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A B S T R A C T

Simple addition of a minute quantity of non-toxic mustard oil in water/oil/water (W/O/W) double emulsion led
to a porous morphology at the surface as well as in the interior of the biodegradable PLGA (Poly(L-lactide-co-
glycolide)) microparticles. An attempt was made to understand the mechanism of pore formation by analyzing
optical micrographs and SEM images in addition to solution viscosity of organic phase and interfacial tension
values between organic and aqueous phases. The origin of surface porosity was thought to come from the
inclusion of inner water droplet, stabilized by heteroaggregation of mustard oil and PLGA chains along with PVA
(polyvinyl alcohol), to the solidifying polymer skin. The surface pores did not arise in absence of mustard oil. The
encapsulation and release of antibacterial active (benzoic acid) from porous PLGA particles was studied in PBS
buffer (pH 7) at 37 °C for 60 days. The release profiles were well-controlled in nature, and found to be influenced
by surface porosity of the particles that can be manipulated by varying the amount of mustard oil. The release
mechanism can well be explained with the help of power law model. Strikingly, in liquid medium, porous
particles were found completely suppressing the growth of Escherichia coli and Staphylococcus aureus for a pro-
longed period of 60 days. The strong antimicrobial activity (100% inhibition of bacterial growth) in porous
particles can be linked to the enhanced surface area due to the formation of micro/nano pores which accelerate
the hydrolytic degradation of PLGA to release lactic acid/glycolic acid (antibacterial) in addition to encapsulated
antibacterial (benzoic acid). In a food model system, the shelf life of the water melon juice was also found to be
enhanced by suppressing the growth of the natural microbes in comparison to control.

1. Introduction

In modern era, the development of controlled release packaging
technology to increase food safety and provide microbiological security
to consumers for long time remains a topic of widespread significance,
especially for food and packaging industry [1,2]. Moreover, scientific
reports have shown that controlled release system can be more effective
in prolonging the bacterial growth inhibition process than the method
of adding antibacterial agent directly into the formulation [3–5], owing
to the maintenance of effective antibacterial concentration for pro-
longed period of time [5]. This is essential because, food borne pa-
thogens such as E. coli, Salmonella and Listeria etc. sometimes severely
affect millions of people with fatal outcomes [6]. They have been re-
garded as one of the primary causes for heavy economic losses of food
industry [7]. Hence, use of economically attractive and efficient anti-
microbials to enhance the shelf-life of foods is a primary requisite,
which not only increases food safety but also reduces food wastages [6].

In this respect, natural antibacterial agents are preferred because they
fulfill the current requirements of consumers who tend to choose food
without synthetic preservatives. Moreover, these compounds are gen-
erally recognized as safe substances (GRAS) for use in food by the FDA
(Food and Drug Administration) and hence, do not need further ana-
lysis for approval [8]. Recently, many natural extracts have been stu-
died as alternatives for synthetic antibacterial due to their non-toxic
nature and biodegradable characteristics [9–15]. However, most nat-
ural extracts/oils are susceptible to oxygen and light that limit their
applications in the active food packaging area [16]. In this regard,
porous biodegradable particles with controlled internal pore structure
and porous wall can be quite attractive as encapsulation vehicle for
storage (to provide protection of active from environmental damage)
and controlled release of actives as well owing to their increased surface
area [17,18]. Hence, significant research has been done to produce
porous particles with precisely controlled internal pore geometry and
surface morphology, which may control the active loading efficiency,
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release profile and preservation of activities of encapsulated substances
[19–21]. However, most of the fabrication methods to prepare porous
microparticles suffer from the usage of toxic/harmful pore forming
agents or porogens including hydrogen peroxide, tetrahydrofuran, to-
luene, sodium oleate, n-hexadecane etc. [22–25] which generally re-
quire to be removed in the subsequent step that makes the process more
tedious and less attractive especially during scale-up. Wei et al. de-
monstrated that amphiphilic polymer such as mPEG-PLA or mPEG-
PLGA can itself act as permanent geometric template to produce pores
which essentially do not require any additional porogen that needs to
be leached out [26]. But, porous microspheres also suffer from high
initial burst release followed by a little further release which is not
desirable for controlled release applications. To improve the release
behavior, Wei et al. in the same study, closed the pores by treating the
active loaded porous particles in water miscible solvents such as ethyl
acetate and achieved the desired release profile. This requires addi-
tional step to fabricate the desired particles. Hence, it is equally chal-
lenging and also necessary to develop a strategy to fabricate porous
polymeric particles with satisfied sustainable release profile without
using any toxic pore forming agent in one step which would be easy to
carry out in scales. This is extremely crucial for food packaging or
biomedical (drug delivery) applications. In this work, one of the food
grade essential oils such as mustard oil has been used as pore inducing
agent to tune the porous structure of the polymer particles by varying
the mustard oil content in water/oil/water double emulsion. An at-
tempt was also made to elucidate the pore-forming mechanism. The
hypothesis behind the selection of hydrophobic mustard oil as porogen
comes from the article reported by Kim et al. in which they have fab-
ricated porous particles using 2-methyl pentane as porogen [27]. Also,
being a GRAS material, mustard oil can be safely used for intended
applications. Furthermore, many studies have reported that mustard oil
also efficiently inhibited a variety of pathogens even when used at low
concentrations. The primary biocidal component of mustard oil is allyl
isothiocyanate (AIT), and it is a non-phenolic volatile compound
[28–34]. Hence, it might augment to the antibacterial activity of the
particles. Overall, the motivation for this work is to provide sustained
delivery of hydrophilic antibacterial agent such as benzoic acid that
would efficiently inhibit bacterial growth for prolonged period of time
due to controlled release of it from porous PLGA particles fabricated
using w/o/w double emulsion technique in which mustard oil has been
used as pore forming agent. Minute quantity of mustard oil brings in
porosity onto the PLGA surface by manipulating the stability of inner
aqueous phase of double emulsion droplet and thus, controls the release
of benzoic acid through the pores surrounded by hydrophobic mustard
oil. Among many natural ingredients, benzoic acid [35] and mustard
oils [28,36] both are well-known natural antimicrobial agents that
could be exploited to control food spoilage and food borne pathogenic
bacteria. But very few studies are available in literature regarding their
applications in active food packaging area that involves controlled re-
lease effect [37,38]. However, minute quantity of mustard oil trapped
in particles may not be expected to show any significant antibacterial
action, but would be sufficient to act as porogen. On the other hand,
being one of the most effective food preservative, benzoic acid-loaded
polymeric microparticle/capsule could be a promising carrier to
achieve prolonged antimicrobial activity. Moreover, FDA approved
polymer such as PLGA was chosen as a matrix for encapsulation due to
its biodegradability and biocompatibility [39–41]. Furthermore, the
degraded products of PLGA were known to be antibacterial in nature
and would probably contribute to enhance the antibacterial effect [42].
In this way, one can limit the amount of antibacterial (benzoic acid)
intake which are detrimental to our health when use in large excess
[43]. This work essentially describes a new strategy to synthesize
porous PLGA particles entrapped with antibacterial agent (benzoic
acid) and an evaluation of its efficacy in inhibiting the known patho-
genic bacteria such as E. coli and S. aureus for long period of time. The
exceptionally high antibacterial activity shown by the particles were

