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Abstract: Interactions between polyphenols and fibers are important for polyphenol bioactivities,
and have been studied in vitro with adsorption process and isotherms. However, the theoretical
interpretations of adsorption potentially can be affected by the method of isotherm modeling. The aim
was to study the interactions between 3-glucan and quercetin derivatives (quercetin-3-glucoside,
quercetin-3-galactoside, quercetin-3-rhamnoside) by studying adsorption, and to potentially improve the
modeling of adsorption isotherms. Quercetin derivatives were determined by using spectrophotometric
method. Experimental results were modeled with Langmuir, Dubinin-Radushkevich, and Hill isotherms
using non-linear regression, linear regression, and improved non-linear regression. For improved
non-linear regression, code in the R programming language was developed. All quercetin derivatives
adsorbed onto the surface of 3-glucan. Improved non-linear regression gave somewhat lower errors
and may be the most appropriate for adsorption interpretation. According to isotherms obtained with
improved regression, it may be suggested that adsorption is higher for rhamnoside and glucoside of
quercetin than for quercetin-3-galactoside which agrees with experimental results. Adsorption could be a
physical process. The spatial arrangement of hydroxyl (OH) groups on the glycoside part of quercetin
could affect the adsorption. In conclusion, a novel approach using improved non-linear regression
has been shown to be a useful, novel tool for adsorption interpretation.

Keywords: adsorption isotherms; Langmuir; Dubinini-Radushkevich; Hill; interactions; improved
non-linear regression

1. Introduction

Polyphenols are secondary plant metabolites which in recent years showed many potentially
positive bioacitivities [1-3]. One of the polyphenol bioactivities not completely investigated yet is
their interaction with various food constituents in the digestive tract [4,5]. Interactions between
polyphenols and food constituents can affect polyphenol’s accessibility for absorption in the digestive
tract (bioaccessibility) or the amount that is being absorbed. This might directly affect bioactivities of
polyphenols. That is why the studies of interactions of polyphenols with different food constituents
are the focus of present studies [4,6,7].
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Interactions of polyphenols with food constituents like dietary fibers (cellulose, glucans, etc.)
are especially interesting because fibers are resistant to digestion and absorption in the human
small intestine. They ferment, completely or partially, in the large intestine [8]. This means that
dietary fibers can interact with polyphenols in the digestive tract and potentially “carry” them to the
lower parts of the digestive tract in non-metabolized form where they can potentially show some
positive bioactivities. It has been already shown that polyphenols can interact with cellulose [9-11],
cellulose based composites [7] or xylan [9]. Furthermore, 3-glucan is one of common dietary fibers
that can be found in certain cereals [12]. Many positive activities of 3-glucan on human organism
have been found [13-15], so there are many dietary supplements developed containing (3-glucans.
Moreover f3-glucans can also interact with polyphenols [16,17].

Better understanding of polyphenol-dietary fiber interactions can be obtained by studying the
adsorption process. This is a process in which molecules of polyphenols adsorb onto the surface
of dietary fibers. It is known that many factors affect adsorption, like the chemical structure of
polyphenols or dietary fibers, the conditions in the environment (pH, temperature and ionic strength)
or the food matrix [17-20]. However, there is still much unknown about polyphenol-dietary fiber
interactions (adsorptions). Specifically, there are only a few published papers dealing with (3-glucan
and polyphenols adsorptions [16,17,20-23]. Since polyphenols are a large group of compounds, many
of them have never been studied in the adsorption process with 3-glucan. Quercetin derivatives, which
belong to a subclass of flavonols, can be found in plant foods like apples or onions [24,25]. But, none of
the papers have presented results for adsorption of quercetin derivatives onto 3-glucan, to the best of
our knowledge.

Furthermore, when interactions between polyphenols and dietary fibers are studied using the
adsorption process, differences in modeling methodology can lead to different results which could affect
the explanation of the adsorption process, and consequently the polyphenol-dietary fiber interactions.
Experimental results of the adsorption process are modeled with different adsorption isotherm
equations [18,19,26-29] to obtain parameters of isotherms and to assist in gaining a theoretical insight
into the adsorption process. Depending on whether linear or non-linear modeling is applied, isotherm
parameters can be different, which could lead to difficulties in explaining the adsorption process.
Linear regression has already shown some usefulness in restricted situations [28]. Traditional non-linear
least squares fitting is typically better than linear, depending on the error structure. Nevertheless, as we
discuss, in the setting of adsorption measurements, traditional non-linear least squares can also lead to
statistical inconsistency and potentially poor interpretation of adsorption and, consequently, potentially
poor interpretation of interactions.

