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Abstract: In this study, two methods based on the use of diluted acids were developed: microwave-
assisted wet digestion (MAWD) and microwave-assisted ultraviolet digestion (MAWD-UV). These
methods are evaluated for the digestion of oral pharmaceutical drugs and further determination
of elemental impurities from classes 1 (As, Cd, Hg and Pb) and 2A (Co, Ni and V) by inductively
coupled plasma optical emission spectrometry (ICP-OES). Commercial drugs for the treatment of
type 2 diabetes are used. No prior comminution is performed. For MAWD, the optimized conditions
were 2 mol L−1 or 3 mol L−1 HNO3, 1 mL of 50% H2O2 and a 45 min or 55 min irradiation program.
For MAWD-UV, the condition using 1 mol L−1 HNO3, 1.6 mL of 50% H2O2 and a 55 min irradiation
program enabled the digestion of all samples. In this way, efficient methods are proposed for the
digestion of commercial pharmaceutical tablets for further determination of class 1 and 2A elemental
impurities (ICH Q3D guidelines).

Keywords: elemental impurities; MAWD; MAWD-UV; pharmaceutical products; type 2 diabetes;
sample preparation; ICP-OES

1. Introduction

In recent years, an increasing interest in the determination of elemental impurities
in pharmaceutical products has been observed in the literature, pushed by stricter limits
introduced by several documents, such as the ICH Q3D guidelines [1] and United States
Pharmacopeia (USP) chapters 232 and 233, implemented in 2018 [2,3]. Additionally, these
impurities have been separated in three classes (1, 2A and 2B, and 3) by ICH Q3D guidelines,
according to their toxicity and probability of occurrence in the pharmaceutical product [1].
Class 1 is composed by As, Cd, Hg and Pb, which are toxic and relatively abundant [4].
Class 2 elements are those whose toxicity is route dependent, and are subdivided into class
2A (Co, Ni and V) and class 2B (Ag, Au, Ir, Os, Pd, Pt, Rh, Ru, Se and Tl). Class 2A contains
some abundant elements that should be monitored, while class 2B elements are less likely
to be present in the product and should be monitored only in case of intentional addition.
Lastly, elements Ba, Cr, Cu, Li, Mo, Sb and Sn form class 3, presenting low oral toxicity, but
should be monitored in parenteral and inhalational routes of administration [1]. Out of
these, classes 1 and 2A should be monitored through all routes of exposure, also being the
most critical for the oral route. Aside from the toxicological aspect, the control of elemental
impurities is also useful for the identification of possible faults in the production process
and storage of pharmaceutical products [5].

When considering the continuous or prolonged use drugs, a more thorough quality
control is important to avert acute and/or chronic issues that could be caused by the
presence of elemental impurities [1]. This is the case for drugs used in the control of
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type 2 diabetes, which is a disease caused by insulin resistance in peripheral organs and
pancreatic β-cell dysfunction. In 2017, approximately 8.8% of the world population was
estimated to be affected by either type 1 or 2 diabetes [6–9]. Although an improvement
in lifestyle and diet can help to attenuate the effects of this disease, it is also necessary to
administrate continuous use oral drugs, such as metformin hydrochloride, which reduces
glucose production in the liver and enhances its sensitivity to insulin [9].

In this regard, researchers have developed a variety of sample preparation methods
coupled to sensitive detection techniques in order to improve detectability of elemental
impurities. Plasma-based techniques, such as inductively coupled plasma optic emission
spectrometry (ICP-OES) [10–14] and inductively coupled plasma mass spectrometry (ICP-
MS) [11,13,15–21], are frequently used with this purpose, due to their high sensitivity,
multielemental capacity and wide linear range [5,22].

Since plasma-based techniques, in their traditional assembly, require sample introduc-
tion in liquid form, a previous sample decomposition process is usually necessary when
analyzing oral drugs, such as those used in the treatment of type 2 diabetes. However, it
is important to mention that solutions containing high acidity, easy to ionize elements or
carbon content can cause spectral interferences and/or matrix effects in these techniques,
especially in ICP-MS [23–26]. Hence, it is often necessary to perform a pretreatment of the
samples prior to the detection step to minimize possible interferences [5].

Several sample preparation methods have been developed aiming for elemental im-
purities determination in pharmaceutical ingredients, such as microwave-assisted wet
digestion (MAWD) [10,12,13,18,19,27], microwave-induced combustion (MIC) [15], disso-
lution [16] and MAWD with single reaction chamber (MAWD-SRC) [20,28]. Out of these,
MAWD is usually the method of choice, as modern microwave equipment enables pre-
cise control of temperature and pressure inside digestion vessels, as well as provide the
direct heating of the samples [29]. However, concentrated oxidants and acids are usually
employed in MAWD procedures, which can result in a high volume of residue, also being
associated with higher blank values [30,31]. Additionally, high acidity or carbon content
could lead to interferences in the determination step.

In this sense, in an attempt to minimize the drawbacks and environmental impact
of MAWD, greener methods using milder conditions have been developed in the past
years [30,31]. In particular, MAWD using diluted acid could be an interesting alternative
for the decomposition of pharmaceutical drugs for further elemental impurities determina-
tion and has been successfully used for biological and botanical samples [30,32–34]. This
method usually employs diluted nitric acid and a source of oxygen (H2O2 or O2 pressuriza-
tion) [30,31]. The oxygen provided to the system regenerates the acid by reacting with the
nitrogen oxides formed during sample decomposition, which in term makes it possible to
reduce reagent waste while maintaining digestion efficiency [30,31].

