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In the present study, we report the green synthesis of Barleria acuminata extract mediated copper phosphate nanohybrids (BAE-CuPNHSs)
by a simple one-pot co-precipitation approach. Aqueous extracts of six different Barleria species were prepared by using ultrasonication
and microwave-assisted extraction methods and evaluated for total phenolic content (TPC), total flavonoid content (TFC) and antioxidant
activity. Among the tested species, B. acuminata showed highest phytochemical content and DPPH radical scavenging activity and was
selected for nanohybrid preparation. The formation of nanohybrid was screened for different metal ions. Copper ions formed well-defined
flower-like nanostructures with high efficiency of phytochemical immobilization. Optimization studies showed 4 mM CuSOQs, 2.0 mL
PBS, static incubation and an incubation period of 72 h as the optimum conditions for the synthesis. FESEM, EDX, FTIR and XRD
characterization confirmed the formation of crystalline BAE-CuPNHs with marigold-like morphology. The synthesized BAE-CuPNHs

displayed antioxidant activity, indicating their promising prospects for antioxidant delivery and bioactive applications.
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INTRODUCTION

Medicinal plants have long served as a rich reservoir of
bioactive compounds with significant therapeutic potential
[1,2]. Among these, species belonging to the genus Barleria
(family Acanthaceae) have attracted increasing scientific atten-
tion due to their diverse phytochemical composition and broad
spectrum of pharmacological activities. The genus Barleria
comprises approximately 300 species distributed across trop-
ical regions, with a notable diversity in India, where several
species are endemic and traditionally used in folk medicine for
the treatment of ailments such as cough, inflammation, dia-
betes and liver disorders. Phytochemical investigations have
revealed that Barleria species are rich in bioactive constitu-
ents, including flavonoids, phenolics, iridoid glycosides,
tannins and triterpenoids such as betulin, along with pharma-
cologically important alkaloids like vasicine and vasicinone.
These compounds are well known for their potent antioxidant,
anti-inflammatory, antimicrobial, hepatoprotective and anti-
cancer activities [3,4].

The antioxidant potential of Barleria species is primarily
attributed to their high total phenolic and flavonoid content,
which play a crucial role in scavenging reactive oxygen species
(ROS) and reducing oxidative stress. Comparative studies across
multiple Barleria species have demonstrated significant vari-
ation in antioxidant activity. In addition to antioxidant assays
such as DPPH, FRAP and ABTS, advanced analytical techni-
ques like RP-HPLC have been employed to quantify key bio-
active markers, providing deeper insight into their therapeutic
potential and chemical diversity [5]. In recent years, there has
been a growing emphasis on the exploration of natural anti-
oxidants derived from plant sources due to their biocompati-
bility, low toxicity and diverse pharmacological properties.
However, despite their potent bioactivity, plant-derived anti-
oxidants often suffer from inherent limitations such as poor
stability, low solubility, rapid degradation and limited bio-
availability, which significantly hinder their effective utiliza-
tion in therapeutic and industrial applications [6,7].

Despite their promising pharmacological properties, plant
derived bioactive compounds often suffer from instability
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under light, temperature, oxygen and pH variations, resulting
in degradation and reduced bioavailability and efficacy. Nano-
technology offers an effective approach to improve the stability,
bioavailability and controlled delivery of phytochemicals [8].
The organic-inorganic hybrid nanostructures are particularly
attractive since they combine the properties of both compo-
nents. Among these, nanoflower-like structures are hierarchi-
cal materials with flower-shaped morphology, high surface-
to-volume ratio and loading capacity. They are generally
formed through coordination between functional groups such
as amine, hydroxyl and carboxyl groups and metal ions, inclu-
ding Cu?* [9,10].

Hybrid nanoflowers were initially developed for enzyme
immobilization and showed improved catalytic activity and
stability compared with free enzymes [11]. Their application
has since expanded to proteins, amino acids [12] and plant
extracts [9]. Plant extracts provide a cost-effective, eco-
friendly source of diverse functional groups for metal coordi-
nation and support green synthesis without toxic reagents or
harsh conditions. Plant extract-mediated nanoflowers have
also demonstrated enhanced antioxidant, antimicrobial and
catalytic activities, attributed to the synergistic interaction
between phytochemicals and the inorganic matrix, together
with increased surface area and structural stability [13,14].

Although copper phosphate-based organic—inorganic nano-
hybrids have been prepared using proteins, enzymes, pepti-
des and plant-derived molecules, the use of medicinal Barleria
species as organic building blocks for copper phosphate
hybrid nanostructures remains unexplored. Polyphenolic com-
pounds can coordinate with Cu?* through oxygen-containing
functional groups to form hybrid nanoflowers [15]. The rich
phenolic and flavonoid content and antioxidant potential of
Barleria species therefore make them promising sources for
developing antioxidant nanohybrids. However, comparative
studies on the influence of different divalent metal ions on
phytochemical-mediated hybrid formation and morphology
remain limited. We hypothesized that both the phytochemical
composition and metal-ion type would influence phyto-
chemical immobilization and nanostructure formation.

