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A 1:1 stochiometric cocrystal of nicotinamide with picric acid (C;2HgN50g) has been synthesised suc-
cessfully by solvent assisted grinding method and structure of the cocrystal is established by single
crystal X-ray diffraction studies. The compound crystallizes in the orthorhombic space group Pbca with
unit cell parameters: a = 7.7608 (11), b = 14.5110 (14), c =24.751 (3) A and Z = 8. The crystal structure
was solved by direct methods and refined to R =0.0723 for 1755 observed reflections. Current study has
primarily focused on hydrogen bonding which is the driving force for the formation of cocrystal.
Hirshfeld surfaces and fingerprint plots indicate that the structures are stabilized by O---H, N---H
intermolecular interactions. In order to make a better understanding supercell model of nicotinamide-
picric acid cocrystal (NICPIC) is created with crystallographic data. Based on this hydrogen bonding
population, radial distribution function (RDF) and bulk properties are simulated via Molecular Dynamics
(MD). Furthermore, DSC/TGA analysis indicates that the NICPIC maintains its crystallinity up to 195 °C,
suggesting its higher stability compared to individual components.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

acids were carried out by Fabidn and co-workers. Their investiga-
tion resulted that well known acid—aromatic nitrogen hetero-

The cocrystallisation tend to enhance the physicochemical
properties of APIs and great impetus is being generated in the
recent past. A cocrystal alludes to two or more than two molecules
combined into the same crystal lattice via intermolecular in-
teractions such as hydrogen bonding, m-m stacking and van der
Waals forces with a fixed stoichiometric ratio, which forms a spe-
cial multicomponent supramolecular crystal structure [1]. Its
extensive applications in pharmaceutical industry were well
docuimented and al<co attracted miich attention in other field< <tich

synthon would provide sufficient driving force for cocrystallisation
[3]. Examples of various cocrystals of nicotinamide with respect to
those of pure acids, have also been reported by Kaup et al.

In their work they could control the formation of stoichiometric
variations by adjusting the reaction mixture composition using
mechanochemical process which in turn helped to manifest the
mechanism of formation for the hydrogen bonded cocrystals.
Interconvertibility of different stoichiometric variations by liquid
accicted orindine wac exnlored bv them and it aleo offered aiiali-
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Abstract

The present research work aimed to development of reduced graphene oxide (rGO) and ZnO nanorods based rZN nanocom-
posite with different molar ratios. This nanocomposite was prepared using a simple, one-step thermal reaction method. The
morphology, phase identification and crystalline properties of the nanocomposites were studied using SEM, TEM, SAED
and XRD techniques. Further, EDS analysis was used for elemental conformation of the nanocomposite. Films of the nano-
composite were deposited on a substrate by the cost-effective spin coating technique and the resistivity was measured by a
Hall measurement system, which shows a decrease in resistivity value. The electrochemical properties studied by measuring
the specific capacitance using cyclic voltammetry (CV) and galvanostatic charge—discharge techniques in 3 M KOH solution.
These CV studies indicated that the positive synergistic effect of rGO and ZnO nanorods has shown excellent performance.
The best results were obtained from the 1:2 ratio of rGO: ZnO, which demonstrated a specific capacitance of 472 F/g, an
energy density of 2.62 Wh/kg, and a power density of 32.24 W/kg. These results concluded that rZN nanocomposites are
promising electrode materials for supercapacitor applications.

Keywords Zinc oxide (ZnO) nanorods - rGO - Nanocomposite - Hall measurement - Galvanostatic charge—discharge -
Hybrid supercapacitor
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Abstract: Heterocycles are generally biologically active
compounds and are the main basic scaffolds in many natural
and non-natural moieties. Recently, silver-catalyzed
syntheses have shown remarkable progress in the field of
synthetic heterocyclic chemistry. This review summarizes the
recent trends in the silver-catalyzed synthesis of nitrogen-
containing heterocyclic compounds.

Keywords: Silver, catalysis, nitrogen-heterocycles.
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1 Introduction

Heterocyclic chemistry is one of the most complex and
intriguing branches of organic chemistry and
constitutes the largest and most varied family of
organic compounds. Many broader aspects of
heterocyclic chemistry are recognized as disciplines of
general significance that impinge on almost all aspects
of modern organic chemistry, medicinal chemistry and
biochemistry. Derivatives of heterocycles constitute
inevitable part of a wide variety of biologically active
natural and pharmaceutically important compounds.
Development of new strategies for the synthesis of
heterocycles has always been a hot research area in
organic synthesis. Nitrogen-containing heterocyclic
compounds are very important because these are the
basic scaffolds in many natural products'!,
pharmaceuticals 2! and materials of importance 1.
Transition metal catalysis is an emerging tool in the
field of heterocyclic chemistry, where palladium is the

This review focuses on the silver-catalyzed
construction of nitrogen-containing heterocycles. To
the best of our knowledge, this is the first review
exclusively dealing with the synthesis of nitrogen-
containing heterocycles by silver-catalysis [l covering
literature up to 2019; however, a brief discussion on
Ag-catalyzed heterocyclic synthesis has beel.
described under the general topic ‘Coinage metal-
assisted synthesis of heterocycles’ 1),

For simplicity and brevity, the N-heterocycles are
categorized based on the size of the ring as well as the
number of N atom in the ring.
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2.1 Five membered N-heterocycles

2.1.1. Five membered heterocycles containing

one N atom

(a) Synthesis of Pyrroles

Ag(I)-catalyzed atroposelective desymmetrization of
N-(2-t-butylphenyl)maleimides were reported via 1,3-
dipolar cycloaddition of azomethine ylides [*l. This
reaction furnishes a series of biologically relevant and
enantio-enriched octahydropyrrolo[3,4-c]pyrrole
derivatives in excellent yields having high levels of
diastereo-/enantioselectivities (Scheme 1). A model
reaction of imino ester and prochiral N-(2-f-
butylphenyl)maleimide using Ag(I)-chiral TF-
BiphamPhos complex as the catalyst and Et3N as the
base at room temperature in 0.2 h afforded the desired
cycloadduct in good yield and enantioselectivity with
excellent diastereoselectivity. After optimizing the
reaction conditions, the substrate scope of imino esters
was explored and observed that non-a-substituted
imino esters having differently substituted phenyl
rings, heteroaromatic and fused rings reacted well with
N-(2-t-butylphenyl)maleimide. The formation of a
stabilized transition state via hydrogen bonding
between the NH, group of the chiral ligand and a
carbonyl moiety of N-(2-¢z-butylphenyl)maleimide is
presumed to be responsible for the reaction.

McnO(‘ C y O Bu
AgOAC/(S)- M B
N + _Bmol%) N
CHCL 23 L
R 10
Yield = 99-86%

R = p-Br-Ph, m-Br-Ph, 0-F-Ph, Ph,
-thienyl, 2-nnph(hyl ce=>99-92%

Scheme 1. Substrate scope study of Ag-catalyzed
desymmetrization of N-(2-t-butylphenyl)maleimide.

The sequential multicomponent synthesis of
polysubstituted pyrroles via the Hantzsch pyrrole
synthesis involving the coupling of a-iodoketone with
the aid of high speed vibration milling under solvent-
free conditions was reported for the first time ). The
reaction used ketones, primary amines and J-
dicarbonyl compounds as the building blocks with the
formation of one C—C and two C—N bonds in the
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Wang and co-worker developed another Ag-
catalyzed strategy for the construction of pyrrole
derivatives ®!. The dearomatization of para-substituted
o-alkynylanilines on furnishes 2-alkynyl
cyclohexadienimines, which reacts with electron-rich
styrenes (Scheme 3). Variously protected nitrogen
atom of aniline showed different effects on this
reaction. Ts and Ms groups showed best results
compared to Tf and Bz groups. The presence of aryl
groups, thiophene, cyclopropyl, pyridine etc. on
alkynyl group tolerated well with this reaction and
gave the expected product in moderate to excellent
yields.

RS R
NHR! — R NR! P R? AgOTf, CH;CN R! 4
Z PhI(OAc), = 50°C,25°C, 24 h SN A ROCH;
MeOH, 25°C —’RS © =~/ OH -
R} R® OCH; R«&
R! = 4-MeC¢H,S0,, MeSO,, CF5S0,, CllsCO 93-70%

R? = C4Hs, 2-thiophyl, 2-pyridyl, cyclopropyl
R3=Me, Et, n-Bu

R*=H, Me

R’ =4-MeOCgH,, CgHs, 4-BnoCgH,,
R®=H, Me

Scheme 3. Construction of derivatives of pyrroles from p-
substituted o-alkynylanilines.

Martin and co-workers disclosed a protocol for the
synthesis of 1,1°-dimethyl-2,2’-bipyrroles using silver
promoted cyclization ). This silver-catalyzed
cyclization strategy provides a way to access 2,2’-
bipyrroles and its derivatives by simply treating it with
NBS or NCS or with both.

A novel protocol for the synthesis of pyrroles via a
[3+2] cycloaddition of isocyanide with alkyne was
reported by Lan er al ', The reaction of ethyl 2-
isocyanoacetate with phenylacetylene in presence of
10 mol% of Ag>COs in NMP at 80 °C for 1 h delivered
ethyl 3-phenyl-1H-pyrrole-2-carboxylate in 89% yield
(Scheme 4).

Ph. CO,Et
e 10 mol% Ag,CO; 2

+Ph—=—COfEt — >

N NMP,80°C,1h  EtO,C™ >N
H

89%

Scheme 4: Silver catalyzed [3 + 2] cycloaddition of ethyl 2-
isocyanoacetate and ethyl 3-phenylpropiolate.

10.1002/adsc.201900599

Scheme 5: Competitive experiments between internal
alkyne and terminal alkynes with isocyanide for pyrrole
synthesis.

The [3+2] cyclization of allenoates with activated
isocyanides delivered 3H- or IH-pyrroles !l The
reaction of methyl 2-benzylbuta-2,3-dienoate with
methyl 2-cyanoacetate in presence of 10 mol% of
Ag,COs without any ligand afforded 1H-pyrrole and
3H-pyrrole in 37:<2% yield in 24 h at 0 °C (Scheme
6). But when PPh; was used as the ligand, the yield
increased to 55% with 3H-pyrrole as the exclusive
product. Further optimization studies disclosed that
the yield could be increased to 90% when CHCl; was
used as the solvent. The cinchona derived alkaloids as
ligands were efficient for this protocol yielding 3H-
pyrroles in good to excellent yields with excellent
enantioselectivity.

o, Me‘ £ ~PPh,|

Bn\”/COZMS 10mol% Ag:0 COMe 5 ! 2
+ N coMe ————— ;:é N\ HNT S0 !

c MeO,C. | | ;
CHCI zo °c RZ) :

veo,c” N ER N |

W|h ul 37% |

1,R = CHCHj, R = OMe, Yield = 93%
2,R=Et R = H, Yield = 84%

Scheme 6: Ag-catalyzed synthesis of 1 H- and 3 H-pyrroles.

A new protocol for chromeno[2,3-b]pyrrol-4(1H)-
ones using silver catalyst has been reported ['?). Th
silver oxide-catalyzed cascade cyclization of ethyl 4-
(2-hydroxybenzoyl)-5-iodo-2H-pyrrole-2-carboxylate
formed from  3-iodochromone and  ethyl
isocyanoacetate resulted in chromeno|[2,3-b]pyrrol-
4(1H)-one in 87% yield (Scheme 7). 3-lodochromone
with electron-donating and electron-withdrawing
substituents on the aromatic rings gave the
corresponding products in good to excellent yields.

o
2
/ = 2/\ X H

= CO,Et, COzMe, 4-Me-CgH4-SO, 32-97%
R2= H, Me, Et, i-Pr, F, C, Br, Ph
X=0,8

20 mo% Ag,0
2 equiv. KZCO3

NMP, 130°C 1h
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ARTICLE INFO ABSTRACT

Keywords: In the present study, we synthesized silver nanoparticles in titanosilicate matrix through low cost non-hydrolytic
Plasmonic nanoparticles sol-gel method using titanium isopropoxide (TIP), tetraethylorthosilicate (TEOS, (Si(OC,Hs)4) and ethanol
DSSC (C,HsOH) as solvents. These were investigated for the plasmonic effect of nanoparticles in dye sensitized solar
Sol-gel

cells (DSSC). The fabricated dye-sensitized solar cells with Ag: SiO,-TiO, films coated in fluorine doped tin oxide

(FTO) glass plate with dye of amaranthus red shows an improved output voltage. The samples were optically and
structurally well studied by absorption spectroscopy, Fourier transform infrared spectroscopy(FTIR), X-Ray
diffraction (XRD) and transmission electron microscopy(TEM). The XRD studies confirmed the crystalline nature

of TiO, and Ag.

1. Introduction

Noble metal nanoparticles research has attracted a lot of attention
due to a wide range of potential applications in plasmonic solar cells,
surface enhanced Raman scattering, surface enhanced fluorescence and
metamaterial absorbers to count a few [1-13]. Plasmonics is one of the
most important fields that make use of the nanoscale properties of noble
metals. It extracts the surface plasmon resonance properties of nano
particles. In plasmonic solar cells, plasmonic structure excites more
electrons due to increased light absorption and scattering and the
plasmon-polaritons trapped more incident light within the structure.
These factors favor the enhancement of efficiency of plasmonic DSSCs
compared to normal DSSCs. [14-17]. Due to increasing energy con-
sumption, there is a great need for new inexpensive sources of renew-
able energy. Sunlight is plentiful, inexhaustible and eco-friendly source
of energy and therefore trapping of solar energy is established as one of
the interesting research areas [18-20]. The energy harvesting may be
improved by plasmonic nanoparticles (NPs) in two ways (i) by adopting

the plasmonic NPs, and by choosing the right surrounding medium, one
can also enhance the aforesaid aspects [21-24]. Further broad band
optical absorption has tremendous potential for solar energy harvesting
and it is a necessary condition for improving the efficiency of solar cells
[25-27]. One of the factors that determines the performance of solar
cells is the efficiency of the light absorption process that generates
electron-hole pairs, as well as the subsequent extraction of these charge
carriers. DSSCs with incorporation of plasmonic nanoparticles are
promising alternatives to traditional solar cells [18,28-30]. Recently
solar cells such as DSSCs and organic solar cells (OSC) have received
promising role for renewable energy exploration due to low cost, simple
fabrication techniques, flexibility, and low toxicity. One of the main
disadvantages is the lower energy-conversion efficiency compared to
other solar cells [31-33].

Researchers have reported many methods for the synthesis of NPs
like sol-gel techniques, melt-quenching, ion exchange, ion implantation
etc. Sol-gel method is one of the important techniques used for nano
scale synthesis and it has several advantages over other methods such as
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ABSTRACT

Novel white light emitting dysprosium oxalate nanocrystals were prepared via microwave assisted co-
precipitation method and the photoluminescence characteristics were elucidated on the basis of crys-
tal structure. X-ray powder diffraction and transmission electron microscopy analyses were employed to
identify the structure and morphology of the synthesized nanocrystals. Under 364 nm excitation
dysprosium oxalate nanocrystals emit blue (480 nm), yellow (572 nm) and red (655 nm) light with
chromaticity co-ordinate (0.35, 0.39) which lies in the near white light region. The efficient luminescence
exhibited by dysprosium oxalate negating the probable luminescence limiting factors is further inves-
tigated by single crystal structure analysis. The crystal structure of dysprosium oxalate facilitates well
separated Dy>* centres thereby minimizing the energy migration between the luminescent centres,
allowing higher concentration of Dy>* ions in oxalate matrix without substantial luminescence
quenching. The other crystallographic features promoting the luminescence emission of Dy>* in oxalate
matrix are also discussed in detail in view of the structural features.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

are the features of single component white light emitting phos-
phors [6,7].

Rare earth based phosphor materials have assumed a key role in
lighting and display devices due to their characteristic sharp
emission lines originating from 4f-4f transitions spanning over the
entire visible region. They became an indispensable component of
white light emitting diodes (WLEDs) in which suitable combina-
tions of near ultra violet (NUV) excitable blue, green and red
emitting phosphors are employed [1-4]. Even though tri-colour
WLEDs have fairly good colour rendering index, the luminescence
efficiency is relatively low due to the re-absorption of blue light.

NMAarcmirar Falhrimcratimer A ctmevrla Myt afimer cvretmarme taq lh w11l Al

Trivalent dysprosium (Dy>*) ion is a promising candidate to
achieve white light emission more easily due to its intra configu-
rational 4f°— 4f° transitions yielding strong emission lines in the
blue, yellow and red spectral regions corresponding to the transi-
tions 4F9/2 - 6H15/2, 4F9/2 — 6H13/2 and 4F9/2 — GHn/z respectively.
Among these, intensity of the electric dipole transition (4F9/
9 — 6H13/2) strongly depends on crystalline field of the host lattice.
Therefore by the proper choice of host lattice and concentration of
Dy>*, the intensity ratio (yellow to blue) can be controlled and tune
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ABSTRACT

Here we report a simple, one-pot, inexpensive, and eco-friendly method for the synthesis of silver
nanoparticles. The leaf extract of a medicinal plant Nervalia zeylanica was used as reducing and stabilizing
agent for the synthesis of nanoparticles by microwave-assisted strategy. The nanoparticles show
characteristic surface plasmon peak at 468 nm in UV-vis absorption spectrum. The involvement of
phytochemicals in the reduction and stabilization of nanoparticles was confirmed by FTIR analysis. Using
X-ray diffraction analysis, the crystalline nature of the nanoparticles was demonstrated. Transmission
electron microscopic analysis shows that the nanoparticles were in spherical shape with average particle
size of 34.2 nm. The antioxidant studies were performed by the 1,1-diphenyl-2-picryl hydrazyl method.
The nanoparticles show excellent scavenging activities than the leaf extract. The ICsqy values of silver
nanoparticles and the leaf extract, respectively, were 15.20 and 92.83 pg mL™". The catalytic activities of
synthesized nanoparticles were examined by using them in the reduction of organic dyes. The
nanoparticles show excellent catalytic activities and follow pseudo-first-order kinetics. The antimicrobial
activities of nanoparticles were analyzed by an agar well diffusion method against six microbial strains

KEYWORDS
Antimicrobial; antioxidant;
catalysis; microwave;
Nervalia zeylanica; silver
nanoparticles

and found that the nanoparticles were highly toxic against all the tested microbial strains.

1. Introduction

Nanotechnology is one of the latest and emerging areas of
research in modern material science. Nanoparticles exhibit
new and superior properties than their larger counterparts.
They have unique physical and chemical properties and major
use in various fields such as medicine, biology, biotechnology,
magnetic, catalysis, electronics, chemistry, physics, material
sciences, optoelectronics, optics, and sensors (Li et al. 2003;
Cruz et al. 2010; Ahmed et al. 2016; Varadavenkatesan,
Selvaraj, and Vinayagam 2016; Keshavamurthy, Srinath, and
Rai 2017).

Because of the wide application in various fields, silver
nanoparticles (AgNPs) occupy special importance in nano-
technology industry (Shukla et al. 2012; Nayak et al. 2016).
Researchers use different methods such as chemical, physical,
electrochemical, photochemical, and biological techniques for
producing silver nanoparticles (Sun et al. 2002; Yin et al. 2003;
Zhang et al. 2008; Alias Antonysamy et al. 2017). Most of these
methods are quite expensive or potentially hazardous to the

several biomolecules act as reducing and protecting agents.
Biosynthesis of silver nanoparticles can be done using micro-
organisms (Shahverdi et al. 2007; Nanda and Saravanan 2009;
Saravanan and Nanda 2010) and plant extract (Joseph and
Mathew 2015a; Francis et al. 2017a; Kasithevar et al. 2017a;
Vijayan, Joseph, and Mathew 2017a). Since microbe-mediated
synthesis requires highly aseptic conditions and its mainte-
nance, its use in industry is limited. Using plant extracts for
the synthesis of nanoparticles is advantageous than others,
because, it is rapid, less biohazards (Prakash et al. 2013), and
eliminates the complicated process of maintaining the cell
cultures. If plant-mediated biosynthesis performed in normal
conditions, it will take more time than chemical methods. The
microwave-assisted synthesis overcomes this problem. In micro-
wave synthesis method, heat energy can be directly applied to
the reaction and heating the vessel is not required. This leads
to a fast rise in temperature, faster reaction, and clean product
formation (Roberts and Strauss 2005; Kappe and Dallinger
2006). Microwave synthesis is eco-friendly as it does not produce
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Magnesium-1,4-benzenedicarboxylic acid (Mg-TPA) and magnesium- 1,3,5-benzene tricarboxylic acid
(Mg-TMA) MOFs were synthesized and successfully incorporated in a poly (ethylene oxide) (PEO) matrix
as filler for different proportions of LIN(CF3S0;), (LiTFSI) as salt. The membranes prepared were ther-
mally stable up to 360 °C. The ionic conductivity of the polymer electrolytes was enhanced upon addition
of MOF and a maximum conductivity of 7.02 x 10~4S cm~! was achieved for CPE containing 10 wt % of
Mg-TPA as filler. The interfacial properties of the CPEs with lithium metal anode were analysed by
compatibility, Fourier transform infrared (FT-IR) and XPS analyses. Li/NCPE/Li symmetric cells were
assembled and the dendrite growth was also studied. The lithium transference numbers (t i) was
measured as 0.58 and 0.52 for the CPE containing Mg-TPA and Mg-TMA, respectively which is appre-
ciable for battery applications. The influence of different organic ligands on the electrochemical and
interfacial properties of solid polymer electrolytes was investigated and discussed.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

electrolyte by solid polymer electrolytes (SPE) in conjunction with
Li- metal anode [4]. Although inorganic solid electrolyte possesses

Although lithium-ion batteries (LIBs) were commercialized in
1991 by Sony, Japan for consumer electronics (e.g. laptop, mobile)
their applications in hybrid electric vehicles still require improve-
ments in terms of energy density, cycle life and better safety [1,2].
LIBs also face critical safety issues since it contains organic liquid
electrolytes which have low thermal stability and flash point that
lead to poor safety issues [3]. In order to overcome these challenges,
new types of solid electrolytes with better safety, excellent flexi-
bilitv and outstandine electrochemical bproperties are being

high thermal stability the poor electrode/electrolyte contact ham-
pers it from practical application [5,6]. Obviously, by virtue of its
advantages, SPEs have been identified as a potential candidate for
all-solid-state lithium batteries. The basic requirements for solid
polymer electrolyte are; (i) high ionic conductivity (10~4Sem~! at
ambient temperature) with negligible electronic conductivity, (ii)
appreciable mechanical integrity and compatibility with electrodes
and (iii) chemical and electrochemical stability. However, identi-
fvine a SPE with apnporeciable ionic conductivitv at ambient tem-
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ARTICLE INFO ABSTRACT

The present work explores the humidity sensing performance of core-shell structured Polypyrrole/Tantalum
pentoxide (PTO) composite. For the study, Polypyrrole (PPy) prepared by chemical oxidative polymerization
was mixed mechanically with different mass ratios of Tantalum pentoxide (Ta,Os) to form four PTO composites.
The compositional properties of PTO composites were studied by FTIR and XRD techniques. The SEM and TEM
morphological studies revealed core-shell structures of the composites. For the sensing studies, the film of PPy
and each of PTO composites were prepared by implanting each sample on a glass plate using simple spin coating
technique. Of all the samples prepared, the PTO-4 composite, as an epitome of near perfect sensing, has shown
humidity sensing response of 99.99% and has recorded a good response and recovery times of 6s and of 7's
respectively. It has also recorded a good real sensitivity, limit of detection (LOD), linearity, hysteresis and has
shown good sensing stability over a period of two months. As compared to PPy, the porosity, water content and
degree of swelling of PTO-4 composite has remarkably enhanced. The humidity sensing mechanism of the
composite has been discussed as due to the formation of chemisorption and physisorption layers followed by
capillary condensation process.

Keywords:

Polypyyrole

Tantalum pentoxide
Mechanical mixing
Humidity sensing response
Limit of detection
Linearity

1. Introduction and in chemical sensors [8] because of its special transport properties,

great workability, low cost and light weight [9]. However, with all the

In a modern world, the demand for smart technical devices like
humidity sensors has correspondingly increased and so they are gaining
economical importance in the field of medical industry, food produc-
tion and storage industry, meteorological industry, agriculture, li-
braries, museums, nuclear power plants [1,2]. The Industrially fabri-
cated humidity sensors devised using established sensing materials such
as ceramics, alumina thin films and metal oxides are less advantageous
because of the stumbling blocks such as high power consumption, more
complexity in device fabrication, high operating temperature and high
cost [3,4]. To prevail over these disadvantages, conducting polymer
based sensors were developed which have many advantages like simple
fabrication, room temperature operability, hygroscopicity and possibi-
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aforementioned favorable properties of pure PPy, humidity sensors
based on it need to be improved in many ways; water adsorption ca-
pacity needs to be improved to enhance their sensitivity, response and
recovery time need to be shortened to increase their efficiency [10,11].

In this direction, PPy/metal oxide based sensors are being ex-
tensively studied by many researchers. Among them, some are reviewed
here: W. Delin et al. have synthesized and examined sensing response of
PPy/Graphene composite in the RH range of 12 to 90%, and have re-
ported 82% sensing response with response time of 15s and recovery
time of 20 s respectively [12]. R. Najjar et al. have studied the sensing
properties of the PPy/ZnO composite and have accounted a sensing

performance of 98% with response time of 180 s and recovery time of
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ARTICLE INFO ABSTRACT

In situ tissue engineering is emerging as a novel approach in tissue engineering to repair damaged tissues by
boosting the natural ability of the body to heal itself. This can be achieved by providing suitable signals and
scaffolds that can augment cell migration, cell adhesion on the scaffolds and proliferation of endogenous cells
that facilitate the repair. Lack of appropriate cell proliferation and angiogenesis are among the major issues
associated with the limited success of in situ tissue engineering during in vivo studies. Exploitation of metal oxide
nanoparticles such as yttrium oxide (Y»,03) nanoparticles may open new horizons in in situ tissue engineering by
providing cues that facilitate cell proliferation and angiogenesis in the scaffolds. In this context, Y,O3 nano-
particles were synthesized and incorporated in polycaprolactone (PCL) scaffolds to enhance the cell proliferation
and angiogenic properties. An optimum amount of Y,Os-containing scaffolds (1% w/w) promoted the pro-
liferation of fibroblasts (L-929) and osteoblast-like cells (UMR-106). Results of chorioallantoic membrane (CAM)
assay and the subcutaneous implantation studies in rats demonstrated the angiogenic potential of the scaffolds
loaded with Y,O3 nanoparticles. Gene expression study demonstrated that the presence of Y,03 in the scaffolds
can upregulate the expression of cell proliferation and angiogenesis related biomolecules such as VEGF and
EGFR. Obtained results demonstrated that Y,O3; nanoparticles can perform a vital role in tissue engineering
scaffolds to promote cell proliferation and angiogenesis.

Keywords:

Yttrium oxide
Tissue engineering
Electrospinning
Angiogenesis

Cell adhesion

1. Introduction

There has been a steady progress in translating various approaches
in tissue engineering to produce viable and functional tissue engineered
constructs [1]. Bioactive polymeric tissue engineering scaffolds that
display bioactivity, biodegradability and cytocompatibility are being
developed to generate such functional engineered tissues [2]. However,
the clinical translation of traditional methods of tissue engineering has
relatively been slow due to the difficulties associated with the use of

using a cell free scaffolding technique which reduces the cost and la-
bour associated with in vitro cell culture. A key challenge in such in situ
tissue engineering approaches is the lack of rapid formation of func-
tional vascular bed through the scaffolds to ensure the survival of mi-
grating and proliferated cells within the scaffolds [7]. Lack of vascu-
larization in tissue engineering scaffolds can results in insufficient cell
integration within the scaffolds or cell death [8]. Use of growth factors
in scaffolds can significantly enhance cell proliferation and angiogen-
esis. However, the low stability of growth factors in vivo, their short
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ARTICLE INFO ABSTRACT
Keywords: Nowadays, roughly 90% of worldwide epoxy resin materials are made from diglycidyl ether of bisphenol A
Bio-based epoxy resin (DGEBA). This resin offers unique features such as outstanding mechanical properties, chemical resistance, and
Flame retardancy shape stability. By contrast, the growing awareness of environmental issues, global warming, and depletion of

Thermoset composites

petroleum reservoir suggest search for using bio-epoxy resin from sustainable resources. Indeed, DGEBA is a
Flame retardants

petroleum-based monomer obtained from bisphenol A and epichlorohydrin, two potential precursors harmful for
the environment and human health as well. The problem deepens when it comes to the high flammability of such
materials, which restricts their use in strategic applications. Although the introduction of flame retardant (FR)
additives to epoxy matrices has been a major strategy to induce flame retardancy, negative impact on me-
chanical properties and migration of FRs to the materials’ surface remained unresolved issues. Tailoring epoxy
chains with chemically bonded reactive flame retardants to epoxy resins would be the solution to avoid mi-
gration of FRs to surface, along with protecting mechanical properties of resin. With the rapid development of
reactive bio-based FRs and epoxy resins, production of flame retardant bio-epoxy with high biomass content has
become a promising strategy to address these issues. This conside review encompasses latest progress in flame
retardant bio-epoxy resins made of different resources, with inherent chemical structures of either epoxy
monomers or embedded reactive flame retardant elements.

