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Human placental extract has wound healing potential. Immuno-blots revealed presence of laminin in placental
extract (70 ± 0.257 lg/ml; n=3). It was puriﬁed using immuno-afﬁnity chromatography. SDS-PAGE and SEHPLC indicated a188 kDa protein with some small peptides. Since placental laminin existed in its truncated
form, its roles in cellular migration, differentiation and wound healing were veriﬁed. Induction of cellular
migration and motility in rat ﬁbroblasts were enhanced by placental laminin as observed from scratch wound
assay. Promotion of neuronal differentiation of PC12 cells by placental laminin was observed by phase contrast
microscopy. Confocal images showed presence of laminin on the cell surface and along the axonal processes.
Signiﬁcant interaction between integrin receptors and laminin responsible for cellular differentiation was
demonstrated from co-localization experiments. Union between integrin receptor and its synthetic antagonist
revealed retarded pattern of neurite outgrowth in laminin treated cells. Animal model studies revealed faster
wound healing in the presence of placental laminin. Induction of re-epithelialization and angiogenesis in
wound area by cellular proliferation and adhesion were observed. The cytokine levels showed an initial rise
and gradual fall over the duration of wound healing on application of the fragmented laminin. Thus, roles of
placental laminin in neuronal differentiation and wound healing were indicated.
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Abbreviations: ALP, alkaline phosphatase; BCIP/NBT, 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue
tetrazolium; BSA, bovine serum albumin; CRF, corticotrophin releasing factor; EDC, 1-ethyl-3-(3dimethylaminopropyl) carbodiimide, HCl; Laminin, the biomolecule as described in textbooks; IFN-!, interferon!; MES, 2-(N-morpholino) ethansulfonic acid; NADPH, nicotinamide adenine dinucleotide phosphate; NBT, nitro
blue tetrazolium; NGF, nerve growth factor; PBS, phosphate buffered saline, pH 7.4; Placental laminin, fragmented
laminin from an aqueous extract from human placenta; pNPP, para-nitrophenylphosphate; SGPT, Serum glutamic
pyruvic transaminase; SGOT, serum glutamic oxaloacetic transaminase; STI, soyabean trypsin inhibitor; TEMED,
N,N,N’,N’-tetramethylethane-1,2-diamine; TGF-b, tumor growth factor; TNF-a, tumor necrosis factor-a; Standard
laminin, full-length human placental laminin from Sigma

1. Introduction
The human placenta plays an essential role in development and maintenance of fetomaternal immune
responses (Kim et al. 2010; Bidarimath et al. 2014).
The aqueous extract of the human placenta is a
reservoir of functionally dynamic components that has
http://www.ias.ac.in/jbiosci

a vast spectrum of biochemical components (Pal et al.
2002). It is also a well-endowed repository of extracellular matrix components and other bioactive molecules which aid in several physiological processes
(Choi et al. 2013). Among other attributes, it plays a
pivotal role in wound healing. Multiple studies have
helped to identify and validate components present in
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the extract which are related to its wound healing
potential. Reports show the presence of polar components like peptides/proteins, small organic components
like amino acids, nucleotides, poly-deoxyribonucleotides (PDRNs), carbohydrates and trace amount of
lipids mostly bound to proteins in the aqueous extract
of the human placenta that promote its wound healing
efﬁcacy (Chakraborty and Bhattacharyya 2012).
Components, viz. NADPH (Datta and Bhattacharyya
2004; De et al. 2009), ﬁbronectin type III-like peptide
known for its potency to stabilize trypsin (Chakraborty
and Bhattacharyya 2005a, b; De et al. 2011), ubiquitin-like peptide possessing collagenolytic activity (De
et al. 2013) and CRF (Singh and Bhattacharyya 2017)
involved in the induction of wound healing in conjugation with TNF-a and IFN-c, aid in induction of the
biologically signiﬁcant attributes of the extract. An
investigation also revealed its antimicrobial activity
targeted towards pathogenic organisms (Chakraborty
and Bhattacharyya 2005a, b). The aqueous extract has
been found to possess the ability of in vitro nitric
oxide induction in mouse peritoneal macrophages and
human peripheral blood mononuclear cells (PBMC)
(Chakraborty et al. 2006) and enhances cell adhesion
(Nath and Bhattacharyya 2007). However, complete
biochemical characterization of the extract is seemingly a paradox just like many such biological formulations. It is likely that several other unknown
factors in the placental extract may also be involved in
wound healing efﬁcacy in a speciﬁc and targeted
manner.
The role of the extra-cellular matrix (ECM) in the
healing of wounds by providing structural and biochemical support to cells is well established (Chakraborty and Bhattacharyya 2012). The ECM is composed
of an interlocking network of ﬁbrous proteins and glycosaminoglycans (GAGs) (Badylak 2007). Fibrous
proteins include collagen, elastin, ﬁbronectin and laminin that provide skin its robustness and framework.
Simultaneously they play a role in replacing dead skin
cells, help in regaining the native shape of tissues post
contraction and in wound healing, embryonic development and cell attachment and differentiation respectively. GAGs comprising heparin/heparan sulfate,
chondroitin sulfate/dermatan sulfate, keratin sulfate and
hyaluronic acid have been implicated in cell adhesion,
regulation of cell growth and proliferation, wound
repair, maintenance of tissue hydration and of the
environment surrounding synovial tissues (Bosman and
Stamenkovic 2003). In this study, we focus on one of the
most signiﬁcant members of the ﬁbrous ECM family,
laminin.

