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Current study reports the facile synthesis, in-vitro characterization and antibacterial eﬃcacy of novel moxiﬂoxacin (Mox)-loaded chitosan-pullulan-silver-nanocomposite (CSPN) ﬁlms. Chitosan and pullulan have been
notably practiced as stabilizers together with sodium borohydride (NaBH4) utilized as mediator for in-situ silver
nanoparticles (AgNPs) synthesis under environment-friendly conditions using aqueous mixture of both polymers.
The nanocomposite ﬁlms served as a promising carrier system for model antibacterial i.e. Mox. The ﬁlms were
prepared via conventional solvent casting of aqueous composite suspension containing Mox. The fabricated
nanocomposites were screened for surface plasmon resonance (SPR) peak and nanometric size of AgNPs via
UV–Vis spectroscopy and zeta sizer. The fabricated nanocomposites were characterized for surface morphology
(SEM), elemental composition (EDX), functional group interactions (FT-IR), structural/crystallinity modiﬁcations (XRD) and thermal stability using TGA and DSC tests. The nanocomposites were investigated pharmaceutically for mechanical, swelling, water contents and water solubility, drug release, drug permeation and
antibacterial characteristics. The formed AgNPs displayed SPR peaks at 409–425 nm and exhibited particles size
below 165 nm. The AgNPs and Mox were well embedded and uniformly dispersed within the composite. The
ternary nanocomposites with controlled swelling and improved water solubility were successfully synthesized
oﬀering sustained drug release and permeability. The synthesized Mox-loaded CSPN ﬁlms presented considerable antibacterial eﬃcacy against P. aeruginosa and MRSA (clinical strains). The incorporation of pullulan into
the composite improved its bactericidal eﬀectiveness against P. aeruginosa and MRSA owing to prolonged Mox
and silver release. Our ﬁndings suggest that the formulated ternary nanocomposites are promising biomaterial
for drug delivery.

1. Introduction
The development of novel antimicrobial substitute for eﬀective
management of debilitating illness occurring due to various bacterial
infections is vital. The evolving drug resistance against the conventional
antibiotics due to their inappropriate, massive and irrational antibiotics
usage has raised serious impediment for health professionals regarding
disease management with alternative safe and eﬃcacious antimicrobial
substitutes [1]. According to WHO, the emerging microbial resistance is
globally the third major human health-related risk [2]. Fluoroquinolones constitute an essential class of antibiotics with broad antibacterial spectrum covering both the Gram positive and Gram negative microbes, however, the emerging resistance to this class is

∗

currently an alarming issue [3].
Recently, the synthesis of polymeric nanocomposites revealing
versatile biomedical applications has been introduced. Regarding natural polymers constituted nanocomposites, chitosan-based constructs
are preferred amongst others, owing to their biodegradable, non-toxic,
cost-eﬀective, better permeation and potential antimicrobial applications [4]. Biopolymer nanocomposites are introduced as novel drug
delivery candidates owing to their unique physicochemical and swelling controlled drug release characteristics. These composites sustained
the drug release by maintaining an impressive equilibrium or concentration gradient for drug diﬀusion through the polymeric matrix
that entirely depends on, polymeric chains relaxation and osmotic
pressure formation during the swelling phenomena. Moreover,
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ternary chitosan-pullulan-silver nanocomposite ﬁlms using exhibiting
eﬃcient hydrophilic, swelling and antibacterial attributes. The synthesis involved facile in-situ chemical synthesis of AgNPs using chitosan
and pullulan as stabilizing or capping agents for topical delivery of
model antibiotic (Mox). The results demonstrated that the composite
exhibited controlled swelling and impressive antibacterial properties
coupled with sustained AgNPs and Mox (model antibacterial drug) release in-vitro.
Based on our interest in overcoming the emerging bacterial resistance, the primary purpose of this work was to develop biopolymersilver nanocomposite ﬁlms as carrier system for topical delivery of
antibiotic drug i.e. Mox and to examine its release proﬁle, transdermal
permeation, and antibacterial eﬃciency. Our previous work on Moxloaded chitosan-silver nanocomposite (CSN) ﬁlms forced us to develop
a carrier system exhibiting more prolonged/sustained Mox release time
and thus eradicates the associated limitation of frequent dosage application. Subsequently lack of information on new combinations of
ternary chitosan-pullulan-silver nanocomposite (CSPN) for biomedical,
drug delivery system and antimicrobial applications accented the need
to study the eﬃcacy of Mox-loaded CSPN ﬁlms. The prepared nanocomposites were fully characterized and their antibacterial eﬃciency
was tested against the Staphylococcus aureus, Pseudomonas aeruginosa,
and MRSA (clinically isolates). The produced AgNPs were also analyzed
spectroscopically for their optical and particle size characteristics. The
highlighted contribution of present work is the preparation of ternary
nanocomposite as carrier system for antibiotic drug delivery to fulﬁll
the therapeutic needs in wound healing, tissue engineering and skin
regeneration ﬁelds. Further the present study described facile, cheap
and cost eﬀective method of functionalized AgNPs development.
Subsequently, the other highlighted novelty which sets this work apart
from the previous work is the evaluation of comparative Mox release,
permeability and antibacterial eﬃcacy from the binary (CSN) and
ternary nanocomposite (CSPN) system, clearly indicating the inﬂuence
of pullulan loading concentration; since the CSPN system indicated
better sustained/prolonged Mox release, slower Mox permeation and
enhanced antibacterial potential against P. aeruginosa and MRSA than
CSN system.

conjugated polymer system using polymers with altered hydrophilic
properties is an another promising technique used for controlled drug
penetration across the polymeric system since it develops the conjugate
system with controlled swelling attributes [5].
Chitosan, a deacetylated derivative of chitin is a linear cationic
biopolymer of strong bioactivity, unique chemical structure, eﬀective
biocompatibility and biodegradability coupled with non-toxic attributes [6]. Chitosan is an important biomaterial exhibiting several notable applications such as drug release, antimicrobial, antitumor,
wound healing, cell culture, tissue engineering, biosensing, cosmetic,
ophthalmology and anticancer activity attributed to its inherent ﬁlmogenic capabilities [7]. Chitosan lends itself to various crosslinking
reactions including crosslinking with other polymers and metallic nanoparticles based on the existence of several NH2 and OH functional
groups in its structure [8].
Pullulan is a non-ionic, hydrophilic homopolysaccharide (exopolysaccharide) biopolymer formed by the fungus called Aureobasidium
pullulans and consists of α-D-1, 6 linked maltotriosyl units [9]. Pullulan
is a non-toxic, non-immunogenic, non-mutagenic, biocompatible, biodegradable, and edible biopolymer with major applications in multiple
domains including tissue engineering, drug and gene targeting, and
food packaging. Pullulan exhibits an impressive ﬁlm formability characteristics, nevertheless, ﬁlm formation using plain pullulan is diﬃcult
owing to its poor mechanical properties. To expand its ﬁlm forming and
pharmaceutical capabilities, the most eﬀective approach is to form
composite via blending with biopolymers (like chitosan) and incorporating components (e.g. clay, nanoparticles or nanotubes) that
possesses satisﬁed ﬁlm formability and mechanical properties and thus,
will provide a nanocomposite with improved characteristics and will
not restrict the ﬁnal applications of nanocomposite ﬁlms [6].
Over the years, research on nanotechnology has introduced innovative nano-scaled materials with unique physicochemical, optical
and thermal characteristics leading to manifold applications in the ﬁeld
of biomedicine [1]. Of particular interest are the metallic nanoparticles
(such as nanoparticles of copper, iron, gold, and silver) possessing satisfactory antimicrobial attributes and their physicochemical characteristics can be easily tuned by varying their size, shape or surface
functional groups. The sole physicochemical features and nanoparticles
ability to get bind with bacterial cells surface have justiﬁed their wide
applications as antibacterial components [10]. Interestingly, nanoparticles may be incorporated or developed in renewable polymeric
carrier system containing other bioactive moieties or drugs to develop a
composite with improved antimicrobial qualities and its successful
pharmaceutical application as drug delivery system [11].
In all of the afore mentioned metallic nanoparticles, AgNPs have
gained considerable attention and described as the most demanded
nano-particulate system regarding their crucial applications in various
ﬁelds including medical and pharmaceutical, dental, ﬁlms, textile, and
food industries application in several ﬁelds related to unique physical,
biological, optical, electronic, thermal, catalytic and antimicrobial
properties [12]. The generation of silver nanocomposites either by
dispersing the formed AgNPs or in-situ fabricating it within the biopolymers have been described to dramatically improve the overall antibacterial capability of the nanocomposite [8]. Physical and chemical
method have principally been used for AgNPs synthesis including
chemical reduction, thermal, sono-chemical, microwave, laser ablation,
UV and ɤ-irradiation, electrochemical and micro-emulsion technique.
Among them chemical reduction using diﬀerent reducing agents like
NaBH4, sodium citrate and hydrazine etc. is most preferable based on
simplicity and production of enormous quantity of monodispersed nanoparticles possessing controlled size, shapes and morphologies [13].
Moxiﬂoxacin HCl (Mox) is a broad spectrum antibacterial from
ﬂuoroquinolone class of antibiotics. It exhibit its principle bactericidal
action against the numerous bacterial species via DNA gyrase prohibition [14].
The purpose of current study was to develop novel Mox-loaded