1. Bio-epoxy versus conventional petroleum-based epoxy properties, the use of epoxy monomers brings about some problems [6]
summarized as follows:
Epoxy resins offer versatile integrated features such as outstanding

mechanical properties, chemical resistance, and shape integrity in (D) It has been proved that DGEBA has severed effects on living or-
harsh conditions. These properties are the result of a crosslinked 3D ganisms due to the toxicity of BPA [7]. Since BPA has been in-
network obtained by the chemical reaction between an epoxy monomer volved in the manufacture of many products, especially in epoxy
and a curing agent [1,2]. The use of epoxy thermosets has been surged resin thermosets, concerns about exposure to high dosages of BPA
over the last decade in a wide range of applications such as coatings, seems harmful for human life. Given this, legislation in many
adhesives, solar cells, electronic apparels, as well as in automotive and countries has banned the use of BPA in infant-related products [8].
aerospace industries [3,4]. Such applications are expected to receive (I) From an economic point of view, as DGEBA is derived from pet-
more attention in the near future. Petroleum-based diglycidyl ether roleum, it has experienced a rise in raw materials prices that have

bisphenol A (DGEBA) accounts for ca. 90% of the epoxy resin world- had a negative effect on the market.
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Abstract

Discovery of high-yielding microalgae rich in valuable lipids, proteins, pigments, or carbohydrates is essential to the growth of
nutraceutical and biofuel industries. Therefore, bioprospecting of microalgae from diverse environmental conditions has become
highly significant to meet the demand of such bioresources globally. In this context, bioprospecting of three species of microalgae
isolated from bloomed freshwaters of Kerala, India, was carried out; morphological and molecular characterizations revealed two
of the algae as new species to science and named accordingly. The industrial potentials of these algae (Fasciculochloris boldii
(MH992105.1), Sphaerocystis antoni-kadavilaii Ray & Prasanth sp. nov. (MK005299.1), and Chlorella zachariaii Ray &
Prasanth sp. nov. (MH930447.1)) were assessed in terms of biomass yield and biochemical profile. The alga Sphaerocystis
antoni-kadavilaii with a biomass yield of 176.8 £2.0% increase L' day ', lipid productivity of 4.4+0.3 mg L' day ', the
protein content of 46.1%, is found promising, in comparison with the known species such as Spirulina sp. and Chlorella sp. It is
high in chlorophyll a, and total carotenoid content as well. The alga Fasciculochloris boldii showed high lipid content of 26.8 =

1.1% and the alga Chlorella zachariaii showed 30.1% of omega-3 fractions in its total fatty acids. The Fourier transform infrared
spectroscopy confirmed biodiesel feasibility of lipids from all these algae. However, the alga Fasciculochloris boldii with high
proportions of saturated fatty acids in its lipid (71.2%) can be considered as a potential species for biodiesel as the biodiesel from
the same also shows the required cetane number (63.3) and low iodine value (38.9).

Keywords Microalgae - Bioprospecting - Proteins - Nutraceuticals - Lipids - Biofuel

Introduction suitable technological and social interventions can propetly

manage the crisis. It is in this context, microalgae appear to

Global warming is an unprecedented kind of developmental
crisis in the history of human survival on the earth. There are
three challenging measures for solving the crisis, which in-
cludes finding alternate better energy sources, taking measures
for not increasing the existing atmospheric carbon level, and
searching for means to reduce the same. All three measures
are quite interlinked and difficult to achieve success. But

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12155-019-09990-9) contains supplementary
material, which is available to authorized users.

be an efficient means of carbon sequestration and an important
carbon-neutral renewable energy source [1].

Microalgae rich in saturated fatty acids, proteins, minerals,
antioxidants, and vitamins are promising third-generation
bioresources, highly valuable as nutritious food and feeds,
medicine, nutraceuticals, and biofuels [2—4]. Certain
microalgae can provide a huge amount of high-quality bio-
mass in limited time. Such algae have the potential to meet the
resource crunch for bioresources currently existing in the
world. The biodiesel prepared from algal oil is carbon neutral
as the burning of the same does not create an increase in the
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ARTICLE INFO ABSTRACT

Keywords:
Graphene
Polyurethane
Hybrids
Superhydrophobic
Enhanced stability

A super-hydrophobic graphene oxide (GO)-azobenzene (Azo) hybrid material was synthesized through a covalent
grafting of amide linkage. Fourier transforms infrared spectra (FTIR) and UV-visible (UV-vis) spectra confirmed
the successful formation of GO-Azo hybrid material. The GO-Azo exhibited high water repellence with water
contact angle of ~152°. As a new kind of filler material, the scope GO-Azo in improving the hydrophobicity of
polyurethane was investigated through contact angle measurements of polyurethane films with varying amount

of GO-Azo. Mechanical and thermal studies showed improved stability and rigidity of the composite film as well
at doping ratio of only 3 wt% the of the filler.

1. Introduction

Super-hydrophobic materials, owing to their significance in funda-
mental research and industrial interest, have established an astonishing
impact in the field of material research, in a variety of functional ap-
plications. The super-hydrophobic state of surface manifests fascinating
water repellence, accompanied with a high-water contact angle (WCA),
which is greater than 150°. Currently, the high water repellence have
raised their demands in designing a variety of needful products to be
employed in anti-biofouling [1-3], fluid transportation [4,5], sensors
[6-8], self-cleanings [9-12], super-hydrophobic valves [13], battery
and fuel cell applications etc. [14].

Polyurethane (PU) is a thermoplastic elastomeric polymer, consist-
ing of both hard and soft segments, with high resistance to abrasion,
flexibility, stretchability and high adhesiveness. These characteristics
combined with their low cost and ease of processability made it a
demanding choice in numerous applications such as in coatings [15],
adhesives [16,17], footwear [18,19], furniture [20], automotive [21]
and holds a unique importance in daily life. Despite the advantageous as
mentioned above, there are certain factors that minimize its use in many

has hydroscopic tendencies, i.e. water absorption characteristics.
Therefore, the poor hydrophobicity of polyurethane products is not
guaranteed for their durability as they absorb water and gradually
decomposed and lose their quality. As a solution to this problem, there is
a growing interest in the research to improve the hydrophobicity of
polyurethane by incorporating various fillers that helps to improve
water repellence of polyurethane [22-27].

Graphene, a two dimensional carbon material with a honeycomb,
hexagonal lattice structure, has evolved to be a multifunctional material
by virtue of its exciting electronic [28,29] optical [30], thermal [28,31]
and mechanical [28] properties. Apart from this, recent research have
also focused on revealing its ability to create super-hydrophobic mate-
rials and surfaces, either by controlling their surface roughness or
changing the chemical composition that offer reasonable change in their
wetting properties [32-35]. Covalent functionalization with a hydro-
phobic moiety seems to be an effective method among all these.
Manipulatable precursors like graphene oxide (GO) offers better solu-
bility and processability than pristine graphene. Moreover, GO, an
oxygenated form of graphene, can be easily functionalized through its
oxygen functional groups in its basal plane and edges. For example,
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ARTICLE INFO ABSTRACT

Keywords: Blends of polypropylene (PP) and natural rubber (NR) with different loadings (1,3,5 &7 wt%) of multiwalled
Natural rubber carbon nanotubes (MWCNTs) were prepared by melt blending process to design a nanocomposite with tunable
Polypropylene

electromagnetic interference (EMI) shielding performance. Scanning electron microscopy (SEM) studies show
that the addition of MWCNTs changes the droplet morphology into quasi co-continuous morphology for PP/NR
80/20 (wt/wt) blend system. However there is a refinement in the co-continuous morphology of PP/NR (50/50)
by the addition of MWCNTs. The effects of the blend morphology and selective localization of MWCNTSs on the
dielectric, electrical properties and EMI shielding performance were systematically investigated. The largely
enriched dielectric performance originates from the interfacial polarization of MWCNTs within the polymer. It is
understood that the shielding performance significantly enhanced due to the selective localization of MWCNTs in
the NR phase that provided high conductivity and heterogeneous dielectric media with multiple interfaces. The

Selective localization
Droplet morphology
Co-continuous morphology
EMI shielding

blend nanocomposites show a shielding effectiveness of ca.29 dB at 3 GHz for 7 wt% of MWCNT loading.

1. Introduction

Electromagnetic interference (EMI) is a major concern in the present
era because of the radiation emitted from electrical equipment and de-
vices are ubiquitous sources of severe pollution. Since these radiations
are harmful to human beings and can damage precise electronic cir-
cuitry, developing a material that can block these EM radiations became
an urgent necessity for the researchers [1]. Thus rapid growth in elec-
tronic equipment and telecommunication devices has led to the demand
for high performance electromagnetic interference (EMI) shielding
materials [2,3]. A good shielding material must be capable to shield both
incoming and outgoing radiation'[4] And their ability to block electro-
magnetic waves depends on materials electrical conductivity, permit-
tivity and permeability. Use of metals as conventional shielding
materials is very much restricted because they have disadvantages like

further interference. Recently, polymer composites have gained popu-
larity because of their light weight, resistance to corrosion, structural
flexibility, superior processability which can be further tuned based on
user needs compared with traditional metal based structures [5].
Polymeric materials are transparent to electromagnetic radiations
because of their electrically insulating and non-magnetic nature. The
best strategy to overcome this problem consists of dispersing electrically
conductive fillers or intrinsically conducting polymers within polymer
matrices. Attenuation of EM wave by polymer composites is through
combination of absorption, reflection, and multiple reflections rather
than reflection which is dominant in the case of metals [6]. Even though
addition of very high concentration of conducting reinforcements helps
to attain very high electrical conductivity it deteriorates the overall
mechanical performance of the composites. Moreover for better pro-
cessing and cost saving the realization of a high shielding effectiveness
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In the present study, a new series of biheterocycles pyrazoline-thiazolidinones derivatized at fifth po-
sition with substituted arylidene groups were developed as potent inhibitors of Escherichia coli FabH
(PDB: 5BNS) an antimicrobial target. These compounds are conveniently synthesized from 3,5-
substituted pyrazolinyl carbothioamide precursor. The virtual inhibition assay and pharmacokinetic
profiling were carried out based on in vitro antimicrobial assay on pathogenic microbes. Amongst, the
compound with 4-methoxy benzylidene substituent emerged as effective against all tested bacterial
strains. The compound binds very effectively to the active site of the target with minimum glide
score = —8.400 kcal/mol. The structure of newly synthesized derivatives was confirmed by several
spectroscopic techniques and some of the hybrids by single crystal XRD studies. The compounds 3, 4a
and 4g were crystallized in monoclinic crystal system with P2;/c, P2;/n and Cc space group respectively.
The intermolecular contacts in the crystal structure were elucidated by Hirshfeld computational methods
and molecular electrostatic potential maps illustrated the charge distribution of the molecules.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Drug design or tailor made compounds aim at developing highly
effective lead molecules for a particular target with specific mode of
action. The drug discovery process involves the identification of the
candidates, synthesis, characterization by modern analytical tech-
niques, screening for their potential therapeutic efficacy and com-
puter assisted drug design by molecular modeling tools. To

In recent years significant strategy in developing pharmaceuti-
cally important molecules based on thiazolidinone derivatives has
gained impetus due to its great affinity for various biotargets/en-
zymes [1]. The thiazolidinone scaffold attracts great attention as
building block in the synthesis of widespread target molecules
which displayed significant importance as simple methodology for
its synthetic design, also found in various biologically active com-
pounds like vitamin B (thiamine), appears in various natural
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ABSTRACT

The present work is aimed to the fabrication of enantioselective sorbent and sensor for the selective and specific
recognition of L-phenylalanine benzyl ester (L-PABE) template molecule in photo-responsive molecularly im-
printed polymer (PR-MIP). Here a photo-switchable azo-benzene derivative, 4-[(4-methacryloyloxy)phenylazo]
benzoic acid (MPABA) is synthesised and used as the functional monomer. Composites of multiwalled carbon
nanotubes (MWCNTs) and imprinted polymer were prepared using 1:4mol imprinting ratio of L-PABE and
MPABA and N,N-ethylene bismethacrylamide (EBMAA) as the crosslinking agent. Conventional bulk MIP and
their respective non-imprinted polymers were also synthesised and characterized to investigate the influence of
pre-organization of binding sites on the selectivity of L-PABE. The enantioselective sensor is fabricated on
platinum working electrode using imprinted and non-imprinted polymers and their electrochemical measure-
ments are investigated using cyclic voltammetry (CV), differential pulse voltammetry (DPV) and elctrochemical
impendence spectroscopy (EIS). The platinum modified sensors possess a limit of detection and limit of quan-
tification as 0.2086 umol L ™! and 0.6953 umol L ™! respectively. MWCNT-MIPs and MIPs exhibit the largest
adsorption capacity towards L-PABE. The synthesised polymers reveal characteristic adsorption features and
selectivity towards L-PABE in comparison with its enantiomer analogues. Photo-regulated uptake and release
studies of MWCNT-MIP and MIP on L-PABE were also done to determine the photoswitching reversibility of
functional monomer.

1. Introduction

special characteristic features such as good stability, bright colours, low
flammability and rapid reverse photo isomerization [8]. Azo-benzene is

Stimuli-responsive molecularly imprinted polymers (MIPs) have
recently got a significant consideration because they represent a new
generation of intelligent and self-regulated artificial receptors and have
shown pronounced potential in various applications [1]. Stimuli-re-
sponsive materials are able to alter volume and properties in response
to environmental stimuli such as pH, temperature, ionic strength,
electric field, and photo-irradiation [2]. Among these, photo-irradiation
is one of the most frequently accepted external stimuli for stimuli-re-
sponsive polymers, since it is suitable to apply and easy to control using

composed of two aromatic rings where an azo linkage (—N=N-) joins
the two phenyl rings, when irradiated with UV light thermodynamically
stable trans-isomer of azo-benzene derivative undergo photo-iso-
merization to form metastable cis configuration and upon visible light
irradiation or thermally in dark, this cis-form get converted photo-
chemically to trans form [9] which is schematically shown in Fig. 1.
Molecular imprinted polymers were fabricated for the selective and
specific recognition of template molecule via simple polymerization
method [10-12]. In a typical imprinting process, template and func-
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The analysis of urinary nuclecsides is becoming a very good tool in the diagnosis of diseases like
AIDS and cancer and consequently the identification of modified mucleosides using mass
spectrometry 15 an area of utmost importance. In this context, there 15 a high relevance in the
understanding of the mechanism of collbsionally mduced dissociation (CID} of these
heterocyclica. The present work characterizes and differentiates the cross-linked products formed
by one electron oxidation of thymune (Th Three dimers A, B and C, were analyzed, out of which

the dimer A 15 a C5-C5" cross link of two T molecules contamming a fused tetrabvdrofuran ring,
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Abstract

In this study, an ethnonanocomposite was produced by using Curcuma zedoaria and ZnO nanoparticles. This was immo-
bilised on poly (e-caprolactone) (PCL) microspheres for effective delivery. The presence of curcuminoids in C. zedoaria
extract was confirmed by GC-MS and LC-MS analyses. The ZnO/C. zedoaria. nanocomposite synthesised in this study
was subjected to X-ray diffraction and field emission scanning electron microscopy, which revealed the crystalline nature of
formed nanocomposite. The nanocomposite was then immobilised on PCL microspheres by emulsion solvent evaporation.
Further, XRD and FE-SEM confirmed the presence of nanocomposites and the spherical nature of the polymeric micro-
spheres with diameter ranging from 4 to 36 um. The antimicrobial activity analysis revealed the remarkable effectiveness
of the nanocomposite loaded microspheres. The ethnonanocomposite loaded PCL microspheres generated in the study can

thus be an effective antimicrobial agent with diverse biomedical applications.

Keywords Curcuma zedoaria - Nano-phyto formulation - Antimicrobial - Polymer microsphere - PCL microsphere -

Ethnic-nanomedicine

1 Introduction

The quest for antimicrobial agents has been going on for
centuries and hence nanotechnological exploration of ethno-
medicine offers great promise. Curcuma zedoaria has been
well documented in ethnic pharmacotherapy [1]. It has been
known for its antibacterial as well as fungicidal properties.
Moreover, it has shown pronounced analgesic, anti-oxidant,
anti-tumor, and anti-clastogenic properties [2]. The dark
orange colored rhizhome contains several active ingredi-
ents that are highly sought out among traditional medicine
practitioners [3]. With the alarming increase in antibiotic

P4 E. K. Radhakrishnan
radhakrishnanek @gmail.com; radhakrishnanek @mgu.ac.in

resistance among pathogens, an emerging interest to explore
the efficiency of age-old herbal remedies through nanotech-
nological methods has evolved [4, 5]. Such combinatorial
therapeutics are likely to possess multi-targeting capabilities
against pathogenic microbes and could hold great potential
in managing drug resistant pathogens.

Metal nanoparticles have been established as effective
antimicrobial agents [6—10]. In this study, ZnO NPs with
well known antimicrobial and anti-inflammatory properties
were selected to develop nanoparticle-based phytomedicine
[11, 12]. ZnO NPs have proved to be highly efficient in con-
jugation with materials of plant origin [13—15]. The ZnO
NPs have superior effect to eradicate microbes at signifi-
cantly low concentration. By using a carrier to house ZnO
NPs, a small amount of material can be effectively delivered
to the target site [16, 17]. PCL has proved its versatility in
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ARTICLE INFO ABSTRACT

Keywords: Present paper deals with the combined effect of multiwalled carbon nanotubes (MWCNTs) and maleic anhydride
Polymer blend grafted polypropylene (MA-g-PP) on morphology and electrical properties of poly (trimethylene terephthalate)/
Compatibilization polypropylene (PTT/PP) blends. The enhanced dispersion of MWCNTs which was observed in TEM images is due
Morphology

to the improved adhesion between PTT and PP by the compatibilization effect of MA-g-PP. Major portion of
MWCNTs found in the PTT phase and also at the interface, minimal amount of MWCNTs extended their dis-
persion along the interface to PP phase. The observed morphology of the composites was correlated with the
electrical properties. Due to the compatibilization by MA-g-PP of PTT/PP blend, the interaction between PTT and
PP phase was improved, thereby interfacial adhesion between the components enhanced along with the ex-
tended dispersion of MWCNTs and it resulted in the minimization of effective double percolation phenomena
and electrical properties. It was observed that combined action of MA-g-PP and MWCNTs promoted noticeable
changes in morphology of the PTT/PP system and is directly related to the electrical properties of the system.
Compatibilization by MA-g-PP is a new scheme to enhance the dispersion of MWCNTs in immiscible PTT/PP
blends and to improve the mechanical properties of the PTT/PP blend.

Electrical properties
Interfacial adhesion

1. Introduction

Blending of polymers has great significance since it can produce
new material with desired properties. Polymer blending leads to the
formation of new material in a simpler and cost effective manner rather
than synthesizing a new one in lab. But thermodynamically most of the
polymers are immiscible. The immiscibility of the blend causes poor
interfacial adhesion between the polymeric components which leads to
inferior properties than that of the individual components.
Improvement in miscibility or morphology stabilization of an im-
miscible blend is necessary for its superior applications. To attain the
desired properties and enhanced performance, stabilized morphology of

between the polymer components [1-4]. Polypropylene (PP) can be
considered as one of the most adaptable commodity polymers with
wide range of applications and is produced in large scale [5]. Their
application has been enhanced by blending with high performance
engineered poly (trimethylene terephthalate) (PTT) thermoplastic
polymers. PTT is a biopolymer based engineering thermoplastic semi-
crystalline polyester with high-quality properties. Among different en-
gineering thermoplastics, PTT has attained great interest due to its
versatile properties and good potential for several applications. But the
brittle nature of PTT confines its applications [6-8]. So on blending PTT
and PP, one can expect a high performance material with desired
properties for engineering applications. But PTT/PP blends are het-
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The increasing acceptance of ready to eat food generates demand on development of active and intelligent food
packaging material. Even though many polymers have been used for the packaging, they have limitations for
broad applications. Among the various polymers, Poly Vinyl Alcohol is a promising film forming polymer with
highly flexible, emulsifying and adhesive properties. A variety of nano-fabrication techniques have already
been reported to improve the mechanical and antimicrobial properties of PVA to exploit its wider applications.
In the present study, starch-PVA based composite films incorporated with zinc oxide nanoparticles and phyto-

'gffrvcvﬁfgf;A composite films chemicals were prepared by solvent casting technique. The films were characterized by XRD, FT-IR, UV-Vis spec-
PH sensing trometry and SEM. The developed nanocomposite films were demonstrated to have enhanced water barrier,
Anti-microbial mechanical and antimicrobial properties. The unique features of the nanocomposite with its pH indication prop-
Food packaging erty demonstrated in the study indicate its potential usage in food packaging applications.

© 2019 Published by Elsevier B.V.
1. Introduction heterophyllus) is of great significance for packaging applications [1].

Innovations in food packaging are rapidly triggered in response to
the developments in nanotechnology, biological approach and the
ever increasing consumer demands. Elevated environmental problems
and human health concerns caused by the petroleum based non-
biodegradable packaging materials have motivated the newer develop-
ments of biopolymer based nanocomposite films. The strategy used
here involves augmentation of biodegradable polymers with nontoxic
nanomaterials and other bioactive natural products to improve its desir-
able material properties. This makes it possible to explore the packaging
material as vehicles of variety of additives such as antimicrobials, anti-

oxidants and pH indicators for containment, convenience, protection,
nrecarvatinn lanoc term ctnrace and marketino Rv thic it £can he made

The functional role of starch in food products is enormous which include
its use as an adhesive for binding, film forming, gelling, glazing, mois-
ture retaining, stabilizing, and thickening material [2]. Even though
starch is widely used in the development of food packaging films, it
has poor mechanical and thermal properties. To overcome this crisis,
starch is blended with other polymers such as PVA and PLA, lignin etc.
|3] where PVA has been reported to have excellent compatibility with
starch [4].

Polyvinyl alcohol (PVA) is a hydrophilic and nontoxic polymer hav-
ing excellent film forming, emulsifying and adhesive properties along
with higher tensile strength and flexibility [5]. But, the major drawback

of PVA is the humidity induced mechanical property changes which
oreatlv limite ite annlicatinn However fahricatinn af nolvmere with
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Abstract

Herein, we modified for the first time thermally reduced graphene oxide (TRG) using grape seed
extract (GSE), by simple probe sonication method. The effect of GSE on the structural changes
of TRG has been carefully analyzed through Fourier Transform Infrared (FT-IR), X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy and these spectral data proved that
the TRG has been modified successfully. Furthermore, X-ray investigations proved the change in

crystallinity and coherence length of TRG, which could be further, authenticated by
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Cellulose is a naturally abundant organic polymer used by many researchers in establishing various
biomedical applications due to its biocompatibility, biodegradability, low toxicity, and excellent physical,
chemical and mechanical properties. In this review, we focused on general aspects such as sources,
structure, and properties of cellulose, nanocellulose, types of cellulose nanocomposites, etc. The incor-
poration of nanoobjects of cellulose in biomedical applications, viz., drug delivery, targeted drug delivery,

and wound healing, was reviewed extensively. The microencapsulation and three-dimensional (3D)
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applications.

printing using cellulose nanomaterials also have been reviewed. As a final note, we discussed and
reviewed the future aspects of cellulose nanomaterials or nanocellulose in biomedical engineering

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Biopolymers

Polymers or so-called macromolecules are large molecules
made by linkage of small repeating units called monomers, and
they may have unique properties depending on the type of
molecules being bonded and how they are bonded. Polymers are
everywhere and play a vital role in our daily lives. Generally,
they fall into two broad categories: synthetic and natural poly-
mers. Synthetic polymers are human-made polymers, whereas
natural polymers or biopolymers are polymers synthesized un-
der natural conditions during the growth cycles of all organisms.
Biopolymers can be derived from microbial systems, extracted
from hicher organieme <1ich ac nlante or evnthecized chemically

biological building blocks so that they can be used as medical
materials, renewable packaging materials, cosmetics, food addi-
tives, clothing fabrics, water treatment materials, industrial bio-
plastics, absorbents, biosensors, and even data storage elements
[1-3].

Biopolymers can be categorized into two principal classes,
viz., natural biopolymers and synthetic biopolymers, the division
and the subdivision of which are represented in Fig. 2. Natural
polymers are produced by the biological systems such as ani-
mals and microorganisms, whereas synthetic biopolymers are
derived from biological precursor materials [3]. Synthetic
biodegradable polymers include polyesters, polycarbonates, and
polyanhydrides, whereas polyethylene, polypropylene, and
polyvinyl carbonate are some of the common synthetic non-
hindeoradahle noluvmerc
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famous for its high tensile strength and mechanical properties.
Similarly, another protein polymer called collagen can be used as a
carrier for drug delivery and in reconstruction surgeries [6]. Poly-
saccharides consist of monosaccharides (sugars) linked together by
O-glycosidic linkages, in which cellulose, the first abundant natural
polysaccharide carbohydrate molecule, is available on the earth
with a global production of ~1.5 x 10'? tons per year [3,5].

1.2. Cellulose

Cellulose is a renewable biopolymer resource, extensively
available in several forms of biomasses, such as trees, tunicates, and
bacteria. They are non-toxic, biodegradable, solid homobiopol-
ymers, white at its pure state, with a molecular mass around
1.44 x 10° to 1.8 x 10° g. They are extensively stable in the thermal
conduction and exhibit thermal softening at a temperature of
231-253 °C [5]. The resistivity of pure cellulose is maximum with
minimum conductivity. Many natural fibers such as cotton and
higher plants have cellulose as their main constituent having linear,
stereoregular polysaccharide, and the basic units are B-1, 4-D-
linked glucose chains (molecular formula of (CgH19Os5)n, n ranging
from 10,000 to 15,000) connected via an acetal oxygen covalently
bond, i.e., the C;of one glucose ring and C4 of the adjoining ring will
be covalently bonded. Common examples of cellulose include wood
(40—50 wt %), cotton (87—90 wt %), jute (60—65 wt %), flax
(70—80 wt %), and ramie (70—75 wt %). Cellulose materials are used
widely in manufacturing industries of textiles, pharmaceuticals,
energy drinks, and industrial sugar. They can be used as wood for
building; paper products; cotton, linen, and rayon for clothes; and
cellulose acetate for packaging films. Cellulose is used as an
excipient in formulating solid oral dosages because it is stable, non-
toxic, reliable, and renewable. Cellulose and its derivatives are in
general strong, reproducible, recyclable, and biocompatible, being
used in various biomedical applications such as blood purification
membranes [7,8].

1.3. Sources of cellulose

Cellulose can be produced with the help of major sources
including plant fibers. Cellulose occurs in an authentic form in
plants, but it is usually shadowed by several other components such
as hemicelluloses, lignin, and comparatively limited amounts of
extractives. ‘Extractives are the compounds with low molecular
weight that are present in porous wood’ [9]. The primary natural
source of the cellulose is lignocellulosic material in wood; vegetable
fibers can also be a part of natural source, which includes cotton,
jute, flax, ramie, sisal, and hemp (Osullivan et al. [11]). These fibers
are further categorized into seed, leaf, skin, fruit, and stalk fibers
where the cellulose fibers will be collected from the respective
plant part [5]. As discussed previously, raw cotton is a naturally
highly pure source of cellulose, and its fiber cells are found on the

trees), bamboo fiber (made from bamboo), and sea cell (made from
seaweed) [7—13].

Synthetic cellulose fibers are extracted from natural cellulose,
and examples include rayon, viscose, and lyocell. They are origi-
nated from plants that are processed into a pulp followed by
extrusion in the same way the synthetic man-made fibers are
made. Chemosynthesis of functionalized cellulose by ring-opening
polymerization of 6-di-O-benzyl-a-p-glucopyranose 1,2,4-
orthopivalate or by stepwise reactions of selectively protected (-
p-glucose as, e.g., 1-allyl-2,6-di-O-acetyl-3-benzyl4-O-(p-methox-
ybenzyl)-6-p-glucopyranoside is a well-established and widely
used method for manufacturing synthetic cellulose fibers in bulk
[14]. Fig. 3 shows the different sources of cellulose available in
nature.