Thus, the motivations for the present study are the unknown interactions (adsorption) between
quercetin derivatives and dietary fibers (3-glucan), and the challenges to interpretation of adsorption
that arise from differences in modeling methodology. Accordingly, this study had two aims. The first was
to study the interactions between quercetin derivatives (quercetin-3-glucoside, quercetin-3-galactoside,
and quercetin-3-thamnoside) and 3-glucan by studying the adsorption process. Experimental data of
adsorption were modeled with three adsorption isotherm equations (Langmuir, Dubinin-Radushkevich
and Hill) and modeling was done with traditional non-linear and linear regression. These results will
give us a better insight into the interactions of quercetin derivatives, which are present in many fruits,
with one of dietary fibers, 3-glucans. It will also give an insight into the influence of chemical structure
of quercetin (glycosylation) on the interactions with 3-glucans since all quercetin derivatives have
different sugar molecules attached to aglycon quercetin. The other aim was to improve the modeling
process of adsorption isotherms. The improved modeling led to code for improved non-linear fitting
of adsorption isotherms developed as an R algorithm. The code represents a novel approach to the
modeling of the experimental results which has the potential to give lower error and to lead to better
interpretation of adsorption and finally, to better interpretation of interactions. Previously, it has been
presented only as poster presentations in conferences [30,31]. The current paper is meant to reveal its
use in a scientific journal setting. In parallel we are developing statistical and computational papers.
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One of the benefits of the code for improved non-linear fitting developed for this study is that it has
the potential to be used in other areas where adsorption is applied.

2. Materials and Methods

2.1. Chemicals

The quercetin-3-O-galactoside (CAS 482-36-0, 298 %) and quercetin-3-O-rhamnoside (CAS 522-12-3,
>98.5 %) were purchased from Extrasynthese (Genay, France), while quercetin-3-f3-D-glucoside (CAS
482-35-9, >90%) and (3-p-glucan from barley (CAS 9041-22-9, >95%) were from Sigma-Aldrich (St.
Louis, MO, USA). The methanol (HPLC grade) was purchased from Avantor (Arnhem, Netherlands).
A Folin—Ciocalteu reagent (p.a.), di-sodium hydrogen phosphate dodecahydrate (p.a.), and sodium
dihydrogen phosphate dihydrate (p.a.) were obtained from Kemika (Zagreb, Croatia), while sodium
carbonate anhydrous (p.a.) was from Gram-mol (Zagreb, Croatia).

2.2. Spectrophotometric Method for Total Polyphenols (Folin-Ciocalteu Method)

The Folin-Ciocaletu spectrophotometric method [32] was calibrated for all three quercetin
derivatives according to the procedure of Mati¢ et al. (2017) [33]. Stock solutions of quercetin derivatives
were prepared (900 mg/L quercetin-3-glucoside, 490 mg/L quercetin-3-galactoside, and 985 mg/L
quercetin-3-thamnoside). 20 uL of various concentrations of a quercetin derivative, 1580 pL of distilled
water, 100 pL of Folin-Ciocalteu reagent, and 300 pL of Na,COj3 solution (200 g/L) were added in a
glass tube. This solution was homogenized in vortex mixer and incubated at 40 °C for 30 min (IN
30, Memmert, Schwabach, Germany). Afterwards, the absorbance was measured at 765 nm (UV-Vis
spectrophotometer, Shimadzu UV-1280, Kyoto, Japan) against a blank solution containing distilled
water instead of quercetin derivative. The calibration equation, limit of detection (LOD) and limit
of quantification (LOQ) were determined. Samples for quercetin derivative calibration curves were
prepared in doublets and each was measured twice. This method was used for the determination of
quercetin derivatives in the adsorption experiment.

2.3. Adsorption of Quercetin Derivatives onto B-Glucan

Stock solution of 3-glucan (190 mg/L) was prepared in distilled water and heated at 80 °C for
15 min [28]. After preparation, 3-glucan was stored in a refrigerator at 4 °C. All experiments of
adsorption of quercetin derivatives onto (3-glucan were carried out at 25 °C and pH 5.5. The total
volume of each model solution was 500 uL. The model solutions consisted of an appropriate volume of
(3-glucan stock solution (producing a final concentration of 5 mg/L), an appropriate volume of quercetin
derivatives, and the remaining constituent was a phosphate buffer (pH 5.5). The model solutions
were homogenized and put in an incubator for 16 h which was a sufficient time required to reach the
adsorption equilibrium according to Wang et al. (2013) [20]. The blank experiment was conducted in
the same way, only without 3-glucan. After 16 h in the incubator, the model solutions and the blank
experiment were each filtered through a polyethersulfon membrane (Sartorius, Vivaspin 500 centrifugal
concentrators, 100-500 uL) using a centrifugal driving force (Eppendorf minispin centrifuge, Hamburg,
Germany). The concentration of un-adsorbed polyphenols in a model solution (c) and in a blank
experiment (cpjx) was determined in the filtered solutions by applying the Folin-Ciocalteu method.
The adsorption capacity ge (mg/mg of 3-glucan) was calculated according to Equation (1).

g — (Cptank =€) Vim )
¢ Va Vin
Here cpk represents the concentration of quercetin derivatives in the blank experiment (mg/L), c
is the concentration of quercetin derivatives after adsorption (mg/L), Vi, is the volume of the model

solution (L). y, is the mass concentration of 3-glucan in the model solution (mg/L). The c, or the
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concentration of un-adsorbed polyphenols (concentration in equilibrium), was calculated according to
Equation (2) and expressed in mg:

Ce = [CO - (Cblank - C)}Vm )

where ¢, is the initial polyphenol concentration in the reaction solution. In the first experiment,
the initial concentration of quercetin derivatives was 25 mg/L. In the second experiment, the adsorption
of quercetin derivatives was measured for additional concentrations 50, 75, 100, and 150 mg/L in the
same experimental conditions, for 16 h, to get the data to be analyzed with isotherm equations.