2. Materials and methods
2.1. Chemicals
Pullulan was purchased from spectrum chemicals (USA).
Moxiﬂoxacin HCl (~98% HPLC grade purity) was gifted by Weather
folds pharmaceuticals Pvt., Ltd., Haripur, Pakistan. Nutrient agar and
Moller Hinton agar belonged to Oxide (England). All the other chemical
including chitosan (Low MW deacetylation degree 85%), acetic acid
(glacial), glycerol, potassium dihydrogen phosphate (KH2PO4), silver
nitrate (AgNO3), sodium borohydride (NaBH4), sodium hydroxide
(NaOH) were of analytical grade (obtained from Sigma-Aldrich, USA)
and used without further puriﬁcation. For preparation of solutions and
washing or rinsing of glass containers ultra-pure (deionized and twice
distilled) water was used unless otherwise speciﬁed. The entire glass
ware used in the study particularly associated with bacterial culture
and antibacterial assay were autoclave sterilized before use.
2.2. Preparation of chitosan-silver-pullulan nanocomposite (CSPN) solution
Chitosan-pullulan-silver nanocomposite (CSPN) solution was prepared using a modiﬁcation of our previously reported method. Brieﬂy, a
2% (w/v) chitosan solution was prepared by dissolving 20 mg/mL
chitosan powder in 1.5% (v/v) aqueous acetic acid (glacial). A 20, 40
and 60 mg/mL pullulan was dissolved in distilled water to make 2, 4
and 6% (w/v) solution. To the chitosan solution, pullulan solution was
added and mixed for 30 min using a hot plate mixer. Pullulan solution
was incorporated at altered C/P blending ratios of 1:1, 1:2 and 1:3 to
2
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obtain the ﬁnal composition of 4, 6 and 8% w/v, respectively.
To this viscous solution (C/P blend), a freshly prepared 2 mM silver
nitrate solution (0.34 mg/mL distilled water) was introduced and
stirred thoroughly for about 10 min to obtain chitosan-pullulan-silver
(C/P/S) mixture. To regulate the silver salt reduction or AgNPs formation in-situ, a freshly prepared sodium borohydride (NaBH4) solution
(3.4 mg/mL distilled water) was introduced dropwise (1 drop/sec with
sterile surgical syringe) under continuous stirring into the C/P/S mixture. The reaction solution was stirred continuously till the complete
reduction of silver salt to AgNPs conﬁrmed via color modiﬁcation of the
blended solution from yellow to the dark reddish brown. Finally, about
1.6, 2.4 and 3.2% (w/v) glycerol with weight percent adjusted to 40%
w.r.t dry polymers weight and tween 80, 0.2% (w/v) were introduced
as plasticizer and as stabilizer to the overall composite (to prevent the
nanoparticles from reagglomeration) under continuous stirring for
further 3 h. The entire procedure was carried out under darkness with
constant stirring rate throughout i.e. 750 rpm. To improve homogeneity
and subsequent ﬁlmability; the air bubbles introduced into the composite solution during mixing were removed via sonication for about
30 min [15]. Chitosan-silver nanocomposite (CSN) solution was prepared in a similar way following our previous method [16].

uniformity studies) was also monitored spectroscopically at operating
wavelength (λmax) of 291 nm [8].

2.6. Particle size and particle charge analysis
The particles size (PS), size distribution (PDI) and zeta potential
(ZP) measurements of the fabricated AgNPs were assessed on Zeta sizer
(Brookhaven Instruments, NanoBrook) via DLS (dynamic light scattering) measurements respectively. About 0.5 mL of the appropriately
diluted and ﬁltered nanocomposite solution was poured into the disposable cuvettes and analyzed at 25 °C and 90° scattering angle. The
analysis was performed in triplicate for each formulation using freshly
prepared samples and standard analysis time [17].

2.7. SEM and EDS analysis
The nanocomposite ﬁlms were characterized microscopically for
morphological characteristics using Tescan VEGA 3 scanning electron
microscope (SEM) operating at accelerating voltage of 30 kV. The ﬁlm
specimens were aﬃxed on the aluminum stub, gold coated with sputter
coater (20 nm estimated thickness) and imaged at 20 μm and 2 μm resolution.
Elemental annotation via automated EDS (energy dispersive x-ray
spectroscopy) spectra was used to verify the distribution of AgNPs
within the nanocomposites [16].

2.3. Preparation of Mox-loaded CSPN solution
Mox-loaded CSPN solution was prepared via little modiﬁcation of
the aforesaid procedure. Brieﬂy, a 0.4, 0.6 and 0.8% (w/v) freshly
prepared aqueous Mox solution (acquiring Mox 10% w.r.t dry polymers
weight) was mixed with the nanocomposite solution before incorporation of plasticizer and stabilizer. Same procedure was adopted
for the synthesis of Mox-loaded CSN solution where 0.2% (w/v) Mox
solution (containing Mox 10% w.r.t chitosan weight) was mixed with
CSN solution [17].

2.8. FT-IR analysis
To collect information about the functional groups, chemical characteristics of the formulated nanocomposites, numerous bonding and
chemical interactions among the composite constituent's infrared absorption measurements were performed for all the nanocomposite
ﬁlms, pure polymers and Mox. The FT-IR spectra were collected using a
Transformed infrared spectrophotometer equipped with standard pike
miracle ATR (Attenuated total reﬂectance) cell (Bruker Tensor 25 FTIR, Germany). The infrared spectrum were recorded in transmission
mode at room temperature over the spectral region of 4000–500 cm−1
with 4 cm−1 resolution [18].

2.4. Preparation of ﬁlms
The nanocomposite ﬁlms were prepared using solvent casting approach. Brieﬂy, about 50 mL of the casting solution was poured into the
glass Petri plates (10 mm × 90 mm) and excess solvent was removed
via incubation at 37 °C. The continued drying treatment for about
28–30 h resulted in the fabrication of thin nanocomposite ﬁlms which
were properly wrapped and stored for later use in a desiccator. The
same method was adopted for the fabrication of Mox-loaded CSPN ﬁlms
(Table 1) [17].

2.9. XRD analysis
The XRD (X-ray diﬀraction) analysis of the nanocomposite ﬁlms and
their individual constituents i.e. chitosan, pullulan and Mox were carried out using X’ Pert PRO diﬀractometer (PANalytical, Auckland))
operated at 40 kV voltage and 40 mA ﬁlament current using Cu-Kα
radiation (λ = 1.541 Å). The samples were packed on aluminium substrate and characterized in 2θ scale from 5 to 100° with 2°/minute scan
rate. The XRD patterns were collected in ﬁxed mode (to provide mechanical support and prevent ﬁlms bending) at ambient temperature
[19].

2.5. Optical analysis
The AgNPs formation was conﬁrmed via UV–visible spectroscopy.
UV–visible measurements were carried out in a Double Beam spectrophotometer (PG Instruments, T80+). 2 mL of the diluted nanocomposite solution (1:10 dilution) taken in quartz cuvette was screened from
200 to 800 nm to observe the SPR peaks of AgNPs using ultra-pure
(double distilled) water as a reference. The Mox concentration in different aliquots (collected during dissolution, permeation and content

Table 1
Formulation ingredients mentioned in mg/mL for the fabrication of unloaded and Mox-loaded CSN and CSPN ﬁlms.
Formulation

Chitosan (mg/mL)

Pullulan (mg/mL)

AgNO3 (mg/mL)

NaBH4 (mg/mL)

Tween 80 (mg/mL)

Glycerol (mg/mL)

Moxiﬂoxacin (mg/mL)

CS2
CSP1
CSP2
CSP3
CSM2
CSPM1
CSPM2
CSPM3

20
20
20
20
20
20
20
20

0
20
40
60
0
20
40
60

0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34

3.4
3.4
3.4
3.4
3.4
3.4
3.4
3.4

2
2
2
2
2
2
2
2

8
16
24
32
8
16
24
32

0
0
0
0
2
4
6
8

3

Journal of Drug Delivery Science and Technology 55 (2020) 101366

A. Shah, et al.

2.10. Thermal analysis

Swelling Index (%) =

Thermo-physical characteristics the nanocomposite ﬁlms were investigated using TGA (thermogravimetric analysis) and DSC
(Diﬀerential scanning calorimetry). Both the instruments belonged to
TA instruments, TA-Q series i.e. TGA Q 500 and DSC Q 20. TGA and
DSC thermograms were acquired from thermal decomposition data
using TA universal analysis 2000.

Nanocomposite ﬁlms were investigated following our suggested
method to identify the moisture content (MC) and water solubility (WS)
of ﬁlms. Brieﬂy, a preweighed (Wo; 50 mg) ﬁlm samples (n = 3) were
dried at 105 °C to constant weight (Wd) in an air circulating oven (CE
Instruments, Heratherm OGS60). Moisture contents of the nanocomposite ﬁlms were estimated using an equation:

MC (%) =

2.10.2. DSC
The glass transition temperature, melting endothermic peak (Tm)
and enthalpy of fusion (ΔH) were the parameters measured during DSC
analysis. 5 ± 1 mg test samples (chitosan, pullulan, Mox and the formulated nanocomposite ﬁlms) were scanned from 30 to 350 °C at 5 °C/
min heating rate under 40 mL/min nitrogen ﬂow followed by cooling to
room temperature at the same rate. Samples were done using empty
aluminum pan as the reference [19].

WS (%) =

L
× 100
L0

(4)

Wd − Wf
× 100
Wd

(5)

2.14. Silver ions release analysis
To track the potential detachment of AgNPs from the nanocomposite ﬁlms, a 50 mg ﬁlm pieces from each nanocomposite ﬁlm were
soaked in glass bottles ﬁlled with 50 mL phosphate buﬀer (pH 6.8). The
glass bottles were tightly capped and placed in shaking incubator for
72 h (37 °C, 40 RPM). At speciﬁed times points, 5 mL supernatant was
withdrawn and analyzed spectrophotometrically (Atomic absorption
spectrophotometer: PerkinElmer, AAnalyst 700) at 328.1 nm to measure all the silver species concentration detached from the nanocomposites. To ensure equilibrium conditions 5 mL fresh buﬀer was
replaced into the bottles at each time point [15].

Thickness and weight of all the nanocomposite ﬁlms were determined with a manual digital Vernier caliper and analytical Weighing
balance (Ohaus, PA214). Mean ( ± SD) thickness, T for each formulation was calculated from ten measurements taken at various points of
individual ﬁlm particularly at the ﬁlm center and periphery. Similarly,
the average weight ( ± SD), W of each ﬁlm was established by weighing
the ten individual ﬁlms corresponding to each formulation.
Mechanical properties of the nanocomposite ﬁlms including tensile
strength (TS) and percentage elongation at break (%EB) were measured
using a Texture analyzer (Mason technology, TA.XT Plus). A rectangular shape ﬁlm samples (40 × 10 mm) were subjected to mechanical
testing at room temperature using 100 N load cell, 150 mm grip separation and 5 mm/s extension rate/cross-head velocity. Average results taken from at least ﬁve replicates of each sample were used to
calculate TS and %EB with results estimated using the following
equations:

%EB =

Wo − Wd
× 100
Wo

The initially dried ﬁlm segments (Wd) were equilibrated at room
temperature in 50 mL ultra-pure water for 24 h under mild stirring and
shaking. After stirring period of 24 h, the samples were taken out and
dried at predeﬁned temperature to determine the ﬁnal weight (Wf)
[16]. The percentages of solubilized matter or ﬁlms portion soluble in
water was determined using an expression:

2.11. Analysis of ﬁlms thickness, weight, and mechanical properties

Fmax
x× w

(3)

2.13. Analysis of moisture content and water solubility of ﬁlm

2.10.1. TGA
For TGA 10 ± 1 mg preweighed test samples (small pieces of nanocomposite ﬁlms, polymers and drug powdered sample) were placed
in standard aluminum crucibles and heated from 30 to 600 °C at a
constant heating rate of 10 °C/min under a nitrogen ﬂow of 40 mL/min.
The heating temperature was considered as the function of percentage
weight loss [18].

