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Evaluation of platelet lysate as a 
substitute for FBS in explant and 
enzymatic isolation methods of 
human umbilical cord MSCs
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Mesenchymal stem cells (MSCs) have immense potential for cell-based therapy of acute and chronic 
pathological conditions. MSC transplantation for cell-based therapy requires a substantial number 
of cells in the range of 0.5–2.5 × 106 cells/kg body weight of an individual. A prolific source of MSCs 
followed by in vitro propagation is therefore an absolute prerequisite for clinical applications. Umbilical 
cord tissue (UCT) is an abundantly available prolific source of MSC that are fetal in nature and have 
higher potential for ex-vivo expansion. However, the ex-vivo expansion of MSCs using a xenogeneic 
supplement such as fetal bovine serum (FBS) carries the risk of transmission of zoonotic infections 
and immunological reactions. We used platelet lysate (PL) as a xeno-free, allogeneic replacement 
for FBS and compared the biological and functional characteristics of MSC processed and expanded 
with PL and FBS by explant and enzymatic method. UCT-MSCs expanded using PL displayed 
typical immunophenotype, plasticity, immunomodulatory property and chromosomal stability. 
PL supplementation also showed 2-fold increase in MSC yield from explant culture with improved 
immunomodulatory activity as compared to enzymatically dissociated cultures. In conclusion, PL from 
expired platelets is a viable alternative to FBS for generating clinically relevant numbers of MSC from 
explant cultures over enzymatic method.

Mesenchymal stem cells (MSCs) have acquired a prominent role in cell therapy strategies as they encom-
pass pro-angiogenic1, anti-apoptotic2, anti-fibrotic3, anti-inflammatory4 and tissue regenerative properties5. 
Furthermore, MSCs are unhindered by concerns of graft versus host disease (GVHD), formation of teratomas6, 
and ethical concerns7. The therapeutic potential and appeal of MSC is evident from the increasing number 
of ongoing and planned clinical trials sponsored by various governments, academics and industry. A total of 
656 clinical trials have been registered with www.clinicaltrials.gov as of February 2018 with a majority of them 
demonstrating the safety and efficacy of MSCs for clinical use. The recommended dosage of MSC for transplan-
tation per infusion varies from 0.5–2.5 × 106 cells/kg body weight of the individual8. Obtaining such high yields 
of autologous and allogeneic clinical grade MSCs for clinical application is directly linked to the source, quality of 
culture conditions, media, and growth supplements under which they are expanded.

Fetal bovine serum (FBS) is the standard growth supplement used in animal cell culture for maintenance and 
propagation of various cell lines in vitro and over 80% of clinical trials use MSCs that have been expanded with 
FBS as growth supplement9,10. However FBS carries the risk of transmission of known and unknown pathogens 
and elicits immunological reactions11. FBS also suffers from batch-to-batch variability, displays heterogeneous 
cytokine profile and contains xenogeneic bovine proteins which are known to get internalized into the cells dur-
ing expansion12. Importantly, its production raises several ethical issues over animal welfare13. The use of an allo-
geneic human sourced replacement such as human umbilical cord blood serum (UCBS)14 and peripheral blood 
components such as serum, plasma fraction15, platelet rich plasma (PRP) and platelets16, alleviates these concerns. 
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UCBS has been shown to have an enhanced effect on MSC culture and differentiation in our previous study17, 
however, the production of UCBS is hampered by the limited volume of yield.

Peripheral blood components such as platelets have a shelf life of 5 days following which there is an increased 
risk of platelet aggregation along with the risk of acquiring bacterial contamination due to their higher storage 
temperature of 2–8 °C making them unsafe for transfusion18. Blood banks then proceed to classify and discard 
these expired platelet units as biological waste19. Platelets store abundant growth factors, cytokines and other 
regulatory molecules within platelet granules that are released by thrombin activation and clotting20. Platelet lysis 
through freeze-thaw, sonication or chemical treatment disrupts the platelet membrane and can efficiently release 
these factors in vitro (Fig. 1a). Studies have already employed the use of MSC obtained from multiple origins 
by ex-vivo expansion with PL21,22 for treating knee cartilage injuries, GVHD, osteonecrosis of femoral head and 
aneurysmal bone cyst (ABC)23,24.

In this study, we show that platelet lysate (PL) prepared by several freeze-thaw cycles (Fig. 1b), can be used 
for harvesting and propagating clinical grade MSC from human umbilical cord tissue (hUCT). Uniquely, human 
platelet lysate (hPL) was employed as a supplement for isolation of MSCs from hUCT via explant and enzy-
matic dissociation strategies. Expanded MSCs were further characterized as per International Society for Cellular 
Therapy (ISCT) standards and an in vitro immunocyte suppression assay was performed to assess functional 
applicability in allogeneic transplantation. This study aims to demonstrate the feasibility of PL as a potent replace-
ment for FBS in the culture supplement with none of the drawbacks associated with FBS and UCBS.

Results
PL supports isolation and expansion of MSC from hUCT. Umbilical cord tissue is routinely processed 
by explant culture or enzymatic dissociation. To validate the ability of PL to support the proliferation and expan-
sion of MSC isolated by these two methods, primary cultures were supplemented with 10% PL and 20% FBS 
respectively (Fig. 2a). Explant cultures supplemented with 10% PL showed a 2-fold increase in viable cell number 
over 20% FBS supplemented cultures (Fig. 2b). No significant difference in viable cell number was observed in 
enzymatically dissociated cultures supplemented with PL and FBS (Fig. 2c). We inferred that PL could be advan-
tageous and efficient in harvesting significant numbers of viable cells from explant cultures where the original 
microenvironment is maintained.

