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Abstract: Introduction: Alpha-galactosidase (x-Gal) is an enzyme responsible for the hydrolyzation
of glycolipids and glycoprotein commonly found in dietary sources. More than 20% of the general
population suffers from abdominal pain or discomfort caused by intestinal gas and by indigested
or partially digested food residuals. Therefore, x-Gal is used in dietary supplements to reduce
intestinal gases and help complex food digestion. Marketed enzyme-containing dietary supplements
must be produced in accordance with the Food and Drug Administration (FDA) regulations for
Current Good Manufacturing Practice (¢cGMPs). Aim: in this work we illustrated the process used
check for to develop and validate a spectrophotometric enzymatic assay for a-Gal activity quantification
updates in dietary supplements. Methods: The validation workflow included an initial statistical-phase
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1. Introduction

Alpha-galactosidase (x-Gal) is an enzyme expressed in the mammal tissues responsi-
ble for hydrolyzing terminal alpha galactosyl moieties from glycolipids and glycoproteins
commonly found in dietary sources [1,2]. In particular, x-galactosidase is able to hydrolyze
galacto-oligosaccharides such as starch, raffinose, melibiose and branched polysaccharides,
galactomannans, and galacto-glucomannans, which catalyze the hydrolysis of «-1,6 linked
galactose residues [1-4]. This enzyme is produced in the mouth in the form of saliva, as
well as in the pancreas from where it is moved into the small intestine and the rest of the
digestive tract in order to perform its function [2,4]. If x-galalactosidase production is
insufficient due to age, genetics, or for any other reason, the chances of having undigested
or partially digested food particles in our digestive tracts, as well as abdominal cramps,
gas, and yeast infections, increase [2,5-7].

An adequate exogenous supply of x-galactosidase, through drugs or supplements,
conditions of the Creative Commons  AllOWs for the breakdown of complex carbohydrates into fructose, glucose, and galactose
Attribution (CC BY) license (https:;//  Pefore they reach the colon. Therefore, a-galactosidase prevents these carbohydrates from
creativecommons.org/ licenses /by / becoming an anaerobic fermentation substrate [7-11]. To improve the nutritional value
40/). of products and make them easily digestible, x-galactosidases are often supplemented in
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food [12-14]. These enzymes must resist various gut proteases in order to function properly
in the human gut [2,4,6,7,15]. Highly efficient x-galactosidases with protease resistance
are urgently needed for this reason, among others. However, only a few protease-resistant
x-galactosidases have been identified, and most of them are isolated from fungi [16-21].
A typical example of a commercial x-galactosidase is that derived from Aspergillus niger
mold, which is able to enact its function in the gastrointestinal tract by breaking down spe-
cific non-absorbable oligosaccharides before they are metabolized by colonic
bacteria [15,17-19,22-25].

Increasing consumer awareness regarding the benefic impact of enzyme-containing
dietary supplements has shifted industry commercial trends towards promoting their mar-
ket expansion [8,14,19]. Dietary supplements and enzyme must be produced in accordance
with Food and Drug Administration (FDA) regulations for Current Good Manufacturing
Practice (cGMPs) to help and promote safe production and to facilitate transparency and
uniformity in the industries [26-29]. The Food and Drug Administration regulates all
aspects of dietary supplement in terms of quality, safety, labeling, and marketing [29,30].
For each component of an enzyme-based supplement an identity specification must be es-
tablished, together with the limits of contamination and the stability profile under various
conditions [26-30].

Dietary preparation efficacy can be verified by the testing of enzymatic activity [19,31,32].
The combination of moisture and temperature can cause the rapid deterioration of product
integrity and enzyme activity levels. Although all enzymes lose potency depending on storage
conditions, each enzyme may have a unique stability profile [31-33]. For this reason, stability
tests are based on appropriate and validated protocols suitable for enzymes, especially those
completed at the finished product stage. Specifications with regard to the stability of -
galactosidase as well as the evaluation of potency, integrity, and enzyme activity levels need
to be defined and labeled by the dietary producer [31-34].

To ensure that a new process can produce reliable results, all laboratories should
guarantee that the analytical method’s performance meets the requirements during all
steps of the validation [31,35-37]. Assay corroboration provides an assurance of reliability
during normal use and is referred to for documented evidence that the method does
what it is intended to do [31,32,386—40]. For enzymatic activity, high levels of accuracy
and reproducibility are recommended. A well-defined substrate with adequate lot-to-lot
uniformity should be used [19,31,32]. Validation of enzyme assays should document assay
specificity, sensitivity, variability, and assay linearity [26,27,29,35].

In this work, we proposed an intra-laboratory validation of an enzymatic assay for
the quantification of x-galactosidase activity in commercial dietary supplements using
a spectrophotometer measurement. Starting with methods indicated in literature, the
Plackett-Burman statistic design was employed for the identification of the significant
effects and the nominal levels of all factors involved in the measurement to achieve the
best performance [36—41]. The highly selective enzymatic reaction design allowed for
the quantification of «-Gal activity without any interference. Following the regulatory
requirements of The International Council for Harmonisation of Technical Requirements
for Pharmaceuticals (ICH), method validation was established, calculating the specificity,
linearity, accuracy, intermediate-precision repeatability, and system precision of all obtained
measurements [31-34,42]. To estimate the concordance and the linearity between the
obtained results, an additional comparison with an alternative fluorimetric assay was
performed. All these documented steps allowed for data traceability and avoided incorrect
quantification, which could have unpleasant economic consequences for the laboratory
producer.

