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Abstract: Background: Microscale in vitro assays are fast, simple, and inexpensive, with reduced reagent quantities, waste, and experimental animal use. However, they have low reproducibility and low
correlation with the results of in vivo models, possibly due to differences in precision and accuracy in
methodologies between laboratories.
Objective: The objective was the optimization and validation of an in vitro assay, carried out on microscale, to assess the inhibition of -glucosidase activity, which is indicative of antihyperglycemic
activity.
Method: The optimization was carried out using a fractional factorial design taking into account the
best inhibition percentage and the absorbance of the controls. With the optimized experimental conditions in hand, we carried out method validation.
Results: The optimized conditions were as follows: enzyme concentration, 0.55 U/mL; substrate
concentration, 111.5 μM; and 17.5 min incubation at 37 °C. A linear range between 100 and 310.2
μg/mL of acarbose (r2 0.994) was established. The RSD was <2% and the % error was <3%. The Z
factor was >0.96. This method was applied to four plant extracts, one of which was found to be very
active.
Conclusion: The method was found to be accurate, precise, selective, linear, and reliable in evaluating
the antihyperglycemic activity of natural extracts in vitro.

Keywords: Antihyperglycemic activity, method optimization and validation, -glucosidase activity, fractional factorial design,
acarbose, Z factor.
1. INTRODUCTION
Postprandial hyperglycemia (PPHG) is a condition characterized by an abnormal increase in blood glucose and has
been associated with type II diabetes mellitus. Hydrolysis of
carbohydrates in the diet is the major source of blood glucose. Several studies suggest that inhibition of carbohydratehydrolyzing enzymes slows glucose absorption, thereby decreasing PPHG [1-3].
Glycoside hydrolases are a group of enzymes that have the
ability to cleave the glycosidic bond between two sugar residues. These enzymes show a range of substrate preferences.
As a result, they are classified into discrete families known as
carbohydrate-active enzyme families. Family GH31 is a group
of glycoside hydrolases that encompass a range of diverse
activities that include -glucosidase, -galactosidase, -mannosidase, -1,3-glucosidase, sucrose-isomaltase, -xylosidase,
-blucan lyase, isomaltosyltransferase and oligosaccharide
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-1,4-glucosyltransferase. This family includes glucosidases, which are important enzymes in primary metabolism. -Glucosidases are enzymes located in the membrane of small intestine epithelium [4-7]. They are responsible for the hydrolysis of dietary starch molecules, resulting
in the release of free glucose. In humans, two -glucosidases
of the family GH31 are known to play a key role in the final
stages of starch digestion: maltase-glucoamylase and sucrose-isomaltase.
One of the methods used to evaluate the -glucosidase
activity is based on the spectrophotometric determination of
the p-nitrophenol (pNP) released from p-nitrophenyl--Dglucopyranoside (p-NPG) substrate by the action of the enzyme.
-Glucosidase inhibition assays have been carried out in
test tubes [2, 8, 9] and in microdilution plates [3, 10, 11].
However, to our knowledge, optimization and validation of
the assay have not been reported. In this paper, the development of a microscale method to assess the inhibition of glucosidase activity is presented. Among the advantages of
working at microscale levels are that the small quantities of
chemicals required reduced material costs, the disposal of
© 2017 Bentham Science Publishers
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chemicals after carrying out experiments is easier and safety
hazards are often reduced, and many experiments can be
carried out quite quickly [12].
A crucial point in performing optimization process and
validation of a method is the use of positive and negative
controls. Among the compounds considered to have glucosidase inhibition activity are acarbose, voglibose, and
miglitol. According to a bibliographic review, acarbose is the
substance most commonly used as a positive control. Acarbose was the first drug developed for prediabetes treatment;
