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ABSTRACT: Naringenin, one of the flavonoid components, is majorly found in
and obtained from grapefruits and oranges. Naringenin also acts as a potent
antioxidant, which possesses hypolipidemic as well as anti-inflammatory
potential. Naringenin reduces the expressions of several inflammatory mediators,
viz., NF-κB, cycloxygenase-2, and other cytokine mediators. In spite of having
various biological effects, the clinical application of naringenin is restricted due
to its very poor aqueous solubility. In the present study, the high-energy ball
milling method was employed for the preparation of naringenin nanoparticles
without using any chemical with an aim to enhance the anti-oxidant potential of
naringenin. The milled naringenin nanoparticles were characterized for their
physicochemical properties using scanning electron microscopy (SEM) and X-
ray diffraction. Additionally, the effects of milling time and temperature were
further assessed on the solubility of crude and milled naringenin samples. The
antioxidant potential of milled naringenin was evaluated with various assays such as DHE, DCFDA, and cleaved caspase-3 using SH-
SY5Y human neuroblastoma cells. The nanoparticle size of naringenin after milling was confirmed using SEM analysis. Crystalline
peaks for milled and crude samples of naringenin also established that both the naringenin forms were in the crystalline form. The
solubility of naringenin was enhanced depending on the milling time and temperature. Moreover, crude and milled naringenin were
found to be cytocompatible up to doses of 120 μM each for the duration of 24 and 48 h. It was also observed that milled naringenin
at the doses of 1, 2, and 5 μM significantly reduced the levels of reactive oxygen species (ROS) generated by H2O2 and exhibited
superior ROS scavenging effects as compared to those of crude or un-milled forms of naringenin. Furthermore, milled naringenin at
the doses of 1 and 2 μM inhibited H2O2-induced cell death, as shown by immunofluorescence staining of cleaved caspase-3 and
Annexin-V PI flow cytometry analysis. Conclusively, it could be suggested that the size reduction of naringenin using high-energy
ball milling techniques substantially enhanced the antioxidant potential as compared to naiv̈e or crude naringenin, which may be
attributed to its enhanced solubility due to reduced size.

1. INTRODUCTION
Nanoparticle-based formulations and drug delivery platforms
have drawn much attention because of their discrete and
special characteristic features, which are quite limited in
present-day conventional drugs and medicines. For example,
the reactivity of nanoparticulate materials with other biological
milieu has been comparatively more efficient and effective
because of the higher surface-to-volume ratio, along with the
higher number of atoms reacting on the surfaces and at other
interfacial regional boundaries. Several studies have described
the biomedical applications of nanoparticles, mainly as anti-
microbial nanoformulations, in cellular and other bio-imaging
techniques, drug-delivering paradigms, and anti-cancer thera-
pies.1−3

Naringenin is one of the chief citrus flavonoid components,
majorly ascertained among grapefruits and oranges, and
possesses structural similarity to widely researched polyphe-
nolic compound resveratrol. Naringenin is also a potent

antioxidant, which possesses hypolipidemic and anti-inflam-
matory potential.4,5 This flavonoid compound has shown quite
strong protecting efficacies against atherosclerotic disorders,
although the particular mechanism implicated in these effects
has not been totally explored.6,7 In one clinical study, this
flavonoid substance could cause the reduction of circulating
low-density lipoprotein (LDL) levels by 17% in patients having
hypercholesterolemia.8 Naringenin also possesses strong anti-
inflammatory potential, which reduces expressions of several
inflammatory mediators, viz., NF-κB, cycloxygenase-2, and
other cytokine mediators.9 Several other pharmacological
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actions have been ascribed to naringenin, which includes anti-
tumorigenic action, anti-angiogenesis capacity, and other
neuroprotective actions.10−12

