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ABSTRACT
Purpose A chronic wound model provides an opportunity 
to understand fundamental mechanisms that could possibly 
provide leads for novel diagnostic molecules. An in vitro 
chronic wound model was created to evaluate the healing 
potential of stem cell (SC) secretome obtained from human 
umbilical cord-derived mesenchymal stem cells (hUCMSCs) 
and cord blood platelet lysate (CBPL).

In vitro healing efficacy of stem cell 
secretome and cord blood platelet lysate 
on a chronic wound model

Methods hUCMSCs were obtained from explant culture of 
umbilical cord. SC secretome was collected from cells at 
passage 2 after appropriate SC characterisation. Platelets 
were isolated from cord blood and exposed to a repeated 
freeze–thaw cycle to obtain CBPL. An in vitro chronic wound 
model was created using dimethyl sulfoxide (DMSO) and 
hypoxia in HEK293 cells through scratch in a cell monolayer. 
Wounds were exposed to SC secretome and CBPL and their 
wound closure efficacy was calculated as relative wound 
density (RWD%) at defined time points.

Results MSCs with typical spindle-shaped morphology were 
isolated from explant culture that sustained their stemness 
and morphology until up to passage 10. DMSO efficiently 
impeded the movement of cells into the wound area to 
generate a chronic wound model which was efficiently 
removed upon addition of SC secretome and CBPL.

Conclusion A transient in vitro chronic wound model was 
created successfully to determine the healing efficiency of 
SC secretome and CBPL.

INTRODUCTION
Chronic wounds are a substantial clinical problem affecting 
millions of people worldwide. They exemplify a significant 
burden to patients, healthcare professionals and the entire 
healthcare system. Chronic wounds notably decrease the 
quality of life of patients by requiring continuous topical 
treatment, causing immobility and pain in a high percentage 
of patients1. They fail to progress through the normal phases 
of wound healing and often halt in the inflammation phase 
of healing2. Chronic wounds possess certain attributes such 
as excessive levels of proinflammatory cytokines, proteases, 
reactive oxygen species (ROS) and senescent cells, along 
with the presence of persistent infection and deficient or 
dysfunctional stem calls (SCs)3. Henceforth, chronic wounds 
necessitate a multidisciplinary approach to treat them more 
efficiently and more painlessly for the patient as well as more 
economically for healthcare funds.
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It is not practically viable to study the development of chronic 
wounds in humans since the primary stage of development 
is well passed by the time these wounds appear in the clinic. 
Hence animal models were generated to conduct studies on 
the genesis of chronic wounds. However, none of the animal 
models was able to recapitulate the human chronic wound 
conditions4. Furthermore, there is no such model that could 
mimic human conditions and therefore evaluate the effect 
of novel therapeutic agents on chronic wound healing nor, 
likewise, the understanding of the molecular basis of healing 
process. In vitro models created until now were of colony 
biofilm model and used to study the role of flora and fauna in 
chronic wound healing5-7.

On therapeutic front, SC-based therapy has emerged as 
an alluring option for chronic wounds owing to its remedial 
potential8. Human umbilical cord-derived mesenchymal 
stem cell (hUCMSC) implantation and culture-expanded 
CD34+ cells of umbilical cord blood have been shown 
to promote the healing of cutaneous wounds in diabetic 
rats9,10. However, despite multiple promising results, a low 
survival rate after transplantation remains one of the major 
challenges of SC-based replacement therapy11. Secretory 
molecules of SCs, including growth factors, cytokines and 
chemokines collectively defined as SC secretome, could 
be an alternative approach to address the limitations of SC 
transplantation12,13. Several studies have demonstrated the 
important role of secretome/conditioned media of the SCs in 
promoting regeneration and accelerating the repair process in 
cutaneous wounds13,14. Park et al.15 have demonstrated that 
secretome isolated from human adipose tissue-derived MSC 
accelerated wound healing by stimulating the proliferative 
and migratory abilities of existing skin cells through PI3K/Akt 
or FAK-ERK1/2 signalling. However, until now, there are no 
studies that demonstrate the therapeutic effect of secretome 
from hUCMSCs in wound healing.