it was approved by the Food and Drug Administration
(FDA) in 1996. It is a pseudotetrasaccharide, consisting of a
maltose bridged to acarvosine, and has a high specificity for
-glucosidases. As an inhibitor, acarbose reduces PPHG in
patients with diabetes mellitus [13, 14].
One of the great problems that are faced to use the information obtained with these assays is the great variability in
the activity reported for the reference (positive control) and
that is attributed to the “slight modifications” described in
the reference methods. However, they do not assess whether
these “modifications” affect the final results. This is one of
the reasons why it is common to find widely scattered responses for the same compound used as a positive control.
This contributes greatly to the difficulty in comparing results
between laboratories; and the lack of correlation between in
vitro-in vivo assays.
In addition, a low correlation between in vitro and in
vivo assays is often found and represents a serious problem
for the in vitro screening methods [15]. It is therefore critical to carefully select the assay target, for both the in vitro
and in vivo models. Furthermore, the method must have
low variability and high signal-to-noise to minimize falsepositive and/or -negative results [16]. The use of experimental design to establish the optimal conditions for a suitable method is considered the best way to obtain reliable
results.
Once optimized, the proposed method should be validated in order to demonstrate that is acceptable for the intended, under specific conditions. In general, the quality of a
method is defined by the robustness and precision of the detectable signal that enable a biological process to be quantified, either in the absence of any test compound or in the
presence of other compounds [17].
Critical points for in vitro tests usually include lack of
accuracy and inappropriate use of instrumental techniques.
Shortcomings in terms of highly accurate measurements
make it difficult to compare the results of two assays and to
reproduce results [21]. Furthermore, many assay methods
that are based on mechanisms of action, such as the inhibition of -glucosidase, have been performed with colorimetric techniques, using UV-Vis spectrophotometry as the detection system. However, they do not take the Beer-Lambert
Law limitations into consideration, which can subsequently
lead to failures in the robustness and precision of the detectable signal.
In this work, the optimization, validation, and application
of an in vitro method to assess the inhibition of -glucosidase
activity on the microscale level are described.
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2. MATERIALS AND METHODS
2.1. Materials
-Glucosidase (12.4 U/mg) from Saccharomyces cerevisiae yeast, bovine serum albumin, Fraction V, 96-99%
albumin), potassium phosphate monobasic (KH2PO4), pnitrophenyl--D-glucopyranoside (p-NPG, >95%), acarbose,
and sodium carbonate (>99%) were purchased from SigmaAldrich, St. Louis, MO, USA. Potassium phosphate dibasic
(K2HPO4, ACS Reagent), was from Fisher Scientific, Pittsburgh, PA, USA. Polystyrene 96-well, flat-bottomed plates,
were obtained from BD Falcon, New York, NY, USA. All
experiments were carried out with a Multiskan FC plate
reader (Thermo Scientific, Waltham, MA, USA).
2.2. Plant Extracts
Four plant extracts from northern Mexico were used to
evaluate the applicability of the proposed method. Extracts
were obtained from aerial parts of Zanthoxylum fagara,
Teucrium bicolor, and Ricinus communis, and the root of
Jatropha dioica using an ethanol-water (90:10) mixture. All
extracts were kindly provided by researchers from the Analytical Chemistry Department (Facultad de Medicina,
UANL, México).
2.3. Optimization
The -glucosidase inhibition assay is based on the detection of p-nitrophenoxide, derived from nitrophenol in basic
medium. The p-nitrophenol is released from p-NPG by the
action of the enzyme glucosidase at 405 nm. The inhibition
percentage (decrease of the light-absorbtion species, pnitrophenoxide) was calculated in the absence of an inhibitory agent (negative control, 100% of enzyme activity) and
in the presence of an inhibitory agent. This inhibition percentage was considered the response of the method. In all
cases, the inhibition percentage was calculated using Equation (1):
B

