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KEYWORDS Abstract The purpose of this study was to develop injectable nanocrystals (NC) from stem exudate
Nanocrystals; gel (EG) from Caralluma retrospiciens ( Ehrenb) using the technique of nanoprecipitation. The NC
Exudate gel; had a zeta potential of —5.58 + 4.27 mV. Size distribution analysis showed that it ranged in size
Desert plant; from 100 to 300 nm. The polydispersity index (PDI) was 0.467, while its percentage PDI was
Caralluma retrospiciens; 68.4. Scanning electron microscopic analysis and transmission electron microscopy studies revealed
Antibacterial properties the morphological features of NC as discrete crystals with rough surfaces. The mobility of NC was

5.5 pum.cm/Vs, while its conductivity was 0.16 mS/cm. Antibacterial studies showed broad activity
against both Gram-positive and Gram-negative bacteria. The minimum inhibitory concentrations
(MICs) of NC against Bacillus subtilis (B. subtilis), Staphylococcus aureus (S. aureus), Streptococ-
cus pyogenes (S. pyogenes), Escherichia coli (E. coli), Pseudomonas aeruginosa ( P. aeruginosa) and
Klebsiella pneumoniae (K. pneumoniae) were 6, 8, 8, 4, 8, and 6 % (w/v), respectively. The antibac-
terial effect was highest against K. pneumoniae (25.6 + 1.5 mm), followed by E. coli (25.5 + 1.8
mm), P. aeruginosa (24.1 £ 1.2 mm), S. pyogenes (22.2 £ 1.2 mm), S. aureus (21.83 £ 1.2 mm)
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and B. subtilis (20.33 £+ 1.8 mm). In this study, the cytotoxicity properties of NC were determined
against MCF-7 breast cancer cells ATCC. The NC failed to inhibit the proliferation of MCF-7 cells
against the even at 300 pg/mL concentration. These results indicated that the NC is a promising

antibacterial injectable dosage form.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Secondary metabolites are among the most abundant sources
of bioactive compounds with a high degree of molecular diver-
sity and intriguing pharmacological properties. Traditional
medical systems apply natural therapies for a variety of dis-
eases through the use of herbs. The therapeutic potential of
medicinal plants has been established all over the world, and
they have been widely used for long in various cultures
(Ghulam et al., 2015). The use-fulness of herbs in the develop-
ment of numerous novel medicinal compounds have been doc-
umented (Alghamdi et al., 2018; Hosseinkhani et al., 2017;
Saad et al., 2020). The Kingdom of Saudi Arabia features a
diverse range of flora consisting of many species of trees,
herbs, and shrubs, (Aati et al., 2019). The plant C. retrospiciens
is a desert species that grows in the hilly and semi-desert
regions of Saudi Arabia. The EG from the plant has tradition-
ally been used for wound healing by the inhabitants of Saudi
Arabia, according to tradition (Makeen et al., 2020).

Nanoparticle drug delivery systems improve the treatment
of human diseases through precise delivery of medicines to
specific locations within the body, thereby reducing drug doses
used, improving pharmacokinetic profile, and reducing drug
toxicity (Patra et al., 2018; Wided et al., 2021). The use of her-
bal nanoparticles is emerging as a unique strategy for develop-
ing a better delivery system that enhances the efficacy of
biomolecules, penetrates cell membranes, and elicits a spec-
trum of activities. The design and development of herbal
nanoparticles has emerged as a cutting-edge research area in
nano formulation. The current study sought to prepare
nanocrystals from the EG of C. retrospiciens, in continuation
of a previous research. The physical characteristics and
antibacterial properties of NC were also investigated in this
study (Makeen et al., 2020).

2. Materials and methods

2.1. Collection of plant and exudate gel

A sample of the plant was obtained from the hilly region of
Rijal Alma, Asir province, Saudi Arabia. The plant sample
was transported to the laboratory in perforated polyethylene
bags. The stem portions were rinsed several times with ordi-
nary water, and then with Millipore water to eliminate con-
taminants, followed by airdrying. Identification of the
sample was done by a taxonomist, and the plant was identified
as Caralluma retrospiciens (Ehrenb) N.E.Br belongs to the
family belong to the Apocynaceae family and a sample of
the plant (reference number: JAZUH 1623) was deposited in
the Jazan University herbarium. The exudate gel was collected
by cutting the stem longitudinally using a sterile blade. Then,
the viscous gel was collected in a clean sterile beaker by keep-

ing the stem in an inclined position (Fig. 1). The gel was col-
lected in a clean sterile beaker and stored at 2 to 4 °C, prior
to processing.

