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Introduction

Reinforcing pomelo peel pectin beads with L-
glutamate-modified graphene oxide for high-
stability BOD biosensing

Boi An Tran, 2 *3 \/y Thi Tuong Nguyen,® Ngoc Xuan Nguyen,?
Thi-Kim-Chi Huynh, 22 Thanh-Linh Huynh Duong,® Thanh-Quang Le,?
Hoang-Duy Nguyen® and Thi-Kim-Dung Hoang = *@

In this study, we report the green modification of graphene oxide (GO) with 2-aminopentanedioic acid (L-
glutamic acid, Glu) to enhance the mechanical stability and biocompatibility of pectin-based hydrogel
beads for biosensor applications. The highest modification yield of 91.76% was achieved at 70 °C using
100 ppm of L-glutamic acid. Structural analyses via FT-IR spectroscopy, Raman spectroscopy, and XPS
confirmed the successful functionalization, with the Glu moieties attaching to and replacing reactive
epoxy groups on GO, thereby reducing cytotoxicity and microbial inhibition (5.35-6.12%) compared to
the results achieved with the pristine GO. Incorporating GluGO into the pectin matrix significantly
improved the mechanical stability, swelling behavior, thermal stability, and microbial compatibility of the
composite beads. BOD measurements in packed-bed bioreactors showed markedly higher microbial
activity with GluGO than with GO (15.49 and 4.92 in GGA 5 and 24.92 and 9.76 in GGA 10, respectively),
highlighting the improved biocompatibility critical for biosensing. The structural integrity of the pectin
beads reinforced with GO or GIUGO remained above 80% when exposed to Ni?*, Cr®*, zn2*
oxytetracycline, and simulated wastewater media, whereas the pristine pectin degraded rapidly. These
improvements are attributed to the strong interfacial interactions, including hydrogen bonding and
electrostatic interactions, between GluGO and the pectin matrix. In general, the results demonstrate that
Pec-GluGO composite beads combine high stability, reduced cytotoxicity, and enhanced microbial
compatibility, establishing them as promising, eco-friendly materials for wastewater treatment and
sensitive BOD biosensing systems.

significant advantages in terms of response time, automation,
and potential for online monitoring, making them promising

Recently, biochemical oxygen demand (BOD) biosensors or bi-
osensing systems have emerged as rapid and efficient alterna-
tives to conventional BODs analysis systems for water-quality
monitoring.* BOD biosensing systems have been developed
based on the metabolic activity of microorganisms that
consume dissolved oxygen during the biodegradation of
organic matter. These systems typically integrate immobilized
microbial consortia with electrochemical or optical transducers
to enable rapid and real-time measurements. Many kinds of
polymeric hydrogels have been increasingly employed to
enhance microbial immobilization, electron transfer, and
sensor stability.'™ As a result, BOD biosensing systems offer
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tools for environmental water-quality assessment.

Polysaccharide-based hydrogels, particularly alginate, are
widely employed as immobilization matrices for microorgan-
isms in BOD biosensing systems.*” Their hydrophilic structure
provides a moist and biocompatible microenvironment that
preserves microbial viability and metabolic activity. In addition,
the porous structure of these hydrogels facilitates mass transfer
of substrates and oxygen, which is essential for accurate BOD
measurement. Crosslinking with an ionic agent, such as Ca*",
enhances the mechanical stability of the hydrogel and
simplifies the fabrication process. Consequently, poly-
saccharide hydrogels significantly improve sensor sensitivity,
stability, and operational lifespan in continuous monitoring
applications.

Pectin, a natural polysaccharide abundantly present in plant
cell walls, has been extensively used in biomedical, pharma-
ceutical, and food applications due to its biocompatibility,
biodegradability, and gel-forming ability. In particular, poly-
saccharide beads are attractive for applications such as drug
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delivery, encapsulation, and biosensing because they can form
a stable three-dimensional structure capable of immobilizing
active agents.® However, one of the major limitations of pectin
beads is their inherently poor mechanical strength, which
limits their structural stability, reusability, and long-term
performance under operational conditions.” Numerous
studies have been conducted to synthesize nanocomposites
from nanomaterials and biopolymers, resulting in enhanced
mechanical, thermal, and functional properties. Among the
wide variety of nanomaterials, graphene oxide (GO) has
emerged as one of the most promising nanofillers owing to its
exceptional surface area, superior mechanical strength, and
rich surface with oxygen-containing functional groups.'®'* In
polymer matrices, GO can improve the mechanical reinforce-
ment through two mechanisms: (i) physical reinforcement due
to its stiff, 2D structure and (ii) interfacial reinforcement
through interactions between the polymer matrix and the GO
sheet surface.”™*

Nevertheless, achieving optimal dispersion and strong
interfacial adhesion between GO and hydrophilic biopolymers
remains a challenge. Without proper surface modification, GO
tends to aggregate in aqueous solutions and exhibits limited
compatibility with polymer matrices, resulting in poor
mechanical properties.'®"” To address this, various chemical
modifications have been applied to GO. For instance, amino
acid modifications, including r-lysine, r-cysteine, and r-gluta-
mic acid, have been shown to increase the number of surface
functional groups, enhance hydrophilicity, and promote
stronger interactions with biopolymer matrices.'*'** Among
these, r-glutamic acid (Glu) is suitable because it offers both
amine and carboxyl functional groups, enabling multiple
hydrogen bonding and electrostatic interactions with poly-
saccharides, such as pectin.?**

Previous work has shown that the incorporation of unmod-
ified GO into pectin or alginate improves tensile strength and
elasticity modestly. Still, the improvements are often limited
due to poor interfacial interactions.'*** In contrast, studies on
amino acid-functionalized GO, including GluGO, have reported
not only improved mechanical properties but also enhanced
thermal stability, dispersibility, and functional versatility,
making them highly suitable for reinforcing biopolymers.** The
reinforcement of GluGO into pectin beads resulted in signifi-
cant improvements in their mechanical, thermal, and func-
tional properties compared to blank pectin beads and pectin
reinforced with unmodified GO.*”* The presence of GluGO
introduces abundant carboxyl and amino groups, which can
form hydrogen bonds and electrostatic interactions with the
carboxyl and hydroxyl groups of the pectin chains. This inter-
facial bonding effectively improves stress transfer between the
filler and the matrix, making the beads tougher and more
resilient under load. Thermogravimetric analysis (TGA) showed
that the Pec-GluGO beads exhibited a higher decomposition
onset temperature and a slower weight loss rate compared to
the blank beads. The improved thermal resistance can be
attributed to the enhanced thermal stability of GluGO itself, as
well as its barrier effect, which prevents the diffusion of heat
and decomposition within the pectin matrix.”

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Regarding the swelling behavior, the Pec-GluGO beads
showed slightly higher water retention compared to pure pectin
beads. The hydrophilicity of the Glu-modified surface provides
additional sites for water binding, leading to a more hydrated
hydrogel network.”® This enhanced swelling behavior is critical
in biosensing applications, where maintaining a hydrated
environment is crucial for preserving the activity of immobi-
lized biomolecules or enzymes. Notably, biocompatibility is an
essential property for biosensor materials. Unmodified GO has
been associated with potential cytotoxicity due to oxidative
stress and strong nonspecific interactions with cell
membranes.”* In contrast, GluGO presents a biomimetic
surface with -COOH and -NH, groups, which reduces sharp-
edge effects, enhances hydrophilicity, and lowers immune
response activation.

