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This study aimed to develop a reliable stability-indicating method (SIM) for amoxicillin
500 mg capsules (DP-drug product). A literature review addressing amoxicillin (AMX; DS-drug
substance) forced degradation studies and the existing SIMs was conducted to verify the most
significant outcomes. Subsequently, the forced degradation of DP and DS was carried out following
the Brazilian Health Surveillance Agency (ANVISA) guidelines, including thermal degradation
(dry and wet heat), acidic and alkaline hydrolyses, hydrogen peroxide oxidation, reaction with
copper, and photodegradation. Both DS and DP were more susceptible to 0.015 M NaOH, resulting
in approximately 50% degradation. AMX DS and DP were not significantly photodegraded, but
some degradation products (PDegs) showed susceptibility to light exposure. Thermodegraded
samples showing > 10% degradation exhibited modified profiles in thermogravimetric (TG) and
differential scanning calorimetric (DSC) analyses. The X-ray powder diffraction patterns (XRPD)
of DS samples exposed to dry and wet heat displayed complete amorphization of AMX, attesting
to the occurrence of physical degradation concomitantly with chemical degradation, which can
alter the drug’s bioavailability. In contrast, the thermodegraded DP samples exhibited intact AMX
crystals interspersed with the amorphous form, perhaps partly protected by the excipient. The
validated SIM was able to detect and quantify about 80 PDegs.

Keywords: thermogravimetry, differential scanning calorimetry, X-ray powder diffraction,

method validation, stress testing

Introduction

Amoxicillin (AMX) is an aminopenicillin antibiotic used
worldwide in clinical chemotherapy that contains a highly
strained 3-lactam amide bond with pronounced susceptibility
to several nucleophiles, acidic and alkaline reagents, metal
ions, oxidizing agents, and even solvents such as water and
alcohols. Concerns about AMX stability and patient safety
prompted researchers to investigate AMX degradation
products (PDegs) and methods capable of detecting and
quantifying them, a subject that was extensively reviewed
by Deshpande et al.! and de Marco et al.* Initially,
microbiological assays were used to determine the strength
of AMX, but they had the inconvenience of not being
accurate or not being able to monitor low levels of PDegs

*e-mail: margareth.gallo@gmail.com

and impurities.®> High-performance liquid chromatography
has emerged as an efficient method to determine AMX and
its synthetic impurities, p-hydroxyphenylglycine (p-HPG;
related substance I; RS I) and 6-aminopenicillanic acid (RS
A), and hydrolysis PDegs (amoxicillin penicilloic/penilloic
acid epimers: RS D1/D2 and RS E1/E2, respectively)
in biological fluids and dosage forms.** Breakthroughs
in analytical techniques have provided the means to
improve the resolution, detection and characterization of
AMX PDegs (Table S1, Supplementary Information (SI)
section).®!® Meanwhile, several norms on stability study
and impurity control have been established by international
health surveillance agencies for both DS and DP, requiring
a comparison between these rules to harmonize the
approach with which studies of forced degradation of drugs
and development of stability-indicating methods (SIMs)
should be performed.!' Even so, countless results of AMX
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degradation studies published in the literature lack details that
allow its reproducibility or were not performed considering
all the recommended reactions, as mentioned in Table 1,
raising numerous doubts about which procedure should be
followed.

Currently, only a few pharmacopoeias, e.g., British
Pharmacopoeia' and Japanese Pharmacopoeia,?® have
methods for assaying AMX and its related substances (RS)
in capsules, but only the limit for individual impurities has
been established. In this context, our research group started
the development of a formulation for generic amoxicillin
500 mg capsules using amoxicillin trihydrate produced by
sustainable enzymatic synthesis.?!

This work describes the forced degradation study of AMX
DS and DP and the development and validation of a SIM, in
line with the guidelines of the Brazilian Health Surveillance
Agency (ANVISA), capable of detecting and quantifying
about 80 PDegs. Moreover, thermogravimetric (TG),
differential scanning calorimetric (DSC) and X-ray powder
diffraction patterns (XRPD) analyses of the degraded
samples were carried out in order to better understand the
impact of AMX degradation on drug product (DP).