Laminin is a hetero-trimeric protein of mass & 900
kDa consisting of 3 subunits, namely an a-chain, a bchain and a c-chain (Aumailley et al. 2005; Macdonald
et al. 2010). The molecular weight range of the a chain
is from 200–440 kDa, while those of the b and c chains
ﬂuctuate between 120 and 200 kDa. Ideally the
molecular weight of trimeric laminin can be approximately anything from 400 to 800 kDa (Domogatskaya
et al. 2012). The polypeptide chains in laminin intersect to form a cross-like structure that can bind to cell
membranes and other extracellular matrix molecules.
The cohesion between these chains is the result of
many inter and intra-chain disulﬁde bonds. Together,
they cause the molecule to look like a cruciﬁx (Martin
and Timpl 1987). Immuno-electron microscopy studies
revealed the area of localization of laminin to be the
lamina lucida of human epidermal and mouse esophagus epithelial basement membranes. Laminin is
widely distributed among multiple tissues of a large
number of species. This ECM protein is also found in
early stages of embryonic development, which is suggestive of the fact that it is a ubiquitous component of
the basement membrane (Foidart et al. 1980). It mainly
contributes towards the structure of the ECM and
modulates cellular functions such as adhesion, differentiation, migration, the stability of phenotype, and
resistance to apoptosis (Halper and Kjaer 2014).
Laminins play a major role in repair of wounds by reepithelialization through signaling activities to promote
epithelial migration over a wound bed and angiogenesis i.e. to enhance blood vessel growth into the wound
micro-environment (Iorio et al. 2015).
Laminin along with ﬁbronectin, is known to be an
integral part of the human placenta (Earl et al. 1990).
Limited proteolysis of human placenta yielded full
length laminin in its intact form (Wewer et al. 1983).
Intact laminin has distinct active domains for collagen
binding, cell adhesion, and heparin binding as well as a
neurite outgrowth fragment (Chen and Strickland
2003). It was assumed that the protein would be present
in the aqueous extract of human placenta as one or
more laminin isoforms and that it would play a major
role in the healing of wounds by implementing its
inﬂuence on cell differentiation, migration, and adhesion at the site of injury (Miner and Yurchenco 2004).
In more recent times laminin-derived peptides has been
found to be of great potential in healing traumatic brain
injury by means of neural tissue engineering technology (Sahab-Negah et al. 2018). Wound or injury to the
skin can pose a possible threat to the underlying nerves
as well as to the dermal layer and can result in loss of
sensation. Healing would be termed as successful only
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if regeneration of nerves occurs along with simultaneous completion of these three phases.
A commercial formulation of an aqueous extract of
human placenta has been widely used for wound
healing. Our laboratory has been involved extensively
in the identiﬁcation and biochemical characterizations
of many vital components present in the extract that aid
in its wound healing efﬁcacy. A decade of work on the
extract has further prompted us to investigate the
occurrence and role of laminin in it. The current
investigation provides evidence about the presence of a
laminin fragment in the formulation for the ﬁrst time.
Our study involves identiﬁcation and characterization
of laminin isolated from aqueous human placental
extract. This report potentially adds a new member to
the list of resident bio-molecules in the placental
extract. In addition, we elaborate on the mechanical
and biochemical aspects of post injury reactive neurite
growth as well as full thickness wound healing of skin
mediated by placental laminin, the fragment of laminin
from aqueous human placental extract.
2. Materials and methods
2.1 Materials
Fine chemicals were procured as follows: acrylamide/
bis-acrylamide (A-2792), Tween-20 (P-1379), 2-(Nmorpholino)ethanesulfonic acid, 4-morpholineethanesulfonic acid (MES, M-3671), laminin from human
placenta (L-6274, liquid in Tris buffered NaCl, 0.5 mg/
ml), alkaline phosphatase yellow liquid substrate system
for ELISA (p-NPP, P-7998), nerve growth factor-b from
rat (NGF-b, N-2513) were from Sigma, St. Louis, MO,
USA; Nitrocellulose membrane (Millipore, Germany),
TEMED (110732, Merck, Darmstadt, Germany); BCIP/
NBT color development substrate (S-3771, Promega,
Madison, Wisconsin, US); anti-laminin rabbit polyclonal primary antibody (ab-11575), goat pAb to rabbit
IgG (AP) (ab-6722) from Abcam, Bristol, UK; Integrin
b1 goat polyclonal primary antibody (N-20) (sc-6622)
from Santa Cruz Biotechnology, Dallas, Texas, USA;
Carboxylink Coupling Resin (immobilized diaminodipropylamine) (20266), PageRulerTM prestained protein ladder (10 to 180 kDa 26616X4) from Thermo
Scientiﬁc, Pierce Protein Research Products, Waltham,
Massachusetts, US; EDC (22981) from Pierce, USA,
Tris (34969), glycine (69422), APS (28575), SDS
(54468), bromophenol blue (11458), 2-mercaptoethanol
(69892) from SRL, Mumbai, India. Precision plus protein TM dual color standard (1610374) (10-250kDa) from
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Biorad, Berkeley, California, US, Culture medium,
serum, goat anti-rabbit Alexa Fluor 488 (A-11008),
rabbit anti-goat Alexa Fluor 568 (A-11079), Molecular
Hoechst (33342) were purchased from Invitrogen Life
technologies, Grand Island, NY, USA. Rat pheochromocytoma cells (PC12) was a generous gift from Prof.
Lloyd A. Greene, Columbia University, Columbia, New
York City, USA. NIH-3T3 (mouse embryonic ﬁbroblast
cell line) was from ATCC, Manassas, VC, USA (accession No. CRL-1658TM). Peptide antagonist to integrin
receptors was synthesized by GenPro Biotech, New
Delhi, India. Double-distilled Millipore water was used.

2.2 Human placental extract
An aqueous extract of human placenta is marketed by the
drug house M/s Albert David Ltd, Kolkata, India under the
trade name ‘Placentrex’ (Datta and Bhattacharyya 2004). In
short, entire fresh full-term placentas were obtained post
childbirth and tested for HIV antibody and hepatitis B
surface antigen. Subsequently they were stored on ice.
Extraction was done by incubation of dissected and minced
placentas by a single hot and cold treatment at 90°C and
6°C respectively. The extract underwent sterilization under
saturated steam pressure (15 psi at 120°C for 40 min) so as
to destroy the majority of the resistant spore forming species like Clostridium tetani. A second step of sterilization
occurred after ﬁltration and addition of 1.5% (v/v) benzyl
alcohol as preservative followed by ﬁlling in ampoules and
autoclaving under the same conditions as stated above for
20 min. This was done so as to maintain the sterility of the
extract after being sealed. Addition of benzyl alcohol does
not interfere with the spectroscopic studies presented here.
Collection and handling of the placenta and manufacturing
of the drug were done under the export license of the drug
controlling authority of India. Each ml of the extract was
from 0.1 g of placenta. For experimental purposes, pooled
human placental extract as supplied was desiccated over
NaOH pellets in vacuum desiccators at 25°C. The dried
ﬁlm was reconstituted with water to achieve the desired
concentration (10X) – the working solution. The reconstituted fractions were centrifuged at 10,000 rpm for 10 min
and the supernatant was used as the working solution. This
protocol largely removes non-polar lipids as they formed a
scale ﬂoating over the liquid.
2.3 Dot Blot (Immuno Blot)
To detect the presence of laminin and its quantiﬁcation
in the working solution as well as post puriﬁcation,
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immunological cross reactivity was followed by dot
blot experiments. The working solution (10 ll) was
spotted onto nitrocellulose membrane strips along
with standard laminin (0.25 lg) as positive control
and Subtilisin (20 lg) as negative control. The samples were dried completely, and the strip was incubated overnight with PBS containing 0.1% Tween-20
and BSA (0.1%) for blocking non-speciﬁc protein
binding sites. The membrane was then washed 4 times
with PBS containing 0.05% Tween-20 for 15 min
each. The strip was incubated with anti-laminin
polyclonal antibody raised in rabbit at a dilution of
(1:500) for 2 h with constant shaking (Ohashi et al.
1998). To remove excess primary antibody remaining
unbound to the antigen, the membrane was washed as
stated above. The soaked blots were then incubated
with alkaline phosphatase linked goat anti-rabbit
antibody for 1 h on a shaker. The strips were then
washed with the wash buffer 3 times for 15 min each.
The last wash was done with PBS only. Enzymatic
activity of alkaline phosphatase was observed by the
generation of blue color using BCIP and NBT in 0.1
M Tris-HCl, pH 8.8. All reactions were carried out at
25°C. Image J software was used to measure the
integrated density of the individual dots (imagej.nih.gov/ij/docs/examples/dot-blot/). Later, a linear calibration curve was constructed by using the
samples of gradually increasing concentration of
standard laminin (0–3.75 lg/ml) in order to quantify
the placental laminin post puriﬁcation (R2 = 0.994
where R2 is regression coefﬁcient).

afﬁnity column. The unabsorbed fractions were washed
out with 40 ml equilibration buffer. Bound fractions
were rinsed out of the column by using 0.1 M glycineHCl, pH 3.0. The chromatogram was developed at 280
nm.
An SDS-PAGE proﬁle of a protein marker, standard
laminin, and the placental laminin were performed
followed by silver staining or Coomassie staining.
Different Mw markers and duration of electrophoresis
were applied to SDS-PAGE gels to obtain maximum
resolution of the components present in placental
laminin.
2.5 Size exclusion-HPLC
Placental laminin that appeared as a fragmented form
was best resolved in a Protein Pak 300 SE-HPLC
column (Waters, fractionation range 10–400 kDa,
7.5X300 mm). The column was equilibrated with 20
mM Na-phosphate, pH 7.5 containing 100 mM NaCl at
0.80 ml/min and elution was followed at 280 nm. The
Protein-Pak 300 column was calibrated with proteins
possessing Mw in the range of 22.3–200 kDa. The
calibration curve was constructed using the marker
proteins: blue dextran (2000 kDa-for void volume),
amylase (200 kDa), alcohol dehydrogenase (150 kDa),
BSA (66 kDa), ovalbumin (45 kDa) and STI (22.3
kDa). A linear dependence of log Mw versus retention
time was observed.