Finally, the potential of Pec-GluGO beads for biosensor
applications is supported by their mild electroactivity and
improved gel stability. The m-conjugated backbone of GO,
combined with the hydrophilic and biocompatible surface of
Glu, can enhance the electron-transfer processes in electro-
chemical biosensors. Compared to other amino acid modifica-
tions, Glu offers a balance between surface functionality,
charge, and biocompatibility, making it particularly suitable for
sensitive and selective biosensing platforms.* Overall, GluGO
serves as a multifunctional nanofiller that not only reinforces
the mechanical and thermal properties of pectin beads but also
improves their biocompatibility and functional performance,
particularly for applications in biosensing materials.

New pectin-based hydrogels were fabricated for microbial
immobilization in a packed-bed bio-reactor (PBBR) for the BOD
sensing system (illustrated schematic in Fig. 1). The BOD
sensing system used in this study was researched, designed,
and established by the environmental research team of Thi
Thuy Phuong Pham.”® A semi-continuous mode was employed
to enable the determination of dissolved oxygen (DO) values of
both the influent and effluent using a single DO probe. The
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Fig. 1 Schematic of a biosensing system controlled by DO and BOD
indicators.?®
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oxygen-saturated sample was initially introduced into the PBBR
until a steady-state DO signal (DO, was reached. Subse-
quently, the flow was switched to a bypass channel (without
passing through the sample) until the initial DO value of the
sample (DOj,) was obtained. At this stage, the sample was
retained inside the PBBR, and the organic compounds were
biodegraded for 2 minutes. The flow was then redirected to pass
through the reactor (by reactor channel), allowing the retained
sample to be released toward the DO probe, resulting in
a decrease in the DO signal. As a fresh sample was continuously
supplied, the DO signal increased again until reaching the
steady-state value (DO,,.), thereby generating a peak in the DO
profile (Hpeai)-

In this study, we modified GO with r-glutamic acid and
incorporated GluGO into pectin to form a nanocomposite with
enhanced mechanical properties. GluGO serves as both a phys-
ical and chemical reinforcement, providing mechanical
stability through the GO backbone and enhancing stress
transfer via improved interfacial interactions with the pectin
matrix. By comparing Pec-GluGO composites with blank pectin
beads, this work aims to investigate the reinforcement effect of
GluGO and advance the development of biocompatible mate-
rials for biosensing systems using DO and BOD indicators, as
presented in Fig. 1.

Experimental
Materials

Graphite powder, sulfuric acid (98%, H,SO,), phosphoric acid
(H3PO,), potassium permanganate (KMnO,), calcium chloride
(CaCly), i-glutamic acid (CsHoNO,), p-glucose (C¢H;,06), and all
other chemicals used in this study were of synthesis grade and
purchased from HiMedia and Merck. Pectin was supplied by the
organic chemistry lab of IAT-VAST and synthesized from
pomelo peel using a method previously reported.>” The micro-
organism used in this study was cultured and supplied by the
biosensor group from the Catalyst Lab at IAT-VAST. The
microorganism was a natural bacterial consortium presented in
the wastewater and collected in the aerobic biological tanks of
the Binh Hung municipal wastewater treatment plant
(MWWTP) located at Ho Chi Minh City, Vietnam (Fig. 1).>°

Modification of graphene oxide with r-glutamic acid

Graphene oxide was synthesized from graphite powder using
the modified Hummers' method, and then, GO was modified
with r-glutamic acid (Glu) as follows. An accurate 0.1 g of GO
powder was dispersed in 20 mL of distilled water and homog-
enized by ultrasonication for 30 minutes to obtain a homoge-
neous solution. 5 mL of various concentrations of Glu was
added to the GO solution with stirring for 30 minutes. Then, the
reactor was heated for modification and maintained at
a temperature of 50-80 °C for 2 hours. The suspension after
hydrothermalization was centrifuged at 5000 rpm for 10
minutes. Because Glu does not exhibit strong UV absorption
due to the absence of a conjugated system, derivatization with
colorimetric reagents is required to generate species that absorb
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in the UV-vis region. This leads to a relatively complex analytical
procedure, involving reagent preparation, strict control of pH,
reaction time, and temperature to ensure complete color
development. In addition, calibration curves must be estab-
lished using standard i-glutamic acid solutions of known
concentrations. In this study, the solution was collected to
determine the remaining concentration of Glu, and then, the
modification yield was calculated using the ATR method (Fig.
2). The ATR-FTIR method has been extensively utilized for the
quantitative determination of selected organic compounds,
employing calibration curves established from absorbance
intensities at characteristic wavenumbers.**-**

The ATR-FTIR measurements were performed using a Bruker
Tensor 27 spectrometer, equipped with a liquid cell and an ATR
accessory suitable for liquid-phase IR analysis. A series of
standard r-glutamic acid solutions was prepared by dissolving
the compound in deionized water and homogenizing to obtain
concentrations of 0, 10, 20, 30, 40, and 50 ppm. The ATR crystal
was thoroughly dried prior to each measurement. Exactly 100 uL
of the solution was pipetted into the sample holder, ensuring
complete contact between the liquid sample and the ATR crystal
surface. The ATR spectra were recorded under the following
operating conditions: wavenumber range of 400-4000 cm ',
resolution of 8 cm™', and 16 scans per measurement. The
unknown concentration of r-glutamic acid solution after reac-
tion was collected and filtered through a 0.22 pm membrane.
Then, an accurate 100 uL of the sample was pipetted into the
sample holder for recording the ATR spectra. The efficiency of
GO modification with Glu was determined by measuring the
concentration of Glu in the initial reaction solution (C,) and the
residual concentration of glutamic acid in the reaction solution
at various time points (C;). The amount of Glu that participated
in the GO functionalization reaction (Cg1,) was calculated using
eqn (1), and the reaction efficiency was determined using eqn

(2)-
Couw=Co — G (1)
Cglu

0

Hyy (%) = —2% % 100 2)

The calibration curve for ATR at the wavenumber of
1634 cm ' is shown in Fig. 3, with the calibration equation
given as y = 0.0022x + 0.1956 and a correlation coefficient of R*
= 0.9953 (where x is the concentration of Glu C,, and y is the
ATR value).

Analysing the toxicity of GluGO and GO using a non-dispersive
infrared CO, sensor

This method was successfully investigated by Thi Thuy Phuong
Pham et al. for controlling the toxic agent in wastewater.>> Due
to its advantage, we used this method to study the toxicity
reduction of GluGO, where the GO surface was modified with an
amino acid to reduce the concentration of functional groups
that are reportedly harmful to the microorganism community.
At first, GO and GluGO were dispersed in 2 mL of glucose-
glutamic acid (50 ppm; GGA 50, 25 mg L™ of glucose and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) ATR-FTIR spectra of L-glutamic acid at different concen-

trations (10—-50 ppm); the inset shows an enlarged view of the ATR
absorbance in the wavenumber range of 1500-1850 cm™™. (b) The
calibration curve of L-glutamic acid computed by the ATR-FTIR
method.

