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ABSTRACT: Letrozole-HSA (human serum albumin) binding was studied using various spectroscopic techniques, 
MCR-ALS (multivariate curve resolution alternating least squares) chemometrics method, and molecular modelings. 
Binding constant at different temperatures, main interacted sites properties, thermodynamic parameters, HSA 
conformation in complex form was obtained using the relevant data. Due to the fluorescence emission wavelength 
overlap of LET and HSA, fluorescence emission enhancement was seen at the emission wavelength of 340 nm, following 
the excitation at 278 nm rather than fluorescence quenching. MCR-ALS analysis of UV-Vis absorption and fluorescence 
emission data approved the complex formation between LET and HSA. The fluorescence emission quenching was 
observed at 320 nm rather than 340 nm. The emission data were fitted to the Stern-Volmer, van't Hoff, and Hill models 
to calculate the quenching and binding constants. The results showed that LET binds to HSA with a binding constant 
of 2.25 × 104 M-1 that resembles the moderate binding capacity of LET to HSA. Furthermore, decreased biding constant 
at higher temperatures and decreased quenching constants at higher temperatures showed static quenching constant. 

Thermodynamic analysis and simultaneous competitive binding studies showed that LET interacts with HSA's 
subdomain IIA and IIIA mainly by hydrogen and Van der Waals bonds. The results agree with molecular modeling 
studies. FTIR and circular dichroism (CD) results revealed the reduced alpha-helical structure of HSA in LET-HSA 
complex compared to non-bound form.  

KEYWORDS: Letrozole; Human serum albumin; spectroscopy; MCR-ALS; Emission spectra overlap. 

 1.  INTRODUCTION 

         HSA binds to relatively insoluble substances, including nutrients, hormones, fatty acids, and drugs [1, 
2]. Drug pharmacokinetics and pharmacodynamics [3, 4] are significantly influenced by their HSA-binding. 
There are several albumin-based formulations in the market as well in clinical studies [5, 6]. HSA (585 amino 
acids), a globular heart-shaped structure protein (Figure 1) that is composed of domains (I (1–195), II (196–
383), III (384–585)). Subdomains IIA and IIIA (both with hydrophobic characteristics) are known as drug 
binding sites I and II, respectively. Environmental factors like pH and ionic strength alter HSA's molecular 
structure [7, 8]. 

 The molecular interaction mechanism of anticancer drugs with HSA has been studied frequently [9-
17]. Bourassa et al. reported the binding of tamoxifen (an anticancer drug is used in breast cancer) and related 
compounds to HSA in the year 2011 [9] using different spectroscopic methods. Letrozole  (LET, Figure 1) is 
used in breast cancer as an endocrine therapy [18, 19]. The estrogen production is inhibited by LET following 
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inhibition of the aromatase enzyme [20, 21]. The glucuronide metabolite of LET is excreted in the urine [22, 
23]. LET bounds to HSA approximately 55% [24]. Maliszewska et al. [25] have evaluated the interaction of LET 
with HSA compared to resveratrol using a fluorometric method, and they concluded that resveratrol binds 
strongly than LET to HSA.  
 

 
Figure 1. Cristal structure of HSA (Trp 214 shown in purple) and 3D molecular structure of LET 

 
      
        In a similar study, Bijari et al. studied the interactions of the LET with HSA utilizing various spectroscopic 
techniques and docking methods. Despite a notable similarity between our studies, the obtained results do 
not tell the same story. Interestingly, our results differ from theirs in several aspects, and based on our belief, 
their findings about the interaction of the LET and HSA have not been correct. The most prominent factor of 
our study is utilizing MCR-ALS chemometrics and CD analysis. The conflict results of these two studies will 
be mentioned in the results sections [26].  
        We investigated the molecular mechanism of LET binding to the HSA using combined multi-
spectroscopic techniques, chemometrics models (MCR-ALS), and molecular modeling methods. Spectroscopic 
methods provide the possibility of interaction dynamics (binding constants and cooperativity) study. The 
chemometrics method has been used to analyze the fluorescence-visible data of the albumin-drug interaction 
[27-30]. Our preliminary study shows that the fluorescence emission overlapping between LET and HSA (340-
400 nm) leads to the emission enhancement following excitation at 280 nm rather than usual quenching. MCR-
ALS chemometrics method was utilized to determine the two-way fluorescence and absorption data of the 
LET-HSA complex. The quenched emission wavelength region of HSA (320 nm) was used for further binding 
evaluations. Molecular modeling studies were utilized to evaluate the mode of LET-HSA interaction [8, 31-
36].  