Accordingly, six Barleria species were screened based on
total phenolic content, total flavonoid content and antioxidant
activity to identify the most suitable phytochemical source.
The selected extract was then evaluated with different diva-
lent metal ions to determine their effects on hybrid formation
and morphology. The optimum plant-metal combination was
further subjected to systematic optimization of synthesis condi-
tions, followed by physico-chemical characterization and anti-
oxidant evaluation. Unlike previous studies using a single plant
extract and predefined metal precursor, this work employs a
systematic screening strategy involving plant selection, metal
ion selection and synthesis optimization. The study therefore
provides a rational approach for developing plant-mediated
organic—inorganic nanohybrids and establishes Barleria
acuminata as a previously unexplored phytochemical source
for copper phosphate-based hybrid nanostructures.

EXPERIMENTAL

The procured metal salts, absolute methanol, reagents
for phosphate buffer saline (PBS), 2,2-diphenyl-1-picryl-
hydrazyl (DPPH) and ascorbic acid were of analytical grade.

Plant material collection and preparation: Fresh leaves
of six Barleria sp. i.e. B. cristata, B. terminalis, B. strigosa,
B. grandiflora, B. acuminata and B. longifera were obtained
from the Botanical Garden, Kolhapur, India. The plant materials
were washed thoroughly with distilled water, air-dried at room
temperature and ground into a fine powder for extraction.

Preparation of aqueous plant extracts by ultrasonica-
tion and microwave-assisted extraction: Dried and finely
powdered plant leaves of six Barleria species were used for the
extraction of phytoconstituents. A 20% (w/v) aqueous extract
was prepared by dispersing 20 g of leaf powder in 100 mL of
distilled water, ensuring proper mixing to obtain a uniform
suspension. For ultrasonication-assisted extraction (UAE), the
prepared suspension was subjected to sonication in an ultra-
sonic bath operating at a frequency of 50 kHz for 30 min. Upon
completion, the mixture was allowed to settle briefly and
subsequently filtered through Whatman No. 1 filter paper to
remove insoluble matter. The filtrate was collected and stored
at 4 °C in Amber-coloured containers until further use. In
microwave-assisted extraction (MAE), 20 g of leaf powder
was dispersed in 100 mL of distilled water and transferred to
a microwave-compatible vessel and exposed to microwave
irradiation for 1 min. After treatment, the mixture was allowed
to cool to room temperature and then filtered using Whatman
No. 1 filter paper. The resulting extract was collected and
stored at 4 °C for subsequent analysis. Both extraction methods
were employed to facilitate efficient recovery of phyto-
chemicals [16-18].

Phytochemical screening

Quantification of total phenolic content (TPC): The
total phenolic content of the extracts was determined by the
Folin-Ciocalteu method with some modifications [19]. The
experiment was performed in 96 well microtitre to check total
phenolic contents. A 50 uL of distilled water was added to
each well, then 12.5 uL of plant extract and 12.5 uL of FC
reagent was added. The reaction mixture was incubated for
10 min at room temperature. To this 125 uL NayCOs (7%)
and 100 uL of distilled water were added and again incubated
for 90 min in dark at 37 °C. Absorbance was measured at 760
nm wavelength. Gallic acid solutions ranging from (20, 40,
60, 80 and 100 pg/mL) were used to construct the standard
calibration curve (y = 0.0061x + 0.05, R? = 0.9992) and the
total phenolic content was expressed as milligrams of gallic
acid equivalents per gram of dry plant material (mg GAE/qg).

Quantification of total flavonoid content (TFC): The
content of total flavonoid in aqueous extract was assessed
followed by Chang et al. [20]. For total flavonoid content
determination, 150 pL of plant extract was mixed with 150
pL of 2% AICI; solution and incubated in the dark for 10
min. The absorbance was measured at 367 nm. Quercetin
solutions (20, 40, 60, 80 and 100 ug/mL) were used to const-
ruct the calibration curve, which showed a linear relationship
(y=0.01x — 0.0896, R = 0.9964). The total flavonoid content
was expressed as milligrams of quercetin equivalents per gram
of dry plant material (mg QE/g).

DPPH radical scavenging assay: The antioxidant acti-
vity of the plant extracts was evaluated using the DPPH radical
scavenging assay. Freshly prepared 0.1 mM DPPH solution
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in ethanol (290 uL) was mixed with 10 uL of plant extract,
shaken thoroughly and incubated in the dark at room temp-
erature for 30 min. The absorbance was subsequently measu-
red at 517 nm using a Shimadzu UV-1800 spectrophotometer
[21,22].

