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Background: The emergence of multidrug-resistant (MDR) microorganisms is one of the biggest and most
challenging public health issues drawing considerable attention of the scientific community. Here, we
present an easy, one-step, inexpensive and ecofriendly/biologically mediated synthesis of Aloe vera-
conjugated silver nanoparticles (Av-AgNPs) where the aqueous plant extract acts as a reducing and sta-
bilizing agent and the resultant conjugate exhibits remarkable potential to limit/inhibit the growth of
MDR pathogens.
Results: The nanosynthesis concluded in 4–6 h at 65�C and was followed by detailed characterization of
the bioconjugated Av-AgNPs (with and without fabrication on cellulosic materials i.e., cotton fabric and
filter paper) using a combination of UV–visible spectroscopy, Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), x-ray diffraction (XRD) and inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES). The so-characterized NPs showed growth inhibitory effects on mul-
tiple strains including the Gram-positive Staphylococcus aureus, Gram-negative Escherichia coli (E. coli),
Acinetobacter baumannii (A. baumannii), Pseudomonas aeruginosa (P. pseudomonas) and, more importantly,
the fungus Candida albicans (C. albicans), when analyzed using the Kirby-Bauer method. A notable reduc-
tion in the colony-forming unit (CFU) counts of the E. coli (present in contaminated drinking water) was
also observed when the filter paper encrusted with Av-AgNPs was applied as a filtration material.
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Conclusions: In conclusion, the biofabricated Av-AgNPs are easy to synthesize and are a cost-effective
alternative to inorganic AgNPs, with considerable antimicrobial activity, deserving further investigations
for biomedical applications.
How to cite: Arshad H, SaleemM, Pasha U, et al. Synthesis of Aloe vera-conjugated silver nanoparticles for
use against multidrug-resistant microorganisms. Electron J Biotechnol 2022;55. https://doi.org/10.1016/j.
ejbt.2021.11.003
� 2021 Pontificia Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Owing to an increasingly high mortality rate and associated
morbidity, second-/third-line broad-spectrum antibiotic-resistant
microorganisms pose an alarming threat to the public and tertiary
healthcare systems globally [1]. According to the WHO report
(2019), over 700,000 people die each year due to the inefficacy of
antimicrobials against the rapidly evolving resistant strains of bac-
teria, thereby exposing the immune-compromised subjects (cancer
patients and others) at an even greater risk of adverse outcomes
and treatment complications [2,3,4]. This advocates the need for
repeated surveillance in the healthcare settings and devising inno-
vative strategies for improved management of this complex, mul-
tifaceted challenge i.e., counteracting/eradicating the multidrug-
resistant (MDR) microorganisms without adverse, long-term treat-
ment effects.

Recent advances and accumulating evidence suggest that
nanotechnology-driven revolutions exploiting the use of metal-
based nanosized particles may eliminate the bacterial infections,
combat the spread of resistant microbes and serve as a promising
alternative to the conventional antibiotics [5,6,7]. Among the
metallic nanoparticles [e.g., silver (Ag), zinc (Zn), copper (Cu) and
gold (Au)], silver nanoparticles (AgNPs) are at the forefront of
research due to their antimicrobial and anticancer properties,
potential usage in heavy metal scavenging, catalytic activity
against azo dyes, etc. [8,9]. Ag in its elemental form is toxic and
can kill microbes quite effectively. Coupling/conjugation between
the AgNPs results in a severalfold increase in the bactericidal prop-
erties of Ag, due primarily to the high surface area-to-volume ratio
of the NPs, allowing enhanced interactions and accessibility to the
targeted microbes [8,10,11,12,13].

For the synthesis of NPs, a wide range of physical (top-down
approach) and chemical (bottom-up approach) methods have con-
ventionally been employed. Whereas the physical methods are
time consuming and implicate expensive instrumentation and a
high amount of energy, the chemical methods quick but involve
the use of toxic chemicals and produce harmful by-products that
negatively affect the natural ecosystem [9]. Owing to these limita-
tions/drawbacks, currently, the most attractive method to produce
NPs entails the use of biological sources such as microorganisms
(bacteria, fungi, algae) or plant-based materials (roots, shoots,
leaves, fruit peels), being both rapid/cost-effective and eco-
friendly/biocompatible [14,15,16,17].

