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thermophysical Fingerprinting of 
probiotic-Based products
Hary Razafindralambo, Aurélie Razafindralambo & Christophe Blecker

Variability in efficacy and safety is a worldwide concern with commercial probiotics for their growing 
and inevitable use in food and health sectors. Here, we introduce a probiotic thermophysical 
fingerprinting methodology using a coupling thermogravimetry and differential scanning calorimetry. 
Qualitative and quantitative information on the material decomposition and transition phases is 
provided under heating conditions. By monitoring the changes in both mass and internal energy 
over temperature and time, a couple of thermal data at the maximum decomposition steps allow the 
creation of a unique and global product identity, depending on both strain and excipient components. 
We demonstrate that each powder formulation of monostrain and multistrain from different lots 
and origins have a unique thermophysical profile. Our approach also provides information on the 
formulation thermostability and additive/excipient composition. An original fingerprint form is 
proposed by converting the generated thermal data sequence into a star-like pattern for a perspective 
library construction.

Nowadays probiotics are worldwide recognized as beneficial live microorganisms for human, animal, and plant 
species1–8. Their use as natural and safe functional ingredients is continuing to grow and cover a wider range of 
applications for food and non-food products, including fermented foods, dietary supplements, drugs, and cos-
metics9–11. The success of a probiotic product depends on its quality, safety, and performance. These three criteria 
are dependent on many factors. Strain specificities and interactions appear in first place since each probiotic 
strain is unique in its functionalities and performances12. Both absolute and relative doses as well as other selec-
tive ingredients, such as cryo-protectants and prebiotics incorporated in the formulations, are also among the 
most important parameters that control their efficacy13–15. Beyond strains, doses, and functional enhancer ingre-
dients, the variability in efficacy and safety of a multistrain probiotic formulation on its anti-inflammatory and 
anti-tumoral effects also depends on manufacturing process conditions16–18. Consequently, rapid, cost-effective, 
and reliable tools are needed for ensuring high standard product quality, safety, and performance. Each start-
ing probiotic material must be first identified at least up to the strain level, because of its strain-specific effects. 
Moreover, it is absolutely important to fingerprint, that is, to identify by biological, physical, and chemical tests 
without ambiguity the end-product in order to control and ensure the regularity in overall probiotic properties.

The fingerprinting notion consists in differentiating one thing to others, all belonging to the same category, 
by analyzing and comparing their unique characteristics with an appropriate technique. Two main approaches 
are known for fingerpriting probiotics and their activities: the phenotypic techniques based on morphological, 
biochemical, and physiological methods19, and the genotypic ones, which use a universal component or section 
of nucleic acids and other macromolecules (DNA, RNA and proteins), especially for species identification, or 
strain differentiating up to clonal level20,21. In both cases, the analytical techniques belong to either molecular or 
non-molecular approaches22. However, these gold standard methods are only focused on the strain identity and 
specificity, and completely ignore the presence of other ingredients, which are commonly used for enhancing the 
probiotic formulation performance and functionalities. This is one of the reasons why a new approach based on 
the physical chemistry techniques for probiotic characterization has recently been introduced23. In particular, the 
thermal, surface hydrophobicity, and colloidal properties of probiotic models at the solid (powder) and liquid 
(dispersion) states have been deeply assessed, revealing a unique global profile/fingerprint for each investigated 
monostrain and multistrain-based formulations24.

As functional ingredients, probiotics are commonly added to food, beverage, dietary supplements, drugs, 
medical foods, infant formula, and cosmetics10,12,25. Formulations contain one (monostrain) or multiple strains 
(multistrain) for which other ingredients and excipients such as cryoprotectants, prebiotics, and dispersing agents 
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are included26–28. Most commercialized probiotic-based products on the market are under homogenous powder 
form. Such formulations are considered as an assembly of various organic and inorganic compounds, including 
lipids, proteins, carbohydrates, nucleic acids, and minerals, which mutually interact with each other at nano- and 
micro-scale level. Nevertheless, all components may also behave as a global and unique physical and chemi-
cal material. Assuming such behavior, fingerprinting these products could be possible by thermophysical-based 
techniques.