PL supplemented cultures meet ISCT standards of MSC characterization. The ISCT has defined 
criteria for characterization of MSCs which includes adherence to plastic surface, expression of specific surface 
markers and tri-lineage differentiation potential. Primary cultures of hUCT-MSC supplemented with 20% FBS 
and 10% PL showed spindle-shape and fibroblast like morphology that was maintained over long-term culture 
(Fig. 3a). Flow cytometry analysis for CD73, CD90 and CD105 surface marker expression revealed positive pop-
ulations in both PL and FBS supplemented cultures that were also negative for hematopoietic lineages such as 
CD34 and CD45 (Fig. 4, Table 1). PL and FBS supplemented cultures exhibited equal potential for differentiation 
into adipocyte, osteocyte and chondrocyte lineage (Fig. 3b). AIM stimulated the production of large, flattened, 
oval cells with lipid droplet accumulation that were positive for oil red O staining after 14 days while control cells 
(uninduced) remained spindle shaped with no accumulation of lipid droplets (Fig. 3b). OIM stimulated the MSC 
cultures to produce typical morphological features of osteocytes with mineralization of calcium deposits that 
were stained positive for alizarin red S while control cells (uninduced) remained spindle shaped with no calcium 
deposits (Fig. 3b). Similarly, CIM differentiated MSCs condensed into nodule-like structures with a high intensity 
of glycosaminoglycan production from such cell structures as revealed by safranin O staining (Fig. 3b). No such 
micromass formation was observed in control MSCs. These results show that PL cultures satisfy all ISCT criteria 
for MSC cultures equivalent to the prevailing standard supplement: FBS.

Figure 1. Platelet content and preparation of pooled human platelet lysate (pHPL). (a) Illustration showing 
the release of platelet granule contents which include cytokines, angiogenic factors, proteases and chemostatic 
factors on lysis (b) Overview of freeze-thaw mechanism of platelet lysate preparation, pooling and long-term 
storage.
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PL supplementation does not alter cell cycle dynamics of MSC. To determine whether PL influ-
ences cell cycle dynamics of explant and enzymatically derived MSCs differently with regard to FBS supple-
mentation, we analyzed the percentage of cells at each phase of the cell cycle using propidium iodide by flow 
cytometry. No significant difference was observed among PL and FBS supplementation with 75–85% and 71–81% 
of cells residing in G0/G1 phase of explant and enzymatically derived MSCs respectively (Fig. 5a,b, Table 2). A 
population doubling time (PDT) assay was used to assess any difference in growth kinetics of explant culture 
derived MSCs in PL and FBS supplements. The PDT of PL and FBS supplemented cultures of MSC was 20.95 h 

Figure 2. Umbilical cord tissue processing and MSC yield. (a) A schematic representation for isolation of MSC 
from hUCT using explant and enzymatic dissociation culture employing 20% FBS and 10% PL supplemented 
medium. (b) Comparison of percentage of viable cell yields from explant and (c) enzymatically dissociated 
cultures supplemented with 20% FBS and 10% PL using trypan blue dye exclusion. Results are expressed as 
mean ± SEM of three processed samples. Paired one tailed student’s t test for explant cultures and enzymatic 
cultures were P = 0.03 and P = 0.49 respectively. *P < 0.05.

Figure 3. MSC characteristics as per ISCT criteria. (a) Plastic adherent MSC with fibroblast like shape. (b) Tri-
lineage differentiation potential as shown by oil red O, alizarin red S and safranin O respectively for adipocytes, 
osteocytes and chondrocytes.
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and 22.25 h respectively indicating a significantly faster cell growth (P ≤ 0.05, using paired one tailed T-Test) of 
UCT-MSC for PL cultures (Fig. 5c).

PL supplementation does not alter immunomodulatory effects of MSC. Mixed Lymphocyte 
Reaction (MLR) measures the rate of proliferation of PHA stimulated allogeneic lymphocytes co-cultured with 
MSC. A standard MLR assay was set up by co-culturing the CFSE labelled PBMCs over the overnight adhered 
MSC. Proliferation of lymphocytes was visualized under bright field microscope and analyzed by flow cytometry. 

Figure 4. Immunophenotypic analysis by flow cytometry. Representative image of flow cytometry analysis 
of UC-MSC at passage 2 probed with conjugated antibodies against MSC and hematopoietic markers CD73, 
CD90, CD105, and CD34, CD45 respectively.
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Figure 6 shows the bright-field images of cell aggregates/clumps indicating the proliferation of T cells, following 
PHA stimulus in positive control. No cell aggregates were seen in negative control under unstimulated condition 
and relatively very few cell aggregates were seen in MSCs co-cultured with stimulated lymphocytes. MSCs exerted 
immunosuppression on peripheral blood lymphocytes from allogeneic donors by inhibiting the lymphocytes 
proliferation in response to PHA in vitro.

Flow cytometry analysis generated histograms, revealing the distribution of cells relative to CFSE expression 
level (Fig. 7a). A CFSE dilution profile at 48 h, termed as first-generation peak (orange histogram in Fig. 7a) was 
obtained following PHA stimulus and mitotic division of T lymphocytes. When the cell divides, there is an equal 
distribution of dye to the progeny cells thus reducing the fluorescence to half in the daughter cells. In the positive 
control, PHA stimulated lymphocytes proliferated showing an increase in number of daughter peaks with gradual 
shift towards the left from the first-generation peak over a period of 72, 96, 120 & 144 h demonstrating the dilu-
tion of dye due to CFSE distribution between daughter cells following cell division (black histogram in Fig. 7a). 
In the negative control, unstimulated lymphocytes did not proliferate and flow cytometry generated a histogram 
where the lymphocyte overlaid the first-generation peak and did not shift to the left up to 144 h (black histogram 
in Fig. 7a). PHA stimulated lymphocytes co-cultured with explant-MSC expanded in FBS generated a histogram 
where there was only a marginal shift towards the left with most of the daughter peaks residing in the same region 
of first-generation peak up to 144 h. This indicates reduction in lymphocyte proliferation even with PHA stimu-
lation, that is in turn suggestive of immunomodulation by MSCs. Qualitatively the equivalent peaks and shift in 
PL supplemented explant MSC are further reduced indicative of improved immunomodulation by MSCs in PL. 
The histograms of enzymatically dissociated MSC supplemented with FBS and PL co-cultured with lymphocytes 
exhibited immunomodulation with no differences in peaks and shifts as observed in explant cultures. This suggest 
that PL may improve immunomodulation when coupled with explant cultures.