14. Structure and chemical properties of cellulose

As mentioned in section 2, cellulose is made up by the funda-
mental p-glucopyranose ring units that occur in 4Cy chair configu-
ration, and therefore, it exhibits the lowest energy conformation.
These basic ring components are connected to each other by B-1, 4-
glycosidic bonds. Therefore, owing to these chemical bonds, there is
an alternate turning of the cellulose chain axis by 180°. The hy-
droxyl groups are positioned in the ring plane (equatorial), while
the hydrogen atoms are in the vertical position (axial). The polymer
contains free hydroxyl groups at the C-2, C-3, and C-6 atoms, and
the hydrogen bonds associated with these groups will result in the
formation of various types of supramolecular semicrystalline
structures. Another factor of characterization was degree of poly-
merization (DP) of the native cellulose or otherwise cellulose I from
different sources, with a chain length of 500 to 15,000 nm lies in the
range between 1000 and 3000. In general, cellulose exhibits two
types of polymorphs — cellulose I (native cellulose) and cellulose II
[8,11]. Fig. 4 represents a cellulose molecule.

In native cellulose molecule or cellulose I molecule, the presence
of both intramolecular and intermolecular hydrogen bonding has
been noticed [8,15]. From the C-nuclear magnetic resonance and
infrared examinations, it was understood that there exists an
intramolecular hydrogen bonding between the hydroxyl group at
C3 position and the nearby ether oxygen in anhydroglucose units
and between the oxygen atoms in the —OH group at C6 position and
adjacent -OHs linked to C2 position. These bonds are responsible
for the rigidity or stiffness of the cellulose polymer [1,8,15].
Hydrogen bonds present between the molecules of cellulose results
in a strong interaction of cellulose chains. Intermolecular hydrogen
bonding is responsible for the strong interaction between cellulose
chains. All these hydrogen bonds and weak —CHO bonds result in a
cellulose assembly in layer format. The neutron diffraction and
synchrotron X-ray experiments are proof for the existence of cel-
lulose layer assembly [15]. In the case of cellulose II molecule,
hydrogen bonds are different. Intrahydrogen bonds are avoided in
the structure because there already exists a hydrogen bond be-
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2. Cellulose nanomaterials

In the modern world, different industries, namely food, con-
sumer goods, military, construction, and so on, demand for
renewable materials that possess the properties of biodegrad-
ability, are non—petroleum-based, carbon neutral; and have low
environmental, animal/human health, and safety risks. Traditional
cellulose materials are well-renowned biodegradable material
produced from sustainable environment. They have been incor-
porated in the daily life for thousands of years, and applications
involve various industries such as forest products, paper, textiles,
food, and pharmaceuticals. The next level of engineering applica-
tions requires materials with high specific strength and modulus,
hydrophilicity, and extensive ability for chemical modification.
Therefore, cellulose extracting at the nanoscale can achieve these
properties and can reduce the hierarchical defects in the traditional
cellulose materials [17—20].

The term ‘nanoscale’ refers to the values of order 10~° m.
Nanomaterials have at least one linear dimension in the range from
approximately 1 nm to 100 nm. As the size of a particle decreases
down to the nanometer scale, important changes occur in the
physical, chemical, and mechanical properties. Engineered nano-
materials are resources designed at the molecular (nanometer)
level to take advantage of their small size and novel properties
which are generally not seen in their conventional, bulk counter-
parts. Because of these reasons, nanomaterials choose to have an
increased relative surface area and new quantum effects. Nano-
cellulose refers to cellulose particles with at least one dimension in
the range of 1100 nm. Thus, they get a high reactive area for hy-
droxyl groups. The presence of a large number of hydroxyl groups
results in a unique substrate that is amenable to various types of
surface modifications, extending its use to sophisticated applica-
tions [21-23]).

For defining various classes of nanocellulose, the Technical As-
sociation of the Pulp and Paper Industry (TAPPI) proposed standard
terms and their definitions [24]. Fig. 6 shows the nomenclature,
abbreviation, and dimensions applicable to each subgroup.

On the basis of structure and extraction methods, nanocellulose
can be classified into two major categories such as cellulose

nanocrystals (CNCs) and cellulose nanofibrils (CNFs). CNCs are
needle-shaped structures with a diameter in the nanoscale order
and length in the range of 100—500 nm, whereas CNFs are flexible
nanofibers with a diameter in the nanoscale order and length in
terms of micrometers. Fig. 7 shows a detailed representation of
cellulose nanocrystals and nanofibrils along with their scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) images. Preparation methods affect the properties of these
structures, and the major difference between CNCs and CNFs lies in
the proportion of the amorphous phase and dimensions of the
material [25] (Fig. 8).

2.1. Cellulose nanocrystals

CNCs are rod-shaped structures formed by acid hydrolysis. In
the previous literature, different terms such as nanocrystalline
cellulose, cellulose whiskers, cellulose nanowhiskers, and cellulose
microcrystals have been wused [26]. By appearance, they
resemble whiskers because of their extraction process. CNCs are
widely incorporated in major chemical and even electronic appli-
cations such as gas sensors and temperature sensors because of
their properties such as flexibility and stretchability, easy integra-
tion with variety of substrates, and availability [27—29]. Coming to
the production method, i.e., the acid hydrolysis process, the acid
used (mostly sulfuric acid), hydrolyzes the amorphous regions
within the cellulose microfibrils [30—32]. The starting material will
be fibers from plants or wood, microcrystalline, microfibrillated or
nanofibrillated cellulose. Based on the conditions in the extraction
process, as discussed earlier, the geometrical properties of CNCs can
be varied. Typically, CNCs have high aspect ratio ranging from 3 to
5 nm in width, 50—500 nm in length, and higher percentage of
cellulose (~100%). In addition, they constitute high fraction of If in
the range of 68—94% and are highly crystalline. But if the hydrolysis
is inadequate, incomplete removal of the amorphous regions can
occur, which results in the decreased rate of crystallinity and
morphological changes. Similarly, if the hydrolysis rate is more, DP
of the microcrystalline cellulose (MCC) and reduction in the particle
length can be caused. These factors affect the aspect ratio of the

Mana-
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nanoparticle and, sometimes, result in the formation of spherical
structures [31-33].

Production of CNCs

In 1949, CNCs were first produced by Ranby et al. [34] by acid
hydrolysis technique. The whole extraction process can be divided
into four steps, namely, (1) mechanical size reduction, (2) alkali
purification and bleaching treatments, (3) controlled chemical
treatment, and (4) mechanical or ultrasound treatment [35].
Initially, the raw materials will be washed and dried and milled into
particles of uniform millimeter or macrometer size. It enhances the
performances of further chemical treatments. The next step in-
volves the use of alkali such as aqueous KOH or NaOH solutions to
remove the alkali-soluble materials such as hemicellulose and

PR—

Cellulose nanowhiskers are a fibrous form of cellulose or rod-
like structures produced by the acid hydrolysis of plant-based
cellulose with of its sides ranging from 3 to 30 nm in length and
2 nm to 20 nm in diameter. The name ‘nanowhiskers’ is due to their
characteristics such as high crystallinity, rigidity, length, strong
hydrophilicity, and high strength. They are used as reinforcements
in nanocomposite materials, adhesives, electronic components,
biological materials, aerogel, and textiles [37—39]. Fig. 10 shows the
pictorial representation of hierarchical structure from wood to
nanowhiskers. The fact that nanowhiskers have a large specific
surface area, higher modulus about 150 GPa, and high ratio
appearance (length/diameter) has favored its use as a reinforcing
agent. They have high ability to act as reinforcements under very
low application percentages and possess low density, non-abrasive

nature, providing less wear to the equipment at the time of pro-
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Fig. 8. TEM images of CNCs derived from various sources (Source: Trache et al., [24] 2017, Reproduced with permission from RSC. Copyright 2018). CNCs, cellulose nanocrystals; TEM,
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Fig. 10. Hierarchical structure of nanowhiskers from tree to wood, trunk, cell walls,
fibrils, and cellulose molecules (Source: Stephen et al., 2011 [177], Reproduced with
permission from RSC. Copyright 2018).

starter materials, such as tunicate cellulose, straw or kraft pulp,
sisal, bacterial cellulose, MCC, sugar beet (primary cell wall), soft-
wood pulp, ramie, and cotton [41]. Considering the starters and the
extraction process, dimensions of the nanowhiskers will vary
because of the cellulosic structural differences such as crystallinity
and amorphous area. If sulfuric acid (H,SO4) is used to hydrolyze
the native cellulose, negative sulfate groups will be introduced on
the outer crystals surface, which is responsible for the stabilization
of crystals which results in a colloidal solution. But the presence of
sulfate groups can cause reduction in thermal stability of nano-
whiskers because a large amount of sulfate groups on the cellulose
leads to increased thermal degradation of the cellulose. If hydro-
chloric acid is used instead of sulfuric acid during the acid hydro-
lysis process, the thermal stability of the prepared nanocrystals is
improved. But owing to a lack of electrostatic repulsion force be-
tween the particle crystals, the nanowhiskers are likely to
agglomerate, which results in the formation of an unstable solution
[42].

Nanowhiskers may be engineered for accommodating various
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2.2. Cellulose nanofibrils

As discussed previously, bio-based nanomaterials such as CNCs
and cellulose nanofibrils have a great research interest in the area of
high-value product manufacturing where these materials have less
impact in the environment. CNFs are incorporated in several ap-
plications including biomedical, bioimaging, nanocomposite, gas
barrier films, and optically transparent functional materials [45].
CNF are long fiber-like structures with a diameter similar or larger
than that of CNCs. CNCs and CNFs differ from each other by the
proportion of the amorphous phase and dimensions of the mate-
rial, and these factors are affected by the production conditions
involved. Fig. 9 shows the TEM images of CNFs in different
dimensional views. CNFs are less crystalline and therefore more
flexible than CNCs. CNFs can be extracted by various processes,
such as mechanical delamination of cellulosic pulp aqueous sus-
pensions in a high-pressure homogenizer (HPH), TEMPO-mediated
oxidation, multipass high-pressure homogenization, and enzy-
matic hydrolysis [46—48].

Production of CNFs

As a new cellulosic material, nanofibrils or CNFs were intro-
duced by Turbak et al. [49] and Herrick et al. in 1983 [179]. They
used the technique high-pressure homogenization (HPH) where
the softwood pulp suspension was allowed to pass through a ho-
mogenizer. CNFs can be extracted by mechanical or chemical
routes, and it includes techniques such as HPH, mechanical
smearing of plant cell walls, grinding, cryocrushing, and high-in-
tensity ultrasonic treatment [50]. Among these methods, HPH is
widely used for large-scale or industrial-scale production and
involved in food, cosmetic, pharmacy, and biotechnology industries
[33,50,51]. In this technique, cellulose slurry is pumped at a high
pressure and fed through a spring-loaded valve assembly or ho-
mogenizer. When the valve opens and closes rapidly, the fibers are
exposed to a large pressure drop and subjected to shearing and
impact forces. These forces lead to a high degree of microfibrillation
of the cellulose fibers. The degree of cellulose fibrillation depends
on the number of homogenization cycles and pressure used. The
disruption efficiency per pass through the equipment increases
when the pressure rises [52]. Instead of a homogenizer, micro-
fluidizers can also be used for the extraction process. It was first
reported by Zimmermann et al. [53] in 2004. Compared with a
homogenizer, a microfluidizer uses constant shear rate instead of
constant pressure rate. During this process, sulfate suspension is
passed through a thin chamber of a specific geometry (can be in Z
or Y shape) with an orifice 100—400 um in width. The suspension is
treated using an Ultra-turrax (FA IKA) at 24,000 rpm for 8 h and
further passed through an M-100Y Microfluidizer processor at a
pressure of 1000 bar for 60 min. When high pressure is applied,
corresponding shear forces tend to be generated, which results in
the formation of cellulose fibers. To improve the extent of fibrilla-
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modified grooved discs or stones. The gaps between the discs can
be adjusted and can reduce the problem of clogging in the system.
In 1998, Taniguchi and Okamura [57] reported the first grinding
technique for the production of CNFs. One of the discs will be in
static state and the other will be revolving at a speed of 1500 rpm.
During the process, the high shear forces break the cell wall,
resulting in the production of individual nanosized fibers. The de-
gree of fibrillation depends on the gap between the discs,
morphology of the grooved disc channels, and number of cycles of
pass through the grinder [58,59]. To increase the fibrillation effi-
ciency, Wang et al. [60] reported the use of reducing the gap be-
tween the grinding stones to —100 um from the zero position of
motion.

In the cryocrushing technique, the fibers are frozen using liquid
nitrogen and then subjected to high shear forces. These high-
impact forces act on the frozen fibers which forces the ice crystals
to exert pressure on the cell walls. Finally, it causes rupturing of
fibers leading to formation of microfibrils [61].

High-intensity ultrasonic treatment is a process in which both
chemical and mechanical treatments are incorporated. Initially,
mild acid hydrolysis and bleaching techniques are used to purify
plant fibers, which removes lignin and hemicelluloses. After this
chemical pretreatment, the purified cellulose fibers are soaked in
distilled water, and about 110 mL of this solution is placed in an
ultrasonic generator operating at a frequency of 20—25 kHz. To
isolate the nanofibers, ultrasonication is conducted for 30 min
[50,52,60,62].

3. Cellulose-reinforced thermoplastic composites

Composite is a heterogeneous mixture which constitutes two or
more distinct microscopic components with significantly different
physical and/or chemical properties. They are defined to be a ma-
terial in which a homogeneous matrix component is reinforced by a
stronger and stiffer constituent that is usually fibrous but may have
a particulate shape or other shapes. Compared with matrices, they
have an improved mechanical performance with or without new
functionalities, for example, barrier performances [63,64]. Typi-
cally, a composite is formed by embedding a strong and stiff rein-
forcement, usually in fibrous phase, in a soft matrix; thus, its
strength properties lie in between the matrix and reinforcements.
Based on the physical size, the reinforcements used in composite
formation can be classified into macroscopic, microscopic, or
nanoscopic structures. Nanoscopic reinforcement has at least one
dimension less than 100 nm. It will enhance the properties of the
composite because they can provide high specific surface area
[64,65]. Other than the reinforcement's properties, the main factors
that affect the strength of a composite are the properties of the
matrix, the reinforcement-matrix compatibility, and also the
interaction and the dispersion of the reinforcement in the matrix.
The composite having fibers/fabrics as the reinforcement constit-
uent is named as fiber-reinforced composite (FRC), and it can be

when heated. Thermoplastic polymers are polymers that can be
molded, melted, and remolded without any alteration in their
physical properties. They can be recycled more broadly than ther-
mosets. Thermoplastics have three main advantages compared
with traditional materials: low specific gravities, low energy re-
quirements for manufacture, and low costs of fabrication. They
have high strength-to-weight ratios with low stiffness-to-weight
ratios when compared with industrial materials such as aluminum
and steel [66,68]. Therefore, for low-melting thermoplastics man-
ufactured by the conventional plastic processes extrusion and in-
jection molding process, the use of natural fibers is being increased
[69—71].

Fibers used as reinforcements can be widely classified into two
major sectors such as natural and synthetic fibers. Natural fibers are
plant-, animal-, or mineral-based ones, whereas synthetic fibers
include nylon, acrylic, aromatic polyester, polyethylene, aramid,
glass, carbon, boron, silicon carbide, stainless steel, etc. [72].
Because composites continue to be adopted in several industries,
over the past few decades, there has been a growing interest in the
use of natural fibers in various applications. Compared with syn-
thetic FRCs, they have a low rate of tool wear and low density; cost
less; and are easily available and biodegradable. Natural fibers are
broadly classified into 3 groups — fibers derived from plants, ani-
mals, and minerals [72,73]. Plant fibers are commonly used as re-
inforcements in FRCs include bast (or stem, soft, or sclerenchyma)
fibers, leaf or hard fibers, seed, fruit, wood, cereal straw, and other
grass fibers. By nature, plant fibers are basically comprised of a
rigid, crystalline cellulose microfibril-reinforced amorphous
lignin, and/or hemicelluloses matrix, and the main constituent of
any plant fiber is cellulose [72]. Cellulose is well known for its high
specific strength and modulus, high sound-damping performance,
low density, and a relatively reactive surface. Nonetheless, natural
fiber—reinforced composites are not deployed in applications
related to industries because they contain large amounts of the
hydroxyl group, which makes them polar and hydrophilic in nature
and non-compatible with non-polar and hydrophobic thermo-
plastics. In addition, the processing temperature limits the com-
pounding of cellulose fibers with major engineering plastics such as
polyethylene, polypropylene, etc., and the composites are hygro-
scopic and swell, which affects the mechanical properties. There-
fore, to accept natural (plant) fibers as a quality alternative to
conventional reinforcing fibers, there exists a need of high-perfor-
mance natural fiber—reinforced composites [72—74].

The mechanical properties of cellulose-reinforced thermoplastic
composites strongly depend on the interfacial adhesion between
components and can be improved by making certain modifications
in the polymeric matrix and lignocellulose fibers. Coupling agents
are used to modify the polymeric matrix, thereby enhancing the
mechanical properties. In the second approach, fibers used as re-
inforcements will be treated with physical (plasma and corona
treatments) and chemical methods to change their properties.
Owing to the presence of hydroxyl groups in the cellulose fibers, the
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form short fiber—reinforced composites which can be manufac-
tured in bulk by techniques such as injection molding or extrusion
[91].

4. Cellulose-reinforced thermoset composites

Thermoset materials are formed by joining different polymer
groups together by chemical bonds, acquiring a highly cross-linked
polymer structure. The highly cross-linked structure in thermoset
materials is directly responsible for the high mechanical and
physical strength compared with thermoplastics or elastomers. At
the same time, these highly cross-linked structures provide poor
elasticity or elongation of thermoset materials. Therefore, they are
stiff in nature and do not stretch the way elastomers and thermo-
plastics do [91]. Thermoset composites are a subclassification of
PMCs. In PMCs, a polymer thermoplastic or thermosetting matrix or
resin will be reinforced by fibers. These materials can be tailored
into a variety of shapes and sizes. They provide great strength and
stiffness along with resistance to corrosion. The reason for these
being most common is their low cost, high strength, and simple
manufacturing principles [92—94|. Unsaturated polyesters are the
most common thermoset polymer matrix for reinforcing natural
cellulosic fibers because they possess many advantages such as
room temperature cure capability, good mechanical properties, and
transparency, when compared with other thermosetting resins
[95—97]. Several research groups employed in the academic and
industrial sector have shown great interest in the use of natural
fiber for the reinforcement of the composites because of their eco-
friendly advantages, economical production, and higher specific
strength/stiffness compared with the traditional synthetic fibers
[98—102].

Thermoset polymer matrices possess certain advantages while
preparing the cellulose fiber—reinforced composites, which make it
an ideal one compared with other matrices. Easy processing of
natural fiber—reinforced composites helps in obtaining a liquid
form, thereby enhancing the mixing of the fiber with the resin.
Compared with the thermoplastic composites, they require only
lower rates of temperature and pressure for the preparation of
composites. For many industrial applications, thermosetting resins
are preferred because the viscosity is low; thus, various impreg-
nation techniques for fibers are allowed. The overall cost involved
in the preparation of these composite systems can be reduced by
using self-made or simple systems. Moreover, it is easy to obtain a
higher loading of fibers in the thermoset composite materials
[99—-102]. Even though they offer these advantages, several de-
merits are also present because they are not recyclable and have
high curing time compared with thermoplastic composites
[103—105].

5. Cellulose nanomaterials for biomedical applications

Many researchers are now focusing on the extensive incorpo-

barrier properties, surface chemical reactivity, biocompatibility,
low cytotoxicity, outstanding mechanical properties, biodegrad-
ability, and biosafety compared with others [109,110]. For example,
as discussed in the previous section, there are different varieties of
nanocellulose, and among these, bacterial nanocellulose or micro-
bial cellulose is a well-established material for manufacturing
wound dressings and used widely in tissue engineering applica-
tions. Most of the products have been realized and commercialized,
so they were considered as revolutionary products in the medicine
field [111,112]. Fig. 11 shows the overall summary of various cellu-
lose-based nanomaterials used in biomedical applications.

5.1. Drug delivery

The term ‘drug delivery’ can be defined as a method or process
of administering a pharmaceutical compound to achieve a thera-
peutic effect in humans or animals. For any pharmacological
treatments, the therapeutic effectiveness mainly depends on the
availability of the active drug with a specific concentration at the
site of action [113]. With the advancements in the nanotechnology
engineering, various nanomaterials such as gold nanoparticles,
quantum dots, carbon nanotubes, fullerenes, etc., have been
designed and developed for drug delivery processes [114,115]. Even
though each of these nanomaterials possesses its own merits and
demerits, it remains as a challenge for the scientific world in
identifying an ideal material for drug delivery. An ideal drug de-
livery material should have high payload, biocompatibility, and
non-toxic and non-immunogenic properties [113,114,116]. Consid-
ering these factors, nanocellulose materials can be an ideal choice
for drug delivery applications. Cellulose is a well-established ma-
terial used as a pharmaceutical excipient in various types of for-
mulations for many years. They can condense the drug-loaded
matrices and form suitable tablets for oral administration. Ac-
cording to the European Pharmacopoeia, excipient is an auxillary
substance which is a constituent of a medicine but not its active
part. It plays a pivotal role in the dosage formulations and dosage
forms. It is a fact that biological drugs such as proteins, peptides,
and monoclonal antibodies require a special type of excipient
because they are known for their poor membrane permeability,
enzymatic instability, large molecular size, and hydrophilic prop-
erties. Moreover, the pharmaceutical industry faces the problem of
high production costs, and choosing a correct excipient can
significantly reduce it [115]. As described previously, cellulose and
its acidic and basic derivatives can be an excellent replacement for
chemical excipients used because they provide excellent com-
pactibility at low pressures, have an increased dilution potential,
improve the flowability of powder blend, and, at the same time,
have low production cost [113—115].

One of the prominent works considered using pure CNCs to bind
with water-soluble antibiotics and compared the capability of
cationic CNCs to bind with non-ionized hydrophobic anticancer
agents [117]. Similarly, another study investigated the efficiency of
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Fig. 11. Different cellulose-based nanomaterials used in biomedical applications. 3D, three-dimensional; BC, bacterial cellulose; CNCs, cellulose nanocrystals; CNFs, cellulose

nanofibrils.

establishing a drug release time of 5—10 min. The CNCs from cotton
wool functionalized with disulfide bond—linked poly(2-
dimethylamino)ethyl methacrylate) (PDMAEMA) and CNC-graft-
PDMAEMA (CNC-SS-PDs), with different molecular weights of
PDMAEMA, were synthesized for another type of drug delivery
system — gene delivery system [119]. The CNC-SS-PDs presented
good transfection efficacy and low cytotoxicity. The antitumor ef-
fect of CNC-SS-PDs was assessed in vitro and in vivo by a suicide
gene/prodrug system (e.g., cytosine deaminase/5-fluorocytosine
[CD/5-EC]). The authors stated that the modification of CNCs with
redox-responsive polycations was an effective method for new
gene delivery system development. Fig. 12 shows the schematic
diagram of the same (Fig. 13).

Another variety of cellulose material which attracts the interest
of many researchers in the field of drug delivery is carboxymeth-
ylcellulose (CMC). In 2013, a study was published based on the
development of CMC microspheres with adjustable anticancer
drug—release properties for the applications in arterial emboliza-
tion. Anticancer drug — doxorubicin — was loaded in the CMC-
based microsphere, and results showed that under physiological
conditions, the burst release profile occurred in the first 8 h of drug
administration, followed by a plateau release over a 24-h period.
In vivo or preclinical studies conducted on laboratory
animal kidneys, analyzed in the interval of 6, 7, and 73 days of
embolization, proved that the CMC microspheres are biodegradable
with a mild tissue response issue [ 120]. Recently, another study was
reported based on the fabrication of dual stimuli—responsive CMC-
based nanogels which can be incorporated in the intracellular
anticancer drug-delivery systems. Here, two nanocarriers were
developed by the polymerization technique: (1) Oligo (ethylene
oxide)—containing methacrylate (OEOMA) was polymerized in the
presence of CMC and (2) disulfide-labeled dimethacrylate with
free-radical cross-linking polymerization. The drug was released
only when there was an acidic pH and thiol-reducing agents.
In vitro studies confirmed the drug release with the help of HeLa
cancer cells, and the model anticancer drug loaded was doxorubicin
[121].

5.2. Wound healing

Wound healing is a process that involves various pathophysio-
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Fig. 13. Representative photographs of macroscopic appearance of 20 mm x 20 mm partial-thickness wound excised on the rat: control wounds (covered with gauze) at the 4th (A1),
7th (A2), 10th (A3), and 14th (A4) day and test wounds (covered with Bacterial cellulose-Silver sulfadiazine composite membrane) at the 4th (D1), 7th (D2), 10th (D3), and 14th (D4)
day. Histology of partial-thickness wound: hematoxylin and eosin staining of control wound sections at 4th (B1), 7th (B2), 10th (B3), and 14th (B4) day and test wound sections at 4th
(E1), 7th (E2), 10th (E3), and 14th (E4) day; Masson's trichrome staining of control wound sections at 4th (C1), 7th (C2), 10th (C3), and 14th (C4) day and test wound sections at 4th (F1),
7th (F2), 10th (F3), and 14th (F4) day. Wound healing rate (G), bacteria of wound surface (H), and epidermal and dermal thickness (I) after wounding. HE, hematoxylin and eosin.

formation of scars which can be a permanent mark. For large skin
defects (in case of burns), clinicians follow the conventional treat-
ment of skin transplantation. But only a limited amount of skin,
with matching properties and biocompatibility, can be trans-
planted. Because of all these reasons, there arises a need of prom-
ising skin substitutes, modern wound dressings, and skin scaffolds
[122—125].

For developing optimal wound dressings, the main properties
that should be analyzed are (1) their ability to absorb exudate
during the dressing process, (2) how it is removed from a wound
surface after recovery, (3) and its aftereffect. There are many

Several studies had been conducted to confirm the benefits of
BC wound dressings compared with the conventional dressings.
Animal and histopathological experiments conducted by Fu et al.
[128,129] had proven this fact, and they showed the comparative
data with the commercial dressings. In 2014, Park et al. [130] syn-
thesized BC through fermentation process and achieved a low-
cytotoxic-profile material with a high rate of skin proliferation.
Various matrices such as collagen [131], alginate [132], chitosan
[133], cotton gauze [134], and poly (ethylene glycol) [135] have
been incorporated to form biocomposites of enhanced wound
healing or skin tissue repair dressings. Clinical studies were also
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Brazil) and Xylos Corporation had realized and commercialized
products based on the basic research studies conducted. Biofill®
and Bioprocess® (used in the therapy of burns and ulcers as tem-
porary artificial skin), Gengiflex®, and XCell® family are some of
those products available in market [138]. Wang et al. [139] had
created another type of BC burn wound healing dressing impreg-
nated with silver sulfadiazine nanoparticles to enhance its anti-
microbial activity against microbes such as Staphylococcus aureus,
Pseudomonas aeruginosa, and Escherichia coli. They proved the re-
sults using rat models, and Fig. 15 shows the detailed results of the
same.

5.3. Targeted drug delivery

As mentioned in section 5.1, effectiveness of any pharmacology
treatments in humans depends on the amount of active drug at the
target site of action in a concentration more than the minimum
effective level. Owing to several pharmaceutical and pharmaco-
logical properties of the drug, it is very difficult to achieve a high
rate of therapeutic effectiveness. Some of the general reasons why
the bioavailability of drugs is less are as follows: (1) lower rate of
water solubility, (2) lower rate of permeability, that is, the drug
cannot pass through the biological membrane, and (3) faster
metabolism and elimination from the body. Therefore, to overcome
these demerits, targeted drug delivery or controlled drug delivery
systems are realized in which the drug will be released at the
specific site in a controlled manner with a constant rate [140].

These are more advantageous than the conventional methods
because of less toxicity; requirement of comparatively a small
amount of drug; faster and rapid recovery; more convenient
dosing; and high patient compliance [141]. Owing to the major
advancements in nanotechnology techniques, they have been
incorporated in applications such as treatment, diagnosis, moni-
toring, and control of biological systems, and scientists have coined
a term called ‘nanomedicine’ [142]. It is a challenging factor for
scientists to choose a natural polymer in accordance with the
different types of drug administration routes [141,142].
Cellulose-based nanomaterials are considered to be an ideal
option for the vehicle drug molecule because cellulose materials
are biocompatible, which does not elicit any immunological
response in the body, and the rate of clearance from the renal
system is less because the size of cellulose nanomaterials makes it
difficult for the renal system to filter them from the body (Sunasee
et al.[143]). Moreover, owing to high hydrophilicity of cellulose, the
adsorption of opsonin proteins is hindered, and it is a crucial step
before phagocytosis during removal of nanoparticles from the
bloodstream. This will lead to an inherently prolonged blood cir-
culation half-life compared with hydrophobic nanomaterials. Hy-
droxyl groups present in the surface of the cellulose molecule can
be attached to any biomolecules with the help of covalent and non-
covalent binding [144]. Several research groups investigated the
effectiveness of different types of nanocellulose-based delivery
systems to analyze the major factors such as biodegradability,
cytotoxicity to a range of human cell types, and the mechanism of




72 S. Gopi et al. / Materials Today Chemistry 13 (2019) 59—78

Release Encapsulation

.

