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Abstract

Introduction

Ex vivo cell expansion under Good Manufacturing Practice (GMP) guidelines can be per-

formed using medium additives containing human growth factors from platelets. These

products can differently affect proliferation of adipose mesenchymal stromal stem cells

(ASC). Qualification of medium additive performance is required for validation under GMP

regulations: assessment of growth factor concentrations is not sufficient to predict the bio-

logical activity of the product batch. Proton nuclear magnetic resonance spectrometry

(1H-NMR) and matrix-assisted laser desorption/ionization time of flight mass spectroscopy

(MALDI-TOF MS) provide wide molecular characterization of samples.

Aims

We aimed to assess if 1H-NMR and MALDI-TOF MS techniques can be used as quality con-

trol test potentially predicting the impact of a medium additive on cell proliferation.

Methods

We tested the impact on ASC growth rate (cell proliferation assessment and cell morphology

analysis) of four medium additives, obtained by different methods from human platelet aphe-

resis product. In order to classify each medium additive, we evaluated growth factor concen-

trations and spectra obtained by 1H-NMR and by MALDI-TOF MS.
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Results

Medium additive obtained by CaCl2 activation of platelet rich products induced higher prolif-

eration rate vs additive derived from platelet depleted ones. Additives obtained by freeze-

and-thaw methods weakly induced ASC proliferation. As expected, principal component

analysis of growth factor concentrations did not unravel specific biochemical features char-

acterizing medium additives in relation with their biological activity. Otherwise, while 1H-

NMR showed a partial resolution capacity, analysis of MALDI-TOF MS spectra allowed

unambiguous distinction between the medium additives we used to differently stimulate cell

growth in vitro.

Discussion

MALDI-TOF and, despite limitations, 1H-NMR are promising cost effective and reliable qual-

ity controls to classify the potential of a medium additive to promote ASC growth. This can

represent, after further investigations and appropriate validation, a significant advantage for

GMP compliant manufacturing of advanced cell therapy products.

Introduction

Ex vivo cell expansion is a fundamental procedure to obtain an advanced cell therapy (ACT)

product: Good Manufacturing Practice (GMP) guidelines recommend to avoid animal derived

serum as source of growth factors promoting cell proliferation in vitro [1]. In a previous work

[2] we described our method to obtain a platelet releasate that we defined as supernatant rich

in growth factors (SRGF): the mixture was manufactured adding CaCl2 to human platelet rich

plasma (PRP) derived from apheresis product. In the same work [2], we attempted to charac-

terize the amount of growth factors released by platelets. In a previously published work, we

demonstrated that such GMP compliant medium additive can efficiently stimulate stromal cell

proliferation in culture [3]. Moreover, in a recent paper [4] we demonstrated that SRGF can

strongly promote growth of adipose mesenchymal stromal stem cells (ASC) by direct analysis

of cell proliferation and evaluating cell morphology. Rapidly dividing mesenchymal stem cells

are, in fact, known to be elongated and spindle shaped [5,6]. Interindividual differences

between platelet donors could affect the capability to stimulate cell growth in vitro [7,8]: we

demonstrated that, pooling together n = 16 SRGF products from single donors, standardized

batches of medium additive can be obtained for applications in academic GMP facilities [4,9].

Nevertheless, we previously demonstrated that also the production method can affect medium

additive capacity to stimulate cell growth in culture [10].Growth factors can, in fact, be

extracted from platelets treating PRP by the so called freeze-and-thaw method [2,11], and we

previously demonstrated that medium additives obtained by recalcification of PRP can pro-

mote a faster cell proliferation rate [10]. Especially when dealing with in-house manufactured

medium additives, quality controls are needed also to assess and validate the capacity of the

product to stimulate cell proliferation in vitro [9]. Direct evaluation of cell proliferation rate

induced by different lots of medium additives is a long lasting test representing a significant

workload in the production process. Growth factor concentration analysis is frequently used

to characterize composition of platelet derived products with possible application as medium

additives for cell expansion [2,12–15].Several growth factors released by platelets can affect cell

proliferation rate by separate pathways [16]: thus, defined cytokines univocally affecting cell
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proliferation rate were not identified and validated as specific markers. Moreover, we previ-

ously demonstrated that, assessing growth factor concentrations, SRGF could not be clearly

distinguished from freeze-and-thaw manufactured products [2,10]. Then, independently from

the manufacturing method, a quick and cost effective test potentially predicting the impact of

a medium additive on cell growth rate would represent a significant achievement improving

both production and quality control processes.

Proton nuclear magnetic resonance spectrometry (1H-NMR) as well as matrix-assisted

laser desorption/ionization time of flight mass spectroscopy (MALDI-TOF MS) allow, in a sin-

gle analytical session, the simultaneous detection of several chemical compounds or functional

groups [17]. Sample analysis by 1H-NMR and MALDI-TOF MS is relatively quick and eco-

nomically effective and technological improvements are rapidly increasing sensitivity of such

approaches [18–20]. In a previous work, biochemical alterations occurring along with storage

of platelet concentrates obtained by apheresis were quantitatively defined by a mass spectrom-

etry approach [21].

In this paper we aimed to verify whether the analysis of growth factor concentrations or
1H-NMR and MALDI-TOF MS spectra evaluation can identify medium additives differently

promoting cell growth in culture. To create a challenging experimental model we manufac-

tured, from human PRP, four kinds of medium additives sharing several biochemical features.

Manufacturing protocols were based on CaCl2 addition and on the freeze and thaw method.

We then directly compared the capacity of such medium additives to stimulate growth of ASC

[22] in culture. Thereafter, in the attempt to discriminate differences characterizing each

medium additive, we analyzed selected growth factor concentrations and composition of spec-

tra obtained by 1H-NMR and MALDI-TOF MS.

Materials and methods

Study design

This work was aimed to define innovative, time and cost effective quality control tests poten-

tially predicting the capacity of a GMP compliant medium additive to stimulate in vitro cell

growth for ACT. Applying four separate production protocols to the same source of PRP, i.e.

the platelet apheresis product obtained from healthy donors (n = 20), we manufactured 4

kinds of medium additives (n = 80 specimens). The impact of medium additives (pools of

n = 20 single donor derived products) on in vitro cell growth was analyzed by a luminescence

based approach and evaluating cell morphology. Then, in single donor derived medium addi-

tives, we measured and analyzed a) concentrations of selected growth factors, b) 1H-NMR and

MALDI-TOF MS spectra. Results were analyzed by statistical tests and algorithms in the

attempt to highlight differences between groups of single donor samples of the four medium

additives.