2.6 ELISA
2.4 Puriﬁcation of placental laminin
An immobilized diaminodipropylamine resin (CarboxylinkTMCoupling Gel 2004) was used to attach the
primary antibody against full length human laminin to
carry out immuno-afﬁnity chromatography. Column
material (2 ml) was settled in a 15 ml Falcon tube,
washed and equilibrated with 5 volumes of coupling
buffer (0.1 M MES, pH 4.8 containing 0.9% NaCl).
Rabbit polyclonal anti-laminin antibody (40 ll from a
stock of 0.5 mg/ml) was added to the gel slurry and
shaken for several minutes to facilitate mixing.
Instantaneously, EDC (120 mg) was added to the
mixture and incubated for 3 h at 25°C under moderate
shaking conditions. After packing, the column was
washed with 1 M NaCl to remove un-reacted EDC
followed by equilibration with 10 mM Na-phosphate,
pH 7.5. 8 ml of reconstituted placental extract (10X)
was applied to the laminin antibody tagged immune

Laminin was quantiﬁed by ELISA. A 96 well micro
plate was incubated overnight at 4°C with capture
antisera against laminin (both standard and puriﬁed).
Non-speciﬁc binding sites were blocked using 1% BSA
in PBS, pH 7.5 for 2 h at room temperature after the
coating solution was washed with PBS containing
0.05% Tween-20. The plate was then incubated with
test samples for 90 min at 25°C. After complete wash
with PBS and Tween-20, detection antibody was added
to the wells and incubated for 2 h at 25°C. The reactions were revealed by incubation of secondary antibody with the substrate pNPP. The absorbance at 405
nm was measured in a multi-well ELISA plate reader
(Biotek-Epoch; Biotech Instruments). Negative control
included uncoated wells. In order to quantify the concentration of puriﬁed laminin, absorbance values were
plotted against the standard curve obtained from the
dilutions of the standard Laminin within a linear range
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wherein a linear curve was generated at A405 (Voller
et al. 1978).
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medium containing 1% horse serum for 5 days before
experimentation. Standard laminin (0.1 lg/ml) was
taken as a positive control.

2.7 Scratch wound assay
2.9 Cell viability assay
The wound healing property of placental laminin was
demonstrated in vitro by the rate of migration of NIH3T3 cells. In order to achieve a conﬂuent monolayer,
3X105 cells were plated into a 35 mm culture Petri dish
and incubated for 6 h at 37°C in a media containing 1%
FBS. The low percentage of FBS was maintained in
order to negate the effect of cell proliferation due to its
presence, if any. A gap was created along the central
line of the monolayer with a 200 ll dispensing tip. The
edge of the scratch was smoothened by washing the
cells once with 1 ml of PBS that removed the remnant
debris. The cells were then subjected to an
in vitro scratch assay with images captured at 0, 2, 48
and 72 h after incubation with Standard laminin (0.1
lg/ml), placental extract (100 ll), placental laminin
(0.1 lg/ml) and PBS (100 ll). Images were captured
using Leica DFC 450C and histological analysis of the
wound tissue samples became realizable by means of
Olympus SZX 10.
The rate of cell migration and thus closure of wound
was gauged by measuring the width and area of the
linear wound created, using Image J software (freely
downloadable, NIH, USA). Observations included
quantifying the total distance that the NIH-3T3 cells
moved from the edge of the scratch toward the center
of the scratch (Liang et al. 2007). All sets were carried
out in triplicate.
2.8 Cell culture
The neurite outgrowth promotion potential of placental
laminin was examined in neuronal cell line PC12. This
cell was derived from a pheochromocytoma of the rat
adrenal medulla and originated from neural crest. For
the experiments, PC12 cells (0.5 9 05) were plated in
each well of a 6-well plate and cultured in 3 ml of
DMEM medium supplemented with 10% heat-inactivated horse serum (HS) and 5% heat-inactivated fetal
bovine serum (Greene and Tischler 1976; Mutoh et al.
1995). For differentiation of PC12 cells, 1% horse
serum along with NGF or placental laminin was used.
To check toxicity on neuronal differentiated PC12
cells, if any, different doses of laminin were added.
Neuronal differentiation of these cells was induced by
NGF (100 ng/ml) or Placental laminin (0.17 lg/ml) in

Cell viability was checked by intact nuclear counting
method (Rideout et al. 2003). In brief, a detergent
containing the nuclear counting buffer that dissolved
only the membrane was added to the cells and nuclear
membrane thus remained intact. The intact nuclei were
then counted on a hemocytometer. A non-toxic dose of
placental laminin for the cells was to be found out. The
number of live cells were expressed as percentage of
the total cell population and observed under phase
contrast microscopy (Leica, DMI-4000B, Wetzlar,
Germany).

2.10 Differentiation in PC12 cells mediated
by placental laminin
NGF is required for neuronal differentiation of PC12
(pheochromocytoma12) cells. When NGF signaling is
triggered, they respond by exiting the cell cycle,
developing neurites and gaining capability of conducting electrical impulse. Thus, PC12 cells undergo
neuronal differentiation in presence of NGF (Greene
and Tischler 1976). The cells undergo apoptosis as
soon as NGF is withdrawn from the system, thus
making the growth factor essential for their proper
survival in culture (Vagheﬁ et al. 2004). The mechanism via which NGF sustains the neuronal cells and in
turn regulates their survival/apoptosis has been documented earlier in details (Yan and Ziff 1995). An
assumption on the fact that placental laminin could
possess similar properties was made. For this, cells
were differentiated in DMEM containing 0.17 lg/ml of
placental laminin along with 1% horse serum – the later
component is usually added with NGF as well. Cells
were allowed to differentiate for ﬁve days. Fixed cells
were imaged under a phase contrast microscope.
The differentiation of PC12 cells was further analyzed by treating them with placental laminin (0.17 lg/
ml), ﬁxed with 4% PFA on the 2nd and 5th day
respectively. The cells were immuno-stained with antilaminin primary antibody followed by Alexa ﬂour 488
(green) secondary antibody tag. The nuclei were
stained with Hoechst dye. The ﬁxed cells were visualized under an Andor Spinning Disc Live Cell Confocal microscope (Yokogawa CSU-X-1) equipped with

93

Page 6 of 22

Chaitali Mukherjee et al.

Andor ixon3 897 EMCCD cameras and Olympus ix81
microscope).

the viability of the PC12 cells under the assay conditions and imaged by phase contrast microscopy.

2.11 Quantiﬁcation of cell area and ﬂuorescence
intensity of differentiated PC12 cell

2.13 Functional similarity between placental
laminin and NGF

The neurite lengths and cell ﬂuorescence intensity of
each experimental set were quantiﬁed by using the
IMARIS software. The respected images captured by
confocal microscope were used, all the layers were
stacked, and a straight line drawn thereafter to demarcate the neurite length. Fluorescence intensity was
measured by the same software followed by generation
of individual graphs. The threshold of signiﬁcant ﬂuorescence intensity was taken as 100 a.u. The number
of peaks above the threshold value was noted.

An external agent can either bring about differentiation
or proliferation in cells due to its existence. It is a
known fact that NGF helps in differentiation of PC12
cells and not proliferation. In this experimental model a
speciﬁc marker, Ki67, was used to map the proliferation by virtue of its expression in the cells. Negative
result in cells was ascertained by lack of Ki67
expression thus conﬁrming the differentiation of cells.
It was checked whether placental laminin had any
effect on proliferation of PC12 cells to search for
functional similarity with NGF. Thus, cells were treated
separately with NGF and placental laminin. Naive
PC12 cells served as a positive control since
pheochromocytoma cells are cancerous in nature and
possess enhanced proliferative properties. On the
fourth day of treatment, cells were ﬁxed and Ki67
assay was performed.

