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Abstract
Amoxicillin/clavulanate

pharmaceutical

products

are

very

important

antibacterial combinations. Summarizing and focusing on the most important
environmental factors that affect the stability of amoxicillin/clavulanate
preparations and the methods and the mechanisms to protect the product
against degradative factors should be introduced, in order to provide and
illustrate

the

ideal

manufacturing

conditions

for

amoxicillin

and

amoxicillin/clavulanate pharmaceutical products as an improvement for the
production process.
This literature work summarizes the most important studies, articles, and books
handling, treating and discussing the stability and the special manufacturing
precautions of beta-lactam antibiotics generally and amoxicillin/clavulanate
Products Specially.

Key words: Beta-lactam antibiotics, Amoxicillin, Potassium clavulanate, Solid
state stability, Photolysis, Thermal degradation, Environmental factors,
Humidity, Oxidation, Structure-activity relationships, Manufacturing and
protection of amoxicillin/clavulanate.
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Zusammenfassung:
Pharmazeutische

Produkte

Amoxicillin/Clavulansäure

sind

aus

einer

sehr

wichtige

Kombination
antibakteriell

von

wirksame

Präparate. Die Zusammenfassung präsentiert die wichtigsten Umweltfaktoren,
die

einen

Einfluss

auf

die

Stablitiät

von

pharmazeutischen

Amoxicillin/Clavulansäure Präparaten haben können. Weiters Methoden und
Mechanismen, um das Produkt vor abbauenden Faktoren zu schützen, damit
die idealen Produktionsbedingungen für Amoxicillin/Clavulansäure Produkte
im Rahmen des Produktionsverbesserungsprozesses eingeführt werden können.
Diese Literatur Masterarbeit ist eine Zusammenfassung der wichtigsten
Studien,

wissenschaftlichen

Posten

und

Bücher,

die

die

speziellen

Produktionsbedingungen und Vorsichtmaßnahmen bei der Produktion von
Beta-Lactam

Antibiotika

und

Amoxicillin/Clavulansäure

Produkten

beschreiben und diskutieren.

Schlagwörter: Beta-Lactam Antibiotika, Amoxicillin, Potassium Clavulanate,
Festzustand Stabilität, Photolyse, Thermolyse, Oxidation, Feuchtigkeit,
Umweltfaktoren, SAR, Herstellung und Schutz von Amoxicillin/Clavulanate
Produkten.
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1. Introduction.
Beta-lactam antibiotics are one of the most important antibiotic classes. They
inhibit the synthesis of the bacterial cell wall by binding to penicillin binding
protein, which is an important bacterial enzyme for the synthesis of
peptidoglycan during the cross linking process of the peptide units leading to
the death of the bacterial cell showing a bactericidal effect. [1]

Figure 1: Beta-Lactam mechanism of action, inhibition of penicillin binding
protein. [2]
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Figure 2: The role of penicillin in the inhibition of the cell wall synthesis
during the bacterial cell division. [2]

Beta-lactam antibiotics are classified into penicillins, cephalosporins,
carbapenems, and monobactams. [3] Amoxicillin belongs to the penicillin class.
It is a moderate spectrum antibiotic, which is effective against susceptible non
beta-lactamase producing bacteria. [4]
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Figure 3: Different mechanisms of Beta-Lactam ring closure to produce
different Beta-Lactam antibiotic classes. [2]

Beta-lactamase enzyme is a bacterial enzyme, which can destroy the betalactam ring of the beta-lactam antibiotics leading to inactivation of the
antibacterial biological effect of the beta-lactam antibiotics. Therefore betalactamase producing bacteria are resistant to beta-lactam antibiotics. The
mechanism of releasing and the production of beta-lactamase enzyme is
considered to be the most effective bacterial resistance mechanism against
beta-lactam antibiotics among other resistance mechanisms like the alteration
of the bacterial penicillin binding protein, the inhibition of the entry of the
beta-lactam antibiotic to the bacterial cell due to mutations of the bacterial cell
wall and the transfer of the beta-lactam antibiotic outside the bacterial cell by
the aid of efflux pumps. [5]
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Figure 4: Structure of Stryptomycesalbus beta-lactamase enzyme. [2]

Figure 5: The action of bacterial Beta-Lactamase enzyme on the
Penicillin. [2]
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Clavulanic acid is a beta-lactamase enzyme inhibitor, which shows more
susceptibility to the beta-lactamase enzyme than the beta-lactam antibiotic. It
leads to an irreversible and time dependent inhibition of beta-lactamase
enzyme, which enhances and increases the efficacy, the potency and the
biological

activity

spectrum

of

amoxicillin/clavulanate

combinations compared to amoxicillin alone.