2. RESULTS AND DISCUSSION 

2.1. UV absorption spectra 

      UV-Vis spectra of HSA and HSA-LET (4×10-6 M to 3.5×10-5 M) are shown in Figure 2. The HSA'S maximum 
wavelength peak (280 nm) increased due to the complex formation with LET. A minor shift of the LET–HSA 
spectrum toward longer wavelengths (red-shift) was observed, which could be due to the complex 
composition amid LET and HSA. Increased hydrophobicity of the binding site microenvironment following 
the complex formation (because of minor conformational changes in HSA) could be a reason for this 
wavelength shift. 
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Figure 2. The UV absorption spectra of LET–HSA in aqueous solution under the optimum conditions (pH 7.4, ionic 
strength 0.15 M) at T = 298 K. The [HSA] was 6.66 × 10-6 M, and the [LET] was 4×10-6 M to 3.5×10-5 M from a to j (there are 
8 samples). [LET] = 0, 4×10-6, 8×10-6, 1.0 ×10-5 ,1.5×10-5, 2.0×10-5, 2.5×10-5, 3.0×10-5, 3.5×10-5 M. 

2.2. Binding mechanism and binding constants 

2.2.1. Fluorescence spectra 

       HSA holds 17 tyrosyl residues and one tryptophan (Trp214) residue (Figure 1), while the HSA's emission 
at 340 nm (λex = 280 nm) originates mainly from Trp214. The fluorescence intensity of HSA (6.66 × 10-6 M) and 
HSA-LET complexes have been displayed in Figure 3. The shift of maximum emission wavelength (347 to 355) 
occurred due to the complex formation with LET, resulting from polarity enhancement of the fluorophore 
microenvironment. The LET emission spectra overlap with HSA's emission (340-350 nm), as shown in Figure 
3. Consequently, the increasing emission intensity of the HSA (340 to 355 nm) cannot be attributed to the 
amplification of HSA's emission following the LET-HSA binding.  
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Figure 3. a) Fluorescence emission spectra of HSA and letrozole; λex=280 nm, pH=7.4, Buffer= 0.1M, T=298K, 
CLetrozole = 1.5×10-4 M, CLetrozole = 2.0×10-4 M, CHSA. = 6.66×10-6 M. The LET emission spectra overlap with HSA's emission 
in the range of 340-350 nm. b) The fluorescence emission spectra of HSA-LET in phosphate buffer (pH 7.40) at T = 298° K. 
The [HSA] was 6.66 × 10-6 M, and the [LET] was 0 – 3.5 ×10−4 M from a to h. [LET]= 0, 4×10-6, 8×10-6, 1.0 ×10-5 ,1.5×10-5, 
2.0×10-5, 2.5×10-5, 3.0×10-5, 3.5×10-5 M. (The third graph is an enlarged part corresponding to the initial part of the graph, 
which shows the decreasing trend of fluorescence intensity [LET] in the range of 300-330 nm). 

       The fluorescence emission elevation in the range of 335-410, and HSA fluorescent emission quenching due 
to the complex formation with LET from 310-335 nm. This overlap region was analyzed by MCR-ALS, which 
is described in the 4.2.2 section. Also, to avoid the fault results, the calculation of quenching parameters was 
investigated in a non-overlapped region (λem = 320 nm).  

2.2.2. MCR-ALS optimization 

     Daug was obtained from combined UV–Vis and fluorescence measurements (Eq. 9). Singular value 
decomposition (SVD) was applied to ascertain the species. The HSA's and LET's spectra were utilized as the 
initial estimates for the MCR-ALS optimization model. Unimodality of concentration profiles and non-
negativity in the studied profiles were utilized as constraints. As perceived from the SVD analysis, Daug data, 
three singular values covered more than 99% of the variance. It is rational to state that three singular values 
were regarded as free LET, free HSA, and HSA-LET complex species. Figure 4 shows obtained concentration 
and spectra profiles for Daug that were tough to achieve by conventional procedures.  
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Figure 4. The resolved concentration and spectral profiles of equilibrium species were obtained by applying MCR-ALS to 
augmented data matrix: (a) and (b) concentration profiles of species involved. (c), and (d) spectral profiles of species 
involved in fluorescence and UV–Vis experiment, respectively. 
 