25 mg L~ " of r-glutamic acid) in a 5 mL bioreactor, under
continuous stirring at 200 rpm and oxygen flow of 40 mL min ™",
as presented in Fig. 3a. The microorganism was collected from
the cultivated bath, and the microbial density was adjusted by
ODgoo in the range of 0.75-0.80. An accurate 2 mL of the
microbial solution was injected into the bioreactor. A blank
bioreactor was also prepared with only the GGA and microbial
solutions. The microbial inhibition levels were determined
based on the difference in CO, emission between the toxic and
blank bioreactors and calculated using eqn (3):

&A;CAW x 100 3)

Inhibition(%) =
where A, and A,, are the integrated areas (mV s) of the resulting
CO, from the controlling and working bioreactors, respectively,
as demonstrated in Fig. 3b.

Analysing the biocompatibility of GluGO and GO using DO
and BOD indicators

The packed-bed tube cell and cultivation were prepared
according to the method described in Fig. 1 by Thi Thuy Phuong
Pham et al.** GO and GluGO were pretreated by impregnation
on the Mutag biochip (diameter 6 mm) and drying at 60 °C for 8
hours. The Mutag biochip is an advanced biomedia designed to
enhance biological treatment performance in water filtration
systems. Approximately 2 g of the biochips with GO or GluGO
were stuffed into a 20 mL bioreactor, immobilized with micro-
organisms for 48 hours, and stabilized with GGA 50 for 2 hours

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic of the experimental setup for toxicity determination
(a). CO, profile and integrated areas used for toxicity determination
(b).zz

before testing. The BOD of the series of GluGO and GO was
estimated using DO (dissolved oxygen) parameters. Using this
method, the change in DO response (ADO,) was calculated as
the difference between the steady state values of the influent
and effluent, as expressed in eqn (4), whereas the peak height
was employed to determine the change in DO response for the
batch mode (ADOy). Then, the BOD value was estimated using
eqn (5) below.

Hpeak = ADO = DOj, — DOy (4)
BOD = nggl? — ngak = ADOGGA — ADOO (5)

In this study, GGA 5 ppm and GGA 10 ppm were used as
organic components for the cultivation of microorganisms
immobilized on the GluGO substrate.

Preparation of Pec-GluGO beads

A series of GluGO was uniformly dispersed into the pectin-
polysaccharide matrix to form homogeneous composite
mixtures. The mixture was added dropwise to a 0.5 M CaCl,
solution, and then, the droplets were allowed to stabilize in the
CaCl, solution for 2 hours to facilitate cross-linking. After
crosslinking, the beads were collected and thoroughly washed
three times with distilled water to remove residual salts or
unbound materials (Fig. 4a). Finally, the prepared beads were
stored in deionized water at 5 °C for further characterization
and testing. Gelation of pectin via the “egg-box” structure, as
shown in Fig. 4b, is governed by the coordination of ionized
carboxylate groups (-COO~) on adjacent polymer chains
arranged in a quasi-parallel conformation. The Ca®>* ions serve
as ionic crosslinkers, forming localized junction zones. The
propagation of these junction zones results in a 3D network

RSC Adv, 2026, 16, 20498-20513 | 20501
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capable of entrapping water, thereby producing a stable
hydrogel structure.

Swelling behavior in phosphate-buffered saline (PBS)

This experiment was conducted to investigate the influence of
GO and GluGO on the swelling behavior and stability of the
pectin beads in PBS.*® Precisely 20 mg of dried pectin beads
(approximately 30 beads) were immersed in PBS solution
(137 mM NaCl, 2.7 mM KCl, 1.8 mM KH,PO,) and gently
agitated on a horizontal shaker. At specified periods of 1, 2, and
4 hours, samples were collected and imaged using the AMCap
software. The bead diameters were measured using Image]
software, and the swelling degree (SD) was calculated using eqn

(6):

—50 100 (6)
0

SD% = S

where S, is the equivalent bead diameter after immersion at
each time, and S, is the initial bead diameter.

Water content of the pectin beads

The moisture content of early fabricated composites is deter-
mined by the difference between the wet weight and the
completely dried weight of approximately thirty composite
beads.** The beads were dried at room temperature until
a constant weight was achieved, and the final dry weight was
recorded. The water content in the beads was calculated using
eqn (7):

Ww— Wb

W

Moisture content(%) = x 100 (7)

where Wy and Wy, represent the total weight (30 beads) before

and after drying at room temperature, respectively, until no
further weight change was observed.

20502 | RSC Adv, 2026, 16, 20498-20513

View Article Online

Paper

Study of pectin bead stability

Stability in aqueous and buffer environments. To study the
stability of various prepared Pec-GluGO composite beads,
approximately 30 beads were placed in 50 mL of distilled water
and stirred at 300 rpm using a 2 cm magnetic stir bar. Visual
observations were recorded after 60 and 90 minutes to assess
the integrity of the beads and their surface appearance under
aqueous conditions. Following this, 500 pL of 150 mM acetate
buffer solution was added to the suspension, and the mixture
was stirred at the same speed (300 rpm) for an additional 30
minutes. Visual observations were again recorded to assess the
structural stability of the beads in the buffer environment. All
experiments were performed at room temperature.

Stability in contaminated solutions. Simulated heavy metals
were prepared by dissolving salts of NiCl,-6H,0, K,Cr,05, and
Zn(NOj3),-7H,0 in distilled water to obtain 4000 ppm solutions
of Ni**, Cr®", and Zn>*.** Oxytetracycline solution was prepared
by dissolving an approximate amount of oxytetracycline in
distilled water to obtain a concentration of 0.5% w/w solution.
The OECD solution was prepared by dissolving a mixture of
meat peptone (0.27%), urea (0.03%), NaCl (0.007%), CaCl,-
-2H,0 (0.004%), MgSO, - 7H,0 (0.002%), and K,HPO, (0.028%)
in distilled water to obtain an OECD 2109 ppm solution.*® To
study the stability of various prepared Pec-GluGO composite
beads in the contaminant solution, approximately 30 beads
were placed into 50 mL of simulated contaminant solutions and
stirred at 300 rpm using a 2 c¢cm magnetic stir bar. Visual
observations were recorded after 60 minutes to assess the
integrity of the beads and their surface appearance under
aqueous conditions. Then, all composite beads were kept
immersed in a simulated contaminant solution in a freezer and
investigated for stability every day for a week.

Results and discussion
Modification of GO with r-glutamic acid

Synthesis of GluGO and characterization. The attachment of
amine groups onto the GO surface typically occurs through
chemical reactions between the oxygen-containing functional
groups of GO (epoxy, hydroxyl, and carboxyl groups) and the
nucleophilic amine groups of the amine source. As shown by
the schematic simulation in Fig. 5a, the amine can open epoxy
rings via nucleophilic substitution or form amide and ester
linkages with carboxyl and hydroxyl groups, respectively. These
covalent bonds effectively anchor the amine molecules onto the
GO sheets, while additional hydrogen bonding and electrostatic
interactions may also contribute to the overall stability of the
modification. As a result, the aminated GO surface exhibits
enhanced reactivity, improved dispersion in polar media, and
increased potential for further functionalization of the inter-
action with biomolecules and metal ions.

