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Nanoparticles and Zn** Bioavailability
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ABSTRACT: Jasada bhasma (JB) is a zinc oxide-based Indian
traditional Ayurveda-based herbo-metallic nanoparticle used for
the treatment of zinc (Zn) deficiency and autoimmune and
inflammatory disorders. JB is made by following the Ayurveda-
based guidelines using zinc oxide (ZnO) as a raw material and
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going through 17 cycles of the high-temperature incineration and S, & ,{;d%‘ Aloe vera gel
trituration process known as “Marana” in the presence of herbal %5 vy \»1%” Surface Passivation

decoctions prepared from the leaves ofAzadirachta indica andAloe  Zincraw  Azadirachta indica
. . . material Juice
vera gel. These cycles improve the purity of the parent material and
transform its physicochemical properties, converting it into L |
nanoparticles. However, there still exists a knowledge gap regarding "o and ineineraton
the role of incineration in the physicochemical transformation of
the Zn raw material into JB nanoparticles and the biological
interaction of the final product. In the present study, the JB samples obtained during different Marana cycles were carefully studied
for their physicochemical transformation using analytical methods such as powdered X-ray diffraction (XRD), small-angle X-ray
scattering (SAXS), field emission scanning electron microscopy (FESEM), energy-dispersive X-ray spectroscopy, Fourier transform
infrared (FTIR) spectroscopy, Raman spectroscopy, and dynamic light scattering (DLS). According to the XRD results, the Zn and
oxygen molecules in hexagonal ZnO wurtzite crystals gradually realigned as a result of repeated heat treatments that caused lattice
tension and crystal size reduction from 53.14 to 42.40 nm. A morphological transition from 1.5 ym rod shape to 31 nm in the JB
particles can be seen using FESEM and SAXS analyses. The existence of 10 nm-sized nanoparticles in the finished product was
confirmed by HRTEM. The presence of ZnO was confirmed in all samples by FTIR and Raman spectroscopies. Cell viability
analysis showed an inhibitory concentration 50% of >1000 yg/mL for JB nanoparticles, revealing no adverse effects in human colon
Caco-2 cells. A dose-dependent uptake and intracellular accumulation of JB nanoparticles were observed in Caco-2 cells using
inductively coupled plasma-based mass spectroscopy (ICP—MS). Bioavailability of Zn>* ions (6% w/w) through JB dissolution in
acidic pH 4.0 was observed, representing the stomach and intracellular lysosomal physiological conditions. Therefore, the study
showed that the repeated incineration cycles produced biocompatible JB nanoparticles through the physicochemical transformation
at molecular levels capable of delivering bioavailable Zn** ions under physiological conditions. In conclusion, the medicinal
properties of JB nanoparticles described in Ayurveda were found to originate from their small size and dissolution properties, formed
through the classical incineration-based synthesis process.

o P
Jasda bhasma nanoparticles

1. INTRODUCTION Zn*" ions bind to approximately 2800 proteins as divalent
cations and support their catalytic, structural, and regulatory
functions.'” The average amount of Zn in the human body is
2.6 g, and it is distributed in a controlled manner across the
body’s organs to maintain homeostasis.'® Since the body does
not have a specific location for storing Zn, it needs to be

The traditional Indian system known as “Ayurveda” existed as
far back as 2500 BC."” Metals in herbo-mineral calyx/ash
forms known as “Bhasma” have been applied as stable
formulations in Ayurveda with high bioavailability and low-
dose therapeutic treatments of various diseases. “Jasada
bhasma” (JB) is a zinc oxide (ZnO) metal-based herbo-mineral
ash composition that is mentioned in the classical texts to
attenuate physiological Zn** deficiency, reduce systemic and
localized inflammation, act as an antimicrobial agent, and
support wound healing processes.””

Zinc (Zn) is the second most essential micronutrient after
iron required for the preservation of physiological functions.
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Table 1. Interplanar Distance dyy, Lattice Parameters a and c, Crystallite Size (D), Microstrain (¢), Dislocation Density (6),

and Bond Length of Zn—0 (L(z,—¢))."

planes (dna) A (a) A (c) A
(100) 2.80

cycle 1 (002) 2.53 324 5.06
(101) 247
(100) 2.80

cycle 4 (002) 2.54 323 5.08
(101) 247
(100) 2.86

cycle 8 (002) 2.53 3.30 5.07
(101) 2.46
(100) 2.83

cycle 12 (002) 2.53 327 5.06
(101) 2.46
(100) 2.82

cycle 16 (002) 2.53 3.26 5.07
(101) 2.46
(100) 2.80

cycle 17 (002) 2.54 3.24 5.08
(101) 247

(D) nm (e) x 1073 () x 107* (nm) ™2 Liza—o) A
53.15 2.47 3.54 1.96
50.84 2.51 3.87 1.96
50.95 2.55 3.85 1.98
49.18 2.59 4.13 1.97
45.97 2.84 4.73 1.97
42.40 3.10 5.56 1.96