2.2. Preparation of nanocrystals

A simple nanoprecipitation technique was developed for the
preparation of nanocrystals (NCs). In this technique, a uni-
form mixture was obtained by stirring 5 mL of EG with a mag-
netic stirrer on a hot plate at room temperature for 10 min. A
reaction mixture (RM) was prepared by adding 90 % v/v
methanol, dropwise, to the EG. The mixture was sonicated
at predetermined time spans with a probe sonicator. There-
after, the RM was subjected to filtration. The filtered RM
was suspended in 95 % (v/v) ethanol, stirred at 3000 rpm using
a magnetic stirrer and kept overnight (16 h) on a hot plate at
80 °C for complete solvent evaporation and crystal formation.
Thereafter, the resultant NC was collected by scrapping from
the beaker. The collected NC was preserved at 4 °C before
its application in further studies.

2.3. Physical characterization of NC

2.3.1. Dynamic light scattering (DLS) analysis

The surface charge of the NC was determined using a zeta
potential (ZP) study, followed by, determination of PDI and
particle size using DLS technique (Malvern Instruments,
UK). The electric conductivity was also measured and
expressed in milli Siemens per centimeter (mS/cm). The mea-
surements were done with 1% (w/v) solution of NC after prior
filtration.

2.3.2. Assessment of morphology of NC

2.3.2.1. SEM and EDAX analysis (Moni et al., 2018). The
morphological features of NS nanocrystals were investigated
using a high-power scanning electron microscope. A sample
of the crystal NS was placed on metal stubs and plated with
a film of gold—palladium 200-300 A thick at lowered pressure.
The SEM analysis of NS was studied at different magnifica-
tions. Energy Dispersive Spectroscopy (EDAX) is a useful
technique for determining the elemental compositions of crys-
tals. The EDAX spectrum was obtained at an acceleration
voltage of 5 keV and collected at 31 s.

2.3.2.2. Transmission electron microscopy. Transmission Elec-
tron Microscopy (TEM) is a technique that produces images
of nano-particles with extremely high spatial and temporal res-
olution. The NC sample [1 % (w/v) in Millipore water] was
subjected to characterization using a JEOL TEM (Japan) in
line with the procedure described previously (Osama et al.,
2021).
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Collection of the exudate gel (EG) from the stem of Caralluma retrospiciens.

Fig. 1

2.4. Determination of antibacterial effect of NC (Moni et al.,
2018)

2.4.1. Standardization of working stock culture

Human pathogenic bacteria Bacillus subtilis, Staphylococcus
aureus, Streptococcus pyogenes, Escherichia coli, Pseudomonas
aeruginosa, and Klebsiella pneumoniae were employed in this
study. Sub-cultures were prepared in nutrient broth, from
stock cultures of the organisms. The subcultures were incu-
bated for 24 h at 37 °C, and were serially diluted with nutrient
broth, with an initial dilution done with Millipore water. The
potential viability of the bacterial organisms was measured
in terms of CFU per mL. The MIC and antibacterial action
of NC were determined using a standardized culture.

2.4.2. Determination of minimum inhibitory concentration
(MIC)

The broth tube dilution method was used to determine MIC.
Pre-determined concentrations of NC [1, 2, 4, 6, 8 and 10 %
(w/v)] were prepared by dilution in nutrient broth. The MIC
was determined based on the visibility of bacterial growth in
the broth.

2.4.3. Determination of antibacterial susceptibility

The concentration of NC used was selected based on the MIC
study to determine antibacterial susceptibility of each of the
tested bacterial species. The antibacterial investigation was
carried out using Muller Hinton (MH) agar plates. Antibacte-
rial tests were performed on the bacterial cultures using the
spread plate technique, with ciprofloxacin as standard drug
(Cappuccino and Sherman, 2014). The agar wells were
10 mm in diameter, and NCs and ciprofloxacin standard were
put in different wells of a plate. The measurement of antibac-
terial effect was based on the formation of areas of growth
inhibition following 24 h culturing at 37 °C. The diameter of
zone of inhibition was measured and recorded, since it is
directly related to the antibacterial activity.

