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Low‑cost green recyclable 
biomaterial for energy‑dependent 
electrical switching and intact 
biofilm with antibacterial 
properties
Muhammad Sultan Irshad1, Naila Arshad2, Iftikhar Ahmed3*, Misbah Sehar Abbasi4, 
Muhammad Idrees5*, Shafiq Ahmad6, Mohamed Sharaf6, Muhammad Sohail Asghar7 & 
Mazen Zaindin6

A highly cost-effective recycled biomaterial extracted from lime peel has been made biocompatible 
and has been coated on a commercial fluorine-doped tin oxide (FTO) substrate of glass using the 
spin coating method. Structural, morphologic, electronic, and antibacterial measurements were 
thoroughly characterized as a green biomaterial thin film using X-rays (XRD), PL, FTIR, Raman, SEM, 
HRTEM, AFM, I–V, and antibacterial diffusion techniques. The comprehensive analysis of structures 
of recyclable waste in the form of lime peel extract (LPE) as thin films showed the crystalline cellulose 
structure that corresponds to the lattice fringe (0.342 nm) exposed by HRTEM. The K+1 interstitial 
active sites or vacancies in LPE/FTO thin films are confirmed by the PL spectra that show important 
evidence about conduction mechanisms, and hence facilitates Ag+1 ion migration from the top to the 
bottom electrode. The AFM investigations revealed the minor surface roughness (169.61 nm) of the 
LPE/FTO film, which controls the current leakage that is associated with surface defects. The designed 
memory cell (Ag/LPE/FTO) exhibits stable, reproducible electrical switching under low operational 
voltage and is equipped with excellent retention over 5 × 103 s. Furthermore, owing to presence 
of flavonoids and their superior antioxidant nature, lime peel extract powder shows tremendous 
antimicrobial activity against gram-positive and Gram-negative bacterial strains.

The importance of various fabrication techniques of modern process engineering and nanotechnology cannot be 
overlooked, particularly with the emergence of ultra-smart devices, smart tools, nano scaffolds, and molecular 
machines1,2. Intelligent devices with electronic and biomedical and antibacterial applications have facilitated 
scientists’ research as well as other innovators who are developing new applications for endless opportunities in 
modern scientific endeavours3. Nanomaterials exist in various geometric shapes, such as wires, rods, particles, 
fibers, and fullerenes that exhibit unique surface-to-volume ratios and physical and chemical properties that 
induce characteristics related to diverse material and matrix applications in energy, water, environmental depriva-
tion. In addition, they show resistance to introducing even diffusion in any matrix4. Thus, a detailed inquiry into 
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these properties at the nano-scale is inevitable. The literature reveals that thin film coatings offer a range of core 
properties that serve as the pivot for state-of-the-art technologies, for example, anti-static role, wear and tear, 
enhanced adhesion, resistance to destructive behavior, optical spikes, mirrors and magnetic tools, molecular-
scale semiconductor devices, food technologies, etc.4,5.

Many studies have reported diverse applications of biomaterials from natural resources, and this topic has 
been the focus of attention for researchers and scientists across the globe due to their medical, biomedical, and 
medicinal (clinical antioxidant, antibacterial, and antitumor) applications4,6. Contrary to previous beliefs, the 
bark or peel part of fruits have appeared as more valuable components of agriculture products as compared to 
conventional beliefs7. There are a number uses for citrus fruits due to their coherence, economy, and bio-compat-
ibility. Citrus has been used as a reservoir for nutraceutical and many dietary supplements6,7. The peel and pulp 
of the fruits have confirmed anti-toxicity and anti-pollutant properties, and it is a candidate material for future 
sustainable structural engineering applications7,8. The biomaterial of citrus peels and the derived products have 
been extensively employed for various energy conversion and storage system devices, such as organic solar cells 
(dye-sensitized solar cells, DSSCs), batteries, fuel cells, supercapacitors, and non-volatile memory devices7–9. 
Nonetheless, citrus also has sources for pectin, which has been reported as a base material for non-volatile 
memory microsystems that are largely used in data storage applications5,9.

Our research group initially reported that citrus peel fruit extract byproducts (pectin) could intelligently 
scavenge certain cations, such as Ca+2 and Zn+2, from the effluents released in wastewater streams1,6. These 
enormous properties are outsourced from the chemical structure and composition of the fruits, as illustrated in 
Fig. 1. In particular, orange and mandarin citrus have proved important sources of valuable bioactive molecules10. 
Recent research has attributed extraordinary significance to the novel nutritional and medicinal valuable sub-
products present in citrus10,11. Citrus peels are used as a store of essential units, including soluble sugars, organic 
acids, carbohydrates, and carotenoid fibres11–13. Many of the flavonoids serve living bodies by stabilizing the free 
radicals participating in various human metabolism redox activities9,11. The yellowish-green color in vitamin C 
is associated with citrus lime fruit11.

In addition to the above uses, the good fragrance and absorbent capability have made citrus part and parcel of 
cosmetic products. Limonene and flavonoids are sub-products that can help physicians to control obesity, aging, 
carcinogenic activity including tumour growth, etc.11,12. Lime peel contains two unique ingredients, albedo and 
flavedo, in the external part of the peel that appear greenish-yellow. A flexible, songlike, cellulose film in lime 
peels contains albedo14,15. Various medical conditions can be cured or managed with the byproducts of citrus 
plants, including inflammation and allergies and has anti-mutagenic and carcinogenic activities. Multiple for-
mulations of food contain flavonoids that help with prevention before a disease therapy is engaged12,13,15. Apart 
from organic medicinal ingredients, the lemon fruit peel offers a host of minerals, such as potassium (K), Sodium 
(Na), Calcium (Ca), Magnesium (Mg), Copper (Cu), Zinc (Zn), Phosphorus (P), and Iron (Fe)16–18.

Our presented work deals with a simplified laboratory fabrication of stacked thin film consisting of LPE/FTO. 
Moreover, the structure and composition of the films are explored for their sustained antimicrobial bioactivity as 
well as the resistive switching phenomenon. The presence of the flavonoid structure confirms the potent appli-
cations in healthcare-related products on account of unique content and composition14,15. According to recent 
research, appreciable work is available simultaneously for uses of biomedical germicide strips as well as recyclable, 
reproducible electronic switching in memory devices. This report provides another dimension to the dual appli-
cations of biofilm in medical care (antibacterial agents) and in sustainable, recyclable electrical memory devices.

Figure 1.   Represents the basic functional group and structure of flavonoids13,15.
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Results and discussion.
Crystal structural analysis (XRD).  The two theta ranges, 20°–80°, are explained in Fig. 2a, which shows 
an X-ray diffraction study of the biofilm (lime peel extract coated on the FTO substrate). The crystalline rutile 
phase FTO assisted as a substrate, which imparts significant crystalline properties in the matrix compared to 
bare glass. Nonetheless, the LPE-based biofilm shows sharp peaks, confirming the presence of the overall crys-
talline phase. Fundamentally, raw lime peel extracts exhibit cellulose, lignin, hemicellulose, and flavonoids com-
pounds with their derivatives19–22. The LPE-coated thin film on the FTO substrate demonstrates the crystalline 
structure equipped with sharp peaks of crystalline cellulosic components and few rutile FTO substrate peaks. 
The existence of cellulosic crystalline peaks is due to the hydrogen bonding of adjacent molecules or van der 
Walls forces19. The observed two-thetas angles of 16.3°, 21.8°, 26.6°, 41.1°, 51.9°, 55.6° correspond to crystalline 
cellulose and flavonoid compounds with their derivatives. Other peaks of the FTO substrate appeared to show 
congruence at certain points in the spectrum, e.g., 51.9°, 55.6°. The standard cellulosic crystal structure is vis-
ible at 16.3°, 21.8°, while 26.6° may find the origin in flavonoids, and 41.1° can be referred to as the rutin type of 
flavonoid or hesperidin. The greater alignment in the polymeric material triggered fibrous molecular level rear-
rangement in the LPE/FTO films, which resulted in the fibrous assembly of the lime peel stretching via physical 
extraction of the material. The HRTEM lattice fringe of the LPE thin films perfectly match the XRD evaluated 
d-spacing (0.395 nm or 395 Å), as illustrated in Fig. 2b. The crystalline size of the lime peel’s extracted material 
was calculated to be 118.55 nm using the well-known Scherrer’s equation from Table 1.