The efficiency of modifying GO with Glu is strongly influ-
enced by temperature and the initial concentration of Glu. The
results in Table 1 and Fig. 5b show that the modification ach-
ieved the highest yield of 91.61% after 120 minutes. The graph
in Fig. 5¢ shows the dependence of the modification yield on the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Influence of time, temperature and initial concentration of L-
glutamic acid on the Glu—GO modification yield, %

Influencing factors Yields, %
Reaction time 15 min 87.85 + 0.41
30 min 91.22 £ 0.36
60 min 91.36 £+ 0.38
90 min 91.52 £ 0.32
120 min 91.61 £ 0.34
Reaction temperature 50 °C 79.32 £ 0.35
60 °C 91.31 £ 0.42
70 °C 91.61 £+ 0.34
80 °C 91.30 £+ 0.43
Initial concentration of r-glutamic acid 25 ppm 60.87 + 0.29
50 ppm 80.52 + 0.37
75 ppm 87.69 £ 0.40
100 ppm 91.61 + 0.34
125 ppm 91.61 =+ 0.42

reaction temperature, where experiments were conducted at 50,
60, 70, and 80 °C (with an initial Glu concentration of 100 ppm
and a reaction time of 120 minutes). The results show that the
modification yield increases with increasing temperature,
reaching its highest value of 91.61% at 70 °C. The modification
yields at 50, 60, and 80 °C were 79.32%, 91.31%, and 91.30%,
respectively. This result is attributed to the competing side
reactions or thermal degradation beginning to offset gains from
the increased kinetic energy. Hence, 70 °C is identified as the
suitable temperature for obtaining the highest yield without
adverse effects, promoting efficient covalent bonding between
GO functional groups and Glu molecules.

On the other hand, the effect of the initial concentration of
Glu was studied at 70 °C for 2 hours, and the results are shown
in Fig. 5d. At the lowest concentration (25 ppm), the modifica-
tion yield was only 60.87%, due to the limited availability of

© 2026 The Author(s). Published by the Royal Society of Chemistry

glutamic acid (Glu) molecules to effectively interact with the GO
surfaces. The modification yield increases linearly with the
initial Glu concentration. As a result, in Fig. 5d, the modifica-
tion yields were 80.52%, 87.69%, 91.61%, and 91.61%, accord-
ing to the initial Glu concentrations of 50, 75, 100, and 125 ppm,
respectively. These results indicate that a sufficient Glu
concentration is essential to saturate the reactive sites on GO
and completely modify it.

Characterization of the synthesized GluGO. The synthesized
GluGO and GO were characterized by FT-IR analysis, as shown
in Fig. 6a and b. The vibrational bands between 1080 and
1400 cm™ " correspond to the C-O stretching vibrations in GO
and the C=0 functional groups introduced by Glu. The signal
peak at 1724 cm™ ', representing the C=O0 stretching in GO,
exhibits a contraction compared to that in the pristine GO
spectrum, suggesting the interaction with or partial replace-
ment by Glu molecules.

Additionally, the characteristic C=C stretching band of GO
was observed around 1624 cm ™, indicating the preservation of
the sp> carbon framework even after modification. The peak at
2353 cm™ ', typically assigned to C=0 vibrations in CO, mole-
cules associated with GO, is also observed to contract, further
confirming the chemical modifications on the GO surface. The
vibration between 2856 and 2918 cm™ ", corresponding to C-H
stretching vibrations, appears extended relative to the pristine
GO, while the broad peak at 3409 cm ™', which overlaps with
both the O-H and N-H vibrations, shows a notable contraction.
This overlapping signal is indicative of the successful incorpo-
ration of -NH, groups from glutamic acid into the GO matrix.
Moreover, the disappearance of specific Glu absorption bands
between 3000 and 3426 cm ', replaced by bands from GO,
provides further evidence of the formation of a modified
GluGO. These FT-IR spectra are consistent with previously re-
ported findings by Abdeslam Assafi et al,* confirming that

RSC Adv, 2026, 16, 20498-20513 | 20503
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glutamic acid molecules intercalate between GO sheets, leading
to a modified composite. The improved structural cohesion
observed through FT-IR spectroscopy analysis suggests that the
GluGO material may provide better mechanical integrity when
incorporated into composite systems, such as pectin-based
beads or biosensor matrices, which will be further explored in
subsequent sections.

The Raman spectra exhibit two characteristic peaks at
~1340 cm ! (D band) and ~1580 cm ™" (G band) (Fig. 6c), cor-
responding to structural defects and sp® carbon vibrations,
respectively. The Ip/I; ratio of GO is 1.057, indicating a high
degree of oxidation. After functionalization with glutamic acid
(GluGO), both the D and G bands become more intense,
accompanied by a slight upshift of the G band (~1590 cm™%).
The increased Ip/Ig ratio suggests the introduction of additional
defects and the modification of the sp®*/sp® domains. These
changes confirm the successful functionalization of GO with
glutamic acid, which is expected to enhance its dispersibility
and application potential in polymer composites and bio-
related systems.

The SEM images highlight clear morphological differences
between the two samples (Fig. 6d and e). Pristine GO (Fig. 6d)
exhibits thick, compact, and wrinkled stacks, indicating
aggregation and limited surface area due to strong interlayer
interactions. In contrast, the modified sample (Fig. 6e) shows

20504 | RSC Adv, 2026, 16, 20498-20513

thinner, exfoliated nanosheets with wider spacing and a more
open morphology, suggesting that functionalization effectively
prevents restacking. This enhanced exfoliation improves
dispersion stability and provides a greater surface roughness,
which benefits interfacial interactions and increases the
number of active sites for catalytic or biological applications.
Overall, the modification transforms GO from aggregated
multilayers into well-exfoliated sheets with superior physico-
chemical properties.

The XPS analysis. The survey spectrum of GO (Fig. 7a)
exhibits two dominant peaks corresponding to C-1s (about 284-
285 eV) and O-1s (about 531-533 V), indicating the oxygen-rich
nature of the material. A weak N-1s signal is also observed,
which may originate from the residual impurities introduced
during synthesis. In comparison, the survey spectrum of GluGO
(Fig. 7e) retains the main C-1s and O-1s features; however, the
relative intensity of the N-1s peak increases significantly, con-
firming the successful incorporation of nitrogen-containing
functional groups from r-glutamic acid onto the GO surface.

The high-resolution C-1s spectra of GO (Fig. 7b) can be
deconvoluted into three main components: (i) a dominant peak
at 284.5 eV assigned to the C-C/C=C bonds in the graphitic
framework, (ii) a peak at 286.5 eV corresponding to C-O (epoxy
and hydroxyl groups), and (iii) a minor contribution at higher
binding energies associated with more oxidized carbon species.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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For GluGO (Fig. 7f), similar components are observed; notably,
an additional peak at 289.2 eV (O-C=O0) becomes more
pronounced, which is characteristic of carboxyl or amide
groups. This result indicates an increased degree of function-
alization and suggests the formation of new chemical bonds
between GO and r-glutamic acid molecules.

