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ABSTRACT:

Fish Collagen which is also called as Marine collagen has gained immense attention in the recent years as an
appropriate alternative to mammalian collagen. Fish collagen is essentially the superhero of collagen sourced
from animals. Fish collagen is made up of mostly Type 1 collagen, which makes up to 70 percent of total skin.
Collagen is found to heal wounds by attracting new skin cells to the wound site. It promotes healing and provide
platform for new tissue growth. Zinc Oxide Nanoparticles are nanoparticles of ZnO that have diameter less than
100 nanometres. Recently, ZnO Nanoparticles have shown to disrupt bacterial cell membrane integrity, reduce
cell surface hydrophobicity and enhancement of intracellular bacterial killing. The ZnO nanoparticles were
synthesized from the plant. The paper will describe the potency of fish skin waste, problems in healing burn
injuries, collagen extraction, green synthesis of ZnO NPs, collagen and ZnO NPs applications in wound dressing.
Since ZnO nanoparticles have much anti-bacterial activity it can be combined with collagen and characterized

for the application in wound healing management.
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INTRODUCTION:

Wound healing, is a notable problem for healthcare
systems worldwide, accounting over 1.5% of the total
world population.t Collagen is found to be a fibrous
protein which contributes as a major part in connective
tissue of animal skin and bones. Generally, it has been
applied in medical, pharmaceutical and cosmetic
industries.? 3 Collagen is one of the most used polymers
in biomaterials fields due to its excellent properties in
biodegradability, biologic profile and in vivo response.*
Fish skin can be used as an alternative source for the
collagen extraction since mammalian collagen extraction
has been reported with several problems.® Therefore
collagen from various fishes have been extracted and
characterized.®”® Being a natural protein, collagen itself
cannot heal the infected tissue because bacteria use it as
a substrate. On the other hand, ZnO nanoparticles have
been found to be non-toxic to animals, and also proved
to be efficient antimicrobials.
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Nanoparticles, and their combinations have gained a lot
of attention in wound healing applications.® This review
demonstrates the extraction and characterization of fish
skin collagen from fish and efficacy of combined zinc
oxide nanoparticles — fish collagen in wound healing
application. Collagen is known for its excellent
stimulatory effect on new tissue growth, which makes
the preparation developed in this study to have
promising clinical applications. Hence, Zinc oxide — fish
collagen composite can expect to have improved
antimicrobial and wound healing properties. The paper
will describe the potency of fish skin waste, problems in
healing burn injuries, collagen extraction, green
synthesis of ZnO NPs, and collagen and ZnO NPs
applications in wound dressing. Since ZnO nanoparticles
have much anti-bacterial activity it can combined with
collagen and characterized for the application in wound
healing management. This study confirms its feasibility
as an alternative therapeutic agent and excellent.

Fish skin wastes:

Fish skin waste was found to be potentially utilized as a
high economic value product. Various studies have been
performed to check the potential of fish waste, of all fish,
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skin waste was considered to be having much yield value
of collagen, which is highly dependent on the extraction
material, extraction procedure, type of fish, and collagen
extraction techniques.'® In wound dressing, collagen can
be used with high economic value. Normally fish skin
consists of two layered tissues, i.e. Outer layer dermis
tissue and inner epidermal tissue. The two layers differ
in structure, function and origin. The dermis layer
consists of most of the collagen fibers. The composition
of fish skin is presented in table 1.1

Table 1. Chemical composition of fish skin.**

Composition Total (%)

Water 69.6

Protein 26.6

Fat 0.7

Ash 2.5
Collagen:

Collagen is the main structural protein found in various
connective tissues in the body. It is the main component
of connective tissues and most abundant protein in
mammals. It makes up to 25% to 35% of the whole
protein content in the body. To date, 30 different types of
collagen have been identified, i.e. type 1 to type XXVIII.
Type 1 collagen comprises of over 90% of human
body.*2 It involves in maintaining tissue shapes. Collagen
is found in fibrous tissues such as ligaments, joints,
teeth, bones, cartilages, tendons, blood vessels, and skin.
Collagen has been utilized in various applications, such
as food industry, leather manufacturing, pharmaceutical,
and cosmetic industries.**16

Collagen Extraction:

Commercial collagen is obtained from various sources
like chicken, pork skin, cows. Whereas the extraction
from these sources causes various problems considering
religious beliefs and biological contamination such as
TSE (Transmissible spongiform Encephalopathy), FMD
(Food and Mouth Disease) etc.” Currently research
focusing on extraction of collagen from fish have been
appreciated and welcomed. Collagen can be obtained by
two methods either by chemical hydrolysis or enzymatic
hydrolysis.’® The extraction procedures includes three
methods, Acid- soluble Collagen(ASC), Pepsin Soluble
Collagen (PSC) and hydro extraction.’® Chemical
hydrolysis method is the most commonly performed
method of collagen extraction, but enzymatic extraction
method produces better collagen with higher nutritional
value. The first step in collagen extraction includes,
pretreatment with NaOH, to eliminate non-collagen
substances to obtain high yield of collagen. There are
several types of acids such as acetic acid, lactic acid,
citric acid are used in acid extraction process, however
organic acids are better in total collagen dissolving. The
most commonly used acid for collagen extraction is
acetic acid.®® Various research on collagen extraction

includes the combination of different extraction
methods. Singh et al 2!, extracted collagen from the skin
of Pangasinodon hypophthalamus using ASC and PSC
methods.?

Zinc Oxide Nanoparticles:

ZnO is a type of metal oxide. Zinc oxide nanoparticles
has found to be most used in past two to three years due
to its wide range of applications in the field of
electronics, biomedical systems, wound healings, etc.?228
There are numerous types of metal oxides have been
synthesized till date such as TiO2, CuO, and ZnO. Of all
these, ZnO nanoparticles is widely used since it is less
expensive to produce, it is safe and can be produced
easily.?® They have huge range of biomedical
applications like drug delivery systems, anti-bacterial,
anti-cancer, anti-fungal, anti- inflammatory and anti-
diabetic properties.®*-%6 It has been used in cosmetics like
sunscreens also. It is found to have very strong
antibacterial effect on both gram positive (+) and gram
negative (-) bacteria even at very low concentration.

Green Synthesis of ZnO NPs using plant extract:
Several plant parts like leaf, stem, root and seed have
been utilized for ZnO NPs blend as a result of the elite
phytochemicals that they produce. Utilizing regular
concentrates of plant parts is an ecofriendly, modest
procedure and it does not include utilization of any
intermediate base gatherings. It is very cheap and does
not require any costly equipment. Plants are most
preferred source of NPs synthesis is because they lead to
large scale production of stable NPs.%’

The most common method for ZnO NPs synthesis is
made from leaves or flowers of plants. The plant part is
made clean by washing it thoroughly with running tap
water and it is sterilized using double distilled water.
Then the plant part is kept undisturbed at room
temperature followed by weighing and crushing it using
a mortar and pestle. The plant part is boiled using Milli
Q water, and continuous stirring is done using magnetic
stirrer.38-42 The solution is filtered using Whatman filter
paper, where the filtrate is used for further studies and
residue is discarded. After this, small volume of the
filtered extract was taken, mixed with 0.5Mm of zinc
nitrate, or zinc sulphate or zinc acetate. After incubation,
color change of white or yellow was obtained which is a
visual confirmation of the presence of nanoparticles
(synthesized NPs).**# This is then followed by UV-
Visible spectrophotometry, to confirm the synthesis of
NPs. The NPs are then centrifuged and the pellets are
taken and dried to get crystal NPs. The synthesized NPs
are further characterized using, Fourier Transform
Infrared spectroscopy(FTIR), X-Ray Diffractometer
(XRD), Scanning  Electron  Microscopy(SEM),
Transmission Electron Microscopy (TEM), Atomic
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Force Microscopy (AFM), Photoluminescence Analysis
(PL), and Energy Dispersion Analysis of X-
Ray(EDAX).*>*47 Azam et al. synthesized ZnO NPs from
the plant Aloe Vera (Liliaceae),*® Jafarirad et al.
synthesized ZnO NPs from the plant Rosa canina
(Rosaceae),*® Ramesh M et al. synthesized ZnO NPs
from the plant Solanum nigrum (Solanaceae),>® Ambica
S et al. synthesized ZnO NPs from the plant Pongamia
pinnate (Legumes).5!52

Table.1. Plant mediated synthesis of ZnO NP

S. |Plant (family) Common |Parttaken |Reference
No. Name for
extraction

1 Azadirachta indica | Neem Fresh leaves |53
(Meliaceae)

2 Agathosma betuline | Buchu Dry leaves 54
(Rutaceae)

3 Coptidis rhizoma Coptis Dried 55
(Ranunculaceae) Rhizome Rhizome

4 Aloe Vera Aloe Vera |Leaf extract |48
(Liliaceae)

5 Trifolium pretense | Red clover |Flower 56
(Legumes)

6 Phyllanthus niruri Stone Leaf extract |57
(Phyllanthaceae) beaker

7 Pongamia pinnate Indian Fresh leaves |51
(legumes) beech

8 Rosa canina Dog rose Fruit extract |49
(Rosaceae)

9 Ocimum basilicum | Red Rubin |Leaf extract |58
L. var basil

10 |E. crassipes Water Leaf extract |59

hyacinth

11 |Aloe Vera Aloe Vera |Freeze dried |60
(Liliaceae)

