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Abstract 
In the last decade, the therapeutic effects of mesenchymal stem cells (MSCs) have been attributed to a paracrine activity exerted by extracellular 

vesicles secreted through MSCs, namely exosomes. Their properties as intercellular communication vehicles have led to an increase interest in 

their use for cell-free therapeutic applications. The present work aimed to evaluate how different culture conditions, as culture medium (Stem 

Pro XenoFree vs DMEM), conditioning time (1, 2 and 3 days) and MSC donors (six donors), affect the chemical characteristics of exosomes. For 

that, purified exosomes were characterized by Fourier-transform infrared (FTIR) spectroscopy, a highly sensitive, fast and high throughput tech-

nique. Since FTIR spectra from purified exosomes showed that the purification kit interfered with the spectral signal, the characterization of exo-

somes was firstly optimized in terms of its dilution factor to minimize the interference from the kit. Qualitative characterization showed that 

exosomes produced in different media presented different molecular fingerprints, and that exosomes produced in DMEM presented a more 

reproducible chemical composition. Chemical characteristics of exosomes showed to depend more on the MSCs donors than conditioning time. 

Identified spectral regions, characteristic of certain chemical bonds, enabled the discrimination of the chemical composition of exosomes produced 

in different media and by different donors. A relatively higher production of exosomes was achieved in DMEM. As a supplementary work, condi-

tioned media were also characterized by FTIR spectroscopy. Conditioned media from different MSCs donors presented different metabolic profiles, 

being noted, however, that DMEM conditioned media presented higher variability in their chemical composition than XF media. This work is a step 

forward into understanding how different culture conditions affect MSC exosomes and their characteristics. 
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Introduction 

In the last decade, human mesenchymal stem/stromal cells have been 

widely used in clinical trials due to their capacities of homing to injured 

sites and promoting tissue repair by creating a regenerative microenvi-

ronment, associated with their multilineage differentiation potential. 

Recently, these therapeutic effects of MSCs have been attributed to a 

paracrine activity1 exerted by extracellular vesicles secreted by MSCs, 

more specifically exosomes enriched in proteins and nucleic acids. The 

properties of MSC exosomes as intercellular communication vehicles 

capable of transporting cellular material from secreting to recipient 

cells and modulating cellular processes2 have led to an increase interest 

in their use for cell-free therapeutic applications. This paracrine hy-

pothesis mediated by MSC exosomes has been changing the therapeu-

tic applications of MSCs in regenerative medicine. The replacement of 

MSC transplantation for the administration of exosomes has mitigated 

some of the safety concerns and limitations associated with cell trans-

plantation1.   

Exosomes are spherical bi-lipid membrane extracellular vesicles 

formed by the invagination of the endosomal membrane to form mul-

tivesicular bodies that are then fused with the plasma membrane, and 

released for the outside of the cells3,4. They are secreted by many cell 

types and can be found in many body fluids, such as urine and plasma1. 

Exosomes have gained a great interest since they are well defined in 

terms of their biophysical and biochemical properties when compared 

with other secreted vesicles, as microvesicles and apoptotic bodies. 

Typically, they have a dimeter of 40 to 100 nm with a density of 1.13 to 

1.19 mg/L in a sucrose gradient solution and can be sedimented by cen-

trifugation at 100,000 g. Exosomes are mainly constituted by proteins, 

lipids and RNAs, as mRNAs, microRNAs and other non-coding RNAs. The 

exosomal proteins and RNAs seem to be implicated in many biochemi-

cal and cellular processes, such a communication, inflammation, exo-

some biogenesis, tissue repair, regeneration and metabolism5. Their 

membranes are enriched in raft-associated lipids, as cholesterol, 

ceramide, sphingomyelin, phosphoglycerides, and long and saturated 

fatty-acid chains1,6. Because of their endosomal origin, exosomes ex-

press certain surface markers, as ALIX and TSG101, which are involved 

in multivesicular body biogenesis, and CD9, CD63 and CD81, that are 

tetraspanins1,2,6 MSC exosomes can be identified not only by the com-

mon surface markers present in exosomes, but also by surface markers 

expressed by MSCs, such as CD29, CD44 and CD73. 

Exosomes’ isolation can be performed by different methods, being the 

most common ultracentrifugation (UC). In this method, cells and larger 

particles are removed by a sequentially increasing of the centrifugal 

forces, being that exosomes precipitate at approximately 100,000 g7,8. 

This method provides suspensions highly enriched in exosomes, alt-

hough requires specific equipment capable of reaching these forces. 

Another method for exosomes’ isolation include ultrafiltration9, high 

performance liquid chromatography10 and immunoaffinity-capture 

methods11, which can be combined with ultracentrifugation to obtain 

a higher enriched suspension of purified exosomes. Recently, compa-

nies started to develop exosome isolation kits, a new way of isolating 

exosomes in addition to the traditional methods. These precipitation 

solutions are ‘easy-to-use’, are time-saving and do not require expen-

sive and specific equipment. 

Storage conditions are a very important aspect to consider when work-

ing with exosome. Their sizes decrease by approximately 60% when 

stored at 37ºC for 2 days. At 4ºC, exosomes size maintains unaltered in 

the first two days and then starts to decrease12. When stored at -20ºC, 

their size remains unaltered for a long time, and multiple cycles of 

deep-freezing and thawing seems to not affect the size of exosomes. 

Consequently, temperatures of -20ºC or less are suitable for the stor-

age of exosomes. 

