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Unsupervised recognition 
of components from the interaction 
of BSA with Fe cluster in different 
conditions utilizing 2D fluorescence 
spectroscopy
Mohsen Kompany‑Zareh1,2,3*, Somayyeh Akbarian1 & Mohammad Mahdi Najafpour1,2,4

The excitation‑emission fluorescence spectroscopy combined with three‑way analysis was applied for 
discriminating the pure BSA and BSA/Fe3O(OAc)6ClO4 (Fe) using unsupervised classification methods. 
Herein, the interaction of bovine serum albumin (BSA) and Fe clusters as an artificial enzyme is studied 
by extracting the intrinsic excitation‑emission (EEM) fluorescence of BSA. The conformation of BSA 
changes with pH, temperature, and Fe concentration. Three‑way fluorescence data were recorded for 
BSA and BSA/Fe during different days. The obtained results showed that the Fe clusters cause changes 
in the structure of BSA conformation as a function of pH, temperature, and Fe concentration. Also, 
the denaturation pathway of the BSA molecule is significantly different in the presence of Fe clusters. 
Both techniques of PARAFAC and PCA were used in the excitation‑emission fluorescence matrices 
(EEM) of solutions at three different pH (5.0, 7.0, and 9.0) and temperatures (15.0, 25.0, and 35.0 °C) 
values. Also, we reported the results of the change in concentrations of Fe (4.0, 6.0, and 8.0 mg) 
using these methods. These three amino acids (tyrosine, tryptophan, and phenylalanine) indicate 
all datasets and their similarities and differences. The spectral differences were more remarkable 
in different pH values compared to different temperatures. Also, we could distinguish between the 
groups of protein samples properly in different concentrations of Fe using low‑cost EEM spectral 
images and PARAFAC.

Studying protein conformational changes is essential for catalysis, regulation, and substrate  recognition1,2. Investi-
gating the correlation between the structure and function of proteins and monitoring different levels of changes in 
their structures have made a significant area in biochemical and biophysical research that may result in a remark-
able change in protein  function3,4. One of the conceivable methods for simulating the PSII is using bovine serum 
albumin (BSA) as an emulator for stabilizing proteins and  Fe3O(OAc)6ClO4 cluster in the role of Mn cluster to 
make BSA with Fe cluster (BSA/Fe). BSA is a globular protein with a molecular weight of about 66 kDa. It is used 
in many biochemical applications because of its stability and binding ability to water, salts, and fatty  acids5. The 
adsorption of various materials on proteins and their interactions has been widely  studied6. It has been shown 
that electrostatic, hydrophobic, and specific chemical interactions play essential  roles7. Conformational stability 
of BSA during different days is considered, and the effect of the Fe cluster on the stability is investigated. The 
question is to find the effectiveness of the Fe cluster on the BSA spectrum and the role that included Fe concen-
tration play. More recently, interaction and combination of many different materials, including nanoparticles, 
with proteins such as BSA have been studied using various techniques such as Fourier transform infrared (FTIR) 
and circular dichroism (CD) spectroscopy, Isothermal Titration Calorimetry (ITC), Surface Plasmon Resonance 
(SPR), mass spectrometry, and fluorescence  spectroscopy8–11. Among these techniques, a non-destructive method 
with high selectivity, speed, and relatively low-cost is fluorescence  spectroscopy12–15 and the obtained signal is 
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1000 times more sensitive than absorption-based spectrophotometric  techniques16,17. Therefore, this technique 
is an advantageous tool for studying protein structure, function, and interaction between  them18–20.

The fluorescence characterization of BSA is due to tryptophan (Trp) and tyrosine (Tyr) residues with different 
excitation and emission wavelengths. The BSA conformation is highly influenced by pH, temperature  change21, 
and other contributions of clusters that were adsorbed on the proteins. Also, the local environment changes of 
the amino acids are because of BSA conformational changes such as binding to substrates, and denaturation, 
which affect their fluorescence. In this way, to survey the interaction of BSA with the Fe cluster, the fluorescence 
excitation-emission matrix (EEM) is considered in this study. We expect that the interaction of different contri-
butions of the Fe cluster is effective in the extent of conformational changes in BSA.

Excitation-emission matrix (EEM) fluorescence spectroscopy as a multidimensional  technique22 gives more 
information than single wavelength  fluorescence23–25, and it is highly selective, sensitive, and low-cost22 EEM 
fluorescence bands are usually overlapped. Multiway techniques can extract components information from 
the stacked fluorescence data cube of fluorophore mixture samples. Exceptionally multivariate techniques for 
complicated biological samples benefit from the simultaneous resolution of contributions from the different 
fluorescent species. Multiway techniques can be applied for data exploration without using any previous infor-
mation about data. Also, they are mainly used for classification, to group samples with similar characteristics 
in the unknown set of samples, or to characterize different properties of unknown samples quantitatively as a 
calibration modeling. Unsupervised multivariate classification methods are called pattern  recognition26, such as 
principal component analysis (PCA), hierarchical cluster analysis (HCA), and parallel factor analysis (PARAFAC) 
 methods12,27. Unsupervised is a type of classification in which there is no information about the classes. The 
separation of classes is based on the data pattern using PCA and PARAFAC as the component models.

In the present study, the applied pattern recognition techniques are PCA and PARAFAC. PCA is usually 
employed to explore data to evaluate the importance of different dimensions, cluster and classify samples, and 
distinguish potential outliers. PARAFAC is a multiway method used to trilinearly resolve the data and math-
ematically separate the profiles of fluorescence species, even in the presence of high  overlap28. An advantage of 
PARAFAC to PCA is resolving the data cube into three series of profiles using a simple alternating least squares 
algorithm, which is assisted with  constraints29,30. Therefore, the PARAFAC model can describe the contribution 
of each fluorescent species in three-way data, showing their relative concentrations and pure spectral profiles in 
the analyzed  samples17. The advantage of PCA is simplicity and a more flexible model compared to PARAFAC 
and orthogonal profiles. One of the goals of this study is to compare PARAFAC to PCA to see which methods 
show higher performance in clustering the fluorescence data from different samples.