[6, 7]

antimicrobial

, According to this the

manufacturing of the finished pharmaceutical combinations of amoxicillin and
clavulanate in different dosage forms is very important from a biologically
point of view. As beta-lactam antibiotics also show high sales value about 53%
of the total antibiotic market in the world by 2010 there is also an economical
point of view. [5]
Manufacturing

of

the

finished

pharmaceutical

products

of

amoxicillin/clavulanate combinations can be done in different pharmaceutical
dosage forms such as film coated tablets, chewable tablets, powder for oral
suspension, and powder for injection.
Pharmaceutical dosage forms can be manufactured by different manufacturing
concepts like batch production, semi-batch production, semi-continuous
production, and continuous production through different manufacturing steps,
by which each single production step can be done according to one of these
manufacturing concepts. Within batch manufacturing all materials are charged
before starting the process and all are discharged together after the end of the
process such as bin blending and drying processes. Within semi-batch
production materials can be added during the process, but not discharged till
the end of the process as in coating and wet granulation processes. Continuous
and semi-continuous manufacturing are sharing the same concept of continuous
charging and discharging of materials during the process. The semi-continuous
step is limited to a specific time period such as the tablet compression step. [8, 9]
Understanding the different manufacturing concepts and designs is very
important in order to achieve high compatibility between the process design
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and the critical quality attributes of the process and the product, which include
the factors affecting the product stability.
A lot of manufacturers in pharmaceutical industry aim to convert the whole
production process from the batch concept to the continuous manufacturing
concept to achieve more economic and financial gain. At the same time the
product quality is enhanced, too. This will lead to the challenge of achieving a
successful quality by design concept (QBD) and process analytical technology
(PAT) methods, which allow and achieve rapid on-line analytical methods to
support real time release tests (RTRT) concept. [10]
Therefore understanding the factors that can affect the stability, the quality, and
the manufacturing of amoxicillin/clavulanate finished pharmaceutical products
is essential to define the suitable precautions and protective steps for these
important pharmaceutical products during batch and continuous manufacturing.

2. Pharmaceutical chemistry of beta-lactam
antibiotics. [2, 11, 12, 13, 14, 15]

Figure 6: Structure of the Beta-Lactam ring. [2]
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Figure 7: General structure of Penicillin class members. [2]
(USP numbering system)

Figure 8: General Structure of Cephalosporin class members. [2]
(USP numbering system)
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The activity of the beta-lactam antibiotics is related to the chemical reactivity
of the four membered beta lactam ring and is directly dependent on the ring
structure formed by the fusion between the beta lactam ring and the five
membered thiazolidine ring (in case of penicillins) or the six membered
dihydrothiazine ring (in case of cephalosporins), so that any factor or effect that
can lead to the opening of this four membered ring or this ring fusion structure
will abolish the activity of beta-lactam antibiotics.
The presence of sulfur on position number 4 (in case of penicillins) or on
position number 5 (in case of cephalosporins), free carboxyl group on position
number 2 in both penicillins and cephalosporins, two free methyl groups on
position number 3 (in case of penicillins), no substitutions on position number
5 (in case of penicillins) or on position number 6 (in case of cephalosporins),
carbonyl group on position number 7 (in case of penicillins) or position number
8 (in case of cephalosporins), and the presence of amide group on position
number 6 of Penicillanic acid and position number 7 of Cephalosporanic acid
are all essential for the biological antimicrobial activity of beta-lactam
antibiotics.
Potency, efficacy, and stability against acid and enzyme degradation of betalactam antibiotics are greatly affected by the side chain of beta-lactam
compounds. Small changes in the substitutions can show big effects on the
activity of these products and also on the susceptibility to be deactivated or
decomposed by beta-lactamase bacterial enzyme.
The presence of bulk groups on the side chain can protect the beta-lactam ring
against bacterial enzymes. The presence of carboxamido or sulfonamido
groups on the side chain will increase the activity of the beta-lactam antibiotic,
while the presence of benzylamino or phenylamino groups on the side chain
will decrease the activity of the beta-lactam compound.
The side chain of amoxicillin allows a wider spectrum of activity, as it
increases the activity of amoxicillin against G-ve bacteria, shows higher plasma
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levels, and increases the acid stability of amoxicillin, so that it can be orally
administered. These effects are due to the presence of polar amide group and
phenolic hydroxyl group at the para position on the side chain of amoxicillin.
Cephalosporins are considered to be less reactive than penicillins due to the
presence of the six membered dihydrothiazine ring of cephalosporins, as the
five membered thiazolidine ring of penicillins is considered to be more flexible
that the dihydrothiazine ring, so that an unsaturation between the positions
number 2 and 3, and a reactive group at position number 3 of cephalosporins
are required to increase the reactivity of cephalosporins.
Structure dependent beta-lactamase inhibitors like clavulanic acid must have a
beta-lactam ring, which will bind and react with the beta-lactamase enzyme by
forming a stable acyl intermediate compound due to the presence of an acidic
alpha Proton on position number 6. This acyl compound is stable enough to
cause irreversible inhibition of the beta-lactamase enzyme, also in case of
clavulanic acid, the presence of oxygen on position number 4 instead of sulfur
will lead to increase the susceptibility and the reactivity of clavulanic acid
against the beta-lactamase enzyme. [10, 11, 12, 13, 14, 15]
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.
Figure 9: Structure of Clavulanic acid. [4]