The identification and characterization of exosomes can be performed 

by several methods. Scanning electron microscopy (SEM) and transmis-

sion electron microscopy (TEM), two types of electron microscopy that 

uses a beam of accelerated electrons to produce images of a sample, 

have been used to characterize of exosomes since its reduced 
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dimensions do not allow the use of optical methods. These methods 

have been successfully used in obtaining information regarding the size 

distribution of exosomes as well as their morphology13,14. Nanoparticle 

tracking analysis (NTA), a technique used for detecting particle size dis-

tributions of samples in liquid suspensions, has also been used to de-

termine exosomes size12,15. Flow cytometry is a powerful method for 

high-throughput analysis and has been used to assay membrane pro-

teins on exosomes13. Moreover, through its optimization in order to 

detect such small particles as exosomes, flow cytometry has been also 

used to directly quantify and characterize exosomes16. Western blot 

analysis is used to assess if exosome samples contain proteins com-

monly associated with exosomes, as surface markers CD9, CD63 and 

CD8113. 

In this work, Fourier-Transform Infrared (FTIR) spectroscopy was used 

as an alternative method for the characterization of exosomes. When 

a sample is irradiated with infrared radiation, its molecules absorb en-

ergy at the frequencies corresponding to its own vibration frequencies 

and vibrate, allowing the visualization of a final spectrum17. The combi-

nation of vibrations, produce an IR spectrum characteristic for each 

molecule18,19. FTIR spectroscopy presents great advantages, as simplic-

ity, high sensitivity, fast acquisition of data and lower noise18. 

Materials and Methods 

Cell Culture and Isolation of Exosomes 

MSCs Samples. For this work, six donors of bone marrow mesenchymal 

stem/stromal cells (BM-MSCs), from 4 to 6 passages, were used: 5 male 

donors, M67A07, M48A08, M50A08, M79A15, M73A17, and one fe-

male donor, F81A08. The first pair of numbers indicates birth year from 

the donor and the second pair of numbers represents the year these 

samples were isolated. Samples were stored in cryogenic vials in liquid 

nitrogen. 

Thawing of MSCs. MSCs stored in a cryogenic vial (approximately 1 mL) 

were retrieved from the liquid nitrogen tank and quickly thawed in a 

37ºC water bath. When almost all the cell suspension reached a liquid 

state, the contents of the cryogenic vial were diluted in 4 mL Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 20% common fe-

tal bovine. Cells were then centrifuged at 1250 rpm for 7 minutes, the 

supernatant was discarded, and the pellet was resuspended in culture 

medium. 

MSCs Culture. BM-MSCs were expanded in two different media: DMEM 

supplemented with 10% fetal bovine serum - MSC qualified (FBS) (fur-

ther designated as DMEM/10% FBS) and Stem Pro® MSC SFM XenoFree 

medium supplemented with 1% (v/v) of GlutaMAX™-I CTS™ and 1% 

(v/v) of penicillin-streptomycin (further designated as XF). Donor 

M79A15 was only expanded in DMEM/10%FBS.  Donor M48A08 was 

only expanded in XF. MSCs stored in cryogenic vials were thawed and 

plated in Falcon tissue culture flasks of 25 cm2 (T-25) and 75 cm2 (T-75) 

in DMEM/10% FBS or CellBind® Surface cell culture flasks in XF at a cell 

density of 3 × 103 cells/cm2. It was used a volume of culture medium 

of 5 mL and 10 mL for T-25 and T-75, respectively. Cells were then in-

cubated at 37ºC and 5% CO2 in a humidified atmosphere (SANYO, CO2 

incubator). The culture medium was exchanged every 3 days. Once 

MSCs reached 70-80% confluence, they were passaged. The exhausted 

medium was removed and a volume of 3-4mL (T-25) and 5-6 mL (T-75) 

of phosphate-buffered saline (PBS) solution was added to wash the cell 

layer.  After PBS removal, it was added 3 and 5 mL of a dissociative 

agent for T-25 and T-75, respectively. For cells cultured with XF it was 

used TrypLE™ Select Enzyme (10x). For cell cultured in DMEM/10%FBS 

it was used trypsin 0.05%. Flasks were then incubated at 37ºC for 7 

minutes.  After incubation, the culture flasks were observed under a 

microscope to make sure the process of dissociation led to a complete 

cell detachment. Cell suspension was then diluted with culture me-

dium, transferred to a Falcon tube and centrifuged at 1250 rpm for 7 

minutes. If TrypLE™ was used as a dissociative agent, it was added an 

equal volume of DMEM with 5% human platelet lysate (hPL). If trypsin 

was used as a dissociative agent, it was added twice the volume of 

DMEM supplemented with 10% common FBS. After centrifugation, the 

supernatant was discarded, and the pellet was resuspended in 10 mL 

of culture medium (XF or DMEM/10%FBS). Cell number and viability 

were determined using the trypan blue exclusion method. 10 µL of cell 

suspension was mixed with 10 µL of 0.4% trypan blue stain, and 10 µL 

of the previous mixture was placed inside the hemocytometer’s count-

ing chamber. Viable (unstained cells) and dead (blue-strained cells) 

cells were identified and counted under an optical microscope. After 

counting, MSCs were replated at a cell density of 3 × 103 cells/cm2. 

Production of MSC-derived Exosomes. For MSC-derived exosome pro-

duction, cells were plated in 6 well plates, with an area of 10 cm2 per 

well, at a cell density of 3 × 103 cells/cm2 and 3 mL of culture medium 

per well. Nine wells per medium per donor were plated corresponding 

to three replicas from three time points. The culture medium was ex-

changed every 3 days. When cells reached approximately 100% conflu-

ence, the exhausted medium was removed and 2 mL of XF (for cells 

grown with XF) or DMEM (for cells grown with DMEM/10%FBS) was 

added to each well to be conditioned.  After 24, 48 and 72 hours, the 

conditioned medium from the three replicas were transferred to Falcon 

tubes, centrifuged at 1500 rpm for 10 minutes to remove cells debris 

and supernatant was frozen at -80ºC. These three time points will be 

further designated through the rest of the work as day 1, day 2 and day 

3. 