12 | Solanum nigrum Black Leaf extract |50
(Solanaceae) nightshade

13 | Anisichils carnosus | Kapurli Leaf extract |61
(Lamiaceae)

14 |Azadirachtaindica |Neem Leaf 62
(Meliceae)

15 | Coccus nucifera Coconut Coconut 63
(Arecaceae) water

16 | Gossypium Cotton Cellulosic 64
(Malvaceae) fibre

17 |Moringa oleifera Drumstick | Leaf 65
(Moringaceae) tree

18 |Azadirachtaindica |Neem Fresh leaves |52
(Meliaceae)

19 | Calotropis gigantean | Crown Fresh leaves |66
(Apocynaceae) flower

20 | Vitex negundo Nochi Leaf 67
(Lamiaceae)

Problems in healing burn injuries:

Burn injuries commonly involves in long term disability.
This involves various phases like coagulation,
inflammation,  granulation,  proliferation,  matrix
synthesis, angiogenesis, re-results in reactions such as
drug resistance and allergies. To cope up with this, the
drugs are to be derived from natural available sources.

Wound healing phase:

Wound healing phase involves 4 phases, i.e.
Haemostasis phase, Defensive or inflammatory phase,
Proliferative phase, Maturation phase. Haemostasis is the
very first phase of wound healing, which begins at the
onset of injury, the aim of this is to stop the bleeding. In
this phase, our body will activate its emergency repair
system, which is the blood clotting system and will form
a dam to block the drainage. The second phase,
defensive phase, involves in destroying bacteria and
removing debris. This phase prepares the wound bed for
the growth of new tissue. Third phase is proliferative
phase, involves in 1) filling the wound; 2) Contraction of
the wound; 3) covering the wound and the last phase is
the maturation phase, where the new tissue slowly gains
strength and flexibility.®°

Wound dressing:

Wound, whether it is a minor cut or major incision, it is
very important to care for it properly. Wound dressing is
defined to be in contact with the wound. Historically,
wet to dry dressings have been extensively used for
wound. In 1600 BC, Linen strips were soaked in grease
or oil was covered with plasters were used for wounds.
Then further treatments were practiced for wound
healing like, usage of honey, oil, wine, resin, vinegar,
wool boiled in water to the wound healing site.”® During
19" century, antibiotics were introduced for the control
of infections. In 20™ century, modern wound dressings
arrived.”™ Through this dressing, wounds are exposed to
complements, proteinases and growth factors. These
dressings help in faster re-epithelialization, collagen
synthesis, promotes angiogenesis. During the mid-1990,
synthetic wound dressings, expanded into various
products including alginates, hydrogels, synthetic foam
dressings, silicone meshes, tissue adhesives, hydrogels,
collagen containing dressings.

Collagen and ZnO nanoparticles application as
wound dressings:

Yang et al.’? made a research work on collagen
dressings. Collagen is extracted from pig skin and made
into collagen sheets. These collagen sheets are applied to
the burns. The dressing designed for this study is
referred as Young Collagenous Wet table membrane
(YCMW). These sheets were made of both type 1 and
type 2 collagen, initially wet followed by drying when
applied to wounds. YCMW sheets are cheap and can
help in wound healing without forming antigenicity. The
weakness of YCMW sheets involves maceration and
difficulty in separation of eschar. These sheets are
susceptible to infections, where additional material is
needed to overcome this deficiency. YCMW sheets are
suitable only for dry and clean wounds.”” YCMW
illustration is given below in the figure (1).
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Fig.1. YCMW products and packaging

Xie et al.”® made a research on wound dressing but
developing composites from chitosan, collagen and
alginate. This is commonly referred to CCA creation.
CCA creation involves in wound healing by inhibiting
the sea water. Chitosan are biocompatible, non-toxic,

haemostatic, and antibacterial. Collagen has low
antigenicity,  high  antibacterial  activity, low
inflammation, better  biocompatibility, and cell

proliferation. Alginate has higher absorbing efficiency of
water, and triggers wound healing. CCA creations has
higher wound healing capacity.” The process and rate of
wound healing by CCA in mice are represented in figure

).