Calorimetric-based techniques, which include thermogravimetry (TGA), differential scanning calorimetry 
(DSC), or the combination of both (TGA-DSC), are one of the most convenient classes of techniques for char-
acterizing and analyzing powder-based products29,30. Concerning microorganisms and probiotics in particular, 
only limited research activities have been undertaken and reported in literature for fingerprinting and related 
investigation purposes. TGA or DSC analyses have provided the profile and related characteristic data on the 
decomposition/degradation of spores and vegetative cells for various species of Bacillus31, the thermal denatura-
tion of whole cells and cell components of E. coli, as well as the identification of the denaturation events, such as 
the melting of membrane lipids and ribosomal subunit, protein, and DNA compound denaturation32. Recently, 
we have demonstrated for the first time the coupling TGA-DSC performance in providing different and reproduc-
ible decomposition and transition specific characteristics of L. bulgaricus and S. thermophilus monostrains, and a 
multistrain of eight species24. It has been concluded from this investigation that such qualitative and quantitative 
data could serve as probiotic fingerprint, whatever the product complexity. This coupling technique measures 
the changes in mass and heat flow that allow the characterization of decomposition-degradation and transitions 
phases of different products such as polymers and minerals compounds33,34. This versatile tool presents several 
advantages, particularly for its high sensitivity, reproducibility and resolution for small sample masses, as well as 
its high throughput and fast screening possibilities without sample preliminary preparation35.

Here, we introduce, describe in details, and demonstrate the fundamental and practical interests of the ther-
mophysical fingerprinting methodology based on a coupling thermogravimetry and differential calorimetry 
measurement. Qualitative and quantitative information on the material decomposition and transition phases 
are provided under well-defined heating conditions. The methodology was applied on several powder formu-
lations of various representative monostrain classes of probiotics belonging to Lactobacillus, Bifidobacterium, 
Streptococcus, Bacillus and Saccharomyces genera, and multistrains of different lots and origins. An original fin-
gerprint form is proposed by converting the generated thermal data sequence into a star-like pattern.

Results
For fingerprinting probiotic powders, we scan thermally the samples from 35 to 600 °C at 5 °C/min under defined 
conditions as summarized in Table 1, and record simultaneously the changes in their mass and internal energy 
by using a coupling TGA/DSC technique. The method includes 3 steps without sample pretreatment (Fig. 1): (1) 
thermal scanning of sample weighed up to 0.1 µg resolution; (2) qualitative profiling and quantitative data pro-
cessing, and (3) fingerprint generating from both material decomposition and transition characteristics.

Each temperature scan takes 2 hours and generates the sample decomposition (TGA curve) and transition 
(DSC curve) simultaneously, as well as the decomposition rate (DTG curve), through the mass (Fig. 2a) and 
heat flow (Fig. 2c) variations as a function of temperature and time, and the first derivative of the mass variation 
(Fig. 2b), respectively. From such profiles, we extract a series of thermophysical data at particular situations of 
material decomposition and transition for generating a unique fingerprint for each sample.

Basic and data analysis considerations. TGA profile. TGA curves are a succession of sigmoids that 
represent the evolution of the sample mass (m) as a function of temperature and time, m = f(T, t). Temperature 
and time are two interdependent variables linked to the heating scan rate. The number of sigmoids indicates the 
number of material decomposition steps, depending on the temperature scan range.

Each sigmoid is delimited by the initial and final temperatures (Ti, Tf) of mass loss (Lm), and contains an 
inflexion point where Lm reaches 50% of material. All these parameters can be determined by calculating the 
first derivative dm/dt or dm/dT of m = f(T, t). TGA curves show the profile and complexity of the decomposition 
process of the investigated sample, and remain especially a qualitative indicator/fingerprint for probiotic-based 
products.

DTG profile. DTG curves are the first derivatives of TGA curves (DTG = dm/dt) that provide the decomposition 
rate of the material as a function of temperature scan. Such information is consequently dependent on the TGA 
profiles. DTG curves reach minima at sigmoid inflexion points of TGA curves, where the decomposition rates 
reach the maximum values. At these points, the maximum decomposition rate (Vmax) and the corresponding 

Experimental conditions

Probiotic sample weight ~10 mg

Heating rate 5 °C/min

Temperature range 35–600 °C

Atmosphere N2

Balance resolution 0,1 µg

Crucibles Aluminum without lid (100 µL)

Table 1. TGA-DSC experimental conditions.
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temperature (Tmax) can be easily extracted. The couple values (Vmax, Tmax) represent one of the quantitative 
fingerprints for each probiotic sample. In addition, the DTG curve enables the possible delimitation of each 
decomposition phase by the determination of the couple (Ti, Tf).

