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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• FITR microspectroscopy allows identifi
cation of reprogrammed pluripotent 
cells. 

• Pluripotent iPSCs FITR profile depends 
on the reprogramming combination 
used. 

• Oocyte-based reprogramming results in 
specific macromolecular changes. 

• iPSC reprogramming cell trajectories 
detection based on their-specific FITR 
signature.  
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A B S T R A C T   

The reprogramming of human somatic cells to induced pluripotent cells (iPSCs) has become a milestone and a 
paradigm shift in the field of regenerative medicine and human disease modeling including drug testing and 
genome editing. However, the molecular processes occurring during reprogramming and affecting the pluripo
tent state acquired remain largely unknown. Of interest, different pluripotent states have been described 
depending on the reprogramming factors used and the oocyte has emerged as a valuable source of information 
for candidate factors. The present study investigates the molecular changes occurring in somatic cells during 
reprogramming with either canonical (OSK) or oocyte-based (AOX15) combinations using synchrotron-radiation 
Fourier transform infrared (SR FTIR) spectroscopy. The data acquired by SR FTIR indicates different represen
tation and conformation of biological relevant macromolecules (lipids, nucleic acids, carbohydrates and pro
teins) depending on the reprogramming combination used and at different stages during the reprogramming 
process. Association analysis based on cells spectra suggest that pluripotency acquisition trajectories converge at 
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late intermediate stages while they diverge at early stages. Our results suggest that OSK and AOX15 reprog
ramming operates through differential mechanisms affecting nucleic acids reorganization and day 10 comes out 
as a candidate hinge point to further study the molecular pathways involved in the reprogramming process. This 
study indicates that SR FTIR approach contribute unpaired information to distinguish pluripotent states and to 
decipher pluripotency acquisition roadmaps and landmarks that will enable advanced biomedical applications of 
iPSCs.   

1. Introduction 

Induced pluripotent stem cells (iPSCs) are derived from somatic cells 
after over expression of specific “reprogramming factors”, generating 
cells that are genetically reprogrammed into an embryonic-like plurip
otent state capable of differentiating into all three germ layers [1]. 

The reprogramming of somatic cells to iPSCs has opened a new venue 
to study human development and sequences of pluripotent stages along 
it, and also has enabled the direct modelling of human disease and 
basically promises to revolutionize regenerative medicine. IPS cells offer 
a valuable source of patient-specific pluripotent stem cells for disease 
model generation, drug testing, toxicology testing and, remarkably, for 
regenerative medicine, and worth mentioning, they are already being 
used for the understanding of human diseases [2,3]. 

Although iPSCs can be reproducibly generated by expressing the four 
“Yamanaka Factors” OCT4, SOX2, KLF4, and c-MYC (OSKM) or this 
combination without the oncogene c-Myc (OSK), human iPSC derivation 
remains inefficient and variable [4]. Reprogrammed cells differ from 
embryonic stem cells in gene expression patterns and epigenetic profiles, 
as well as in their differentiation potential, and present difficulties for 
their cell culture. A thorough understanding of the mechanisms of 
reprogramming is required to overcome these barriers that hold back the 
clinical application of iPSCs. A variable of great importance in this re
gard is the proper reprogramming factors combination [5]. 

Human oocyte as been shown to be a source of information to un
derstand and improve reprogramming due to the impaired reprogram
ming capacity of this cell type [6,7]. We have previously identified 
crucial reprogramming factors involved in the acquisition of pluripo
tency and we have developed an oocyte-based reprogramming combi
nation (ASF1A, OCT4 and SOX15, called AOX15) that allows to reach 
distinguishable pluripotent states from that of the OSK combination, 
with different transcriptional and methylation profile and enhanced 
differentiation potential [8,9]. However, a full understanding of mo
lecular changes in cellular components of the somatic cells during the 
reprogramming process - and the dependence on the reprogramming 
combination used - remains to be accomplished and a systematic anal
ysis of biochemistry changes during the process will shed light on it. 

Fourier transform infrared (FTIR) spectroscopy is a powerful 
analytical technique that allows the analysis of several cell components 
such as polysaccharides, nucleic acids, protein and lipid contents. They i 
generate spectra based on the intrinsic property of molecular systems to 
vibrate in resonance with different frequencies of infrared light. Syn
chrotron radiation (SR)-FTIR microspectroscopy provides excellent 
spectral quality at single cell level and thus offers a powerful technique 
to dissect cellular diversity within a complex system. 

The FTIR microspectroscopy, i.e. spectroscopy with the micrometer 
resolution, monitors the overall biochemical composition in the probed 
bulk sample (e.g. tens of cubic microns) the spectroscopical signatures 
demonstrate slight changes in the biological macromolecular composi
tion. Therefore there have been numerous applications of synchrotron 
infrared microscopy in different biological fields for probing the 
macromolecular chemical and conformational changes [11]. On the 
other hand, the FTIR imaging i.e. microscopy, after integration of spe
cific molecular bands, is widely used for tissues, single cells, and sub
cellular imaging [12]. In addition, the synchrotron infrared beam is used 
for live cells studies, as there are no beam damage of the cellular 
structure [13,14]. 

High spectral resolution of synchrotron-based FTIR (SR-FTIR), 
combined with fast, stabile measurements makes the method suitable for 
the high resolution organic compounds resolving in comparison to in
ternal “globar” source. Here, applied SR-FTIR spectroscopy has a ~ 
1000-fold higher brightness than conventional sources, and improved 
the S/N ratio allowing stability for a rapid collection of thousands of 
infrared spectra over relative large areas of a sample as well as a more 
precise peak detection (reviewed in [15]). Furthermore, the SR-FTIR 
combines high spectral resolution of vibrational spectra with high 
spatial resolution that reaches the diffraction limit [16]. This is a 
established technique which enables association of vibrational peaks of 
the IR absorption spectra with specific chemical groups, making it 
appropriate for the investigation of the chemical properties of biological 
molecules and molecular complexes [17,18]. 