thought to be originated from the cumulative effect of benzoic acid
along with degraded product of PLGA, release of which was accelerated
owing to the porous surface morphology. Additionally, watermelon
juice was also used as food model to demonstrate the efficacy of the
particles in inhibiting bacterial growth for 30 days.

2. Materials and methods

2.1. Materials

Poly(d,l-lactic-co-glycolic acid)(PLGA) with intrinsic viscosity
ranges from 0.61–0.74 dL/g was procured from Sigma Aldrich, India.
Polyvinyl alcohol (PVA) (cold) having molecular weight of 125,000 g/
mol was purchased from Chemical Drug House (CDH), India. Benzoic
acid with high purity (99.6%) and glutaraldehyde (25%) were bought
from Merck India Pvt. Ltd. Mustard oil was procured from local Indian
grocery store. Solvent such as dichloromethane (DCM) of HPLC grade
was purchased from Fisher, India. CDCl3 was procured from Eurisotop,
France. The required materials for antimicrobial study such as Luria
broth (LB) and Nutrient agar were bought from Hi-media, India. To
identify the coli forms in watermelon juice, HiCrome Bacillus Agar,
HiCrome E. coli Agar and Universal differential medium were obtained
from Hi-Media, India. Culture Escherichia coli (E. coli) BL21 DE3 gold
strain was procured from Agilent technologies, USA. Staphylococcus
aureus (S.aureus), MRSA ATCC43300 was kindly provided by
Department of Microbiology, All India Institute of Medical Sciences,
Delhi, India. Thiazolyl blue Tetrazolium Bromide (MTT) was purchased
from Sigma Aldrich, India.

2.2. Fabrication of microparticles

PLGA microparticles were fabricated using W/O/W (water/oil/
water) double emulsion solvent evaporation technique at ambient
temperature. Polymer solutions were prepared by dissolving 0.3 g of
PLGA (5%, w/v) in 6 mL of DCM over magnetic stirring. 300 mg (100%
w/w) of benzoic acid was added to the polymer solution. After complete
dissolution of the mixture, 1 mL of previously prepared PVA solution
(0.1%, w/v) was added drop-wise into it followed by the addition of a
desired quantity of mustard oil. The resultant mixture was vigorously
stirred for 20 min to form homogeneous W1/O primary emulsion which
was then poured into 50 mL of aqueous solution of PVA (0.25 wt%, w/
v) containing 1 mL of DCM and emulsified for 4 min at 250 rpm.
Subsequently, 150 mL of additional PVA (0.25 wt%, w/v) solution was
added to the W1/O/W2 double emulsion and solvent was quickly
evaporated using rotary evaporator (set at 180 rpm rotation with
200 mbar vacuum at 30 °C). Finally, the resultant microspheres were
lyophilized and stored under refrigerator until further use. Similarly,
another set of PLGA microparticles were also fabricated following
above steps without the addition of mustard oil.

2.3. Characterizations

2.3.1. Morphological analysis
The particle size, pore size and surface morphologies (including

cross-section) of microparticles were analyzed using a scanning electron
microscope, Zeiss EVO50 at 20KV. In order to see inside of the particles,
before analysis, samples were dipped into liquid nitrogen and cross-
sectioned by a razor blade. The gold coating of samples was carried out
using a sputter coater. Particle size and pore size measurements were
done from SEM images of> 100 particles using ImageJ software. The
in-situ droplet formation process in the double emulsion was captured
by using an optical microscope (Lieca fluorescence microscope).

2.3.2. Viscosity and interfacial tension measurements
Viscosity of PLGA solutions (5 wt%) prepared in DCM with and

without mustard oil of desired quantity was measured using Brookfield
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Viscometer. The interfacial tension between PLGA solutions in DCM
with/without mustard oil and aqueous phase (0.1 and 0.25 wt% PVA
solutions) were measured separately by Tensiometer (K100, Krüss)
using Du Noüy ring method. Similar measurements were repeated with
a fixed quantity of benzoic acid in DCM phase as per the fabrication
recipe. All measurements were run in triplicates.

2.3.3. Identification and distribution of active by Raman spectroscopy
Identification and distribution of benzoic acid into the micro-

particles were determined by using micro Raman spectrometer,
GL127DW, UK. The whole and cross-sectioned microparticles were kept
under an optical microscope and irradiated at 785 nm near infrared
diode laser. Raman point by point measurements were done with a
scanning range from 3200 to 100 cm−1.

2.3.4. Thermal analysis
Thermal properties of microparticles were investigated by using a

differential scanning calorimetry (DSC), TA instrument, Q200 under
nitrogen atmosphere. Before the analysis, samples were well dried. The
samples were first heated from 30 °C to 200 °C at rate of 10 °C/min and
cooled down to 30 °C. Again samples were heated up to 200 °C keeping
the same heating rate. The thermogram was recorded from second
heating.

2.3.5. Determination of binding isotherm
In order to find out the binding constant of benzoic acid to PLGA, a

stock solution of benzoic acid was made in PBS of pH 7.0. From which,
different standard solutions of varying concentrations ranging from 0,
0.01, 0.02, 0.04 and 0.08 mg/mL were made. 25 mg of blank porous
PLGA microparticles were suspended into each of the above solutions at
37 °C for 24 h. After filtration of the particles, adsorption of benzoic
acid into those particles was determined from remaining concentration
of it in the respective solutions (filtrate) using UV/Vis spectro-
photometer. All measurements were run in triplicates.

