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ABSTRACT
Objective(s): Our study aimed to formulate a niosomal system for enhancing tannic acid’s antibacterial and 
antibiofilm activities against vancomycin-intermediate staphylococcus aureus (VISA). 
Materials and Methods: Niosomal tannic acid was formulated by the thin-film hydration technique, 
which their physicochemical attributes, including drug loading, particle size, zeta potential, morphology, 
encapsulation efficiency (EE%), polydispersity index (PDI), release profile, were evaluated. To investigate 
the cell viability of the prepared niosomes, the cytotoxicity effect was analyzed against the human foreskin 
fibroblast (HFF) cell line. Finally, the antibacterial and anti-biofilm activities of niosomal formulation were 
examined against VISA strains and compared tothe free drug.
Results: Scanning electron microscopy images showed that the niosomal formulation incorporated tannic 
acid was homogeneous, spherical, and identical in size (151.9 nm). EE% and surface charge of the synthesized 
niosomes were 68.90% and -60 mV, respectively. The tannic acid-encapsulated niosomes showed a significant 
antibacterial potential in comparison with the free drug. Furthermore, niosomal tannic acid reduced the 
biofilm formation ability in all VISA strains and efficiently eradicated the formed bacterial biofilms at the 
same concentrations of the free drug.
Conclusion: Niosomes, as vesicular-based nanoparticles, are known to be potent drug delivery vehicles 
due to numerous features such as non-toxicity, small size, sustained-release profile, and protection from 
pharmaceutical degradation. Niosomes have a high capacity to deliver wide range of antimicrobial agents, 
including natural compounds, which could be presented as a novel approach against bacterial infections, 
particularly VISA strains.
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INTRODUCTION
Staphylococcus aureus is a prominent pathogen 

for humans, placing an enormous financial 
burden on the healthcare system [1-3]. This 
superbug is one of the seriously life-threatening 
agents causing various infections with high 
patient mortality [4-6]. The indiscriminate drug 

prescription in patients with S. aureus infections 
has contributed to the emergence of resistant 
strains, creating a major concern for public health. 
Vancomycin-intermediate S. aureus (VISA) strain 
was first identified in the 1990s in Japan; since 
then, it has caused significant medical problems, 
including treatment failure, persistent infections, 
and prolonged hospitalization [7]. Furthermore, S. 
aureus strains exhibit a high capacity for biofilm 
formation, causing severe antimicrobial resistance 
and inefficacy of conventional dosage forms in 
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treating infected patients [8]. Thus, developing a 
substitute therapeutic solution appears necessary 
as an emergent approach to tackle the therapeutic 
challenges caused by VISA infections [9].

Nowadays, the niosomal drug delivery system 
presents a promising development for preventing 
and eradicating bacterial antimicrobial resistance 
[10-12]. The simple handling, biodegradability, 
bioavailability, acceptable stability, negligible 
toxicity, cost-effectiveness, are among exceptional 
properties of these nanoparticles that substantially 
impact on loaded contents’ therapeutic indices [13]. 
Niosomes, known as a vesicular delivery system, 
contain nonionic surfactants commonly used in their 
formulations and could enhance pharmaceutical 
properties [14]. Furthermore, the niosomes’ bilayer 
structure with amphiphilic molecules can deliver a 
wide range of materials with various properties [15]. 

As a water-soluble polyphenol, tannic acid 
comprises a glucose center in which ten gallic acid 
molecules are bonded [16]. This natural compound 
can be commonly extracted from woody and 
herbaceous plants [17]. Tannic acid is gaining the 
attention of researchers due to its astounding 
applications in medicine, food, cosmetics, and 
other industries [18]. Also, this compound has 
exhibited antioxidant and antimicrobial activities 
against some viruses and pathogenic bacteria, 
including human immunodeficiency virus (HIV) 
[19], influenza A virus [20], Helicobacter pylori 
[21], Klebsiella pneumonia, Escherichia coli [22], 
Pseudomonas aeruginosa [23], and Enterococcus 
faecalis [24]. Notably, it has been found that tannic 
acid has excellent bacteriostatic and bactericidal 
effects on S. aureus, which can be widely applied 
to eradicate its related infections [25].