In addition to MAWD using diluted acid, the microwave-assisted ultraviolet digestion
(MAWD-UV) method could potentially improve the digestion efficiency of diluted acid in
samples containing molecules with π bonds, such as aromatic rings [35]. In this method,
the microwaves activate an UV lamp placed inside the reaction vessel. The UV radiation
then acts as a catalyst for the oxidant reagents (usually HNO3 and H2O2), forming highly
reactive •OH radicals, which can accelerate degradation of organic molecules [35]. This
method has been applied to several matrices, such as electric and electronic polymeric
waste [36], foods [37], seaweed [38–40], crude oil [41,42] and dyes [43].

It is important to mention as well that most published studies focus on the decompo-
sition of active pharmaceutical ingredients (API). Only a few studies were found in the
literature on the digestion of the commercial pharmaceutical drug, and even less when
inorganic excipients are present in the formulation [10,12,18,28,44]. In this sense, the aim of
this study is to develop sample preparation methods for oral drugs used in the treatment
of type 2 diabetes and the further determination of class 1 and 2A elemental impurities.
The proposed methods are developed with the aim of reducing reagent consumption and



Sustainability 2022, 14, 422 3 of 16

waste generation, as well as using milder digestion conditions while maintaining digestion
efficiency.

2. Materials and Methods
2.1. Instrumentation

Both MAWD and MAWD-UV methods were carried out using a Multiwave 3000
sample preparation system (Anton Paar, Graz, Austria), equipped with an 8XQ80 rotor and
eight 80 mL quartz vessels. For the MAWD-UV procedures, low pressure Cd electrodeless
discharge UV lamps purged with Ar (part number 16847, Anton Paar), with emission in
228 nm and 326 nm, were used. These lamps were anchored inside the digestion vessels
using polytetrafluoroethylene (PTFE) holders supplied by the manufacturer. The maximum
operating pressure and temperature were set according to the manufacturer (80 bar and
280 ◦C for MAWD, or 250 ◦C for MAWD-UV), so as to not cause damage to the equipment.

The determination of class 1 and 2A elemental impurities, major elements and dis-
solved carbon in the digests was carried out by ICP-OES, using a Spectro Ciros CCD
spectrometer (Spectro Analytical Instruments, Kleve, Germany) with sealed optic, in axial
view. Argon 99.996% (Air Liquide S.A., São Paulo, Brazil) was used for plasma generation,
nebulization and as auxiliary gas for the ICP-OES instrument. The instrumental conditions
are described in Table 1. Emission lines were selected based on abundancy, sensitivity and
possible interferences. It is important to mention that carbonaceous gases were removed
prior to C determination by purging the digests and calibration solutions with Ar for 2 min
at 0.1 L min−2.

Table 1. Instrumental conditions for class 1 and 2A elemental impurities, major elements and
dissolved carbon determination by ICP-OES.

Parameter ICP-OES

RF power (W) 1400
Plasma flow rate (L min−1) 12.0

Auxiliary gas flow rate (L min−1) 1.0
Nebulizer gas flow rate (L min−1) 1.00

Spray chamber Double path, Scott type
Nebulizer Cross-flow

Analytes Emission line, nm
As 189.042 (I)
Ca 396.847 (II)
Cd 214.438 (II)
Co 230.786 (II)
Fe 259.941 (II)
Hg 194.227 (II)
K 766.491 (I)

Mg 279.553 (II)
Na 589.592 (I)
Ni 231.604 (II)
Pb 220.353 (II)
V 292.402 (II)
C 193.030 (I)
Y 371.029 (II)

I: Atomic emission line; II: Ionic emission line.

The determination of residual acidity in the digests was carried out using an automatic
titrator (Titrando 836, Metrohm, Herisau, Switzerland) equipped with a magnetic stirrer
(803 Ti Stand, Metrohm), a 20 mL burette (Dosino 800, Metrohm) and a combined glass
pH electrode for aqueous medium (LL Ectrode Plus, 6.0262.100, Metrohm). Weighing
procedures were performed using an analytical scale with 0.0001 g of resolution and
maximum load of 220 g (AY220, Shimadzu, Barueri, Brazil).
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2.2. Samples, Reagents and Standards

Ultrapure water with resistivity of 18.2 MΩ cm (Millipore, Burlington, USA) was
used for the preparation of solutions and reagents. The nitric acid (65%, 1.4 kg L−1, Sigma
Aldrich, USA) and hydrochloric acid (37%, 1.19 kg L−1, Merck, Darmstadt, Germany)
used in this study were previously distilled in a sub-boiling system (duoPUR, Milestone,
Sorisole, Italy), except for decontamination procedures, for which 65% HNO3 was used.
Hydrogen peroxide (50%, 1.14 kg L−1, Vetec, Rio de Janeiro, Brazil) was used in MAWD
and MAWD-UV procedures.