We considered this study’s two sample sets of BSA and BSA/Fe. The bovine serum albumin/Fe was synthe-
sized based on the below instructions. Fluorescence spectra were repeatedly measured at pHs = 5.0, 7.0, and 9.0 
and temperatures of 15.0, 25.0, and 35.0 °C for both BSA and BSA/Fe samples. It was interesting to find which 
experimental condition was more effective on the spectral behavior of BSA and BSA/Fe and which one of the 
species was more affected. Samples with different known contributions to the Fe cluster were measured on other 
days. Then, the obtained EEM fluorescence data sets were resolved using principal component analysis (PCA) and 
parallel factor analysis (PARAFAC). The resolved profiles from both techniques were utilized for unsupervised 
recognition of the members of different classes of protein samples in other conditions. Resolution methods were 
exerted to resolve the data into profiles to interpret observed evolution in data arrays. Then, the effects of pH, 
temperature, and the contribution of Fe changes on the BSA conformation were investigated by following the Trp 
and Tyr EEM fluorescence changes in the presence and absence and presence of different amounts of Fe cluster.

Results and discussion
The alteration in shape, usually the tertiary structure, of a protein is a result of changes in the environmental con-
ditions (pH, temperature, and ionic strength), binding of a ligand (receptor), or binding of substrate (enzyme). 
The structure and shape of proteins can influence their functions, such as bioavailability and catalytic activity. 
Therefore, investigation of protein structure is  essential31. Structure change of proteins results in variation in 
their spectral behavior. In this way, spectroscopic techniques are a rapid and low-cost approach for studying 
protein conformation and structure changes. One of the influential factors on the BSA confirmation at the ter-
tiary structure level by creating different protonated and deprotonated states of amino acids in proteins is pH 
altering in the solution. As a result, the changes occur in their functional groups and local charges in internal 
and surface amino  acids13. Therefore, the net charge of BSA is very sensitive to the pH of the solution so that 
with pI indicating the isoelectric point (for BSA is 4.7), positive charge for pH < pI, neutral for pH = pI, and 
negative charge for pH >  pI21. In addition, change in location of different amino acids as the result of variation 
in protein conformation that is a function of alteration in protein environment may be detected via following 
the fluorescence changes, which was performed for BSA protein or BSA/Fe complex with the change of pH. 
The three amino acids, including tryptophan (Trp213 and Trp134 with 91% contribution), tyrosine (Tyr), and 
phenylalanine (Phe), are responsible for creating BSA  fluorescence32,33. Also, the thermal denaturation of the pro-
teins for understanding protein stability is a complex process and is considered in some  reports21. By increasing 
the temperature, the native form of the protein is unfolded, and free SH groups of the hydrophobic regions can 
participate in new intermolecular  interactions34. A cluster inside the protein, such as the Fe cluster, also affects 
their conformation and spectral behavior as a function of condition  variations13.

The synthesized samples were characterized. XRD patterns were investigated for the Fe cluster, BSA, and BSA/
Fe cluster in Fig. S1. Although Fig. S1 showed the corresponding patterns for Iron(III) oxo acetate perchlorate 
hydrate, BSA and BSA/Fe clusters showed only a broad peak at 2θ = 13°–30°, which corresponded to the amor-
phous structure. We suggested that  Fe3O (OAc)6(H2O)3

+ units significantly separated each other and dispersed 
into the BSA structure. Thus the corresponded patterns of the Fe cluster were not observed in BSA/Fe cluster.
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Also, SEM images from the BSA/Fe cluster surface show a worm-like structure on the surface of this com-
pound (thickness: 5–10 nm; length: 50–100 nm) (Fig. S2a,b). EDX-SEM showed that iron is dispersed on the 
surface of BSA, and no iron-oxide particles were observed on the surface of BSA.

BSA samples
Effect of pH. The effect of change in pH of protein solution, from acidic to neutral and basic conditions, 
on fluorescence of pure BSA, using replications of the spectra, for classification purposes is surveyed below. At 
first, the fluorescence spectra of samples were recorded at pH = 5.0, 7.0, and 9.0 with 30 sampling repetitions 
for any class of sample on three different days. Before analysis, the Rayleigh scattering and extra areas were 
removed from EEM fluorescence images. Therefore, sample matrices of pure BSA at pH = 5.0, 7.0, and 9.0 were 
row-wise augmented. As a result, an array with of size of 31 (λex) × 61 (λem) × 90 (sample) was obtained, and the 
sample replicates were analyzed. Therefore, more reliable information was  extracted35. The array obtained from 
the augmented data with size 31 (λex) × 61 (λem) × 90 (sample) clarified the effect of pH on pure BSA spectra. As 
shown in Fig. 1a clearly, the distribution and position of points for pure BSA are different at different pH values.

PCA At first, PCA with two PCs was performed on the augmented metricized data from three classes with 
dimensions of 90 (sample) × 1891 (λex × λem). A scatter plot of scores from the mode of samples is shown in Fig. 1a 
(PC2 vs. PC1), and the loadings from the mode of wavelengths are shown in Fig. 1b (PC2 vs. PC1).

In Fig. 1a, the pure BSA samples are successively arranged, however not completely separated, at pH = 5.0, 
7.0, and 9.0. PCA showed that PC1 has the main role in discrimination between samples in mentioned pHs. 
Plot (b) in Fig. 1 is the loadings scatter plot, which shows the effective excitation and emission wavelengths for 
discriminating the pure samples in different pHs. A three-way analysis was applied using the PARAFAC method 
to confirm discrimination between samples.

PARAFAC As stated above, in an array with a size of 31 (λex) × 61 (λem) × 90 (sample), using PARAFAC (the 
EEM fluorescence data sets applied in this study are trilinear) on data with two significant factors, the explained 
variance of 99.4%, was obtained. Therefore, two Trp types were determined. Factors 1 and 2 are related to Trp 134 
(blue profile) and Trp 213 (green profile), respectively. Figure 2 indicates estimated excitation spectra, emission 
spectra, and contribution profiles obtained from the application of PARAFAC. As shown in Fig. 2a and b, two 
Trp types had approximately the same excitation profiles and various emission profiles.

