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Abstract: The invention of an easy synthetic approach for extremely impactful nanomaterials (NMs) is
one of the crucial research areas in modern science and engineering. In the present work, we describe a
cost-effective, simple, rapid and environmentally gracious biogenic fabrication of nickel/nickel oxide
nanoparticles (Ni/NiO NPs) using Gymnema sylvestre as a natural fuel. The textural characteristics of
as-prepared Ni/NiO NPs were explored using X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), diffuse reflectance spectra (DRS), photoluminescence spectroscopy (PL), field-
emission scanning electron microscope (FESEM), energy dispersive X-ray analysis (EDX), and high-
resolution transmission electron microscopy (HRTEM). XRD affirmed the crystalline nature and phase
formation of Ni/NiO NPs. The FTIR spectrum ascertains the formation of Ni/NiO NPs, and the band
gap of 4.29 eV is revealed from DRS studies. Ni/NiO NPs display an intense emission peak at 576.2 nm
in their PL spectrum. The fabrication of pseudo-spherical Ni/NiO NPs was displayed by FESEM and
HRTEM images. The particle size obtained from HRTEM was 21 nm, which resembles the median
crystallite size ascertained from the XRD data. Additionally, the plausible mechanism for Ni/NiO NPs
formation is illustrated. Moreover, as-synthesized Ni/NiO NPs displayed considerable antifungal
potential against Candida albicans and Aspergillus niger. Results revealed that the Gymnema sylvestre
leaves extract can synthesize Ni/NiO NPs with appealing biological effectiveness for application in
the nanomedicine sector.

Keywords: green synthesis; characterizations; Ni/NiO NPs; Gymnema sylvestre; antifungal efficacy

1. Introduction

In this swiftly developing technological era, nanotechnology has accrued a plethora of
popularity owing to the invention of diverse scientific concepts to tackle the current obstacles
of developing technology [1–4]. Nanomaterials’ diverse applications and unique features have
grabbed the interest of multiple scientific and technological concerns [5–8]. Their distinctive
size, shape, area, and surface chemistry offer these features [9–12]. Moreover, the nanoscale
matter differs from its micro scale counterparts in terms of several characteristics such
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as electro-optical, chemical, magneto–optical, mechanical, and surface-area-to-volume ra-
tio [13–15]. Therefore, such properties of nanomaterials make them enormously aggressive
and more enticing for scientists [16–20]. As a result, nanomaterial offers splendid uses in
various sectors like medicine, solar cells, energy, defense, catalysis, agriculture, textiles,
cosmetics, sensors, ceramics, drug delivery, environment, food industry, and many more.

Bacterial growth and proliferation can happen anywhere, and bacterial infections are a
severe health problem for living things. There is a great demand for effective antimicrobial
drugs since bacterial infectious illnesses result in significant morbidity and death [21,22].
NPs made using a green method have shown potential efficacy in this field [23]. The ability
of bacteria to live and create various infections under varying circumstances is a result
of their exposure to various environmental fluctuations, including temperature, molarity,
radiation, toxins, and restricted nourishment. As a result, bacterial resistance to antibiotic
therapy is becoming a significant clinical and public health issue globally. Inappropriate use
of antibiotics and a lack of innovative approaches to the development of antibacterial agents
are the main causes of antimicrobial resistance [24,25]. Additionally, it is anticipated that
by 2050, antibiotic resistance will become a global epidemic with 10 million fatalities [26].
Therefore, proper actions and practices are essential to address the problem of microbial
resistance. Different mechanisms, such as altered binding target sites, enzyme synthesis, influx
and efflux mechanisms, etc., might cause bacteria to become resistant to therapies. To solve this
problem, new antimicrobial compounds were required [27–30]. Numerous antimicrobial NPs
(metal, metalloid, metal oxides, spinels, perovskites, etc.) have demonstrated their efficacy
in vitro, on animal cells, and against infectious illnesses [31,32]. The type of bacterial
species and the metal oxide NPs being used affect antimicrobial action.