The O-1s spectra of both samples (Fig. 7c and g) can be fitted
into three main components: C=0 (531.2 eV), O-C=0 (532.5
eV), and C-OH (533.5 eV). In GluGO, the relative contribution of
the O-C=O component increases, accompanied by slight
changes in peak shape, indicating that the oxygen atoms have
been altered due to interactions with amino and carboxyl
groups from i-glutamic acid. Importantly, the N-1s spectra
provide direct evidence of surface functionalization. In GO
(Fig. 7d), the nitrogen signal is very weak, showing only a small
peak at 400.2 eV, attributed to the C-N bonds. In contrast, the
N-1s spectrum of GluGO (Fig. 7h) can be deconvoluted into
multiple components: (i) 400.2-400.5 eV assigned to C-N or
amide bonds, (ii) a component at 387.3 eV attributed to -NH,

oxygenated groups during the modification process. This
reduction in oxygen content may be attributed to the involve-
ment of surface functional groups in covalent bonding or strong
interactions with r-glutamic acid molecules.

Overall, the XPS results demonstrate that the functionaliza-
tion process significantly increases the content of nitrogen- and
carboxyl-containing groups while altering the electronic envi-
ronment of carbon and oxygen atoms on the GO surface. These
modifications not only confirm the successful synthesis of
GluGO but also suggest enhanced surface properties, such as
improved hydrophilicity and biocompatibility, which are
advantageous for applications in biosensing and microbial
immobilization systems.

Studying the toxicity of GluGO and GO using a non-
dispersing infrared CO, sensor. The diagrams in Fig. 8 show
the inhibition of CO, generation for the microbial community

species, and (iii) additional minor contributions reflecting a — 36,99
diverse nitrogen bonding states. These results confirm that the %71 o2ndcyde
attachment of r-glutamic acid onto the GO surface is not - 25 ;::syyg: s
physical adsorption; it is the successful chemical bonding, i_ - HE
likely through covalent interactions and/or hydrogen bonding. £ 15 13

The XPS results further substantiate the successful func- ﬁ b 590 492 445
tionalization of GO with r-glutamic acid. As shown in Table 2, CH —
the N/C ratio increases markedly from 0.005 for pristine GO to 155 05 -0.68 1 15
0.016 for GluGO, indicating the introduction of nitrogen- GO dmonnt my/l
containing moieties associated with r-glutamic acid.*” Simul- b . @1stcyele
taneously, a decrease in the O/C ratio from 0.381 to 0.320 is O2nd cyde
observed, suggesting the partial consumption or substitution of g

g

Table 2 Atomic percentage calculated from XPS spectra =
Material C1s N 1s O 1s N/C o/C GluGO amount, mg/mL
Binding energy 284 eV 400.2 eV 532 eV Fig. 8 Inhibition of CO, emission for the microbial community from
GO 72.18 0.33 27.50 0.005 0.381  activated sludge during the accumulation and flushing cycles for
GluGO 74.86 1.17 23.97 0.016 0.320  different amounts of GO (a) and GluGO (b).
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in the presence of various amounts of GO and GluGO. Andrew
et al. announced that GO is one of the most effective for
inhibiting the growth of either bacteria, fungi, or microorgan-
isms in general.®® As displayed in Fig. 8a, GO exhibits the
highest toxicity when used at an amount of 1.5 mg mL ™', and
the inhibition was 15.97% at the fourth cycle. Meanwhile, with
the lowest GO amount of 0.5 mg mL ™", the inhibition reached
about 13.04% at the first cycle, then decreased significantly over
the next two cycles. At the fourth cycle, GO is no longer effective
in inhibiting microorganisms, but it also contributes to
microbial growth according to the negative inhibition
(—3.76%). This result points out that the toxicity of GO is
selective, primarily toward bacteria and viruses, but not all
living microorganisms. In this study, the toxicity of GO depends
on the amount in the microbial environment. At a certain
amount, GO only inhibits microbial growth initially. With
increasing the amount, the toxicity of GO decreases after the
first cycle, but the reduction is not significant.

In contrast, the diagram in Fig. 8b shows that GluGO has
a much lower initial inhibition at all investigated amounts,
which are only about 5-6%, indicating that the glutamic
molecule on the GO structure significantly minimizes the
toxicity of GO by blocking the sharp edges and reducing the
oxidative stress. Interestingly, negative inhibition values at the
second cycle suggest that GluGO not only loses antibacterial
activity but can even act as a nutrient-like surface that promotes
microbial attachment and growth. This behavior is consistent
with that of t-glutamic molecules, which may enhance micro-
bial adhesion and metabolism.

Evaluating the biocompatibility of GluGO and GO using DO
and BOD indicators. Dissolved oxygen (DO) plays a crucial role
in assessing the biocompatibility of materials, particularly
when used in microorganism-immobilized materials. For this
purpose, the DO profiles achieved with GO and GluGO immo-
bilized with microorganisms are presented in Fig. 9, and the
biological oxygen demand (BOD) indicators are summarized in

EEERT | Go-biochip

GluGO-biochip

GGA 5

b Blank

(GO)

P i d Al e
L 1
|

Y A w.}.\*«,‘ ‘.'\“".
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Fig. 9 Optical images of the blank biochip, GO-biochip, and GluGO-
biochip (a) and DO profiles of the packed-bed blank biochip, GO-
biochip, and GluGO-biochip cultivated in domestic water (blank), GGA
5, and GGA 10 medium (b).
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Table 1. In this study, the GGA medium was used as the organic
component for cultivating microorganisms.

As shown in Table 3, in GGA 5, the BOD of GluGO afforded
15.59, which is 3.2 times higher than that of GO (4.92). In GGA
10, the BOD of GluGO afforded 24.92, which is approximately
2.6 times higher than that of GO (9.76). This result shows that
GluGO consumes more oxygen, indicating that the microor-
ganisms are not only not inhibited but also remain on the
carrier substrate. The increase in the BOD value suggests that
microorganisms require more oxygen to degrade organic
components in the presence of GluGO, implying that GluGO
stimulates microbial activity rather than suppressing it. This is
attributed to the surface modification of GO with Glu, which
introduces hydrophilic and biologically compatible functional
groups (e.g., amine and carboxyl groups), improving microbial
adhesion and reducing the generation of highly toxic reactive
oxygen species (ROS), as theorized by Yaru Yu et al** and
Abdeslam Assafi et al.*® From the above, integrating DO and
BOD data, we confirm that GluGO is a biocompatible material
suitable for applications in aqueous microbial environments,
which enhances oxidation performance and reduces biological
toxicity.

Pec-GluGO composite beads

Preparation of Pec-GluGO composite beads. The stability of
the Pec-0.05GluGO, Pec-0.1GluGO, and Pec-0.2GluGO
composites is presented in Fig. 10a and b (detailed results in
Table S1 and S2, SI), showing the influence of GluGO incorpo-
ration on moisture content and swelling behavior. The
composites containing GluGO exhibited higher moisture
content compared to both the blank sample and the Pec-0.1GO
composite (pectin containing unmodified GO). Specifically, the
moisture content values for the blank, Pec-0.1GO, Pec-
0.05GluGO, Pec-0.1GluGO, and Pec-0.2GluGO samples were
0.910, 0.915, 0.956, 0.960, and 0.960 g g™, respectively.

