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Abstract: Cellulose acetate nanoparticles (CCA NPs) with mean particles sizes of 97 nm were
synthesized via the nanoprecipitation process. The antibacterial properties of these CCA NPs were
evaluated against Gram (+) and Gram (-) bacteria, respectively. The CCA NPs exhibited good
antibacterial activity against Methicillin-resistant Staphylococcus aureus (MRSA) (+), Staphylococcus
epidermis (+), Escherichia coli (-), Bacillus cereus (+), and Salmonella typhimurium (-) in range of
MIC of 2.5x102 to 5.0x102 pg.mL-1 and MBC of 5.0x102 to 1.0x103 pg.mL-1. Penicillin G (PenG)-
loaded CCA NPs demonstrated synergistic antibacterial activities against Gram (+) and Gram (-)
bacteria. PenG-loaded CCA NPs also exhibited promising antimicrobial activity against the Methicillin-
resistant staphylococcus aureus (MRSA) superbug, which is resistant to penicillin G. These promising
antibacterial properties suggested that CCA NPs could potentially serve as an alternative potent
antimicrobial agent for both Gram (+) and Gram (-) bacteria as well as the superbug MRSA.
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1. Introduction

Even though there are many types of antibiotics available in the market for the treatment
of bacterial infections, however, most of the bacteria tend to evolve into mutated antibacterial-
resistant bacteria. For instance, Staphylococcus aureus evolved and mutated into MRSA
superbugs. Furthermore, misuse and overdosage of antibiotics may lead to bacteria resistance
towards antibiotics, reduce the effectiveness, and ultimately lead to the emergence of new
infections. Therefore, the search for a potential cure for MRSA infection is still a big challenge,
and the development of new antibacterial agents has become an urgent need to treat infectious
diseases.

Recently, polysaccharide-based nanoparticles have been studied extensively for
biological applications due to their non-toxic, low cost, good biocompatibility, renewable and
biodegradable [1,2]. Also, antimicrobial studies of polysaccharide-based nanoparticles were
widely reported. For instance, Ismail and Gopinath [3] reported that starch nanoparticles loaded
with penicillin and streptomycin were fabricated via the microemulsion method and evaluated
for their antimicrobial activity against Streptococcus pyogenes and Escherichia coli. The result
displayed an inhibition zone of 17 mm at the concentration of 1 mg/mL. Another similar study
was also reported by Gopinath et al. [4] on the preparation of ampicillin-loaded cellulose
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nanoparticles and applied for antimicrobial activity against Escherichia coli. The result showed
a good inhibition zone of 20 mm. In addition, cellulose can also absorb toxins produced by
bacteria and enhance the drugs' effectiveness [5]. However, unmodified cellulose has its
limitations due to its weakness of hydration, structural organization, and lack of antimicrobial
activity [6,7]. Therefore, modification of cellulose is of vital importance to impart functionality
and antimicrobial properties for various biomedical applications [8].

Based on previous studies, several antibacterials studies of antibiotics-loaded cellulose
derivatives nanoparticles have been reported. For instance, Panin et al. [9] reported on the
preparation of clarithromycin-loaded ethyl cellulose nanoparticles, which exhibited excellent
antibacterial activity against H.pyrori by binding to the HEp-2 cell. Besides that, another study
related to antibiotic-loaded polymeric nanoparticles was also reported. Farrukh et al. [10]
prepared ciprofloxacin (CIP)-loaded diethylaminoethyl cellulose nanoparticles and evaluated
them for their antimicrobial activity against E.coli and pathogenic staphylococci with an
inhibition zone of 27 mm and 14 mm, respectively.

In this study, the antimicrobial activity of the PenG-loaded CCA NPs against gram-
positive and gram-negative bacteria was studied and evaluated. Therefore, this investigation
also aimed to evaluate new possible PenG-loaded CCA NPs to act as promising candidate
nanoparticles-based antibacterial against superbugs Methicillin-resistant staphylococcus
aureus (MRSA).