Synthesis and screening of plant extract-metal ions
based nanohybrid: Metal ion screening for nanohybrid
formation was performed following a reported protocol with
minor modifications [23]. Briefly, 50 mL of phosphate-buff-
ered saline (PBS; 10 mM, pH 7.4) was mixed with 0.5 mL of
plant extract (100 mg mL stock solution). Subsequently, 1 mL
of 200 mM aqueous solution of each metal salt [CuSO,-5H,0,
FESO4-7H20, MnSO4-H20, CaC|z-2HzO, COSO4-7H20,
MgS0O4-7H,0 and ZnSQO4-7H,0], was added separately. The
mixtures were agitated for 30 s to ensure uniform mixing and
incubated statically at 4 °C for three days. The resulting preci-
pitates were collected by centrifugation at 10,000 rpm for 10
min at 4 °C and dried in the dark at 4 °C to obtain the nano-
hybrid powders. An extract-free nanohybrid was prepared by
mixing 1 mL of CuSO4 with 50 mL of PBS (10 mM, pH 7.4).
The antioxidant activity of the supernatants was evaluated
using the DPPH radical-scavenging assay and expressed as
percentage radical-scavenging activity (%RSA).

Determination of phytochemical immobilization effi-
ciency: The immobilization efficiency of total phenolic con-
tent (TPC) and total flavonoid content (TFC) was determined
by comparing the phytochemical content of the initial extract
with that remaining in the supernatant after nanohybrid syn-
thesis. The immobilization efficiency (%) was calculated using
the following equations:

TPC TPC

supernatant
P x100

initial

initial

Immobilization efficiency (%) =
TPC

Similarly,

TFC C
supernatant %100

initial

initial —

Immobilization efficiency (%) =
TFC

where TPCiniiar = total phenolic content of the initial plant
extract before immobilization; TPCsupemaant = total phenolic
content remaining in the supernatant after nanohybrid forma-
tion; TFCiniia = total flavonoid content of the initial plant
extract before immobilization; TFCsyperatant = total flavonoid
content remaining in the supernatant after nanohybrid forma-
tion.

Optimization study: A one-factor-at-a-time (OFAT)
approach was used to optimize the synthesis of B. acuminata
extract-mediated copper phosphate nanohybrids (BAE-
CuPNHSs). Four synthesis variables, viz. CuSO4 concentration
(1-5 mM), PBS volume (0.5-2.5 mL), incubation condition
(static or shaking) and incubation period (24-72 h), were
systematically varied while keeping the remaining parameters
constant. Following incubation, the reaction mixtures were
centrifuged to separate the nanohybrid fraction and the super-
natants were collected for further analysis. The antioxidant
activity of the supernatants was evaluated using the DPPH
radical-scavenging assay. A decrease in supernatant antioxi-
dant activity was considered an indirect indication of the
interaction and immobilization of antioxidant phytoconsti-

tuents within the copper-based nanohybrid matrix. Thus, the
condition producing the lowest residual antioxidant activity
was selected as optimal [23,24].

After optimization, the antioxidant activity of BAE-
CuPNHs was evaluated using the DPPH radical-scavenging
assay with slight modifications. Briefly, BAE-CuPNHSs (1-5
mg) were reacted with freshly prepared DPPH solution and
incubated at room temperature in the dark. The mixtures were
then centrifuged to remove the nanohybrid particles and the
clear supernatants were collected. Absorbance was measured
at 517 nm using a UV-Visible spectrophotometer. A DPPH
solution without the sample was used as the control and the
percentage radical-scavenging activity was calculated using
the above equation [21,22].

Characterization: Surface morphology was examined
by field-emission scanning electron microscopy (FESEM; FET
Nova NanoSEM 450), while elemental composition was deter-
mined by energy-dispersive X-ray spectroscopy (EDX). The
functional groups and phytochemical interactions were anal-
yzed by Fourier-transform infrared spectroscopy (FTIR;
Shimadzu FTIR-8900) over 4500-450 cm™2. The crystal stru-
cture was determined by X-ray diffraction (XRD) analysis.

Statistical analysis: All experiments were performed in
triplicate (n = 3) and the results were expressed as mean +
standard deviation (SD). Statistical analyses were carried out
using OriginPro 2020. Differences among experimental groups
were evaluated using one-way analysis of variance (ANOVA),
followed by Tukey’s honestly significant difference (HSD)
post hoc multiple comparison test for pairwise comparisons.
ANOVA results are reported as F-values, degrees of freedom
(df) and exact p-values, while statistically significant pairwise
differences identified by Tukey’s HSD test were also reported.
Differences were considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

Primary quantitative analysis of phytoconstituents:
Aqueous extraction of phytoconstituents from Barleria leaves
was successfully performed using ultrasonication-assisted
extraction (UAE) and microwave-assisted extraction (MAE).
Both methods produced clear, homogeneous 20% (w/v) extr-
acts after filtration. UAE (50 kHz, 30 min) and MAE (1 min)
effectively released water-soluble phytochemicals, with MAE
providing comparable extraction efficiency in a substantially
shorter time.

Extraction method and plant species significantly affected
the recovery of phenolic and flavonoid compounds (Table-1).
One-way ANOVA confirmed significant differences in total
phenolic content (TPC) and total flavonoid content (TFC)
among the six Barleria species for both UAE and MAE (p <
0.001).