2.4. The Conservation of Mass

The experimental data ge and c. will be presented in ge vs ce diagrams and then modeled with
adsorption isotherms. For these diagrames, it is important to explain the implications of the conservation
of mass. The expressions (1) and (2) arise as expressions of the conservation of mass: namely, the initial
concentration ¢y is the sum of the amount adsorbed (cpjyx —¢) (providing g.) and the amount not
adsorbed [co — (cpank — ¢)] (providing ¢.). In other words, for initial ¢,, the higher the amount of
adsorbed compound is (ge), the lower is the amount of un-adsorbed compound (ce). And vice versa.
And their sum must always be the c,. The consequence of this mass constraint is that, for each initial
concentration cp, the data points (c,, g.) lay exactly on a line of slope -1/y,V, in g, vs. ce diagram.
This is a slope of —1, (that is, a line of slope —45 degrees) if we were to use the units of mass (in mg)
for both. In other words, for each initial concentration, the data lay on a diagonal line, and not the
vertical line. This fact is important in further explanation of the novel methodology for modeling the
adsorption data.

2.5. Adsorption Isotherms and Data Modeling

The experimental data (ce (mg) vs. ge (mg/mg B-glucan)) were modeled with Langmuir,
Dubinin-Radushkevich and Hill adsorption isotherms [18,19,26-29] using non-linear regression,
improved non-linear regression, and linear regression.

2.5.1. Non-Linear Regression

Langmuir adsorption isotherm:

i QmKLCe
o= TR e ®)
Dubinin-Radushkevich adsorption isotherm:
ge = gsexp(—pe’) @
e =RTIn(2) ®)
Ce
E = L (6)
V28
Dubinin-Radushkevich becomes:
272(; G\
R L (e )
(4
Hill adsorption isotherm:
GinCe"
e (8)

B Kp —I—C?H
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where Kj, is the Langmuir equilibrium constant of adsorption (1/mg) or apparent affinity constant, gm
is the theoretical maximum adsorption capacity of 3-glucan (mg/mg), gs is the theoretical isotherm
saturation capacity (mg/mg), § is a constant related to the adsorption capacity (mol?/J?), ¢ is Polanyi
potential (J/mol), R is the gas constant (8.314 J/mol K), T is the temperature (K), E is the adsorption
mean free energy (J/mol), cs is the theoretical saturation concentration or solubility (mg), ny is the Hill
cooperativity coefficient of the binding interaction, and Kp, is the Hill constant (mg)"H.

The parameters from the two-parameter Langmuir isotherm determined by the regression are
gm and Ky. Dubinin Radushkevich is a three-parameter isotherm and the parameters that could
be determined are g5, 3, and cs. The ¢ represents the theoretical saturation capacity, so it should
be large than the largest observed ce. A convenient constraint value for these data is that it not be
smaller than 0.1 mg. With this constraint the non-linear least squares solutions occurred at this value.
An equivalent result is obtained by fixing the ¢ value at the level of 0.1 mg. A least squares value
of ¢s near 0.1 mg occurred automatically for the quercetine-3-rhamoside data, so no constraint was
found to be needed in that case. Along with the cs value, we determined g5 and . From f, the energy
E was calculated. Altogether, the reported parameters of the Dubinin-Radushkevich isotherm are cs,
gs and E. The parameters for the three-parameter Hills model are g, ng and Kp. An approximate
least squares values of the Hills constant Kp was found at the level 0.0001 for quercetin-3-galactoside
and quercetin-3-glucoside (smaller Kp values that show potential insignificant improvement were
numerically unstable, so we chose the indicated level). The stable least squares value of Kp was
0.033 for quercetin-3-rhamnoside. Along with Kp we determined and reported the two additional Hill
parameters g, and nyy.

2.5.2. Improved Non-Linear Regression

The experimental data (ce vs. ge) were analyzed also with improved non-linear regression. To explain
the potential need for this improvement let’s contrast the situation with that of traditional least squares
curve fitting. Traditional non-linear least square is appropriate for response models in which the y values
are measured values of a parameterized function of the corresponding input value x. For each set value
of x, the response y is measured multiple times, with some potential variability around the unknown
function value. The values for multiple measurements of y at the input value x follow a vertical line in
the y vs x diagram. For the curve determination with non-linear regression, the square of the vertical
residual between the measured y and the functional value y is summed, and minimized as a function of
the parameters. In these models, the error is independent of the input value x.