Experimental
Chemical reagents

Amoxicillin trihydrate, batch No. 1611503389 (assay:
99.2% AMX; 0.06% RS A; 0.02% RS I; 0.02% RS DI;
0.09% RS D2; 0.01% RS E2; 0.17% RS J; 0.01% RS G;
0.06% unknown impurities; 0.46% total impurities), was
purchased from Aurobindo Pharma (Hyderabad, India).
Amoxicillin 500 mg capsules, batches No. 1502EX018-2
(submitted to stability study) and No. 1609EX116 (submitted
to forced degradation studies and method validation), was
manufactured by Farmanguinhos (Rio de Janeiro, Brazil).
Analytical reference standards and reagents are listed in SI
section, “Chemical reagents” sub-section.

SIM development

A Lachrom Elite high performance liquid
chromatography (HPLC) system (Merck, Darmstadt,
Germany) with a photodiode array detector was used to
develop and validate the SIM according to the data in
Table S2 (SI section).

SIM validation

The optimized HPLC method was validated according
to ANVISA guidelines.?*?® The maximum reported limit
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(MRL) for each RS from amoxicillin 500 mg capsules
was 1%, according to the British Pharmacopoeia,'® and
the Japanese Pharmacopoeia.? Statistical analyses were
performed according to Bazilio ef al.** The concentration
levels, corresponding to anhydrous AMX, used to determine
linearity in SIM and assay method ranged from the limit
of quantitation to 120% of the MRL (0.5, 1.0, 2.0, 3.0, 4.0,
5.0 and 6.0 ug mL™!) and from 80 to 120% (400, 450, 500,
550 and 600 pg mL™") working concentration, respectively.

X-ray powder diffraction analysis

XRPD patterns were obtained using a X-ray
diffractometer (model D8-Advance, Bruker, Karlsruhe,
Germany) operated at 40 kV and 40 mA, using Cu Ka
radiation (A Ko, = 1.54060 A; & Ko, = 1.54438 A). Each
sample was scanned from 3 to 50° (20) at 0.2° per second,
which is the allowable tolerance on diffraction angle to
establish identity. Crystallographic data for amoxicillin
trihydrate were found in the Cambridge Structural
Database.”

Differential scanning calorimetry and thermogravimetry

DSC graphics were recorded on a calorimeter (model
822/700 DS, Mettler Toledo, Ohio, USA) under a dynamic
nitrogen atmosphere at a flow rate of 80 mL min', scan
range of 25-200 °C, and heating rate of 10 K min™.
Samples weighing 3.0 to 7.0 mg were placed in 40-100 uLL
aluminum crucibles, which were subsequently sealed
with aluminum lids and drilled with a pin at the time
of the experiments. The equipment was calibrated with
indium and zinc (not less than 99.99%) for temperature
and enthalpy.

Simultaneous TG was performed in a TG analyzer
(model 851/LF1100, Mettler Toledo, Ohio, USA) under a
dynamic nitrogen atmosphere at a flow rate of 50 mL min!,
scan range of 25-200 °C, and heating rate of 10 °C min"'.
Samples weighing 23.5 to 25.0 mg were placed in covered
150 pL aluminum crucibles. The module was calibrated
with aluminum and indium (not less than 99.99%) for
temperature. All samples were analyzed in duplicate.

Stress testing

Amoxicillin trihydrate, amoxicillin 500 mg capsules,
and the respective placebo (magnesium stearate) were
subjected to forced degradation reactions in accordance
with ANVISA guidelines.’?” The reactions were carried
out using amounts corresponding to 1.25 mg mL"' of
anhydrous AMX in diluent 2 (0.01 M KH,PO, buffer pH 5/
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methanol 8:2 v/v) or as a thin layer of powder inside glass
flasks as follows: thermodegradation in dry hot air oven
at 105 °C for 3 h; thermodegradation in pre-saturated hot
air oven with steam at 105 °C for 3 h; photodegradation
under 1.2 million-lux hours and 200 watts h per m? at
25 °C for 17 days, in a photostability chamber in which an
actinometric chemical system validated using 2% quinine
monohydrochloride dihydrate guaranteed exposure to
light, as the difference in absorbance was > 0.5 AU; acid
hydrolysis in 0.375 M HCI at 25 °C for 30 min; alkaline
hydrolysis in 0.015 M NaOH at 25 °C for 15 min; oxidative
degradation in 1.5% H,0, at 25 °C for 30 min; reaction with
0.001 M copper(II) acetate solution in water pH 3 at 25 °C,
in the absence of light, for 30 min. Acidic and alkaline
hydrolyses were neutralized with NaOH and HCl solutions,
respectively. 0.1 M ethylenediaminetetraacetic acid (EDTA)
was used to quench Cu"-catalyzed degradation. Each
sample was diluted to approximately 0.5 mg mL"' AMX and
injected in duplicate, except for the peroxide degradation
samples, which were injected only once immediately after
the end of the time allotted for the reaction, as it was not
quenched, as well as blank (diluent) and control (reaction
medium). The chromatogram of each degraded sample (DS,
DP, and placebo) was compared with the chromatograms
of the blank, a non-degraded sample (reference) and the
control. Peaks that occurred only in degraded samples and/
or that appeared in a greater proportion than in the reference
sample were considered PDegs.

