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The presence of Mn?* in aquatic systems even at trace ppm concentrations poses safety concerns; thus, it is

indispensable to develop an accurate, sensitive, and selective sensor for Mn®* detection. The use of

colorimetric plasmonic nanoparticles offers a suitable approach. Herein, silver nanoparticles were

synthesized using pectin (AgGPe NPs), in which the inputs of pectin and AgNOs and the volume of
NaOH were optimized in the reaction to obtain NPs within a size range of 5-45 nm and a zeta potential
of —34.26 mV, which were stable for up to 2.5 months at 4 °C. AgGPe NPs were characterized by UV-vis
analysis, which revealed a surface plasmon resonance (SPR) peak at 405 nm, along with FTIR and XRD

measurements. The formed silver nanoparticles showed specific recognition to Mn?* ions by changing

the color from yellow to brown, and the sensing performance was optimized in terms of the input
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volume of AgGPe NPs, incubation time and pH. The nanocomposite gave a limit of detection (LOD) of

0.5065 ppm, accompanied by a practicable detection for drinking water and Tau Hu canal water with

DOI: 10.1039/d5ra08769d

good recoveries.
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1. Introduction

Approximately 90% of global manganese production is utilized
in the steel industry, primarily as an alloying element to
improve strength and hardness.* Although manganese is one of
the abundant natural metals in the Earth's crust, it enters the
living environment through human activities or natural
calamities, and it is recognized as a toxic release inventory
chemical and as an air contaminant by the Occupational Safety
and Health Administration (OSHA). Various heavy metals, such
as Cd**, cu®", Hg*", Mn”", and Pb*", are potentially toxic to soil
and aquatic organisms, animals, plants, and humans at
trace ppm concentrations.” In our body, trace elements such as
manganese play an important role as cofactors of many cellular
enzymes; manganese activates enzymes such as kinases,
hydrolases, decarboxylases, phosphatases, peptidases, and
transferases.®* The human intake of manganese is in the range
of 2 to 9 mg day ' for a 70 kg individual;' however, excess
manganese intake has a negative impact on human health
because it accumulates in the brain, where it can cause
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In conclusion, the green-synthesized AgGPe NPs offer a cost-effective and
environmentally friendly approach for Mn?* detection and have good prospects for future applications.

neurotoxicity.* Therefore, methods to detect the presence of
Mn>" are required to prevent its adverse effects. Conventionally,
several methods have been dedicated to detect and measure the
presence of manganese ions in water, such as atomic absorp-
tion spectroscopy (AAS), inductively coupled plasma mass
spectroscopy (ICP-MS), and inductively coupled plasma atomic
emission (ICP-AES). These methods require sophisticated
equipment, time-consuming preparation, and skilled opera-
tors. Another approach that is highly promising for the selec-
tive, sensitive, accurate, reliable, and fast detection of
manganese ions is nanomaterial-based detection, which is
based on the change in the physico-chemical properties in the
presence of heavy metals.

To obtain nanoparticles with dimensions between 1 and 100
nm, chemical reduction is of interest, although there remain
concerns about the future green development for health and the
environment. Biosynthesis, using plants and microorganisms,
is an alternative to chemical reduction because it offers a single-
step reaction that does not use toxic chemical reagents. It
utilizes functional bioactives as reductant and stabilizer;
therefore, the biological methods are low-cost and high-
yielding, and afford metallic nanoparticles with various sizes,
depending on the nature of plant extracts, pH, temperature,
concentration, and so on.*

In recent years, the use of silver nanoparticles as a means of
detection has evolved owing to their optical surface plasmon
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resonance (SPR) properties, wherein a noticeable color change
can be induced by local changes that cause a shift in the SPR
band.®* Normally, this SPR is affected by the size and shape of
the resultant silver nanoparticles, inter-particle distance,
uniformity, the dielectric constant of the medium, and surface
functional groups.**”

The functional groups and surface ligands present on AgGPe
NPs exhibit high affinity toward Mn>" ions, enabling selective
binding. This interaction minimizes interference from other
competing metal ions and thereby enhances the accuracy of
manganese detection.

A research group has used the alginate-stabilized silver
nanoparticles for the detection of manganese(u) ions, in which
they identified that the cross-linking aggregation of silver
nanoparticles in the presence of Mn>*, owing to the decrease in
surface charge, was the main mechanism.* Another group
synthesized silver nanoparticles using Okara extract to detect
manganese ions in water, with a limit of detection and limit of
quantification of 0.01 and 0.03 ppm.® Another green synthesis
of silver nanoparticles using the extract from Withania somnifera
was applied as a colorimetric sensor for manganese detection.
Optimal synthesis was established at pH 11 with stable nano-
particle formation after 1800 min, using 1.0 mL extract and
1.0 mM AgNO;. TEM analysis revealed spherical AgNPs (43-85
nm), and FTIR spectroscopy confirmed the presence of O-H and
C=0 groups after reduction and stabilization. Mn>" detection
was achieved via nanoparticle aggregation, producing a visible
color change and a 412 nm absorption peak.®* Moreover,
a process was carried out to form r-tyrosine-capped silver
nanoparticles to detect Hg>* and Mn”" in aqueous medium; the
limit of detection was 16 nM for both ions under the optimized
conditions.’

Additionally, lignin-functionalized silver nanoparticles were
created by the microwave method to detect Co>", Cr**, and Mn>*
in aqueous solution. These metal ions caused an aggregation of
silver nanoparticles, resulting in the modification of the SPR
band, which was characterized by UV-vis. Lignin-decorated
silver nanoparticles showed a significant enhancement in the
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Raman signal for only Mn**, leading to a selectivity for this ion.”
Pectin-decorated silver nanoparticles have been employed to
recognize a wide range of metal ions in aqueous medium. The
process used microwave and commercial pectin. In the pres-
ence of Fe** or Mn*", they impart black and brown colors,
respectively, to the water samples, while Cr** and As®* induce
a reddish brown color.’® However, there is a need for interfer-
ence analysis to evaluate the potential practical application of
the probe.

