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Abstract

Aim: The design of plastic films imbued with some self-disinfection property would be an advantage in reducing environmental pollution and the
spread of diseases. This study aimed at investigating the suitability of antioxidants-rich Aspalathus linearis (Rooibos tea) extracts for synthesis of
silver nanoparticles with suitable physical properties for incorporation into a plastic matrix, in order to create a self-disinfecting film. Methods:
Rooibos tea was extracted with methanol and antioxidants-rich fractions were identified by 1, 1-diphenyl-2-picryl-hydrazyl (DPPH) antioxidant
assay, and then used in reduction of silver nitrate to prepare silver nanoparticles. The nanoparticles were characterized by photon correlation
spectroscopy and atomic force microscopy, and their antimicrobial activities were tested in vitro against Staphylococcus aureus (S. aureus),
Bacillus subtilis (B. Subtilis), Salmonella typhi (S. typhi) and Escherichia. Coli (E. coli). The most bioactive formula was incorporated into
polymethylmethacrylate before polymerization. The self-disinfecting activities of the composites were tested in vitro using S. aureus and E coli.
Results: The fractions gave high antioxidant activities and the reduction of silver nitrate resulted in silver nanoparticles of very low
polydispersity values (<0.3) and excellent antimicrobial activities (except with Candida albicans). The optimized film (containing 4ml of the
nanosolution) inhibited microbial growth for up to 48 hrs after exposure to air for 60-90 min, whereas heavy microbial growth occurred in the
control sample. Conclusion: Being edible and non-toxic, Rooibos can be used in synthesizing nanosilver with properties suitable for creating new
designs of self-disinfecting plastic matrices.
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is not so with silver nanoparticles. In addition, their
antimicrobial activities are exhibited even at very low

1. INTRODUCTION

Silver nanoparticles have an excellent antimicrobial
profile, thermostability and safety. Whereas many
organic and inorganic agents used as drugs can
decompose under varying conditions or lose their
activities against some microorganism with time, this

concentrations [1]. Though the exact mechanism of
action of silver nanoparticles is a subject of much
conjecture, it is generally thought that they act by
absorbing  oxygen, thereby interfering with
respiratory processes [2]. In some modern textiles,

Available online at www.jpdip.com

13
Digital Pharm Publication



Nzekwe et al.

J Pharmaceutical Development and Industrial Pharmacy. 3(1), 2021, 13-24

incorporation of nanosilver serves to achieve
deodorization and to eliminate infections [3-4]. Even
though there have been some concerns about the
safety of nansosilver [5-9], it is known that the body
can sequester silver in tissue to produce harmless
protein complexes [10].

Various technologies exist for fabricating silver
nanoparticles, such as laser ablation [11-13],
chemical methods [14-15]; microemulsion technique
[16] photoreduction [17-18], and microwave [19].
Some naturally occurring materials such as sugars
and polymers have been previously employed in
chemical reduction methods [20].

Plants are known to elaborate many metabolites
possessing reductive properties suitable for use in
green synthesis of metal nanoparticles. These
reactions are generally more ecofriendly than
physical methods which employ laser, irradiation or
high temperatures. This creates a nexus between
nanotechnology and plant biotechnology [21].
Nanomaterials added to polymers cause remarkable
changes in their properties [22]. A common method
of  preparation of nanocomposites is the
polymerization of the polymer in the presence of
preformed nanomaterials. The embedding of silver
nanoparticles into  hydrophobic or modified
hydrophilic polymers can enable the creation of non-
releasing and non-eroding films and coatings. The
use of polymethylmethacrylate (PMMA) polymers
has advantages including transparency, chemical
resistance and mechanical and optical stability [23].
It is also fairly scratch-resistant and is therefore
suitable for prosthetics and optical lenses.

Rooibos (Aspalathus linearis) is widely consumed as
tea because it is rich in phenolics which are
responsible for its famed antioxidant properties. It is
a shrub-like plant found in the Cape region of South
Africa [24]. In this research, silver nanoparticles are
synthesized using extracts derived from the
commercially available Rooibos tea, and the
nanoparticles were impregnated into PMMA. The
aim was to synthesize fairly monosized and highly
bioactive silver nanoparticles from edible plant
materials (to avoid unforeseen toxicity). This can
lead to creation of self-disinfecting materials when
used as a surface coating, contact lens, prosthetic
device or as a mobile phone screen guard.