Adsorption isotherm curve fitting is distinct from this situation. Inisotherm diagrams, the response
value y vs input value x may be thought of via the ge vs. c. diagrams. However, in fact, both g. and ce are
measured/calculated as responses to the initial concentration c,. If we have multiple measurement for
one initial c,, the line of multiple ge in the diagram will be the diagonal line due to the conservation of
mass, as explained earlier. Itis this constraint from the conservation of mass relationship, along with the
structure of variability it induces (perfectly negative correlation between c. and ge), that can necessitate
the need for improvements on the traditional least squares procedure. If we fit the curve through those
data that are shown in the diagonal line, these is a unique crossing point of the diagonal with the curve.
For precise curve determination that respects the mass constraint, the appropriate square of residuals
between measured g. and curve g, at that crossing point should be determined. Minimizing the sum
of squares of this error is what is sought to be achieved by the improved non-linear adsorption fitting
program. Properties of this improved regression are discussed further in the results section.

2.5.3. Linear Regression

Data were also modeled with Langmuir, Dubinin-Radushkevich, and Hill adsorption isotherms
with linear regression. These linear regressions are based on transformations of the observed c, and ge
values as here indicated.
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Linearized form of Langmuir adsorption isotherm:

Ce 1 1
A + —c, 9
e KLQm ch ©)

Linearized form of Dubinin-Radushkevich adsorption isotherm:
Inge = Ings — Be? (10)
Linearized form of Hill’s adsorption isotherm:

In e

qm — e

= nylnc, — InKp (11)

Using linear forms of the Langmuir isotherm, a diagram ce vs. ce/qe was created, and gm, and Ki, were
determined from the slope (1/gm) and intercept (1/K; gm) and reported. In the Dubinin-Radushkevich
isotherm, ¢ was calculated according to equation 5 with value ¢ of 0.1 mg. Diagram &2 vs. Inge was
created, and (3 and g5 were calculated from slope () and intercept (Ings). For Hill’s isotherm, Equation
(11) is an approximate linearized form valid for small Kp_ A diagram of Ince vs. Inge/(gm-ge) was created.
The gm value was the g, constant from the Langmuir model. From the slope (ny1) and intercept (InKp),
parameters nyy and Kp were determined and reported.

2.6. Statistical Analysis

In the adsorption study, each quercetin derivative concentration was made in two replicates and
measured three times (six observations per concentration level) using the Folin-Ciocalteu method.
The results (ce vs. ge) were modeled with adsorption isotherms using non-linear and linear regressions.
Non-linear regression was performed using the MS Excel software add-inn called Solver (MS Excel,
Redmond, Washington, USA). Linear regression was also done in MS Excel. To improve the modeling
and to lower the error of models, a new form of improved non-linear regression was developed in the R
programming language, and it was also applied to these data. This program confirmed the traditional
non-linear least squares fits and provided the potential improved fits. The standard error of regression
(se) of non-linear, linear, and improved non-linear least square regression was calculated according to
the equation 12 where g eas and e model are (original or transformed) measured adsorption capacities
and adsorption capacities calculated by the model, respectively, n is the total number of data points
and 4 is the number of parameters of the model.

(n—a) (12)

What is distinct about the types of modeling is whether, as indicated, the g,, ;041 is an evaluation
of the model at c, (in standard non-linear regression) or at the special curve point where it crosses the

J (Z?:l (Ge, meas — e, model)z)
se =

diagonal (in improved non-linear regression).

3. Results

The linearity, limit of detection (LOD) and limit of quantification (LOQ) of the spectrophotometric
Folin-Ciocalteu method, are presented in Table 1. According to the values of R? (0.9932-0.9985),
all quercetin derivative standards showed linear calibration curves in the studied range, with reasonably
low LOD and LOQ.



Appl. Sci. 2020, 10, 1637 70f 16

Table 1. Linearity, limit of detection (LOD), limit of quantification (LOQ) of Folin-Ciocalteu
spectrophotometric method for the determination of quercetin derivatives.

. - Range . LOD LOQ
Quercetin Derivative mg L1 Equation 2 mg L1 mg L1
quercetin-3-glucoside 1-200 Y = 0.001x + 0.0055 0.9972 1.17 3.54
quercetin-3-galactoside 1-100 Y = 0.001x + 0.0031 0.9932 0.22 0.67
quercetin-3-thamnoside 1-200 Y = 0.0013x + 0.00003 0.9985 0.17 0.52

Results are based on two replicate samples of each standard concentration, each measured twice (n = 4).