DSC profile. DSC curves represent the changes in heat flow (HF) as a function of temperature scan, as repre-
sented by the function HF = f(T, t). According to the material reaction compared to a blank reference against 
the temperature scan, the recorded heat flow varies whether energy is absorbed or released, respectively. A set of 
peaks with minimum or maximum values are generated during the material process transitions such as melting 
(solid to liquid), crystallization (liquid to solid), sublimation (solid to vapor), and so on. Each transition peak can 
be characterized by the corresponding transition temperature (e.g: the melting temperature Tm) and the transi-
tion enthalpy (e.g: the melting enthalpy ΔHm), representing the internal energy involved during the transition 
phase. Enthalpy values are calculated by integrating the HF = f(T, t) function for a well-delimited transition zone. 
The couple (Tm, ΔHm) forms the second quantitative fingerprints of each probiotic sample, which can be asso-
ciated with the couple (Tmax, Vmax) from TGA curves.

Star-like fingerprints. Radar or spider plots of TGA-DSC thermophysical data provide star-like fingerprint pat-
terns of probiotic products. Each pattern represents the series of temperature (°C) – rate (h−1) values from TGA 
decomposition steps, and temperature (°C) – enthalpy (J/g) values from DSC transition phases at the minima 
of DTG curves. Such a fingerprint is the mirror of the probiotic sample at all situations occurring at significant 
half-decompositions.

To test the performance of the method, we thermally scanned and fingerprinted two categories of 
probiotic-based products. The first class contained one strain of probiotic (monostrains), whereas the second one 
included various mixed strains (multistrains), both categories being commercial products and containing other 
components such as prebiotics, dispersing agents, and so on (Table 2).

performance of the method on monostrains. For testing the method to monostrains, we thermally ana-
lysed a representative of each main class of probiotic, including Lactobacilli, Bididobacteria, Bacilli, Streptoccocus, 
and Saccharomyces. Figure 3a,b show the TGA profiles (A), as well as DTG and DSC curves (B) of L. bulgaricus, 
S. thermophilus, L. rhamnosus, B. longum, B. subtilus, and S. boulardii.

Each sample has its own TGA profile. This is globally represented by one or more sigmoid curves, generated 
after a linear temperature scan from 34 to 600 °C by 5 °C/min under N2 atmosphere. The first parts of TGA curves 
up to ~100–150 °C are quite similar for all samples. This step represents the elimination of moisture and some 
volatile components. The second part corresponds to the main decomposition step that occurs between 150 and 
350 °C. Differences in the curve features of the monostrain products are observed at this step. The last part of TGA 
curves from 350 to 600 °C shows the same asymptotically trend, but does not necessarily yield the same amount 
of material at the end of the temperature scan. Residual compounds at this temperature are mainly constituted by 
carbon black and inorganic compounds, which are significantly different among monostrain samples (Fig. 3d). 
These values are comprised between 10 and 35% (w/w) of the initial mass. These materials represent the residual 

Figure 1. General workflow for fingerprinting probiotic powder formulations by coupling TGA-DSC.
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materials from both cells and excipients (SiO2, TiO2, etc.). In the same way, DTG and DSC curves are also dis-
criminating for each probiotic sample. The main peaks of DTG range between 150 and 350 °C at different posi-
tions, and with various intensities. Among representative monostrains scanned, L. bulgaricus and B. subtilis show 
the lowest and highest temperature peak values (Tmax), respectively, whereas S. boulardii and B. longum display 
the lowest and highest peak heights, that is, the maximum rate of mass loss (Vmax), respectively. The DSC curves 
mainly include endothermic peaks (convexes), but a few ones show exothermic peaks (concaves), particularly for 