The mid IR spectroscopy has proven to be a sensitive analytical tool 
to examine the structure and conformation of lipids, proteins and 
nucleic acids and also of complex biological materials such as body 
fluids and cell cultures in tracking down of biomarkers, reviewed in 
[10,19,20]. On the other side, near- and far – infrared spectroscopy on 
the biological samples is also possible. NIR spectroscopy is still a 
developing discipline and the area of bioanalytical research and medical 
diagnosis is still in strong competition with mid-IR and Raman spec
troscopy (reviewed in [21]). However, current progress includes im
provements in the interpretability of NIR spectra, which are valued for 
their superior chemical specificity, and the progress on the instrumen
tation that enable environmental monitoring will further extend its bio- 
applications [21]. The far-infrared spectroscopy is also important for the 
biological applications, since it is suitable for in-vivo measurements 
without causing damage, and provide information as hydrogen bonds or 
DNA epigenetic changes. However, the sample preparation, the low- 
power sources are one of the current challenges, besides limits of the 
penetration depth by water absorption especially at higher frequencies 
of infrared [22]. 

Infrared spectroscopy has been identified as one of the key ap
proaches for this field of “functional biology” as reviewed in [10]. There 
are a lot of information contained in FTIR spectra such as protein sec
ondary structure – Amide I (1600–1700 cm− 1) and Amide II 
(1500–1560 cm− 1), features that arise primarily from the C–O and 
C–N stretching vibrations of the peptide backbone, respectively. The 
infrared signature of Amide I and II of the protein has been shown to be 
above all sensitive to protein secondary structure based on the vibra
tional frequency of the Amide I and Amide II bands, which are affected 
by different hydrogen-bonding environments for α-helix, β-sheet, turn 
and loops, and unordered structures (for a review, see [23]). 

In addition to protein’s conformational change, FTIR simultaneously 
provides information about sample biochemistry, with predominant 
absorption features of the lipids (region 2800–3000 cm− 1), carbonyl 
C––O groups (in the lipids and proteins), and nucleic acids, mostly 
absorbing in region between 1000 and 1500 cm− 1 that contains con
tributions from PO2 stretching vibrations [10]. 

In addition to the biological research and diagnostic, there are 
numerous applications of FTIR spectroscopy. The high spatial resolution 
and higher spectral quality have a lot of usage in material science, 
extreme conditions, archeology, earth and planetary science (see review 
[10]). FTIR is also a key tool in criminal investigation, as the 
biochemical composition of fingermarks is as a source of vital forensic 
evidence [24]. 
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FTIR microspectroscopy as a nondestructive technique, sensitive to 
conformational changes of the bio-macromolecules, has been used to 
study the pluripotent state of human embryonic stem cells (hESCs) with 
focus into the differences with their differentiated cell derivates [25–27] 
and there is still limited literature providing human iPSCs information, 
with comparative studies indicating that iPSCs show a macromolecular 
chemistry more similar to hESCs than to either original somatic amniotic 
fluid cells [28] or differentiated progeny [27] and that reduction of the 
reprogramming cocktail to only two factors (OCT4 and SOX2) has 
minimal effect on the molecular characteristics of iPSCs [29]. 

Our SR-FTIR data show that the representation of biological relevant 

macromolecules and their conformations differ when either the canon
ical OSK or the oocyte-based AOX15 combination are used. Addition
ally, we also evaluated the bio-macromolecular FTIR signatures during 
the reprogramming process using both combination AOX15 and OSK at 
different days (day 4, 10, 14, 21 and fully reprogrammed iPSCs). We 
clearly identified differences in the spectral macromolecular signatures 
during the reprogramming process. These results confirm previous 
transcription data of our group suggesting differential pluripotency state 
acquired depending on the reprogramming factors used and, interest
ingly suggest differential molecular pathways and molecular states to 
achieve pluripotency [6,8,9]. Euclidean hierarchical clustering of the 

Fig. 1. Experimental workflow A. Primary somatic stromal cell lines (MnSCs) were used to perform retroviral driven reprogramming initiation by over expression of 
either canonical OSK (OCT4, SOX2 and KLF4) or oocyte-based AOX15 (ASF1A, OCT4 and SOX15) combination of factors. Cells were fixed at day 0, 4, 10, 14 and 21 
after factor overexpression and after complete reprogramming into iPSCs forming rounded colonies. Representative bright field images of fixed cells at each stage are 
shown (scale bar = 20 µm) B. Between 100 and 200 cell spectra for each sample were collected in the 4000–900 cm− 1 mid-infrared range. C. Spectral analysis for 
every single cell and interpretation for three different areas: 3020–2800 cm− 1 lipids, 1800–1480 cm− 1 proteins and esters, and 1480–900 cm− 1 nucleic acids and 
carbohydrate region was applied for further statistical PCA and t-SNE and clustering analysis. 
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samples showed that AOX15 and OSK reprogrammed cells cluster 
together at iPSC stage and at reprogramming day 21 at all spectral re
gions analyzed (lipid, protein and nucleic acid) while they show 
different clustering at earlier reprogramming stages. Our association 
analysis suggests that there are significant differences in bio- 
macromolecular composition during reprogramming depending on the 
reprogramming combination used, and these differences are more 
evident at early stages. 