Furthermore, the percentage of lymphocyte proliferation was calculated by normalizing to control from the 
CFSE dilution peak (Fig. 7b, Table 3). Proliferation of lymphocytes in the absence of MSCs was assumed as 100% 
proliferation (control). The percentage of proliferating lymphocytes in explant derived MSC cultures with FBS 
were 54% at 72 h, 55% at 96 h, 54% at 120 h and 64% at 144 h, whereas in explant derived MSC cultures with 
PL were 61% at 72 h, 61% at 96 h, 56% at 120 h and 45% at 144 h respectively demonstrating superior immuno-
suppressive property with reduction in lymphocyte proliferation in MSC expanded with PL at 144 h over MSC 
expanded with FBS by explant cultures. The percentage of proliferating lymphocytes in enzymatic derived MSC 
cultures with FBS were 57% at 72 h, 38% at 96 h, 39% at 120 h and 59% at 144 h, whereas in enzymatically derived 
MSC cultures with PL were 53% at 72 h, 34% at 96 h, 41% at 120 h and 53% at 144 h respectively demonstrating 
significant reduction in lymphocyte proliferation co-cultured with MSC expanded with PL at 144 h.

PL supplementation maintains the chromosomal stability of MSC. To confirm that long term 
supplementation of MSC cultures with PL for chromosomal stability, we examined chromosomes of at least 20 
proliferating cells per line as per the guidelines of the international system for human cytogenetic nomenclature 
recommendations. PL and FBS supplemented MSC cultures of explants and enzymatic dissociated MSCs showed 
a normal diploid karyotype (46XY chromosomes) with no gross abnormalities (Fig. 8).

Discussion
MSCs have been derived from many different tissue sources25, however the use of human umbilical cord tissue 
derived mesenchymal stem cells have gained considerable attention over other origins due to the young donor 
age, non-invasive procurement, ample starting material, exhibition of shorter proliferation time and display of 
higher expansion potential making them an appealing candidate in tissue engineering and cell therapy26. The 
increasing number of clinical trials using MSC to treat diseases and other pathological conditions have led to the 
requirement of a replacement for FBS that is xeno-free and allogeneic as recently recommended by the US-FDA10. 
Successful outcomes of clinical applications are highly correlated with sufficient numbers of transplanted MSCs at 
early passage. The FDA suggests that this approach increases potency of MSCs and reduces the immune reactions 
in cellular therapy27. Thus, the xeno-free and allogeneic supplement should also support high yield at low passage 
number of primary cultures of MSCs reducing long term extended cultures of expansion9. Viral transmission 
from animal serum has been reported28 and antigens in FBS (such as bovine antigen) have been shown to induce 
immunological responses in recipients. It has also been shown that in vitro culture expanded MSCs internalizes 
bovine protein antigen with FBS supplement approx. in the range of 7–30 mg for every 100 million cultured 
MSCs12. The variability in commercially available serum free medium has led to inconsistent results in prolifer-
ation and MSC characteristics29,30. Human PL addresses all these concerns and is a highly feasible alternative to 
FBS as demonstrated by earlier studies31,32. Fibrin gel clot formation however has to be prevented or neutralized 

Surface Marker (%) CD73 CD90 CD105 CD34 CD45

Explant FBS 97.0 ± 1.1 95.1 ± 1.7 96.6 ± 1.3 0.51 ± 0.3 0.78 ± 0.5

Explant PL 91.6 ± 3.7 90.9 ± 4.5 91.2 ± 1.0 0.18 ± 0.1 0.12 ± 0.0

Enzymatic FBS 96.1 ± 0.8 94.8 ± 2.0 96.1 ± 1.9 0.79 ± 0.3 0.52 ± 0.1

Enzymatic PL 97.7 ± 0.6 95.1 ± 2.6 98.3 ± 0.3 0.18 ± 0.1 0.19 ± 0.1

Table 1. Surface marker expression of umbilical cord tissue derived mesenchymal stem cells cultured in FBS 
and PL supplements assessed by flow cytometric analysis at P2. Data presented as mean percentage ± SEM 
of three independent experiments. Statistical comparisons were made within explant and enzymatic groups 
respectively. There was no statistical significant difference noted within the groups.
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for PL to be usable in culture. Presence of plasma coagulation factors and fibrinogen in the PL tends to form fibrin 
clots in response to calcium present in basal medium (α-MEM), while preparing PL supplemented medium. 
Under such instances, mechanical depletion of fibrin clots by disrupting the hydrogel formation and by removing 
the fibrin pellet upon centrifugation of PL supplemented medium is a safe and efficient alternative to commer-
cially available heparin which is of porcine origin. Additionally usage of heparin, has been shown to negatively 
affect proliferation, differentiation and migration of MSC33.

PL showed competency in maintaining MSC characteristics as defined by the ISCT such as plastic adher-
ence, surface marker expression and tri-lineage differentiation potential34. Interestingly, explant culture of UCT 
showed increased yield of viable cells with 10% PL compared to 20% FBS with no notable difference in cell yield 
from the enzymatically dissociated cultures, corroborating studies that demonstrated accelerated yield of harvest 
and expansion of cells at P0 by supplementing the medium with 10% PL35. Explant cultures have been shown 
to preserve the ECM intact, be under less mechanical stress, and harbor homogenous population of cells36. We 
speculate that the increase in viable cell yield of potent MSC from explant cultures may be the result of the cellu-
lar micro-environment responding to factors in the PL which in turn stimulate MSC migration and expansion. 
The enzymatically dissociated cultures could lack such micro-environmental cues or the supporting cells due to 
increased manipulation of tissue which could in turn explain the even cell yield between PL and FBS cultures37. 
Explant cultures are simple, cost-effective and more efficient than enzymatic dissociation for harvesting MSC 
from hUCT. In addition the enzymatic digestion of tissue increases the risk of contamination with increasing 
processing time. Therefore, coupling explant MSC cultures with PL can maximize the yield of early passage potent 
MSC (as described earlier) for clinical applications27. In addition, the concentration of PL used is half the con-
centration of FBS throughout the culture strategy in this study. We compared 10% PL with 20% FBS as these 
concentrations have been employed for harvest of MSC from hUCT. Furthermore, subsequent passages employed 
only 5% PL for culture. Furthermore, subsequent passages for the in vitro expansion of MSCs employed only 
10% FBS and 5% PL. The reduced concentration of PL supplementation allows for the maintenance of original 
microenvironment in primary and expanded cultures by reducing excessive exposure to cytokines and other 
stimulatory factors. There was also no change in cell cycle phases as flow cytometry revealed that majority of 
cells of PL supplemented cultures resided in G0/G1 phase indicative of a healthy metabolically active state equiv-
alent to MSC cultured in FBS. It is imperative that a new supplementation alternative such as PL should not 
introduce any chromosomal instability that may increase the chances of malignant transformation, or decrease 