Identification of functional group (FTIR and Raman).  The functional groups present in the thin LPE 
film were explored using FTIR Spectroscopy. Figure 3a refers to the LPE extracted film range spectrum, from 
500 to 4000 cm−1. The band of high intensity at 3415.22 cm−1 can be attributed to the stretching frequency of the 
hydroxyl (–OH) functional group present in carbohydrates. The FTIR peak at 3019.76 cm−1 can be referred to as 
hydrocarbons (C–H) groups due to either the symmetrical or asymmetrical stretching vibrations. The band at 
1685.18 cm−1 is related to the carbonyl (C=O) functional group due to the stretching vibrations. Another intense 
FTIR signal at 1134.31 cm−1 indicates the ether-linkage (C–O–R), and the signal peak of 1385.48 cm−1 that refers 
to the near-aliphatic hydrocarbon chains (–CH2– and –CH3 ) reflects the structural basis of the material23. The 
bending vibration signal at 1591.65 cm−1 of C–H can be correlated to quercetin-type flavonoids. Moreover, the 

Figure 2.   (a) Demonstrate the XRD crystallographic spectrum of bionic thin film of LPE/FTO that expose 
the cellulosic crystalline structure originate due to van der walls forces or hydrogen bonding of flavonoids 
molecules. (b) HRTEM image of lattice fringes also confirmed the strongest peak d-spacing of bionic LPE thin 
film on FTO substrate.

Table 1.   Denotes the estimation of crystallite size parameter of lime peel extract thin films deposited on 
FTO substrate followed by well-known Scherrer equations and brags law. Average crystallite size = 41.25 nm. 
Average lattice strain = 0.0065.

No Angle (2̾θ) FWMH d (Å) Lattice strain (%) D (nm)

1 16.3 0.230 3.95 0.0054 38.43

2 21.8 0.134 2.43 0.0035 40.38

3 26.6 0.236 1.52 0.0042 28.47

4 41.1 0.152 2.13 0.0020 32.75

5 51.9 0.216 2.09 0.0031 36.32

6 55.6 0.113 1.47 0.0045 38.61
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FTIR signal at wavenumbers 1735.67, 1488.63, and 849.15 cm−122,23 were found to be associated with pure cel-
lulose, alcohol, organic acid, and alkyl halide, respectively.

As shown in Fig. 3b, the LPE extract’s energy absorption was investigated by Raman spectroscopy and was 
evaluated in the range 0–3500 cm−1. Raman bands at 212 cm−1 and 631 cm−1 for a thin LPE film can be linked 
to carotenoids, which is a type of flavonoid23. The citrus fruit is rich in flavonoid carotenoids, which result in 
the lemon fruit’s coloring and which offers natural healthy products for consumers. Strong-colored pigments 
originate from the permitted π–π* transition towards a visible region24. As soon as the excitation laser frequency 
is applied in coherence with the electronic shift in carotenoid molecules, a Raman spectrum23,24 resonance is 
established. Thus, the Raman spectral band intensity is enhanced, contrary to normal Raman scattering. In basic 
vibration modes, the probability of combinations and overtone increases. Hence, ultraviolet or visible excitement 
contributes to resonance acquisition.

Figure 3.   (a) FTIR spectrum exposed various class of flavonoids in LPE thin film that’s drive bioactivity and 
bioionic electrical switching as a dilectric layer. (b) The broad absorption in visible region for π–π* transition 
within LPE matrix revealed by Raman spectra.

Figure 4.   Pl spectra comprehend the defect chemistry of interstitial K1+ defect abundant LPE thin film that ease 
the diffusion of Ag1+ ion from the top to bottom electrode.
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Defect chemistry of LPE/FTO.  Photoluminescence (PL) spectroscopy can analyze the spontaneous 
intrinsic defects existing in biomaterial thin films and can investigate defect chemistry to explore excitation and 
recombination of charges in the lattice or point defects that appeared during synthesis, such as active structural 
and interstitial defect sites25. Figure  4 explains the PL spectra of thin film coated over FTO at an excitation 
wavelength of 457 nm and laser exposure time of 10 s. Only one sharp intensity peak was observed at 577 nm, 
corresponding to 2.15 eV bandgap of LPE/FTO thin film in the visible yellow region25,26. There exist no addi-
tional peaks in the spectrum due to the good quality of the prepared biomaterial. In fact, two types of defects 
are responsible for irradiative recombination, which may lead to sharp, intense peaks. Radiatively transitioned 
mobile electrons, if trapped in deep bulk levels near the valence band, can cause electron trapping26. Hence, 
electrons held in a trapped state are aligned with a structural defect that may be potassium ions, K+1 active site 
in structure, or vacancies. These active interstitial sites are considered to ease the migration of the Ag+1 ion from 
the top to to bottom electrode. The peaks related to the trapped electrons are those with a wavelength range of 
590–700 nm that lie about 0.70–1.60 eV to the red band24. If we consider the hole-trap mechanism, then the 
mobile electrons that are in a radiative course transition can recombine with the trapped hole in a deep and shal-
low bulk level, which is found below the range of the conduction band. The deep shallow larger states are linked 
to oxygen vacancies, which originate the PL emission signal peaks in a range of colors varying from the yellow or 
green region with a 500–570 nm wavelength at 1.8–2.5 eV24–26. The LPE spectrum signal shows a recombination 
of mobile electrons with the holes at a deep shallow and bulk level under the conduction band via a radiative 
channel transition at 577 nm, referred to as a 2.15 eV bandgap.

Morphology and surface roughness view.  An additional investigation regarding surface morphology 
along the texture profile of the LPE/FTO films was executed using Atomic Force Microscopy (AFM). The aggre-
gation of the surface of lime peel films can be explored more convincingly if they are compared with natural 
cellulose xanthate (CX) biomaterial-based thin films, which show slightly less roughness than LPE thin film27–29.

Indeed, surface topography and the roughness of thin films decisively affects the electrical switching nature 
by avoiding surface defects or dangling bonds. These superfluous surface defects cause an annoying conduct-
ing channel, which may be the origin of the electrical deterioration of memory devices. As shown in Fig. 5a, 
the surface roughness of the LPE/FTO thin film revealed a negligible root mean square (RMS) roughness value 
(169.61 nm) that shows a regular pattern and homogeneous growth, as demonstrated in the AFM 3D view of 
surface topography equipped with a dimension of (1.5 × 1.5 µm) as shown in Fig. 5b. The statistical estimations 
from the well-known Gwyddion software show a median of 0.5328 µm in an under-selected area of 5.410 µm2. 