Numerous studies have shown the considerable 
potential of niosomes as an efficient antimicrobial 
delivery system against a broad range of bacterial 
pathogens. The experimental results disclose that 
niosomes can be an efficient drug delivery platform, 
offering a promising solution for eradicating severe 
bacterial infections [26-28]. This study synthesized 
tannic acid-loaded niosomes and analyzed their 
physicochemical features, including morphology, 
size, zeta surface potential, loading capacity, cell 
viability, and release profile. Also, this study aims 
to propose a novel and effective anti-VISA agent 
by evaluating the antibacterial and anti-biofilm 
potentials of tannic acid-containing niosomes.

MATERIALS AND METHODS
Materials

Span 60 (Sorbitan Monostearate), Tween 

60 (Polyoxyethylene Sorbitan Monopalmitate), 
chloroform, crystal violet, methanol, and all 
culture media were purchased from Merck 
Company, Germany. Tannic acid was also supplied 
from Sigma-Aldrich, India. Spectra/ Por® dialysis 
membrane (MWCO 12 kDa) was also bought 
from Sigma-Aldrich, U.S.A. S. aureus ATCC 33591, 
as VISA standard strain, given from microbial 
collection bank, Pasteur Institute of Iran.

Bacterial cultures
In this study, 75 clinical wound specimens were 

taken using sterile cotton swabs from patients 
with diabetic and bedsore ulcers hospitalized at 
Loghman-e Hakim Hospital in Tehran, Iran. The 
swabs were placed in 1 ml of sterile phosphate-
buffered saline (PBS, pH ~ 7.4) and transferred 
to laboratory of the Department of Bacteriology, 
Pasteur Institute of Iran for further investigations. 
The collected samples were examined for S. aureus 
using standard bacteriological and biochemical 
tests, including Gram staining, culture on Mannitol 
salt agar (MSA), colonial morphology, coagulase, 
catalase, and hemolysis [29]. Then, S. aureus 
isolates were diagnosed as methicillin-resistant 
Staphylococcus aureus (MRSA) based on antibiotic 
susceptibility testing against cefoxitin (30 μg) 
and oxacillin (1 μg) disks [30]. Polymerase chain 
reaction (PCR) was also performed with specific 
primers of the mecA gene for the final verification 
of MRSA isolates [31]. MRSA ATCC 6538 was 
considered as the control sample in susceptibility 
experiments and mecA gene detection.

For screening of VISA, the MRSA isolates 
were examined for vancomycin susceptibility 
using a broth microdilution method according to 
the recommended guideline by the Clinical and 
Laboratory Standards Institute (CLSI). In brief, 
Mueller-Hinton broth (MHB) media containing 
serial dilution concentrations of vancomycin were 
added to a sterile 96-well microplate. Afterward, 
0.5 McFarland suspensions of the tested isolates 
were poured into each well, and the microplate 
was incubated at 37 °C. After 18-24 hr, the 
minimum vancomycin concentration inhibiting 
visible bacterial growth was determined as MIC 
value. According to the CLSI breakpoints, the MICs 
interpretive criteria for vancomycin were ≤ 2 mg/L 
for susceptible, 4–8 mg/L for intermediate, and ≥16 
mg/L for resistant [28]. Notably, the MIC method 
was carried out in triplicate, and S. aureus ATCC 
33591 and uninoculated MHB medium were used 
as positive and negative controls, respectively.
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Formulation of tannic acid-containing niosomes
In this study, the thin film hydration technique 