For standard addition experiments, a stock solution with varied concentrations of the
analytes was prepared from the dilution of As, Cd, Co, Hg, Ni, Pb and V monoelementar
reference solutions (1000 mg L−1, Merck) in water. Calibration solutions for As, Cd, Pb and
V (1 to 100 µg L−1 in 5% inversed aqua regia), and for Ca, Co, Fe, K, Mg, Na and Ni (10
to 500 µg L−1 in 5% inversed aqua regia) were prepared by sequential dilution of a stock
standard solution (10 mg L−1, SCP33MS, SCP Science, Quebec, Canada). Mercury calibra-
tion solutions (1 to 100 µg L−1 in 5% inversed aqua regia) were prepared by sequential
dilution of a monoelementar reference solution (1000 mg L−1, Merck). Citric acid (Vetec)
was dissolved in 5% HNO3 to obtain a standard 1000 mg L−1 carbon stock solution, which
was sequentially diluted to obtain the C calibration solutions (10 to 500 mg L−1). Yttrium
was used as internal standard for C determination. For this, a Y monoelementar reference
solution (1000 mg L−1 in 2% HNO3, Spex, Metuchen, USA) was added to both digests and
calibration solutions (final concentration of 1 mg L−1). The titrant used for determination
of residual acidity of the digests was prepared by dissolution of KOH (Merck) in water to
obtain a 0.1 mol L−1 solution, which was standardized using potassium hydrogen phthalate
(C8H5KO4, Merck).

Six types of continuous use oral drugs applied for the treatment of type 2 diabetes
were purchased in local drugstores. The composition of samples is presented in Table 2.
Samples were obtained as tablets and no previous comminution was performed prior to
digestion. For this, one or more tablets from each type of sample were used in order to reach
a sample mass of approximately 500 mg (ranging from 420 to 600 mg). The relative API
content of the samples was calculated as the ratio between mean tablet mass and API dose
multiplied by 100. Metformin hydrochloride (MET) and canagliflozin (CANA) samples
were arbitrarily chosen for the optimization of the MAWD and MAWD-UV methods. It is
important to notice that, apart from MET, all of the APIs contain aromatic groups (Figure S1,
Supplementary Materials). Additionally, some of the rings are bonded to deactivating
groups such as –COOH (repaglinide, REPA), –Cl (glibenclamide, GLIB) and –F (CANA and
sitagliptin phosphate, SITA), which confer stability to the molecule, potentially making it
more resistant to the digestion procedure.

Table 2. Composition of the drugs used in this study.

Sample ID API API Dose
(mg)

Mean Tablet
Mass (mg) N * Pharmaceutical

Class Excipients

MET Metformin
hydrochlorate 500 600 1 Biguanide

Cornstarch, copolymer of
poly(vinyl alcohol) and
macrogol, SiO2, povidone,
magnesium stearate, sodium
starch glycolate, macrogol

GLIB Glibenclamide 5 125 4 Sulfonylurea
Lactose monohydrate, povidone,
crospovidone, magnesium
stearate

SITA Sitagliptin
phosphate 50 210 2 DPP-4 inhibitor

Microcrystalline cellulose,
CaHPO4, croscarmellose
sodium, sodium starch glycolate,
magnesium stearate, sodium
stearyl fumarate, poly(vinyl
alcohol), macrogol, talc, TiO2,
Fe2O3, FeO
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Table 2. Cont.

Sample ID API API Dose
(mg)

Mean Tablet
Mass (mg) N * Pharmaceutical

Class Excipients

PIO Pioglitazone
hydrochloride 45 180 3 Thiazolidinedione

Lactose monohydrate,
croscarmellose sodium, sodium
starch glycolate, hyprolosis,
magnesium stearate, H2O

CANA Canagliflozin 100 210 2 SGLT2 inhibitor

Microcrystalline cellulose,
anhydrous lactose,
croscarmellose sodium,
hyprolosis, magnesium stearate,
poly(vinyl alcohol), TiO2,
macrogol, talc, FeO

REPA Repaglinide 2 100 5 Meglitinide

Microcrystalline cellulose,
CaPO4·2H2O, CaCO3,
cornstarch, povidone,
crospovidone, sodium lauryl
sulfate, magnesium stearate,
Fe2O3

DPP-4: Dipeptidyl peptidase-4 enzyme; SGLT2: sodium-glucose-2 co-transporter, API: Active pharmaceutical
ingredient, * Number of tablets used to reach approximately 500 mg for the digestion procedures.

2.3. Sample Preparation Methods
2.3.1. MAWD Method

For the MAWD procedures, 1-to-5 sample tablets (Table 2) were inserted into the
digestion vessels, followed by the addition of 6 mL of digesting solution. Afterwards, the
vessels were closed and inserted into the rotor, which was capped and submitted to the
microwave irradiation program. After cooling, the rotor was removed from the microwave
oven and pressure inside the vessels was carefully released. Digests were transferred to
50 mL polypropylene (PP) vessels and diluted to 25 mL with water. The efficiency of
digestion was evaluated by the dissolved carbon content of the digests. Residual acidity
and recovery of the analytes were also evaluated [41].

2.3.2. Evaluation of Digesting Solution

Nitric acid in the concentrations of 1, 2, 3, 7 and 14.4 mol L−1 was evaluated as
digesting solutions. For these experiments, 1 mL of 50% H2O2 was used as auxiliary
reagent (except for the 14.4 mol L−1 HNO3 condition, for which H2O2 was not added in
order not to dilute the acid). It is important to mention that the solution volume and HNO3
concentration inside digestion vessels were not altered with the H2O2 addition, since the
added volume was taken into account for the preparation of the diluted HNO3 solutions.

2.3.3. Evaluation of the Irradiation Program

Two irradiation programs were evaluated for the MAWD method. At first, an irra-
diation program adapted from a previous work [33], named program 1, was used for the
digestion of MET samples (Table 2). This program consisted of three steps: (i) a 5 min
ramp to 1000 W, (ii) 10 min of irradiation at 1000 W and (iii) 20 min at 0 W (cooling step).
Afterwards, a longer irradiation program (program 2) was evaluated for CANA samples,
consisting of: (i) a 10 min ramp to 1000 W, (ii) 15 min of irradiation at 1000 W and (iii)
20 min at 0 W (cooling step).