For UAE extracts, TPC differed significantly among
species (F(5,12) = 130.40, p = 4.99 x 1019). B. longifera
exhibited the highest TPC (1.004 + 0.020 mg GAE/g dry
plant material), followed by B. acuminata (0.873 + 0.040 mg
GAE/g dry plant material), whereas B. strigosa showed the
lowest phenolic content (0.491 + 0.024 mg GAE/g dry plant
material). Tukey’s HSD test indicated that B. longifera poss-
essed significantly higher TPC than most of the remaining
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TABLE-1

TOTAL PHENOLIC CONTENT (TPC) AND TOTAL FLAVONOID CONTENT (TFC) OF Barleria SPECIES EXTRACTED
BY ULTRASONICATION-ASSISTED EXTRACTION (UAE) AND MICROWAVE-ASSISTED EXTRACTION (MAE)

Sample TPC (mg GAE/g dry plant material) TFC (mg QE/g dry plant material)
Sonication Microwave Sonication Microwave
B. cristata 0.798 + 0.049° 0.765 + 0.003° 0.924 + 0.008° 0.420 + 0.059°
B. terminalis 0.690 + 0.008° 0.675 £ 0.015° 0.975 £ 0.007° 0.678 +0.031°
B. grandiflora 0.554 +0.014¢ 0.915 +0.021° 1.368 + 0.023? 0.531 £ 0.009°
B. strigosa 0.491 +0.0244 1.112 + 0.579% 0.925 + 0.009° 0.730 + 0.007°
B. acuminata 0.873 £ 0.040% 2.395+0.013% 1.484 + 0.004° 1.003 + 0.040?
B. longifera 1.004 + 0.020* 2.095 + 0.442% 0.917 + 0.002° 0.643 £ 0.032°

Footnote: Values are presented as mean + standard deviation (n = 3). Means within the same column followed by different lowercase superscript
letters are significantly different according to Tukey’s honestly significant difference (HSD) multiple comparison test at p < 0.05 following one-
way ANOVA. Means sharing at least one common letter are not significantly different (p > 0.05).

species, while no significant difference was observed between
B. acuminata and B. cristata or between B. grandiflora and
B. strigosa (p > 0.05).

In contrast, TPC of MAE extracts also varied signifi-
cantly among species (F(5,12) = 13.56, p = 0.00011). B.
acuminata exhibited the highest phenolic content (2.395 +
0.013 mg GAE/g dry plant material), followed by B. longifera
(2.095 + 0.442 mg GAE/g dry plant material), whereas B.
terminalis contained the lowest TPC (0.675 £ 0.015 mg
GAE/g dry plant material). Tukey’s HSD analysis showed
that B. acuminata possessed significantly higher TPC than
most other species, while no significant difference was obser-
ved between B. acuminata and B. longifera.

A similar trend was observed for flavonoid content. The
TFC of UAE extracts differed significantly among the six
Barleria species (F(5,12) = 1492.9, p < 0.0001). B. acuminata
had the highest TFC (1.484 + 0.004 mg QE/qg), followed by
B. grandiflora (1.368 + 0.023 mg QE/g), while B. longifera
had the lowest value (0.917 + 0.002 mg QE/g). Tukey’s HSD
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test placed B. acuminata and B. grandiflora significantly
above the other species, while B. cristata, B. strigosa and B.
longifera showed no significant difference.

For MAE extracts, TFC varied significantly among
species (F(5,12) = 68.96, p < 0.0001). B. acuminata had the
highest TFC (1.003 £ 0.040 mg QE/qg), followed by B. strigosa
(0.730 £ 0.007 mg QE/g) and B. cristata had the lowest
(0.420 £ 0.059 mg QE/g). Tukey’s HSD test showed signifi-
cantly higher TFC for B. acuminata than the other species (p
< 0.05), while B. strigosa, B. terminalis and B. longifera did
not differ significantly.

MAE method provide higher phenolic recovery, parti-
cularly for B. acuminata and B. longifera, whereas UAE gave
higher flavonoid recovery. B. acuminata had the highest flav-
onoid content and antioxidant activity under both extraction
conditions (Fig. 1) and was selected for subsequent nano-
hybrid synthesis and optimization. These results agreed with
previous reports of substantial variation in phenolic and
flavonoid composition among Barleria species [25,26]. The

120
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Fig. 1. DPPH radical scavenging activity (%) of aqueous extracts prepared by (a) ultrasonication-assisted extraction (UAE) and (b)
microwave-assisted extraction (MAE) from six Barleria species. Values are presented as mean + standard deviation (SD) (n = 3).
Statistical analysis was performed using one-way ANOVA followed by Tukey’s honestly significant difference (HSD) multiple
comparison test. Asterisks indicate statistically significant differences between the compared groups (p < 0.05, p <0.01, p < 0.001,

p < 0.0001; ns = not significant)
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higher phytochemical content and antioxidant activity of B.
acuminata support its selection as the phytochemical source
for antioxidant organic—inorganic nanohybrid synthesis.