“Calculation of various parameters for JB cycle 17 as an example reported using powdered XRD analysis presented in the Supporting Information
file (Supporting Information S1: the dyyy values were obtained from the XRD instrument for each value of scanning angle (26); S2: calculation of

« _» “« »

lattice constants “a” and “c

; S3: calculation of crystallite size (D) from the Scherrer equation (Equation S5); S4: calculation of microstrain (&)

using equation S6; S5: calculation of dislocation density (&) using equation S7; and $6: calculation of the bond length of Zn—0 (L(;,—¢)) using

equations S8 and S9).

replenished regularly through oral methods to make up for
intestinal and non-intestinal loss. The capture, vesicular
storage, and systemic translocation of free Zn ions are carried
out by a family of Zn transporter proteins and metallothionines
found in the apical region of the enterocytes."'™* Low
bioavailability, inadequate nutritional supply, and chronic
disorders such as celiac disease and inflammatory bowel
syndrome can all lead to a loss of Zn homeostasis. Immune
system dysfunction, growth retardation, emergence of liver
problems, and cognitive deficits can all be caused directly or
indirectly by Zn deficiency.'”'® Zn** supplementation has
been seen to reduce patients’ risk of developing metabolic
disorders and diseases linked to Zn deficiency. JB acting as a
source of Zn** therapeutic supplement has been proven to
support the antibacterial activity, delay the onset of diabetes,
and show potential as an anticancer medicine.'”~**

Physicochemical transformation in calyx/ash and removal of
impurities present in the raw material are done through the
process of “Bhasmikaran”, comprising “Shodhana” and
“Marana’, leading to the synthesis of “Bhasmas”. The process
of “Shodhana” uses repeated trituration of the raw material
with herbal extracts, cow milk, and uric acid following the
classical text of “Ayurveda Sar Sangraha”.”® This is followed by
the process of “Marana”, involving repeated cycles of high-
temperature incineration, grinding, and finally surface
passivation using herbal extracts. This transforms the raw
material into a granulated oxidized calyx form of the metal
nanoparticle.”*">° According to the ancient literature, the
sensory examination of color, taste, rheology, flow, fineness,
and chemical qualities including total ash, water-soluble ash,
acid-insoluble ash, and loss on drying (LOD) content was used
to verify the quality of the synthesized metal bhasmas.>*® In
the present times, more precise scientific instrumentations are
used for conducting qualitative and quantitative analysis of the
bhasma nanoparticles.”*”**
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In this study, we used advanced analytical techniques such as
Fourier transform infrared (FTIR) spectroscopy, powdered X-
ray diffraction (XRD), small-angle X-ray scattering (SAXS),
field emission scanning electron microscopy (FESEM), Raman
spectroscopy, dynamic light scattering (DLS)-based particle
size distribution analysis, and energy-dispersive X-ray (EDX)
spectroscopy for evaluating the physical and chemical trans-
formation of JB. We evaluated JB samples obtained at various
phases of the synthesis process, taking into consideration
changes in crystallinity, shape, size, and chemical compositions
of materials over different “Marana” process cycles. Further-
more, we investigated the biocompatibility of JB in human
colon Caco-2 cells under in vitro conditions. We also
quantified the uptake of JB particles in the Caco-2 cells and
the amount of free Zn®>" ions released from JB through
dissolution under physiologically relevant pH conditions.

2. EXPERIMENTAL SECTION

2.1. Reagents. JB samples were obtained from Divya
Pharmacy in Haridwar, India. The raw material was triturated
(Shodhana) 7 times with herbal decoction and cow milk
before beginning the “Marana” procedure according to the
ancient book “Ayurveda Sar Sangraha”. The purified Zn metal
was ground, sieved, and mixed withAzadirachta indica leaf juice
before being incinerated at ~400 °C. The “Marana” procedure
was used 17 times, with samples taken at various stages of the
process. The final 17th incineration cycle samples were
obtained following mild-heat treatment in the presence of
Aloe vera juice. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), antibiotics, and
trypsin—EDTA were purchased from Thermo Fisher Scientific
(Waltham, MO, USA).