was applied to preparation the niosomal tannic 
acid formulation [32]. Initially, a defined amount 
of Span 60, Tween 60, and cholesterol were 
dissolved in a molar ratio of 2:2:1 in 20 ml of 
organic solvent (2:1 v/v solution of chloroform-
methanol) at 25 °C using a magnetic stirrer (150 
rpm, 50 min) to obtain a completely homogenized 
suspension. The organic phase was evaporated 
under a vacuum at 60 °C for 45 min with a rotary 
evaporation model of WB Eco Laborota 4000 
(Heidolph Instruments, Germany). The remaining 
solvent was purged with nitrogen gas, and then 
the dried lipid was hydrated for 45 min in 20 ml 
of PBS (100 mM, pH ~ 7.4) containing tannic acid 
to obtain a uniform suspension. The molar ratio of 
lipid to the drug was considered 20:1. Afterward, 
the niosomal dispersion was sonicated for 10 min 
with an ultrasonic microprobe (Hielscher UP50H 
ultrasonic processor, Germany). Notably, the blank 
niosomes were prepared according to the same 
protocol, without drug addition to the formulation. 
The prepared solutions were visually analyzed for 
flocculation and turbidity and stored at 4° C for 
further experimentation. Table 1 represents the 
specific amounts of lipids and the loaded drug in 
synthesized niosomal formulation.

Characterization of the prepared niosomes
Morphology, size, and surface zeta potential

Niosomal physicochemical attributes were 
investigated via field emission scanning electron 
microscopy (FE-SEM) and dynamic light scattering 
(DLS). For FE-SEM micrographs, one droplet of 
niosomal dispersion, diluted at a ratio of 1:100 with 
deionized water, was fixed onto the plate base and 
covered with a gold layer. Finally, the taken images 
were analyzed using ImageJ software bundled 
with Java 1.8.0_172 [33]. The DLS method was 
carried out at 625 nm using a Zatasizer instrument 
(Malvern Instrument Ltd. Malvern, UK). For this 
purpose, the samples were tested in a polystyrene 
cuvette at temperature of 25 °C, a concentration 
of 0.1 mg/ml, and pH 7.4). Notably, the DLS and 

FE-SEM methods were performed in triplicate, and 
the average of results was reported.

Assessment of entrapped drug in niosomal 
formulation 

In order to assess the loaded drug into 
niosomes, tannic acid entrapment efficiency 
(EE%) was evaluated via the ultra-centrifugation 
technique [34]. Briefly, 1 ml of the tannic acid-
loaded niosomes underwent centrifugation in 
an Amicon ultrafilter (Merck Millipore Ltd.) with 
a molecular weight cut-off 50 kDa at 14000 g for 
15 min at 4 °C. The amount of drug within the 
supernatant solution was calculated through 
standard curve and UV spectrophotometry 
(Jasco V-530, Japan). The drug’s EE% in niosomal 
formulation was determined as follows: 
Entrapment Efficiency (EE)% = [(A-B)/A] ×100

Whereas A is the amount of initial drug fed into 
the niosomal formulation, and B is the amount of 
free drug in the supernatant solution.

In vitro release analysis
The drug release profile from niosomal 

suspension was studied by dialysis technique 
[35]. For this purpose, the dialysis bag (molecular 
weight cut-off 12 kDa) containing 1 ml of niosomal 
tannic acid was immersed in a 25 ml PBS solution 
(pH = 7.4, 5 mM) and magnetically stirred at 
100 rpm for 24 hr at 37 °C. Afterward, at 1, 2, 4, 
8, and 24 hours intervals, 1 ml of samples were 
aliquoted, and each concentration was measured 
spectrophotometrically at 280 nm [36]. Notably, 
the aliquoted samples were substituted with an 
equal volume of PBS (pH = 7.4, 5 mM) at 37 °C. 
The sink condition was maintained to improve drug 
solubility by adding 0.5% sodium dodecyl sulfate 
(SDS) in the release medium (PBS, pH = 7.4, 5 mM).