Antioxidant activity: The DPPH radical-scavenging
assay was used to evaluate the antioxidant activity of the UAE
(Fig. 1a) and MAE (Fig. 1b) extracts. Significant differences
were observed among the six Barleria species for both extrac-
tion methods. For UAE, one-way ANOVA showed a signifi-
cant difference among species (F(5,12) = 1306.54, p = 5.56 x
1071%), with Tukey’s HSD confirming significant differences
(p <0.05). B. acuminata showed the highest scavenging acti-
vity (72.11 + 1.61%), followed by B. grandiflora (68.17 +
1.00%), B. strigosa (65.34 + 0.85%), B. cristata (36.15 *
1.50%), B. longifera (31.41 + 0.85%) and B. terminalis (14.84
+ 0.66%).

MAE extracts showed a similar species-dependent varia-
tion (F(5,12) = 675.82, p = 2.87 x 10%4). B. acuminata had
the highest activity (84.00 + 1.00%), followed by B. strigosa
(70.00 £ 1.00%), B. longifera (53.33 = 3.06%), B. grandiflora
(38.00 + 2.00%), B. cristata (20.00 £ 1.00%) and B. terminalis
(13.33 £2.08%). Tukey’s HSD confirmed significant differ-
ences among the species (p < 0.05).

B. acuminata exhibited the highest DPPH scavenging
activity with both extraction methods and was selected for
subsequent nanohybrid synthesis. MAE gave higher antioxi-
dant activity than UAE for B. acuminata and several other
species, consistent with reports attributing improved antioxi-
dant recovery to microwave-assisted cell disruption [27]. The
higher activity of B. acuminata was consistent with its higher
phenolic content, supporting its selection as the phytochemical
source for antioxidant nanohybrid fabrication.

Metal-ion screening and optimization of BAE-CuPNHs:
The present study developed plant-mediated organic—inorg-
anic nanohybrids using B. acuminata leaves extract as the
organic component and a metal phosphate framework as the
inorganic component. Formation of such hybrid structures
generally involves interactions between metal ions and func-
tional groups present in organic molecules, followed by self-
assembly within the inorganic framework [28]. Hybrid nano-
flower formation has been anticipated to involve nucleation
followed by anisotropic crystal growth. During the initial stage,
metal ions react with phosphate ions present in phosphate-
buffered saline (PBS), forming metal phosphate nuclei. These
nuclei can subsequently serve as sites for the association of
organic molecules during crystal growth and hierarchical
assembly [29-31]. Although the molecular interactions invol-
ved in the present system were not directly investigated,
hydroxyl, carbonyl and other oxygen-containing functional
groups present in B. acuminata phytochemicals may interact
with the developing metal phosphate framework.

Different divalent metal ions were screened to identify a
suitable inorganic precursor for nanohybrid formation. The
screening was based on residual antioxidant activity in the
synthesis supernatant and the morphology of the resulting
materials observed by FESEM (Figs. 2 and 3). Residual TPC
and TFC were subsequently quantified under optimized con-
ditions as comparative measures of phytochemical immobili-
zation. The metal-ion screening revealed clear differences in
both residual antioxidant activity and nanostructure morpho-

logy.

15
*p <0.05, **p < 0.01, ***p < 0.001
* * |
[
I
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Residual DPPH radical scavenging activity (%RSA) of the super-
natants following nanohybrid synthesis using different divalent
metal ions. Values are presented as mean + standard deviation (SD)
(n = 3). Statistical analysis was performed using one-way ANOVA
followed by Tukey’s honestly significant difference (HSD) multiple
comparison test. Asterisks indicate statistically significant differences
between the compared groups (p < 0.05, p < 0.01, p < 0.001, p <
0.0001; ns = not significant)

Fig. 2.

Calcium- and manganese-based systems retained relati-
vely higher antioxidant activity in the supernatant and formed
irregular, fragmented or granular structures. The ferrous ion
system generated heterogeneous agglomerated particles with
non-uniform morphology. The cobalt-based system showed
a higher reduction in residual antioxidant activity and formed
partially organized sheet-like and petal-like structures. Zinc- and
copper-based systems exhibited the lowest residual antioxi-
dant activity, accompanied by the formation of more organized
hierarchical structures. Zinc generated compact spherical
assemblies composed of densely packed nanosheets, whereas
copper produced uniform flower-like structures consisting of
interconnected petal-like features.

The residual antioxidant activity differed significantly
among the metal-ion systems according to one-way ANOVA
(F(5,12) =4.88, p=0.0115). Tukey’s HSD test showed signi-
ficantly lower residual activity for the copper-based system
compared with calcium (p = 0.0101), iron (p = 0.0320) and
manganese (p = 0.0349). The copper system had the lowest
residual antioxidant activity (4.34 + 1.55%), while calcium,
iron and manganese retained 11.27 + 1.79%, 10.17 + 3.28%
and 10.09 + 1.11%, respectively. These results, together with
the well-defined flower-like morphology observed by FESEM,
supported the selection of Cu?* as the inorganic precursor for
subsequent studies. The suitability of Cu?* for hybrid nano-
flower formation is consistent with earlier reports [32,33].
The present study differs from approaches in which copper is
selected before screening, as both phytochemical immobili-
zation and nanostructural morphology were considered in the
precursor selection.