2.2. Powdered X-Ray Diffraction. The diffraction
patterns for the JB samples were obtained using an X'Pert
Pro X-ray powdered diffraction instrument (Malvern Pan-
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alytical, Malvern, UK). Cu K-alpha-1 was used as a radiation
source with a wavelength of 1.54 A and operating conditions of
45 kV and 40 mA. For determining the lattice parameters,
measurements were taken in the presence of a beta filter made
of nickel metal and in the temperature range of 20—80 °C.

XRD has been used to evaluate various parameters such as
interplanar distance (dyy), lattice constants (a, c), average
crystallite size (D), microstrain (g), dislocation density (§),
and bond length between Zn—O using mathematical equations
which were given as follows:

First, Bragg’s law was used to calculate the interplanar
distance as shown in eq 1 where “dy,;” is the distance between
planes with Miller indices h, k, and I. “n” is the order of
diffraction, “A” is the wavelength of the X-ray source, and “0” is
the incidence angle.

2d,ysin 6 = nk (1)

Lattice constants or parameters defined in terms of
dimension of length or distance between atoms (a and c)
were determined for the hexagonal wurtzite structure. In the
hexagonal wurtzite structure, the negatively charged bigger
anions are arranged in hexagonal close packing and the
positively charged small cations occupy half of the tetrahedral
voids. Equation 2 depicted the dependence of lattice
parameters on lattice spacing “d” and miller indexes A, k, and L.

Lo i(M] 2
dyg 3 a’ c* )

With the first-order approximation n = 1
2 2

in?0= 202 + 2+ 1) + (5) P

40”3 c

()

The lattice constants “a” and “c” are calculated for (100) and
(002) planes, respectively, using eq 4 and are summarized in
Table 1.

A
YT Bsne T ()

The effectiveness of XRD was also explored to study the
peak broadening effect as a combined result of crystallite size
and lattice strain. The crystallite size (D) of JB samples was
calculated using the Debye—Scherrer mathematical formula for
the most intense peak at (101) indexing at a diffraction angle
(20 = 36.37) with preferential crystallographic orientation
using mathematical eq S

kA
Prcos 0 (s)

In the equation, D represents the average crystallite size, k
stands for the Scherrer constant (0.89), A corresponding to the
wavelength of the X-ray source (1.54 A), and fy is the full
width at half-maxima for the (100) peak which was calculated
using Origin pro 19 software (Originlab, Northampton, MA,
USA). Similarly, microstrain () or strain-induced broadening
as a result of crystal imperfection was calculated using eq 6

p
€= hid
4tan 0

A

sin @

D=

(6)

The dislocation density “0” used to quantify the amount of
defect in the crystal was computed using eq 7 and defined as
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the length of dislocation lines per unit volume of the crystal
and summarized in Table 1

s§=—

D? (7)

In addition, the Zn—O bond length in the unit cell was
calculated using eq 8.*

(8)

In eq 8, “u” corresponds to the positional parameter and
determines the amount by which each atom is displaced
concerning the adjoining atom along the “c” axis and is

calculated using eq 9

2
a

u=—+4 0.25
3c? 9)

The Zn—O bond length for the JB samples at different
incineration cycles is listed in Table 1.

2.3. Small-Angle X-ray Scattering. An SAXSpace
instrument with an in-line collimation system from Anton
Paar, Graz, Austria, equipped with a copper source and a 2D
detector were used in the study. SAXS analysis was used to
evaluate the structural characteristics of the various dry JB
samples by measuring the scattering at extremely small angles
ranging from 0.1 to 10° for solid samples. The SAXS analysis
provided additional support to XRD in the determination of
crystallinity, size, and morphology of the ZnO nanocrystal
formed in JB. Generalized Indirect Fourier Transformation
(GIFT) software was used to examine the data.”” Scattering
analysis was studied in terms of intensity and scattering vector
(), and morphology analysis was studied by a pair distance
distribution function (PDDF).

2.4. FESEM and EDX Spectroscopy. The SU810 FESEM
(Hitachi, Japan) was used to investigate the morphology and
size of all processed JB samples. Before analysis, the samples’
solid powder was drop-casted on stubs surface-coated with
carbon tape. Later, a gold—palladium coating was applied to
the sample to make it conductible using an MC1000 ion
sputter (Hitachi, Japan) at 15 mA for 30 s. SEM images were
acquired at S and 15 kV voltage levels, with magnification
ranging from 22,000x to 1,20,000x. All samples were analyzed
for elemental composition using a Brucker X Flash 6130 EDX
equipment (Billerica, MA, USA) coupled to the FESEM.