2. Results
2.1. Plackett—Burman Test

The finished products were prepared and analyzed according to the procedure defined
(see Section 4.3.3). The theoretical value of the enzyme, considered as reference, was
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estimated at 200 GalU/sachet, with specification criteria >170 GalU/2 g, as declared by
the producer.

The Plackett-Burman test was conducted considering seven variables, including the
dummy factors, in order to estimate the random measurement errors that occurred during
enzyme activity quantification.

The design investigated every input factor involved during the analytical setting
and arranged each of them in a Pareto chart (Figure 1). Based on the magnitude of its
influence, each variable was expressed with a positive or negative sign, respectively. Only
the wavelength parameter, represented by the blue bar exceeding the vertical red line,
showed a significant influence on the «-Gal calculation, considering a 95% confidence
level. All other variables considered, such as temperature, reaction time, borate solution
volume, reading time, and dummy factors, showed no significance in «-galactosidase
activity assessment and were kept constant in all further analyses (Tables 51-53).

Pareto Chart

12.71

Factor:
A: Temperature
B: Reaction Time
C: Borate Solution (volume)
c : D: Reading Time
: E: Wavelength
F: Dummy factor 1
G: Dummy factor 2

Term
o

Alpha= 0.05

0 5 10 15 20 25 30

Standardized Effect

Figure 1. Pareto chart showing the effect of each variable examined during the assay set-up.

In order to estimate the p-values of each component, all raw data obtained during
the enzymatic activity set-up were subjected to multiple linear regression analysis. In the
linear regression coefficient determination, the adjusted R? of 99.35% indicated that the
model equation, given in uncoded units, was significant and could explain 99.35% of the
variability in the response data. The equation revealed that all coefficients had a negative
sign, so all factors showed a negative effect on the enzymatic assay. Furthermore, as already
revealed by the Pareto chart, the only significant variable was the wavelength (p = 0.02).
All the other factors were not statistically significant (p-value > 0.05 [43]).

To test the robustness of spectrophotometer method, three different samples were per-
formed in triplicate, setting the wavelength at 420 nm. The average result (185.55 GalU/2 g)
was compliant with the acceptance criteria («-Gal specification of >170 GalU/2 g). The
Standard Deviation (SD) 1.911 and residual standard deviation % (RSD%) 0.6419% demon-
strated good reproducibility.

2.2. Validation Results

The enzymatic method was validated in the conditions established previously with
the Plackett-Burman test, following both the ICH and the FDA guidelines. The specificity,
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linearity, accuracy, intermediate-precision, repeatability, and system precision of the method
were defined.

2.2.1. Specificity

The method’s specificity was evaluated by comparing the UV spectra obtained from
the diluent, the placebo solution, the standard solution, and the finished product solution.
For this purpose, the different absorbance values obtained were compared in order to
define the background signal not derived from the enzyme supplement.

The absorbance values of both the placebo and blank solution were considered negli-
gible (0.0075 and 0.0044, respectively), while the raw material and the finished product had
the same absorption (0.5797).

The absorption peak of the x-galactosidase at 420 nm was unchanged in the presence of
the other components of the commercial product formulation, demonstrating the specificity
of the enzymatic method.

2.2.2. Linearity

The linearity of our assay was considered as the ability of the method to have a linear
response according to the increase or reduction in the active ingredient’s concentration.

The method’s linearity was defined by evaluating test proportionality with respect to
the enzyme concentration within a specific range.

Spiked solutions were prepared using the following amounts of x-galactosidase en-
zyme: 50%, 70%, 100%, 130%, and 150% of theoretical concentration. For each concentration
tested, three different dilutions were prepared from the mother solution. Each solution was
analyzed individually.

The linear regression obtained at 420 nm could be expressed with the following
equation:

y = 0.005 + 30.804x 1)

The goodness-of-fit (R?) was 0.9966, indicating a good linear relationship between the
x-Gal concentration and the absorption peak.

2.2.3. System Precision, Repeatability and Intermediate Precision

System precision, method repeatability, and intermediate precision were determined
using several measurements of the finished product. System precision was established by
measuring six readings of the same finished product solution at the concentration of 100%
on the same day. The average result within the day was 182.7 GalU/2 g, and the obtained
RSD% was 0.134%.

The analytical results obtained using the laboratory equipment used for this analytical
setting should be considered as precise. Method precision was established by six assay de-
terminations from the same batch of the finished food supplement product on the same day;,
while the intermediate precision was evaluated performing quantitative determinations on
different days using different operators and reagents.

The results of method precision and intermediate precision are reported in Table 1.

Repeatability was measured with the same intra-day working conditions, while inter-
mediate precision was measured on two different days (inter-day).

RSD values were below 5% for each single parameter, demonstrating that the method
of «-Gal quantification had both excellent repeatability and intermediate precision.

The calculated Student’s t-value and F-value were found to be less than the tabulate
values (considering five degrees of freedom) indicating no significant differences between
the two analyses performed by two operators on different days.
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Table 1. The raw data obtained and employed for the determination of method precision and
intermediate precision. For each calculation the average, the residual standard deviation (RSD), the
calculated Student’s t-value (t), and F-values (F)were computed RSD: Relative Standard Deviation,
DS: Standard Deviation.