Isolation of MSC-derived Exosomes. MSC-derived exosomes were iso-

lated from conditioned cell media with Total Exosome Isolation Rea-

gent Kit (from cell culture media) from Life Technologies®. To obtain 

purified MSC-derived exosomes, frozen conditioned cell media samples 

were retrieved from -80ºC, thawed at room temperature and 500 µL of 

conditioned medium was mixed with 250 µL of purification kit. The mix-

ture was vortexed, to ensure a homogenous solution and incubated at 

4ºC overnight. After incubation, samples were centrifuged at 10,000g 

for 1 hour at 4ºC. Following the centrifugation, the supernatant was 

discarded and to minimize the amount of culture media and purifica-

tion kit retained at the bottom of the Eppendorf tube with the exo-

somes, an intermediate washing step was performed by adding 50 µL 

of PBS. Finally, the pellet was resuspended in 50 µL of PBS 0.01M and 

the exosomes were immediately analyzed by FTIR spectroscopy. The 

exosomes that were not analyzed by FTIR spectroscopy were kept at 

4ºC. 

FTIR Spectroscopy Analysis 

Spectral Acquisition. After the pellet resuspension in 50 µL of PBS, the 

following serial dilutions were made in PBS: 1:1, 1:2, 1:4, 1:8, 1:16 and 

1:32. These dilutions were performed for all analyzed purified exo-

somes samples. Conditioned media was also analyzed without per-

forming any dilution. 25 µL from each of the previous dilutions was 

transferred to a 96-wells Si micro-plate, specific for the FTIR high-

throughput measurements. For all analysis, the first well from the plate 

was left without any sample since its absorbance was used as a blank. 

Samples in the Si plate were dehydrated for 2 hours and 30 minutes at 

a desiccator under vacuum. If samples were not well dehydrated after 

this time, they were left for an additional 30 minutes, to ensure a com-

plete dehydration.  Spectral data was acquired using VERTEX 70 spec-

trometer (Bruker, Germany) equipped with an HTS-XT module (Bruker, 

Germany). The spectrometer is also connected to a computer and data 

acquisition is performed by OPUS software (Bruker). Spectra were col-

lected at 64 scans in transmission mode, with a 2 cm-1 resolution, and 

in a wavenumber region between 400 and 4000 cm-1.  
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Spectral Data Analysis. OPUS software was used to transfer spectral 

data. Pre-processing of collected data, as baseline correction, stand-

ard normal variate (SNV) normalization and first and second deriva-

tives, was performed using The Unscrambler® X from CAMO software, 

as well as the principal component analysis models developed. 

Statistical Evaluation. To evaluate possible differences in the selected 

absorbance spectral ratios between the groups of experiments, in 

mean terms, appropriate hypothesis tests (parametric or nonparamet-

ric20) were performed at the significance level of 5%. The differences in 

the absorbance ratios between groups of experiments were considered 

statistically significant for a p-value lower than this significance level. 

Parametric tests were used whenever their assumptions were met 

since they are more powerful than the nonparametric ones. To com-

pare two independent groups with sample sizes sufficiently large, z 

tests were applied. To compare more than two independent groups, in 

mean terms, the parametric ANOVA test was used. Whenever ANOVA 

assumptions were not satisfied, the less powerful nonparametric Krus-

kal-Wallis test was applied. In order to evaluate whether the sample 

groups come from populations with normal distributions, the Kolmo-

gorov-Smirnov with Lilliefors correction test was used, and to evaluate 

the equality of all the variances of the populations underlying the sam-

ples considered, the Levene’s test was performed. In both tests, 

ANOVA and Kruskal-Wallis, if the null hypothesis was rejected, i.e., if, in 

mean terms, at least one of the mean locations of the several popula-

tions underlying the sample groups differs from the others, then appro-

priate multiple comparison tests were applied to identify which ones 

differed from each other. In the parametric case, Tuckey’s or Scheffé’s 

Post Hoc tests were applied according to whether the sample sizes are 

equal or not. In the nonparametric case, the multiple comparison tests 

associated with the Kruskal-Wallis test were performed. All these sta-

tistical hypotheses tests were performed using the free software R (ver-

sion 3.4.2). Statistical analysis was performed by Dr. Sandra Aleixo from 

ISEL- Instituto Superior de Engenharia de Lisboa. 

Results and Discussion 

Optimization of FTIR Spectroscopy-based Method for Exosomes Charac-

terization 

Interference of the Purification Kit Reagent in the Exosomes Spectra. To 

evaluate the FTIR spectroscopy technique to characterize purified exo-

somes, FTIR spectra were acquired for purified exosomes diluted in 

Phosphate Buffered Saline (PBS) for dilution factors (DFs) of  1, 2, 4, 8, 

16 and 32. As an example,  Figure 1 presents FTIR spectra obtained for 

replica 2 of day 2 from donor M79A15 cultured in DMEM/10%FBS for 

dilution factors 1, 2, 4 and 8.  

Since to the best of our knowledge, there is no publications regarding 

FTIR spectra from MSC-derived exosomes, four spectra controls were 

carried out: distilled water and the three culture media used in this 

work: XF, DMEM/10%FBS and DMEM, all submitted to the same purifi-

cation protocol described for exosomes before FTIR spectra acquisition 

(Figure 2). FTIR spectra for these three culture media not submitted to 

any purification protocol were also acquired (Figure 3). 