2. Experimental section 

2.1. Cell culture 

Primary somatic menstrual-blood derived stromal cell lines (called 
MnsCs or MenSCs) were culture in DMEM-F12 containing 10 %FBS, 
1xNEAA, 1xL-Glutamine, penicillin and streptomycin as previously 
described [8,9]. 

We used previously generated OSK and AOX15 iPS cell lines (3 cell 
lines from each combination) [8] that were cultured in standard human 
ES cell culture medium (DMEM/F12 containing 20 %KSR, 10 ng/ml of 
human recombinant basic fibroblast growth factor (bFGF), 1xNEAA, 
1xL-Glutamine, 5.5 mM 2-ME, penicillin and streptomycin. iPS cells 
were cultured on top of mitomycin-C mouse fibroblasts and picked 
mechanically as previously described [6,8]. 

All cell lines were regularly tested for mycoplasma using PCR vali
dation (Venor GeM Classic, Minerva Biolabs) and found to be negative. 
At passage 20, iPS cells were seeded on CaF2 10 × 0.5 mm slides 
(transparent for infrared and VIS light) and fixed using 4 % para
formaldehyde incubation for 20 min at 25 ◦C to be later analyzed in 
ALBA by SR-FTIR beamline MIRAS. 

2.2. Reprogramming assay 

Primary somatic stromal cell lines were used to perform retroviral 
driven reprogramming initiation using both canonical OSK (OCT4, 
SOX2 and KLF4) and AOX15 oocyte-based combination (ASF1A, OCT4 
and SOX15) as previously described using pMXs vectors [6,8]. Cells 
were fixed at day 0, 4, 10, 14 and 21 after factor overexpression and 
after complete reprogramming into iPSCs using 4 % paraformaldehyde 
incubation for 20 min at 25 ◦C to elucidate the effect of each combi
nation reprogramming initiation on the biomacromolecules. Cells were 
seeded on CaF2 10 × 0.5 mm slides (transparent for infrared and VIS 
light). Fixed cells were analyzed in ALBA by SR-FTIR beamline MIRAS 
(Fig. 1). 

2.3. SR-FTIR measurements and analysis 

Samples were analyzed at the beamline MIRAS BL01 (ALBA Syn
chrotron, Spain), by using the 3000 Hyperion microscope coupled to a 
Vertex 70v spectrometer and a liquid nitrogen-cooled mercury cadmium 
telluride (MCT) detector. The spectroscopic data were collected in 
transmission mode using the 36x Schwarzschild objective/condenser 
and an aperture size of 10 μm × 10 μm. Between 60 and 120 cell spectra 
for each sample were collected in the 4000–900 cm− 1 mid-infrared 
range at a spectral resolution of 4 cm− 1 with 128 co-added scans per 
spectrum. Spectra were collected by using the OPUS software (version 
8.2, Bruker Company). 

Spectral analysis for every single cell and second derivative 
(Savitzky-Golay filter, 17 smoothing points, third polynomial order, and 
vector normalization), was implemented for three different areas: 
3020–2800 cm− 1 lipid area, 1800–1480 cm− 1 proteins and esters, and 
1480–900 cm− 1 nucleic acids and carbohydrate region. Vector 
normalization was applied after differentiation, as this normalization 
technique does not require a reference peak. 

The principal component analysis (PCA) for each data set was per
formed, i.e., after the second derivative calculation, and normalization 

of spectra. The PCA analysis was performed using the Orange software 
(Bioinformatics Laboratory of the University of Ljubljana [30], Version 
3.20.1), with the spectroscopy package [31] (Version 1.2.0) on baseline 
corrected and unit vector normalized spectra, for spectra without second 
derivative transformation. The same software was used to perform PCA 
analysis on the different wavenumber regions, also to calculate integral 
area mean values of second derivative average spectra at specific 
wavelengths ranges using integral from 0 method and setting the lower 
and upper limits of integration at desired wavelenghts and to calculate 
Euclidean distances among groups, computing a matrix of pairwise 
distances between average spectra at selected regions where data are 
normalized to ensure equal treatment of individual features, and also to 
construct t-SNE plots of the data with a t-distributed stochastic neighbor 
embedding method. t-SNE is a dimensionality reduction technique, 
similar to multidimensional scaling, where points are mapped to 2-D 
space by their probability distribution. t-SNE was run with a perplex
ity value of 30 on the principal components of the input data thus 
controlling the number of principal components to use when calculating 
distances between data points. Standardization was applied before 
running PCA to normalize each data set by subtracting the data set mean 
and dividing by the standard deviation. 

3. Results 

3.1. Identification of reprogrammed pluripotent state using SR FTIR 
spectroscopy 

Original somatic menstrual-blood derived stromal cells (MnsCs) and 
iPSCs reprogrammed using either OSK or AOX15 combination previ
ously generated [8] (Fig. 1) were analyzed using SR FTIR 
microspectroscopy. 