Figure 2. Typical probiotic TGA-DSC generated curves. (a) Sample mass m variation under temperature 
scan at 5 °C/min and N2 atmosphere. Each decomposition step S(n) fits a sigmoid function characterized by 
an inflexion point. The end of the scan at 600 °C yields the residual mass of carbon black (BC) and inorganic 
compound material. (b) First derivative plot of mass per time unit (dm/dt) showing the rate of material 
decomposition. Each peak indicates a decomposition step and the minimum value corresponds to the 
maximum decomposition rate (Vmax) and temperature (Tmax), for which the material half-mass is lost. (c) Heat 
flow (HF) variation under temperature scan at 5 °C/min and N2 atmosphere. The inset curve is the second 
derivative of HF vs. temperature used for delimiting and calculating the area (material enthalpy) between the 
base line and the HF plot.
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the products containing S. thermophilus, L. rhamnosus GG and S. boulardii. Thermal quantitative data can be gen-
erated from TGA-DSC (Supplement Table S1). These thermophysical quantities are determined for establishing 
the thermal identity or fingerprint of each probiotic-based product, including the material decomposition and 
transition step number (n), rates (Vmax), mass loss (Lm), temperatures (Tmax and Tm), enthalpies (ΔHm), and 
residual materials at 600 °C, as detailed in the data analysis procedure section. By considering all couple values 
(Tmax, Vmax) and (Tm, ΔHm) together, it clearly appears that each monostrain-containing product has its 
own thermal characteristics, depending on the half-mass loss and the related internal energy changes during the 
material decomposition and transition steps. Both cell components and excipients in each sample product are 
expected to contribute to the global thermal profile. Chemically speaking, these compounds are never identical, 
either qualitatively or quantitatively. Consequently, these thermal data can serve as fingerprints for identifying 
and controlling any monostrain-containing probiotic product. In order to highlight this statement, such finger-
print data, including all Tmax, Vmax, Tm and ΔHm values from TGA-DSC are plotted in spider or radar form. 
Figure 3e shows the spider charts of monostrain products. As can be seen, all charts provide a unique star-like 
pattern for each sample. B. longum-containing sample has the simplest fingerprint shape, showing only four ver-
tices, whereas that of S. boulardii is the most complex one, showing six arms and vertices. It simply means that the 
former probiotic thermal decomposition and transition phases included fewer steps than the latter ones. On the 
other hand, the fingerprints of B. subtilis and S. boulardii are characterized by the longest arms at both T3max and 
T4max, respectively, indicating that some steps of decomposition or degradation of such product occurred at the 
highest temperatures. The other probiotic samples have an intermediate number of vertices.

performance of the method on multistrains. Four multistrain probiotics (MixS8a, MixS8b, MixS8c, 
MixS8d) were similar formulations from different origins and lots, which were composed by the same mixture 
of eight strains (S. thermophilus - B. breve - B. longum - B. infantis- L. acidophilus - L. plantarum - L. paracasei - L. 
delbrueckii subsp. bulgaricus). One multistrain-based product contains six bacteria-based probiotics (MixS6), and 
the other (MixS2) is composed by one bacterium and one yeast strains. Figure 4a–c show their TGA, DTG, and 
DSC qualitative profiles. Even though the profiles are quite similar for the multistrains MixS8a to MixS8d, which 
are from different lots but having exactly the same composition, there are some obvious differences in terms of 
temperatures (Tmax, Tm), mass loss rate (Vmax), and enthalpy or internal energy (ΔH) at certain decomposi-
tion and transition steps. MixS6 and MixS2 thermal profiles are clearly different between them, and compared to 
those of multistrains MixS8. Such differences are attributed to the varieties in strain number and composition, 
and in excipients as well as in various ingredients which are not necessarily the same, but also in the formula-
tion itself. MixS2 includes, for instance, at least five groups of components such as vitamins (E, B), antioxidants 
(Co-Q10), and amino acid (L-cystein), besides the excipients, whereas MixS6 contains encapsulated probiotics 
and prebiotics.

Thermal quantitative data are provided in Table S2 (Supplement Data). Significant differences can also be 
revealed for the material residues at 600 °C (Fig. 4d), which are less discriminant compared to those of mon-
ostrains. The multistrain fingerprints in spider charts or radar graphs are also generated by star-like patterns 
(Fig. 4d). Their general geometrical shape presents a big similitude, excepted that formulated with encapsulated 
probiotics. Similar and more regular star fingerprint forms with 5–6 vertices are observed with MixS8 (a, b, c, d) 
and MixS2, whereas that of MixS6 is simply in cross-like shape.