2.3.6. Determination of encapsulation efficiency
Briefly, 20 mg microparticles were dissolved in 2 mL of DCM and

each sample was measured in triplicate. The dissolved solution was
then vacuum dried for overnight for complete removal of DCM.
Subsequently, 2 mL of distilled water added and stirred for 30 min to
dissolve benzoic acid. After settling down of precipitated polymer, the
supernatant was withdrawn and analyzed by T90+ UV/Vis-spectro-
photometer (PG instruments Ltd.) at λmax 226 nm. Similar experiment
was repeated with a known amount of benzoic acid and blank PLGA
particles to find out extraction efficiency. All measurements were done
in triplicates.

= ×

Encapsulation efficiency(%)
experimental concentration of active
theoretical concentration of active

100

2.3.7. In vitro release study
Release study of benzoic acid was carried out in PBS buffer (pH 7) at

37 °C and at 200 rpm. 20 mg of each sample were precisely weighed in
triplicates and suspended in 5 mL of PBS buffer solution under above
condition. After each interval, 2.5 mL of supernatant was collected and
analyzed by UV–Vis spectroscopy at λmax of 226 nm in order to know
the released concentration of benzoic acid at each time point. However,
to maintain the sink condition, 2.5 mL of fresh PBS buffer was added to
each sample after each withdrawal. All measurements were done in
triplicates.

2.3.8. Hydrolytic degradation study
40 mg of microparticles were suspended in 10 mL of PBS (pH 7)

solution and kept in incubator shaker at 37 °C and 200 rpm. After

predesigned intervals, particles were collected by filtration, freeze-
dried, imaged under SEM, analyzed by Gel Permeation
Chromatography (1515 isocratic HPLC pump, 2414 refractive index
detector, Waters) and proton NMR(TOPSPIN software, Bruker). Proton
NMR of each sample was run in CDCl3 with the addition of a fixed
quantity 5 μL of an internal standard (DMF). All measurements were
done in triplicates.

2.3.9. Water uptake study
5 mg of microparticles (in triplicates) were accurately measured and

suspended in vials containing 2 mL of PBS (pH 7) solution and kept for
incubation at 37 °C and 200 rpm. After each time interval, micro-
particles were filtered, rinsed with distilled water, weighed and then
dried in vacuum to constant weight to measure the weight difference.
The water uptake % was calculated at each time interval from differ-
ence in masses of wet particles (Wwet) and dried particles(Wdry) with
respect to the mass of dried particles [Water uptake
(%) = 100 × (Wwet − Wdry)/Wdry] [44]. All measurements were done
in triplicates.

2.3.10. Antimicrobial activity of microparticles loaded with benzoic acid
The procured bacterial culture, E.coli and S. aureus were stored at

−80 °C. These bacterial isolates were subcultured and maintained on
Nutrient agar for routine work and for long term storage they were
maintained in 40% glycerol at −80 °C. The minimum inhibitory con-
centrations (MIC) of benzoic acid against these two bacteria were de-
termined as explained earlier [45]. The quantity of microparticles re-
quired maintaining MIC was determined based on the release rate
studies and used in the following experiments. The antimicrobial ac-
tivity of microparticles was analyzed in two phases. In first phase, a
known quantity of microparticles which can release the amount of
benzoic acid equal to respective MIC value against each type of bac-
teria, were added aseptically to 2 mL LB broth and incubated at 37 °C
on rotary shaker at 200 rpm. At certain intervals of time, 1 mL of su-
pernatant (after centrifugation at 8000 rpm for 10 min) was withdrawn
and replaced with fresh 1 mL LB broth till 60 days. In second phase, to
1 mL withdrawn supernatant, 10 μL of bacterial suspension was added.
The inoculum concentration was found to be ∼5.8 × 107 CFU/mL and
7 × 107 CFU/mL for E. coli and S. aureus respectively. Further, the
setup was incubated at 37 °C for 24 h on a rotary shaker at 200 rpm.
Towards the end of incubation period, the viable bacterial count was
determined following spread plate technique on LB agar using different
serial dilutions of bacterial stock. The LB plates were then incubated at
37 °C for 36 h and visible colonies were counted and represented as Log
(CFU/mL). An MTT (Thiazolyl blue Tetrazolium Bromide) assay was
conducted for selective treatment to analyze the antibacterial efficacy
of microparticles. Antibacterial assay was conducted as explained
above. In second phase, to 1 mL withdrawn supernatant, 100 μL of
bacterial suspension was added, further the setup was incubated same
as explained above. At regular intervals (0, 6, 12 and 24 h) 100 μL of
samples were withdrawn and subjected to MTT assay. Briefly, 100 μL of
bacterial suspension was added to 500 μL of MTT solution (0.5% in
DMSO) and incubated for 3 h at 37 °C. The bacterial pellet was collected
by centrifugation at 8000 rpm for 10 min at room temperature and
color (formazan) developed was dissolved in 600 μL DMSO. The OD
(optical density) of the suspension was read in a spectrophotometer at
570 nm.

2.3.11. Analysis of bacterial morphology by SEM
After treatment with the extracts obtained from incubated particles,

the bacterial samples were drawn and pellet was obtained as explained
above. The bacterial pellet was fixed in 2% glutaraldehyde prepared in
PBS on the glass slide and dried for 3 h and kept in fridge for 12 to 14 h for
fixation. The fixed bacteria cells were washed 3 to 4 times with ethanol
solution varying the concentrations from 0, 20, 40, 60, 80 and 100% and
dried for 3 h at room temperature and mounted for SEM imaging.
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2.3.12. Application of porous microparticles into food model system
The food model “Water melon juice” was used to study the efficacy

of microparticles against natural bacteria present in the juice. The juice
was prepared in a mixer in sterile condition from 500 g of freshly cut
watermelon fruit bought from local market. The initial concentration of
bacteria present in juice was determined through serial dilution and
spread plate techniques on nutrient agar. Further the dominant bacteria
in juice were identified by spreading the different dilutions of fresh
juice (without any preservative) on Hichrome Bacillus agar, HiCrome E.
coli agar and universal differential medium (Himedia). After 24 to 36 h
of incubation at 37 °C, the bacterial identity was determined by ana-
lyzing the bacterial colony color as per the manufacturer instructions.
The required amounts of porous and non-porous microparticles which
contain around 0.1% of benzoic acid (calculated based on their loading
efficiency) were added into 20 mL of juice and incubated at 8 °C [46]. A
control experiment of 20 mL juice without any preservatives was also
prepared and maintained at the same conditions. 100 μL juice samples
were withdrawn at the intervals of 10 days and microbial count was
performed as explained above by spread plating 50 μL of diluted sam-
ples on nutrient agar media. The experiment was performed in tripli-
cate plates. The cell growth on the plates were counted and represented
as Log (CFU/mL).