2. Materials and Methods

The materials used in this work: CCA NPs containing 16.2 % carboxyl groups (w/w)
and DS of acetyl at 1.95 was prepared according to the reported procedure [11], phosphate
buffer solution (PBS), ethanol, penicillin G were supplied from Fisher Scientific, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Mueller-Hinton broth (MHB)
was purchased from OXOID brand, Mueller-Hinton agar (MHA) was purchased from Merck
company, Ultrapure water (~18.2 MQ.cm, 25 °C) was prepared using the Water Purifying
System (ELGA Model Ultra Genetic). All chemicals were used without further purification.

Preparation of CCA NPs: the dried powdered CCA was dispersed in 10 mL of ultrapure
water and added dropwise into 30 mL ethanol via the nanoprecipitation process. The resulting
mixtures were centrifuged at 1250 rpm, and the supernatant was removed to obtain CCA NPs.
The CCA NPs, were rinsed three times with absolute ethanol and dried in a conventional oven
at 60 °C overnight. A measured expanse of nanoparticles was dispersed in absolute ethanol,
and a drop of the dispersed sample was drop coated onto formvar-coated copper grids. The
morphology of samples was characterized and observed under a transmission electron
microscope (TEM) (JEOL Model1230).

Penicillin G loading: CCA NPs (100 mg) were immersed in phosphate buffer saline
(PBS, pH 7.4), which contained PenG (1 mg/mL), and incubated at 37 °C for 72 h until
equilibrium absorption was achieved.

PenGini—PenGyree

weight of CCA NPs 1)

where, PenGini (mg) is the initial amount of penicillin G used, and PenGsree (Mg) is the amount
of penicillin G remaining in the supernatant.

Loading capacity (mg.mg™) =
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After a specific time interval, the absorbance of the solution containing the residual
drug was measured spectrophotometrically using a UV/Vis spectrophotometer at 212 nm. The
molar concentration of penicillin G was calculated from the absorbance values, according to a
standard calibration curve in PBS solution. The loading capacity of PenG for CCA NPs was
calculated using the following equation (1) [12].

Antibacterial activities: the antibacterial activities of samples were evaluated against
Gram (-) pathogenic bacteria (Escherichia coli (-), and Salmonella typhimurium (-)) and Gram
(+) pathogenic bacteria (Methicillin-resistant staphylococcus aureus (MRSA) (+),
Staphylococcus epidermis (+), Bacillus cereus (+)). Each bacteria strain was cultured in
Mueller Hinton broth (MHB) medium and incubated at 37 °C for 24 h to be used as inoculums
before being applied to the antibacterial assay of good diffusion, minimum inhibition
concentration (MIC), and minimum bactericidal concentration (MBC) analyses. All the
methods applied to evaluate the antibacterial activity were according to the Clinical and
Laboratory Standards Institute (CLSI) protocol [13].

PenG-loaded CCA NPs were tested for antibacterial activity via well diffusion assay
against the Gram (+) and Gram (-) pathogenic bacteria. The pure cultures of bacteria (1x10°
CFU.mL1) were sub-cultured on MHA and were swabbed uniformly onto the individual plates
using sterile cotton swabs. Subsequently, wells were punched into the agar medium by a sterile
straw and filled with 75 uL of samples (1.0x10% pg.mL™?). PenG is used as a positive control.
Bacterial-cultured (Gram-negative) plates and bacterial-cultured (Gram-positive) plates were
incubated in the upright position at 37°C for 24 h and 18 h, respectively. The diameter of the
inhibition zone was measured with a ruler.