Analyst 1 (First Day) Analyst 2 (Second Day)
SAMPLE il (Gallsached 5™ wighim  (GalUsached
Aq 2.098 181.93 By 2.149 185.95
Ay 1.974 195.52 By 2.068 181.53
Az 2.098 182.63 B3 2.056 189.01
Ay 2.094 185.41 By 2.036 186.35
As 2.091 184.14 Bs 2.120 180.94
Ag 2.117 185.79 Be 2.029 183.83
AVERAGE 185.91 AVERAGE 186.40
DS 4.95 DS 3.089
RSD% 2.661% RSD% 1.673%
RSD% TOTAL 2.154%
calctflate d 2.57 Ftabulate 5.05
t calculated 0.550 t tabulate 2.228

2.2.4. Accuracy

The accuracy of the presented enzymatic assay was evaluated as the ability of the
method to provide an analytical response as close as possible to the real x-Gal value
declared by the producer.

Accuracy. estimated at three different levels (80%. 100%. and 120%). reached a
recovery rate of between 94% and 104%. The average recovery % of each single level was as
follows: at 80% level the recovery rate was 99.57%; at 100% level the recovery was 97.89%
while at 120% nominal level the recovery rate was 100.69%. The percentage of RSD for
the low level was 4.3%, in the middle level was 3.17% and for the upper level was 2.57%.
The values obtained for the accuracy evaluation were between 80% and 120% with respect
to the real quantity of x-Gal spiked in test samples. never exceeding 10% of the expected
concentration. These results indicated the reliable applicability of the method in routine
food supplement and drug analysis.

2.3. Agreement between Methods

The comparison between two analytical methods allowed for an estimation of the
degree of agreement of measurements. A method comparison allowed us to determine the
quality of the results and validity of our assay for «-Gal activity quantification expressed
in g/100 g using eight sachets belonging to three different batches. Results obtained by the
optimized spectrophotometer method (method 1) were matched with those reached by a
fluorimetric gold standard method (method 2) for human «-Gal quantification in biological
samples. Raw data regarding 12 sachets from the product are reported in Table 2.
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Table 2. Results comparison between the 2 analytical methods.

Spectrophotometer (Method 1) Fluorimeter (Method 2)
g/100 g
1.1501 1.0500
1.0743 1.3790
1.0907 1.2700
1.0832 1.4670
1.0929 1.3750
1.0938 1.2700
1.0678 1.2456
1.1118 1.3082
1.0962 1.0749
1.0644 1.1298
1.0814 1.0057
1.0702 1.2920

The Bland—-Altman (B&A) plot reported in Figure 2 shows the average of the paired
values from each method on the x-axis and the difference of each pair of readings on the

y-axis.

In the B&A plot the average of two measurements was plotted along the horizontal
axis, where the difference between the two methods was plotted along the vertical axis.
All bias fell within the limits of agreement. No outliers of trend and patterns were present.
Data presented in the plot were distributed with random variability. In the descriptive
statistics presented in Table 3, the confidence intervals for the two variables and their
difference were computed; while in the Bland—-Altman analysis (Table 4) the bias and the

upper and lower limit of agreement were calculated.
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Figure 2. Bland-Altman plot for data from the Table 4, with the representation of the limits of

agreement (blue line) from minus 1.96 x SD to + 1.96 x SD.
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Table 3. Descriptive statistics.

0, 0,
Variable Count Mean Standard 95.0% LCL of 95.0% UCL of

Deviation the Mean the Mean
Method 1 12 1.09 0.02 1.07 1.10
Method 2 12 1.24 0.14 1.14 1.33
Difference 12 —-0.15 0.15 —0.25 —0.05

Table 4. Bland-Altman analysis: Bias and limits of agreement for the two methods. Limits of
agreement = diff & 1.96 x (Std dev of difference) LCL: Lower Confidence Limit; ULC: Upper
Confidence Limit.

Standard 95.0% LCL 95.0% UCL

Parameter Count Value Deviation of the Mean  of the Mean
Bias
(Difference) 12 —-0.15 0.15 —0.25 —0.05

Lower Limit of

Agreement (LL) 12 —0.45 0.08 —0.62 —0.28

Upper Limit of _

Agreement (UL) 12 0.15 0.08 0.02 0.32
Test of the normality of differences assumption:
Assumption Value Prob. level Decision (x = 0.050).
Shapiro-Wilk 0.937 0.4554 Cannot reject normality

The Shapiro-Wilk test (Table 4) confirmed the normal distribution of the observations.
Taking into account all data reached, we demonstrated that the two methods could be
interchangeably and equally applicable.

3. Discussion

The concentrations of active compounds in dietary supplements should be standard-
ized to assure a reproducible and effective product for the consumer. Quality control
and quality assurance procedures are needed to better define supplement ingredients and
guarantee health outcomes [26-29].

In order to guarantee production integrity and efficacy to applicants, research labora-
tories are required either to follow certified guidelines or perform validation studies for
their own developed procedures [31,32,34].

From this perspective, a rapid method for the measurement of x-galactosidase ac-
tivity in food supplements is here proposed as a quality control indicator for industrial
production.

a-Galactosidases are carbohydrates able to catalyze the hydrolysis of a-linkages in
galacto-oligosaccharides such as raffinose, melibiose, stachyose, Verbascose, Galactoman-
nans, and glycoconjugates. a-Galactosidase application in dietary supplements increases
the intestinal digestion of x-galactosides by hydrolyzing the flatulence-causing sugars in
processed food [1-4].