3. Results and discussions

3.1. Fabrication and characterization of porous microparticles

Water/oil/water (W/O/W) double emulsion solvent evaporation
technique was used to fabricate PLGA microparticles with controlled
surface as well as internal pore morphology that was achieved by
varying the amount of mustard oil incorporated into the organic (oil)
phase. To fabricate porous PLGA microparticles loaded with anti-
bacterial (benzoic acid), polymer solution (O) was first prepared by
dissolving the polymer (PLGA) and benzoic acid in a volatile organic
solvent (DCM). The aqueous solution of PVA (W1) was added drop wise
into the resultant polymer solution (O) followed by addition of mustard
oil to make (W1/O) emulsion. Then the entire emulsion was poured
into another PVA solution (W2) and emulsified to form a W1/O/W2
double emulsion using an overhead stirrer. Subsequently, in order to
accelerate solvent removal rate, hardening of the nascent emulsion
droplets was performed using a rotary evaporator under reduced
pressure with an addition of large excess of PVA solution. Rapid eva-
poration of solvent from the emulsion droplets by diffusing through the
aqueous layer into the surrounding air may facilitate pore formation
into the microparticles [47]. After which, these porous microparticles
were washed with distilled water, freeze-dried and characterized by
SEM (Fig. 1). It is clearly seen from SEM images that the particles are
porous in nature and pores are uniformly distributed throughout the
bulk as well as in the surface (Fig. 1(b)-(h) and Fig. S1(b)-(f), S3(c)-(i)).
Based on SEM images analyzed by image J software, it is evident that
the average pore size on the surface of microparticles becomes in-
creasingly bigger with the increase of mustard oil content (Fig. 1(b)-(h),
Fig. S1(b)-(f), Table 1, samples S2 to S8), especially for the blank
samples. However, average pore density shows the reverse trend be-
cause average particle size remains almost unchanged till 60 μL of
mustard oil addition (Table 1 and Fig. S2), but reduction of pore density
was much less compared to increase of pore size indicating an overall
enhancement of porosity with the increase of mustard oil content.
Around 40 μL of mustard oil addition or above, hollow core structures
with porous shells were predominantly formed (Fig. S3 (i) to (l)).
Furthermore, it was realized from the close examination of SEM images
that the surface as well as internal pores were not visible (Fig. 1(a), Fig.
S1(a) and Fig. S3(a)-(b)) for the sample having no mustard oil (sample
S1). Hence, it was mandatory to add mustard oil in double emulsion to
generate particles with porous surfaces. Taken together all the facts
discussed above, the plausible mechanism of formation of porous micro

particles was shown in Fig. 2. Presumably, the inner pore formation
mechanism can be mainly ascribed to the stability of the inner aqueous
phase by the middle oil phase (containing PLGA and mustard oil) of W/
O/W double emulsion. Progressive evaporation of DCM from organic
phase may lead to generate tiny mustard oil droplet (initially soluble in
DCM) inside the dispersed oil phase droplets due to phase separation of
mustard oil (a nonsolvent for PLGA due to significant differences in
solubility parameter of them [47,48]) from PLGA phase [49] (see ar-
rows in Fig. 3(e) and (g)) dissolved in DCM. Then, initially formed tiny
mustard oil droplets within emulsion droplet may coalesce into small
mustard oil droplets. It was postulated that the porous skin layer of
particles resulted from the inclusion of these inner aqueous droplets,
stabilized by the mustard oil droplets along with PVA (surfactant), onto
the polymer skin layer which was solidified at the outer interface [50].
This kinetic arrest traps inner water phase to yield pores/voids after
evaporation of water. This was evident from the optical micrographs
(Fig. 3(e)-(h)) and pore size data as well calculated by Image J software
based on SEM images of surface of the particles (Table 1, Fig. 1 and S1).
Because, the continuous increase of pore size with the amount of
mustard oil indicates that the pores are formed due to inclusion of inner
water phases that were stabilized by mustard oil droplets at the water/
oil interface. Moreover, absent of surface pores for samples without
mustard oil due to lack of inner water stabilization (Fig. 3(a)-(d))
strengthen this conclusion. To further understand the water droplet
stabilization by mustard oil, the viscosity of organic phase (PLGA,
mustard oil and DCM) and interfacial tension between organic and
water phases (which contain 0.1 wt% and 0.25 wt% PVA solution as
inner and outer water phases respectively) were measured separately
for all the samples (Samples S1-S6, Table S1). The interfacial tension
between water (0.1 wt% PVA solution) and organic phase was mar-
ginally higher in presence of 5 μL mustard oil compared to sample S1
(sample without mustard oil), but continuously decreases with the
addition of higher amount of mustard oil. The same trends were fol-
lowed but even with lower values against 0.25 wt% PVA solution due to
higher surfactant concentration at the outer interface (O/W2). This may
drive the mustard oil droplets towards the outer water phase from the
inner water phase [51,52] leading to the expulsion of inner water
phase, which was stabilized by mustard oil droplet, to the outer water
phase. This may bring porosity on the skin. Apart from these, the pore
formation mechanism can also be partly ascribed to phase separation
between polymer (PLGA) and mustard oil during solvent evaporation
period. Upon removal of solvent, freshly produced tiny mustard oil
droplets within the emulsion droplet may coalesce into small oil dro-
plets which may trigger the formation of plenty small holes/pores in the
final microparticles after complete removal of the porogen by drying
under vacuum [25,53]. But, because of high boiling nature of mustard
oil, it may not be easy to remove even after vacuum-drying for pro-
longed period. Moreover, peaks associated with mustard oil were quite
discernible in proton NMR of dry microparticles (data not shown).
Hence, inclusion of mustard oil stabilized inner aqueous droplet into
the polymer skin could be the most probable reason for the formation of
porous surface. Moreover, with the addition of a fixed amount of hy-
drophilic benzoic acid in each sample (Sample S1-S6, Table S1), in-
terfacial tension between organic and aqueous phase decreases quite
significantly enhancing the stability of inner water droplet [54]. This
was quite evident from optical micrographs of double emulsion droplet
containing both benzoic acid and mustard oil in them (Fig. 3(g)-(h)).
Additionally, the pore size also becomes bigger with the addition of
benzoic acid probably due to osmotic pressure difference between inner
and outer phase (Table 1). Because of higher concentration of osmotic
active solute such as benzoic acid in inner water phase, diffusion of
water molecules from outer aqueous phase to inner aqueous phase may
lead to swelling and coalescence of the inner water droplets resulting in
a bigger pore on the surface after evaporation of water [55]. But, in case
of benzoic acid loaded samples, it is important to note that the change
of interfacial tension was not substantial in presence of mustard oil
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compared to ‘no oil’ (sample S1) case because of high surface activity
provided by PLGA [56] along with PVA and benzoic acid in stabilizing
water/oil interface. Moreover, with the addition of benzoic acid, in-
terfacial tensions between inner water and oil phase remain very low

and show a slight reduction with the increase of fraction of mustard oil
(it couldn't be measured in case of outer water phase having higher PVA
concentration [57]). Hence, pore size didn't significantly vary from
sample S3 to S8 (Table 1). However, no surface pores were visible for