Several research groups have reported the synthesis of Zn-, Ag-,
Au-, Cu- and Ag-Au bimetallic NPs, ranging in size from 10 to
80 nm with spherical, cubic, rectangular, polyhedron or even
mixed morphologies, using ethanolic or aqueous extracts from dif-
ferent parts of the plants such as Catharanthus roseus, Azadirachta
indica, Boerhaavia diffusa, Terminalia fagifolia, Butea monosperma,
Rosemary, Pulicaria undulata, Phyllanthus urinaria, Pouzolzia zeylan-
ica and Scoparia dulcis, to name a few [18,19,20,21,22,23,24]. Aloe
vera (Av), a member of the Liliaceae family, is yet another interest-
ing medicinal plant, long known for its anti-bacterial, anti-
inflammatory, anti-arthritic, and burn-/wound-healing properties.
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Its gel and leaf extracts are rich in nutrients and contain over
200 active compounds including simple/complex polysaccharides,
amino acids, proteins, enzymes, terpenoids, flavonoids, saponins,
minerals, vitamins, phenols and other metabolites, which endow
Av with unique features allowing a broad spectrum of applications
[25]. These phyto-constituents (more specifically, polyphenols,
proteins and organic acids), while working synergistically, may
act as reducing and capping agents for the surface functionaliza-
tion of metallic NPs [26,27].

By considering the aforementioned points, we, in the present
study, have coupled the ‘biocidal properties of Av and Ag’ in the
form of uniform-sized NPs by employing an easy, one-step,
chemical-free approach and have monitored the biocidal effect of
the biofabricated Av-AgNPs over the clinically isolated MDR strains
of Gram-positive/Gram-negative bacteria and the fluconazole-
resistant Candida albicans (C. albicans) (which have largely
remained unexplored). In contrast to most of the other studies
wherein the use of additional chemicals and long reaction time
(24 up to 72 h) has been described for Ag+ reduction, capping, or
completion of the synthesis process [26,28,29,30,31], the method
presented in this study is a one-step procedure for producing
NPs that are stable for months with little or no contamination
and agglomeration. The findings of the present research study pro-
vide further evidence that phyto/biologically mediated synthesis of
NPs is quick, safe/eco-friendly and easy to scale up and also that
the Av-AgNPs (with/without fabrication over cellulosic materials
such as cotton fiber/filter paper) can limit/inhibit the growth of
MDR pathogens, opening new avenues for potential biomedical
applications.
2. Material and methods

2.1. Materials and preparation of stock solutions

Silver nitrate salt (AgNO3; 99.9%) was procured from Sigma
Aldrich, USA (Cat. No. 209139-25G). Fresh leaves from the Av plant
were collected from a local nursery of Lahore, whereas clinically
isolated fungal (C. albicans) and bacterial strains including Gram-
positive Staphylococcus aureus (S. aureus) and Gram-negative
Escherichia coli (E. coli), Acinetobacter baumannii (A. baumannii)
and Pseudomonas aeruginosa (P. aeruginosa) were obtained from
the Pathology Lab. of Combined Military Hospital (CMH), Lahore,
Pakistan.

A 10 mM stock solution of the metal precursor, i.e., AgNO3, was
prepared in deionized water and stored in an amber-colored bottle
to prevent photooxidation. For the preparation of the Av extract,
fresh Av leaves (10 g) were thoroughly washed with distilled water
three times, finely sliced into small pieces, boiled in 100 mL dis-
tilled water for 10 minutes, cooled at room temperature, filtered
using Whatman filter paper (grade 1) and stored at 4�C, until
use. For long-term storage, the green-colored Av-extract was
filter-sterilized through 0.45 mm AmiconTM filters and placed at 4�C.
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2.2. Synthesis of Av-AgNPs