Platelets are widely recognised as having a crucial role in 
wound healing since they express and release substances 
that promote matrix remodelling, tissue repair/regeneration, 
recruitment of progenitor cells and angiogenesis16. Platelets, 
when lysed, release an assortment of growth factors17 

which are known to participate in the activation of the 
healing processes that are stalled in chronic wounds. 
Furthermore, it has been found that platelet lysate modulates 
the proliferation, migration, angiogenesis, tissue repair via 
ERK activation, and inflammatory response by NFκB18.

With this above background, we utilised sources such 
as umbilical cord tissue and cord blood platelets, often 
considered as 'medical waste', to isolate SC secretome 
and cord blood platelet lysate (CBPL) and employed them 
as therapeutic intervention for an in vitro-modelled chronic 
wound. Consequently, we created a cell-based chronic 
wound model using external factors such as dimethyl 
sulfoxide (DMSO) and hypoxic condition to ascertain the 
efficacy of SC secretome and CBPL in chronic wound 

healing. To the best of our knowledge, this is the first study 
which evaluated the therapeutic potential of umbilical cord 
SC secretome and CBPL in chronic wound healing.

MATERIALS AND METHODS
Dulbecco modified eagle’s medium (L-DMEM & H-DMEM) 
and foetal bovine serum (FBS) were purchased from Gibco. 
PenStrep, bFGF, sodium bicarbonate, trypsin and DMSO 
were procured from Sigma-Aldrich. Antibodies used in this 
study were procured from Stem Cell Technologies. Human 
embryonic kidney cells (HEK293) was obtained from NCCS 
Pune.

Collection of human umbilical cord tissues

Fresh human umbilical cord tissue (2–5 cm) were collected 
from normal deliveries (gestational period of 36–38 weeks) 
after informed consent from the mothers by the treating 
clinician. The umbilical cords (n=10) were collected in serum-
free L-DMEM media supplemented with 1% PenStrep and 
processed within 24 hours. The collections were performed 
in accordance with the ethical standards of the Institutional 
Ethics Committee and were approved by our Institution 
Scientific Advisory Committee and Ethical Board (KFRC/EC/
APR/0156/2014) as well as by our Institutional Committee for 
Stem Cell Research (KFRC/ICSCR/APR/003/2014).

Isolation and culturing of mesenchymal stem cells from the 
umbilical cord

The umbilical cord was sliced into 0.5–1  mm2 pieces after 
removal of blood vessels and thorough washing in PBS. 
Sliced tissues pieces were then carefully placed onto Petri 
plates and allowed to adhere for 30 minutes before the 
addition of complete growth media (L-DMEM containing 
10% FBS 1% PenStrep and 10ng/mL bFGF). Explant 
culture was then incubated at 370C in 5% CO2 incubator 
and left undisturbed for 7 days to allow for migration of 
cells from explant. On day 7 the media was changed and 
on day 15 explants were removed and the media was 
changed thereafter every 48–72 hours. On reaching 70–80% 
confluency, the cells were passaged in the split ratio of 1:3.

Morphological evaluation of hUCMSCs

Morphology of the cultured hUCMSCs were evaluated 
through phase contrast microscopy and Giemsa staining. 
Briefly, 5 x 105 cells were grown on a coverslip for 18 hours 
at 370C in 5% CO2. The cells were washed with PBS, fixed 
with ice cold 100% methanol, and stained with 5% Giemsa 
solution for 30 minutes at room temperature. Coverslips were 
then washed with tap water, air-dried and mounted on to 
microscopic slides.

Growth kinetics and population doubling of hUCMSCs

Growth kinetics of hUCMSCs were evaluated by plating the 
cells in triplicates at a concentration of 1000 cells per cm2 in 
6 cm2 petri-dishes, harvesting them daily up to day 6. Results 
were plotted on a linear scale as cell number versus time. 
The population doublings of hUCMSCs was determined by 
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counting the number of adherent cells at the start and end 
of each passage. The number of population doubling was 
calculated by the classical formula:

PD=log10(N/N0) x (T)

              log10(2)

where N is the number of cells at the end of the culture, N0 
is the number of cells seeded, and T is the culture duration 
in hours.