To guarantee high output, gut proteases should be avoided and highly efficient protease-
resistant -galactosidases are thus required in the food industry. However, only few «-
galactosidases isolated from fungi have been identified with such properties thus far [15,17,18].
To provide the highest quantities of alpha-galattosidases. gut proteases should be excluded
and highly efficient protease-resistant o-galactosidases are thus of great interest in the food
industry. However, to date only a few «-galactosidases have been identified with such
properties [15,17-19] and have mainly been isolated from fungi [22-25]. As most of alpha-
galactosidases in the food industry are obtained from probiotic bacteria like bifido and lactic
acid bacteria [16,17,19,21,22], and due to the fact that a large number of these are sensitive to
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gut proteases, the maximum activity of commercial x-galactosidases should be assured to
the customer. To date, few studies have been carried out on «-galactosidase determination in
dietary supplements [16-18,21,23,24]. Our investigations showed how to validate an assay
for enzymatic activity evaluation using a simple spectrophotometric measurement at 420 nm.
We employed eight sachets belonging to the same batch of commercial dietary supplements
containing >170 GalU of x-galactosidase per sachet. The Plackett-Burman statistic design was
initially used to study all variables involved in the analytical setting. Among several variables
taken into consideration, the wavelength represented the only significant one. Temperature,
reaction time, borate solution volume, reading time, and dummy factors had no significance
in x-galactosidase activity assessment and were kept constant during the validation analysis.
The choice of correct statistical procedures for data exploration and the interpretation of
results are important keys for the proper assessment of method trueness. Assay optimization
and the pre-validation step are important to determine how a range of matrix and sample
elements, as well as assay conditions, can affect assay performance [35-39,43-45].

To test the robustness of the new method, several serial measurements at constant
conditions were performed. All results were in agreement with the quantities declared by
the suppliers (>170 GalU/sachet). Comprehensive experiments to evaluate and report the
quantitative performance of the presented assay, including specificity, linearity, accuracy,
intermediate-precision, repeatability and system precision, were carried out following
both ICH and FDA guidelines [26-30]. The unique absorption peak obtained at 420 nm by
a-Gal enzyme was not influenced by other excipients contained in the commercial product
formulation, demonstrating a 100% specificity of the assay.

The linearity of our assay was considered as the ability of the method to have a linear
response according to both an increase and a reduction in active ingredient concentra-
tions. The method’s linearity was defined as the ability of the assay to return values that
were directly proportional to the concentration of the target analyte spiked in the sample.
Spiked solutions with 50%, 70%, 100%, 130% and 150% of theoretical concentrations of
a-galactosidase in placebo were prepared and analyzed. No significant deviations were
found with respect to the expected amount of enzyme. System precision was determined
by replicating six determinations of the same finished product solution at a concentration
of 100% under normal assay conditions. As expected for enzymatic assays, precision was
<10% [31,32,34].

Precision included the assay “s within-day repeatability and day-to-day reproducibility
by different operators and with different reagents. The RSD% of the system precision was
0.134%, considering a cut-off value of 5.0%. The analytical results reached were considered
very precise. The accuracy of the presented analytical assay was estimated at three different
nominal levels: 80%, 100% and 120%. The recovery rate ranged between 94% and 104%.
Taken together, these results confirmed the strength of our method for quality control.

By comparing our method with a reference gold standard assay for x-galactosidase
quantification we looked for a potential measurement bias. The comparison between the
two methods was performed on eight sachets from three different batches. The results
confirmed that the introduction of the new method would not affect the quality of analytical
control assessment of the finished dietary product.

4. Materials and Methods
4.1. Commercial Supplement Composition

The composition of the commercial dietary supplement subject to analysis included
excipients and other ingredients such as fructose, fructo-oligosaccharides, a mix of enzymes,
botanical dry extracts and flavors. The specification of enzymatic activity contained in
each sachet was >170 GalU/sachet (theoretical value at 100% = 200 GalU /sachet, where
the sachet weight was 2 g). In particular, 8 sachets from 2 batches were employed for
the strategy planning by the Plackett-Burman test; 6 sachets from a single batch were
used for all validation procedure (specificity, linearity and accuracy determination) and
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8 samples belonging to 3 different batches were tested in comparison with the gold standard
fluorimetric method.

During the analysis, the content of excipients and other ingredients was not taken into
consideration. Only measurements of the global activity using placebo (dietary supplement
without x-galactosidase enzyme) were taken in order to underline any possible background
interference or unspecific signal detection.

4.2. Design of Experiment: Strategy Planning

In order to study the simultaneous variation of the factors on the considered re-
sponses, a multivariate approach using an experimental design by Plackett-Burman was
employed [35,36,39]. A fractional factorial Plackett-Burman design was used to screen and
evaluate the significant variables that could influence the enzymatic assay method, because
this model does not explain the interaction among various variables [36,37,39,44].

The Plackett-Burman statistical design is very frequently used to study the effects of
the analytical determination. It is a 2-factor (i.e. —1 and +1) design that locates significant
variables for the production by screening “n” variables in “n + 1” experiments. All 7 factors
chosen in the present investigation were tested at these 2 levels based on the Plackett—
Burman matrix design. The main effect was calculated basically as a difference between
the average measurements of each variable made at a high level (+1) and a low level (—1)
(Table 5). This design screened variables based on a first-order model:

Y = Bo+ ) _BiX ()

where Y was the response (x-galactosidase activity), o was the model intercept, and f3;
was the variable estimates. In this study, the variables were screened using Minitab version
19.2020.1 software.