The synthesis of Av-AgNPs was carried out as described earlier
[32], with some modifications. Briefly, 10% Av extract (natural
pH:5.5–5.6) was mixed with 10 mM AgNO3 solution in different
ratios, i.e., 9:1, 8:2 and 7:3, under constant, slow-speed stirring
on a magnetic stir plate. To optimize the quick and stable forma-
tion of NPs, the temperature and incubation time was modulated
between 25�C (room temperature) and 65�C, for 1–48 h of
extended duration. During incubation, the change in color from
faint yellow to dark brown was monitored, following which the
synthesized Av-AgNPs were centrifuged (6000 rpm; 15 min) and
washed with deionized water (3 times) to remove impurities and
prevent subsequent agglomeration.

The optimized synthesis protocol was thereafter used for Av-
mediated fabrication of AgNPs onto small (2–4 inches), thoroughly
washed (twice with distilled water, once with 70% ethanol), oven
dried (45–50�C) cellulosic materials, more specifically, white-
colored cotton fabric and grade 2 Whatman filter paper (PN:
1002-055). The color change was observed within 4 h, following
which the fabric and the filter paper were washed with distilled
water (3x) and 70% ethanol (1x) and oven dried at 50�C for 2 h
to remove water contents and ethanol. The cotton fabric and filter
paper, similarly impregnated with 10 mM AgNO3 and 10% Av
extract (natural pH) each, were used as control.

2.3. Characterization of Av-AgNPs and biofabricated cellulosic material

The synthesis of Av-AgNPs was characterized using a series of
techniques. More importantly, the change in color due to the
reduction of Ag+ was monitored both visually and by using ultravi-
olet–visible (UV–vis) spectrophotometry (SPECORD 200, Germany)
over the spectral range of 300–900 nm, for different time intervals
(1–24 h) against distilled water, used as blank. To identify the pos-
sible phytochemicals involved in the reduction and capping during
the synthesis of Av-AgNPs, Fourier transform infrared spectroscopy
(FTIR; Nicolet FTIR 6700, Thermo Scientific, USA) was performed.

The size and morphology of Av-AgNPs and biofabricated cotton
(Av-Ag-Cot) and filter paper (Av-Ag-FP) were analyzed using scan-
ning electron microscopy (SEM). Briefly, an aqueous suspension of
Av-AgNPs was drop-cast on a clean silicon wafer attached with car-
bon tape and observed under JSM-6490A JEOL electron microscope
operated at low accelerating voltage (10 kV). In the case of Av-Ag-
Cot and Ag-Av-FP, the samples were placed directly on the carbon
tape under a SEM operated at 6 kV, and the images were captured
at different ranges of magnifications, for detailed analysis.

For x-ray diffraction (XRD) analysis, the heat-dried Av-AgNP (at
50�C incubator) sample was evenly spread over the glass holder
and analyzed on a Bruker D-8-Advance instrument; XRD scan
ranging between 20 and 60 with h scan of 2degrees. This was
followed by plotting of the graph using Origin Pro 2020 software.

Finally, for inductively coupled plasma optical emission spec-
troscopic analysis (ICP-OES), the test (Av-AgNPs, Av-Ag-Cot, Av-
Ag-FP) and control samples (distilled water, filtrate) were prepared
by the wet acidic digestion method [33]. Briefly, 5 mL of 50% nitric
acid and 10 mL of 30% H2O2 were added (2 mL at a time in different
intervals, until all the matter was digested and solubilized at
120�C). The samples were filtered and diluted up to 100 mL with
deionized water, and the concentration of Ag in each sample was
measured on a Perklin Elmer 7000-W, ICP-OES analyzer, at
328.068 nm against five different aqueous standards (1–5 ppm).