Medium additive preparation

The experimental protocol was approved by the Ethics Committee of the CRO Aviano

National Cancer Institute (protocol number: CRO-2016-30) and it complied with the Declara-

tion of Helsinki (2004). Single donor PRP samples were collected at CRO Aviano National

Cancer Institute from washouts of leukocyte depletion filters intended for disposal, taken from

platelet apheresis collection-kits (Haemonetics MCS+ System; Haemonetics, Signy-Centre,

Switzerland) after donation from healthy donors. Citrate Dextrose Solution A (Haemonetics;

Braintree, MA, USA) was used as anticoagulant during platelet collection. Labels and/or infor-

mation regarding personal data of donors were removed before manipulation of the product

in the processing facility. Briefly, after bags containing the apheretic product were separated
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from the kit, leukocyte depletion filter was removed by upstream and downstream triple tube

welding, thus maintaining product sterility. Under a sterile biological safety hood, the filtered

apheresis product was transferred to a sterile tube (Becton, Dickinson and Company - BD,

Franklin Lakes, NJ, US). Mean platelet content in PRP was 1.1 ± 0.2 (x 106 platelets/microL).

In compliance with the Italian legislative decree of 2nd of November 2015 “Disposizioni rela-

tive ai requisiti di qualità e sicurezza del sangue e degli emocomponenti” [23] the product pH

evaluated after collection was greater than 6.4. Platelet apheresis product from each single

healthy donor (n = 20) was divided in 4 separate samples and it was treated as previously pub-

lished with modifications [2] to manufacture the different medium additives. Additive A

(recalcified PRP) was obtained adding CaCl2 (4.4% vol/vol) to PRP in order to trigger calcium

dependent coagulation cascade via endogenous thrombin generation. After 1 hour incubation

at 37˚C, formed clot was separated from supernatant by centrifugation at 2300 X g for 10 min-

utes at room temperature. To produce additive B (recalcified platelet poor plasma - PPP) a

separate PRP aliquot was centrifuged (1600 X g for 10 minutes) in order to generate PPP. Col-

lected supernatant was added with CaCl2 (4.4% vol/vol) and after 1 hour incubation at 37˚C,

clot was separated from supernatant by centrifugation. To obtain medium additive C (freeze

and thaw, plasma depleted platelets) PRP was centrifuged (1600 X g for 10 minutes) and the

supernatant was discarded. Original sample volume was reconstituted gently resuspending

platelets in phosphate-buffered saline (PBS) solution. Plasma depleted platelets underwent

three cycles of freezing in liquid nitrogen (-190˚C for 2 h) and thawing at +40˚C (30 min).

After centrifugation, supernatant was collected. Medium additive D (freeze and thaw, PRP)

was obtained performing three cycles of freezing in liquid nitrogen (-190˚C for 2 h) and thaw-

ing at +40˚C (30 min) on PRP. After centrifugation, supernatant was collected. pH was mea-

sured in obtained medium additives A, B, C and D: values were within the range between 6.7

and 7.0. Samples were stored at -80˚C.

Cell proliferation test

To test the potential of investigated medium additives to stimulate cell growth in vitro, we cre-

ated batches of medium additives A (recalcified PRP), B (recalcified PPP), C (freeze and thaw,

plasma depleted platelets) and D (freeze and thaw, PRP) pooling together aliquots (200

microL) of the relative product obtained from single donor platelet apheresis product (batch

final volume: 4ml).

ASC were chosen as model of in vitro proliferating cells: the experimental protocol was

approved by the Ethics Committee of the CRO Aviano National Cancer Institute (protocol

number: CRO-2016-30) and it complied with the Declaration of Helsinki (2004). Cells were

obtained as previously published [4] from n = 3 separate donors and they were seeded at pas-

sage P4 in 96-well plates (BD Biosciences, Bedford, MA; US) at 3000 cells/cm2 in complete

Minimum Essential Medium Eagle - Alpha Modification (Alpha-MEM - Lonza; Basel, Switzer-

land)) containing 100 IU/ml of Penicillin, 100 microg/ml of Streptomycin (both from Sigma,

St. Louis, MO; USA) and 5% (vol/vol)SRGF. After 4-6 hours, adherent cells were washed and

medium was replaced with Alpha-MEM containing antibiotics and 5% (vol/vol) A, B, C and D

(pools) each in four technical replicate wells. ASC were also cultured in presence of Alpha-

MEM containing 10% (vol/vol) fetal bovine serum (FBS - Lonza) as control condition. Cell

growth was assessed after 1, 4 and 7 days by a luminescence based commercially available kit

(CellTiter-Glo1Luminescent - Cell Viability Assay; Promega, Madison, WI, US) using an

Infinite1 F200 (Tecan; Männedorf, Switzerland) as luminescence reader. To assess back-

ground, at each time point, luminescence values were taken in wells containing only cell

growth media.
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The impact of the different medium additives on cell proliferation was assessed also evaluat-

ing cell morphology. ASC were seeded in 24-well plates (BD Biosciences) at 3000 cells/cm2:

after 4-6 hours, adherent cells were washed and medium was replaced with Alpha-MEM con-

taining antibiotics and 5% (vol/vol) A, B, C, D (pools) and 10% (vol/vol) FBS, each in two tech-

nical replicate wells. After seven days exposure to experimental media, cell images were taken

by phase contrast microscopy (Olympus CKX41, Olympus Italia Srl, Milano; Italy) and digital

color camera (Motic; Hong Kong). Morphometric analysis was performed taking advantage of

Motic Images Plus 2.0 software1 after appropriate calibration. At least 40 cells expanded by

each different medium additive were manually analyzed. After calibration, cell major and

minor axes were measured using appropriate software tools following manufacturer’s proto-

col. Major-to-minor cell axis ratio was then calculated.

Quantitative analysis of growth factors

As previously published [2] concentrations of growth factors were measured in medium addi-

tives obtained from single donor PRP by enzyme-linked immunosorbent assay (ELISA) using

commercially available kits (Quantikine ELISA kit; R&D Systems, Minneapolis, MN, USA).