Figure 10: Structure of Amoxicillin. [4]
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3. Environmental factors affecting the stability of
amoxicillin/clavulanate finished dosage forms.
The antibiotic combination, amoxicillin/clavulanate combination is very
effective against numerous microorganisms and can be used for the treatment
of different types of infections like upper and lower respiratory tract infections
and urinary tract infections.
In order to ensure high biological activity of amoxicillin/clavulanate
combination, we have to ensure that the active pharmaceutical ingredients are
in the active form at the infection site and in an adequate concentration to
achieve the required therapeutic effect. Any degradation of the active
ingredients during manufacturing or storage can lead to therapeutic failure of
the antibiotic combination, as therapeutic compounds containing antibiotics
tend to be sensitive to degradative enzymes produced by microorganisms and
different environmental factors such as temperature and light. [16]

3.1. Effect of humidity.
Humidity is defined as the amount of water vapor in the air measured at a
specific temperature that will express the absolute humidity. The relation
between the absolute humidity and the maximum humidity at the same
temperature defines the relative humidity. The ratio between humidity in the air
mixture and the total air content is the specific humidity. [17]
Moisture can affect and change the physical and chemical stability of a lot of
pharmaceutical products, as water can initiate degradative chemical reactions
to the active pharmaceutical ingredients by different mechanisms such as direct
hydrolysis chemical reactions or product specific reactions. [18]
Beta-lactam antibiotics are considered as sensitive carbonyl compounds, which
show decomposition due to exposure to moisture and due to reaction with
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water in a hydrolysis process.

[19]

Also amoxicillin/clavulanate combinations

are known to be sensitive to moisture due to the nucleophilic attack of water as
a weak nucleophile, which will lead to beta-lactam ring opening and
inactivation of the combination.

[12, 16]

Beside the fact that clavulanic acid is a

hygroscopic substance, which can absorb and hold water molecules, so that it
must be stored in containers protected from air and moisture under temperature
between 2-8 °C. [20, 21]
It was also reported that the amoxicillin molecule is sensitive to humidity, as
high relative humidity will show significant increase of the rate of the
degradation of the amoxicillin. [22] Both of amoxicillin trihydrate and potassium
clavulanate show rapid degradation due to the exposure to humidity, especially
clavulanate, which shows extreme sensitivity to humidity. [23]
Another study reported that clavulanic acid undergoes rapid degradation in
different types of water such as tap water, acidified water and purified water
obtained by reverse osmosis purification mechanism while amoxicillin show
rapid degradation in acidified water. [24]
Effect of moisture on amoxicillin and clavulanic acid in solid state has been
also illustrated by different studies. It was reported that moisture affects the
stability of all penicillins in solid state. Amoxicillin trihydrate in solid state
undergoes a first order kinetic degradation reaction started upon exposure to
25% - 90% relative humidity, while amoxicillin sodium started this degradation
reaction upon exposure to relative humidity range from 50% - 90%. The rate
constant of this first order kinetic degradation reaction is directly proportional
to the relative humidity at constant temperature. [25, 26]
It was also reported that potassium clavulanate in solid state shows a
degradation of 24.17% from the original initial concentration due to a
degradative effect of humidity for 24 hours at room temperature in a neutral
hydrolysis process.