2.4. Antimicrobial activity assessment

The antimicrobial activity testing was carried out by the Kirby-
Bauer agar disc- and/or agar well diffusion methods, using Muller
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Hinton Agar (MHA) [34]. Sterilized/autoclaved (15 min at 15 1b/
inch2 pressure and 121�C temperature) agar medium was poured
in Petri plates and left to solidify under aseptic conditions. Wells
were made in agar by using a pipette tip of 0.5 cm diameter. Over-
night grown cultures of Gram-positive and Gram-negative MDR
bacteria and fungus C. albicans were diluted and uniformly spread
over the media, with an approximate concentration of 1 � 108

colony-forming units per milliliter [CFU/mL; OD600 �0.1). The test
samples [Av-AgNPs (100, 200 mg) and Av-Ag-Cot, Av-Ag-FP (tested
as 5 ± 1 mm pieces)] were introduced into agar wells or agar plates
and left undisturbed for 10 min followed by the incubation of the
plates at 37�C, for 18–24 h. The antimicrobial activity was mea-
sured by analyzing the zones of inhibition (ZOI) formed around
the test samples. All the samples were tested at least in triplicate
under aseptic conditions, and the results are presented as
average ± standard deviation (SD).

2.5. Estimating the minimum inhibitory concentration (MIC) and the
minimum bactericidal concentration (MBC)

For determining the MIC, serially diluted Av-AgNPs (25–400 mg/
mL) were added in sterile test tubes containing nutrient broth (N-
broth). The test organism (OD600 = 0.1) was inoculated in each tube
and incubated at 37�C for 24 h in a shaking incubator (120 rpm); a
test tube without Av-AgNPs was used as a negative control for each
pathogen. The MIC was calculated as the minimum concentration
that inhibited the 98% growth of pathogens, while the MBC was
equal to or more than the MIC and calculated as the concentration
that diminished the inoculated viable cells by �99.9%. The MIC and
MBC were confirmed by serial dilutions and plating of cultures on
MHA (incubated at 37�C for 18–24 h), and by CFU/mL counts.

2.6. Efficacy of Av-AgNPs in treating contaminated water

The efficacy of Av-AgNPs to remove/reduce E. coli, mostly found
in fecal contaminated water, was tested using the filter paper
encrusted with Av-AgNPs (Av-Ag-FP). Autoclaved nutrient broth
(10 mL) was inoculated with a single colony of E. coli and incubated
overnight at 37�C with constant shaking (120 rpm). The overnight
culture was diluted with normal saline until the OD600 value
reached 0.1 (equivalent to �108 CFU/mL), following which the
same was filtered through Av-Ag-FP. The filtrate was analyzed
for the presence of E. coli both by OD600 measurements and reduc-
tion in the CFU/mL count, calculated using the formula:

% Bacterial Reduction ¼ ½ðX-YÞ=X� � 100Where X = initial num-
ber of CFUs in the sample and Y = number of CFUs after filtration

Filter papers impregnated with AgNO3 and water were used as
positive and negative controls, respectively; those carrying 10%
immobilized Av were also tested for bacterial reduction, found in
the contaminated water.
3. Results

3.1. Synthesis of Av-AgNPs and SEM analysis

Av-AgNPs were successfully synthesized by mixing the AgNO3

and Av stock solutions in a 7:3 ratio, under constant, gentle stirring
and heating conditions (temperature, 65 ± 5�C); the scheme of NP
formation is shown in Fig. 1. The synthesized Av-AgNPs showed a
change in color from light yellow to dark brown (Fig. 2A) within
the initial 60 min, but completion of the reduction reaction was
observed at 4–6 h post-incubation. The UV–Vis spectrum
(Fig. 2B) showed the highest absorbance of Av-AgNPs at 425 nm;
peaks with similar intensities in this region were absent in the case
of AgNO3 solution and/or the Av extract, thus indicating the pres-



Fig. 2. Synthesis, UV–visible spectroscopy and electron microscopy of Av-AgNPs. (A) Soln. A (a; 10 mM AgNO3) and Soln. B (b; 10% w/v Aloe vera extract) mixed and heated to
synthesize Av-AgNPs (c; Av conjugated AgNPs). (B) UV–visible spectroscopy confirmed the surface plasmon resonance in Av-AgNPs at 425 nm after 3 h while there was no
absorbance observed in AgNO3 and Av extract. (C) Scanning electron microscopy depicts the spherical nature of Av-AgNPs.
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ence of AgNPs in the reaction mixture. SEM analysis revealed that
the synthesized NPs exhibit a spherical shape (Fig. 2C) and are in
the 30–80 nm size range without any noticeable particle aggrega-
tion/agglomeration. A similar configuration was observed over the
cotton fabric and the filter paper impregnated with NPs i.e., Av-Ag-
Cot and Av-Ag-FP (shown by arrows; Fig. 3A).