Stability studies were conducted under a long-term
condition (30 °C, 75% relative humidity, 24 months), and
samples were analyzed according to the SIM reported
herein.

Results and Discussion
SIM development

Several methods have been described in the literature
or pharmacopoeias for assaying AMX and its PDegs in
the drug substances and formulated products (Tables 1,
2 and S2). Most of these methods are based on liquid
chromatography coupled with an ultraviolet detector, using
C18 columns and gradient elution employing phosphate or
acetate buffers, pH 2-6, methanol, acetonitrile or a mixture
as mobile phases. As our laboratory was already using the
United States Pharmacopoeia method (method 1; SI section,
Table S2) to assay AMX DS impurities, it seemed practical
to continue using it for DP. However, when a system
suitability solution containing AMX and some PDegs (SI
section, “Stability-indicating method (SIM) development”
sub-section) was injected, despite the very good parameters
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observed in the chromatogram, the method proved
inadequate for the analysis of RSs because many peaks
were observed in the first 3 min, including RS I, D1, D2,
A, and AMX (Figure 1a). Therefore, any other degradation
product formed could overlap the RS peaks whose retention
times dropped in the first few minutes of running. The SIM
used by the manufacturer to assay AMX DS impurities
(method 2, Table S2, SI section) showed a very good
resolution across all peaks (Figure 1b), but a prohibited
duration of 60 min for an analytic method used in process
control. Method 3 was based on method 2, but lasted 20 min
less (Table S2, ST section). However, the high concentration
of buffer damaged the column after 90 injections,
preventing validation from being completed. Method 4,
using ammonium acetate buffer, was very effective and
could be validated as a liquid chromatography-mass
spectrometry method (Table S2, SI section), but was not
robust when transferred to the production area laboratory,
exhibiting baseline oscillation for each gradient change,
especially around the RS J retention time. This problem
could be solved by increasing the buffer concentration to
0.01 M and extending the run time by using 75% mobile
phase A for an additional five minutes. This alternative was
tried with phosphate buffer instead of acetate buffer, giving
method 5 (Figure 1c; Table S2, SI section), which exhibited
good baseline stability using a lower buffer concentration
and had a 15 min shorter run time than method 2. The
monitoring wavelength was 210 nm, based on the maximum
absorptions exhibited by the components of the system
suitability solution 1 (SI section, “Stability-indicating
method (SIM) development” sub-section). Degradation
reactions were analyzed using method 5, and no PDegs
were detected at retention times > 35 min, therefore the
method duration was reduced to 40 min and the validated
SIM (method 5 optimized) was described in Table 2.

