interactions with biological systems, and create a flexible platform for targeted delivery and
theranostics, while still being able to improve safety and translational relevance through defined scalable
processing. Previous studies on MWCNTSs have consistently shown that they could be used to carry drugs, genes,
and imaging agents in large amounts, but they have also raised serious concerns about their safety and
biocompatibility. Initial research demonstrated that pristine or unaltered MWCNTSs displayed inadequate aqueous
dispersibility and induced oxidative stress, inflammatory responses, and membrane damage upon interaction
with biological systems, primarily attributable to their hydrophobic graphitic surface and propensity for
aggregation. Chemical oxidation to add carboxyl or hydroxyl groups made the MWCNTs a little easier to spread,
but they still tended to clump together and were still toxic to cells at higher concentrations [3].

To tackle biocompatibility, later research utilized polymer or carbohydrate coatings to create hydrophilic
shells encasing nanotubes. For instance, a developed lysinated MWCNTSs functionalized with carbohydrates
(galactose, mannose, and lactose) for targeted doxorubicin delivery to breast cancer cells [4]. These formulations
enhanced drug loading and tumour selectivity through carbohydrate-lectin interactions; however, they
necessitated intricate multistep syntheses and expensive coupling reagents, which constrained scalability. Li et al.
[5] also talked about gelatin-functionalized CNTs loaded with cisplatin that could be released in response to
changes in pH. However, their system used polydopamine-assisted surface grafting, which took a lot of time and
used strong organic linkages, and it didn't give them much control over sugar-mediated targeting [6]. Both studies
stressed that the field still needs better ways to make things that are easier to make, have a balanced
hydrophilicity, and have a combination of bioactive (protein + carbohydrate) functionalization.

This work elucidates the synthesis methodology, assesses the metabolic activity of the modified cells, and
monitors the intracellular localization of the nanotubes. Contemporary investigations reveal that multi-walled
carbon nanotubes (MWCNTSs) are progressively being functionalized with ligands, including sugars, peptides, and
proteins, to augment their biocompatibility and targeting accuracy [7-12]. Sugars and carbohydrates function as
specific ligands for receptor-mediated endocytosis. For example, the functionalization of MWCNTs with
carbohydrates such as mannose or galactose enables the targeting of specific receptors that are overexpressed in
certain cellular populations, thereby effectively serving as a "molecular handle" to enhance [13]. Untreated
MWCNTs frequently demonstrate cytotoxic characteristics attributable to their hydrophobic properties and
propensity for aggregation, potentially resulting in oxidative stress and damage to cellular membranes [14]. The
application of hydrophilic biopolymers such as gelatin or other proteins forms a "corona" that improves stability
within physiological environments and mitigates direct contact between the carbon surface and cellular
membranes [15]. The functionalization of MWCNTSs with carboxylic or amine groups prior to the application of
polymeric coatings such as chitosan or gelatin has been demonstrated to enhance dispersibility while preserving
a significant drug-loading capacity without compromising structural integrity. The functionalization of multi-
walled carbon nanotubes (MWCNTSs) constitutes a pivotal procedure in ameliorating their biocompatibility and
attenuating inherent toxicity for biomedical implementations. In this inquiry, we present the successful surface
modification of MWCNTSs utilizing a dual-functionalization strategy that incorporates gelatin, a biocompatible
protein, along with a monosaccharide derivative. Furthermore, CNTs, specifically MWCNTs, have emerged as
transformative materials within the realm of nanotechnology due to their distinctive high aspect ratio, remarkable
mechanical strength, and superior electrical conductivity. Within the biomedical sector, their capacity to traverse
cell membranes renders them exceptional candidates for nanoneedles utilized in drug and gene delivery systems
[16]. They possess the potential to function as delivery vehicles for natural compounds and gene therapies,
thereby establishing their suitability for therapeutic applications in regenerative medicine [17-19]. Conversely,
notwithstanding their promise, the clinical utilization of pristine MWCNTSs is profoundly impeded by their
hydrophobicity and tendency to aggregate in aqueous environments, culminating in pronounced cytotoxicity and
asbestos-like inflammatory responses in biological tissues. To surmount these obstacles, it is imperative to
undertake surface functionalization to enhance dispersibility and safeguard the carbon surface from direct
cellular adversities [20]. They exhibited poor solubility, low wettability and dispersability in organic solvents. This
major drawback is particularly relevant to their compatibility with biological systems. The chemical
functionalization results in some effects like: attachment of different functional groups, and polymer grafting that
enhance the biocompatibility, and conductivity. Acrylic monomers and polymers bearing a monosaccharide
residue have interesting behaviour to be used as useful candidate for the biomedical applications. Some
preliminary studies have showed that CNTs are biologically active to specific cells and organs under certain
conditions [21]. Further research is required to demonstrate the cytotoxic mechanisms which are affected by the
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different parameters. Therefore, the nanotoxicity of CNTs needs continuing and extensive work, this will be
required before clinical used of CNTs as bionanodevices. As a denatured variant of collagen, gelatin exhibits
biodegradability, lack of immunogenicity, and encompasses a plethora of functional groups (including amino and
carboxyl moieties) that promote facile conjugation with the surface of CNTs [22]. It functions as a stabilizing "soft"
layer that emulates the extracellular matrix. Carbohydrates are integral to the processes of biological recognition.
By covalently linking monosaccharide derivatives (such as glucose or galactose) to the multi-walled carbon
nanotubes (MWCNTs), these nanotubular structures may effectively target specific cell-surface lectins, thereby
amplifying cellular uptake via receptor-mediated endocytosis. This research focuses on the preparation and
characterization of MWCNTSs functionalized with GEMA and coated with gelatin. By utilizing the SRB assay, the
study aims to evaluate the potential in vitro cytotoxicity of these prepared materials against the MCF7 breast
carcinoma cell line, contributing to the ongoing effort to establish safe bionanodevices for clinical use.