Characterisation of hUCMSCs

Characterisation of hUCMSCs were performed using 
immunocytochemistry against markers specific for 
MSCs (CD90 and CD105) as well as markers specific for 
haematopoietic cells (CD34). Briefly, 5 x 104 cells were grown 
on a coverslip for 18 hour at 370C in 5% CO2. The cells were 
washed with PBS, fixed with 4% paraformaldehyde, and 
permeabilised with 0.25 % TritonX100. After blocking with 
1% BSA, cells were incubated with fluorochrome conjugated 
antibody (anti-CD90-FITC, anti-CD105-FITC and anti-CD34-
PE; concentration 1 mg/mL; dilution 1:50) for 1 hour in the 
dark at room temperature. After a PBS wash, the slides were 
mounted using VectashieldTM containing DAPI and imaged 
using an Olympus Fluorescent microscope (BX53) at 408 λ 
for DAPI, 450  λ for FITC and 540  λ for PE. Images were 
collected and processed using Olympus Digital Imaging 
(CellSens Entry).

Collection of SC secretome from hUCMSCs

The entire population of hUCMSCs at passage 2 without 
positive selection was used for the collection of secretome. 
Cells were seeded at the rate of 1 x 106 per 75 cm2 flasks 
containing complete growth medium (L-DMEM containing 
10% FBS 1% PenStrep and 10ng/mL bFGF) and allowed 
to reach 70% confluence. After 18 hours, the cells were 
washed twice with PBS and incubated with 10 ml L-DMEM 
without FBS and PenStrep for 72 hours. After incubation, a 
SC-conditioned medium was collected and centrifuged twice 
at 1,500 rpm for 3 minutes to eliminate debris and dead cells. 
Then the medium was filtered through a 0.45 μ m syringe 
filter. The serum-free conditioned media from at least five 
flasks were pooled and stored at –800C until further use. The 
total protein content for each pooled sample was determined 
by the Lowry method.

Preparation of cord blood platelet lysate

CBPL was prepared following the methods of Schallmoser 
and Strunk19. Briefly, cord blood was collected in acid citrate 
dextrose (ACD) and centrifuged at 400  g for 16 minutes. 
Plasma was collected without disturbing its buffy coat and 
centrifuged at 1900 g for 25 minutes to obtain platelet rich 
plasma (PRP). Plasma volume was then adjusted to have 
1x109  platelets/mL. CBPL was made by subjecting PRP 
to repeat a freeze–thaw cycle for 30 minutes each which 
enabled the release of growth factors into the plasma. CBPL 
was then centrifuged at 900 g to remove platelet fragments 

and other cellular debris. Supernatant was pooled and stored 
at –200C until further use. The total protein content for each 
pooled sample was determined by the Lowry method.

Creation of an in vitro chronic and acute wound model

HEK293 cell line was used to create an acute and chronic 
wound model. Cell line was cultured in H-DMEM containing 
10% FBS and 1% PenStrep and maintained at 37°C in humid 
air with 5% CO2. For the creation of chronic/acute wound 
model, cells were seeded in a 24-well plate at the rate of 
7.0  × 104  cells/well and maintained at 37°C as mentioned 
above for 18–24 hours until the cell monolayer reached 95% 
confluency. The confluent monolayer was then scratched 
with a sterile pipette tip to generate a 12  mm wide area 
without cells. The cell surface was then washed three times 
with PBS to remove dislodged cells.

For chronic wounds, the cells were then incubated with 
serum-free H-DMEM media supplemented with 1% DMSO 
and maintained at 37°C as above for 72 hours. For the 
hypoxic condition, cells were incubated with serum-free 
H-DMEM and placed inside a hypoxia bag20. Briefly, the 
24-well plate containing cells was placed inside a partially 
sealed plastic vacuum bag with two openings, one at each 
edge, to allow for gas to flow in and out of the bag. A gas 
mixture containing 0% O2 with 5% CO2 and 95% N2 was 
used to gas the vacuum bag for 5 minutes and the edges 
were sealed immediately to prevent equilibration with the 
surroundings. The sealed vacuum bag was incubated for the 
desired time (72 hours) in an incubator at 37°C. This gassing 
and sealing process was repeated every 24 hours when the 
culture plate was taken out for image acquisition.

In the control plate, a scratch was created as above and 
incubated with only the serum-free H-DMEM at 37°C for 
72 hours. For the acute wound model, the wounds were 
created as before and treated with SC secretome and CBPL 
immediately.