Table 5. Plackett-Burman screening design of experiments and their results. X1: temperature (—1:
35 °C. 1: 39 °C); X2: Reaction Time. (—1: 13 min. 1: 18 min); X3: borate solution volume (—1: 3 mL. 1:
7 mL); X4: reading time (—1: 20 min. 1: 45 min); X5: wavelength (—1: 390 nm. 1: 420 nm); X6 and X7:
dummy factors. The responses reflect the enzymatic activity obtained (Y) expressed in GalU/2 g.

ID X1 X2 X3 X4 X5 X6 X7 Y
1 1 1 1 -1 1 -1 -1 60.50
2 -1 1 1 1 -1 1 -1 149.10
3 -1 -1 1 1 1 -1 1 14.84
4 1 -1 -1 1 1 1 -1 44.30
5 -1 1 -1 -1 1 1 1 47.20
6 1 -1 1 -1 -1 1 1 118.74
7 1 1 -1 1 -1 -1 1 144.86
8 -1 -1 -1 -1 -1 -1 -1 208.50

The experiments were carried out according to the matrix shown in Table 5, where
each row represents 1 trial while each column represents a single variable. Two dummy
variables were studied to calculate the standard error. The results of experiments were
obtained applying the spectrophotometric approach described in Section 4.3.

4.3. Spectrophotometry
4.3.1. Chemicals and Materials

The reagents and chemicals used for the spectrophotometer quantification were:
sodium borate decahydrate (Carlo Erba), sodium hydroxide (Carlo Erba), sodium acetate
(Carlo Erba) and acetic acid (Chem Lab). For the preparation of acetate buffer, 3.49 g of sodium
acetate was diluted in 800 mL of purified water with 0.4 mL of acetic acid then added and
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taken to a final volume of 1000 mL with purified water. The optimal pH value was 5.5 & 0.1.
The substrate solution was composed of 105 mg of 4-nitrophenyl-a D galacto-pyranoside
(Sigma Aldrich) dissolved into 50 mL of acetate buffer solution. The last solution needed for
the enzymatic activity was borate solution composed of 23.8 g of sodium borate decahydrate
in 1000 mL of purified water, where the pH was corrected at 9.7 4= 0.1.

The UV-Visible spectrophotometer (JASCO) employed for analysis was initially quali-
fied and calibrated in accordance with cGMP before this activity was conducted.

4.3.2. Preparation of Standard Solutions

For standard solution preparation 0.130 g of «-galactosidase working standard was
added to 50 mL of purified water and agitated magnetically until complete dissolution (so!
std M). Then. 0.1 mL of the sol std M was added to 100 mL of purified water (sol std 1). For
standard solution 2 (sol std 2), 0.2 mL of the sol std M was diluted in 100 mL of purified water.
For standard solution 3 (sol std 3), 0.35 mL of the sol std M was diluted in 100 mL of purified
water.

The calibration curve was constructed analyzing 3 different concentrations of the
standard solutions (sol std 1—sol std 2—sol std 3) on the same day.

For blank sample, 1 mL of purified water was included for measurement correction.

Spiked samples composed of mixtures of placebo in suitable proportions and the
finished products were prepared in order to evaluate enzymatic activity.

4.3.3. Procedure for Alpha-Galactosidase Quantification

One milliliter of standard or sample solution was incubated with 2 mL of substrate
solution at 37 °C for 15 min. in the dark. To stop the reaction, 5 mL of borate solution
was added to each sample. As usual, substrate solution (no enzyme), blank (only water)
and enzyme blanks (enzyme but no substrate) were included for correction. Standards
and samples were immediately read in the UV-Visible spectrophotometer. Assays were
performed in triplicate. Procedure steps are summarized in Table 6 below:

Table 6. Summary of the assay’s workflow preparation.

Time
(Minutes) Reagent Blank Sample Standard Reference
T=0 Substrate 2mL 2mL 2mL 2mL
solution
Bora.te / / / 5mL
solution
T=5 «-Galactosidase / / ImL /
Hzo 1mL / /
Sample / 1mL / /
Borate
T=20 solution 3 mL 3 mL 3 mlL /
Sample/standard / / / 1mL

The quantification of total «-galactosidase activity was calculated from the following
equation:
C x V¢
Pcp x Vi

. GalU
x 2g = Alpha galactosidase (sachet) 3)

where
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Concentration of the alpha-galactosidase (GalU/mL) in the sample solution
obtained by interpolation of straight calibration
Pcp = Weight of sample (g)

C =

2g = Weight of the sachet (2 g)
Vi = Volume of sample pour in the last dilution
Vi = Final volume dilution (mL)

4.4. Fluorimetric Alpha-Galalactosidase Assay

To assess the performance of the newly developed method, a comparison against a
standard method for human «-galactosidase quantification by fluorimeter was conducted.
a-Galactosidase activity was measured by a fluorimetric enzyme assay on 12 sachets
from the same batch. The assay mix included 50 pL of raw material corresponding to
500 ng of 4-methylumbelliferyl-a-D-galactopyranoside as a substrate (Sigma Chemical;
final concentration of 6.7 mM) and sodium acetate buffer (pH 4.5; final concentration
0.13 M) in a final volume of 300 nL. The reaction mix was incubated for 30 min at 37 °C in
the dark. To stop the reaction, 1700 pL of buffer carbonate (0.5 M pH 10.7) was added. The
assay was repeated with and without the inclusion of N-acetylgalactosamine (GalNAc) at
a 100-mM final concentration in the previous assay mixture. GalNAc is an inhibitor of the
lysosomal enzyme o-N-acetylgalactosaminidase. also known as «-galactosidase B because
in vitro it has some nonspecific activity toward the artificial substrate used for assay of
a-galactosidase B. In this case, substrate solution (no enzyme), blank (only water) and
enzyme blanks (enzyme but no substrate) were included for background and non-specific
corrections.

