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Abstract To assess the cellular mineral uptake and oxida-

tive stability of flower extract, a nanoscale gum arabic sta-

bilized Rhododendron arboreum flower extract emulsion

was formulated. Four different concentrations of flower

extract (1–5%) were used for the optimization of the

nanoemulsion. A significant (P\ 0.05) difference was

observed in average droplet size (43.51–55.87 nm) of the

nanoemulsion. FTIR spectrum confirmed mainly C=C, ali-

phatic C–H, aliphatic and aromatic galacto-proteins, and

polymeric-OH groups present in nanoemulsion. Smooth

type of nanoemulsion was confirmed by inverted light

microscopy. Ionic strength was evaluated and significant

(P\ 0.05) increase in particles size was attributed, whereas

significant (P\ 0.05) decrease in zeta potential was

observed by increased NaCl concentration. Iron and calcium

showed a non-significant difference in terms of mineral

bioavailability. Calcium revealed significantly higher cel-

lular uptake (52.11%) in comparison with iron (50.25%) and

zinc (45.32%) during transwell assay. Higher cellular iron

uptake unveiled a satisfactory amount of ferritin content

Keywords Gum arabic � Nanoemulsion � Rhododendron
arboreum � TBA � Minerals � FTIR

Abbreviations

FE Flower extract

NE Nanoemulsion

DMEM Dulbecco’s modified eagles medium

PBS Phosphate buffer saline

AAS Atomic absorbance spectrophotometer

DLS Dynamic light scattering

FTIR Fourier transform infrared spectroscopy

TBA Thiobarbituric acid

Introduction

Global population is gaining more interest in natural plant-

based food products due to their potential health benefits

and notable nutritional aspects (Ammar et al. 2015;

Rachmawati et al. 2017). Since every part of a plant is

valuable, numerous varieties of wild flowers such as

Daylily, Mint, Chrysanthemum, Pansy, Rose, Tulip, Lilac

and Rhododendron are widely used as functional ingredi-

ents for preparation of food, nutraceutical and medicinal

products (Kiruba et al. 2011; Ammar et al. 2015; Popescu

and Kopp 2017). Flowers improve the sensory character-

istics such as appearance, taste and aesthetic values of

foods, and aspects that consumers escalate justifying the

growing trend of fresh top quality flowers’ sales worldwide

(Fernandes et al. 2018). Natural biodiversity of India is an

emblem for the selection of natural foods for the human

being. Rhododendron L. is one of the largest genera of
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vascular plants that comprises 8 subgenera with more than

850 species and the majority of the species grow in the

Himalayan region of India (Bhattacharyya 2011; Ranjitkar

et al. 2014). Numerous researchers revealed hundreds of

bioactive components in Rhododendron L. flowers that

attribute various significant therapeutic and pharmacolog-

ical importance (Louis et al. 2010; Qiang et al. 2011).

These flowers are effectively used as anti-inflammatory,

anti-nociceptive, antiprotozoal, antiviral, immunomodula-

tory, anti-diabetic, spasmolytic, sedative, acetyl-

cholinesterase inhibitory, hepatoprotective,

cardioprotective and anti-oxidants (Garcı́a-Lafuente et al.

2009; Verma et al. 2010; Kim et al. 2011; Zhang et al.

2010; Gescher et al. 2011; Kumar et al. 2019). Several

species of genus Rhododendron L. have been found in

Himalayan region but Rhododendron arboreum is the most

abundant. These flowers are traditionally used in the

treatment of diarrhea, blood dysentery, high altitude sick-

ness, headache, mental retardation, nasal bleeding, fever,

and stomachache (Verma et al. 2010; Ranjitkar et al. 2014).

In addition, due to numerous health benefits, there is sub-

stantial interest in the enrichment of food and beverage

products with Rhododendron arboreum extracts (Pal and

Bhattacharjee 2018). Furthermore, because of their mineral

content, the food and beverage enrichment with Rhodo-

dendron arboreum extracts could be cost-effective, sus-

tainable and optimal strategy against micronutrient human

deficiencies (Gupta et al. 2015; Chawla et al. 2017; Pal and

Bhattacharjee 2018). Nevertheless, numerous confronts are

associated with the enrichment of these bioactive extracts

into functional foods due to their chemical instability to

oxygen, light, heat and anti-nutritional components of the

food (Rachmawati et al. 2017). Therefore, to overcome the

problem nanoemulsions stabilized and formulated with

different plant-based biopolymers could be the potential

and cost-effective approach (Ha et al. 2015; Taarji et al.