2.3.4. Evaluation of Simultaneous Cooling during Irradiation

Previous studies have found that simultaneous cooling during microwave irradiation
can favor condensation inside the digestion vessels [33]. This could in turn reduce internal
pressure and enable longer irradiation times at maximum power in systems where power
is regulated by vessel temperature and pressure, such as Multiwave 3000. Additionally,
dislocating the equilibrium towards the liquid phase could favor the acid regeneration
reactions, enhancing digestion efficiency [33]. Hence, two ventilation levels were evaluated
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for MAWD procedures: an air flow of 60 m3 h−1 (FAN 1), conventionally employed in
this system, and a higher air flow, of 125 m3 h−1 (FAN 2). For this evaluation, 6 mL of a
2 mol L−1 HNO3 solution containing 1 mL of 50% H2O2 was used as digestion solution,
and irradiation program 1 was applied.

2.3.5. Evaluation of the Auxiliary Reagent

Hydrogen peroxide was evaluated as a source of O2 for the regeneration of diluted
HNO3 in MAWD procedures [31]. For this, either 1 or 2 mL of 50% H2O2 were added to
the digestion solution, which were equivalent to final concentrations of 8.3 and 16.7% in
the digestion vessel, respectively. This evaluation was carried out using 2 mol L−1 HNO3
and irradiation program 1.

2.4. MAWD-UV Method

For the MAWD-UV method, 1-to-5 sample tablets (Table 2) were inserted into the
quartz vessels containing the bottom PTFE holder for the UV lamp and the digesting
solution. Afterwards, the UV lamp, already equipped with the top PTFE holder, was placed
inside the vessels using a quartz rod. A higher digesting solution volume, of 10 mL, was
used for all MAWD-UV procedures in order to maximize contact with the lamp bulb and
enhance the UV radiation effects. After placement of the UV lamps, the vessels were closed
and fixated in the rotor, which was capped and inserted in the microwave equipment. The
irradiation program for MAWD-UV was adapted from program 2, as the manufacturer
recommends heating ramps with duration of 10 to 15 min [45]. The steps of program 2 were
maintained; however, the higher air flow, FAN 2, was used during the whole procedure.
This was performed in order to keep irradiation at maximum power for longer, due to the
intensity of the UV emission being dependent of the applied microwave power [35,41].
After the decomposition procedures, the digests were transferred to 50 mL PP vessels and
diluted to 25 mL with water.

Evaluation of MAWD-UV Experimental Parameters

The digestion conditions for MAWD-UV were evaluated taking into consideration
the conditions in which a complete digestion was not observed for MAWD using only
diluted acid. For this, MET samples were used and 1 mol L−1 HNO3 was evaluated as
digesting solution. Afterwards, the addition of 1.6 or 3.2 mL of 50% H2O2 was evaluated as
auxiliary reagent. The addition of a higher H2O2 volume was carried out to obtain the same
concentrations evaluated for MAWD (final concentration of 8.3 or 16.7% in the digestion
vessels, respectively). The most adequate condition was chosen based on dissolved carbon
and residual acidity of the digests.

A summary of all evaluated experimental conditions for both MAWD and MAWD-UV
methods is shown in Figure 1.
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Figure 1. Flowchart of the evaluated parameters for MAWD and MAWD-UV optimization.

2.5. Statistical Treatments

For statistical calculations, GraphPad InStat Software (GraphPad InStat Software Inc.,
San Diego, USA, Version 3.00, 1997) was used to carry out two-way ANOVA and Student’s
t-test analyses at a confidence level of 95%.

3. Results and Discussion
3.1. Evaluation of Digesting Solution for MAWD

The digestion of MET samples using 14.4 mol L−1 HNO3 was carried out in order to
establish reference values for dissolved carbon and residual acidity. With the 50% H2O2
volume fixed as 1 mL and using irradiation program 1, different HNO3 concentrations
were evaluated. When MET digestion was carried out using 2, 3 or 14.4 mol L−1 HNO3,
clear and transparent digests were obtained. However, digestion using 1 mol L−1 HNO3
was incomplete, resulting in a yellowish and cloudy digest with non-decomposed residual
sample. An intermediate condition using 1.5 mol L−1 HNO3 was also evaluated. However,
digestion was also incomplete when using this condition. For all procedures, the presence
of an insoluble white solid, corresponding to the SiO2 excipient of the MET sample, was
observed in digests.

As can be expected, high residual acidity (55 ± 2%) and low dissolved carbon content
(<25 mg L−1) were observed when 14.4 mol L−1 HNO3 was used. This is due to the
excess of HNO3 in the oxidation reaction. A high residual acidity was also observed when
3 mol L−1 was used (36 ± 1%), due to the added H2O2, which could regenerate the acid
during the decomposition. It is important to mention that, even though residual acidity
was high for this condition, in this case this is not detrimental to the detection technique,
since the initial HNO3 concentration was already low (final concentration around 7.8%).
Rather, it indicated the success in regenerating the acid by the reaction of H2O2 with the
NO generated during digestion [30]. Additionally, the dissolved carbon content for this
condition was also low, 56.0 ± 13.2 mg L−1. When 2 mol L−1 HNO3 was used, a higher
dissolved carbon content (2000 ± 130 mg L−1) was observed. The residual acidity was
12 ± 2% for this condition, indicating a higher H2O2 consumption as well. The carbon
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concentration obtained for this condition is in accordance with the values reported in the
literature for the decomposition of metformin using 2 mol L−1 HNO3 and the more extreme
temperature and pressure conditions of MAWD with single reaction cell (MAWD-SRC) [28].