Figure 5.   Morphology and topography of natural bionic LPE/FTO thin film. (a) Surface roughness spectra that 
shows negligible surface defects or dangling bond. (b) 3D AFM surface view of LPE/FTO. (c) The topographical 
waviness spectrum. (d) 3D AFM surface waviness. (e1) SEM surafce view of cellulosic crstalline homogenious 
growth of LPE on FTO. (e2) SEM cross-view exposed the LPE film thickness on FTO substrate. (f) Basic 
elemental composition of bioactive compounds present in LPE/FTO thin film via EDS.



6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:14600  | https://doi.org/10.1038/s41598-020-71610-w

www.nature.com/scientificreports/

The slightest roughness appeared due to the stress of adhesion between the FTO substrate and LPE, and this 
adhesion pull enhances the strength and long-term stability of the deposited film. The deposited LPE thin films 
can be visualized in a broader context, in terms of the smooth waviness, in a 3D view of the waviness profile, as 
illustrated in Fig. 5c and d. The waviness spectrum demonstrates the smoothness wave shift and depicts the regu-
larity of the pattern in a selected area of 256 × 256 µm. A brief statistical analysis estimated the average magnitude 
of height spacing to be 0.027, 0.053, and 1.437 µm, and the AFM investigations were compared with SEM and 
HRTEM microscopies. The role of surface roughness and interfacing cannot be ignored in electron scattering, 
as they promote the studied deposited films’ electrical conductivity. The same impact has been observed on the 
hole mobility of the transistor and the electron’s mobility of the reverse phase layer (inversion part) of the film 
matrix. The observed surface morphology of the LPE/FTO thin films, as shown in Fig. 5e1, shows regular cellu-
losic deposition, and its adhesion factor shows minor stiffness on the surface, which is also observed in the AFM 
3D view of surface topography. The surface view of the LPE/FTO thin films also exposes the smooth growth of 
cellulosic crystalline structures, which confirms the XRD findings and the HRTEM lattice fringes observations.

Henceforth, it is concluded that a regular patterned layer of LPE is associated with an electrical resistive 
switching signal due to a lack of surface porosity to manage the deterioration of the switching layer. Additionally, 
the surface smoothness plays a significant role, and the thickness of the deposited films also matters. In order 
to observe the thickness of the LPE deposition on FTO substrate, a cross-view analysis was also carried out. 
Figure 5e2 shows the SEM cross-view, the deposited LPE with an approximate thickness of 7 µm on the FTO 
substrate, and the cloudy part of the cross-view reveals the cellulosic fiber of the LPE. Furthermore, an EDS 
analysis was also done to comprehend the elemental composition of the LPE that revealed the organic and bionic 
nature owing to its carbon, calcium, potassium, and oxygen components, as illustrated in Fig. 5f.

I–V characteristics of Ag/LPE /FTO RRAM.  The world is keeping a record of every passing moment, 
which requires a robust and dynamic data storage system. The data storage mimics the neuroscience of the 
human memory record system. Thus, resistive random-access memory (RRAM) has now acquired a level of 
maturity that needs to be made more viable with low energy consumption, long memory retention, facile fabri-
cation, rapid on–off switching speed, and non-volatility9,20,29,30. A variety of biomaterials have been already tested 
for fabrication flexibility, electronic swing, sustainability, economy, elasticity, and organic nature30.

Organic semiconductors attracted the researcher’s attention due to its outstanding optoelectronic properties30. 
Many biomaterials drawn from fruits have been investigated for resistive switching memory devices30,31. The 
resistive switching devices operate by varying the resistance through a dielectric medium present as a sandwich 
between two metallic electrodes31,32. The dielectric materials possess the unique property of storing charges at 
the interface of electric polarization under an applied voltage. The phenomenon of resistive switching can be 
identified by two types of applied polarity, known as unipolar and a bipolar30–33. Bipolar conduction behavior is 
also termed as asymmetric and can be underlined by the current–voltage (I–V) curve, which helps determine the 
existence and development of a conduction filament operating through a dielectric biomaterial thinly configured 
over a substrate such as FTO. The electroforming step requires a range of positive voltage (0–5 V) over a top layer 
electrode with a step voltage range of 0.1 V and a current compliance value of 10 mA, keeping safety measures 
to avoid permanent breakdown of the dielectric media31–33, while the FTO substrate glass is kept grounded. In 
the case of the LPE thin layer as the dielectric media, it is switched suddenly to the least resistance state (LRS) at 
1.5 V, which affirms the electroforming phenomena that may be varied and optimized under electric stimulation.

Figure  6a exhibits the full curve of the LPE resistive switching at a voltage range of the order of 
0 V → 2 V → − 2 V → 0 V under room temperature conditions and 5 mA current value. As recently reported by 
Wang et al.17, a low current range is inevitable to maintain safe protection from a permanent dielectric break-
down of the biomaterial-based device. An operational voltage ranges between 0 to 2 V (sweep1). The LPE as 
the dielectric media offers a linear output of up to 1.4 V, and when suddenly depressed to a low resistance state 

Figure 6.   (a) Represent the bipolar electrical switching curve of bionic LPE/FTO RRAM cell. (b) The electrical 
switching purely depends threshold voltage dependent resistance switching at room temperature.
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(LRS) with a rise in current from 1 to 50 mA, the set state is defined as the ON state. When the sweep follows at 
a voltage range of 2 V → − 2 V, the LPE dielectric media maintains an LRS. Nonetheless, under inverted condi-
tions and a reverse-phase at 2 V → 0 V, the LPE media is sustained in an LRS up to − 1.3 V and jumps abruptly 
to a high resistance state (HRS), which is termed as the OFF state, at a voltage range of − 1.4 V, which further 
ratifies the asymmetric or bipolar resistive switching phenomenon exhibited by the LPE dielectric media. The 
process was repeated for three successive cycles, which confirmed the existence of both resistive states (LRS/HRS). 
This behavior is conceivable and may be reproduced at a voltage range of 1.5 V/− 1.4 V without any significant 
reduction. Figure 6b shows the resistive variable profile of the LPE media under study at a full cycle sweep of 
0 V → 2 V → − 2 V → 0 V. Initially, in the first run, the resistance changed suddenly to 200 Ω to 5 kΩ at 1.5 V, 
which shows LRS. The most attractive feature observed in the second run at 2 V → − 2 V is that the resistance 
profile remains consistent without any changes to the LPE media at approximately 200 Ω. In the third run (3rd 
sweep), the LRS switched again and turned suddenly to HRS at − 1.4 V. This variable resistance at a voltage range 
ratified the resistive switching behavior of the LPE biomaterial device under study.

The ON/OFF ratio is the prime characteristic of RRAM that reveals the resistance variation window. This 
resistance variation window attributes the stable set/reset state or writing and erasing data of the resistive switch-
ing memory devices. Normally, organic materials are less mature than inorganic materials owing to their thermal 
and chemical stability. A fabricated memory device has better stability at room temperature along with low 
error detection under a minimum voltage supply. The ON/OFF ratio was examined to understand the efficient 
resistive switching across different temperatures, as illustrated in Fig. 7a. It was found that the maximum ON/
OFF ratio (4 × 103) was observed at 30 °C under 0.5 reading voltage. The limitations of reading the voltage lies 
in the chemical instability of the lime peel extract. The obtained ON/OFF ratio replicates the efficient resistance 
window that differentiates the set and reset state of the memory device. The maximum efficiency of the ON/
OFF ratio of the LPE RRAM designates the chemical stability of host material, which is gradually decreased 
under a successive applied thermal response. Moreover, the statistical mean values of the distinctive voltage 
were evaluated to analyze the voltage distribution probability of the fabricated Ag/LPE/FTO-based RRAM. As 

Figure 7.   (a) Endurance profile of bionic Ag/LPE/FTO RRAM for 25 consecutive cycles. (b) Excellent 
retentivity over 5000 s along reproducible bipolar switching nature.