2. Materials and Methods

2.1 Materials

Multi-walled carbon nanotubes (MWCNTSs), carbon content 95%, diameters 6-9 nmx5 um obtained from Aldrich.
2 Glucosyloxyethyl methacrylate (GEMA), a monomer having a pendant glucose moiety, was supplied as an
aqueous solution of 5 w/v % by Aldrich. Edible Gelatin, Mw~40000 (Gel) was purchased from Davis Gelatin NZ
Limited, Christchurch, NZ. All chemicals and other reagents were used as received without further purification.
The other ones were used as received from local resources.

2.2 Methods

2.2.1 Oxidation and Purification of MWCNTSs

Pristine MWCNTs (300 mg) were dispersed in mixed concentrated sulphuric and nitric acids (3:1, v/v) at ratio of
50 mL acid mixture per 10 mg of CNTs. The resulted mixture was then refluxed at 110°C overnight with continuous
stirring to produce oxidized mutli-walled carbon nanotubes (MWCNTs-COOH). The samples were washed with
ultrapure water until the filtrate is neutral (pH 7.0). The collected solid was dried under vacuum at 70°C for 12 hr.
The resulted materials denoted MWCNTs-COOH and kept for further modification and analysis [23].

2.2.2 Functionalization of MWCNTSs using Michael Addition Reaction

100 mg of gelatin (Gel) was dissolved in 50 mL deionized water and 100 mg of GEMA dissolved in 20 ml of
deionized water was added. Then, pre-sonicated 100 mg of oxidized MWCNT in 30 ml deionized water was added
to above mixture, stirred for 48 hr at 50°C. Subsequently, the pH value of reaction mixture was adjusted to about
8 by adding saturated sodium biocarbonate solution [24]. The solution was poured into acetone to remove the
unreacted reactant, filtrates to collect solid, dialyzed for 5 days and freeze-dried to obtain the different
composites, as shown in (Table 1).

Table 1 Chemical composition of the prepared composites

Chemical composition (w/w %)