Fig. 2 presents the bio-macromolecular FTIR signatures of somatic 
cells and derived pluripotent iPS cells using either OSK or AOX15 
reprogramming combination. Different conditions are compared and 
second derivative average spectra are presented in Fig. 2 for three 
different areas: lipids (A), proteins and carboxyl group (B), and nucleic 
acids (C). As expected, each cell line has its spectral signature, and so
matic cells clearly differ from iPSCs. In the lipid region, both reprog
rammed cells differ from the somatic cells, and the differences concern 
the bands at ~2850, ~2874 and ~2925 cm− 1 assigned to vsCH2, vsCH3 
and vasCH2, respectively [32], which were lower in somatic cells while 
~2958 cm− 1 assigned to vasCH3 was more pronounced in the somatic 
cells (Fig. 2A)(SI Table S1). Consistently, the PCA analysis showed a 
clear contribution of these CH3 bands in PC1 and PC2, as well as bands 
assigned to CH2 groups (Fig. 2D,E) (SI Table S1). The somatic cells in the 
PCA plot showed clear separation regarding both PCs (mostly PC2) in 
comparison to reprogrammed cells (Fig. 2D) and loading plots pointed 
out a maximum peak at ~2870 cm− 1 and ~2922 cm− 1 and minimum 
peak at ~2907 cm− 1, ~2850 cm− 1 and ~2950 cm− 1 for PC2 (Fig. 2E). 
Regarding the protein/ester area, differences were observed in the band 
position of Amide I and Amide II, (Fig. 2B) (SI Table S1). The PCA 
analysis pointed out the differences in the secondary protein structure, 
and the PCA score showed segregation in both PC1 and PC3. The somatic 
cells spectral profile differed from those of both iPSCs for the signals at 
1655 and 1670 cm− 1 (α-helix structure and turn and loops structure, 
respectively) and the carboxyl group at 1740 cm− 1 [32] (Fig. 2B,F,G). 
Differences were confirmed by PCA analysis and the loading plots 
pointed out a maximum peak for PC3 at ~1655 cm− 1 and at ~1670 
cm− 1 for PC1. Regarding Amide II, the PC loadings present spectral 
differences for somatic cells versus pluripotent iPSCs at ~1545 to 1555 
cm− 1 assigned to the α-helix structure and the random coil protein 
structure, as well as at 1560 cm− 1, which is attributed to the β-sheet 
structure [13,19] (SI Table S1). 

In the fingerprint area the peak at ~1070 cm− 1 corresponding to −
CO − O – C stretching related to cholesterol esters and phospholipids 
[32] was higher in pluripotent cells (Fig. 2C) (SI Table S1). 
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In the nucleic acid area (1200–900 cm− 1), several bands were 
considerably different between somatic cells and pluripotent iPSC which 
is consistent with major DNA reorganization during reprogramming of 
somatic cells towards iPSCs [33,34] (Fig. 2C) (SI Table S1). Analysis of 
the contribution of individual absorbances to PCA showed relevant 
vibrational bands differences at 925, 965, 1025, 1085 cm− 1, corre
sponding to Z-form DNA, DNA, strongly enhanced in Z-form DNA and B- 
form DNA respectively [35] (Fig. 2H,I)(SI Table S1). The band at ~1103 
cm− 1 pointed out differences in the process of DNA methylation [36] 
emphasizing the epigenetic changes occurring during reprogramming. 
The band at ~1125 cm− 1 related to RNA [37], was higher in pluripotent 
cells thus suggesting high transcriptional turnover after reprogramming. 

3.2. Pluripotent iPSCs FITR profile depends on the reprogramming 
combination used 

When we specifically compared bio-macromolecular FTIR signatures 
of pluripotent iPSCs depending on the reprogramming combination used 
(OSK or AOX15) (Fig. 3 and SI Table S2) we confirm the biggest dif
ferences in the spectral range of nucleic acids, specifically on the DNA 
contribution at 960 and 980 cm− 1, and interestingly, on the Z-form DNA 
conformation at 930, 1020 and 1060 cm− 1, B-form DNA conformation at 
1089 cm− 1 [35] and DNA methylation at ~1103 cm− 1 [36] thus sug
gesting epigenetic differences in DNA organization and structure be
tween OSK and AOX15 iPSCs. These differences were supported by the 
analysis of the integral area of the specific peaks (shown in SI Fig. S1A 

Fig. 2. Second derivative of the FTIR averaged spectra of fixed original somatic cells (green), iPSC reprogrammed with OSK combination (red), and iPSC reprog
rammed with AOX15 combination (blue) (N = 120, 179, 185, respectively) in the (A) lipids’ spectral region of 3020–2800 cm− 1, (B) proteins and carbonyl area, 
1800–1480 cm− 1, and (C) the nucleic acids region, 1200–900 cm− 1. Graphs in (D,F,H) represent the PCA analysis and values of the PC scores for each region assigned 
above; graphs (E,G,I) show the contribution of individual absorbance to the PCAs (loading values) of the specified principal components in blue and red. Black line 
and grey shadow represents the average and SD contribution of all principal components explaining 80 % of the variance. 

Fig. 3. Second derivative of the FTIR averaged spectra of fixed iPSCs reprogrammed with OSK combination (red), and iPSCs reprogrammed with AOX15 combi
nation (blue) (N = 179, 185, respectively) in the (A) lipids’ spectral region of 3020–2800 cm− 1, (B) proteins and carbonyl area, 1800–1480 cm− 1, and (C) the nucleic 
acids region, 1200–900 cm− 1. Graphs in (D–F) represent the PCA analysis and values of the PC1 and PC2 scores for each region assigned above; graphs (G–I) show the 
contribution of individual absorbance to the PCAs (loading values) of the first two principal components, PC1 (blue) and PC2 (red) explaining 80 % of the variance. 
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and SI Table S3). The peak area at ~1125 cm− 1, associated with RNA, 
was also found to be statistically significantly different between iPSCs 
groups (SI Fig. S1F). Also, the peak area at ~1070 cm− 1 corresponding 
to –CO–O–C stretching vibrations in cholesterol esters and phos
pholipids was higher in OSK than in AOX15 iPSCs (SI Fig. S1G). In the 
protein region, Amide I band shows fewer differences between OSK and 
AOX15 iPSCs (Fig. 3B and SI Fig. S1H) that might indicate changes in the 
amount, structure or function of the proteins (SI Table S2) [38,39]. The 
ratio of band intensity at 1740 cm− 1 (originated from the stretching 
vibrations of vC––O of the ester carbonyl groups) with the sum of CH2 
and CH3 band intensities (both asymmetric and symmetric) has been 
described to be correlated to lipid peroxidation or reorganisation [12] 
and we identify differences between AOX15 and OSK iPSCs in this ratio 
(SI Fig. S1I). Also vibration of CH2 at higher frequencies (2925 and 2852 
cm− 1) that are associated with longer acyl chains and increased fluidity 
of the membranes [29] were found significant different between iPSCs 
groups (SI Fig. S1J). The significant shift to higher wavenumbers is 

associated with a lower conformational order in the plasma membrane 
was observed earlier [40], their orientation and conformation in cells, 
showing an increase in lipid peroxidation, but also in membrane insta
bility was reported in [41]. 