Table 2.   Represent the functional groups present in lime peel extract and the observed stretching vibrations 
modes estimated from FTIR and Raman spectroscopic investigations of lime peel extract based thin films.

Wave number (cm−1) Bond Functional group

849.15 C–Cl Alky halides

1134.31 C–O–R Ether linkage

1385.48 –CH2– and –CH3 Aliphatic chains

1488.63 C–O Alcohols, carboxylic acid, ester

1591.65 C–H Flavonoid

1685.18 C=O Carbonyl

1735.67 Cellulose

3019.76 C–H Alkanes

3415.22 –OH Carbohydrates
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shown in Fig. 7b, the set/ON state and reset state/OFF state at 1.5 V/− 1.4 V was confirmed through statistical 
voltage distribution (Tables 2 and 3).

The least possible electrical degradation plays an essential role in electrical switching and promotes the 
longevity and viability of memory devices29–31. Tremendous efforts have been made to avoid electrical degrada-
tion by introducing new materials that offer better electrical switching stability32. In this contribution, the low 
cost and eco-friendly lime peel extract-based RRAM devices demonstrate excellent endurance (4 × 103) under 
a successive 25 cycle-to-cycle variation because of its better resistance variation stability, as depicted in Fig. 8a. 
The electrical switching stability over a 25 cycle-to-cycle variation and its excellent resistance window make 
Ag/LPE/FTO RRAM a better option for use in green wearable flexible electrical switching devices. As shown 
in Fig. 8b, a retention test was carried out to observe the electrical degradation of the LPE-based RRAM over 
5 × 103 s. Certainly, the fabricated memory cell exhibits a smaller attenuation factor after 5000 s, which shows 
the excellent retention of the Ag/LPE/FTO-based RRAM. The observed performance parameters increase the 
interest in low-cost biomaterial utilization in memory storage devices.

Various concentrations of lime peel extract (LPE) essays were selected to investigate the antibacterial response 
of LPE powder against four various bacterial strains (both gram-positive and gram-negative), followed by the agar 
well diffusion technique. The concentrations were taken at 20 mg/mL, 40 mg/mL and 80 mg/mL. The monitored 
in vitro investigation was performed to bring familiarity with lime peel extricates NPs to those who use them 
to treat different infections brought about by subsequent contagious plagues. These pathogens were disengaged 
and distinguished by the analysts of the Pakistan Council of Scientific and Industrial Research Complex and 
Laboratories Lahore. The information found from the in-vitro investigations of lime extricate powder exposes 
an antioxidant nature that promotes doze-dependent treatment. The following antimicrobial analysis consisted 
of dimethyl Sulfur oxide (DMSO) as a solvent, and ciprofloxacin as the antimicrobial control. The centralization 
of anti-infection agents was 0.005 mg/mL, while the volume of lime peel extricates was 100 uL. The centraliza-
tions of the lime strip powder were 20 mg/mL, 50 mg/mL, and 80 mg/mL. As per the LPE, the NPs fixations 
expanded, and the respective antibacterial inhibition zone likewise expanded because of its cell reinforcement 
flora of flavonoids, as in Fig. 9.

Table 3.   All the assays of lime peel extract powder against carcinogenic pathogens were repeated in triplicate 
and their mean values ± standard deviations and represent their inhibition zone profile.

LPE concentrations

Zone of inhibition (mm)

Gram positive Gram negative

E. coli Klebsiella pneumonia Bacillus subtilis S. aureus

20 ug/mL 14 ± 2 6 ± 2 9 ± 2 14 ± 1

50 ug/mL 19 ± 1 11 ± 1 13 ± 1 16 ± 2

80 ug/mL 22 ± 1 15 ± 2 15 ± 1 18 ± 1

DMSO 11 ± 1 0 8 ± 1 0

Ciprofloxacin 29 ± 0 28 ± 2 30 ± 1 11 ± 2

Figure 8.   (a) ON/OFF ratio of Ag/LPE/FTO RRAM profile on various tesiting temperature. (b) Stable and 
reproducible voltage-dependent electrical switching was confirmed by statistical voltage distribution evaluation.
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Discussion
The citrus peel has two sections: flavedo and albedo. In the external colored part, the flavedo is present. Flavedo 
is very small and holds the oil glands along a natural wax layer34. It has a cellular structure, and the inner area 
exhibits multipart intercellular structures that consist of the albedo part, which is porous and white (gas volume) 
sponges34. The flavedo’s natural waxes were considered to avoid water losses from the surface of the plate33,34. 
In comparison with fresh samples of color, the dried citrus peel and leaves showed numerous variations35,36. 
Color is an indicator of the quality of vegetables and citrus fruits, whereas the rinse is based on the observer’s 
appearance and pragmatic conditions36. The dramatic color variations have a significant effect happening in the 
organoleptic characters of dehydrated citrus peel constituents and can simply reduce or improve the applica-
tion of these materials37. The aeration temperature and airflow proportion had no substantial effects on redness, 
lightness, or yellowness in the electrical measurements (Fig. 10).

Past studies have shown that conductivity depends on fruit acidity, and there is a higher average electrical 
conductivity in acid fruits than in sweet and sub-acidic fruits. Lemon is naturally acidic, whereas its pH is some-
what less acidic and has a pH between 2.2 and 3.0 with a mixture of vitamins and other nutrition additives for 
human consumption38,39. The citric acid in the lemon juice is primarily 5–8%, which is used as a pile and induces 
chemical properties40,41. Overall, lemons generate the most voltage due to their high acidity level40,41. To test 
their conductivity to store energy, a cutting-edge driver was inserted to generate voltage as a battery designed to 
incorporate three varieties of lemon fruits. Lemon is composed of voltaic cells that convert chemical energy to 
electrical energy. Therefore, the total power generation for a wide range of applications is very small due to a lower 
acidity concentration in the lemon. However, it may be used in small scales, for example, in light-emitting diode 
(LED) lighting42,43. Subsequently, conductivity depends on temperature and the accurate electric conductivity 
of an intact lime peel. When fragmented, the lime peel has difficulty conducting some temperatures39. Intact 

Figure 9.   Flavonoids rich LPE powders exhibits excellent antibacterial response in terms of wide inhibitory 
findings against various bacterial pathogens (a) E. coli (b) Klebsiella pneumonia and negative control (c) Bacillus 
subtilis (d) S. aureus.
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tissue is not altered due to thermal disruption from the change in electrical conductance, when it is altered by 
an increase in sample temperature39. In other words, the electrical conductivity of the elementary tissue was not 
affected considerably through the material temperature as compared to the completely disintegrated tissue39–41 of 
the lipid bile layer and the incorporated protein from the cell membrane. A major function of the cell membrane 
is to control the passage of substances into and out of cells. The cell membrane’s decay results in a reduction in 
the concentration of a high-conductive fluid, which is usually trapped within intact cells41–43. The dissemination 
of the electrolytes after the tonoplast to the cytoplasm improved the complete tissue conversion. With a slightly 
higher temperature around 30 °C, deprived of the presence of a cell membrane, more migration of electrolytes 
is possible from one electrode to another, leading to a considerably higher electrical conductivity41–44. Therefore, 
the viscosity, pH, and electricity of citrus juices are not altered43–45. There was no change in the absorption spectra 
of bionic LPE. Furthermore, the composition of organic acid and flavor compounds do not change significantly 
in color40,41,43,45.