2.0 METHODS
2.1 Materials

Methanol, ethyl acetate, ascorbic acid, n-butanol, n-
hexane, distilled water, silver nitrate (AgNO3),
sodium borohydride, methylmethacrylate, benzoyl

peroxide. Microorganisms: Candida albicans (C.
albicans), Salmonella  typhi (S. typhi),
Staphylococcus aureus (S. aureus), Bacillus subtilis
(B. subtilis), Escherichia coli (E. coli) were obtained
from laboratory stock cultures.

2.2 Collection, extraction and fractionation of
plant

The tea packs containing dried leaves of Aspalathus
linearis were procured from a local mall. About 213
g of dried leaves was extracted with 5L of methanol
using soxhlet apparatus. This took about 6 hours per
batch at room temperature (25 °C) and the extract
was concentrated with a rotary evaporator to obtain a
reddish brown semisolid concentrate. The dried
extract (10.5 g) was reconstituted in methanol (about
10mL) and water (10mL), sonicated for about 10
minutes and subsequently partitioned successively
with n-hexane (350 mL x 3), ethyl acetate (350mL x
3) and n-butanol (450mL x 2). All fractions were
then dried using rotary evaporator.

2.3 Evaluation of antioxidant activity using 1, 1-
diphenyl-2-picryl-hydrazyl (DPPH) assay

The free radical scavenging activities of the extracts
were evaluated by 1, 1-diphenyl-2-picryl-hydrazyl
(DPPH) assay. A previously published method was
adapted for this purpose [25].

2.4 Synthesis of silver nanoparticles

For the synthesis of silver nanoparticles, the n-
butanol fraction was used because its percentage
inhibition was closest to that of the positive control
(ascorbic acid). Silver nitrate was first synthesized
with sodium borohydride (NaBH,) which was used as
the standard reducing agent. The butanol extract (100
mg) was dissolved in water to obtain a stock solution,
which  was sequentially diluted to lower
concentrations: 125ug/mL,  62.5ug/mL  and
31.25ug/mL. Silver nitrate (50 mg) was weighed on a
weighing balance (Ohaus Corp. USA) and dissolved
with 100 mL of ice cold water to give 500 pg/mL.
The main synthesis was done in the absence of light.
The silver nitrate and extract (25 mL of each) were
reacted in a conical flask. This was done for each
concentration of the extract.

2.5 UV-Vis spectroscopy

Appropriately diluted samples were scanned in the
range of 200-800 nm in a UV-Vis spectrophotometer
(Lambda 35, PerkinElmer, USA) at room
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temperature.
2.6 Photon correlation spectroscopy

A small volume (0.1 mL) of each sample was
dispersed in 10 mL distilled water and transferred
into a cuvette with the aid of 0.2 micron filter unit.
The hydrodynamic diameters of the particles were
determined at room temperature in a particle size
analyzer (Nano Series, Malvern Instruments, UK).

2.7 Atomic force microscopy

The silver nanoparticles were first concentrated by
centrifugation. Surface images were obtained with an
Agilent 5500 Atomic force microscope employing
the contact mode technique with a cantilever of
resonant frequency 17 KHz and spring constant of
0.08 N/m. A sheet of mica was used as substrate.

2.8 Antimicrobial activity testing

Antimicrobial testing of the silver nanoparticles was
done against the following micro-organisms:
Escherichia coli (E. coli 2), Staphylococcus aureus
(Staph. Aureus), Candida albicans (C. albicans),
Salmonella typhi (S. typhi) and Bacillus subtilis (B.
subtilis). The nutrient agar was prepared and
sterilized using an autoclave (EQUITRON, Medica
Instruments Manufacturing Co., India) at 121 'C for
15 mins. The agar was left to solidify after which 3
holes were bored on the agar using a cork borer. In
each agar well, 0.2 mL of a particular sample was
introduced and incubation was done for 24 hours at
37 "C (GENLAB, UK), after which the plates were
examined for the zone of inhibition (1ZD). The
testing was done in triplicate for each concentration
and organism.

2.9 Preparation of nanosilver-PMMA composite

Methyl methacrylate (25 g) and Benzoyl peroxide
(0.5 g) were dissolved in water. Nanosilver was
incorporated in the bulk polymerization process in
volumes of 2mL (Batch A) and 4mL (Batch B), both
prepared from the 125 pg/ml batch. In each case, the
mixture was immersed in a water bath at about 75 'C
for 15 minutes until a threadlike syrup was obtained.
The syrupy mixture was then poured on a watch glass
surface smeared with soap. The watch glass was
smeared with soap to allow for easy de-molding of
polymer.