3.3. Macromolecular changes can be detected during the reprogramming 
process 

The bio-macromolecular FTIR signatures were evaluated during the 
reprogramming process using either combination AOX15 (Fig. 4A–C) or 
OSK (Fig. 4D-F) on different days (days 4, 10, 14, 21 and fully reprog
rammed the iPSCs). FTIR simultaneously provides information about 
sample biochemistry, with predominant absorption features of the 
proteins (Amide I and II: 1480–1700), lipid parts (region 2800–3000 
cm− 1), carbonyl C––O groups, and nucleic acids and sugars that mostly 
absorb in region between 1000 and 1500 cm− 1 [10]. Spectra are 
compared and average spectra are presented in Fig. 4 (and SI Fig. S2) for 

Fig. 4. Second derivative of the FTIR averaged spectra of fixed original somatic cells (MnsC d0) and of AOX15 (A-C) or OSK (D–F) reprogramming intermediates at 
different days (d4, d10, d14, d21 and fully reprogrammed iPSCs) in the (A,D) lipids’ spectral region of 3020–2800 cm− 1, (B,E) proteins and carbonyl area, 
1800–1480 cm− 1, and (C,F) the nucleic acids region, 1200–900 cm− 1. (G–I) Hierarchical clustering of AOX15 and OSK intermediates using Euclidean distances based 
on their average spectra in the lipid (G), proteins and carbonyl groups (H) and nucleic acid (I) regions. (J–L) t-SNE representation of second derivative average spectra 
of OSK and AOX15 reprogramming intermediates groups at different days (d4, d10, d14, d21 and fully reprogrammed iPSCs) at three different areas: lipids (F), 
proteins and carbonyl group (K), and the nucleic acids (L). 
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three different areas: lipids (A, D), Amides I and II and carboxyl group 
(B, E), and the nucleic acids (C, F). We clearly identified differences in 
the spectral signatures at all regions during the reprogramming process 
using both combinations AOX15 and OSK. In the lipid region, were 
observed differences concern the bands at ~2850, ~2874 and ~2925 
cm− 1 assigned to vsCH2, vsCH3 and vasCH2, respectively [32] (Fig. 4A,D) 
(SI Table S4). Consistently, the PCA analysis showed the contribution of 
these bands (SI Fig. S3 and SI Table S4). Regarding the protein/ester 
area, differences were mainly observed in the band position of Amide I 
and Amide II, (Fig. 4B,E) (SI Table S4). The PCA analysis pointed out the 
differences in the secondary protein structure, including the signals at 
~1620, ~1650 and ~1670 cm− 1 (intramolecular β-sheet structure, 
α-helix structure and turn and loops structure, respectively) and the 
carboxyl group at 1740 cm− 1 [32] (SI Fig. S3B,E and SI Table S4). 
Regarding Amide II, the PC loadings present spectral differences at 
~1545–1555 cm− 1 assigned to the α-helix structure and the random coil 
protein structure, [13,19] (SI Fig. S3B,E and SI Table S4). In the nucleic 
acid area (1200–900 cm− 1), several bands were considerably different 
(Fig. 4C,F, SI Fig. S3C,F and SI Table S1). PCA analysis showed differ
ences of individual vibrational bands contribution at 925, 965, 1025, 
1085 cm− 1, corresponding to Z-form DNA, DNA, strongly enhanced in Z- 
form DNA and B-form DNA respectively [35] as well as ~1103 cm− 1 and 
~1125 cm− 1 bands related to DNA methylation [36] and RNA [37], 
respectively, emphasizing major DNA reorganization and epigenetic 
changes during reprogramming of somatic cells towards iPSCs [33,34]. 

Additionally, the Euclidean distances were calculated based on the 
average of each spectral region and performed hierarchical clustering of 
the samples (Fig. 4G–I). AOX15 and OSK reprogrammed cells cluster 
together at iPSC stage at all spectral regions (lipid, protein and nucleic 
acid) and at reprogramming day 21 at lipid and protein spectral regions 
while they segregate separately at earlier reprogramming stages. 

We used the dimensionality reduction technique t-distributed sto
chastic neighbour embedding (t-SNE) [42] on average spectral regions 
(lipid, protein and nucleic acids) for each cell group to visualize cell 
trajectories during reprogramming. The t-SNE plots show that cells 
separated into either OSK or AOX15 reprogramming trajectories and 
that they get closer at the latest stages (d21 and iPSC) (Fig. 4J–L). These 
analyses suggest that there are significant differences in bio- 
macromolecular composition during the reprogramming process 
depending on the reprogramming combination used, and these differ
ences are more evident during the early stages (day 4–day14). 