Sample code MWCNTs Gel GEMA

Gel/GEMA 0 50 50
MWCNTSs-I 50 0 50
MWCNTSs-II 50 25 25

2.2.3 Characterization

The IR spectra were recorded on a FTIR Perkin-Elmer spectroscopy, under the following conditions: scan
resolution: 4 cm1, scan rate: 2 mm/sec, number of scans: 32, range: 400- 4000 cm!, and mode: transmission. The
particle forms and morphologies were studied using a Transmission Electron Microscope (TEM, JEM-1230 Tokyo,
Japan). Drops of the diluted formulations were placed on a carbon-coated copper grid and allowed to dry at room
temperature for 10 minutes before testing. SEM images were also captured using the JXA-840A Electron Probe
Micro Analyzer JEOL-SEM, Japan. Before being studied with the Polaron SEM Coating Instrument, the substrate
was mounted on metal stubs and coated with gold-palladium with a deposit thickness of around 75 at vacuum
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710-2 millibar and 2.4 kV cathodic voltage. The crushed powder sample was subjected to strong X-rays of
wavelength 1.54060 A° (CuK) in a 20 range 4°- 80° at a scan rate of 2°/min and in step size [2°Th.] utilizing
PAnalytica Diffractometer System Empyrean, Netherland. The (20) values were immediately recorded, and the
relative intensities of the diffraction peaks were determined using X-ray diffraction spectra.

2.2.4 In Vitro Cytotoxicity Examination using SRB Assay

Potential cytotoxicity of the prepared nanomaterials was tested using the method of Skehan et al. [25] as follows:
the breast carcinoma (MCF7) cell line was plated separately in 96-multiwell plate (10 cells/well) for 24 hr before
treatment with the prepared nanomaterials to allow attachment of cell to the wall of the plate. Different
concentrations of the prepared nanomaterials under investigation (0, 1, 2.5, 5 and 10) pg/mL were prepared for
each individual dose. Monolayer cells were incubated with the prepared materials for 48 hr in 5% carbon dioxide
atmosphere at 37°C. After 48 hr, cells were fixed, washed and stained with Sulpho-Rhodamine-B stain. Excess
stain was washed with acetic acid and attached stain was recovered with Tris-EDTA buffer. Colour intensity was
measured in an ELISA reader. The relation between surviving fraction and the prepared nanomaterials
concentration is plotted to get the survival curves of the used cell lines.

2.2.5 Statistical Analysis

The data obtained were subjected to standard analysis of variance procedure according to Snedecore and Cochran
(1980), where the LSDo.osy% values were obtained at P < 0.05%. All values are the mean of three replicates.

3. Results and Discussion

3.1 Physicochemical Characterization

Figure 1 displays the FTIR spectra of pure gelatin and Gel/GEMA. This study is used to confirm the chemical
alteration of gelatin. The chemical structures of pure gelatin (Gel) and synthesized materials were compared using
FTIR. The Gel spectrum displays unaltered gelatin, which is distinguished by the characteristic amide bands
associated with protein structures. The large peak about 3400 cm™ is due to N-H stretching and hydrogen
bonding. It also overlaps with O-H stretching caused by leftover moisture. The peak at 2850 cm™ represents the

symmetric stretching vibrations of C-H groups in amino acid side chains. The signal at 1660 cm™ is mostly
attributable to C=0 stretching vibrations of the peptide bond [26].
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Fig. 1 FTIR spectra of pure gelatin and Gel/GEMA materials
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In the spectrum for the Gel/GEMA material, there is a distinct absorption band in the 3400-3700 cm! This
band is significantly different from that of pure gelatin, indicating that the Gel/GEMA composite possesses a high
density of hydroxyl (0O-H) groups. The increase in O-H groups is attributed to the presence of the pendant glucose
moiety within the 2-glucosyloxyethyl methacrylate (GEMA) structure. While, In the pure gelatin spectrum, a
distinctive peak appears at 1660 cm ! which is assigned to the N-H bending vibration of the amino (-NHz) groups.
Notably, this specific absorption peak is absent (disappeared) in the Gel/GEMA spectrum. The disappearance of
the amino group peak 1660 cm! and new one was appeared around 1720 cm! combined with the enhancement
of the hydroxyl bands confirms a successful chemical reaction. Specifically, it demonstrates that the GEMA
monomer reacted with the amino groups of the gelatin. The mechanism for this modification is identified as a
Michael addition reaction, which effectively functionalizes the protein (gelatin) with the monosaccharide
derivative (GEMA).