Nickel (Ni) and nickel oxide (NiO) NPs are of fantastic prominence due to their peculiar
catalytic, unusual electronic, and spectacular magnetic characteristics [33,34]. Ni metal belongs
to the first transition series that possesses magnetic and catalytic and hydrogen storage
abilities [35]. Moreover, Ni is a strong option for use in biomedicine, magnetism, electronics,
and energy technology due to its eco-benevolent aspect and excellent reactivity [36–38]. The
environmental benefits of Ni NPs in the sector of adsorption of inorganic contaminants and
toxic dyes are crucial to maintaining a clean environment [39,40]. Due to their efficacious
anti-inflammatory and antibacterial properties, they have been applied in biomedicines [37].
Moreover, its oxide, NiO, is a p-type semiconductor with a cubic lattice structure with a
large band gap between 3.6 and 4.0 eV [41]. These NPs are being explored meticulously
and earned considerable popularity due to their excellent chemical stability and super-
capacitive and electro-catalytic features [42–44]. Moreover, NiO NPs offer promising
applications in fuel cells, catalysis, electrochromic films, magnetic materials, gas sensors,
battery cathodes, optical fibers, etc., [33,34]. Due to minimal material cost, volume effect,
surface effect, macroscopic tunnel effect, and quantum size effect, Ni and NiO NPs are
immensely inspiring topics in the contemporary realm of research [45].

To date, numerous traditional chemical and physical approaches have been reported
for producing Ni/NiO NPs [33,34,46]. These fabrication approaches are commonly ex-
pensive, labor-intensive, and time-consuming and may harm the ecosystem and living
things. Thus, “Green Synthesis”, an alternative approach for manufacturing NPs that is
affordable, rapid, efficient, and environmentally sustainable, was invented [47,48]. The
key features of the green synthesis approach are the careful planning of the synthesis,
non-noxious precursors, and benign reaction conditions to mitigate or remove the negative
impacts [49,50]. Moreover, a green approach uses biological components, such as algae,
bacteria, plants, fungi, bio-polymers, and bio-waste materials, as natural reductants and
stabilizers [51–53]. However, due to their higher rate of reduction, ease of availability, sus-
tainability, and abundance of biologically active compounds, plants are seen to be the most
viable alternative [54,55]. Furthermore, Furthermore, the concentration of plant extract,
metal precursors, pH, temperature, and reaction time all affect the effectiveness of green
technologies. The secondary metabolites found in the plant extract are important in reduc-
ing metal ions to metal/metal oxide NPs. The plant extract’s phytoconstituents include
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alkaloids, tannins, flavonoids, glycosides, terpenoids, steroids, amino acids, volatile oils,
organic acids, alcohols, saponins, polyphenols, vitamins, and carbohydrates as the numer-
ous functional groups, are what create the nanoparticles’ reducing and capping/stabilizing
properties. Such functional groups act as a capping moiety to NPs, stabilizing them and
preventing agglomeration.

Amidst potential therapeutic plants, Gymnema sylvestre, a member of the Apocynaceae family,
has historically been prescribed to cure several diseases [56]. It is a wild herb found in Africa,
China, India, and Australia. Due to its potency in treating severe illnesses such as cancer, asthma,
cardiovascular disease, diabetes, and obesity, diverse formulations of this plant are observed
in several products, namely food supplements, health tablets, and tea bags [56,57]. In diverse
reports, the presence of biologically active compounds in Gymnema sylvestre is claimed to be
effective against anemia, diuretic, arthritis, hypercholesterolemia, indigestion, osteoporo-
sis, asthma, cardiopathy, microbial infections, constipation, and as an anti-inflammatory
agent [58]. As depicted in Figure 1, Gymnema sylvestre extract possesses diverse biologically
active molecules, namely gymnestrogenin, gymnemanol, lupeol, quercitol, conduritol A,
paraben, d-quercitol, stigmasterol, and gymnemic acid-I, etc., [56].
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Figure 1. Phytochemical constituents in Gymnema sylvestre.

In view of this, present study demonstrate an inexpensive, facile, green, and envi-
ronmentally benevolent approach to synthesize Ni/NiO NPs employing leaves extract
of Gymnema sylvestre as natural reducing and capping agent. Moreover, the characteristic
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properties (using XRD, FTIR, DRS, PL, FESEM, EDX, and HRTEM analysis) and antifungal
activity of as-synthesized Ni/NiO NPs have been studied extensively.