Table 2 shows the amounts of adsorbed quercetin derivatives (ge, mg/mg of 3-glucan) for the
initial concentration of quercetin derivatives 25 mg/L. All three quercetin derivatives adsorbed in
similar amounts (0.30, 0.25 and 0.21 mg/mg, for quercetin-3-rhamnoside, quercetin-3-glucoside and
quercetin-3-galactoside, respectively). The amounts of adsorbed quercetin derivatives are similar to the
amounts of various polyphenols adsorbed onto 3-glucan, which are reported in earlier studies [16,17].
Namely, Gao et al. (2012a) [16] reported the adsorption of tea polyphenols onto 3-glucan in the amount
of 0.156 to 0.405 mg/mg (-glucan, which is similar to our results. They also studied the adsorption of
epigallocatechin gallate under various initial concentrations and the maximum adsorption capacity
with higher epigallocatechin gallate concentration was around 0.25 mg/mg -glucan [16]. Wu et al.
(2011) [17] studied the adsorption of tea polyphenols onto 3-glucan, and the influence of different pH
values, buffer concentration and temperature onto adsorption. The highest adsorption capacity of tea
polyphenols under various influences of pH, temperature and buffer concentrations was 0.116 mg/mg
-glucan which is also similar to our results. Furthermore, adsorption of various polyphenols onto
different adsorbents like cellulose [7,10,11], cell wall material [34-36], pectin, xyloglucan, starch and
cellulose [37], and resin [38] was also investigated. Since the amount of adsorbed polyphenols depends
on the initial polyphenol concentration, pH value, buffer, and temperature, it is difficult to compare
the adsorption capacities in these studies, but it can be seen that the adsorbed amount from those
earlier studies [7,10,11,34-36,38] was in the range of the results of this study. The adsorption of apple
polyphenols to apple cell walls was in the range of 0.14 and 0.58 mg/mg of cell walls, which is also
similar to our study [39].

Table 2. Quercetin derivative adsorption capacities (ge) and adsorption capacities calculated from the
adsorption isotherm model (ge calc) (modeled with improved non-linear modeling).

Langmuir Dubinin-RadushkevicHill

Quercetin Derivative qe Je(calc) Ge(calc) Je(calc)
(mg/mg) (mg/mg) (mg/mg) (mg/mg)
quercetin-3-glucoside 0.25 + 0.05 0.35 0.30 0.25
quercetin-3-galactoside 0.21+£0.19 0.30 0.28 0.24
quercetin-3-thamnoside 0.30 + 0.07 0.40 0.27 0.35

Quercetin adsorption was further studied with more initial quercetin derivative concentrations
in order to collect the data to analyze with the adsorption isotherm equations. The results of
the adsorption of quercetin derivatives with different initial concentrations are shown in Figure 1.
The amount of adsorbed quercetin derivatives increases with increased initial concentration, as shown
in previous studies [7,10,16]. Furthermore, it can still be seen that quercetin derivatives have very
similar adsorption onto (3-glucan. At higher concentrations, quercetin-3-rhamnoside adsorbed in
somewhat higher concentrations than quercetin-3-glucoside and quercetin-3-galactoside.
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means + standard error
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Figure 1. Adsorption of quercetin derivatives onto 3-glucan.

Those results were further analyzed with Langmuir, Dubinin-Radushkevich and Hill adsorption
isotherm equations using non-linear, improved non-linear and linear regression. To aid in
understanding the improvement compared to standard non-linear regression consider Figure 2a.
The data in the adsorption diagram (ge vs. ce) for one polyphenol concentration, measured several
times are visible in the diagonal line corresponding to the conservation of mass constraint as previously
mentioned. The value of ge predicted by the model (ge moder) should follow that constraint and be
predicted on the diagonal line. However, the standard non-linear regression does not predict e model
on that diagonal. Instead it drops vertically to a point that does not satisfy the mass constraint. In doing
so, the standard non-linear regression residual is always larger than the improved non-linear regression
residuals, for adsorption curves that are increasing functions of ce. Moreover, as long as the adsorption
curve is strictly increasing, use of the standard least squares will produce incorrect fitted maximum
adsorption capacities (§m and gs) that remain incorrect by a constant factor, even in the limit of a large
number of experimental observations (this is its statistical inconsistency for the correlated error setting
of adsorption curve fitting). The same remains true even for linear curve fitting, if the observations
occur along the diagonals specified by the initial polyphenol concentrations.

Standard Improved non-linear , . . v _
non-linear regression  regression Amplified portion of Dubinin-Radushkevich curve fits for Quercetin-3-galactoside
g. 4 /
,//
/ w
Y, E
//
Regression =
N * ¥ ) . =
residual . Regression residual
~ .
-error of i -error of improved
standard i - non-linear regression 05
non-linear |_ ! o o
regression A Ge,model o ©  observed
predicted by improved e ‘Sr:_‘a"r‘;sf.f’d'g!
non-linear regression _ —— spzc,d curve points
e,model s 7 —— xstd error intervals
predllcted by stanc!ard Residuals R = O - =
non-linear regression > g Improved R = © - *
c T T T
N 0010 0015 0020 0025
Ce
(a) (b)

Figure 2. (a) Theory of non-linear regression of adsorption data with standard non-linear regression and
novel improved non-linear regression. (b) amplified figure of example of novel improved non-linear
regression of Dubinin-Radushkevich isotherms (quercetin-3-galactoside adsorption onto 3-glucan).

Consequently, we developed the improved non-linear regression code in the R programming
language that predicts the ge model Value at the intersection points of the curves and the diagonal lines
of the data. Motivation for developing this improved way of non-linear modeling of adsorption data is
not only that it gives smaller residuals, but also that it gives, for normal error distributions, a provably
statistically efficient standard error asymptotically, superior to those of other consistent procedures.
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As an example of the novel non-linear regression consider Figure 2b. It shows the method in this study
indeed produces the ge model Values at the intersections of the curve with the experimental data lines
(the special curve points). These diagonal lines also can be seen in the confidence intervals of the model
fits in Figure 2b.