% Inhibition = 1001  
A



(1)

where A is the absorbance of the negative control and B is
the absorbance in the presence of an inhibitory agent.
The positive control was acarbose (198 μg/mL). All experiments were performed in polystyrene 96-well plates with
a final volume of 200 μL. Absorbance readings were carried
out with a microplate reader (Multiskan FC, Thermo Scientific) employing the recommended wavelength in the consulted reports (405 nm).
To perform the optimization, a screening was first made
to establish the factors with major influence, considering the
following parameters: enzyme concentration, substrate (pNPG) concentration, buffer concentration, pH, incubation
temperature, preincubation time, incubation time, albumin
concentration, and sodium carbonate concentration. In all
cases, the highest or lowest previously reported values were
used for the optimization experiments. The experimental
design used was a fractional factorial design of a sixteenth
fraction 2^9-4, without blocks, with a random central point
and one replicate. Sixty-four experiments were realized. Ex-
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perimental design and data handling were carried out using
Statgraphics Centurion XVI software (Statpoint Technologies, Inc., Warrenton, VA, USA).
The results were analyzed and Pareto charts were generated. The most influential variables were optimized following the rules of the basic sequential simplex method [22],
looking for the combination of conditions that produced an
inhibition percentage close to 50%, while the absorbance of
control at 0% inhibition (100% activity) gave the smallest
photometric error. Calculations were carried out using Excel
2010 (Microsoft).
2.3.2. Enzyme Kinetics
To establish the optimum substrate concentration, enzyme kinetics was investigated using the proposed method
and substrate concentration was changed between 2 and 476
μg/mL. From the Lineweaver-Burk plot, maximum velocity
(Vmax) and the Michaelis-Menten constant (Km) were calculated. The Km value was considered as the optimum substrate
concentration. All the experiments were carried out in triplicate. Calculations were carried out using Excel 2010 (Microsoft).
2.4. Validation
The proposed method was validated according to international guidelines [17, 18, 19, 20] by testing linearity, precision, accuracy, robustness, Plate uniformity and signal variability.
2.4.1. Linearity
Linearity was evaluated by determination of the inhibition percentage produced by solutions of different concentrations of the positive control acarbose (10, 30, 50, 70, 90, 100,
120, 140, 160, 180, 200, 220, 240, 260, 280, 300, 320, 340,
360, 380, 400 μg/mL). The obtained results were subjected
to the least-squares method to obtain the plot’s equation. The
inhibition percentage was calculated, and is represented as a
function of the concentration. Linearity was evaluated by
visual inspection of the plot of inhibition percentage. The
determination coefficient (r2) and the slope of the regression
line were submitted.
Matrix effect was assessed by the construction of a standard curve using the inhibition percentage produced by solutions of different concentrations of acarbose (10, 30, 50, 70,
90, 100, 120, 140, 160, 180, 200, 220, 240, 260, 280, 300,
320, 340, 360, 380, 400 μg/mL). All the solutions were
added with 125 g/mL of an extract from Jatropha dioica
which does not possess inhibitory activity. The results were
subjected to the least-squares method to obtain the plot’s
equation as well as the determination coefficient. The inhibition percentage was calculated, and is represented as a function of the concentration of acarbose. The matrix effect was
evaluated by comparing this regression slope with the obtained from the linearity test using a t-test
All the experiments were carried out in triplicate.
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and high, in triplicate. Acarbose was used at 99.0, 201.3, and
260.7 μg/mL.
The precision was evaluated in the same and in two different days. Intraday and interday precision values were determined from the percentage of the relative standard deviation (%RSD), according to Equation (2):
%RSD =

(2)

where s is the standard deviation of each measurement and x
is the average of such measurements.
Accuracy was determined as the percentage of the relative error (% error) of the solutions of J. dioica extract
spiked with acarbose at the different concentration levels,
according to Equation (3):

