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ABSTRACT 

Isofuranodiene (IFD) is a sesquiterpene occurring in several plant species, which proved to have 

multiple anticancer activities. IFD has a lipophilic nature and, hence, a very low water solubility and 

a poor bioavailability; moreover, it is not stable, undergoing the “Cope rearrangement” to the less 

active curzerene. The use of appropriate delivery systems can thus be considered as a valid tool to 

enhance IFD bioavailability, solubility, stability and at the same time also to improve its intracellular 

uptake and pharmacological activity. Within this frame, monoolein (GMO) nanoparticles loaded with 

IFD were prepared and their enhanced anticancer activity, compared to pristine IFD, was assessed. 

In this study, for the first time, an in vitro Fourier Transform Infrared and Raman Microspectroscopy 

approaches were exploited to evaluate the effects of IFD, alone and loaded in GMO nanoparticles, on 

MDA-MB 231 breast cancer cell line. The anti-cancer effects of IFD were evidenced by both the 

spectroscopic techniques and discriminated from the GMO-induced changes in the culture 

environment; moreover, a synergistic effect of IFD and GMO administration can be envisaged by the 

experimental results. 

 

Keywords: Isofuranodiene, monoolein nanoparticles, MDA-MB 231 cells, Fourier Transform 

Infrared Microspectroscopy, Raman Microspectroscopy, chemometrics. 

 

1. Introduction 

The use of plants and plant extracts for the treatment of different diseases continues to expand rapidly 

with over three quarters of the world’s population resorting to these products in case of most varied 

pathologies. Plant extracts, which are mainly obtained from leaves, fruits, stems or roots, are complex 

mixtures of chemical compounds with multiple biological and therapeutical activities, such as 

antioxidant, antibiotic, antidiabetic, anti-inflammatory, anticancer, and others [1,2]. Among these 

compounds there is isofuranodiene (IFD), a sesquiterpene occurring in several species of the genera 

Curcuma and Commiphora and obtained also from the essential oil of Smyrnium olusatrum 
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(Apiaceae) [3,4]; IFD has been proved to have multiple anticancer activities, as a result of the 

modulation of several cellular processes, including apoptosis triggering, ROS production, DNA 

fragmentation and cell cycle arrest in G2/M phase [5–10]. IFD is a lipophilic compound (LogP = 3.52 

[11]) with a very low water solubility [12] and this may result in a poor bioavailability; moreover, 

IFD is unstable undergoing the “Cope rearrangement” to the less active curzerene [13]. It follows that 

appropriate delivery systems can be considered as valid tools to enhance IFD bioavailability, 

solubility, stability and at the same time also to improve its intracellular uptake and pharmacological 

activity. Lipid-based nanocarriers, such as nano- and micro-emulsions [14,15], nanostructured lipid 

carriers [11] and, recently, structured liquid crystalline nanoparticles have been considered and 

successfully tested for IFD encapsulation and delivery [16]. In particular, in our recent paper, IFD-

monoolein nanoparticles were prepared and characterized [16]. Monoolein is an amphiphilic 

molecule which, in the presence of excess water, self-assembles in a series of liquid crystalline 

structures ordered in one or three dimensions, as a function of water concentration, with the polar 

portions oriented towards the aqueous milieu whereas the hydrophobic portions cluster together to 

reduce the exposure to water [17]. Typically, at room temperature and as a function of water 

concentration, monoolein self assembles in inverted cubic phases, in the gyroid Ia3d and in the 

diamond Pn3m space groups, whereas the primitive Im3m cubic phase is formed in the presence of 

additives such the steric stabilizer Pluronic® F127 [18]. Addition of other additives [19–22] or drug 

encapsulation [23] may determine, according to their lipophilicity, the transition to a more curved 

mesophase such the inverted hexagonal one HII, as in the case of IFD [16]. 

Monoolein bulk phases are of limited interest in the drug delivery field because of their viscosity 

and difficult handling but, upon fragmentation in the presence of the stabilizer, they can be obtained 

as nanoparticles, cubosomes and hexosomes. These latter structures are able to incorporate high 

amount of both lipophilic and hydrophilic drugs because of their ordered internal structures and large 

interfacial surface, to protect the loaded cargo from hydrolysis, oxidation or enzymatic degradation 

and to improve their bioavailability, thus representing efficient and promising delivery vectors for 
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small drugs [24,25], peptides and proteins [26,27], nucleic acids [28,29]. Within this frame, different 

anticancer agents have been encapsulated in cubic nanoparticles, composed of monoolein or other 

amphiphilic molecules such as phytantriol; their activity has been tested in several cell lines and 

proved to be higher after the encapsulation in the nanoparticles, with respect to the free drug [30–35]. 

The assessment of cell viability is usually performed by the colorimetric MTT (3-[4,5-

dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) [36], or Trypan Blue [37] assays, which are 

cheap and easy procedures giving information on cell survival, disregarding the mechanism 

responsible for cell death. At this regard, the spectral information deriving from Fourier Transform 

Infrared (FTIRM) and Raman (RMS) microspectroscopies may shed new light on the mechanisms 

by which cells respond to the treatments. In fact, these techniques are successfully exploited to 

investigate the chemical composition and structure of the cellular macromolecules based on the 

position, intensity and width of their main bands, allowing to highlight even tiny alterations [38,39]. 