TS =

Ws − Wd
× 100
Wd

2.15. Mox contents uniformity analysis
To determine Mox contents dispersion with in the composite, a
50 mg ﬁlms samples collected from center and periphery of Mox-loaded
nanocomposites were immersed in tightly capped glass vials ﬁlled with
50 mL phosphate buﬀer solution (pH 6.8). The media (PBS, pH 6.8) was
continuously agitated at room temperature (25 ± 1 °C) for 48 h at 250
RPM. After speciﬁed time the collected aliquots were properly ﬁltered
and quantiﬁed spectroscopically (UV–visible spectrophotometer) for
drug/Mox contents at λmax of 291 nm. The measurements were performed in triplicate using the fresh buﬀer solution as respective blank
[15].

(1)
(2)

where TS is the tensile strength, Fmax is the maximum load in Newton's
(N), x and w is the average thickness and width of ﬁlms in mm, is
average ﬁlm, %EB is the percentage of elongation at break, L is ﬁlm
segment length (mm) at maximum extension or elongation and L0 is the
initial ﬁlm segment length (mm) [15].

2.16. In-vitro Mox release or dissolution analysis
To assess the release of Mox from the Mox loaded nanocomposite
ﬁlms, dissolution studies were conducted using a USP 35 dissolution
apparatus 2 (Pharma labs PT-DT7). Dissolution assay was based on the
previously speciﬁed method [15]. Brieﬂy, a 50 mg ﬁlm samples were
packed in a dialysis membrane (MWCO # 3500–5000 Da, Cellulose
Ester (CE), catalog # 1210P38 (Thomas scientiﬁc)) along with 5 mL
phosphate buﬀer solution (pH 6.8) followed by the immersion of the
loaded dialysis bags into the dissolution baskets containing 500 mL
phosphate buﬀer (pH 6.8). During assay, the media in the dissolution
baskets was constantly agitated at 50 rpm and thermostated at
37 ± 0.5 °C for 24 h. At predeﬁned time intervals, aliquots of 5 mL
were collected from the dissolution baskets and replaced with 5 mL of
the fresh buﬀer media to ensure the equilibrium conditions. For the
quantitative analysis, collected aliquots were properly ﬁltered and

2.12. Analysis of the swelling index
To investigate swelling or hydration capacity of the nanocomposite
ﬁlms, a conventional gravimetric method was practiced. The dried
preweighed (50 mg, Wd) nanocomposite ﬁlm segments were equilibrated in 50 mL phosphate buﬀer (pH = 6.8) at room temperature for
360 min. At predetermined times, the ﬁlm segments were taken out,
wiped with ﬁlter paper to remove excess buﬀer and reweighed to determine the swollen weight (Ws) (n = 3) [16]. The swelling index (%)
of the samples was calculated according to an equation:
4
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analyzed spectroscopically at λmax of 291 nm. The assay was conducted
in triplicate for each formulation and mean values were considered to
elaborate the total cumulative drug concentration released. The cumulative Mox concentration released at each time point was determined from the detected absorbance values with the assistance of
standard calibration curve (R2 = 0.999).

spectrometer) at wavelength of 291 nm to access the permeated Mox
contents. The analysis was executed in triplicate for each formulation
[15].
2.18.4. Data analysis
The detected absorbance values were plotted graphically to determine the Mox contents permeated per unit surface area as a function
of time. The assessment parameters included ﬂow values or ﬂux; J (μg/
cm2/min), latency time or lag time; tlag (minute), cumulative amount
permeated (μg/cm2) and percentage permeate after 1440 min.

2.17. Mox kinetic analysis
To understand the kinetics and mechanism of drug release, the data
collected from the in-vitro drug release essays was ﬁtted to four primarily applied mathematical model (zero order, ﬁrst order, Higuchi
and Korsmeyer-Peppas model) for estimation of the release kinetics of
Mox from the prepared Mox-loaded CSN and CSPN ﬁlm. R2 or adjusted
coeﬃcient parameter was used to predict the model accuracy to discriminate the best ﬁt model. Higher the R2 value (closer to 1), better is
the model ﬁtting. The parameter “n” in the Korsmeyer-Peppas model
describes the drug release mechanism. The n value lesser than 0.43
deﬁnes Fickian release however its value greater than 0.85 directs case
II transport pattern. “n” value existed between 0.43 and 0.85 presents
non-Fickian anomalous release pattern [20].

2.19. Analysis of antibacterial activity
To assess the antibacterial eﬃcacy of ternary nanocomposite ﬁlms,
Agar disc diﬀusion method was implemented. Staphylococcus aureus
ATCC 6538 (S. aureus) was selected as the representative of Gram-positive bacterial while Pseudomonas aeruginosa ATCC 9721 (P. aeruginosa) was used as representative of Gram-negative bacteria.
Antibacterial testing of the ternary nanocomposites was also evaluated
against clinically isolated MRSA (methicillin resistant S. aureus) denoted as MRSA 10 and MRSA 11 to estimate the overall therapeutic
eﬃcacy of the formulated nanocomposites against the antibiotic resistant MRSA strains most frequently associated with complicated
hospital acquired skin/wound infections. For preparation of initial
bacterial culture, 10 μL bacteria were transferred and inoculated into
the test tubes ﬁlled with 10 mL liquid nutrient medium (Moller Hinton)
and incubated overnight at 37 ± 1 °C. After overnight culture of each
strain, the growth of bacterial strains was veriﬁed spectroscopically
(UV–Visible spectrophotometer; T80+, PG instruments) by measuring
the optical density at 595 nm. From initial culture of the individual
bacterial strains, about 1 mL freshly grown bacterial inocula was prepared (using sterile buﬀer solution) with turbidity matched to
0.5McFarland standard (2 × 10 6 CFU/mL). Bacterial suspension of
each strain was swabbed individually over the solid medium (Moller
Hinton agar, 30 mL) contained in glass Petri plates. About 25 mg sterile
circular discs of the nanocomposite (CSN and CSPN) ﬁlms were placed
over the inoculated agar plates and then incubated for 24 h at
37 ± 1 °C. After 24 h incubation the diameters of inhibition zone (ZOI)
that had developed around the discs was measured in mm (millimeter).
Three round samples/discs from each formulation were tested to ensure
reproducibility and the results were displayed as mean ± standard
deviation (SD). All the experiments were performed in laminar ﬂow
hood. The entire materials used in assay were autoclave sterilized
(121 °C for 2 and half h) prior to use except the nanocomposite ﬁlms
which were sterilized with UV-irradiation for 15 min. An incubator
from SH Scientiﬁc, Model SH-CH-149G was used for bacterial cultivation. The experiment was executed in triplicate. The antibacterial test
results were also statistically evaluated using one way ANOVA [15,18].

2.18. In-vitro Mox permeation analysis
In-vitro permeation studies were conducted to elaborate the transdermal absorption of Mox from the nanocomposites. The nanocomposite ﬁlms were applied to permeation studies using static Franz diﬀusion cells (clear glass cells with eﬀective diﬀusion area of 0.5 cm2 and
receptor volume of 5 mL) equipped with full thickness rats skin The
study protocols were executed following the guidelines implemented by
institutional REC (Research Ethics Committee) under the assigned approval number “PHM.Eth/FA17-CS-M10/18-010-0073”. The animals
were housed and treated following the guidelines established by NIH
(National Institute of Health) regarding general care and use of laboratory animals (NIH publication No. 85-23, revised 1985).
2.18.1. Skin preparation
Using surgical blade and scissor, a full thickness skin was excised
from the dorsal surface of freshly slaughtered rats (Sprague-Dawley
male, 8–12 weeks randomly assigned). The skin was carefully freed
from visible hairs and excessive subcutaneous fat and sectioned sequentially into the square shaped specimens of desired size. The prepared skin samples were rinsed carefully with ultra-pure distilled water,
air dried at room temperature, properly wrapped (aluminum foil) and
stored at −20 °C for subsequent use (used within 48 h of harvesting).
During assay the defrosted skin specimens were equilibrated for 1 h in a
receptor medium and then mounted tightly on Franz cells with stratum
corneum facing the donor phase of Franz diﬀusion cells. Fresh skin
segments were mounted for each determination and to avoid biological
factors related to variability skin specimens were collected from the
same donor.

2.20. Statistical analysis
All the experimental studies were carried out in triplicate (n = 3)
with the results displayed as mean ± SD. Inhibition zone (ZOI) obtained during the antibacterial test results were also evaluated statistically using one way ANOVA (Sigma plot version 11.0) and pvalue < 0.05 was considered signiﬁcant.

2.18.2. Receptor phase
The receptor phase contained 5 mL receptor medium (phosphate
buﬀer solution of pH 5.5) thermostated at 32 ± 1 °C (via heating the
recirculated water) under persistent oscillatory stirring (electromagnetic stirring, 100 rpm).

3. Results and discussion
2.18.3. Permeation assay
The samples (n = 3) to be analyzed were squared shaped, accurately weighed, 50 mg ﬁlm segments inserted into the donor phase of
Franz diﬀusion cells., 200 μL samples were withdrawn at speciﬁed time
intervals (0–24 h) from the sampling port of receptor compartment and
replaced each time with 200 μL fresh buﬀer media to retain sink conditions. Withdrawn samples after appropriate dilution (to set the ﬁnal
volume of 2 mL) were analyzed spectroscopically (UV–Visible

The current study was designed to synthesize the novel Mox-loaded
ternary CSPN (chitosan-pullulan-silver nanocomposite) ﬁlms. The
methodology involved facile in-situ AgNPs synthesis practicing NaBH4
as mediator and biopolymers i.e. chitosan and pullulan as stabilizing or
capping agents for transdermal delivery of a pharmaceutical moiety
(Mox). The AgNPs synthesis was carried out under environment
friendly conditions using aqueous physical mixture of both polymers
5
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Fig. 1. Graphical representation of the methodology and in-vitro characterization of Mox-loaded CSPN ﬁlms.

nanoparticles formation together with the structure and concentration
of the polymer utilized for the stabilization of nanoparticles.
Antimicrobial attributes of the nanocomposite material greatly depend
on size distribution of the nanoparticles, smaller the size greater will be
the antimicrobial activity [2].

and later the model antibiotic (Mox) was introduced into the nanocomposite via conventional preloading approach. Films were developed
via conventional solvent casting of aqueous nanocomposite solution.
Results demonstrated that the nanocomposites exhibited controlled
swelling, improved water solubility and valuable antibacterial activity
against P. aeruginosa and MRSA (clinical strains) coupled with prolonged AgNPs and Mox release and permeability in-vitro.