Because of the quite poor water solubility of naringenin
(9.80 μg/mL at room temperature) which ultimately results in
highly inefficient delivery and poor pharmacological perform-
ance, several efforts have been made for the customization and
synthesis of naringenin nanoformulations in general and
nanoparticles in particular for various applications.10,13,14 The
ultimate aim of the conversion of the conventionally available
micro-form of naringenin into its nanosized formulation is the
enhancement of its saturation solubilities and increased drug
absorption through various cellular and tissue surfaces,
culminating into the higher bioavailability.
Although these nano-conversion techniques have seen some

success rates, most of these suffer from one or the other
limitations, which include poor yields, lower purity rates, lower
biocompatibility, and higher toxicity concerns. Therefore, a
low-temperature, larger-scale and simpler nanoformulation
process is required for synthesizing the nanocrystalline form
of naringenin nanoparticles.
Recently, mechanical ball milling has been reported to be an

effective and simpler process without implicating the high-
temperature treatments for producing the nanocrystalline
formulations of powders, and higher yields are expected with
larger quantities of nanoparticles and customized characteristic
features.15−17 Here, in this methodology, initially powdered
particles get entrapped among the extremely energizing jarring
metallic balls and interior boundaries of vials, which then leads
to recurring contortion, rewelding, and breaking down of pre-
mixed powdered materials culminating into the formulation of
finer, discrete nanoparticles in these matrices. During this
milling technique, two necessary actions impact nanoparticles’

characteristic features.17,18 First, the cold-welding phenomena
results in an enhancement in the mean nanoparticle size.
Second, the fragmenting action leads to the breaking up of
complex particulate materials. Steady-state equilibria are
obtained when the balancing is accomplished among these
actions beyond a particular duration of ball milling.17 The chief
application of present-day ball milling is the fracturing of
micro-particles and reducing their particle size, which becomes
quite distinct from the newer high-energy ball milling
technique.
Therefore, with regard to the significance of ball milling

methodology in nanoparticle formation and then alteration of
their physicochemical characters, this technique was applied in
naringenin nanoparticle formation. In this study, various
structural [X-ray diffraction (XRD)], microscopic [scanning
electron microscopy (SEM)], and other biological analyses
were carried out on the formulated naringenin nanoparticles.
All these analyses demonstrated quite significant results on this
drug material, which may be of appreciable applications in
many arenas like nanoparticle-mediated targeting of diseases
and disorders. To the best of our knowledge, this is the first
study where nanosized naringenin obtained after the ball
milling method has been employed for the reduction of
reactive oxygen species (ROS) in the cells in vitro model, viz.,
its safety in terms of biocompatibility has been tested in
hTERT-BJ cell lines and pharmacological efficacy has been
tested in the SH-SY5Y human neuroblastoma cell line.

2. MATERIALS AND METHODS
The materials and method sections have been provided with a
detailed description in the Supporting Information file.

Figure 1. SEM images of naringenin at different milling times; here (a) unprocessed naringenin, (b) naringenin after 120 min of milling, (c)
naringenin after 240 min of milling, (d) naringenin after 480 min, (e) naringenin after 600 min of milling, and (f) naringenin after 720 min of
milling.
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3. RESULTS AND DISCUSSION
In the recent past, several studies have reported the ball milling
of naringenin for the conversion of naringenin into its

nanoparticle forms, and these studies have been added in the
Discussion Section.19−22 The clinical and therapeutic efficacy
of naringenin is restricted due to its lower bioavailability
because of the poor solubility. For the enhancement of its
solubility, naringenin nanosuspension was prepared by the
milling technique. The nanoparticle size, surface morphology,
and so forth were evaluated, and stability studies were also
assessed by observing the particle size alterations in various

physiological media.19 Similarly, a high-energy ball milling
technique was used to prepare nano-naringenin, which was
characterized with the help of transmission electron micros-
copy followed by the assessment of pharmacological efficacy of
nanosized naringenin in the amelioration of the biochemical,
behavioral, and histological changes induced by the nicotine in
rats.20 Another report aimed to formulate the stable nanosized
naringenin by the milling methods and exploring its potential
applicability for rheumatoid arthritis. Physiochemical proper-
ties, physical stabilities, and dissolution functioning of
nanosized naringenin were evaluated. Intracellular uptake and
transportation of nanosized naringenin were subsequently
assessed in Caco-2 cells. Finally, in vivo pharmacokinetics and
anti-inflammatory potential of nanosized naringenin were also
evaluated. The outcomes of all these experiments provided
newer insight into the treatment of rheumatoid arthritis.21

Another study describes the formulation and assessment of
naringenin nano-suspensions for enhancing bioavailability.
This top-down approach undertakes the application of high-
energy ball milling methods for the reduction of nanoparticle
size to enhance the saturation solubility of naringenin,
ultimately improving its bioavailability.22