Optimization of synthesis conditions: The synthesis of
BAE-CuPNHs was optimized by monitoring residual anti-
oxidant activity in the reaction supernatant (Fig. 4). A lower
residual activity was used as an indirect measure of higher
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Fig. 3. FESEM images of different nanohybrid synthesized using different metal ions
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Fig. 4. Optimization of synthesis parameters for Barleria acuminata extract-mediated copper phosphate nanohybrids (BAE-CuPNHSs): (a)
effect of PBS volume, (b) effect of CuSO4 concentration, (c) effect of incubation condition and (d) effect of incubation period. Values
are presented as mean + standard deviation (SD) (n = 3). Statistical analysis was performed using one-way ANOVA followed by
Tukey’s honestly significant difference (HSD) multiple comparison test. Asterisks indicate statistically significant differences
between the compared groups (p < 0.05, p < 0.01, p < 0.001, p < 0.0001; ns = not significant)
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immobilization of antioxidant phytochemicals within the nano-
hybrid matrix. Quantitative analysis of residual TPC and TFC
under the selected conditions provided an additional assess-
ment of phytochemical incorporation.

PBS volume had a significant effect on residual antioxi-
dant activity (F(4,10) = 717.81, p = 3.01 x 101?). Increasing
the PBS volume from 0.5 to 2.0 mL progressively decreased
residual activity, with Tukey’s HSD showing significant diff-
erences between the tested volumes up to 2.0 mL (p < 0.001).
The residual activity at 2.0 mL (4.00 + 0.11%) was statisti-
cally comparable with that at 2.5 mL (4.04 + 0.17%; adjusted
p =0.9992). Thus, 2.0 mL volume was selected as the optimum
condition, as the higher volume did not provide a measurable
improvement. The effect may be related to phosphate availa-
bility during copper phosphate framework formation.

Cu?* concentration significantly affected the synthesis
response (F(4,10) = 229.02, p = 8.73 x 10719). Residual anti-
oxidant activity decreased as Cu?* concentration increased
from 1 to 4 mM (Fig. 4b). Tukey’s HSD test showed signifi-
cant differences among the concentrations (p < 0.05), except
between 4 and 5 mM (p = 0.521). The lowest residual activity
was observed at 4 mM (5.80 £ 0.26%), while 5 mM gave a
comparable value of 6.27 £ 0.21%. A concentration of 4 mM
Cu?* was selected, providing high phytochemical immobili-
zation without the need for excess metal ions.

Incubation condition significantly influenced phyto-
chemical immobilization (F(1,4) = 18.68, p = 0.0124). Static
incubation resulted in lower residual antioxidant activity
(7.77 £ 0.99%) than shaking incubation (10.97 + 0.85%).
Tukey’s HSD confirmed a significant difference between the
two conditions (p = 0.0124; Fig. 4c). The static incubation
was selected for subsequent synthesis, as reduced mechanical
disturbance may favour stable association between phyto-
chemicals and the developing copper phosphate framework.

Incubation time also had a significant effect on residual
antioxidant activity (F(2,6) = 151.07, p = 7.38 x 10°°). The
residual activity decreased from 12.87 + 0.25% at 24 h to
11.00 + 0.30% at 48 h and 9.23 £ 0.21% at 72 h (Fig. 4d).
Tukey’s HSD showed significant differences among all incu-
bation periods (p < 0.05). The 72 h period was selected, as
extended incubation allowed better and higher association of
phytochemicals with the developing nanohybrid matrix.

The optimized synthesis conditions were therefore 2.0
mL PBS, 4 mM Cu?*, static incubation and 72 h reaction time.
Earlier work on SBP-Cus(PO4)-3H2O nanohybrids reported
that phosphate ions from PBS participate in formation of the
inorganic flower-like framework and identified 2 mM CuSO,
in 5 mM PBS (pH 7.4) as suitable for hierarchical nanoflower
formation [23]. The present results support the role of phos-
phate availability and copper concentration in nanohybrid

formation while identifying conditions suitable for phyto-
chemical immobilization from B. acuminata extract. BAE-
CuPNHs prepared under these conditions were subjected to
physico-chemical characterization and antioxidant evaluation.

Phytochemical immobilization: TPC and TFC were
quantified in the initial B. acuminata extract and synthesis super-
natant to assess phytochemical immobilization (Table-2). The
initial TPC was 0.048525 +0.002 mg GAE/mL, which decre-
ased to 0.003552 + 0.001 mg GAE/mL after nanohybrid form-
ation. This corresponded to an immobilization efficiency of
92.70 £ 0.70%. The TFC decreased from 0.15206 + 0.010 mg
QE/mL in the initial extract to 0.029493 + 0.001 mg QE/mL
in the supernatant, providing an immobilization efficiency of
80.58 + 0.63%.