Cytotoxicity determination of niosomal formulation
For the evaluation of the biocompatibility 

of the synthesized niosomes, the cytotoxicity 
of tannic acid-loaded niosomes was examined 
using MTT (dimethylthiazol-2-yl)-2, 5- diphenyl-
tetrazolium bromide) method [37]. Briefly, HFF 
(human foreskin fibroblast) cell line provided 
from National Cell Bank of Iran (Pasteur Institute 
of Iran) was cultured into a 96-well polystyrene 
microtiter plate under sterile condition. The 
microtiter plate was incubated with 5% CO2 at 
37 °C for 24 hr and subsequently the increasing 
concentrations of niosomal formulation were 
added to HFF cells. Following 24 h incubation, the 

 
 
  

Niosome component Weight (mg) Molar ratio 

Span 60 40.51 2 

Tween 60 123.40 2 

Cholesterol 18.18 1 

Tannic acid 20.00 0.25 

Table 1. The composition of niosomal tannic acid formulation
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wells were resuspended in 15 µl of 5 mg/ml MTT 
dye. Following 4 hr incubation at 37 °C, 100 µl of 
dimethyl sulfoxide (DMSO) solution was added 
into wells. The absorbance values were measured 
with a microplate reader (AccuReader, Metertech, 
Taiwan) at 570 nm wavelength. The cell viability 
% was calculated using the following criteria: Cell 
viability (%) = (OD sample / OD control) × 100

Assessment of antibacterial and anti-biofilm 
activity
Minimum inhibitory and bactericidal 
concentrations (MIC/MBC) 

The MICs of free and niosomal tannic acid 
against VISA strains were measured based on 
the approved CLSI broth microdilution protocol. 
In brief, MHB, including different concentrations 
of samples, was included in a sterile 96-well 
microdilution plate. Then, 1.5×108 CFU/ml 
suspensions of the selected bacteria were added 
into wells and incubated at 37 °C overnight. The 
minimum concentration of that well inhibiting 
visible bacterial growth was considered as MIC. The 
MBCs were assessed as the lowest concentration, 
resulting in no growth (> 99%) on Mueller-hinton 
agar (MHA) after overnight incubation. All assays 
were performed in triplicate, and the uninoculated 
medium and microbial strains were applied as 
negative and positive controls, respectively [38].

Biofilm formation 
In order to evaluate the anti-biofilm ability of 

niosomal tannic acid in comparison with free form, 
the microtiter plate assay (MTP) was performed. 
According to this method, 200 μl of 106 CFU/
ml bacterial suspension diluted with trypticase 
soy broth (TSB) medium supplemented with 
1% glucose was added into 96-well polystyrene 
microtiter plate. The isolates were subsequently 
treated with sub-MIC values of samples for 24 h 
incubation at 37 °C. In the next step, each well 
was triplicate rinsed with sterile PBS (pH 7.4) to 
remove the planktonic cells. Afterward, the formed 
biofilms were fixed for 15 min using absolute 
methanol (99.8%). By using methanol as a fixing 
solvent, the biofilms were strongly attached to 
the microplate and high reliability results were 
achieved. After air drying of microplates, the fixed 
biofilms were dyed with crystal violet solution 
(1.5%w/v), and wells’ optical densities (ODs) were 
read in triplicate at 570 nm. Finally, the mean ODs 
of the wells were measured and compared to the 

acquired absorption of the control [39]. Notably, 
TSB medium without any inoculation and bacterial 
culture were considered negative and positive 
control, respectively.

Biofilm eradication 
Minimal biofilm eradication concentrations 

(MBECs) were performed to assess the efficacy of 
tannic acid-containing niosomes compared tofree 
drugs. As previously mentioned, the bacterial 
isolates were allowed to form 1-day, 3-day, and 
5-day-old biofilms. Then, the formed biofilms were 
treated with a sub-MIC concentration of niosomal 
formulation. Following 24 hr incubation at 37 °C, 
the contents of each well were inoculated on MHA 
medium for 48 h at 37 °C. The MBEC values were 
considered as the lowest concentration killing 
100% of the embedded bacteria [40].

Statistical analysis
All statistical analyses between investigated 

parameters were assessed using the t-test. Notably, 
the statistically significant difference was considered 
at P-value < 0.05 for all comparisons. Also, GraphPad 
Prism version 9.0 software was used to design all 
graphs.