[27]

It was also proven that humidity is the major factor

influencing the degradation of potassium clavulanate in solid state, as the rate
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constant of the degradation reaction of potassium clavulanate under elevated
relative humidity environmental condition in a range of 50.9% to 76.5% and
high temperature range of 39.85 °C to 89.85 °C was about twice as in dry air
under the same high temperature conditions. [28]
Therefore protecting Amoxicillin/Clavulanate products against high moisture
and relative humidity during handling, manufacturing and storage of these
pharmaceutical products is very important to ensure high biological
antimicrobial activity to avoid any therapeutic failure due to the degradation or
the decomposition of the active pharmaceutical ingredients. , This is also
important as humidity can not only cause degradation or decomposition to the
moisture sensitive substances, but also can affect the drug release from tablets,
the hardness of the tablets and the mechanical stress of tablets. Humidity can
also prolong the disintegration time and decrease the dissolution rates due to
the agglomeration of drug particles due to high moisture content. [29]

3.2. Effect of temperature.
One of the most important factors that have an effect on the stability of
pharmaceuticals and that can affect the chemical and the physical properties of
them is temperature. The rate of the chemical reaction, including chemical
degradation reaction, greatly depends in a direct proportional relationship to the
temperature according to Arrhenius equation. Temperature can also cause
changes to the physical properties of the active pharmaceutical ingredients and
the excipients used in the pharmaceutical formulations. These changes of
physical properties can have an effect on the stability of the drug product and
the formulation. They might also influence other important parameters that
have an effect on the therapeutic activity of the dosage forms such as drug
release, dissolution rates, and physical properties of tablets. As an example to
these temperature effects it was reported that elevating the temperature from
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room temperature to 55 °C during the compression process of powder mixtures
containing furoic acid and microcrystalline cellulose into tablets, led to optical
defects the tablets like cracks. This is related to the effect of the elevated
temperature on the interaction between these two materials leading to the
formation of carbon monoxide gas, which is responsible for these optical
defects and cracks. [29, 30]
Beta-lactam antibiotics undergo degradation processes in solid state under the
effect of temperature. This can affect the stability and can lead to therapeutic
failure of the antibiotic and increase the risk of body allergic reactions to the
degradation products. [31]
It was also reported that the amoxicillin molecule is sensitive to temperature.
[22]

Clavulanic acid is described as a thermolabile substance being very

sensitive to temperature. [32, 33]
A study had been carried out to illustrate the effect of temperature on betalactam antibiotics by studying the stability and the rate of the hydrolysis of
different beta-lactam antibiotics at temperatures of 25 °C, 50 °C, and 60 °C. It
was found that the hydrolysis rate constantly increased from 2.5 to 3.9 folds for
each 10°C increase of the temperature. The recorded half-life of the betalactam antibiotics is greatly affected by temperature such as the half-life of
ampicillin of initial concentration of 5 mg L-1, which is decreased from 27 days
under the conditions of 25 °C and PH 7 to 1.2 day at 50 °C and PH 7 to 1.1 day
at 60 °C and PH 7, proving that the hydrolysis and the half-life of beta-lactam
antibiotics greatly depend on temperature.

[34]

It was also reported that a small

rise in the temperature can increase the degradation rate of the main structure
of the penicillins (6-amino penicillanic acid) by three folds. [35]
Thermal degradation of amoxicillin trihydrate in solid state was reported. The
thermal degradation reaction was a first order kinetic reaction at a temperature
of 37 °C and 50 °C, while the thermal degradation reaction was a zero order
kinetic degradation reaction at a temperature more than 50 °C, which means
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that, when the temperature was more than 50 °C, there was no increase of the
thermal degradation rate constant of amoxicillin trihydrate in solid state upon
increasing the temperature. It was also reported that this thermal degradation
reaction is accompanied with production of gas [25, 26], which can lead to optical
defects and cracks during compression process

[29, 30]