3.2. Particle size and particles charge analysis
CSPN aqueous mixture were characterized for particles size and zeta
potential of the fabricated nanoparticles via DLS measurements and the
ﬁndings are reported in supplementary content (Table 1). The synthesized silver nanoparticles indicated an acceptable PDI ranged from
0.165 ± 0.030 to 0.375 ± 0.011 suggesting the homogeneous particles size distribution. The diameter of the particle size measured by DLS
measurements exhibited between 90.36 ± 2.28 to 164.22 ± 1.56 nm.
All the fabricated silver nanoparticles displayed negative zeta potential
around −3.63 ± 0.50 to −32.78 ± 3.23 specifying the parallel
system stability as an eﬀect of not only the electrostatic interactions but
also stearic repulsion and the eﬀect of incorporated stabilizer. The
creation of stable nano-particulate system could be attributed to the
formation of a protective hydration layer around the assembled nanoparticles by the polymeric chains through the inter chain hydrogen
bonding. The ﬂuctuation in the particles diameter and zeta potential is
supposed to be an eﬀect of non-uniform coverage of the fabricated
nanoparticles; however in the current system with large organic molecules the developed stearic forces (stearic stabilization) played an
essential role [25].
Pullulan incorporation caused increment in PS however its increased concentration produced no remarkable eﬀect on the PS of the
assembled silver nanoparticles. Among all the composite formulations;
the largest particulate size of 164.22 ± 1.56 nm was presented by
CSPM2 with smallest of 90.36 ± 2.28 nm being exhibited by CSP3.
The DLS method implies the measurement of the PS in the hydrated
state so the particle diameter estimated by light scattering technique is
always presumed to be overestimated attributed to the strong interactions between solvent and nanoparticles constituents especially with
the hydrophilic biopolymers such as pullulan [26].

3.1. Optical analysis
For all the formulations, UV–Visible absorption maxima were observed around 409–425 nm (Fig. 1 of supplementary ﬁle) coupled with
prominent change in the color of solution (from light yellow to deep
brown) which veriﬁed the in-situ AgNPs formation. The color variation
suggests structural modiﬁcation of silver and the strong binding aﬃnity
of AgNPs through electrostatic interaction with the biopolymers [21].
SPR transition results from the incident light (UV–visible) mediated
excitation of electrons present over the surface of AgNPs. It is well
known that polymeric AgNPs displays SPR transitions in the visible
region of electromagnetic spectrum from 380 to 450 nm and appearance of such peaks in 400–450 wavelength range dictates the formation
of AgNPs possessing spherical morphology [2,22]. According to Bibi
et al., 2018 the existence of SPR peaks in the wavelength range of
400–420 nm suggests the formation of AgNPs with a mean particle size
of ~20 nm [23]. The change in color and absorption maxima detected
for formulated nanocomposites strongly suggested the formation of
small sized spherically oriented AgNPS and the ﬁndings were well
supported by DLS and SEM measurements.
The addition of pullulan caused increment in the intensity of the
SPR peaks indicating the higher reducing eﬃciency of pullulan. The
increased pullulan concentration however, depicted no remarkable
variation in the peaks intensity except CSP2 and CSPM2 (2:1 pullulan to
chitosan ratio) presenting lowest absorption peak compared to other
formulations. These ﬁndings might be attributed to the increased
viscosity and stearic eﬀect of pullulan that limits its reducing eﬃciency
[21]. The increased pullulan concentration caused a slight blue shift of
the SPR peak to a lower wavelength suggesting the formation of smaller
sized nanoparticles except CSPM3 (λmax, 423 nm) [24].
SPR transitions of the polymeric AgNPs varies signiﬁcantly depending on several factors like size and shape of the nanoparticles, type
and concentration of silver precursor and reducing agent used for

3.3. SEM and EDS analysis
The morphology of the CSPN ﬁlms was investigated via SEM and the
6
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Fig. 2. SEM micrographs of the prepared CSPN ﬁlms at resolution of 20 μm and 2 μm.

results are shown in Fig. 2. The micrographs taken at 20 μm magniﬁcation indicated smooth, compact and crack free surface of the nanocomposite ﬁlms. To observe the AgNPs deposition and distribution the
nanocomposites were imaged at close magniﬁcation (2 μm). The micrographs undoubtedly indicated the small AgNPs deposited over the
composite ﬁlm surface. At close magniﬁcation the rougher ﬁlm structure was observed with almost homogeneous distribution of nanoparticles. The scanned images clearly revealed the dense distribution
pattern of spherical, pseudo-spherical and triangular shaped AgNPs.
The observed minimal AgNPs agglomeration within the composite
might be attributed to the diﬀerent factors associated with in-situ AgNPs
and ﬁlm solvent casting phenomenon e.g. particles agglomeration
during drying process. In general, the particles were not highly monodispersed and attained spherical morphology.
EDS analysis is a technique that provides a rapid quantitative and
qualitative information about the elemental composition of the nanocomposites. EDS analysis of the formulated nanocomposites assured the
existence of silver, carbon and oxygen (Fig. 3). The composite ﬁlms
indicated signals at ~3 keV particular for the distributed nanoparticles
of silver. AgNPs indicating the absorption signal around 3 keV has been
previously reported [27].Further the peaks corresponding to oxygen
and carbon were originated from the polymeric components used to
formulate the nanocomposites.

particular absorption peaks manifested by AgNPs and Mox and also
indicated possible supramolecular interactions between the polymeric
components of the composite (Fig. 4).
The FT-IR spectrum of chitosan indicated absorption peaks at
3283 cm−1 corresponded to the stretching vibrations of –NH and –OH
groups. Furthermore, the peaks at 2870 cm−1 corresponds to stretch
vibrations of CH group. The band at 1649 cm−1 was assigned to the C]
O stretching vibration of amide I and the peak at 1531 cm−1 corresponds to the N–H bending vibrations of amide II. The peak at
1374 cm−1 was associated to the symmetric deformation vibrations of
CH3 group. The bands around 1023-1150 cm−1 and 1404-1418 cm−1
belonged to C–O and –OH groups [7].
The spectrum of pullulan indicated broad absorption peak near
3300 cm−1 corresponded to O–H stretch. Furthermore the peaks at
2922–2960 cm−1 and 1312–1458 denoted CH and CH2 stretch vibrations, 1644 cm−1 peak described the bending motion of adsorbed water
(H–O–H), bands at 1030 to 1186 appeared for (1–4) C–O–C glycosidic
bridge stretch a characteristic of polysaccharide [28].
The sharp absorption peaks manifested by Mox were clearly observed during spectral analysis and included absorption peak at
3527 cm−1 for OH stretch. Moreover the absorption peak at 2924 cm−1
corresponds to symmetrical and asymmetrical C–H stretch, 1701 cm−1
for C]O stretch, 1620 cm−1, 1517 cm−1 and 1453 cm−1 were assigned
to C]C stretch, 1318 cm−1 belonged to C–N stretch, 1182 cm−1 was
assigned to monoﬂourobenzene stretch and peak at 874 cm−1 corresponds to C–H bending vibrations of substituted benzene [29].
The single broad absorption band manifested at 3251–3326 cm−1

3.4. FT-IR analysis
FT-IR spectra of the fabricated nanocomposite ﬁlms indicated the

Fig. 3. EDX spectra of CSPN ﬁlms.
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Fig. 4. Spectral analysis of the formulated nanocomposites, polymeric components and Mox.

(unloaded) and 3278–3375 cm−1 in CSPN (Mox-loaded) ﬁlms indicates
the strong interaction among hydroxyl groups of pullulan and amino
group of chitosan. The concerned peak appeared with highly improved
intensity indicating the interaction of –NH2 with AgNPs surface and
thus provides capping sites for metallic nanoparticles stabilization [23].
The absorption peaks around 2849 cm−1 to 2921 cm−1 corresponds to
the CH stretch vibrations of chitosan, pullulan, and Mox. The peak
around 1641–1647 cm−1 in unloaded and Mox-loaded CSPN ﬁlms were
ascribed to the interaction between –OH group of pullulan and amino
group of chitosan (amide I) [6,30]. The increased intensity of this peak
was also related to interaction of polymeric functional groups to silver
nanoparticles [23]. The shift of amide II peak of chitosan to higher
frequency side i.e. at 1553 cm−1 in the CSPN also indicates the interaction of amino group of chitosan with –OH group of pullulan and with
silver nanoparticles surface [30,31]. These ﬁnding indicated the existence of strong inter polymer interactions among the –OH groups of
pullulan and –NH2 groups of chitosan with resultant modiﬁed features
of the composite ﬁlms. The peaks around 800–815 cm−1 might corresponds to Ag–O stretch induced by multiphonon phenomenon [32].
The FT-IR spectrum of Mox-loaded CSPN ﬁlms clearly described the
respective absorption peaks manifested by Mox at 1702 cm−1 corresponded to C]O stretching. Further the peaks at 1624 cm−1,
1512 cm−1 and 1452 cm−1 corresponds to C]C stretch respectively.
The peaks at 1315 cm−1, 1186 cm−1 and 870 cm−1 corresponds to C–N
stretch, monoﬂourobenzene stretch and C–H bending vibrations of
substituted benzene respectively.

Fig. 5. X-ray analysis of the chitosan (A), pullulan (B), Mox (C), unloaded CSPN
(D) and Mox-loaded CSPN (E) ﬁlms.

structure [33]. The typical diﬀraction pattern of chitosan displayed
peaks at 2θ degree of 8.5 and 11.5° corresponding to its hydrated
crystalline phase and also exhibited broad diﬀraction peak at 20.6°
corresponding to the amorphous structure of chitosan [6,34].
The diﬀraction pattern of Mox presented peaks at 2θ value of 8.5°,
9.3°, 10.1°, 14.6°, 15.7° 17.5°, 20.3°, 23.7°, 25.5°, 26.6°, 27.7°, and 29.3°
signifying its highly crystalline structure [19].