2018). These biopolymers conjugate effectively coat the

bioactive compounds in the extracts, and prevent their

chemical instability, ensuring their safe arrival in the target

area. In this context, gum arabic is a widely used plant-

based exudate gum for the preparation and stabilization of

the oil in water nanoemulsion (Ha et al. 2015; Li et al.

2016; Taarji et al. 2018). However, no attempts have been

made for the preparation and characterization of the gum

arabic stabilized nanoemulsion of Rhododendron arboreum

flower extract. Therefore, the aim of this study was to

develop nanoemulsion of Rhododendron arboreum flower

extract and to assess the in vitro bioavailability of minerals

of flower extract through Caco-2 cell culture model. The

objectives were as follows (i) Preparation and stabilization

of the Rhododendron arboreum extract nano-emulsion, (ii)

characterization of the respective emulsion, and (iii)

assessment of in vitro mineral bioaccessibility of zinc, iron,

calcium, and ferritin content of the nanoemulsion using

transwell assay.

Materials and methods

Materials

Rhododendron arboreum flowers were obtained from the

forest of the Solan, Himachal Pradesh, India. Gum arabic,

tween 80, linoleic acid, a-amylase, lipase (human pancre-

atic), mucin, phospholipase, cholesterol esterase, pepsin,

bovine serum albumin, pancreatin, glucosamine

hydrochloride, glucuronic acid, ammonium sulphate,

sodium salt hydrate of taurocholic acid were purchased

from Sigma Aldrich Co. St. Louis, MO, USA. Phosphate

buffer, sodium chloride, ethanol, L-ascorbic acid, calcium

chloride were provided by Hi-Media Laboratories Pvt.

Ltd., Mumbai, India. Caco-2 cells (Human colon adeno-

carcinoma) were obtained from National Centre for Cell

Science, Pune, Maharashtra, India. DMEM (Dulbecco’s

Modified Eagles Medium), DMSO (dimethyl sulfoxide),

Trypsin EDTA (0.25%), L-glutamine, phenol red and

streptomycin (sulfate salt) were acquired from Sigma

Aldrich, St. Louis, MO, USA; Human ferritin ELISA kit

(SEA518Hu 96 Tests) from Cloud Clone-Corp. Houston,

USA. Plastic dishes, plates, and transwell were obtained

from Corning (Corning, NY, USA). Chemicals used were

of AR grade. Triple distilled, cellular grade water and acid

washed glassware were used throughout the experiments.

Methods

Preparation of ethanolic extract from Rhododendron

arboretum flowers

Fresh RA were collected and taxonomical identification

was confirmed in department of the botany, Shoolini

University, Solan Himachal Pradesh, India. These fresh

flowers were washed with tripled distilled water and petals

were separated from the other parts of the flowers.

Ethanolic extract of these flowers was prepared by fol-

lowing the method of Kiruba et al. (2011) and Gupta et al.

(2015). Briefly, 20 g of fresh petals were dispersed into

ethanol (1:5, w/v) and subjected for shaking using orbital

shaker (Orbitek LT, Scigenics Biotech Pvt. Ltd., Chennai,

India) for 48 h. Ethanolic extracts of flower was then fil-

tered through Whatman no 1 filter paper. The extract was

evaporated to dryness at refrigerated temperature (4–7 �C).
The extracts were then stored in amber colored airtight

containers at -20 �C until the further analysis.
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Preparation of oil in water nanoemulsion

Nanoemulsion was prepared by following the method

proposed by Li et al. (2016). Briefly, four different quan-

tities of rhododendron flower extract (RE) (1, 2, 4, and 5 g)

were dispersed into 10 ml of linoleic acid (LA) and com-

pletely dissolved using a magnetic stirrer (SPINOT MC 02,

Tarsons Products Pvt. Ltd., Kolkata, India). Oil phase

(RE ? LA) was then mixed with 1% gum arabic solution

(with 0.5% tween 80) using a magnetic stirrer. Probe

sonicator (Sonics and Materials Inc. New Town, CT, USA)

at 5 �C with 5.0 s pulse rate (20 min) was used for the

formulation of final nanoemulsion samples (RE1NE,

RE2NE, RE4NE, and RE5NE). Prepared samples were

stored in glass vials at room temperature (25 �C) for further
analysis.