The changes, affecting lipids, proteins, carbohydrates or nucleic acids, can be associated to the main 

biological processes such as apoptosis, necrosis, etc. More in detail, FTIRM and RMS are mutually 

complementary techniques, differing in the physical phenomena they rely on: polar group vibrations 

are detected by IR absorption, while polarizable ones are visible by Raman scattering. Hence, from 

the combination of both these techniques a deeper understanding of the biological sample is possible. 

Moreover, FTIRM has been applied for the analysis of small groups of hydrated cells, setting the 

spatial resolution to 30x30 μm2, whereas confocal Raman microscopic resolutions close to 1 μm could 

be achieved with a ×100 objective. Thus, from FTIRM an information deriving from averaging larger 

areas is obtained, while RMS enables single-cell analyses, thus permitting to focus on subcellular 

compartments [40]. 

 

In the present study, for the first time, an in vitro FTIRM and RMS approach was performed on 

MDA-MB 231 cells, treated with IFD loaded into GMO nanoparticles (Chart 1). The aim was to 
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elucidate the mechanism of action of IFD and the effective advantages of GMO nanoparticles as 

nanocarriers to enhance the anticancer activity of IFD.  

Chart 

 

2. Experimental section 

2.1 Chemicals  

Isofuranodiene IFD was isolated from the essential oil of Smyrnium olusatrum L. inflorescences by 

crystallization following the procedure described in ref. [41] and [12]. Glyceryl monooleate 

(Monomuls® 90-O 18,) was kindly provided from BASF (Germany). Pluronic® F127 (PEO98-

PPO67-PEO98) and all the used solvents were purchased from Sigma-Aldrich (Milan, Italy). Milli-Q 

water was used for the preparation of all the samples.  

2.2 Nanostructured lipid dispersions preparation and characterization 

Monomuls® 90-O 18 (50 mg) and Pluronic® F127 (8% w/w) were dissolved in chloroform 

(hereinafter, this sample is named GMO and the presence of the stabilizer is implied). The solvent 

was evaporated under a gentle steam of nitrogen and, subsequently, under vacuum for 2 h. For the 

IFD loaded system (GMO+IFD), 4 mg of IFD were added to the mixture before solvent evaporation. 

In both cases, the dried residue was hydrated with 300 L of water and the obtained gels were left to 

equilibrate for 24 h at room temperature. Water (2200 L) was added to GMO and GMO+IFD bulk 

phases to have a concentration of 20 mg/mL lipid/water and 1.6 mg/mL IFD and nanodispersions 

were obtained after 10 min probe sonication in pulse mode (1 s on 1 s off, 50% maximum amplitude). 

Phase identity of the obtained nanoparticles was determined by synchrotron X-ray scattering 

performed at the SAXS beamline, Elettra Sincrotrone Trieste (Trieste, Italy). 2D diffraction patterns 

were recorded on a Dectris Pilatus 1M detector using a 1.54 Å wavelength (8 keV incident beam 

energy) at 1279 mm from the sample which covered a q range of 0.15-5 nm-1 (  /sin4=q , where 2 
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is the scattering angle and  the wavelength). A vacuum chamber was placed between the sample and 

the detector to remove the air scattering, whereas radiation damage of the samples was reduced by 

using a maximum exposure time of 1s. The 2D spectra were integrated to have a 1D intensity versus 

q patterns. From the linear fit of the plot qhkl vs √ℎ2 + 𝑘2 + 𝑙2 and qhkl vs √ℎ2 + 𝑘2 + ℎ𝑘 the lattice 

parameters a for the cubic and hexagonal phase were obtained, respectively. 

2.3 Cell culture  

Human breast adenocarcinoma cells (MDA-MB 231) were obtained from American Type Culture 

Collection (Rockville, MD). Cells were grown at 37 °C in a humidified atmosphere with 5% CO2 in 

Dulbecco’s Modified Eagle’s Medium (DMEM) with 2 mM L-glutamine, 100 IU/mL penicillin, 100 

μg/mL streptomycin (Corning, Manassas, VA, USA), and supplemented with 10 % heat-inactivated 

fetal bovine serum (HI-FBS) (Corning, Manassas, VA, USA). Cells were maintained in culture by 

selective trypsinisation with trypsin/EDTA solution (0.05% trypsin–0.02% EDTA) and diluted in 

fresh medium before reaching the 80 % of confluence state.  

2.4 Cell treatment 

Exponentially growing cells were seeded in duplicate at the density of 0.72×106 cells into 6-well 

tissue culture plates (Corning Incorporated, NY, USA) in complete medium and incubated at 37 °C 

with a 5% CO2 atmosphere for 24 h. Cells were then treated for 24 and 48 h with 116.9 μg/mL GMO 

and 79.9 μg lipid/mL GMO+IFD nanoparticles corresponding to the IC50 values, previously 

determined in [16] for the empty and loaded systems, respectively and with 8.1 μg/mL IFD equal to 

the amount of the drug present in the 79.9 μg lipid/mL GMO+IFD complex. Other aliquots, used as 

control groups (Ctrl-), were normally cultured without any treatment for the same exposure times. 

The following experimental groups were collected: Ctr-24, Ctrl-48, IFD-24, IFD-48, GMO-24, 

GMO-48, GMO+IFD-24 and GMO+IFD-48 experimental groups. At each time point, medium was 

removed and stored to collect floating cells; then, 100 μL of 0.05% trypsin/EDTA solution was added 
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into each well and incubated for 5 min. After cell detachment, the medium with floating cells was 

added back to the trypsinised cells, and 500 μL of fresh supplemented medium were added. The cell 

suspension was then centrifuged at 100xg for 5 min at 4 °C. The cellular pellet was rinsed with PBS. 