In addition to gold nanoparticles, 3-(4-hydroxy-3-methoxy-
phenyl)-2,3-dihydropyrazolo[3,4-b]Jindole-1(4H)-
carbothioamide-modified gold nanoparticles were proposed to
detect the introduction of Mn>" to environmental water. In this
study, a color change from red to blue was observed, and
a decrease in the surface plasmon absorption intensity at
520 nm resulted in the formation of a second peak at 655 nm.
Additionally, the promoted probe exhibited a limit of detection
of 0.00233 mg L~ " with a linear range of 0.5-10 mg mL ™", with
a good sensitivity towards Mn>* without being selective to other
anions and cations.™

In this research, as depicted in Scheme 1, we have developed
a green pathway for silver nanoparticle synthesis using grape-
fruit pectin (AgGPe NPs) and a method for manganese(u) ions
(Mn”") detection in water. Pectin is a natural polysaccharide in
the plant cell wall, which is cheap, biodegradable, and non-
toxic.”” In an alkaline medium, the hydroxyl groups are con-
verted into aldehyde groups, which reduce the metal salts into
metallic nanoparticles. First, grapefruit pectin (GPe) was used to
convert silver ions into silver nanoparticles in an alkaline
medium; the nanoparticles were characterized by UV-vis anal-
ysis, focusing on the SPR shifts, FTIR, XRD, and TEM. Herein,
the weight of the grapefruit pectin, the concentration of AgNO;,
and the volume of 1 M NaOH were the parameters for assessing
the optimal conditions. Second, the performance of the AgGPe
NP sensor to manganese ions (Mn>") was investigated by
measuring the linear increase in absorption intensity of Asj,s/
Ass and determining the correlation coefficient (R?). This
nanosensor can be applied for selective Mn** detection that

°
8

300 350 400 450 500 550 600
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Scheme 1 Grapefruit pectin-decorated silver nanoparticles were synthesized and subsequently applied for the detection of manganese ions in
aqueous medium. The preparation procedure involved mixing double-distilled water, pectin, silver nitrate and sodium hydroxide, followed by
heating at 70 °C for six hours. This process yielded a yellow dispersion of silver nanoparticles. An aliquot of the dispersion was then utilized for
manganese ion sensing, where the appearance of a brown color after one hour indicated the presence of manganese ions.
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satisfies the basic conditions of selectivity, sensitivity, accuracy,
and ease of use.

2. Methodology

2.1. Materials

Silver nitrate (AgNO;) was a product of Merck (purity 99%),
sodium hydroxide (NaOH) was purchased from Fischer (purity
97%), and hydrochloric acid was from Xilong Scientific Co., Ltd,
China. The metal ions nickel(u) chloride hexahydrate (NiCl,-
‘6H,0); cadmium(u) chloride monohydrate (CdCl,-H,0);
chromium(m) chloride hexahydrate (CrCl;-6H,0); copper(u)
chloride dihydrate (CuCl,-2H,0); aluminum chloride hexahy-
drate (AlICl;-6H,0); manganese(n) chloride tetrahydrate
(MnCl,-4H,0); Iron(ur) nitrate nonahydrate (Fe(NOj3);-9H,0);
zinc chloride (ZnCl,); cobalt(un) chloride hexahydrate (CoCl,-
-6H,0); and lead(u) acetate (Pb(OOCCHj;),) were used to
prepared solutions of 1000 ppm.

Tri-sodium phosphate dodecahydrate (Na;PO,-12H,0),
sodium sulfate anhydrous (Na,SO,), sodium thiosulfate penta-
hydrate (Na,S,03-5H,0), di-sodium tetraborate decahydrate
(Na,B40-10H,0), sodium acetate anhydrous (CH;COONa), tri-
sodium citrate dihydrate (Naz;CgHs505-2H,0), urea (CO(NH,),),
and sodium thiocyanate (NaSCN) were purchased from Xilong
Scientific Co., Ltd (China) and used as anionic interferes at
a concentration of 1000 ppm.

Double-distilled water (DD water) was prepared at the
Department of Organic and Environmental Technology, Ho Chi
Minh City Institute of Advanced Technology (IAT), Vietnam
Academy of Science and Technology (VAST). Grapefruit pectin
was isolated and purified at the Department of Organic and
Environmental Technology, IAT-VAST, as we have published
previously.™

2.2. Preparation of silver nanoparticles from grapefruit
pectin

The synthesis of silver nanoparticles (AgGPe NPs) was carried
out using pectin extracted from grapefruit peel (GPe). Initially,
15.8 mL of DD water was heated to 70 °C. Subsequently, 10.0 mg
of GPe was added, and the mixture was stirred until a clear
solution was obtained. Then, 300 uL of AgNO; 10 mM was
added dropwise to the obtained solution. After 5 minutes, 100
uL of 1 M NaOH was added, and the reaction was allowed to
proceed for 6 hours, yielding a yellow solution of AgGPe NPs.
The resulting solution was stored at 4 °C for Mn** detection.
The solution was lyophilized to obtain the powder form for
physicochemical characterization (if necessary).