(a) (b) (c)

(e)(d) (f)

(h)(g)

Fig. 1. Representative SEM images for benzoic acid loaded microparticles (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, (f) S6, (g) S7 and (h) S8 (corresponding zoom in images
shown in the insets).

Table 1
Composition, amount of mustard oil used, particle size, pore size, pore density and encapsulation efficiency of fabricated micro particles.

Sample designation Mustard oil
(μL)

Particle size
(μm)

Pore size
(μm)

Pore density
(number of pores/μm2)

Encapsulation efficiency (%)

BA Loaded Blank BA Loaded Blank BA Loaded Blank

S1 0 85 ± 42 88 ± 28 – – – – 48.6 ± 0.44
S2 5 81 ± 36 81 ± 26 0.2 ± 0.09 0.2 ± 0.06 0.41 ± 0.031 0.48 ± 0.04 50.1 ± 0.06
S3 10 93 ± 29 95 ± 25 0.61 ± 0.25 0.58 ± 0.18 0.36 ± 0.019 0.45 ± 0.03 49 ± 0.14
S4 20 98 ± 43 101 ± 28 1.37 ± 0.96 0.70 ± 0.22 0.34 ± 0.014 0.37 ± 0.01 43.3 ± 0.36
S5 40 101 ± 27 103 ± 17 1.27 ± 0.83 0.98 ± 0.36 0.33 ± 0.016 0.31 ± 0.05 42.1 ± 0.09
S6 60 102 ± 32 105 ± 14 1.21 ± 0.99 1.08 ± 0.23 0.18 ± 0.024 0.27 ± 0.02 41.3 ± 0.02
S7 80 107 ± 65 nd 2.02 ± 1.22 nd 0.17 ± 0.011 nd 40.8 ± 0.17
S8 160 112 ± 43 nd 2.16 ± 0.81 nd 0.16 ± 0.012 nd 40.5 ± 0.06

Note: nd: not determined; BA: Benzoic acid; Blank stands for particles without benzoic acid loading.
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sample S1 having similar interfacial tension as compared to mustard oil
containing samples. This may be attributed due to less amount of inner
aqueous phase volume fraction (12 vol%) which were insufficient to
generate enough aqueous droplets that can be trapped on the polymer
skin layer during solidification as reported in the literature [50]. So,
only reduction of interfacial tension can't explain the pore formation
phenomena. Apart from the interfacial tension reduction, viscosity of
the emulsion droplet also may play a pivotal role in generating surface
pores. Solvent quality of the oil phase was progressively reduced with
the addition of mustard oil due to immiscibility of PLGA in mustard oil
that may accelerate the formation of gel layer of PLGA molecular chains
at water/oil interface (because of its surface activity as mentioned
above) upon solvent (DCM) evaporation. This has been similarly re-
ported by other researchers in copolymer-stabilized double emulsion
[47,58,59]. Furthermore, it was evident from Fig. S4 that viscosity of
organic phase increases as the fraction of mustard oil increases. This
may result higher emulsion viscosity leading to greater resistance to
mechanical breakdown of inner aqueous phase[60] stabilized by the
viscous PLGA layer along with mustard oil during early stage of solvent
removal. Presumably, during rapid solvent removal by rotary eva-
porator, accelerated precipitation of viscous PLGA layer may arrest the
inner aqueous phase droplet stabilized by mustard oil (with or without
benzoic acid, Fig. 3(e)-(h)) into the polymer surface without under-
going coalescence. This result is consistent with the observation that
surface pore size increases as the oil phase viscosity increases (Table 1
and Fig. S3). This implies that pore size of the microparticles can be
controlled by controlling the addition of mustard oil adopting the role
of a porogen. Similar phenomenon was also reported by Kim et al. [27]
and us [61] in our previous study. Moreover, owing to the fast ex-
traction and evaporation of DCM, the amount of which was deliberately
kept low (3.3 vol%, marginally higher than its aqueous solubility limit
(2 vol%)), the time for coalescence of inner aqueous droplets with the
external water phase decreases leading to the increased chance of pore
formation by retention of inner aqueous phase [62]. Interestingly,
cross-sectional images of the microspheres revealed hollow core struc-
tures with porous shells only for the samples containing ≥40 μL mus-
tard oil (sample S5 and S6, Fig. S3(i), (j), (k), (l)). Rest of the samples
showed the formation of small pores distributed throughout the internal
matrix except sample S1 (Fig. S3). Presumably, as evaporation of sol-
vent progressed from surface to the core, the coalescence of closely
spaced tiny inner water droplets stabilized by numerous mustard oil
droplets occurred inside the bulk of the microspheres leading to the
generation of hollow structure with porous shell that was formed by the
early generated viscous surface layer containing entrapped inner water
droplets. The similar trend was observed for the samples without ben-
zoic acid also but with thinner shell (Fig. S3(i) and (k)). This was
probably due to slower diffusion of residual solvent through the less
porous surface facilitating coalescence of inner droplets, compared to
the samples with benzoic acid having higher porosity, which led to
rapid solidification of polymer shell layer in later case. This again

indicates the formation of internal and external pore structure can be
tuned by controlling the amount of mustard oil. Both porous and non-
porous PLGA microparticles loaded with benzoic acid were character-
ized using Raman microscopy to confirm the chemical structure of
entrapped active. Fig. 4 shows Raman spectra of benzoic acid loaded
porous and non-porous PLGA particles, neat PLGA particles and neat
benzoic acid powders over the wave number range from 100 to
3200 cm−1. The characteristic peaks for PLGA corresponding to dif-
ferent vibrational modes of lactic acid as well as the glycolic acid seg-
ment (two separate bands at 1453 cm−1 and 1425 cm−1, characteristic
bands of –CH2– stretching from glycolide segments) and for benzoic
acid (intense characteristic bands at 1001 cm−1 and 1603 cm−1 for
benzene ring deformation and aromatic CeC stretching respectively)
were given in Table S2. These characteristic peaks of benzoic acid were
also found in the microparticles' surface as well as in the core indicating
its uniform distribution throughout the matrix (Fig. S5). The positions
of these peaks were slightly shifted to 1003 cm−1 and 1607 cm−1

implying an active-polymer interaction via hydrogen bonding between
PLGA and benzoic acid [45] (discussed below).