Cells were fixed in a 4% paraformaldehyde (PFA) solution for 30 min and then centrifuged at 100xg 

for 5 min; the pellet was washed 3 times in physiological solution and maintained at 4 °C. This 

procedure has been validated to retain the biochemical profile of the cells as close as possible to that 

of live cells [42], preserving hydration, and protecting them from biological damage during shipping 

[40,43]. 

2.5 FTIRM measurements and data analysis 

FTIRM measurements were performed in duplicate at the Chemical and Life Sciences branch of the 

Infrared Beamline SISSI (Synchrotron Infrared Source for Spectroscopic and Imaging), Elettra 

Sincrotrone Trieste (Trieste, Italy) (Proposal N. 20190118). A Hyperion 3000 Vis-IR microscope 

coupled with a Vertex 70V interferometer and equipped with a HgCdTe (MCT_A) detector was used 

(Bruker Optics, Ettlingen, Germany).  

Pellets were resuspended with 15 μL of 0.9 % NaCl physiological solution, and deposited, 

without any further treatment, into a specific in-house built biocompatible IR transparent microfluidic 

device for in vitro FTIRM analysis. The device, available at SISSI-Bio beamline, comprises two CaF2 

optical windows (0.5 mm thick, 13- and 10-mm diameter, respectively), spaced apart 7.5 μm [44]. 

For each sample, ~100 microareas (30×30 μm2) containing 3-4 densely packed cells were selected by 

visible microscopy. On these areas, IR spectra were collected in transmission mode in the MIR region 

(4000–800 cm−1), averaging 512 scans (spectral resolution 4 cm−1, zero-filling factor 2, scanner 

velocity 40 kHz). Before each sample acquisition, a background spectrum was acquired on a clean 

CaF2 window, while a 0.9 % NaCl physiological solution spectrum was collected each 10 cells 

spectra: in both cases, the same parameters for cell acquisition were used. 
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All the collected raw spectra were corrected for the contribution of atmospheric carbon dioxide 

with the Atmospheric Compensation routine of OPUS 7.5 software (Bruker Optics GmbH, Ettlingen, 

Germany). Hence, the spectral contributions of the aqueous medium were subtracted by running an 

in-house built Matlab algorithm, based on the optimization of the baseline flatness in the 2500−1850 

cm−1 range containing the water combination band [38,44]. IR spectra showing a peak height at 1660 

cm−1 (Amide I band of proteins) lower than 0.07 a.u. were discarded. The remaining spectra were 

vector-normalised and converted in Second Derivative mode (Savitzky-Golay filter, 9 points of 

smoothing) (OPUS 7.5 software, Bruker Optics GmbH, Ettlingen, Germany).  

These pre-processed spectra were then subjected to multivariate analysis, with no further 

processing. More in detail, pairwise Principal Components Analysis (PCA) of second derivatives of 

pre-processed spectra of all experimental groups was performed (Ctrl-24/IFD-24, Ctrl-48/IFD-48, 

Ctrl-24/GMO-24, Ctrl-48/GMO-48, Ctrl-24/GMO+IFD-24, and Ctrl-48/GMO+IFD-48); PC scores 

and loadings were considered (OriginPro 2018b, OriginLab Corporation) [45]. 

The average absorbance spectra and the corresponding average absorbance spectra ± standard 

deviation (S.D.) spectra of al experimental groups were calculated in the 3050–2800 cm−1 and 1800–

900 cm−1 spectral regions. Spectra curve fitted in the 1350–1000 cm−1 spectral region, upon straight 

baseline correction and vector normalization. The number and position of the underlying bands were 

identified by second derivative minima analysis and fixed during fitting procedure with Gaussian 

functions (GRAMS/AI 9.1, Galactic Industries, Inc., Salem, New Hampshire). The integrated areas 

(A) of the underlying bands were used to calculate the following band area ratios: A1319/ATOT, 

A1054/ATOT, A1240/A1221, A1120/ATOT, A1087/ATOT, and A967/ATOT. ATOT was calculated as the sum of 

the integrated areas of all the underlying bands in the 1350–900 cm−1 spectral range.   

2.5 RMS measurements and data analysis 

RMS measurements were performed in duplicate at the Laboratory of Advanced Research 

Instrumentation, Department of Life and Environmental Sciences, Università Politecnica delle 
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Marche (Ancona, Italy). A Horiba Jobin-Yvon XploRA Raman microspectrometer, equipped with a 

532-nm diode laser (50mW laser power at the sample) was used as source. All measurements were 

acquired by using a ×100 objective (Olympus, Japan). The spectrometer was calibrated to the 520.7 

cm−1 line of silicon prior to spectral acquisition. A 600 lines per mm grating was chosen. A 100 μm 

confocal pinhole was used for all measurements. The spectra were dispersed onto a 16-bit dynamic 

range Peltier cooled CCD detector. The spectral range from 400 to 1800 cm−1 was chosen and spectra 

were acquired for 3×10 seconds at each spot. 

Cells were grown onto normal glass coverslips in 6-well tissue culture plates for 24 and 48 h in 

the same condition reported for FTIRM (Ctrl-24, Ctrl-48, IFD-24, IFD-48, GMO-24, GMO-48, 

GMO+IFD-24 and GMO+IFD-48 experimental groups). At each time point, the medium was 

removed, and the coverslips were rinsed twice with PBS. Cells were fixed in a 4% paraformaldehyde 

(PFA) solution for 10 min, washed twice in physiological solution, and stored at 4°C. 