Characterization of nanoemulsion

Droplet size distribution and zeta potential of the

nanoemulsion Emulsion droplet size and zeta potential

were determined at 25 �C using particle size and zeta

potential analyzer (Zetasizer Nano ZS, Malvern Instru-

ments Ltd. Malvern, WR14 1XZ, UK). For sample

preparation, 1% emulsion sample was dissolved in triple

distilled water and three measurements were acquired for

each emulsion sample.

Fourier transform infrared (FTIR) spectroscopy FTIR

spectrophotometer (Agilent Technologies, Mumbai, India)

was used to evaluate functional groups of bioactive com-

ponents and gum arabic present in nanoemulsion. Multiple

scans of selected emulsion sample were accomplished

against air in the mid-infrared region 4000–600 cm-1. Data

in terms of transmittance was obtained.

Microscopic evaluation of the nanoemulsion The micro-

scopic and structural depiction of the nanoemulsion sam-

ples was scrutinized. All selected nanoemulsion samples

were dispersed on the glass slide and sample was then

covered with the coverslip. Selected nanoemulsion sample

was evaluated under an inverted light microscope for the

type of emulsion formed (4009 magnification, Nikon

digital sight, Japan).

Stability of the nano-emulsion

Ionic strength of the nanoemulsion Assessment of ionic

strength of the nanoemulsion sample after 30 days of

storage (30 �C) was evaluated using the method proposed

by Li et al. (2016). Alteration in particle size and zeta

potential confirmed the ionic strength of nanoemulsion

after addition of final concentration of sodium chloride

(0.5, 1 and 2 M).

TBA value of the nanoemulsion TBA value of

nanoemulsion was assessed by following the method pro-

posed by Sharma et al. (2017). Briefly, nanoemulsion

(5 ml) sample was mixed with freshly prepared TBA

(0.025 M, neutralized with sodium hydroxide and 2 M

citric acid) reagent. The mixture of nanoemulsion and TBA

reagent was heated instantly in boiling water bath (10 min).

Additionally, 10 ml cyclohexanone and 1 ml of 4 M

ammonium sulphate were added and the solution cen-

trifuged at 5000 9 g for 5 min at room temperature

(30 �C). The orange-red cyclohexanone supernatant was

collected and its absorbance was measured at 532 nm using

UV–Visible spectrophotometer (Evolution 201, Thermo

scientific, Mumbai, India).

Mineral estimation from nanoemulsion

Diverse trace elements (iron, zinc, calcium, copper), and

sodium and potassium content of nanoemulsion were

assessed in atomic absorption mode and in emission mode,

respectively using AAS (AA-7000, Shimadzu, Tokyo,

Japan) as described by Chawla et al. (2017).

In-vitro mineral bioavailability

A method defined by Sadh et al. (2017) was used to esti-

mate the in vitro mineral bioavailability of trace elements

of the selected nanoemulsion. Combination of simulated

gastrointestinal and Caco-2 cell lines (transwell assay)

were used for the evaluation of mineral bioavailability and

cellular absorption, respectively.

Simulated gastrointestinal digestion For simulated gas-

trointestinal digestion, 5 ml of selected nanoemulsion was

mixed with 1.92 ml saliva solution in a conical flask and

the sample was incubated in an orbital shaker at 37 �C
(95 rpm, 5 min). Further, gastric juice (2.9 ml) was mixed

to the sample and pH 2 was adjusted using HCl and then

incubated at 37 �C for 1 h. Duodenal juice (5.35 ml) and

bile juice (1.92 ml) were mixed and incubated for 3 h.