PE latex & L
-i

particies § =% :

[ ¥ aa

L
- @ o Bg g®

Parmaabils Impermeable

Fig. 15. Schematic representation of cellulose on cellulose microparticles and their working on different pH levels. CNC, cellulose nanocrystal.

cellular uptake. They have studied formulation types such as
nanocrystals, negatively charged fluorescein
isothiocyanate—labeled CNCs, positively charged rhodamine B
isothiocyanate-labeled CNCs [145], folic acid—conjugated CNCs
[146], acid-hydrolyzed CNCs [147], curcumin-cyclodextrin/CNC
nanocomplex [148], and polyphosphoester-grafted CNCs [149]
against nine different cell lines such as HBMEC, bEnd.3, RAW
264.7, MCF-10A, MDA-MB-231, MDA-MB-468, KB, PC-3, and C6
following the methyl tetrazolium (MTT) assay and lactate dehy-
drogenase leakage assay (LDH) assay methods. It was found that the
filamentous CNCs showed no cytotoxic effects against any of those
cell lines in the concentration range of 0—50 pg ml~! during the
exposure time (48 h). Similarly, BC has also been studied for
establishing controlled drug delivery systems. Various production
techniques of BC-based nanocomposites have developed to opti-
mize a controlled drug delivery system. BC has been blended with
poly acrylic acid (PAA) by polymerization initiated through electron
beam irradiation using various doses of radiation [150]. Moreover,
these composites were sensitive to pH, and at neutral pH, their
swelling reached maximum values. Therefore, they are considered
to be pH-responsive substances for controlled in vitro drug delivery
using different contents of bovine serum albumin (BSA) as a model
compound. BC composites have also been used as a substitute
carrier for transdermal drug delivery. By the diffusion cell tech-
nique, the diffusion rate of drugs through BC membranes was
investigated. Compared with irradiated BC membranes, non-
irradiated BC membranes showed faster drug diffusion. The ther-
apeutic possibility of BC membranes was evaluated, and in vitro

~ oy

manufacturing technique where any customized object with
complex geometric structures can be fabricated within a very short
time. This helps in meeting the increasing demand of customized
products, especially in the area of biomedical engineering [152].
Scientists have coined a new term for rapid prototyping of
biomedical products called 3D bioprinting, and the ink used for
printing the products is known as bioink. Bioinks can be any
biocompatible substances mixed with living cells [153]. Three-
dimensional printing is a bottom-to-top-layer additive process, i.e.,
the products will be fabricated by depositing the ink layer by layer.
Customized products will be initially modeled using any 3D
modeling software which will be fed into the 3D printer. In other
words, the accurate data of the tissues and organs that need to be
printed will be collected and converted into electrical signals which
will control the 3D printer [152]. It also involves the selection of a
suitable fabrication method which helps in preserving the viability
of cells during the entire prototyping process. Three-dimensional
printing enhances the accuracy of the dimensions of the product
which cannot be achieved through any conventional fabrication
methods [152—154]. In addition to this, the speed of the addition
process will be more, thus dramatically reducing the production
cycle time. In this technique, there is no need of any molds, dies,
and tools as in the conventional manufacturing methods, and this is
a main factor in decreasing the cost per product involved in 3D
printing [155]. In the medical field, this technique has been incor-
porated in tissue engineering, implants, and reconstructive surgery
fields where there exists a high demand for customized products.
Some of the common materlals used m reallzmg 3D models mclude
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filamentous-shaped structure because it exhibits enough elastic
modulus (G’), typically higher than few kPa, and yield stress in the
order of few 10 Pa when the shear stress ceases. It ceases when the
ink is allowed to flow through the micronozzle of the printer [156].

Common techniques involved in rapid prototyping in biomed-
ical applications are direct ink writing (DIW), standard lithography,
laser-based polymerization, and epitaxial assembly techniques.
Compared with all these, DIW is found to be more advantageous
because it enables programmable assembly of 3D periodic
geometrical structures. It can be performed better than others by
printing on various types of materials in a micrometer range. DIW
uses ink that should have an optimum range of rheological prop-
erties. For maintaining the rheological properties of the ink used in
DIW, nanocellulosic materials will be the best option. They enable
the proper viscoelastic response of the ink, and as discussed, they
can conserve the viability of the cells and support the prototyping
of porous structures such as biological scaffolds [154,155].

Till date, only a few studies have been reported on the nano-
cellulose 3D printing for biomedical products. In 2015, Markstedt
et al. developed a bioink using CNFs and alginate to print human
chondrocytes and proved it to be a suitable hydrogel to be incor-
porated in cartilage tissue engineering applications. CNF itself
showed a shear thinning with a good printing resolution, which
assured the high structural fidelity. When cross-linked with algi-
nate (using CaCly in the matrix), even though alginate showed a
dominancy in showing properties, the in vitro and ex vitro cyto-
toxicity studies proved that the ink encourages the growth of cell
culture. In addition to that, they maintained the cell viability in the
printed constructs after 7 days of 3D culture (85.7 + 1.9%) compared
with day 1 (72.8 + 6.0%) [157]. Fig. 14 shows the results of the study
performed.

Trademarked bioink CELLINK® (from Sweden) is proven to be a
good bioink in the auricular cartilage tissue engineering, where the
serious or congenital auricular defects can be treated permanently
[158]. They are said to contain 2% (w/w) of plant-derived CNFs and
0.5% (w/w) of sterile sodium alginate. In another study, Muller et al.
[159] used alginate sulfate along with CNFs to develop a bioink for
the printing of chondrocytes. CNFs enhanced the printing proper-
ties of the alginate sulfate. Alginate sulfate is generally mitogenic in
nature, and even though it is mixed with CNFs, this dominant
character has been preserved well and it shows superior cell pro-
liferation compared to alginate and nanocellulose. Cell viability is
also shown to be good because of the lower extrusion pressure
and shear stresses, given by conical needles with a wide diameter
[159]. In a study reported by Schiitz et al. [160], functionalized
cellulose has been used to fabricate centimeter-sized tissue engi-
neering constructs with tailored architecture of an optimized
alginate/methylcellulose hydrogel. The printability of the hydrogel
obtained was enhanced by the addition of methyl cellulose in the
alginate matrix. It was also helpful in maintaining the structural
accuracy of the tissue engineering constructs. Cytotoxic studies
conducted on methyl cellulose showed no results of toxicity and

widths <20 nm and lengths <200 nm. Short nanofibrillular ge-
ometry enhanced the reduction of viscoelastic properties of the
bioink, which in turn resulted in good rheological properties.

5.5. Microencapsulation

Microencapsulation is a rapidly expanding technique in which
very tiny droplets of any active substance (liquid form probably)
will be covered or encapsulated with a continuous film of polymer
[162]. The active ingredients or particle components, which are
encapsulated, are termed as core materials, and the outer polymer
covering is called wall material, carrier, or encapsulate. The main
benefits are as follows: (1) It can convert the liquid core ingredient
into solid form which modifies colloidal and surface properties for
easy transportation and storage and (2) it can provide environment
protection and control the releasing properties of the covering
materials [ 162,163]. In 1931, it was first introduced by Bungen burg
de Jon and Kan [162,181]. A microencapsulated model typically has
a diameter in the range of 1-1000 pm, and it is incorporated in
encapsulating core materials such as proteins, flavanoids, enzymes,
pharmaceuticals, and even live cells [164]. Owing to several ad-
vancements in biomedical and tissue engineering arena, there ex-
ists the need of microcapsules which can carry and release any form
of active materials. For example, microcapsules can act as a sup-
porting aid in the controlled drug delivery because they are found
to have prolonged sustainability or prolonged drug release
compared with conventional drugs. Microencapsulation is also
helpful in masking odor and taste of any oral drug and can convert
any liquid drug into freely flowing powder [162,165]. It assists in
overcoming drugs and can control the volatile property of a
vaporizing drug. In addition to this, it can significantly reduce
toxicity and gastrointestinal irritation which occurs after the drug
administration. Cellulose polymers play an important role in
developing the wall material because they are biocompatible,
possess high yield and load-bearing capability, are mechanically
stable, and highly encourage chemical modification [166]. In most
of the studies, cellulose nanomaterials are used to enhance the
property of alginate biopolymer, which is a linear one, compatible
with encapsulation processes.

Cell microencapsulation is a recent technique in the biomedical
field, which enables the treatment of multiple diseases in the
absence of immunosuppression [167]. Over the past decades,
studies had been conducted across the globe for developing
immunoisolation technologies which will be useful in preventing
the immune rejection of foreign bodies — grafts or transplants in-
side the human body. Encapsulate provides a semipermeable
membrane that allows nutrients and secreted proteins to permeate,
simultaneously isolating the cells from hostile immune reactions.
For many years, alginate hydrogels have been used as an option for
forming the wall material. It is the biopolymer that forms hydrogels
when exposed to cations. Even though they are biocompatible,
their mechanical and chemical stability do not allow them to be
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strength of alginate microbeads. CNCs can be used as fillers in
establishing various composites with matrices such as siloxanes,
poly(caprolactone), glycerol-plasticized starch, styrene-butyl acry-
late latex, and epoxies. The surface chemistry of CNCs allows them
to bind with drug molecules and be used as drug excipients in
common. It was proved that CNCs can easily create bonds with
water-soluble and ionizable drugs such as tetracycline and doxo-
rubicin. In 2015, Ye et al. [170] were successful in developing CNC
microcapsules as tunable cages for holding microparticles and
nanoparticles. It was an open-network morphology model facili-
tating the permeability of large solid particles with a diameter from
30 nm to 100 nm across the shell [170]. Fig. 15 shows the prepa-
ration and workflow of the cellulose on cellulose microcapsules
under the influence of various pH levels.

6. Future ascents on cellulose nanomaterials

As discussed in the previous sections, the use of cellulose
nanomaterials, in diverse range of biomedical applications, has
been increased to a great extent. In a future scope of view, it can
undoubtedly be said that functional modification of nanocellulose
before the actual development of real materials is important
because it leads to identification of the potential biomedical ap-
plications. For example, surface modification of cellulose nano-
materials with fluorescent molecules can enhance the fluorescent
labeling ability, and thus, it can be incorporated in applications
such as optical bioimaging, biosensors, and photodynamic therapy.
Because these molecules can be traced easily by fluorescent
analytical methods, the toxicity and biological activity of materials
can be evaluated with less effort. Several prominent works have
been reported on this exciting topic, starting from 2007 [166]. To
date, molecules such as fluorescein-5-isothiocyanate (FITC) [171],
rhodamine B isothiocyanate [145], pyrene dyes [172], terpyridine
and its derivatives [111], 5-(and-6)-carboxyfluorescein succini-
midyl ester, 5-(and-6)-carboxytetramethylrhodamine succinimidyl
ester, 7-amino-4-methylcoumarin [173], etc were used for thera-
peutic applications. In gene therapeutic applications, a proper
nanocarrier is essential to carry the DNA or genetic material to the
targeted site. Surface modification of nanocellulose with amino
acids can accommodate these biologically active building blocks.
Different strategies are developed for establishing chemical
conjunction between an amino acid and a CNC or CNF. A while back,
a work was reported in which complementary DNA oligonucleo-
tides have been grafted onto CNCs to produce DNA-based
biocompatible nanomaterials by the principle of molecular recog-
nition ability of DNA oligomeric base pairs. The resultant material is
used successfully in enzyme/protein immobilization applications
[174]. Another chemically modified molecule called ferrocene-
decorated CNC was reported, which was fabricated by grafting
ethynylferrocene onto azide-functionalized CNC using azide-

7. Conclusions

Cellulose is a fascinating biopolymer, and so far, it is the most
abundant renewable compound present in the earth. It is proved to
be an excellent replacement for petroleum-based non-renewable
polymers and is considered to be an inexhaustible raw material.
The main agenda of this article is to review nanocellulose, different
types and properties, cellulose-reinforced composites, their clas-
sifications and properties, and how they are used in various
biomedical applications. Cellulose nanomaterials or nanocellulose
are generally classified into CNCs and CNFs. Acid hydrolysis tech-
nique is commonly used in preparing CNCs, whereas high-pressure
homogenization of plant fibers is used in the commercial
manufacturing of CNFs. Major works related to the production of
CNCs, CNFs, and nanowhiskers are briefly introduced in this article.
Comparatively, cellulose polymers are widely used to establish
thermoplastic and thermoset composites compared with the
traditional synthetic reinforcements such as aromatic polyester,
polyethylene, aramid, glass, carbon, boron, and silicon carbide.
These composites offer different varieties of features including
their eco-friendly advantages, economical production, and higher
specific strength/stiffness, which cannot be offered by synthetic
reinforcement composites.

Cellulose nanomaterials are demonstrated to be a promising
biomedical material owing to their properties such as biocompat-
ibility; biodegradability; low cytotoxicity; high sorption and ab-
sorption ability; porosity; small dimensions; a variety of shapes;
and enhanced specific surface, surface chemistry, rheology, crys-
tallinity, self-assembly, high thermal stability, and other desirable
mechanical properties. Moreover, they act as an insulator to various
dilute solutions, namely, acids and alkalis, organic solvents, pro-
teolytic enzymes, and antioxidants. A brief discussion on the ap-
plications of cellulose nanomaterials in the biomedical arenas —
drug delivery, targeted drug delivery, wound healing, and new
emerging fields such as 3D printing and microencapsulation, is
made in this article. In drug delivery, nanocellulose is build in three
forms — microspheres (beads) or microparticles, hydrogels or
merely gels, and membranes or films. CNCs and nanowhiskers are
extensively used in drug delivery and pharmaceutical applications.
Critical drugs including anticancer agents were successfully bound
with cationic CNCs. In targeted drug delivery, CNCs and BC-based
nanocomposite systems are incorporated for delivering the drugs
to the targeted site. Several works compared the efficiency of BC
nanocomposite drug delivery systems with traditional therapeutic
techniques such as gel and ointments in dermal applications, and
results were hopeful enough in building a targeted drug delivery
platform with nanocellulose materials. For proper wound healing,
the dressings used should be porous in nature, able to keep mois-
ture around the wound, and biocompatible in nature. BC or mi-
crobial cellulose can be an excellent option that satisfies all these
properties, and many companies realized wound dressings using
BC. Biofill® and Bioprocess® (used in the therapy of burns and ulcers
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applications. As discussed, there is still a great way to go in
achieving nanocellulose-based biomaterials by overcoming insur-
mountable challenges and concerns.
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Abstract

Natural fibre acts as a significant replacement for the known synthetic fibre that tends to cause critical environmental
issues. Hence, the hybridization of natural fibre reinforcement has been considered as one of the strategies in reducing
synthetic fibre applications. The current research was conducted to determine the effect of layering sequence on the
mechanical performance of hybrid woven jute—roselle. In addition, eight different types of composite plate that consisted
of single and hybrid were fabricated through the implementation of hand lay-up method. In this case, each composite plate
had to undergo the tensile, flexural and impact testing in order to acquire the effect of varying layering sequences. The
results of the present study showed that the hybridization of jute—roselle provided was significant, especially on the
flexural and impact performance. Furthermore, the tensile strength and modulus were higher on the JRR| sample and
maximum flexural strength also managed to be recorded by the same sample. However, the maximum flexural modulus
only managed to be recorded in sample RR]J. Meanwhile, the impact testing revealed that the composite plate of sample
JJRR had the highest impact strength. The void content for all the samples was acceptable because all of them were less
than 7%. Finally, scanning electron microscopic image illustrated that the fractured surfaced of composite sample was
typically smooth with less formation of void and fibre pull-out.

Keywords
Natural fibre, hybridization, mechanical properties, layering sequence, woven
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Introduction

Fibres are classified into synthetic or natural types, depending on their origin. In the past decade, synthetic fibres have
been widely applied due to its excellent mechanical performance as well as its ability to be easily produced in a significant
quantity. However, the most significant disadvantage of synthetic fibres is closely related to environmental problems and
health risks. For example, glass fibres contribute to several health hazards which include skin irritations' and respiration
problems.? At the same time, the wastes from synthetic fibres can hardly be disposed when they are discarded to the
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Nanobiotechnology gained at most importance in the current health-care systems. The present study
reports the synthesis and characterization of silver and gold nanoparticles which in turn act as a selective
inhibitor of human osteosarcoma. The in vitro anticancer studies on U20S produced ICsp values in the
therapeutic range of 29.22 + 0.42 and 32.83 + 0.81 pg/mL for silver and gold nanoparticles, while the
fibroblast cells (L929) produced ICsq values of 141.26 + 2.5 and 157.23 + 2.11 pg/mL for silver and gold
nanoparticles, respectively. The growth and action of infectious pathogens can be inhibited by the
synthesized nanoparticles. The silver nanoparticles is used to scavenge the hydrogen peroxide and

Keywords: R . . . . L. .

Nanoparticles served as a sensor. The time-conserving microwave-assisted nanoparticle fabrication procedure is used
Green here at the natural pH. Silver and gold nanoparticles have surface plasmon resonance peaks at 437 and
U20s 553 nm, respectively. The Fourier Transform Infrared spectroscopy fingerprints the role of amide groups
L929 of proteins in the synthesis and stabilization process. Transmission electron microscopic analysis proved
Hz0, the spherical geometry of silver and gold nanoparticles with an average size of 20.49 + 6.68 nm and

Antimicrobial 25.05 + 7.31 nm, respectively.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Nanoscience and technology provided the development activity
that has been growing explosively worldwide in the past few years.
Nanomaterials gained much importance in various fields of life,
including health care, cosmetics, drug and gene delivery systems
and cancer therapy, and food and paint industry. The properties of
nanometer-sized materials differ from those of the individual
molecules [1]. Among these, silver nanoparticles (AgNPs) and gold
nanoparticles (AuNPs) are of much importance owing to their
enormous applicability in the fields of catalysis [2], therapeutics [3],
and sensor technology [4].

Various methods for the synthesis of AgNPs and AuNPs are
known. Few of them are the chemical [5], photochemical [6], and
electrochemical [7] reduction pathways. Because these methods
included expensive techniques and hazardous chemicals, a novel
alternate approach using biological entities such as bacteria [8,9],

* Corresponding author.
E-mail address: beenamscs@gmail.com (B. Mathew).

https://doi.org/10.1016/j.mtchem.2019.04.013
2468-5194/© 2019 Elsevier Ltd. All rights reserved.

fungi [10], yeast [11], and plant extracts [12] was practiced. The use
of plant extracts is considered as the simple, efficient, inexpensive,
and safe approach [13]. Many successful works have been reported
on the synthesis of nanoparticles using plant extract as both
reducing and stabilizing agents [14,15]. The benefit of purity of the
product in the biological synthesis was overruled by its large time
consumption [16]. Microwave initiates the selective and rapid
heating of polar molecules [17], providing uniform nucleation and
growth conditions, ensuing evenly dispersed nanoparticles [18].
Morinda citrifolia (noni) has been well known for its high
traditional medicinal values [19]. It is a small evergreen plant,
belonging to the Rubiaceae family. Noni has traditionally been used
for colds, flu, diabetes, and high blood pressure, as well as for
depression and anxiety. Its bark extract has been used for the
treatment of bacterial infections, cough, diarrhea in infants, and
stomach ailments. Its fruit is an effective famine food because it is
the remedy to many health challenges in women. Its bark and root
were used for the preparation of herbal and textile dyes. The con-
stituents such as flavonoids, anthraquinones, triterpenoids, pro-
teins, and so on, present in the various parts of the plant M.
citrifolia, were proved to be responsible for their high antioxidant,
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Fig. 1. UV—vis. spectra of (a) aqueous bark extract of M. citrifolia, (b) AgNP-M. citrifolia,
and (c) AuNP-M. citrifolia. AgNP, silver nanoparticle; AuNP, gold nanoparticle.

antimicrobial, and anticarcinogenic activities [20]. Using root
extract of M. citrifolia, AgNPs [21] and AuNPs [22] were prepared by
overnight incubation at ambient temperature.

In this current article, we report the synthesis and character-
izations of AgNPs and AuNPs were conducted using green routes
using a microwave-assisted synthetic pathway. The anticancer
properties of the synthesized metal nanoparticles are tested here
by using the anticancer assay called MTT. MTT is colorimetric a
colorimetric assay and is chemically 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide. The cancer cells employed are
the human bone osteosarcoma epithelial cells (U20S) and the
normal cells, namely fibroblast cells (L929). The colorimetric
sensing properties of nanoparticles along with their antimicrobial,
and antioxidant potentials enhance the biological relevance of
the present study. All the analysis was conducted using standard
procedures.

2. Materials and methods
Silver nitrate (AgNO3) and chloroauric acid (HAuCls. 3H;0) from

Sigma-Aldrich were functional as the sources of silver and gold
ions. Aqueous solutions were prepared using double distilled water.
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Fig. 2. FT-IR spectrum of aqueous bark extract of M. citrifolia.

2.1. Preparation of M. citrifolia bark extract

The bark of M. citrifolia was collected from mature trees and
washed thoroughly using double distilled water to remove the
impurities adhering to it. They were then sliced into small pieces
and air-dried for five days. Five grams of the sample was taken in a
round bottom flask fitted with a water condenser and refluxed for
1 h with 100 mL of double distilled water. The cooled extract was
filtered through Whatman No.1 filter paper and then stored at 4 °C
for further use.

2.2. Microwave synthesis of nanoparticles

The present microwave-assisted synthesis, 80 mL of 1 mM silver
nitrate/chloroauric acid solution was taken and 20 mL of M. citrifolia
bark extract were added and shaken well. The solution was then
placed in a domestic microwave oven (Sharp R-219T (W)), oper-
ating at a power of 800 W and frequency 2450 MHz, and subjected
to microwave irradiation for 3 min. The development of silver/gold
nanoparticles (AgNP-M. citrifolia/ AuNP-M. citrifolia) in the vessel
was identified by a sudden color change from colorless to brown/
pale yellow to wine red and confirmed using a UV—vis. spectrom-
eter in the range of 200—800 nm. The purification and separation of
nanoparticles were conducted using a refrigerated centrifuge
(12000 rpm). After each step of centrifugation, the sample is
redissolved in double distilled water and the components of plant
extract adhered on the nanoparticles were removed. The samples
were air-dried, and pure samples were used for analysis.

2.3. Characterization

UV—vis. spectral analysis was carried out using a Shimadzu UV-
2450 spectrophotometer. FT-IR spectrum was recorded on a Per-
kinElmer-400 spectrometer with ATR attachment. X-ray diffraction
(XRD) measurement was made on a PANalytic X'PERT-PRO X-ray
spectrometer. High-resolution transmission electron microscopic
(TEM) images were taken using a JEOL JEM-2100 microscope.

2.4. Optical sensing of H,0,
Sensing of H,0, is performed colorimetrically using the syn-

thesized metal nanoparticles. H,O (1 mL, 20 mM) is added to the
nanoparticle solution (2 mL, 200 ug/mL) to get a final volume of
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Fig. 3. XRD pattern of (a) AgNP-Morinda citrifolia and (b) AuNP-Morinda citrifolia. XRD,
X-ray diffraction; AgNP, silver nanoparticle; AuNP, gold nanoparticle.
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Fig. 4. TEM images (a—e) of AgNP-M. citrifolia at various amplifications and (f) seleted area electron diffraction (SAED) pattern of AgNP-M. citrifolia. TEM, transmission electron

microscopic; AgNP, silver nanoparticle.
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Fig. 5. EDAX spectrum (a) and particle size histogram (b) of AgNP-M. citrifolia. AgNP, silver nanoparticle.

3 mL. UV—vis. spectral measurements at regular intervals were
conducted to detect the extinction of HyO, from the system. Ki-
netics of the reaction was also followed by noting the absorbance at
437 nm. The effects of the concentrations of H;O, and the nano-
particles on the sensing action were also experimented.

2.5. Antioxidant activity-DPPH assay

The antioxidant properties of bark extract and the AgNP-M.
citrifolia and AuNP-M. citrifolia were analyzed using the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) assay [23]. DPPH possessed a
single electron, and its methanolic solution has Amax at 517 nm.
When scavenged, the color of the DPPH radical changed to yellow
from pink. Different concentrations of samples (12.5—200 pg/mL)
were used for the scavenging analysis. Ascorbic acid was used as

the reference standard. Using UV—vis. spectrophotometer, the
decrease in absorbance of the samples at 517 nm after 30 min of the
reaction was measured. DPPH of 3 mL was used as the experimental
control. Scavenging activity was expressed as Inhibition (%) = [(Abs
control- AbS sample)/(ADS contror)] X 100. All the experiments were
conducted thrice, and the mean values along with standard devi-
ation were found out.

2.6. Antimicrobial activity

Considering the possible application of AgNPs/AuNPs in various
biomedical fields, the antibacterial activity of the synthesized
AgNPs and AuNPs was tested by the agar well diffusion method
against six selected microorganisms. Microorganisms were pro-
cured originally from Microbial Type Culture Collection, Institute of
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Fig. 6. TEM images (a—e) of AuNP-M. citrifolia at various amplifications and (f) seleted area electron diffraction (SAED) pattern of AuNP-M. citrifolia. TEM, transmission electron

microscopic; AuNP, gold nanoparticle.
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Fig. 7. EDAX spectrum (a) and particle size histogram (b) of AuNP-M. citrifolia. AuNP, gold nanoparticle.

Microbial Technology, Chandigarh, India. Muller Hinton agar plates
(20 mL) were swabbed with two of the gram-positive strains Ba-
cillus subtilis (MTCC 441) and Lactococcus lactis (MTCC 3041) and
two of the gram-negative strains Pseudomonas aeruginosa (MTCC
424) and Enterobacter aerogenes (MTCC 6804 ). The fungi Aspergillus
terreus (MTCC) and Penicillium citrinum (MTCC 1256) were swabbed
on the Potato Dextrose agar plates that were overnight incubated.
Wells of approximately 6 mm were bored on the confluent lawn
using a well cutter that is sterile. Wells were named as A, B, C,and D
and were loaded with double distilled water (50 pL) and aqueous
bark extract of M. citrifolia (0.05 mg/mL, 50 pL), AgNP-M. citrifolia
(0.02 mg/mL, 50 pL), and AuNP-M. citrifolia (0.02 mg/mL, 50 pL),
respectively. The positive control streptomycin/griseofulvin (50 pL,
10 mg/mL), respectively, was used against bacterial and fungal

strains, and double distilled water constitutes the negative control.
After 24 h and 1 week of incubation span for bacterial and fungal
plates, the zone of inhibition was measured in millimeter, respec-
tively, for bacterial and fungal strains. All the experiments were
replicated, and the mean and standard deviation of the zone of
inhibition was found out. Data were statically analyzed.

2.7. In vitro cytotoxicity assay (MTT)

In vitro cytotoxicity of the synthesized nanoparticles, AgNP-M.
citrifolia and AuNP-M. citrifolia, was investigated along with
the plant extract using bone osteosarcoma cell lines U20S and
fibroblast cell lines L929 that were used for anticancer analysis
using the dye MTT [24]. MTT is 3-(4,5-dimethylthiazol-2-yl)-2,5-
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Fig. 8. Sensing of H,0, (20 mM) using (a) AgNP-M. citrifolia (200 pg/mL), (b) plot of In[A] versus time (A = 439 nm), (c) effect of concentration of H,0, (1—20 mM) on and (d)
ineffectiveness of AuNP-M. citrifolia (200 pg/mL) in sensing H,0, (20 mM). AgNP, silver nanoparticle; AuNP, gold nanoparticle.
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Fig. 9. Free radical scavenging (DPPH) activity of M. citrifolia, AgNP-M. citrifolia, and
AuNP-M. citrifolia compared to standard ascorbic acid (12.5-200 pg/mL). Values are
mean + SD (n = 3). DPPH, 2,2-diphenyl-1-picrylhydrazyl; SD, standard deviation;
AgNP, silver nanoparticle; AuNP, gold nanoparticle.

diphenyltetrazolium bromide. The cells were procured from Na-
tional Centre for Cell Sciences, Pune, India, and were maintained in
Dulbecco's Modified Eagle's Medium (Gibco, Invitrogen).

A monolayer of two-day-old confluent cells was trypsinized;
100 pL of cultured cell suspension (5 x 10* cells/wells) was seeded
in 96 well plates and was kept at 37 °C in a humidified 5% CO;
incubator (NBS Eppendorf, Germany). When the cells are suffi-
ciently grown, the culture medium was removed and different
concentrations of freshly prepared samples (6.25, 12.5, 25, 50, and

100 pg/mL in 100 pL of 5% MEM, modified eagles medium) were
added in triplicates and then five times serially diluted by the
twofold dilution method. The system was again incubated at 37 °C
in a CO; (5%) humidified incubator. The control of the experiment
was constituted by the untreated cells.