The different possible conformation states of BSA take place by changing pH, so valuable information about 
the polarity modifications around the fluorophore molecule was obtained by shifting the emission maximum. 
By exposing BSA to a polar environment (solvent) with a specific protein conformation, with λex = 290 nm, some 
Tryptophan is placed on the outer surface, mainly Trp134 (λem

max = 360 nm), which is shown with blue lozenges. 
Green triangles show that other Trps are located in the hydrophobic environment inside the protein, frequently 
Trp213 (λem max = 330 nm)36. The discrimination between different days is more significant than between differ-
ent pHs. In the acidic and natural pH, the overall fluorescence is higher for both inner and outer Trps, compared 
to basic pH. However, in all pH values, the replicate spectra during three different days are different. On the first 
day (d1) of pH = 5.0 conditions Trps are mostly inside (green profiles show higher intensities than blue ones), 
which is opposite to the second day (d2) and different from the third day (d3). Remarkable changes during dif-
ferent days at constant pH show that the conformation of BSA can be different in constant pH at different times. 
At the neutral pH, the sum of TrpOut and TrpIn during different days is similar to that in acidic pH conditions, 
and the fluorescence changes are similar. In basic conditions, the overall signals are decreased, showing lower 
signals of deprotonated Trps, and proteins are in a conformational condition in which fluorescence of TrpIn and 
TrpOut are comparable (similar to d3 of acidic and neutral pH). Therefore, the contribution profiles in Fig. 2c 
show a decreasing trend and represent the changes in BSA conformation and its spectral intensities on different 

Figure 1.  PCA with two PCs, performed on unfolded the augmented array with the size 90 (sample) × 1891 
(λex × λem). Scattered score from the sample mode is plotted as (a) PC2 vs. PC1. Scattered loading in the 
wavelengths mode is illustrated as PC2 vs. PC1, (b). In parts (a), the blue lozenges are related to pure BSA at 
pH = 5.0, the red circles at pH = 7.0, and the green triangles at pH = 9.0.
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days. Also, PARAFAC was applied on augmented data arrays using a non-negativity constraint to have a realistic 
solution (only positive contributions and the spectral profiles are possible).

Figure 2d includes the scatter plot of loadings in contribution mode from the employment of PARAFAC with 
two factors on the augmented array with dimensions 31 (λex) × 61 (λem) × 90 (sample). In plot (d) in the figure, 
the blue lozenges are related to pure BSA samples at pH = 5.0, the red circles at pH = 7.0, and the green triangles 
at pH = 9.0. The plot axes are higher than zero because the nonnegativity constraint was used. Using informa-
tion obtained by PARAFAC, Factor 1 and Factor 2 have the main role in discrimination between samples. As 
is shown in plot (2d), the pure BSA samples at mentioned pH values are almost separated along the first factor. 
Not properly separating BSA samples in different pH values could be due to conformational changes of proteins 
in solutions of the same pH values during other days. Fluorescence spectra for samples in each pH class were 
measured on different days. The recorded spectra on a constant pH and successive days are not in one cluster.

Effect of temperature. PCA PCA with two PCs was performed on the augmented metricized data from 
three classes of temperature with dimensions of 90 (sample) × 1891 (λex × λem). A scatter plot of scores from the 
mode of BSA samples at temperatures 15.0, 25.0, and 35.0 °C resulted in no complete separation of samples in 
different temperatures.

PARAFAC An array with dimensions of 31 (λex) × 61 (λem) × 90 (sample) of pure BSA fluorescence was resolved 
to apply PARAFAC using two significant factors with the explained variance of 99.13%, and two Trp types were 
specified. Factors 1 and 2 are related to Trp 134 (blue profile) and Trp 213 (green profile), respectively.

Excitation and emission profiles with λex = 290 nm for TrpOut (λem
max = 360 nm) with blue lozenges and TrpIn 

(λem
max = 330 nm) with green triangles was resolved, similar to the previous part. The different conformation 

states of BSA were taken place by changing temperature. In some cases, increasing temperature causes protein 

Figure 2.  Estimated excitation spectra (a), emission spectra (b), and the contribution profiles (c), obtained 
from the application of PARAFAC with two factors on the augmented data of pure BSA with the size of 31 
(λex) × 61 (λem) × 90 (sample), in pHs of 5.0, 7.0 and 9.0. In the excitation profiles, with λex

max = 290 nm, the blue 
profile (lozenge shapes) is similar to Trp 134 (λem

max = 360 nm), and the green profile (triangle shapes) Trp 213 
(λem

max = 330 nm), respectively. Thirty replicates for each pH were measured on three different days, as d1, d2, 
and d3, and (d) the loadings scatter plot in the sample (c) mode from the application of PARAFAC with two 
factors on the array with the size 31 (λex) × 61 (λem) × 90 (sample) of the augmented data. The plot is factor 2 vs. 
factor 1; the blue lozenges are related to pure BSA samples at pH = 5.0, the red circles at pH = 7.0, and the green 
triangles at pH = 9.0.
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denaturation and permanent changes in the position of amino acids concerning their  surroundings21. The contri-
bution profiles in Fig. 3a show a decreasing trend with increasing temperature. These changes are less than what 
was observed for pH changes. Also, Fig. 3b includes the scatter plot in contributions modes from the employ-
ment of PARAFAC with two factors on the augmented array with dimensions 31 (λex) × 61 (λem) × 90 (sample).

The blue lozenges are related to pure BSA samples at T = 15.0°, the red circles at T = 25.0 °C, and the green 
triangles at T = 35.0 °C. Figure 3b includes the replicates of pure BSA samples at mentioned temperatures and 
on different days and illustrates the almost complete separation of samples in T = 35 °C from that of other 
temperatures. However, samples from 15 °C and 25 °C are not properly separated. A more clear separation of 
clusters is between different days. Results show that BSA can exist in different conformations in each considered 
temperature with considerably different spectral behavior on various days.