2.3. Characterization

UV-vis spectroscopy was employed to investigate the green
synthesis of silver nanoparticles by monitoring the intensity
and position of the SPR signals. Herein, 500 pL of AgGPe NPs
was diluted to 2 mL with DD water, and the absorbance was
measured at 300-600 nm with 1 nm resolution with a Jasco V-
770 UV-vis spectrophotometer. Next, a volume of 40 pL of
AgGPe NPs was diluted 100-fold with DD water to determine

© 2026 The Author(s). Published by the Royal Society of Chemistry
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particle size and zeta potential at 25 °C, using a Horiba SZ-100
instrument. Fourier-transform infrared spectroscopy (FTIR) was
conducted to identify the potential functional groups involved
in the reduction and stabilization of the nanoparticles by
pectin. For FTIR analysis of the GPe and AgGPe NPs, the sample
was mixed with KBr, pressed into a pellet, and scanned using an
FTIR spectrometer (Bruker Tensor 27, Germany) in the 4000-
500 cm ™~ wavenumber range. X-ray diffraction (XRD) analysis
was performed to evaluate the crystalline structure and phase
purity, using a drop-coated film method on a glass substrate,
scanned over a range of 10-80° at room temperature.'* Finally,
high-resolution transmission electron microscopy (HR-TEM)
was used to capture the morphology of AgGPe NPs, wherein
100 random nanoparticles were picked to establish the size
distribution.

2.4. Selectivity of the sensor

Selectivity means that only the target analyte is detected and the
measurement is not easily disturbed by impurities.”> To eval-
uate the selectivity of the sensor, 0.5 mL of silver nanoparticles
(AgGPe NPs) was mixed with 100 pL of various metal ions (Ni*",
cr’’, cd*', cu®, Zn**, Co®", Pb*", AI’", Fe’', and Mn*") at
a concentration of 10 ppm. The mixture was then adjusted to
a final volume of 2 mL with DD water using a vortex to ensure
homogenization. The reaction mixture was allowed to stand for
2 hours, after which absorbance was measured with a UV-vis
spectrophotometer.

Additionally, ethylenediaminetetraacetic acid (EDTA) was
used to determine the interaction between AgGPe NPs and
Mn?", The experiment was designed following the correct order
of reagent addition, as illustrated in Scheme 2.

Initially, 0.5 mL of AgGPe NPs and sufficient volumes of DD
water were added to three test tubes, designated as 1, 2, and 3
(AgGPe NPs blank sample, AgGPe-Mn>* complex, and AgGPe-
EDTA-Mn*" mixture, respectively). In tube 3, 0.1 mL of EDTA
50 mM was introduced and vortexed for 10 seconds. Subse-
quently, 0.1 mL of Mn** 50 ppm was added to tubes 2 and 3. The
total volume in each tube was adjusted to 2 mL. After 1 hour, the
absorption spectra were recorded using a spectrophotometer,
along with color observation with the naked eye.

2.5. Sensitivity of the sensor

Solutions containing manganese ions with concentrations
ranging from 0.1 to 50 ppm were prepared. An aliquot of 0.1 mL
of the Mn>" solution was added to 0.5 mL of the silver nano-
particle (AgGPe NPs) suspension, followed by the addition of
1.4 mL of DD water to obtain a total reaction volume of 2.0 mL.
The mixture was homogenized using vortexing and subse-
quently allowed to stand at room temperature for 2 hours to
facilitate the interaction between Mn>" ions and AgGPe NPs.
After incubation, the optical properties of the resulting solution
were analyzed using a UV-vis spectrophotometer to monitor
changes in absorbance associated with nanoparticle surface
plasmon resonance.

RSC Adv, 2026, 16, 8971-8984 | 8973
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Scheme 2 Experimental design for determining the interaction between nanoparticles and the analyte with and without EDTA.

2.6. Optimization of detection

The sensing conditions were optimized to define suitable
incubation time, volume of AgGPe NPs, and pH for the colori-
metric observation strategy.

Regarding the volume of AgGPe NPs, 0.3 or 0.5 mL of AgGPe
NPs was added with water and 0.1 mL of Mn>" with a concen-
tration in the range 0-50 ppm to reach a uniform 2 mL mixture.
These solutions were left for 120 min. The standard for
comparison was composed of AgGPe NPs and water.

For the incubation time, 0.5 mL of AgGPe nanoparticles
(NPs) was diluted with 1.4 mL of DD water. Subsequently,
0.1 mL of Mn*" solution at varying concentrations (0-50 ppm)
was added to achieve a final homogeneous volume of 2.0 mL.
The prepared mixtures were incubated for different time
intervals: 0.5, 1, 3, 5, 10, 30, 60, and 120 minutes. A control
sample was composed of AgGPe NPs diluted only with DD water
(without Mn**) and used as the standard.

Environmental pH: To simulate realistic environmental
conditions, the stability of the AgGPe nanoparticles (NPs) was
evaluated across a range of pH values. The initial post-synthesis
pH of AgGPe NPs was 11.36, which was subsequently adjusted
to target values (pH 3, 5, 7, 9, and 11.36) using 1 M HCl or 1 M
NaOH. For stability assessment, 0.5 mL of AgGPe NP solution at
each pH was diluted with 1.5 mL of double-distilled water and
incubated for 60 minutes. The absorbance spectra were then
recorded at 405 nm to determine the influence of pH on
nanoparticle stability.

For evaluation of optimal pH conditions for sensing perfor-
mance, 0.5 mL of AgGPe NP solution (adjusted to the same pH
values: 3, 5,7, 9, and 11.36) was diluted with 1.4 mL of DD water,
followed by the addition of 0.1 mL of Mn>" solution (10 ppm) to
yield a homogeneous final volume of 2.0 mL. These mixtures
were incubated for 1 hour, after which the absorbance ratio

8974 | RSC Adv, 2026, 16, 8971-8984

(As5/A405) was calculated to identify the most suitable pH
conditions for sensing applications.

The limit of detection (LOD) of the promoted sensor AgGPe
NPs was calculated as follows:***®

SD
SD =SE x vn (2)

Here, LOD: limit of detection, SD: standard deviation of
the response, SE: standard error of the intercept, n: sample size
(n=12).