In a previous study [26], it was observed that up to 8 g L−1 of dissolved carbon could
be present in solutions without major influences in element determination by ICP-OES. This
information agrees to that observed for standard addition experiments in the evaluated
conditions. Recoveries between 95 and 108% were observed for all analytes, even for the
condition with higher dissolved carbon. As the carbon concentration and residual acidity
did not impair the analysis, and analyte recoveries were quantitative, the condition in
which 2 mol L−1 HNO3 was used was selected for the decomposition of the other samples.
The residual acidity and dissolved carbon content of the digests can be observed in Figure 2.
It is important to mention that particulate matter, identified as the inorganic fraction of the
samples (Table 2), not decomposed by MAWD, was present in digests from CANA, MET,
REPA and SITA samples.

Figure 2. Dissolved carbon content (bars) and residual acidity (line) of digests after MAWD digestion.
Decomposition of approximately 500 mg of oral drug samples was performed using 2 mol L−1

HNO3 as digesting solution, 1 mL of 50% H2O2 as auxiliary reagent and irradiation program 1. Bars
represent mean values with their respective standard deviation (n = 3). Lighter colored bar represents
incomplete digestion.

As can be seen in Figure 2, the use of 2 mol L−1 HNO3 was adequate for all samples,
apart from CANA, for which the digests presented a strong yellowish color and non-
decomposed residue. Samples GLIB, REPA and SITA, which had lower relative API content
(4, 2 and 19%, respectively), presented the lowest carbon contents and highest residual
acidities. For the PIO sample, although its relative API content is similar to SITA (23%),
the observed carbon concentration was considerably higher. This was most probably due
to the absence of inorganic excipients in PIO, while SITA presented CaHPO4, talc, TiO2,
Fe2O3 and FeO in its composition. Hence, the original carbon content of PIO was higher.

As MET and CANA present the highest relative API content (65 and 48%, respectively)
in the tablets, it is understandable that carbon content in the digests of these samples was
also higher. It is important to mention as well that the molecular structure canagliflozin is
much more stable and complex than metformin, due to the aromatic rings and deactivation
effect of F, hence being less susceptible to acid attack [46,47]. In this sense, additional
parameters were evaluated for the digestion of CANA samples.
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3.2. Evaluation of the Irradiation Program

For the decomposition of CANA samples, the irradiation program 2, which consisted
of a longer ramp and permanence in the set power, was evaluated. With this program, a
more gradual increase in internal pressure was expected, allowing for continuous irradi-
ation during the ramp, as well as longer permanence in high temperature and pressure.
As CANA decomposition was incomplete using 2 mol L−1 HNO3, concentrated HNO3
(14.4 mol L−1) was used for this evaluation, and H2O2 was not added. For both programs
1 and 2, residual acidity was higher than 75%, indicating an excess of acid. However, there
was a reduction of 1.5 times in carbon content, from 3310 ± 160 mg L−1 for program 1 to
2230 ± 270 mg L−1 for program 2. This indicates a higher digestion efficiency when the
sample was subjected to microwave irradiation for a longer period. Hence, irradiation
program 2 was selected for further evaluations.

3.3. Evaluation of Simultaneous Cooling during Irradiation

The use of simultaneous cooling (FAN 2) was evaluated for both CANA and MET
samples. For CANA, the experiment was performed using 14.4 mol L−1 HNO3 and
irradiation program 2, while for MET, 2 mol L−1 HNO3, 1 mL of 50% H2O2 and irradiation
program 1 were used. When comparing conditions using FAN 1 to those using FAN 2, a
higher residual acidity was observed for both CANA (from 80 ± 3% for FAN1 to 85 ± 1%
for FAN 2) and MET samples (from 12 ± 2% for FAN 1 to 15 ± 1% for FAN 2). However,
this increase was not significant. These results are in agreement with the hypothesis that
simultaneous cooling favors acid regeneration [33]. However, no significant differences
were observed in dissolved carbon content of the digests of both CANA (Student’s t-test,
p = 0.232) and MET (Student’s t-test, p = 0.984), indicating that simultaneous cooling did
not enhance digestion efficiency, despite the higher residual acidity. Hence, FAN 1 was
selected for further evaluations.

3.4. Evaluation of Diluted Acid and Auxiliary Reagent for CANA Decomposition

In order to avoid the high acidity and the need for sample dilution associated to
the use of concentrated acid, the use of diluted HNO3 in the concentrations of 3, 7 and
10 mol L−1 was evaluated for CANA using irradiation program 2 and 2 mL of 50% H2O2.
Dissolved carbon and residual acidity results for this evaluation are informed in Figure 3A.

As can be seen in Figure 3A, digestion efficiency was not impaired by the use of diluted
HNO3. In fact, the opposite was observed, as there was a significant reduction (Student’s t
test, p = 0.0075) in carbon content when diluted HNO3 was used in combination with 2 mL
of 50% H2O2 in comparison to the digestion using concentrated acid. This can be due to
both the acid regeneration and the oxidative action of the H2O2. No significant difference
was observed among the conditions using diluted acid, for both dissolved carbon content
(ANOVA, p = 0.255) and residual acidity (ANOVA, p = 0.195). Hence, 3 mol L−1 HNO3 was
selected for further optimizations.