2.5. FTIR and Raman Spectroscopies. The functional
groups of JB were analyzed using a Spectrum RX-I Fourier
transform infrared spectrophotometer (PerkinElmer, Waltham,
MA, USA). An Alpha 300 RA Raman Spectrometer (WITec,
Germany) was used to conduct Raman analysis on the dried JB
particles. Spectra were collected with a CCD camera
connected to a UHT300 spectrometer and a Zeiss 100x (NA
= 0.9) lens. The samples were illuminated using a diode laser
(532 nm). WITec Project Plus software was used to analyze
the Raman spectra.

2.6. Particle Size Distribution Analysis. The hydro-
dynamic diameter (d, nm) of the JB samples was evaluated
using the dynamic light scattering method on a Zetasizer Nano
ZS device (Malvern Panalytical, UK). For the analysis, a few
drops of ethanol were added to 1 g of JB samples, which were
then disseminated in 5% BSA solution and examined in a
disposable cuvette.
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Figure 1. (A) XRD patterns of JB at different cycles of incineration in the angular range of 26 value from 30 to 80° and (B) zoom-in XRD patterns
to depict the peak broadening effect at different cycles of incineration.

2.7. Caco-2 Cell Culture. Caco-2 cells were obtained from
the National Centre for Cell Science, Pune, India (a local
repository for ATCC, USA), and grown in high-glucose
DMEM supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 10 mM HEPES buffer, 100 IU/mL penicillin,
100 pug/mL streptomycin, and 1% non-essential amino acids.
For the cell viability analysis, the Caco-2 cells were plated on a
96-well plate at a seeding density of 1 X 10* cells/well. For
uptake study, 2 X 10° cells/well were plated in six-well plates.
The cells were pre-incubated overnight before initiating the
treatment.

2.8. Cell Viability Analysis. The JB cycle 17 nanoparticles
were suspended in 2% FBS containing DMEM at concen-
trations 1, 3, 10, 30, 100, 300, and 1000 yg/mL. Following pre-
incubation, Caco-2 cells were treated with different concen-
trations of JB cycle 17 nanoparticles and incubated for 24 h. At
the end of treatment time, the treatment medium was
removed, and the cells were washed with sterile PBS. The
cells were incubated for 3 h with a 10 yg/mL concentration of
Alamar blue, and fluorescence was measured at Ex. 560 nm/
Em. 580 nm using an Envision multimode plate reader
(PerkinElmer, Waltham, MA, USA). All the experiments were
performed thrice in triplicates, and the results were presented
as % cell viability.

2.9. Caco-2 Cell-Based JB Cycle 17 Uptake Study.
Caco-2 cells were incubated with JB cycle 17 nanoparticles at
concentrations 1, 3, 10, 30, 100, and 300 pg/mL suspended in
2% FBS containing DMEM for a period of 24 h. Following the
completion of treatment time, the cells were thoroughly
washed with sterile PBS. The cells were then further washed
with 0.05% trypsin—EDTA to remove membrane-bound JB
nanoparticles. The cells were then treated with 500 uL of RIPA
buffer and placed at 4 °C overnight. Next day, the suspension
was evenly mixed using a micropipette, and 20 uL of the
suspension was used for protein estimation using the Pierce
BCA protein assay kit (Thermo Fisher Scientific Waltham,
MO, USA) following manufacturer’s instructions. The rest of
the sample was digested using metal-free concentrated nitric
acid and resuspended in metal-free Milli-Q H,O. The samples
were analyzed for a total Zn concentration using ICP—MS
(Model: iCAP RQ, Thermo Fisher Scientific, MO, USA). The
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quantity of Zn was normalized against the protein content per
sample tested.

2.10. pH-Based Dissolution of JB Cycle 17 Analysis. A
fresh phosphate-buffered solution was prepared, and pH was
adjusted to 2.0, 7.0, and 10.0 using concentrated HCl and
NaOH. 100 mg of JB cycle 17 was incubated in 1 mL of pH
buffers for 24 h on a thermoshaker set at 37 °C and 300 rpm.
Next day, the suspensions were centrifuged at 7000 rpm for 45
min for removing the nanoparticle agglomerates. The super-
natant was collected and passed through a Whatman 0.1 gm
PVDF syringe filter to remove any residue. A standard curve
was prepared using zinc sulfate. Following Sabel et al., 25 uL of
standards and samples was added to 950 yL of borate buffer
(52.63 mM, pH 9.0). Zincon dye (25 uL) was added to the
solution, and absorption was measured at 615 nm using a UV-
1800 (Shimadzu, Japan) following S min of incubation at 20
°C.