The scratch area was monitored by acquiring images at 
10X magnification at baseline (t=0 hours) and at various 
time points post-scratch (t=24, 48 and 72 hours) using an 
Olympus inverted microscope with Olympus digital imaging. 
Image analysis was performed using ImageJ software. The 
area of the scratch (µm2) was used to calculate the relative 
wound density (RWD%) at each time point as follows:

∆ scratch area
RWD (%)=   ––––––––––––––––  x 100

scratch area t=0

where  ∆scratch area=scratch area t=0– scratch area t=n

n=test time point

Treatment of acute and chronic wounds

Acute and chronic wounds were created as described above 
and treated with serum-free H-DMEM containing 0.5  mg 
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protein/ml of either SC secretome or CBPL and maintained 
at 37°C for 72 hours. For the control plate, wounds were 
exposed to serum-free H-DMEM without any additives. 
Wound closure was monitored and analysed as described 
above.

Rate of healing efficiency was calculated for both chronic 
and acute wounds as follows:

RWD% t=1, 2, 3 – RWD% t=0, 1, 2
Rate of healing efficiency =  –––––––––––––––––––––––––––

∆t

Where t0=0 hours; t1=24 hours; t2=48 hours; t3=72 hours

∆t=t1 – t0; t2 – t1; t3 – t2

Statistical analysis

Every experiment was repeated at least three times and all 
the values were averaged. Data were expressed as mean ± 
standard error. Student's t-test was used to determine the 
difference in the efficacy of studied biological materials. A p 
value of <0.05 was used to establish statistical significance.

RESULTS
Isolation and characterisation of hUCMSCs

Many cells started to migrate from explants and the first 
adherent cells appeared after 7 days of culturing. Explants 

were removed after 15 days and cells continued to proliferate 
and expand with a typical morphology of MSCs (fibroblastic 
and spindle-shaped) with multiple nucleoli. The cells were 
passaged in 75 cm2 flasks after 18 days of culturing. Figure 1A 
illustrates the morphology of hUCMSCs at passage 2 under 
a Phase Contrast microscope and by Giemsa stain. Cells 
maintained the same morphological features and exhibited 
a spindle shape until the 10th passage. Population doubling 
(PD) was calculated for all the samples collected and plotted 
on a linear scale as cell number versus time. Our results 
demonstrated that hUCMSCs showed a higher proliferation 
rate with the population doubling of 43.39±1.34h (Figure 1B). 
Furthermore, hUCMSCs showed strong positive staining 
for SC markers CD90 and CD105, with indeterminably low 
feeble staining for CD34 (Figure 1C).

Creation of the chronic wound model

The addition of 1% DMSO to the cells significantly delayed 
the migration of cells to the wounded area until 72 hours 
as compared to untreated cells. Growing cells inside the 
hypoxia bag also retarded the cell migration considerably 
(Figure 2A). RWD reached 45.1% in case of untreated 
cells, while cells exposed to DMSO and those grown under 
hypoxia showed relatively lower RWD%, enduring at 4.9% 
and 1.35% respectively until 72 hours (Figure 2B). Further 
experiments were continued with DMSO-exposed chronic 
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Figure 1. Morphology, characterisation and growth kinetics of hUCMSCs

(A) Representative photomicrograph (10X, 10μm) of hUCMSCs by phase contrast microscopy and Giemsa staining showing spindle 
shaped morphology; (B) Representative photomicrographs (40X, 20μm) of hUCMSCs showing strong expression of CD105 and 
CD90 and indeterminably low expression of CD34; (C) Growth kinetics and population doubling of hUCMSCs seeded at a density 
of 1000 cells per cm2. Data shown are from three independent experiments.
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wound model since hypoxia-exposed cells failed to sustain 
their viability post 72 hours.

Treatment of chronic and acute wounds

Both chronic and acute wounds were treated with 0.5  mg 
protein/ml each of SC secretome or CBPL respectively and 
wound closure was observed for 72 hours with RWD% 
calculated at 0, 24, 48 and 72 hours. Figures 3 and 4 illustrate 
the healing efficacy of SC secretome and CBPL respectively. 
CBPL showed statistically significant wound healing efficacy 
with RWD% of 67.1 for chronic and 77.5% for acute wounds 
respectively as compared to untreated cells with RWD of 
7.9% for chronic and 45.1% for acute wounds at 72 hours, 
whereas, SC secretome-treated chronic and acute wounds 
recorded RWD% of 58.8 and 49.4 respectively. Interestingly, 
the rate of healing efficiency was comparatively exceptional 
for chronic wounds than acute wounds at calculated time 
points for both CBPL and SC secretome.