2.12 Interaction of placental laminin with integrin
receptor on PC12 cells
Experiments to reveal the interactive mechanism of
placental laminin pertaining to neurite outgrowth by
binding to the integrin receptors on PC12 cells were
performed. For this, co-immuno-staining of both
standard and placental laminin (0.10 and 0.17 lg/ml
respectively) with endogenous integrin was performed. PC12 cells induced to neuronally differentiate were ﬁxed with 4% paraformaldehyde for 10
min. Cells were then washed thrice with PBS for 5
min each, then blocked in 3% goat serum in PBS
containing 0.3% Triton-X 100 for 2 h at 25°C. The
cells were immuno-labelled with primary antibodies
(Anti-laminin antibody and integrin b1 antibody b1
being the most common adjunct to isoforms of a) in
a blocking solution overnight at 4°C. Cells were
washed on the following day in PBS, followed by
incubation with the appropriate secondary antibody
(Goat anti rabbit-Alexa Fluor 488 and rabbit antigoat Alexa Fluor 568) for 1 h at 25°C. Nuclei were
stained with Molecular hoechst. Co-localisation
study images were captured using a Leica TCS-SP8
Super Resolution Microscope. Eventually, a
cytoﬂuorogram was generated where the overlap
coefﬁcient, co-localization rate and area were calculated by LAS X software.
To further conﬁrm the binding of placental laminin
with integrin, an integrin receptor antagonist – a synthetic peptide of sequence TFFYGGSRGKRNNFKTEEY was used. Potential toxicity of the synthetic
peptide was ascertained by nuclear counting to check

2.14 Animal experiments
Healthy female Sprague-Dawley rats, 6–8 weeks old,
weighing 180–200 g, were kept in the institutional
animal house at 25 ± 2°C having relative humidity of
30%. The animals were maintained with a 12 h lightdark circle with food and water ad libitum. The animals
were euthanized following each set of experiments by
either cervical dislocation or by over dosage of ketamine (200 mg/kg). All the animal experiments
encompassing this study were performed in accordance
with the Institutional Animal Ethical Committee CSIR–
Indian Institute of Chemical Biology (IAEC CSIRIICB). Permit code (DB/VI) bearing approval reference
no: IICB/AEC/Meeting/22016/Aug/2. Experimental
protocols were carried out as per institutional guidelines, and care was taken to minimize suffering of the
experimental animals (OECD Guidelines 2001).
2.15 Toxicity studies
For the determination of acute toxicity of placental
laminin, rats were divided into control and test groups
(each group consisting of 4 animals) (n = 5). Food but
not water was withheld overnight before the day of
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administration of laminin. The test group of animals
was given placental laminin in gradually increasing
doses of 5, 50, 300 and 2000 mg/kg. The control group
received the vehicle (PBS) in quantities of 10 ml/kg of
body weight via oral gavage. Subsequently, due to nonappearance of symptoms pertaining to any sort of
toxicity, a single dose of 5000 mg/kg of puriﬁed
laminin was administered in order to test the LD50
value. Animals were observed individually for signs of
possible toxicity at least once during the ﬁrst 30 min
post dosage, intermittently during the ﬁrst 24 h and
daily thereafter for a total of 14 days. All rats were
critically observed for clinical signs of toxicity viz.
changes in skin and fur color, body weight. Somatomotor activities and behavioral patterns were also
looked into. Presence of tremors, convulsions, salivation, diarrhea, lethargy, sleep and coma was also
recorded. At the end of the experimental duration of 14
days, blood was drawn from the retro-orbital region
and centrifuged at 5000 rpm for 10 min at 25°C.
Toxicity was evaluated based on the liver and kidney
function tests from the estimation of aspartate aminotransferase
(AST),
alanine
aminotransferase
(ALT), alkaline phosphatase (ALP), urea and creatinine
using standard diagnostic kits (Span diagnostics Ltd.,
India). Surviving animals were euthanized as per the
guidelines (AVMA Guidelines 2013) and the LD50
values were estimated post autopsy (Hodge and Sterner
2005).
2.16 Full-thickness wound healing model
The ability of placental laminin to successfully repair
the wound matrix post laceration was checked in vivo.
4 sets (each set containing 4 animals) were taken for
the following experiments where n = 5. Rats were
anaesthetized by induced inhalation of diethyl ether
following OSHA limits. The hair on inner thigh region
was shaved and the area was cleaned with 70% ethanol
for exposing surface of the skin. A 5 mm sterile biopsy
punch (Dermaindia, India) was used to create a full
thickness uniform wound under aseptic conditions and
the dermal layer removed by forceps. The animals were
caged separately, and the wound area was kept open.
Dimensions of the wound were taken on a time course
basis and the area was calculated. Gradual healing of
the wound was macroscopically observed corresponding to the wound closure and expressed as percentage
of reparation with respect to the initial wound area.
Wound area was measured by tracing the actual wound
on a mm scale graph paper on 0, 3, 5, 7 and 9th days.
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The wound site was photographed using a Nikon
COOLPIX L120 Camera (Tokyo, Japan) at the aforementioned time. Re-epithelialization at the wound site
was investigated by tissue histopathology using
hematoxylin and eosin staining. Histological experimentation had to be executed from a different set of
animals euthanized at a ﬁxed time in between the 4th
and the 5th day for a total of 9 days required for
complete restoration of the skin tissue. The lacerated
wound tissue samples were kept in 10% formalin
overnight for ﬁxation. Slides were prepared following
the usual protocol and immuno-histochemical analysis
of the desired sections was done (Fischer et al. 2008).
Histological analysis of the wound tissue samples was
carried out with an Olympus SZX 10.
2.17 Effect of placental laminin on cytokines –
Quantiﬁcation by ELISA
Placental laminin (100 ll, 7 lg) was administered to
test group animals via the subcutaneous pathway,
simultaneously; the negative control group received an
equal volume of 1X PBS (100 ll) while the positive
control groups were injected with standard laminin (20
ll, 10 lg) and placental extract (100 ll, 2.2 lg from
the working solution). Blood was collected by retroorbital puncture every alternate day of the total
experimental duration i.e. till the wounds closed.
Serum was obtained by centrifugation of the blood at
5000 rpm for 15 min at 4°C. Execution of ELISA for
cytokine (TGF-b, IL-6, TNF-a and IFN-c) analysis
was done using 96 well plates. Wells were coated with
capture antibody (1:1000 dilutions) in carbonate-bi
carbonate buffer, pH 9.5 overnight at 4°C. After being
washed thrice with PBS containing 0.05% Tween-20
(PBST), the wells were blocked with 1% BSA in PBST
for an hour at 25°C. Serum (100 ll) extracted from
each of the 4 group of animals were dispensed onto the
prepared wells in duplicate sets for antigen coating.
Removal of unbound serum was brought about by the
washing step with PBST. Subsequently, detection
antibody (1:2500 dilutions) was allowed to coat the
serum samples overnight at 4°C in order to generate a
sandwich model. Alkaline phosphatase linked secondary antibody (1:5000 dilutions) was added and
incubated for 2 h at 25°C. This step was followed by
washing with PBST and addition of the substrate
p-NPP for developing the color at 405 nm. A blank set,
in duplicate, containing everything except serum samples served as the negative control. Calibration curves
were constructed using 10–100 ng/ml of standard TGF-
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b, IL-6, TNF-a and IFN-c and regression coefﬁcient [
0.96 gave an appropriate linear dependency amongst
the concentration and corresponding absorbance.
Quantiﬁcation of the cytokines was done using the
generated calibration curve.
2.18 Statistical analysis
Data were expressed as mean ± standard errors, where
number (n) is mentioned in parenthesis. Statistical
signiﬁcance was determined using Student’s t-test and
p \ 0.05 was considered as statistically signiﬁcant.
3. Results
3.1 Identiﬁcation and puriﬁcation of placental
laminin
Laminin being an essential component of cellular
basement membrane, it was expected that the pool of
human placental extract should contain this component. To verify this, dot-blot experiments using speciﬁc
antibody against laminin was employed. Standard
laminin served as positive control yielding a distinct
spot, thus establishing the immunological cross reactivity between the speciﬁed antibody and the reference
sample (ﬁgure 1A, spot 1). The placental extract also
showed cross-reactivity indicating presence of laminin
in it. The intensity of the spot was low apparently
because of low abundance of this component (ﬁgure 1A, spot 2). Subtilisin, a bacterial serine protease
that has no sequence homology with laminin, served as
negative control and did not cross react with laminin
antibody (ﬁgure 1A, spot 3). In a separate experiment,
a calibration curve was constructed correlating concentration of laminin (0–1.0 lg/ml) with intensity of
the spots in dot-blot experiment. Analysis of the
intensity of the images was done by Image J software
where a linear dependency was observed (R2 = 0.984
where R2 stands for regression coefﬁcient) (described
below). Using this curve, the concentration of laminin
in the placental extract as supplied was derived to be
7.7 ± 0.016 lg/ml (n = 3).
Once the presence of laminin in placental extract was
conﬁrmed, puriﬁcation of the component was required
to predict its physical properties and roles on cellular
growth. The concentration of laminin at source being
very low, the extract was concentrated ten folds (10X)
and applied to immune-afﬁnity chromatography tagged
with laminin speciﬁc antibody. The chromatogram was