Probiotics Lots Excipients/Other ingredients Origin Concentration 109 [CFU]

1. Monostrains

L. bulgaricus DM24734 1102533350 Maltose – SiO2

EU

11/g

S. thermophilus DSM24731 1102603489 91/g

L. rhamnosus GG L9301 Inulin-CMM – SiO2 100/g

B. longum BB536 S701176593 CMM – SiO2 80/g

B. subtilis CU1 L1600812 CMM – SiO2 50/g

S. boulardii CNCM I-745 Enterol Lactose – MgC18 24/g

2. Multistrains

Multi8 strains (MixS8a) VMS003NM Maltose – SiO2 EU 102/g

Multi8 strains (MixS8b) 10151198 Maltose – SiO2 US 102/g

Multi8 strains (MixS8c) 3302E10 Maltose – SiO2 US 102/g

Multi8 strains (MixS8d) 45752 Maltose – SiO2 CA 102/g

Multi6 encapsulated strains (MixS6) 131144 Prebiotic – gelatin – dextrin – triglyceride US 14/g

Multi2 strains (MixS2) 10086 Co-Q10 – Vitamins E/B – L-cys – CMM – SiO2 EU 12/g

Table 2. Monostrain and multistrain probiotic-based product data. MixS8 strains: S. thermophilus, B. breve, B. 
longum, B. infantis, L. acidophilus, L. plantarum, L. paracasei, L. delbrueckii subsp. Bulgaricus; MixS6 strains: B. 
breve, B. lactis, L. acidophilus, L. plantarum, L. rhamnosus, B. subtilis; MixS2 contains L. fermentum and red yeast 
rice (Monascus purpureus). CMM: mixture of cellulose microcrystalline, magnesium stearate and maltodextrin. 
MgC18: magnesium stearate.
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Discussion
The coupling TGA-DSC method can be successfully used as a new approach for fingerprinting probiotic-based 
formulations. It provides both qualitative profile and quantitative data that distinguish monostrain and 
multistrain-containing powder samples, whatever their composition and complexity, as shown by the repre-
sentative probiotics characterized in this investigation. The principle is based on the simultaneous monitoring 
of the sample mass and internal energy under controlled heating conditions, which are unique for each pro-
biotic product. A fingerprint form is suggested in a star-like pattern, which is easily readable and comparable 
for any probiotic-based product. Compared to other existing approaches based on molecular or non-molecular 
approaches22, the thermophysical fingerprinting method provides a global and unique signature that reflects the 
thermal behavior of both microorganisms and particular excipients in the powder formulation, but also includes 
some traits of the manufacturing processes such as the encapsulation. These parameters, non-traceable by the 
golden standard methods only based on the identification and authentication of strains, play crucial roles in 
the functionalities and performance of probiotics, either outside or inside the gut. Considering microorganism 
behaviors, the performance of the method is illustrated by genera such as B. subtilis, S. thermophilus, and S. bou-
lardii. The highest Tmax of B. subtilis is obviously due to its sporulation, which is the resistant form that occurs 
during unfavorable conditions. By contrast, the lowest Vmax of S. boulardii possibly arises from a physical ori-
gin related to the bigger volume/mass of yeasts compared to bacteria, but especially for its particular resistance 
to temperature and acidic stresses for gene overexpression reasons36. The exothermic peak in the DSC curve 
for S. thermophilus has been previously discussed24, and was assigned to the thermophile nature of this strain. 

Figure 3. Monostrain fingerprinting results. (a) Mass decomposition profiles. (b) Mass loss rate profiles; 
(c) heat flow variation. (c) Residual mass (mean ± sd, n = 3) comparison at 600 °C (different letters indicate 
significant differences at p < 0.05). (d) Star-like fingerprints plotted from TGA and DSC thermophysical data at 
the half-material decompositions for all steps.