Forced degradation profile

When the results of AMX forced degradation were
collected from the literature and analyzed, they seemed
somewhat controversial regarding the percentage of
degradation and the products yielded. Knowing the
influence of some reagents and solvents on AMX and its
related substances,”?' we decided to test some diluents
during the degradation study. First, AMX was dissolved
in 0.05 M KH,PO, buffer pH 5 (named Dill), following
the manufacturer’s and the US Pharmacopeia methods
(methods 1 and 2, respectively, Table S2, SI section).!>%?
The degradation reactions were carried out under various
conditions to achieve degradation rates between 10 and
30%, as suggested by the regulatory agency?’ (Table 3,
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Table 2. Assay and stability-indicating method developed and validated for AMX 500 mg capsules
Gradient
Method Mobile phase Mobile Column Flow. /,1 v/ CO/?utoS /" Detector / Sample solution ~ Requirements
time / min phase A / (mL min") pL C nm
%o
0.5 mgmL' AMX . . .
. . injector washing
in mobile phase solution: 1.5 mL
AMeOH 8:2 vy, 017 25
0-2 99.5 ACE C8 ultrasound for 11 iy resolzution
6 98 150 x 4.6 mm, 20 min with ice to ’
A:001M 14 96 5 um particle keep temperature of each peak
Method 5 = KFLPO, pH3.0 = 88  size, 100A pore 1.0 10 404 210 below30°c LT LAMX
optimized B: MeCN/MeOH . - . theoretical plates
96:4 v/v 26 86 size, 300 m* g (AMX is stable NLT 6000. AMX
’ 35 75 superficial area, for 8 h at 25 °C, asvm e’t )
351440 995 9% carbon load for72hat4°C; | ;yl (;“ Aﬁ‘x
RS L, DI, and P .peal; ];urity
for 4 h at both NLT 0.99
temperatures)
Pharmacopoeial stability-indicating methods for AMX capsules
resolution between
A:0.05M 0-AMX t 9”0 Hypersil C18 1.5 mg mL' AMX internal standard
KH,PO, pH 5/ 25 R 250 x 4.6 mm, in mobile phase A, (cefadroxil) and
British"’ MeCN 99:1 v/v 40 0 5 um, 120 A, 1 50 rt 254 shake for 15 min, AMXNLT 2,
B: buffer/MeCN 10% carbon ultrasound for individual
40.1-55 92 . . .
80:20 v/v load 1 min impurities
NMT 1%
AMX theoretical
0.01 M adjusted 20mg mL! AMX sgéat:; rﬂgﬁy
CH,CO,Na pH . . C18 300 x for in 0.08 mM boric ?
20 -
Japanese™ ) §/\eOH 955 TUmUme32min o o 10pm AMXg 0 P 2% 4cid, shake for  12ctor NMT LS,
. . . . individual
viv in 8 min 15 min, centrifuge . ..
impurities
NMT 1%
The most relevant stability-indicating method reported in literature for AMX capsules
2 Spherisorb 1.0 mg mL"!
0-5 100 C18 columns AMX in water,
A:0.05M 25 60 connected ultrasound for  t; of RS D1/D2,
KH,PO, pH 5.9 in series: 30 min with ice to I and A between
5 2 4
Fong et al. B: MeOH/MeCN :;(5) 16(? 0 150 x 4.6 mm, 30 it 220 keep temperature 1-12 min,
3:1viv 50 100 5um, 80 A, below 30 °C RSD NMT 15%
11.5% carbon (stable for 3 h at
load room temperature)

IV: injection volume; CO: column oven temperature; AutoS: autosampler temperature; MeOH: methanol; MeCN: acetonitrile; AMX: amoxicillin; tg:
retention time; RS: related substance; rt: room temperature; NLT: not less than; NMT: no more than; RSD: relative standard deviation.

degradation reaction in Dill). It took approximately 1 h
for AMX to completely dissolve. Related substance J was
produced as a diluent artifact in a range of up to 6.0%
in the reference solutions of AMX DS and DP, which
was far beyond the MRL and the 0.17% determined by
the manufacturer in the AMX DS, perhaps due to the
increase in temperature in the ultrasound bath. Next, we
tested solutions containing 10, 20 and 30% methanol in
0.01 M KH,PO, buffer pH 5, controlling the temperature
of the ultrasound bath through the occasional addition of
ice to keep it below 30 °C. The results were comparable
to those reported by Felix et al.,® and the dissolution

time decreased with increasing alcohol concentration.
The greater the concentration of methanol, the greater
the formation of amoxicilloic acid methyl ester (RS P),
however, in a percentage range well below that observed
for RS J using only buffer as the diluent. In the reference
solutions prepared with buffer containing 20% methanol
(named Dil2), the percentage area of RS P ranged from
0.13 to 0.25%, while RS J ranged from 0.25 to 0.33%.
For this reason, the degradation reactions were carried out
again using Dil2 under optimized conditions to obtain the
desired degradation range (Table 3, degradation reaction
in Dil2). All degraded samples showed percentage area for
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Figure 1. Chromatograms of the system suitability solution obtained using method 1 (a), method 2 (b), and method 5 (c). The system suitability solution
contained the related substances I, D1, D2, A, G, El1, E2, C, F, J, P and amoxicillin (AMX).