        As shown in Figure 4a, by increasing LET concentration, HSA profiles concentration reduced, which is 
related to the HSA-LET complex formation, and increasing LET concentration profiles is attributable to the 
free LET. In the other mod, it can be observed that increasing in HSA concentration caused reducing in LET's 
concentration profiles due to the HSA-LET formation. Increased HSA's concentration profiles attribute to the 
HSA (Figure 4b). Figures 4c and 4d represent the resolved emission and absorption profiles of LET, HSA, and 
HSA-LET. The resolved spectra qualitatively explain the studied species' spectral characteristics; according to 
obtained LOF (0.39% < 5%), it can be said that almost all variability of the data has been modeled. 

 2.2.3. Elimination of the inner filter effects 

Equation (1) was employed to correct the fluorescence intensities by reducing the inner filter effect [37]. 

                                                                                                       (Eq. 1) 

Where Fobs and Fcor represent the detected and the corrected fluorescence intensity. UV absorbance intensity 
at emission wavelength and excitation wavelength of LET has been shown by Aem and Aex, respectively.  

2.2.4. Quenching mechanism study 

The corrected fluorescence emission data were fitted to the Stern-Volmer equation (Eq.2) [34].: 

                                                                                     (Eq. 2) 

ex em(A A )/2
cor obsF F e += ´

0 SV q 0F / F 1 K [Q] 1 k [Q]= + = + t
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     Where F and F0 are the emission intensity of LET-HSA and only HSA while LET plays the quencher [Q] 
role, respectively. KSV (M-1) and kq (M-1s-1) describing the quenching constant and the quenching rate constant, 
respectively. τ0 is the fluorescence lifetime of HSA (10-8 s-1). The KSV is the slope of the F0/F plot versus [Q]. 
The obtained curves at elevated temperatures are shown in Figure 5a.  

 
Figure 5. (a) Stern – Volmer plots for HSA-LET system at different temperatures, (b) plots of log (F0-F/F) vs. log [Q] for the 
quenching of HSA by LET at different temperatures. [LET] = 0, 4×10-6, 8×10-6, 1.0 ×10-5 ,1.5×10-5, 2.0×10-5, 2.5×10-5, 3.0×10-

5, 3.5×10-5 M. 

        The linear behavior of the F0 /F plot versus [Q] shows that the quenching mechanism is static. The 
obtained Ksv (1.72 × 105 M-1) at 298 K describes the high quenching capability of LET. The calculated kq at 298 
K was 1.72 × 1013 M-1 s-1 (Table 1), higher than the maximum diffusion collision quenching rate constant (2×1010 
M-1S-1), which describes a static quenching mechanism.  

Table 1. The quenching and relevant thermodynamic parameters for the HSA–LET system at different 
temperatures. 

T (K) KSV × 105 (M-

1) 
Kb × 104 

(M-1) n ΔH 

(kj mol-1) 
ΔS 

(j mol-1 K-1) 
ΔG 

(kj mol-1) 

288° 2.72 3.46 0.94 

-38.95 -47.79 

-37.59 

298° 1.73 2.25 0.88 -37.54 

308° 0.67 1.23 0.84 -37.50 

The binding constant (Kb) and cooperativity (n) calculated utilizing the Hill method (Eq.3) [33]: 

                                                                                            (Eq.3) 

Kb at 298 K was 2.25 × 104 M-1 that resembles the moderate HSA binding capability of LET. The results showed 
that Kb decreased at higher temperatures (Figure 5b, Table 1). The number of binding sites (n) was lower than 
1 at all studied temperatures (Table 1), representing the negative cooperation of LET molecules while 
interacting with HSA. The reduced n values and increased negative cooperation at higher temperatures are 
shown in Table 1. These findings could be a result of decreased stability of the LET-HSA complex at higher 
temperatures. 

2.2.5. Thermodynamic data analysis  

         Electrostatic, van der Waals, hydrophobic interactions, and hydrogen bonds contribute as main binding 
forces in drug-protein complex formation [38]. The nature of the dominant forces could be investigated using 
thermodynamic characteristics of LET-HSA's complex. The obtained binding constants were fitted to the Van't 

0
b

(F F)log logK n log[Q]
F
-

= +
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Hoff model (Equation 4) and the change in enthalpy (ΔH) and entropy (ΔS) were computed from the slope 
and intercept. 

                                                                                                      (Eq. 4) 

The calculated ΔH and ΔS were -38.95 kJ mol-1 and -47.79 J mol-1 K-1, implying the contribution of the hydrogen 
bonding and van der Waals forces as the leading players of LET-HSA complex formation [39].  