The swelling behavior was evaluated in PBS medium at room
temperature after 2 and 4 hours of immersion, and the results
are presented in Fig. 10a. Composites containing GluGO
showed markedly higher swelling degrees compared to other
composite beads. After 2 hours, the swelling degrees of the
blank, Pec-0.1GO, Pec-0.05GluGO, Pec-0.1GluGO, and Pec-
0.2GluGO beads were 111%, 105%, 142%, 227%, and 223%,
respectively. The observed decrease or indeterminable swelling
degree at 4 hours is attributed to the partial dissolution of the
composites in PBS, indicating a balance between swelling
capacity and matrix integrity. Notably, the Pec-0.1GluGO and
Pec-0.2GluGO composite beads fully swelled after 4 hours of
incubation.

The stability of the Pec-GO and Pec-GluGO composite beads
was investigated in both distilled water and 1% acetic acid
solution. As shown in Fig. 10c, all composite beads maintained
their integrity in distilled water, exhibiting 100% stability with
no observable morphological changes (n = 30/30 beads). This
confirms the structural stability of the composites in neutral
aqueous environments. In contrast, when exposed to 1% acetic
acid solution, the stability of the blank pectin beads was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Estimated BOD of GO and GluGO immobilized with microorganisms
BODGGAS BODGGAlO
Sample HO HGGAS HGGAlO AHGGAS AHGGAlO
Blank 20.51 £+ 0.14 38.43 £ 0.08 49.06 + 0.11 17.92 28.55
GO 7.68 = 0.12 12.59 £ 0.15 17.44 £ 0.20 4.92 9.76
GluGO 21.46 £ 0.20 37.06 £+ 0.26 46.38 + 0.19 15.59 24.92
@ The thermal behavior of the various Pec-GluGO composite
8 150 | mNSDS 0956 0960 0960 s beads was investigated using thermogravimetric analysis (TGA),
é - :W - ; as presented in Fig. 10d. The TGA curves show that the mass
§ g 09 % loss decreased with the increase in the GluGO content in the
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Fig. 10 Water content and swelling of Pec-GluGO beads in PBS
medium after 2 hours (%SD2) and 4 hours (%SD4) (a); images of Pec—
GluGO before (left) and after 4 hours (right) immersed in PBS at 30 °C
(b). Composite bead stability after 2 hours of immersion in distilled
water and 1% acetic acid (c). TGA curves of composite beads Pec—
0.05GluGO, Pec-0.1GlWGO, and Pec—-0.2GluGO (d).

reduced, with only 83.33% of the beads remaining after expo-
sure. The stability of the Pec-GO composite bead achieved
a significant 92.22% retention. The Pec-0.05GluGO, Pec-
0.1GluGP, and Pec-0.2GluGO composite beads achieved
stability values of 92.22%, 93.33%, and 93.33%, respectively.
This suggests that the presence of GluGO facilitates stronger
interactions within the pectin bead matrix, contributing to
improved resistance against acidic degradation.

© 2026 The Author(s). Published by the Royal Society of Chemistry

oration of moisture and the release of some volatile compounds
from the beads. As the temperature increased up to 800 °C, all
samples showed noticeable mass loss, which can be attributed
to the thermal decomposition of organic components into
gaseous products, such as H,, CH,, CO, CO,, and light hydro-
carbons. At 800 °C, the mass losses of Pec-0.05GluGO, Pec—
0.1GluGO, and Pec-0.2GluGO were approximately 63.68%,
52.00%, and 46.69%, respectively. The gradual decrease in mass
loss with increasing GluGO content suggests a modest
improvement in thermal stability, possibly associated with
enhanced interactions and a more crosslinked network with the
bead matrix. In addition, the incorporation of GluGO appears to
promote the water absorption capacity of pectin-based
composites, likely due to the introduction of hydrophilic func-
tional groups from r-glutamic acid. This improved swelling
behavior may be suitable for applications requiring elevated
water uptake, such as biosensing systems.

The stability of Pec-GluGO composite beads in simulated
contaminated solution. The stability of pectin-based composite
beads studied in Ni*, Cr®", Zn**, oxytetracycline, and OECD
solutions shows clear differences between blank beads and
those reinforced with GO or GluGO (Fig. 11a—f, detailed results
are in Table S3-S7, SI). In the OECD solution, the blank beads
disintegrated immediately after the first investigation, and Pec—
0.1GO disintegrated almost entirely within 1 day, reflecting the
enzymatic or microbial degradation processes inherent to this
test medium (Fig. 11b). With the presence of GluGO, the Pec-
0.05GluGO beads disintegrated by day 3, while Pec-0.1GluGO
and Pec-0.2GluGO retained ~50% stability and then almost
disintegrated by day 4. These results indicate that while GO/
GluGO reinforcement delays degradation, the hydrogels
remain partially biodegradable.

In the oxytetracycline solution, the blank beads retained
lower than 20% stability by day 2 (Fig. 11c). The antibiotic effect
likely interferes with the hydrogel network by disrupting
hydrogen bonding or altering local ionic balance. However, the
composites demonstrated remarkable resilience (~90-100%

RSC Adv, 2026, 16, 20498-20513 | 20507
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stability), suggesting that GO and GluGO impart additional
steric hindrance and hydrophobic interactions that shield the
pectin network from antibiotic-induced disruption.

In the Zn** medium, a distinct difference in stability was
observed between the blank beads and the GO or GluGO-
reinforced beads, with a decrease in stability over time, retain-
ing only about 65-70% after 7 days, indicating significant
structural weakening and partial dissolution in the presence of
Zn** ions (Fig. 11d). This is attributed to the limited ionic cross-
linking ability of Zn>" with pectin, resulting in weaker gel
networks compared to those formed by Ca** cross-linking. In
contrast, the composite beads containing GO or Glu-GO
maintained significantly higher stability, with most formula-
tions retaining over 85-90% of their structure after 7 days. The
incorporation of GO nanosheets provides additional physical
reinforcement through hydrogen bonding and m-7 stacking
interactions with the pectin chains, thereby reducing the
matrix's  susceptibility to Zn*"-induced destabilization.
Furthermore, Glu-functionalized GO introduced additional
carboxyl and amino groups, which act as extra ionic interaction
sites for Zn>". Interestingly, the stability improved with
increasing the Glu-GO content (Pec-0.2GluGO > Pec-0.1GluGO
> Pec-0.05GluGO), suggesting that both structural reinforce-
ment from GO nanosheets and chemical coordination are
involved. Several functional groups play cooperative roles in
resisting degradation in the Zn>* solution.

In the Ni*' solution, the blank, Pec-0.1GO and Pec-
0.05GluGO beads degraded rapidly, retaining less than 40%
after two days, while the higher content of GluGO beads
maintained nearly 100% integrity over 7 days (Fig. 11e). In Cr®*
solution, the blank and Pec-0.1GO beads retained about 50-
60% after two days, and all composite beads containing GluGO
maintained nearly 100% integrity over 7 days (Fig. 11f). This
excellent stability arises from the strong ionic crosslinking of
multivalent cations with the carboxyl groups of pectin.