3.2. Polymer (PLGA)-active (benzoic acid) interactions

As it can be observed from release study (discussed in the next
section) that benzoic acid release from PLGA microspheres were quite
retarded at stage II (Fig. 5, Fig. S9, Table S3) especially for nonporous
particles. This definitely implies some interactions between PLGA and
the active (benzoic acid) [45]. PLGA may interact with benzoic acid by
any or all of the forces such as Electrostatic, Vander Waals and H-
bonding. Some physico-chemical techniques have been adopted to de-
scribe this phenomenon. Solubility parameter of PLGA (20.2) and
benzoic acid (21.8) are fairly close indicating a significant compatibility
between the two. Raman spectroscopy results (Fig. 4, discussed above)
clearly suggest the prevalence of H-bonding and Vander-Waals inter-
action between the two. To further investigate about the nature of
binding between benzoic acid and PLGA polymer, XRD and thermal
analysis were performed. Benzoic acid is highly crystalline solids while
PLGA is amorphous in nature as shown by the sharp and broad peaks
respectively in the XRD pattern (Fig. S6). But, no crystalline peaks were
observed for active (benzoic acid) encapsulated particles due to in-
hibitory effect of polymer on active crystallization inferring a strong
interaction between the two. Similarly, no crystalline melting peak of
benzoic acid was observed in DSC thermogram when it is in en-
capsulated form (Fig. S7) [63]. Furthermore, Tg of neat PLGA (50 °C)
particles got shifted to lower temperature (47 °C and 48 °C for samples
S3 and S1 particles) due to plasticizing effect of active on the polymer
clearly indicating a strong active-polymer interaction.

To determine potential adsorption of benzoic acid to PLGA due to a
specific interaction between them, spectroscopic studies were done by
analyzing UV–Vis absorption spectra obtained from a various mixture
of free benzoic acid solutions of different concentrations and blank

Fig. 2. Schematic presentations for the formation of porous microparticles.
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PLGA particles at ambient conditions [64]. Binding between benzoic
acid and PLGA in PBS buffer (pH 7) was quite apparent from their
binding curve (Fig. S8) which was linearly fitted (R2 = 0.999) by the
Langmuir Isotherm (Eq. (1)) and the binding constant (kb) value was
found to be 833.33 M−1.

=
+

Y (Y k X)
(1 k X)

max b

b (1)

Y, X, Ymax and kb are the mole of drug bound per mole polymer,
molar concentration of free drug, maximum possible number of moles

of drug bound per mole of polymer and binding constant respectively.
These experiments confirm the evident binding of benzoic acid to

PLGA particles presumably by both H-bonding (between carboxylic
acids of benzoic acid and ester groups from PLGA) and hydrophobic
interactions (between aromatic ring and hydrophobic groups of
polymer backbone).

3.3. In-vitro release study

The benzoic acid content in both porous and non-porous PLGA

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 3. Optical micrographs of emulsion droplets dispersed in aqueous phase taken after 4 min of stirring for (a) S1(WB) (b) zoom in image of (a), (c) S1 (d) zoom in
image of (c), (e) S6(WB) (f) zoom in image of (e) and (g) S6 (h) zoom in image of (g). WB stands for without benzoic acid.
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particles were quantified by using UV–Vis absorption measurements
and were found to be in between 40 and 50% of its original loading
(Table 1). The encapsulation efficiency decreases with the increase in
volume of mustard oil employed which in turn increases the size of
surface pores on the microspheres. As discussed above, during the in-
clusion of inner water droplets (containing benzoic acid) onto the
polymer skin, the expulsion of a portion of hydrophilic benzoic acid
from inner aqueous phase to outer continuous phase may occur re-
sulting in lower encapsulation efficiency for particles with bigger pores.
However, microspheres containing ≤20 μl mustard oil were able to
entrap similar amount of benzoic acid as compared to non-porous
particles. We explain this phenomenon by assuming that pores were
surrounded by a layer of hydrophobic mustard oil which may restrict
the leaching of benzoic acid through the tiny pores during fabrication,
especially for particles with significantly low pore size.

The in-vitro release studies (Fig. 5) of both porous and non-porous
microspheres were executed to determine the behavior of micro-
particles in actual packaging applications. The release studies of ben-
zoic acid have been carried out at 37 °C in neutral PBS buffer of pH 7 for

all type of particles. Interestingly, porous particles exhibited faster, but
controlled release of benzoic acid (especially after initial burst release)
compared to the non-porous one. We attribute this observation to the
following three factors: 1) enhancement of surface area because of high
density of pores (0.16 to 0.41/μm2, Table 1) that may result faster re-
lease of hydrophilic active from particles with higher porosity [63,65]
2) on the other hand, active-polymer interaction via H-bonding (dis-
cussed above) may depreciate the release of active from polymer ma-
trix. This may lead to a more controlled and sustainable release profile
for prolonged period of time and 3) as mentioned above, a layer of
hydrophobic mustard oil surrounding the pore may provide additional
barrier to the active (hydrophilic) release. Overall, the release profiles
of porous particles were turned out to be well-controlled over extended
period of time (> 2 months) after initial burst and faster release was
achieved for samples with higher pore size presumably because of
dominancy of factor 1 over other factors and can be tunable by varying
the mustard oil content till a certain fraction (60 μL). On the contrary,
for non-porous particles, long diffusion path length and strong active-
polymer interactions led to release retardation of benzoic acid, similar
to our previous observation [45]. The release kinetics from porous
particles demonstrated a biphasic profile. The initial burst release of
benzoic acid was probably originated from the surface accumulated
active followed by a slow and controlled release that corresponds to
benzoic acid entrapped inside the bulk of microspheres. Active release
from erodible polymer matrix is a complex phenomenon [66]. Many
models have been proposed so far. A semi-empirical power law model
(Eqs. (2) and (3)), proposed by Peppas et al. [67], have been utilized by
many groups to understand the drug (both hydrophobic and hydro-
philic) release mechanism from polymer matrix by diffusion, degrada-
tion, or a combination of both.