The following growth factors were assayed: platelet-derived growth factor (PDGF)-AA (kit cat-

alogue n.: DAA00B); PDGF-AB (kit catalogue n.: DHD00C), PDGF-BB (kit catalogue n.:

DBB00), transforming growth factor-beta 1(TGF-b; kit catalogue n.: DB100B), fibroblast

growth factor basic (FGF; kit catalogue n.: DFB50), Epidermal growth factor (EGF; kit cata-

logue n.: DEG00), insulin-like growth factor 1 (IGF-1; kit catalogue n.: DG100) and vascular

endothelial growth factor (VEGF; kit catalogue n.: DVE00). The mean kit intra-assay coeffi-

cient of variation was 4.3% (min: 2.4%; max: 8.32%). The mean kit inter-assay coefficient of

variation was 7.9% (min: 5.0%; max: 11.5%). All used ELISA kit were specific for the tested

analyte. For technical reasons, growth factors were analyzed only in samples derived from 7

out of the 20 PRP from healthy donors involved in this study. Even though analytical proper-

ties of multiplex immunoassays are growing, in this work we chose singleplex ELISA as such

robust analytic approach is normally adopted for diagnostic purposes.

1H-NMR analysis

Samples were thawed at room temperature and diluted (1:1 ratio) with PBS at pH 7.4 contain-

ing 10% D2O and 5 mM trimethylsilylpropanoic acid.

All 1H-NMR experiments were performed at 298 K on a Bruker Avance DRX-600 spec-

trometer (Bruker, Karlsruhe, Germany) operating at 600.13 MHz for proton and equipped

with a 5-mm BBI 1H/2H-BB-Z-GRD probe. For each sample standard 1D spectroscopy, relax-

ation-edited, and diffusion-edited pulse sequences were acquired in order to monitor different

groups of metabolites.

1D proton spectra were acquired using the NOESYPR1D (1D Nuclear Overhauser effect

spectroscopy with water pre-saturation) pulse sequence, with a relaxation delay of 5 s and a

mixing time of 10 ms. Water suppression was achieved by pre-saturation during the relaxation

delay and mixing time. Each spectrum consisted of 64 free induction decays collected into 96K

complex data points with a spectral width of 17985.61 Hz and an acquisition time of 2.73 s.

1D relaxation-edited 1H-NMR spectra were acquired using the water suppressed Carr-Pur-

cell-Meiboom-Gill (CPMG) spin echo pulse sequence with a relaxation delay of 5 s and a total

echo time of 38.4 ms in order to attenuate broad signals from proteins and lipoproteins. 64

FIDs were collected into 64K complex data points.

1H-NMR and MALDI-TOF MS as quality controls of GMP compliant medium additives for cell culture

PLOS ONE | https://doi.org/10.1371/journal.pone.0203048 September 6, 2018 5 / 20

https://doi.org/10.1371/journal.pone.0203048


Diffusion-edited spectra were acquired using a pulse sequence with bipolar gradients and

the LED scheme, with relaxation delay = 5 s, number of FIDs = 64, 32K complex data points,

diffusion delay = 120 ms and pulsed-field gradient = 1.5 ms.

1H-NMR spectral processing

Prior to Fourier transformation, the FIDs were zero-filled to 64K points and multiplied by an

exponential line-broadening function of 0.3 Hz. The 1D spectra were manually phased, base-

line corrected and the chemical shifts referenced internally to the Lactate signal at delta

1.31 ppm, using dedicated Topspin™ software (Bruker, Karlsruhe, Germany).

MALDI-TOF MS analysis

Samples were thawed at room temperature and 5 microL of each sample were processed with

ClinProt MB HIC 8 profiling kit according to manufacturer’s instructions. The elution volume

used to recover each sample from magnetic beads was 10 μI. 3.5 microL of eluate were then

mixed 1:1 with a saturated solution of sinapinic acid and spotted onto a MALDI target plate.

Mass spectra analyses were performed by using a MALDI-TOF detector (Ultraflex II instru-

ment; Bruker Daltonics). Mass spectra were acquired in a range between 2,000 and 23,000 m/

z, in positive linear mode.

MALDI-TOF mass spectra processing

Mass spectra were processed by a dedicated software (ClinProTools, Bruker Daltonics) that

allows visualization and comparison of large data-sets, analysis of peak areas and the subse-

quent creation of models for the recognition of peptide and protein profiles.

Statistical analysis

Cell proliferation rate. Luminescence values are represented as mean±SEM. The impact

of the different medium additive on mean luminescence values at day 7 as well as on major-to-

minor axis ratio was analyzed by ANOVA for independent samples with Tukey’s honestly dif-

ferent significance with Bonferroni’s correction as post hoc test.

Growth factor concentrations (ELISA). Growth factor concentrations data obtained by

ELISA are represented as mean±SEM. For each separate growth factor, one-way ANOVA for

independent samples was used to compare mean concentrations in the different medium addi-

tives. Tukey’s honestly different significance with Bonferroni’s correction was chosen as post
hoc test. Moreover, growth factor concentration values, measured in each medium additive

sample derived from single donor PRP were analyzed by Principal Component Analysis

(PCA). The PCA creates a model that compares each sample considering the variance within a

dataset and using a small number of actors (principal components). PCA of growth factor con-

centration data was performed by "R-software" (an open source statistical software for statisti-

cal computing and graphics) using the plotting system “ggplot2”.
1H-NMR spectra. Each 1H-NMR spectrum was divided in small regions (0.01-0.05 ppm)

called buckets, and each bucket integral was calculated. Then, all the buckets were compared

to obtain the bucketing average: this was considered as the reference to be compared with the

buckets of each single spectrum. The resulting numerical matrix was analyzed by PCA in

order to compare the four different groups A (recalcified PRP), B (recalcified PPP), C (freeze

and thaw, plasma depleted platelets) and D (freeze and thaw, PRP) of medium additive sam-

ples. PCA of 1H-NMR derived data was performed by the dedicated Amix software (Bruker,

1H-NMR and MALDI-TOF MS as quality controls of GMP compliant medium additives for cell culture
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Karlsruhe, Germany) and the spectral region between 4.7 and 5.0 ppm was removed prior to

statistical data analysis to avoid variability due to the residual water signal.