RESULTS
Bacterial isolation

In our study, 42 S. aureus isolates were obtained 
from 75 clinical wound exudates samples, and four 
isolates were diagnosed as VISA according to the 
CLSI vancomycin breakpoints.

Characterization of niosomal tannic acid
Evaluation of morphology, size, and surface zeta 
potential

According to the micrograph taken from 
FE-SEM, the tannic acid-loaded niosomes had 
homogeneous spherical shapes and were almost 
identical in size (Fig. 1). The mean diameter of 
niosomal particles determined by FE-SEM was 
151.9 nm (Fig. 1.). Also, the mean size measured 
by DLS method was reported 148.3 nm and size 
distribution (PDI) of niosomes was measured 
as 0.508, indicating a uniform dispersion for 
nanoparticles (Fig. 2). Furthermore, the zeta 
surface charge of prepared niosomes was reported 
as -60.0 mV (Fig. 2).

EE% of niosomal formulation
Incorporation into the niosomal system is 
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Fig. 1. Spherical morphology (left) and size measurement (right) of the synthesized niosomes according to the taken images by field 
emission scanning electron microscopy (FE-SEM).

Fig. 2. Investigating the characterization of the prepared niosomes (up) size (down) zeta surface potential obtained from dynamic 
light scattering (DLS) analysis.
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recognized to improve the pharmaceutical efficacy 
of loaded contents, considered a significant factor 
in developing delivery systems [31]. In our study, 
the amount of the encapsulated drug in niosomes 
was 68.90 %, indicating a high yield of drug EE in 
niosomal suspension.

Drug release profile
Fig. 3 compares the tannic acid release profile 

from the dialysis bag, including the free and 
niosomal formulation. As shown, approximately 
70% of the drug was released from free formulation 
within four hours, but only 30% of the encapsulated 
drug was released from niosomal carrier at the 
same time. Also, in the first 24 hours, around 100% 
of the drug was released from free formulation, 
while the highest rate of drug release from the 
niosomal dispersion was 50%. The comparison 
release profiles of free and niosomal formulations 
indicated that the huge drug release could be 
prevented through encapsulating in niosomal 
formulation.

Niosome cytotoxicity
The viability of different concentrations of 

niosomal and non-niosomal formulations of tannic 
acid was investigated on HFF cell lines (Fig. 4). Our 
results showed the significant lower cytotoxicity 
effect of tannic acid-containing niosomes in 
comparison with free tannic acid. The cytotoxicity 
of the blank niosome was also evaluated, and no 
significant toxicity was found against HFF cells.

Assessment of antibacterial and anti-biofilm 
effect of niosomal tannic acid
MIC and MBC

The MICs and MBCs of the niosomal 

formulation were measured against VISA 
strains compared to that of the non-niosomal 
formulation. According to our results, tannic acid-
loaded niosomes significantly had an inhibitory 
effect, which decreased the MIC values 4-8-fold 
against all VISA isolates in comparison with free 
tannic acid. Also, the free formulation exhibited 
high bactericidal efficacy, and the MBC values of 
the niosomal formulation were 2-4-fold lower than 
the free drug (Fig. 5). The antibacterial activity of 
the blank formulation was also evaluated, which 
did not show any antibacterial activity against 
VISA isolates. Notably, the MIC and MBC results of 
free and niosomal tannic acid against VISA isolates 
were repeated in triplicate.

Biofilm formation
The inhibitory activity of tannic acid-

containing niosomes on biofilm formation was 
investigated and compared to free tannic acid. 
The antibiofilm efficacy of the blank formulation 
was also evaluated, which had no inhibitory 

Fig. 3. Comparative release profile of free and niosomal tannic 
acid at 37 °C

Fig. 4. Cell viability of the free and niosomal formulation on 
human foreskin fibroblast (HFF) cell line (mean ± SD, n = 3, ns: 

not significant, *: P< 0.05, **: P< 0.01, ****: P< 0.0001).