This hypothesis is corroborated by Lee et al21 observations. This group 

isolated exosomes from human ovarian cancer cell lines with the same 

purification kit used in this work as well as ultracentrifugation (UC), and 

characterized them by Surface Enhanced Raman Spectroscopy (SERS). 

They observed different spectral patterns from exosomes purified with 

each isolation technique concluding that the kit reagent had a strong 

affinity to the surface of exosomes forming a polymeric layer around 

them. This observation contradicted the supposed function of these re-

agents, since they should precipitate exosomes instead of adhering to 

them21. Raman spectroscopy is a relevant spectroscopy technique also  

 

used to obtain a molecular fingerprint of a sample, being complemen-

tary to IR spectroscopy. It relies on an inelastic scattering phenomenon 

that, unlike IR spectroscopy (which depends on a change in the dipole 

moment), depends on a change in the polarizability of a molecule dur-

ing vibration. Raman spectroscopy measures relative frequencies at 

which a sample scatter radiation and is a very sensitive technique to 

homonuclear molecule’ bonds, being able to distinguish between sim-

ple, double and triple bonds (as C-C, C=C and C≡C)22,23. SERS is a type of 

Raman spectroscopy that enhances Raman scattering by molecules ad-

sorbed on a metal surface or by nanostructures as plasmonic nanobowl 

platforms, able to perform a single-molecule spectroscopy21,24. 

Due to the interference of the kit with the exosomes, a FTIR spectrum 

from exosomes purified by UC was acquired (Figure 3). Comparing ex-

osomes purified with the kit and by UC, it can be observed that com-

pletely different spectra profiles are observed. Interestingly, FTIR spec-

tra from exosomes purified with the kit for dilution factors of 16 and 32 

(Figure 3) present spectral patterns very similar to the ones obtained 

for UC. Most probably, these results allow to conclude that, for higher 

dilution factors, the interaction between the kit reagent and exosomes 

are probably minimized, resulting in the desorption of the kit reagent 

from the exosomes. Moreover, the reagent from the purification kit 

also seems to interact with itself, since the three media used as con-

trols, and specially water, do not present large vesicles as exosomes in 

their composition. It is possible that the spectral signal observed comes 

from polymeric agglomerates of the kit reagent formed during the 
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Figure 2 – FTIR spectra pre-processed with baseline correction from XF medium (blue line), 
DMEM/10%FBS (orange line), DMEM (grey line) and water (red line) (A) submitted to the 
purification protocol and (B) not submitted to the purification protocol. 
 

Figure 1 – FTIR spectra from MSC-derived exosomes purified with the purification kit and 
diluted with PBS at dilution factors of 1 (blue line), 2 (orange line), 4 (grey line) and 8 
(yellow line). Spectral data was pre-processed with baseline correction. 
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centrifugation step of the purification protocol. In spite of that, and in 

practical terms, FTIR spectroscopy can be used to characterize MSC ex-

osomes purified with the purification kit if high dilution factors (be-

tween 16 and 32) are used.  

  

Definition of the Optimum Dilution Factor. To evaluate the optimum di-

lution factor for further characterization of the exosomes purified with 

the purification kit, diverse principal component analysis (PCA) were 

conducted after spectra pre-processing with different methods, as 

baseline correction, SNV normalization and first and second deriva-

tives. These pre-processing methods were applied to minimize some 

physical interferences, as light scattering and spectral variations caused 

by noise or differences regarding sample thickness. The purpose of 

evaluating different pre-processing methods is to obtain the one where 

variability between replicate samples is lower, leading to PCA scores 

plots that highlight patterns according to the chemical and biological 

characteristics of the samples. PCA scores plots for purified exosomes 

produced in DMEM for dilution factors of 8, 16 and 32 were evaluated. 

DF 16 resulted in scores plots where exosome samples from a specific 

donor were more grouped between each other and further apart from 

the samples from other donors. This was better observed when pre-

processing methods baseline correction and standard normal variate 

(SNV) normalization were used. 

For scores plots from samples for DF 8, there is a higher dispersion of 

samples, most probably still due to the interference of the reagent 

from the purification kit. For scores plots from samples for DF 32, de-

spite already presenting a lower interference from the kit reagent and 

a reduced dispersion of samples along the plots, the excessive increase 

in the dilution factor significantly decreases the signal-to-noise ratio 

when compared with DF 16, and consequently samples from a specific 

donor are more dispersed than when using DF 16. 

Evaluation of the Effect of Culture Conditions in Exosomes Chemical 

Characterization and Quantification 

Multivariate data Analysis of the Chemical Characteristics of Exosomes. 

The impact of the different culture media (DMEM and XF) in the chem-

ical characteristics of exosomes was evaluated by principal component 

analysis (PCA) of spectra of exosomes purified with the purification kit 

and for a DF in PBS of 16. Spectral data was pre-processed with differ-

ent methods, as baseline correction and SNV normalization, and first 

and second derivatives. The first derivative (Figure 4 B and C) was cho-

sen since samples with similar chemical characteristics seemed to be 

more grouped. Spectral data without any pre-processing is represented 

in Figure 4 A. 