As residual acidity was high for the chosen condition (almost 90%), the condition
using 1 mL of 50% H2O2 was also evaluated for CANA, as there was probably an excess
of reagent in the system. For this evaluation, 3 mol L−1 HNO3 and irradiation program 2
were used. Dissolved carbon content and residual acidity for this evaluation are presented
in Figure 3B.

With the reduction in H2O2 volume, a residual acidity lower than 50% was achieved,
indicating the higher consumption of the oxygen for acid regeneration. Additionally, the
lower H2O2 volume did not affect the digestion efficiency in a significant way. For this
reason, the condition using 3 mol L−1 HNO3, 1 mL of 50% H2O2 and irradiation program 2
was considered adequate for the digestion of CANA samples. It is important to mention
that, when the same conditions were applied using irradiation program 1, incomplete
digestion of the sample was observed. Hence, the use of a longer program was of high
relevance for the digestion of CANA. For the other samples, the condition using 2 mol L−1
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HNO3, 1 mL of 50% H2O2 and irradiation program 1 was considered the most adequate, as
there was less reagent consumption and sample preparation time was lower.

Figure 3. Dissolved carbon content (bars) and residual acidity (line) of digests after decomposition
of approximately 500 mg of CANA by MAWD applying (A) different HNO3 concentrations as
digesting solution, using 2 mL of 50% H2O2 as auxiliary reagent and irradiation program 2; and
(B) different H2O2 volumes, using 3 mol L−1 HNO3 and irradiation program 2. Blue bars represent
mean values with their respective standard deviation (n = 3). Gray colored bar represents digestion
using concentrated acid and no auxiliary reagent.

3.5. Concentration of Major Elements in the Samples

According to previous works [24–26], the presence of easily ionized elements, such as
Na, K, Ca and Mg, in concentrations higher than 1 g L−1 could cause a decrease in plasma
energy, affecting analyte ionization. This was observed particularly for Pb (220 nm), Co
(230 nm) and Ni (231 nm) when 10 g L−1 of Na and Ca were added to standard solutions.

In this sense, after the most adequate conditions for MAWD digestion were se-
lected, characterization of the digests regarding major element composition was performed
(Table 3). It is important to mention that determination by ICP-OES could be performed
without previous dilution, since residual acidity was low and insoluble solids were de-
posited at the bottom of the PP vessels.

Table 3. Major element concentration in samples after digestion using the optimized MAWD condi-
tions (values are expressed in µg g−1, mean ± standard deviation, n = 3).

Sample
Element

Ca Fe K Mg Na

CANA a 27.7 ± 2.0 142 ± 1 26.1 ± 1.0 574 ± 2 2964 ± 24
GLIB b 96.2 ± 3.3 3.95 ± 0.90 84.0 ± 2.2 304 ± 6 <83.9
MET b 20.5 ± 0.8 2.25 ± 0.29 10.1 ± 1.0 1376 ± 40 1856 ± 140
PIO b 17.8 ± 0.8 3.50 ± 0.29 59.1 ± 0.8 191 ± 13 5129 ± 267

REPA b <10.8 101 ± 4 83.4 ± 0.8 1407 ± 82 4865 ± 113
SITA b <10.8 242 ± 5 27.9 ± 1.4 1139 ± 75 3012 ± 35

a: MAWD: 500 mg of sample, 3 mol L−1 HNO3, 1 mL of 50% H2O2 and irradiation program 2. b: MAWD: 500 mg
of sample, 2 mol L−1 HNO3, 1 mL of 50% H2O2 and irradiation program 1.

As can be seen in Table 3, when using the optimized conditions for MAWD with
diluted HNO3 and H2O2, the sum of easily ionized element concentrations was lower than
150 mg L−1 for all samples analyzed in this study. As this concentration is much lower than
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what is reported to be problematic in the literature, there was no need to perform further
experiments in regard to interferences caused by these elements.

3.6. Evaluation of MAWD-UV

The MAWD-UV method was first evaluated for the digestion of MET samples using
1 mol L−1 HNO3 (for which the MAWD method was unsuccessful). For this procedure,
1.6 mL of 50% H2O2, 10 mL of digesting solution and irradiation program 2 with simulta-
neous cooling were used. It is important to mention that MAWD was also performed using
10 mL of digesting solution and irradiation program 2 with simultaneous cooling, in order
to check the influence of solution volume in digestion efficiency. However, results showed
no statistical difference compared to MAWD using 6 mL of digesting solution (Student’s
t-test, p = 0.2435) and irradiation program 1.

With MAWD-UV, the digestion of MET samples was achieved, confirming that the use
of UV radiation during the heating step enhances digestion efficiency. When comparing
the addition of different volumes of 50% H2O2, no significant difference was observed in
the dissolved carbon content of the digests (Student’s t-test, p = 0.058). Hence, the digestion
by MAWD-UV using 1.6 mL of 50% H2O2 and 1 mol L−1 HNO3 was considered suitable
and was applied for the remaining samples. Dissolved carbon content and residual acidity
of the digests using the optimized conditions are expressed in Figure 4.

Figure 4. Dissolved carbon content (bars) and residual acidity (line) of sample digests after MAWD-
UV decomposition. Sample mass of approximately 500 mg of oral drug samples, 1 mol L−1 HNO3

as digesting solution, 1.6 mL of 50% H2O2 as auxiliary reagent and irradiation program 2 with
simultaneous cooling. Bars represent mean values with their respective standard deviation (n = 3).