2.7. Effect of interferences

The sensor (0.5 mL) was diluted with 1.3 mL of DD water.
Subsequently, 0.1 mL of competitors (Al**, Cd**, Co*", Cr*",
Ccu*, Fe’*, Ni**, Pb*>, Zn**, and anions), each prepared at
a concentration of 10 ppm, was added to the mixture. Following
this, 0.1 mL of Mn*" solution (also 10 ppm) was introduced to
obtain homogeneous mixtures.

AgGPe NPs alone and AgGPe-Mn”" were employed as refer-
ence samples. After incubating for 1 hour at room temperature,
the optical responses of all mixtures were recorded using UV-vis
spectroscopy. The absorbance data were subsequently pro-
cessed to construct a comparative bar chart, illustrating the
sensor’s response to Mn>" in the presence of various competing
ions.

2.8. Real water test

Three samples were collected from drinking water, laboratory
tap water, and the Tau Hu canal. They were centrifuged and
filtered through a 0.22 pm PTFE membrane to remove dust and
solid residues. The treated samples were then used to prepare

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Mn>" stock solutions at a concentration of 1000 ppm, which
were further diluted to working solutions of 1 ppm, 5 ppm, and
10 ppm.

The procedure for sensing Mn** was as follows: 0.5 mL
AgGPe NPs was diluted with 1.4 mL DD water. To this solution,
0.1 mL Mn** solution at concentrations of 1 ppm, 5 ppm, or
10 ppm was added. The final volume of 2.0 mL was homoge-
nized using a vortex and incubated at room temperature for 1
hour.

The absorbances were recorded by UV-vis spectroscopy.
Mn>" concentrations were quantified based on the linear cali-
bration equation, and recovery percentages were calculated to
evaluate the accuracy of the sensor in real water matrices.

2.9. Statistical analysis

All tests were conducted in triplicate, and the results are pre-
sented as mean =+ SD.

3. Result and discussion

3.1. Optimization of silver nanoparticle formation using
grapefruit pectin (AgGPe NPs)

In the present study, silver nanoparticles (AgGPe NPs) were
successfully synthesized via a green, rapid one-pot method,
employing grapefruit pectin (GPe) as both a reducing and

Table 1 Monosaccharide composition of pectin

View Article Online

RSC Advances

stabilizing agent. Understanding the formation of AgGPe NPs
requires careful consideration of critical parameters, including
the concentration of pectin, silver nitrate (AgNOj3), and the
reaction pH. These factors can influence the nucleation rate,
leading to variations in size, morphology, and polydispersity. In
particular, the pH will influence the ionization state, reactivity
of reductant, reduction potential of silver ions, as well as the
surface charge of the resulting nanoparticles.>*** These
parameters need to be controlled to ensure a suitable size,
shape, and stability for practical applications.

Pectin was recovered from pomelo peel, as described in our
previous research at the Department of Organic and Environ-
mental Technology, Ho Chi Minh City Institute of Advanced
Technology (IAT), Vietnam Academy of Science and Technology
(VAST). It has a molecular weight of 399 498-1 881 678 kDa, and
an esterification degree of 34.2%. Its monosaccharide compo-
sition is summarized in Table 1.*

The formation of AgGPe NPs was visually confirmed by
a distinct color change from colorless to yellow or dark brown
under alkaline conditions. These color changes are character-
istic of localized surface plasmon resonance (LSPR), which
originates from the collective oscillation of conduction elec-
trons on the nanoparticle surface upon interaction with inci-
dent light.”** To evaluate the formation of silver nanoparticles
mediated by GPe, UV-vis spectroscopy was carried out to define
the position and intensity of the surface plasmon resonance
peak. As shown in Fig. 1A, varying the GPE input (5-15 mg)
significantly influenced the spectral response. Specifically,
10 mg of GPe gave the highest absorbance peak at 405 nm,
without any secondary signal in the range of 500-525 nm. Using

Name Composition (%) |egs than 10 mg of reductant, for instance, 5 and 7.5 mg, would
Mannose 36 promote SPR peaks V&Tlth lower intensity, along w1th a secondary
Ribose 0.3 peak at 525 nm. We increased the GPe as well as increased the
Rhamnose 4.5 number of functional groups to convert the silver ions into
Glucuronic acid 32.1 silver nanoparticles.”*
Galacturonic acid 7.0 Secondly, the concentration of AgNOj; also influences the
Glucose 7.5 hol £ the f d el h in Fie. 1B
Xylose 99.4 morphology of the forme .nanopartlc es, as shown in Fig. 1B.
Galactose 3.3 We observed that the higher the concentration of silver
Arabinose 18.3 substrate, the more intense the SPR peak. However, beyond 300
Fucose 0.9 uL of AgNO; 10 mM, the SPR peaks were still located at 405 nm
A B C
040

—GPe:5 mg 0 ———AgNO,: 200 L

™\ ~— AgNO,: 300 pL

0s F X e AGNO,: 400 pL

R N R T Y
Wavelength (nm)

a0 S0 80 600
Wavelength (nm)

0I5 a0 @6 500 0 &0
Wavelength (nm)

Fig. 1 UV-vis spectra of grapefruit pectin-decorated silver nanoparticles (A\gGPe NPs) recorded to evaluate the synthesis process. The spectra
highlight the influence of three key parameters on nanoparticle formation: (A) amount of pectin, (B) concentration of silver nitrate (AgNOs), and

(C) volume of 1 M sodium hydroxide (NaOH).

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

RSC Adv, 2026, 16, 8971-8984 | 8975


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08769d

Open Access Article. Published on 13 February 2026. Downloaded on 3/5/2026 10:17:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

with secondary peaks in the range 500-525 nm. Increasing
AgNO; concentration led to the formation of more nano-
particles, but it showed a tendency to produce larger particles
and even aggregation when excessive substrate was used.