It is observed that, even without any spectral data pre-processing, ex-

osomes produced in XF medium may present more variable chemical 

characteristics between each other than exosomes produced in 

DMEM, since samples are more dispersed through the scores plot. This 

result is highlighted in the scores plots based on first derivative spectra, 

where the exosomes produced in XF medium present a more variable 

chemical composition than exosomes produced in DMEM, since sam-

ples present a higher dispersion along the scores plots. Through the 

observation of Figure 4 C, it is possible to identify which MSC donors 

are contributing more to a higher variable chemical composition within 

XF medium. MSCs from donor M67A07 (represented in magenta) pro-

duces exosomes with a higher variability in terms of chemical compo-

sition, since all its nine samples are represented further away from each 

other than the samples from the other donors; donors M73A17 (repre-

sented in light green), M50A08 (represented in orange) and F81A08 

(represented in yellow) also produce exosomes that present variable 

chemical compositions, whereas for the latter the variability is more 

reduced than for the other MSCs donors. 

 

Through the analysis of Figure 5 A and B, it was observed, both in DMEM 

and XF, that the exosomes chemical composition depends more on the 

MSCs donor than conditioning time and biological replicas. Considering 

all donors represented in each medium, samples within the same do-

nor in DMEM are generally closer to each other than in XF medium, 

which means that they present more a homogeneous chemical com-

position. Within DMEM, MSC donors M73A17 and M50A08 seem to 

present a different molecular fingerprint relatively to the other donors 

since they are more distant from the samples from the other donors in 

the scores plots. Through the observation of Figure 5 C and D, it does 

not seem to exist any pattern that allows the characterization of exo-

somes according to conditioning time. Samples do not seem to group 

according to the day when they were collected, not even for each indi-

vidual donor. On the other hand, for some donors it is possible to group 

the different replicas (Figure 5 E and F). For example, for donor M67A07 

in DMEM medium, its three replicas 2 are grouped, represented in pink, 

are grouped in the inferior vertex from Figure 5 E. Within a donor, this 

grouping of samples from the same replica show that exosomes from 

the same replica present a lower variability and, therefore, a more sim-

ilar chemical composition than exosomes from the other replicas.  

0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

0,16

400 800 1200 1600 2000 2400 2800 3200 3600 4000

A
b

so
rb

an
ce

 [
U

C
]

A
b

so
rb

an
ce

 [
D

F1
6]

Wavenumber (cm-1)

Figure 3 – FTIR spectra pre-processed with baseline correction from MSC-derived exo-
somes purified with ultracentrifugation (blue line) and the purification kit for a dilution fac-
tor of 16 (green line). 

Figure 4 – PCA scores plots for spectral data from exosomes produced in DMEM and XF 
media (A) without pre-processing; (B) pre-processed with first derivative; (C) pre-processed 
with first derivative, where samples from each donor are represented by a different color. 
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To evaluate the spectral region that contributes the most to the dis-

crimination of the chemical characteristics of exosomes in the PCA 

scores plots, the PCA loadings vectors were considered. Loadings vec-

tors can be obtained for each principal component (PC) used in the PCA 

model developed and display the spectral regions that contributed the 

most to each PC.  

 

Since it was considered the best pre-processing method for each PCA 

developed above, Figure 6 A represent the loadings vectors for PC1 for 

spectral data pre-processed with first derivative, and Figure 6 B and C 

represent the loadings vectors for PC1 for spectral data pre-processed 

with baseline correction and SNV normalization for DMEM and XF me-

dium, respectively. It was observed that very similar spectral regions 

contributed to the separation of exosomes in PC1 for exosomes in 

DMEM and XF medium, pointing out that exosomes also present a com-

mon chemical composition independently of the culture medium used. 

The more intense peaks appear at around 3540 cm-1 and 3000 cm-1, 

which may be attributed to N-H groups from amides; 2883 cm-1, which 

is one of the characteristic peaks from lipids; 1640 cm-1, which corre-

sponds to Amide I band from proteins; 1120/1130 cm-1, which can be 

attributed to RNA ribose, 970 cm-1, which corresponds to stretching vi-

brations from PO3
2- groups from nucleic acids. Even though they are no 

represented, loadings vectors for PC2 presented almost the same 

peaks. 

Figure 6 A was obtained for data pre-processed with first derivative. As 

any derivative, this pre-processing method resolves peaks, and so, a 

higher number of peaks can be observed. Yet, the spectral regions that 

contributed the most to PC1 are the same, as expected, which indicates 

that MSC exosomes produced in both media present conserved molec-

ular composition.  

 

Univariate data Analysis of the Chemical Characteristics of Exosomes. To 

extract quantitative information directly from spectra, and without the 

use of external calibration procedures, several authors normalize spec-

tra to the Amide II band (at around 1550 cm-1), considering that this 

peak is directly proportional to cell quantity. However, since this and 

other regions from FTIR spectra are affected by cell culture conditions, 

cell differentiation and apoptosis, an alternative to spectra normaliza-

tion at a specific region is to consider ratios between different peaks. 

These dimensionless ratios not only attenuate artifacts due to cell 

quantity and baseline distortions beneath each band, but also convey 

important metabolic information25. 