For each cellular sample, 10 point/spectra were acquired from 20 single cells seeded on the 

glass slide, on the nuclear and perinuclear regions; for each single cell, the average RMS spectrum 

was calculated (Averaging routine OPUS 7.5 software, Bruker Optics GmbH, Ettlingen, Germany). 

Raman spectra displayed homogeneous profiles; no contribution of glass to the spectra was observed. 

Raman spectra were smoothed using 9 smoothing points, baseline-corrected with the polynomial 

method (2 iterations) (OPUS 7.5 software, Bruker Optics GmbH, Ettlingen, Germany), and then 

submitted to multivariate analysis. As described for FTIRM analysis, pairwise PCA of pre-processed 

spectra of all experimental groups was performed (Ctrl-24/IFD-24, Ctrl-48/IFD-48, Ctrl-24/GMO-

24, Ctrl-48/GMO-48, Ctrl-24/GMO+IFD-24, and Ctrl-48/GMO+IFD-48); PC scores and loadings 

were considered (OriginPro 2018b, OriginLab Corporation) [45]. 

To quantify the identified alterations due to treatments, the height (I) of some selected peaks of 

interest was calculated (Integration mode K, OPUS 7.5 software).  
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2.6 Statistical analysis 

Normally distributed data deriving from FTIRM and RMS spectra were presented as mean ± S.D. 

Significant differences between experimental groups were determined by means of a factorial 

analysis of variance (one-way ANOVA), followed by Tukey's multiple comparisons test, by the 

statistical software Prism6 (Graphpad Software, Inc. USA). One-way ANOVA compares the means 

of Ctrl-24, Ctrl-48, IFD-24, IFD-48, GMO-24, GMO-48, GMO+IFD-24, and GMO+IFD-48 groups 

to make inferences about the population means. Statistical significance was set at p < 0.05. Different 

letters over box charts indicate statistically significant differences among the above defined 

experimental groups. 

3. Results 

3.1 Nanoparticles characterization 

Colloidal dispersions of GMO, empty and loaded with IFD, were prepared by sonication of the 

viscous bulk phases formed upon hydration of GMO and GMO+IFD in the presence of a steric 

stabilizer such as the triblock copolymer Pluronic® F127. The internal structure of the dispersed 

systems was verified using small-angle X-ray scattering (Fig. 1): an Im3m inverse cubic phase with 

a lattice constant a = 13.40 nm was observed for the empty dispersion as indicated by the typical 

Bragg peaks (110), (200), (211) which changed to a reverse hexagonal HII phase characterized by the 

(100), (110), (200) peaks and by a lattice parameter a = 6.25 nm when IFD was encapsulated in the 

lipid matrix.  

Figure 1 

This same transition was already observed when the systems GMO and GMO+IFD were studied 

in the bulk phase [16] and no differences should have been expected between the cubic or hexagonal 

gel phase and the corresponding cubosomes and hexosomes [46]. Monoolein, together with 

phytantriol, is one of the most frequently investigated amphiphiles able to form reverse phases with 

a negative curvature (hexagonal and cubic) in excess water because of their wedge-shaped molecules 
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[47]. In particular, in the presence of the steric stabilizer F127, as in the cases of our samples, it adopts 

an Im3m phase consisting of a complex 3-D lipid bilayer wrapped around two intertwined and 

unconnected water networks [48], as in the other bicontinuous cubic mesophases Pn3m and Ia3d, but 

with the characteristic that water channels meet at 90° in 6-way junctions [47].  

Incorporation of the lipophilic IFD molecule (logP = 3.52 [11]) in the lipid matrix determined an 

increase of the volume of its hydrophobic portion and of its negative curvature, thereby forcing the 

cubosomes to transform into hexosomes having a mean particle size of ca. 176 nm and a surface 

potential of ca. -25 mV as determined in [16].  

3.2 FTIRM analysis 

The average IR spectra of Ctrl, IFD, GMO and GMO+IFD cellular groups collected both after 24 and 

48 h of treatment are reported in Figs. 2A and 2B, respectively. Spectra are shown in the 3050-2800 

cm-1 (lipid region) and the 1800-900 cm-1 (proteins and nucleic acids region) spectral ranges. In all 

experimental groups, the following bands were detected: 3010 cm-1, 2926 cm-1 and 2865 cm-1 

(stretching vibrations of C-H in unsaturated and saturated lipid alkyl chains) [49]; 1744 cm-1 

(stretching vibration of C=O ester moiety in fatty acids) [50]; 1653 cm-1 and 1548 cm-1 (Amide I and 

II bands of proteins) [51]; 1457 cm-1 and 1400 cm-1 (bending vibrations of CH3 and CH2 groups in 

lipid alkyl chains) [51]; 1237 cm-1 (asymmetric stretching vibration of PO2
−) [40]; 1166 cm-1 

(stretching vibrations of C-C, C-O-C and C-OH groups in glycosylated compounds) [52]; 1089 cm-1 

(symmetric stretching vibration of PO2
−) [38], and 979 cm-1 (backbone vibrations of DNA) [39]. 