Figure 4. Multistrain fingerprinting results. (a) Mass decomposition profiles. (b) Mass loss rate profiles; (c) 
and heat flow variation. (c) Residual mass (mean ± sd, n = 3) comparison at 600 °C (different letters indicate 
significant differences at p < 0.05). (d) Star-like fingerprints plotted from TGA and DSC thermophysical data at 
the half-material decompositions for all steps.
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Regarding excipients and/or functionality enhancers, the presence of inulin in the sample containing L. rhamno-
sus GG, and lactose in S. boulardii-based product is formally identified by exothermic peaks at high temperatures 
superior to 200 °C by the formation of more ordered structures such as difructose dianhydrides37,38, and the 
lactose-protein complex formation initiated at 220 °C39,40. For similar multistrain samples having quite identical 
compositions in strains and excipients, differences in fingerprints mainly result from manufacturing processes of 
the production sites, as reported by different previous investigations with the same type of samples17,18. Among 
its advantages, TGA-DSC coupling technique is fast, highly reproducible, requires only small amount of sample 
without pretreatment or solvent, and high throughput adapted-operation. Its use in quality standardization and 
control of probiotic manufacturing is obviously more than useful today, owing to the unprecedented great inter-
est in these beneficial microorganisms for human, animal, and plant life. Beyond the fingerprint establishment, 
thermal characteristic data can also fundamentally serve as prediction information of probiotic thermostability, 
and even for predicting their viability and history. This requires furthermore relationship investigations between 
probiotic thermal properties and viability. Moreover, this coupling method has a potential analytical quantifica-
tion of each probiotic monostrain ratio in multistrain formulations.

Conclusion
In summary, we demonstrate and propose in this investigation a new reliable methodology and standard tool for 
fingerprinting probiotic-based formulations by thermophysical profiling through a wide range of representative 
samples. The approach is based on the changes in mass and internal energy of mono- or multistrain-containing 
powders measured by the coupling TGA-DSC under temperature linear scan. Thermophysical data from both 
decomposition and transition phases of all components in the formulation are used for building an original and 
unique star-like fingerprint of each probiotic-based product. Compared to the golden standard methods based 
only on the strain identification and authentication, our methodology has the advantage of providing the identity 
and traceability of samples through all constituents, including probiotic strains, excipients, and all other ingredi-
ents, but also the manufacturing processes used in the formulation. Beyond practical and economic interests, the 
approach also provides important fundamental information on the chemical composition and product thermo-
stability. A database creation of probiotics available in the market is under investigation for both fundamental, 
identification and control perspectives.

Methods
probiotics. All probiotics were commercial powders of monostrain or multistrain bacteria and/or yeast pur-
chased or provided by various Companies from Europe and United State. Samples contained various excipients 
according to the manufacturer formulation and were fingerprinted under this state within unexpired dates. Their 
composition, origin, lot, and characteristics are listed in Table 1.

tGA-DsC experiments. TGA-DSC thermal analysis consists in heating a sample while monitoring simul-
taneously its mass and energy content by gravimetry and heat flow measurements, respectively. The TGA-DSC 
instrument combines a calorimeter, which is a special furnace for controlling and measuring temperature 
changes of the material, and a microbalance for mass measurements. Calorimetric analyses were performed 
with a Mettler-Toledo TGA/DSC1 instrument under defined conditions24. A powder sample was weighted with 
high precision (±0.01 mg), and then deposited onto an aluminum crucible. Runs were performed by monitoring 
simultaneously the changes in the sample mass (m) and heat flow (HF) as a function of the linear increasing 
temperature under defined conditions, as summarized in Table 2. Each experiment was carried out at least in trip-
licate. Raw data were recorded and plotted under TGA and DSC curves for qualitatively profiling the decomposi-
tion and transition phase steps. Derivatives (first and second orders) representation and mathematical operations 
(minima and integration calculations) were performed for generating a couple of thermophysical quantitative 
data for fingerprinting each probiotic sample. Radar or spider plots were used for generating star-like fingerprint 
patterns of probiotic products from the series of data at the material half-decomposition (T1max, V1max, T2max, 
V2max, Tnmax, Vnmax, T1m, ΔH1m, T2m, ΔH2m, Tnm, ΔHnm), where n represents the number of decom-
position step. STARe software version 16.10 (Schwarzenbach, Switzerland), Microsoft Excel 2010, and Origin pro 
8.0 were used for data processing and graphical presentation.

statistical analysis. Statistical analysis was performed with the software Origin Pro 8.0 by using the Tukey’s 
test of the ANOVA 1-way procedure. The means of triplicate thermophysical data between samples were com-
pared at the p-value 0.05 signification level.

References
 1. Soccol, C. R. et al. The potential of probiotics: a review. Food Technol. Biotechnol. 48, 413–434 (2010).
 2. Kechagia, M. et al. Health benefits of probiotics: a review. ISRN Nutr. 2013 (2013).
 3. Daliri, E. B.-M. & Lee, B. H. New perspectives on probiotics in health and disease. Food Sci. Hum. Wellness 4, 56–65 (2015).
 4. Martinez, R. C. R., Bedani, R. & Saad, S. M. I. Scientific evidence for health effects attributed to the consumption of probiotics and 

prebiotics: an update for current perspectives and future challenges. Br. J. Nutr. 114, 1993–2015 (2015).
 5. Liang, C., Sarabadani, Z. & Berenjian, A. An overview on the health benefits and production of fermented functional foods. J. Adv. 