3.4. Cellular trajectories can be detected during the reprogramming 
process based on their intermediate cell-specific FITR signature 

In addition, each reprogramming method was analyzed separately, 
OSK (Fig. 5A–F) and AOX15 (Fig. 5G–L). We performed t-SNE and hi
erarchical clustering based on Euclidean distances of single-cell FTIR 
signatures based on their second derivative average spectra at specific 
wavelength ranges corresponding to lipids, proteins and nucleic acids 

Fig. 5. t-SNE representation of second derivative averaged spectra of OSK (A-C) and AOX15 (G-I) reprogramming intermediate cells at different days (d4, d10, d14, 
d21 and fully reprogrammed iPSCs) at three different areas: lipids (A,G), proteins and carboxyl group (B,H), and the nucleic acids (C,I). Hierarchical clustering of OSK 
(D–F) and AOX15 (J–L) intermediates using Euclidean distances based on their average spectra in the lipid (D,J), proteins and carbonyl groups (E,K) and nucleic acid 
(F,L) regions. 
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spectra. While both OSK and AOX15 reprogramming induced changes in 
lipid composition that segregate late (d21 and iPSC stage) from early 
stages (d4–d14) (Fig. 5 A,D,G,J), protein and nucleic acid signature 
trajectories behave differently depending on the reprogramming 
method. OSK reprogramming induces progressive changes in protein 
and nucleic acid composition that allow the sequential cell clustering 
over time (Fig. 5B,C,E,F). However, AOX15 overexpression promotes 
protein and nucleic acid sudden changes at the earliest stage (d4) that 
make these cells cluster with cells at the latest stages (d21) (Fig. 5H,I,K, 
L). In the nucleic acid spectral range, several bands were considerably 
different at d4 after AOX15 reprogramming (SI Fig. S4A). Analysis of the 
contribution of individual absorbance to PCA showed relevant vibra
tional bands significant differences corresponding to strongly enhanced 
Z-form DNA, B-form DNA, DNA methylation and RNA [35–37] (SI 
Fig. S4B,C). These differences were supported by the analysis of the 
integral area of the specific peaks (SI Fig. S4D–H and SI Table S5). Also, 
the peak area at ~1070 cm− 1 corresponding to cholesterol esters and 
phospholipids was lower four days after AOX15 induction (SI Fig. S4I 
and SI Table S5). In the protein region, analysis of second derivative 
spectra and PCA also showed differences in Amide I bands four days 
after AOX15 reprogramming (SI Fig. S4J-L) and we found significant 
differences in integral areas of the regions between 1649 and 1660 
cm− 1, 1665 and 1680 cm− 1, and bands centered between 1680 and 
1699 cm− 1 that is attributed to α-helix, turn and loops structures and 
β-turn structures, respectively [43–47] (SI Fig. S2M–O and SI Table S5). 

We focused on nucleic acid spectra changes along reprogramming 
using both reprogramming factors combinations (Fig. 5C,F,I,L), as 
remodelling of the epigenome is a crucial barrier that must be overcome 
for efficient somatic cell reprogramming [34]. We found that day 10 
represents a segregating point for cells during both OSK (Fig. 5C,F) and 
AOX15 (Fig. 5I,L) reprogramming methods. 

Ten days after AOX15 overexpression, several bands were different 
to somatic cells in the nucleic acid area, (Fig. 6A) and the PCA analysis 
showed segregation of these cell groups mainly in PC6 (Fig. 6B). Anal
ysis of contribution of individual absorbances to PCA (Fig. 6C) and the 
analysis of the integral area of the specific peaks (SI Fig. S5 and Table 1) 
showed relevant vibrational bands differences at ~925, ~965, ~1025, 
~1085 cm− 1, ~1103 cm− 1 and ~1125 cm− 1 among others, corre
sponding to Z-form DNA, DNA, strongly enhanced in Z-form DNA, B- 
form DNA, DNA methylation and RNA, respectively [35]. 

OSK reprogramming also caused differences in the nucleic acid 
spectra after 10 days (Fig. 6D) that enabled cell population identification 
through PCA analysis (Fig. 6E). Although the analysis of the contribu
tion of individual absorbances to PCA (Fig. 6F) confirmed differences in 
the DNA spectra, analysis of the integral area of mentioned specific 
peaks related to known functional DNA conformations (SI Fig. S6A and 
Table 1) shows significant differences focused solely into ~930 cm− 1 Z- 
form of DNA. 

The comparison of nucleic acid FTIR profile ten days after reprog
ramming initiation using either AOX15 or OSK combinations, even if as 

Fig. 6. Second derivative of the FTIR averaged spectra of fixed original somatic cells (MnSC d0) and ten days after AOX15 (A) or OSK (D) reprogramming initiation 
(AOX15 d10 or OSK d10 respectively) in the nucleic acids region, 1200–900 cm− 1. Graph in (B,E) represent the PCA analysis and values of the PC scores for the 
nucleic acid region for each reprogramming AOX15 (B) or OSK (E) method. Graphs (C,F) show the contribution of individual absorbance to the PCAs (loading values) 
of the specified principal components in blue and red. Black line and grey shadow represents the average and SD contribution of all principal components explaining 
80 % of the variance. Graph in (G) show second derivative of the FTIR averaged spectra of fixed cells after ten days of AOX15 or OSK reprogramming initiation in the 
nucleic acids region, 1200–900 cm− 1. (H) represents the PCA analysis and values of the PC scores for the nucleic acid region and (I) show the contribution of in
dividual absorbance to the PCAs (loading values) of the specified principal components in blue and red. Black line and grey shadow represents the average and SD 
contribution of all principal components explaining 80 % of the variance. 
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mentioned, they both induce major nucleic acid remodelling, their effect 
on nucleic acid composition and conformation is different, as shown by 
second derivative average spectra comparison, PCA and analysis of the 
contribution of individual absorbances to PCA (Fig. 6G–I). This diver
gence was supported by analysis of the integral area of the specific peaks 
that show significant differences in specific bands related to known 
functional DNA conformations (SI Fig. S7 and Table 1). The results 
suggest that OSK and AOX15 reprogramming operates through differ
ential mechanisms affecting nucleic acids reorganization and day 10 
comes out as a candidate hinge point to study the molecular pathways 
involved in each reprogramming process. 