DISCUSSION
Chronic wounds are a challenge to wound care professionals 
and exhaust inordinate amount of resources around the 
globe. Even though arduous to treat, explicit attention 
towards managing these can often lead to efficacious 
healing3. The development of a chronic wound model is 
imperative as it provides an opportunity to understand 
fundamental mechanisms involved in chronic wounds that 
could possibly lead to ascertaining diagnostic molecules for 
eventual therapeutic application.

In this study, chronic wounds were created using DMSO and 
hypoxia as an anti-healing factor in HEK293 cells through 
scratch in a cell monolayer with the intention of evaluating the 
healing efficacy of SC secretome and CBPL. In vitro scratch 
assay is an easy, low-cost and well developed method to 
measure cell migration in the wound area. This assay is 
particularly suitable to study the effects of cell–matrix and 
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Figure 2. The in vitro chronic wound model

HEK293 cells plated in a 24-well plate which was scratched when it became 95% confluent. Cells were exposed to ±1% DMSO/
hypoxia in serum-free H-DMEM for 72 hours. Images of the scratch were taken at t=0, 24, 48 and 72 hours and relative wound 
density (RWD%) was calculated.

(A) Representative image of cell migration shown in HEK293 cells ± DMSO/hypoxia at t=0, 24, 48 and 72 hours; (B) RWD% of 
HEK293 cells ± DMSO/hypoxia at t=0, 24, 48 and 72 hours. Mean ± SE, n=3 (6 replicates). *=p<0.05, **=p<0.001, Student’s t-test. 
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cell–cell interaction as it mimics cell migration during wound 
healing in vivo21. It has been reported that DMSO at low 
concentration prevents cell proliferation, cell migration and 
cytokine production22. During hypoxia, the healing cascade 
of inflammation, proliferation and remodelling can become 
impaired which can stall the wound healing process23. In 
line with these findings, 1% DMSO significantly inhibited the 
cell migration into the wound area until 72 hours without any 
appreciable loss in cell viability. Even though cell migration 
was arrested significantly under hypoxic condition, there was 
substantial cell death post 72 hours.

SCs promise an emerging opportunity for advancing tissue 
repair and regeneration and are touted as a solution for 
chronic non-healing wounds24. Of late, SCs have been 
utilised topically or as a scaffold/ECM in the management 
of chronic wounds25. However, although it is known that 
SCs positively influence wound healing, ethical constraints 
limit its widespread therapeutic application. Conversely, SC 

secretome is an important part of the SC niche and contains 
a complex set of molecules secreted by SCs including a 
variety of serum proteins, angiogenic factors, growth factors, 
hormones, cytokines, chemokines and ECM proteins10. 
Lately, platelet lysate is gradually gaining impetus as serum 
and growth factor supplement in SC culturing under cGMP 
compliant cell therapy26. Platelets derived from immune-
naïve cord blood contain 10-fold higher growth factor with 
unaltered cytokine profile than adult platelets27. In addition, 
this is usually discarded during cord blood processing for 
SC banking. With an innovative range of growth factors, 
minimal immunogenicity and less ethical stringency, CBPL 
has immense potential in the context of wound healing and 
tissue regeneration.

We effectively isolated, cultured and characterised SCs from 
umbilical cord tissue as MSC-like cells with typical spindle-
shaped morphology along with positive staining for surface 
markers specific for MSCs like CD90 and CD105 and feeble 
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Figure 3. Effect of SC secretome and CBPL on chronic wound healing

HEK293 cells plated in a 24-well plate which was scratched when it became 95% confluent. Cells were exposed to 1% DMSO 
in serum-free H-DMEM for 72 hours and then treated with ±0.5 mg protein/mL each of either SC secretome or CBPL. Images of 
the scratch were taken at t=0, 24, 48 and 72 hours and relative wound density (RWD%) was calculated.