Figure 5. Cell cycle analysis and growth kinetics. (a) Representative histograms of cell cycle in synchronized 
MSCs (b) DNA contents according to the cell cycle phase G0/G1 phase, S phase and G2/M phase for PL and 
FBS supplemented MSC cultures. Data are represented as mean of three independent experiments. Paired one 
tailed student’s t test for SubG1 phase of enzymatic cultures was P = 0.02. (c) Growth rate of UCT-MSC cultured 
in PL was significantly higher than those in FBS on day 5 by trypan blue dye exclusion (P = 0.05). *P ≤ 0.05.

Cell Cycle Phase (%) SubG1 G0G1 S M

Explant FBS 3.6 ± 0.4 84.6 ± 3.0 5.9 ± 0.8 5.7 ± 1.7

Explant PL 3.4 ± 1.1 75.2 ± 8.4 8.4 ± 2.8 12.8 ± 5.2

Enzymatic FBS 2.6 ± 0.6 81.0 ± 5.1 6.9 ± 1.9 9.3 ± 3.1

Enzymatic PL 4.0 ± 0.4* 71.2 ± 7.7 8.65 ± 1.2 16.0 ± 6.7

Table 2. Cell cycle studies representing the percentage of cells in phases: SubG1 phase, G0G1 phase, S phase 
and G2/M phase for umbilical cord tissue derived mesenchymal stem cells cultured in FBS and PL supplements. 
Data presented as mean percentage ± SEM of three independent experiments. Statistical comparisons were 
made within explant groups and within enzymatic groups. *P < 0.05.
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immunosuppressive, regenerative and reparative characteristic of MSCs. Chromosomal instability usually leads 
to alterations in MSC function and characteristics. Karyotyping analysis revealed for no gross chromosomal 
instability in PL supplemented MSC.

Selective suppression of the immune system is a characteristic feature of MSC that prevents GVHD during 
allogeneic stem cell transplantation38. MSCs are immune privileged cells due to the low expression of Class II 
major histocompatibility complex (MHC-II) and absence of co-stimulatory molecules such as CD80, CD86 and 
CD40 on their surface. Immunomodulation is largely mediated by paracrine factors such as IFN-γ, TNF-α, IL-1β, 
and IL-2 secreted by MSCs which efficiently inhibit T cell proliferation39. The MLR assay, tests for the immuno-
modulation by MSC on allogeneic T cells in vitro and is considered as the most appropriate functional assay for 
the use of MSC in immunotherapy40. Our results showed that explant and enzymatically cultures derived MSCs 
expanded using PL had the superior capacity to suppress the proliferation of allogeneic lymphocytes over a long 
time of 144 h. MSCs cultured in PL inhibited the proliferation of lymphocytes at a relatively high concentration 
of 1:10 in response to PHA confirming that PL supplementation does not affect the immunomodulation property 
of MSC in vitro. Further in vivo studies and clinical trails are needed to confirm for immunosuppressive property 
using MSC expanded with PL supplement.

Materials and Methods
Human Subjects. This study was approved by the Institutional ethics committee (IEC) of The Indian 
Institute of Technology Madras, Chennai, India (IEC/2018/01/RSV-5/10) and the work with human samples 
was carried out in accordance with the Helsinki Declaration. Human umbilical cord tissue samples (n = 3) were 
collected from caesarean deliveries to avoid the risk of contamination41. All samples were collected at Chennai 
managaratchi magaperu maruthuvamanai government hospital, Kodambakkam, Chennai, India, with written 
informed consents from the delivering mothers. Samples were transported to the laboratory in 1X PBS (Gibco, 
USA) containing antibiotics within 4 hours of collection at 4 °C.

Preparation of Pooled Human Platelet Lysate (pHPL). Expired platelet units of blood group O and 
AB, negative for infectious diseases were obtained from the blood banks. Platelet count was enumerated and 
batch of pHPL with a platelet count of ≥2 × 108 cells/mL was employed in this study. Platelet units were subjected 
to three freeze-thaw cycles and pooled at the ratio of 3:1 (Blood group O: AB) to counter the effects of ABH anti-
gens and isoagglutinins42. Pooled platelets were centrifuged at 4000 × g for 15 minutes and the pellet of platelet 
fragments and cell debris was discarded. Supernatant was strained through a 40μm cell strainer and further fil-
tered through a 0.22 μm PES filter (Merck Millipore, Billerica, MA, USA). Filtered product was stored as aliquots 
of 10 ml at −80 °C (Fig. 1b).

Preparation of complete medium using pooled human Platelet lysate (pHPL). Complete 
medium using pooled human platelet lysate were prepared by mechanical depletion of fibrin gel clot formation33. 
α-MEM (PAN Biotech, GmbH) supplemented with 10% pHPL/5% pHPL and antibiotics was prepared and incu-
bated for 4 h at room temperature followed by overnight incubation at 4 °C for hydrogel formation. The coagu-
lated medium was then incubated at 37 °C for 1 h to allow complete fibrin clotting. The medium was centrifuged 
at 4000x g for 10 minutes at RT without disturbing the pellet. The resulting clear medium supernatant was filtered 
through a 0.22 µm PES filter and stored at 4 °C for further use.