After the identification of the peaks present in the loading vectors 

plots, as well as the peaks observed in FTIR spectra of purified exo-

somes, and based on absorbance ratios previously highlighted as rele-

vant in biological studies (e.g. reviewed in Rosa et al.25), the following 

absorbance ratios were chosen to be evaluated in order to see if they 

differ among exosomes from the different culture media and MSC do-

nors: A2957/A2853 and A2911/A2853, which represent the CH3/CH2 

ratios from lipids; A1662/A1075 and A1662/A1250, which represent 

the ratios between Amide I in proteins and phosphate groups in nucleic 

acids; A1662/A975 and A1662/1055, which represent the ratios be-

tween Amide I in proteins and CO and PO3
2- stretching vibrations, re-

spectively, in DNA and RNA ribose; A1662/A1444, which represents the 

Figure 6 – PCA loadings vectors for spectral data from exosomes (A) obtained in DMEM and 
XF media pre-processed with first derivative; (C) obtained in DMEM pre-processed with 
baseline correction and SNV normalization; (E) obtained in XF medium pre-processed with 

baseline correction and SNV normalization. 
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Figure 5 – PCA scores for spectral data from exosomes produced in DMEM (A, C and F) and 
XF (B, D and F) considering (A and B) MSCs donors; (C and D) conditioning time; and (E and 
F) biological replicas. Spectral data was pre-processed with baseline correction and SNV 
normalization. 
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ratio between Amide I and CH2/CH3 groups from lipids and proteins 

(bending symmetrical and asymmetrical vibrations); A1250/A1075, 

which represents the ratio between asymmetrical and symmetrical vi-

brations from phosphate groups from DNA and RNA; A1075/A975 

which represents the ratio between symmetrical vibrations from phos-

phate groups and DNA and RNA ribose; and A1075/A552 and 

A3400/A1075, which are regions based on intense peaks in the FTIR 

spectra from exosomes (at 552 and 3400 cm-1). To simplify, “A” corre-

sponds to absorbance, and consequently e.g. A2957 corresponds to the 

absorbance at 2957 cm-1. These absorbance ratios were determined on 

spectral data pre-processed with baseline correction. For each absorb-

ance ratio, the equality of the localization of the populations underlying 

the samples was evaluated, in mean terms, using appropriate hypoth-

esis tests and considering the significance level of 5%. 

For chemical discrimination between exosomes produced in DMEM 

from exosomes produced in XF medium, five ratios were found to dis-

tinguish exosomes produced in the two media: A2957/A2853, 

A2911/A2853, A1662/A1055, A1250/A1075 and A1075/A552. The first 

two identified ratios characterize the lipids associated with the exo-

somes lipid membrane. From the ratios associated with Amide I band, 

the only one that is statistically different is A1662/A1055, where the 

peak at 1055 cm-1 corresponds to the stretching of CO groups in DNA 

and RNA ribose. In addition, ratio A1250/A1075, also associated with 

nucleic acids, more precisely phosphate groups also seem to distin-

guish exosomes from both media. Therefore, a different composition 

in terms of lipids, DNA and RNA may exist between exosomes produced 

in these two different media. 

For chemical discrimination between exosomes from different MSCs 

donors in DMEM and in XF, separately, all p-values were lower than the 

considered significance level and so all evaluated absorbance ratios dis-

tinguished the exosomes from the different donors. For chemical dis-

crimination of exosomes by conditioning time and replicas in DMEM 

and XF, all p-values were higher than the considered significance level, 

and so none of the studied absorbance ratios distinguished the exo-

somes from the three days and three biological replicas.  

Relative Quantification of Purified Exosomes. In order to evaluate the 

relative quantity of exosomes produced by each donor and along con-

ditioning time, the sum of all absorbances of exosomes spectra were 

considered. For each day of each donor, the average and the corre-

sponding standard deviation of the three biological replicas was deter-

mined (Figure 7). 

Once samples used were highly diluted, it was considered that the sum 

of all absorbances is proportional to the quantity of exosomes present. 

Even though FTIR spectroscopy methods are based on absorbances ob-

tained by thin dehydrated films, and not in diluted solutions, most au-

thors have observed that the absorbance values are proportional to the 

quantity of molecules absorbing, as observed in the Beer-Lambert’s 

Law. Indeed, several authors have developed regression models, as 

partial least square regression models, to quantitatively estimate de-

fined molecules from FTIR spectra based on thin dehydrated films26,27. 

It was observed that, in general for all donors, the quantity of exosomes 

produced in XF medium is higher than in DMEM. In DMEM, exosomes 

production seems to be maximum for day 2, except for donor M73A17, 

which presents a higher production at day 1. For donor F81A08, even 

though the quantity of exosomes is apparently higher for day 3, stand-

ard deviation is very high. For donor M79A15, production is almost con-

stant over the three days. Since donor M50A08 only presented one rep-

lica for days 2 and 3, the production of exosomes for these days was 

not based on an average of the three replicas, but it was calculated us-

ing the only existing replica. In XF medium, production of exosomes 

seems to be maximum at day 1, except again for donor M73A17, which 

presents a maximum production at day 3. For donor M67A07, produc-

tion is apparently constant over the three days, however high standard 

deviations are observed. 

It is important to take into consideration there was an abnormal growth 

of MSCs from donors M48A08 and M50A08 in XF medium, as these 

cells seem to grow in islands instead of in a layer. Even though for donor 

M48A08 the differences in terms of production of exosomes between 

the three days are not highlighted, donor M50A08 presents a maximum 

production of exosomes at day 1, while the other two days present 

much lower quantities. Since the abnormal growth of cells led to a pos-

sible delay the changing of cells culture medium to the medium used 

for conditioning, the production of exosomes may not be in the same 

conditions as for the other donors.  