MALDI-TOF MS spectra. The MALDI-TOF MS spectra were processed by the dedicated

ClinProTools software in order to compare the four different groups A (recalcified PRP), B

(recalcified PPP), C (freeze and thaw, plasma depleted platelets) and D (freeze and thaw, PRP)

of medium additive samples obtained from single PRP donors. Considering obtained results,

the software generated three classification models (Genetic Algorithm, Quick Classifier and

Support Vector Machine), based on separate algorithms.

Results

This work was aimed to define innovative, time and cost effective quality control tests classify-

ing the capacity of GMP compliant medium additives to stimulate cell growth in vitro. Apply-

ing four separate production protocols to the same source of platelet concentrates (i.e. PRP

from platelet apheresis collected from healthy donors), we obtained 4 kinds of medium addi-

tives: A (recalcified PRP), B (recalcified PPP), C (freeze and thaw, plasma depleted platelets)

and D (freeze and thaw, PRP).

We assessed the impact of medium additives (as pools of n = 20 single donor derived prod-

ucts) on cell proliferation rate by a luminescence based approach and evaluating cell morphol-

ogy. Results reported in Fig 1A show luminescence values reflecting the number of ASC

cultured for 1, 4 and 7 days in presence of medium additives (pools) at the final concentration

of 5%. ANOVA for independent measures showed that the number of expanded cells after 7

days in culture with 5% additives A (recalcified PRP) and B (recalcified PPP) was significantly

(p<0.01) higher when compared to additives C (freeze and thaw, plasma depleted platelets)

and D (freeze and thaw, PRP). Proliferation rate of cells expanded in 10% FBS was shown as

control condition: luminescence values were aligned with those obtained using 5% additives C

and D. Raw luminescence values collected to estimate ASC growth rate in presence of the dif-

ferent tested medium additives were reported in S1 File. Similarly, as displayed in Fig 1B, ASC

expanded in presence of medium additives A and B were more elongated than ASC expanded

in presence of additives C and D. In addition, ASC expanded with medium additive A (recalci-

fied PRP) were shown to be more elongated than ASC cultured with medium additive B (recal-

cified PPP). Representative images of ASC expanded in presence of the different additives

were reported in Fig 1B. Morphology of cells expanded in 10% FBS was evaluated as control

condition: major-to-minor axis ratio of such cells was shown to be superimposable with

related values measured in ASC expanded with 5% additives C and D. Major-to-minor-axis

ratio values, collected to estimate ASC growth rate in presence of the different tested medium

additives, were reported in S2 File.

Growth factor concentrations

In order to characterize medium additives we used in this paper, we measured concentrations

of selected growth factors in different medium additives by ELISA (Fig 2A). Raw growth factor

concentration values measured in samples of the different medium additives were reported in

S3 File. IGF-I concentration was not differently modulated in the four medium additives. Con-

centrations of the other analyzed growth factors showed significant differences only when sep-

arately comparing selected couples of medium additives. Not significant concentration

differences could be demonstrated when comparing two and even three possible couples of

medium additives. Then, we could not identify one or more growth factors displaying signifi-

cantly different concentration values when comparing all the analyzed medium additives

within the same statistical analysis. Thereafter, we analyzed by PCA all single growth factor

1H-NMR and MALDI-TOF MS as quality controls of GMP compliant medium additives for cell culture
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concentrations values measured in each sample derived from single donor products: results

displayed in Fig 2B show that, exception made for medium additive A (recalcified PRP), sam-

ples of the other medium additives could not be segregated in separate non-overlapping clus-

ters. Therefore, MALDI-TOF MS and 1H-NMR were tested as alternative approaches to

unravel biochemical differences between the investigated human platelet derived medium

additives.

Fig 1. Impact of medium additives A, B, C and D on proliferation rate of ASC. (A) Cell growth test based on luminescence generated by living and proliferating

cells. Results show that in presence of 5% medium additive A (recalcified PRP) and B (recalcified PPP) cell proliferation rate is higher, when compared to additives C

(freeze and thaw, plasma depleted platelets) and D (freeze and thaw, PRP). (B) Mean values of major-to-minor axis ratios and representative images of ASC expanded in

presence of the different additives. ASC expanded in presence of medium additives A and B were more elongated than ASC expanded in C and D. ASC expanded with

additive A were more elongated than ASC cultured with additive B. Values of luminescence and of major-to-minor axis ratios obtained from cells expanded in presence

of 10% FBS were shown as control condition. Considering such results, ASC expanded in presence of medium additive A showed higher proliferation rate when

compared to additive B. When compared to medium additives A and B, ancillary products C and D weakly stimulated cell proliferation. ANOVA for independent

samples was performed as statistical analysis (p<0.001) and Tukey’s honestly different significance with Bonferroni’s correction was chosen as post hoc test to compare

the effects of the different medium additives.�, p<0.05 vs C and D; ��, p<0.01 vs B, C and D; §, p<0.05 vs C and D; NS vs D.

https://doi.org/10.1371/journal.pone.0203048.g001
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1H-NMR spectroscopy

A representative example of 1H-NMR spectrum is displayed in Fig 3A: all spectra were charac-

terized by high reproducibility and consistency and no major variations among different sam-

ples could be identified. Raw data related to samples analyzed by 1H-NMR were reported in S1

Dataset. Selected buckets of the NOESY and CPMG spectra were analyzed by PCA (Fig 3B and

3C, respectively). Clusters enclosing samples of medium additives B (recalcified PPP), C

(freeze and thaw, plasma depleted platelets) and D (freeze and thaw, PRP) were reciprocally

segregated while the cluster related to samples of medium additive A (recalcified PRP) was

scattered and partially overlapping with B and C.

The bucket analysis of all NOESY and CPMG spectra (Fig 4) allowed identification of lac-

tate and alanine signals as factors mostly contributing to the separation between medium addi-

tives, indicating that availability of these metabolites is different in the four products.

Evaluation of bucket intensity provides also relative quantification of metabolites in the

sample: results regarding alanine and lactate were reported in Fig 5A and 5B, respectively.