3.5. XRD analysis
XRD analysis of the polymeric components (chitosan and pullulan),
Mox and the nanocomposite (CSPN) ﬁlms was performed to corroborate
the formation and structural characteristics of the nanocomposites and
the collected diﬀractograms are shown in Fig. 5. Pullulan showed a
broad diﬀraction peak at 2θ ~19° corresponding to its amorphous
8
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When the two ﬁlm-forming components i.e. chitosan and pullulan
were blended together to form a composite network, one prominent
broad peak at 2θ ~23.2° was perceived as simple mixed pattern for both
the polymers [30]. The chitosan peak at 2θ ~8.5° and 11.3° were
greatly reduced or almost diminished upon its blending with pullulan,
indicating a strong inter-polymer interactions among the bended constituents that may inhibit the tight packing of chitosan molecules essential for the construction of regular crystallites [6]. Thus it can be
concluded that a composite amorphous structure was developed. The
CSPN (unloaded and Mox-loaded) ﬁlms also exhibited minor diﬀraction
peaks at 38.4°, 44.7°, 54.6°, 66.1° and 77.8° corresponded to (111)
(200), (210), (220) and (311) crystalline planes of AgNPs [32,35]. The
111 plane presented highest intensity compared to the other planes and
the obtained peaks were in good aggregation to a reported/standard
data. Thus XRD analysis conﬁrmed the formation and crystalline nature
of AgNPs within the composite along [35]. Few peaks corresponding to
Mox were also detected in the Mox-loaded CSPN ﬁlms at 2θ degree of
14.6°, 25.5°, 26.6°, and 27.7° respectively, however, the intensity of
peaks was greatly reduced. Thus the loading of Mox into a polymeric
composite resulted in more amorphous form of the drug [35].

simultaneous decomposition of polymeric components and Mox [33].
The nanocomposite ﬁlms presented quite diﬀerent thermal stability
than their individual polymers with lower degradation onset temperature (155.13–179.60 °C) however decomposition phase extended up to
380 °C. The lower onset degradation temperature might correspond to
the degradation of glycerol. The incorporation of hydrophilic components particularly glycerol to the composite ﬁlms weakens its thermal
stability [36]. The ﬁrst step weight loss below 155 °C (up to11.38%)
indicated by all the CSPN ﬁlms might be indicative of the evaporation
and volatilization of physically adsorbed loosely bound water, chemosorbed water molecules, traces of acetic acid and evaporation of low
molecular weight compounds. Further the third step (up to 14.5%)
weight loss after 380 °C might correspond to the thermal degradation of
the byproducts formed during the decomposition phase [36].
The weight loss indicated by the CSPN during the second or thermal
decomposition phase was evidently lower than chitosan however
greater than pullulan; indicating the optimum or moderate thermostability although the composites indicated greater residual weight
(36.37–42.84%) than pure polymeric components (pullulan = 27.66%,
chitosan = 32.68%) at 600 °C. Despite the greater residual weight depicted by the CSPN at the end of the thermal process (600 °C); the CSPN
ﬁlms were also comparatively less stable than CSN ﬁlms (CS2 and
CSM2), due to lower onset degradation temperature and greater weight
loss of the composites during the second thermal degradation phase.
The wide degradation of the composite ﬁlms in the second phase suggests the bond scission in the polymeric backbone. Although the composite ﬁlms indicated lower onset degradation temperature in the
second thermal degradation phase; the incorporation of pullulan produced the nanocomposites quite suitable regarding their pharmaceutical use with their higher thermal stability (up to 380 °C) and a maximum weight loss of up to 63.6% (CSP2) at 600 °C.

3.6. TGA
Thermostability investigation of the polymers, Mox and their formulated hybrid nanocomposites was conducted via Thermogravimetric
analysis and the results are shown in Fig. 6 and Table 3 of supplementary content. TGA thermograms indicated the weight decrease/
weight loss as a result increased temperature and provides valuation
information about the thermal stability, stiﬀness or toughness of ﬁlms
and miscibility of the blended constituents [36].
Total weight loss of approximately 67.3% was presented by chitosan. The weight loss from 30 to 110 °C occurred due to the evaporation
and volatilization of adsorbed or bound water, however, the thermal
degradation and decomposition of chitosan occurred between 250 °C
and 352 °C (highest loss rate at 335.3 °C) whereas the last phase after
352 °C with long tail denoted no speciﬁc events [37].
Pure pullulan depicted an initial weight loss below 100 °C related to
the evaporation of moisture while the degradation temperature of
pullulan was close to 300 °C. The second phase of major weight loss
associated with the degradation of pullulan skeleton existed in the
temperature range of 250–370 °C, similar to the typical thermal behavior of polysaccharides with onset degradation temperature of 250 °C
and maximum decomposition rate at approximately 300 °C attributed
to the thermal degradation of sample [38].
Approximately 3.8% mass loss associated with water loss was indicated by Mox from 30 °C to 150 °C however the thermal decomposition/degradation of Mox was observed near 250 °C [39].
All the nanocomposite ﬁlms indicated three step degradation mechanism with major degradation or decomposition displayed in the
second step aligned between 155 and 380 °C associated with

3.7. DSC
Thermostability and degradation proﬁle of the hybrid nanocomposites was further evaluated using DSC analysis and the results are shown
in Fig. 7. The thermal parameters monitored included glass transition
temperature, melting temperature and enthalpy of fusion (Table 4 of
supplementary data). Chitosan thermogram, included one broad endotherm at 78 °C related to the evaporation of water and second exothermic peak at 305 °C associated with the thermal degradation of
chitosan amine units [40].
Pure pullulan indicated broad endotherm at 90.14 °C [41]. It also
displayed a broad exothermic peak around 280.86 °C [38].
Mox thermogram indicated ﬁrst endotherm below 100 °C corresponded to water loss followed by second sharp melting endothermic
peak at 239.9 °C and later its degradation event (exothermic peak)
occurred around 250.6 °C [19].
Just like CSN ﬁlms, the thermal degradation of CSPN ﬁlms is taken
place in two phases, ﬁrst phase with broad endotherm and second phase
with sharp endothermic peaks. The ﬁrst phase from 90 to 105 °C corresponds to evaporation of water. The CSPN (unloaded and Moxloaded) denoted the second phase with sharp endothermic peaks indicating the thermal degradation of the composites due to random
chain scission around 179.7–217.34 °C. Hybrid nanocomposites/CSPN
ﬁlms (unloaded and Mox-loaded) acquired second decomposition phase
at relatively lower temperature compared to CS2 (228.2 °C) and CSM2
(235.9 °C) respectively.
Improved pullulan loading contents suggested the reduced thermostability of the nanocomposites as speciﬁed by the lowering of
second phase endothermic peak in CSP3 (187.28 °C) ﬁlm when compared to CSP1 (207.31 °C). A similar ﬁndings were provoked by the
Mox-loaded CSPN ﬁlms with a second phase endothermic peak of
CSPM3 (179.7 °C) at a comparatively lower temperature than CSPM1
(217.34 °C). Moreover, the intensity of endothermic peaks was also
reduced with the increment of pullulan loading concentration

Fig. 6. Percentage weight loss of chitosan, pullulan, Mox, unloaded (CSP2) and
Mox-loaded CSPN (CSPM2) ﬁlm by TGA analysis.
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Table 2
Results of physical parameters including thickness (T), weight (W), moisture content (MC), water solubility (WS), tensile strength (TS), and elongation at break (%
EB) of chitosan (CS2 and CSM2) and chitosan-pullulan based nanocomposites. Data are Means ± SD (n = 3).
Formulation

T (μm)

CS2
CSP1
CSP2
CSP3
CSM2
CSPM1
CSPM2
CSPM3

506.00
580.67
588.67
598.00
458.00
584.00
591.33
604.00

W (g)
±
±
±
±
±
±
±
±

0.02
0.12
0.22
0.18
0.04
0.11
0.13
0.21

2.31
3.76
5.30
7.08
2.53
4.00
5.56
7.21

±
±
±
±
±
±
±
±

MC (%)
0.08
0.36
0.82
0.65
0.10
0.78
0.29
0.42

30.78
27.16
36.54
35.73
31.02
27.72
34.12
33.44

WS (%)

±
±
±
±
±
±
±
±

0.11
0.99
0.74
0.39
0.19
0.91
0.70
0.42

suggesting the strong miscibility of pullulan with chitosan.
The glass transition temperature (Tg) of the prepared CSPN ﬁlms
was comparatively higher than pure polymers i.e. chitosan and pullulan. Tg depends upon the mobility of loose macromolecular chains.
The mobility of chitosan and pullulan macromolecular chains is arrested due to synergistic inter-polymer interactions. The increased Tg
was also attributed to the interaction of polymeric matrix with the
entrapped AgNPs and the eﬀective miscibility of the composite components. Tg of the polymeric nanocomposites is strongly aﬀected by
hydrogen bonding, inter-polymer chain interactions, nanoparticles
dispersion within the polymeric matrix and polymer-nanoparticles interactions. Restriction in the segmental mobility of polymeric chains
due to the formation of synergistic intermolecular interactions among
the composite components [32]. However compared to the CSN ﬁlms
(CS2 and CSM2), CSPN ﬁlms directed comparatively lower glass transition temperature (Tg) and the melting endothermic peak (Tm) suggesting the comparatively lower thermostability. The lowering of
melting endothermic peaks suggested the non-crystalline/amorphous
state of the nanocomposites [41]. The manifestation of plasticizer i.e.
glycerol may also contribute to the rapid composite decomposition
[42]. The eﬀective biopolymers miscibility is clearly suggested from a
single glass transition temperature [43]. The absence of sharp melting
endothermic peaks of Mox in the entire spectrum of the drug loaded
CSPN ﬁlms suggests its uniform distribution and encapsulation with
diminished crystallinity within a composite [44].