Rabia et al.”* made a research on ZnO-NPs embedded
biodegradable bandages. They developed bandages by
composites from alginate, thiolate chitosan, zinc oxide
nanoparticles which is commonly referred as (TCS- Alg
-ZnO) and chitosan, alginate and zinc oxide
nanoparticles, referred as (CS- Alg- ZnO). The ZnO
NPs bandages are analysed for electron microscopic
analysis, where the bandages impart fibrous nature of the
lyophilized bandages. Thus, the porous nature results in
wound healing activity. The porosity of CS-Alg-ZnO
bandage was 5%, while the porosity of TCS-Alg-ZnO
bandages resulted in 45% which purely involves in the
healing, cellular organization, angiogenesis of the
tissues. Lysozyme degradation of the bandage was
carried out for 21 days, which shows that TCS-Alg-ZnO
bandage possesses the higher innate ability of lysosomal
degradation compared to the CS-Alg-ZnO bandages. In-
vivo wound healing capacities of both bandages were
carried out for 28 days. This shows that TCS-Alg-ZnO
bandages are more enhanced when comparing to CS-
Alg-ZnO bandages.” The in-vivo analysis of wound
healing bandages are illustrated in figure (3).
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Fig.2. (A) The wound healing process by CCA, chitosan and gauze. (B) The wound healing ratio by CCA, chitosan and gauze.

2841



Research J. Pharm. and Tech. 15(6): June 2022

A B
60 y ®CS-Alg-ZnO TCS-Alg-ZnO BTCS-Alg 129 1
o BCS-Alg-ZnO BTCS-Alg-ZnO OTCS-Alg
50 | - B
k|
Z 40 ; g ™
‘z o0
= )
5 30 - - Wy
20 + > 40 4
~
=3
d
10 4 : 20 o
0 . v v 0 4 . v ,
6 12 18 24 7 14 21
Time(h) Days
C D
120 1 120 O Control O Marketed
< 100 4 Riion | BCS-Alg-ZnO BTCS-Alg-ZnO
z 80 4 E 80 4 {-
= =
& 60 4 2 60 A
A )
7z 40 B 40 -
=} 2
g 201 Z 20 -
0 T} 0 - - -+ ~
01 2 3 4 5 6 1224364860 72 4 8 12 16
Time (h) Days

Fig.3. (A) Porosity analysis of CS- Alg- ZnO, TCS- Alg- ZnO and TCS- Alg. (B) Lysosomal degradation analysis of CS- Alg- ZnO, TCS-
Alg- ZnO and TCS- Alg. (C) In vitro analysis of ZnO- NPs from CS- Alg- ZnO and TCS- Alg- ZnO bandages. (D) In vivo wound healing
analysis graph showing speed of wound closure in terms of reduction in wound size after the application of bandages.

CONCLUSION:

The utilization of fish skin wastes can produce products
with  high economic values. Biosynthesis of
nanoparticles using eco-friendly approach has gained
numerous applications in various fields. Wound dressing
with collagen and ZnO nanoparticles individually has
higher levels of antibacterial activity, non-toxicity,
highly antigenic when compared to conventional wound
dressings. The wound healing process is very faster and
does not cause any pain using the collagen and ZnO
NPs. Wound healing treatment using collagen will make
the wound heal faster than the use of conventional
wound dressing.

The future prospect includes the conjugation of both
collagen and ZnO NPs in wound healing applications.
Thus, collagen wound dressing combined with other
material like ZNO NPs may be used to heal wounds,
burns in a better way.

ACKNOWLEDGMENT:

The Authors are thankful to the Assistant professor and
management of Vels Institute of Science, Technology
and Advanced Studies for providing a facility to carry
out this work.

CONFLICT OF INTERESTS:
There is no conflict of interests.

REFERENCES:
1. Gottrup F, Apelqvist J, Price P, editors. Outcomes in controlled
and  comparative  studies on  non-healing  wounds:

recommendations to improve the quality of evidence in wound
management. Journal of Wound Care. 2010 Jun;19(6):237-68.

2. Jongjareonrak A, Benjakul S, Visessanguan W, Nagai T, Tanaka
M. Isolation and characterisation of acid and pepsin-solubilised
collagens from the skin of Brownstripe red snapper (Lutjanus
vitta). Food Chemistry. 2005 Dec 1;93(3):475-84.

3. Nalinanon S, Benjakul S, Visessanguan W, Kishimura H. Use of

pepsin for collagen extraction from the skin of bigeye snapper
(Priacanthus tayenus). Food Chemistry. 2007 Jan 1;104(2):593-
601.