2.10 Determination of surface hardness

Film hardness was analyzed using two different

durometers: Type A and Type D, both with the same
American Society for Testing and Materials (ASTM)
class D2240. The pointed part of the durometer was
positioned at different locations on the sample while
the durometer readings were recorded.

2.11 Determination of in vitro inhibition zone

Agar plates were prepared and left to solidify. The
organisms (S. aureus, B. subtilis, S. typhi, E. coli)
were inoculated by surface inoculation method. The
polymer films were placed on the culture in triplicate
and then incubated at 37 "C for 24 hours after which,

they were observed for the size of the inhibition zone.

2.12 Disinfection time test

Staphylococcal and E. coli cultures (0.5 MacFarland
standard) were prepared from a 24 hr broth culture of
staphylococcus aureus and Escherichia coli. Discs of
9 mm in diameter were made from the two batches of
nanosilver-PMMA composite using a cork borer. The
same diameters were also bored from a control
polymer that was not impregnated with nanosilver.
The control polymer was surface-sterilized using 70
% ethanol for 2 minutes.

The discs were divided into three groups. The first
group was exposed to test isolate by dipping for 1
minute in test tube containing the standardized test
organism (S. aureus). Second group were exposed to
test isolate E. coli adopting the same method as
explained above. The last group exposed to the
environment (air) for 1 minute. After exposure, each
disc was placed in a sterile petri dish for either 30, 60
or 90 mins. After each time interval, the discs were
placed in a sterile nutrient media and incubated at 37
'C. The cultured plates were screened for microbial
growth after 18-48 hrs. This experimental design was
performed with duplicate discs (n equals 2 per group)

2.13 Statistical analysis

Data were analyzed using Statistical Package for
Social Sciences (SPSS version 18) and Microsoft
Excel 2007. Tukey’s HSD was used to test for
statistical differences. P values of less than 0.05 were
considered significant

3.0 RESULTS

3.1 Extraction, fractionation and antioxidant
activity

The final products included approximately 10 mL
oily n-hexane fraction, 4.3g of ethylacetate fraction,
4.5¢ of n-butanol fraction and 3.7g of water fraction.
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Figure 1 shows the antioxidant profiles of the
different fractions, the most antioxidant-rich fraction

being the butanol fraction.

3.2 Physicochemical characteristics of silver
nanoparticles

The spectra of the different batches are presented in
Figure 2. The magnitude of the resonance peaks

increased with the concentration of extract. The
hydrodynamic sizes are presented in Table 1 and
show that all the batches had low polydispersity
indices of less than 0.3. Atomic force microscopy
(Figure 3) revealed different levels of aggregation in
the batches which may be due to sample preparation
(centrifugation prior to imaging). Particle size
distribution histograms can be found as Figure 3b.
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Fig. 1 DPPH scavenging activity of the leaf extract and fractions of Aspalathus linearis
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Fig. 2 UV-Visible spectral scan of silver nanoparticles synthesized using different ratios silver nitrate and the

methanolic extract of Aspalathus linearis

a = silver nitrate/extract (500/125ug/mL); b = silver nitrate/extract (500/62.5ug/mL); ¢ = silver nitrate/extract

(500/31.25ug/mL); d= sodium borohydride

Table 1: Influence of concentration of extract on hydrodynamic diameters of silver nanoparticles

Ratio 125ug/ml extract + 500ug 62.5ug/ml extract + 35.25ug/ml extract +
AgNO; 500ug/ml AgNO3 500ug/ml AgNO;
Hydrodynamic 92.24 122.8 87.05

diameter(d.nm)

Polydispersity index 0.211 0.191 0.262

17
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Fig. 3 A) Atomic force (3D) image of silver nanoparticles synthesized from 125 pg/ml of extract and 500 pg/ml of

silver nitrate. B) Particle size distribution histogram.

3.3 Antimicrobial activity

The inhibition zone diameters produced against the
different organisms are presented in Figure 4. The
extracts lacked activity against all the organisms
tested, while the synthesized nanoparticles showed

activities comparable to that of pure silver nitrate.
Using the Tukey HSD, the 62.5 pg/ml batch was
significantly less active (p < 0.05) than both the 31.25
pg/ml and 125 pg/ml batches against Staph aureus, a
major environmental contaminant. All three were
equally active against E. coli and Salmonella typhi.
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The 125 pg/ml was more active than the 31.25
against Bacillus subtilis. The Candida albicans used
in this test was resistant to all, including silver nitrate.