BSA/Fe samples with the same Fe concentration
Effect of pH. PCA PCA with two principal components was executed on the augmented metricized data 
from three classes of BSA/Fe samples (with 6.0 mg Fe) at pH = 5.0, 7.0, and 9.0, with dimensions of 90 (sam-
ple) × 1891 (λex × λem). The scatter plot of PC2 vs. PC1 scores in the mode of samples was similar to Fig. 1a, and 
the loadings from the mode of excitation and emission wavelengths were similar to Fig. 1b. No proper separation 
of BSA/Fe samples in different pH values was observed in the PCs scatter plot of samples.

PARAFAC The array of fluorescence data from BSA/Fe (with 6.0 mg Fe) in three different pH values men-
tioned above of size 31 (λex) × 61 (λem) × 90 (sample) was considered. Applying PARAFAC on the data array, 
supposing two significant factors, led to the explained variance of 93.06%. Factor 1 shows the effect of the Fe 
cluster (blue profile) in solution, and Factor 2 is related to both Trp 134 and Trp 213 (green profile). Figure 4 
indicates estimated excitation (a) and emission spectra (b) of the two components, in addition to contribution 
profiles (c) obtained from the application of PARAFAC.

The profile with λex = 290 nm and emission with λem
max = 370 nm (green triangles) represent both TrpIn and 

TrpOut, and other profiles with λex of about 200 nm and λem
max = 445 and 555 nm (blue lozenges) can be attrib-

uted to the presence of Fe cluster. The contribution profiles in Fig. 4c show a clear trend of changes in BSA/Fe 
conformation as the function of pH. Comparable intensities of profiles in this figure to that in Fig. 2 show that 
the Fe cluster is not a quencher for fluorescence of BSA. Figure 4c also shows the conformational (spectral) 
stability and reproducibility of BSA/Fe during different days. Figure 4d includes the scatter plot of loadings in 
contribution mode from the employment of PARAFAC with two factors on an augmented array of 31 (λex) × 61 
(λem) × 90 (sample) from BSA/Fe in different pH values. The blue lozenges are related to BSA/Fe samples at 
pH = 5.0, the red circles at pH = 7.0, and the green triangles at pH = 9.0. The BSA/Fe samples at mentioned pHs 
show complete separation along the first Factor. Fluorescence changes in the experiments are related to variations 
in protein conformation as the result of the inclusion of the Fe cluster into proteins. Changes in conformations 
result in changes in the environment of fluorescent amino acids in a protein. The results show the stability of 
BSA/Fe conformation during different days, in addition to the structure’s sensitivity to the pH of the solution. 
PARAFAC showed a better performance in the separation of classes in comparison to PCA.

Effect of temperature. PCA PCA with two PCs was performed the same as before on data from three 
classes of BSA/Fe (6.0 mg Fe) at 15.0, 25.0, and 35.0 °C with dimensions of 90 (sample) × 1891 (λex × λem). A scat-
ter plot of scores from the mode of samples shows the complete overlap between the three classes. Therefore, 
PCA has not been able separate the samples in the different temperatures.

Figure 3.  Estimated concentration profiles (a), obtained from the application of PARAFAC with two factors 
on the augmented data of pure BSA with the size of 31 (λex) × 61 (λem) × 90 (sample) in the temperatures of 15.0, 
25.0 and 35.0 °C. Thirty replicates for each temperature were measured on three different days, as d1, d2, and d3, 
and the loadings scatter plot in the contributions mode (b), factor 2 is plotted vs. factor 1. The blue lozenges are 
related to pure BSA samples at T = 15.0, the red circles at T = 25.0, and the green triangles at T = 35.0°.
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PARAFAC Applying PARAFAC on a three-dimensional fluorescence data array of size of 31 (λex) × 61 
(λem) × 90 (sample), on the BSA/Fe fluorescence obtained two significant factors with the explained variance of 
95.50%. Factor 1 shows the effect of the Fe cluster (blue profile) in solution and Factor 2 is related to both Trp 
134 and Trp 213 (green profile). Figure 5a indicates estimated contribution profiles.

The profiles of the excitation and emission are similar to the results obtained in the pH change experiment 
on BSA/Fe samples (Fig. 4a,b). However, the contribution profiles trend in Fig. 5a shows the differences in the 
results from pH changes. It shows low spectral reproducibility on different days, which means conformation 
variation of proteins of the same temperature on other days. Also, Fig. 5b includes the scatter plot of loadings 
in contribution mode from the employment of PARAFAC. In the figure, the blue lozenges are related to BSA/Fe 
samples at T = 15.0, the red circles at T = 25.0, and the green triangles at T = 35.0 °C. PARAFAC can separate the 
samples in T = 35 °C. Thus, PARAFAC showed better results than PCA.

BSA/Fe samples with different contributions of Fe cluster
PCA PCA with three PCs was applied on unfolded augmented array with size 120 (sample) × 1891 (λex × λem) from 
BSA sample, BSA/Fe sample containing 4.0 mg of Fe cluster, BSA/Fe sample with 6.0 mg of Fe cluster, and BSA/
Fe sample including 8.0 mg of Fe cluster. A scatter plot of scores showed a trend in data points as the function of 
the increase in Fe cluster concentration, although no proper separation of classes was observed.