=M
M

ktt n
(2)

= +log M
M

nlog(t) log(k)t

(3)

Mt and M∞ are cumulative release of loaded actives at time t and
infinite, n is a release exponent and k is the rate constant. According to
the model, when n-value equals to 0.43, release kinetics for spheres
would follow Fickian diffusion mechanism whereas,0.43 < n < 0.85
value corresponds to non-Fickian/anomalous diffusion mechanism, the

Fig. 4. Raman spectra for (a) pure benzoic acid, pure PLGA, sample S1 and S3 from bottom to top (b) zoom in spectra at 1001 cm−1.

Fig. 5. In vitro release study of porous and non-porous microparticles.
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value of n < 0.43 indicates the combination of diffusion and erosion
control and the value of n ≥ 0.85 implies the swelling controlled re-
lease. This model was applied and such analysis was conducted in our
system. The plots of the log (Mt/M∞) versus time for porous and non-
porous particles were shown in Fig. S9. All particles demonstrated re-
lease in two stages and good linearity was obtained in both stages while
fitting the power law model onto the release data displayed in Fig. S9
indicating true applicability of the model. Data (n and k) obtained from
both systems were summarized in Table S3. Release exponent (n) values
for both particles in the initial release period were much higher than
those of Fickian diffusion (n = 0.43) implying the active release from
surface only either by following swelling controlled or by anomalous
transport mechanism which is the combination of diffusion and erosion.
But, the n values at stage II were quite close to 0.43 for porous particles
(n~0.38–0.41) indicating mainly the diffusion controlled process rather
than degradation controlled. This might be the consequence of both
strong active-polymer interaction and the presence of a layer of hy-
drophobic mustard oil surrounding the pores. Slow release of active at
stage II from non-porous particles with low n value (0.35) indicates the
combination of diffusion and erosion controlled mechanism. This sig-
nifies the strong contribution of active-polymer interaction and low
surface erosion rate of polymer for non-porous particles in retarding the
active release. This also signifies the importance of pores which allow
diffusion of water ingression and hence faster release of active in
comparison to nonporous particles. To further understand these phe-
nomena in detail, the degradation behaviors of porous as well as non-
porous PLGA-based microparticles were studied during their prolonged
exposure to the release medium and discussed below.

3.4. Hydrolytic degradation of micro particles

Porous (sample S3 and S6) and non-porous particles (sample S1) of
a fixed quantity were subjected to hydrolytic degradation in PBS (pH 7)
at 37 °C and 200 rpm for 60 days. The degraded particles were collected
(by filtration) over time and degradation was monitored by GPC, 1H
NMR and SEM (Fig. S10 and S11). Changes in the morphology were
shown by SEM images of degraded particles collected at different time
intervals (Fig. S10). These images reveal that the non-porous particles
were able to retain their shape even after 30 days of exposure, though
significant aggregation among the particles especially after 30 days was
visible probably due to bulk degradation. On the other hand, shape of
porous particles were significantly distorted in addition to size reduc-
tion revealing the accelerated degradation of the particles via surface
erosion compared to non-porous one. Apart from this, in case of sample
with higher porosity (sample S6, Fig. S10(g)-(i)), cracks and holes were
observed (see red arrows) only onto few particles indicating the dis-
appearance of a larger pool of particles (no big aggregated chunks were
observed) by enhanced surface erosion. To better understand this ac-
celerated degradation, water uptakes (%) by the particles were studied
and results were displayed in Fig. S12. It clearly shows that the porous
particles ingress more water through their pores releasing the active in
accelerated fashion compared to its non-porous counterpart. This was
quite evident in Fig. 5. Also, sample S6 with higher porosity uptakes
more water than sample S3 implying the role of porous channels to
facilitate the water ingression. Additionally, to investigate the pre-
ferential removal of glycolide fragment (relatively more hydrophilic) by
ester hydrolysis from PLGA backbone, NMR spectroscopy was used for
degraded particles collected at different intervals. Fig. S10(a) shows the
ratio of lactide and glycolide content (estimated by integrating the peak
area at δ 4.8 ppm and δ 5.1 ppm which correspond to –CH2 of glycolide
segment and –CH of lactide segment of PLGA respectively [68]) in the
particles over time. Porous particles, especially sample S6 shows the
significant enhancement of this ratio over time, which indicates the
preferential removal of hydrophilic units (glycolide) by accelerated
hydrolysis probably due to an increased hydration at these specific sites
by water uptake through the porous channels as discussed above

[69,70]. However, the reduction of average molecular weight of PLGA
particles from 58 kDa to 12 kDa within 10 days of incubation was
clearly observed for all samples irrespective of their porosity (Fig.
S11(b)). The molecular weights were not detectable by GPC after
20 days of exposure in PBS indicating the formation of lactic acid and
glycolic acid oligomers [42,71]. Taken all the facts together, we attri-
bute these results to the following factors. Polylactide based degradable
polymers are known to show autocatalytic effects [72]. In porous par-
ticles, the diffusion of water soluble fragments (acids and bases),
formed as a consequence of ester hydrolysis of degradable polymer
chains, should be rapid in comparison with non-porous particles.
Hence, autocatalytic effects leading to decrease in micro-pH inside the
bulk (due to accumulation of acids) should be much more pronounced
in non-porous particles leading to the reduction of molecular weight
(bulk degradation) similar to the porous particles in which rapid clea-
vage of ester bonds can be expected by faster diffusion of water in-
gression instead of autocatalysis. However, owing to the increased
diffusion pathway length, the release rates of benzoic acid as well as
hydrolyzed lactide/glycolide fragments were found to be sluggish for
non-porous particles. It is also important to note that for non-porous
particles, the degradation via autocatalytic effects is unable to surpass
the diffusion length effect in addition to strong active-polymer inter-
action via H-bonding, thereby reducing the overall active release rate.
Converse is true for porous particles, where accelerated water ingres-
sion hydrolyzed the polymer and released the short chain fragments
along with the active leading to faster active release and similar mo-
lecular weight reduction as obtained for non-porous particles [63].
Probably autocatalytic effect was completely suppressed or significantly
reduced for particles with high porosity. Rapid release of lactic acid/
glycolic acid fragments from porous particles may augment the anti-
bacterial activity of the particles because these compounds are also
known to be antibacterial in nature [73] as discussed below.