3.4 Hardness test

The inclusion hardness values determined using the
ASTM D2240 Type D durometer were 5.05 (Batch
A) and 4.5 (Batch B). The values determined with the
Type A durometer were 12.6 (Batch A) and 14.0
Batch B). Both films are therefore very soft
materials, but with the advantage of optical
transparency.
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3.5 Inhibition zone diameter

No measurable inhibition zones were produced. This
suggests a non-releasing profile in which the
nanosilver is completely immaobile in the matrix.

3.6 Surface disinfection

The The disinfection test results are presented in
Table 2. The incubation time affected the extent of
disinfection. The growth of organisms after 48 hrs
indicates that the action is bacteriostatic, not
bactericidal. More prolonged action is achieved
against E. coli than Staph. aureus. Heavy microbial
growth is seen in the negative control sample.

AgNET1 AgNET2 AgNET3

C.albicans S.typhi m B.subtilis

Fig. 4 Antimicrobial spectra of silver nanoparticles synthesized using different ratios silver nitrate and the

methanolic extract of Aspalathus linearis

AgNZ1: silver nitrate (500ug/mL); AgN2: silver nitrate (250ug/mL); ET1: extract (125ug/mL);

ET2: extract (62.5ug/mL); ET3: extract (31.25ug/mL); AgNET1: silver nitrate/extract (500/125ug/mL); AQNET2:
silver nitrate/extract (500/62.5ug/mL); AgNETS3: silver nitrate/extract (500/31.25ug/mL)
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Table 2: Disinfection time test on nanosilver-PMMA films prepared using different concentrations of nanosilver

A (After 18-24 hr incubation)

Batch A (2ml) Batch B (4ml) Control
Incubation S. aureus E. coli  Environment S.aureus E.coli  Environment S.aureus E.coli  Environment
time (mins)
* 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
30 + + + - - - + + - - - - + + + + o+ +
60 - - - - - - - - - - - - + + + o+ o+ +
90 + - + - - - - - - - - - + + + o+ o+ +
B (After 48 hr incubation)
Batch A (2ml) Batch B (4ml) control
Incubation
time (mins)
S. aureus E.coli  Environment S. aureus E.coli  Environment S. aureus E.coli  Environment
*
1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
30 + + + o+ - - + + - - + + + + + o+ 4+ ++
60 + + - - - - - - - - - - + + + o+ o+t ++
90 + + + + o+ + + + - - - - + + + o+ ++ ++

Batches A and B were prepared by mixing 2ml and 4ml of nanosilver respectively with 25 g of methylmethacrylate

monomer and 0.5 g of benzoyl peroxide; * replicate values

Keys: + = growth; = no growth; ++ = heavy growth

4.0 DISCUSSION

High antioxidant activity justifies the wide use of the
tea as a good source of free-radical scavenging
antioxidants. The highest antioxidant activity was
seen with the butanol fraction. Rooibos is known to
contain vitamin C, protein, and mineral elements
such as copper, fluorine and manganese [26-27]. In
addition, the volatile oil has been shown to contain
guaiacol, 6-methyl-3, 5-heptadien-2-one isomer,
geranylacetone and other compounds in varying
amounts [28-29]. Even though consumption of
Rooibos is generally regarded as beneficial to health,

in vivo data did not always correlate with in vitro
protective effects [30], Rooibos consumption has
been demonstrated to be beneficial to the brain and
liver tissue [31-32] the beneficial effect of long term
administration of rooibos tea on lipid peroxidation in
rat brain were well demonstrated. In the latter report
[32], Rooibos demonstrated a protective effect
against carbon tetrachloride (CCl4)-mediated liver
damage and the protection obtained was comparable
to that of N-acetyl-L-cysteine.

Reduction of silver nitrate to nanosilver was
accompanied by a colour change to yellowish brown.
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The batches differed slightly in their coloration from
pale yellow to brown (500/31.5pg/ml), to pale yellow
(500/62.5ng/ml) to greenish yellow (500/125pug/ml.
Small variations in colour point at important changes
in physical properties such as shape and size. Colour
is consistent with excitation of surface plasmons of
the particles, the position of which is dictated by
particle size and shape [33-34].