Finally, Fig. 1C shows the impact of the volume of 1 M NaOH
on the formation of silver nanoparticles. In the absence of
NaOH (pH 5.5), no nanoparticles were observed. In contrast, the
addition of 100 pL of 1 M NaOH (pH 11.36) produced the
highest absorbance at the SPR peak, which subsequently
decreased as the pH increased further. Thus, the acidic pH
inhibited the reaction due to the high net positive charge of the
solution,”* whereas alkaline conditions favored this process
owing to the formation of aldehyde groups, which are specified
for the reducing nature of pectin."”” The mechanism to produce
silver nanoparticles by pectin is noteworthy, and it relies on the
formation of the reducing sugar galactose, along with a non-
reducing sugar, galacturonic acid, as pectin is hydrolyzed at
high temperatures in alkaline media. Galactose undergoes
a series of reactions, such as dehydration, decomposition,
polymerization, condensation, and aromatization to form C-
dots, which have significant reducing power owing to their
lower reduction potential than that of silver ions, favoring the
reduction of Ag' to Ag, which, in turn, is expressed as the
maximum surface plasmon resonance at 405 nm.** Further-
more, according to our research group's previous report, the
isolated pectin material has an esterification degree of approx-
imately 34.2%," implying that the ester hydrolysis process in
alkaline medium contributes to the formation of carboxyl (-
COO") groups, providing additional agents that act as reducing
agents and stabilizers in the process of forming silver
nanoparticles.

Therefore, the parameters fixed for the green synthesis of
silver nanoparticles are 15.8 mL of double-distilled water, 10 mg
of grapefruit pectin, 300 uL of AgNO; 10 mM, and 100 pL of 1 M
NaOH at a temperature of 70 °C for a reaction time of 6 hours,
which forms a yellow solution as the key indicator for the rapid
and green process. Compared with some previous reports, our
data were similar in some respects. For instance, silver nano-
particles synthesized from Withania somnifera extract had
a prominent SPR peak at 412 nm, and the TEM measurements
showed a size of about 43-85 nm.? In other work, by using Okara
extract, nanosilver was formed that showed the SPR peak at
412 nm, and had a size of approximately 13.4 nm by micro-
scopic analysis.®

Understanding the physicochemical properties of AgGPe
NPs is crucial for exploring the best conditions for sensor
development; thus, we employed some techniques to assess the
important characteristics.

The FT-IR spectrum of GPe (Fig. 2A) reveals a prominent
peak at 3439 cm™ ', showing stretching vibrations of the ~-OH
group. The peak at 2856 cm ™" is caused by C-H stretching of
methyl esters of galacturonic acids. The absorption peak at
1610 cm ' represents C=O stretching vibrations of ionic
carboxyl groups.? The signal at 1735 cm ™" suggests a carbonyl
(C=0) group.** The strong band at 1409 cm ' is caused by
symmetric stretching vibrations of the carboxylate group.* The
spectra of AgGPe NPs show a notable shift, indicating a change

8976 | RSC Adv, 2026, 16, 8971-8984
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in functional groups. The carbonyl (C=0) peak (1735 cm ™)
shifts to a higher wavelength of 1741 cm™". The peak for C=0
stretching vibrations of the ionic carboxyl groups (1610 cm™ ")
moves to a lower wavelength of 1602 cm ™. The reason could be
that carbonyl groups participate in the reduction of Ag" to Ag.
The absorption frequencies occur at 3439 cm ™. This band has
lost strength, indicating that the hydroxyl groups were involved
in the reduction reaction or interacted with the silver nano-
particles. The strength of the -COO™ symmetric stretching
vibration at 1411 cm ' rose substantially. Based on these
findings, we conclude that GPe's hydroxyl and carboxyl groups
contributed significantly to the creation and stability of the
silver nanoparticles.

X-ray diffraction is a vital analytical technique to understand
the crystallographic structure and phase purity of nano-
materials. The data for AgGPe NPs, presented in Fig. 2B,
exhibited the well-defined peaks at 38.18°, 44.27°, 64.38°, and
77.27°, corresponding to the (111), (200), (220), and (311) crys-
tallographic planes, respectively. These planes are in good
agreement with the standard face-centered cubic (fcc) crystal
structure of metallic silver, and are in line with previous
studies.***** The highest intensity peak at 38.18° indicates the
high crystallinity and well-ordered atomic arrangement at the
nanoscale. Likewise, Fig. 2C depicts the stabilization of AgGPe
NPs in terms of unchanged intensity and the position of the
LSPR peaks, accompanied by the inset of 2 months stabilized
silver nanoparticles; thus, grapefruit pectin can protect the
formed nanoparticles from aggregation and ensure the
extended lifetime of AgGPe NPs.

To examine the general morphology of the nanosilver
particles, Fig. 2D presents a TEM image of AgGPe NPs, which
reveals the uniformly dispersed spherical nanoparticles with
a size in the range of 5-45 nm, with the majority of particles
exhibiting a size of 23.4 £ 7.1 nm (presented in Fig. 2E). This
indicates efficient nucleation and stabilization by pectin upon
synthesis. Hence, it is demonstrated that the formation of silver
nanoparticles by grapefruit pectin was successfully achieved by
its reducing and stabilizing ability to produce the particles with
specified characteristics for sensor development. Our results are
comparable to those obtained for silver nanoparticles that were
formed by other groups. For instance, K. B. Narayanan et al.
utilized sodium alginate to generate spherical silver nano-
particles with sizes ranging from 10 to 20 nm.* When using
plant extracts as reducing and stabilizing agents for
nanosystems, M.U. Rahman et al. synthesized spherical silver
nanoparticles ranging in size from 43 to 65 nm using Withania
somnifera extract.> Furthermore, P. Panjina et al. performed
studies employing Okara extract for creating spherical silver
nanoparticles ranging in size between 2 and 50 nm.*

3.2. Colorimetric and selective detection of Mn**

Regarding the selectivity of the sensor, there are many aspects
that determine the feasibility of interactions between the probe
and analytes, such as the type of surface ligands and nature of
the analytes and surrounding environment. In the context of
surface ligands, there is a vast amount of research on the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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specific organic electron-rich groups that can coordinate with
metal ions, such as -SH, -NH,, -OH, and -COOH.*?* The
structure of pectin contains -OH and -COOH, which are favored
for metal binding.