Med. Sci. Appl. Technol. 2, 224–233 (2016).
 6. Ayala, F. R. et al. Microbial flora, probiotics, Bacillus subtilis and the search for a long and healthy human longevity. Microb. Cell 4, 

133 (2017).
 7. Jiménez-Gómez, A., Celador-Lera, L., Fradejas-Bayón, M. & Rivas, R. Plant probiotic bacteria enhance the quality of fruit and 

horticultural crops (2017).
 8. Razafindralambo, H. Trends in Probiotic Applications. (Studium Press LLC, 2018).
 9. Roberfroid, M. B. Prebiotics and probiotics: are they functional foods? Am. J. Clin. Nutr. 71, 1682s–1687s (2000).
 10. Hill, C. et al. Expert consensus document: The International Scientific Association for Probiotics and Prebiotics consensus statement 

on the scope and appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 11, 506–514 (2014).

https://doi.org/10.1038/s41598-019-46469-1


8Scientific RepoRts |         (2019) 9:10011  | https://doi.org/10.1038/s41598-019-46469-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 11. Syngai, G. G. et al. Probiotics-the versatile functional food ingredients. J. Food Sci. Technol. 53, 921–933 (2016).
 12. Kanmani, P. et al. Probiotics and its functionally valuable products—A review. Crit. Rev. Food Sci. Nutr. 53, 641–658 (2013).
 13. Charalampopoulos, D. & Rastall, R. A. Prebiotics and probiotics science and technology. 1 (Springer, 2009).
 14. Mohammadi, R. & Mortazavian, A. M. Review Article: Technological Aspects of Prebiotics in Probiotic Fermented Milks. Food Rev. 

Int. 27, 192–212 (2011).
 15. Nguyen, H.-T. et al. Biochemical Engineering Approaches for Increasing Viability and Functionality of Probiotic Bacteria. Int. J. Mol. 

Sci. 17, 867 (2016).
 16. Cinque, B. et al. Production Conditions Affect the In Vitro Anti-Tumoral Effects of a High Concentration Multi-Strain Probiotic 

Preparation. PloS One 11, e0163216 (2016).
 17. Biagioli, M. et al. Metabolic variability of a multispecies probiotic preparation impacts on the anti-inflammatory activity. Front. 

Pharmacol. 8 (2017).
 18. Trinchieri, V. et al. Efficacy and Safety of a Multistrain Probiotic Formulation Depends from Manufacturing. Front. Immunol. 8 

(2017).
 19. Ben Amor, K., Vaughan, E. E. & de Vos, W. M. Advanced molecular tools for the identification of lactic acid bacteria. J. Nutr. 137, 

741S–747S (2007).
 20. Mohania, D. et al. Molecular approaches for identification and characterization of lactic acid bacteria. J. Dig. Dis. 9, 190–198 (2008).
 21. Patel, A., Prajapati, J. B. & Nair, B. M. Methods for isolation, characterization and identification of probiotic bacteria to be used in 

functional foods. Int. J. Fermented Foods 1, 1 (2012).
 22. Georgieva, M., Andonova, L., Peikova, L. & Zlatkov, A. PRoBIotIcs–HeALtH BeNeFIts, cLAssIFIcAtIoN, Quality AssURANce and 

Quality coNtRoL–ReVIeW. Pharmacia 61, 22–31 (2014).
 23. Razafindralambo, H. Advances in Physical Chemistry Tools for Probiotic Characterization. (Studium Press LLC, 2018).
 24. Razafindralambo, H., Delvigne, F. & Blecker, C. Physico-chemical Approach for Characterizing Probiotics at the Solid and Dispersed 

States. Food Res. Int. 116, 897–904 (2019).
 25. Reisch, M. The Microbiome comes to cosmetics. Chemical & Engineering News (2017).
 26. Saxelin, M. Probiotic Formulations and Applications, the Current Probiotics Market, and Changes in the Marketplace: A European 

Perspective. Clin. Infect. Dis. 46, S76–S79 (2008).
 27. Simone, C. D. & Pirovano, F. Mixture of at Least 6 Species of Lactic Acid Bacteria and/or Bifidobacteria in the Manufacture of 

Sourdough (2008).
 28. Sreeja, V. & Prajapati, J. B. Probiotic formulations: Application and status as pharmaceuticals—A review. Probiotics Antimicrob. 