ΔG was obtained using the Gibbs model (equation 5):  

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                                                                                             (Eq.5) 

       The negative value for ΔG of LET binding to HSA (Table 1) approves that the binding happened 
spontaneously. The resulted ∆𝐺 values were not significantly changed in the studied temperature range, while 
a slow reduction was observed at higher temperatures.  

       In comparison with Bijari et al. investigation, although the thermodynamic parameters' profiles are similar 
to each other (E.g., negative ΔH, ΔS, and ΔG), there is a remarkable contrast between the obtained quantities. 
Moreover, the quantities of the KSV and Kb show notable differences (E.g. 3.46×104 vs. 31.62×10-4  M-1 for kb 
and 2.72×104 vs. 67.47×10-4  M-1 for KSV) [26]. 

2.3. Site marker competitive binding experiments 

       Drugs competitively bind to the known drug binding sites of HSA. Warfarin and Ibuprofen (specific 
markers of site I and site II) were utilized for LET binding site evaluations. Figure 6 shows the Stern-Volmer 
diagrams of LET-HSA, LET-Warfarin-HSA, LET-Ibuprofen-HSA. Both Warfarin and Ibuprofen lead to a 
meaningful reduction in binding constant, while the reduction was slightly more substantial for Ibuprofen. 
The results showed that LET could bind to both sites.  

 
Figure 6. Stern-Volmer plots of LET interaction with HSA in the presence and absence of binding site markers (Warfarin 
and Ibuprofen). [LET] = 0, 4×10-6, 8×10-6, 1.0 ×10-5,1.5×10-5, 2.0×10-5, 2.5×10-5, 3.0×10-5, 3.5×10-5 M. 
 
 
 

H SlnK
RT R
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2.4. Conformational study using ATR-FTIR and CD spectroscopy 

2.4.1. ATR-FTIR spectra analysis  

       ATR-FTIR spectra present amide bands of HSA in wavelength numbers ranging from 1600 to 1700 cm−1 
[40]. The absorption of protein amide bands can be affected by alteration of their secondary structure and by 
the presence of water molecules (H2O). Although the presence of water could interfere with ATR-FTIR results, 
it can provide a more native environment [41, 42].  

       Figure. 7 shows the FTIR-ATR spectrum of the HSA and HSA–LET complex. The peak attributed to the 
amide I have moved from 1656.91 to 1653.74 cm−1. Furthermore, the position of amide II was moved from 
1599.25 (HSA) to 1543.07 cm−1 (HSA–LET). Altered peak positions, shape, and intensity, especially in bands 
between 1600.0 cm−1 and 1700.0 cm−1, demonstrate that LET induces alteration of HSA's α-helical structure.  

 
Figure 7. (A) FTIR-ATR spectra of HSA and LET-HSA (1:1) in the wavenumber range (2000-663 cm-1). (B) CD spectra (200-
260 nm) of HSA and the LET–HSA complex. CHSA = 0.025 mM, pH 7.4, T = 298 K. 

2.4.2. CD spectra analysis  

       The CD spectrum of HSA (Figure 7B) (200–260 nm) showed two negative double-humped peaks at 208 
and 222 nm, which were attributed to n→ π* transfer for the α-helix structure [33].  

Mean residue ellipticity (MRE) for the CD spectra were estimated using equation 6:   MRE	(𝐝𝐞𝐠	cm!dmol"#) =
$%&'()'*	,-	(/	*'0)

,234	×	#6
                                                                                 (Eq. 6) 

       In this equation, Cp is the protein molar concentration, n is the number of amino-acid residues (585). l 
represents the length of the cell (0.1 cm).  

      The LET binding to HSA (Figure 7B) reduced the MRE of HSA without a significant shift in the band shape. 
Increasing in the α-helix% from 57.05% (HAS) to 63.26% (LET-HAS) and a slight decreasing of β-sheets were 
observed. Similar results with FTIR confirmed the conformational secondary structure changes of HSA due to 
LET binding.  
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2.5. Molecular modeling 

The molecular modeling results are displayed in Figure 8. The docking results (the lowest binding energy 
value and interacted residues) are shown in Table 2.  

      Table 2. The HSA residues implicated in LET-HSA interaction with the binding energy values for the fittest 
selected docking sites at two LET sites. 