Under the introduction of Mn*", the SPR peak of silver
nanoparticles will change and shift to a longer wavelength,
which indicates aggregation of the nanoparticles.”*® Therefore,

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

the absorbance intensity ratio was a critical parameter to define
the concentration of the analyte. This ratio can vary depending
on the relevant physicochemical properties of the silver nano-
particles, such as Asyo/As0s (ref. 9) and Asso/A40s.>” In this study,
AgGPe NPs showed a significant SPR peak at 405 nm, which was
used for detecting various metal ions, and changes in this band
will lead to a signal for selective sensing of the relative

RSC Adv, 2026, 16, 8971-8984 | 8977


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08769d

Open Access Article. Published on 13 February 2026. Downloaded on 3/5/2026 10:17:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
A .l ——ACl, ——CdCl, B ol AgGPe NPs
’ CoCl, —crcl, - é|d2’
CucCl, Fe(NO,), 05 e
05} . = Co
MnCl, ——NiCl, _ o
- = —
3 — —— d
Soul Pb(OOCCH,), ZnCl, Soal P
8 8 —Fe*
g 5 Mn?*
Sos} f03r Ni2*
° o
§ 2 — pb2+
<02t <02 —7p%
0.1t 0.1
e_———— — 0.0 L L 1 I L
%S00 350 400 450 500 550 600 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)
0.40
B D Co?*
0.35} ca? ors*
0.30 | co
APt
0.25} cu?*
g
< 020}
<lh
0.15 Ag-GPe Fe’*
0.10 |
0.05
. Mn2*
0.00 Zn
AgGPe Al Cd Co Cr Cu Fe Mn Ni Pb L
Nps (II) dH (n m an Jaan dan an a 3an Pb?* o
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contaminant. First, the metal ions in their relative salt solutions
exhibited no prominent signals from 300-600 nm, as shown in
Fig. 3A. When AgGPe NPs were immersed in a solution con-
taining 10 different metal ions, only Mn>* could lower and shift
the SPR peak to a longer wavelength, as shown in Fig. 3B.
Regarding Fig. 3C, by building a bar chart of the absorbance
ratio of A5,5/A,05 towards various metal ions, Mn** offered the
highest bar compared with the other metal ions. Moreover, the
naked eyes observation in Fig. 3D illustrates the distinct color
change induced by Mn**, modifying the base color of AgGPe
NPs compared to other tested metal ions.

The Mn** ion sensing mechanism of AgGPe NPs is explained
schematically in Scheme 3A. Silver nanoparticles are sur-
rounded by negatively charged groups such as carboxyl or
hydroxyl groups (-OH), which allow the silver nanoparticles to
separate from one another through the interaction of negatively
charged groups. When Mn”* ions are present in an aqueous
medium, negatively charged components such as carboxyl (-
COO™) or hydroxyl groups (-OH) interact with them, causing

8978 | RSC Adv, 2026, 16, 8971-8984

changes in the grapefruit pectin chain structure. This forces the
silver nanoparticles closer together, causing aggregation and
a change from yellow to brown color. In 2017, K. B. Narayanan
et al. used alginate as a reducing agent and stabilizer for the
silver nanosystem in the Mn>' ion sensor. The negatively
charged components of the alginate polymer chain formed
bonds with Mn** ions, changing the chain's structure and
causing silver nanoparticle aggregation.*

On the other hand, in 2015, W. Plazinski et al. released
a study on the topic of complicated ion heavy metal-poly-
uronates.”® The authors argued that the interaction of divalent
ions and biopolymer anions is a regular occurrence in nature.
This procedure, which is similar to biological adsorption, is
used in wastewater treatment to remove heavy metal ions such
as Cu®*, €d>*, Co**, Mn**, and Zn>", as well as dyes, from the
aqueous medium. According to W. Plazinski, polyuronates
interact with Mn** ions by bidentate binding, where the ligand
forms two connections with the same core atom or heavy metal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Schematic of the colorimetric sensing of Mn?* using AgGPe NPs: (A) mechanism, and (B) interaction between the carboxyl group and

Mn?* ions.

ion. This result is also observed for Co*" ions, as illustrated in
Scheme 3B.

On the other hand, to clarify the color change between
nanosilver and Mn?*, an additional experiment was carried out
using EDTA 50 mM based on the chelating ability between
EDTA and metal cations. In Fig. 4A, AgGPe NPs exhibited the
SPR peak at 405 nm (red line); however, after adding Mn*", the
absorbance intensity or wavelength changed (blue line).
Nevertheless, by using EDTA before adding Mn®>*, the SPR peak
of functionalized silver retained its specifications. We can see
the change of yellow color of AgGPe NPs (number 1) after add-
ing Mn>" without (number 2) and with EDTA (number 3) in
Fig. 4B. This was explained by the ability of EDTA to protect the
silver nanoparticles by chelating the manganese(u) ions; thus,
we concluded that the color change of AgGPe NPs was induced
by binding with Mn>". The colorimetric detection of AgGPe NPs

——Ag-GPo NPs
——Ag-GPo NPs + Mn?" 50 ppm
Ag-GPe NPs + EDTA + Mn?" 50 ppm

Absorbance (a.u)

toward Mn>" occurs owing to the binding of the analyte to the
surface ligand and the aggregation of functionalized Ag NPs by
inducing a change in the inter-particle distance, which affects
the SPR peak, causing a color shift.?