Figure 2 

To evaluate differences due to treatments among the spectral profiles of all experimental groups, 

multivariate analysis was performed on second derivative pre-processed spectra in the 3050-2800 cm-

1 and 1350-900 cm-1 Regions of Interest (ROI). The 1800-1350 cm-1 spectral range was not 

considered, since the water subtraction procedure inevitably affects the reliability of the spectral 

information. PCA was first carried out on Ctrl-24 and Ctrl-48 cell populations: no segregation was 
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found according to either PC1 or PC2 confirming the homogeneity and stability of control groups 

(data not shown). Then, the pairwise PCA analyses and corresponding PC1 loadings of IR second 

derivative pre-processed spectra of Ctrl-24/IFD-24, Ctrl-48/IFD-48, Ctrl-24/GMO-24, Ctrl-

48/GMO-48, Ctrl-24/GMO+IFD-24, and Ctrl-48/GMO+IFD-48 cellular groups were performed in 

the same above defined ROIs (Figs. 3 and 4, respectively). In cell samples treated with IFD, an 

increasing segregation trend along PC1 axis was observed with respect to Ctrl populations at 24 and 

48 h (Ctrl-24/IFD-24, 33.8% explained variance, Fig. 3A; Ctrl-48/IFD-48, 39.9% explained variance, 

Fig. 3B). A more evident separation was found between Ctrl and GMO samples, alone and loaded 

with IFD, both at 24 and 48 h, as highlighted by the scores plots of Ctrl-24/GMO-24 (67.8% explained 

variance, Fig. 3C), Ctrl48/GMO-48 (70.1% explained variance, Fig. 3D), Ctrl-24/GMO+IFD-24 

(73.5% explained variance, Fig. 3E), and Ctrl48/GMO+IFD-48 (91.4% explained variance, Fig. 3F). 

Interestingly, all the pairwise PCA scatter plots highlighted a wider distribution of spectra from 

treated cell populations respect to control ones; moreover, an increase of the explained variance was 

found at 48 h with respect to 24 h. The analysis of PC1 loadings pinpointed among all the PCA 

comparisons, spectral modifications ascribable to lipids, nucleic acids and carbohydrates (Fig. 4).  

Figure 3 

Figure 4 

For a deeper analysis of the information from loadings of second derivative spectra, the average 

absorbance spectra of Ctrl-24, Ctrl-48, IFD-24, IFD-48, GMO-24, GMO-48, GMO+IFD-24, and 

GMO+IFD-48 cell samples and their corresponding average ± SD spectra were fitted in the 1350-

900 cm−1 region, representative of nucleic acids and carbohydrates, and also including Amide III of 

proteins; the position of the underlying bands, obtained by the analysis of minima in second derivative 

spectra, is reported in Table 1, together with the corresponding vibrational modes and bio-chemical 

assignments. The 3050-2800 cm-1 spectral region, representative of lipids, was not considered in this 

analysis given the huge contribution of GMO to the spectral profile. Also, the 1780-1480 cm-1 spectral 
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region, referred to Amide I and II bands of proteins, was not considered, since inevitably influenced 

by water subtraction procedure.  

 

TABLE 1. Center position (wavenumber, cm-1), vibrational mode and biochemical assignment of the 

underlying bands identified by second derivative minima analysis of average and average ± S.D. absorbance 

spectra of Ctrl-24, Ctrl-48, IFD-24, IFD-48, GMO-24, GMO-48, GMO+IFD-24, and GMO+IFD-48 in the 

1350-900 cm-1 spectral range. 

 

 

Specific band area ratios were calculated and statistically analysed. The A1319/ATOT ratio (Amide 

III, representing the total proteins; Fig. 5A) displayed significantly lower values in all the treated 

groups, with a slight, but significant decrease in IFD-24 and IFD-48 groups; the lowest values were 

found in GMO and GMO+IFD-48 groups. The A1054/ATOT (representing the C–OH groups in 

carbohydrates and glycosylated compounds; Fig. 5B) ratio showed significantly lower values in IFD 

and GMO+IFD groups, respect to Ctrl and GMO, at both 24 and 48 h. As regards nucleic acids, the 

A1240/A1221 (representing the ratio between the disordered A-form and the B-form of DNA; Fig. 5C), 

A1120/ATOT (representing RNA; Fig. 5D), A1087/ATOT (representing nucleic acids; Fig. 5E), and 

A967/ATOT (representing DNA; Fig. 5F) ratios were analysed; respect to Ctrl, both at 24 and 48 h, a 

significant increase of the A1240/A1221 ratio was found in IFD and GMO+IFD groups, while no 

significant change was observed in GMO-24 and GMO-48; the A1120/ATOT ratio displayed 

significantly lower values in all the groups treated with IFD, with and without GMO, with the lowest 

values displayed by GMO+IFD-24 and GMO+IFD-48 groups; finally, no significant change among 

Wavenumber 

(cm-1) 

Vibrational mode and  

biochemical assignment 

~1319 Amide III band components of proteins (cellular proteins) [52] 

~1240 Asymmetric stretching vibrations of phosphate moieties mainly of phospholipids and nucleic acids [53] 

~1221 Asymmetric stretching vibrations of phosphate moieties of B-form DNA [54–56] 

~1171 Stretching vibration of C-C, C-O-C and C-OH groups in glycosylated compounds [38,39] 

~1120 Stretching vibration of the skeletal structure around the C2−OH group of RNA and NTPs [39,52,53] 

~1087 Symmetric stretching vibrations of phosphate moieties in nucleic acids [53,57] 

~1054 Stretching vibration of C-OH groups in carbohydrates and glycosylated compounds [52] 

~1025 Stretching vibration of CH2-OH moieties in carbohydrates and glycosylated compounds [38,39,58] 

~967 Backbone vibrations of nucleic acids, mainly double-strand DNA [51–53] 
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the experimental groups at 24 h of treatment was displayed by the A1087/ATOT and A967/ATOT ratios, 

while a significant decrease was observed in IFD-48 and GMO+IFD-48 groups, respect to Ctrl-48.  