2.11. Statistical Analysis. GraphPad Prism 7 was used for
statistical analysis (GraphPad Software, San Diego, CA, USA).
The data were presented as mean + standard deviation (SD).
Significance between distinct treatment groups was determined
using one-way ANOVA, followed by Dunnett’s post hoc
analysis. At a p-value of <0.0S5, the results were deemed
statistically significant.

3. RESULTS AND DISCUSSION

Zinc (Zn) is an essential micronutrient that is required by
several physiologically relevant proteins for catalytic activity
and structural stability. Hence, supplementation of Zn supports
overcoming chronic disease conditions evolving directly or
indirectly through Zn deficiency.’' ~** Nonetheless, due to the
inherent dangers associated with metal toxicity, Zn cannot be
consumed in its natural condition and oxidized into non-toxic
JB for regulating its physiological release. Synthesis of JB was
performed through 17 cycles of the incineration process, and
particulate samples were collected during 1, 4, 8, 12, 16, and 17
cycles for the analysis of changes in crystallinity, shape, and
size.

The XRD spectra were collected at room temperature
throughout a diffraction angle 26 range of 30—80°. All of the
samples showed peaks at (100), (002), (101), (102), (110),
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Figure 2. SAXS analysis of JB incineration samples. (A) SAXS data for JB samples at different cycles of the incineration process; PDDF obtained
from GIFT analysis for (B) cycle 1, (C) cycle 4, (D) cycle 8, (E) cycle 16, and (F) cycle 17 of incineration.

(103), (200), (112), (201), (004), and (202) indexed at
diffraction angles of ~31.88, 34.55, 36.37, 47.66, 56.70, 62.99,
66.48, 68.06, 69.20, 72.75, and 77.02°, respectively (Figure 1).
The interplanar distances were estimated using eq 1 (Table 1).
The XRD spectra for JB samples revealed an enriched
crystalline nature with intense and sharp peaks representing
the interplanar spacing of “dy”. This spectrum is consistent
with ZnO wurtzite crystals generated by high heat and
chemical-based flame spray pyrolysis and plasma discharge
methods.>*¢ All of the lattice peaks, interplanar distance “dyy”,
and lattice constants “a” for all JB samples corresponded well
with the XRD peaks of the hexagonal wurtzite structure of pure
ZnO with the space group P6;mc and JCPDS card no. 36-1451
(Table 1, see the example in Supporting Information S1).>’~*
The obtained lattice constant “c” for all JB samples was
observed in the range of 5.06—5.08 A which was lower than
that of the standard hexagonal wurtzite structure with the “c”
value at 2.21 A. The lowering of “c” value was a consequence of
the presence of iron (Fe) in all samples as observed from EDX
(Figure 5C, see the example in Supporting Information $2).*"
Though Fe has affected the lattice parameter but had not
altered the overall hexagonal wurtzite structure owing to the
comparable size of Fe** (0.78 A) with that of Zn** (0.74 A)
and therefore has easily replaced the Zn>* ion from the lattice.
Also, the 26 value for the (002) plane shifted to a higher value,
indicating a lattice disorder (shrinkage) owing to the presence
of Fe in the dopant amount.*>*

When the XRD spectra from JB incineration cycles 1—17
were compared, a peak broadening effect was seen, which may
be attributed to a combined response from crystallite size
alteration and increased lattice strain (Figure 1B). The
measured crystal sizes of ZnO nanoparticles using Scherer’s
equation were 53.14 nm (cycle 1), 50.84 nm (cycle 4), 50.94
nm (cycle 8), 49.18 nm (cycle 12), 45.96 nm (cycle 16), and
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42.40 nm (cycle 17) (Table 1, see the example in Supporting
Information S3). However, because the XRD pattern measures
the size of the coherently diffracting domain, the peak
broadening observed in the XRD spectra can also represent
the shrinkage of nanocrystals as the number of incineration
cycles increases. The reducing bond length between Zn—O
(L(za—0) A) is represented as 1.98 A (cycle 8) to 1.95 A (cycle
17) calculated using eq 8 (Table 1, see the example in
Supporting Information S5). On the other hand, the lattice
strain (¢ X 107%) measured in the ZnO nanostructure increases
progressively from 2.465 (cycle 1) to 3.101 (cycle 17) (Table
1, see the example in Supporting Information S4). This
increased lattice strain correlated with the dislocation density,
which measures the number of defects in the samples. It was
observed that the dislocation density (6 x 107* (nm)72)
calculated using eq 7 also increased from 3.54 X 107* (nm) ™
(cycle 1) to 5.56 X 107* (nm) ™2 (cycle 17) (Table 1, see the
example in Supporting Information S5).