2.5. Cytotoxic effect

The human breast cancer cells MCF-7 were cultured and
maintained in RPMI-1640 medium which contain sodium
bicarbonate buffer system (2.0 g/L) at pH 7.4. The media were
supplemented with 10% Fetal Bovine Serum (FBS), penicillin
(100 U/mL), streptomycin (100 pg / mL), and cells were grown
individually in a CO, incubator (Heraeus, Germany) at 37 °C
with 90% humidity and 5% CO,. The cytotoxicity properties
of NC were performed as reported earlier (Sultan et al.,
2020). In this study, gradient concentration of nanocrystals
25, 50, 100, 150, 200 pg/mL were screened to find out cytotox-
icity effect.

2.5.1. Statistical analysis

Statistical analysis was performed by using Graph pad Prism
software (Version 8.3.1), USA through one-way analysis of
variance (ANOVA), followed by Tukey Kramer analysis as a
post-hoc test.

3. Results
3.1. Physical characterization

3.1.1. Exudate gel (EG)

Fig. 1 demonstrates the collection of EG from the stem of C.
retrospiciens. The colour of EG was pale yellow, and it had a
thick and uniform consistency, with a textural smoothness that
was uniform and consistent.

3.1.2. DLS analysis

The physical characteristics of the NCs are presented in
Table 1. From the study, it was revealed that the NCs exhib-
ited a zeta potential of —5.58 + 4.27 mV. The PDI value of
NCs was 0.467, with 68.4 % polydispersity, indicating that
the nanocrystal formulation was not significantly stable with
good uniform particle distribution. The zeta size of NCs was
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Table 1 Physical characterization of NC.
Zeta potential Conductivity PDI % Poly dispersity NC size % Mass (r. nm) Mobility (um.cm/Vs)
(mV) (mS/cm) in mass
(z d.nm) (r.nm)
—5.58 + 4.27 0.160 0.467 68.4 101.4 266.4 = 200.9 2.51 5.5

NC: Nanocrystals; PDI: Poly dispersity index; mV: Milli Volt; mS/cm; Milli Siemens per centimetre.

101.4 z.d.nm, and the NC size by means of mass ranged from
266.4 + 200.9 r.nm, with % mass of 2.51.

3.1.3. SEM and EDAX analysis

Fig. 2A — 2D demonstrate the morphological characteristics
of the NCs, as were revealed through scanning electron micro-
scopy (SEM), and the elemental composition, which was deter-
mined through EDAX analysis. Fig. 2A shows the injectable
dosage form of NCs at x 2000 magnification. The micrograph
reveals largely discrete NCs, but few crystals are clumped
together to form sheaths at some areas of micrograph. The
NCs were clearly observed, mostly as square-type crystals at
x 10,000 magnification (Fig. 2B). Furthermore, when the
NCs were examined at x 20,000 magnification (Fig. 2C), they
were more discrete and square-shaped, and some were lengthy
rods with smooth surfaces. Fig. 2D reveals the EDAX analysis
of NC showing that they contained 67.29 % carbon (C), 20.08
% oxygen (O), 7.07 % chlorine (Cl), 3.72 % sodium (Na),

0.19 % magnesium (Mg), 0.66 % sulphur (S), 0.12 % calcium,
0.44 % copper (Cu), and 0.43 % Zinc (Zn).

3.1.4. Morphological features of NCs

The morphological features of NCs which were examined
using transmission electron microscopy (TEM), are shown in
Fig. 3. at 40,000 x magnification, the NCs appeared as rough,
elongated crystals in discrete groups (Fig. 3A), and at
120,000 x magnification, they exhibited irregular shapes with
rough surfaces clumped each other. However, few crystals
were spherical in shape (Fig. 3B).