From Figure 2b it can be seen that the difference between curves obtained with improved and
standard fitting is not great. This occurs when the slope of the fitted curve is not great. For adsorption
isotherm, the low slope condition occurs in the settings of large concentrations. The low slope condition
also occurs when the maximum adsorption capacity is small relative to the slope of the diagonal, as is
often the case for the data investigated here and in much of the cited literature [7,10,11,16,17,34,36,38].
Thus, the use of traditional non-linear regression is justified in those settings.

Finally, after fitting of the traditional non-linear and linear regressions, and the improved non-linear
regression for the Langmuir, Dubinin-Radushkevich, and Hill isotherms, the models, their parameters,
and errors were tabulated and shown in Table 3 and in Figures 3-5.

Table 3. Parameters of adsorption isotherms of quercetin derivatives adsorption onto 3-glucan obtained
fromnon-linear * (standard and improved) and linear * equation of Langmuir’s, Dubinin-Radushkevich’s
and Hill’s equations.

Langmuir Dubinin-Radushkevich Hill

qm Kp se qs Cs E se qm n Kp
(mg/mg)  (1/mg) (mg/mg) (mg) (J/mol) (mg/mg) M (mg)y

Quercetin-derivatives
se

Nonlinear modeling

quercetin-3-glucoside 1.12 39.9 0.330 0.85 0.1 3721 0.339 0.82 2.23  0.000103 0.335
quercetin-3-galactoside 0.66 73.0 0.324 0.57 0.1 4483 0.335 0.56 2.15 0.000091 0.334
quercetin-3-thamnoside 347 11.0 0.248 1.55 0.1 2909 0.246 2.67 1.18 0.0331  0.253

Improved nonlinear

modeling

quercetin-3-glucoside 1.17 36.4 0.324 0.87 0.1 3623 0.318 0.84 226 0.000103 0.328
quercetin-3-galactoside 0.69 64.3 0.322 0.58 0.1 4327 0.321 0.57 2.17  0.000091 0.331
quercetin-3-rhamnoside 3.51 10.9 0.235 1.54 0.098 2854 0.232 2.69 1.19 0.0331  0.240

Linear modeling

quercetin-3-glucoside 0.75 36.0 0.410 0.74 0.1 3536 0.357 0.41 0.331 0.499
quercetin-3-galactoside 0.52 24.8 0.404 0.50 0.1 3162 0.360 0.15 0.696 0.439
quercetin-3-thamnoside 3.72 9.3 0.156 1.51 0.1 2887 0.256 1.24 0.049 0.271

Gm is the apparent maximum adsorption capacity of 3-glucan (mg of polyphenols per mg of 3-glucan), Ky, is the
Langmuir equilibrium constant of adsorption (1/mg), apparent affinity constant, g5 is theoretical saturation capacity
of B-glucan (mg/mg), cs is the theoretical saturation concentration or solubility (mg), E is sorption mean free energy
of adsorption (J/mol), ny is Hill cooperativity coefficient of the binding interaction, Kp is Hills constant (mg
and se is the standard error. * standard non-linear and linear modeling performed in excel, improved non-linear
performed in R program.
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Figure 3. Langmuir, Dubinin-Radushkevich and Hill isotherms of quercetin derivatives adsorption
onto 3-glucan obtained with standard non-linear regression.
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Figure 4. Langmuir, Dubinin-Radushkevich, and Hill isotherms of quercetin derivatives adsorption onto (3-glucan obtained with novel improved non-linear regression

(with reported ge,model at the lowest c. value) (the confidence intervals are +1 standard errors of the model fits).
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Figure 5. Langmuir, Dubinin-Radushkevich and Hill isotherms of quercetin derivatives adsorption

onto 3-glucan obtained with linear regression.

All three models of adsorption isotherms could be applied to experimental data with these three
types of modeling (Figures 3-5). According to the model standard errors, usually the Langmuir
models fit a little bit better to the experimental data (errors in non-linear modeling 0.248-0.330,
in improved non-linear modeling 0.235-0.324, in linear modeling 0.156-0.410) (Table 3). This is similar
to earlier studies [39]. However, errors in the Dubinin-Radushkevich (non-linear 0.246-0.339, improved
non-linear 0.232-0.321, linear 0.256-0.360) and Hill models (non-linear 0.253-0.335, improved non-linear
0.240-0.331, linear 0.271-0.499) are similar (Table 3). This allow us to suggest that the parameters of all
three models could be used in theoretical description of the adsorption process. Earlier studies
of adsorption of polyphenols onto resins [40] or apple polyphenols onto apple cell walls [39]
were also described by several adsorption isotherms, like in this study. Furthermore, comparing
three different ways to model (non-linear, improved non-linear and linear regression), it can be
noticed that improved non-linear regression gave models with the lower error (Lanmguir 0.235-0.324,
Dubinin-Radushkevich 0.232-0.321, Hill 0.240-0.331) in comparison to standard non-linear (Lanmguir
0.248-0.330, Dubinin-Radushkevich 0.246-0.339, Hill 0.253-0.335) or linear (Lanmguir 0.156-0.410,
Dubinin-Radushkevich 0.256-0.360, Hill 0.271-0.499) (Table 3). Therefore, this way of modelling
potentially can give more accurate and precise models with more accurately determined model
parameters. To check the models, the values of g. were calculated by using models obtained with
improved non-linear modeling and the results ge ca1c are shown in Table 2. The g 1. gave relatively
good approximation of the measured ge.