. Heating of amoxicillin

trihydrate at temperatures range from 30 °C to 250 °C led to dehydration and
mass loss. The first mass loss was detected at a temperature of 30 °C and
complete dehydration was detected at a temperature more than 250 °C. After
the complete dehydration the anhydrous form of amoxicillin will show a
degradation process due to oxidation by air, so that it is important to control the
temperature during processing and storage of amoxicillin trihydrate to avoid
any mass loss, dehydration and decomposition of amoxicillin trihydrate. [36]
Increasing the temperature will lead to increase the hydrolysis rate of
amoxicillin trihydrate in aqueous solutions at different pH values from 1 to 10.
The mechanism of the hydrolysis of amoxicillin trihydrate differs according to
the different pH values. Acid catalyzed hydrolysis and water mediated opening
of the beta-lactam ring was reported at acidic pH, while at pH from 5 to 7 the
hydrolysis was mainly an intramolecular interaction due to the attack of the
amino group on the side chain, at pH more than 8 the hydrolysis is mediated by
hydroxide ion. [37]
The thermal degradation of amoxicillin is one of the used methods to eliminate
the antibiotic traces from the environment and the food products such as cow
milks. Increasing the temperature led to the decrease of the half-life of the
amoxicillin traces in milk, as the recorded half-lives of the initial concentration
of 5000 µg/Kg were 323 minutes at 70 °C, 129 minutes at 80 °C, 81 minutes at
90 °C and 50 minutes at 100 °C. This degradation of amoxicillin is greatly
affected by the elevated temperatures, however it is not limited to the
temperature effect alone, but also the high water content of milk play an
important role in this degradation reaction. [38]
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Amoxicillin show a thermal degradation of 13.12% due to the exposure to 50
°C for 3 hours compared to the assay of non-treated amoxicillin sample of the
same concentration at room temperature, while potassium clavulanate show a
thermal degradation of 17.80% under the same conditions. [39] In another study
it was also reported that potassium clavulanate in solid state showed a thermal
degradation of 19.96% in a tablet dosage form due to the exposure to a
temperature of 60 °C for 12 hours. [27]
Temperature has a great effect on the stability of clavulanic acid, as it was
reported within a study on the stability of clavulanic acid under different
conditions including different temperatures that the stability of clavulanic acid
strongly decreased, when the temperature increased to be more than 25 °C at
the same pH values. [40]
The effect of temperature on the physical interaction between amoxicillin
trihydrate and potassium clavulanate in solid state was studied, and it was
reported that this physical interaction is affected and stimulated by elevated
temperatures (50 °C for 30 minutes). The mechanism of this interaction was
investigated and illustrated, and it was due to the interaction between the
hydrate molecules of amoxicillin trihydrate and the amino or carbonyl group of
potassium clavulanate through the formation of hydrogen bonds. This will
change the crystal form of the mixture and cause changes to the physical and
chemical properties of the mixture. [41, 42] Also this type of physical interactions
can change the biological activity and the potency of the antibiotic combination
depending on the formulation and the molar ratio between the two active
components and which component will domain and control the solid mixture
after the physical interaction. Increasing the molar ratio of clavulanate to
amoxicillin will lead to decrease the potency, as clavulanate will dominate the
new crystal form of the solid solution.

[43]

Also Increasing the ratio of

amoxicillin to clavulanate in aqueous solution will lead to the inhibition of the
activity and the role of clavulanate as beta-lactamase enzyme inhibitor due to
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the opening of the beta-lactam ring of clavulanate caused by the nucleophilic
attack of the free amino groip at the side chain of amoxicillin to the beta-lactam
ring of clavulanate.

[44]

So that the selection of an appropriate molar ratio

between amoxicillin and clavulanate in solid state and aqueous solution and
controlling the temperature are very important factors to maintain the stability
and the biological activity of amoxicillin/clavulanate combination.

3.3. Effect of light.
The prolonged exposure to light can initiate or stimulate chemical reactions,
which can change the chemical properties of the drug and lead to the
degradation of the active pharmaceutical ingredients. [45]
Photolysis or photo-degradation is one of the frequent degradative mechanisms
of the pharmaceutical products, by which drug molecules can absorb energy
from a light source till they reach the activation energy, at which the molecules
start the chemical decomposition reaction either by photolysis or photooxidation of the covalent bonds of the molecule in a reaction, by which the
formation of free radicals is involved. [19, 30]
The wavelength of the light plays an important role in the photo-degradation
reaction. In general, when the wavelength of the light is shorter the effect of the
light on the pharmaceutical products, will increase.

[30, 46]

The ability of the

compound to absorb light is also an important factor that affects the photodegradation reaction, as molecules that can show absorption of light at a
wavelength shorter than 280 nm will show photo-degradation under sunlight.
[19]

Photo-degradation can occur in different mechanisms such as direct drug
photo-degradation, by which the drug molecules absorb the light and produce
energy, which can be emitted as fluorescence or can initiate chemical
degradation reaction. There is also the indirect photo-degradation mechanism,
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by which another material or an excipient absorbs light and form reactive
radicals that can cause photo-degradation or photo-oxidation to the active
pharmaceutical ingredients. Photo-degradation can also happen through selfsensitizing photo-degradation mechanism, by which drug molecules itself can
form the reactive radicals and compounds due to light absorbance that lead to
photo-degradation of the drug molecules.