Minimum inhibitory concentration (MIC) assay was performed via the microdilution
method with slight modifications. Each 100 uL of samples of known concentration prepared
was added into 96 well round-bottomed microtiter plates containing 100 pL of Muller Hinton
broth (MHB) medium. Dilutions were carried out by a two-fold serial dilution approach. Then,
100 pL of tested microorganisms bacteria (1x108 CFU.mL™) were inoculated to all wells, and
the microtitre plates were incubated at 37°C for 24 h. After the incubation of 24 h, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was subsequently added to 96
wells and incubated again at 37 °C for an hour. The optical densities of cultures are read at 540
nm using a microplate reader (Biorad Model 680). From the absorbance of optical densities
(OD), the minimum inhibitory concentration was determined as the lowest concentration of
samples that inhibits the growth of bacteria [14]. The reduction of bacteria was calculated in
percentage according to equation (2) shown below:

Percentage of bacteria reduction (%) = 1- (OD test/ODcontrol) X 100 % (2)
where, OD st is the optical density of microorganisms treated with sample and ODcontror is the
optical density of microorganisms untreated with sample.

Minimum bactericidal concentration (MBC) was determined from minimum inhibitory
concentration (MIC) that did not reveal any visible growth of bacteria colonies from the
microtitre wells after 24 h of incubation [15]. The inhibition of bacterial growth was assessed
by comparing the optical density of samples to normal growth of culture (untreated with
prepared samples) in the control wells. Briefly, exactly 5 puL of the mixture from serial dilution
of microtitre wells with no sign of turbidity was pipetted onto the MHA agar plates and
incubated at 37°C for 24 h. The bacteria growth on the plate was then observed.
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All experiments and analyses were carried out in triplicate. Statistical analysis was
accomplished using Microsoft Excel, and results are expressed as mean + standard error (SE).

3. Results and Discussion

3.1. Preparation of PenG-loaded CCA NPs route for antibacterial assay.

As shown in Figure 1, prepared CCA NPs were loaded with antibiotics (PenG) via
immersion process under incubation at 37 °C for 72 h. The highest PenG loading capacity was
evaluated for antibacterial activity against Gram (+) and Gram (-) bacteria, respectively, and
provides a release of the PenG to inhibit and deactivate bacteria strains. Also, CCA NPs
contribute towards enhancing antibacterial efficiency.
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Figure 1. Schematic representation of prepared PenG-loaded CCA NPs route applied for antibacterial activity
against Gram (-) bacteria and Gram (+) bacteria.

3.2. Surface morphology of CCA NPs and PenG-loaded CCA NPs

As shown in Figure 2 (a), the TEM image showed that the nanoparticles were spherical
particles with a mean particles size of 91 nm, while loading of penicillin G onto CCANPs,
PenG-loaded CCA NPs were observed to have a spherical shape with a mean particles size of
200 nm based on the TEM micrograph shown in Figure 2 (b). It is because most PenG was
absorbed into CCA NPs could lead to the particles size enlarged. This showed that the loading
of the antibiotic onto nanoparticles could lead to the increased particles size of the
nanoparticles.
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Figure 2. TEM micrdgraphs of (a) CCA NPs, (b) PenG-loaded CCA NPs.
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3.3. Loading capacity.

As shown in Figure 3, the loading of PenG was observed to increase very rapidly
initially between the loading duration of 0 and 8 h. This could be attributed to the initial
migration of the drug solution into the CCA NPs until the CCA NPs were wet enough, after
which the PenG could be loaded quickly until saturation. However, the loading slowed down
gradually between 8 h and 16 h, eventually maintaining the loading capacity after incubation
for 32 h or longer. It is because CCA NPs almost being fully occupied by drug molecules.
Hence, the maximum loading capacity of PenG was observed at 0.66 mg.mg? after 72 h.
Subsequently, PenG-loaded CCA NPs were evaluated for antibacterial activity against Gram
(+) and Gram (-) bacteria.
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Figure 3. The loading capacity of PenG onto CCA NPs as a function of loading duration.