56.23
30.17
38.58
39.75
54.09
30.59
37.59
38.67

±
±
±
±
±
±
±
±

0.72
0.60
0.47
0.57
0.46
0.45
0.93
0.45

TS (Mpa)

%EB

6.82
1.58
1.25
1.02
3.14
1.21
1.12
0.89

32.87
07.38
03.06
01.16
32.15
06.60
02.32
01.21

±
±
±
±
±
±
±
±

1.95
0.16
0.24
0.15
0.62
0.23
0.31
0.13

±
±
±
±
±
±
±
±

Fig. 7. DSC analysis of the hybrid CSPN ﬁlms, individual polymers (chitosan &
pullulan) and Mox.
Table 4
Mean ZOI ( ± SD) values against Pseudomonas aeruginosa, Staphylococcus
aureus, MRSA 10 and MRSA 11 from the CSN (CS2 and CSM2) and CSPN
(unloaded and Mox-loaded) ﬁlms. Inhibition zones were measure in mm from
n = 3.
Formulation

3.8. Films thickness, weight and mechanical properties
CS2
CSP1
CSP2
CSP3
CSM2
CSPM1
CSPM2
CSPM3

Average thickness (T) and weight (W) of the CSPN ﬁlms ranged
from 580.67 ± 0.12 μm to 604.00 ± 0.21 μm and 3.76 ± 0.36 g to
7.21 ± 0.42 g respectively (Table 2) and the values were signiﬁcantly
inﬂuenced by the pullulan loading contents.
Mechanical properties indicates the ﬁlms strength, durability and
resistance to cracking/breakage. Optimum mechanical characteristics
are required indeed to maintain the ﬁlms integrity against the external
stresses faced during the storage, handling and processing [45]. The
mechanical properties (TS and %EB) as a function of increased pullulan
loading concentration are presented in Table 2 and Supplementary
Fig. 2.
The results indicated that the mechanical properties i.e. TS and %EB
of the ﬁlms were aﬀected negatively by the pullulan loading contents.
Pullulan incorporation and increased pullulan concentration

ZOI values in mm ± SD
Pseudomonas
aeruginosa

Staphylococcus
aureus

MRSA 10

MRSA 11

23.33
31.80
26.75
30.50
32.50
34.60
48.00
36.80

27.00
13.75
13.33
13.67
43.33
23.00
29.00
22.30

15.33
NA
13.67
21.00
31.37
49.00
41.00
41.00

15.23
18.00
NA
10.67
30.33
36.25
49.60
40.75

±
±
±
±
±
±
±
±

0.58
0.27
0.83
0.71
0.50
0.55
0.71
0.97

±
±
±
±
±
±
±
±

0.78
0.43
0.85
0.47
0.67
0.71
0.35
0.45

± 0.25
±
±
±
±
±
±

0.87
0.71
0.06
0.79
0.61
0.72

± 0.40
± 0.63
±
±
±
±
±

Mox loading Contents (%)

Zero-Order
R

CSM2
CSPM1
CSPM2
CSPM3

98.12
97.67
94.37
96.73

±
±
±
±

0.31
0.06
0.18
0.12

2

0.8773
0.9858
0.9952
0.9828

0.58
0.42
0.76
0.69
0.70

signiﬁcantly reduced the mechanical properties of the fabricated nanocomposites. All the formulated CSPN ﬁlms indicated weaker mechanical characteristics than CSN ﬁlms with TS and %EB values signiﬁcantly lower than CS2 (p < 0.05) and CSM2 (p < 0.05)
respectively.
The possibility of nanoparticles aggregation after drying might also

Table 3
Mox loading contents, regression coeﬃcient (R2) and exponent (n) values of the CSN (CSM2) and CSPN ﬁlms.
Formulation

1.26
0.15
0.86
0.24
1.01
0.49
0.73
0.27

First-Order
R

2

0.8720
0.8580
0.9737
0.8772

10

Higuchi Model
R

2

0.9607
0.9416
0.9304
0.9424

Korsmeyer-Peppas Model
R2

N

0.9513
0.9487
0.9623
0.9632

0.7760
0.6690
0.7631
0.7214
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however, also support such event [51,52]. Swelling phenomena of the
polymeric composites occupies three main steps i.e. adsorption of
water/medium over the composite surface, polymeric chains expansion
based on the migration of water molecules to the crosslinking network
of a matrix and resultant weakening of the intermolecular and hydrogen bond interactions. Finally, the formation of vacant spaces/pores
mediates the penetration of more water molecules [53].

support an event of weaker mechanical characteristics [46]. Phase separation between the two components (pullulan and chitosan) is possible at higher polymer concentration, which may produce the composite with lower mechanical strength [6]. The formation of dense
structure with the addition of pullulan may decrease the structural
elements capacity which prevent the relative structural movement
during the tensile tests [47]. The formation of compact structure may
restrict the molecular motion, reduces the free volume and mobility of
polymeric chains with ultimate reduced ﬁlm elasticity [48]. Thus the
reduced the ﬁlm ﬂexibility was attributed to the generation of more
compact and less porous structure [49]. The lower tensile properties of
the composite ﬁlms may be related to the poor mechanical characteristics of pullulan [6].

3.10. Moisture content and water solubility of ﬁlms
MC describes the overall water contents/total water molecules reserved by the nanocomposite ﬁlms. Retention of appropriate water
contents is mandatory for keeping desired ﬁlms quality, mechanical
attributes and normal texture. MC and WS of the CSPN and control (CS2
and CSM2) and ﬁlms are shown in Table 2 and Fig. 2 of supplementary
data.
The CSPN ﬁlms retained ~27.16 ± 0.99% to 36.54 ± 0.74% MC
and the results were signiﬁcantly aﬀected by the incorporated pullulan
concentration. Addition of pullulan to CSN ﬁlms signiﬁcantly improved
its water contents. Both the unloaded and Mox-loaded CSPN ﬁlms retained higher MC than CS2 and CSM2 except CSP1 and CSPM1; which
retained signiﬁcantly lower MC than CS2 (p < 0.001) and CSM2
(p < 0.001) respectively.
An increment in MC with increased pullulan concentration was
noticed however, the highest water contents were occupied by CSP2
and CSPM2 respectively (ﬁlms with 2:1 pullulan to chitosan ratio).
Formulation CSP2 showed signiﬁcantly highest MC among all the nanocomposites (MC = 36.54 ± 0.74, p < 0.05); while the MC signiﬁcantly higher than CSPM1 and CSPM3 were occupied by CSPM2
(p < 0.05). The increased water contents is concerned to the addition
of hydrophilic pullulan that increases the accessibility of free OH
groups to retain absorbed water and also reduces in the matrix, the
interaction between chitosan chains [30,54].
Films WS is a key parameter narrating the ﬁlm's resistance to water
particularly under the humid atmosphere [54]. WS of the composite
ﬁlms was determined to evaluate the ﬁlms stability, overall performance and possible application in the wound dressing. The results of
percentage WS indicated that all the CSPN ﬁlms were signiﬁcantly less
soluble than CSN ﬁlms i.e. CS2 and CSM2 (p < 0.05). The incorporation of pullulan signiﬁcantly reduced the WS of formulated ﬁlms and
the results were inﬂuenced signiﬁcantly by the pullulan loading contents. Increased pullulan concentration improved the WS of the CSPN
ﬁlms with the highest solubility percentage being indicated by CSP3
and CSPM3. Overall the water solubility of the CSPN ﬁlms was decreased with increment in the water contents.
The interaction of pullulan with chitosan via intermolecular hydrogen bonding may favor the formation of junction network within the
composite. With increased H+ concentration, the strengthening of intermolecular hydrogen bonding occurs which strengths the chitosanpullulan composite structure and reduces the availability of free spaces
for water absorption [30]. Hence the formation of intermolecular hydrogen bonding improved the cohesiveness of polymeric network and
reduced ﬁlms sensitivity to water. Increased solubility in high concentration of pullulan probably occurred due to massive pullulan and
nanoparticles dissolution [50].
Hence, the noticed diﬀerence may be related to the structural makeup of the composite material. The composite ﬁlms undergo dissolution after passing through various interfering steps including water
absorption, swelling and softening prior to dissolution. Film swelling
has been reported to be highly associated with the water penetration,
amino and carboxyl group's ionization, disassociation of ionic and hydrogen bonding and resultant polymers chain relaxation. The pullulan
incorporation increased the formation of inter-polymer cross-linkages
with ultimate reduction in percentage swelling and water solubility [6].

3.9. Swelling index
Swelling index or swelling degree is an essential ﬁlm characteristics
that describes its water absorption or hydration capacity and consequently controls the release of embedded pharmaceutical moieties.
Swelling degree is a factor elucidating an important role in biomedical
and antimicrobial applications of the nanocomposite ﬁlms and is affected by several parameters like density of cross-linked network, ionic
strength, pH, temperature, pore size, stiﬀness and hydrophilicity of the
ingredients/matrix. Fig. 3 of supplementary data indicated the percentage swelling index of the nanocomposite ﬁlms at diﬀerent time
points up to 180 min.
CSN ﬁlms were characterized by a higher swelling capacity than the
CSPN ﬁlms. CSN ﬁlms i.e. CS2 and CSM2 were characterized by a
maximum swelling index of 202.2% and 285.2% in the initial 30 min
that gradually decreases to 54.7% and 178.9% after 180 min. The addition of pullulan signiﬁcantly (p < 0.05) reduced the swelling index
of the nanocomposite ﬁlms. Swelling ratio of all the CSPN (with and
without drug/Mox) ﬁlms was signiﬁcantly lower compared to the
control ﬁlms i.e. CS2 and CSM2. Swelling index of the CSPN ﬁlms
prepared using the highest pullulan loading contents/concentration
displayed highest swelling ratio of 55.33% (CSP3) and 76.47%
(CSPM3) after 30 and 90 min with values signiﬁcantly (p < 0.05)
lower than CSN ﬁlms. After maximum swelling ratio however, the
swelling of CSPN gradually decreased in a manner similar to the CSN
ﬁlms.
Increased pullulan concentration signiﬁcantly increased the percentage swelling index, since the formulation CSP3 was characterized
by highest swelling index of 55.33% after 30 min; signiﬁcantly
(p < 0.05) higher than CSP1 ﬁlm (27.53%, after 30 min). Similar
ﬁndings were noticed in the Mox-loaded CSPN ﬁlms where CSPM3
indicated the maximum swelling degree of 76.47% after 90 min.
Further, the swelling index of Mox-loaded CPSN ﬁlms was signiﬁcantly
higher than their unloaded ﬁlms.
Multiple component ﬁlms displayed lower swelling than CSN ﬁlms
probably due to the increased crosslinking interactions between the two
polymers (chitosan & pullulan) that improves the cohesiveness of biopolymer matrix and thus restrained the water penetration and swelling
capability of the nanocomposites. The formation of strong intermolecular hydrogen bonding promotes the compactness of ﬁlms network exhibiting limited available vacant spaces for water penetration
and absorption; thus forming a composite with reduced ﬂexibility and
swelling [30].
The increased uptake capacity with improved pullulan concentration might be concerned with hydrophilic nature of pullulan and pullulan-water interactions. Increased pullulan concentration increases the
availability of free OH groups which is associated directly with increased absorption of water molecules. Upon contact with water, the
free OH groups make hydrogen bond linkages and sub sequentially
increases ﬁlm weight attributed to the water retention and swelling
[50]. The decrease in swelling index after a particular time period indicates the ﬁlm erosion, the extraction of the plasticizer after some time
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in percent of drug up to 24 h. The control formulation i.e. CSM2 indicated complete Mox dissolution within 10 h however, sustained release proﬁle was observed from the CSPN ﬁlms with a dissolution
maxima of 94.39% form CSPM1 ﬁlm in 24 h. CSPN ﬁlms indicated
modiﬁed release proﬁle with no burst release in initial and Mox liberation prolonged up to 24 h, thus suggesting the appropriate drug
encapsulation within the matrix with resultant prolonged therapeutic
eﬃcacy [56]. Increased pullulan concentration signiﬁcantly controlled
the drug release however, it was found that the CSPM2 ﬁlm released the
least Mox contents (approximately 71.48% in 24 h) although similar
experimental conditions were implemented for dissolution testing of all
the formulations. The eﬀective miscibility of the two macromolecules
hinders the diﬀusion of drug molecules from the polymeric matrix due
to strong inter-polymer interactions [57]. Ternary nanocomposites indicated a controlled/modiﬁed drug release proﬁle compared to the
binary one, probably attributed to the inﬂuence of pullulan contents on
swelling index of the ﬁlms [58].
Strong inter-polymer supramolecular interactions creates the matrix
with cross-linked chains network that acts as an impermeable barrier
and restrict the drug liberation or penetration [59]. Reduced swelling
capacity of the nanocomposites could be the major parameter responsible for sustained drug release since it restricts the drug penetration via diﬀusion phenomena. Polymeric chains relaxation and subsequent matrix swelling mediated by the penetration of water
molecules into the composite is a prerequisite for drug release and it
greatly depends on the polymeric functional groups and polymer water
interactions [51]. The water molecules after entering into the polymeric
matrix causes it to swell and subsequently dissolves the tightly packed
drug molecules. The solubilized drug molecules diﬀuses out through the
water permeation channels present within the macromolecular network; thus, the water penetration determine the release of water soluble drugs from the composite [60]. According to Pal et al., 2017
blended composites containing multiple components released the drug
at slower rate compared to the single component formulations since, in
blend formulation the release pattern is controlled by composition of
blend and loading concentration of drug [61]. The rate and extent of
drug release from the polymeric matrix varies greatly depending on the
polymeric network composition and its crosslinking density and these
two parameters in turn are inﬂuenced by the several other variable
factors like polymeric matrix pore size and pore volume fraction, molecular weight and loading concentration of drug, type and strength of
the drug-polymer interactions etc. [62].