To comprehend the conduction mechanism of Ag/LPE/FTO-based RRAM, both the positive and negative 
curves of resistive switching are examined through the logarithmic, linear fitting plot. From the linear fitted 
graph (Fig. 11a), the initial voltage sweeps from 0 to 1.5 V and replicates the LRS switching followed by ohmic 
conductance when the linear fit approaches 1. Equation (1) demonstrates the ohmic conduction relation.

where Johm shows current densities, q means an electronic charge, no is the charge density symbol, μ means charge 
mobility, and d is the active layer thickness measurement.

A classic SCCL model can enhance the conductive activities, bringing a cutting edge to the HRS that des-
ignates the conductive belt underneath the trap that can form the defect sites in the lime peel (as illustrated in 
Fig. 11b), and the load carriers being injected can be kept9,46. At the same time, pectin, carbonyl compounds, 
and amino acid bonds in the lime peel could have a chemical composition in an electrophilic location, where 
the simultaneous transmission fulfils the child square law9,46:

The resistive switching phenomena of fabricated Ag/LPE/FTO-based RRAM followed the well-known con-
duction mechanism "Electrochemical Metallization (ECM)" due to the incorporation of an active Ag metal top 
electrode. As shown in Fig. 12, the schematic illustration of the migration of a highly active K1+ ion combined 
with an oxidized Ag1+ ion. Owing to its highly electropositive nature of a silver oxidizer under a positive volt-
age sweep at the top interface into highly conductive positive ions (Ag1+) that trigger potassium into a K1+ ion 

(1)JOhm = qnoµ
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Figure 10.   Antimicrobial activity of lime peel extract against different microbial strains at different 
concentrations with accordance to positive and negative control. (a) E. coli (b) Klebsiella pneumonia (c) Bacillus 
subtilis (d) S. aureus.
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as well within the LPE matrix. The followed oxidations of both silver and potassium are Ag → Ag+1 + e−1 and 
K → K+1 + e−1, respectively. The same type of oxidation of a potassium ion has been observed in a recently reported 
orange peel-based RRAM17. The migration of the oxidized Ag1+ and the K1+ ion is driven by the electrostatic 
pulling of negative polarity at the bottom electrode or is followed by an electric field that can be visualized in 
Fig. 12a (forming process). The LPE thin-film matrix facilitates the driving of these active positive ions through 
their lattice defects of potassium vacancies. The successive load of the positive sweep across the top electrode and 
due to highly electropositive character enabled Ag/LPE/FTO RRAM to establish a conductive bridge between 
the top and bottom electrodes by reducing the Ag1+ and K1+ ions. This conductive bridge or filament gave birth 
to conduction or a short-circuit between a sandwich structure (top/bottom electrode) and led towards an LRS, 
or ON state, as depicted in Fig. 12b (set process). The obtained LRS was achieved at a specific voltage (1.4 V) and 
termed as a set voltage or threshold voltage. After attaining LRS or a soft dielectric breakdown, the memory cell 

Figure 11.   Electrical switching states experimentally verified by corresponding conduction model. (a) LRS 
followed ohmic conduction model during positive region. (b) HRS obeyed Child’s square law during negative 
region.

Figure 12.   The complete comprehension of diffusion of Ag1+ ion assembled with K1+ ion within LPE matrix 
from top electrode to bottom electrode. (a) Electroforming phenomena carried out by applying positive voltage 
on top active Ag electrode and FTO remain grounded. (b) Set state or ON state achieved by electrochemical 
metallization by the reduction of assembly of Ag1+ and K1+ ions through electrostatic attraction pull. (c) reset 
state or OFF state switched by electrochemical dissolution at top electrode interface by applying opposite 
polarity.
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stayed in LRS until the applied polarity altered. Due to its bipolar resistive switching nature, a conduction filament 
dissolutes at the top Ag/LPE interface under a negative sweep following an electric field direction, as illustrated 
in Fig. 12c. This electrochemical dissolution corresponds to a reset state or OFF state of the Ag/LPE/FTO-based 
RRAM under opposite polarities. Both states are reproducible without any attenuation or electrical degradation.

However, our team reported that the peel extract could be used as a selective trapper to remove cations from 
wastewater, as previous studies have said that the bioactive and bionic compounds that exist in natural citrus 
fruits that are rich with fiber, folic acid, flavonoids, limonin, vitamin C, and β-carotene effectively reduce the risk 
of progressive ailments8,11,47–49. These precious flavonoids compounds are connected to a family of compounds 
of plant origins that can be used effectively and that have the effect of inhibiting microbial virulence, synergy 
through antibiotics, and straight antibacterial activity46–49. Basically, these flavonoids are polyphenolic complexes, 
which are mainly are known for their antiviral, cancer-fighting, antibacterial properties, their impact on capillary 
fragility, and their tendency to block the antagonistic effects of human platelets46,49. Despite the high loss rate 
of flavonoids and flavanols in natural citrus fruits associated with respective flavanones, they play an important 
role in antibacterial activity47,48,50. For each flavonoid, the attainment of antioxidant nature leads a combination 
of 2,3-double bond and 4-oxygenation functions. Two hydroxy groups are positioned at three and five along 
with the unique O-dihydroxy assembly in B-. There is a major category of polyphenolic complexes with a strong 
C6–C3–C6 backbone47,48,50,51. As shown in Fig. 13, the two benzene rings are coupled through a small chain of 
three carbon linkage bonds50,51.

The unique feature of the lime peel is its three carbon chains that trigger oxidation and saturation of the 
chemical stability of flavonoids. Different subgroups of flavonoids have been identified in higher plants. To date, 
more than 8000 various classes of flavonoids compounds have been identified7,9,50,51. Poly methoxy flavonoid 
aglycone, glycoside (naringin) and flavonoid glycoside (rutin) are the species of flavonoids present in citrus fruits. 
Their presence has been found in plants and used to tackle infectious pathogens, cancerous cells, and fungi in a 
defensive role47,50. The antibacterial properties associated with the structure of flavonoids are linked primarily 
due to its structural chemistry that exhibits aromatic rings along with hydrophobic swaps, as illustrated in Fig. 13, 
i.e. phenyl. The excellent ability of flavonoids molecules to block different bacterial virulence influences quorum 
detection in the form of enzymes, signal receptors, and toxins, respectively51–53. Thy also provide favorable results 
for S. aureus alpha-toxin poisoning and Helicobacter pylori infection. A true description and portrayal of the 
antibacterial activity of gram-positive and gram-negative bacteria and five different strains may indicate the 
presence of broad-spectrum antibiotic compounds in the extract. The chosen microorganisms for analysis were 
gram positive S. aureus and gram-negative E. coli. The antibacterial activity of dried citrus fruits was assessed. 
Previous research has identified that deviations in the cell wall structure may cause an excellent antibacterial 
response in Gram-negative bacterial pathogens as compared to Gram-positive. The thickness of the cell wall plays 
a decisive role in the antibacterial response in Gram-negative bacteria, especially E. coli, which has a 7–8 nm cell 

Figure 13.   Unique chemistry of three carbon linkage with respected two phenyl rings enabled it to destruct the 
cell wall membrane of bacterial pathogens50.
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thick wall that is composed of lipopolysaccharide and peptidoglycan. In contrast, the depth of Gram-positive 
Staphylococcus aureus ranges from 20 to 85 nm, which is a relatively thick membrane (cell wall) comprised of 
many mucins, lipoproteins, and Mureic acid54,55. Also, Staphylococcus aureus contains antioxidant enzymes and 
has strong antioxidant properties. Flavonoids, especially the choroid, can prevent certain Gram-positive and 
Gram-negative bacteria that cause many normal and deadly random diseases54–57. These ailments comprise fol-
liculitis, skin-care infections, cellulite, skin burning syndrome, swelling, blood infections, meningitis, hepatitis 
C, toxic shock, and sepsis53–58. Recent developments have revealed the positive therapeutic effects of flavonoids 
on various distempers, influenza viruses, etc. Flavonoids are also effective anti-cancer treatments, including ori-
entation of apoptosis, inhibition of nuclear factor signaling, inhibition of proteasome differentiation, induction 
of receptor interactions, inhibition of cycle arrest, and interactions with enzymes related to carcinogenesis56–60. 
Additionally, flavonoids have precise cytotoxicity to cancerous cells, thus providing a means to discover new 
methods of studying inhibitors of cell growth based on flavonoids as anti-cancer drugs55–60.