Considering alanine quantification, the highest metabolite content could be found in samples

of medium additive D (freeze and thaw, PRP); on the opposite, the lowest metabolite concen-

trations were measured in samples of medium additive C (freeze and thaw, plasma depleted

platelets). Samples of A (recalcified PRP) and B (recalcified PPP) displayed intermediate

Fig 2. Analysis of growth factor concentration in different medium additives. (A) Concentrations of selected growth factors measured in samples of the four medium

additives A (recalcified PRP) and B (recalcified PPP), C (freeze and thaw, plasma depleted platelets) and D (freeze and thaw, PRP). Statistical analysis was performed by

one-way ANOVA for independent samples and Tukey’s honestly different significance and Bonferroni’s correction was chosen as post hoc test. Not significant (NS)

differences were graphically indicated by solid lines in the different graphs. Concentration values analyzed within each growth factor displayed statistically significant

(p<0.05) differences only when not connected by solid lines. (B) Graphical representation of PCA performed on concentration values of all growth factors evaluated in

single donor samples of the different medium additives. Exception made for medium additive A, samples of the other medium additives could not be segregated in

separate clusters.

https://doi.org/10.1371/journal.pone.0203048.g002
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concentration values. High lactate amounts were found in samples of the additive A, B and D,

while extremely lower lactate amounts were measured in additive C samples.

Resolution potential of MALDI-TOF MS

Examples of MALDI-TOF MS spectra are displayed in Fig 6A and raw data related to samples

analyzed by MALDI-TOF MS were reported in S2 Dataset. Selected peak areas of MALDI--

TOF MS spectra were analyzed by 3 different classification algorithms: Genetic Algorithm,

Quick Classifier and Support Vector Machine. The analysis took into account areas of the two

peaks with the highest contribution in the model created by Support Vector Machine algo-

rithm. Each statistic algorithm displayed a 100% capability to segregate samples of the different

medium additives A (recalcified PRP), B (recalcified PPP), C (freeze and thaw, plasma depleted

platelets) and D (freeze and thaw, PRP) in four separate and distinct groups (Fig 6B). Cross

Fig 3. Sample analysis by 1H-NMR. (A) Representative 1H-NMR spectrum, with attribution of some of the observed peaks to known metabolites. All spectra were

characterized by high reproducibility and consistency and no major variations among different samples could be identified. (B) PCA of NOESY spectra considering PC8

vs PC9. (C) PCA of CPMG spectra considering PC6 vs PC7. Clusters enclosing samples of medium additives B (recalcified PPP), C (freeze and thaw, plasma depleted

platelets) and D (Freeze and thaw, PRP) were reciprocally segregated while the cluster related to samples of medium additive A (recalcified PRP) was scattered and

partially overlapping with B and C.

https://doi.org/10.1371/journal.pone.0203048.g003
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validation of sample assignation to each group was 97.1% for Quick Classifier, 98.1% for

Genetic Algorithm and 100% for Support Vector Machine. The last model, therefore, was

shown to efficiently display differences in the biochemical composition of the four medium

additives.

Discussion

ACT products are obtained after ex vivo cell expansion: GMP guidelines recommend to avoid

the addition of animal derived products as FBS to promote cell proliferation in vitro [1].

Growth factors derived from human platelets can be used to obtain GMP compliant ACT

products. Interindividual differences between platelet donors and medium additive

manufacturing methods [10] can strongly affect the capability to stimulate cell growth in vitro.

Especially when dealing with small scale manufactured medium additives for academic pur-

poses, quality controls are needed to assess the capacity of the ancillary product to stimulate

cell proliferation in vitro [9]. In this paper we aimed to define a rapid and cost effective test to

potentially predict the impact of a medium additive on cell growth rate: this represents a signif-

icant achievement, improving both production and quality control processes. Applying four

separate manufacturing protocols to PRP derived from a defined group of donors, we pro-

duced 4 kinds of medium additives as experimental model to perform a matched comparison

regarding: a) their impact on in vitro cell growth; b) concentrations of selected growth factors,

c) composition of 1H-NMR and MALDI-TOF MS spectra. We confirmed [10] that medium

additives obtained from human platelet concentrates by distinct manufacturing protocols can

differently affect cell proliferation rate. In particular, results obtained by the luminescence

based cell proliferation assay demonstrated that medium additives A (recalcified PRP) and B

(recalcified PPP) induced a faster ASC growth rate, when compared to additives obtained by

freeze and thaw approach. Considering the manufacturing process, medium additive A is

extremely close to the product we previously named SRGF [2,9]. SRGF used in this work was

Fig 4. Bucketing analysis of CPMG spectra by PCA. PC3 vs PC4 signals as well as PC6 vs PC7 signals, respectively corresponding to lactate and to alanine are

evidenced in the circles.

https://doi.org/10.1371/journal.pone.0203048.g004
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obtained from different aliquots of human PRP. Addition of 10% FBS to the cell culture

medium was considered as a control condition: as expected considering previously published

results [4,10], ASC expanded in presence of additives A and B were characterized by a higher

proliferation rate when compared to 10% FBS. Elongated spindle shaped cells were previously

demonstrated to be characterized by higher proliferation rate when compared to flat and

round shaped cells [5,6]. Evaluating the ratio between cell axes we substantially confirmed that

additives obtained through PRP recalcification induce higher ASC proliferation rate when

Fig 5. Relative quantification of alanine and lactate metabolites. (A) Bucket intensity of alanine signals (1.49 ppm). (B)shows bucket intensity of

lactate signals (1.34 ppm).

https://doi.org/10.1371/journal.pone.0203048.g005
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compared to freeze and thaw derived ancillary products. In addition, we also confirmed that

ASC expanded in presence of the platelet depleted medium additive B (recalcified PPP) were

characterized by a lower growth rate when compared to medium additive A (recalcified PRP).