3.4. Antibacterial activities of CCA NPs, and PenG-loaded CCA NPs.

Pathogenic bacterial infection is one of the major infectious diseases that lead to
globally severe illness and plague to healthcare [16]. Especially, methicillin-resistant
Staphylococcus aureus (MRSA) was listed as important pathogens causing severe community
in the World Health Organization's priority pathogens list for investigation and development
of new antibacterial agents [17, 18]. MRSA is a bacterium that causes infections in different
body parts and is hard to treat with antibiotics [19, 20]. Based on a previous study, MRSA
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produced an enzyme that could hydrolyze the B-lactam ring in antibiotic molecules, thus
deactivating the function of antibiotics [21]. MRSA is also called a "superbug™ due to its
resistance to the most commonly used antibiotics [22]. Due to MRSA's medical importance,
MRSA is still investigated in many surveillance initiatives [23-26]. Therefore, the
enhancement or development of new antibacterial agents has become urgently needed for the
treatment of bacterial infectious diseases. Interestingly, CCA NPs were found to be a good
antibacterial agent against MRSA and also other bacteria such as Gram (+) bacteria
(Staphylococcus epidermis, and Bacillus cereus) and Gram (-) bacteria (Salmonella
typhimurium, and Escherichia coli), respectively. According to the results of antibacterial
activities presented in Table 1 and Figure 4 (b and c), PenG-loaded CCA NPs exhibited a more
superior antibacterial effect against Salmonella typhimurium, and Escherichia coli with an
inhibition zone of 12 and 13 mm, respectively compared to CCA NPs.

Further determination of MIC and MBC values which recorded in Table 2, PenG-
loaded CCA NPs revealed MIC values of 2.5x10? pg/mL against both Salmonella
typhimurium , and Escherichia coli, while MBC of PenG-loaded CCA NPs against Salmonella
typhimurium, and Escherichia coli with the values of 1.0x10° and 5.0x10% pg/mL, respectively
which shown in Figure 5 (a and e). Based on the previous studies, Gram (-) bacteria have
peptidoglycan between membranes, which results in an antibacterial agent that is difficult to
pass through compared to Gram (+) bacteria, consisting of a peptidoglycan layer on the outside
of the cell wall [27, 28]. However, it is composed of a protein channel on the outer membrane
of the cell wall [29, 30]. Several protein channels could be affected by negatively charged ions
from a carboxylic acid (COOH), which could increase the membrane permeability on bacteria's
cell wall. The carboxylic of CCA NPs could produce proton (H*). This H* could diffuse into
the bacteria's cytoplasm to lower internal pH, disrupting bacteria cellular adenosine
triphosphate (ATP) which, produced energy and resulted in the depletion of energy in bacteria
[31, 32]. Therefore, the bacteria cells are inhibited and damaged. Also, this allows the diffusion
of H* ions from COOH into the plasma membrane, which results in the leakage of protein from
the membrane bacteria [33, 34]. At this point, PenG molecules released from PenG-loaded CCA
NPs could easily pass through the outer cell wall and inhibit the peptidoglycan layer of the
bacteria from stopping the growth of bacteria cells [33, 35, 36]. Furthermore, acetate from CCA
NPs could penetrate through the cell membrane into the cytoplasm. Roe et al. [37] concluded
that acetate anions treated bacteria cells may inhibit the activity of a protein and led to the
accumulation of homocysteine which is the last intermediate on the methionine biosynthetic
pathway. Thus homocysteine was found to inhibit the growth of Escherichia coli. Therefore,
this has shown that PenG loaded onto CCA NPs could enhance its antibacterial activity.