Processing and expansion of MSCs from human umbilical cord tissue. The human umbilical cord 
tissues were processed within 12 h of sample collection by the two most commonly used approaches as schemat-
ically outlined in Fig. 2a. Cords were washed in 1X PBS containing antibiotics thrice to remove the blood clots. 
For the explant method, cord tissue was minced to approx. 0.5 cm cubes and placed in 0.1% gelatin coated 6 well 
plates with α-MEM medium supplemented with 20% FBS (Gibco) and 10% PL respectively along with antibi-
otics. For the enzymatic methodology, cord tissue was minced finely and digested for 4–5 h using collagenase 

Figure 6. Immune suppression assay by mixed lymphocyte reaction. Representative bright-field images of 
positive control (PBMNC with PHA) showing aggregation of cells indicating proliferation of lymphocytes, 
negative control (PBMNC without PHA) showing no aggregation stating for the absence of proliferation of 
lymphocytes and PL expanded MSCs co-cultured with allogeneic PBMNC in the presence of PHA showing 
considerably less aggregates indicative of immunomodulation.
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type I (Worthington Biochemical Corporation) at 1 mg/ml. Digested mixtures were then washed and cultured 
with α-MEM medium supplemented with 20% FBS and 10% PL respectively along with antibiotics onto a 0.1% 
gelatin coated 6 well plates. Cultures were incubated in a humidified incubator at 37 °C with 5% CO2. Medium for 
explant cultures were changed on day 3, day 10 and every 3rd day till the day 20. For enzymatic cultures, medium 
was changed after 48 hours and every 3rd day until day 20. Microscopic examination for confluence of cultures 
and morphology of cells was carried out at regular intervals. Viable cell numbers from primary cultures were 

Figure 7. CFSE-based lymphocyte proliferation assay. (a) Flow cytometry analysis exhibited several histograms 
representing unstained lymphocytes at 0 h (represented by pink histogram), CFSE stained lymphocytes at 0 h 
(represented by blue histogram), CFSE dilution peak (represented by orange histogram) and proliferation 
of stained lymphocytes with respect to CFSE expression level (represented by black histogram). When the 
lymphocytes proliferate, new peaks moving towards the left of the initial peak with reduced dye intensity is seen. 
(b) Percentage of proliferating lymphocytes co-cultured with MSCs were normalized with control from the 
CFSE dilution peak. Statistical comparisons were made within the explant and enzymatic groups respectively 
over different time points using student’s t test. *P < 0.05, **P < 0.01, ***P < 0.005.
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enumerated by trypan blue dye exclusion. Further expansion of these MSCs through subsequent passages was 
carried out using 5% PL and 10% FBS respectively on 0.1% gelatin coated tissue culture flasks.

Immunophenotypic analysis. The expression of MSC surface markers were assessed by flow cytometry 
analysis. Cells were trypsinized into a single cell suspension and incubated with the fluorochrome-conjugated 
antibodies against human antigens, including anti-CD34-PE, anti-CD45-FITC, anti-CD90-FITC (BD 
Biosciences), anti-CD73-FITC (Bio Legend) and anti-CD105-FITC (R&D systems) for 15 mins in the dark at RT. 
After incubation, cells were washed with 1X PBS, centrifuged at 1500 rpm for 5 minutes and suspended in 1X PBS 
for flow cytometry analysis. Samples were acquired on a FACS canto II flow cytometer (BD Biosciences) and data 
were analyzed using FlowJo software (Tree Star).

Tri-lineage Differentiation Assay. Adipogenesis. PL and FBS supplemented MSCs at P3 were seeded 
onto 0.1% gelatin coated 6-well plates at 4000 cells/cm2 and grown at 37 °C in a humidified atmosphere with 5% 
CO2 until 70–80% confluence was reached. Cultures were then induced with adipogenesis inducing medium 
(AIM) (STEMPRO® Adipogenesis differentiation kit, GIBCO, USA) for 14 days with medium replacement every 
3 days. Lipid droplet accumulation was visualized using bright field microscope after fixing the cells with 4% 
paraformaldehyde (PFA) and staining with oil red O (Sigma, USA).

Osteogenesis. PL and FBS supplemented MSCs at P3 were seeded onto 0.1% gelatin coated 6-well plates 
at 4000 cells/cm2 and grown at 37 °C in a humidified atmosphere with 5% CO2 until 70–80% confluence was 
reached. Cultures were then induced with osteogenesis inducing medium (OIM) (STEMPRO® Osteogenesis 
differentiation kit, GIBCO, USA) for 21 days with medium replacement every 3 days. Mineral deposition was vis-
ualized using bright field microscope after fixing the cells with 4% PFA and staining with alizarin red S (HiMedia, 
India).

Chondrogenesis. PL and FBS supplemented MSCs at P3 were seeded onto 0.1% gelatin coated 6-well plates as 
5 μL droplets with 0.1 × 106 cell per droplet to generate micromass culture. Cells were incubated at 37 °C in a 
humidified atmosphere with 5% CO2 for 2 h. On adherence, micromass cultures were induced with chondrogen-
esis inducing medium (CIM) (STEMPRO® Chondrogenesis differentiation kit, GIBCO, USA) for 14 days with 
medium replacement every 3 days. Presence of glycosaminoglycan, was visualized using a bright field microscope 
after fixing the cells with 4% PFA and staining with safranin O (HiMedia, India).

Growth curve and Cell Cycle. PL and FBS supplemented MSCs at P3 obtained from explant cultures were 
cultured in 0.1% gelatin coated T25 Flasks at 4000cells/cm2. Cells were harvested and viable cell numbers were 
enumerated daily up to 5 days by trypan blue dye exclusion. Growth curve was plotted according to number of 
the cells and population doubling time (PDT) was calculated from the growth curve.

Cell cycle analysis of MSC cultured in FBS and PL was performed using propidium iodide staining (Sigma 
Aldrich, USA). MSC cultures were synchronized by starving them for 24 h after attaining 50% confluence. MSC 
cultures were then replenished with complete medium for 24 h. 1 × 105 MSCs in the exponential growing phase 
were collected and fixed with ice-cold 70% ethanol at 4 °C for 24 h. Cells were then stained with staining solution 
comprising of 50 μg/ml propidium iodide, 50 µg/ml RNase A (MP Biomedicals, USA) and 0.1% Tritox X-100 
(Sigma-Aldrich) and incubated at 37 °C for 30 min at dark. Cell cycle phases were detected by FACS canto II flow 
cytometer (BD Biosciences) and the results were analyzed by FlowJo software (Tree Star).