generated at 280 nm primarily to follow elution of
protein components. It showed that 80.05 ± 3.30% of
protein components was eluted as unbound fractions.
The bound fractions were pooled and had absorption of
1.072 ± 0.126 at 280 nm (ﬁgure 1B). The presence of
laminin in the bound fractions obtained from the
working solution was authenticated once again by dotblot experiment. The pooled fraction showed a distinct
spot, a 10-fold concentrated sample of extract as supplied showed an intense spot while standard laminin
was included as reference (ﬁgure 1B, inset a, spots 1, 2
and 3 respectively). The optical densities were analyzed by Image J software as stated earlier and from a
calibration curve, the concentration of laminin in the
pooled fractions was found to be nearly 0.07 mg/ml.
Results obtained with variation of the volume of test
samples and using different batches of the extract (n =
3), eventually converged within a range of ± 5%
(ﬁgure 1B, inset b).
The SDS-PAGE proﬁle of the puriﬁed laminin was
compared with protein molecular weight markers and
standard laminin after staining with silver nitrate
(ﬁgure 1C). While the puriﬁed sample showed presence of two components of approximately 50 and 70
kDa having comparable abundances respectively, reference laminin also showed a similar proﬁle except
that the lower Mw component dominated. Thus, it
appears that laminin in the extract forms a bigger
mass that is dissociated into smaller fragments in
SDS-PAGE. The diffused nature of the placental
laminin band is primarily attributed to the presence of
salts and other biomolecules in the extract while
nonspeciﬁc proteolysis of laminin by placental proteases may also contribute to this feature. Alteration of
the electrophoresis conditions could not improve the
sharpness of the band. The SE-HPLC proﬁle of the
puriﬁed laminin revealed a single, high resolution
peak (Retention time Rt = 6.21 min; corresponding
Mw = 188.81 kDa along with a couple of minor peaks
of Rt = 14.20 and 15.30 min; Mw 10.51 and 7.06 kDa
respectively (ﬁgure 1D, peaks 1–3). The respective
molecular weights of the individual peaks were
obtained from a calibration curve generated by plotting log Mw vs. retention time (min) with R2 = 0.986
and this provided a concentration of 70 lg/ml (R2 =
0.994) as also obtained from the ELISA result.
3.2 Scratch wound assay
In the scratch wound assay, healing of wound indicated by closure of the gap is primarily measured by
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Figure 1. Biochemical characterization of placental laminin. (A) Immunological cross- reactivity between laminin antibody
and (1) standard laminin (0.25 lg), (2) aqueous extract of human placenta (0.31 lg) and (3) Subtilisin (10 lg). (B) Immunoafﬁnity chromatography of placental extracts (10X), unbound and bound fractions are shown. The arrow indicates point of
application of eluting buffer. (a) Immuno-blot of (1) bound fraction from immuno-afﬁnity column (20 ll), (2) aqueous extract
of human placenta (10X) and (3) standard laminin (2.5 lg); (b) Linear calibration curve depicting a plot with integrated
density of immune-blots vs. increasing concentration of standard laminin. (C) (a) 7.5 % SDS-PAGE with silver staining, Lane
1, Protein Mw Markers as indicated, lane 2, left unloaded in order to avoid any diffusion from protein marker, lane 3,
standard laminin (2.5 lg) and lane 4, dialyzed bound fraction of placental laminin (14 lg) as shown in (B). (D) SE-HPLC
proﬁle of puriﬁed laminin where elution of 3 major peaks has been indicated. The upper and lower tracing corresponded to
220 and 280 nm, respectively.

the rate of motility of the cells rather than their proliferation. To check the ability of placental laminin in
inducing higher motility of cells, this assay was
applied on NIH-3T3 cells. Images of cell migration
and motility in presence and absence of puriﬁed placental laminin were captured during a time course of
0–72 h. The area of the wound has been demarcated
with white dotted lines to quantify the gradual closure
of the scratched wound (ﬁgure 2A, a–h). The vertical
boundaries of the demarcation were created by
avoiding presence of cells. The results have been
reported relative to the distance between the cells at 0
h where scratch size has been considered as 100% in
each set and the two sides of the scratch at a given
time during the course of the experiment. After 24 h,
the gap in the control set, kept only in medium
containing 1% FBS was measured to be 97.52 ±
1.07% in comparison to 77.93 ± 2.32% in the
experimental set of placental laminins. Corresponding

values of wound closure in control and experimental
set at 48 h were 90.08 ± 2.0 and 74.58 ± 1.76%
respectively. At 72 h, these values were 87.59 ± 3.34
and 72.44 ± 3.01% respectively (ﬁgure 2B). Variation
of results between different sets (n = 3). These data
suggest that a concentration of 100 ng/ml of placental
laminin can accelerate in vitro wound closure when
compared to the control, by inducing cell migration
and motility. The efﬁcacy of the puriﬁed laminin was
comparable to that of standard laminin and placental
extract.
3.3 Differentiation in PC12 cells mediated
by placental laminin
Once the effect of placental laminin on cell proliferation was veriﬁed, its effect on cellular differentiation was investigated. Though laminin is an
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Figure 2. Monitoring motility of NIH-3T3 cells induced by placental laminin as observed in an in vitro scratch wound
assay. (A) Motility of ﬁbroblast cells under PBS treatment (a–d) and placental laminin (e–h) (scale bar = 50 lm). The gap is
denoted in this image by white dotted lines (n = 3). (B) The rate of migration was estimated by Image J software where the
distance taken from different regions along the scratch is expressed as percentage.