Subsequently, we measured the size of the nanosilver parti-
cles to assess whether any changes were caused by the presence
of Mn*". It is noteworthy that the sizes of NPs were originally
248.3 + 91.17 nm, but they increased to 421.4 £+ 26.1 nm (data
not shown). Additionally, the zeta potential changed from-
34.26 mV to —19.50 mV in the presence of Mn>". Therefore, the
Mn** induced the aggregation of functionalized nanosilver,
which is in agreement with the shift in the SPR peak.

3.3. Optimization of sensing parameters

The parameters that influence the binding of the analyte in
terms of volume of promoted sensor, incubation time, and pH

0.% 0 350 400 450 500 550 600
Wavelength (nm)

Fig.4 Effect of EDTA on the detection of manganese ions by grapefruit pectin-decorated silver nanoparticles (AgGPe NPs). (A) UV-vis spectra of
AgGPe NPs (sample 1), AgGPe-Mn2* (sample 2), and AgGPe-EDTA-Mn?* (sample 3). (B) Photographs showing the visual appearance of samples 1,

2, and 3.
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regression analysis within the 0—10 ppm range, respectively. (D—F) Analogous data obtained using 0.5 mL of nanosilver, including UV-vis spectra,

absorption ratio plots, and linear regression analysis.

are indispensable for the feasibility and accuracy of on-site
detection; these are depicted in Fig. 5 and 6.

First, the volume of AgGPe NPs was evaluated for easy
observation because an insufficient or excessive input of the
indicator will result in inaccurate observation by the naked eye.
Fig. 5 reflects the optimal input of AgGPe NPs, in which the
graphs of A and D show the changes in SPR peaks of silver
nanoparticles in the range of 0-50 ppm of Mn>". However,
instead of using 0.3 mL of colorimetric probe, whose absorption
ratio was proportional to Mn”>* concentration from 0.1-5 ppm,
the use of 0.5 mL of AgGPe NPs formed a linear equation up to
10 ppm (Fig. 5B and E). Therefore, 0.5 mL of AgGPe NPs seems
to be the optimum amount for sensing, owing to the high

correlation coefficient R*> = 0.9894 compared with R* = 0.9767
by using 0.3 mL (Fig. 5C and F).

Simultaneously, in Fig. 6A, a total of 2 mL solution
comprised of 0.5 mL AgGPe NPs with water, and 0.1 mL of Mn*"
(0.1-50 ppm) was incubated for determined time intervals. It is
easy to conclude that the absorbance ratio Ass/Asos was
proportional to the reaction time and plateaued after 1 hour,
which indicates a sufficient timeframe for colorimetric sensing.
This requires having enough time for complete contact between
the sensor and the analyte. Furthermore, the UV-vis of AgGPe
NPs and its complexes, depicted in Fig. 6B, show the shift of the
original SPR peaks in accordance with the increase of Mn>*
concentration from 0.1 to 50 ppm, from which a linear equation
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€39 60 minutes ——AgGPe NPs —— 0.1 ppm 60 minutes y =0.0213x +0.0736
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Fig.6 Effect of incubation time on the detection of Mn?* ions by grapefruit pectin-decorated silver nanoparticles (AgGPe NPs). (A) Relationship
between the absorption ratio (Asys/A405) and incubation time, (B) variation in the surface plasmon resonance (SPR) of AgGPe NPs at different
Mn2* concentrations, and (C) linear regression analysis established within the 0—10 ppm concentration range of Mn?*.
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analysis demonstrates how variations in pH influence the optical
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is constructed between the absorbance ratio As,s/A405 and the
Mn®>" concentration in range of 0.1-10 ppm with a high corre-
lation coefficient (R* = 0.9911) (Fig. 6C). Therefore, the subse-
quent experiment was conducted within one hour to reduce the
time of recognition and achieve more reliable results.

To gain general insights into real-life applications, it is
essential to assess the sensing ability of AgGPe NPs in various
pH environments in accordance with the unpredictable prop-
erties of different natural water sources. In Fig. 7, it is shown
that the AgGPe NP sensor was stable from pH 5 to 11.36 (post-
synthetic conditions), in which the maximum absorbance
reached above 0.5 at a wavelength of 405 nm. Specifically, it was
strongly reduced at pH 3; thus, the silver nanoparticles were
aggregated. In the presence of Mn>", the sensor exhibited the
opposite behavior. Briefly, if the environment was at pH 5-9, the
absorption ratios were lowest compared to pH 11.36, which
meant that the sensor worked well in this pH range. Meanwhile,
pH 3 was not an ideal environment for detecting Mn>" owing to
the aggregation of silver nanoparticles. Comparing the results,
we discovered that they were comparable to those of the

View Article Online

RSC Advances

publication by P. Panjina et al.,* whereby silver nanoparticles
were made using Okara extract and trisodium citrate (TSC); at
pH values between 3 and 9, the silver nanoparticles had a very
low capacity to detect Mn>". Meanwhile, Mn>" sensing worked
best in the pH range of 11 to 12. Besides, we believe that the
acidic or alkaline environment could influence the negatively
charged functional groups at the surface of the silver nano-
particles, the existence of Mn>" oxidative states, and the coor-
dination between ligands and analytes. Therefore,
a comprehensive step to evaluate the efficacy of the sensor at
different pH values should be conducted in the future to
establish an accurate procedure for real water analysis.