20508 | RSC Adv, 2026, 16, 20498-20513

Overall, the shape of all pectin-based composites was well
preserved in the investigated environment. The Pec-0.2GluGO
composite exhibits the most suitable stability, maintaining
immersion for up to 4 days in the OECD solution and approx-
imately 7 days in other media, including oxytetracycline, Zn>",
Ni**, and Cr®" solutions. This stability is suitable for a typical
biosensing system. Moderate stability supports both material
integrity and microbial activity in aqueous environments. In
contrast, excessive stability may hinder sensor performance due
to microbial aging or deactivation. Therefore, balancing
stability is essential, and further studies will focus on opti-
mizing the composite properties for improved biosensing
performance.

Morphology of pectin-based composites. The morphology of
Pec-0.1GO and Pec-0.2GluGO was observed by SEM images, as
shown in Fig. 12a and b. In the structure of Pec-0.1GO, the GO
nanosheets were dispersed homogeneously and strongly inte-
grated with the pectin matrix, due to the hydrogen bonding and
electrostatic interactions between the functional groups of GO
and the OH and COOH groups of pectin. Meanwhile, the Pec-
0.2GluGO structure was rough, heterogeneous, and quite
porous, attributed to the r-glutamic functionalization of GO,
which increases hydrophilicity and decreases the interactions
typical of pristine GO. In general, Pec-0.1GO obtained a dense
structure, in which GO acts as a reinforcing phase and restricts
excessive swelling or pore generation, while Pec-0.2GluGO was
formed with a sponge-like pectin matrix with inner micropores.
These results are perfectly consistent with the water content and
swelling in PBS solution displayed in Fig. 10a above.

The surface area and the pore size of materials are important
for immobilizing microorganisms via either the adsorption or
egg-box gelation method. The B.E.T (Brunauer-Emmett-Teller)
surface areas of Pec-0.1GO and Pec-0.2GluGO were calculated
from the nitrogen adsorption and desorption curves (Fig. 12c)
to be 9.645 and 10.725 m”> g, respectively. Then, the pore sizes
determined by the B.J.H (Barrett-Joyner-Halenda) model

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(@ and b) SEM images of Pec-0.1GO and Pec-0.2GluGO at magnification x10 000, the insets are SEM images at magnification x80; (c)

nitrogen adsorption and desorption of Pec—0.1GO and Pec—0.2GluGO; and (d) pore distribution of Pec-0.1GO and Pec-0.2GluGO.

(Fig. 12d) were 131.56 and 123.03 A for Pec-0.1GO and Pec-
0.2GluGO, respectively. These results show that the inner
structures of Pec-0.1GO and Pec-0.2GluGO are not very
different and are consistent with their morphologies observed
from the SEM images. Besides, the higher surface area of Pec—
0.2GluGO gave it more active centers to carry more cations, such
as Zn*', Ni**, and Cr®*, as well as oxytetracycline, as organic
contaminants. Consequently, when exposed in those media,
Pec-0.2GluGO tends to be more stable than Pec-0.1GO and the
others.

Reinforcement mechanism of GluGO in the pectin bead
structure. Oxytetracycline is an amphoteric molecule contain-
ing multiple ionizable functional groups, such as phenolic,
amide, and dimethylamino groups. As a polyfunctional mole-
cule containing phenolic, enolic, and diketone groups, oxytet-
racycline readily complexes with divalent metal ions, such as
Ca”', which serve as ionic crosslinkers in the egg-box structure
of pectin.* The sequestration of Ca** ions decreases the
stability of ionic linkages and causes swelling or degrades the
crosslink structure (Fig. 13a). In addition, when exposed to UV
radiation or an alkaline medium, oxytetracycline undergoes
photooxidation and releases reactive oxygen species (ROS),
including hydroxyl ("OH) and superoxide (O}) radicals.** These
ROS can attack the glycosidic and ester bonds of galacturonic
acid residues, leading to chain scission and the depolymeriza-
tion of the pectin structure. Thus, the combination of metal
chelation and radical-induced oxidation leads to the degrada-
tion of pectin hydrogels in oxytetracycline-contaminated water.
The aromatic rings of oxytetracycline can attach to the graphene
T-conjugated structure due to w-7 electron donor-acceptor
interactions. Depending on pH, oxytetracycline can electro-
statically bind with the protonated amine groups (-NH;") on the
NH,-GO surface (Fig. 13d). The OECD medium provides
a buffered aqueous environment containing essential nutrients
(such as phosphates, nitrates, and trace minerals) that support
microbial growth and enzyme secretion. Initially, ionic
exchange occurs between the crosslinking ions and other
cations in the OECD medium (Na“, K*, Mg®"). This exchange
decreases the stability of ionic linkages and increases the
hydrogel swelling, leading to the collapse of the structure
(Fig. 13b). Subsequently, microorganisms in the OECD medium

© 2026 The Author(s). Published by the Royal Society of Chemistry

secrete pectinases, polygalacturonases, and lyases, which
specifically cleave the a-(1 — 4)-glycosidic linkages between the
galacturonic acid residues in the pectin backbone. These
enzymatic attacks convert the macromolecular pectin chains
into soluble oligomers and monomeric galacturonic acid.
Additionally, minor chemical hydrolysis of esterified carboxyl
groups may occur under neutral-to-slightly alkaline pH condi-
tions typical of OECD media, contributing to de-esterification
and loss of network integrity. Overall, the degradation of the
pectin hydrogel in the OECD medium proceeds through
a synergistic sequence of ion exchange, enzymatic cleavage, and
mineralization, resulting in the complete biodecomposition of
the polysaccharide matrix.

In summary, NH,-GO provides multiple adsorption mecha-
nisms combining m-7 stacking, hydrogen bonding, and elec-
trostatic coordination (Fig. 13d). Oxytetracycline adsorption is
driven by aromatic interactions and surface complexation,
modulated by pH. The OECD medium components alter
adsorption through ionic competition and metal bridging,
sometimes enhancing oxytetracycline retention via multilayer
adsorption. The resulting system is a dynamic surface complex,
where organic antibiotic molecules, metal cations, and GO
functional groups coexist in a hydrate interfacial layer.

When exposed to metal ions (Zn>" or Ni** or Cr®") in
a medium, ion exchange occurs between Ca®>" and Zn*"/Ni**/
Cr®, as shown in eqn (8) and (9) and Fig. 13c. Because Zn>"
forms more covalent and less symmetric coordination bonds
compared to Ca”", the ion exchange disrupts the original egg-
box structure, leading to the deformation and collapse of the
polymer matrix.

(Pectin-COO0),Ca + Zn** — (pectin-CO0),Zn + Ca>*  (8)

(Pectin-CO0),Ca + Ni** — (pectin-COO),Ni + Ca**  (9)

The Zn** fon can coordinate simultaneously with multiple
carboxylate and hydroxyl groups, forming Zn-O-C and Zn-OH-
C linkages. However, Zn>" prefers a tetrahedral or distorted
octahedral geometry, which is less flexible than the Ca®*
crosslink and decreases the hydrogel's mechanical cohesion.
The Zn>" solution is an acidic medium, promoting the acid-
catalyzed hydrolysis of glycosidic linkages, as expressed in

RSC Adv, 2026, 16, 20498-20513 | 20509
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eqn (8). This results in the depolymerization of the pectin
backbone and a reduction in the molecular weight, accelerating
the breakdown of the hydrogel.