Considering cell morphology, also ASC cultured in presence of medium additive A and B

showed increased proliferation rate when compared to 10% FBS [4,10]. In synthesis, at least

three out of the four investigated medium additives played a differential role on ASC prolifera-

tion rate in culture. Differences in the capability to stimulate cell proliferation between

medium additive A and B were reasonably not detected by the luminescence based approach

due to technical limitations of the assay. Other publications, in fact, demonstrated that growth

Fig 6. Sample analysis by MALDI-TOF MS. (A) Merged MALDI-TOF MS spectra obtained in all medium additive samples. (B) Visual separation of samples of the

four medium additives A (recalcified PRP), B (recalcified PPP), C (freeze and thaw, plasma depleted platelets) and D (freeze and thaw, PRP) obtained by plotting areas

of the two peaks with the highest contribution in the model created by Support Vector Machine algorithm. X-axis: 10,536 m/z peak area; y-axis: 4,961 m/z peak area.

https://doi.org/10.1371/journal.pone.0203048.g006

1H-NMR and MALDI-TOF MS as quality controls of GMP compliant medium additives for cell culture

PLOS ONE | https://doi.org/10.1371/journal.pone.0203048 September 6, 2018 13 / 20

https://doi.org/10.1371/journal.pone.0203048.g006
https://doi.org/10.1371/journal.pone.0203048


factors extracted from PPP induced slower cell proliferation, when compared to platelet

enriched mixtures [24]. Finally, considering medium additives obtained by freeze and thaw,

we can suggest that, possibly due to the presence of residual plasma, solution C (freeze and

thaw, plasma depleted platelets) could stimulate ASC proliferation to a similar extent when

compared to additive D (freeze and thaw, PRP). Solution C, in fact was manufactured by a sin-

gle platelet centrifugation step, followed by resuspension in PBS before platelet lysis by freeze

and thaw procedure. This approach could leave a not-negligible quantity of plasma in the

product. To reach the aims of this study we decided to manufacture separate medium additives

sharing several biochemical features: thus, complete plasma removal, potentially leading to

undesired platelet activation, was beyond our scopes. We acknowledge that, in principle, for-

mulation of the different cell culture media should be normalized taking into account total

protein amounts contained in each additive solution: nevertheless, considering the common

and widespread approach applied in cell culture protocols, in this paper amounts of medium

additives were defined and expressed as volume-to-volume fractions. In particular, we previ-

ously demonstrated that ASC and mesenchymal stem cells from other origin can be safely

expanded with optimized growth rate in presence of 5% vol/vol SRGF [3,4].

After assessing the different cell proliferation promoting potential of our selected additives,

we attempted to identify a reliable quality control test to unravel biochemical differences

between such solutions. Growth factor concentration analysis is frequently used to character-

ize composition of platelet derived products with possible application as medium additives for

cell expansion [2,12–15]. In this paper, we failed to identify representative concentrations of

one or more specific growth factors as univocally characterizing each tested medium additive.

Even performing PCA on concentration values of all growth factors measured in each single

sample, we could not identify clearly separated clusters corresponding to the different medium

additives. Despite minimal overlapping, only the group of samples of medium additive A

(recalcified PRP) was spatially separated from the others in the graph: a reliable quality control

test should be able to classify also the other ancillary products with lower performance in vitro.

Otherwise, the comprehensive evaluation of the selected growth factor concentrations allowed

only partial identification of medium additives differently regulating cell growth in culture:

considering involved costs and technical burden we considered such result as not satisfactory.

We acknowledge that measurements were performed on a reduced subset of samples: never-

theless, obtained data were in agreement with our previous publication [2] and we confirmed

that concentration assessment of eight growth factors was not sufficient to classify differently

obtained medium additives. In this work we chose singleplex ELISA kits to evaluate concentra-

tions of growth factors as such analytic approach is normally applied for in vitro diagnostic

purposes. Analytical properties of multiplex immunoassays are growing, but such high

throughput and time convenient approach can be plagued by problems of cross reactivity of

capture and detection antibodies [25]. For such reasons, both planar and suspension multiplex

immunoassays are nowadays rarely used for diagnostic purposes. In this paper, we chose an

analytic approach in compliance with diagnostic purposes because we aimed to identify inno-

vative quality control tests to be applied in GMP regulated manufacturing processes. Analytic

quantification of growth factor concentrations in commercially available FBS was not

performed.

Therefore, we assayed the capability of 1H-NMR and MALDI-TOF MS techniques to

unravel differences between selected medium additives we used to expand ASC. Such metabo-

lomic approaches, in fact, allow a wide characterization of biological sample composition in a

single, rapid and cost effective session of analysis. Metabolomic analysis of the commercially

available FBS was not performed. In a previous publication [21], using a similar metabolomic

approach, authors characterized biochemical alterations occurring during storage of human
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platelet apheresis products for transfusion. The analytical procedure allowed identification of

distinct phases of platelet metabolic activation over time [21]. Applying appropriate statistical

tools to the analysis of selected peaks obtained by 1H-NMR we could demonstrate that medium

additives B (recalcified PPP), C (freeze and thaw, plasma depleted platelets) and D (freeze and

thaw, PRP) can be distinguished between each other with good resolution. Nevertheless, sam-

ples of solution A (recalcified PRP) were not well separated from the others. This suggests that
1H-NMR can be a promising tool to estimate overall quality of platelet derived ancillary prod-

ucts in culture, but further efforts are required to improve the resolution capacity of such tech-

nique. We underline that, considering the production protocol, medium additive A is de facto
what we previously named SRGF [2,9]. We demonstrated that such GMP compliant ancillary

product can strongly stimulate growth rate of ASC in culture without affecting differentiation

potential of such cells and avoiding transformation of cells after long term expansion [4]. As

abovementioned, an appropriate quality control test should be able to better classify ancillary

products characterized by different performances. Alanine relative quantification performed by
1H-NMR confirmed that such amino acid is contained in plasma and we can suggest that it is

further and strongly released only after complete disruption of platelet membranes by freeze

and thaw protocol. Lactate is known to be released by platelets: nevertheless, we suggest that the

amount of released lactate is low, when compared to the relative availability of such metabolite

in the plasma fraction contained in the apheresis product upon manipulation.

Beside 1H-NMR, we tested the analytic potential of MALDI-TOF MS. Adopting such

approach all samples of each medium additive were reliably grouped in four well separated

clusters: the resolution capacity was shown to be 100%. Thus, MALDI-TOF MS could identify,

in a single analytical session, differences between medium additives characterized by strong

and intermediate capacity to promote cell growth from other products with lower perfor-

mance. When analyzing MALDI-TOF MS, spectra components significantly contributing to

separation of medium additives were taken into account, but their specific characterization

was not performed. Results of MALDI-TOF MS spectra analysis can represent a classification

model to define the overall biological quality of a medium additive. In future applications,

MALDI-TOF MS (and eventually also 1H-NMR) spectra analysis performed on a novel addi-

tive batch could allow its assignation to the category of products appropriately promoting pro-

liferation (as A and B) or to the poorly performing ones (as C-D).