Figure 5 

3.3 RMS analysis 

To focus the study on the nuclear and perinuclear regions, the single-cell analysis was also performed 

on the same experimental groups by RMS. The average Raman spectra of Ctrl, IFD, GMO and 

GMO+IFD both at 24 and 48 h are showed in Fig. 6 in the 400-1800 cm-1 spectral range. The Raman 

shift of the most relevant peaks, together with the vibrational mode and the biochemical assignment 

are reported in Table 2, with appropriate references.  

Figure  

 

 

TABLE 2. Center position (Raman shifts, cm-1), vibrational mode and biochemical assignment of the peaks 

identified in average and average ± S.D. absorbance spectra of Ctrl-24, Ctrl-48, IFD-24, IFD-48, GMO-24, 

GMO-48, GMO+IFD-24, and GMO+IFD-48 in the 400-1800 cm-1 spectral region. 

 

Raman shift 

(cm-1) 

Vibrational mode and 

biochemical assignment 

~1740 Stretching vibration of ester C=O groups of lipid esters [59,60] 

~1652 
Stretching vibration of amidic C=O groups of proteins (Amide I); stretching vibration of C=C bonds of 

glycerol monooleate (GMO) [40,61] 

~1578 
Stretching vibration of C=C bond in furan ring (IFD); ring breathing modes of guanine and adenine of 

DNA/RNA [60,62,63] 

~1440 CH2 bending modes of lipid chains; bending vibrations of CH2 of glycerol monooleate [39,60] 

~1340 Ring breathing modes of adenine and guanine of DNA/RNA [39,60,64] 

1298 CH3/CH2 twisting or bending mode of lipids [60,65] 

1250 =CH vibrations of unsaturated lipid chains [66,67] 

1084 Symmetric PO2
- stretching vibration of nucleic acids [60,68] 

1002 Symmetric stretching breathing vibration of phenylalanine [39,40] 

915 Ribose vibrations in RNA [60,69] 

833 O-P-O asymmetric stretching of B-form DNA [39,64,68] 

815 Stretching of RNA O-P-O phosphodiester bond (RNA) [67,70] 

785 O-P-O stretching of DNA backbone [71,72] 

 

As observed in FTIRM analysis, PCA performed on all the spectra of Ctrl-24 and Ctrl-48 cell 

populations did not show any segregation according to either PC1 or PC2, confirming the 

homogeneity of control groups (data not shown). Then, the pairwise PCA analyses together with the 
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corresponding PC1 loadings of Raman pre-processed spectra of Ctrl-24/IFD-24, Ctrl-48/IFD-48, 

Ctrl-24/GMO-24, Ctrl-48/GMO-48, Ctrl-24/GMO+IFD-24, and Ctrl-48/GMO+IFD-48 groups were 

performed in the entire spectral range (Figs. 7 and 8, respectively). A clear segregation was found in 

all the pairwise PCA scores plots, even if more pronounced in GMO and GMO+IFD treated samples. 

In fact, Ctrl-24/IFD-24 (Fig. 7A) and Ctrl-48/IFD-48 (Fig. 7B) showed explained variances 

respectively of 77.8% and 86.8%, while Ctrl-24/GMO-24 (Fig. 7C), Ctrl-48/GMO-48 (Fig. 7D), Ctrl-

24/GMO+IFD-24 (Fig. 7E), and Ctrl-48/GMO+IFD-48 (Fig. 7F) displayed explained variances 

greater than 90%. Also in this case, all the pairwise PCA scores plots highlighted a wider distribution 

of spectra from treated cell populations respect to control ones, particularly evident in the Ctrl-

24/GMO+IFD-24 and Ctrl-48/GMO+IFD-48 comparisons. As regards PC1 loadings, a dominant 

contribution to the segregation of the groups was given by the lipid component of cells and nucleic 

acids (Fig. 8).  

Figure 7 

Figure 8 

The height and, in some cases, the band height ratios, of specific peaks of interest were calculated 

from average Raman spectra and average ± SD Raman spectra of all experimental groups and 

statistically analysed. The Amide I band of proteins centred at 1652 cm-1 and the band centred at 1440 

cm-1, assigned to the CH2 bending modes of lipid alkyl chains, were not taken into account, given the 

strong superimposition of the two main bands of glycerol monooleate molecule. Regarding lipids, the 

I1740/I1298 (representing lipid ester groups; Fig. 9A), displayed significantly higher values in GMO- 

and GMO+IFD-treated groups, both at 24 and 48 h; moreover, at 48 h, a significant increase respect 

to Ctrl was observed also in the IFD group; moreover, the I1298 (representing lipid alkyl chains; Fig. 

9B), and the I1250/I1298 (representing the degree of unsaturation of lipid alkyl chains; Fig. 9C) values 

showed a significant increase respect to Ctrl in all the experimental groups. As regards nucleic acids, 

the I1578 (representing DNA adenines and guanines; Fig. 9D) value displayed a significant increase in 

IFD and GMO+IFD groups, both at 24 and 48 h, while no significant alteration was evidenced in 
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GMO-24 and GMO-48, suggesting that in the present experiment, this band is more appropriately 

assigned to furan ring vibrations; the I915/I1084 (representing cellular RNA; Fig. 9E) showed a 

significant decrease respect to Ctrl groups in IFD and GMO-IFD, both at 24 and 48 h, while no 

significant decrease was detected in GMO groups; notably, in GMO+IFD-24 and GMO-IFD-48 the 

value of the ratio was close to zero; the I833/I1084 (representing cellular B-DNA; Fig. 9F) value showed 

significantly lower values respect to Ctrl groups in IFD- and GMO-IFD-treated samples, both at 24 

and 48 h, while no significant change was found in GMO groups. 