The aforementioned XRD pattern data demonstrated the
progression of the JB samples toward nanosize with a changed
crystal structure, followed by the advancement of the
incineration process. These variations in the XRD patterns of
ZnO nanoparticles correspond closely to those obtained using
hydrothermal and co-precipitation techniques, indicating a
shift in size and crystal lattice."*~** There were no other peaks
found in JBs’ XRD spectra that might reflect different phases of
ZnO or contaminants (Figure 1). Thus, the XRD data
suggested that the synthesized JB samples were of high purity.

The JD samples were further investigated using SAXS
between 0 and 10° angles. The diffraction pattern exhibited a
growing crystalline behavior between cycles 1—8 (Figure 2).
This was reflected by the spectral peak broadening between
subsequent cycles and transforming into a sharp peak reflecting
crystallinity at cycle 8 (Figure 2A). It was observed that the q
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Figure 4. HRTEM analysis of JB samples at different cycles of the incineration process.

value showed a progressive increase from cycle 1 to cycle 17,
thus depicting a continuous decrease in size with repeated
incineration (g = 2/D). The small value of g (broad peak) for
the samples at initial incineration cycles 1 and 4 indicated very
large particle size, whereas, for the later incineration 8, 16, and
17 cycles, the q values obtained were 0.12658, 0.13649, and
0.14635 and showed smaller particle size corresponding to the
interplanar distance (D) equal to 49.6128, 46.0106, and
429108 nm, respectively (Figure 2A). The SAXS results
validated the XRD analysis results related to the observations
made. The sensitivity of SAXS over XRD and DLS is much
higher, as it provides better resolution regarding the size and
structural changes in the JB particles compared to other
analytical methods. In contrast to DLS, which can be utilized
for solution samples for monodisperse particles, SAXS can be
employed for opaque to solid samples for several types of
nanostructures ranging from particles to rod shape and to
lamellar.*” Using generalized inverse Fourier transform
(GIFT) analysis for the PDDF, we further investigated the
structural change occurring in JB during the incineration
cycles.”® The PDDF obtained for a sample at incineration cycle
1 showed a rod-shaped morphology for JB with a radius of 6.5
nm and a length of 40 nm, which changed to a cylindrical
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morphology with a radius of 10 nm and a length of 40 nm,
throughout incineration cycle 4 (Figure 2B,C). The shape of
ZnO eventually altered toward nanoparticles at higher cycles.
The form of the PDDF correlated with the particle at higher
cycles, 8, 16, and 17 (Gaussian curve). The tailing in the curve
might be attributable to the existence of larger size particles,
demonstrating the heterogeneous character of the JB precursor
particles (Figure 2D—F). In the literature, it has been reported
that high-temperature calcination generated ZnO nanoparticles
with different morphological forms such as rod shape,
nanoflowers, and nanoflakes.”’ Thus, SAXS analysis showed
a close correlation between the changes in crystalline structure
to the final JB nanoparticle formation progressing with
incineration cycles.

The change in size and morphology with incineration
progression was studied using FESEM. For the initial cycle
between 1 and 4, the results showed large rod-shaped
morphologies for the ZnO-based JB particles in the size
range of 0.65—1.5 um (Figure 3).

The observed rod-shaped particle morphology was in good
agreement with the SAXS analysis for JB samples obtained
between cycles 1 and 4. In ZnO-based JB samples obtained
from incineration cycles 8—12, varying heterogenously shaped
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Figure 5. (A) FTIR spectra, (B) Raman spectra, (C) EDX analysis, and (D) DLS measurement of JB at different incineration cycles.

(irregular, triangular, and hexagonal) nanoparticles were
observed. The average particle sizes observed were 140 nm
(cycle 8) and 70—120 nm (cycle 12). The repeated
incineration for final cycles 16 and 17 has enormously reduced
the size, and the obtained results depicted the particle
morphology with the average size of 17.98 + 0.51 nm and
31.88 + 1.17 nm for cycles 16 and 17, respectively (Figure 3).
Hence, the results showed a change in the morphology and
size distribution of the JB particles changing from micron to
nanosize with the transition through the synthesis-associated
incineration process. The results also show that the biomedical
application of JB in numerous ailments originated from their
nanoparticle form, possibly enhancing their bioavailability and
cellular uptake.