4. Albu MG, Ferdes M, Kaya DA, Ghica MV, Titorencu |, Popa L,

2842



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Research J. Pharm. and Tech. 15(6): June 2022

Albu L. Collagen wound dressings with anti-inflammatory 23. Sundrarajan M, Ambika S, Bharathi K. Plant-extract mediated

activity. Molecular Crystals and Liquid Crystals. 2012 Apr
5;555(1):271-9.

Nalinanon S, Benjakul S, Visessanguan W, Kishimura H.
Improvement of gelatin extraction from bigeye snapper skin using
pepsin-aided process in combination with protease inhibitor. Food
Hydrocolloids. 2008 Jun 1;22(4):615-22.

Vijayan DK, Sreerekha PR, Tejpal CS, Asha KK, Mathew S,
Ravishankar CN, Anandan R. Extraction and characterization of
acid soluble collagen (ASC) from airbladder of striped cat fish
(Pangasius hypophthalmus).

Chen J, Li L, Yi R, Xu N, Gao R, Hong B. Extraction and
characterization of acid-soluble collagen from scales and skin of
tilapia (Oreochromis niloticus). LWT-Food Science and
Technology. 2016 Mar 1; 66:453-9.

Muralidharan N. Extraction and Characterization of Collagen from
Leather Jacket (Odonus niger) (Doctoral dissertation, Fisheries
College and Research Institute, Thoothukudi, Tamil Nadu
Fisheries University).

Ovais M, Ahmad I, Khalil AT, Mukherjee S, Javed R, Ayaz M,
Raza A, Shinwari ZK. Wound healing applications of biogenic
colloidal silver and gold nanoparticles: recent trends and future
prospects. Applied Microbiology and Biotechnology. 2018 May
1;102(10):4305-18.

Nagai T, Suzuki N. Isolation of collagen from fish waste
material—skin, bone and fins. Food Chemistry. 2000 Feb 15;
68(3):277-81.

Oosten JV. The skin and scales, in" The Physiology of Fishes, Vol.
1"
Nystrém A. Collagens in wound healing. In Wound Healing
Biomaterials 2016 Jan 1 (pp. 171-201). Woodhead Publishing.
Covington AD, Evans CS, Lilley TH, Suparno O. Collagen and
polyphenols: new relationships and new outcomes. Part 2.
Phenolic reactions for simultaneous tanning and coloring. Journal
of the American Leather Chemists Association. 2005;
100(10):336-43.

Covington AD, Suparno O. Novel combination tanning using
diphenols and oxazolidine for high stability leather. Journal of the
Society of Leather Technologists and Chemists. 2007;91.

Suparno O, Kartika IA. Chamois leather tanning using rubber seed
oil. Journal of the Society of Leather Technologists and Chemists.
2009; 93(4):158-61.

Suparno O. Optimization of chamois leather tanning using rubber
seed oil. Journal of the American Leather Chemists Association.
2010.

Setyowati H, Setyani W. Potensi Nanokolagen Limbah Sisik Ikan
Sebagai Cosmeceutical. Jurnal Farmasi Sains dan Komunitas
(Journal of Pharmaceutical Sciences and Community). 2015;
12(1).

Setyowati H, Setyani W. Potensi Nanokolagen Limbah Sisik Ikan
Sebagai Cosmeceutical. Jurnal Farmasi Sains dan Komunitas
(Journal of Pharmaceutical Sciences and Community). 2015;
12(1).

Huang CY, Kuo JM, Wu SJ, Tsai HT. Isolation and
characterization of fish scale collagen from tilapia (Oreochromis
sp.) by a novel extrusion-hydro-extraction process. Food
chemistry. 2016 Jan 1; 190:997-1006.

Liu D, Wei G, Li T, Hu J, Lu N, Regenstein JM, Zhou P. Effects
of alkaline pretreatments and acid extraction conditions on the
acid-soluble collagen from grass carp (Ctenopharyngodon idella)
skin. Food Chemistry. 2015 Apr 1; 172:836-43.

Singh P, Benjakul S, Magsood S, Kishimura H. Isolation and
characterisation of collagen extracted from the skin of striped
catfish (Pangasianodon hypophthalmus). Food chemistry. 2011
Jan 1; 124(1):97-105.

Anbuvannan M, Ramesh M, Viruthagiri G, Shanmugam N,
Kannadasan N. Synthesis, characterization and photocatalytic
activity of ZnO nanoparticles prepared by biological method.
Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy. 2015 May 15; 143:304-8.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

2843

synthesis of ZnO nanoparticles using Pongamia pinnata and their

activity against pathogenic bacteria. Advanced Powder
Technology. 2015 Sep 1; 26(5):1294-9.
Rajiv P, Vanathi P, Thangamani A. An investigation of

phytotoxicity using Eichhornia mediated zinc oxide nanoparticles
on Helianthus annuus.  Biocatalysis and  Agricultural
Biotechnology. 2018 Oct 1; 16:419-24.