After centrifugation (REMI C24 Plus, REMI India) of

samples using ultrafiltration centrifuge tube (Amicon, MW

cutoff 10KDa) the percentage bioavailability of minerals

was calculated as:

Bioavailability %ð Þ ¼ P

C

� �
� 100

where P = element concentration of dialysate, C = element

concentration of sample.
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Cellular absorption study (transwell assay) Caco-2 cells

were cultured by following the method proposed by Sadh

et al. (2017). For cell culturing antibiotic solution (Am-

photericin 25 lg/ml, Streptomycin 30 lg/ml, Penicillin

100 lg/ml), fetal bovine serum (10%, heat inactivated),

2 mM L-Glutamine, and 1% DMEM were used as growth

medium. Incubation of cells was attained in the CO2

incubator (Thermo Fisher Scientific, Mumbai, India) at

37 �C in 95% humidified atmosphere with 5% CO2).

Growth medium was changed on every alternate day and

the passaging of cells was acquired at nearly 90% con-

vergence, attained 7–8 days subsequently scattering a

density of 1 9 106 cells/flasks. Trypsinization with 0.5%

trypsin and 0.05% EDTA was accomplished for cell sub-

culturing. Cells of 39 passaging was used for further

mineral absorption assay. For cellular transference of iron

zinc and calcium, a density of 50,000 cells/well were

strewed into six welled plates (Sterile, 24 mm polyester

membrane, pore size 0.4 lm) separating with an apical and

basal portion. The cells were then endorsed to distinguish

in the CO2 incubator. Expended growth medium was pour

out on every second day and washing of cells (three times)

with PBS was also conducted. The monolayer became

confluent subsequently 4–5 days and the cells were

endorsed to discriminate for another 10 days before

accomplishment transepithelial cellular absorption.

Valuation of cell monolayer integrity Structural charac-

terization and presence of impurities were tested frequently

using inverted light microscopy. After acquiring complete

confluency the integrity of the Caco2 cells was also tested

by the phenol red dye test. Following washing of cells,

upper and lower chambers were filled with DMEM (2 ml)

with phenol red dye and 2 ml PBS, respectively. After

incubation, the 100 ll solution from upper and lower

compartment was collected and the leakage of phenol red

in the lower chamber was evaluated using automated

ELISA plate reader (Epoch Bio Tek, Winooski, USA) at

558 nm.

Transport studies of minerals For transepithelial study of

the minerals, formerly washed cells were loaded at the

upper surface with 2 ml DMEM medium and mineral

dialysate obtained after simulated gastrointestinal treat-

ment (mineral concentration adjusted to 50 lM) into wells

of plate. Similarly, 2 ml of DMEM was poured into the

lower chamber and after incubation (37 �C, 3 h), the

DMEM was aspirated off for evaluation of transepithelial

absorption through cell line and the cells were further

incubated for another 22 h for ferritin synthesis. Cellular

transportation of minerals from both the chambers was

examined using AAS.

Estimation of ferritin content

Human ferritin ELISA kit (DRG, GmbH, Germany) was

used for evaluation of intracellular ferritin formation in the

cell line. Washed cells (with PBS) were garnered with

trypsinization and collected cells were mixed with 2 ml of

cellular grade water and cell lysis was acquired with probe

sonicator at 4 �C for 2 min with a pulse rate of 5 s. Ferritin

content was estimated according process described in fer-

ritin kit.

Statistical analysis

Microsoft excel, 2016 (Microsoft Corp., Redmond, WA)

was used for the calculation of standard error mean (SEM).

Statistical difference in terms of significant and non-sig-

nificant values was confirmed by one way and two-way

analysis of variance and comparison between means was

completed by critical difference value (Kaushik et al.

2015).

Results and discussion

Optimization and physicochemical characteristics

of nanoemulsion

An effective emulsion system transmits both aqueous and

the oil phase, hence linoleic acid was used as an oil phase

for proper immersion of rhododendron extract (RE). For

optimization of suitable nanoemulsion system amount of

emulsifier, surfactant and LA were kept a constant and

different amount of RE were used for the formulation of

RE1NE, RE2NE, RE4NE, and RE5NE. Stability of an

emulsion system is an important factor for significant food

and pharmacological applications, therefore all the samples

were evaluated for thermal stability against amalgamation

and flocculation at 30 �C for 15 days. After storage, none

of the emulsion samples exhibited amalgamation and a

possible reason for this could be the transformation of

ultrasound waves through an aqueous medium, which

formed implosive breakdown of microbubbles. This

ephemeral collapse situation created a localized hot spot

region that ultimately resulted in minute droplets in the

emulsion system (Carpenter and Saharan 2017). Droplet

size and zeta potential of all nanoemulsion samples were

measured and results of droplet size are depicted in Fig. 1a.