The present approach was basically undertaken to convert
the naiv̈e or microcrystalline form of the naringenin drug into
its nanocrystalline form with the aid of the ball milling
technique. In the recent past, a number of different tools and
techniques have been employed for either the mechano-
synthesis of nanoparticles by ball milling or the conversion of
microcrystalline forms of the materials to their nanocrystalline
forms and variants.23−28 In the present study, ball milling of
the crude or naiv̈e form of microcrystalline powder of
naringenin was carried out for various time intervals, and at
each time point, a sample was taken for the size, shape, and
morphological characteristic analyses of the milled samples by
SEM (Figure 1). A number of reasons could be attributed to
the enhanced pharmacological efficacy of bioactive compounds
after their size reduction. One of the chiefs and prominent
reason is the increase in the saturation solubility, and
distribution rates, and as result an overall improvement in
the bioavailability of the nanoparticulate form of the bioactive
compound under investigation.29−31 This also seems to be the

Figure 2. X-ray diffraction patterns of naringenin at milling time;
Ncrude (not processed), N480 (after 480 min of milling), and at
N720 (after 720 min of milling).

Figure 3. (a) Solubility values of crude and milled naringenin samples (black) without sonication and solubility values of crude and milled
naringenin samples with sonication (black). (b) Effect of temperature on solubility of processed naringenin at different time points.
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case in the present study under consideration. The other
significant reason is the slight change in the crystal structure of
the bioactive compound, which also leads to the increased
pharmacological efficacy of drugs.32−35 It was observed that
ball milling of the microcrystalline form could substantially
convert this naiv̈e naringenin into its nanocrystalline form as
seen under a scanning electron microscope. These results were
in close corroboration of earlier reports, where the researchers
employed SEM analyses to assess and establish the particle size
of nanostructures obtained after the ball milling techni-
ques.36−39

Once the particle size reduction of microcrystalline
naringenin was confirmed by SEM analysis, the evaluation of
any alteration in crystalline nature was assessed with XRD

analysis of crude as well as milled forms. It was observed that
there was no significant deviation of the naringenin form in its
crystalline behavior as no major shift was noted down in the
XRD peak patterns. These present outcomes are in complete
compliance with earlier reports, where no considerable
deviations in the crystalline behavior and crystal structures
were observed after the ball milling process was undertaken on
powders.40−42 The characteristic peaks were present in the
nanocrystalline form of naringenin, which confirmed its
crystallinity. In the present report, these crystalline peaks
were observed from the diffraction pattern of naringenin milled
for 480 min and 720 min, which established that naringenin
was in a crystalline form in both of these milled and crude
samples (Figure 2).

Table 1. Dissolution Study at pH-7.4 and 37 °C
s. no sample 15 min 30 min 60 min 120 min 240 min 480 min 720 min

1 Ncrude 7.0% 7.49% 8.02% 8.52% 19.4% 33.6% 33.7%
2 N120 7.8% 9.6% 15.6% 20.1% 28.2% 43.1% 51.8%
3 N480 7.12% 8.1% 10.7% 16.2% 21% 30.6% 41%
4 N600 4.84% 9.7% 13.2% 18.3% 29.2% 35.3% 39.8%
5 N720 3.63% 6.06% 15.6% 32.4% 52% 75.1% 77.5%

Figure 4. Dissolution study of naringenin at different milling times. In
this graph, Ncrude, N120, N480, N600, and N720 show unprocessed
naringenin, after 120 min of milling, after 480 min of milling, after 600
min of milling, after 720 min of milling, respectively.

Figure 5. Biocompatibility study of the (a) crude or naiv̈e form and (b) nanosized form of naringenin as carried out in hTERT-BJ (human skin
fibroblast) cell lines for a period of 24 and 48 h.