PARAFAC Applying PARAFAC on the mentioned array, including fluorescence data from BSA solutions 
with a different concentration of Fe clusters with the dimensionality of 31 (λex) × 61 (λem) × 120 (sample), three 
significant factors with an explained variance of 94.61% were obtained, and two Trp types were determined. 
Factor 1 shows the effect of the Fe cluster (blue profile) in solution, factors 2 and 3 are related to Trp 134 (green 
profile) and Trp 213 (red profile), respectively. Figure 6 indicates estimated excitation spectra, emission spectra, 

Figure 4.  Estimated excitation spectra (a), emission spectra (b), and the contribution profiles (c), obtained 
from the application of PARAFAC with two factors on the augmented data of BSA/Fe (the concentration of 
Fe cluster equals 6.0 mg) with the size of 31 (λex) × 61 (λem) × 90 (sample), in pHs of 5.0, 7.0 and 9.0. In the 
excitation profiles, with λex

max = 235 and 290 nm, the blue profile (lozenge shapes) is related to the effect of the Fe 
cluster (λem

max = 445 nm) and the green profile (triangle shapes) Trp 134 and 213 (λem
max = 370 nm) respectively 

and (d), the loadings scatter plot in the mode of the sample from the application of PARAFAC with two factors 
on the array with the size 31 (λex) × 61 (λem) × 90 (sample) of the augmented data. The plot is factor 2 vs. factor 1; 
the blue lozenges are related to BSA/Fe samples at pH = 5.0, the red circles at pH = 7.0, and the green triangles at 
pH = 9.0.
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and contribution profiles obtained from PARAFAC. As shown in Fig. 6a and b, two types of component (Trp) 
had almost the same excitation profiles and different emission profiles.

The profiles with λex
max = 290 nm are due to TrpOut (λem

max = 370 nm) and TrpIn (λem
max = 345 nm), shown 

by red circles and green triangles, respectively. Also, a profile with λex of about 200 nm and λem
max = 450–550 nm 

indicates the effect of the Fe cluster on the BSA. The changes in the contribution ratio of TrpOut (often Trp134) 
to TrpIn (mostly Trp213) are due to conformational changes in BSA. The decrease in the contribution of both 
types of Trps indicates quenching due to the change in Fe cluster concentration. The contribution of TrpIn, the 
green profile in Fig. 6c, decreased with increasing Fe cluster inside the protein, and that of TrpOut, with the 
red profile, firstly increased and then decrease. Application of up to 4.0 mg Fe cluster results in a decrease of 
TrpIn and an increase of TrpOut (change in the ratio of contributions), which means conformational change. 
However, when applying 6.0 mg or higher of Fe, both TrpOut and TrpIn decrease, which means quenching of 
Trps fluorescence by Fe clusters.

Figure 6d and e show the scores of scatter plots in samples mode from the application of PARAFAC using 
three factors. The blue lozenges are related to pure BSA, the red circles, the green triangles, and the black squares 
are related to BSA/Fe samples with the different contributions of Fe cluster equals 4.0, 6.0, and 8.0 mg, respec-
tively. As Fe concentration increases (from blue lozenges to black squares), values on factor 1 increase, which 
shows the relation of this factor to Fe concentration and its effect; the values on the Factor 2 axis decrease, which 
illustrates the correlation of this factor to TrpIn contribution. Values on the Factor 3 axis (Fig. 6e) first increase 
and then decrease with the addition of Fe. It means Factor 3 almost represents changes in TrpOut contribution.

As can be seen in Fig. 6d and e, samples with different Fe cluster concentrations are completely separated. 
It shows the clear effect of Fe cluster concentration on the spectral behavior of BSA. The first factor is effective 
for discriminating samples. Figures also show that at higher concentrations of Fe, repeatability of the measured 
spectra are higher and black squares (8.0 mg Fe) are pretty close to each other. However, it is not the case for 
red (4.0 mg Fe) and blue (6.0 mg Fe) markers. It shows that as the Fe concentration increases BSA structure 
becomes more rigid.

BSA and BSA/Fe samples using different pH conditions
Applying PARAFAC, the loadings scatter plots in samples modes were calculated with two factors on the array 
with size 31 (λex) × 61 (λem) × 180 (sample) of augmented data from BSA and BSA/Fe at three different pH values. 
The data from two experiments were augmented to compare the effect of pH on BSA and BSA/Fe in the same 
plot and in a simple visual way. Figure 7a demonstrates the plot of Factor 2 vs. Factor 1, with the blue lozenges, 
the red circles, and the green triangles (upward) related to pure BSA. Black squares, the yellow triangles (down-
wards), and the pale blue stars are associated with BSA/Fe samples with the contributions of Fe equals 6.0 mg 
in pHs of 5.0, 7.0, and 9.0, respectively.

The results of PARAFAC show a higher effect of pH on the conformation of Fe containing BSA than BSA. 
The resulting scatter plot from PCA was also examined, and it was found that PARAFAC resulted in better class 
separation than PCA as the result of pH change.

Figure 5.  Estimated contribution profiles (a), obtained from the application of PARAFAC with two factors on 
augmented data of BSA/Fe (the concentration of Fe cluster equals 6.0 mg) with the size of 31 (λex) × 61 (λem) × 90 
(sample), at temperatures of 15.0, 25.0 and 35.0 °C. The blue profile (lozenge shapes) is related to the effect of 
the Fe cluster (λem

max = 445 nm) and the green profile (triangle shapes) on Trp 134 and 213 (λem
max = 370 nm), 

respectively, and (b), the loadings scatter plot in the mode of the sample from the application of PARAFAC with 
two factors on the array with the size 31 (λex) × 61 (λem) × 90 (sample) of the augmented data. The plot is factor 
2 vs. factor 1, and the blue lozenges are related to BSA/Fe samples at T = 15.0, the red circles at T = 25.0, and the 
green triangles at T = 35.0 °C.
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BSA and BSA/Fe at different temperatures
PARAFAC was performed on the array with size 31 (λex) × 61 (λem) × 180 (sample) of augmented data with two 
factors. The data sets of BSA and BSA/Fe in different temperatures were augmented to better compare the tem-
perature effect on BSA and Fe-containing protein. Figure 7b shows the loadings scatter plot in sample mode. The 
blue lozenges, the red circles, and the green triangles (upward) are related to pure BSA. Also, the black squares, 
the yellow triangles (downwards), and the pale blue stars are associated with BSA/Fe samples. The contributions 
of Fe equals 6.0 mg in temperatures of 15.0, 25.0, and 35.0 °C, respectively.