Similar to the behaviour observed with Zn>", when exposed
to Ni** containing media, the Ni*" ions can replace Ca>* ions in
the egg-box structure because both have a similar charge, but
Ni** possesses stronger coordination affinity for oxygen-
containing groups (-COO™). This ion exchange disturbs the
native egg-box structure, reducing the crosslinking density and
mechanical stability. The resulting Ni**-pectinate complexes are
more rigid but less cooperative, leading to a decrease in the
tensile strength and stability. In addition, Ni*" salts often

20510 | RSC Adv, 2026, 16, 20498-20513

slightly acidify the medium, thereby catalyzing the hydrolysis of
glycosidic linkages, as expressed in eqn (10). This process
contributes to chain scission and the reduction of the polymer
molecular weight, accelerating hydrogel degradation.

~GalA-(1 — 4)-GalA- + H" — ~GalA-OH + HO-GalA- (10)

In the Cr®" medium, pectin hydrogels undergo a combina-
tion of oxidative, hydrolytic, and ion exchange-induced degra-
dations. In an aqueous solution, Cr®" exists predominantly as
chromate (Cr,>") or dichromate (Cr,0,°") ions, depending on
the pH. Similar to the case for Zn** and Ni**, the ion exchange

© 2026 The Author(s). Published by the Royal Society of Chemistry
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disrupts the Ca®>" crosslinking of the pectin chains, leading to
the decrosslinking, swelling, and instability of the hydrogel
matrix. Besides, Sebastian E. Bellu et al. proved that Cr®" can
strongly oxidize the hydroxyl and aldehyde groups on the gal-
acturonic acid units of pectin, converting them into carbonyl or
carboxyl groups, leading to a decrease in the molecular weight.**
Simultaneously, Cr®" is reduced to Cr**, which may subse-
quently coordinate with residual carboxylate groups, forming
Cr**-pectinate complexes. At first, the oxidative cleavage of
polysaccharide chains, combined with Ca** displacement,
results in the loss of mechanical integrity and the partial
dissolution of the hydrogel. The released pectin fragments are
shorter oligomers or oxidized monosaccharides that can further
undergo auto-depolymerization or complexation with Cr’*
species. Then, under prolonged exposure or in the presence of
light, redox cycling between Cr**/Cr®" can occur, generating
ROS, which further accelerates the oxidative degradation of the
pectin matrix.

In the presence of NH,-GO, Zn>" adsorption on NH,-GO
mainly proceeds via electrostatic attraction and inner sphere
complexation with surface -NH, and -COO- groups (eqn (11)
and (12)). Under neutral pH, deprotonated carboxylate and
amine act as electron donors to form Zn-O and Zn-N coordi-
nation bonds.

GO-COO- + Zn** —» GO-COO-Zn" (11)

GO-NH, + Zn** —» GO-NH, — Zn** (12)
Because Ni*" has a higher ligand energy than X,,>*, it can link
adjacent GO sheets or create crosslinks. The resulting adsorp-
tion layer is typically less reversible than that of Zn>". The Ni**
ion exhibits stronger inner sphere complexation with the NH,~
GO surface than Zn®" due to its d® configuration. Ni** forms
coordination bonds with oxygen and nitrogen donors, creating
a complex ligand environment, as expressed in eqn (13)-(15).

GO-COO- + Ni** - GO-COO-Ni* (13)
GO-NH, + Ni** —» GO-NH, — Ni** (14)
2(GO-CO0-) + Ni** — (GO-COO),Ni (15)

Cr®" ions were adsorbed on NH,-GO via redox-assisted
adsorption, where the electrons were transferred from the GO
surface groups (-OH, -NH,, or -C-O-C-), resulting in the
oxidation of these surface functionalities, as expressed in eqn
(16)-(18). Then, the resulting Cr®* forms stable inner-sphere
complexes with oxygen/nitrogen sites.

GO-OH + Cr** - GO=0 +Cr'* +3H * (16)
GO-NH, + Cr** - GO-NH=+ Cr** + 3H * (17)
GO-COO- + Cr’" —» GO-COO-Cr** (18)

In summary, the enhanced stability of the Pec-GluGO beads
can be explained by the formation of multi-level junction zones

© 2026 The Author(s). Published by the Royal Society of Chemistry
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within the hydrogel matrix. While the pristine pectin relies
solely on the traditional ‘egg-box’ model, where Ca>" ions are
chelated between galacturonic acid chains, the introduction of
GluGO creates auxiliary reinforcement points.

Specifically, the amine (-NH,) and carboxyl (-COOH) groups
on GluGO act as additional anchoring sites. These groups
establish strong hydrogen bonding and electrostatic attractions
with the pectin backbone, effectively ‘locking’ the polymer
chains in place. These robust junction zones prevent the
collapse of the network even when Ca®" ions are displaced by
competing heavy metal ions (Ni**, Cr®", and Zn>") or disrupted
by acidic environments. The adsorption of Ni**, Cr®", and Zn**
on aminated GO proceeds through a hierarchy of interactions—
starting with electrostatic attraction, followed by dehydration
and chelation, and (for Cr®") redox transformation. The amine
groups provide additional N-donor sites that enhance metal
uptake and binding stability, particularly for transition metals
with high activity, like Ni** and Cr®". The modification of GO
with t-glutamic acid provides an abundance of -COO and -NH,
bonds with GO, which are also the essential functional groups
for enhancing interactions with the pectin structure.

Consequently, GluGO serves not just as a filler, but as
a structural bridge that maintains the mechanical and chemical
integrity of the composite beads. As a result, the pectin-based
composite containing GluGO is more stable in various toxicity
media, including those containing heavy metals (Ni**, Cr®", and
Zn*") and organic pollutants (OECD and oxytetracycline).

Conclusions

In summary, the green modification of graphene oxide with r-
glutamic acid (GluGO) effectively enhances the performance of
pectin beads by improving their mechanical and thermal
stability and biocompatibility through the inhibition of GO
toxicity. The highest yield obtained was 91.76% when the
modification was performed at 70 °C with an initial Glu
concentration of 100 ppm. The presence of Glu introduces
functional groups that promote stronger interfacial interactions
with the pectin matrix, resulting in reinforced structural
integrity and increased resistance to thermal degradation.
Additionally, GluGO can only affect the microorganism in the
early cycle with a very low inhibition efficiency. Then, the
presence of GluGO provides an advantage for the growth of
microorganisms. Therefore, the BOD value estimated from the
packed bed of GluGO is higher than that from GO. GluGO
imparts a more hydrophilic and biologically friendly surface,
which reduces cytotoxicity and enhances compatibility with
biological environments, a crucial feature for biosensor appli-
cations. In addition, the pectin-based composite beads exhibi-
ted distinct stability behaviors in Ni**, Cr®*, Zn®>*, OECD, and
oxytetracycline media. While the blank pectin showed poor
resistance to ionic exchange and biodegradation, the incorpo-
ration of graphene oxide and multivalent ions significantly
enhanced structural integrity, enabling over 80% stability
retention across all tested environments. These results high-
lighted the potential of GluGO as a green reinforcing material
for eco-friendly pectin-based composites, ensuring durable
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