To the test and control wells, the reconstituted MTT solution
(30 pL, 5 mg/mL in PBS, phosphate-buffered saline medium) was
added after 24 h of the incubation period. The plates were gently
shaken well and incubated again for 4 h (5% CO,, at 37 °C). In order
to solubilize the formazan crystals formed in each well, 100 pL of
DMSO (dimethyl sulphoxide) was added after detaching the su-
pernatant and the contents were well mixed. The absorbance at
570 nm for each set of test and the control solutions were measured
by using a plate-reading spectrophotometer. The viability (%) of
cells is directly proportional to the percentage conversion of the
tetrazolium salt (MTT) to the colored formazan crystals [25]. The
percentage of growth inhibition was calculated by Eq. (1).

Mean OD Samples
Mean OD of Control
The ICs0 values were calculated for each set of data using

GraphPad Prism software, and the mean + standard deviation was
identified.

Viability(%) = x 100 (1)

2.8. Statistical analysis

Experimental data were expressed as the mean + standard de-
viation and were analyzed by one way analysis of variance followed
by post hoc (Tukey's) analysis using Graphpad Prism software. A
value of P < 0.05 was considered as statistically important.
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Table 1
ANOVA and Tukey's post-hoc analysis results for Antioxidant studies (DPPH assay).
ANOVA result Concentration Concentration Concentration Concentration Concentration
(12.5pg/mL) (25pg/mL) (50pg/mL) (100pg/mL) (200pg/mL)
F value (F=936.2*) (F=1771 **¥) (F=1796**) (F=242.3**) (F=73.65"*)
Tukey’s post-hoc analysis
(Dtype (J) type Mean difference (I-])
M. citrifolia bark extract AgNP-M.citrifolia -17.73" -30.64™" -19.78™" -10.22"" 1.773™
M. citrifolia bark extract AuNP-M.citrifolia -27.20"" -30.38™" -21.00™" -12.55"" 4.437"
M. citrifolia bark extract Ascorbic acid -30.57"" -36.72""" -28.78™"" -13.42™ -4.247"""
AgNP-M.citrifolia AuNP-M.citrifolia -9.470™" 0.2633 -1.220 -2.330" 2.663
AgNP-M.citrifolia Ascorbic acid -12.85™" -6.083"" -8.997"" -3.197"" -6.020™"
AuNP-M.citrifolia Ascorbic acid -3.377"" -6.347""" -7.7777 -0.8667 -8.683™""

P

Note: and " indicate significance at the level of 1%, 5% and 10% respectively.

3. Results and discussion
3.1. UV—vis. spectroscopic analysis

UV—vis. spectroscopic analysis is used to ascertain the forma-
tion and stability of AgNPs and AuNPs. The reduction of Ag" ions
into Ag® and Au’' to Au® nanoparticles was confirmed by
measuring the absorption spectrum of the reaction mixtures in the
range of 200—800 nm [26]. The UV vis. spectrum of the bark extract

of M. citrifolia does not show any peak in the given range (Fig. 1a).
Upon continuous microwave irradiation for 3 min, the color of the
reaction mixture changes from yellow to brown in the case of
AgNPs. AuNPs formed in a span of irradiation of 2 min because of
the reduction potential possessed by gold [16]. The change in color
of the reaction mixture, i.e., yellow to wine red, is a clear evidence
for the formation of AuNPs. The UV—vis. spectrum recorded for the
silver and gold reaction mixtures is shown in Fig. 1b and Fig. 1c. The
peak was observed around 437 nm, which is due to the surface

E. aerogenes

A terreus

P citrinum

Fig. 10. Photographs shows the treated Petri plates of different microorganisms after their treatment with samples (A) M. citrifolia, (B) AgNP-M. citrifolia, (C) AuNP-M. citrifolia, (D)
positive control (streptomycin/griseofulvin, 50 pL, 10 mg/mL), and (E) negative control (double distilled water) in the agar well diffusion method. AgNP, silver nanoparticle; AuNP,

gold nanoparticle.
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Fig. 11. Antimicrobial activities of M. citrifolia, AgNP-M. citrifolia, and AuNP-M. citrifolia
expressed as zone of inhibition (mm) against various microorganisms using the agar
well diffusion method. Error bars show standard deviation (n = 3). AgNP, silver
nanoparticle; AuNP, gold nanoparticle.

plasmon resonance (SPR) of AgNPs, and the peak at 553 nm cor-
responds to nanogold. The SPR band arises due to the collective
oscillations of electrons of nanoparticles in presence of visible light,
which is highly influenced by the shape and size of nanoparticles
[27]. They effectively reduce Ag*/Au* ions, which then join
to form respective nanoparticles (AgNP-M. citrifolia/ AuNP-
M. citrifolia, respectively).

The UV-—vis. spectral studies propose that both the nano-
particles are uniformly distributed and are more or less spherical in
shape. As stated earlier, the extract of M. citrifolia is highly rich in
phytochemicals and flavonoids. Almost 200 phytochemicals were
identified and isolated from different parts of the plant. When
M. citrifolia bark extract is added to the AgNO3/HAuCl4 solution,
these phytochemicals play a dual role as both reducing and stabi-
lizing agents. They effectively reduce Ag*/Au* ions, which then
join to form AgNPs/AuNPs. The phytochemicals acted as capping
agents and hence covering the nanoparticles to protect them from
agglomeration.

104 g/ml

Fig. 12. Microscopic photographs of cancer cells showing the morphological changes after their treatment. (a) U20S cells towards M. citrifolia, (b) U20S cells towards AgNP-
M. citrifolia, (c) U20S cells towards AuNP-M. citrifolia, (d) L929 cells towards AgNP-M. citrifolia and (e) L929 cells towards AuNP-M. citrifolia. Images of the control cancerous cells

(U20S and L929) are also seen. AgNP, silver nanoparticle; AuNP, gold nanoparticle.
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Fig. 12. (continued).

3.2. FT-IR spectral study

FT-IR identified the functional groups present in the bark extract
of M. citrifolia which caused the reduction of silver/gold ions to
zero-valent metal nanoparticles. Fig. 2 showed the FT-IR spectrum
of the pure bark extract. The broad peak appearing in the range of
3400—2400 cm™! resulted from the stretching vibrations of the
hydroxyl (-OH) groups of plant chemicals. Carbonyl stretching was
responsible for 1734.6 cm~. The amide C=0 stretch was the
reason for the band at 1634.59 cm ™! [22]. The primary amine —NH
group that was also present gave peaks at 2924.03 cm™! and
1230.81 cm~! [28]. The C—N vibrational peaks at 1340 and
1031 cm~! again supported the attendance of aromatic and
aliphatic amines [29]. The peaks suggested the amide linkages of

proteins and hydroxyl groups of polyphenols and flavonoids may
be responsible for the reduction and capping.

3.3. XRD analysis

X-ray diffraction (XRD) studies were performed to confirm the
crystalline nature of AgNPs and AuNPs. In Fig. 3(a), different peaks
observed at 20 values 38.89°, 43.83°, 64.14°, and 77.13°
correspond to (111), (200), (222), and (311) atomic planes of the
face-centered cubic (fcc) crystal lattice of silver, respectively. In
Fig. 3(b), peaks at 38.80°, 44.87°, 65.30°, and 78.38° correspond to
the aforementioned four planes of fcc structure of atomic nanogold.
XRD patterns showed sharp peaks with small area, confirming the
statement that the nanocrystalline phase is predominant. The XRD
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25 pg/ml

analysis undeniably indicated that the synthesized AgNPs and
AuNPs are crystalline in nature.

3.4. TEM-EDAX analyses

The TEM images provided valuable information about the size
and shape of the AgNPs and AuNPs. The representative TEM images
of the synthesized AgNPs were given in Fig. 4. The TEM micro-
graphs suggested that the AgNPs were nearly spherical and the
individual silver particles were prevented from agglomeration by
the plant phytochemicals. The average size of the AgNPs was esti-
mated as 20.49 + 6.68 nm. Fig. 5 represented the elemental analysis
(a) along with particle size distribution plot (b).

The TEM images (Fig. 6) represented the AuNPs in different
magnifications. The triangular and spherical shape of the AuNPs
was clearly seen from the images. Fivefold symmetry of the mi-
crowave-synthesized AuNPs was interestingly seen from the
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Fig. 13. Cytotoxicity studies for M. citrifolia, AgNP-M. citrifolia, and AuNP-M. citrifolia
(6.25—100 pg/ml) towards U20S and 1929 cancer cells. Values are mean + SD and
errors bars represent standard deviation (n = 3). AgNP, silver nanoparticle; AuNP, gold
nanoparticle; SD, standard deviation.

6.25 pg/ml.

Sopg/ml.

Fig. 12. (continued).

12.5pg/ml.

100 pg/ml.

images Fig. 6 (d) [30]. The elemental presence of gold is verified by
energy-dispersive X-ray spectroscopy (EDAX) spectrum (a), and the
particles have a mean size of 25.05 + 7.31 nm determined by par-
ticle size distribution analysis (b) using TEM measurements (Fig. 7).
The reducing and protecting action of M. citrifolia bark extract in the
case of AgNP-M. citrifolia and AuNP-M. citrifolia was best illustrated
from the TEM micrographs.

3.5. Sensing and quantification of H>02

H,0, is toxic to cells and tissues [31]. Colorimetric sensing of the
biologically important compound H,0, was performed by noble
metal nanoparticles. The peak corresponding to AgNPs (437 nm)
was decreased in intensity with time, and after 48 min of reaction,
it was completely disappeared [32] (Fig. 8a). The brown color of the
medium changed to colorless. The kinetics of the reaction is shown
in Fig. 8b. The concentration of H,0; also influenced the detection
limit. In the range of 1-20 mM, the experiment worked well
(Fig. 8c). The AuNPs, AuNP-M. citrifolia, were not able to sense the
H,0, molecules (Fig. 8d). The optical sensing using AgNP-
M. citrifolia produced good results that can be exploited in analyt-
ical or clinical territories.

3.6. Antioxidant assay

Oxidative stress caused by the imbalance between the forma-
tion and elimination of free radicals in the body must be defended
[33]. Plant-based AgNPs and AuNPs were known for their high
antioxidant power because of their low reduction potential and
polyphenolic and flavonoid contents [34]. The antioxidants pro-
vided protection against conditions such as aging, asthma, arthritis,
allergies, and cancer [35]. Free radical scavenging potential of
M. citrifolia, AGNP-M. citrifolia, and AuNP-M. citrifolia was expressed
as the inhibition (%) in Fig. 9, and the values increased in a dose-
increasing manner [36]. The ICsp values are 55.83 + 0.77,
23.69 + 0.39, and 18.81 + 0.92 pg/mL. The ICsq value corresponding
to the standard ascorbic acid is 14.64 + 0.14 ug/mL. DPPH radical
scavenging activity showed by methanolic extract of M. citrifolia
fruit is known to be depended intimately on the total phenolic
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Table 2
ANOVA and Tukey's post-hoc analysis results for cytotoxicity studies.

ANOVA result

Concentration
(6.25pg/mL)

Concentration
(100pg/mL)

Concentration
(50pg/mL)

Concentration
(25pg/mL)

Concentration
(12.5pg/mL)

F value

(F=2003""")

(F=1643"") (F=3925"") (F=2546""") (F=1419""")

Tukey’s post-hoc analysis

(Dtype

(J) type

Mean difference (I-])

M. citrifolia bark extract
M. citrifolia bark extract
M.citrifolia bark extract
M.citrifolia bark extract
AgNP-M.citrifolia U20S
AgNP-M.citrifolia U20S
AgNP-M.citrifolia U20S
AuNP-M.citrifolia U20S
AuNP-M.citrifolia U20S
AgNP-M.citrifolia 1929

AgNP-M.citrifolia U20S
AuNP-M.citrifolia U20S
AgNP-M.citrifolia L929
AuNP-M.citrifolia L929
AuNP-M.citrifolia U20S
AgNP-M.citrifolia L929
AuNP-M.citrifolia L929
AgNP-M.citrifolia L929
AuNP-M.citrifolia L929
AuNP-M.citrifolia L929

9.243"""

6.343"™"

-21.50™"
-17.68
-2.901
-30.74
-26.92
-27.84
-24.02
3817

ok

ok

e

ok

ko

wkk

7.476™" 6.092""" 9.581™" 12.09™"
6.648""" 11.39™ 6.565""" 7.433"™"
-22.35™" -23.04™" -21.59™" -12.32""
-22.05"" -21.43"" -24.40™" -12.16™"
-0.8280 5303 -3.016™" -4.660""
-29.83"" -29.13"" -31.17"" -24.41™"
-29.53"" -27.52"" -33.98™" -24.25™"
-29.00™" -34.43™" -28.16™" -19.75™"
-28.70"" -32.82"" -30.96™" -19.59™"
0.3012 1.608™" -2.805"" 0.1586

wr

Note:

content [19]. The adsorption of bioactive compounds, flavonoids,
terpenoids, and proteins, present in the leaf extract on the surface
of AgNP-M. citrifolia and AuNP-M. citrifolia contributed to the
scavenging power [37]. The statistical analysis showed that the
AgNPs and AuNPs have antioxidant power than the bark extract
(Table 1).

3.7. Inhibitory effects on microbial agents

The invention of antibiotics conquered infectious diseases [38].
Plant and microbial originated AgNPs and AuNPs exhibited potent
antimicrobial activity [39,40]. The photographs of bacterial and
fungal agar plates after their treatment with the nanoparticles are
shown in Fig. 10. The inhibition zone in millimeter for each
microorganism in a replica (n = 3) is shown in Fig. 11. AgNPs and
AuNPs showed significant antimicrobial activity against gram-
positive and gram-negative microorganisms [41—46]. The distur-
bance caused by the adhesion of nanoparticles on the surface of the
cell wall and the inhibition of the respiratory cycle by penetrating
to the bacterial cell through the membrane may lead to cell death
[47,48]. Antimicrobial property of nanoparticles will improve the
bactericidal effect of standard antibiotics in future [49].

3.8. Anticancer properties

In vitro cytotoxic effects of AgNP-M. citrifolia and AuNP-
M. citrifolia were studied by MTT assay towards osteosarcoma cell
lines (U20S) and normal cell lines (L929). Osteosarcoma repre-
sented the oldest, the most common, malignant bone tumor that
affected human beings between the age of 10 and 20 years [50,51].
In the MTT assay, breaking of the tetrazolium ring is important and
the cells that are alive only can reduce this quaternary amine to
tertiary amine [52]. The microscopic images of the cells taken after
48 h of treatment with and without the samples (6.25—100 pg/mL)
are displayed in Fig. 12. (a), (b), and (c) denoted the effects of
M. citrifolia, AgNP-M. citrifolia, and AuNP-M. citrifolia on U20S cells,
respectively. (d) and (e) are images corresponding to 1929 cells
after treatment with AgNP-M. citrifolia and AuNP-M. citrifolia,
respectively. The viability of cells (%) investigated at various con-
centrations of the treated samples was plotted in Fig. 13.

Their respective ICs5q values were 67.82 + 2.35, 29.22 + 0.42,
32.83 + 0.81, 141.26 + 2.5, and 157.23 + 2.11 pg/mL. The statistical
analysis of the data is included in Table 2. The capacity of samples to
cause cell death of the cancerous cells follows the order AgNP-
M. citrifolia > AuNP-M. citrifolia > M. citrifolia. Significant

and " indicated significance at the level of 1%, 5% and 10% respectively [56].

cytotoxicity shown by the AgNPs and AuNPss selectively towards
cancerous cells than normal cells paved the way for new thera-
peutics [53] against human bone cancer. Cell components such as
proteins, nitrogen-containing bases, and phosphate groups under-
going bonded and non-bonded interactions with the AgNPs and
AuNPs resulted in cytotoxicity [54]. Biocompatible green AgNPs
and AuNPs can be exploited in drug delivery applications towards
cancer [55].

4. Conclusions

Green production of AgNPs and AuNPs is cost-effective, reliable,
and renewable. The medicinal plant M. citrifolia which has been
admired through centuries proved its power as the best reducing
and protecting agent in the case of AgNPs and AuNPs. Infectious
pathogens and reactive oxygen species like free radicals can be
inhibited using the prepared nanoparticles. Significant and
concentration-dependent cytotoxicity shown by the synthesized

nanoparticles towards human osteosarcoma cell lines is
established.
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ARTICLE INFO ABSTRACT

Am'd}? history: Hydrogels are the most iconic class of soft materials, and since their first report in the literature, they
Received 12 January 2019 ) have attracted the attention of uncountable researchers. Over the past two decades, hydrogels have
Received in revised form 11 April 2019 become smart and sophisticated materials with numerous applications. This class of soft materials have

Accepted 13 April 2019 been playing a significant role in biomedicine due to their tunable and often programmable properties.

- Hydrogels from renewable polymers have been popularized in biomedical applications as they are often
Keywords: biocompatible, easily accessible, and inexpensive. The challenge however has been to find an ideal plant-
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GlYeEngh drogels based hydrogel for biomedicine that can mimic critical properties of human tissues in terms of structure,
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The binding mechanism of natural drugs and its functionalized metal nanoparticles with DNA have prime impor-
tance in the field of nano-toxicology and nano-medicine. The focus of this study was to describe the comparative
binding efficiency, structural conformation, mode of binding and thermodynamic parameters due to the complex
formation of chlorogenic acid (CHA) capped gold (CA-AuNPs) and silver (CA-AgNPs) nanoparticles with ctDNA,
using a series of biophysical analysis. The gold and silver nanoparticles were successfully synthesized by CHA as
both capping and reducing agent. The CA-AuNPs and CA-AgNPs were characterized by UV-Visible spectroscopy,

Ié:}j‘AVSrNd;; and CA-AgNPs XRD, FTIR, DLS and HR-TEM analysis confirmed the formation of stable AuNPs and AgNPs with an average size of
Binding energy 37 and 20 nm respectively. The strength and mode of interaction of CHA functionalized metal nanoparticles with
LSPR ctDNA were evaluated on the basis of binding parameters extracted from UV-visible absorption, dye displace-
ITC ment fluorescence studies and ITC. The conformational alterations of ctDNA double helix due to its complexation
Cytotoxicity with CA-AgNPs and CA-AuNPs were monitored by Circular dichroism and Fourier transform infrared spectros-

copy. The thermodynamic parameters obtained from ITC established the stabilizing forces responsible for the
exothermic binding processes. The binding constants obtained from the spectroscopic and calorimetric studies
consistently explained the strong binding efficiency of CA-AgNPs than CA-AuNPs with ctDNA. The DNA detection
efficiency of CA-AgNPs was comparatively higher than that of CA-AuNPs executed by LOD and colorimetric alter-
ations. The MTT assay on normal human cell lines revealed that CA-AuNPs exhibited mild dose-response sup-
pression on normal human cell lines when compared with CA-AgNPs. These results based on DNA
nanoparticles binding mechanism will help for the designing and synthesis of new CHA functionalized nanopar-
ticles possessing better sensing and therapeutic efficacy with minimal side effects.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

DNA plays an inevitable role as the supreme genetic substance for
the biological production of enzymes and proteins in living organisms
[1]. Hence, DNA is considered as the main cellular target for interaction
studies with naturally occurring/synthetic drugs and its functionalized
metal nanoparticles (NPs) having therapeutic potentials for the effec-

tive designing of novel drug targets [1-3]. The nanostructured materials
had ocained rennvatinn with notential annlicatinne in medicine thera_

metal NPs have been identified that they selectively interact and detect
biomolecules like DNA; the most important ones are noble metal nano-
particles of gold (Au) and silver (Ag). Such DNA-drug/NPs interactions
have been influenced by the size, shape and surface chemistry of the
nanostructured materials [3,6]. In specific, apart from the extensive
fields of electronics, medicine and optics Au and Ag NPs offer multipur-
pose application provisions in wide areas of human life such as energy,

environmental remediation, water treatment and medical technology
1701 Farlier ctiidiec alen rennrted the ctrono comnlev farmation nf



Accepted Manuscript

Applied
:.EllJJ]Fm::E Science

Novel SPR based fiber optic sensor for vitamin A using Au@Ag
core-shell nanoparticles doped Si02-TiO2-ZrO2 ternary matrix

V.P. Prakashan, George Gejo, M.S. Sanu, M.S. Sajna, Thomas
Subin, P.R. Biju, Joseph Cyriac, N.V. Unnikrishnan

PII: S0169-4332(19)31047-5

DOI: https://doi.org/10.1016/j.apsusc.2019.04.055
Reference: APSUSC 42363

To appear in: Applied Surface Science

Received date: 21 December 2018

Revised date: 27 March 2019

Accepted date: 4 April 2019

Please cite this article as: V.P. Prakashan, G. Gejo, M..S. Sanu, et al., Novel SPR based fiber
optic sensor for vitamin A using Au@Ag core-shell nanoparticles doped Si02-Ti02-ZrO2
ternary matrix, Applied Surface Science, https://doi.org/10.1016/j.apsusc.2019.04.055

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.



Bull. Mater. Sci. (2019) 42:181
https://doi.org/10.1007/s12034-019-1876-3

© Indian Academy of Sciences

)

Synthesis, structural and luminescence properties of Dy**
activated GdAlO; phosphors by a solid state reaction method

under a N, atmosphere

SAMIT TIWARI', RAUNAK KUMAR TAMRAKAR"*, KANCHAN UPADHYAY?

and C S ROBINSON!

IDepartment of Applied Physics, Bhilai Institute of Technology (Seth Balkrishan Memorial), Near Bhilai House, Durg

(C.G.) 491001, India

2International and Inter University Centre of Nanoscience and Nanotechnology, Mahatma Gandhi University, Kottayam

686560, India

*Author for correspondence (raunak.ruby @ gmail.com)

MS received 23 November 2018; accepted 25 February 2019; published online 30 May 2019

Abstract.

Dysprosium (Dy>1) ion-doped GdAlO3 nanophosphors were fabricated by using a high temperature solid state

reaction method. X-ray diffraction measurements were used to investigate the phase and crystal size of these phosphors.
The morphology of the powder was observed by scanning electron microscopy. The band structure of the phosphor was
determined by recording the UV absorption spectra and Tauc plot. The optical behaviour of the phosphors was determined
by measuring their photoluminescence (PL) spectra. The PL spectra show characteristic blue (489 nm) and green (567 nm)
emissions corresponding to the energy level transitions of Dy>+.

Keywords.

1. Introduction

Perovskite compounds behave as the best host materials for
the development of various display devices. The perovskite
compound has the general formula of ABO3;. Gadolinium
aluminate belongs to the perovskite structure-based com-
pound. It has an orthorhombic crystal structure that belongs to
the Pm3m symmetry group. Perovskites are chemically and
thermally stable, which makes them very useful for various
applications [1-4]. Doping of Dy** ions in the GdAIOs host
makes it useful for white light applications. Dy** ions are
active rare earth ions for the production of white light. Due
to this, they are one of the most studied rare earth ions [5,6].
The emission of Dy>* ions can be tuned by varying the host
matrix [7,8].

Various preparation methods have been used for the synthe-
sis of GAA1O3; phosphors doped with various rare earth ions,
which include solvothermal, combustion synthesis, solid state

GdAIO3; Dy3+; XRD; photoluminescence; CIE.

Er’**:Yb*"-codoped GdAIO; phosphors by replacing the
oxides of erbium and ytterbium with dysprosium oxide
(Dy,0s3) [9]. To determine the influence of the dopant con-
centration on the spectral behaviour, phosphors with variable
Dy>* concentrations have been prepared by using the above-
mentioned method.

3. Results and discussion

3.1 Phase, structure and morphology

Figure 1 shows the X-ray diffraction (XRD) patterns of the
sample. The obtained XRD pattern of the sample matches
well with the JCPDS file No. 46-0395 [10,11] indicating that
the sample has an orthorhombic phase. No other peaks due
to Dy’* are observed in the XRD pattern revealing that the
sample has a pure phase of GdAlO3. The average crystal size
of the phosphor was determined by using Scherer’s formula

r4 A v B 1 N
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Abstract

Two shot solution polymerised NR/PEO block copolymer (BC) was used as an absorbent in this study. This polymer has got
polyethylene oxide (PEO) immobilised on hydrophobic natural rubber and it was used for complexation studies with the selected
3d transition metal ions. The prepared complexes were subjected to various analytical techniques such as energy dispersive X-ray
spectroscopy (EDX), Fourier Transform infrared spectroscopy(FTIR), Raman spectroscopy, X-ray diffraction (XRD) studies,
extended X-ray absorption fine structure (EXAFS) analysis and X-ray absorption near edge spectroscopy (XANES). EDX
analysis confirms presence of the respective metal ion in each complex. FTIR spectroscopy reveals the 7, helical conformation
of polyethylene oxide segments in BC which is retained with some deformation upon complexation. The BC-metal ion interac-
tion is confirmed by broadening of the C-O-C triplet peak. XRD analysis revealed that PEO lattice undergoes expansion during
complexation inorder to accommodate the respective metal ion. From the EXAFS results it was observed that each metal ion
shows only one peak that corresponds to the oxygen shell indicating the presence of only one type of metal ion bonding. The
EXAFS gives hexa coordinated pattern for Co(II), Ni(I) and Zn(II) complexes while a tetra coordination for the Cu(II) complex.
Metal-oxygen distance in a given complex is constant and unique which varies with the metal ion. XANES shows a distorted
octahedral symmetry (Oh) with sp>d” hybridisation for the hexa coordinated complexes and a square planar symmetry with dsp®
hybridisation for the tetra coordinated complex. Feasibility of 1 s — 3d transition confirms +2 oxidation state of the metal ions.
The combined result of EXAFS and FTIR shows the best fit structure of the complexes in which metal ions are encapsulated
within the PEO helical tunnel.

Keywords NR/PEO block copolymers - Polymer — transition metal ion complex - Structural studies - EXAFS analysis - XANES
analysis - EDX analysis

Introduction

Polymer - metal complexes are being extensively studied in
recent years due to their wide range of applications in the
fields such as catalysis, polymer electrolytes, effluent treat-
ment, ion exchange resin, metal ion removal, hydrometallur-
gy, etc. [1-4] Among all the polymers studied for this purpose
polyethylene oxide (PEO) has a special role due to its ability
to form complexes through oxygen donors present as ether

linkages in high density. Easy solubility in various solvents
and relatively easy way of chemical modification are added
advantages [5-9]. Studies reported on structural aspects of
PEO complexation suggest that the mode of complexation
has similarity to that of crown ethers [10-13]. However, in
contrast, the more flexible PEO ligands are able to wrap big-
ger ions such as lanthanides in the helical form while the
crown ether due to their rigid cavity size are found to coordi-
nate in the out — of — cavity fashion [14, 15]. Over the years



Marine Pollution Bulletin 145 (2019) 490-498

Contents lists available at ScienceDirect

> ohepl Marine Pollution Bulletin

journal homepage: www.elsevier.com/locate/marpolbul

Distribution and risk assessment of trace metals in multifarious matrices of

Vembanad Lake system, Peninsular India

Check for
updates

M.S. ShyleshChandran®”"', E.V. Ramasamy®', Mahesh Mohan™', Sruthi S. N**,
K.K. Jayasooryan™', Toms Augustine®', Kannan Mohan™'

@ School of Environmental Sciences, Mahatma Gandhi University, Kerala, India
Y National Centre for Earth Science Studies, Thiruvananthapuram, Kerala, India

ARTICLE INFO ABSTRACT

Keywords:

Ecological risk assessment
Contamination factor
Incremental lifetime cancer risk
Hazard quotient

Pollution load index

Trace metal contamination in aquatic ecosystems is of significant concern in countries like India having a recent
industrial history. The present study mainly focuses on the spatial and temporal distribution, occurrence and
toxicity of five trace metals (Hg, Cd, Zn, Cu and Pb) in water and sediment matrix of Vembanad Lake system
(VLS), India. Mercury analysis was done by using Cold Vapor Atomic Fluorescence Spectrometer, and the other
metals were analysed using Volta metric-Trace metal analyser. The spatial distribution of trace metals in the
study area showed the following trends, Zn > Pb > Cu > Cd > Hg,Zn > Pb > Cu > Hg > Cd for surface
water and bottom water respectively. Health risk assessment on human population associated with trace metals
was also calculated to predict their health impacts on human through non-dietary exposure. The trace metals
contamination in water and sediments of VLS are potential to cause cancer on human population associated with
the system. Ecological risk indices showed that the northern portion of VLS is more contaminated with trace

metal than the other part of the system.