Figure 6. (a) DHE in the SH-SY5Y human neuroblastoma cell line
and (b) its quantification.
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The UV−visible spectrum of the crude or naiv̈e (unmilled)
form of naringenin and that of the ball-milled samples for 120,
240, 480, 600, and 720 min of processing were scanned, and
solubility values were calculated from the λmax values of
absorbance. The resulting graph showed that the solubility of
the naringenin enhanced as the milling time increased.
Additionally, sonication of crude and milled naringenin

samples further enhanced the solubility (Figure 3a). The
values of solubility for unprocessed crude or naiv̈e (unmilled)
forms of naringenin and those of the sample ball-milled for
120, 240, 480, 600, and 720 min are 15.2, 36.9, 41.9, 43, 47,
and 50% respectively. In this regard, various reports in the
recent past have emphasized the quite pivotal role of ball
milling in encountering the solubility-associated problems of
the crude or naiv̈e powdered forms and hence promoting its
saturation solubilities.24,43,44 Saturation solubilities of various
samples of nanocrystalline naringenin that have been milled for
corresponding time periods have been summarized in Table 1.
For analyses of the effects of temperature variations on the
saturation solubilities of all the ball-milled samples, nano-
crystalline naringenin was made to get solubilized with stirring
for 10 min. In the present study, the temperature was set at 27,
50, 75, and 100 °C. The value of solubility for crude
naringenin and that of milled naringenin for 120, 240, 480,
600, and 720 min under different temperature conditions were
evaluated and were found to be temperature-dependent as seen
in Figure 3b. Solubility of the crude and milled naringenin
samples also increased with an increase in temperature up to
100 °C. The solubility enhancement of milled naringenin
samples is more (about 17.4% enhancement) as compared to
that of crude naringenin (about 6% enhancement) in response
to increased temperature (Figure 3b). Overall, the solubility of
milled naringenin also depends upon milling, sonication, and
temperature.
The drug release study was also carried out for the

nanocrystalline naringenin via the dialysis bag method45,46

for analyzing the release behavior in the physiological medium
(Figure 4). The percentage release of unprocessed (crude)
naringenin after 120, 480, 600, and 720 min of ball milling was
found to be 33.7, 51.8, 41.0, 39.8, and 77.5%, respectively.
Once the drug release behavior of naringenin in the

physiological medium was confirmed, its biocompatibility
among the hTERT-BJ (human skin fibroblast) cell lines was
carried out to establish its cytocompatibility among the normal
cell lines. It was observed that both the crude naringenin and
the milled naringenin were quite cytocompatible up to the
doses of 120 μM each for the duration of 24 and 48 h,
respectively (Figure 5a,b). We have chosen milled naringenin
samples, which were processed up to the 720 min time point
(N720). In all the subsequent experiments, we used the milled
naringenin sample processed up to 720 min (N720) as at this
time point, a marked increase in solubility of naringenin was
observed. No appreciable or significant decline in the cell
viability was observed up to 120 μM, which established that
this in vitro safe dose of naringenin in its nanosized form could
be applied for cellular studies. hTERT-BJ cells are fibroblast
cells established from skin taken from the normal foreskin of a
neonatal male. One of the chief applications includes
toxicology research, which means that these cells are the
most suitable for assessment and evaluations of the high-
throughput screening of safety and toxicity of compounds and
nanoformulations. These cells are of fibroblast origin, which is
quite distinct from the epithelial origin, so in order to have an
idea of what can be the probable safety or toxicological effects
on different cells of the body, in case naringenin is used for in
vivo studies, hTERT-BJ (human skin fibroblast) cells were
employed for assessing the biocompatibility of the milled
naringenin.
Dose-dependent pharmacological efficacy was determined in

the human neuroblastoma cell lines in terms of the intracellular

Figure 7. (a) DCFDA in the SH-SY5Y human neuroblastoma cell line
and (b) its quantification.

Figure 8. (a) Cleaved caspase-3 in the SH-SY5Y human neuro-
blastoma cell line and (b) its quantification.
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levels of ROS (including that of O2
•−) detection with an