3.2. Characterization of the AgNPs – FTIR, XRD and ICP-OES analysis

The FTIR spectrum indicated the presence of phytochemical
head groups on the synthesized Av-AgNPs (Fig. 4A). Whereas the
Av extract showed the maximum transmittance at 3254.1 cm�1,
58
2123 cm�1 and 1631.78 cm�1, the Av-AgNPs displayed the same
at 3271.5 cm�1, 2107 cm�1 and 1632.62 cm�1. The XRD data
(Fig. 4B) presented the characteristic diffraction patterns with a
distinctive value of 2h = 38.2� and 45.6�, which relates to the
(1 1 1) and (2 0 0) planes. The observed Bragg’s reflection matching
to (1 1 1) and (2 0 0) may be indexed based on the face-centric
cubic (FCC) structure of the silver NPs [27,35]. The analysis pro-
vided an insight that the NPs are silver in nature and exhibit crys-
talline structure.

Furthermore, the ICP-OES analysis confirmed the presence of
56 mg/g Ag metal (5.6% w/w) in the synthesized Av-AgNPs and
the attachment of Av-AgNPs on cellulosic materials (Fig. 3B), with



Fig. 3. Electron microscopy and quantification of silver content in cellulosic materials. SEM micrographs showing the presence of Av-AgNPs (yellow arrows) on cotton and
filter paper in comparison with simple materials without NPs (A). The amount of Ag ions in Av-Ag-Cot and Av-Ag-FP was measured by ICP-OES (B).

Fig. 4. Fourier transform infrared spectroscopy and X-ray diffraction analysis of Av-AgNPs. (A) FTIR confirmed the presence of similar bond stretching (OH–, NH– and C=N–)
in Av-AgNPs (b) as observed in the Av extract (a). (B) XRD data showing the presence of face-centric cubic structures of Av-AgNPs.
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Ag contents being equivalent to 47 mg/g of cotton and 58 mg/g of fil-
ter paper, respectively.

3.3. Antimicrobial assay

Antimicrobial activities of both the aqueous suspensions of Av-
AgNPs and the immobilized NPs, Av-Ag-Cot and Av-Ag-FP, were
tested against C. albicans, and the MDR strains of Gram-positive/-
negative bacteria (Table 1); the results are summarized in Fig. 5.
For AvNPs, the reduction in the microbial growth was measured
using a well diffusion method and all pathogens were found to
be sensitive to silver ions (AgNO3) and Av-AgNPs. However, with
Av extract only, no notable reduction in growth could be recorded.
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The S. aureus (Gram-positive) was found to be resistant, whereas
the Gram-negative E. coli, P. pseudomonas, A. baumannii and C. albi-
cans were found to be sensitive, to 100 and 200 mg/g concentra-
tions of Av-AgNPs (Fig. 6). Interestingly, the biofabricated Av-Ag-
Cot and Av-Ag-FP also showed significant reduction of pathogens
(Fig. 5) despite the fact that the concentration of Ag was lesser than
that of aqueous Av-AgNPs (Fig. 6). The NPs, whether immobilized
or in suspension, were found to be most potent against C. albicans,
as evident from the MIC (25 mg/mL) and MBC (50 mg/mL) values.

Owing to its antimicrobial properties against MDR pathogens,
Av-Ag-FP was further assessed for its ability to eliminate/reduce
E. coli present in water. A pronounced decrease in the CFU count
was noted; the highest CFU reduction was �70% in comparison



Table 1
Antibiotics resistance profile of selected pathogens.