Lymphocyte Proliferation Assay. The immunoregulatory effect of MSCs at P3 cultured in PL and FBS 
supplements were evaluated by co-culturing MSCs with carboxyfluorescein diacetate-succinimidyl ester (CFSE) 
labelled peripheral blood mononuclear cells (PBMNCs)43. MSCs were plated onto flat-bottomed 96 well plates 
with 1.25 × 104 cells/well in 200μl of RPMI 1640 (Gibco, USA) supplemented with 2 mM glutamine (Gibco, 
USA), 10% FBS/5% PL, and antibiotics. Culture plate was incubated in humidified atmosphere at 37 °C in 5% CO2 
overnight allowing the cells to adhere. Human PBMNCs isolated from heparinized blood were obtained from 
healthy donors by density gradient centrifugation using Ficoll-Paque PLUS (GE Healthcare) at 400x g, for 30 min 
at RT. PBMNCs were fluorescently-labelled with 2 μm CFSE (Invitrogen, USA) by incubating for 15 mins in the 
dark. Five volumes of ice-cold RPMI 1640 supplemented with 10% FBS was added and incubated for 5 minutes in 
the dark. Cells were then washed and 1.25 × 105 CFSE-stained PBMCs were added to the wells previously seeded 
with 1.25 × 104 adherent MSCs to obtain a 1:10 MSCs to PBMCs ratio. Co-cultures were incubated with 0.25% 
phytohaemagglutinin (PHA) to stimulate T lymphocytes. PBMC cultures without MSCs were used as controls. 

% Proliferating Lymphocytes 72 h 96 h 120 h 144 h

Explant FBS 51.78 ± 1.2 54.65 ± 0.9 54.25 ± 1.3 63.56 ± 2.3

Explant PL 60.70 ± 1.6 60.76 ± 1.0** 55.66 ± 1.4* 45.35 ± 2.1***

Enzymatic FBS 57.20 ± 2.5 37.56 ± 1.0 38.81 ± 1.0 59.44 ± 2.0

Enzymatic PL 53.52 ± 0.1 33.95 ± 0.8* 41.27 ± 1.6 52.84 ± 2.7*

Table 3. Immunosuppressive effect of umbilical cord tissue derived mesenchymal stem cells cultured in 
FBS and PL supplements on lymphocyte proliferation assessed by MLR assay. Data presented as mean 
percentage ± SEM of two independent experiments. Statistical comparisons were made within explant and 
enzymatic groups respectively. *P < 0.05, **P < 0.01, ***P < 0.005.
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Positive controls were treated with PHA while negative controls were left untreated. Cells were cultured for 6 days 
in a humidified atmosphere at 37 °C with 5% CO2. Aliquots of CFSE-labelled cells co-cultured with MSCs along 
with controls were harvested at different time points of 48, 72, 96, 120 and 144 h, and acquired on a BD FACS 
Canto II flow cytometer.

Karyotype analysis. Chromosomes of at least 20 proliferating cells per line at P4 were counted and fully 
analyzed using G-banding at Human Genetics Department, Sri Ramachandra Medical College and Research 
Institute, Chennai, India.

Statistical analysis. Data was compared using paired one tailed student’s t test. Data was presented as arith-
metic mean ± standard error of the mean (SEM). Analysis was done with GraphPad Prism 6 and significant 
results are assigned asterisks (*P < 0.05, **P < 0.01, ***P < 0.005).

Conclusion and perspective for future research. To our knowledge this is the first report that compares 
the yield of MSC from primary cultures of hUCT through explant culture and enzymatic dissociated cultures, 
supplemented with hPL. We recommend the use of PL from expired platelets as a viable alternative to FBS for 
generating clinically significant numbers of explant derived MSCs for transfusion in cellular therapy. In con-
clusion, coupling of explant cultures of hUCT with PL supplementation offers superior cellular and functional 
properties in MSC. PL supplementation for MSC culture could be adopted by public and private stem cell bank-
ing sectors by establishing a network with blood banks for the re-use of biological waste such as expired plate-
lets. PL is also an economically viable alternative to FBS with cost of production estimated to be approximately 
3-fold lesser than commercially available FBS. Production of PL using good manufacturing practice (GMP) with 
appropriate regulatory guidelines for relevant parameters needs to be laid down according to criteria established 
by International society of blood transfusion following which PL could become the de facto supplementation for 
stem cell culture44. While PL may also suffer from batch to batch variability as is commonly associated with FBS, 
we speculate that the variation will be considerably less as platelet contents are uniform. However, further studies 
need to be carried out to understand the variations within platelet units such as platelet count, donor age and 
concentration of various growth factors which are released on lysis and are anticipated to impact MSC harvest 
and expansion45,46.

References
 1. Tao, H., Han, Z., Han, Z. C. & Li, Z. Proangiogenic Features of Mesenchymal Stem Cells and Their Therapeutic Applications. Stem 

cells international 2016, 1314709, https://doi.org/10.1155/2016/1314709 (2016).
 2. Kwon, S. et al. Anti-apoptotic Effects of Human Wharton’s Jelly-derived Mesenchymal Stem Cells on Skeletal Muscle Cells Mediated 

via Secretion of XCL1. Molecular therapy: the journal of the American Society of Gene Therapy 24, 1550–1560, https://doi.
org/10.1038/mt.2016.125 (2016).

 3. Zhang, C. et al. Human umbilical cord mesenchymal stem cells alleviate interstitial fibrosis and cardiac dysfunction in a dilated 
cardiomyopathy rat model by inhibiting TNFalpha and TGFbeta1/ERK1/2 signaling pathways. Molecular medicine reports 17, 
71–78, https://doi.org/10.3892/mmr.2017.7882 (2018).

 4. Hamidian Jahromi, S., Estrada, C., Li, Y., Cheng, E. & Davies, J. E. Human Umbilical Cord Perivascular Cells and Human Bone 
Marrow Mesenchymal Stromal Cells Transplanted Intramuscularly Respond to a Distant Source of Inflammation. Stem cells and 
development, https://doi.org/10.1089/scd.2017.0248 (2018).