RS P similar to the reference solutions, ranging from 0.05
to 0.25%, except for samples degraded by copper(Il), acid
or alkali, which showed an average of 0.7, 4.3 and 35%,
respectively. The formation of RS J was observed in large
proportion in the dry and wet thermodegraded samples
(mean of 2.5 and 10%, respectively), as expected, and
much less in the copper catalyzed hydrolysis (1%). All
other degraded samples showed percentage areas (0.04
to 0.19%) similar to the reference solutions. Considering
all the pros and cons, 20% methanol in phosphate buffer
pH 5 was chosen as the best diluent as it reduced the AMX
dissolution time for approximately 20 min. In addition, the
origin of RS P could be explained as coming exclusively
from the diluent, while if there was an increase in the
RS J, its origin could not be distinguished between diluent
artifact or thermal degradation product, with a false increase
in impurity that could disqualify the entire batch. About

80 PDegs were determined (Table S6, SI section) and
mass balance was achieved (98.3-100.0%) throughout the
forced degradation study. Thermal degradation reactions
displayed the release of a characteristic sulfur smell, which
corroborates the carbonyl sulfide formation observed by
Galico et al.,** using thermogravimetry coupled to Fourier
transform infrared spectroscopy.

The placebo did not degrade under any of the conditions
tested. AMX DS and DP showed similar degradation
profiles (Figures 2 and 3), forming the largest number of
PDegs during dry and wet thermal degradation (Table S6,
SI section). However, the profiles obtained in the hydrolysis
reactions were more dependent on the diluent used than on
the concentration of the reagents or the method used. In
Dill, copper(Il), alkali or acid catalyzed hydrolysis yielded
RS D2 as the main degradation product, and in Dil2 it
formed RS P, C and D2 (Figure 2).
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Table 3. Results of the forced degradation study of amoxicillin drug
substance and drug product

Degraded Degraded

Degradation reaction (in diluent 1) DS/ % DP/ %

AH 0.55 M HCI, 20 min, rt 22.6 16.4
BH 1.5 M NaOH, 15 min, rt 99.5 99.3
BH 0.15 M NaOH, 30 s, rt 31.6 26.5
Ox 15% H,0,, 20 min, 60 °C 98.5 NC
Ox 15% H,0,, 20 min, rt 65.7 NC
Ox 1% H,0,, 10 min, rt 7.2 NC
Ox. 1% H,0,, 30 min, rt 15.8 15.4
DT 60°C,5h 0.0 NP
DT 105 °C, 15h 45.8 25.3
DT 105°C, 1 h 8.7 9.4
WT 105 °C,4.5h 36.0 34.7
COP 6 mM Cu(OAc),, 25 min, rt, buffer pH 7 87.2 NP
COP 6 mM Cu(OAc),, 2 min, rt, buffer pH 7 35.2 NP
COP 1 mM Cu(OAc),, 15 min, rt, buffer pH 7 16.3 13.5
Degradation reaction (in diluent 2)

AH 0.375 M HCI, 30 min, rt 15.8 14.1
BH 0.015 M NaOH, 15 min, rt 51.2 47.9
Ox 1% H,0,,30 min, rt 12.1 12.6
DT 105 °C,3 h 10.9 8.7
WT 105°C,3 h 27.8 22.3
PhD 1.2 million lux h, 200 watts h m?, 25 °C, DS: 2.6 DP: 3.8
17 days CAL: 0.8 CAL: 1.6
COP 1 mM Cu(OAc),, 30 min, rt, buffer pH 7 21.7 21.9

DS: amoxicillin trihydrate (AMX), drug substance; DP: amoxicillin
500 mg capsule, drug product; AH: acidic hydrolysis; BH: alkaline
hydrolysis; Ox: hydrogen peroxide oxidation; DT: dry thermodegradation;
WT: wet thermodegradation; PhD: photodegradation; COP: reaction with
copper(Il) acetate; rt: room temperature; CAL: control for absence of
light; NP: not performed; Cu(OAc),: copper II acetate. Diluent 1: 0.05 M
phosphate buffer pH 5. Diluent 2: 20% methanol in 0.01 M phosphate
buffer pH 5 v/v. The AH, BH, Ox and COP reactions were carried out in
amber flasks to avoid the influence of light. CAL was carried out in Petri
plates wrapped in aluminum foil.