Signal-to-noise ratios (SNR) were determined based on ratios between 

the averages of absorbance sums and its corresponding standard devi-

ations. Since FTIR spectroscopy is a highly sensitive method, high values 

of SNR are achieved. Comparing SNR values for both media, higher SNR 

values are presented for DMEM, which is in accordance with the lower 

variability of data and more homogeneous chemical characteristics of 

exosomes produced in this media relatively to XF medium, as observed 

by PCA.  
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Figure 7 – Average values of the sum of all absorbances of the three biological replicas for each conditioned day of exosomes spectra from MSCs donors produced in DMEM and XF media, 
and respective standard deviations. 
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Evaluation of the Metabolic Profile of Conditioned Media  

In addition to the evaluation of purified exosomes, conditioned media 

before purification was also analyzed by FTIR spectroscopy. Figure 8 A 

and B represent FTIR spectra from purified MSC-derived exosomes for 

a dilution factor 16 (green line) and conditioned media (red line), from 

MSC donor M73A17 for replica 1 of day 1 in DMEM and XF media, re-

spectively. It is possible to observe that the spectra obtained from pu-

rified exosomes and conditioned media are different, with the excep-

tion for the peak at around 3400 cm-1, related with N-H group stretch-

ing, and the peaks in the range 2850-2970 cm-1, corresponding to the 

 

absorption of CH2 and CH3 groups of lipids. These differences are due 

to the fact that conditioned media spectra reflect all the metabolism of 

MSCs, and not only exosomes. However, since MSCs metabolism prob-

ably affects the characteristics of exosomes, conditioned media spectra 

could reflect exosomes characteristics indirectly. 

Even though for purified exosomes both spectra seem very similar, for 

conditioned media there are differences regarding the relative intensi-

ties of Amide I to Amide II bands. These observations cannot be gener-

alized for all samples. Some samples present Amide I and II bands with 

the same intensity, while for others there is a difference between the 

absorption at these two peaks, both in DMEM and XF medium. 

Multivariate Data Analysis of the Metabolic Profile of Conditioned Media. 

PCA of conditioned media spectra was performed to evaluate patterns 

from the MSCs metabolic profile. Spectral data was pre-processed with 

baseline correction, SNV normalization, and first and second deriva-

tives. 

Figure 9 A represent PCA scores plot for spectral data without any pre-

processing. After comparing the different pre-processing methods 

mentioned above, the first derivative was chosen as the best pre-pro-

cessing method (Figure 9 B and C). It was observed that XF conditioned 

medium (represented in red) presents a different molecular profile 

from DMEM conditioned media (represented in blue), which is in ac-

cordance with the fact that the composition of these two media are 

different and, consequently, it is affecting the cell metabolism. Based 

on the results obtained for the first derivative PCA scores plots (Figure 

9 B and C), samples from XF medium present a more conserved molec-

ular signature among the different MSC donors and along the condi-

tioning time than samples from DMEM. It was also observed that 

DMEM conditioned media from MSC donors M73A17 and M79A15 pre-

sent a different molecular fingerprint from the other donors, as these 

samples are more distant from the others (Figure 9 C).  

Spectra from the two-conditioned media were also evaluated sepa-

rately by PCA, as well as the three time points when conditioned media 

were collected and the three biological replicas (Figure 10 A to F). The 

best pre-processing method was based on baseline correction and SNV 

normalization.  

 

It was observed that in DMEM conditioned media (Figure 10 A) from 

each specific MSCs donor presents specific molecular fingerprints. Only 

conditioned medium from donors M50A08 and M67A07 present 

slightly similar molecular characteristics since these samples are closer 

to each other. For a specific MSC donor, conditioned medium from dif-

ferent conditioning days and different biological replicas present differ-

ent molecular fingerprints. However, in general, conditioned media 

samples from the same biological replica are closer to each other than 

to the other replicas from the same MSC donor, which means that sam-

ples from the same biological replica present a more similar molecular 

fingerprint than samples from the same day. Similar observations were 

conducted in XF medium, although in this medium the differences ob-

served between conditioned media from different MSCs donors, con-

ditioning time and biological replicas are lower than the ones observed 

in DMEM. For example, MSC donors M73A17 and M48A08 present very 

similar molecular fingerprints, independently of the conditioning time 

and biological replicas. Additionally, from all donors, M50A08 in XF pre-

sented the most reproducible molecular fingerprint, as all its samples 

are more grouped than for any other donor (Figure 10 B). 

To evaluate the spectral region that contributes the most to the dis-

crimination of the chemical characteristics of conditioned media in the 

PCA scores plots, the PCA loadings vectors were considered. Since it 

was considered the best pre-processing method for each PCA devel-

oped above, Figure 11 A represent the loadings vectors for PC1 for 

spectral data pre-processed with first derivative, and Figure 11 B and C 

represent the loadings vectors for PC1 for spectral data pre-processed 
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Figure 8 – FTIR spectra pre-processed with baseline correction from purified exosomes for 
dilution factor of 16 (green) and conditioned media before purification (red) from donor 
M73A17 for replica 1 at day 1 cultured in (A) DMEM and (B) XF medium. 

A B 

C 

Figure 9 – PCA scores plots for spectral data from DMEM and XF conditioned media from 
all MSCs donors (A) without pre-processing; (B) pre-processed with first derivative; (C) pre-
processed with first derivative, where samples from each donor are represented by a dif-
ferent color. 
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with baseline correction and SNV normalization for DMEM and XF me-

dium, respectively. 

 

Comparing the loadings vectors for PC1 for exosomes in DMEM and XF 

medium, it was observed that, even though for the first part of the 

spectra (3600 to 2400 cm-1), spectral regions that contribute the most 

are the same for both media, for the rest of the spectra the regions that 

most contribute to the discriminations between samples from each 

conditioned medium are different. For DMEM conditioned medium, its 

most important peaks appear at 1737 cm-1, which corresponds to CO 

stretching vibrations from phospholipid esters; 1620 and 1558 cm-1, 

which correspond to Amide I and Amide II band from proteins; 1400 

and 1350 cm-1, which may be attributed to Amide III from proteins; 

1030 cm-1, which may be attributed to stretching vibrations for CC 

groups in glycogen. For XF conditioned medium, its most important 

peaks are presented at 1625 cm-1, which correspond to Amide I band 

from proteins; 1402 and 1347 cm-1, which may be attributed to Amide 

III from proteins and collagen; 1116 cm-1, which can be attributed to 

RNA ribose; 1078 and 1037 cm-1, which may be attributed to glycogen. 