3.4. Effect of interferences

It is a pivotal step to evaluate the impact of interference on the
sensing ability of nanosilver to simulate real-life activity.
Herein, 0.5 mL of nanosilver solution was diluted with 1.3 mL of
DD water and subsequently 0.1 mL of competitors (10 ppm for
each cation) before adding 0.1 mL of Mn>" (also 10 ppm), we
collected the absorbance ratios of As,5/4,405 for comparison with
positive and negative controls of AgGPe NPs and AgGPe-Mn*",
respectively; the results are shown in Fig. 8. As we can see,
Fig. 8A shows that adding cations such as Cd**, Co®", Zn**, and
Ni*" affects the ratio As,s/A405 compared to the control sample.
This is perfectly consistent with the findings of author W. Pla-
zinski et al.”® The grapefruit pectin chains may form complexes
with interfering cations due to competition in the complex
formation process with carboxylate anions between divalent
metals. This reduces the number of complexes between the Mn-
pectin polymer chain, resulting in a different recorded signal in
comparison to the control sample. Also, the presence of some
metal ions that have the same oxidation states or ionic radii can
interfere with the binding sites of Mn®*" on AgGPe NPs.?

On the other hand, using anionic agents as competitors
revealed that only thiosulfate (S,037) can strongly impact the
sensing ability, while the other seven anions were negligible
(Fig. 8B). This phenomenon for thiosulfate is related to the
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Fig. 8 Analysis of potential interferences in the detection of Mn?* ions using grapefruit pectin-decorated silver nanoparticles (AgGPe NPs). (A)
Response of AgGPe NPs (0.5 mL) after incubation with 10 ppm cations for 1 hour, and (B) response of AgGPe NPs (0.5 mL) after incubation with

10 ppm anions for 1 hour.
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Table 2 Comparison of our sensor with previously reported AgNP-based sensors

AgNP-based probes Concentration (ppm) LOD (ppm) Ref.
OKR-TSC-AgNPs 0.0250-5.0 0.01 8
L-arginine AgNPs 0-0.0385, 0.2750-3.8500  0.0011 31

Cysteic acid-AgNPs 2.75 x 107* - 0.11 2.75 x 10~* 32
Withania somnifera extract-AgNPs 0.55-11 — 3
Alginate - AgNPs 0.055-0.55 — 4
Lignin-functionalized silver nanoparticles 0.165-4.455, 5.335-8.910  0.0033 7
(TMB),-PEI/AgNPs (3,3,5,5'-tetramethylbenzidine (TMB) and polyetherimide (PEI)) 0.0011-0.055 0.000055 and 0.011 33
4-MBA-MA-AgNPs (4-mercaptobenzoic acid (4-MBA) and melamine (MA)) 0.0275-0.55 0.00275 27
Clove-AgNPs 0.022-0.11 0.011 34

P;0,,° -AgNPs 0.00275-1.1 0.0055 35
Na,P,0,-HPMC-AgNPs 0.649-0.6985 0.0275 36
L-tyrosine — AgNPs 0.00088-0.0275 0.00088 9

AgGPe NPs 0.1-10 0.5065 This work

Table 3 Concentration and recovery analysis of Mn?" ions in real water samples using grapefruit pectin-decorated silver nanoparticles (AgGPe

NPs)

Samples Added Mn** (ppm) Found Mn** (ppm) (mean =+ SD, n = 3) Recovery (%) RSD (%)

Drinking water 1 0.9684 + 0.0135 96.84 1.40
5 5.0625 + 0.0593 101.25 1.17
10 10.2780 £ 0.6199 102.78 6.03

Tap water 1 0.9581 + 0.0126 95.81 1.31
5 4.8217 £ 0.0939 96.43 1.95
10 10.0162 £ 0.4728 100.16 4.72

Tau Hu canal water 1 1.0869 + 0.0584 108.69 5.38
5 5.3244 + 0.0386 106.49 0.73
10 10.2271 £+ 0.5174 102.27 5.06

etching reaction of sodium thiosulfate on the surface of silver
nanoparticles to form [Ag(S,03),]*>~, according to the following
reaction:*>*°

We simultaneously investigated the influence of cations and
anions on Mn”" jon sensing to enhance the sensor's practical
application. This evaluation demonstrates the sensor’s selec-
tivity and robustness against competing ionic species.

Finally, our promoted sensor was compared with other
research to assess the potential applications; the results are listed
in Table 2. Our work gave a higher LOD compared to other groups.
This can be due to the coordination between Mn>* and pectin,
which depends on the ratios between pectin and Mn**, the
concentration of pectin, and the manganese valences. In this
study, we hypothesize that the concentration of pectin is the core
factor resulting in the high LOD. This is attributed to the high
viscosity of excessive pectin, which may hinder the movement of
AgGPe NPs to come closer in the presence of Mn>".

3.5. Real sample analysis

AgGPe NPs showed good specific recognition and high sensitivity
to Mn*", thus they were applied to detect the presence of Mn** in
real water sources, such as drinking water, tap water, and Tau Hu
canal water, by spiking 1, 5, and 10 ppm of Mn>*; the data are
presented in Table 3. Analysis of the drinking water, tap water, and
Tau Hu canal water achieved a recovery of 96.84-102.78%, 95.81-

8982 | RSC Adv, 2026, 16, 8971-8984

100.06%, and 108.69-102.27%, respectively, with the RSD of most
samples being less than 6.0%. This data proved the feasibility of
AgGPe NPs to sense the introduction of Mn>" in real water.

4. Conclusions

The use of grapefruit pectin as a benign reducing and stabilizing
agent explicitly promoted a facile and green method for silver
nanoparticle synthesis. The process was influenced by parameters
such as the input of pectin and silver nitrate, as well as the pH of
the reaction environment, and produced the nanosilver with sizes
of 5-45 nm with related physicochemical specifications. The
particles were characterized by UV-vis, FTIR, size and zeta potential
analysis, XRD, and HR-TEM techniques. They were used as
a sensitive, selective, and accurate marker for manganese ions in
water, wherein a colorimetric change from yellow to brown could
be seen by the naked eye. The linearity was recorded from 0.1 to
10 ppm, with the LOD found to be 0.5065 ppm. Finally, the
promoted sensor had good recovery in drinking water, tap water,
and canal water tests. We anticipate that pectin-decorated silver
nanoparticles are an ideal candidate for many applications.
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