It is possible to observe in Figure 4 that the use of the MAWD-UV method was
successful in digesting all samples using 1 mol L−1 HNO3, resulting in a relatively low
carbon content. It is worthy of mention that digestion was efficient even for CANA
samples, which could only be decomposed using 3 mol L−1 HNO3 when applying the
MAWD method. Thus, MAWD-UV could be considered as a promising alternative to
decompose more complex oral drugs.

3.7. Analytical Figures of Merit of the Proposed Methods

Standard addition experiments were performed during the development of the pro-
posed methods, in order to evaluate the accuracy. The specified permitted daily dose (PDE)
of each analyte was used to define the concentration of the standard solution, and the oral
drug with the higher daily dose (2.5 g day−1, MET) was selected for the calculation of the
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PDE in concentration [1]. The calculation of the stock solution concentration and added
volume also took the sample mass (500 mg) and final digest volume (25 mL) into considera-
tion. Hence, 100 µL of the stock solution containing As (30 mg L−1), Cd (10 mg L−1), Co
(100 mg L−1), Hg (60 mg L−1), Ni (400 mg L−1), Pb (10 mg L−1) and V (200 mg L−1) was
added onto sample tablets prior to digestion procedures.

The results of standard addition experiments in optimized conditions of the proposed
MAWD and MAWD-UV methods are shown in Table S1. In brief, analyte recoveries ranged
between 90 and 110% for samples, for both digestion methods. It is important to notice
that standard additions were performed during the determination step as well to check for
matrix interferences, and eventual dilutions were in agreement with each other. Hence, it
can be inferred that the carbon content, residual acidity and major element composition in
the digests did not affect the accuracy of the method.

Additionally, the accuracy of the optimized conditions was evaluated using certi-
fied reference materials (CRMs). Due to the lack of certified materials with a chemical
composition similar to the pharmaceutical drugs used in this study, a CRM addition was
performed to the sample matrix (GLIB sample was randomly chosen for this experiment).
For this procedure, the sample tablets were ground using an agate mortar and pestle.
Then, 250 mg of sample was mixed with 250 mg of biological or botanical CRM and the
mixture was pressed as pellets in a hydraulic press with 1 ton for 1 min. The CRMs used
consisted of dogfish liver (DOLT-4, National Research Council of Canada, Canada), lobster
hepatopancreas (TORT-2, National Research Council of Canada) and an aquatic plant (BCR
60, Community Bureau of Reference, Belgium).

The results obtained for this experiment, for both MAWD and MAWD-UV, are shown
in Table 4. For MAWD, 500 mg of sample (250 mg of GLIB mixed with 250 mg of CRM),
2 mol L−1 HNO3, 1 mL of 50% H2O2 and irradiation program 1 were used, while for
MAWD-UV, 500 mg of sample (250 mg of GLIB mixed with 250 mg of CRM) 1 mol L−1

HNO3, 1.6 mL of 50% H2O2 and irradiation program 2 with simultaneous cooling were
applied.

When comparing the obtained and certified values of the CRMs, no significant dif-
ference was found, for either MAWD or MAWD-UV, for all analytes, with the exception
of V in CRM BCR 60. In this case, the obtained value was significantly lower than the
certified value (Student’s t-test, p = 0.0017 for MAWD and p = 0.0005 for MAWD-UV). It
is important to mention, however, that the V value in this CRM is not certified, with no
information regarding the associated uncertainty being available. Additionally, V values
obtained for the DOLT-4 and TORT-2 CRMs were acceptable when both methods were
applied. Hence, both the proposed MAWD and MAWD-UV methods were considered
suitable for the digestion of oral drugs used in the treatment of type 2 diabetes for the
further determination of classes 1 and 2A elemental impurities by ICP-OES. Additionally,
the RSD for the measurements was equal to or lower than 10% for all analytes.

For the calculation of LOQs, 10 consecutive measurements of digestion blanks were
carried out. The standard deviation of these measurements was multiplied by 10, and added
to the mean blank value, taking the sample mass (approximately 500 mg) and final digest
volume (25 mL) into consideration. Correlation coefficients (r) of the calibration curves
were used to express linearity, with a minimum acceptable r of 0.995 being considered. The
LOQs obtained for the proposed MAWD and MAWD-UV methods are shown in Table 5.
Both methods presented very similar LOQs and, when considering the limits established
by ICH Q3D guidelines, the obtained LOQs were at least two times lower than the PDEs
for all analytes. Hence, it was possible to carry out the determination of classes 1 and 2A
elemental impurities in the oral drug samples in order to meet the ICH Q3D guidelines
criteria.
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Table 4. Results obtained for classes 1 and 2A elemental impurities (As, Cd, Co, Hg, Ni, Pb and V)
after digestion of botanical and biological CRMs mixed with GLIB matrix by the proposed MAWD
and MAWD-UV methods (values in µg g−1, mean ± standard deviation, n = 3).