essential cellular component, it may exert toxicity
when applied in excess in the growth medium. Thus,
before establishing the conditions for growth of
neuronal cells, non-toxic dose of placental laminin in
the medium was established. PC12 cells that were
grown for 16 h in presence of 0–5.1 lg/ml of placental laminin survived under the treatment which
was determined by counting intact nuclei. A concentration of 0.17 lg/ml of laminin appeared to be
non-toxic as 100% of the cells survived (ﬁgure 3A).
Once the non-toxic dose of placental laminin was
determined, its biological activity pertaining to

process formation in PC12 cell cultures was followed
up to 5 days. It was observed that cells differentiated
with placental laminin attained overall neuronal
morphology including neuronal processes. PC12
cells in complete medium showed time dependent
proliferation and survival but no differentiation,
unlike the ones treated with NGF or standard laminin
or placental laminin (ﬁgure 3B).
The processes of differentiated PC12 cells in presence of placental laminin were similar to cells differentiated with NGF or standard laminin as observed
by confocal microscopy. Representative images of

Human placental laminin in wound healing

Page 11 of 22

93

Figure 3. Neurite outgrowth as visualized by phase contrast microscopy. (A) Dose dependency of placental laminin on
PC12 cell survival as studied on the 5th day of differentiation. Data represented as mean ± SEM of three independent
experiments performed in duplicates. The asterisk denotes statistically signiﬁcant differences between respective classes: *p
\ 0.05, **p \ 0.01, ***p \ 0.001. (B) Representative images show the formation of neuronal processes in the cells in
presence of DMEM medium (a and e) and other components like NGF (100 ng/ml) (b and f), placental laminin (0.17 lg/ml)
(c and g) and standard laminin (0.1 lg/ml) (d and h) on day 2 and 5 of differentiation, respectively (Scale bar = 50 lm).

cells treated with placental laminin over a period of 4
days were generated along with images showing
measurement of neurite length (15.52 ± 5.92 to 45.06
± 8.01 nm) while the number of peaks above standard
ﬂuorescence intensity of 100 a.u. gradually increased
from 8–24 (ﬁgure 4A, a–d, i–iii). The neurite lengths
and the number of peaks that had ﬂuorescence
intensities were plotted across the days (ﬁgure 4B i
and ii respectively). In either case, a gradual

increasing trend was observed, thus negating heterogeneity between the cells over the entire duration of
cellular differentiation. To determine the variation in
intensities of endogenous and exogenous laminin in
PC12 cell differentiation, their levels were observed
by immuno-staining. It showed that the level of
endogenously expressed laminin was quite low; in
contrast to cells that differentiated with externally
administered placental laminin showed higher staining
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Figure 4. Neuronal differentiation of PC12 cell as seen by confocal microscopy along with quantiﬁcation of neurite length
and ﬂuorescence intensity. (A) Promotion of neuronal differentiation in PC12 cells by placental laminin as imaged by
confocal microscopy. Distribution of placental laminin as observed on the cellular periphery and along the processes of PC12
cells. Representative images show retention of neuronal processes in the cells from 2nd to 5th days of differentiation,
respective neurite lengths and cell ﬂuorescence intensity (a– d, i–iii). The stained nuclei have been shown in blue. The neurite
length has been marked by the red line. Standard ﬂuorescence intensity of the cells has been taken at 100 a.u. The peaks
represent ﬂuorescence intensities above the standard value along the neuronal processes (scale bar = 10lm). (B) Histogram
showing the measurement of neurite length (i) as well as the increase in the number of peaks [ 100 a.u. of ﬂuorescence
intensity (ii) along the 4 days of neuronal differentiation. Average number of cells = 19 and neurites = 23). (C) Comparison
between endogenous cellular laminin and exogenous placental laminin. Qualitative intensity of (a) endogenous cellular
laminin and (b) placental laminin dispensed extrinsically into the cell post neuronal-differentiation as seen by confocal
microscopy imaging (scale bar = 100 lm) (n=3).
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intensity due to elevated levels of laminin bound to
the cell surface (ﬁgure 4C, a and b). The outcome
indicated that promotion of process formation on the
cell surface as well as along axonal processes in PC12
cells were due to exogenous placental laminin and not
for the presence of innate matrix protein.

3.4 Placental laminin binds to integrin receptors
and initiates differentiation of PC12 cells
Laminin binds to integrin receptors of neuronal cells to
initiate their differentiation (Yazlovitskaya et al. 2019;
Cavaco et al. 2018). Since during extraction of the
placental components, a substantial portion of intact
laminin is removed to yield a truncated structure, it
remains uncertain whether the modiﬁed protein retains
the binding site of integrin receptors. Co-localization of
placental laminin with integrin receptors on cell surface
was veriﬁed from confocal microscopy. The area of colocalization of placental laminin (stained green) and
integrin (stained red) was a merged yellow color generated from overlap of the two immuno-stains (ﬁgure 5A). The Pearson’s coefﬁcient and overlap
coefﬁcient (the Pearson correlation coefﬁcient and the
overlap coefﬁcient are used to quantify the degree of
colocalization between ﬂuorophores) in case of placental laminin were found to be 0.47 and 0.56,
respectively. The cells treated with standard laminin
gave signiﬁcant overlap values ([0.4) of 0.62 and 0.68
respectively (ﬁgure 5B). These values indicate
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noteworthy co-localization between placental laminin
and integrin receptors on PC12 cells.
Result of the co-localization experiment was further
supported by introducing integrin receptor antagonist.
The antagonist is a small molecule that binds to and
blocks the activity of 5 RDG-integrin receptor subtypes
resulting inhibition of endothelial cell-cell and cellmatrix interactions (Mackel et al. 2018). First, the nontoxic dose of the integrin receptor antagonist was
determined after application of the blocker at 0–15 lM
in the growth medium and survival of the cells was
determined from nuclear counting. It was observed that
92% of the cells survived in presence of 5 lM of the
antagonist (ﬁgure 5C). Thus, this concentration of
antagonist was considered as nontoxic.
PC12 cells were differentiated with placental laminin, with and without integrin receptor antagonist at the
aforementioned concentration where NGF (50 ng/ml)
was used as a positive control to induce differentiation
(ﬁgure 5D, a). Similar differentiation of cells was
observed with placental laminin (ﬁgure 5D, b). Cells
were also grown in medium in absence of any reagent
that served as a negative control where no differentiation was observed (similar to ﬁgure 2A, panels a – d).
Further, engaging the integrin receptor with an antagonist arrested the formation of processes apparently
because of absence of binding of placental laminin to
induce differentiation (ﬁgure 5D, c). This indicated that
placental laminin in its truncated form promoted formation of processes by PC12 cells through binding of
integrin receptors.

Figure 5. Co-localization of placental laminin with integrin receptors on PC12 cells. (A) Representative images show co- c
localization of laminin (both standard and placental) and integrin in differentiated PC12 cells. Nuclei of each cell stained with
Hoechst are shown in blue (a and e), standard laminin (b) and placental laminin (f) tagged with Alexa ﬂour 488. Integrin
receptors of PC12 cells tagged with Alexa ﬂuor 568 (c and g). Standard laminin and integrin receptors merged (d) and
placental laminin and integrin receptors merged (h) (scale bar = 10 lm). (B) Quantiﬁcation of co-localization parameters
between laminin and integrin by a cytoﬂuorogram. The arch in the ﬁgure signiﬁes 20% background correction. The two
angular lines deﬁne 30% thresholding for Chanel 1 and Chanel 2 with respect to the y- and x-axes. The red dots refer to
integrin, green dots are for laminin and yellow dots denote the co-localization. Co-localization area = Co-localization/ Area
Foreground and Area Foreground = Area image/Area background. (C) Dose dependency of integrin receptor antagonist on
PC12 cell survival administered on the 5th day of differentiation. **p \ 0.01, n = 3. (D) Cellular differentiation as seen
after treatment with placental laminin in presence of integrin receptor antagonist. Representative images show nature of
neuronal processes in PC12 cells differentiated with NGF (a), placental laminin (b) and integrin receptor antagonist (c) (scale
bar = 50 lm).
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3.5 Expression of Ki67 marker protein
An external stimulus of a neuronal cell cannot
simultaneously induce proliferation and differentiation. Since placental laminin induces differentiation,
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its effect on proliferation should be minimal. To
verify this, expression of proliferation speciﬁc marker
protein Ki67 in PC12 cells was veriﬁed qualitatively
and quantitatively by confocal microscopy in presence and absence of inducer molecules. As a positive