The results of PARAFAC indicate the effect of temperature change on the samples of the pure BSA and BSA/
Fe. As shown in Fig. 7b, the classes of samples with different temperatures in BSA and BSA/Fe samples are very 
close. Lower reproducibility of the results from BSA during different days compared to that from BSA/Fe is also 
obvious in the figure, which shows the lower flexibility of Fe-containing protein compared to protein without Fe 
cluster. It means that temperature change from 15 to 35 °C has no significant effect on protein conformations, 
especially on BSA/Fe. However, Fig. 7a demonstrates that applying different pH conditions causes discrimina-
tion between Fe-containing samples. Therefore, the effect of pH change on the BSA/Fe conformation is more 
than temperature change.

This work separated the pure BSA from BSA/Fe within different environmental conditions (pH and tem-
perature) using low-cost fluorescence spectroscopy combined with chemometrics methods. It was found that 
BSA is not stable on other days, and the presence of the Fe cluster reduces this instability. The presence of dif-
ferent concentrations of Fe cluster was investigated, and Fe concentration was found to be effective on spectra 
of BSA/Fe samples. In this way, BSA with different contributions to the Fe cluster was distinguished. PCA and 
PARAFAC, as unsupervised classification methods, were used to obtain these observations. The results from 
the two methods were almost similar in some cases, but the PARAFAC as a multiway method outperformed 
PCA in many conditions.

Also, the extent of effect from different parameters such as pH and temperature of the solution and the pres-
ence of different concentrations of Fe cluster were examined and compared.

In the case of BSA/Fe, there were small structural changes within each class. Spectral changes in BSA pro-
teins during different days were higher, which could be attributed to the unstable protein conformation. The 
pH of the solution was more effective on the spectral behavior of BSA and BSA/Fe compared to temperature, 
and Fe containing BSA was more sensitive to pH changes. The obtained observations in this study showed that 
unsupervised classification methods could be successfully applied for discriminating samples with different 
conformations of BSA and metal clusters containing BSA using fluorescence as a rapid, low-cost, and sensitive 
spectroscopic method.

Conclusions
In this research, we have studied the conformational changes of BSA and BSA/Fe induced by pH, temperature, 
and different concentrations of Fe utilizing excitation-emission (EEM) fluorescence spectroscopy and unsu-
pervised classification methods. EEM fluorescence spectroscopy as an informative technique can be coupled 
with PCA and PARAFAC methods for classifying and recognizing differences between protein samples. Here, 

Figure 7.  The loadings scatter plot in the sample mode (a), (factor 2 vs. factor 1) from the application of 
PARAFAC with two factors on the array with the size 31 (λex) × 61 (λem) × 180 (sample) of augmented data from 
BSA and BSA/Fe at different pH values. The blue lozenges, the red circles, and the green triangles (upward) 
are related to pure BSA. Also, the black squares, the yellow triangles (downwards), and the pale blue stars are 
associated with BSA/Fe samples, with the concentrations of Fe cluster equal to 6.0 mg in pHs of 5.0, 7.0, and 
9.0, respectively. The loadings scatter plot in the sample mode (b), (factor 2 vs. factor 1) from the application 
of PARAFAC with two factors on the array with size 31 (λex) × 61 (λem) × 180 (sample) of the augmented data. 
Also, the blue lozenges, the red circles, and the green triangles (upward) are related to pure BSA. The black 
squares, the yellow triangles (downwards), and the pale blue stars are associated with BSA/Fe samples with the 
concentrations of Fe cluster equal to 6.0 mg in the temperatures of 15.0, 25.0, and 35.0 °C, respectively.
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better results were obtained with PARAFAC. This method has an essential advantage to PCA, that there are 
more interpretable estimated loadings, as they separately correspond to excitation and emission spectra of the 
fluorescent compounds. Fe clusters are highly effective in the pathway of denaturation of the BSA protein. The 
cube of spectra measured during the conformational changes was significantly different for Fe clusters containing 
BSA compared to pure BSA. Herein, we showed that pHs and different Fe concentrations are impressive factors 
in discriminating BSA from BSA/Fe samples. Therefore, a rapid, sensitive, and low-cost investigation showed the 
differences between these two similar proteins. Due to the continuous occurrence of conformational changes in 
proteins, their replicated fluorescence spectra were not as similar as those from a small molecule.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary 
information files].

Received: 3 August 2022; Accepted: 16 September 2022

References
 1. Ho, B. K. & Agard, D. A. Probing the flexibility of large conformational changes in protein structures through local perturbations. 

PLoS Comput. Biol. 5, e1000343. https:// doi. org/ 10. 1371/ journ al. pcbi. 10003 43 (2009).
 2. Henzler-Wildman, K. & Kern, D. Dynamic personalities of proteins. Nature 450, 964–972. https:// doi. org/ 10. 1038/ natur e06522 

(2007).
 3. Oshokoya, O. O. & JiJi, R. D. Parallel factor analysis of multi-excitation ultraviolet resonance Raman spectra for protein secondary 

structure determination. Anal. Chim. Acta. 892, 59–68. https:// doi. org/ 10. 1016/j. aca. 2015. 08. 035 (2015).
 4. Blake, C. C. F., Geisow, M. J., Oatley, S. J., Rerat, B. & Rerat, C. Structure of prealbumin: secondary, tertiary and quaternary interac-

tions determined by Fourier refinement at 1.8 Å. J. Mol. Biol. 121, 339–356. https:// doi. org/ 10. 1016/ 0022- 2836(78) 90368-6 (1978).
 5. Bhogale, A. et al. Systematic investigation on the interaction of bovine serum albumin with ZnO nanoparticles using fluorescence 

spectroscopy. Colloids Surf. B: Biointerfaces. 102, 257–264. https:// doi. org/ 10. 1016/j. colsu rfb. 2012. 08. 023 (2013).
 6. Jadhav, R. W. et al. Aminoglycoside antibiotic kanamycin functionalized tetraphenylethylene molecular probe for highly selective 

detection of bovine serum albumin protein. Sci. Rep. 12, 1–10. https:// doi. org/ 10. 1038/ s41598- 022- 15890-4 (2022).
 7. Arai, T. & Norde, W. The behavior of some model proteins at solid-liquid interfaces 1. Adsorption from single protein solutions. 