Proteins 5, 81–91 (2013).
 29. Yu, L. Amorphous pharmaceutical solids: preparation, characterization and stabilization. Adv. Drug Deliv. Rev. 48, 27–42 (2001).
 30. Asachi, M., Nourafkan, E. & Hassanpour, A. A review of current techniques for the evaluation of powder mixing. Adv. Powder 

Technol. 29, 1525–1549 (2018).
 31. Snyder, A. P., Tripathi, A., Dworzanski, J. P., Maswadeh, W. M. & Wick, C. H. Characterization of microorganisms by 

thermogravimetric analysis–mass spectrometry. Anal. Chim. Acta 536, 283–293 (2005).
 32. Mackey, B. M., Miles, C. A., Parsons, S. E. & Seymour, D. A. Thermal denaturation of whole cells and cell components of Escherichia 

coli examined by differential scanning calorimetry. Microbiology 137, 2361–2374 (1991).
 33. Humbeeck, W. V. In Handbook of Thermal Analysis and Calorimetry - Principles and Practice 1, 497–508 (M.E. Brown, 1998).
 34. Roos, Y. H. Phase transitions and structure of solid food matrices. Curr. Opin. Colloid Interface Sci. 3, 651–656 (1998).
 35. Loskyll, J., Maier, W. F. & Stoewe, K. Application of a simultaneous TGA-DSC thermal analysis system for high-throughput 

screening of catalytic activity. ACS Comb. Sci. 14, 600–604 (2012).
 36. Czerucka, D., Piche, T. & Rampal, P. Review article: yeast as probiotics–Saccharomyces boulardii. Aliment. Pharmacol. Ther. 26, 

767–778 (2007).
 37. Böhm, A., Kaiser, I., Trebstein, A. & Henle, T. Heat-induced degradation of inulin. Eur. Food Res. Technol. 220, 466–471 (2005).
 38. Ronkart, S. N., Deroanne, C., Paquot, M., Fougnies, C. & Blecker, C. S. Impact of the crystallisation pathway of inulin on its mono-

hydrate to hemi-hydrate thermal transition. Food Chem. 119, 317–322 (2010).
 39. Raemy, A. Behavior of foods studied by thermal analysis. J. Therm. Anal. Calorim. 71, 273–278 (2003).
 40. Rahman, M. S., Al-Hakmani, H., Al-Alawi, A. & Al-Marhubi, I. Thermal characteristics of freeze-dried camel milk and its major 

components. Thermochim. Acta. 549, 116–123 (2012).

Acknowledgements
We would like to acknowledge Emeritus Professor Claudio de Simone and MENDES Company for providing 
samples. Thanks to Mrs Doran for her technical assistance in calorimetric measurements. This work received 
financial supports from the special funds of the University of Liege (FSR-F-GABT-16/2).

Author Contributions
H.R. conceived the investigation, introduced the new approach, and analyzed data. A.R. contributed to the 
experimental data acquisition. C.B. provided research advice. The paper was written by H.R., A.R. and C.B.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-46469-1.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

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

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-46469-1
https://doi.org/10.1038/s41598-019-46469-1
http://creativecommons.org/licenses/by/4.0/

	Thermophysical Fingerprinting of Probiotic-Based Products
	Results
	Basic and data analysis considerations. 
	TGA profile. 
	DTG profile. 
	DSC profile. 
	Star-like fingerprints. 

	Performance of the method on monostrains. 
	Performance of the method on multistrains. 

	Discussion
	Conclusion
	Methods
	Probiotics. 
	TGA-DSC experiments. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 General workflow for fingerprinting probiotic powder formulations by coupling TGA-DSC.
	Figure 2 Typical probiotic TGA-DSC generated curves.
	Figure 3 Monostrain fingerprinting results.
	Figure 4 Multistrain fingerprinting results.
	Table 1 TGA-DSC experimental conditions.
	Table 2 Monostrain and multistrain probiotic-based product data.