Beside peptidic growth factors, activated platelets can release other bioactive soluble media-

tors [26]. In particular, adenosine diphosphate [27] and thromboxane A2 [28] were shown to

promote mesenchymal stem cell growth in vitro. Similarly, serotonin was shown to promote

proliferation of endothelial and smooth muscle cells in culture [29,30]. While an elevate nitric

oxide concentration was shown to reduce growth rate of primary cells [31,32], low nitric oxide

doses promoted embryonic stem cell survival through apoptosis inhibition [33,34]. On the

contrary, reactive oxygen species reduced cell viability and expansion rate due to induced cell

membrane damage [35,36]. Finally, appropriate lipoprotein availability in the cell culture

medium was shown to stimulate proliferation of human adult endothelial and smooth muscle

cells [37]. As previously reviewed [38], MALDI-TOF MS was used to evaluate and characterize

composition of the platelet peptidic secretome after activation of granule release [39]. Other-

wise, 1H-NMR can better discriminate smaller metabolites released by platelets [40]. Nuclear

magnetic resonance approaches allowed safe detection of serotonin and adenosine diphos-

phate released from platelet granules [41,42]. The same approach was shown to be suitable for

the quantification of eicosanoids [43,44]. Moreover, electron paramagnetic resonance spec-

troscopy was demonstrated to permit the quantification of reactive oxygen species and of nitric

oxide [45]. Finally, concentrations of different lipoprotein classes in human plasma could be

assessed by 1H-NMR, coupled with an appropriate algorithm for data quantification [46,47].
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Abovementioned evidences confirm that both 1H-NMR and MALDI-TOF MS can be useful

techniques to classify and indirectly evaluate the capacity of a medium additive batch to stimu-

late ASC proliferation.

In summary, we here demonstrated that different experimental medium additives obtained

from human platelets can diversely modulate ASC growth in culture. In parallel we showed

that, evaluating a wide array or biological components, 1H-NMR and especially MALDI-TOF

MS techniques can classify our medium additives in relation with their capacity to stimulate

ASC growth in vitro. The identification of a quality control test predicting in a single assay the

biological performance of a medium additive in culture can be considered as an important

technical and procedural achievement. Considering GMP guidelines, we are aware that to fully

standardize such quality control test, extensive technical, biological and statistical validation of

the whole approach will be required.

Conclusions

Considering the relatively low technical complexity and the high resolution potential of pres-

ently tested metabolomic approaches we suggest MALDI-TOF MS and, despite limitations,
1H-NMR as reliable and cost effective approaches to rapidly estimate the capacity of different

medium additives to promote cell growth. The possibility to easily and rapidly select batches of

appropriate medium additives with certified biological activity will markedly simplify the work-

flow to obtain ACT products with consistent production yields, as required by GMP guidelines.

Supporting information

S1 File. Raw luminescence data of ASC proliferation test. In this file we reported raw lumi-

nescence values collected to estimate ASC growth rate in presence of the different tested

medium additives. As additional control, ASC growth rate was estimated also in presence of

standard fetal bovine serum. Data analysis was reported beside raw values.

(XLSX)

S2 File. Raw ASC major-to-minor-axis ratio data. In this file we reported major-to-minor-

axis ratio that were collected to estimate ASC growth rate in presence of the different tested

medium additives. Data analysis was reported beside raw values.

(XLSX)

S3 File. Raw growth factor concentrations in the different medium additives. In this file we

reported raw growth factor concentrations measured in analyzed samples of the different

medium additives. Data analysis was reported beside raw values.

(XLSX)

S1 Dataset. Raw 1H-NMR data. In this dataset we reported raw data related to 5 samples ana-

lyzed by 1H-NMR.

(ZIP)

S2 Dataset. Raw MALDI-TOF MS data. In this dataset we reported raw data related to 5 sam-

ples analyzed by MALDI-TOF MS.

(ZIP)
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31. Heller R, Polack T, Gräbner R, Till U. Nitric oxide inhibits proliferation of human endothelial cells via a

mechanism independent of cGMP. Atherosclerosis. 1999; 144: 49–57. PMID: 10381277

32. Kibbe MR, Li J, Nie S, Watkins SC, Lizonova A, Kovesdi I, et al. Inducible nitric oxide synthase (iNOS)

expression upregulates p21 and inhibits vascular smooth muscle cell proliferation through p42/44 mito-

gen-activated protein kinase activation and independent of p53 and cyclic guanosine monophosphate.

J Vasc Surg. 2000; 31: 1214–1228. PMID: 10842159

33. Tejedo JR, Tapia-Limonchi R, Mora-Castilla S, Cahuana GM, Hmadcha A, Martin F, et al. Low concen-

trations of nitric oxide delay the differentiation of embryonic stem cells and promote their survival. Cell

Death Dis. 2010; 1: e80. https://doi.org/10.1038/cddis.2010.57 PMID: 21368853

34. Wong JC, Fiscus RR. Essential roles of the nitric oxide (no)/cGMP/protein kinase G type-Iα (PKG-Iα)

signaling pathway and the atrial natriuretic peptide (ANP)/cGMP/PKG-Iα autocrine loop in promoting

proliferation and cell survival of OP9 bone marrow stromal cells. J Cell Biochem. 2011; 112: 829–839.

https://doi.org/10.1002/jcb.22981 PMID: 21328456

35. Li X, Xiao Y, Cui Y, Tan T, Narasimhulu CA, Hao H, et al. Cell membrane damage is involved in the

impaired survival of bone marrow stem cells by oxidized low-density lipoprotein. J Cell Mol Med. 2014;

18: 2445–2453. https://doi.org/10.1111/jcmm.12424 PMID: 25256620

36. Zhang F, Ren T, Wu J. TGF-β1 induces apoptosis of bone marrow-derived mesenchymal stem cells via

regulation of mitochondrial reactive oxygen species production. Exp Ther Med. 2015; 10: 1224–1228.