Method
Initially, fresh lime fruit was collected from the well-renowned Sargodha garden of Pakistan. The harvested lime 
peel fruit was peeled off, and their wet peel washed many times to remove the fertilizer and other compounds 
remove completely. Then, the cleaned peel was severed diagonally into many pieces and immersed into a deion-
ized water/acetone solution for half an hour in an ultrasonic bath. The ultrasonic cleaning removes the impurities 
from inside the pores of the lime peel. Later, the collected lime peel pieces were dried in a convection oven at a 
certain temperature (50 °C) but avoiding complete dehydration. The dried ones were ground using a mortar and 
pestle, and after getting a fine powder, it was also ball milled for 2 h. The obtained powder dissolved thoroughly 
in alcohol for the next procedure (vacuum filtration). The extractives of the lime peel were attained through a 
suction filtration pump on wattman filter paper. The collected residue was dried and stored as powder for the 
antibacterial test. The process was repeated, and the collected powder was dispersed evenly in methanol for the 
fabrication of the LPE/FTO thin film.

The fabrication of low-cost, organic bionic material lime peel extract (LPE) was processed using an easy-to-
handle and well-known spin coating method. The commercially available FTO glass (1 cm × 1 cm) was cleaned 
ultrasonically several times and used as the substrate for the deposition of thin films. One fourth of the FTO 
glass was covered by sublimation tape, and the slurry of lime extractives were injected dropwise on the spinning 
FTO glass at 1000 RPM. Afterwords, the deposited substrate was heat-treated at 50 °C. One fourth of the FTO 
glass acts as the bottom electrode. For the top electrode, we used a conductive silver paste with a brush to insert 
a circular layer of Ag from a specified area (10.32 mm2) and cured it in a convection oven at 60 °C for 1 h. Herein, 
a complete simplisticlly designed Ag/LPE/FTO was ready for electrical resistive switching, which comprises lime 
peel extractives as the switching layer and silver paste and FTO as the active top and inert bottom electrodes, 
respectively, for memory storage applications. To understand and visualize the full experimental process of 
synthesizing lime peel extract, a diagram is presented in Fig. 14.

XRD (Philips PANalytical Xpert) was used to study the crystal structure information of the LPE film with 
Cu K alpha radiation (λ = 1.5406 Å) ranging from 20° to 70°. The surface morphology and the thickness of 
the film were analyzed by SEM. A Keithley 2450 (SMU) equipped with two probe stations was used to test the 
resistance change curve of the LPE film. An InVia Renishaw, Raman magnifying glass that exhibits an excitation 
wavelength of 457 nm was used for Raman spectroscopy and photoluminescence spectroscopy to analyze the 
defect chemistry in the LPE layer.

Four strains of bacteria, Klebsiella pneumonia, E. coli (Gram-negative), Staphylococcus aureus, and Bacillus 
subtilis (Gram-positive), were chosen from the current research projects of the FBRC, PCSIR Lahore.

We dissolved 20 µg/mL of the lime extractives in DMSO sonicate for one hour to make the blend uniform 
and stored it in a sterile, properly labelled, microcentrifuge tube.

To test the antibacterial response of the bionic and flavonoids in rich lime peel extractives against prescribed 
bacterial pathogens (Staphylococcus aureus, Bacillus cereus, E. coli, Klebsiella pneumonia), we isolated these 
important pathogens from diabetic foot ulcers. The standard Mueller Hinton (MHA) agar medium was used 
to determine the antibacterial activity using the well diffusion method. The support was prepared according to 
the requirements. Emulsify enough test organisms in saline to achieve absorption (equivalent to 0.5 standard 
McFarland). Immerse antiseptic cotton gauze in the culture solution and remove the excess culture solution by 
shaking the wall of the tube. Use three methods to wipe the surface of the plate with the labelled stub. Rotate 
the plate 60° amongst each wipe and let it parch for three to five minutes to eradicate additional moisture from 
the surface. Then add the microbial dilutions to the wells to check for antibacterial activity. A sterile hole bur 
and 100 µL dilution of lime extractives and a similar quantity of the DMSO as per the controller were dispersed 
to the pored well. We incubated the plate in an incubator at 37 °C for 18–24 h and recorded the diameter of 
the inhibitory zone around the hole and measured in millimeters. The dispersed development was recorded, 
the plates were incubated for an additional 18–24 h, and the diameter of the area was recorded on the second 
incubation day. If ambiguous findings were seen, then the experiment was repeated three times, and the average 
results of the three trials were verified.

Conclusion
A spin-coated bionic and bioactive LPE thin film was fabricated on a commercially available crystalline rutile 
phase FTO substrate. Various characterizations, including FTIR and Raman spectroscopy, identified a variety 
of biological and electroactive components, such as hesperidin, quercetin, carotenoids and rutin flavonoids. An 
XRD analysis confirmed the crystalline cellulosic structure that perfectly matches with HRTEM lattice fringes 
width (0.395 nm). The photoluminescence spectrum of the LPE film revealed the presence of point defects, 
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such as K+1 vacancy or interstitial active sites. These defective active sites can promote the migration of Ag+1 
ions from the top electrode to the bottom electrode. Raman scattering located a superior class of flavonoids: 
carotenoids are highly colored pigments because they allow π–π* transitions in the visible region. Despite the 
fibrous cellulose, the surface morphology of the LPE film will still aggregate and have a horizontal pattern, and 
no surface wrinkle irregularities were observed. The SEM results found in favour of AFM investigations. The 
DC resistance measurement results of the Ag/LPE/FTO RRAM demonstrated a low operational voltage-based 
bipolar electrical switching behavior (SET/Reset, 1.5 V/− 1.4 V), which was accompanied by a very low com-
pliance current of 5 mA. Both LRS and HRS states can be reproduced in 25 consecutive switching cycles (e.g. 
5 × 103 s) without any deterioration in electrical performance. Nonetheless, the lime peel extract demonstrated 
significant antibacterial activity against four different strains of 20 μg/mL, 50 μg/mL, 80 μg/mL, namely E. coli, 
Klebsiella pneumonia, Bacillus subtilis, and active Staphylococcus aureus. These biomaterials with dual properties 
were ratified with unique characterization.

Received: 4 April 2020; Accepted: 21 July 2020

References
	 1.	 Yang, X., Yang, M., Pang, B., Vara, M. & Xia, Y. Gold nanomaterials at work in biomedicine. Chem. Rev. 115, 10410–10488 (2015).
	 2.	 Saratale, R. G. et al. New insights on the green synthesis of metallic nanoparticles using plant and waste biomaterials: current 

knowledge, their agricultural and environmental applications. Environ. Sci. Pollut. Res. 25, 10164–10183 (2018).
	 3.	 Li, S., Lo, C.-Y. & Ho, C.-T. Hydroxylated polymethoxyflavones and methylated flavonoids in sweet orange (Citrus sinensis) peel. 