Figure 9 

4. Discussion  

In a previous work, the potential tumor cell growth inhibitory effect of IFD, a natural 

furanosesquiterpene isolated from S. olusatrum [4], was tested on different human tumor cell lines 

[7]. The results showed an inhibitory activity on all tumor cell lines tested, with remarkable effects 

exerted on human colon carcinoma (HCT116), human breast adenocarcinoma (MDA-MB 231) and 

human glioblastoma multiforme (T98G) cell lines. Insights into the mechanisms of action of IFD on 

cancer cells showed that IFD inhibits breast cancer cell proliferation through apoptosis in a 

mitochondria-mediated pathway by regulating cyclin D1, CDK2, pRb, and Bcl-2 family proteins, as 

well as activating caspases and PARP [73]. IFD is also able to induce apoptosis in colon cancer cells 

in a time and concentration-dependent manner [6]. Against glioma cells, IFD exhibited anti-

proliferative activity through inhibition of proliferation and induction of necrotic cell death. The 

mechanism of action of IFD on this cell line is not completely understood but the results suggest that 

IFD can cause ROS-dependent DNA damage [8]. Despite biological potential of IFD, the high 

lipophilicity along with a relatively low stability due to Cope rearrangement giving rise to a less active 

compound, make the perspective of its therapeutical use unlikely. Afterword, we exploited the 

possibility to encapsulate the lipophilic molecule IFD in liquid crystalline nanostructures (GMO) with 

the purpose of enhancing its stability and biological activity. In vitro, these nanoparticles were found 
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to better inhibit breast cancer MDA-MB 231 cells proliferation when compared to free IFD and this 

improvement could be due to the synergism between IFD and GMO hexosomes, likely because of 

differences in the internalization process [16,74].  

In this study, human breast adenocarcinoma cell line, MDA-MB 231, treated with IFD alone and 

loaded into GMO nanoparticles, were analysed for the first time, by in vitro FTIRM and RMS, to 

widen the knowledge on the biochemical pathways activated by IFD and GMO+IFD. Relevant 

differences were highlighted in FTIRM and RMS spectral profiles of samples treated with IFD and 

GMO alone as well as with GMO+IFD. The group separation detected by PCA analysis of the FTIRM 

data shown in Figure 3 is clearly driven by the variations associated to the changes undergone by the 

stretching modes of alkyl groups, in the 3050-2800 cm-1 spectral region, as seen by the PC1 loading 

plots in Figure 4. Unfortunately, the presence of GMO inevitably affects the culture environment and 

also the biochemical composition of cells; hence, to avoid biases in the spectral analysis, the 3050-

2800 cm-1 IR spectral range and the 1652 cm-1 and 1440 cm-1 Raman peaks, mostly influenced by the 

GMO presence, were not taken into account [75,76]. Nevertheless, it is noteworthy that the analysis 

of the Ctrl-24/IFD-24 and Ctrl-48/IFD-48 PCA comparisons showed a modification in the cellular 

lipid component attributable to IFD treatment, which is consistent with the onset of apoptosis induced 

by IFD and the subsequent accumulation of cytoplasmic lipid droplets [38,39,77,78]. 

To deeply investigate the response of cells to IFD and GMO+IFD and the onset of apoptotic 

processes, the analysis was focused in the 1350-900 cm-1 spectral region relative to cellular nucleic 

acids and carbohydrates. FTIRM and RMS highlighted for MDA-MB 231 cells treated with IFD a 

mechanism of apoptosis triggering, consistently with other studies [79,80]. DNA conformation 

showed to be affected by the IFD treatment, both alone and loaded into GMO nanoparticles, as 

suggested by the increase of the A-DNA form (IR A1240/A1221 ratio) and the decrease of the B-DNA 

one (Raman I833/I1084 ratio). Conversely, no cytotoxic activity involving DNA folding was detected 

after the treatment with GMO alone. It is known that changes in DNA conformation can be dependent 

on the hydration conditions [56], but, since cells were all maintained in the same hydration conditions, 
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it was possible to relate this transition from B- to A-form DNA to the drug treatment [58,81]. The IR 

A1087/ATOT and A967/ATOT ratios, respectively assigned to nucleic acids and DNA, revealed no change 

at 24 h, while a significant decrease was observed at 48 h both in IFD and GMO+IFD samples, respect 

to Ctrl ones: these results could suggest the onset of a mechanism of rearrangement and/or 

fragmentation of DNA, which may be related to the previously described misfolding of the DNA 

molecules [39,58,79]. This finding is also corroborated by the reduction of RNA amount detected in 

cells treated with IFD: both at 24 and 48 h, the IR A1120/ATOT and the Raman I915/I1084 ratios displayed 

a significant decrease in IFD and GMO+IFD groups, with remarkably lower values in GMO+IFD-24 

and GMO+IFD-48. This latter result seems to confirm the synergistic effect of the combination of 

IFD and GMO nanoparticles [16]. 

The decrease of carbohydrates and glycosylated compounds in IFD- and GMO+IFD-treated cells 

(IR A1054/ATOT ratio), at both 24 and 48 h, is consistent with the known mode of action of IFD, which 

targets cells not only through apoptosis triggering, and DNA fragmentation, but also lowering cell 

proliferation by inducing a cell cycle arrest in G2/M phase [79].  