 5. Davis, N. E., Hamilton, D. & Fontaine, M. J. Harnessing the immunomodulatory and tissue repair properties of mesenchymal stem 
cells to restore beta cell function. Current diabetes reports 12, 612–622, https://doi.org/10.1007/s11892-012-0305-4 (2012).

 6. Van Pham, P. et al. Isolation and proliferation of umbilical cord tissue derived mesenchymal stem cells for clinical applications. Cell 
and tissue banking 17, 289–302, https://doi.org/10.1007/s10561-015-9541-6 (2016).

 7. Liu, S. et al. Strategies to Optimize Adult Stem Cell Therapy for Tissue Regeneration. International journal of molecular sciences 17, 
https://doi.org/10.3390/ijms17060982 (2016).

 8. Lin, Y. & Hogan, W. J. Clinical Application of Mesenchymal Stem Cells in the Treatment and Prevention of Graft-versus-Host 
Disease. Advances in hematology 2011, 427863, https://doi.org/10.1155/2011/427863 (2011).

 9. Karnieli, O. et al. A consensus introduction to serum replacements and serum-free media for cellular therapies. Cytotherapy 19, 
155–169, https://doi.org/10.1016/j.jcyt.2016.11.011 (2017).

 10. Mendicino, M., Bailey, A. M., Wonnacott, K., Puri, R. K. & Bauer, S. R. MSC-based product characterization for clinical trials: an 
FDA perspective. Cell stem cell 14, 141–145, https://doi.org/10.1016/j.stem.2014.01.013 (2014).

 11. van der Valk, J. et al. Fetal Bovine Serum (FBS): Past - Present - Future. Altex 35, 99–118, https://doi.org/10.14573/altex.1705101 
(2018).

Figure 8. Cytogenetic analysis. Normal Q-banding karyotype obtained from at least 20 proliferating cells of 
FBS and PL cultured MSC preparations of Passage 4 analyzed revealed a normal 46XY karyotype.

Content courtesy of Springer Nature, terms of use apply. Rights reserved



www.nature.com/scientificreports/

1 1ScIenTIfIc REPORTS |  (2018) 8:12439  | DOI:10.1038/s41598-018-30772-4

 12. Spees, J. L. et al. Internalized antigens must be removed to prepare hypoimmunogenic mesenchymal stem cells for cell and gene 
therapy. Molecular therapy: the journal of the American Society of Gene Therapy 9, 747–756, https://doi.org/10.1016/j.
ymthe.2004.02.012 (2004).

 13. Hemeda, H., Giebel, B. & Wagner, W. Evaluation of human platelet lysate versus fetal bovine serum for culture of mesenchymal 
stromal cells. Cytotherapy 16, 170–180, https://doi.org/10.1016/j.jcyt.2013.11.004 (2014).

 14. Hassan, G., Kasem, I., Soukkarieh, C. & Aljamali, M. A Simple Method to Isolate and Expand Human Umbilical Cord Derived 
Mesenchymal Stem Cells: Using Explant Method and Umbilical Cord Blood Serum. International journal of stem cells 10, 184–192, 
https://doi.org/10.15283/ijsc17028 (2017).

 15. Blazquez-Prunera, A., Diez, J. M., Gajardo, R. & Grancha, S. Human mesenchymal stem cells maintain their phenotype, 
multipotentiality, and genetic stability when cultured using a defined xeno-free human plasma fraction. Stem cell research & therapy 
8, 103, https://doi.org/10.1186/s13287-017-0552-z (2017).

 16. Lykov, A. et al. Comparative Effects of Platelet-Rich Plasma, Platelet Lysate, and Fetal Calf Serum on Mesenchymal Stem Cells. 
Bulletin of experimental biology and medicine 163, 757–760 (2017).

 17. Tekkatte, C., Vidyasekar, P., Kapadia, N. K. & Verma, R. S. Enhancement of adipogenic and osteogenic differentiation of human 
bone-marrow-derived mesenchymal stem cells by supplementation with umbilical cord blood serum. Cell and tissue research 347, 
383–395, https://doi.org/10.1007/s00441-012-1328-5 (2012).

 18. Armstrong, B. Benefits and risks of transfusion. ISBT science series 3, 216–230 (2008).
 19. Thomas, S. Platelets: handle with care. Transfusion medicine (Oxford, England) 26, 330–338, https://doi.org/10.1111/tme.12327 

(2016).
 20. Burnouf, T., Strunk, D., Koh, M. B. & Schallmoser, K. Human platelet lysate: Replacing fetal bovine serum as a gold standard for 

human cell propagation? Biomaterials 76, 371–387, https://doi.org/10.1016/j.biomaterials.2015.10.065 (2016).
 21. Ren, J. et al. Comparison of human bone marrow stromal cells cultured in human platelet growth factors and fetal bovine serum. 16, 

65, https://doi.org/10.1186/s12967-018-1400-3 (2018).
 22. Phetfong, J. et al. Re-using blood products as an alternative supplement in the optimisation of clinical-grade adipose-derived 

mesenchymal stem cell culture. Journal of translational medicine 6, 414–422, https://doi.org/10.1186/s12967-018-1400-
310.1302/2046-3758.67.bjr-2016-0342.r1 (2017).

 23. Lucchini, G. et al. Platelet-lysate-expanded mesenchymal stromal cells as a salvage therapy for severe resistant graft-versus-host 
disease in a pediatric population. Biology of blood and marrow transplantation: journal of the American Society for Blood and Marrow 
Transplantation 16, 1293–1301, https://doi.org/10.1016/j.bbmt.2010.03.017 (2010).

 24. Centeno, C. J. et al. Regeneration of meniscus cartilage in a knee treated with percutaneously implanted autologous mesenchymal 
stem cells. Medical hypotheses 71, 900–908, https://doi.org/10.1016/j.mehy.2008.06.042 (2008).

 25. Gittel, C. et al. Isolation of equine multipotent mesenchymal stromal cells by enzymatic tissue digestion or explant technique: 
comparison of cellular properties. BMC veterinary research 9, 221 (2013).