3.11. Silver ions release analysis
CSN ﬁlms were characterized by a higher swelling capacity than the
CSPN ﬁlms. CSN ﬁlms i.e. CS2 and CSM2 were characterized by a
maximum swelling index of 202.2% and 285.2% in the initial 30 min
that gradually decreases to 54.7% and 178.9% after 180 min.
The CSPN ﬁlms were characterized by lower silver species release
when compared to control (CSN; CS2 and CSM2) ﬁlms. The CSPN ﬁlms
however, released silver ions in a pattern identical to that of control
ﬁlms presenting rapid liberation in initial 24 h and afterwards the release rate was gradually sustained that acquired equilibrium release
after a particular time. Further no signiﬁcant diﬀerence in the silver
species release was noticed with increased pullulan loading concentration.
It was found that the fabricated nanoparticles were strongly impacted within matrix, preventing the penetration of Ag0 or Ag+ into the
surrounding media. Similar ﬁndings were reported previously [2]. The
rapid dissolution and liberation of nanoparticles present on the polymeric matrix surface is the most appropriate possible explanation for
the event observed in ﬁrst 24 h.
The cumulative silver species released were monitored spectroscopically (Atomic absorption spectrometer) and the results were
shown in ppm or parts per million Fig. 4 (supplementary ﬁle).
The liberated Ag+ are ﬁnally associated with the antibacterial potential of the nanocomposites. AgNPs are discharged from composite
ﬁlm into the surrounding ﬂuid or buﬀer media and are converted into
the silver ions via oxidation phenomena activated by the dissolved
oxygen of the surrounding ﬂuid leading to the formation of silver ions
[2]. The cross-linked network/matrix formed due to the eﬀective
electrostatic interactions among macromolecules (chitosan and pullulan) could be attributed to the controlled silver species release from
the nanocomposites.
3.12. Mox contents uniformity analysis
The loading eﬃciency of CPSN system were calculated and were
found between 94.37 ± 0.18% (CSPM2) to 97.67 ± 0.06% (CSPM1).
No remarkable variance was observed among the drug contents allocated within the ﬁlm center and periphery suggesting that the nanocomposites with uniform drug dispersion were successfully prepared
via solvent casting of aqueous mixtures (Table 3). The results were in
consistent with the previous ﬁndings [55].

3.14. Mox kinetic analysis

3.13. In-vitro Mox release or dissolution analysis

The kinetic analysis of binary (CSM2) and ternary nanocomposite
(CSPM1-CSPM3) ﬁlms were visualized by subjecting the Mox release or
dissolution data to four diﬀerent model ﬁtting equations to investigate
the best ﬁt model. Table 3 summarizes the respective values of regression coeﬃcient (R2) and release exponent (n). Based on the highest
regression coeﬃcient value i.e. R2 > 0.9607; Higuchi diﬀusion model
presented best ﬁt for release data of CSM2 formulation suggesting that
the Mox release from binary nanocomposite is diﬀusion controlled. In
contrast, release data from CSPN ﬁlms presented good applicability to
concentration independent or Zero-order model as demonstrated by
their highest regression coeﬃcient values (R2 > 0.980). It is noteworthy that in ternary nanocomposite/CSPN ﬁlms the release kinetics
was modiﬁed from Higuchi Diﬀusion to Zero-order release proﬁle signifying that the nanocomposites exhibit the capability of providing the
controlled release pattern. Based on exponent n value KorsmeyerPeppas, a semi empirical model well describes the mechanism of drug
release. It has been laid down that if n = 0.43 the release is Fickian and
if n = 0.85 the release is non-Fickian or Case II transport however, if
the n value existed between 0.43 and 0.85 the release mechanism becomes anomalous or Case III where the coupled diﬀusion and polymeric
chains relaxation describes the drug release phenomenon [58]. In few

The drug/Mox release from the CSPN (CSPM1-CSPM3) ﬁlms i.e. and
that of control formulation (CSM2) were investigated under guaranteed
equilibrium conditions in PBS of pH 6.8. The dissolution proﬁles are
shown in Fig. 8 demonstrating the total concentration of Mox released

Fig. 8. In-vitro Mox dissolution proﬁle from CSN (CSM2) and CSPN (CSPM1CSPM3) ﬁlms.
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antibacterial activity at the target site. Luckily all the CSPN formulations presented lower ﬂux and lag time w.r.t CSM2 ﬁlm indicating a
similarity between Mox release and permeation proﬁles.
3.16. Analysis of antibacterial activity
The antibacterial activity of CSPN ﬁlms was investigated via disc
diﬀusion technique against both the Gram-positive and Gram-negative
bacterias. Inhibition activity of the nanocomposites was evaluated
against both the standard and clinical bacterial pathogens including
Staphylococcus aureus (ATCC 6538), Pseudomonas aeruginosa (ATCC
9721) and MRSA clinical isolates denoted as MRSA 10 and MRSA 11.
It was apparent that the formulated nanocomposites highly inhibited all the bacterial pathogens and displayed excellent inhibition
zones, however, compared to the binary nanocomposites (CSN), P.
aeruginosa and MRSA were signiﬁcantly (p < 0.05) found more susceptible to the CSPN ﬁlms than S. aureus.
Among the ATCC bacterial strains, CSPN ﬁlms restricted the growth
of both S. aureus and P. aeruginosa, however, P. aeruginosa was highly
inhibited. Further the CSPN ﬁlms (unloaded and Mox-loaded) displayed
signiﬁcantly (p < 0.05) improved suppression of P. aeruginosa compared to the CSN (CS2 and CSM2) ﬁlms. In case of unloaded CSPN ﬁlms,
the highest inhibition of P. aeruginosa was displayed by CSP1 formulation however, in Mox-loaded CSPN ﬁlms the highest suppression
of P. aeruginosa was denoted by CSPM2.
Compared to the CSN (CS2 and CSM2) ﬁlms, S. aureus was signiﬁcantly less susceptible to the CSPN ﬁlms (p < 0.05). Further, the S.
aureus inhibition was independent of pullulan loading concentration
since, increased pullulan loading concentration denoted no signiﬁcant
increase in the antibacterial eﬃcacy of CSPN ﬁlms. The unloaded CSPN
ﬁlms presented almost equal ZOI against S. aureus with ZOI values
signiﬁcantly lower than CS2 (p < 0.05) respectively. Similarly in Moxloaded CSPN ﬁlms, the highest inhibition zone against S. aureus was
displayed by CSPM2 however, the inhibition zone was again signiﬁcantly lower than CSM2 (p < 0.05).
Excellent eﬃcacy of CSPN ﬁlms was observed against the MRSA
clinical isolates (MRSA 10 and 11). When the bacterial inhibition eﬃcacy of CSPN and control or CSN ﬁlms was monitored against MRSA 10,
it was noticed that CSP1 and CSP2 denoted signiﬁcantly lower bacterial
inhibiton activity than CS2 (p < 0.05) while the CSP3 presented signiﬁcantly higher inhibition zone than CS2 (p < 0.05). Here the increased pullulan loading concentration illustrated an enhancement in
bactericidal activity of unloaded CSPN ﬁlms. Among the Mox-loaded
CSPN ﬁlms, all the ternary nanocomposite ﬁlms indicated signiﬁcantly
higher antibacterial activity than CSM2 (p < 0.05) respectively.
Moreover in Mox-loaded CSPN ﬁlms i.e. CSPM1-CSPM3 the highest ZOI
against MRSA 10 was presented by CSPM1.
When the comparative inhibitory eﬀect of CSPN and CSN ﬁlms was
tested against MRSA 11; in unloaded CSPN ﬁlms the highest antibacterial activity with inhibition zone (ZOI) signiﬁcantly higher than
CS2 (p < 0.05) was displayed by CSP1 only. In Mox-loaded CSPN ﬁlms
however, all the ﬁlms displayed signiﬁcantly (p < 0.05) higher ZOI
than CSM2 with highest inhibition activity being denoted CSPM2.
Based on the results from statistical analysis, the highest bactericidal eﬃcacy from the unloaded and Mox-loaded CSPN ﬁlms was revealed by CSP3 and CSPM2 respectively.
According to the reported literature any compound presenting
ZOI > 1 mm is proposed as good antibacterial agent [31]. The higher
inhibition activity from the Mox loaded nanocomposites was most
probably associated with the liberation of drug molecules from the
matrix into the inoculated agar plates and its subsequent interaction
with the bacterial cells. Kanmani et al., 2013 also described the greater
suppression of Gram-negative bacterias than Gram-positive bacterial
pathogens from the pullulan stabilized AgNPs [27]. Coseri et al., 2015
reported the inhibition zone of approximately 10 mm and 15 mm for S.
aureus from the pullulan stabilized silver nanoparticles [26]. The