Figure 6. Placental laminin enhances differentiation while reducing proliferation of PC12 cells. (A) Representative images
show level of Ki67 expression in naı̈ve PC12 cells and cells differentiated with NGF and laminin where (a, d and g) show
Ki67 expression, (b, e and h) depict nuclei stained with Hoechst, (c, f and i) are merged images in each of the three individual
sets (Scale bar = 10 lm). (B) Percentage of Ki67 expression in naı̈ve PC12 cells in comparison to cells treated with NGF and
placental laminin. Data represented as mean ± SEM of three independent experiments performed in triplicate. The asterisk
denotes statistically signiﬁcant differences between indicated classes **p \ 0.01.
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control, growth of naı̈ve cells showed expression of
Ki67 (stained red) all over their surfaces. When the
nuclei of the cells were stained (blue) and overlapped
with the Ki67 staining, the blue colors were suppressed as no nonspeciﬁc labeling of the marker
protein in the microscopic ﬁeld was observed (ﬁgure 6A, a–c). When identical treatments were done on
cells treated with NGF (50 ng/ml, a non-inducer of
proliferation as negative control) and placental laminin (as test sample), the observations were similar.
Expression of Ki67 in either set was limited to
basal level as the intensity of the red staining was
minimal. Thus, overlapping of these images on
nuclei staining had no effect (ﬁgure 6A, d–f and g–
i, respectively). Graphical analysis of these cells
differentiated with NGF showed less expression of
Ki67 (* 4%) as compared to naive cells (80%),
while only 8% of cells differentiated with placental
laminin showed Ki67 expression that was similar to
NGF (ﬁgure 6A). In this assay, 100% denoted the
number of cells (ﬁgure 6B). The results presented
so far conclude that placental laminin does not
participate in proliferation but promotes differentiation of PC12 cells by binding to integrin
receptors.

3.6 Toxicity studies in animals
The placental extract used as the starting material was
a licensed injectable drug for human. Since the
wound healing potency of isolated laminin was estimated on rat models, toxicity of laminin on these
animals was determined afresh. Based on visual
observations, no signs or symptoms of altered motility
or morbidity were revealed due to administration of
placental laminin to the animals in the doses mentioned. The LD50 value of placental laminin after oral
administration was found to be practically in the nontoxic category according to the toxicity scale of
Hodge and Sterner (Ahmed 2015). Biochemical
markers of liver function like SGPT, SGOT and ALP
showed no major deviation from the untreated control set. Biochemical markers for renal function like
urea and creatinine in blood serum were also measured and the levels were also within the normal
range (table 1).

Table 1. Serum biochemical marker assay results from
blood serum for toxicity in rats treated with placental laminin (n = 5)
Markers for Toxicity
SGPT (IU/ml)
SGOT (IU/ml)
ALP (KA/ml)
Urea (mg/100ml)
Creatinine (mg/ml)

Control

Treated

22.64 ± 2.33
79.12 ± 5.89
20.83 ± 1.67
44.60 ± 3.98
0.54 ± 0.06

20.84 ± 3.38
88.74 ± 1.54
25.62 ± 4.09
48.66 ± 4.21
0.47 ± 0.32

IU: International Unit; KA: King Armstrong Units.

3.7 Full-thickness wound healing promoted
by placental laminin
Closure of wounds in animals treated with placental
extract, laminin isolated from placental extract or procured commercially (serving as positive control) were
faster compared to control sets where wound was cured
naturally. Such an accelerated rate of wound healing
could be credited to the presence of potent bioactive
compounds relevant to wound healing (ﬁgure 7A). The
area of wound closure was measured for all sets of
treatment for duration of 9 days and plotted to show the
gradual progression of healing in the animals. At the
end of the tenure, near complete healing was observed
for sets treated with placental extract, standard laminin
and placental laminin as only 6.25, 6.67 and 6.52% of
wound remained exposed respectively. In comparison,
exposed area of wound was signiﬁcantly higher
(38.79%) for the control set (ﬁgure 7B). The aforementioned values reﬂect a rapid rate of wound healing
expedited by placental laminin comparable to that of
placental extract and standard laminin.
The H&E stained tissue cross-sections of rats treated
with placental laminin showed a faster rate of re-epithelialization as compared to negative control sets
where PBS was used. The negative control set presented abnormal subcutaneous tissue morphology in
comparison with wound tissue collected from placental
laminin treated sets, which showed intact cellular
morphology. The puriﬁed component was found to be
highly active in its healing abilities in comparison with
the entire formulation of the placental extract. Placental
laminin had a positive effect on the skin tissue in that
there was more neo-vascularization, ﬁbrosis and granulation tissues and less mineralization and necrotic
tissues (ﬁgure 7C, a–c). A 6X magniﬁcation was
maintained for all histology images.

Human placental laminin in wound healing
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7. Placental laminin promotes full-thickness wound
healing. (A) Pictorial representation of wound closure
measured in terms of percentage of wound area with passage
of time post lesion for PBS (100 ll) serving as negative
control, placental extract (10X, 100 ll), standard laminin (20
ll, 10 lg) serving as positive control and placental laminin
(100 ll, 7 lg) treated rats. (B) Graphical representation of the
percentage of wound closure by measuring the wound area
on 0th, 3rd, 5th, 7th and 9th day post excision. For every data
set, the wound area on day 0 has been taken as 100%. The
asterisk denotes statistically signiﬁcant differences between
respective classes: *p \ 0.05, **p \ 0.01, ***p \ 0.001.
(C) Hematoxylin and eosin stained sections extracted after
4.5 days of wound creation (6X magniﬁed) of skin tissues
treated with (a) PBS, (b) placental extract and (c) placental
laminin. (D) Induction of cytokine levels during healing of
wound in presence of placental laminin. (a) IL 6, (b) TGF-b,
(c) TNF-a and (d) IFN-c with dose of placental extract (10X,
100 ll), placental laminin (7 lg/ml), standard laminin (10
lg/ml) as positive control and PBS (100 ll) as negative
control, respectively. The animals were the same as referred
in ﬁgure 6A. (n = 5). The asterisk denotes statistically
signiﬁcant differences between respective classes: *p\0.05,
**p \ 0.01, ***p \ 0.001.

b Figure

3.8 Effect of placental laminin on cytokines
The process of wound healing is closely associated with
cytokines like IL-6, TGF-b, TNF-a and IFN- c. The
effect of applying placental laminin on the full thickness
wound was checked by the cytokine level analysis
throughout the course of wound healing. ﬁgure 7D
shows that on applying subcutaneous injections of
placental laminin, the production of IL-6 increased from
19 ± 2.84 to 36 ± 3.71 ng/ml on the 2nd day postlesion. The observation was congruous with the two
positive controls used, viz. from 19 ± 2.05 to 34 ± 3.32
ng/ml using standard laminin and 20 ± 2.62 to 38 ±
4.50 ng/ml using placental extract. The progression of
healing brought about a fall in the cytokine level and by
the 6th day, the levels had reached values comparable to
as measured on day 0 in treated animals. Similarly, the
level of TGF-b also underwent an elevation in treated
animals on the 2nd day from wound formation. The
values ranged from 12 ± 2.74 to 35 ± 4.61 ng/ml in
placental laminin treated rats. Standard laminin and
placental extract treated rats showed a similar pattern of
increase in TGF-b levels from 15 ± 3.43 to 33 ± 3.91
ng/ml and 12 ± 2.70 to 35 ± 4.63 ng/ml, respectively.
TNF-a and IFN-c, showed similar results in all the sets
wherein the levels were raised maximally after 2 days
from creation of the wound and gradually reduced with
passage of time approaching the 0-day level.