(A) Representative image of cell migration shown in DMSO-treated HEK293 cells ± SC secretome or CBPL at t=0, 24, 48 and 72 
hours; (B) RWD% of DMSO-treated HEK293 cells ± SC secretome or CBPL at t=0, 24, 48 and 72 hours; (C) Rate of healing efficacy 
of SC secretome and CBPL at t=24, 48 and 72 hours. Mean ± SE, n=3 (6 replicates). *=p<0.05, **=p<0.001, Student’s t-test. 
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staining for CD34. Furthermore, we processed hUCMSCs 
at passage 2 for the collection of SC secretome. Platelets 
from cord blood was processed to obtain 5x of their initial 
concentration for their subsequent lysis and release of 
growth factors.

SC secretome and CBPL significantly stimulated cell migration 
into the wound area in chronic as well as in acute wounds 
as compared to untreated cells, implying their potential in 
wound healing. Interestingly, CBPL displayed more efficient 
healing ability as compared to SC secretome – that might 
be due to differences in the composition of cytokines, 
chemokines and growth factors. It is well known that CBPL 
and hUCMSCs exude a large number of bioactive molecules 
and many of them, such as TGF-β, EGF, FGF, VEGF and IGF, 
favour tissue regeneration28. It is tempting to speculate that 
the beneficial effect exhibited by SC secretome and CBPL 
could be due to these bioactive factors.

Argôlo Neto et al.29 have demonstrated that direct 
administration of MSCs along with PRP at the injury site 
reduces the reaction time for initiation of downstream effect 
and also activates the existing SCs in the local environment 
by activating PI3K/Akt or FAK/ERK1/2 signalling cascades 
in wound healing. Kim et al.30 have identified several 
growth factors, including GDF-11 in conditioned media 
obtained from umbilical cord blood-derived MSCs, that can 
stimulate skin rejuvenation by increasing extracellular matrix 
(ECM) production of human derived fibroblasts. Valentini 
et al.31 have compared cytokine profile and MSCs growth 
supporting ability of CBPL obtained from adult and cord 
blood and found that CBPL was more effective in supporting 
cell proliferation as compared to adult platelet lysate, 
highlighting a differential content of proteins between adult 
platelet lysate and CBPL.

Chronic wounds often encompass persistent inflammation, 
excessive proteolysis, impaired angiogenesis, reduced 
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Figure 4. Effect of SC secretome and CBPL on acute wound healing

HEK293 cells plated in a 24-well plate which was scratched when it became 95% confluent. Cells were treated with ± 0.5 mg 
protein/mL each of either SC secretome or CBPL in serum-free H-DMEM. Images of the scratch were taken at t=0, 24, 48 and 
72 hours and relative wound density (RWD%) was calculated.

(A) Representative image of cell migration shown in HEK293 cells ± SC secretome or CBPL at t=0, 24, 48 and 72 hours; (B) 
RWD% of DMSO-treated HEK293 cells ± SC secretome or CBPL at t=0, 24, 48 and 72 hours; (C) Rate of healing efficacy of SC 
secretome and CBPL at t=24, 48 and 72 hours. Mean ± SE, n=3 (6 replicates). *=p<0.05, **=p<0.001, Student’s t-test.
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Figure 5. Schematic representation of chronic wound condition and the plausible therapeutic effect of SC secretome and CBPL.

proliferation and degradation of ECM. Cells residing within 
the wounds have lost their ability to proliferate and migrate 
effectively owing to reduced progenitor cells. Impaired 
angiogenesis leads to wound bed injury and diminished 
healing, perhaps due to insufficient oxygen and nutrient 
supply to the cells inhabiting the wound bed32.

We have constructed a working model of chronic wound 
healing (illustrated as Figure 5) wherein SC secretome and 
CBPL, by virtue of their growth factor array, both established 
and non-established, could have alleviated inflammation, 
decreased the protein degradation, restored the progenitor 
cells and enhanced the angiogenesis, thereby stalling the 
ECM degradation and allowing the migration of epithelial 
cells for eventual healing process.

CONCLUSION
An in vitro chronic wound model was created to evaluate 
the healing efficiency of CBPL and SC secretome that 

were sourced from medical waste such as umbilical cord 
and cord blood platelets. Both CBPL and SC secretome 
effectively augmented the migration of cells into the wound 
area. Our study thus uncovers the beneficial role of growth 
factor-rich CBPL and SC secretome in chronic wound 
healing that necessitates further studies to profile the growth 
factors precisely responsible for wound healing as well as to 
understand the molecular aspect of the healing phenomenon.
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