2. Materials and Methods
2.1. Preparation of Extract from Gymnema sylvestre Leaves

Fresh leaves of Gymnema sylvestre were sourced from the Bhimashankar region, Pune,
Maharashtra, India. These collected leaves of Gymnema sylvestre were carefully rinsed with
double distilled water (ddH2O) to eliminate any surface dust/debris and then shade-dried
at room temperature (RT). After drying, the leaves were finely ground using a domestic
blender. Then, 2 g of fine powder of leaves was poured into a 250 mL beaker containing
100 mL of ddH2O and boiled at 80–90 ◦C for 20 min. The resulting solution was filtered
through filter paper (Whatman filter paper no. 1) and placed at 4 ◦C until the further
synthesis work of NPs.

2.2. Biosynthesis of Ni/NiO NPs

For the biogenic synthesis of Ni/NiO NPs, nickel nitrate (Ni(NO3)2.6H2O, 99%, SRL
Chem.) was used as a metal precursor. A total of 5 mL of leaves extract of Gymnema sylvestre
was mixed drop-wise to freshly prepared 0.1 M nickel nitrate under continuous stirring
using a magnetic stirrer for 25 min at 500 rpm. Then, the color of the resultant solution
changed from greenish to yellowish green. Next, the solution was centrifuged, and the
residue was calcined in a muffle furnace at 400 ◦C for 2 h. A fine black-colored material
was obtained, carefully collected, and stored for further study.

2.3. Analytical Tools for Characterization

The green synthesis of Ni/NiO NPs using leaves extract of Gymnema sylvestre was
confirmed using various physical characterization tools. The crystallographic elucidation
of Ni/NiO NPs was accomplished by X-ray diffraction (XRD, Brukar, D8-Advanced Diffrac-
tometer, Germany) profile with Cu-Kα radiation (λ = 0.154 nm). The functional group
assessment of as-synthesized Ni/NiO NPs was performed using FTIR-4600 typeA. The
absorption and optical characteristics of Ni/NiO NPs were scrutinized using Jasco Spec-
trophotometer V-770 and JOBIN–YVON FLUROLOG-3-11 Spectroflurimeter. The textural
properties, including the size and topology of Ni/NiO NPs were investigated through
field emission scanning electron microscopy (FESEM, Nova NanoSEM NPEP303, Japan)
and transmission electron microscopic (TEM, PHILIPS CM200, Japan). The elemental
composition and chemical purity were revealed by energy dispersive X-ray spectroscopy
(EDX, Bruker, XFlash 6I30, Japan).

2.4. Antifungal Activity of Biosynthesized Ni/NiO NPs

The antifungal activity of greenly produced Ni/NiO NPs was screened by using the
agar well diffusion assay against two fungal pathogens, namely Candida albicans (NCIM
3100) and Aspergillus niger (ATCC 504). The suspension of Ni/NiO NPs at a concentration
of 1 mg/mL was produced and used for further experimental work. For the growth of
fungi, Mueller-Hinton agar media was prepared, autoclaved, and allowed to solidify. The
fungal cultures were eventually distributed using sterile cotton swabs on Mueller-Hinton
agar plates. Five millimeter wells were then created with a cork borer and filled with
Ni/NiO NPs of the same concentration (1 mg/mL). Fluconazole (1 mg/mL) was applied as
the reference (positive control). The radius of each well was ascertained to be an inhibitory
zone and estimated in mm via Vernier caliper after 48 h of incubation at 37 ◦C.