1. Introduction

Environmental quality possesses great importance on the survival
and well-being of living organisms in the coastal estuaries and inland
wetland systems. Pollution stress of such systems mainly through an-
thropogenic activities is the major challenging problem of the century.
These aquatic systems serve as a sink as well as the receptors for the
massive quantity of pollutants (Ridgway and Shimmield, 2002; Spencer
et al., 2003). The express economic growth, preceding industrialisation
and urbanisation leads aquatic environment pollution in coastal wet-
lands of developing countries. Since 1940's, rapid industrialisation,
population exploitation and subsequent urban agglomeration resulted
in the enrichment of trace metals in the aquatic environment and
trigger various environmental problems in developing countries, espe-
cially in India (ShyleshChandran et al., 2019).

When the contaminants reach the aquatic environment, nearly 10%
dispersed in water and the rest 90% will be stored in the sedimentary

effects on aquatic biota (Chen et al., 2016; Parween et al., 2017; Patel
et al., 2018). The accumulated sediment-bound metals may get mobi-
lized by biochemical or anthropogenic process and may results in bio-
concentrate in tissues of aquatic organisms and eventually transmitted
to organisms in higher trophic level. Hence, the assessment of spatial
and temporal distribution of metals and their risk assessment on the
aquatic environment and on human population requisite global atten-
tion.

By recognizing the risk of trace metals on entire environment the
United States Environmental Protection Agency (USEPA) classified 12
trace metals such as As, Be, Cd, Cr, Cu, Pb, Hg, Ni, Se, Ag, Ti, and Zn as
priority pollutants. These priority pollutants especially Hg and Pb may
be transformed into organometallic forms and are potential to increase
its level of toxicity by reaching to benthic fauna. Trace metal con-
centration in an aquatic system is mostly influenced by various factors
such as sediment texture, mineralogical composition and physical
transport (Buccolieri et al.. 2006: Marchand et al.. 2006). These toxic
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Abstract

Multiwalled carbon nanotubes were introduced into both dispersed and co-continuous polycarbonate/polypropylene blends
through melt compounding in an internal mixer. Both the neat blends and blend nanocomposites showed viscoelastic phase
separation process where phase in phase morphologies could be observed due to viscosity disparity and T, differences between
the component polymers. A strong compatibilising action was noticed up on the addition of a small quantity of MWCNT into
both dispersed and co-continuous morphologies. Theoretical predictions based on thermodynamic considerations clearly indi-
cated the preferential localisation of MWCNTS in the PC phase. However, because of the viscosity differences between the two
polymers, we also found that some of the MWCNTs being localised at the blend interphase and in PP phase. From linear
viscoelastic studies rheological percolation was observed at high concentration of the MWCNTs where carbon nanotubes formed
a network-like structure leading to solid state behaviour at low frequencies.

Keywords Polycarbonate/polypropylene blends - Co-continuous morphology - Selective localization of MWCNTSs

Introduction

Melt blending of polymers is an immensely attractive
and inexpensive method of getting novel and different
structural materials [1]. We can attain a good cost/
performance ratio by the judicious mixing of low-cost
polymers with expensive polymers. They can be

< Sabu Thomas
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miscible or immiscible. The miscibility of polymer
blend depends on the thermodynamics of mixing. Most
of the blend systems are immiscible due to unfavorable
interactions and very low contribution of entropy [2-4].
A wide range of morphologies (dispersed to co-
continuous structures) could be obtained by carefully
controlling the composition and viscosity ratio of im-
miscible polymer blends. In recent years, nanoparticles
have attracted a lot of interest due to their important
role in immiscible and incompatible polymer blends.
The nanoparticles are able to change the interaction co-
efficient between two polymers and thus improve the
comnatibilitv between the nolvmer naire 51 The dis-
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ARTICLE INFO ABSTRACT
Am’c{e history: In this research work, we propose a synergistic effect of a green crosslinker and cellulose nanomaterial on the
Received 5 February 2019 crystallinity, viscoelastic, and thermal properties of starch nanocomposites. A disaccharide derivative was used
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as a bio crosslinker and nanofiber from pineapple leaf as a reinforcing phase for starch. Sucrose was oxidised
using periodate, that can selectively oxidise the vicinal hydroxyl group of sucrose and form tetra aldehyde deriv-
ative. Crystallinity of films after crosslinking decreased with successive addition of crosslinker. The melting tem-
perature of films increased because of formation of more dense structure after crosslinking. Morphological

Iéﬁgggﬁ;‘f{ng investigations were analysed by atomic force microscopy. Polymer chain confinement and mechanics were

Cellulose nanofiber quantified. The crosslink densities of the films were calculated using two models, phantom model and affine

Viscoelastic model, using storage modulus data. By using very low amount of crosslinker and nanoreinforcement, the prop-
erties of thermoplastic starch were significantly improved.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction not truly thermoplastic in nature but can be converted into one, using

In the creation of high performance advanced polymer nanocom-
posites, various nanosized fillers are used as reinforcing material. Fine
dispersion of nanoparticle within the polymer matrix leads to high per-
formance composites due to high interfacial area which is in the range
of molecular dimensions [1].

Starch is one of the most investigated biodegradable materials ob-

tained from renewable resources. It is a resourceful polysaccharide with
yvariniic nncitive nninte like law nrice availahilitv 11ce in fond and none

water and non-aqueous volatile materials called plasticizers (generally
polyols like glycerol). However, the hygroscopic nature of starch limits
its applications. Also, in addition, retrogradation and crystallization of mo-
bile starch phase leads to change in its thermomechanical properties.
Starch is immiscible with other commonly used polymers due to its
highly polar nature. Reinforcing with cellulosic fillers in thermoplastic
starch improves its property by preserving the biodegradability.

There are several methods reported so far to improve the perfor-
mance nf ctarch haced comnacitac lile blendino [2-71 cracclinliino
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The aim of this study is to synthesize and characterize an economical alkali
fluoroborate glass doped with Dy®* ions using melt quenching technique for
white light generation applications. The glasses under investigation are pre-
pared from the precursor mixture keeping the molar composition 10K,0 +
10BaO + 10ZnF5 + (70-x)B503 + xDy,03, where x = 0.1 mol.%, 0.5 mol.%,
1.0 mol.%, 1.5 mol.% and 2.0 mol.%. Optical characterization techniques such
as absorption, photoluminescence excitation, emission and decay analysis
were accomplished to validate the use of the prepared glasses for white light
emitting diodes. Optical band gap energy and vital Judd—Ofelt (JO) intensity
parameters were derived using the absorption spectrum. The JO intensity
parameters were used to explore some characteristic radiative parameters of
the present glass system. The photoluminescence spectra of the glasses have
been recorded at an excitation wavelength of 348 nm and the spectra contain
two intense emission bands in the blue (480 nm) and yellow (572 nm) regions
and a weak band in the red region (664 nm). With the increase of dopant ion
concentration, the intensity of all emission bands marked a gradual increase.
The variation of the ratio of integrated intensity of yellow band to blue band
(Y/B ratio) with the concentration of Dy,03 is also studied. Color coordinates
determined using commission international de I’eclairage (CIE) 1931 suggest
that the prepared glass can be a potential material for white light applica-
tions. The experimental lifetime values marked a significant decrease with
increase in dopant ion concentration and the mechanism responsible for the
quenching is identified. Quantum yield is determined experimentally as well
as using JO theory.

Key words: Fluoroborate, Judd—Ofelt theory, radiative properties, dipole-
quadrupole interaction

INTRODUCTION radiation).”™ They can be fabricated either by
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Glycan recognition is the most attractive defining feature of lectins, and also they exhibit specific phytochemical
interactions at distinct sites without interfering the glycocode recognition capability. These additional sites may
be viewed as potential drug carrying sites that could be exploited for targeted drug delivery. The pharmacological
effects of quercetin (QN) have already been studied. However, its molecular mechanism of interactions with lec-
tin has not yet been addressed. The extending novelty provokes us to unravel the binding profile of QN with
Spatholobus parviflorus lectin (SPL) using a combination series of biophysical and computational approaches.

g\{w ords: The UV absorption studies revealed an intense SPL-QN complex formation, indicating a hyperchromic effect.
SPL The fluorescence spectroscopic analysis using sugar-free SPL and sugar saturated SPL (ssSPL) revealed that QN
ssSPL binding significantly quenched the intrinsic fluorescence of SPL. The thermodynamic parameters maintained uni-
ITC formity with the binding stoichiometry (n = 4) of both SPL and ssSPL, hence it may be assumed that the sugar
Docking binding onto the SPL would not have been influenced with QN binding. The molecular docking analysis also
maintained consistency with the in vitro results. It could be concluded from SPL-QN interactions without altering

unique carbohydrate specificities, leave SPL unrestricted for other molecular recognition events.
© 2019 Published by Elsevier B.V.
1. Introduction Proteins have emerged as versatile natural/synthetic drug carriers

Traditional polyherbal drug formulations, rich in phytochemicals
like alkaloids, flavonoids and phenolic compounds, are generally
found to be biologically safe [1-2]. Flavonoids have received more at-
tention as dietary constituents due to their therapeutic significance in
modifying eicosanoid biosynthesis in inflammation, preventing platelet
aggregation, protecting low-density lipoproteins from oxidation and
promoting relaxation of cardiovascular smooth muscles [3]. Flavonoids
are a class of naturally occurring, biologically active secondary metabo-
lites containing flavone in various combinations, possessing a broad
spectrum of pharmacological and health promoting effects [4,5]. Quer-
cetin (QN) is one such, most abundant dietary flavonol, found predom-
inantly in apples, onions, red grapes, citrus fruits and tea [6]. The QN is
chemically F'nown ac 227 A’ & 7onentabhvdrovul-flavoane (Fio 1) 1ictiallv

for diagnosis and treatment of many diseases, due to their drug conju-
gating capability [11]. The interaction studies of QN targeting mostly
abundant and highly stable plasma proteins, human serum albumin
(HSA) and bovine serum albumin (BSA), by exploiting the emission
properties of intrinsic fluorophores, tryptophans and tyrosines, are
available in the literature [12-14]. The previous reports focusing on
QN affinity towards lysozyme explored by synchronous, steady-state
fluorescence technique and molecular simulation have also gained
much attention due to its therapeutic effectiveness [15]. The groove-
binding mode of QN with calf thymus DNA (ct-DNA) was also investi-
gated by biophysical and molecular simulation means for the designing
of DNA-targeted drugs [16]. The biological and pharmacological poten-

tials of QN frame it as a versatile molecule to target binding studies on
olhviconrnteince lilve lacrtine A laroe niimhber nf hinlaoical invecticatinne re_
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ABSTRACT: Poly(methyl methacrylate) (PMMA) based dental prosthetic materials have an inferior transverse resistance value and a high
water-retention capacity. These drawbacks cause frequent prosthesis fractures both inside and outside the mouth, which require the remaking
or repair of the prosthesis. The mechanical and physical durability of the polymer matrix can be improved by the incorporation of a
multifunctional filler. In this study, we focused on the reinforcing effect of silver nanoparticles (AgNPs) on the flexural properties of PMMA.
Apart from that, the transport behavior of water and saliva through this composite matrix was also studied extensively. Morphological analyses
with scanning electron microscopy (SEM) and atomic force microscopy imaging techniques confirmed the uniform distribution of
nanoparticles in the matrix with an increased surface roughness proportionate to the amount of AgNPs. The flexural strength and modulus
were enhanced by the addition of up to 5 wt % AgNPs (p < 0.05); we also observed a significant increase in the fracture resistance. The SEM
micrographs of the fractured ends of AgNP-reinforced groups had smaller cracks compared to the large multidirectional cracks in the
unreinforced group. The diffusion of oral fluid through the composite was investigated in detail as a function of the AgNP content, the nature
of the solvent (water or saliva), and the temperature (5, 28, 37, or 60°C). The water and saliva uptake, diffusion, sorption, and permeation con-
stants were investigated and were found to decrease with increasing AgNP loading. The transport properties could have been related to the
morphology of the nanocomposites and followed the Korsmeyer-Peppas model. At high concentrations, the AgNPs formed a local filler—filler
network in the polymer matrix. This network hindered the transport of water and saliva through the polymer. The outcome deduced from this
study confirmed that the reinforced nanocomposites improved the durability of the denture base and could be an effective replacement for the
conventional denture base. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 136, 47669.

KEYWORDS: biomedical applications; kinetics; mechanical properties; nanostructured polymers; theory and modeling
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ARTICLE INFO ABSTRACT

Keywords: A series of trivalent samarium doped lanthanum molybdate nanophosphors were prepared by co-precipitation
Energy transfer route. The formation of highly crystalline tetragonal nanocrystals with space group 141/a is identified from powder
Luminescence X-ray diffractogram. The morphology and the oriented attachment mediated growth mechanism of the nano-
Molybdate

crystals were recognized from TEM analysis. The strong and broad charge transfer band in the near ultra violet
region favours excellent excitation of the nanophosphors and the energy transfer from host matrix to Sm®* ions is
established on account of the characteristic emissions of trivalent samarium ions upon host sensitization. The Judd-
Ofelt (JO) theoretical analysis was carried out to have an insight into the spectroscopic characteristics of La,.
«Sm,(Mo0,); nanophosphors. The relatively higher value of €, predicts more asymmetric environment of Sm>*
sites in the host lattice, favouring the dominance of electric dipole transitions and the various radiative parameters
are evaluated. In spite of the excitation channel, the *Gs,, — ®Ho, transition of Sm®* observed at 645 nm is the
most prominent emission transition. The maximum emission intensity is observed for La; 9gSmyg ¢2(M00,4)3 na-
nophosphors and as the doping concentration exceeds this limit, there will be fall in emission intensity due to
concentration quenching effect. A detailed investigation on the decay behaviour of host sensitized and direct
excited emission of samarium ions was conducted and the average lifetime values are calculated. The CIE chro-
maticity co-ordinates calculated for different excitation routes fall in the reddish orange region of CIE diagram and
the same for La; 9gSmg ¢2(M004)3 nanophosphors are found to be (0.601, 0.394) with a colour purity of 97.21%
which disclosed the relevance of La,_,Sm, (M0oO,); as a potential red phosphor material.

Oriented attachment
Judd-Ofelt analysis

1. Introduction blending NUV LED chip with red/green/blue primary colour phosphors

[5]. In the present work, our point of interest is to develop a novel red

The exploration of luminescence properties of Ln>* ions embedded
in a highly crystalline inorganic host material demand a lot on behalf of
their potential applications in the field of display devices, laser sources
and lighting. Basically, the Ln®" based luminescence is relied on the
sharp emissions spanning the entire visible and near infrared regions
with high colour purity, relatively long lifetime (millisecond order) and
potentially high quantum yield [1-3]. Specifically, the superiority of
rare earth luminescence depends upon the sharp characteristic emis-
sions of these ions emerging from the electronic transitions within
partially filled 4f orbitals shielded by filled outer 5s5p® subshells, re-

phosphor material with versatile luminescence properties by means of
some cost-effective techniques.

Generally, the development of an efficient red phosphor material is
traditionally been centered on the photoluminescence properties of
trivalent europium ion owing to its high emission intensity along with
simple emission spectra. So far less attention has been paid in extracting
the luminescence behaviour of trivalent samarium ions with 4f> con-
figuration and numerous closely spaced energy levels which favour
non-radiative decay processes. Eventually, the luminescence properties
of samarium ions originate from multifold electronic transitions from
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Abstract: Eu doped Ti0: panocrystaline films have been deposited by sol-gel spin coating
technique on the glass substrate using ttamum (IV) propoxide as a precursor, The obtamed films
were characterized by X-ray diffractometer (XRD), TEM, EDX, UV-Vis spectrophotometer,
Raman spectrometer, and fluorescence spectrometer. As revealed by XRD, and TEM, all the
TiO; films were a single anatase phase with nanocrystallite structures and hinder the crystal
growth with the Eu-doping concentration in deposited films. The images of TEM showed that all
the particlez have spherical in shape with an average dimmeter ranging from 6 to 12 nm. The
TiO,: Eu’’ coatings have higher values of energv gap compared to pure Titania. The Raman
spectra shows the charactenstic modes of anatase TiOy and mtensity of modes reduced with an
increase of Eu doping concentartion. An occurrence of Raman blue shifts was due to reduction of
particle size. At 393 nm excitation, the Eu doped Ti(»: nanophosphor thin films showed typical
PL emission "Dy— F3 (J=10, 1, 2, 3,4, 5) transitions of Eu’" ions in the visible spectra, The more
effective photoluminescence emission was observed for the 7 at. % Eu-doped TiO,
nanoparticles. The experimental decay times of the "Dy level through “Do—F: transition
obtained by exciing at 393nm. The electron-phonon coupling strength (g) of the PSE was
estimated from the excitation spectra. Judd-Ofelt (J0) intensity parameters, radiative possessions
were estimated from the emission spectra. The photocatalytic activity (PCA) of Eu-doped TiO,

nanoparticles showed that the strong photocatalytic activity response, decrease the efficiency of
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ARTICLE INFO ABSTRACT

Keywords: Scanning tunneling microscopy (STM) at solution-graphite(0001) interface is used to identify nanometer-wide
STM elementary strands of custom-designed ampiphilic benzamides and elucidate their internal structure with sub-
Self-assembly molecular resolution. Evidences against graphitic artifacts that often mimic organic strands are provided,
Hydrzge“ bond thereby unambiguously establishing the molecular origin of these strands. The aliphatic chain lengths are chosen
Sm.m . based on bulk studies so as to promote strand architectures and avoid monolayer structures. Two different chain
Solid-liquid interface . .

Graphite lengths are used to decipher the structural parameters and the results suggest hitherto unknown precursor routes

to strand formation on a surface that is different from columnar mesophases in bulk. An on-surface self-assembly
into hydrogen-bonded tetramer precursors and their subsequent interaction with other units via van der Waals
forces between the dangling alkyl chains is proposed for strand formation on the surface.

1. Introduction

One-dimensional micro- and nano-structures of organic compounds
are valuable ingredients in solution-processable organic electronic de-
vices [1-5]. Electron transport through organic structures is the basis
for a large number of biological processes as well [6]. Supramolecular
self-assembly in solution is a strategy devised by nature to build larger
functional ensembles [7]. Several synthetic low-molecular weight
(LMW) wedge-shaped and amphiphilic 3,4,5-tris(alkoxy)benzamides
are known to self-assemble into columnar mesophases in bulk [8], re-
sulting in self-assembled fibrillar networks in non-polar and semi-polar
solvents. Organogelators, due to their tendency to form nanostrands,
have aroused much interest in the context of nanoelectronics [9]. It is
imperative to decipher the structure of these nanostructures to identify
the function they can perform such as their potential use as selective
ion-transport channels.

The knowledge about columnar bulk mesophase materials mostly
come from X-ray diffraction, scattering and electron microscopy tech-
niques that generally suffice for a macroscopic understanding [10,11].

instance, solution concentration, where denser polymorph usually re-
sults from higher solution concentrations [12,13]. The hydrophobic
HOPG is an ideal substrate for the investigation of amide moieties-
containing compounds such as the ones investigated here. In contrast,
hydrophilic substrates, in general, may hinder [14-16] the self-assem-
bling ability of the molecules by forcing them to lie flat on the surface,
although deviation from this behavior has also been reported [17]. For
a discussion on the influence of substrates on the self-assembly of fibril
structures on HOPG and Au, see [18-21]. To elucidate structural details
of self-assembled strands on HOPG, we use scanning tunneling micro-
scopy (STM), the only available technique that can resolve structural
details at the sub-molecular level.

STM is an efficient technique to probe the structure as well as re-
activity in a chemically ‘realistic’ environment- that is at solid-liquid
interfaces [22-36]. However, unlike planar surface structures [37,38],
the realm of isolated 1-D structures such as nanowires, has been less
exploited by this technique. STM imaging of 1-D structures has been
successful in imaging films of closely packed strands, edge-on stacks
[26,39-41] and innate graphitic structures [42-46], but only few re-



Journal of Materials Science: Materials in Electronics (2019) 30:12603-12611

https://doi.org/10.1007/510854-019-01621-5

Radio frequency plasma polymerized thin film based on eucalyptus
oil as low dielectric permittivity, visible and near-infrared (NIR)

photoluminescent material

Beena Mol' - Jemy James? - K. K. Anoop’ - Indra Sulaniya® - Cyriac Joseph? - M. R. Anantharaman’ - Junaid Bushiri’

Received: 25 February 2019 / Accepted: 30 May 2019 / Published online: 8 June 2019

© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Thin films derived from eucalyptus oil was fabricated on glass and silicon substrate by rf plasma polymerization technique
and characterized by FTIR, FESEM, AFM, Ellipsometry, UV-Visible and Photoluminescence spectroscopy. The dielectric
constant and dielectric loss of the thin films were estimated using spectroscopic ellipsometry technique. Functional groups
related to chromophores present in the eucalyptus oil thin films were identified using FTIR spectroscopy. t—n" interband
transitions (306 nm) and intramolecular charge transfer (556 nm) was observed from the absorption spectra of the polymer-
ized thin films. The indirect optical band gap estimated using Tauc plot was 3.66 eV, which revealed the semiconducting
nature of the thin film. The value of real part of dielectric constant (e") was less than 2.44, which indicated a low dielectric
permittivity behaviour of the film in the optical regime. The photoluminescence emission studies and CIE colour coordinates
showed that plasma polymerized eucalyptus oil thin films exhibits yellow and IR emission.

1 Introduction

Eco-friendly and biocompatible organic polymer materials
have potential applications in the making of phototherapy
devices [1], infrared signal processing, telecommunication
devices [2, 3], organic solar cell [4, 5], organic light emitting
diodes [6] and flat panel TV display screens [7]. To design
a luminescent organic polymer material one has to consider
intermolecular interactions in the polymer chain since the
emission of photons from a polymer film are either due to
the interchain excitation or can be from dimers or excimers
[8]. Interestingly, organic semiconductor polymers are car-
bon-rich compounds, their electrical and luminescent prop-
erties can be tuned by modifying their structure by chemical
doping or by using high energy ion beams [9, 10]. The opti-
cal properties of a polymer film arises due to the physical

alignment of transition dipoles in their polymer backbone
[11]. Conjugated polymers have multichromophore systems
and their photoluminescence emissive properties depend on
inter/intramolecular energy transfer between the chromo-
phore units present in the polymer skeleton. Currently, most
of the applications are focussed on materials with randomly
oriented conjugated chains because of their ability to yield
photogenerated charge carriers [12].

Organic thin films are mostly prepared by electrospray
process [13], solution processing [14] and solvent-free
plasma enhanced deposition [15, 16], electropolymeriza-
tion [17, 18], dc, ac and rf plasma polymerization [19, 20].
Among the various techniques, rf plasma polymerization
gets special attention due to its less infrastructural require-
ments and easiness in film preparation since polymeriza-
tion takes place in a single step. This technique is used for
the preparation of organic polymer thin films with ultra-
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The curing kinetics, vulcanizate properties, mechanical reinforcement and chemical interactions of organically
modified nanoclay filled natural rubber (NR) and chlorobutyl (CIIR) rubbers have been studied. From the vul-
canization studies, it is observed that nanoclays are more intercalated in NR matrix rather than CIIR matrix. To
understand the exact mechanism operating in the vulcanization behavior of NR and CIIR, autocatalytic model
was applied. The vulcanization kinetic studies revealed that the nanoclay distribution at high temperature
(190 °C) in CIIR matrix is somewhat intercalated in nature. Highly pronounced reversion behavior was observed

in NR matrix. The mechanical reinforcement of vulcanizates was examined using the change in modulus values
at 100% and 300% elongation. The mechanical properties were modeled using different kind of models such as
Guth-Smallwood, Halpin-Tsai, modified Halpin-Tsai and Mori-Tanaka models. Finally, the dispersion of nano-
clay platelets in CIIR and NR matrix was confirmed by the phase images obtained from AFM technique.

1. Introduction

The incorporation of the nanofillers definitely affects the curing
kinetics of natural rubber and synthetic rubbers. But, the vulcanization
behavior in the presence of organically modified nanoclays and un-
modified nanoclays are quite different. Many research groups reported
on the behavior of the organically modified nanoclays on the vulcani-
zation behavior of rubber based nanocomposites [1-7]. Vulcanization is
mostly favored by the organic modification by quaternary ammonium
salts, since the quaternary ammonium salts can accelerate the reaction.
The organic modification in nanoclays influence the vulcanization be-
havior in natural rubber (NR) nanocomposites [1,2] and acrylonitrile
rubber (NBR) nanocomposites [3,4]. The vulcanization kinetics of the
rubber matrices with different fillers other than nanoclays was also
studied. Sui et al. [8] reported the effect of pretreated carbon nanotubes
(CNTs) in the vulcanization kinetics and mechanical behavior of natural
rubber matrix. Akhlaghi et al. [9] studied the effect of nano ZnO in

nanoclay [10] and TiO, [13] on the property improvements of CIIR
matrix was examined by Saritha et al. Recently, the vulcanization ki-
netic studies of rubber systems such as styrene-butadiene rubber (SBR)/
zinc dimethacrylate [17], NR/hybrid nanofiller systems [18], NR/effi-
cient vulcanization (EVs) systems have been reported [19]. Estimating
the mechanical modulus values and analyzing the swelling pattern is
another method to understand the nanofiller interaction with the
elastomers. Many works have been reported on the nanofiller interac-
tions with elastomers by considering various above discussed aspects
[20,21]. Similarly, many reports [22] pointed out the importance of the
Halpin-Tsai [23], Mori-Tanaka [24] and Guth-Smallwood [25,26]
models in the interpretation of mechanical behavior of rubber nano-
composites.

In the present article, we try to explore the role of organically
modified nanoclay on the vulcanization characteristics and mechanical
behavior of natural rubber and chlorobutyl rubber nanocomposites. In
particular, the nanoclay interactions with NR and CIIR matrix have
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Titanium Nanorods Loaded PCL Meshes with Enhanced
Blood Vessel Formation and Cell Migration for Wound

Dressing Applications

Robin Augustine, Anwarul Hasan,* Noorunnisa Khanam Patan, Anitha Augustine,
Yogesh B. Dalvi, Ruby Varghese, Raghunath Narayanan Unni, Nandakumar Kalarikkal,

Ala-Eddin Al Moustafa, and Sabu Thomas

Proper management of nonhealing wounds is an imperative clinical chal-
lenge. For the effective healing of chronic wounds, suitable wound coverage
materials with the capability to accelerate cell migration, cell proliferation,
angiogenesis, and wound healing are required to protect the healing wound
bed. Biodegradable polymeric meshes are utilized as effective wound cov-
erage materials to protect the wounds from the external environment and
prevent infections. Among them, electrospun biopolymeric meshes have

got much attention due to their extracellular matrix mimicking morphology,
ability to support cell adhesion, and cell proliferation. Herein, electrospun
nanocomposite meshes based on polycaprolactone (PCL) and titanium
dioxide nanorods (TNR) are developed. TNR incorporated PCL meshes

are fabricated by electrospinning technique and characterized by scanning
electron microscopy, energy dispersive X-ray spectroscopy, Fourier transform
infrared spectroscopy (FTIR) analysis, and X-Ray diffraction (XRD) analysis.
In vitro cell culture studies, in ovo angiogenesis assay, in vivo implantation
study, and in vivo wound healing study are performed. Interestingly, obtained
in vitro and in vivo results demonstrated that the presence of TNR in the PCL
meshes greatly improved the cell migration, proliferation, angiogenesis, and
wound healing. Owing to the above superior properties, they can be used as
excellent biomaterials in wound healing and tissue regeneration applications.

1. Introduction

Impaired or delayed healing of chronic
wounds occurs due to several pathogenic
abnormalities such as reduced blood vessel
formation (angiogenesis), insufficient cell
migration, low matrix turnover, infection,
and chroninc inflammation.!. For the
effective healing of chronic wounds, suit-
able wound coverage materials are required
to protect the wound bed from pathogen-
esis and subsequent associated complica-
tions. An ideal wound dressing material
should have biocompatibility, ability to
maintain a moist environment, offer pro-
tective barrier function against pathogens,
provide enough aeration, and promote epi-
thelization by releasing essential signaling
molecules. Recently, emergence of various
approaches for the fabrication of novel bio-
material resulted in the development of
new biopolymers and synthetic polymers
with excellent biocompatibility and biodeg-
radability that can be used for the produc-
tion of wound dressings.?l

Dr. R. Augustine, Dr. A. Hasan, Dr. N. K. Patan
Department of Mechanical and Industrial Engineering
College of Engineering

Qatar University

P. O. Box 2713, Doha, Qatar

E-mail: ahasan@qu.edu.qa

Dr. R. Augustine, Dr. A. Hasan, Prof. A.-E. Al Moustafa
Biomedical Research Centre (BRC)

Qatar University

P. O. Box 2713, Doha, Qatar

A. Augustine, Dr. N. Kalarikkal, Prof. S. Thomas
International & Inter University Centre for Nanoscience & Nanotechnology
Mahatma Gandhi University

Kottayam, Kerala 686560, India

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/mabi.201900058.