Figure 2 shows FTIR spectra of ox-MWCNTs, MWCNTs-I and MWCNT-II composites. It can be seen that in the
spectrum, of ox-MWCNTs. the presence of oxygen-containing functional groups, specifically carboxylic groups (-
COOH) at 1660 cm, resulting from the oxidation process. In spectra of MWCNTSs-1 and MWCNTSs-II, there is a
prominent absorption bands in the 3400-3700 cm1. These bands correspond to O-H stretching vibrations, which
are significantly more intense than in the pure ox-MWCNT spectrum. This increase confirms that the derivatives
now possess numerous hydroxyl groups derived from the glucose moiety in the GEMA structure. On the other
hand, a critical indicator of successful functionalization is the appearance of new peaks at 1720 cm! in both
MWCNTs-I and II. These peaks are assigned to carbonyl ester bonds. The presence of these bonds proves that a
new chemical bridge has formed between the ox-MWCNTSs and the Gel/GEMA complex
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Fig. 2 FTIR spectra of (a) Ox-MWCNTs; (b) MWCNTs-1; and (c) MWCNTs-11 composites

The study also uses XRD to understand how these chemical changes affect the physical structure of the
nanotubes. Figure 3 shows XRD patterns of ox-MWCNTs and its derivatives I and II. As described in the previous
works [27], in pristine MWCNTSs, a significant diffraction peak appears at 20 = 26.1° corresponds to (002)
reflection planes or representing the interlayer spacing between graphite layers. In the derivatives (MWCNTs-I
and II), this reflection peak either decreases in intensity or disappears entirely. This change indicates a loosening
of the CNTs floss after treatment with GEMA and form less ordered MWCNTs. In other words, it suggests that the
surfaces of the nanotubes have been successfully and completely coated with Gel and GEMA, leading to more
amorphous surface structure. Furthermore, the 002 peak is broadening because of the finite number of layers and
of the curvature of each tube. Besides, the average interlayer spacing decided from (002) peak is 3.5 and 3.43 A in
the case of ox MWCNTSs and the prepared composites (MWCNTs-I and II), respectively. On the other hand, the
broaden band (100) indicate the curved sheet of the ox-MWCNTs material [28], While, the disappearance of the

@ lL':W,‘ ‘ Penerbit



J. of Sustainable Materials Processing and Management Vol. 6 No. 1 (2026) p. 73-83 78

(100) peak and the appearance of new sharp peaks in the derivatives suggest that modifications have been
introduced directly into the cylinder wall structure or have significantly lowered the packing density of the tubes.
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Fig. 3 XRD patterns of (a) Ox-MWCNTs; (b) MWCNTs-1; and (c) MWCNTs-1I composites

The TEM analysis in Figure 4 provides a visual confirmation of the structural changes and how these hybrid
materials behave in environments mimicking biological conditions. The Gel/GEMA composite (without
nanotubes) exhibits spherical-like particles that tend to aggregate. This is typical for biopolymer complexes
formed via Michael addition (Fig. 4a). In the MWCNTSs-II composite, the nanotubes appear shorter, indicating they
were cut during the oxidation process. The grafted polymers on the surface of the MWCNTs entangle with
neighbouring tubes, creating a structure that resembles brush hair (Fig. 4b). After being placed in an aqueous
medium for 24 h, the grafted and coated MWCNTSs aggregate into a cluster form. This swelling behaviour is
significant because it demonstrates how the material might interact with fluids inside the human body (Fig. 4c).
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Fig. 4 TEM images of the prepared composites (a) Gel/GEMA, and MWCNTs-11; (b) Before; and (c) After swelling in
aqueous medium for 24 h

To complement the internal view from TEM, Scanning Electron Microscopy (SEM) was used to look at the
surface. Figure 5 shows SEM micrographs of MWCNTSs derivatives I and II. The images show a clear increase in the
diameter of the carbon tubes compared to pristine ones. This confirms that the GEMA grafting reaction
successfully occurred across the entire surface of the nanotubes (Fig a). The tubes in this sample appear
completely encapsulated. This confirms that the addition of gelatin creates a thick, protective coating around the
GEMA-functionalized tubes (Fig 5 b). From FTIR, XRD and TEM morphologies data, it can be concluded that the
grafting reaction with GEMA occurred over the entire surface of the MWCNTs (MWCNTSs-I) and that they were
completely encapsulated by gelatin in MWCNTs-I1.