3. Results and Discussion
3.1. Structural Elucidation Using XRD Profile

In the biosynthesis of NPs, particularly of metal oxide NPs, it has been reported in
several studies that not all metal NPs convert into metal oxides; instead, the formation
of a double phase of metal-metal oxide NPs is observed in most of the cases [59–61]. In
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this work, wherein the green fabrication of NPs was performed using the leaves extract of
Gymnema sylvestre, the formation of a single phase of NiO or double phase of Ni-NiO NPs
was identified through the X-ray diffraction (XRD) analysis. Figure 2 represents the XRD
spectra of the as-synthesized NPs. From the spectrum, strong and narrow diffraction peaks
may be noticed, which evinces the high crystallinity of the as-synthesized Ni/NiO NPs.
The diffraction peaks were noticed at diffraction angles corresponding to the reflection
peaks belonging to the (hkl) values of (111), (200), (111), (200), and (111) (as marked in
Figure 2), respectively. It may be observed from Figure 2 that two phases have formed,
marked by (*) for the NiO phase and (#) for the Ni phase. The diffraction peaks belonging
to NiO NPs are comparatively sharp, indicating the dominance of this phase over the Ni
NPs phase. It is important to mention here that in the process of biosynthesis using plant
extracts, the plant extract is used as both the capping and reducing agent; therefore, no
chemical hydroxide sources such as NaOH, NH4OH, etc., are used. Thus, for the complete
conversion of Ni-metal precursor into NiO NPs, the calcination temperature must be able
to convert all the reduced Ni NPs into their respective oxide. It has been reported by
Garcia-Cerda et al. [62] that in the case of NiO NPs, only one phase of NiO NPs was
obtained when the calcination temperature was kept at 600 ◦C for 2 h duration. In this
work, the calcination temperature was maintained at 400 ◦C for 2 h. This was done to
prevent the bio-capped plant phytochemicals from decomposing completely. Therefore,
two phases were observed in the XRD spectra of NPs corresponding to Ni NPs and NiO
NPs. Any other phase signifying the presence of impurities was not observed. Using
Scherrer’s equation, the median crystallite size of Ni/NiO NPs was estimated to be 25 nm.
The plant extract can serve as a fuel and a capping agent, so reducing the particle size,
so the method used may be responsible for the smaller crystallites. Consequently, the
biologically produced Ni/NiO NP’s small crystallite size and high crystallinity will notably
influence the biological functioning of the NPs.
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3.2. Vibrational Properties

The important phytochemical functional groups of Gymnema sylvestre present in the
biosynthesized Ni/NiO NPs were identified using the Fourier transform infra-red (FTIR)
spectra. These phytochemicals are the possible reducing and capping agents in the biosyn-
thesis of Ni/NiO NPs. The FTIR spectrum of Ni/NiO NPs is shown in Figure 3. The promi-
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nent bands have been marked in Figure 3, which was observed at 3430 cm−1, 2915 cm−1,
1630 cm−1, 1384 cm−1, and 1017 cm−1. The strong band observed at 3430 cm−1 corresponds
to the symmetrical stretching vibrations of -OH groups of the hydroxyl molecule [63]. The
transmittance band observed at 2915 cm−1 may be assigned to the C-H bond stretching.
The band at 1630 cm−1 may be ascribed to the O-H deformation of water adsorbed at the
surface of the as-prepared Ni/NiO NPs or to the C=O stretching vibrations. Likewise,
the carbonyl stretching band was observed at 1384 cm−1. Finally, the band appearing
at 1017 cm−1 represents the C-N stretching vibration of aromatic and aliphatic amines,
which may be further ascribed to the existence of complex phenolic structures [63]. Further,
some low-lying bands were also observed at 2848 cm−1, 1744 cm−1, and 1456 cm−1. These
bands may be ascribed to -CH2 vibrations of aliphatic hydrocarbons [64], carboxylic groups
from dimerized saturated aliphatic acids [65], and C=C aromatic ring stretching vibrations,
respectively. Therefore, the phytochemical moieties of the plant extract obtained in the FTIR
spectra, mainly phenolic groups, flavones, tannins, and aliphatic acids, were accountable
for reducing the metal precursor. At the same time, the residues acted as the capping
agent. Furthermore, no other impurity phase was identified, and the results of the FTIR
spectrum of biologically fabricated Ni/NiO NPs were in perfect concordance with those of
the XRD results.
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Figure 3. FTIR spectrum of biologically fabricated Ni/NiO NPs using leaves extract of Gymnema sylvestre.

Figure 4 depicts the main active biomolecules (Figure 1) found in Gymnema sylvestre
extracts in order to explain how the metal precursor salt Ni(NO3)2.6H2O can change into
Ni/NiO NPs. The proposed reaction mechanism demonstrates how diverse biological
molecules behave as stabilizing and reducing agents. Different active biomolecules found
in Gymnema sylvestre include gymnestrogenin, gymnemanol, lupeol, quercitol, conduritol A,
paraben, d-quercitol, stigmasterol, and gymnemic acid-I. However, gymnemanol has been
selected as a sample molecule for the mechanism. Because the hydroxyl groups adhere to
nickel ions, nickel and gymnemanol form a stable complex. After calcination, the complex
decomposes and produces Ni/NiO NPs. This was done to prevent the bio-capped plant
phytochemicals from decomposing completely. As a result, the formation of Ni and NiO is
not selective. Therefore, two phases were observed in the XRD analysis corresponding to
Ni NPs and NiO NPs.
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Figure 4. A possible reaction mechanism for the green synthesis of Ni/NiO NPs using biomolecules.