Analyte
CRM BCR 60 CRM DOLT-4 CRM TORT-2

Obtained
Value Certified Value Obtained

Value Certified Value Obtained
Value Certified Value

MAWD
As 6.87 ± 0.19 8.00 * 9.71 ± 0.53 9.66 ± 0.62 22.0 ± 0.5 21.6 ± 1.8
Cd 2.19 ± 0.02 2.20 ± 0.10 24.5 ± 0.2 24.3 ± 0.8 26.7 ± 0.3 26.7 ± 0.6
Co 3.97 ± 0.09 4.00 * <0.64 0.250 * <0.64 0.510 ± 0.090
Hg <0.77 0.340 ± 0.040 2.62 ± 0.06 2.58 ± 0.22 <0.77 0.270 ± 0.060
Ni 40.1 ± 2.1 40.0 * 0.992 ± 0.073 0.970 ± 0.110 2.53 ± 0.06 2.50 ± 0.19
Pb 63.5 ± 1.9 63.8 ± 3.2 <1.22 0.160 ± 0.023 <1.22 0.350 ± 0.130
V 4.75 ± 0.09 6.00 * 0.575 ± 0.039 0.600 * 1.66 ± 0.03 1.64 ± 0.19

MAWD-UV
As 7.08 ± 0.19 8.00 * 9.44 ± 0.57 9.66 ± 0.62 21.0 ± 0.5 21.6 ± 1.8
Cd 2.21 ± 0.03 2.20 ± 0.10 25.7 ± 0.3 24.3 ± 0.8 26.4 ± 0.4 26.7 ± 0.6
Co 3.91 ± 0.07 4.00 * <0.48 0.250 * 0.507 ± 0.014 0.510 ± 0.090
Hg <0.65 0.340 ± 0.040 2.41 ± 0.07 2.58 ± 0.22 <0.65 0.270 ± 0.060
Ni 38.7 ± 1.1 40.0 * 1.06 ± 0.06 0.970 ± 0.110 2.49 ± 0.09 2.50 ± 0.19
Pb 64.2 ± 2.5 63.8 ± 3.2 <1.09 0.160 ± 0.023 <1.09 0.350 ± 0.130
V 4.25 ± 0.07 6.00 * 0.549 ± 0.053 0.600 * 1.76 ± 0.05 1.64 ± 0.19

* Informed value.

Table 5. Limits of quantification obtained for the proposed MAWD and MAWD-UV methods (values
in µg g−1).

Analyte MAWD MAWD-UV

As 1.57 1.80
Cd 0.06 0.07
Co 0.64 0.48
Hg 0.77 0.65
Ni 0.50 0.64
Pb 1.22 1.09
V 0.10 0.18

The digestion of the samples was also performed without the addition of standard
solutions, and the concentrations of the analytes were below the LOQs of the methods.
Hence, it was verified that the final products analyzed in this study were in accordance to
the ICH Q3D guidelines, being virtually free of class 1 and 2A elemental impurities.

With the use of diluted HNO3 and H2O2 as digesting solution, it was possible to
minimize reagent consumption, as well as the risks associated with the use of concentrated
acids. Additionally, both the proposed MAWD and MAWD-UV methods were efficient in
decomposing the organic matrix of the oral drug samples, without prior comminution of
the tablets.

It is important to mention that it was not possible to digest all samples using the
mildest conditions when employing the MAWD method. In this case, it was necessary to
use a different condition for CANA samples (3 mol L−1 HNO3 and irradiation program 2).
For the MAWD-UV method, on the other hand, all samples could be efficiently digested
using milder conditions (1 mol L−1 HNO3). In fact, the MAWD-UV method was more
efficient in the digestion of samples containing a higher relative API content, especially
those containing unsaturated and aromatic functional groups. However, for simpler
matrices, both MAWD and MAWD-UV methods present good digestion efficiency, hence
MAWD could be used due to its lower cost of application.
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4. Conclusions

With the proposed MAWD and MAWD-UV methods, it was possible to efficiently
digest oral pharmaceutical drugs used in the treatment of type 2 diabetes for the further
determination of class 1 and 2A elemental impurities by ICP-OES. It should be highlighted
that diluted HNO3 and H2O2 were used as digesting solution for both methods, enabling
low blank values, and relatively low residual acidity and dissolved carbon content, es-
pecially for MAWD-UV. The MAWD-UV method enabled the digestion of up to 600 mg
of sample (Table 2), without prior comminution, using only 10 mL of 1 mol L−1 HNO3
containing 1.6 mL of 50% H2O2 as digesting solution, and a total preparation time of 55 min.
For the MAWD method, on the other hand, it was possible to digest the same amount of
sample using only 6 mL of 2 mol L−1 HNO3 containing 1.0 mL of 50% H2O2 as digesting
solution in a total preparation time of 45 min (in the case of CANA samples, 6 mL of
3 mol L−1 HNO3 containing 1.0 mL of 50% H2O2 as digesting solution and preparation
time of 55 min).

Quantitative recoveries were obtained for both methods after standard addition exper-
iments, and the experimental values found after the digestion of botanical and biological
CRMs were in agreement with certified values. Therefore, the present study enabled the
digestion of oral pharmaceutical drugs using mild conditions and relatively fast proce-
dures (< 1 h). Finally, it is important to mention that these methods were developed using
diluted reagents, reducing the risks associated with concentrated acids, as well as possible
interferences. Considering large scale applications and green chemistry principles, the
proposed methods could also help to minimize the impact of analytical procedures used in
the quality control of pharmaceutical products. This was possible by reducing reagent use
and laboratory effluent generation.

Supplementary Materials: The following Supplementary Materials can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14010422/s1: Figure S1: Molecular structure of the APIs
contained in the oral drugs used in this study: (A) canagliflozin, (B) glibenclamide, (C) metformin
hydrochlorate, (D) pioglitazone hydrochloride, (E) repaglinide, and (F) sitagliptin phosphate; Table
S1: Analyte recovery after oral drug samples digestion by MAWD and MAWD-UV using optimized
conditions (values in percentage, mean ± standard deviation, n = 3).
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