Sr. No. Antibacterial/antifungal drugs Bacterial/fungal pathogens

E. coli A. baumannii P. aeruginosa S. aureus C. albicans

1 Ampicillin R S R S –
2 Tetracycline R R R R –
3 Gentamicin S R R PR –
4 Streptomycin R PR PR S –
5 Chloramphenicol PR S R S –
6 Tigecycline S S S S –
7 Trimethoprim sulfamethoxazole R PR R R –
8 Fluconazole – – – – –
9 Amphotericin B – – – – S

Strain resistant against drugs 5/7 4/7 6/7 3/7 1/2

R, resistant; PR, partially resistant; S, sensitive.

Fig. 5. Antimicrobial assay. Antibacterial action of AgNO3, Av extract, Av-AgNPs, Av-Ag-Cot and Av-Ag-FP on Gram-negative (E. coli, A. baumanii, P. aeruginosa) and Gram-
positive (S. aureus) bacteria and yeast (C. albicans). The zone of inhibition around the samples confirmed the antimicrobial effect of the NPs.
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with controls (data not shown). The leaching of AgNPs from Av-Ag-
FP when observed by ICP-OES was 0.002 mg/mL in the filtrate.
4. Discussion

Nanoscale materials, for instance nanoparticles, nanocompos-
ites, nanoemulsions, nanotubes, nanofibers, nanodevices, show
several differences in their chemical and biophysical properties
when compared with their macroscale counterparts. One of the
key differences lies in their size and surface area properties, which
make them more useful for applications in the biological system,
biosensing, biolabeling, diagnostic imaging and gene therapies
[5,9].

Until now, several research groups have described the in vitro
green synthesis of NPs using methods requiring: (i) room temper-
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ature but extended time duration (24–72 h), (ii) microwave heat,
(iii) sunlight exposure or iv) high-temperature (up to 120–
200�C), etc., for the reduction and capping process to complete
(Table 2). However, the biologically mediated synthesis of Ag-
based, Av-fabricated NPs presented herein is a one-step process
for the efficient synthesis of NPs (4–6 h; 65�C) without any
agglomeration and loss of antimicrobial activity when observed
after several months. This appears to be an effective way to deal
with MDR pathogens i.e., the microbes that cannot be tackled with
a single line of antibiotics and thereby pose serious threats to life.
Although the high surface-to-volume ratio of the NPs allowed the
fabrication/incorporation of ample functional ligands of Av (phyto-
chemicals such as aloin, sugars, flavonoids and phenolic com-
pounds), this in parallel, enabled the enhanced interactions and
deeper accessibility of the synthesized Av-AgNPs for improved tar-
geting of the microbes. Long-term stability of Av-AgNPs in terms of



Fig. 6. Quantitative study for the antimicrobial effect. Antimicrobial evaluation of Soln. A, Soln. B, AvNPs (100 mg and 200 mg), Av-Ag-FP and Av-Ag-Cot on Gram-negative and
Gram-positive bacteria and yeast. The well diffusion method and the Kirby Bauer method showed the inhibition in the form of clear zones (mm). The MIC and MBC for these
MDR pathogens (E. coli, A. baumanii, P. aeruginosa, S. aureus and C. albicans) are depicted in columns. The highest MBC was confirmed for S. aureus (200 mg/ml), while the lowest
MBC was observed for C. alibcans (50 mg/ml).
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dispersion at room temperature was made possible with thorough
washing of the synthesized NPs with distilled water right after the
synthesis step; the particles without washing were found to be
agglomerated or aggregated – a phenomenon that could be due
to the continuously occurring nucleation process. The Av-AgNPs
synthesized in our study exhibited better homogenous shape and
dispersion (Fig. 2, Fig. 4) compared with those reported in other
studies [32,35].