30 um X1500

(b)

Fig. 5 SEM micrographs of the composites (a) MWCNTs-I; and (b) MWCNTs-I1

Based on the data provided in Table 2, the differences between MWCNTs-I and MWCNTSs-II highlight two
distinct chemical strategies for modifying MWCNTs: direct surface grafting and multi-layer encapsulation. It can
be concluded that the functionalization mechanisms can be carried out through two pathways. The firstis covalent
grafting, in which the GEMA is chemically bonded to the entire surface of the nanotubes. In polymer chemistry,
this usually produces a polymer brush effect. The GEMA molecules are not just sitting on the surface; they are
likely tethered via covalent bonds to functional sites on the MWCNTSs, ensuring a robust interface between the
inorganic tube and the organic polymer. While the other is adsorption and encapsulation ones. In this case, the
gelatin acts as a primary coating layer that completely wraps the tubes before or alongside the GEMA. This
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suggests a physical encapsulation or a core-shell structure, with the MWCNT as the core and the Gelatin/GEMA
blend as the shell.

Table 2 Differences in composite characteristics of MWCNTs-I1 and MWCNTs-11

Differences between the prepared composites

Feature
MWCNTs-1 MWCNTs-II
Composition 50% MWCNTSs + 50% GEMA 50% MWCNTSs + 25% Gel + 25% GEMA
Surface coating Grafting reaction with GEMA over the whole  Tubes are completely coated with a gelatin
surface layer
Morphology Shows an increase in the diameter of grafted Demonstrates full encapsulation by the
(SEM) tubes. biopolymer

3.2 In Vitro Cytotoxicity and Cellular Safety

The ultimate goal of these structural changes was to reduce toxicity. The SRB assay results shown in Figure 6 It
was observed that both MWCNTs-I and II composites exhibited much lower toxicity toward MCF7 breast cancer
cells than the standard drug Doxorubicin. In other words, while cell viability decreased as the concentration
increased (5, 12, 25, and 50 pg/ml), the materials remained relatively non-toxic even at high doses. In other words,
Doxorubicin kills more than 65% of cells at concentrations close to 50 pg/mL, but the MWCNT/GEMA and
MWCNT/GEMA/Gel formulations kill much fewer cells.

A characteristic of MWCNT-based materials is the stabilization of cell death at around 35-40%. This plateau
indicates a saturation threshold in cellular uptake or a controlled release mechanism, in contrast to the more
linear toxicity observed with free Doxorubicin (Fig. 6 A). It can be concluded that as indicated in Fig. 6A, treatment
of the cancer cells with various concentrations of the materials caused a dose-dependent decrease in cell viability
relative to the control culture.

On the other hand, The ICso values (the concentration required to kill 50% of the cells) were significantly
higher than the standard, suggesting these materials are much safer for healthy cells (Fig 6 B). The high ICso values
of the composites relative to the standard drug suggest that these biopolymer-coated nanotubes are highly
biocompatible, making them suitable candidates for future bionanodevice applications. In other words, both
formulations exhibit much reduced cytotoxicity than pure Doxorubicin, with cell death plateauing at around 35-
40%.

The plateauing effect indicates that these nanoparticle formulations may have a regulated release mechanism
or a saturation point in cellular uptake when compared to the free medication. The fact that MWCNT formulations
have higher ICso values than free Dox is a favourable finding in drug delivery research [29, 46]. It implies that the
carrier (MWCNTs/GEMA) masks the drug's toxicity, which may reduce side effects in healthy tissue.
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Fig. 6 In vitro cytotoxicity study of the prepared materials using SRB assay (a) The parentage of the dead MFC7
cells at different concentrations; and (b) IC50 data profiles
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4. Conclusion

This research demonstrates the successful development of functionalized MWCNTs modified with GEMA and Gel.
Spectroscopic analysis through FTIR and structural evaluation via XRD confirmed that the GEMA monomer and
Gel reacted via a Michael addition reaction, effectively coating the surface of the nanotubes. Morphological
assessments using SEM and TEM further validated the formation of these hybrid composites, showing a brush hair
grafted structure and complete encapsulation of the tubes within the biopolymer matrix. Evidence from this study
supports the conclusion that a two-pronged surface modification effectively transitions MWCNTSs from toxic
materials to biocompatible delivery platforms. By shielding the intrinsic toxicity of the carrier, these composites
may offer a safer profile for healthy cells, establishing a foundation for their eventual use in clinical nanomedicine.
Also, these results suggest that the combination of CNTs with biopolymers mitigates nanotoxicity, opening a
promising new perspective for their use as bionanodevice in future biomedical applications.
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