% Error =

c 0 x  cx
 100
c0 x

(3)

where c0x is the added concentration of acarbose and cx is the
experimentally determined concentration of acarbose.
2.4.3. Robustness
Robustness was evaluated by performing various experiments, under the following conditions: substrate concentration (101.5 and 121.5 μM), enzyme concentration (0.45
and 0.65 U/mL), incubation temperature (35 and 39 °C), and
incubation time (15 and 20 min). In addition, the following
solvents were also considered: ethanol (25%) and DMSO
(0.15 and 0.25% of the final volume). All experiments were
carried out in triplicate. The robustness of each method was
evaluated using the Tukey test ( = 0.05).
2.4.4. Plate Uniformity, Signal Variability, and Z Factor
Plate uniformity and signal variability were evaluated by
measuring signal intensities of the following solutions [17]:
•

“Max” signal: Maximum absorbance with the minimal
inhibition (IC30),

•

“Mid” signal: Mean absorbance with 50% of inhibition
(IC50),

•

“Min” signal: Minimum absorbance with the maximum
inhibition (IC62).

To obtain the desired signals, acarbose was used at concentrations of 100, 180, and 310 μg/mL for the maximum,
mean, and minimum inhibitory concentrations (IC), respectively.
Each solution was measured in 32 wells of the same 96well plate and with three different plates. The position of
each solution was changed in each plate (rows or columns of
wells). All assays were carried out with independent reagents
and evaluated on three different days. The %RSD was calculated for each solution.
The Z factor was quantified in each plate according to
Equation (4):

2.4.2. Precision and Accuracy
The precision and accuracy of the method were tested using the Jatropha dioica extract, either with or without the
positive control, at three concentration levels: low, medium

s
 100
x

Z=

(Average

max

)(

 3s max / n  Average min + 3s / n
Average max  Average min

where n is the number of tests performed.

)

(4)

4 Current Analytical Chemistry, 2017, Vol. 13, No. 00

2.5. Application
The proposed method was used for the determination of
-glucosidase inhibitiory activity of four plant extracts. Each
extract was weighed and the extract solutions were prepared
at the following concentrations: 660, 330, 165, 82.5, 41.3
and 20.6 g/mL. The optimized protocol and validated
method were very carefully followed, throughout.
2.6. Statistical Analysis
The data were analyzed using the Kolmogorov-Smirnov
test and the Tukey test where appropriate. The Minitab 17
software package (Minitab, Inc., USA) was used for these
analyses and P < 005 was considered significant.
Statistical analysis and validation were carried out using
the program Excel 2010.
3. RESULTS AND DISCUSSION
As noted, this study addresses the optimization and validation of an in vitro method, carried out on the microscale, to
assess the inhibition of -glucosidase activity. First, a literature survey of assays for in vitro antihyperglycemic activity
measurements that include both full procedures and the positive controls employed in the study was carried out. This
survey revealed that minor modifications of assay conditions
lead to large variations in the mean inhibition concentration
(IC50) values (0.00037-6.2 mg/mL) are obtained from acarbose, used in all cases as a positive control. This problem
illustrates why results obtained by different methods (using
different experimental conditions) should not be compared,
particularly if the effect on the response of the test was not
assessed. Otherwise, this leads to a perception of low reliability in terms of the results of in vitro methods.
In particular one modification, that is frequently found is
the use or not of sodium carbonate to stop the enzymatic
reaction. According to the method, the ability of a compound
to inhibit -glucosidase activity is based on the generation of
p-nitrophenol (pKa 7.2), which is released from the substrate
p-NPG. When carbonate is added to stop the reaction, an
alkaline medium (pH 10) will be obtained, and hence
p-nitrophenoxide would be the predominant specie. Without
carbonate, reaction media present a pH around 6.8 and both
p-nitrophenol and p-nitrophenoxide are present. Because the
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wavelength of 405 nm, reportedly used in most cases, corresponds to the wavelength of maximum absorbance of pnitrophenoxide, it is necessary to control the pH to avoid
false positives.
Furthermore, specifications and limitations of instrumental techniques used during the optimization process were
considered, in this case UV-Vis spectrophotometry. For example, the photometric error was considered; it is known that
absorbance measurements are most accurate in the range of
0.2-0.8 units of absorbance [23].
3.1. Optimization
Before optimization, acarbosa IC50 was determined following the method described by Apostolidis et al. [24]. First,
the inhibition of -glucosidase potency was quantified
through the decrease of the amount of light-absorbing species (p-nitrophenoxide using a different concentration of
inhibitor agent. The IC50 was established by measuring the
inhibitor concentration required to reduce to 50% of the
light-absorbing species. An IC50 value of 198 μg/mL was
determined.
Optimization of the method of inhibition of glucosidase was performed using a 2^9-4 fractional factorial
design as a preliminary screening test to determine the parameters with significant effect over the response. The inhibition percentage and the absorbance values were evaluated
as the response. The variables evaluated were: enzyme concentration, substrate (p-NPG) concentration, buffer concentration, pH, incubation temperature, preincubation time, incubation time, albumin concentration, and sodium carbonate
concentration.
Fig. (1) shows the Pareto diagram that was obtained.
Variables that had a significant effect on the inhibition percentage of acarbose were enzyme concentration and incubation temperature, in addition to interactions of enzyme
concentration with substrate concentration and incubation
time.
Subsequently, variables with significant influence over
the response were optimized using a basic sequential simplex
method. During the experiments, an inhibition percentage
close to 50% was chosen as the best response, while the absorbance of control at 0% inhibition (100% activity) gave the