Droplet size of the nanoemulsion samples was ranged from

43.51 to 55.87 nm. All the nanoemulsion showed signifi-

cant (P\ 0.05) difference in droplet size with increasing

concentration of RE. Campelo et al. (2017) evaluated the

stabilization of emulsion of gum arabic and whey protein

isolate and observed a slight increase in droplet size as oil
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concentration increasing. Electrostatic contribution to the

mechanism by which gum arabic stabilized the

nanoemulsion was assessed by zeta potential of the

nanoemulsion and results are depicted in Fig. 1b–e. Non-

significant (P\ 0.05) difference was observed in zeta

potential values of all the nanoemulsion samples,
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Fig. 1 a Average particle size of RE1NE, RE2NE, RE4NE, RE5NE nanoemulsion and Zeta potential of b RE1NE, c RE2NE, d RE4NE, and

e RE5NE nanoemulsion
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respectively. Negative charge potential distribution on

nanoemulsion could be due to the highly anionic behavior

of gum arabic and least molecular weight of the nonionic

surfactant. Gum arabic also specified itself correlate with a

non-ionic surfactant and continuous phase through

hydrophobic binding capability and ionic interaction. In

addition, the negative charge on nanoemulsion system was

attributed due to interfacing of arabino-galacto proteins of

gum arabic with polysaccharide moieties that extended into

the aqueous solution to give rise to a steric stabilizing layer

(Jayme et al. 1999). However, all the nanoemulsion sam-

ples did not show any variation in terms of particle size and

zeta potential, hence nanoemulsion with the highest con-

centration of RE was selected for further analysis.

FTIR and optical properties of nanoemulsion

The result of the FTIR spectrum for nanoemulsion is

depicted in Fig. 2a. When molecules of gum arabic affixed

with surfactant and oil phase the stretching, frequencies

originating from the functional groups of the gum arabic

were predictable to shift consequently. Herein, a huge peak

at 3339 cm-1.confirmed the vibrational stretching of the

polymeric–OH group of the nanoemulsion which was

mainly attributed by the water phase and phenolic groups

of FE present in the nanoemulsion. Furthermore, vibra-

tional characteristics of C–H aliphatic stretch was shifted at

2422 cm-1, which could be due to the presence of nonionic

surfactant associated with nanoemulsion system. Confir-

mation of aliphatic and aromatic galacto-proteins and

prevalence of amino acids in the nanoemulsion sample was

also confirmed at 1700–1640 cm-1. Vibrational bands

between 2273 and 1927 cm-1 were attributed by fatty

acids and galacto-proteins. Moreover, C=C stretching also

confirmed at 1640 cm-1 which could be due to the pres-

ence of carboxylic moiety of gum arabic.

Surface characterization and morphological behavior of

RE5NE was assessed by inverted light microscopy and the

result is shown in Fig. 2b. Results of inverted light

microscopy definite the smooth type of nanoemulsion,

however, few numbers of emulsion droplets appeared

which could disclose the stabilization of colloidal system

Fig. 1 continued
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of the nanoemulsion. Smooth type of emulsion could be

due to adherence of oil droplets with the emulsifier and

electrostatic stability due to repulsion among droplets and

high surface charge of the gum arabic (Sari et al. 2015).

Ionic strength and oxidative stability

of the nanoemulsion

Stability of nanoemulsion always influenced by the salt

concentration and it is expected that with increasing con-

centration of salt strength of nanoemulsion should be

suitable. For evaluation of the ionic strength of RE5NE,

nanoemulsion different concentrations of sodium chloride

were used and results are illustrated in (Table 1). Ionic

strength was evaluated by observing the droplet size and

zeta potential of the nanoemulsion. Results shown signifi-

cant (P\ 0.05) increase in droplet size on 0 day with

cumulative salt concentration and a similar trend was

observed on 30th day of storage. Increase in droplet size of

nanoemulsion with increasing salt concentration could be

due to the presence of negatively charged carboxylate

group which exhibit electrostatic interaction with posi-

tively charged sodium ions (Li et al. 2016).