 26. Nagamura-Inoue, T. & Mukai, T. Umbilical Cord is a Rich Source of Mesenchymal Stromal Cells for Cell Therapy. Current stem cell 
research & therapy 11, 634–642 (2016).

 27. von Bahr, L. et al. Long-term complications, immunologic effects, and role of passage for outcome in mesenchymal stromal cell 
therapy. Biology of blood and marrow transplantation: journal of the American Society for Blood and Marrow Transplantation 18, 
557–564, https://doi.org/10.1016/j.bbmt.2011.07.023 (2012).

 28. Erickson, G. A., Bolin, S. R. & Landgraf, J. G. Viral contamination of fetal bovine serum used for tissue culture: risks and concerns. 
Developments in biological standardization 75, 173–175 (1991).

 29. Bobis-Wozowicz, S. et al. Diverse impact of xeno-free conditions on biological and regenerative properties of hUC-MSCs and their 
extracellular vesicles. Journal of molecular medicine (Berlin, Germany) 95, 205–220, https://doi.org/10.1007/s00109-016-1471-7 
(2017).

 30. Gerby, S., Attebi, E., Vlaski, M. & Ivanovic, Z. A new clinical-scale serum-free xeno-free medium efficient in ex vivo amplification of 
mesenchymal stromal cells does not support mesenchymal stem cells. Transfusion 57, 433–439, https://doi.org/10.1111/trf.13902 
(2017).

 31. Johansson, L., Klinth, J., Holmqvist, O. & Ohlson, S. Platelet lysate: a replacement for fetal bovine serum in animal cell culture? 
Cytotechnology 42, 67 (2003).

 32. Blázquez-Prunera, A., Almeida, C. & Barbosa, M. Human Bone Marrow Mesenchymal Stem/Stromal Cells Preserve Their 
Immunomodulatory and Chemotactic Properties When Expanded in a Human Plasma Derived Xeno-Free Medium. Stem cells 
international 2017 (2017).

 33. Laner-Plamberger, S. et al. Mechanical fibrinogen-depletion supports heparin-free mesenchymal stem cell propagation in human 
platelet lysate. Journal of translational medicine 13, 354, https://doi.org/10.1186/s12967-015-0717-4 (2015).

 34. Dominici, M. et al. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular 
Therapy position statement. Cytotherapy 8, 315–317, https://doi.org/10.1080/14653240600855905 (2006).

 35. Smith, J. R. et al. Standardizing Umbilical Cord Mesenchymal Stromal Cells for Translation to Clinical Use: Selection of GMP-
Compliant Medium and a Simplified Isolation Method. Stem cells international 2016, 6810980, https://doi.org/10.1155/2016/6810980 
(2016).

 36. Donders, R. et al. Human Wharton’s Jelly-Derived Stem Cells Display a Distinct Immunomodulatory and Proregenerative 
Transcriptional Signature Compared to Bone Marrow-Derived Stem Cells. Stem cells and development 27, 65–84, https://doi.
org/10.1089/scd.2017.0029 (2018).

 37. Hendijani, F. Explant culture: An advantageous method for isolation of mesenchymal stem cells from human tissues. Cell 
proliferation (2017).

 38. Klyushnenkova, E. et al. T cell responses to allogeneic human mesenchymal stem cells: immunogenicity, tolerance, and suppression. 
Journal of biomedical science 12, 47–57, https://doi.org/10.1007/s11373-004-8183-7 (2005).

 39. Kyurkchiev, D. et al. Secretion of immunoregulatory cytokines by mesenchymal stem cells. World journal of stem cells 6, 552–570, 
https://doi.org/10.4252/wjsc.v6.i5.552 (2014).

 40. de Wolf, C., van de Bovenkamp, M. & Hoefnagel, M. Regulatory perspective on in vitro potency assays for human mesenchymal 
stromal cells used in immunotherapy. Cytotherapy 19, 784–797, https://doi.org/10.1016/j.jcyt.2017.03.076 (2017).

 41. Marmotti, A. et al. Minced umbilical cord fragments as a source of cells for orthopaedic tissue engineering: an in vitro study. Stem 
cells international 2012, 326813, https://doi.org/10.1155/2012/326813 (2012).

 42. Schallmoser, K. & Strunk, D. Preparation of pooled human platelet lysate (pHPL) as an efficient supplement for animal serum-free 
human stem cell cultures. Journal of visualized experiments: JoVE, https://doi.org/10.3791/1523 (2009).

 43. Fazzina, R. et al. Potency testing of mesenchymal stromal cell growth expanded in human platelet lysate from different human 
tissues. Stem cell research & therapy 7, 122, https://doi.org/10.1186/s13287-016-0383-3 (2016).

 44. Strunk, D. & Lozano, M. International Forum on GMP-grade human platelet lysate for cell propagation: summary. 113, 80–87, 
https://doi.org/10.1111/vox.12593 (2018).

 45. Lohmann, M. et al. Donor age of human platelet lysate affects proliferation and differentiation of mesenchymal stem cells. PloS one 
7, e37839, https://doi.org/10.1371/journal.pone.0037839 (2012).

 46. Horn, P. et al. Impact of individual platelet lysates on isolation and growth of human mesenchymal stromal cells. Cytotherapy 12, 
888–898, https://doi.org/10.3109/14653249.2010.501788 (2010).

Content courtesy of Springer Nature, terms of use apply. Rights reserved



www.nature.com/scientificreports/

1 2ScIenTIfIc REPORTS |  (2018) 8:12439  | DOI:10.1038/s41598-018-30772-4

Acknowledgements
The authors wish to acknowledge and indebted to donors and staff of Chennai managaratchi magaperu 
maruthuvamanai government hospital, Chennai 600024, India for providing samples and supporting the study. 
We especially thank Dr. Ajit Kumar for his valuable suggestions to improve the manuscript.

Author Contributions
R.S.V. and V.S. conceived the experiment(s), S.K., P.K.L., B.P. and D.S. conducted the experiment(s), S.K., P.V. and 
B.P. analyzed the results, S.K., P.K.L., P.V. and R.K. wrote the manuscript. S.K. and P.V. prepared the figures. All 
authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

Content courtesy of Springer Nature, terms of use apply. Rights reserved



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