3.3. UV-Visible Analysis

The UV-Vis absorption spectrum of the as-prepared Ni/NiO NPs is depicted in Figure 5.
The biologically synthesized Ni/NiO NPs annealed at 400 ◦C evinced a high absorption
band in the UV range; therefore, it could absorb maximum UV radiation. A very strong
absorption band was observed at 288.9 nm. This absorption band may be attributed to
the essential band-gap attraction of Ni/NiO NPs due to the electronic transitions from
the valence band to the conduction band, i.e., O 2p to Ni 3d [66]. Therefore, the strong
absorption band in this area is the outcome of ligand-to-metal charge transfer (LMCT)
direct transition [66]. The band gap energy was ascertained using Planck’s equation and
was found to be 4.29 eV. This implies that the as-synthesized Ni/NiO NPs are a visible
light active material.
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3.4. PL Analysis

It is a well-known fact that in the case of metal oxide NPs, the photoluminescence
(PL) emission may be categorized into two specific types, namely, near band edge (NBE)
emission and deep level (DL) emission. The former refers to the emissions in the UV region
due to excitonic recombination, while the latter accounts for the radiative recombination of
a photo-generated hole with an electron occupying the oxygen vacancy [67].

The PL spectrum of the as-synthesized Ni/NiO NPs is depicted in Figure 6. It may
be observed that the PL spectrum of Ni/NiO NPs is dominated by the defect-related
deep-level emissions (DLE) in the visible (green) region and no peaks pertaining to the
excitonic recombination or other visible-region peaks may be observed. This implies
that the as-synthesized Ni/NiO NPs have minimum defect states in-relation to the non-
existence of defect-related emissions other than the green emission at 576.2 nm. This intense
green emission band (or DLE) may be attributed to the nickel vacancies; however, the
possibility of its origin as a result of oxygen vacancies cannot be ruled out [68]. Furthermore,
these vacancies also indicate the charge transfer between Ni2+ and Ni3+ species thereby
confirming their presence in the NiO lattice [68]. Hence, the greenly fabricated Ni/NiO
NP’s intrinsic structural defects suggest it can boost biological activities.
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3.5. SEM and EDX Analysis

The morphology of any metal oxide NPs is an important parameter that decides
the properties related to its surface activity. Considering this, the morphology of the
biosynthesized Ni/NiO NPs was characterized through the scanning electron microscopy
(SEM) technique, and the result is presented in Figure 7a. It may be observed from this
image that the particles do not have a fixed morphology, wherein some particles assume an
oval shape while most of the other particles have a pseudo-spherical shape.
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This implies that the amount of the bio-extract used was insufficient to impart particles
a common morphology (as may be observed from the figure). Nevertheless, authors
obtained nano-sized Ni/NiO NPs with particle sizes of 60–65 nm through this biosynthesis
technique. Figure 7b depicts the elemental composition of the as-synthesized Ni/NiO NPs
based on the energy dispersive X-ray (EDX) technique. From this figure, the presence of Ni
and O in the sample is evident. Furthermore, the weak unassigned peaks belong to C, Al,
and K, which may be attributed to the presence of plant phytochemicals in the sample.

3.6. HRTEM and SAED Pattern Analysis

The microstructural analysis of the as-synthesized Ni/NiO NPs was performed
through the transmission electron microscopy (TEM) technique. Figure 8a corresponds to
the TEM image of Ni/NiO NPs, and Figure 8b depicts its selected area electron diffrac-
tion (SAED) pattern. The TEM image shows that most particles have pseudo-spherical
structures similar to their morphology (Figure 7a). Further, the size of the particles was
in the range of 12 nm (smallest) to 28 nm (largest), while the mean particle size was as-
certained to be ~21 nm. SAED pattern reveals the crystallinity or amorphous nature of a
material. The SAED pattern represented in Figure 8b for Ni/NiO NPs shows the existence
of bright-colored spots in the form of concentric circles. Hence, this pattern indicated the
polycrystalline nature of the as-synthesized Ni/NiO NPs. Because of their high dispersity,
small particle size, and high specific surface area, greenly produced Ni/NiO NPs are a
potential material for biological applications.