One-way ANOVA confirmed significant differences
between the initial extract and supernatant for both TPC
(F(1,4) = 605.16, p < 0.0001) and TFC (F(1,4) =451.52, p <
0.0001). Tukey’s HSD test confirmed significantly higher TPC
and TFC in the initial extract than in the post-synthesis super-
natant (p < 0.001). The substantial reduction in both phyto-
chemical groups supports their incorporation into the nano-
hybrid during synthesis. Phenolic compounds showed a higher
immobilization efficiency than flavonoids, which suggest
stronger association of phenolic constituents with the copper
phosphate matrix.

Based on the combined results from metal-ion screening,
the synthesis optimization and phytochemical quantification
establish Cu?* as the preferred inorganic precursor and B.
acuminata as a suitable phytochemical source for BAE-CuPNH
fabrication. The optimized system showed high phenolic and fla-
vonoid immobilization with well-defined hierarchical nanoflower
structures.

Characterization of nanohybrid: The XRD analysis
was performed to investigate the crystalline structure of the
synthesized BAE-CuPNHSs. The diffraction pattern was reco-
rded using CuKa radiation (A = 0.15406 nm) over a 26 range
of 3-80° (Fig. 5). The synthesized material showed well-
defined diffraction peaks with a crystalline structure. The
diffraction pattern was consistent with JCPDS No. 00-022-
0548 for Cus(POa4)2-3H20, while no peaks associated with
secondary crystalline phases were detected.

The average crystallite size was estimated using the
Debye-Scherrer equation:

kx

D:
Bcos6

where D is the crystallite size, k is the Scherrer constant (0.9),
A is the X-ray wavelength (0.15406 nm); B is the full-width at
half maximum (FWHM) and 6 is the Bragg angle. The copper

TABLE-2
TOTAL PHENOLIC CONTENT, TOTAL FLAVONOID CONTENT, ANTIOXIDANT ACTIVITY AND
IMMOBILIZATION EFFICIENCY OF B. acuminata EXTRACT BEFORE AND AFTER NANOHYBRID SYNTHESIS

Parameter Initial extract Supernatant Immobilization efficiency (%)
Total phenolic content (mg GAE/mL) 0.048525 + 0.002 0.003552 £ 0.001 92.7 £0.70
Total flavonoid content (mg QE/mL) 0.15206 + 0.010 0.029493 £ 0.001 80.58 + 0.63
Antioxidant activity (% RSA) 30.66 + 4.04 5.66 + 1.52 81.54 £ 6.50

Values are expressed as mean + SD (n = 3).
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phosphate domains exhibited an average crystallite size of
~40.5 nm based on XRD analysis.

FESEM analysis (Fig. 6) revealed well-defined flower-
8000+ like structures composed of densely packed petal-like nano-
sheets radiating from the centre, with an average diameter of
approximately 13 um (Fig. 6b). The copper phosphate control
exhibited a compact, wrinkled sheet-like morphology (Fig.
6a), whereas the presence of B. acuminata extract favoured
hierarchical nanoflower formation. Comparable copper phos-
phate nanoflower morphologies have been reported for plant-
and peptide-mediated hybrid systems [33]. The hierarchical

|
J 1 /JMN ,d architecture may provide a large accessible surface area for
k) e functional applications.
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wt.%) and P (7.65 wt.%), with trace amounts of Na, CI, Ca
and K (Fig. 7e). Carbon and oxygen are associated mainly
with plant-derived constituents, while copper and phosphorus
correspond to the inorganic phase. Elemental mapping showed
a relatively uniform distribution of Cu, P and O across the
nanohybrid surface (Fig. 7a-d). The combined FESEM, EDX
and XRD findings support the formation of a copper phos-
phate-based hierarchical nanohybrid.

FTIR spectroscopy was used to examine the functional
groups of copper phosphate, B. acuminata extract and BAE-
CuPNHSs (Fig. 8). The BAE-CuPNH spectrum (Fig. 8a)
retained characteristic bands of both components. The broad
band at 3481.44 cm™, carbonyl band at 1739.34 cm and bands
at 1367.57 and 1216.07 cm™* support the presence of plant
derived constituents. Phosphate bands at 1149.02, 1044.88,
and 989.23 cm™, along with deformation bands at 629.53,
559.08, 535.81 and 513.54 cm?, are the characteristic of the
copper phosphate phase. The copper phosphate spectrum
(Fig. 8b) showed phosphate bands at 1140.85, 1042.17 and
983.08 cm™, assigned to PO,* asymmetric stretching, while
bands at 623.35 and 552.68 cm™ corresponded to O-P-O
bending vibrations, which is the characteristic of the copper
phosphate framework [34]. The B. acuminata extract (Fig. 8¢)
exhibited bands associated with plant-derived phytochemicals.
The bands at 2925.71 and 2852.05 cm™* were assigned to O-H
and C-H stretching vibrations, respectively. The band at
1739.43 cm™ corresponded to C=0 stretching, while bands
at 1367.24, 1261.02 and 1061.89 cm were associated with
O-H bending, C-O stretching and C-N stretching vibrations,
respectively.
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FTIR analysis of the (a) BAE-CuPNHs, (b) copper phosphate and

(c) B. acuminata extract

Fig. 8.