J. Agric. Food Chem. 54, 4176–4185 (2006).
	 4.	 Allen, M. J., Tung, V. C. & Kaner, R. B. Honeycomb carbon: a review of graphene. Chem. Rev. 110, 132–145 (2010).
	 5.	 Fang, X. et al. Fabrication and photoelectric properties of bio-inspired honeycomb film based on semiconducting polymer. J. 

Colloid Interface Sci. 512, 1–6 (2018).
	 6.	 Bhalerao, K. D., Eteshola, E., Keener, M. & Lee, S. C. Nanodevice design through the functional abstraction of biological macro-

molecules. Appl. Phys. Lett. 87, 143902 (2005).
	 7.	 Pereira, R. et al. Synthesis and characterization of a metal complex containing naringin and Cu, and its antioxidant, antimicrobial, 

antiinflammatory and tumor cell cytotoxicity. Molecules 12, 1352–1366 (2007).
	 8.	 Su, H. C. F., Speirs, R. D. & Mahany, P. G. Toxicity of citrus oils to several stored-product insects: laboratory evaluation. J. Econ. 

Entomol. 65, 1438–1441 (1972).
	 9.	 Sun, B. et al. An organic non-volatile resistive switching memory device fabricated with natural pectin from fruit peel. Org. Electron. 

42, 181–186 (2017).
	10.	 Irshad, M. S. et al. Role of point defects in hybrid phase TiO2 for resistive random-access memory (RRAM). Mater. Res. Express 

6, 76311 (2019).

Figure 14.   Represents the schematic diagram of complete synthesis and testing procedure of LPE films.



15

Vol.:(0123456789)

Scientific Reports |        (2020) 10:14600  | https://doi.org/10.1038/s41598-020-71610-w

www.nature.com/scientificreports/

	11.	 Mohapatra, H. S., Chatterjee, A. & Kumar, P. Characterization of film for medical textiles application. Tekstilec 58, 268–273 (2015).
	12.	 Londoño-Londoño, J. et al. Clean recovery of antioxidant flavonoids from citrus peel: optimizing an aqueous ultrasound-assisted 

extraction method. Food Chem. 119, 81–87 (2010).
	13.	 Maroyi, A. An ethnobotanical survey of medicinal plants used by the people in Nhema communal area, Zimbabwe. J. Ethnophar-

macol. 136, 347–354 (2011).
	14.	 Cook, N. C. & Samman, S. Flavonoids—chemistry, metabolism, cardioprotective effects, and dietary sources. J. Nutr. Biochem. 7, 

66–76 (1996).
	15.	 Nijveldt, R. J. et al. Flavonoids: a review of probable mechanisms of action and potential applications. Am. J. Clin. Nutr. 74, 418–425 

(2001).
	16.	 Kora, A. J., Manjusha, R. & Arunachalam, J. Superior bactericidal activity of SDS capped silver nanoparticles: synthesis and char-

acterization. Mater. Sci. Eng. C 29, 2104–2109 (2009).
	17.	 Wang, X. et al. From natural biomaterials to environment-friendly and sustainable non-volatile memory device. Chem. Phys. 513, 

7–12 (2018).
	18.	 Mandalari, G. et al. Antimicrobial activity of flavonoids extracted from bergamot (Citrus bergamia Risso) peel, a byproduct of the 

essential oil industry. J. Appl. Microbiol. 103, 2056–2064 (2007).
	19.	 Tomul, F., Arslan, Y., Başoğlu, F. T., Babuçcuoğlu, Y. & Tran, H. N. Efficient removal of anti-inflammatory from solution by Fe-

containing activated carbon: adsorption kinetics, isotherms, and thermodynamics. J. Environ. Manag. 238, 296–306 (2019).
	20.	 González-Gallego, J., García-Mediavilla, M. V., Sánchez-Campos, S. & Tuñón, M. J. Anti-inflammatory and immunomodula-

tory properties of dietary flavonoids. In Polyphenols in Human Health and Disease (eds Watson, R. R. et al.) 435–452 (Elsevier, 
Amsterdam, 2014).

	21.	 Ravishankar, D., Rajora, A. K., Greco, F. & Osborn, H. M. I. Flavonoids as prospective compounds for anti-cancer therapy. Int. J. 
Biochem. Cell Biol. 45, 2821–2831 (2013).

	22.	 Orozco, R. S. et al. Characterization of lignocellulosic fruit waste as an alternative feedstock for bioethanol production. BioResources 
9, 1873–1885 (2014).

	23.	 McKendry, P. Energy production from biomass (part 2): conversion technologies. Bioresour. Technol. 83, 47–54 (2002).
	24.	 Abdullah, S. A. et al. Photoluminescence study of trap-state defect on TiO2 thin films at different substrate temperature via RF 

magnetron sputtering. J. Phys. Conf. Ser. 995, 12067 (2018).
	25.	 Larson, L. J., Shin, K.-S.K. & Zink, J. I. Photoluminescence spectroscopy of natural resins and organic binding media of paintings. 

J. Am. Inst. Conserv. 30, 89–104 (1991).
	26.	 Rizk, Y. S. et al. In vitro activity of the hydroethanolic extract and biflavonoids isolated from Selaginella sellowii on Leishmania 

(Leishmania) amazonensis. Mem. Inst. Oswaldo Cruz 109, 1050–1056 (2014).
	27.	 Farajtabar, A. & Gharib, F. Spectral analysis of naringenin deprotonation in aqueous ethanol solutions. Chem. Pap. 67, 538–545 

(2013).
	28.	 Weißl, M. et al. Cellulose carbamate derived cellulose thin films: preparation, characterization and blending with cellulose xanthate. 

Cellulose 26, 7399–7410 (2019).
	29.	 Waser, R. & Aono, M. Nanoionics-based resistive switching memories. In Nanoscience And Technology: A Collection of Reviews 

from Nature Journals (ed. Jason, W.) 158–165 (World Scientific, Singapore, 2010).
	30.	 Zhu, L., Zhou, J., Guo, Z. & Sun, Z. An overview of materials issues in resistive random access memory. J. Mater. 1, 285–295 (2015).
	31.	 Wang, H. et al. Resistive switching memory devices based on proteins. Adv. Mater. 27, 7670–7676 (2015).
	32.	 Feng, P. A. N. et al. Non-volatile resistive switching memories-characteristics, mechanisms and challenges. Prog. Nat. Sci. Mater. 

Int. 20, 1–15 (2010).
	33.	 Manjarres-Pinzon, K., Cortes-Rodriguez, M. & Rodríguez-Sandoval, E. Effect of drying conditions on the physical properties of 

impregnated orange peel. Braz. J. Chem. Eng. 30, 667–676 (2013).
	34.	 Cháfer, M., González-Martínez, C., Chiralt, A. & Fito, P. Microstructure and vacuum impregnation response of citrus peels. Food 

Res. Int. 36, 35–41 (2003).
	35.	 Bejar, A. K., Ghanem, N., Mihoubi, D., Kechaou, N. & Mihoubi, N. B. Effect of infrared drying on drying kinetics, color, total 

phenols and water and oil holding capacities of orange (Citrus sinensis) peel and leaves. Int. J. Food Eng. 7, 1–25 (2011).
	36.	 Sahin, S. & Sumnu, S. G. Electromagnetic properties. In Physical Properties of Foods (eds Sahin, S. & Sumnu, S. G.) 157–192 

(Springer, Berlin, 2006).
	37.	 Garau, M. C., Simal, S., Rossello, C. & Femenia, A. Effect of air-drying temperature on physico-chemical properties of dietary fibre 

and antioxidant capacity of orange (Citrus aurantium v. Canoneta) byproducts. Food Chem. 104, 1014–1024 (2007).
	38.	 Khan, M. K. A. et al. Investigation on parameters performance of Zn/Cu electrodes of PKL, AVL, tomato and lemon juice based 

electrochemical cells: a comparative study. In 2017 3rd International Conference on Electrical Information and Communication 
Technology (EICT) 1–6 (2017).