Readings were performed to measure fluorescence intensity (Excitation/Emission=
360/445 nm) at room temperature using an end-point setting. A calibration curve was
obtained by linear regression of the absorbance readings versus concentration using 10 dif-
ferent solutions with known concentrations of the analyte.

4.5. Method Comparisons

The method comparisons assessed the degree of agreement between the developed
enzymatic method and the second fluorimetric method. The aim of the method compar-
isons was to investigate the measurement discrepancies between the 2 different analytical
methods. Bland and Altman introduced the Bland-Altman plot (B&A) to describe the
agreement between quantitative measurements [45]. By using a graphical approach, the
limit of agreement between two quantitative measurements could be calculated. The
resulting graph is a scatter plot (xy), in which the y-axis shows the difference between the
two paired measurements (A — B) and the x-axis represents the average of these measures
((A + B)/2). In other words, the difference of two paired measurements is plotted against
the mean of the two measurements. The lack of agreement was evaluated by calculating
the bias, estimated by mean difference (d) and the standard deviation (s). B&A considered
that most differences would lie between d — 2s and d + 2s or more precisely, that 95%
of the differences will be between d — 1.96s and d + 1.96s if the differences are normally
distributed (Gaussian). The normal distribution of the differences was verified using the
Shapiro-Wilk test with NCSS statistical software (NCSS 2020. v20.0.2).

5. Conclusions

In the present work a rapid method was developed and validated for the routine
determination of x-galactosidase in food supplements. The specificity, linearity range,
precision, accuracy and repeatability proved to be suitable for the enzyme quantification of
commercial dietary preparations. The specificity was 100% and the method precision was
less than 10% with an RSD% of 0.134%. while the accuracy ranged from 94% to 105% with
respect to the theoretical concentration spiked in the placebo. Sample recoveries were in
good agreement with the respective theoretical declaration. According to FDA and ICH
guidelines the quantitative performances were all statistically significant.
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All the experiments conducted to evaluate specificity, linearity, accuracy, intermediate-
precision, repeatability and system precision were carried out in technical compliance with
the acceptance limits described by the main regulatory organizations.

No significant differences were found between our spectrophotometric method and
the reference method.

The proposed method can be used for the routine quality control analysis of food
supplement preparations containing «-galactosidase.

The product validation design presented here could integrate statistical model-based
and experimental-based techniques. This “bi-modal” approach could represent a challenge
in quality control assessment and innovative and more sustainable processing routes for
the active chemical and biological ingredients of food supplements.

Supplementary Materials: The following are available online. Table S1: Estimated effects and
relative coefficient of each variable tested in the Plackett-Burman design; Table S2: Summary of
Plackett-Burmann test model; Table S3: Variance Analysis in Plackett-Burmann test.
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a-Gal Alpha-galactosidase

cGMP Current Good Manufacturing Practice

FDA Food and Drug Administration

GalNAc N-acetylgalactosamine
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References

1.

Bishop, D.E; Desnick, R.]J. Affinity purification of o-galactosidase A from human spleen. placenta and plasma with elimination of
pyrogen contamination. J. Biol. Chem. 1982, 256, 1307. [CrossRef]

Katrolia, P; Rajashekhara, E.; Yan, Q.; Jiang, Z. Biotechnological potential of microbial «-galactosidases. Crit. Rev. Biotechnol.
2013, 34, 307-317. [CrossRef] [PubMed]

Kusiak, J.W.; Quirk, ].M.; Brady, R.O. Purification and properties of the two major isozymes of x-galactosidase from human
placenta. J. Biol. Chem. 1978, 253, 184. [CrossRef]

De Souza Vandenberghe, L.P.; Karp, S.G.; Pagnoncelli, M.G.B.; Rodrigues, C.; Medeiros, A.B.P.; Soccol, C.R. Digestive Enzymes:
Industrial Applications in Food Products. In Green Bio-Processes; Springer: Singapore, 2019; pp. 267-291. [CrossRef]

Kizhner, T.; Azulay, Y.; Hainrichson, M.; Tekoah, Y.; Arvatz, G.; Shulman, A.; Ruderfer, I.; Aviezer, D.; Shaaltiel, Y. Characterization
of a chemically modified plant cell culture expressed human alpha-Galactosidase-A enzyme for treatment of Fabry disease. Mol.
Genet. Metab. 2015, 114, 259-267. [CrossRef]

LeBlanc, J.G.; Silvestroni, A.; Connes, C.; Juillard, V.; de Giori, G.S.; Piard, J.C.; Sesma, F. Reduction of non -digestible oligosac-
charides in soymilk: Application of engineered lactic acid bacteria that produce x-galactosidase. Gen. Mol. Res. 2004, 3,
432-440.