[47]

It was also reported that photo-

stability of solids is influenced by the presence of humidity, as the photodegradation is greatly increased and affected by water absorption in solid state.
[48]

It was reported that amoxicillin undergoes self-sensitizing photo-degradation
due to the formation of reactive oxygen species like singlet oxygen, which are
generated by the photolysis of the phenolic hydroxyl group at the side chain of
amoxicillin. The photo-degradation of amoxicillin in water will follow directly
self-sensitizing and indirect photo-degradation mechanisms

[49]

, while

clavulanic acid shows a degradation of 40% from the initial concentration due
to the exposure to the classic lamp light for 4 hours. The supposed mechanism
is direct photo-degradation, as clavulanic acid absorbs light leading to energy
production and temperature elevation followed by thermal degradation. [33]
Photo-degradation of amoxicillin is a common method, which is applied to
remove the antibiotic residuals from the environment in a Photo-reaction
catalyzed by different catalysts like Fe+3/H2O2 (photo-fenton reaction), TiO2, or
ZnO. These catalysts can form reactive radicals and singlet oxygens, which can
cause decomposition of the amoxicillin. Photo-degradation of amoxicillin
without the aid of catalysts was also reported, but it was much lower than the
photo-degradation in the presence of catalysts after the exposure to UV lamp of
wavelength 350 nm – 400 nm. Another factor that can affect the photodegradation of amoxicillin other than catalysts is the light wavelength, as the
absorbance spectrum of amoxicillin found to be between 200 nm – 290 nm
which means that, if a light source can provide light covering the wavelength
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between 200 nm – 290 nm would be used, this increase the rate of the photodegradation reaction of amoxicillin. The effect of the presence of catalysts and
the light wavelength on the photo-degradation of amoxicillin in aqueous
solution was reported, as the photo-degradation of amoxicillin in aqueous
solution due to the exposure to UV lamp of a wavelength of 240 nm – 400 nm
for 30 minutes was 14% without the presence of any catalysts and was 99% in
the presence of TiO2 as a catalyst under the same conditions. [50, 51, 52, 53, 54, 55]
The effect of light on potassium clavulanate in solid state was also reported, as
potassium clavulanate showed a photolytic degradation of 16.64% in a tablet
formulation due to the exposure to UV light of 254 nm wavelength for 24
hours.

[27]

It was also reported that amoxicillin and potassium clavulanate

showed a photo-degradation of 8.59% and 10.21% respectively due to the
exposure to UV light source of 254 nm wavelength for 3 hours

[39]

, so that

exposure to light, the exposure duration and the wavelength of the light have a
big effect on the stability of the pharmaceutical preparations containing
amoxicillin and clavulanic acid as active pharmaceutical ingredients.

3.4. Effect of oxidation.
Oxidation is a chemical reaction, by which a substance loses electrons and
become oxidized.

[56]

An oxidizing agent is a substance that can cause other

substances to lose electrons due to the ability to gain electrons like oxygen,
ozone, oxides, peroxides, and other oxidizing agents.

[57]

Oxidation can also be

defined as the process of oxygen addition or hydrogen removal. [19]
One of the well-known mechanisms that can cause chemical degradation to
pharmaceuticals is oxidation, in which pharmaceuticals are exposed to
environmental oxygen during handling, manufacturing and storage processes.
This degradation mechanism greatly depends on the presence of an oxidizing
agent such as oxygen and reactive oxygen species and the chemical structure of
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the pharmaceutical product. The rate of the oxidation of an active
pharmaceutical ingredient also greatly depend on the presence of oxygen, such
as photo-degradation reactions following photo-oxidation mechanisms directly
depend on the concentration of oxygen, which can be excited by light to
produce reactive singlet oxygens, which can cause photo-oxidation to the
pharmaceutical products. [30]
Changes at the penicillin five membered thiazolidine ring like penicillin
sulfoxides can greatly decrease the biological activity of penicillins.

[58]

Aerobic oxidation of beta-lactam members to the corresponding sulfoxides
under aerobic oxygen at room temperature was reported. This reaction was in
the presence of cobalt (III), acetylacetonate, and isobutyrlaldhyde, as these
materials served as catalysts and as preventative agents to prevent the recovery
of the oxidized substances. [59]
Oxidation of beta-lactam antibiotics by the aid of O3 and OH• to the
corresponding sulfoxides is a method to abolish the biological activity of betalactam antibiotics.It was also reported that (R)-sulfoxides of beta-lactam
members showed some potency, while (S)-sulfoxides were completely
inactive. [60] Also the oxidation of beta-lactam antibiotics to (R)-sulfoxides and
(S)-sulfoxides in water using ferrate (VI) oxidation method decreased the
potency of the oxidized compound to be lower than 5% of the potency of the
parent beta-lactam antibiotic. [61]
Phenols, amines, and carboxyl groups are all functional groups that are
sensitive to oxidation and can be oxidized. [19] All these chemical groups can be
found in the chemical structure of amoxicillin. [10]
The effect of oxidation on potassium clavulanate and amoxicillin was also
illustrated, as potassium clavulanate showed an oxidative degradation of
23.15% as an active pharmaceutical ingredient due to the treatment with 0.3%
V/V H2O2 at room temperature for 10 minutes [27], while amoxicillin showed an
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oxidative degradation of 5.01% upon exposure to 0.1% V/V H2O2 at room
temperature immediately. [39]
Summing up all those previous studies prove that amoxicillin/clavulanate
pharmaceutical products are affected and degraded by several environmental
factors such as humidity, temperature, light, aerobic oxygen and oxidizing
agents, however the effect of light and aerobic oxygen on solid state
amoxicillin/clavulanate