On the other hand, Gram (+) bacteria consisted of a peptidoglycan layer outside of the
cell wall but lacked an outer membrane compared to Gram (-) bacteria [29]. Because of this,
PenG molecules could penetrate through the outer cell wall easily to reach the peptidoglycan
layer of the bacteria [38]. PenG molecules consist of B-lactam, which could interact with
peptidoglycan targeted sites and inhibit peptidoglycan biosynthesis. As a result, the formation
of a new cell wall of microorganisms could be avoided [39, 40]. From Table 1 and Figure
4 (a), the PenG and CCA NPs against S. epidermis have shown the value of inhibition zone
with a diameter of 15 and 13 mm, respectively. This had shown that PenG could produce a
good antibacterial effect against S. epidermis. Therefore, the S. epidermis strain was able to be
inhibited by PenG well compared to CCA NPs. In addition, PenG-loaded CCA NPs could
produce a better antibacterial effect against Staphylococcus epidermis with a diameter
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inhibition zone of 14 mm compared to CCA NPs. This has proven that CCA NPs loaded with
penicillin G have the potential to enhance antibacterial activity. Table 2 also showed that PenG-
loaded CCA NPs had produced a lower value of MIC with 1.25x10% pg/mL against
Staphylococcus epidermis compared to CCA NPs with MIC of 2.5x10? pg/mL. Therefore, the
PenG-loaded CCA NPs against Staphylococcus epidermis with a reduced growth rate of
97.53%. Similarly, PenG-loaded CCA NPs also showed good antibacterial activity
against Bacillus cereus with an inhibition zone of 12 mm compared to both PenG and CCA
NPs with an inhibition zone of 9 mm. Further evaluated by MIC and MBC analysis which is
shown in Table 2 and Figure 5 (c), PenG-loaded CCA NPs had shown the lower value of MIC
and MBC value of 1.25x10% and 5.0 x10% pg/mL, respectively, against Bacillus cereus. This
has proved that loading of PenG onto CCA NPs could exhibit better antibacterial effects which
are necessary to inhibit those bacteria cells.

However, antibiotics such as PenG are less effective against MRSA due to MRSA has
mutated Staphylococcus aureus, which is highly resistant to antibiotics containing methicillin
molecule [22]. PenG against MRSA with an only exhibited inhibition zone of 8 mm which is
revealed in Table 1 and Figure 4 (d). This smaller inhibition zone of PenG against MRSA is
due to MRSA being able to produce a penicillin-binding protein (PBP2a) which is resistant to
B-lactam ring in PenG, and stop the inhibitory effect of the PenG [41, 42]. Therefore, MRSA
can be resistant to all antibiotics that contain B-lactam ring structure and deactivate the
functions of the antibiotic [43, 44, 45, 46]. In contrast, CCA NPs against MRSA has a better
inhibition zone of 17 mm than PenG alone. Since CCA NPs had exhibited good antibacterial
activity against MRSA.

Figure 4. Screening of antibacterial activity using well diffusion method against (a) Staphylococcus epidermis,
(b) Escherichia coli, (c) Salmonella typhimurium (d) Methicillin-resistant staphylococcus
aureus (MRSA) and (e) Bacillus cereus.

Notably, PenG loaded onto CCA NPs had exhibited an excellent antibacterial effect
against MRSA with larger values of inhibition zone diameter, which was 20 mm compared to
both PenG and CCA NPs and further determined by MIC and MBC of PenG-loaded CCA NPs
against MRSA which recorded in Table 2 and Figure 5 (d).
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Figure 5. MBC of (a) Escherichia coli, (b) Staphylococcus epidermis, (c) Bacillus cereus, (d) Methicillin-
resistant staphylococcus aureus (MRSA), and (e) Salmonella typhimurium.

Table 1. Diffusion assay of pure cellulose, carboxylic cellulose, cellulose acetate, CCA NPs, PenG, and PenG-
loaded CCA NPs (n = 3), P<0.05.

Bacteria strains Inhibition zone diameter (mm)
Pure Carboxylic | Cellulose | PenG CCA PenG-loaded
cellulose cellulose acetate NPs CCA NPs

Bacillus cereus (+) 0 0 0 9+0.0 9+0.0 1240.82
Methicillin resistant 0 0 0 8+0.0 | 17+0.47 20+0.82
staphylococcus aureus
(MRSA) (+)
Escherichia coli (-) 0 0 0 1240.0 | 11+0.82 13+1.6
Salmonella thypimurium (-) 0 0 0 9+0.0 | 11+0.82 12+0.0
Staphylococcus epidermis (+) 0 0 0 15+0.0 | 1340.0 14+1.6
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Table 2. MIC, MBC and reduction growth (%) of CCA NPs, PenG and PenG-loaded CCA NPs (n = 3), P<0.05.