Similarly, the electrostatic attraction also inclined zeta

potential of the nanoemulsion and resulted in significant

(P\ 0.05) decrease in zeta potential value with increasing

ionic strength on 0 and 30th day of storage, respectively.

Despite poly-anionic nature gum arabic also consist of

slightly positive charge and flower extract also consist of

positive charge which could be the possible reason for

decreased zeta potential of nanoemulsion on 0 as well as

the 30th day of storage. This positive charge and negatively

charged chloride ions slightly influence the electrostatic

repelling force. In addition of decreased zeta potential and

increased particle size it also concluded that nanoemulsion

exhibited colloidal stability because no sign of coalescence

and flocculation were visible (Li et al. 2016). Results were

in accord with the finding of Guan et al. (2016) who

revealed a significant increase in particle size and a

decrease in zeta potential value of whey protein, lecithin

and tween 80 stabilized nanoemulsion during the analysis

of the ionic strength of the nanoemulsion.

Disruption in an emulsion system due to gravitational or

centrifugal forces and upward accumulation of oil droplets

leads to oxidative deterioration. To evaluate the oxidative

stability of selected nanoemulsion TBA value was

Fig. 2 a ATR-FTIR spectrum

and b smooth type inverted light

microscope image of freshly

prepared RE5NE nanoemulsion
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calculated during storage of the 7 days (30 �C). Linoleic
acid is a highly unsaturated fatty acid and is more sus-

ceptible to oxidative deterioration, therefore TBA values of

both linoleic acid and RE5NE was calculated and results

are shown in Table 2. Both linoleic acid and RE5NE were

kept in an open vial at 30 �C for the oxidation process.

Results revealed significant (P\ 0.05) difference in TBA

value of both linoleic acid and RE5NE up to 7 days of

storage. Linoleic acid showed significant (P\ 0.05)

increase in TBA value (from 0.08 to 0.87) as increasing

days of storage, and RE5NE showed non-significant

(P\ 0.05) difference in TBA value during storage. Gum

arabic and flower extract attributed antioxidant stability

against heat and oxygen during storage but linoleic acid

produced malondialdehyde (main marker in lipid peroxi-

dation) and thiobarbituric acid reacted with malondialde-

hyde, which resulted in significantly higher TBA value.

Mineral content and in vitro mineral bioavailability

The result of mineral content is presented in (Table 3) and

results shown significant (P\ 0.05) difference in all the

minerals of the selected nanoemulsion. Sodium content

(444.64 ppm) was significantly (P\ 0.05) higher, whereas

copper content (11.19 ppm) was least in amount as

compared to other minerals present in the selected emul-

sion. Iron, zinc, and calcium are essential minerals, there-

fore in vitro mineral bioavailability of iron, zinc, and

calcium of RE5NE was evaluated. For simulated gas-

trointestinal selected nanoemulsion sample was subjected

for different enzyme treatments and results of in vitro

mineral bioavailability are illustrated in (Fig. 3). Results of

mineral bioavailability unveiled non-significant (P\ 0.05)

difference in percentage bioavailability of iron and cal-

cium, whereas zinc exhibited significant (P\ 0.05)

Table 1 Impact of ionic strength on droplet size and zeta potential of RE5NE nanoemulsion stored at room temperature (30 �C)

Concentration of NaCl

solution

Particle size (nm)

0 day

Particle size (nm) 30th

day

Zeta potential (mV)

0 day

Zeta potential (mV) 30th

day

0.5 M NaCl 55.87 ± 1.13a 58.16 ± 1.14b - 35.22 ± 0.08b - 36.87 ± 0.05a

1.0 M NaCl 56.39 ± 1.35a 60.23 ± 1.29b - 22.39 ± 0.02b - 23.42 ± 0.06a

2.0 M NaCl 57.71 ± 1.06a 63.42 ± 1.83b - 18.37 ± 0.07b - 19.76 ± 0.03a

Data are presented as mean ± SEM (n = 3)
a,bMeans within row with different lowercase superscript are significantly different (p\ 0.05) from each other