4. Discussion
Maternal placental villi, originating from the decidua,
contain laminin as a part of their basement membrane
(Church et al. 1996; Vinketova et al. 2016). In the successive phases of placental maturation, the presence of
laminin and ﬁbronectin has been stated (Earl et al. 1990).
The human placenta is endowed with laminin, mainly in
its a2 and b1 isoforms (Brown et al. 1994). The laminin
a2, a5, b1, b2 and c1 chains were found in the trophoblastic basement membrane at all stages of gestation,
indicating the existence of laminin 2, 4, 10 and 11 trimers. Amongst all other isoforms mentioned, laminin
a2, b1, b2 and c1 chains were detected in the villous
stroma and capillaries throughout placental development (Korhonen and Virtanen 2001). The feasibility and
effectiveness of human placental extract derived laminin
for promotion of full thickness wound healing was veriﬁed in a binary model (in vitro and in vivo) and in an
assay for neurite outgrowth in a neuronal cell line. The
capability of inducing neurite promotion was examined
in rat pheochromocytoma cells. Antibody against full
length laminin was initially adopted for identiﬁcation
and puriﬁcation of any isoform of laminin that could be
present in the extract. Subsequent to the puriﬁcation of
placental laminin, its quantiﬁcation and molecular
weight determination was executed by immune-blot,
ELISA, SDS-PAGE and SE-HPLC. Alternative puriﬁcation was also done by immuno-afﬁnity chromatography by engaging two different antibodies, 4E10 and 2D4
targeted towards the b1 chain and the a2 chain of fulllength laminin, respectively. In each set, laminin was
puriﬁed from the extract, but the SE-HPLC patterns as
illustrated in ﬁgure 1C were different to some extent
indicating variable afﬁnities of the laminin fragments
towards these antibodies.
Structural integrity of placental laminin was tested by
immuno-blot using antisera to the protein. The puriﬁed
protein formed a conglomerate in the source material
where two components of nearly 50 and 70 kDa dominated along with other higher and lower molecular
weight fragments. Assuming that laminin remains intact
in mature placenta, extensive proteolysis occurred during preparation of the extract at elevated temperature.
This is possible because the extract contains components
that show proteolytic activity (De et al. 2011). Nonuniformity in molecular weight of placental laminin in
SDS-PAGE and SE-HPLC could be explained from
denaturing and non-denaturing conditions of electrophoresis and chromatography respectively. Attempts
were made to identify the major components by an in-gel
trypsin digestion protocol (Shevchenko et al. 2006)
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followed by MS/MS analysis and also by extraction
from the gel followed by Edman degradation (peptide
sequencing by Edman degradation, John Bryan Smith,
Celltech Chiroscience PLC, Slough, UK). Unfortunately, these attempts were unsuccessful in locating the
position of these peptides in the sequence of laminin.
There have been several reports which indicate the
role of laminin in promoting the growth of neuronal
processes, a function similar to that of NGF (Lander
et al. 1985; Paulsson 1992). Before further experimentation, puriﬁed laminin from placental extract was
assessed for dose dependent toxicity on PC12 cells.
Determination of the non-toxic dosage of placental
laminin helped in administering it to the cells. The
results thus obtained revealed signiﬁcant neurite promotion similar to that attained with NGF treatment even
in absence of NGF. Quantiﬁcation of confocal images
revealed an increasing trend in the neurite lengths of
cells over the course of differentiation as well increase
in ﬂuorescence intensity along the neuronal processes
generated over time (ﬁgure 4). Though there is no
structural similarity with NGF, placental laminin mimicked the action of NGF on neuronal cells as established
in earlier reports (Yu et al. 2008, Gunay et al. 2017) and
observed in the present study as well as. Fragmented
placental laminin was found to possess functional efﬁcacy similar to that of full-length laminin viz. attachment, growth and differentiation of cells, in spite of its
truncated structure (Ford-Holevinski et al. 1986).
Reports suggest that laminin binds to integrin receptors
on the cell surface in order to promote cellular adhesion
(Belkin and Stepp 2000). Integrins are essentially proteinaceous in nature and their mechanistic role involves
attaching the cell cytoskeleton to the ECM. They are
alpha-beta trans-membrane receptors that are responsible for both cell to cell as well as cell to matrix adhesion.
The point of association between laminin and PC12
cells was integrin receptors (Arregui et al. 1994). The
integrin receptor heterodimers responsible for binding
to laminin are a1b1, a2b1, a3b1, a6b1, a7b1 and a6b4
(Stipp 2010). Co-localization of placental laminin with
integrin was visualized by immuno-cytochemistry. In
order to verify the same interaction using an alternative,
a synthetic peptide was employed to block the binding
site of integrin receptors antagonistically. It was found
that the presence of integrin antagonist along with
laminin in the media inhibited the differentiation of the
cells.
Full-thickness wound healing entails proper wound
closure as well as reappearance of nerve sensation at
the wound region. Laminin takes part in reduction of
inﬂammation at the wound area, re-epithelialization,
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angiogenesis and promotion of cell migration (Iorio
et al. 2015). The administration of placental laminin
around the wound circumference accelerated the phases
of wound healing compared to that in control littermates. Not only the closure, but also the remodeling
phase, including formation of proper dermal layers and
advent of fur, was found to be better in rats treated with
placental laminin injected through a subcutaneous
pathway in comparison to control animals in which
PBS was administered. Placental laminin was also
found to stimulate epithelial migration and augment
formation of new blood vessels into the wound
microenvironment.
The process of wound healing is intricately associated with cytokines like IL-6, TGF-b, TNF-a and IFNc. IL-6 plays a cardinal role in the inﬂammatory phase
of wound healing and can be readily distinguished in
circulation when skin cells are subjected to an externally created wound. It hastens the process of wound
closure probably by regulating leukocyte inﬁltration,
angiogenesis and collagen accumulation (Lin et al.
2003). Similarly, the growth factor, TGF-b is involved
in inﬂammation, ﬁbroblast proliferation, collagen synthesis and remodeling of the newly formed ECM
(Crowe et al. 2000). During the early stages of wound
repair, cytokine synthesis gets accelerated for dermal
and epidermal refurbishment and this is where the
human system recruits cytokines like TNF-a and IFNc. Delivery of placental laminin into the system could
bring about an increase in cytokine levels that in turn
facilitates a swift and efﬁcient healing of the lesion as
compared to controls. A gradual fall in the cytokine
levels emerged approximately on the sixth day due to
gradual progression of the wound micro-environment
towards restoration. The aforementioned effects of
laminin on PC12 cells could also be consistent with
restoration of nerve impulses underlying the lesion.
Thus, the hypothesis related to laminin being present
in its functionally active form in an aqueous extract of
human placenta has been proved in this study. Placental
laminin seen to possess signiﬁcant biological functionality can be utilized for full thickness wound healing
both in vitro and in vivo. The inferences drawn from the
laminin–PC 12 interaction indicate its NGF like competence. Hence, NGF could be replaced by placental
laminin without causing any impedance to neurite outgrowth. Laminin puriﬁed from an inexpensive source
like placental extract not only could be used as a good
substitute for NGF but can also be administered into the
mammalian system without fear of any adversities due
to its non-toxic nature. Full length laminin as well as
NGF are quite expensive. Fragmented laminin reported
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in this study to possess functional similarity to the former two proteins could be commercially successful if
bulk production is undertaken.
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