Fig. 5. Comparison of minimum inhibitory and bactericidal 
concentrations (MICs and MBCs) of free and niosomal tannic 
acid against vancomycin-intermediate Staphylococcus aureus 

(VISA) isolates
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action on biofilm formation against all isolates. 
Also, the results of MTP assay exhibited that 
treatment of VISA strains with incorporated tannic 
acid significantly inhibited biofilm formation, 
compared to the free drug (Fig. 6). Notably, the 
inhibitory activity of free and niosomal tannic acid 
against VISA isolates was carried out in triplicate.

Biofilm eradication
The anti-biofilm efficacy of tannic acid-

containing niosomes against VISA isolates was 
investigated by evaluating MBECs, which were 
compared to free tannic acid (Table 2). Based 
on our results, the encapsulated tannic acid 
reduced the 1-day-MBEC values by 2–4-fold in 
all tested isolates in comparison with free tannic 
acid. Also, the results of MBEC revealed that 
niosomal formulation eradicated 3-day and 5-day-
old VISA biofilms at lower concentrations than 
non-niosomal formulation. Furthermore, the 
anti-biofilm of blank niosomes was evaluated, 

which failed to eradicate biofilms at the same 
concentrations of niosomal formulation. Notably, 
the MBEC results of free and niosomal tannic acid 
against VISA isolates were repeated in triplicate.

DISCUSSION
As a dangerous human pathogen, VISA strains 

cause various problems for healthcare systems. 
Given that conventional treatments failed to 
effectively control this highly virulent pathogen, 
there is an immediate need to discover a substitute 
therapeutic solution against related infections. 
Moreover, finding the cost-effective and powerful 
antibacterial agents to fight staphylococcal 
antibiotic resistance is essential owing to the high 
prevalence of resistant strains among hospitalized 
patients [41]. In several studies, researchers 
have incorporated various antimicrobial agents 
in niosomal systems, effectively improving their 
anti-S. aureus potential. In this regard, Awate et 
al. [42] formulated niosomes with berberine, 
which presented good antimicrobial activities 
against several pathogens, including S. aureus. 
Furthermore, the results of the conducted 
research by Pooprommin et al. (15) exhibited that 
encapsulation of mangosteen extract into niosomes 
resulted in significant growth inhibition of S. aureus. 
Also, in other experiments, niosomal incorporation 
was demonstrated to improve the antibacterial 
potential of conventional anti-S. aureus 
compounds such as amoxicillin [43], vancomycin 
[44], ciprofloxacin [45], and others. The result of 
our study is in agreement with the mentioned 
studies, where tannic acid-loaded niosomes have 
an excellent bacterial inhibitory potency and can be 
considered a novel anti-VISA agent.

Natural compounds have attracted the 
attention of researchers because of their extensive 
medicinal applications, especially antibacterial 
potential [46]. Despite their high therapeutic 

Fig. 6. Comparison of anti-biofilm activity of free and niosomal 
formulation against vancomycin-intermediate Staphylococcus 
aureus (VISA) strains (mean ± SD, n = 3, *: P<0.05, **: P<0.01, 

***: P< 0.001)

 

Isolates No. 

MBEC (μg/ml) 

Free tannic acid Niosomal tannic acid 

1-day biofilm 3-day biofilm 5-day biofilm 1-day biofilm 3-day biofilm 5-day biofilm 

VISA1 512 1024 >1024 128 512 1024 

VISA2 1024 >1024 >1024 256 >1024 >1024 

VISA3 128 512 1024 32 128 512 

VISA4 512 >1024 >1024 256 1024 >1024 

ATCC 33591 256 1024 >1024 128 512 1024 

 
 

 

Table 2. Comparison of minimum eradication concentrations (MBECs) of free and niosomal formulation against vancomycin-
intermediate Staphylococcus aureus (VISA) isolates.
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potential, the natural compounds’ bioactivity is 
restricted due to poor bioavailability, instability 
during storage, and weak solubility [47]. As a 
result, the nano-drug delivery system is considered 
a suitable tool to resolve the disadvantage 
mentioned above, providing delivery of natural 
compounds in appropriate dosage form [48]. 
In this study, the pharmaceutical activities of 
tannic acid-loaded drugs were increased through 
encapsulation into the niosomal system, indicating 
the high capability of niosomes as an efficient 
drug delivery system. In another study, different 
niosomal formulations containing essential 
oils [49, 50], propolis [51], thymol [52], and 
curcumin [53] were prepared, where niosomes 
could enhance drug-effective dose of loaded 
contents. The results of these conducted studies 
are consistent with our study, suggesting that 
niosomes could be applied for various therapeutic 
purposes, especially antibacterial drug delivery. 