Complex Residues involved in the interaction Binding Energy 
(Kcal mol-1) 

LET-HSA 
(Site I) 

Lys-195, Gln-196, Cys-245, Tyr-150, Cys-
253, His-242 

- 8.2 

LET-HSA 
(Site II) 

Met-446, Arg-485, Pro-384, Leu-453, Ala-
449, Leu-387, Ser-342, Ile-388 

-9.6 

         The models showed that LET has two binding sites surrounded by related amino acid residues, 
summarized in Table 2. Figure 8 shows the interaction of LET with HSA. LET is located within the hydrogen 
binding distance of His-242 at site I and Ser-342 at site II (pointed by the red circle in Figure 8). The importance 
of hydrogen bonds in the binding mechanism is obtained from the results of this study. The nitrogen atoms of 
nitrile groups and triazole moiety formed hydrogen bonds (green dashed line). Besides it, aromatic benzene 
rings of LET facilitate the hydrophobic interactions (red spoked arcs) (Figure 8). According to the results, LET 
binds to both sites I and II. On the other hand, Bijari et al. reported only one site interaction (Site I) for LET. 
According to Table 2 our results represents lower binding energy (-8.2 (Site I), -9.6 (Site II) Kcal mol-1)) 
compared to Bijari et al. publication (-6.94 Kcal mol-1) [26].  

 
Figure 8. 2D and 3D representations of docked poses of LET and HSA. Sites I and II are shown in A, B. The dashed line 
shows the hydrogen bond. 
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3. CONCLUSION 

         The binding mechanism of LET to HSA in physiological conditions has been investigated by MCR-ALS 
combined with spectroscopic and molecular modeling methods.  Fluorescence and absorption enhancement 
analysis has confirmed the formation of the HSA–LET complex, which was subsequently approved by 
Fluorescence thermodynamics analysis. Nowadays, the utilization of chemometrics methods to extract 
information from intricate computations has been relatively widespread. The MCR-ALS was utilized to 
resolve the spectral overlapping of the LET–HSA system. The augmented data matrix of fluorescence spectra 
and UV-Vis spectra were analyzed with MCR-ALS and extracted from the overlapped region's pure spectra 
and concentration profiles. Negative enthalpy and entropy change revealed van der Waals forces and 
hydrogen bonding as dominant binding forces. Negative ΔG showed that the complex formation is 
spontaneous. The results showed that LET moderately binds to the HSA while causing the reduced polarity 
in the micro-environment of the Trp214 residue.  CD and FTIR revealed a LET-induced alteration in HAS's 
conformation, along with the increase of α-helix and loss of β-sheet content. The results based on site marker 
competition revealed that LET binds to site I (subdomain IIA) and site II (subdomain IIIA) of HSA while 
binding to site II is more potent than other sites. Molecular modeling results showed that LET binds to site I 
and II through hydrogen bonds and hydrophobic interactions. 

4. MATERIALS AND METHODS 

4.1. Materials 

         HSA (>97%, 66,000 Da) was acquired from Sigma Chemical Company and then employed as obtained. 
LET was kindly gifted by Soha pharmaceutical company, Iran, in pure form. Daily prepared deionized water 
and analytical grade reagents were employed for whole experiments. The water utilized for this project is 
doubled distillation and prepared daily.  

4.1.1. Stock solutions 

        HSA (10-4 M) was solubilized in phosphate buffer (10 mM, pH 7.4). LET, Ibuprofen, and Warfarin (3.0 × 
10-3 M) in DMSO were stored in the refrigerator (0–4°C) until use. Phosphate buffer (pH 7.4, 0.15 M) was 
utilized to prepare daily solutions.  

4.2. Data measurement 

4.2.1. Absorption spectroscopy 

        The UV-Vis spectra were read by a double beam Shimadzu 1800 (Shimadzu, Tokyo, Japan), in the range 
of 200– 400 nm, at 298° K. The UV-Vis spectra were obtained after the addition of elevated drug concentrations. 
The HSA concentration was set at 6.66 × 10-6 M, while LET was changed from 0 to 3.5 × 10-4M.  

4.2.2. Fluorescence spectroscopy 

       The emission spectra of HSA (6.66×10-6 M) with increasing LET concentrations (0 to 3.5×10-5 M) were 
obtained (300–450 nm, Jasco spectrofluorometer). The excitation wavelength was 280 nm, and the slit widths 
were 10/10 nm. Also, HSA–LET interaction was evaluated at elevated temperatures (288°, 298°, and 308° K), 
and the data fitted to the van't Hoff model to calculate the thermodynamic constants. The temperature was 
monitored using a Neslab RTE-110 circulator. 