pharmaceutical

preparations

during

handling,

manufacturing and storage processes without the presence of any other
catalysts or factors and under the normal production conditions need to be
more deeply and clearly studied and examined, not only the effect of each
factor a lone, but also the effect of these both factors (light and aerobic oxygen)
together, as the risk of degradation of amoxicillin and clavulanate as active
pharmaceutical ingredients according to the summarized previous studies
increase in the presence of light and aerobic oxygen, especially if these two
factors are not been taken in consideration during the manufacturing process.
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4.

Protection

pharmaceutical

of

amoxicillin/clavulanate

products

during

handling,

processing and storage against degradative
environmental factors.
According to the previously summarized results, studies and books, it is very
clear that special precautions and steps during handling, manufacturing and
storage steps are required in order to protect the pharmaceutical preparations
containing amoxicillin and clavulanate materials as active pharmaceutical
ingredients against the environmental factors that can cause degradation to this
antimicrobial combination such as humidity, temperature, light and oxidation
process.

4.1. Protection against humidity
Within a successful validation study of amoxicillin/clavulanate powder for
injection manufacturing process it was reported that environmental factors such
as humidity and temperature during the processing of amoxicillin/clavulanate
pharmaceutical products are considered as critical process parameters. The
actual applied values of temperature and relative humidity during the filling
process within this validation study to produce stable finished product were
19.21 °C – 22.44 °C for temperature and 18.23% - 27.50% for relative
humidity. [62]
It was also recommended that the filling process of the moisture sensitive
amoxicillin sodium active pharmaceutical ingredient as powder for injection
should be done under controlled environmental conditions of relative humidity
lower than 25% and temperature not more than 27 °C. [63]
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The dry granulation method is preferred instead of the wet granulation method
to produce formulations of amoxicillin/clavulanate powder mixtures to be
compressed into tablets, as amoxicillin/clavulanate combination show high
sensitivity

to

humidity

and

temperature.

The

processing

of

amoxicillin/clavulanate preparations and mixtures should be done under
controlled environmental conditions of 15 °C – 25 °C for temperature and 20%
– 25% for relative humidity. While handling and processing of clavulanate
alone before mixing with any other materials (active pharmaceutical
ingredients or excipients) is recommended to be under very restricted humidity
control not more than 5% for relative humidity. Also continuous measurement
and tracking of the equilibrium relative humidity (ERH) of the preparations
containing amoxicillin/clavulanate active ingredients during the different
manufacturing steps for the half finished products such as mixtures, tablet
cores, and coated tablets is required and recommended. It is also recommended
that the equilibrium relative humidity of the coated tablet just before packaging
to be lower than 5%. These all recommendations are necessary to avoid
degradation and discoloration of clavulanic acid, as the processing of
amoxicillin/clavulanate mixed powder preparations at solid state under the
environmental conditions of 25 °C for temperature and 30% for relative
humidity showed discoloration and degradation of clavulanate. [64]
Excipients play an important role in the protection of moisture sensitive active
pharmaceutical products. As the use of excipients with low content of active
water (free water) is recommended to prevent the degradation of the moisture
sensitive active pharmaceutical ingredient by the free water of excipients. Also
the use of hygroscopic excipients such as colloidal silicon compounds, trimagnesium citrate, microcrystalline cellulose, and hypromellose that can bind
moisture and water molecules and show a high capacity of water binding,
which will prevent the degradation of the moisture sensitive active
pharmaceutical ingredient by decreasing the amount of the available moisture
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to interact with the moisture sensitive materials.