4. Discussion 

The conversion of human adult somatic cells to pluripotent cells 
through the expression of defined factors (iPSCs) is a long and complex 
process that produces cells similar to embryonic stem cells (ESCs) that 
vary in their developmental potential. Understanding the molecular 
mechanisms of the human reprogramming process is essential to 
improve the efficiency and quality of the resulting induced pluripotent 
stem cells (iPSCs), which is crucial for potential therapeutic applica
tions, and to address fundamental questions about the control of cell 
identity [48]. 

Mammalian metaphase II (MII) oocyte has widely been shown to 
have an unpaired reprogramming capacity with enough epigenetic 
power to reprogram a somatic cell into an embryonic state in only two 
cell cycles. Thus, the generation of pluripotent cells using MII oocyte 
through somatic cell nuclear transfer (or SCNT) in mice and humans is 
10-to 100-fold more efficient, as well as less variable, faster, and it is 
considered less stochastic than iPSC derivation [7,49,50]. 

We hypothesized that oocyte reprogramming factors bear re
sponsibility for the exceptional reprogramming capacity of SCNT. By 
analyzing its specific factors [51–53] we have previously identified that 

the oocyte-enriched factors ASF1A and SOX15, crucial for human plu
ripotency and we have shown that their overexpression along with OCT4 
can reprogram human somatic cells. Our previous results revealed that 
the oocyte-based reprogramming combination (AOX15) generate iPSCs 
with a transcriptional and genome methylation profile distinguishable 
to the canonical OSK combinatiońs. This alternative pluripotent state 
has relevant functional consequences, showing increased differentiation 
potential, including challenging PGC-like generation [7–9]. 

4.1. Macromolecular identification of the pluripotent acquisition 

The SR FTIR data indicate that the pluripotent state is readily 
recognizable from that of MnsC somatic cell, based on the different 
profiles at major bio-macromolecular components (lipids, proteins and 
nucleic acids), confirming the feasibility of this approach to distinguish 
somatic vs pluripotent state as previously shown using amniotic fluid 
cells instead [28], and opening an intriguing technique on the intact 
cells to explore molecular components with an important role in cell 
identity. Our results pointed out that pluripotency acquisition affects 
lipid metabolism based on the increase in peaks related to vsCH2, vsCH3 
and vasCH2 [32], while vasCH3 contribution was more pronounced in the 
somatic cells. It has been described that vasCH2/vasCH3 is related to fatty 
acid acyl chain oxidation [54] thus suggesting an increase of this 
pathway in pluripotent cells. The contribution of bands related to 
cholesterol esters and phospholipids [32] was also higher in pluripotent 
cells indicating that the changes also extend to the increase in lipids 
essential for plasma membranes. Glucose metabolism has been studied 
in pluripotent stem cells that suffer a shift from oxidative phosphory
lation towards aerobic glycolysis [55–57]. However, there is still limited 
information focused on lipid metabolism and recent studies show a role 
of c-MYC inducing remodeling of the lipid content, as well as the satu
ration and length of their acyl chains in mouse cells during pluripotency 
acquisition [58]. Reprogramming combinations used in this work lack c- 

Table 1 
Integral area mean values of second derivative average spectra of MnSC at day 0 (d0) and ten days after AOX15 or OSK over expression (AOX15 d10 or OSK d10) at 
specific wavelengths ranges related to specific molecules vibration ± standard deviation (SD). T-test score, P-value indicating significant (green) or not significant 
(red) differences between d0 and AOX15 or OSK d10 groups. Related to SI Figs. S5–S7.  
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MYC and thus our data suggest that lipid reprogramming also happens 
without c-MYC overexpression in human cells and invite to extend lip
idomic characterization using liquid chromatography–mass 
spectrometry. 

Peaks associated with DNA structure show that reprogramming also 
affects DNA structure with changes in Z-form and B-form DNA contri
bution that has been associated with histone acetylation [35], and the 
increase in DNA methylation related to the band at ~1103 cm− 1 con
firms major epigenetic differences after pluripotency acquisition that 
have been shown by standard molecular approaches including chro
matin immunoprecipitation, DNA sequencing based on bisulfite con
version [59]. 

4.2. Recognition of the specific pluripotent state 

Our analysis reveals differences between AOX15 and OSK iPSCs as 
well. The biggest dissimilarities concentrate on the nucleic acid contri
bution and conformation to the spectra, where differences in B-form and 
Z-form DNA suggest epigenetic differences [60]. Z-DNA has been 
analyzed for its relevance in regulating transcription. Z-DNA is thought 
to form in the promoter region of the open chromatin structure induced 
by a chromatin remodeler and to maintain the open structure stably via 
binding by proteins such as ADAR1 or Nrf2 in order to support the 
downstream transcription event [61,62]. The differential DNA-form 
structures observed between AOX15 and OSK iPSCs invite us to 
explore proteins participating in such DNA-form changes, including 
histone acetylases and Z-form binding proteins such us ADAR1, Nrf2 or 
DLM-1 [63], as reprogramming factor candidates. Of interest, ADAR1 
has already been described to be involved in the regulation of reprog
ramming human fibroblasts to induced pluripotent stem cells through 
post-transcriptional RNA editing mechanism and molecular mechanisms 
involved and its relationship with DNA conformation still need to be 
addressed [64]. 