3.5. Assessment of antibacterial activity

The antibacterial activity of different microparticles is represented
in Fig. 6 and Fig. S13. Following our early study, MIC of benzoic acid
against E. coli and S. aureus were found to be 1.75 mg/mL and 1.4 mg/
mL, respectively [45]. It has been shown in Fig. 6 that benzoic acid and
mustard oil encapsulated representative porous particles i.e. S2, S3, and
S6 completely inhibits the growth of E. coli and S. aureus till 60 days,
whereas S1 and S3 (WB) displayed significant reduction (not complete
inhibition) of bacterial growth over time compared to the control
sample. Though the antibacterial activity of S2, S3 and S6 are primarily
because of the benzoic acid, involvement of other components present
in microparticles like mustard oil, and degraded fragments of PLGA
(glycolic acid and lactic acid) cannot be ruled out. The antimicrobial
activity of mustard oil was well reported and analyses shows high level
of inhibition property due to the presence of allylic isothycyanate
(AITC) [29,30] at MIC value ranges from 50 to 1000 μg/mL [28].
Further, uptake of benzoic acid by bacteria might be facilitated by
mustard oil by disrupting or forming channels in the bacterial mem-
brane [28], by decrease in intracellular ATP concentration and also the
pH, leading to the release of the cell constituents. Both S3 (WB) and S1
showed complete inhibition of bacterial growth after 40 days, pre-
sumably due to significant degradation of PLGA matrix as observed by
SEM images (Fig. S10). Because, PLGA matrix releases organic acids
such as lactic acid/glycolic acid (Fig. S11(a)) which are also known to
be antibacterial [74]. It was also reported in literature [73] that a small
amount of lactic acid i.e. 0.5 wt% completely inhibited the growth of
Salmonella enteritidis, E. coli and Listeria monocytogenes. This is the
reason why the neat particles S1 (WB) also show the antimicrobial
activity after 40 days. Hence, it could be concluded that, though ben-
zoic acid play a major role in suppressing the growth of test bacteria,
the efficient antimicrobial activity of porous microparticles is probably
due to the synergistic effect of above discussed components of
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microparticles. These observations were also supported by the results of
MTT assay (Fig. 7), where extracts of S1 and S6, collected on 20 and
60 days, recorded significant decrease in bacterial growth over extract
collected at 0 day.

Further, SEM analysis didn't record any morphological variation
upon mustard oil treatment compared to control sample (Fig. 8(a) and
(b)). This observation might be due to very low concentration of mus-
tard oil (9.5 μL/mL) employed in our study, which was too low to
suppress any bacterial growth on its own (data not shown). Moreover,
by proton NMR analysis, it was found that mustard oil content re-
mained unchanged in the degraded particles compared to the particles
before degradation (data not shown). Hence, contribution of mustard
oil towards antibacterial action might be neglected. Free benzoic acid
alone and particles (S6) loaded with benzoic acid along with mustard
oil were able to disrupt the bacterial outer membrane (Fig. 8 (c) and
(d)). Furthermore, the intensity of cell membrane disruption was sig-
nificantly increased in the case of S6 treatment (Fig. 8(d)). These ob-
servations again supported our hypothesis of synergistic effect of ben-
zoic acid and degraded products of PLGA (lactic acid and glycolic acid).

One of the limitation in using Benzoic acid as food preservative is its
pka value of 4.2. Hence it is preferred for food whose pH is acidic. Here,
the advantage of using porous microparticles is its synergistic effect
which lowers the microbial growth to a greater extent. Further, we
tested the efficacy of microparticles in food model (water melon juice)
for 30 days (Fig. 9). The watermelon juice was having an initial bac-
terial concentration ~4 × 104 CFU/mL, dominated by ~47% Pseudo-
monas spp. (≈47%), Bacillus cereus (~29%) and Escherichia coli
(~23%). Representative porous particles such as S3 and S6 showed
inhibition of bacterial growth at their acceptable level for food material
i.e. 102 to 104 cells/mL [38]. The bacterial concentration was main-
tained from ~1 to 3 log (CFU/mL) till 20 days. At 30 days of incuba-
tion, the bacterial load was reached to ~6 and 5.5 log(CFU/mL) in S3
and S6 treatments, respectively which is very close to control treat-
ment. The efficacy of the benzoic acid in food model was found de-
creased in comparison with our earlier LB broth studies. This

phenomenon is majorly because we standardized the MIC of benzoic
acid against E. coli and S. aureus in LB broth where as in melon juice the
native microbial composition is differentially sensitive for the different
components of microparticles. Hence, it is important to standardize the
requirement of microparticles to keep the safe microbial concentration
for prolonged period in melon juice. Further the effective concentra-
tions may vary from juice to juice depending on its and native microbial
composition. With this background, these micro particles can be used as
good preservative material to increase the shelf life of melon juice and
its possible applications for other materials can be explored.

4. Conclusion

In this paper, we have demonstrated a novel way to fabricate bio-
degradable porous PLGA particles loaded with antibacterial (benzoic
acid) using W/O/W double emulsion containing non-toxic porogen
such as mustard oil. An attempt was made to understand the me-
chanism behind the formation of surface as well as internal pores in the
PLGA microspheres. The origin of surface pores was believed to be
caused by the inclusion of inner aqueous droplet to the polymer surface
during solvent evaporation. The surface pore size can be readily tuned
by varying the amount of mustard oil which was probably used for
stabilization of inner water droplet against coalescence. The merit of
the system lies in its ease of preparation, use of non-toxic materials and
exhibition of excellent antibacterial activity for prolonged period of
time (2 months). Surprisingly, these porous particles exhibited con-
trolled release profile with minimum initial burst of active (benzoic
acid). In addition, because benzoic acid along with degraded product of
PLGA (lactic acid/glycolic acid) can be diffused through the porous
channels of microspheres, the complete inhibition of bacterial growth
was achieved against both gram negative and gram positive bacteria for
prolonged period of time. The performance of the particles was also
successfully evaluated against a food model (watermelon juice). This
unique system opens the door for designing suitable active carrier for
applications in the food packaging, drug delivery and many others.

Fig. 6. Evaluation of antimicrobial activity of microparticles: S1, S2, S3, S6, S1 (WB) and S3 (WB) against (a) E. coli and against (b) S. aureus; where the statistical
ANOVA one way analysis was carried out at p ≤ .01 for both systems. WB stands for without benzoic acid.

Fig. 7. MTT assay of (a) treatment of extracted samples from S1 after 1 day, 20 days and 60 days and (b) S6 after 1 day, 20 days and 60 days against E. coli. Statistical
analysis with ANOVA one way results p value ≤ .05.
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