https://doi.org/10.3892/etm.2015.2590 PMID: 26622469

37. Chen JK, Hoshi H, McClure DB, McKeehan WL. Role of lipoproteins in growth of human adult arterial

endothelial and smooth muscle cells in low lipoprotein-deficient serum. J Cell Physiol. 1986; 129: 207–

214. https://doi.org/10.1002/jcp.1041290212 PMID: 3533960

38. Senzel L, Gnatenko DV, Bahou WF. The Platelet Proteome. Curr Opin Hematol. 2009; 16: 329–333.

https://doi.org/10.1097/MOH.0b013e32832e9dc6 PMID: 19550320

39. Coppinger JA, O’Connor R, Wynne K, Flanagan M, Sullivan M, Maguire PB, et al. Moderation of the

platelet releasate response by aspirin. Blood. 2007; 109: 4786–4792. https://doi.org/10.1182/blood-

2006-07-038539 PMID: 17303692

40. Tassini M, Vivi A, Gaggelli E, Valensin G, Laghi Pasini F, Puccetti L, et al. Effects of fluoxetine treatment

on carbohydrate metabolism in human blood platelets: a 1H-NMR study. Arch Biochem Biophys. 2002;

404: 163–165. PMID: 12127081

41. Costa JL, Dobson CM, Kirk KL, Poulsen FM, Valeri CR, Vecchione JJ. Studies of human platelets by

19F and 31P NMR. FEBS Lett. 1979; 99: 141–146. PMID: 437120

42. Ugurbil K, Holmsen H, Shulman RG. Adenine nucleotide storage and secretion in platelets as studied

by 31P nuclear magnetic resonance. Proc Natl Acad Sci U S A. 1979; 76: 2227–2231. PMID: 221919

43. Steffan B, Fischer W, Cordes G, Habon I, Müller R. 1H-nuclear magnetic resonance (NMR) studies on

the inclusion complex of prostaglandin E1 (PGE1) with alpha-cyclodextrin. Pharm Res. 1992; 9: 575–

577. PMID: 1495905

44. Andersen NH, Hartzell CJ. High-field 1H NMR studies of prostaglandin H2 and its decomposition path-

ways. Biochem Biophys Res Commun. 1984; 120: 512–519. PMID: 6587849

1H-NMR and MALDI-TOF MS as quality controls of GMP compliant medium additives for cell culture

PLOS ONE | https://doi.org/10.1371/journal.pone.0203048 September 6, 2018 19 / 20

https://doi.org/10.3109/14653249.2011.583232
https://doi.org/10.3109/14653249.2011.583232
http://www.ncbi.nlm.nih.gov/pubmed/21623669
https://doi.org/10.1002/prca.201400130
http://www.ncbi.nlm.nih.gov/pubmed/25644123
https://doi.org/10.1080/09537100120068170
http://www.ncbi.nlm.nih.gov/pubmed/11487378
https://doi.org/10.1172/JCI13361
http://www.ncbi.nlm.nih.gov/pubmed/11413156
https://doi.org/10.3858/emm.2009.41.1.003
http://www.ncbi.nlm.nih.gov/pubmed/19287196
https://doi.org/10.1016/j.carpath.2013.03.003
https://doi.org/10.1016/j.carpath.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23601559
http://www.ncbi.nlm.nih.gov/pubmed/9626988
http://www.ncbi.nlm.nih.gov/pubmed/10381277
http://www.ncbi.nlm.nih.gov/pubmed/10842159
https://doi.org/10.1038/cddis.2010.57
http://www.ncbi.nlm.nih.gov/pubmed/21368853
https://doi.org/10.1002/jcb.22981
http://www.ncbi.nlm.nih.gov/pubmed/21328456
https://doi.org/10.1111/jcmm.12424
http://www.ncbi.nlm.nih.gov/pubmed/25256620
https://doi.org/10.3892/etm.2015.2590
http://www.ncbi.nlm.nih.gov/pubmed/26622469
https://doi.org/10.1002/jcp.1041290212
http://www.ncbi.nlm.nih.gov/pubmed/3533960
https://doi.org/10.1097/MOH.0b013e32832e9dc6
http://www.ncbi.nlm.nih.gov/pubmed/19550320
https://doi.org/10.1182/blood-2006-07-038539
https://doi.org/10.1182/blood-2006-07-038539
http://www.ncbi.nlm.nih.gov/pubmed/17303692
http://www.ncbi.nlm.nih.gov/pubmed/12127081
http://www.ncbi.nlm.nih.gov/pubmed/437120
http://www.ncbi.nlm.nih.gov/pubmed/221919
http://www.ncbi.nlm.nih.gov/pubmed/1495905
http://www.ncbi.nlm.nih.gov/pubmed/6587849
https://doi.org/10.1371/journal.pone.0203048


45. Suzen S, Gurer-Orhan H, Saso L. Detection of Reactive Oxygen and Nitrogen Species by Electron

Paramagnetic Resonance (EPR) Technique. Mol Basel Switz. 2017; 22. https://doi.org/10.3390/

molecules22010181 PMID: 28117726

46. Ala-Korpela M, Hiltunen Y, Bell JD. Quantification of biomedical NMR data using artificial neural network

analysis: lipoprotein lipid profiles from 1H NMR data of human plasma. NMR Biomed. 1995; 8: 235–

244. PMID: 8732179

47. Petersen M, Dyrby M, Toubro S, Engelsen SB, Nørgaard L, Pedersen HT, et al. Quantification of lipo-

protein subclasses by proton nuclear magnetic resonance-based partial least-squares regression mod-

els. Clin Chem. 2005; 51: 1457–1461. https://doi.org/10.1373/clinchem.2004.046748 PMID: 15961551

1H-NMR and MALDI-TOF MS as quality controls of GMP compliant medium additives for cell culture

PLOS ONE | https://doi.org/10.1371/journal.pone.0203048 September 6, 2018 20 / 20

https://doi.org/10.3390/molecules22010181
https://doi.org/10.3390/molecules22010181
http://www.ncbi.nlm.nih.gov/pubmed/28117726
http://www.ncbi.nlm.nih.gov/pubmed/8732179
https://doi.org/10.1373/clinchem.2004.046748
http://www.ncbi.nlm.nih.gov/pubmed/15961551
https://doi.org/10.1371/journal.pone.0203048