3.2. Antibacterial studies of NC

3.2.1. Determination of MIC

Table 2 shows the minimum inhibitory concentrations (MICs)
of NCs against selected human pathogenic bacteria. The study
showed that MIC varied with individual bacterial organism. It

1] 2 4 6 8
Full Scale 5563 cts Cursor. 0.000

D

Fig. 2 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDAX) analysis of Nano crystals (NC). (A) NC
at x 2000 Maginification (B) NC at x 10,000 Maginification (C) NC at x 20,000 Maginification (D) EDAX analysis of NC.
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Fig. 3  Transmission electron microscopy (TEM) study. (A) NC at x 40,000 Maginification (B) NC at x120000 Maginification.

is very obvious that the MIC was 4 % against E. coli at a con-
centration of 3 x 10 CFU/mL, followed by B. subtilis (6 %)
at the concentration of 3 x 10 CFU /mL. The MIC of NCs
against K. pneumoniae was 6 % at the concentration of 3 x 10
3 CFU /mL, while the MIC of NCs against S. pyogenes was 8
% at the concentration of 4 x 10> CFU/mL. Interestingly, the
MICs against S. aureus and P. aeruginosa were also 8 % at the
concentrations of 3 x 10 and 3 x 10~ CFU/mL.

3.2.2. Determination of antibacterial susceptibility

The NCs exerted effective antibacterial action against the
microorganisms tested (Table 3). However, the antibacterial
effect of NC was a little higher in Gram-negative bacteria than
in Gram-positive bacteria.

3.2.3. Determination of cytotoxicity effect

The NCs did not produce any cytotoxic effect against treated
MCF-7 breast cancer cells at a concentration up to 300 pg/mL.

4. Discussion

Resistance to antibiotics develops during standard antibiotic
therapy, and it poses a hazard to subsequent treatments of
infectious diseases (Ayukekbong et al., 2017). Nature has
endowed man with a plethora of plants and shrubs with great
potential medicinal values. The Kingdom of Saudi Arabia is
rich in rare herbs that have been utilized as folk medicine,
but their scientific significance has yet to be discovered. In fur-

therance of our earlier study (Makeen et al., 2020) the present
study reports the potential of NCs prepared from the exudate
gel of C. retrospiciens. The purpose of developing NC as an
injectable nano-formulation was to overcome the stability-
related disadvantages, since the exudate gel of C. retrospiciens
was unstable during storage even at 2 to 8 °C. In the present
study, NCs were developed using simple nanoprecipitation
technique. The physical qualities of the injectable NCs which
reflect their potential, demonstrate that they have good physi-
cal properties. The physical characteristics of NCs were
unique, when compared to those of the exudate gel.

The ZP of the NCs was —5.58 + 4.27 mV, whereas the ZP
of EG was reported to be — 4.97 mV at 10 % (v/v). Surpris-
ingly, in the earlier investigation, we were unable to determine
the ZP at 100 and 50 % EG (v/v) (Makeen et al., 2020). How-
ever, the formulated NCs did not have significant ZP but it was
better than that of EG, as was observed during experimenta-
tion. In contrast, it was possible to determine ZP in NCs pre-
pared from 100 percent EG. The NC formulation exhibited
good and acceptable range of ZP. The PDI value of 1% (w/
v) NCs was 0.467, and the percent PDI was 68.47, indicating
consistency in colloidal injectable formulation. Th polydisper-
sity level was more than 60 %, indicating non-linear monodis-
perse formulations (Sivakumar et al., 2020). The particle size
of the formulated NCs was acceptable, and the zeta size was
101.4 z.d.nm. The pharmacokinetic profile of nanoparticles
for biodistribution is determined by their surface charge and
particle size. In the present study, the ZP of —5.58 mV is
indicative of the potential of the NCs to target bacteria. The

Table 2 Percent minimum inhibitory concentration of sample analyte NC.

Bacterial organisms Concentration Minimum inhibitory concentration (% w/v)
#

CFU “/mL 2 4 e o 0
Bacillus subtilis 3 x 107 + e + _ _ _
Staphylococcus aureus 3 x 10 + + + 4 _ _
Streptococcus pyogenes 4 % 107 4F 4 + 4+ _ _
Escherichia coli 3 x 107 + + - _ — _
Pseudomonas aeruginosa 2 % 107 aF + + Ee _ _
Klebsiella pneumoniae 3 x 1073 + + + = - -

NC: Nano crystals; # Colony forming unit; (+) Presence of bacterial growth (-) Absence of bacterial growth.
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Table 3 Antibacterial study of sample analyte NC.