Av-AgNPs exerted a promising antimicrobial effect against
Gram-negative and -positive MDR bacteria and more importantly
in case of fluconazole-resistant C. albicans. Although the exact
mechanism by which NPs kill microorganisms is not known, there
are various reports presenting the different possible modes of
action of NPs [9]; the two most promising include: (i) direct
release, penetration and accumulation of NPs in the negatively
charged cell wall and/or cell membrane of bacteria resulting in
damage/killing through cell lysis, (ii) production and increase of
reactive oxygen species (ROS) followed by the inhibition of DNA
replication or damage of the cellular DNA by inducing changes in
the DNA repair system with resultant cell growth inhibition. It is
anticipated that in the instant case, the synergistic activity of Av
constituents and the AgNPs hinders the process of vital enzyme
synthesis and phosphorus-containing molecules such as DNA,
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whereas their electrostatic interactions with lipid membranes
impact/loosen the cell membrane integrity, thus resulting in
microbial cell death.

As shown in Fig. 4, all the tested samples except soln. B showed
a significant reduction in the growth of all pathogens. Cellulosic
materials impregnated with Av-AgNPs also confirmed their role
as antimicrobial materials. High MIC and MBC concentrations
under the given conditions may be due to resistance development
in microorganisms as reported in some studies [33]; it may occur
due to the increasing use of AgNPs in various fields, which ulti-
mately mutate the DNA of the pathogens leading to more antibiotic
and silver resistance [36]. The protective nature of Av-Ag-Cot
against fungus (C. albicans) pathogen makes it promising for treat-
ing or preventing fungal infections and enables its use in clothing
such as socks, wound dressings, etc. Our study further suggested
that the presence of AvNPs on cellulosic material is more active
than the presence of Ag ions alone, making the approach more eco-
friendly for water purification applications.

The retention of silver NPs in the matrices of cellulosic material
had been a challenge due to the weak forces such as H-binding and
Van der Waals interactions between the NPs and the cellulosic
material. The retention of metallic NPs also depends on the method
of immobilization [33]. To avert leaching from the paper material,



Table 2
Comprehensive overview of the studies describing the synthesis and antimicrobial properties of Aloe vera-based AgNPs.

Reference AgNO3

conc.
(mM)

Other
chemicals
used

Plant extract
(%; w/v)

Incubation
temp./time

Shape Size
(nm)

Antimicrobial effect

Bacterial strain Yeast/fungal strain MIC ZOI
(mm)

NPs (ZOI)
(mg/mL)

Chandran et al., 2006 [26] 01 NH4OH 30 RT, 24 h Spherical 15 ± 4 NA NA NA NA
Zhang et al., 2013 [28] 10 Nil 30 RT, 24 h Spherical 25 E. coli NA 200 lmol/ L NA NA
Zhang et al., 2013 [28] 01 Hydrazine 40 RT, 20 min Spherical 20 E. coli, S. aureus NA NA 08 NA
Dinesh et al., 2015 [29] 01 Acetone 10 RT Spherical 35–55 B. subtilis, K. pneumoniae, S. typhi NA NA 80–91 150
Logaranjan et al., 2016 [30] 10 NH4OH,

NaOH
NA Microwave,

1 min
Octahedron 05–50 S. aureus, B. cereus, M. luteus, E. coli, K.

pneumonia
NA NA 33–43 NA

Vélez et al., 2018 [31] 12 Ethanol 33
(leaf/gel)

57�C, 3 h
80�C, 2 h

Spherical 02–07
03–14

Kocuria varians NA 40 mg/mL NA NA

Medda et al., 2015 [32] 10 Nil 10 RT, 72 h Heterogeneous 70–293 NA Rhizopus &
Aspergillus sp.

22 ng/mL NA NA

Yuvasree et al., 2013 [36] 01 Nil 100
(gel)

RT, 24 h NA NA E. coli, Bacillus & Pseudomonas species NA NA 08–11 NA

Moosa et al., 2015 [37] 1–10 Nil 10 RT, 10 min
Sunlight

Spherical 34–102 NA NA NA NA NA

Rahman et al., 2017 [38] 1–4 Nil 30 65�C, 6 h Spherical 12–200 NA NA NA NA NA
Yadav et al., 2016 [39] 01 Nil 20 RT, 24 h Spherical 36 ± 4 P. mirabilis, S. typhi, S. flexneri, S.