Parameters obtained from these adsorption isotherms may theoretically be used to give some
insight into the mechanism of the adsorption process, and, in our case, into the mechanism of
interactions between quercetin derivatives and the dietary fiber, 3-glucan. In particular, it is natural
for the adsorption process to be described according to parameters obtained with the improved
non-linear regression (Table 3) since improved fitting showed the lowest error. It should also be
said that the parameter values are apparent and theoretical, but they allowed us to at least suggest
the adsorption mechanism. According to the apparent, theoretical adsorption capacity (gm) from
Langmuir and Hill isotherm or (gs) from Dubinin-Radushkevich isotherm, we can suggest which
derivatives adsorbed more onto 3-glucan or which have more tendency to adsorb. Glucoside and
rhamnoside of quercetin could theoretically adsorb in higher amount than quercetin-3-galactoside
(Table 3), which is similar to experimental results (Table 2). Furthermore, according to the mean free
energy of adsorption (E), the adsorption could be a physical process (since E < 8000 ]J/mol) with creation
of physical bonds between quercetin derivatives and 3-glucan, such as Van der Waals bonds or H
bonds. This agrees with earlier studies where it was suggested that hydrophobic interactions, hydrogen
bonds and van der Waals interactions are the driving forces of adsorption process of polyphenols
with B-glucan [16,17,22,23]. Hydrogen bonds between quercetin derivatives and (3-glucan could
occur through their -OH groups [17] and after the formation of hydrogen bonds, van der Waals
interactions could be formed because the distance between the polyphenol molecule and 3-glucan rings
becomes short [17]. The same type of bonding could have happened between quercetin derivatives and
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B-glucan. Furthermore, the mean free adsorption energy (E) was the highest for quercetin-3-galactoside
(4327 J/mol), followed by glucoside (3623 J/mol) and rhamnoside (2854 J/mol). This suggests that the
mean free energy of adsorption was higher for polyphenols which showed lower adsorption onto
-glucan (lower ge). Adsorption could be a cooperative process (ngy > 1). When a molecule of quercetin
derivative adsorbs to the surface of 3-glucan, the affinity for other molecules changes.

Overall, the quercetin derivatives showed some differences in the adsorption onto 3-glucan: the
adsorption intensity and capacity were somewhat stronger for quercetin-3-rhamnoside and -glucoside
which can be related to lower heat of adsorption. Indeed, due to the lower heat of adsorption,
molecules of quercetin-3-rhamnoside and -glucoside may adsorb more easily on the surface of 3-glucan.
The different behavior of quercetin derivatives can be connected to their chemical structure which can
influence adsorption capacity as shown in earlier studies [20,35]. Namely, all three glycoside molecules
attached to main aglycon contain -OH groups, but their spatial arrangement is different (Figure 6).
For this reason, the spatial arrangement of -OH groups in the sugar molecule might have an effect
on the adsorption capacity and behavior in the adsorption process. The arrangement in glucose and
rhamnose molecule might favor the adsorption onto 3-glucan. The results of earlier studies have also
shown that adsorption capacity depends on the chemical structure of polyphenols [20,35]. In particular,
the effect of different glycosylation can have various effects on the properties of polyphenols, and also
on the adsorption capacities. However, earlier study could not find definite correlation between
glycosylation and adsorption [20].

OH OH OH
OH
| Ry
HO HO 0
[ Y
P L
0
OH OH O LOH
o .
HaC OH
OH
quercetin-3-glucoside quercetin-3-galactoside quercetin-3-rhamnoside

Figure 6. Chemical structures of quercetin derivatives.

4. Discussion

Adsorption process can be helpful in studying the interactions between bioactive compounds like
polyphenols and food constituents such as dietary fiber. This can be seen in earlier studies [16,17,34,36,37].
Adsorption can be modeled with various adsorption isotherms. Particular adsorption isotherms,
Langmuir and Dubinin-Radushkevich, are chosen for this study due to their use in earlier studies.
Namely, the applicability of Langmuir models for adsorption of polyphenols onto 3-glucan [16,17],
polyphenols from apples onto resin [38], apple procyanidins onto apple cell wall material [34,36,37],
various polyphenols onto cellulose and xylan [9], various polyphenols onto cellulose [10] has been reported.
Then Dubinin-Radushkevich isotherm was used to model the adsorption of polyphenols onto tannery
shavings [18]. In addition, we also chose to use Hill adsorption isotherm.