Colloids Surf. 51, 1–15. https:// doi. org/ 10. 1016/ 0166- 6622(90) 80127-P (1990).
 8. Lindman, S. et al. Systematic investigation of the thermodynamics of HSA adsorption to N-iso-propylacrylamide/N-tert-buty-

lacrylamide copolymer nanoparticles. Effects of particle size and hydrophobicity. Nano let. 7, 914–920. https:// doi. org/ 10. 1021/ 
nl062 743+ (2007).

 9. Norde, W. & Giacomelli, C. E. BSA structural changes during homomolecular exchange between the adsorbed and the dissolved 
states. J. Biotechnol. 79, 259–268. https:// doi. org/ 10. 1016/ S0168- 1656(00) 00242-X (2000).

 10. Weiss, S. Measuring conformational dynamics of biomolecules by single molecule fluorescence spectroscopy. Nat. Struct. Mol. 
Biol. 7, 724–729. https:// doi. org/ 10. 1038/ 78941 (2000).

 11. Royer, C. A. Probing protein folding and conformational transitions with fluorescence. Chem. Rev. 106, 1769–1784. https:// doi. 
org/ 10. 1021/ cr040 4390 (2006).

 12. Hitzmann, B., & Ahmad, M. H. (Eds.). Measurement, Modeling and Automation in Advanced Food Processing. Springer. 161, 
VII, 198; https:// doi. org/ 10. 1007/ 978-3- 319- 60111-3 (2017).

 13. Akbarian, S., Najafpour, M. M. & Kompany-Zareh, M. PARAFAC study of bovine serum albumin conformational changes in 
the interaction with nanosized manganese oxide as a biomimetic model for water-oxidizing complex. Int. J. Hydrog Energy. 42, 
9733–9743. https:// doi. org/ 10. 1016/j. ijhyd ene. 2017. 02. 209 (2017).

 14. Sheng, G. P. & Yu, H. Q. Characterization of extracellular polymeric substances of aerobic and anaerobic sludge using three-
dimensional excitation and emission matrix fluorescence spectroscopy. Water Res. 40, 1233–1239. https:// doi. org/ 10. 1016/j. watres. 
2006. 01. 023 (2006).

 15. Kimura, K., Naruse, T. & Watanabe, Y. Changes in characteristics of soluble microbial products in membrane bioreactors associated 
with different solid retention times: Relation to membrane fouling. Water Res. 43, 1033–1039. https:// doi. org/ 10. 1016/j. watres. 
2008. 11. 024 (2009).

 16. Le Moigne, M. et al. Front face fluorescence spectroscopy and visible spectroscopy coupled with chemometrics have the potential 
to characterise ripening of Cabernet Franc grapes. Anal. Chim. Acta. 621, 8–18. https:// doi. org/ 10. 1016/j. aca. 2007. 09. 054 (2008).

 17. Callejón, R. M. et al. Classification of Sherry vinegars by combining multidimensional fluorescence, parafac and different clas-
sification approaches. Talanta 88, 456–462. https:// doi. org/ 10. 1016/j. talan ta. 2011. 11. 014 (2012).

 18. Ruan, K. & Balny, C. High pressure static fluorescence to study macromolecular structure–function. Biochim Biophys. Acta Protein 
Struct. Molec. Enzym. 1595, 94–102. https:// doi. org/ 10. 1016/ S0167- 4838(01) 00337-5 (2002).

 19. Nemethy, G., WJ, P., & HA, S. Effect of protein-solvent interactions on protein conformation. Annu. Rev. Biophys. Bioeng. 10, 
459–497; https:// doi. org/ 10. 1146/ annur ev. bb. 10. 060181. 002331 (1981).

 20. Lakowicz, J. R. Fluorescence studies of structural fluctuations in macromolecules as observed by fluorescence spectroscopy in the 
time, lifetime, and frequency domains. Methods Enzymol. 131, 518–567. https:// doi. org/ 10. 1016/ 0076- 6879(86) 31054-1 (1986).

 21. Iosin, M., Canpean, V. & Astilean, S. Spectroscopic studies on pH-and thermally induced conformational changes of bovine serum 
albumin adsorbed onto gold nanoparticles. J. Photochem. Photobiol. 217, 395–401. https:// doi. org/ 10. 1016/j. jphot ochem. 2010. 11. 
012 (2011).

 22. Hall, G. J. & Kenny, J. E. Estuarine water classification using EEM spectroscopy and PARAFAC–SIMCA. Anal. Chim. Acta. 581, 
118–124. https:// doi. org/ 10. 1016/j. aca. 2006. 08. 034 (2007).

 23. Guimet, F., Ferré, J., Boqué, R. & Rius, F. X. Application of unfold principal component analysis and parallel factor analysis to the 
exploratory analysis of olive oils by means of excitation–emission matrix fluorescence spectroscopy. Anal. Chim. Acta. 515, 75–85. 
https:// doi. org/ 10. 1016/j. aca. 2004. 01. 008 (2004).

 24. Guimet, F., Ferré, J. & Boqué, R. Rapid detection of olive–pomace oil adulteration in extra virgin olive oils from the protected 
denomination of origin “Siurana” using excitation–emission fluorescence spectroscopy and three-way methods of analysis. Anal. 
Chim. Acta. 544, 143–152. https:// doi. org/ 10. 1016/j. aca. 2005. 02. 013 (2005).

 25. Guimet, F., Ferré, J., Boqué, R., Vidal, M. & Garcia, J. Excitation− emission fluorescence spectroscopy combined with three-way 
methods of analysis as a complementary technique for olive oil characterization. J. Agric. Food Chem. 53, 9319–9328. https:// doi. 
org/ 10. 1021/ jf051 237n (2005).