DOI: 10.1002/mabi.201900058

Macromol. Biosci. 2019, 19, 1900058

1900058 (1 of 15)

A. Augustine

Department of Chemistry

Bishop Kurialacherry College for Women
Amalagiri, Kottayam, Kerala 686561, India
Dr. Y. B. Dalvi, Dr. R. Varghese
Pushpagiri Research Centre

Pushpagiri Institute of Medical Sciences
Tiruvalla, Kerala 689101, India

Dr. R.N. Unni

RP MedHelix Diagnostics Private limited
Cochin, Kerala 682025, India

Prof. A.-E. Al Moustafa

College of Medicine

Qatar University

P. O. Box 2713, Doha, Qatar

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmabi.201900058&domain=pdf&date_stamp=2019-06-11

ADVANCED
SCIENCE NEWS

Macromolecular
x4 Bioscience

www.advancedsciencenews.com

Electrospinning is a simple and affordable technique for the
fabrication of nanofibrous or microfibrous constructs having
superior properties suitable for various biomedical applica-
tions.>* Electrospinning help to fabricate porous polymeric
meshes that resemble the native architecture of the natural
extracellular matrix (ECM).5~7) In addition to the morphological
similarity to ECM, electrospun meshes have remarkable advan-
tages such as variable pore size, high surface area, and oxygen
permeability that make them suitable for wound dressing appli-
cations.®1% Moreover, microporous morphology, large surface
area, and the ability to facilitate the adhesion and rapid prolif-
eration of cells make electrospun meshes highly advantageous
for promoting wound healing.”"'! Polycaprolactone (PCL) is
a biodegradable and biocompatible polymer approved by US
FDA for the use in medical and drug delivery applications.!2l
PCL has been considered to be an appropriate biomaterial for
drug delivery systems,!3] various tissue engineering applica-
tions,*1°] and wound dressings.' Particularly, electrospun
PCL meshes embedded with various active agents could be an
excellent candidate for wound dressing applications.'”]

In the past, metal oxide or metal hydroxide nanoparticles with
angiogenic properties such as zinc oxide,'®! cerium oxide,'"!
yttrium oxide,!”® and europium hydroxide/*”l nanoparticles were
loaded in electrospun polymeric meshes to develop angiogenic
and bioactive biomaterials. Among other metal oxide nano-
structures, titanium dioxide (TiO,) nanomaterials have a broad
spectrum of desirable properties and it has been used in wide
range of applications such as catalysis, sensors, solar cells, and
biomedical devices.?!l Results of in vitro and in vivo studies
have established that TiO, nanomaterials can play important
role in cell migration and cell proliferation.?” In addition, the
uptake of TiO, nanostructures by cells leads to the activation of
macrophages, opening a new path to exploit them to promote
cell migration and wound contraction.?3! Since the photocata-
lytic reactions taking place on the surface of TiO, nanostruc-
tures are the major reason for the biological activity, a high sur-
face area-to-volume ratio is of great relevance for increasing the
biological response.?*?I Several other studies demonstrated
that catalytic properties of metal oxide nanoparticles depend on
their morphology and those with high aspect ratio show higher
catalytic activity.l?*2%1 Among the various morphological forms
of TiO, structures such as nanopowders, nanorods, and nanow-
ires, TiO, nanorods (TNR) is a highly promising candidate due
to its high aspect ratio.?®3% Thus, the use of TiO, in the form of
nanorods with high aspect ratio would be highly advantageous
to provide higher biological activity compared to the spherical
nanoparticles.?!l Studies have shown that TiO, nanostructures
can effectively deliver reactive oxygen species (ROS) in aqueous
conditions.?!l Generally, ROS can play key roles in molecular
and physiological events such as cell migration, cell prolifera-
tion, and wound healing.?? Although excessive generation of
ROS can cause harmful effects, ROS at optimum dose exerts
favorable role in angiogenesis and wound healing.3% Studies
also showed that anodized titanium dioxide nanostructures
on implants enhance angiogenesis related cellular responses
such as higher endothelial cell adhesion, viability, and prolif-
eration.?*] However, a detailed investigation on the angiogenic
potential of TiO, nanostructures yet to be explored using in
ovo or in vivo models. Although the development of PCL
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membranes incorporated with TiO, nanoparticles had already
been reported in the past by various researchers,*>=3’] there is
an immense need of studying the angiogenic potential of such
membranes. Thus, studying the angiogenic potential of electro-
spun PCL meshes embedded with TNR could be a novel and
interesting direction for the biomaterial research community.
Moreover, investigating the potential of TNR in electrospun
membranes to promote cell migration will also be an inter-
esting area to be explored in detail.

In addition, unlike spherical TiO, nanoparticles, TNR would
provide superior catalytic and biological activity due to the
higher surface area to volume ratio which has to be further
explored. Application of high surface area TNR in the scaffolds
would provide additional advantages like superior mechanical
properties due to the reinforcement effect of well dispersed
TNR in the polymer matrix. Thus, in this study, we report the
development of electrospun PCL meshes loaded with TNR as
an active agent to promote cell adhesion, cell migration, angio-
genesis, and wound healing.

2. Experimental Section

2.1. Synthesis of TNR

The commercial TiO, nanoparticle powder with average diam-
eter of 25 nm (Sigma-Aldrich) was used as the precursor for
TNR synthesis. In brief, 0.2 g of the precursor was suspended in
20 mL of NaOH (10 mol L1, Merck) aqueous solution followed
by hydrothermal treatment (150 °C) for 24 h. After cooling, the
reaction mixture was centrifuged at 12000 rpm (15 min) and
the centrifugate was collected. The obtained TNR centrifugate
was washed carefully with water and 0.1 mol L~! HCI (Merck)
aqueous solution, then centrifuged (12000 rpm, 5 min). This
process was repeated several times and lastly in ethanol which
was then ultrasonicated to fragment the nanofibers and dried
in a hot air oven at 60 °C for 24 h. Finally, the sample was cal-
cined at 400 °C for 2 h and grinded using mortar and pestle.
UV-Visible (VIS) absorbance spectra of TNR particles after
dispersing in ethanol by sonication was measured with Perki-
nElmer, LAMBDA 1050 spectrophotometer between 200 and
600 nm. Perkin-Elmer, spectrum 400 Fourier transform infrared
(FTIR) spectrometer was used to obtain FTIR spectrum of sam-
ples (400-4000 cm™!). D8-Advance of Bruker, having CuKa radi-
ation with energy 8.04 keV and wavelength 1.54 A° was used
to record X-Ray Diffraction (XRD) pattern (26 range of 30-80°)
of synthesized TNR. Transmission electron microscope (TEM,
JEOL, JSM-2100) was used to understand the size and shape
of TNR. Selected area electron diffraction (SAED) was used to
understand the crystallinity and crystallographic planes of TNR.

2.2. Development of Electrospun PCL-TNR Meshes

For the fabrication of nanocomposite meshes, 12% w/v PCL (Mn
80000-120000, Sigma-Aldrich) solutions (in acetone, Merck) con-
taining 0.5%, 1%, 2%, and 4% w/w TNR was prepared. Similar
concentration of PCL solution without TNR were also prepared.
Then, 10 mL of the prepared PCL solutions were electrospun

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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at a flow rate of 1 mL h™! as described previously.*¥l The tip to
collector distance and the applied voltage were 15 cm and 15 kV,
respectively. Spinning was performed for a predetermined time
period to get samples with similar thickness (1 + 0.3 mm).

Hereafter, PCL meshes with a TNR content of 0.5%, 1%, 2%,
and 4% w/w referred to as PCL-TNR-0.5%, PCL-TNR-1%, PCL-
TNR-2%, and PCL-TNR-4%, respectively.

2.3. Basic Characterization of PCL-TNR Meshes

Gold coated specimens were characterized using scanning
electron microscopy (SEM, Hitachi SU6600). The average fiber
diameter of each sample was measured from SEM images
using Image] software. The presence of TNR in PCL mesh
was detected using EDS (Oxford Swift ED) which is attached
to Nova NanoSEM 450, FEI. FTIR and XRD analyses were per-
formed as described in the case of TNR.

DSC analysis of the samples were performed using Perkin
Elmer Pyris 7 DSC instrument in nitrogen atmosphere. The
samples (5 mg) were heated from 0 °C to +100 °C at 10 °C
min~! with a 1 min hold at +100 °C, then, cooled at 10 °C min~!
to 0 °C. Subsequently, after 1 min hold at 0 °C, samples were
heated from 0 °C to +100 °C at 10 °C min™'. Thermodynamic
properties such as enthalpy of melting (AHm), enthalpy of crys-
tallization (AHc), melting temperature (Tm), crystallization tem-
perature (Tc), and degree of crystallinity (Xc) were measured.
Crystallinity of the polymer was quantified using Equation (1).

%Crystallinity = [AHm]/AHm® x 100% (1)

AHm and AHm?" are the enthalpy of melting of the samples
and enthalpy of melting of 100% crystalline PCL, respectively,
(AHm = 139.5 ] g1).13%

2.4. Uniaxial Tensile Properties of PCL-TNR Nanocomposite
Meshes

PCL and PCL-TNR nanocomposite meshes were cut into
6 % 1 cm? dimensions and used for tensile testing. The thickness
of the meshes were measured using a digital Vernier caliper
and those with more than or less than 1 £ 0.3 mm thickness
were neglected from the testing. Instron 5943 extended column
universal testing machine was used for testing according to the
ASTM D882-2012 standard. A 3 cm gauge distance was kept for
mechanical loading. For the testing, 1 kN load cell at a crosshead
speed of 1 mm s! was used. Five samples were tested in each
case and average value (mean £ SD) were reported as the results.
Stress versus strain graphs were drawn from the obtained data.

2.5. In Vitro Cell Culture Studies
2.5.1. Cell Lines Used
Mouse 3T3 fibroblasts and immortalized human HaCat

keratinocytes were obtained from ATCC (American Type
Culture Collection, USA). Human Oral Epithelial Cells (HOEC)
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was obtained from donors and immortalized as described in
the earlier work.*%

2.5.2. Cell Adhesion on the Meshes

3T3 fibroblasts and HOEC were used to assess the morphology
of cells grown over the meshes. 3T3 fibroblast cells (passage 37)
were seeded on neat PCL and PCL-TNR meshes at 50000 cells
per cm? and cultured with Dulbecco’s Modified Eagles Media
(DMEM, Gibco) supplemented with 10% FBS (Gibco) and 0.1%
penicillin-streptomycin solution (Gibco) in 24 well plates.

Similarly, epithelial cells (HOEC, Passage 37) were seeded on
the samples (1 X 1 cm size) at a density of 50000 cells per cm?
and cultured in 24 well plates. Keratinocyte-SFM (Gibco) with
bovine pituitary extract supplement (Gibco) and 1% Penicillin—
Streptomycin—-Neomycin solution (Gibco) was used for the cul-
turing of HOEC.

After 24 h cell culture, the cell seeded meshes were stained
with DAPI (Invitrogen) and Phalloidin (Invitrogen) as per the
manufacturer’s protocol. Images were taken with a Leica flores-
cent microscope (Leica DMi8 S Platform).

2.5.3. MTT Cell Viability Assay

Cell viability on PCL and PCL-TNR meshes were tested by MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
assay as described in earlier study.?l 3T3 fibroblast cells (passage
38) and HaCat keratinocytes (passage 42) were seeded on neat
PCL and PCL-TNR meshes at 10000 cells per cm? and cultured
with Dulbecco's Modified Eagles Media (DMEM, Gibco) supple-
mented with 10% FBS (Gibco) and 0.1% penicillin—streptomycin
solution (Gibco) in 24 well plates. The cells were allowed to grow
for 24 h, 3 days, and 7 days followed by MTT assay. To calculate
effect of developed meshes on cell viability, Equation (2) was used.

Cell proliferation (%) = (OD sample/OD control ) x 100 (2)

All the experiments were repeated three times and absorb-
ance were measured in triplicates.

2.5.4. Live/Dead Assay

3T3 Fibroblasts and HaCat keratinocytes were seeded on pre-
sterilized and pre-wetted meshes at a density of 10000 cells per
well in a 24 well plates and cultured under appropriate conditions
as described in previous sections. After 3 days of incubation, cell
viability on PCL and nanocomposite meshes was assessed using
the Live/Dead cell imaging kit (Invitrogen) according to manufac-
turer’s instructions. Live and dead cells were imaged with a fluo-
rescent microscope using FITC and rhodamine filters, respectively.

2.5.5. In Vitro Cell Migration Assay
For determining the effect of PCL-TNR meshes on keratino-

cyte migration, the in vitro wound contraction assay (scratch
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assay) was performed using 3T3 and HaCaT cells as described
in our earlier report.*!] Briefly, cells were cultured in 24 well
plates until subconfluence in appropriate media as described
in previous sections. Pre-sterilized 1 x 1 cm? sized PCL and
PCL-TNR samples were placed on the wounds created on cell
culture plates. Control wells were also included. Photographs
of wounds were taken soon after the wounding procedure and
after 24 h of incubation using inverted microscope (Leica DMil
Inverted Fluorescent Microscope). Experiments were per-
formed in triplicates. Wound contraction was quantified from
the images using Equation (3).

Wound contraction(%) = (Wd® — Wd')/Wd" x 100 3)

Whereas Wd° is the distance between wound boundaries
immediately after wounding procedure and Wd" is the distance
between wound boundaries after time “t” of sample treatment.

2.6. Angiogenic Property by Chicken Chorioallantoic Membrane
Assay (CAM)

Fertilized eggs were purchased from Arab Qatari for Poultry
Production, Shamal road, Farm Street, Qatar and were placed
in an egg incubator at 37 °C with 55% humidity. At the 4th
day of egg incubation, a small window (1 cm?) was opened in
eggshell, exposed the CAM and sterilized meshes (1 cm?) were
placed on the CAM. The windows were sealed with transparent
adhesive tape and returned to the incubator. After 24 h of treat-
ment, the eggs were reopened, and the CAM were examined
for the angiogenesis. Images of CAM were taken with a stereo
microscope (Zeiss Stemi 508). Quantification of angiogenesis
was performed using AngioQuant software. The results are
expressed as mean = SD of angiogenesis response obtained
from four viable embryos for each group.

2.7. In Vivo Studies

2.7.1. Angiogenesis after Subcutaneous Implantation in
Guinea Pigs

American satin guinea pigs weighing 200-300 g were selected
from the inbred group of animals from the animal house of
Pushpagiri Institute of Medical Sciences and Research Centre,
Tiruvalla, Kerala, India. Animal experiments were performed
with the prior permission from institutional animal ethics com-
mittee (N0.602/PO/Re/S/2002/CPCSEA) and were conducted
strictly adhering to the guidelines of CPCSEA constituted by the
Ministry of Environment, Forests and Climate Change, Animal
Welfare Division of Government of India in Pushpagiri Insti-
tute of Medical Sciences and Research Centre, Tiruvalla, Kerala,
India. Animals were provided with standard environmental con-
trolled conditions of 23 £ 5 °C, 12 h light-dark cycle, had free
access to standard food and UV sterilized water. The animals
were anesthetized by intraperitoneal injection of combination of
ketamine hydrochloride (50 mg kg™') and xylazine (5 mg kg™).
After anaesthetizing the animals as described above, two
surgical incisions approximately 2 cm in length were made on
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the dorsal side of the guinea pigs. Each animal received any of
the implantation from the following groups: i) PCL, ii) PCL-
TNR-0.5%, iii) PCL-TNR-1%, iv) PCL-TNR-2%, and v) PCL-
TNR-4%. The wounds were closed with polyamide sutures
(Centlon, CNW 3320). After 1 week, the animals were anaes-
thetized as described before and the meshes were retrieved.
Obtained samples were fixed (10% buffered formalin) and
embedded in paraffin for histological analysis. The sections
were stained with Hematoxylin and Fosin. Experiments were
performed in triplicate.

2.7.2. Wound Healing Experiment

Male Sprague Dawley rats (180-260 g) were selected from the
inbred animals for the wound healing experiment. The animal
breed was obtained from Kerala Veterinary and Animal Sciences
University, Mannuthy, India. All the surgical procedures were
performed with the approval of institutional animal ethics com-
mittee (No.602/PO/Re/S/2002/CPCSEA) by strictly adhering to
the guidelines of CPCSEA constituted by the Ministry of Envi-
ronment, Forests and Climate Change, Animal Welfare Divi-
sion of Government of India in Pushpagiri Institute of Medical
Sciences and Research Centre, Tiruvalla, Kerala, India.

After anaesthetizing the animals as described in previous
section, dorsal region of the rats was shaved, wiped with alcohol
and two 1.5 x 1.5 cm full thickness skin excision wounds were
created. The scaffolds with 1.5 x 1.5 cm dimensions were
sutured on the wound. In order to minimize the number of
animals, only neat PCL and PCL-TNF-1% meshes were used
for the implantation. Decision for the selection of PCL-TNR-1%
was made based on the results of in vitro cell culture studies,
CAM angiogenesis assay, and in vivo implantation study. The
photographs were taken every other day until the 4th week of
experiment. The percentage of wound healing was calculated
using Equation (4)

W% =[WA’ - WA']/WA° x 100 (4)

where W% is the percentage of wound healing, WA? is the
area of wound at first day, and WA' is the area of wound after
different days of treatment. Experiments were performed in
triplicate.

2.8. Statistical Analysis
The statistical analysis was performed using the un-paired
Student’s t-test and “One-way ANOVA” were performed using

GraphPad Prism. p < 0.05 was considered as statistically signifi-
cantly different than the control groups.

3. Results and Discussions

3.1. Morphological and Physical Properties of TNR

TEM images of the obtained TNR are given in Figure 1A,B. In
general, the synthesized TNR were in fiber like morphology
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Figure 1. Results of the characterization of TNR for the morphological and physicochemical properties. A,B) TEM images showing the size and mor-
phology of synthesised TNR at two different magnifications. C) HR-TEM image of TNR. D) SAED pattern of TNR. E) UV-Vis spectrum showing the
characteristic absorption maximum between 200 and 400 nm. F) FTIR spectrum showing the presence vibrational bands corresponding to the TiO,.
G) XRD pattern of TNR showing the characteristic diffraction patterns of TiO,.

without forming any clusters or agglomerates. TEM images
show that the nanorods were of highly elongated morphology
and had an average diameter of 26 + 4 nm. Higher magnifica-
tion image clearly indicated that each tube was formed by the
parallel arrangement of several small nanofibers with average
diameter of 2.5 £ 1.5 nm (Figure 1B). HR-TEM image shows
each such small fibers further composed of several parallelly
arranged monocrystalline fiber crystallites (Figure 1C). This
lattice-resolved image indicates the anatase phase of TiO, with
the lattice spacing of 0.35 nm corresponding to the prominent
(101) plane. SAED image shows the characteristic diffraction
pattern of TiO, nanoparticles (Figure 1D). The observed ring
patterns confirm that the fibers consisted of nanocrystals. Dif-
fraction pattern of TNR shows the reflections form both the
anatase (101) and rutile (101) phases. However, it reveals that
the TNR was predominantly composed of single crystalline
anatase phase.*?!

The UV-Vis reflection spectra given in Figure 1E clearly
shows the optical properties of the synthesized TNR. The char-
acteristic absorption maxima of TiO, nanomaterials can be
observed between 200 and 500 nm.[*¥ FTIR spectrum of TNR
is presented in Figure 1F. The spectrum of the obtained sample
shows a broad peak at 3400 cm™ correspond to the stretching
vibration of hydroxyl groups from the surface-absorbed
water.¥] The absorption at 1638 cm™ might be related to the
bending vibration of hydroxyl groups from the hydrate formed
in the presence of water.*’] Peak from 800 to 400 cm™ with
a maxima at 523.88 cm™! show the stretching vibration of
Ti—0.%] XRD was used to characterize the synthesized TNR
(Figure 1G). XRD pattern of TNR after calcinations at 500 °C
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for 6 h shows prominent diffraction peaks positioned at 260 =
25.5°, 38.0°, 48.2°, 54.5°, 55.3°, 63.06°, 69.2°, 70.4°, and 75.2°
that are assigned to (101), (104), (200), (105), (211), (204), (116),
(220), and (215) planes of anatase phase, respectively.*l Other
peaks positioned at 26 = 27.58° and 41.2° are assigned to (110)
and (111) planes of rutile phase, respectively.*”! The broadening
of the diffraction peaks was due to the very small size of the
TiO, nanocrystals in TNR. From the XRD patterns, it can be
observed that the TNR are mostly in anatase phase with a negli-
gible quantity of rutile phase.*8]

3.2. Morphological and Physical Properties of PCL-TNR
Nanocomposite Meshes

SEM micrographs are provided in Figure 2A which shows
that the fabricated PCL and PCL-TNR nanocomposite meshes
were composed of submicron/micro fibers with various diam-
eters. Average diameter of the fibers was calculated from
SEM images and the frequency distribution graphs are given
in Figure 2B. Higher magnification SEM images of PCL and
PCL-TNR meshes are given in Figure S1, Supporting Informa-
tion. Observed slight variation in fiber morphology and diam-
eter might be due to the variation in electrospinning solution
parameters such as conductivity and viscosity (Table S1, Sup-
porting Information). Both PCL and PCL-TNR nanocomposite
meshes were highly porous with more than 84% average
porosity (Table S2, Supporting Information).

EDS analysis was used to determine the presence of TNR
in the fabricated meshes (Figure 2C). EDS spectra of pure
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Figure 2. A) Morphology of fabricated PCL and PCL-TNR meshes by SEM analysis showing the formation of random fibers. B) EDS spectra of fabricated
meshes showing the presence of Ti element in the nanocomposite meshes. C) FTIR spectra of PCL and PCL-TNR nanocomposite meshes. D) XRD

analysis of the samples confirming the presence of TNR in PCL fibers.

PCL shows the elements of carbon and oxygen with sharp
and low energy peaks. Appearance of a new peak at 4.508
(Ko) which indicate the presence of TNR in PCL fibers. The
characteristic X-ray energy emitted from TNR are generally
observed at 4.508 (Ko) and 0.452 (Lo) keV from elemental
Ti, and at 0.525 (K@) keV from oxygen.*)) Peaks at 0.452
and 0.525 were very close to each other and was practically
difficult to distinguish each other from the spectra of nano-
composite meshes.
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The FTIR spectra of pure PCL mesh and PCL/TNR nano-
composite meshes are shown in Figure 2D. The characteristic
absorption bands at 2868 and 2941 cm™! are related to C—H
stretching vibration of saturated hydrocarbons of PCL.”® The
intense band at 1721 cm™ corresponds to the stretching vibra-
tion of ester carbonyl groups (C=0) of PCL.P! The character-
istic absorption bands at 1240 cm™" correspond to the C—O—C
stretching vibration.’?) PCL-TNR meshes also showed relatively
the same characteristic bands as observed in PCL polymer.
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Table 1. Melting point (Tm), crystallization temperature (Tc), melting enthalpy (AHm), and

crystallization enthalpy (AHc) of PCL and PCL-TNR meshes.

www.mbs-journal.de

which disturb the crystallization process.
Decrease in overall crystallinity of polymers
affects the tensile strength, and the results

Tm [°C] Te[’C]  AHm[g'] AHc[Jg'] Xc%(DSC) Xc% (XRD)  of tensile results agree with this.’S! Earlier
PCL 56.6 30.5 77.4 64.3 55.4 33.3 studies also showed that crystallinity of PCL
PCL-TNR-0.5% 57.0 30.2 817 736 585 435 decreases with the addition of higher quan-
. o .
PCL-TNR-1% 56.4 30.8 78.5 67.2 56.2 43.9 uty (a})ove 29 w[w) of nangpartlcles such as
ZnO in polymer matrix which can be due to
- -2Y% . . .
PCL-TNR-2% 373 285 788 658 262 362 the agglomeration of nanoparticles at higher
PCL-TNR-4% 56.0 29.2 77.8 62.4 55.7 37.5 concentration. 38

There was no detectable shift in the peak correspond to the car-
bonyl groups of PCL which suggest the lack of direct interac-
tion between TNR particles and PCL polymer.>!

In the XRD pattern of TNR (Figure 2E), the diffraction peaks
were observed at 26 = 25.5°, 27.58°, 38.0°, 41.2° 48.2°, 54.5°,
55.3°, 63.06°, 69.2°, 70.4°, and 75.2° corresponding to (101),
(110), (104), (111), (200), (105), (211), (204), (116), (220), and
(215) planes, respectively.>’l In the neat PCL spectra, there
were two main strong peaks which were observed at 21.4° (110)
and 23.75° (200), respectively, showing the crystalline features
of the PCL.Y TNR loaded PCL meshes were also showed the
same peaks corresponding to those observed in neat PCL. XRD
analysis confirmed the presence of TNR in PCL fibers, which
was evident from the presence of the corresponding diffraction
peaks of the TNR in nanocomposite meshes. However, for PCL-
TNR-0.5% meshes, many of the diffraction patterns of TNF
were very weak to identify from the background diffraction of
PCL. Low loading of TNR (0.5 and 1% w/w) in PCL increased
the degree of crystallinity of PCL polymer whereas the higher
amount of TNR (2 and 4% w/w) decreased the degree of crys-
tallinity of the polymer (Table 1). Several nanostructures can
promote polymer crystallization by acting as nucleating agents
at an optimal loading.l®) Observed decreases in degree of crys-
tallinity at higher concentration of TNR might be due to the
poor dispersion and subsequent agglomeration of TNR in PCL,

PCL-THR-4%

| PEL-THR-¥5,

£
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E

-

PCL-TNR-0.5%
20 -
1 PCL
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Temp-erature [(“C)

In order to further understand the vari-

ation in thermodynamic properties and

crystallinity of PCL upon the addition of TNR, DSC analysis
was performed. Figure 3A,B shows the DSC thermograms
during melting and crystallization of PCL and TNR incorpo-
rated PCL meshes. The melting and crystallization tempera-
ture of samples with different TNR content were apparently
the same (Table 1). The melting temperatures ranged from
56.3 to 57.3 °C and crystallization temperatures ranged from
28.8 to 30.5 °C. The neat PCL meshes showed a Tc of 30.5 °C.
Meshes with lower quantity of TNR (PCL-TNR-0.5% and PCL-
TNR-1%) did not influence the Tc of the PCL. However, higher
quantity (above 1%) of TNR decreased the Tc of the polymer.
The neat PCL meshes showed a AHc of 64.3 ] g™! while PCL-
TNR-0.5% showed a AHc of 73.6 ] g7}, indicating a consider-
able increase in the enthalpy of crystallization. PCL-TNR-1%
showed a AHc of 67.2. The addition of 0.5% to 1% w/w TNR
promoted the crystallization by considerably increasing the
crystallization enthalpy. However, PCL-TNR-4% possessed a
AHc of 62.4 ] g! pointing a decrease in the enthalpy value
of crystallization compared to bare PCL. The addition of 4%
w/w TNR hindered the crystallization process by drastically
lowering the related enthalpy of crystallization. At higher TNR
loading, the PCL chains are strongly adsorbed on the grain
surfaces of TNR agglomerates which resulted in the decrease
of crystallization enthalpy.’”] DSC results show that the crys-
tallinity of PCL in PCL-TNR nanocomposites was higher
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Figure 3. DSC thermograms of A) melting and B) crystallization ramps of neat PCL and PCL-TNR nanocomposite meshes.

Macromol. Biosci. 2019, 19, 1900058

1900058 (7 of 15)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Macromolecular
3 Bioscience

www.advancedsciencenews.com

than that of neat PCL upto 2% w/w TNR loadings. Loading
of higher quantity of TNR resulted in a slight decrease in the
AHm compared to PCL-TNR-0.5%, which could be due to
the restriction of the PCL crystallization kinetics. The most
probable reason might be the multiple interactions formed
between the polymer chains and the agglomerated fillers
resulted in the restriction of segmental mobility that hindered
polymer crystallization.’® Degree of crystallinity calculated
from XRD also showed a similar trend. Observed difference in
absolute values of crystallinity calculated form DSC and XRD
might be due to the possible inaccuracy of peak integration or
baseline corrections during XRD data analysis. Lincoln et al.
also reported that low mobility of polymer chains through
nanofillers such as silicate layers can produce significant
effect on the crystallization process.?”!
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3.3. Mechanical Properties

A standard wound coverage material should have enough and
comparable tensile strength, flexibility, and elasticity to that
of the skin. Representative stress—strain curves of PCL and
PCL-TNR meshes are shown in Figure 4A. As evident from
the stress—strain curves, by incorporating a small amount of
TNR, overall tensile properties of the meshes were increased.
Detailed information like tensile strength, elongation at
break, and modulus are given in Figure 4B-D. PCL meshes
possessed a tensile strength of 1.64 £ 0.26 MPa (Figure 4B).
The tensile properties of PCL-TNR-0.5% was relatively like
bare PCL meshes (1.65 £ 0.13 MPa). However, PCL-TNR-1%
possessed a higher tensile strength (1.98 + 0.18 MPa) than
neat PCL meshes (p < 0.05). PCL-TNR-2% showed a slight

=
L]
1

Tensila strength (MPa)
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Young's Modulus (MPa)
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Figure 4. Stress—strain curve showing the effect of TNR on the tensile properties of PCL-TNR meshes. A) Stress—strain curves of bare PCL and PCL-TNR
nanocomposite meshes. Graphs showing B) the variation of tensile strength, C) elongation at break, and D) Young's modulus upon the incorporation
of TNR.
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reduction in tensile strength (1.49 £ 0.22 MPa). However, in
the case of PCL-TNR-4%, a considerable decrease of tensile
strength was observed (0.94 + 0.26 MPa). Elongation at break
gives an idea about the elasticity of the meshes (Figure 4C).
Elongation at break of PCL was 311 *+ 14%. We observed a
slightly lesser elongation at break for PCL-TNR-0.5% and PCL-
TNR-1% meshes (273 £ 8%). As expected, elongation at break
was further decreased in the case of PCL-TNR-2% meshes
(252 £ 11% and 207 £ 13%, respectively). A large reduction in
elongation at break was observed for PCL-TNR-4% meshes.
Young’s modulus was significantly higher for PCL-TNR-1%
(6.67 £ 1.84 MPa) and PCL-TNR-2% (5.16 + 1.37 MPa) meshes
compared to the neat PCL meshes (4.51 £ 1.08 MPa) (p > 0.05;
Figure 4D).