Niosomes, as a potent vesicular system, 
could transfer the incorporated loaded contents 
inside the bacterial cell, increasing the efficacy 
of antibacterial agents [54, 55]. The present 
study evaluated the anti-VISA activities of 
tannic acid-loaded niosomes, and the ability of 
niosomes as an efficient drug delivery system was 
demonstrated. According to the present study, 
encapsulating to niosomal formulation decreased 
the MICs and MBCs of free drug by 4-8-fold and 
2-4-fold, respectively. Our results showed the high 
potential of niosomes as a powerful antibacterial 
delivery system against S. aureus, which were in 
confirmatory with other studies. In this regard, 
in the conducted study by Shadvar et al. [43], the 
inhibitory effect of drug-loaded niosomes against 
S. aureus was proven, where the encapsulation 
into niosomal system decreased the MIC of free 
drug by 2-4-fold. Also, Jastis et al. [54] showed 
the improved antibacterial activity of antibiotic-
loaded niosomes against S. aureus strains, where 
the niosomal formulation had a lower MIC (4-
fold) compared to free formulation. Furthermore,  
Rezaeiroshan et al. [11] found the bacteriostatic 
and bactericidal behaviors of the niosomal drug 
system against S. aureus strains, which both MIC 
and MBC values of the free drug were reduced 
by 2-fold through incorporating to the niosomal 
formulations. The improvement of antibacterial 
activity by niosomal encapsulation might be 
owing to the interaction between bacteria and 
niosomes [54, 56]. Indeed, niosomes could induce 

sub-cellular drug release by interacting with the 
peptidoglycan barrier, creating a concentration 
gradient [57]. Due to enhancing the drug’s effective 
dose of loaded contents, niosomal encapsulation 
could be developed for drug delivery against VISA 
infections.

Management of S. aureus biofilm-related 
infections depends on early inhibition of bacterial 
surface attachment and biofilm formation, in 
which the embedded bacteria are more drug-
tolerant than planktonic cells [58, 59]. In our study, 
the inhibitory effect of niosomal entrapment on 
VISA biofilm was assessed, and it was exhibited 
that niosomal formulation could increase (almost 
2-fold) the anti-biofilm effect of free tannic acid. In 
this regard, Dwivedi et al. found that the niosomal 
drug significantly suppressed the attachment of 
S. aureus strains to the abiotic surface by 2-fold 
[44]. Also, Baraket et al. [60] demonstrated the 
inhibitory effect of the niosomal drug against 
bacterial biofilm formation which could drastically 
be increased (2-8-fold) through encapsulation 
into the niosomal system. In fact, niosomes 
cause efficient drug delivery into the embedded 
bacteria by facilitating their diffusion into the 
biofilm matrix, inhibiting biofilm formation. The 
prolonged drug accessibility could improve the 
drug sustained release from niosomes, inhibiting 
the development of resistance mechanisms 
among biofilm-forming bacteria [26]. On the 
other hand, niosomes, as a physical barrier, could 
compete with biofilm-forming bacteria for surface 
attachment, inhibiting biofilm formation by 
reducing bacterial attachment [61-63]. 