Fig. (1). Pareto chart obtained from the screening of inhibition assay of -glucosidase.
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smallest photometric error. It was necessary to carry out
seven experiments. The combination of conditions that produced the best inhibition percentage was the following: enzyme concentration 0.55 U/mL, incubation time 17.5 min,
and incubation temperature 37 °C.
Measurement of enzyme kinetics was carried out to determine the substrate (p-NPG) concentration at which the
enzyme works optimally (Fig. 2). Eli Lilly [17] recommends
using substrate concentrations around or below the Km value
because, using substrate concentrations higher than Km will
make the identification of extract with competitive inhibition
activity more difficult. In the -glucosidase inhibition assay,
a final substrate concentration of 33.6 μg/mL (0.111 μM)
was established. It is important to note that none of the references consulted mention use made of the measurement of
enzyme kinetics to determine the optimal concentration of
the substrate.
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ability of the procedure (within a given range) to obtain test
results (inhibition percentages) which are directly proportional to the concentration (or amount) of the test compound
[19].
The analysis of acarbose (positive control solutions) at
five concentration levels was evaluated by visual inspection
of the plot signals and by the calculation of a regression line
by the method of least squares. The results were linear range
100-310.2 μg/mL, determination coefficient 0.9943, slope
value 0.147, and IC50 180.2 (± 2.48) μg/mL (Fig. 3).

A

Fig. (3). Linearity at =405 nm. A) Inhibition percentage of glucosidase by acarbosa. B) Inhibition percentage of -glucosidase
by a plant extract added with acarbose.

B
Fig. (2). Kinetics enzyme to determine Km value. A) Kinetic enzyme of -glucosidase on p-NPG, ambient temperature, =405 nm.
B) Graphics of Lineweaver-Burke of -glucosidase.

3.2. Validation
The optimized method was validated following the recommendations and criteria set out in several international
guidelines [17-20].
In biological activity assays, in which the potency of a
compound is evaluated, linearity must be considered as the