Adsorption isotherms could give some theoretical information about adsorption process and
finally, about interactions. Namely, the Langmuir model describes a monolayer adsorption at the
surface of the adsorbent and when the molecules occupy the specific site on the surface, no further
adsorption on that place is possible [17,18,41]. Furthermore, it assumes that the adsorbent has a
limited adsorption capacity and that all binding sites at adsorbent have the same affinity toward
molecules from solution [41]. The Dubinin-Radushkevich model describes an adsorption process on a
heterogeneous surface and it can be used to calculate mean free energy to distinguish between physical
and chemical adsorption [28]. Hill isotherm can describe the adsorption of different molecules onto



Appl. Sci. 2020, 10, 1637 130f 16

some adsorbents and help to describe the differences between molecules in terms of cooperative or
non-cooperative bonding [28].

To obtain information from isotherms and their parameters, isotherms must be properly fitted
to experimental results. The fitting of experimental results (ge vs. ce) to isotherms often depends on
the modeling methodology. Proper modeling can give lower error between experimental results (ge)
and the fitted adsorption isotherms (ge model)- If results are fitted with lower errors, the ge model values
will be closer to experimental values and adsorption can be better interpreted. Quality fitting and
interpretation of adsorption can be achieved by non-linear and linear regression. In some papers,
the adsorption data were analyzed with non-linear regression [7,9,10,17,34,36,37] and in some with the
use of linear regression [18]. Between those two types of modeling, non-linear has shown advantages,
since linear fitting have already shown many constrictions [28]. That is why the use of non-linear
fitting is more common [28]. A potential difficulty with the linearized forms is that the transformed
forms of ¢, and g, do not retain the structure of variability of the original forms, and consequently there
can be a loss of statistical efficiency with the use of the least squares procedure with the linearized
forms. This can be observed in larger errors in the fitted parameters and the fitted isotherm curves.
We investigated and compared both types of modeling, non-linear and linear. To improve the fitting
and to get lower error and more reliable isotherms and their parameters, we also developed and used
an improved non-linear modeling for the first time.

Novel, improved non-linear fitting gave lower errors (Table 3), as theoretically predicted (Figure 2).
Namely, the theory predicted that the error of the model should be lower if the fitted ge model Value is
on the —45 degrees line corresponding to the conservation of mass. Indeed, the improved non-linear
fitting predicts the ge model Value on this diagonal line and does give lower error (Table 3). Although the
differences between errors obtained with improved non-linear fitting, traditional non-linear and linear
were not so big, they can still point to more proper fitting of the novel methodology. So, the parameters
of adsorption isotherms obtained by improved non-linear fitting could be used to describe the
adsorption. In addition, the errors for Langmuir, Dubinin-Radushkevich, and Hill isotherms were
similar (a little bit lower for Langmuir, followed by Dubinin-Radushkevich and Hill), but we chose to
use the parameters of all three isotherms for adsorption interpretation. Although the interpretation of
isotherms and their parameters is theoretical, it can still give some insight into the adsorption process.

Finally, according to adsorption results and properly fitted isotherms, and obtained adsorption
parameter, the adsorption of quercetin derivatives onto (3-glucan is described as a physical process, with
Van der Waals forces and H bonds created between quercetin derivatives and 3-glucan. The adsorption
of quercetin-3-thamnoside and quercetin-3-glucoside is favorable, while quercetin-3-galactoside
adsorbed in a somewhat lower amount. The spatial arrangements of OH groups on the quercetin
derivative molecules affects adsorption.

The code developed for improved non-linear fitting can be applied in many areas where
the adsorption is studied. Adsorption is often used in studying environmental processes such
as the adsorption of environmentally harmful gases [42,43], the adsorption of substances from
water and wastewaters [44,45], the extraction of precious metals from electronic wastes [46],
and adsorption-cooling systems [47]. The adsorption process is also important for new types of
packaging like active packaging, where moisture is adsorbed by the active component situated within
packaging material or in sachets inside packaging [48]. Studies of drug delivery complexes are often
based on adsorption processes [49]. The widespread use of adsorption processes, in important areas
such as ecology, packaging, environmental issues, and drug delivery, lends importance to newly
developed code.

5. Conclusions

In this study, the adsorption of three quercetin derivatives (quercetin-3-glucoside,
quercetin-3-galactoside, and quercetin-3-thamnoside) onto 3-glucan was studied. Quercetin derivatives
adsorbed onto the 3-glucan surface. In order to describe the adsorption process, the results of the
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adsorption were modeled with Langmuir, Dubinin-Radushkevich, and Hill adsorption isotherms
using non-linear and linear regression. In addition, a code for an improved non-linear regression of
isotherms was developed in the R programming language and was applied to all three adsorption
isotherms. Isotherms obtained by the improved non-linear regression showed somewhat lower
errors which allowed us to suggest that this new non-linear regression could be a very helpful too
in the interpretation of adsorption isotherms. Using adsorption isotherms obtained with improved
regression, and using experimental data, it can be suggested that among the investigated quercetin
derivatives, 3-glucan showed a little bit higher adsorption capacity for quercetin-3-rhamnoside and
quercetin-3-glucoside, and lower for quercetin-3-galactoside. The observed adsorption is probably
indeed a physical adsorption process. Moreover, it seems that spatial arrangement of the -OH group in
the sugar molecule of quercetin derivatives may have an effect on the adsorption capacity.
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