	39.	 Maldonado, M. C., Belfiore, C. & Navarro, A. R. Temperature, soluble solids and pH effect on Alicyclobacillus acidoterrestris viability 
in lemon juice concentrate. J. Ind. Microbiol. Biotechnol. 35, 141–144 (2008).

	40.	 Juansah, J., Budiastra, I. W., Dahlan, K. & Seminar, K. B. Electrical properties of garut citrus fruits at low alternating current signal 
and its correlation with physicochemical properties during maturation. Int. J. Food Prop. 17, 1498–1517 (2014).

	41.	 Korbut, O., Bučková, M., Labuda, J. & Gründler, P. Voltammetric detection of antioxidative properties of flavonoids using electri-
cally heated DNA modified carbon paste electrode. Sensors 3, 1–10 (2003).

	42.	 Cserhalmi, Z., Sass-Kiss, A., Tóth-Markus, M. & Lechner, N. Study of pulsed electric field treated citrus juices. Innov. Food Sci. 
Emerg. Technol. 7, 49–54 (2006).

	43.	 Kowittaya, A. & Asavasanti, S. Enhancement of lime oil extraction using ohmic pretreatment. In International Congress on Food 
Engineering and Technology (IFET2012), March 26–28 (2012).

	44.	 Lebovka, N. I., Praporscic, I., Ghnimi, S. & Vorobiev, E. Temperature enhanced electroporation under the pulsed electric field 
treatment of food tissue. J. Food Eng. 69, 177–184 (2005).

	45.	 Chen, S.-X., Chang, S.-P., Chang, S.-J., Hsieh, W.-K. & Lin, C.-H. Highly stable ultrathin TiO2 based resistive random access 
memory with low operation voltage. ECS J. Solid State Sci. Technol. 7, Q3183 (2018).

	46.	 Benavente-García, O., Castillo, J., Marin, F. R., Ortuño, A. & Del Río, J. A. Uses and properties of citrus flavonoids. J. Agric. Food 
Chem. 45, 4505–4515 (1997).

	47.	 Manthey, J. A., Guthrie, N. & Grohmann, K. Biological properties of citrus flavonoids pertaining to cancer and inflammation. 
Curr. Med. Chem. 8, 135–153 (2001).

	48.	 Prawat, U., Chairerk, O., Phupornprasert, U., Salae, A.-W. & Tuntiwachwuttikul, P. Two new C-benzylated dihydrochalcone deriva-
tives from the leaves of Melodorum siamensis. Planta Med. 79, 83–86 (2013).

	49.	 Xie, Y., Yang, W., Tang, F., Chen, X. & Ren, L. Antibacterial activities of flavonoids: structure-activity relationship and mechanism. 
Curr. Med. Chem. 22, 132–149 (2015).

	50.	 Carvalho, O. V. et al. In vitro inhibition of canine distemper virus by flavonoids and phenolic acids: implications of structural 
differences for antiviral design. Res. Vet. Sci. 95, 717–724 (2013).

	51.	 Nguyen, T. T. H. et al. The influence of flavonoid compounds on the in vitro inhibition study of a human fibroblast collagenase 
catalytic domain expressed in E. coli. Enzyme Microb. Technol. 52, 26–31 (2013).



16

Vol:.(1234567890)

Scientific Reports |        (2020) 10:14600  | https://doi.org/10.1038/s41598-020-71610-w

www.nature.com/scientificreports/

	52.	 Kim, Y. S. et al. Flavanones and rotenoids from the roots of Amorpha fruticosa L. that inhibit bacterial neuraminidase. Food Chem. 
Toxicol. 49, 1849–1856 (2011).

	53.	 Wang, T., Li, Q. & Bi, K. Bioactive flavonoids in medicinal plants: structure, activity and biological fate. Asian J. Pharm. Sci. 13, 
12–23 (2018).

	54.	 Wu, T. et al. A structure–activity relationship study of flavonoids as inhibitors of E. coli by membrane interaction effect. Biochim. 
Biophys. Acta (BBA) Biomembr. 1828, 2751–2756 (2013).

	55.	 Huang, Z., Fang, F., Wang, J. & Wong, C.-W. Structural activity relationship of flavonoids with estrogen-related receptor gamma. 
FEBS Lett. 584, 22–26 (2010).

	56.	 Gao, L. et al. Ameliorative effects of baicalein in MPTP-induced mouse model of Parkinson’s disease: a microarray study. Pharmacol. 
Biochem. Behav. 133, 155–163 (2015).

	57.	 Dev, S. Ancient-modern concordance in Ayurvedic plants: some examples. Environ. Health Perspect. 107, 783–789 (1999).
	58.	 Irshad, M. S. et al. Green synthesis, cytotoxicity, antioxidant and photocatalytic activity of CeO2 nanoparticles mediated via orange 

peel extract (OPE). Mater. Res. Express 6, 0950a4 (2019).
	59.	 Dhanavade, M. J., Jalkute, C. B., Ghosh, J. S. & Sonawane, K. D. Study antimicrobial activity of lemon (Citrus lemon L.) peel extract. 

Br. J. Pharmacol. Toxicol. 2, 119–122 (2011).
	60.	 Hasan, S. W., Ahmed, I., Housani, A. A. & Giwa, A. Molecular and ionic-scale chemical mechanisms behind the role of nitrocyl 

group in the electrochemical removal of heavy metals from sludge. Sci. Rep. 6, 1–14 (2016).

Acknowledgements
The authors extend their appreciation to the Deanship of Scientific Research at King Saud University for funding 
this work through research group No (RG- 1438-089).

Author contributions
Conceptualization, M.S.I., N.I., I.A. and M.I.; Data curation, N.A., M.S.A., I.A., S.A., M.S., M.Z.; Formal analy-
sis, M.S.A., I.A., Funding acquisition; Investigation, M.S.I., and M.I.; Methodology, N.A., M.I., M.S.A.; Project 
administration, I.A., M.I.; Resources, S.A., M.S., M.Z.; Supervision, I.A., M.I., S.A.; Validation, I.A.; Visualization, 
I.A.; Writing—original draft, I.A., M.S.I., N.A., and M.I.; Writing—review and editing, M.S.I., I.A., N.A., M.S.A., 
M.S.A., S.A., M.Z. All authors significantly contributed in the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to I.A. or M.I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Low-cost green recyclable biomaterial for energy-dependent electrical switching and intact biofilm with antibacterial properties
	Anchor 2
	Results and discussion.
	Crystal structural analysis (XRD). 
	Identification of functional group (FTIR and Raman). 
	Defect chemistry of LPEFTO. 
	Morphology and surface roughness view. 
	I–V characteristics of AgLPE FTO RRAM. 

	Discussion
	Method
	Conclusion
	References
	Acknowledgements