As shown in Figure 2, the peak resonance
band particles synthesized in this way exhibited
wider width (full width at half maximum, E;;) than
the sodium borohydride reduced particles. Particle
diameters can be predicted from this parameter using
the equation by Jain and Mehata [35]:

hvf

= Equation 1
TL'AEl/Z

In this equation, h is the Planck’s constant (6.63 x 10
% 1.5), while v¢ is the Fermi velocity of electrons in a
bulk metal (1.39 x 10° m/s). This holds true for very
small particles only [36].

In Figure 2, higher peaks suggest that higher yields
were obtained in using higher concentrations of the
extract. Nevertheless, in the preparation of
nanoparticles employing plant extracts in which the
different components may exhibit varying solubilities
in the solvent, perhaps the most important parameter
is the preparation of uniformly sized particles (low
polydispersity) with small particle diameters. Control
of particle size is very important because unlike
conventional drugs, the behavior of nanoparticle
systems is tied to size and shape, such that any two
particles of different sizes may exhibit different
resonant peaks and so ought to be treated as different
chemical entities. A high polydispersity index is
frequently encountered in using extracts in reductive
synthesis and this limits the applicability of such
methods. Since all the batches had very low
polydispersity, this extract/method represents a
suitable way of preparating silver nanoparticles. The
use of very soluble fractions ensures that uniform
reduction is going on at all points in the bulk
solution, and also eliminates the presence of
undissolved matter which would contribute to high
polydispersity. Photon correlation spectroscopy as
shown in Table 1 suggested that the largest particle
size of 122.8 d.nm occurs in the 62.5 pg/mL batch,
while the 3D atomic force images (Figure 3)
suggested a higher extent of particle aggregation in
this system on centrifugation. Nanomaterials with
sizes in excess of 100 nm may lack some of the
attributes of nanopartciles, since such attributes
depend on a high level of quantum confinement.

Aggregation is tied to surface chemistry and bulk
solution properties. Unfortunately, we were not able
to determine the surface charges on the particles.

The broad spectrum antimicrobial activity seen in
Figure 4 justifies the use of nanosilver in textiles and
other devices where they combine high stability with
a very low opportunity for development of resistance.
Nanosilver is always associated with strong anti-
staphylococcal activity [15], Staphylococcus being
one of the most widely encountered environmental
contaminants. In contrast, the extract itself
demonstrated no antimicrobial activity at all in the
concentrations tested. Even though silver nitrate has
well established antimicrobial activity, nanosilver
represents a particulate heat resistant antimicrobial
bullet suitable for myriad applications and is easily
sequestered by the body [10]. Being particulate, it has
wider applicability than silver nitrate and can serve as
a metallic drug particle in some cases. Taking into
consideration the statistical analyses done with all
five organisms, the 125 pg/mL batch is superior to
the others in antimicrobial activity. This may be
consistent with the concentration of nanoparticles
formed. For this reason, this batch was used in film
preparation.

The mechanical strengths recorded for both were
lower than values quoted for pure PMMA [37]. This
in our views is not a strict disadvantage given that
incomplete drug release frequently occurs in
unmodified PMMA, due to low porosity and high
surface hardness [38]. This can be improved by
including hydrophilic ingredients. Softer PMMA
matrices can be more easily eroded and are therefore
more suitable for drug delivery purposes in order to
improve drug release. The occurrence of tiny pores
left by escaping water vapour is also expected to
improve drug release. If harder matrices are desired,
nanosilver may be incorporated as pellets. The film
(Batch B) was generally able to inhibit microbial
growth for up to 48 hrs after exposure to air for 60-90
min, and this suggests that the desired level of self-
disinfection can be obtained by increasing the
concentration of nanosiilver in the matrix. In contrast,
heavy growth occurred in the control sample.
Directly inoculated organisms were similarly
inhibited after 90 minutes of exposure, and no growth
could be detected in 18-24 hrs. Even though the
antimicrobial activity of silver nanoparticles is well
established, to the best of our knowledge, this is the
first demonstration of a design of plastic that will not
release nanosilver in agar (which could lead to
toxicity) and yet is able to achieve a significant level
of surface disinfection after inoculation with
microorganisms.
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5.0 CONCLUSION

This report describes a simple method for synthesis
of uniformly-sized nanosilver from the extract of
Aspalathus linearis (rooibos) and its impregnation
into PMMA. The films retain suitable antimicrobial
activity and could resist environmental contamination
for up to 48 hrs. We conclude that PMMA-nanosliver
matrix fabricated using our method is suitable for
creating soft non-releasing films which can be used
in self-decontaminating coats and packaging.
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