Finally, it was possible to include in the analysis the Raman bands centred at 1740, 1298 and 

1250 cm-1, assigned to lipids, since they were less influenced by GMO; hence the Raman I1740/I1298, 

I1298, and I1250/I1298 values related to lipids were considered. The increase of these ratios, especially at 

48 h of treatment, also in IFD-24 and IFD-48 groups, suggests the onset of an apoptotic process and 

a condition of oxidative stress: the increase of the I1298 value may be indicative of the apoptosis-

related accumulation of cytoplasmic lipid droplets, and the increase of the I1740/I1298 and I1250/I1298 

values, respectively representing peroxidised lipids and unsaturated alkyl chains, suggests the 

activation of oxidative stress mechanisms [40,82], consistently with the known increase of ROS 

production induced by IFD [83].  

5. Conclusions 
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In the present study, for the first time, an in vitro FTIRM and RMS combined approach was performed 

on MDA-MB 231 cells, treated with IFD, alone and loaded into GMO nanoparticles. The two 

vibrational techniques let evidence the anti-cancer effects of IFD, which was confirmed to rely on 

apoptosis triggering, ROS production, DNA fragmentation and cell cycle arrest in G2/M phase. 

Furthermore, the positive role of GMO nanoparticles as carrier of IFD was highlighted; in fact, the 

effects on cells treated with GMO+IFD, evidenced by infrared and Raman selected spectral features, 

appeared always more pronounced with respect to those observed with IFD alone.  

In conclusion, this study confirms the positive effect of the encapsulation of IFD into GMO 

nanoparticles and the experimental approach used may pave the way to new investigations on 

different systems such as primary cancer cells and animal models on which these nanocarriers could 

be tested.  
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Chart. Chemical structure of monoolein (GMO) and isofuranodiene (IFD) 
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Figure 1. Synchrotron x-rays diffraction patterns of empty and IFD loaded GMO nanoparticles 
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Figure 2. Average IR spectra in the 3050-2800 cm-1 and 1800-900 cm-1 spectral ranges of: (A) Ctrl-

24 (black), IFD-24 (green), GMO-24 (red), and GMO+IFD-24 (blue); (B) Ctrl-48 (black), IFD-48 

(green), GMO-48 (red), and GMO+IFD-48 (blue). For a better viewing, spectra are off set along y-

axis. Dotted vertical lines indicate meaningful bands. 
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Figure 3. Pairwise PCA scores plots of the following IR populations: A) Ctrl-24/IFD-24; B) Ctrl-

48/IFD-48; C) Ctrl-24/GMO-24; D) Ctrl-48/GMO-48; E) Ctrl-24/GMO+IFD-24, and F) Ctrl-

48/GMO+IFD-48.  
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Figure 4. PC1 loading spectra of the following comparisons: A) Ctrl-24/IFD-24; B) Ctrl-48/IFD-48; 

C) Ctrl-24/GMO-24; D) Ctrl-48/GMO-48; E) Ctrl-24/GMO+IFD-24, and F) Ctrl-48/GMO+IFD-48. 

Blue labels indicate the most relevant IR discriminant features. 
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Figure 5. Univariate statistical analysis of the following band area ratios calculated for Ctrl-24, IFD-

24, GMO-24, GMO+IFD-24, Ctrl-48, IFD-48, GMO-48, and GMO+IFD-48 groups: (A) A1319/ATOT, 

(B) A1054/ATOT, (C) A1240/A1221, (D) A1120/ATOT, (E) A1087/ATOT, and (F) A967/ATOT. Band area ratios 

are reported as meanS.D. One-way ANOVA, followed by Tukey’s multiple comparisons test, was 

performed to evaluate statistically significant differences among the experimental groups. Different 

letters above histograms indicate statistically significant differences among groups (p<0.05). 
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Figure 6. Average Raman spectra in the 400-1800 cm-1 spectral range of: (A) Ctrl-24 (black), IFD-

24 (green), GMO-24 (red), and GMO+IFD-24 (blue); (B) Ctrl-48 (black), IFD-48 (green), GMO-48 

(red), and GMO+IFD-48 (blue). For a better viewing, spectra are off set along y-axis. 
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Figure 7. Pairwise PCA scores plots of the following Raman populations: A) Ctrl-24/IFD-24; B) 

Ctrl-48/IFD-48; C) Ctrl-24/GMO-24; D) Ctrl-48/GMO-48; E) Ctrl-24/GMO+IFD-24, and F) Ctrl-

48/GMO+IFD-48.  
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Figure 8. PC1 loading spectra of the following comparisons: A) Ctrl-24/IFD-24; B) Ctrl-48/IFD-48; 

C) Ctrl-24/GMO-24; D) Ctrl-48/GMO-48; E) Ctrl-24/GMO+IFD-24, and F) Ctrl-48/GMO+IFD-48. 

Blue labels indicate the most relevant Raman discriminant features. 
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Figure 9. Univariate statistical analysis of the following peak height values and ratios calculated for 

Ctrl-24, IFD-24, GMO-24, GMO+IFD-24, Ctrl-48, IFD-48, GMO-48, and GMO+IFD-48 groups: 

(A) I1740/I1298, (B) I1298, (C) I1250/I1298, (D) I1578, (E) I915/I1084, and (F) I833/I1084. Values are reported as 

meanS.D. One-way ANOVA, followed by Tukey’s multiple comparisons test, was performed to 

evaluate statistically significant differences among the experimental groups. Different letters above 

histograms indicate statistically significant differences among groups (p<0.05). 

 