Jamdagni P, Khatri P, Rana JS. Green synthesis of zinc oxide
nanoparticles using flower extract of Nyctanthes arbor-tristis and
their antifungal activity. Journal of King Saud University-Science.
2018 Apr 1; 30(2):168-75.

Prasad K, Jha AK. ZnO nanoparticles: synthesis and adsorption
study. Natural Science. 2009 Sep 28; 1(02):129.

Patil BN, Taranath TC. Limonia acidissima L. leaf mediated
synthesis of zinc oxide nanoparticles: a potent tool against
Mycobacterium  tuberculosis.  International ~ Journal  of
Mycobacteriology. 2016 Jun 1; 5(2):197-204.

Gunalan S, Sivaraj R, Rajendran V. Green synthesized ZnO
nanoparticles against bacterial and fungal pathogens. Progress in
Natural Science: Materials International. 2012 Dec 1; 22(6):693-
700.

Jayaseelan C, Rahuman AA, Kirthi AV, Marimuthu S,
Santhoshkumar T, Bagavan A, Gaurav K, Karthik L, Rao KB.
Novel microbial route to synthesize ZnO nanoparticles using
Aeromonas hydrophila and their activity against pathogenic
bacteria and fungi. Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy. 2012 May 1; 90:78-84.

Mirzaei H, Darroudi M. Zinc oxide nanoparticles: Biological
synthesis and biomedical applications. Ceramics International.
2017 Jan 1; 43(1):907-14.

Patel V, Berthold D, Puranik P, Gantar M. Screening of
cyanobacteria and microalgae for their ability to synthesize silver
nanoparticles with antibacterial activity. Biotechnology Reports.
2015 Mar 1; 5:112-9.

Stan M, Popa A, Toloman D, Dehelean A, Lung I, Katona G.
Enhanced photocatalytic degradation properties of zinc oxide
nanoparticles synthesized by using plant extracts. Materials
Science in Semiconductor Processing. 2015 Nov 1; 39:23-9.
Sherly ED, Vijaya JJ, Selvam NC, Kennedy LJ. Microwave
assisted combustion synthesis of coupled ZnO-ZrO2 nanoparticles
and their role in the photocatalytic degradation of 2, 4-
dichlorophenol. Ceramics International. 2014 May 1; 40(4):5681-
91.

Sangeetha G, Rajeshwari S, Venckatesh R. Green synthesis of zinc
oxide nanoparticles by aloe barbadensis miller leaf extract:
Structure and optical properties. Materials Research Bulletin. 2011
Dec 1; 46(12):2560-6.

Elumalai K, Velmurugan S. Green synthesis, characterization and
antimicrobial activities of zinc oxide nanoparticles from the leaf
extract of Azadirachta indica (L.). Applied Surface Science. 2015
Aug 1; 345:329-36.

Elumalai K, Velmurugan S. Green synthesis, characterization and
antimicrobial activities of zinc oxide nanoparticles from the leaf
extract of Azadirachta indica (L.). Applied Surface Science. 2015
Aug 1; 345:329-36.

Qu J, Yuan X, Wang X, Shao P. Zinc accumulation and synthesis
of ZnO nanoparticles using Physalis alkekengi L. Environmental
Pollution. 2011 Jul 1; 159(7):1783-8.

Heinlaan M, lvask A, Blinova I, Dubourguier HC, Kahru A.
Toxicity of nanosized and bulk ZnO, CuO and TiO2 to bacteria
Vibrio fischeri and crustaceans Daphnia magna and
Thamnocephalus  platyurus. Chemosphere. 2008 Apr 1;
71(7):1308-16.

Qu J, Yuan X, Wang X, Shao P. Zinc accumulation and synthesis
of ZnO nanoparticles using Physalis alkekengi L. Environmental
Pollution. 2011 Jul 1; 159(7):1783-8.

Qu J, Luo C, Cong Q, Yuan X. A new insight into the recycling of
hyperaccumulator: synthesis of the mixed Cu and Zn oxide
nanoparticles using Brassica juncea L. International Journal of



41,

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Research J. Pharm. and Tech. 15(6): June 2022

Phytoremediation. 2012 Oct 1; 14(9):854-60.