The morphological investigation of ZnO nanoparticle-based
JB at different incineration cycles was also carried out using
HRTEM (Figure 4). Similar to FESEM, cycles 1 and 4
depicted a rod-shaped morphology in the micrometer range for
ZnO. With progression in incineration cycles, the obtained
results showed irregular shapes of ZnO particles in the size
range of 200—300 nm. Toward the final incineration cycle, the
ZnO-based JB were in particle morphology with an average
size of 12.5 and 10 nm for cycles 16 and 17, respectively. The
obtained size for the present ZnO nanoparticle-based JB has
much more reduced (<50 nm) as compared to that reported in
the literature, having the size range of 100 nm to 1 ym.
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The numerous functional groups and metal oxide bonds
contained in the compounds were analyzed using FTIR in the
range of 450—4000 cm ™" (Figure SA). The peaks in the 3200—
3500 cm™' range were primarily related to the stretching
vibrations of the OH group.””>” At all “Marana” cycles, the
presence of the OH group can be ascribed to the adsorption of
water molecules on the surface of JB samples. Prominent peaks
in all JB samples visible in the range of 1600—1650 cm™" were
assigned to aromatic C=C bending and C=O from
polyphenols, one of the major constituents of A. indica and
Aloe vera gel used during the synthesis of ZnO nanoparticles
(Figure SA).>* The metal—oxygen zone was represented by the
peak below 800 cm™" (Figure SA). The presence of the Zn—0O
stretching mode was confirmed by the occurrence of peaks at
480 cm™' in all samples (Figure 5A).>° The peak at 620 cm™
corresponded to the Fe—O bending vibration mode and
overlapped with the adsorbed H,O bending peak.”®

Due to high energy phonons, the Raman spectra showed a
highly sharp peak at 451 cm™, which corresponded to the E,y
mode of ZnO (Figure 5B).”” This wide, asymmetric peak
represented the active mode of ZnO in the wurtzite structure.
Furthermore, the peaks at 100, 349, and 593 cm™! were
likewise based on phonon modes and were denoted as A;(TO)
and A;(LO)/E,(LO), respectively (Figure 5B).”” The
remaining peaks at 506 and 661 cm™' were caused by multi-
phonon scattering modes and were assigned to the E,(TO) +
E, and 2(E,4y—E, ) modes, respectively (Figure SB). The
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peak at 1163 cm™ was caused by an acoustic combination of
Al and E2.°° The spectra of E,yy at 451 cm™ were sensitive to
internal tension and oxygen mobility. In addition, the polar
peak of 593 cm™, which belonged to Zn interstitial and oxygen
vacancy defect complexes, displayed a reversal trend in peak
intensity (Figure SB). This might be attributable to increasing
flaws after multiple incineration cycles, and it was also in
excellent detected with XRD analyses (Table 1). Furthermore,
the signal at 593 cm™ was relatively modest in comparison to
the Raman active peak at 451 cm ™!, which indicated the high
crystallinity and purity of final JB samples obtained by the
traditional Ayurveda approach (Figure SB).

EDX analysis showed the presence of Zn and oxygen (O)
along with carbon (C) and iron (Fe) in all the JB particles
obtained from different incineration cycles (Figure SC). The
presence of carbon may be attributed to the treatment of
bhasma particles with A. indica leaf juice and Aloe vera-based
decoction during the synthesis process, whereas the presence
of Fe in JB can be attributed to the incineration process in the
iron pan. Interestingly, the use of herbal decoctions during the
“Marana” processes is similar to the current application of
herbs for the reduction of metal ions and surface passivation of
functional groups during the green synthesis of metal-based
nanoparticles.””*" Size distribution analysis of JB samples
showed an advancing reduction in the particle size distribution
of JB samples with progressing incineration cycles (cycle 1:
1026 + 63 d nm, cycle 4: 572 + 35.54 d nm, cycle 8: 503.5 +
38.59 d nm, cycle 12: 478.7 + 28.96 d nm, cycle 16: 324.7 +
22.20 d nm, and cycle 17: 253.7 &+ 12.06 d nm) (Figure SD).
DLS analysis showed a larger average size of JB nanoparticles
compared to XRD and FESEM size analysis. This might be due
to the particle agglomeration and settling down of larger
particles when suspended in an aqueous medium.’" Similar to
FESEM and HRTEM analysis, the obtained hydrodynamic size
was less than the reported size (381 nm).%!