aureus, E. coli, K. pneumoniae, P.
aeruginosa

NA 195–780 9–18 400–1000

Haripriya et al., 2017 [40] 01 Nil 30 RT, 24 h
in dark

NA – E. faecalis, S. mutans C. albicans NA 14–38 500–2000

Khan et al., 2017 [41] 01 Nil 05 RT Spherical 86–100 E. coli, S. aureus,
Salmonella, P. aeruginosa

NA 05 0–16 20–120

Vineela et al., 2017 [42] 46 Nil 10 RT, 72 h NA NA NA NA NA NA NA
Win et al., 2019 [43] 1–10 Nil 10 RT NA 07–49 B. cereus, S. aureus, E. coli, P.

aeruginosa
NA NA 13–15 NA

Ahmadi et al., 2018 [44] 01 Nil 5 Microwave,
4–6 min

Spherical 46 E. coli, S. aureus NA NA NA NA

Dilshad et al., 2019 [45] 500 Nil 01
(gel)

RT, 30 min Spherical 40 ± 4 M. luteus, B. subtilis, E. aerogenes, A.
tumefacien, E. coli

A. niger, A. flavus,
A. fumigatus,
F. solani

NA 06–19 05–100 for bacteria
250–1000 for fungi

This study 10 Nil 10 65�C ± 5,
4 h

Spherical 30–80 E. coli, P. aeruginosa, A. baumannii, S.
aureus

C. albicans 25–100 mg/mL 08–19 100–200

RT, Room temperature (25℃); NA, information/data not available.
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we have not used any chemical additive; the entrapment has been
achieved due to the naturally present reducing and stabilizing
agents of the Av extract. The leaching behavior of the Av-AgNPs
impregnated on the filter paper was monitored by filtering distilled
water and out of the two fractions collected (10 and 15 ml), the
first filtrate contained �0.0038 mg/ml silver while the second con-
tained 0.0003 mg/ml silver. Thus, an average amount of Ag in 25 ml
of filtered water was found to be equivalent to 2.0 mg/ml, which
was remarkably lower than that reported earlier [37,38].

In the present study, the FP treated with soln. B also displayed a
pronounced reduction in the bacterial CFU count. Although the
pore size for Whatman FP is bigger (8–10 mm) than the E. coli cells
(2–5 mm) but because of the attachment of the phytochemicals
with the FP fibers, a mesh-like structure forms, which along with
a slow flow rate (due to gravitational force) may contribute in
the entrapment of E. coli and hence reduction in the bacterial CFUs.
Overall, the performance of Av-Ag-FP was promising for water
treatment but factors such as leaching of NPs, flow rate, durability
of filter paper and filter design need special considerations in
future studies. Recently, a good number of research groups have
discussed the methodologies for the treatment of cotton fabric or
other materials but using harmful chemicals and/or complex
methodologies [28]; the present study presents an approach that
is simpler and that eliminates the use of additional and harmful
chemicals. The study is likely to widen the horizons of the antimi-
crobial applications of silver NPs in a broad range of biomedical
applications.
5. Conclusions

In summary, this study led to the quick (4 h incubation at
65 ± 5�C) and successful production of Av-AgNPs following an eco-
friendly approach, i.e., without involving any harmful chemicals.
Characterization of the materials using SEM, FTIR and ICP-OES con-
firmed the presence of spherical shaped, 30–80 nm sized, active
Av-AgNPs, with the MIC ranging from 25 to 100 mg/ml against bac-
terial and fungal pathogens. Their immobilization on cellulosic
materials such as Av-Ag-Cot and Av-Ag-FP proved as potent for
MDR bacterial and fungal pathogens, resulting in a significant
reduction in the microbial growth. Av-Ag-FP exhibited a pro-
nounced decrease in the E. coli CFUs in the filtrate when used for
water purification. The method of immobilization, because of its
non-toxicity and cost-effectiveness, has great scope for biomedical
and environmental applications. Further studies using different
materials for immobilization (e.g., surgical bandages used in
wound healing) may be conducted for relevant biomedical
applications.
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