Ochieng PE, lwuoha E, Michira I, Masikini M, Ondiek J, Githira
P, Kamau GN. Green route synthesis and characterization of ZnO
nanoparticles using Spathodea campanulata. Int. J. BioChem.
Phys. 2015; 23:53-61.

Rajeshkumar S, Malarkodi C, Vanaja M, Annadurai G. Anticancer
and enhanced antimicrobial activity of biosynthesizd silver
nanoparticles against clinical pathogens. Journal of Molecular
Structure. 2016 Jul 15; 1116:165-73.

Chikkanna MM, Neelagund SE, Rajashekarappa KK. Green
synthesis of Zinc oxide nanoparticles (ZnO NPs) and their
biological activity. SN Applied Sciences. 2019 Jan 1; 1(1):117.
Fakhari S, Jamzad M, Kabiri Fard H. Green synthesis of zinc
oxide nanoparticles: a comparison. Green Chemistry Letters and
Reviews. 2019 Jan 2; 12(1):19-24.

Ochieng PE, lwuoha E, Michira I, Masikini M, Ondiek J, Githira
P, Kamau GN. Green route synthesis and characterization of ZnO
nanoparticles using Spathodea campanulata. Int. J. BioChem.
Phys. 2015; 23:53-61.

Agarwal H, Kumar SV, Rajeshkumar S. A review on green
synthesis of zinc oxide nanoparticles—An eco-friendly approach.
Resource-Efficient Technologies. 2017 Dec 1; 3(4):406-13.
Yasmin A, Ramesh K, Rajeshkumar S. Optimization and
stabilization of gold nanoparticles by using herbal plant extract
with microwave heating. Nano Convergence. 2014 Dec; 1(1):1-7.
Ali K, Dwivedi S, Azam A, Saquib Q, Al-Said MS, Alkhedhairy
AA, Musarrat J. Aloe vera extract functionalized zinc oxide
nanoparticles as nanoantibiotics against multi-drug resistant
clinical bacterial isolates. Journal of Colloid and Interface Science.
2016 Jun 15; 472:145-56.

Jafarirad S, Mehrabi M, Divband B, Kosari-Nasab M.
Biofabrication of zinc oxide nanoparticles using fruit extract of
Rosa canina and their toxic potential against bacteria: a
mechanistic approach. Materials Science and Engineering: C. 2016
Feb 1; 59:296-302.

Ramesh M, Anbuvannan M, Viruthagiri G. Green synthesis of
ZnO nanoparticles using Solanum nigrum leaf extract and their
antibacterial activity. Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy. 2015 Feb 5; 136:864-70.

Sundrarajan M, Ambika S, Bharathi K. Plant-extract mediated
synthesis of ZnO nanoparticles using Pongamia pinnata and their
activity against pathogenic bacteria. Advanced Powder
Technology. 2015 Sep 1; 26(5):1294-9.

Agarwal H, Kumar SV, Rajeshkumar S. A review on green
synthesis of zinc oxide nanoparticles—An eco-friendly approach.
Resource-Efficient Technologies. 2017 Dec 1; 3(4):406-13.
Elumalai K, Velmurugan S. Green synthesis, characterization and
antimicrobial activities of zinc oxide nanoparticles from the leaf
extract of Azadirachta indica (L.). Applied Surface Science. 2015
Aug 1; 345:329-36.

Thema FT, Manikandan E, Dhlamini MS, Maaza M. Green
synthesis of ZnO nanoparticles via Agathosma betulina natural
extract. Materials Letters. 2015 Dec 15; 161:124-7.

Nagajyothi PC, Sreekanth TV, Tettey CO, Jun YI, Mook SH.
Characterization, antibacterial, antioxidant, and cytotoxic activities
of ZnO nanoparticles using Coptidis Rhizoma. Bioorganic &
Medicinal Chemistry Letters. 2014 Sep 1; 24(17):4298-303.
Dobrucka R, Diugaszewska J. Biosynthesis and antibacterial
activity of ZnO nanoparticles using Trifolium pratense flower
extract. Saudi Journal of Biological Sciences. 2016 Jul 1;
23(4):517-23.

Mirzaei H, Darroudi M. Zinc oxide nanoparticles: Biological
synthesis and biomedical applications. Ceramics International.
2017 Jan 1; 43(1):907-14.

Salam HA, Sivaraj R, Venckatesh R. Green synthesis and
characterization of zinc oxide nanoparticles from Ocimum
basilicum L. var. purpurascens Benth. -Lamiaceae leaf extract.
Materials Letters. 2014 Sep 15; 131:16-8.

Vanathi P, Rajiv P, Narendhran S, Rajeshwari S, Rahman PK,
Venckatesh R. Biosynthesis and characterization of phyto

60.