Table 2 TBA value of linoleic acid and RE5NE nanoemulsion stored

at room temperature (30 �C)

Sample ?
duration;

TBA value at room temperature (30 �C)

Linoleic acid RE5NE

0 day 0.08 ± 0.001aB 0.00 ± 0.000aA

3rd day 0.29 ± 0.003bB 0.01 ± 0.001aA

5th day 0.61 ± 0.004cB 0.02 ± 0.001aA

7th day 0.87 ± 0.003 dB 0.02 ± 0.002aA

Data are presented as mean ± SEM (n = 3)
a–dMeans within column with different lowercase superscript are

significantly different (p\ 0.05) from each other
A,BMeans within row with different upper superscript are significantly

different (p\ 0.05) from each other

Table 3 Mineral content of RE5NE nanoemulsion

Minerals RE5NE nanoemulsion (PPM)

Iron 58.19 ± 1.29c

Zinc 39.45 ± 1.49b

Copper 11.19 ± 1.85a

Calcium 171.10 ± 2.97d

Sodium 444.64 ± 5.52f

Potassium 112.45 ± 1.36e

Data are presented as mean ± SEM (n = 3)
a–eMeans within row with different lowercase superscript are signif-

icantly different (p\ 0.05) from each other

b 
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Fig. 3 Mineral bioavailability of RE5NE nanoemulsion. Data are

presented as mean ± SEM (n = 3). a,bMeans within column with

different lowercase superscript are significantly different (p\ 0.05)

from each other
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difference in terms of mineral bioavailability. From our

findings, it can be concluded that gum arabic and nonionic

surfactant shielded flower extract in high acidic condition

and flower extract revealed suitable mineral bioavailability.

For cellular absorption of minerals, digested samples

obtained after simulated gastrointestinal digestion were

subjected for transwell assay. For cellular uptake and

transport of minerals, 50 lM concentration of iron, zinc,

and calcium was loaded on Caco-2 cells (apical chamber of

transwell plate) and results are depicted in (Fig. 4a). From

the results, it could be concluded that RE5NE exhibited

significant (P\ 0.05) difference in transport retention and

uptake of the iron, zinc, and calcium respectively. How-

ever, calcium showed significantly (P\ 0.05) higher

transport (25.27%), retention (26.84%), and uptake

(52.11%) in comparison with iron and zinc. Higher cellular

uptake of calcium could be due to the maximum binding of

calcium with cellular proteins (Chawla et al. 2017; Gupta

et al. 2015). Furthermore, ferritin content was evaluated to

signify the storage form of the iron present in the cells after

the addition of the RE5NE. Cellular iron uptake expressed

as a ratio of ferritin and cell protein (ng ferritin/mg cell

protein) (Fig. 4b). During cellular transportation, iron

showed a 50.25% uptake of the added iron that resulted in

the synthesis of 14.87 ng ferritin/mg cell protein. Higher

ferritin content was attributed mainly due to the presence of

higher cellular protein (Sharma et al. 2017).

Conclusion

A nanoscale gum arabic stabilized RA nanoemulsion with a

significantly lower average droplet size and high zeta

potential was effectively formulated. Optimized

nanoemulsion exhibited a smooth type of morphology and

enduring oxidative stability that suitable for pharmaceuti-

cal applications and delivery of hydrophobic components.

Ionic strength was explored by adding sodium chloride

solution and significant (P\ 0.05) increase in particle size

was observed with increased ionic concentration. Iron and

calcium showed non-significant (P\ 0.05) difference in

terms of mineral bioavailability, however, calcium showed

significantly (P\ 0.05) higher cellular uptake during

transwell assay. Higher cellular iron uptake confirmed the

synthesis of efficient ferritin content. In conclusion, this

investigation formulated a simple, reproducible and cost-

effective nanoemulsion that has remarkable potential for

emerging functional foods and enteral nutrition with

effective storage and oxidative stability. Additionally, this

nanoemulsion system also embraces potential as a con-

veyance system to encapsulate and protect micronutrients,

bioactive compounds, and drugs.
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