In addition, differences in specific bands of lipids and proteins sec
ondary structures also contribute to their distinguishable molecular 
profile. Of interest, the transition between pluripotent states, such as the 
ESCs conversion from naive to the primed state, changes their lipid 
metabolism dramatically, increasing fatty acid synthesis, accumulating 
lipids, and impeding the use of palmitate as an energy source [65] and it 
has been shown that changes in the metabolome regulate the epigenetic 
landscape between pluripotent states. Specifically, nicotinamide N- 
methyltransferase (NNMT) a crucial enzyme involved in metabolic 
regulation, is required to establish and maintain histone H3 repressive 
mark (H3K27me3) in the naive state [66]. NNMT is especially abundant 
in adipose tissue and the liver and its expression affects lipid accumu
lation during cell differentiation processes [67,68] showing the inter
connection between cell identity and biomolecules presence. 

4.3. Macromolecular monitoring during pluripotency acquisition 

FITR microspectroscopy analysis provides worthy information for 
the study of reprogramming progression and proposes interesting in
termediate cell stage points to study their transcriptional and epigenetic 
signature to bring the molecular understanding of pluripotency 
acquisition. 

There are few recent studies that reveal the details of reprogramming 
towards human pluripotency and a comprehensive roadmap of the OSK- 
driven process is still under construction using complex single-cell 
transcription analysis, high-throughput DNA methylation profiling and 
sequencing of accessible chromatin (ATAC-seq) [69–72]. This work 
contributes not only molecular information, promising candidate time 
points and intermediate states to delve into molecular factors and 
pathways involved in reprogramming but also to distinguish among 
pluripotent states acquired using different triggering combinations. 

We have monitored the dynamics of bio-macromolecules chemistry 
during either oocyte-based AOX15 or canonical OSK pluripotency 

induction process. Hierarchical clustering based on Euclidean distances 
and t-SNE dimensionality reduction technique of specific spectra ranges 
reflects biological cell trajectories. Our data suggest that somatic cells 
undergo differential macromolecular pathways during reprogramming 
depending on the reprogramming combination used. Interestingly, 
pluripotency acquisition trajectories seem to converge at late interme
diate stages while they diverge at early stages. Association analysis 
based on nucleic acid and protein spectra suggests that AOX15 reprog
ramming causes more abrupt changes starting at day 4 than OSK 
reprogramming, which follows a more gradual pattern of change over 
time. Nucleic acid spectra profile dynamics suggest day 10 after factor 
overexpression as a divergent intermediate state using both reprog
ramming combinations. At this stage, AOX15 reprogramming causes 
significant changes in peaks related to DNA conformation and methyl
ation and to RNA content as well, while OSK reprogramming effect was 
milder and significantly different to AOX15’s within these areas. 

In this study, we employed SR-FTIR microspectroscopy analysis to 
study macromolecular characteristics of pluripotency acquisition and 
thus conclusions must be cautious to the limitation of using solely this 
experimental technique that even if it provides excellent spectral quality 
at single cell level, the biological significance should be further proven 
using cellular and functional assays in forward studies. In addition, 
despite relatively easy classical sample preparation for FTIR, including 
the fixation with the PFA, the cells are slightly chemical changed in 
comparison to their physiological conditions. The future studies will 
include the live cells imaging and spectroscopy in order to obtain in
formation in close to physiological conditions of cells. 

Overall, these data support the hypothesis that the pluripotent state 
of human cells is not a single state. There are already ground-breaking 
publications in this field demonstrating the existence of the naïve and 
basic states of human iPSCs and ESCs, and yet, the difficulty and 
complexity in defining these states are being confirmed [73,74]. Further 
progress is needed to study the existence of additional pluripotency 
states or, probably more accurately, sequences of pluripotency states, 
which may resemble the natural progression after fertilization. For this, 
the oocyte constitutes a precious source of information as a reprog
ramming cell par excellence that allows revealing factors, pathways and 
crucial molecular changes in the process. 

Our data suggest that cell identity must be understood as a bio- 
macromolecular interconnected network where FTIR spectral analysis 
can contribute valuable information based on cell’s biomolecule profiles 
highlighting unexplored connections among their abundance and 
conformation. 

5. Conclusions 

This study explores the bio-macromolecular signature of cells during 
and after pluripotency acquisition using either canonical OSK reprog
ramming combination or oocyte-based AOX15 cocktail. Primary, we 
show that pluripotent cells generated using either of the mentioned 
combinations are readily distinguished from somatic MnsC with respect 
to all bio-macromolecules analyzed including lipid, protein and nucleic 
acid composition and conformation. Second, we demonstrate that the 
FITR spectral profile of iPSCs depends on the reprogramming combi
nation used, with differences in all macromolecules studied and espe
cially in the nucleic acid spectra, where changes in the symmetric 
phosphate band vibration, related to different structures of DNA, points 
toward possible epigenetic differences. Third, we observed macromo
lecular changes during the reprogramming process. Using hierarchical 
clustering and t-SNE analysis based on FITR spectra we constructed cell 
trajectories during reprogramming, which show that cells separated into 
either OSK or AOX15 reprogramming paths and that they get closer at 
the latest stages while they differ at earlier phases. Last, we focused on 
nucleic acid spectra changes along reprogramming using both factors 
combinations and found that day 10 after initiation of reprogramming, 
represents a segregating point for cell trajectories using both OSK and 
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AOX15 combinations. In addition, at this stage, AOX15 and OSK cell 
intermediates show different nucleic acid composition and conforma
tional changes suggesting that OSK and AOX15 reprogramming operate 
through differential mechanisms affecting nucleic acids reorganization. 
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