Tensile strength was high for PCL-TNR nanocomposites upto
1% TNR content of the PCL matrix which is in good agreement
with the data presented in earlier reports in the case of elec-
trospun PCL/zinc oxide nanocomposite membranes.’!] Further
increase in TNR loading resulted in the reduction of tensile
strength due to the agglomeration of the TNR nanofillers
in PCL matrix which might have weekend the polymer—filler
interaction and prevented stress transfer between the polymer
and the filler.®% At the low loading of TNR, polymer matrix
could effortlessly transfer the stress to the TNR filler, which
increased the tensile strength of the meshes.[®!l Thus, at a lower
loading, TNR could disperse uniformly in PCL matrix and
resulted in the increase in the interfacial area for stress transfer
from the PCL matrix to the TNR and provided good mechanical
properties.’?] Such a higher interaction between the polymer
matrix and nanoparticles could be the reason for the enhanced
mechanical properties of PCL-TNR nanocomposite meshes. A
similar mechanism applies to the elasticity of the meshes. A
low concentration of nanofiller does not significantly affect the
elongation at break. However, above 2% TNR content resulted
in the significant reduction in elongation at break. Agglomer-
ates of TNR formed at higher loadings might have created
stress concentration centers during mechanical stretching and
behaved as break points.[%’] In general, higher interfacial adhe-
sion between the polymer matrix and filler facilitates efficient
load sharing and improvement in the overall mechanical prop-
erties of polymer nanocomposites.® Tensile test results of
the samples correlate well with the crystallinity results, which
showed that the crystallinity decreased at high percentage of
TNR due to the agglomeration of them (nanofillers). Ghosal
et al. reported the fabrication of PCL-TiO, nanocomposite scaf-
folds and observed that TiO, incorporation improved their ten-
sile strength.*®

3.4. Cell Adhesion and Proliferation of PCL-TNF Meshes

DAPI and Phalloidin stained images of cells which were cul-
tured for 24 h on PCL and PCL-TNR meshes is given in
Figure 5A. On bare PCL meshes and PCL-TNR-0.5%, only a few
cells (both 3T3 and HOEC) were observed. In the case of PCL-
TNR-1% and PCL-TNR-2%, relatively higher number of cells
were observed. Further, the absence of considerable number of
dead-floating cells in the culture plates indicate the lack of cell
death due to necrosis.[®]
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In order to visualize viable cells on PCL and PCL-TNR
nanocomposite meshes, live/dead assay was performed, and
the results are given in Figure 5B. Both the controls and bare
PCL meshes treated cells showed relatively similar number of
live (green) and dead cells (red). Almost all the 3T3 cells which
were cultured with the meshes were viable irrespective of TNR
content. In contrary, PCL and PCL-TNR meshes treated HaCat
cells showed a greater number of dead cells compared to 3T3
cells. However, most cells were green, indicating the highest set
of viability and cell proliferation. However, we did not observe
considerable variation in relative ratio of live and dead cells,
which indicate the nontoxicity of all the tested meshes irrespec-
tive of TNR content.

To validate the cytocompatibility of PCL-TNR meshes, cell
viability studies were performed at 1st, 3rd, and 7th day using
3T3 fibroblast and HaCat cell lines by MTT assay (Figures 5C
and 6D). 3T3 fibroblast cells seeded on all the bare PCL meshes
showed more than 85-89% of cell viability compared to the
controls throughout the study period (Figure 5C). A similar
trend was observed in the case of PCL-TNR-0.5%. Very interest-
ingly, 3T3 cells seeded on PCL-TNR-1% mesh possessed higher
cell viability (113-118%) compared to bare PCL meshes and
other studied nanocomposite meshes (p < 0.05). Cells cultured
with PCL-TNR-2% meshes showed relatively similar viability
(108-117%) as observed for PCL-TNR-1% meshes. There was
no significant difference in viability between cells seeded with
PCL-TNR-1% and PCL-TNR-2% meshes. In contrast, 3T3 cells
cultured with PCL-TNR-4% meshes showed considerably less
cell viability than those cultured with PCL-TNR-1% and PCL-
TNR-2% meshes (p < 0.05). However, there was no significant
reduction in cell viability compared to the control, bare PCL or
PCL-TNR-0.5%. In contrast to the viability results of 3T3 cells,
HaCat cells grown in the presence of PCL, PCL-TNR-0.5%,
PCL-TNR-1%, and PCL-TNR-2% meshes did not show signifi-
cant difference from control plates throughout the study period
(Figure 5D). PCL-TNR-0.5% samples were also showed a sim-
ilar trend. The viability of cells cultured with bare PCL meshes
(88.4 % 3.5), PCL-TNR-0.5% (98.9 + 3.7), and PCL-TNR-1%
(92.2 £ 3) nanocomposites were comparable. However, PCL-
TNR-4% exhibited the lowest viability compared to all other
samples (p < 0.05) examined in this study. The reduction in
cell viability which was observed in the case of PCL-TNR-4%
samples might be associated with the release of TNR at a rela-
tively higher rate which might have affected the cell viability by
affecting the mitochondrial function.%®!

3.5. In Vitro Cell Migration Potential of PCL-TNR Meshes

Results obtained from in vitro cell migration assay are shown
in Figure 6A-C. After incubation period of 20 h, about
52.4 £ 0.5% of wounded area was healed in the control well
due to the migration and proliferation of 3T3 cells into the
scratched area (Figure 6A,B). A relatively similar healing was
observed for bare PCL and PCL-TNR-0.5% meshes treated
3T3 cells. Interestingly, a statistically significant (p < 0.05)
improvement in wound closure was observed on PCL-TNR-1%
(78.1 £ 0.4) and PCL-TNR-2% (77.7 £ 0.5) treated cells com-
pared to the control, PCL, and PCL-TNR-0.5%. However,
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Figure 5. A) Morphology of 3T3 and human oral epithelial cells (HOEC) grown on control cell culture plate, neat PCL meshes, and nanocomposite
meshes by DAPI and phalloidin staining. B) Viability of 3T3 fibroblast cells cultured on PCL and PCL-TNR meshes by live/dead assay after 3 days of
cell culture. C) Viability of 3T3 fibroblast and D) HaCat cells in the presence of PCL and various PCL-TNR nanocomposite meshes showing the good

biocompatibility of the developed meshes.

PCL-TNR-1% and PCL-TNR-2% did not show any significant
difference between themselves in wound contraction. In con-
trast, PCL-TNR-4% meshes slightly retarded the scratch healing
compared to the other PCL-TNR groups. Wound healing assay
using HaCat keratinocytes also showed a relatively similar
trend (Figure 6A,C). After the incubation period of 20 h, about
27.3 £ 0.3% of wounded area was healed in the control and PCL
treated wells due to the migration and proliferation of HaCat
cells into the wounded area (Figure 6C). Higher wound healing
was observed for PCL-TNR-0.5% meshes treated HaCat cells
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(p < 0.05) compared to bare PCL and control groups. Interest-
ingly, a higher wound closure was observed when the scratched
areas were treated with PCL-TNR-1% (46.3 = 0.1), PCL-TNR-2%
(44.6 = 0.4), and PCL-TNR-4% (43.9 £ 0.3) meshes compared to
the control, PCL, and PCL-TNR-0.5% (p < 0.05).

In nutshell, it has been observed that TNR containing PCL
meshes promoted the cell migration and wound healing upto
2% w/w in PCL meshes, however, at higher concentration
(4% w/w), it inhibited wound healing. Other studies have shown
that TiO, nanomaterials are able to induce the expression of
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Figure 6. Evaluation of in vitro wound healing performance using 3T3 fibroblast and HaCat keratinocyte cells showing the variation in in vitro cell
migration upon treatment with TNR containing PCL meshes. A) Microscopic images showing the scratched area at the beginning of experiment (0 h)
and after 20 h of treatment. Percentage of scratch contraction calculated from the distance between cell boundaries before the treatment with the

samples and after 20 h of treatment on B) 3T3 and C) HaCat cells.

cytokines such as tumor necrosis factor-alpha (TNF-0),[%”! inter-
leukins,/®®l and this may stimulate cell migration. In addition to
TNF and various interleukins, TiO, showed a statistically sig-
nificant increase in the levels of transforming growth factor-f8
(TGF-B).1%! Apart from the possible adverse effects expected
from the over expression of these cytokines and growth fac-
tors, their expression at an optimum level can contribute in cell
migration and proliferation.”%! This could be the reason for the
observed higher cell migration in the culture plates treated with
1-2% TNR loaded PCL samples. However, at higher concentra-
tions of TNR, the released TNR can be internalized by the cells
and result in the inhibition of cell migration through the inhibi-
tory effect of TGF-f at higher concentration.”!

3.6. Chicken Chorioallantoic Membrane (CAM) Angiogenesis
Assay

Figure 7 shows the appearance of network of blood vessels
growing around the PCL and PCL-TNR meshes. It is evident
from Figure 7A that PCL-TNR-1% and PCL-TNR-2% meshes
have the higher ability to promote angiogenesis compared
to other samples. Similarly, PCL-TNR-1% exhibited more

Macromol. Biosci. 2019, 19, 1900058

1900058 (11 of 15)

angiogenesis by showing increased number of blood vessels
around the membrane. Fold increase in number of blood vessel
junction points was significantly higher for PCL-TNR-1% and
PCL-TNR-2% meshes (Figure 7B). In addition, significantly
higher blood vessel diameter was also observed for PCL-
TNR-1% and PCL-TNR-2% meshes compared to the control
(Figure 7C). Fabrication protocol of PCL and PCL-TNR was
same except for TNR loading; therefore, it was assumed that
the angiogenic property of the meshes was due to the differ-
ence in the amount of TNR.

3.7. In Vivo Studies

3.7.1. Angiogenesis after Subcutaneous Implantation in
Guinea Pigs

To investigate angiogenesis and cell proliferation in vivo, guinea
pig subcutaneous implantation model was used. Implantation
of PCL-TNR meshes resulted in significantly higher number of
blood capillaries compared to bare PCL meshes from as early
as 7 days after implantation (Figure 8A). Superior angiogenic
response compared to the bare PCL samples was observed in
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Figure 7. Results of CAM assay showing the formation of blood vessels in the presence of developed meshes. A) Photographs showing the CAM
with developed blood vessels. B) Fold increase of blood-vessel junctions and C) diameter of blood vessels were measured using Image) software and

expressed as mean £ SD.

the case of PCL-TNR-1% and PCL-TNR-2% meshes. They also
showed higher angiogenic response compared to other groups
(PCL-TNR-0.5% and PCL-TNR-4%). This in vivo data is compa-
rable with the results of the CAM assay (Figure 7). In support
to our data, earlier study showed that simultaneous applica-
tion of ultrasound and TiO, nanoparticles promoted neovas-
cularization in mice models.”l The most plausible reason for
the enhanced wound healing could be due to the ability of
TiO, nanoparticles to generate ROS in biological system.”3! As
evident from the previous reports, ROS generated’ by TNR
might have played a major role in angiogenesis; however, its
underlying mechanisms remain not well understood. Studies
using other metal oxide nanoparticles such as zinc oxidel”>7®
and europium hydroxide””] support our present findings.
In addition, we performed C-reactive protein (CRP) assay to
determine systemic inflammatory response if any caused by
implanted meshes. We did not observe any sign of systemic

Macromol. Biosci. 2019, 19, 1900058

1900058 (12 of 15)

inflammation irrespective of TNR content in PCL meshes
(Figure S2, Supporting Information).

3.7.2. Healing of Full Thickness Excision Wounds in Rats

Generally, a higher rate of wound contraction was observed
in PCL-TNR mesh treated wounds as compared to bare PCL
treated wounds (Figure 8B,C). However, there was no sig-
nificant difference in wound contraction between these two
treatment groups upto 14 days of the study. For PCL and PCL-
TNR groups the contracted wound area was 13.3 + 3.2% and
12.5 £ 4.7%, respectively. This trend continued until 14th day
of the study. However, on 16th day, PCL-TNR sample implanted
wounds showed an effective reduction in the wound size com-
pared to bare PCL implanted wounds. The percentage of wound
contraction of the PCL and PCL-TNR implanted wounds were
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Figure 8. In vivo assessment of PCL-TNR meshes. A) Histology analysis of meshes after in vivo implantation for 7 days showing the formation of
blood vessels through implanted meshes. B) Contraction of excision wounds during 4-week study period. C) Percentage of wound contraction during

4-week study period.

48.6 £ 3.9% and 58.4 + 4.7%, respectively. Difference in the
wound healing between blank PCL and PCL-TNR mesh treat-
ment was evident until the end of the study. An increase in epi-
dermal and dermal thickness when compared to bare PCL was
observed on PCL-TNR treated healed wounds (Figure S3, Sup-
porting Information). Our results suggest that the application
of PCL-TNR meshes shows better healing when compared to
bare PCL as the epidermal and dermal thickness might be due
to the higher viability and/or proliferation of cells.”® Different
cell types observed on the healed skin was determined based on
a scoring system (Table S3, Supporting Information). Quantifi-
cation of various cell types indicates that bare PCL implanted
wound tissue showed a low tissue response whereas PCL-
TNR implanted wounds showed a moderate tissue response
(Table S4, Supporting Information).

Overall results clearly demonstrated that TNR provided
its beneficial effect on wound healing. TNR packed inside
the PCL polymer chains might have facilitated the controlled
delivery of ROS to the wound and positively contributed to
wound healing. In normal wound healing, ROS could accel-
erate wound healing by attracting adjacent cells from the
wound boundaries toward the center of wound and facilitate
faster contraction.””! They act as secondary messengers to sev-
eral cells, which are involved in the repair process, and appear
to be important in coordinating the effective tissue repair.””!
On the other hand, higher amount of ROS lead to the arrest
of the cell cycle progression and apoptosis.® Some reports
also suggest that titanium dioxide nanomaterials can cause
endothelial cell leakiness, ! induce oxidative stress and DNA-
adduct formation.? Thus, a tight regulation of ROS is crucial
for providing their beneficial effects in cell proliferation and
wound healing. This can be achieved by entrapping TNR in
PCL matrix and facilitating the slow release with the degrada-
tion of PCL matrix. Detailed studies are required to find out
the rate of release of TNR, extent of generation of ROS and
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subsequent activation of key signaling molecules which will be
beyond the scope of this specific study. However, owing to the
higher angiogenic and wound healing potential of the PCL-
TNF microporous meshes, they can be used as a base material
for the further development of biomaterials for wound healing
applications.

4. Conclusion

In this work, electrospun PCL meshes loaded with various con-
centrations of TNR were fabricated and characterized. SEM
images showed the highly porous and fibrous morphological
topography of PCL-TNR meshes. Various physicochemical
characterizations such as EDS, XRD, and FTIR analyses con-
firmed the presence of TNR in PCL meshes. Overall tensile
properties of the nanocomposite meshes at optimum TNR con-
tent were much higher compared to bare PCL meshes. Fibro-
blast, epithelial, and keratinocyte cells were able to adhere and
proliferate well on the nanocomposite meshes. PCL-TNR-1%
and PCL-TNR-2% meshes showed higher cell adhesion and
proliferation than other developed samples. The nanocom-
posite meshes containing 1% and 2% w/w TNR enhanced
cell migration and resulted in higher wound contraction in
vitro. Both CAM assay and in vivo implantation study demon-
strated that TNR containing meshes can enhance angiogen-
esis in implantation site. In vivo studies in rats demonstrated
that TNR loaded PCL meshes provided faster wound healing
than the bare PCL meshes. Overall study indicated that PCL-
TNR meshes containing about 1-2% w/w TNR can be used for
the further development of biodegradable meshes for wound
healing applications. However, further investigations on geno-
toxicity, teratogenicity, and carcinogenicity need to be carried
out to rule out the long-term adverse effects of the developed
meshes.
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Free volume defects and transport properties
of mechanically stable polyhedral oligomeric
silsesquioxane embedded poly(vinyl
alcohol)-poly(ethylene oxide)

blend membranes
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Abztract

Palymer membrane based gas transport and pervaporation processss are fast growlng areas in separation technolegy and have
recelved wide attention as areas of ‘tlean technology’. Mechanically stable novel pelyhedral oligomeric silsesquloxane (PO5S)
embedded polyivinyl alcohol] (PYAVpolyisthylene oxide] {PED| blend membranes were prepared by solution blending followed
by casting, Theaddition of carboxymethyl cellulose enhanced the interfacial activities of the FVA and PEQ blends, The peripharal
organlc substiiuent on POSS Fllljll & key role in achieving compatibdlity with p-nl:rn'rn-rs- whereas the ﬂgld Si=0=-5 core of
POSS imparts high mechanlcal strength. Compared to PYA membrane, polylethylene glycol) and cctaltetramethylammenium]
functivnalized POSS ambaddad PYAFED membranes axhibit 880% and SE0% anhancemant in Youngs modulus ac well ac
130% and 140% improvement in tensile strength respectively, The Einstein, Herner and Frankef - Acrivos models were applied
to compare the l'up-u-rlrﬂunlll: and theoretical Young's modulus of PYA-PEQ/POSS membranes. The presence of an :Ihﬂum: oxide
tail on POSS as well as PED in the blend membrane enhances the CO; affinity of the membrane. The presence of a hydrophilic
functional group on the POSS improves the hydrophilicity of the membrane and preduces more binding sites for water molecules
in the membrane during the pervaporation separation of a tetrahydrofuran - water azeotropic mixtwre, The transport properties
of the membrane are further elucidated by means of free volume defect analysis carvied out by positron annihilation [ifetime
spectroscopy and coincidence Doppler broadening spectroscopy,
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INTRODUCTION
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Abstract

Excitation dependent color tunable dysprosium and samarium co-doped cerium phosphate nanocrystals were synthesized
via sol gel method. X-ray diffractograms confirmed that all the samples crystallized in monoclinic form. Morphology of
the samples resembling a custard apple surface was demonstrated by FESEM analysis. The structural characterization car-
ried out via FTIR and XPS analysis displayed the monoclinic CePO, lattice as a good host providing minimum quenching
environment. Luminescence characterizations were done in detail as a function of Dy** and Sm>* doping concentrations
by means of photoluminescence spectroscopy. Energy transfer from Ce** to Dy** and Sm** in CePO, was established via
the analysis of excitation spectra. The possibility of simultaneous activation of Dy** and Sm** ions was utilized to generate
white light. Excitation dependent luminescence measurements were also carried out to explore the yellow-white-orange-
red color tunability of synthesized samples for different excitations. The codoping of Sm>* with Dy>* is found to be more
suitable for generating white light with CIE values close to the standard white and stands as a potential candidate in the field

of white light applications.

1 Introduction

White light emitting diodes (WLEDs) based on single
phased full-color emitting phosphors have attracted much
attention in recent years as a possible alternative to the
existing lighting technologies owing to their high efficiency
[1-3]. Therefore the synthesis and characterization of new
single phased white light emitting phosphors is one of the
focus tasks in solid state lighting technology. Since rare earth
ions are often considered to be excellent activators as they
emit over the entire spectral range it cannot be neglected
the role of rare earth ions when deals with the single phased
white light emitting phosphors [2, 3]. Among various rare
earth activated luminescence materials those materials
doped with Dy** have drawn much interest owing to the
white emission which is obtained by adjusting the yellow to
blue intensity ratio value [4—6]. Therefore, nowadays, many

GdAl;(BOy), etc. are some of the materials which are used
for the white light generation by doping Dy>* ions [7, 9, 10].
However, due to the scarcity of red component in Dy>* it is
very difficult to attain the standard white emission in Dy>*
singly doped systems exactly [11, 12]. The possible method
to surpass this constraint is the addition of a red compo-
nent together with the blue and yellow components of Dy>*
[11, 12]. Samarium (III) ions emitting strong orange-red/
red color are often used to synthesize red emitting materials
[13]. Hence Sm®* can be chosen to co-dope with Dy** to
overcome the scarcity of red component for generating white
light with high quality.

Among various rare earth based compounds rare earth
orthophosphates stand out owing to their wide range of
applications in the field of optoelectronics, especially for
the fabrication of LEDs [14-16]. LaPO,, GdPO,, YPO,,
and CePO, are well accepted potential candidates due to
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Abstract

Gold (Au) and silver (Ag) nanoparticles (NPs) are useful nanomaterials. For these NPs various
synthesis methods including chemical, physical and biological have been used. Biological methods
have some advantages for the synthesis of Au and Ag NPs, such as the use of non-toxic chemicals,
lower energy consumption, improved cost effectiveness and stable NP production. A large number of
biological methods using culturable micro-organism, including bacteria, fungi and algae as well as
plants have been explored as methodology for Auand Ag NP production. Since nanotechnology-
based applications require the use of specified shape, size, surface charge and stability of NPs, a major
problem associated with biologically synthesized Au and Ag NPs is that these NPs display variability in
all these factors. This is a major drawback of biologically synthesized Au and Ag NPs compared to the
physico-chemically synthesized NPs. Some organisms exhibit distinct metabolic pathways and
produce biological macromolecules that enable them to withstand metal ions stress. Therefore,
determining the molecular mechanics involved may enable the control of the shape, size, surface
charge and stability of biologically synthesized Au and Ag NPs. This review article focuses on the
biomolecular mechanism of Au and Ag NPs synthesis using different biological entities. A
comprehensive study of these biomolecular mechanisms of Auand Ag NPs will be helpful for
scientists and researchers for the fabrication of desired shape, size, surface charges and stability of Au
and Ag NPs.

1. Introduction

Engineered nanoparticles (NPs) open up new horizons to many areas of science and nanotechnology. These
engineered nanoparticles gained the attention of many researchers to explore their applications as antibacterial
agents, sunscreen, self-cleaning glass, biosensors, paints, electronics, drug delivery tools and many others [ 1-4].
Noble metal NPs such as silver and gold are one of the most researched subjects due to its remarkable optical and
physicochemical properties with wide range of applications in various fields of research. Less toxic and the
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Abstract

In the present work, we report green synthesized unmodified silver nanoparticles from Moringa oleifera’s bark extract (AgNP-
MO) as multifunctional sensor for hazardous Cu(II) ion with high selectivity. The optical and fluorescent sensing of Cu(ll) ion in
presence of AgNP-MO was investigated and optimized. The intensity of SPR absorption band of AgNP-MO dramatically
reduced with Cu(Il) ion concentration as a result of complex formation, and it could be recognized by naked eye with a visual
detection. The electrochemical activity of silver nanoparticles was explored for the sensing of Cu(Il) ion by AgNP-MO-modified
platinum electrode (AgNP-MO/PE). The Cu(ll) ion selectivity of the developed system was investigated by both techniques. The
applicability of developed electrochemical sensor was checked with water samples collected from Vembanad Lake,
Kumarakom, Kottayam, Kerala, and electroplating industry. The limit of detection of a developed sensor for Cu(Il) ion
detection was found at 0.530 uM. The antibacterial activity of silver nanoparticles from Moringa oleifera was checked
against with two waterborne bacteria extracted from the same lake water sample. To the best of our knowledge, there are
no reports for the electrochemical sensing of Cu(ll) ion by AgNP-MO/PE. We expect our present approach to have

multifunctional applications in various areas.

Keywords Silver nanoparticle - Cu(Il) ion - Optical - Fluorescent - Sensing - Electrochemical

1 Introduction

Among transition metals, Cu(Il) ion plays an important role in
different physiological processes [1, 2]. Cu(II) ion is the main
essential trace metal in our human body and a main compo-
nent of several enzyme systems [3]. But at higher concentra-
tions, Cu(Il) ion produces high toxicity that exhibits neurode-
generative diseases. Results from a number of studies from
Europe, Canada, and the USA indicate that copper levels in
drinking water can range from <0.005 to >30 mg/l [4, 5].
Moreover, overdose produces many health diseases including
liver damage [6], cellular toxicity [7], gastrointestinal distur-
bance, and even kidney damage. There are lots of traditional
methods for the detection of Cu(Il) ion, which includes mass
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highly expensive instruments, complicated sample prepara-
tions, and much more time.

In this situation, fabricating eco-friendly and high out-
put technique to sense Cu(II) ion with high selectivity has
great importance for various applications [11-17].
Nowadays, optical sensors have got great attention in the
field of metal ion sensing due to the convenient direct
visual observation without any costly instruments
[18-26]. Existing optical sensors for Cu(Il) ion detection
includes dyes like rhodamine B, polymers like IIP (ion
imprinted polymer), composites like PMMA poly(methyl
methacrylate)/CB (carbon black) etc. But recently, metal
nanoparticle-based optical sensors have gotten much more
attention because of their unique optical and physical prop-
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Abstract

Non-hydrolytic sol-gel process was employed to prepare Eu®*-doped and silver nanoparticles/nanowires (Ag NP/NWs) co-doped
Si0,-TiO,-ZrO, ternary matrix. XRD, TEM, and SAED analyses revealed that the matrix is of amorphous nature even the
crystalline nanoparticles/nanowires are embedded. The formation of ternary matrix is further evidenced by the characteristic
peaks in FTIR spectrum and EDS analysis. The emission intensity is enhanced by sixfold for Ag NPs and eightfold for Ag NWs
embedded matrix and is probably due to Surface Plasmon Coupled Emission (SPCE). Above the critical concentration of 1 wt.%
Ag NP and 1.5 wt.% Ag NW, the emission intensity starts to diminish because of quenching effects. CIE chromaticity studies
confirm that the addition of Ag NP/NWs into Eu**-doped ternary matrix does not alter the color coordinates and purity of the
present system. These Eu®*-Ag NP/NWs-doped ternary systems could be used as a promising material for efficient red light
emitting sources, bio-detection, and plasmonic sensor applications.

Keywords Sol-gel - Surface Plasmon Resonance - Surface Plasmon Coupled Emission - Luminescence

Introduction

Sol-gel-derived optically transparent matrices doped with tri-
valent rare earths are attaining a great deal of interest among
researchers for several years due to their versatile features [1,
2]. Compared to binary oxides of SiO,, TiO,, and ZrO,, the
respective ternary oxides have attracted many industrial appli-
cations due to their superior properties like increased rates of
spectrum intensity, energy transfer, photostability, fluorophore
decay rate, and multiphoton excitation [3—6]. In recent years,
much more interest has been devoted to enhance the optical
properties of these systems by co-doping with other rare
earths, transition metals, metal nanoparticles, semiconductor
materials, etc. Co-doping of metal nanoparticles with rare-
earth ions has received much attention because of its Surface
Plasmon Resonance (SPR) effects [7].

The collective oscillations of conduction electrons of noble
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devices, sensors, surface-enhanced Raman scattering,
nanosized optics etc. [8—12]. Recent research has revealed that
metallic particles can be structured and characterized at the
nanolevel and this in turn has renewed interest in Surface
Plasmons [13]. Enhanced local fields and fluorescence may
result from the strong incident light scattering by the metal
nanoparticles. Among the metallic nanoparticles, silver nano-
particles with a Surface Plasmon Resonance at around 420 nm
of the visible spectrum have gained much interest in the past
few years. These particles when incorporated into a solid di-
electric matrix, the refractive index mismatches between them,
which leads to extraordinary optical properties for these mate-
rials [14]. By changing the size and shape of nanoparticles as
well as the dielectric medium in which the nanoparticle is
incorporated, the Localized Surface Plasmon Resonance
(LSPR) can be tuned which in turn influences the optical per-
formance of rare-earth-doped systems [11]. Increased energy
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