AMX DS, DP and placebo samples exposed to dry and
wet heat and photodegradation were subjected to TG, DSC
and XRPD analyses in order to investigate whether the
extent of degradation was only chemical, or if there were
any physical changes in AMX DS and DP. The DSC and
TG curves of the reference DS agreed with those obtained
by Gélico et al.** The DSC profile of the reference DP was
comparable to that of the reference DS and exhibited an
endothermic event between 90 and 150 °C related to the
dehydration of the molecule and, soon after, an exothermic
event related to the degradation of AMX (Figure S3c, red
and orange curves). The TG curve of the reference DP
(Figure S4c, red and orange curves) showed a characteristic
mass loss of 12.9% between 30 and 150 °C associated with
dehydration of the molecule. The photodegraded samples
showed no difference in the DSC and TG curves or in the
XRPD patterns. However, the DS and DP thermodegraded
samples showed profound changes in both curves (Figures S3
and S4, SI section), corroborating a total transformation of
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the DS crystal structure, resulting in the amorphization of DS,
as revealed by the XRPD patterns (Figure S5b, SI section).
Some authors argue that the amorphization of AMX occurs
due to dehydration,* while others claim that dehydrated
AMX retains some crystallinity and reverts to trihydrate form
upon absorbing water vapor,?® which could explain why the
amorphous degraded DS samples lost a proportion of water
similar to the reference samples (Figure S4, SI section). In
contrast, the dry thermodegraded DP samples exhibited
intact amoxicillin crystals interspersed with the amorphous
form, perhaps partly protected by the excipient (Figure S5c,
SI section, orange and green curves).

SIM and assay method validation

Carmo et al.*® reported the most common reasons for
ANVISA to refuse licensing of DP, and many of them
were linked to the development and validation of analytical
methods. Due to this, all validation steps were followed
according to ANVISA guidelines,?? considering linearity,
range, selectivity, accuracy, precision, limit of quantitation
(LOQ), limit of detection (LOD), and robustness.

System suitability

During the development of the method, the resolution
between RSs A, D1/D2 and AMX, as well as between RSs
C and P, proved to be a critical point to indicate the good
performance of the column and of the system in general.
Furthermore, the use of methanol in the mobile phase and
in the diluent may favor the appearance of RS P, a fact
that must be verified when reporting RSs. Therefore, the
system suitability (SS) should always be evaluated with
the SS solution 2 and the SS solution 3 and/or 4 (“System
suitability” sub-section, Figure S1, SI section), depending
on whether the assay method or the SIM was applied,
respectively, before the injection of the DP sample.

Selectivity and specificity

The maximum peak purity value (1.0) obtained for
AMX and its various PDegs via photodiode array in all
degradation reactions proved that the method was able
to resolve the PDegs and AMX very well (Table S6, SI
section). In addition, no peak overlap was observed in the
diluent or placebo chromatograms on AMX retention time.

Linearity and range

Calibration curves were constructed by plotting the peak
area against the concentration. Data were analyzed using
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Figure 3. Chromatograms of the drug product (DP) forced degradation study using diluent 2 obtained by method 5 ((a) reference DP; (b) acidic hydrolysis;
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least squares linear regression. The values obtained for the
coefficient of determination (R?) in both curves (Figure 4)
and the results of the statistical analyses (Table S3,
SIsection) showed a strong linear relationship between the
variables x (concentration) and y (area) and homogeneity of
variance of experimental errors for different observations.

Limit of detection and limit of quantitation

Initially, the LOD and LOQ were determined based on
the intercept and slope values of the SIM curve as 0.139
and 0.417 ug mL, respectively.?* Solutions with different
concentrations were prepared and injected to obtain the
empirical values (SI section, “Determination of limit of
detection (LOD) and limit of quantitation (LOQ)” sub-
section) determined as 0.1 pg mL"! (coefficient of variation
(CV) =2.5%) for LOD, and 0.3 ug mL"' (CV =2.7%) and
accuracy of 100.4% for LOQ.

Determination of relative response factor (RRF) and relative
retention time (Rtg)

RRF of AMX related substances A (0.525), G (0.336),
C (0.1246) and F (1.461) were determined as described
in the SI section (“Determination of relative response
factor (RRF) of related substances” sub-section), and
the RRF of any other related substances was considered
equal to one. Rty was calculated as the ratio between the
respective measurement for each RS and AMX (SI section,
“Determination of relative retention time (Rtg) of related
substances” sub-section).