Solomons, N.W.; Guerrero, A.M.; Zepeda, E.; Grazioso, C. The efficacy of an oral «-galactosidase to promote oligosaccaride
hydrolysis and to reduce intolerance symptom after ingestion of beans: A dose response trial. Am. J. Clin. Nutr. 1991, 53, P28.
Irvine, E.J.; Tack, ].; Crowell, M.D.; Gwee, K.A.; Ke, M.; Schmulson, M.J.; Whitehead, W.E.; Spiegel, B. Design of treatment trials
for functional gastrointestinal disorders. Gastroenterology 2006, 130, 1538-1551. [CrossRef]



Molecules 2021, 26, 1566 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Di Nardo, G.; Oliva, S.; Ferrari, F.; Mallardo, S.; Barbara, G.; Cremon, C.; Aloi, M.; Cucchiara, S. Efficacy and tolerability of
alpha-galactosidase in treating gas-related symptoms in children: A randomized. double-blind. placebo controlled trial. BMC
Gastroenterol. 2013, 13, 142. [CrossRef]

Hillila, M.; Farkkila, M.A.; Sipponen, T.; Rajala, J.; Koskenpato, J. Does oral «-galactosidase relieve irritable bowel symptoms?
Scand. |. Gastroenterol. 2015, 51, 16-21. [CrossRef]

Di Stefano, M.; Miceli, E.; Gotti, S.; Missanelli, A.; Mazzocchi, S.; Corazza, G.R. The Effect of Oral «-Galactosidase on Intestinal
Gas Production and Gas-Related Symptoms. Dig. Dis. Sci. 2006, 52, 78-83. [CrossRef]

Maconi, G.; Bolzacchini, E.; Radice, E.; Marzocchi, M.; Badini, M. Alpha-galactosidase versus active charcoal for improving
sonographic visualization of abdominal organs in patients with excessive intestinal gas. J. Ultrasound 2012, 15, 232-238. [CrossRef]
Ganiats, T.G.; Norcross, W.A.; Halverson, A.L.; Burford, P.A.; Palinkas, L.A. Does beano prevent gas? A double blind crossover
study of oral alfa-galactosidase to treat dietary oligosaccharide intolerance. J. Fam. Pract. 1994, 39, 441-445.

Longstreth, G.F.; Drossman, D.A. Severe irritable bowel and functional abdominal pain syndromes: Managing the patient and
health care costs. Clin. Gastroenterol. Hepatol. 2005, 3, 397—400. [CrossRef]

Cao, Y,; Wang, Y,; Meng, K.; Bai, Y.; Shi, P.; Luo, H.; Yang, P; Zhou, Z.; Zhang, Z.; Yao, B. A novel protease-resistant «-galactosidase
with high hydrolytic activity from Gibberella sp. F75: Gene cloning. expression. and enzymatic characterization. Appl. Microbiol.
Biotechnol. 2009, 83, 875-884. [CrossRef]

Worthington, R.E.; Beuchat, L.R. Alpha-galactosidase activity of fungi on intestinal gas-forming peanut oligosaccharides. J. Agric.
Food Chem. 1974, 22, 1063-1066. [CrossRef] [PubMed]

Sakaki, Y.; Tashiro, M.; Katou, M.; Sakuma, C.; Hirano, T.; Hakamata, W.; Nishio, T. Enzymatic synthesis of novel oligosaccharides
from N-acetylsucrosamine and melibiose using Aspergillus niger alpha-galactosidase. and properties of the products. Biosci.
Biotechnol. Biochem. 2016, 80, 1836—1842. [CrossRef]

Liao, J.; Okuyama, M.; Ishihara, K.; Yamori, Y;; Iki, S.; Tagami, T.; Mori, H.; Chiba, S.; Kimura, A. Kinetic properties and substrate
inhibition of x-galactosidase from Aspergillus niger. Biosci. Biotechnol. Biochem. 2016, 80, 1747-1752. [CrossRef]

Unzueta, U.; Vazquez, F,; Accardi, G.; Mendoza, R.; Toledo-Rubio, V.; Giuliani, M.; Sannino, F,; Parrilli, E.; Abasolo, I.; Schwartz,
S., Jr.; et al. Strategies for the production of difficult-to-express full-length eukaryotic proteins using microbial cell factories:
Pro-duction of human alpha-galactosidase A. Appl. Microbiol. Biotechnol. 2015, 99, 5863-5874. [CrossRef] [PubMed]

Bhatia, S.; Singh, A.; Batra, N.; Singh, J. Microbial production and biotechnological applications of «-galactosidase. Int. |. Biol.
Macromol. 2020, 150, 1294-1313. [CrossRef]

Jang, J.M.; Yang, Y.; Wang, R.; Bao, H.; Yuan, H.; Yang, J. Characterization of a high performance x-galactosidase from Irpex
lacteus and its usage in removal of raffinose family oligosaccharides from soymilk. Int. J. Biol. Macromol. 2019, 131, 1138-1146.
[CrossRef] [PubMed]

Alvarez-Cao, M.-E.; Cerdédn, M.-E.; Gonzalez-Siso, M.-L; Becerra, M. Optimization of Saccharomyces cerevisiae x-galactosidase
production and application in the degradation of raffinose family oligosaccharides. Microb. Cell Factories 2019, 18, 1-17. [CrossRef]
Fei, Y.; Jiao, W.; Wang, Y.; Liang, J.; Liu, G.; Li, L. Cloning and expression of a novel x-galactosidase from Lactobacillus
amylolyticus L6 with hydrolytic and transgalactosyl properties. PLoS ONE 2020, 15, €0235687. [CrossRef] [PubMed]

Bayraktar, H.; Onal, S. Cross-linked o-galactosidase aggregates: Optimization. characterization and application in the hydrolysis
of raffi-nose-type oligosaccharides in soymilk. J. Sci. Food Agric. 2019, 99, 4748-4760. [CrossRef] [PubMed]