Organisms Concentration MIC Zone of inhibition (mm)
#
clrl & v NC Ciprofloxacin
(50 pg/mL)

Bacillus subtilis 3% 107 6 2033 £ 1.8 24.7 £ 1.4*
Staphylococcus aureus 3 x 10 8 21.83 £ 1.2% 258 + 1.6
Streptococcus pyogenes 4 %107 8 222 + 1.2%0s 26.2 + 1.5*
Escherichia coli 3 x 107 4 25.5 £ 1.8 27.83 + 1.2%%
Pseudomonas aeruginosa 2 x 107 8 241 £ 1.2 24.5 + 1.5%5%
Klebsiella pneumoniae 3% 107 6 256 £ 1.5 26.8 + 1.5

* Significant when compared to nano crystals at P < 0.001, *ns: non-significant when compared to Bacillus subtilis at P greater than 0.05 treated

by nanocrystals; 5™

concentration; CFU: Colony forming unit.

mobility of NPs also affects their conductivity. In the present
study, high degree of mobility (5.5 pm.cm/Vs) was obtained
with 1% (w/v) NCs. An earlier report suggested that injectable
sodium selenite nanoparticle exhibited mobility of —3.857 um.
cm/Vs, which was reported as ideal formulation (Sivakumar
et al., 2020; Ito et al., 2004). Previous research revealed that
particles smaller than 20 nm had high mobilities within col-
loidal milieu, and also affect surface charge (Ernest et al.,
2013). In contrast, NCs of size more than 100 nm exhibit high
mobility. Moreover, mobility influences the conductivity of
particles. However, the NCs exhibited low conductivity and
low % mass (r.nm). The NCs were characterized as non-
homogenous colloidal system of injectable dosage form. This
was reflected in SEM and TEM studies where the particles
were aggregated. Remarkably, the morphological appearances
in SEM and TEM were reflective of some differences. This
might be due to the difference between the physical states of
the samples analysed.

The NCs produced good antibacterial effects, with MICs of
4 to 8. In the present study, the spectrum of antibacterial
potential of NCs against the screened organisms was increased,
when compared to that of EG which has already been reported
(Makeen et al., 2020). The results indicate that NC injectable
formulation showed more efficacy than EG because of
improved diffusion property. An important factor which is
critical in bacterial cell targeting, i.e., EPR effect, is controlled
by the size of the nanoparticles and ZP (Yang et al., 2007). The
ZP and particle size of NCs indicate the readiness with which
they diffuse across bacterial membranes. Thus, the diffusion of
NCs into bacteria can be accomplished by optimizing the size
of nanoparticles and surface charges. Anionic particles have
been demonstrated to be less toxic than cationic NPs which
can easily pass through the bacterial membrane pores. It has
been reported that NPs of sizes of 50 to 200 nm readily perme-
ate the bacterial membrane, making them very suitable for use
in targeting (Tianmeng et al., 2014). Interestingly, the size of
NCs prepared in the current research ranged from 100 —
200 nm, which indicate their suitability as injectable forms,
as was reflected in antibacterial studies. Surprisingly, the effi-
cacy of NC was found to have a wide range of action against
Gram-positive and Gram-negative bacteria. When compared
to normal ciprofloxacin at a concentration of 50 pg/mL, the
effectiveness was nearly equal. On other hand the NC failed
to block the proliferation of MCF-7 breast cancer cells ATCC

non-significant when compared to nanocrystals at P greater than 0.05. NC: Nano crystals; MIC: Minimum inhibitory

even up to 300 pg / mL concentration and proving the lack of
cytotoxicity effect indicating that not useful for treating
against cancer. However, it is mandatory to screen further
for cytotoxicity profiles against various human cell line, which
is under progress as future studies. On the other hand, the NC
failed to inhibit the proliferation of MCF-7 breast cancer cells
ATCC even at concentrations as high as 300 pg / mL, demon-
strating a lack of cytotoxicity and proving that it is ineffective
in the treatment of cancer. However, it is necessary to screen
further for cytotoxicity profiles against a variety of human cell
lines, which is now being carried out as part of future research.

5. Conclusion

The present study revealed that injectable nanocrystals can be
significantly formulated using natural exudate gel from C. ret-
rospiciens, a desert plant widespread in Saudi Arabia. The
research results indicate that nanocrystals have beneficial
potential for use in producing new antibacterial drugs. Thus,
the development of novel antibacterial agents will benefit
human society by improving human health care. However, fur-
ther studies are essential to standardize the formulation so as
to develop an injectable nanocrystal dosage form.
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