Even though they are no represented, loadings vectors for PC2 pre-

sented almost the same peaks. 

When observing the loadings vectors for PCA conducted for samples 

from both media simultaneously (Figure 11 A), a higher number of 

bands is observed, as expected since first derivative spectra were used.  

Similar peak regions to the ones previously observed in loadings vectors 

from each medium separately were also observed.  

 

Relative Quantification of the Metabolic Profile of Conditioned Media.  A 

relative quantitative analysis was also performed. It was observed that, 

in general, the averages of absorbance sums are higher for DMEM con-

ditioned medium than for XF conditioned medium. This is in accord-

ance with the lower absorbances obtained in the spectrum from XF me-

dium (Figure 2 B). However, donor M67A07 is an exception, for whom 

the results obtained in both media are identical.  

Moreover, it is important to consider that in DMEM very high absorb-

ances were observed for donors M73A17 and M79A15 for all three 

days. Donor M50A08 in XF presents the lowest absorbances, which cor-

respond to its different localization in the PCA scores plots, further 

away from the other samples. The variations in absorbance values 

along conditioning time represent the dynamics of MSCs metabolism 

throughout the days. And it is indeed observed, different MSC donors 

present different metabolic profiles, either in DMEM and in XF. 

When observing calculated SNR, it is interesting to observe that higher 

values are obtained for DMEM conditioned media relatively to XF me-

dium, which is in accordance with the higher SNR observed for spectra 

of purified exosomes. Table with SNR calculated values and the relative 

quantification plot are not represented in this abstract. 

A 
B 

C D

 

E F 

Figure 10 – PCA scores plots for spectral data of DMEM (A, C and E) and XF (B. D and F) 
conditioned medium considering of (A) MSCs donors; (B) conditioning time; and (C) biolog-
ical replicas. Spectral data was pre-processed with baseline correction and SNV normaliza-
tion. 
 

Figure 11 – PCA loadings vectors for spectral data from (A) DMEM and XF conditioned media 
pre-processed with first derivative; (B) DMEM conditioned medium pre-processed with 
baseline correction and SNV normalization; (C) XF conditioned medium pre-processed with 
baseline correction and SNV normalization. 
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Conclusion 

The aim of this work was to evaluate the impact of different culture 

conditions on the production and chemical characteristics of MSC-de-

rived exosomes. For that, exosomes from six MSCs donors, produced 

in two different media (DMEM and XF) were considered. For each MSCs 

donor, three conditioned days and three biological replicas were also 

considered. Exosomes were purified using Total Exosome Isolation Re-

agent Kit from Life Technologies® and were characterized by FTIR spec-

troscopy, as this technique is simple (only requiring sample dilution and 

dehydration), fast (as a spectrum can be acquired between 1 to 3 

minutes), economic (since no reagents are needed) and applicable in a 

high throughput mode by using e.g. micro-plates with 96 wells. Further-

more, this spectroscopic technique is able to acquire molecular finger-

prints of biological samples in highly specific and sensitive mode.  

In this work, it was observed that the reagent from the purification kit 

was contaminating the purified exosomes, corroborating the observa-

tions conducted by other researchers. Even though, it was also ob-

served that high dilution factors of exosomes in PBS leaded to the de-

sorption of the reagent from the exosomes, enabling the subsequently 

characterization of exosomes by FTIR spectroscopy.  

Through multivariate data analysis (by PCA) and identification of spe-

cific spectral regions, and after evaluating the best pre-processing 

method for each set of data, it was observed that exosomes produced 

in DMEM may present a different molecular fingerprint from exosomes 

produced in XF medium. Moreover, exosomes produced in DMEM also 

presented a more homogeneous chemical composition than the ones 

produced in XF medium. When evaluating samples from both media 

separately, it was observed that exosomes chemical composition de-

pended more on the MSCs donor than conditioning time. Additionally, 

it was possible to identify the spectral regions characteristic of defined 

chemical bonds that could discriminate exosomes produced in differ-

ent media and by different donors.  

Relative quantification of purified exosomes showed that, in general, 

the quantity of exosomes produced in DMEM was higher than in XF 

medium. It was also observed that, in general, for DMEM the maximum 

production of exosomes was achieved at day 2, while for XF medium it 

was achieved at day 1, except for donor M73A17 in both media. 

As a supplementary work, conditioned media were also characterized 

by FTIR spectroscopy. It was observed that XF conditioned medium pre-

sented a different molecular profile from DMEM conditioned medium, 

as well as a more conserved molecular fingerprint among the different 

MSCs donors and along conditioning time. Interestingly, this observa-

tion is the opposite from what was observed for exosomes chemical 

composition. The molecular fingerprint of conditioned media de-

pended more on culture media used and the MSCs donor. 

In conclusion, this work allowed to understand that exosomes quantity 

and molecular fingerprint differ according to the culture media used 

and MSCs donors. 

For future work, it is suggested a further characterization of exosomes 

purified by ultracentrifugation in order to validate the results obtained 

in this work, a statistical evaluation of more spectral ratios to discrimi-

nate exosomes from different MSCs donors, a statistical evaluation of 

spectral ratios to distinguish samples from different conditioned days 

and biological replicas from a specific MSCs donor and a statistical eval-

uation of spectral ratios from conditioned media to different MSCs do-

nors, conditioning time and  biological replicas. 
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