oxidation-sensitive fluorescent probing dihydroethidium
(DHE) dye.47,48 DHE assay can measure the levels of ROS
directly in live cells. This assay employs DHE as a fluorescent
probe for the detection of ROS generation and is specific for
superoxide and hydrogen peroxide. ROS generation can be
presented as total DHE fluorescence. Likewise, the DCFDA
assay relies upon the diffusion of DCFDA into the cells. It is
then deacetylated by cellular esterases to a non-fluorescent
compound, which is later oxidized by ROS into 2′,7′-
dichlorofluorescein (DCF). DCF is highly fluorescent and is
detected by fluorescence spectroscopy with excitation/
emission at 485 nm/535 nm. Since naringenin is a very potent
anti-oxidant, its capability of neutralization of ROS in its rude
or naiv̈e or unmilled form as compared to that in the
nanocrystalline form as well compared with the help of these
assays. It was observed that the nanocrystalline form of
naringenin was able to suppress the production of ROS in the
SH-SY5Y human neuroblastoma cell line in a dose-dependent
manner (Figure 6a). These outcomes showed close corrobo-
ration with other earlier reports, where nanoformulations were
able to appreciably suppress the production or enhanced
intracellular levels of ROS.49,50 The corresponding quantifica-
tion also demonstrated the significant lowering of ROS in the
nanosized naringenin-treated human neuroblastoma cells
(Figure 6b)
Another approach, viz., the DCFDA method was applied for

the fluorescence-based detection of and measurements of
hydroxyl, peroxyl, and other ROS activities within the human
neuroblastoma cell line following the previous reported
methods.51,52 It was noted that the nanoparticulate form of
naringenin was able to appreciably bring down the intracellular

levels of ROS in a dose-dependent manner. The anti-oxidants
and their nanoformulations have the capabilities and can
appreciably decrease the intracellular ROS levels through their
ROS scavenging effects (Figure 7a).53,54 The corresponding
quantification also demonstrated the significant lowering of
ROS in the nanosized naringenin-treated human neuro-
blastoma cells (Figure 7b)
The pharmacological efficacy of nanocrystalline naringenin

was also assessed in terms of the suppression of the apoptotic
inducing enzyme, cleaved caspase-3. It was observed that the
expression of cleaved caspase-3 was appreciably higher in the
human neuroblastoma cells with higher levels of ROS. After
the treatment of these cells with nanocrystalline naringenin,
the cleaved caspase-3 expression level got considerably reduced
in the human neuroblastoma cells (Figure 8a). This fluorescent
expression level of cleaved caspase-3 was quantified, and a
dose-dependent reduction in its expression was noted down in
nanosized naringenin-treated human neuroblastoma cells
(Figure 8b). In DCFDA assay, since the highest dose of 5
μM of nanosized naringenin was not able to show sufficiently
significant results, it was omitted in the further experimenta-
tion and in the subsequent experiments, and only two doses of
nanosized naringenin were employed, viz., 1 and 2 μM
nanosized naringenin.
Flow cytometry analysis was used for assessing the apoptotic

cell death due to the generation of ROS and anti-apoptotic
effects of the nanoparticulate form of naringenin. It was
observed that a higher dose of nanosized naringenin
appreciably inhibited apoptotic cell death as compared to the
lower dose as well as in comparison to the ROS-induced cell
apoptosis group (Figure 9a). The comparative quantitative
graphical representation also exhibited a significantly higher

Figure 9. (a) Annexin-V PI flow cytometry for cell death of the SH-SY5Y human neuroblastoma cell line and (b) its quantification.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04148
ACS Omega 2022, 7, 34476−34484

34481

https://pubs.acs.org/doi/10.1021/acsomega.2c04148?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04148?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04148?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04148?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


apoptosis inhibition in human neuroblastoma cells in the 2 μM
nanosized naringenin-treated group compared to that in the 1
μM nanosized naringenin-treated and untreated group (Figure
9b). In the DCFDA assay, since the highest dose of 5 μM
nanosized naringenin was not able to exert sufficiently
significant results, it was omitted in further experimentation
and in the subsequent experiments, and only two doses of
nanosized naringenin were employed, viz., 1 and 2 μM
nanosized naringenin.

4. CONCLUSIONS
Despite being a promising natural antioxidant compound,
naringenin has very low aqueous solubility. In this study, we
used the high-energy ball milling method to reduce the size of
naringenin without using any chemical. Size reduction leads to
the increased solubility of naringenin, which depends upon
milling time, sonication, and temperature. Interestingly,
increased solubility resulted in an escalated antioxidant
potential as demonstrated by its ability to reduce the level of
ROS. Moreover, milled naringenin also demonstrated
protective effects against H2O2-induced cell death. Milled
naringenin exhibited 10 times better potency as compared to
that of crude naringenin, which is mainly attributed to the
reduction in the size of naringenin.
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