The small FTIR band shifts did not provide sufficient
evidence for specific strong chemical interactions. The chara-
cteristic bands of copper phosphate and plant-derived consti-
tuents support their coexistence in the hybrid material, in
agreement with the quantitative phytochemical immobiliza-
tion results. Under optimized conditions, the immobilization
efficiencies were 92.70 + 0.70% for total phenolics and 80.58
+ 0.63% for total flavonoids (Table-2). Antioxidant activity

showed an immobilization efficiency of 81.54 + 6.5%. The
antioxidant response decreased from 30.66 + 4.04% RSA in
the initial extract to 5.66 + 1.52% RSA after nanohybrid for-
mation. One-way ANOVA confirmed a significant difference
between the two groups (F(1,4) = 100.45, p < 0.0001), and
Tukey’s test confirmed the lower final antioxidant activity (p
< 0.001). These results provide quantitative support for subs-
tantial incorporation of antioxidant phytochemicals into the
copper phosphate nanohybrid

Antioxidant activity: The antioxidant activity of BAE-
CuPNHs was evaluated using the DPPH radical-scavenging
assay (Fig. 9). A concentration-dependent increase in radical
scavenging activity (%RSA) was observed. One-way ANOVA
confirmed significant differences among the tested concen-
trations (F(4,10) = 992.82, p = 5.99 x 107'%), while Tukey’s
HSD test showed significant differences between all concen-
trations (p < 0.001). The %RSA increased from 39.00 + 0.50%
at 1 mg to 79.00 £ 0.50% at 5 mg, with intermediate values of
47.00 + 1.53%, 56.33 + 0.89% and 68.00 + 0.50% at 2, 3 and
4 mg, respectively.

80
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9
5) 60
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1 2 3 4 5
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Fig. 9. DPPH radical scavenging activity of Barleria acuminata extract-

mediated copper phosphate nanohybrids (BAE-CuPNHSs) at diffe-
rent nanohybrid concentrations (1-5 mg). Values are presented as
mean * standard deviation (SD) (n = 3). Statistical analysis was
performed using one-way ANOVA followed by Tukey’s honestly
significant difference (HSD) multiple comparison test. Asterisks
indicate statistically significant differences between the compared
groups (p < 0.05, p <0.01, p <0.001, p < 0.0001)

Linear regression showed a strong positive relationship
between nanohybrid concentration and %RSA (y = 28.36765
+9.98529x; r =0.99834). The I1Cs calculated from this regre-
ssion was approximately 2.17 mg. The concentration depen-
dent DPPH response indicates retention of antioxidant activity
by immobilized phytochemicals within the copper phosphate
matrix. The high immobilization efficiencies of phenolics,
flavonoids and antioxidant constituents further demonstrate
the preservation of phytochemical functionality. Similar
concentration-dependent DPPH activity was reported for Cu-
based organic—inorganic hybrid nanoflowers prepared using
snakeskin shed [31]. The BAE-CuPNHs showed comparable
radical-scavenging behaviour, highlighting their potential as
plant-mediated antioxidant nanohybrids.
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Conclusion

Aqueous phytochemical extraction from six Barleria
species was evaluated using ultrasonication-assisted extrac-
tion (UAE) and microwave-assisted extraction (MAE). B.
acuminata exhibited the highest DPPH radical-scavenging
activity under both extraction conditions and was selected as
the phytochemical source for nanohybrid synthesis. MAE pro-
vided higher phenolic recovery for B. acuminata, while UAE
gave higher flavonoid recovery. Copper was selected from the
screened divalent metal ions based on its low residual anti-
oxidant activity and formation of well-defined hierarchical
flower-like structures. The optimized synthesis conditions
comprised 2.0 mL PBS, 4 mM CuSOs,, static incubation and 72 h
reaction time. Under these conditions, BAE-CuPNHSs achieved
immobilization efficiencies of 92.70 £ 0.70% for phenolics,
80.58 £ 0.63% for flavonoids and 81.54 + 6.5% for antioxi-
dant constituents. XRD analysis assigned the crystalline phase
to Cus(PQO4)2-3H20, with an average crystallite size of ~40.5
nm. FESEM revealed hierarchical nanoflowers composed of
densely packed petal-like nanosheets, while EDX and FTIR
analyses established the coexistence of copper phosphate and
plant-derived constituents within the hybrid structure. The
DPPH assay showed concentration-dependent antioxidant
activity, reaching 79.00 + 0.50% RSA at 5 mg, with an estim-
ated ICsp of ~2.17 mg. The findings establish BAE-CuPNHSs
as plant-mediated copper phosphate nanohybrids with subs-
tantial phytochemical immobilization and retained antioxi-
dant functionality, providing a promising platform for further
investigation in antioxidant-related applications.
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