61.

62.

63.

64.

65.

69.

70.

71.

72.

73.

74.

2844

mediated zinc oxide nanoparticles: a green chemistry approach.
Materials Letters. 2014 Nov 1; 134:13-5.

Qian Y, Yao J, Russel M, Chen K, Wang X. Characterization of
green synthesized nano-formulation (ZnO-A. vera) and their
antibacterial activity against pathogens. Environmental Toxicology
and Pharmacology. 2015 Mar 1; 39(2):736-46.

Anbuvannan M, Ramesh M, Viruthagiri G, Shanmugam N,
Kannadasan N. Anisochilus carnosus leaf extract mediated
synthesis of zinc oxide nanoparticles for antibacterial and
photocatalytic activities. Materials Science in Semiconductor
Processing. 2015 Nov 1; 39:621-8.

Bhuyan T, Mishra K, Khanuja M, Prasad R, Varma A.
Biosynthesis of zinc oxide nanoparticles from Azadirachta indica
for antibacterial and photocatalytic applications. Materials Science
in Semiconductor Processing. 2015 Apr 1; 32:55-61.

Krupa AN, Vimala R. Evaluation of tetraethoxysilane (TEOS) sol—
gel coatings, modified with green synthesized zinc oxide
nanoparticles for combating microfouling. Materials Science and
Engineering: C. 2016 Apr 1; 61:728-35.

Aladpoosh R, Montazer M. The role of cellulosic chains of cotton
in biosynthesis of ZnO nanorods producing multifunctional
properties:  mechanism,  characterizations and  features.
Carbohydrate Polymers. 2015 Aug 1; 126:122-9.

Elumalai K, Velmurugan S, Ravi S, Kathiravan V, Ashokkumar S.
Retracted: Green synthesis of zinc oxide nanoparticles using
Moringa oleifera leaf extract and evaluation of its antimicrobial
activity.

. Vidya C, Hiremath S, Chandraprabha MN, Antonyraj ML, Gopal

IV, Jain A, Bansal K. Green synthesis of ZnO nanoparticles by
Calotropis gigantea. Int J Curr Eng Technol. 2013 Apr; 1:118-20.

. Ambika S, Sundrarajan M. Green biosynthesis of ZnO

nanoparticles using Vitex negundo L. extract: spectroscopic
investigation of interaction between ZnO nanoparticles and human
serum albumin. Journal of Photochemistry and Photobiology B:
Biology. 2015 Aug 1; 149:143-8.

. Stan M, Popa A, Toloman D, Silipas TD, Vodnar DC.

Antibacterial and antioxidant activities of ZnO nanoparticles
synthesized using extracts of Allium sativum, Rosmarinus
officinalis and Ocimum basilicum. Acta Metallurgica Sinica
(English Letters). 2016 Mar 1; 29(3):228-36.

Afifah A, Suparno O, Haditjaroko L, Tarman K. Utilisation of fish
skin waste as a collagen wound dressing on burn injuries: a mini
review. InlOP Conference Series: Earth and Environmental
Science 2019 Oct (Vol. 335, No. 1, p. 012031). IOP Publishing.
Kavithaa K, Paulpandi M, Ponraj T, Murugan K, Sumathi S.
Induction of intrinsic apoptotic pathway in human breast cancer
(MCEF-7) cells through facile biosynthesized zinc oxide nanorods.
Karbala International Journal of Modern Science. 2016 Mar 1,
2(1):46-55.

Ravikumar S, Gokulakrishnan R, Boomi P. In vitro antibacterial
activity of the metal oxide nanoparticles against urinary tract
infectious bacterial pathogens. Asian Pacific Journal of Tropical
Disease. 2012 Apr 1; 2(2):85-9.

Yang JY. Clinical application of collagen sheet, YCWM, as a burn
wound dressing. Burns. 1990 Dec 1;16(6):457-61.

Xie H, Chen X, Shen X, He Y, Chen W, Luo Q, Ge W, Yuan W,
Tang X, Hou D, Jiang D. Preparation of chitosan-collagen-alginate
composite dressing and its promoting effects on wound healing.
International Journal of Biological Macromolecules. 2018 Feb 1;
107:93-104.

Arshad R, Sohail MF, Sarwar HS, Saeed H, Ali I, Akhtar S,
Hussain SZ, Afzal I, Jahan S, Shahnaz G. ZnO-NPs embedded
biodegradable thiolated bandage for postoperative surgical site
infection: in vitro and in vivo evaluation. PloS One. 2019 Jun 6;
14(6): e0217079.