As biofilm is known to be a critical factor in the 
pathogenesis of S. aureus, the destruction of the 
formed biofilm on abiotic and biotic surfaces has 
become an essential challenge in medical settings 
[64]. Our study revealed the significant anti-
biofilm potential of the synthesized formulation 
against VISA biofilms (P<0.05), where tannic 
acid-loaded niosome reduced MBECs by 2-4-
fold in all isolates. In a confirmatory study, the 
eradication effect of the drug-loaded niosomes 
on formed staphylococcal biofilm was approved, 
where cefazolin-encapsulated niosomes had a 
4-8-fold increase in biofilm elimination rate at 
the same free drug concentration [31]. Moreover, 
another study by Kashef et al. [65] approved the 
effectiveness of niosomal encapsulation against S. 
aureus biofilm, where drug-loaded niosomes could 
significantly reduce (2-16-fold) the formed biofilm 
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mass in comparison with the free drug. It could 
be discussed that niosomes increase the effective 
dosage of loaded contents into biofilm space, 
leading to lower drug intake intervals against 
chronic VISA infections. Therefore, regarding the 
high potential of VISA isolates in surface adhesion, 
niosomal drug delivery could serve as a proper 
solution for solving therapeutic challenges caused 
by VISA biofilm.

Nowadays, VISA strains present formidable 
medical challenges in the healthcare system, 
driving researchers to find novel therapeutic 
candidates for dealing with threats caused 
by them [66]. According to the present study, 
niosomal tannic acid could be developed as a 
promising approach to effectively target VISA 
strains and fight conventional drug resistance. The 
inhibition of enzymatic degradation, controlled 
release profile, and increased intracellular 
targeting are among the mechanisms action of 
the niosomal system against resistant bacteria, 
providing an effective drug dosage at the infected 
sites [67]. In addition, the niosomal encapsulation 
could improve the bacteriostatic and bactericidal 
abilities of tannic acid, causing the prevention and 
eradication of chronic VISA infections. Additionally, 
the significant anti-biofilm activity of tannic 
acid-loaded niosome could present an ideal way 
for fighting against bacterial wound infections, 
particularly those caused by VISA strains. Despite 
the valuable findings gained from our research, 
it is important to acknowledge some limitations 
that may affect the interpretation of our results. 
Firstly, the limited sample size and inherent biases 
in the sample selection could impact on the 
comprehensive and balanced presentation of our 
research. Moreover, additional investigations into 
the long-term stability, pharmaceutical behavior, 
and more physicochemical properties of the 
prepared formulation could improve the potential 
therapeutic efficacy of niosomal drug delivery 
against bacterial infections. Furthermore, in vivo 
and molecular studies can be used to clarify the 
exact antibacterial and anti-biofilm mechanisms of 
niosomal drug delivery system, while the current 
study only performed in vitro experiments.

CONCLUSION
According to our study, niosomal incorporation 

could improve the antibacterial ability of tannic 
acid against VISA strains by 2-8-fold, which can 
be developed as a novel delivering system for 

antimicrobial agents. Also, niosomes could be 
applied as a powerful drug delivery system against 
VISA strains, which can provide an effective dosage 
of anti-S. aureus agents at the site of actions. 
Furthermore, the present research revealed that 
niosomal formulation increased the anti-biofilm 
effect of tannic acid against VISA strains by 2-4-
fold, thereby could reduce the biofilm-associated 
challenges in medical settings. Additionally, 
our results proved the high encapsulating 
potential (68.90%) of niosomal formulation, 
suggesting a successful carrier for enhancing the 
pharmacokinetic properties of tannic acid against 
VISA infections. Moreover, niosomal drug delivery 
system could prevent the emergence of drug-
resistant S. aureus strains through improving the 
therapeutic indices of tannic acid. However, limited 
sample size, lack of nanoparticle stability analysis, 
and inherent biases in the sampling process are 
among the limitations of our study that may impact 
the interpretation of our findings. The perspective 
studies could focus on investigation of the exact 
antibacterial and anti-biofilm mechanisms of 
niosomal tannic acid through in vivo and molecular 
analyses. Furthermore, understanding the 
optimizing formulation techniques, illuminating 
release kinetics during storage condition, and 
investigating potential combination therapies with 
other antimicrobial agents can be used to gain 
valuable insights into the clinical development of 
niosomal drug delivery system.
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