Fig. 9. Permeability proﬁle of Mox through rat skin from CSN (CSM2) and
CSPN (CSPM1-CSPM3) ﬁlms.

studies super Case II release mechanism has been reported where n
value exceeds 0.85 [62,63]. The drug release kinetics of the encapsulated drug moiety from the composite ﬁlms is the major determinant of its biological outcome. Therefore, kinetic analysis or kinetic modelling determines a rate limiting step or a type of transport
mechanism being followed to control the release of drug molecules
[55].
3.15. In-vitro permeation analysis
The permeation proﬁle of Mox from CPSN (CSPM1-CSPM3) and
control (CSM2) ﬁlm was evaluated for 1440 min through the rat skin of
full thickness. The results of ﬂow values (J), lag time (tlag), permeated
amount and permeate percentage are shown in Table 2 (supplementary
ﬁle). The permeation proﬁle being followed by Mox from CSPN and
CSN ﬁlm is also shown in Fig. 9.
The binary nanocomposite (CSM2) ﬁlm was characterized by higher
drug permeation than ternary nanocomposite ﬁlms as seen clearly in
Fig. 3. According to the results, a signiﬁcant diﬀerence was observed in
the ﬂow (J), latency time (tlag) and percentage permeate of Mox from
the control and CSPN ﬁlms. Hence it can be concluded that the CSPN
ﬁlms indicated signiﬁcantly lower Mox permeation than CSN (CSM2)
ﬁlm or in other words pullulan inclusion signiﬁcantly (p < 0.05) reduced the permeation of loaded pharmaceutical moiety. Further, as
expected the increased pullulan concentration signiﬁcantly (p < 0.05)
reduced the Mox permeation. Signiﬁcantly lower Mox permeation indicated by lower ﬂux, lag time and percentage permeation was observed from the ﬁlms containing an excess of pullulan (CSPM3 <
CSPM2 < CSPM1). Thus the CSPN ﬁlms formulated with lowest pullulan contents exhibited the highest and most acceptable level of Mox
release (42.32% permeation in 24 h). The ﬂow value of CSPM1 formulation was 0.611 ± 0.0006 μg/cm2/min signiﬁcantly greater than
other CSPN ﬁlms (p < 0.05), consistent with the cumulative amount
permeated (891.17 ± 0.71 μg/cm2) and percentage permeation
(42.32%) results suggesting the highest permeation from CSPM1 ﬁlm
w.r.t other CSPN ﬁlms. The increased thickness and ampliﬁed total
solid contents in the ﬁlms are responsible for the reduced level of drug
release. The increased viscosity is also an important factor eﬀecting the
permeant ﬂow [64]. The lower or restricted drug permeation was
supposed to occur due to the strong inter polymer interactions developed within the nanocomposite matrix from the eﬀective crosslinking
of polymeric chains [59]. The Mox took longer to permeate from the
CSPN ﬁlms when compared to the CSN ﬁlm and such ﬁnding may be
directly correlated with the in-vitro Mox release or dissolution assay
where the drug is released from CSPN matrix in a more controlled
manner than CSM2 ﬁlm. Thus, eﬀective retention and restricted penetration from the nanocomposite ﬁlms would be the most appropriate
explanation to controlled permeation proﬁle of drug [64]. The current
ﬁndings was extremely desired while designing the ternary nanocomposites; since, the drug will remain in contact with the skin for
prolonged time period and will ultimately provide improved/expanded
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excellent antibacterial potential of CSPN ﬁlms against P. aeruginosa was
correlated to its thinner bacterial cell wall. The cell wall of the Grampositive bacteria is composite of a three-dimensional thick peptidoglycan (~20–80 nm) layer compared to Gram-negative bacteria with
approximately 7–8 nm cell wall thickness. The peptidoglycan layer
contains linear polysaccharide chains crosslinked via short peptides
forming a complex structure [27].

the formulated nanocomposites against the Gram positive and Gram
negative bacterial pathogens most frequently involved in complicated
skin and open wound infections was attributed to the synergistic eﬀect
of the Mox and AgNPs. Moreover poly-cationic chitosan may bind with
the bacterial cell membrane and interrupts the membrane functionality
by causing eﬀusion of cellular components [10].
The AgNPs may (a) attach to the bacterial cell surface and changes
the membrane permeability (promotes eﬀusion of intracellular constituents and prevents transport of nutrients through the cell membrane) (b) completely removes the bacterial cell membrane (c) initiate
the free radical production upon interaction with the surface of bacteria
and induces the formation of pores within bacterial cell membrane
which ultimately changes the membrane morphology by aﬀecting the
cell osmoregulation, cell respiration and division and eventually cause
cell perish [10] (c) AgNPs upon liberation of silver ions may cause inactivation of cellular enzymes and proteins (d) interaction of AgNPs
with sulfur and phosphorus units of DNA may aﬀect DNA, RNA replication and proteins synthesis [8]. The enhanced bactericidal activity
of the CSPN ﬁlms against MRSA was related to the bactericidal action of
Mox, a DNA gyrase inhibitor and variation in the chemical composition
of bacterial cell surface [14,73]. The diﬀerence in inhibition or suppression activity against the bacterial pathogens may also correspond to
the variation in AgNPs and Mox interaction with the bacterial cell
surface. The obtained inhibition zone may not correspond to the total
AgNPs and Mox contents entrapped within the matrix since all the
nanoparticles and drug molecules may not be able to interact directly
with bacterial cells grown on the agar plates [74].

4. Discussion
Metal nanoparticles particularly AgNPs hold great potential as antibacterial agent in a wide range of biomedical applications and there
have been great advances in the development of silver nanocomposites.
However the development of ternary nanocomposites with particular
impact of the eﬀect of pullulan in the composite and its contribution to
potential antimicrobial eﬃcacy have not yet been completely elucidated. Chitosan has been widely used as reducing, capping or stabilizing agent for the development of AgNPs based composites materials
however the antimicrobial potential of chitosan silver nanocomposites
can be enhanced by the conjugation of chitosan with other biopolymer
and utilization of polymeric blends for encapsulation of dual antimicrobial components.
The color transformation and the SPR peaks in a speciﬁc wavelength
range of 400–450 nm assures the successful synthesis of spherically
oriented AgNPs via in-situ method [65,66]. The weaker mechanical
characteristics of the nanocomposites might be attributed to the formation of intra-molecular hydrogen bonds between chitosan chains and
possible phase separation among the polymeric constituents of the
composite [6]. The decrease in EB might occurred due to the increased
brittleness corresponded to the amorphous and brittle nature of pullulan since pullulan is reported to form tight structure [67]. The reduced
ﬁlm ﬂexibility form the increased pullulan contents was related to the
formation of the dense interconnected network resulting from the
complex intermolecular hydrogen bonding within the polymeric matrix
[49]. The remarkable increase in the MC was related to the increase in
the number of hydrophilic (–OH) groups [68]. The compact structure
resulted from the strong inter-polymer interactions restricted the solubility and dissolution of nanocomposites in water [36]. Enhancement in
water solubility of the ﬁlms with improved pullulan contents was attributed to its amorphous nature and the presence of increased count of
hydroxyl groups in its molecular structure [6].
Tightly bound network formed due to the strong inter-polymer
cross-linkages ultimately reduced the swelling capacity of nanocomposites [6]. The medium penetration at restricted or controlled rate
due to the eﬀective interpolymer interactions are responsible for the
controlled solubilization of entrapped drug molecules followed by its
controlled diﬀusion to the outside through the interpenetrating paths
formed by the penetrated water molecules [62]. Thus the strong intermolecular hydrogen bond interactions among the –NH2 of chitosan
and –OH groups of pullulan prevent the rapid drug diﬀusion or permeation and sustains the drug release from the composite by forming an
impermeable barrier [69,70]. The variable permeation proﬁle could
also be attributed to the variation in the cross-linking density attributed
to the variable pullulan loading concentration that may aﬀects the release, diﬀusion rate/time and diﬀusion pathway of the embedded drug
molecules [71]. The reduced drug permeation might also corresponded
to the presence of the entrapped AgNPs since mesh size of the composite network decreases with the addition of AgNPs or increasing their
count within the matrix [72]. The chemical interactions of the physical
blends were clearly reﬂected via minor variations in the characteristic
spectral peaks.
Antimicrobial activity of the nanocomposites is a key factor determining its applications as medical substitute in various health care
problems where the use of broadband antibiotics fails since the bacterial strains are mostly unable to develop resistance to silver products.
It is important to point out that the exceptional antibacterial activity of

5. Conclusion
A novel model drug (Mox) loaded ternary nanocomposite (CSPN)
ﬁlms were successfully developed at room temperature via simple, cost
eﬀective and environment friendly method using conventional solvent
casting of aqueous composite mixture. The introduction of ternary nanocomposites as a promising carrier system for Mox and AgNPs using
two polysaccharides (chitosan and pullulan) as reducing, capping or
stabilizing agent is the highlighted parameter of current report. The
prolonged Mox and AgNPs release with sustained Mox transdermal
permeability and exceptionally outstanding bactericidal eﬃcacy of
ternary nanocomposite system particularly against bacteria's prone in
complicated skin and wound infections is the second highlighted
achievement of this work. The eﬀect of pullulan incorporation and its
loading contents on comparative in-vitro release, permeation and antibacterial potential mediated by the ternary nanocomposite (CSPN)
system is highlighted for the ﬁrst time in a current report. Collectively
the developed ternary nanocomposite (CSPN) membranes could be effectively employed as biomaterials, as a drug carrier or scaﬀold for skin
diseases, wounds healing, tissue engineering and other health care
applications.
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