PenG CCA NPs PenG-loaded CCA NPs

Bacteria MIC MBC Reduction MIC MBC Reduction MIC MBC Reduction
strains (ug.mLY) | (ug.mLY | Growth | (ug.mL?) | (ug.mL?Y) | growth (%) | (ug.mL?) | (ug.mL?) Growth

(%) (%)
tsri:n'?ﬁ;ey? 25x102 | 50x102 | 94124048 | 50x102 | 1.0x10° | 90.1940.24 | 25x102 | 1.0x10° | 94.89+1.42
Methicillin
resistant
staphylococcus 2.5%x10? 5.0x10% | 94.83+£1.09 | 2.5x10? 5.0x10? 94.78+0.6 1.25%102 5.0x10? 98.63+0.62
aureus (MRSA)
(+)
(E_‘;‘Cher'Ch'a COll | oext02 | 25x10° | 93.4440.68 | 5.0x102 | 1.0x10° | 90614026 | 25x102 | 50x10? | 93.71:0.61
Bacill
(+a)c' US CETEUS | 55102 | 5.0x102 | 92.18+0.33 | 25x10? | 50x102 | 89.6240.68 | 1.25x10> | 5.0x102 | 92.5040.60
Staphylococeus | oo 101 | 195x102 | 97.274059 | 2.5x102 | 5.0x102 | 90.424063 | 125x10% | 5.0x102 | 97.53+0.64
epidermis (+)

It was shown that PenG-loaded CCA NPs could enhance antibacterial effect against

MRSA with lower values of MIC and MBC which were 1.25x10% and 5.0 x10% pg/mL,
respectively, compared to both CCA NPs and PenG alone. In addition, the reduction growth of
MRSA (98.63%) with PenG-loaded CCA NPs had shown a great enhancement in
antibacterial effect compared to PenG alone (94.83%).

Figure 6 (a) and (b) compared the morphology of bacteria before and after being treated
with PenG-loaded CCA NPs. The shape of MRSA bacteria cells was disrupted and damaged
after being treated with PenG-loaded CCA NPs compared to untreated MRSA. The
antibacterial mechanism of this phenomenon could be due to the proton (H*) produced from
COOH, which could diffuse into the bacteria's cytoplasm to lower internal pH, disrupted
bacteria cellular adenosine triphosphate (ATP) which, produced energy and resulted in
depletion of energy in bacteria [31]. Furthermore, acetate anion produced from CCA NPs also
diffused into the cell membrane and led to the inhibition of enzyme activity by the
accumulating acetate anions. Weiet al. [47] reported that acetate ion could
inhibit Staphylococcus aureus by inhibiting protein transcription factor called nuclear factor
kappa B (NF-kB), and deactivating it. PenG released from CCA NPs could pass through the
outer cell wall and inhibit peptidoglycan synthesis, which could terminate the growth of
bacteria cells [39].

10kv X10,000  fim- 0000 0920 SEI 10KV X10,000 1pm 0000 1030 SEI

Figure 6. SEM of micrographs of (a) Methicillin-resistant staphylococcus aureus (MRSA) before treated on
MHA agar plate (b) Methicillin-resistant staphylococcus aureus (MRSA) after treated with
PenG-loaded CCA NPs.
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4. Conclusions

In this study, the antibacterial property of CCA NPs has been evaluated. CCA NPs
showed great potential as a promising antibacterial agent, and PenG-loaded CCA NPs
displayed synergistic antibacterial effect against Gram (-) and Gram (+) bacteria strains and
the Methicillin-resistant Staphylococcus aureus (MRSA) superbug. The mechanism
underlying the antibacterial activity was due to the dissociation of H* from CCA NPs, which
decreased the pH of bacteria cells and disrupted the cells membrane. Furthermore, acetate ions
could inhibit the growth of bacteria cells by deactivating the protein of bacteria. Given the
various unique properties of cellulose-based nanoparticles such as low toxicity,
biodegradability, abundance, high surface to volume ratio, and excellent antibacterial
properties, CCA NPs and PenG loaded CCA NPs were envisaged to be the potential
nanoparticles-based antibacterial agents for the effective treatment of bacterial infections.
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