A common problem encountered working with natural
products is the matrix effect, which in analytical chemistry is
defined as the combined effect of all components of the
sample other than the analyte on the measurement of the
quantity [26]. When an analytical method is applied, the matrix effect results in a difference in sensitivity, which is evident when a calibration curve for a solvent is compared
against a sample curve (extract in this case). The sensitivity
is the variation of the analytical signal vs concentration, i.e.,
the slope of the calibration curve [26]. Therefore, the difference between the slopes of a calibration curve of solvent and
of sample matrix indicates the presence of a matrix effect,
which is an indeterminate effect in the sample that affects
sensitivity.
To evaluate the matrix effect, was carried out the analysis
of positive control solutions at five concentration levels
added to an extract from Jatropha dioica. The results were
linear range 99-260.7 μg/mL, determination coefficient
0.995, slope value 0.1598, and IC50 178.6 (± 1.65) μg/mL.
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Table 1.
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Application of the optimized and validated -Glucosidase inhibition method to plant extracts.
Sample

IC50 (μg/mL)

SD

Zanthoxylum fagara

107.9

2.01

Teucrium bicolor

>660

Ricinus communis

>660

Jatropha dioica

>660

Acarbose

164.31

1.65

IC50: Inhibition concentration medium; SD: Standard deviation.

The matrix effect was evaluated by comparing this regression slope with the obtained from the linearity test using a ttest. We found a significant difference between the slopes of
the two curves; hence, the matrix effect is considered. In
cases where there is matrix interference, it is advisable to
include a sample blank.
It was experimentally established; using diluted acarbose
solutions, that the minimum concentration of acarbose that
can be determined is 99 μg/mL (equivalent to 38.5% inhibition) and the maximum is 310.2 μg/mL (equivalent to 69.2%
inhibition).
The methods showed interday and intraday precision, as
the %RSD were <2%. The error percentage was calculated to
be -1.53%, i.e., the method is accurate. The optimized
method was accurate and precise, both intraday and interday,
for the three concentration levels tested [26].
To establish the robustness of both methods, slight
changes to variables that showed a significant effect on the
response during the screening process were evaluated.
Here, it was found that the parameters that had the greatest effect on the inhibition percentage results were temperature, incubation time, substrate concentration, and enzyme
concentration. Results were analyzed using the Tukey test (
= 0.05). It was found that the method was robust only to
temperature and incubation time, therefore making it important to use exact substrate concentrations (>0.111 mM), exact enzyme concentrations (0.55 U/mL), incubation temperatures between 37 and 39 °C, and incubation times between
17.5 and 20 min. The response will be affected if these conditions are not satisfied. Furthermore, it was found that,
should the test samples not be soluble in phosphate buffer, it
is possible to use ethanol (up to 25%) and DMSO (up to
0.25%) as solvent.
Plate uniformity and signal variability assessment indicated that the results would not be affected by the position of
the well in the plate. This study can reveal problems as patterns of drift, edge effects and other systematic sources of
variability. Plate uniformity and signal variability were acceptable according with the criteria established by Eli Lilly
(RSD <20%) [17]. The following RSD values were recorded
for maximum signal (<1.99), average (<2.10), and low
(<4.32).
The Z factor is used to measure the separation between
maximum and minimum controls in an assay that accounts

for the amount of variability in the assay. Is a dimensionless
value that represents both the variability and the dynamic
range between two sets of controls (maximum and minimum) [27], with the recommended acceptance criterion being Z  0.4 [28]. In this study, calculation of the Z factor
gave values of 0.96 and 0.97.
3.3. Application
Finally, the proposed method was applied to four plant
extracts. Results are shown in Table 1. Zanthoxylum fagara
was found to have the highest inhibitory activity on glucosidase, with an IC50 value lower than for the positive
control acarbose, and hence it is considered a strong inhibitor. Other extracts showed no effect on the enzyme.
These findings demonstrated that the optimized and validated method is also selective; it enables the identification of
samples with potent activity and inactivity.
CONCLUSION
A microscale in vitro method to assess inhibition of glucosidase activity was optimized and validated. The
method is linear, accurate, precise, selective, and reliable in
evaluating the antihyperglycemic activity of natural extracts
in vitro. It is nonetheless crucial to emphasize the importance
of accurately using the established conditions for testing and
the need for validation testing, upon interlaboratory transfer,
with acarbose as a positive control.
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