 26. SádeCká, J. & TóThoVá, J. Fluorescence spectroscopy and chemometrics in the food classification-a review. Czech J. Food Sci. 25, 
159–173 (2007).

https://doi.org/10.1371/journal.pcbi.1000343
https://doi.org/10.1038/nature06522
https://doi.org/10.1016/j.aca.2015.08.035
https://doi.org/10.1016/0022-2836(78)90368-6
https://doi.org/10.1016/j.colsurfb.2012.08.023
https://doi.org/10.1038/s41598-022-15890-4
https://doi.org/10.1016/0166-6622(90)80127-P
https://doi.org/10.1021/nl062743+
https://doi.org/10.1021/nl062743+
https://doi.org/10.1016/S0168-1656(00)00242-X
https://doi.org/10.1038/78941
https://doi.org/10.1021/cr0404390
https://doi.org/10.1021/cr0404390
https://doi.org/10.1007/978-3-319-60111-3
https://doi.org/10.1016/j.ijhydene.2017.02.209
https://doi.org/10.1016/j.watres.2006.01.023
https://doi.org/10.1016/j.watres.2006.01.023
https://doi.org/10.1016/j.watres.2008.11.024
https://doi.org/10.1016/j.watres.2008.11.024
https://doi.org/10.1016/j.aca.2007.09.054
https://doi.org/10.1016/j.talanta.2011.11.014
https://doi.org/10.1016/S0167-4838(01)00337-5
https://doi.org/10.1146/annurev.bb.10.060181.002331
https://doi.org/10.1016/0076-6879(86)31054-1
https://doi.org/10.1016/j.jphotochem.2010.11.012
https://doi.org/10.1016/j.jphotochem.2010.11.012
https://doi.org/10.1016/j.aca.2006.08.034
https://doi.org/10.1016/j.aca.2004.01.008
https://doi.org/10.1016/j.aca.2005.02.013
https://doi.org/10.1021/jf051237n
https://doi.org/10.1021/jf051237n


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:16875  | https://doi.org/10.1038/s41598-022-20768-6

www.nature.com/scientificreports/

 27. Bieroza, M., Baker, A. & Bridgeman, J. Classification and calibration of organic matter fluorescence data with multiway analysis 
methods and artificial neural networks: an operational tool for improved drinking water treatment. Environmetrics 22, 256–270. 
https:// doi. org/ 10. 1002/ env. 1045 (2011).

 28. Murphy, K. R., Bro, R. & Stedmon, C. A. Chemometric analysis of organic matter fluorescence. Aquatic Organic Matter Fluorescence. 
261(1), 339–375 (2014).

 29. de Carvalho Rocha, W. F., Schantz, M. M., Sheen, D. A., Chu, P. M. & Lippa, K. A. Unsupervised classification of petroleum Certified 
Reference Materials and other fuels by chemometric analysis of gas chromatography-mass spectrometry data. Fuel 197, 248–258. 
https:// doi. org/ 10. 1016/j. fuel. 2017. 02. 025 (2017).

 30. Arancibia, J. A., Boschetti, C. E., Olivieri, A. C. & Escandar, G. M. Screening of oil samples on the basis of excitation emission 
room-temperature phosphorescence data and multiway chemometric techniques. Introducing the second-order advantage in a 
classification study. Anal. Chem. 80, 2789–2798. https:// doi. org/ 10. 1021/ ac702 364n (2008).

 31. Stefani, M. & Dobson, C. M. Protein aggregation and aggregate toxicity: New insights into protein folding, misfolding diseases 
and biological evolution. J. Mol. Med. 81, 678–699. https:// doi. org/ 10. 1007/ s00109- 003- 0464-5 (2003).

 32. Sułkowska, A. Interaction of drugs with bovine and human serum albumin. J. Mol. Struct. 614, 227–232. https:// doi. org/ 10. 1016/ 
S0022- 2860(02) 00256-9 (2002).

 33. Bhogale, A. et al. Comprehensive studies on the interaction of copper nanoparticles with bovine serum albumin using various 
spectroscopies. Colloids Surf. B: Biointerfaces. 113, 276–284. https:// doi. org/ 10. 1016/j. colsu rfb. 2013. 09. 021 (2014).

 34. Portugal, C. A., Lima, J. C. & Crespo, J. G. Effect of physicochemical conditions on the ultrafiltration of β-lactoglobulin: Fluores-
cence probing of induced structural changes. J. Membrane. Sci. 321, 69–80. https:// doi. org/ 10. 1016/j. memsci. 2007. 11. 027 (2008).

 35. Kalaji, M. H. & Pietkiewicz, S. Some physiological indices to be exploited as a crucial tool in plant breeding. Plant Breed. Seeds Sci. 
49, 19–39 (2004).

 36. Shang, L., Wang, Y., Jiang, J. & Dong, S. pH-dependent protein conformational changes in albumin: Gold nanoparticle bioconju-
gates: A spectroscopic study. Langmuir 23, 2714–2721. https:// doi. org/ 10. 1021/ la062 064e (2007).

Acknowledgements
The authors would like to thank the Institute for Advanced Studies in Basic Sciences for supporting this work.

Author contributions
The research project was proposed by S.A., M.K., and M.M.N., The experiments were performed by S.A., and 
the manuscript was written by S.A. and M.K. All authors have approved the final version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 20768-6.

Correspondence and requests for materials should be addressed to M.K.-Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

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

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1002/env.1045
https://doi.org/10.1016/j.fuel.2017.02.025
https://doi.org/10.1021/ac702364n
https://doi.org/10.1007/s00109-003-0464-5
https://doi.org/10.1016/S0022-2860(02)00256-9
https://doi.org/10.1016/S0022-2860(02)00256-9
https://doi.org/10.1016/j.colsurfb.2013.09.021
https://doi.org/10.1016/j.memsci.2007.11.027
https://doi.org/10.1021/la062064e
https://doi.org/10.1038/s41598-022-20768-6
https://doi.org/10.1038/s41598-022-20768-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Unsupervised recognition of components from the interaction of BSA with Fe cluster in different conditions utilizing 2D fluorescence spectroscopy
	Results and discussion
	BSA samples
	Effect of pH. 
	Effect of temperature. 

	BSAFe samples with the same Fe concentration
	Effect of pH. 
	Effect of temperature. 

	BSAFe samples with different contributions of Fe cluster
	BSA and BSAFe samples using different pH conditions
	BSA and BSAFe at different temperatures
	Conclusions
	References
	Acknowledgements