According to the classical Ayurveda texts, JB is applied as an
oral therapeutic supplement for the delivery of Zn ions. In
humans, high Zn intakes can induce acute toxicity through
induction of nausea, vomiting, diarrhea, headaches, and
stomach ache-like symptoms.®>®* Commercially available Zn
nanoparticles applied as food additives and in cosmetics have
shown cytotoxicity in Caco-2 and immune cells.”*** Hence,
due to its nanosize, it is highly important to determine the
biocompatibility of JB cycle 17 in Caco-2 cells. Our study
showed no induction of cell viability loss in the Caco-2 cell
when treated with the JB cycle 17 over a period of 24 h (Figure
6A). The results showed an inhibitory concentration 50% for
the JB cycle 17 to be > 1000 ug/mL (Figure 6A). The
Recommended Dietary Allowance (RDA) for adults is 8 mg/
day for women and 11 mg/day for men.®® In body, Zn>*
homeostasis is maintained mainly by the gastrointestinal
barrier cells through modulation of its absorption, secretion,
and excretion. Bioavailable Zn ions are mainly absorbed by the
small intestine region enterocytes, metabolized and trans-
located to the systemic circulation reaching the distal organs.’”
Hence, in the present study, we observed a dose-dependent
uptake of the JB cycle 17 nanoparticles in the Caco-2 cells
following a 24 h treatment (Figure 6B). A significant (p-value
<0.001) increase in intracellular uptake of JB cycle 17 was
observed at the treatment doses of 100 and 300 ug/mL
(Figure 6B). Earlier reports have stated that Zn nanoparticles
are taken up by cells through active internalization or
endocytosis-free mechanisms leading them to accumulate in
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Figure 6. Biological activity of JB cycle 17 in human colon (Caco-2)
cells. (A) Biocompatibility analysis using the Alamar blue assay, (B)
Uptake of JB cycle 17 in Caco-2 cells analyzed using ICP—MS and
normalized based on the protein content per sample, and (C) pH-
based acellular dissolution of JB cycle 17 nanoparticles (100 mg/mL)
releasing Zn”* ions and detected using Zincon dye. A and C were
performed thrice in triplicates. B was performed twice in triplicate.
Results are presented as mean =+ SD. One-way ANOVA was
performed for determining the statistical significance, followed by
Tukey’s post-hoc analysis. P-value of >0.05 was considered as
statistically significant. In B, *** p-value <0.001 (0 yug/mL vs 100 and
300 pg/mL).

the Iysosomal region.”® ZnO nanoparticles have been reported
to dissolve at pH between 2.0 and 4.0 that are physiologically
present in the stomach region of the gastrointestinal tract and
lysosomes.”””® Suspension of the JB cycle 17 nanoparticles
(100 mg/mL) in PBS buffer set at pH 4.0, 7.0, and 10.0
showed dissolution in acidic conditions [6 mg/mL (6% w/w)]
over a period of 24 h (Figure 6C). This showed that under
controlled conditions, JB cycle 17 nanoparticles were capable
of releasing the bioavailable form of Zn®* ions for intracellular
metabolism and release into the systemic circulation similar to
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other Zn nanoparticles.”’ In the future studies, we would
further explore the cellular mechanism of uptake, metabolism
of the final JB samples using in vitro cell models of
gastrointestinal tract enterocytes, and their systemic trans-
location reaching distal organs using in vivo models.

The findings showed that the pre-incineration “Shodhana”-
based trituration technique eliminated all impurities from the
Zn-based raw material. Progression of the “Marana” cycles
continuously changed the size and crystallinity of the raw
materials converting them into ZnO nanoparticles. Reduction
in the size of JB occurred through the realignment of Zn and
oxygen molecules within the Wurtzite crystal causing lattice
tension and reduced particle size. The final JB cycle 17
nanoparticles were found to show good biocompatibility and
capable of pH-dependent dissolution releasing Zn>* ions for
systemic translocation and therapeutics.

4. CONCLUSIONS

In conclusion, the results showed that the repeated
incineration cycles induced prompted a major transformation
in the crystallinity lattice structure and the morphology of JB
converting them into nanoparticles. These classically synthe-
sized JB nanoparticles were found to be highly biocompatible,
which were effectively taken up by the intestinal Caco-2 cells.
Furthermore, under acidic pH conditions, these JB nano-
particles were found to release free Zn** ions through
dissolution, making them bioavailable for metabolism and
systemic translocation. These findings associated with JB are
very useful in elucidating the underlying concepts applied in a
traditional medicinal system of Ayurveda when using metals as
therapeutic agents. In the future, we would further evaluate the
biological interaction and systemic translocation of the
bioavailable Zn?* released from the JB nanoparticles and
their role in modulating complex diseases..
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