3.7. Antifungal Efficacy of Ni/NiO NPs

The as-prepared Ni/NiO NPs were evaluated for their antifungal performance using
flucanazole as a control (Figure 9). The results of a zone of inhibition (mm) values are
compiled in Table 1. The greenly produced Ni/NiO NPs displayed considerable antifungal
potential against Candida albicans and Aspergillus niger (Figure 8). The highest efficacy was
displayed against C. albicans with an inhibition zone of 22.2 mm at a volume of 1 mg/mL
Ni/NiO NPs suspension. At the same time, Ni/NiO NPs displayed considerable inhibition
performance against A. niger with an inhibition zone of 18.8 mm. Similar results were
reported in the study by Suresh et al. [69] when A. niger was subjected to an antifungal
assay using biogenically produced NiO NPs. Moreover, A. niger was the target of NiO NPs
powerful antifungal action, according to Ahmad et al. [70].
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Table 1. Antifungal effect of biogenically produced Ni/NiO NPs using leaves extract of Gymnema sylvestre.

Entry Fungal Strain Average Zone of Inhibition (mm)

Ni/NiO NPs Flucanazole

1 Candida albicans (NCIM 3100) 22.2 28
2 Aspergillus niger (ATCC504) 18.8 30

The Ni/NiO NPs facilitate dispersibility and allow the interaction of extracellular Ni2+

with intracellular Ca2+ metabolism, which causes cell damage. When the size of the NPs
decreases, the electrostatic interaction between the microbial cell membrane and Ni ions
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released from Ni/NiO NPs becomes strong. It hence increases the fungicidal efficacy [71].
The activity also depends on the physicochemical properties of the NPs for long-term
performance. In general, the particle dosage, methodology, and duration of treatment all
affect how effectively a potential antimicrobial works [72].

Also, the electrostatic interaction between the positively charged nickel ions (Ni2+)
and the negatively charged bacterial cell membranes may regulate the antifungal activity
of the produced Ni/NiO NPs. The Ni/NiO NPs emit Ni2+, which enters the cell wall and
damages the DNA, mitochondria, proteins, and electron transport, ultimately leading to
cell death. Protein leakage results from Ni/NiO NPs diffusion and buildup in the cell
membrane, which changes membrane permeability.

According to the mechanism mentioned above and investigations, the biologically
fabricated Ni/NiO NPs using leaves extract of Gymnema sylvestre have effective antifungal
characteristics and can be administered at the appropriate dose to target a particular
microbe or afflicted tissue with minimal side effects.

4. Conclusions

In the present study, the Ni/NiO NPs were successfully fabricated via green synthesis
and one-pot technique using leaves extract of Gymnema sylvestre for antifungal studies.
Crystallographic structure, chemical composition, and textural properties of the fabricated
Ni/NiO NPs were investigated through XRD, FTIR, UV-DRS, PL, FESEM, EDX, and
HRTEM analyses, respectively. The initial analysis confirmed the production of Ni/NiO
NPs with a mean size of 25 nm and a pseudo-spherical morphology. XRD and FTIR studies
affirmed the phase formation of Ni/NiO NPs. The intense peaks reveal the high crystalline
nature of the Ni/NiO NPs, and the sharp PL emission at 576.2 nm affirms the existence of
the defect states, which are accountable for their good antifungal performance. The greenly
synthesized Ni/NiO NPs possess good antifungal performance by the action of UV and
visible light, which contributes to generating electron-hole pairs, thereby forming hydrogen
peroxide (H2O2), which penetrates the cell membrane and destroys bacteria. Moreover,
as-prepared Ni/NiO NPs displayed considerable antifungal performance against Candida
albicans and Aspergillus niger. The result of the zone of inhibition proves that the fabricated
Ni/NiO NPs show a considerable antifungal performance and were found to be potent
against fungal strains. Based on this work, it is conceivable to consider greenly produced
Ni/NiO NPs as a potential alternative for antimicrobial agents that could deal with the
major emerging obstacle of antibiotics. Hence the biologically fabricated Ni/NiO NPs can
be employed as antimicrobial coatings for environmental and biomedical uses.
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