Ferreira, J.G.; Reis, A.P.; Guimaraes, V.M.; Falkoski, D.L.; Fialho, L.D.S.; De Rezende, S.T. Purification and Characterization of
Aspergillus terreus x-Galactosidases and Their Use for Hydrolysis of Soymilk Oligosaccharides. Appl. Biochem. Biotechnol. 2011,
164, 1111-1125. [CrossRef] [PubMed]

Mackay, D. Regarding the Regulation of Dietary Supplements. Am. J. Public Health 2015, 105, e3. [CrossRef]

Resnik, D.B. Proportionality in Public Health Regulation: The Case of Dietary Supplements. Food Ethic 2017, 2, 1-16. [CrossRef]
Starr, R.R. Too Little. Too Late: Ineffective Regulation of Dietary Supplements in the United States. Am. . Public Health 2015, 105,
478-485. [CrossRef]

Frankos, V.H.; Street, D.A.; O'Neill, RK. FDA regulation of dietary supplements and requirements regarding adverse event
re-porting. Clin. Pharmacol. Ther. 2010, 87, 239-244. [CrossRef]

Joseph, J.; Kropp, D.; Madsen, D.; Yannicelli, S. Regulation of dietary supplements. JAMA 2004, 291, 560.

Maughan, R.J. Quality Assurance Issues in the Use of Dietary Supplements. with Special Reference to Protein Supplements. J.
Nutr. 2012, 143, 18435-1847S. [CrossRef]

Van Breemen, R.B.; Fong, H.H.; Farnsworth, N.R. The role of quality assurance and standardization in the safety of botanical
die-tary supplements. Chem. Res. Toxicol. 2007, 20, 577-582. [CrossRef]

Dwyer, ].T.; Coates, PM.; Smith, M.]. Dietary Supplements: Regulatory Challenges and Research Resources. Nutrients 2018, 10, 41.
[CrossRef]

Fu, PP; Chiang, H.-M.; Xia, Q.; Chen, T.; Chen, B.H.; Yin, ].-].; Wen, K.-C.; Lin, G.; Yu, H. Quality Assurance and Safety of Herbal
Dietary Supplements. |. Environ. Sci. Health Part C 2009, 27, 91-119. [CrossRef] [PubMed]

Vatansever, B.; Senal, M.O.; Akgoz, M.; Goren, A.C. Development and validation of a generic method for quantification of
collagen in food supplement tablets using liquid chromatography coupled with time-of-flight mass spectrometry. Anal. Bioanal.
Chem. 2015, 407, 1981-1987. [CrossRef] [PubMed]



Molecules 2021, 26, 1566 14 of 14

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

Shu, G.; Mei, S.; Zhang, Q.; Xin, N.; Chen, H. Application of the Plackett-Burman design to determine the main factors affecting
the anti-oxidative activity of goat’s milk casein hydrolyzed by Alcalase and papain. Acta Sci. Pol. Technol. Aliment. 2018, 17,
257-266.

Ghaderi, H.; Arasteh, J.; Hesampour, A. Using response surface methodology in combination with Plackett-Burman design for
optimization of culture media and extracellular expression of Trichoderma reesei synthetic endoglucanase II in Escherichia coli.
Mol. Biol. Rep. 2018, 45, 1197-1208. [CrossRef] [PubMed]

Abdel-Fattah, Y.R.; A Soliman, N.; A Gaballa, A.; A Sabry, S.; I El-Diwany, A. Lipase production from a novel thermophilic
Bacillus sp.: Application of Plackett-Burman design for evaluating culture conditions affecting enzyme formation. Acta Microbiol.
Pol. 2002, 51, 353-366.

Plackett, R.L. Literature on Testing the Equality of Variances and Covariances in Normal Populations. J. R. Stat. Soc. 1946, 109,
457. [CrossRef]

Shi, X.; He, C.; Meng, J.; Xin, N.; Ji, Z. The application of the Plackett-Burman design in investigating ACE inhibitory peptide-
producing conditions and media for Lactobacillus bulgaricus LB6. Acta Sci. Pol. Technol. Aliment. 2018, 17, 125-132. [PubMed]
Schmulson, M.; Chang, L. Review article: The treatment of functional abdominal bloating and distension. Aliment. Pharmacol.
Ther. 2011, 33, 1071-1086. [CrossRef] [PubMed]

Larsen, L.L.; Berry, J.A. The Regulation of Dietary Supplements. J. Am. Acad. Nurse Pract. 2003, 15, 410-414. [CrossRef]

Smith, Z.D.; Keller, J.R.; Bello, M.; Cordes, N.L.; Welch, C.E; Torres, J.A.; Goodwin, L.A.; Pacheco, R.M.; Sandoval, C.W.
Plackett-Burman experimental design to facilitate syntactic foam development. J. Appl. Polym. Sci. 2015, 133, 42892. [CrossRef]
Chan, N.P.T,; Tarrant, M.; Ngan, E.; So, HK.; Lok, K.Y_W.; Nelson, E.A.S. Agreement between self-/home-measured and
assessor-measured waist circumference at three sites in adolescents/children. PLoS ONE 2018, 13, e0193355. [CrossRef] [PubMed]
Bland, ].M.; Altman, D.G. Measuring agreement in method comparison studies. Stat. Methods Med. Res. 1999, 8, 135-160.
[CrossRef] [PubMed]