Precision (intra- and inter-day) and accuracy

Both the assay method and the SIM showed satisfactory
precision and accuracy considering the analyses of the
curve performed in solvent or the negligible matrix effect
displayed (Table S4, SI section).
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Robustness

Throughout the development of the method, it became
evident that small changes in the chemical composition of
the mobile phase, pH, or flow would enormously influence
the method resolution, causing peak displacement or
overlapping due to the large number of PDegs and the
zwitterionic nature of AMX, making it difficult even
to identify the peaks through Rt;. Therefore, these
parameters must be kept constant. Only the variation in
column oven temperature (40 + 2 °C) did not significantly
affect the precision and accuracy of the method (Table S5,
SI section).

Filtering samples with nylon or regenerated cellulose
membranes with a pore size of 0.45 um did not alter the
chromatographic responses of AMX DS and DP or RSs
(ST section, “Determination of influence of filtration”
sub-section).

The solution stability study (SI section, “Determination
of stability of solutions” sub-section) revealed that AMX
DS and DP solutions in Dil2 remained stable for about 8 h at
25 °C and for 72 h at 4 °C. However, RS I, D1 and P lasted
approximately 4 h at both temperatures, with degradation
increasing over time due to hydrolysis. For this reason,
once the solutions are prepared, analysis should not last
any longer.

Challenging of the SIM

A DP sample from long-term stability study at the
six-month stage was used to challenge the SIM. The
chromatographic profile showed about 30 peaks (SI section,
Table S7 and Figure S2), which were also observed in the
45% thermodegraded DS sample (Table S6, SI section),
corroborating the importance of this research in the
prediction of PDegs and the efficiency of the method in
fulfilling the purpose for which it was developed.
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Figure 4. Calibration curves and residual plots from the assay (a, b) and from the stability-indicating method (c, d).
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Conclusions

The degradation profile showed that AMX was prone
to all reactions, but mainly to thermal degradation and
hydrolysis. For this reason, there must be deliberate control
of heat and humidity throughout the manufacturing, transport
and storage process of the AMX DS and DP. The increase in
the amount of amorphous AMX observed in thermodegraded
DP samples makes the product more susceptible to
hydrolysis,*” in addition to altering its bioavailability.

Amoxicillin DS and DP were susceptible to copper(II)
and practically non-reactive to light (Figures 3i and 3e,
respectively), but some related substances had their content
decreased during photodegradation, requiring a careful
choice of packaging, which should be light-proof and free
of transition metals.

The presence of RS D1/D2 as one of the PDegs
resulting from the reaction between AMX and copper(II)
indicates that copper plays a catalyst role in the hydrolysis
of the B-lactam ring, corroborating the results reported
by Chen et al.®® However, RS C was the PDeg formed
in the largest amount (Figure 3i), which points to a free
radical-mediated auto-oxidation of AMX, in which there
is an intramolecular attack on the B-lactam ring by the
amino group in the benzyl position, with copper acting as
an electron donor for molecular oxygen.* This hypothesis
could explain why the reaction extended for 24 h, even
with the addition of 0.1 M EDTA as a reaction quencher,
and the rate of degradation of AMX increased to 80%.
The occurrence of similar parallel mechanisms could also
explain the contradictory results found in the literature on
the degradation rates of AMX, in addition to the influence
of the diluent and the concentration of AMX in the reaction.

In a forced degradation study, the percentage degradation
range of 10-30%, suggested in the literature,* is not
always sufficient to reveal all possible PDegs that may
occur during a stability study. In the case of AMX, only a
sample of DS thermodegraded at 105 °C for 15 h (Table S6,
SI section), which presented a degradation rate of 45%,
formed suffice amount and number of PDegs whose peaks
could be superimposed on the peaks detected in the sample
submitted to the long-term stability study, highlighting the
importance of obtaining higher degradation ranges than
those recommended in reactions in which the drug is more
susceptible.

Throughout the development of the SIM, we realized
that there is no 100% optimal condition, so we chose the
least degrading one for AMX. The use of methanol in the
diluent, in addition to being cheaper and less toxic than
acetonitrile, reduced the analysis time when compared
to other methods, which represents savings in the quality

J. Braz. Chem. Soc.

control laboratory and in the final price of the product.

The validated SIM was able to selectively detect and
quantify AMX and all impurities present in a DP sample
submitted to a long-term stability study.

Supplementary Information

Supplementary information (extra sections, tables and
figures mentioned in the main text) is available free of
charge at http://jbcs.sbq.org.br as PDF file.
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