4.2.3. FTIR spectroscopic measurements 

      FTIR-ATR (Nicolet-6700) spectra of HSA-LET and HSA were obtained under the resolution of 4 cm-1 (400–
4000 cm-1) at 298° K. The contributions to buffer and free LET absorbance was digitally subtracted from the 
results. 
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4.2.4. Circular dichroism (CD) 

      A Circular Dichroism Spectrometer (Aviv, USA) was employed to record the CD Spectra studied solutions. 
Far-UV region (190-260 nm) determinations were done utilizing a quartz cell (0.01 cm). All experiments were 
done in a nitrogen atmosphere. LET (i.e. 0.125, 0.25 and 0.5 mM) were added to HSA solution (12.5 µM). Using 
the Jasco standard analysis software, conversion of signals to the Mol CD (Δε) was carried out. K2D3 online 
webserver was used to calculate the α-helix and β-strands [43].  

4.2.5. Site marker competitive experiments 

       The LET binding site on HSA was assessed based on its competition with Warfarin and Ibuprofen in HSA 
binding. Equimolar concentrations of LET were mixed with HSA/site markers (6.66 × 10−6 M) solution. After 
a 15-minute incubation at room temperature, emission spectra were obtained. 

4.2.6 Data matrix for MCR–ALS 
 
       The following experiments were performed to prepare the needed datasets. To prepare the first dataset, 
LET elevated concentrations (0 to 3.5 × 10-5 M) were added to the HSA solution (6.66 × 10-6 M). The second 
data set was obtained by adding the HSA enhanced concentration (0 -2 × 10-5 M) to the LET solution (2 × 10-5 
M). The UV–Vis spectra (260–300 nm) and fluorescence emission spectra (300 – 450 nm) were recorded. Four 
data matrices D789:; (12×41), D78<=> (12×41) D?9:;(12×151) and D?<=> (12×151), were obtained from these 
measurements. 

4.3. Molecular modeling  

       The AutoDock Vina software [44] was used for molecular docking of LET binding with HSA (PDB ID 
code: 1N5U) [45]. LET 3D geometry structure was drawn and optimized using Hyperchem 8 software [35, 46]. 
Before docking, the crystallographic structures such as cofactor (heme), ligands, and water molecules were 
extracted, and the HSA's structure modification was performed by adding the Kollman charges and polar 
hydrogens. The molecular docking area was fixed by setting up a grid box with a grid box size 
27.75×27.75×27.75Å3 and 28.50×28.50×28.50 Å3 for the binding site I and II, respectively. The grid spacing size 
is 1.0 Å at Vina docking. The confirmation of LET-HSA complexes with the lowest binding energy conformer 
was further analyzed with Auto Dock Tools 1.5.6 and LigPlot+ v 1.4.4 [31, 32, 47]. 

4.4. Theory study: the MCR-ALS calculations 

       MCR-ALS aids in resolving the multi-component compounds' mixture toward a simple model. Studies 
revealed the high capability of MCR-ALS for spectroscopic data analysis of the formation processes of 
molecular complexes [27, 29]. MCR methods can decompose experimental data matrix (D) into an output of 
concentration matrix (C) and corresponding spectra (S) through a bilinear model. This model could be shown 
as an algebraic model (Eq. 7): 

D = CST + E                                                                                                             (Eq. 7) 

The transposition of the matrix is indicated by the superscript T. The residuals matrix (E) must relate to the 
test error. The MCR-ALS approach is an iterative process in which the S and C are calculated using least 
squares, and the iterative optimization continues until the model converges. Initial estimates of spectral 
profiles or concentrations, which can be produced using appropriate methods, are required for the procedure. 

Lack of fit (LOF) was employed to evaluate the quality and validity of MCR-ALS. The value of LOF is defined 
as (Eq. 8):  

                                                                                           (Eq. 8) 
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where dij and dij* are the experimental data and the recalculated values using the MCR-ALS technique, 
respectively. Data matrices were acquired from fluorescence emission, and UV-Vis spectra were integrated 
into the row and augmented data (column-wise) matrix (Daug) according to Eq. 9 [30, 48].  

                                            (Eq. 9) 

 

The DUV and DF show the spectra data. The MCR-ALS algorithm extracted a matrix of concentration profile 
(row-wise augmented) and related pure spectra matrix from the Daug resolution. These simultaneous analyses 
provide more information than the single analysis defined by Eq. (7). 
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