[65]

Therefore clavulanic acid

is commercially available as 1:1 mixture with other drying protective agents
such as Syloid (silicon dioxide) and Avicel PH 112 (microcrystalline cellulose)
to protect clavulanic acid against moisture and to enhance the safety properties
during the handling of clavulanic acid. Clavulanic acid mixture with Avicel PH
112 show better characters than the clavulanic acid mixture with Syloid. [23]
One of the reported methods to protect moisture sensitive drugs against
humidity is co-crystallization as co-crystallization of moisture sensitive active
pharmaceutical ingredient with other substances in the formulation can
decrease the unwanted solid physical changes of the active pharmaceutical
ingredient caused by moisture effect. [66]
Film coating process is considered one of the applied mechanisms to protect
tablet solid dosage forms against degradative environmental factors like
humidity. The deposition of a polymer film on the tablet by using a suitable
polymer (film former) such as hydroxypropylmethylcellulose (HPMC),
polyvinyl alcohol, poly (methacrylate – methylmethacrylate), or Shellac can
provide high protection against moisture, light and temperature. It was also
reported that Shellac, polyvinyl alcohol, and poly (methacrylate –
methylmethacrylate) showed better protection and lower water uptake than the
most widely used polymer HPMC.

[67, 68, 69]

Also the use of a mixture between

the two film formers HPMC and polyvinyl alcohol enhanced the protection
provided by the applied film coat against the humidity compared to HPMC
alone.[70]
Hygroscopicity of the used film can affect the efficiency of the applied film as
an effective barrier against moisture, as it was reported that the use of coating
film using polymer with lower hygroscopicity like (methacrylic acid – ethyl
acrylate co-polymer) will show higher protection against humidity compared to
other polymers that show some higher hygroscopicity such as polyvinyl
alcohol based film or hypromellose, Avicel and stearate based film. [71]
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Non-aqueous solvents based film coating is preferred over the aqueous based
film coating solvents for the pharmaceutical products that can undergo
moisture or thermal degradation, as due to the non-aqueous nature of these
solvents the temperature required for the drying process after the coating step
for most widely used organic solvents is lower that the drying temperature in
case of aqueous based film coating. However environmental protection and
safety against explosion must be taken in consideration in case of that nonaqueous based solvent for film coating is decided. [67]
A method was introduced to protect clavulanic acid against degradation by
humidity during the manufacturing and storage of amoxicillin/clavulanate
chewable tablets by the aid of the tablet dry coating mechanism, which is also
known as jacketed tablets mechanism, by which clavulanate is applied as a core
of the tablet surrounded by a layer of amoxicillin, hydrophobic lubricant
(stearic acid), and other excipients in a bilayer tablet form or even in triple
layer tablet form, in which the middle layer is composed of the protective
hydrophobic layer. This formulation showed a remarkable stability
enhancement for clavulanate compared to the amoxicillin/clavulanate chewable
tablet formulations already present and available in the market. As the
concentration of clavulanic acid in case of the normal marketed preparations is
decreased to be about 35% from the initial concentration due to the exposure of
the tablets to 75% relative humidity for 10 hours, while the clavulanic acid
concentration in chewable tablets formulated as triple layer tablets was 80% 75% of the same initial concentration as the marketed chewable tablets under
the same conditions of 75% relative humidity for 10 hours and it took about 20
hours under 75% relative humidity to reach a concentration of 35% clavulanic
acid from the initial concentration in the modified formulation. This stability
enhancing effect is related to the formulation of clavulanic acid as a core of a
multiple layer tablet and the centralization of the clavulanic acid core and not
due to the presence of the hydrophobic stearate substance. This is known
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because, the stability of amoxicillin/clavulanate chewable tablet as one single
layer tablet with the same components did not provide the required and the
desired protection against moisture. [23]
Micro-encapsulation of clavulanic acid and silicon dioxide 1:1 mixture as a raw
material using acetone as an organic solvent and Eudragit E as a coating
polymer during the spray drying micro-encapsulation technique increased the
stability of clavulanic acid against moisture under the environmental conditions
of 40 °C for temperature and 75% for relative humidity compared to the
reference marketed product. This stabilization technique against moisture
showed a delay to the dissolution profiles. The use of a proper plasticizer
during the micro-encapsulation process can enhance the efficiency of the
process and produce more stable clavulanate with better dissolution profiles.
[72]

Protection of solid oral dosage forms and powders for reconstitution against
moisture can be achieved by the proper selection of the primary and secondary
packaging materials. Plastic bottles made from high density or linear polyethylene and glass bottles are good barriers against moisture, also applying a
foil laminate inner sealing membrane will increase the protection against
moisture.

[29, 73, 74, 75]

It was also reported that cold form aluminum strips will

provide a very sufficient protection against degradation by humidity for
moisture sensitive pharmaceuticals, as the concentrations of a tested moisture
sensitive substance (PGE – 7762928) formulated as tablets and packaged in
different packaging materials after the exposure to the environmental
conditions of 40 °C for temperature and 75% for relative humidity for 6
months compared to the same starting initial concentration were 84% when
PVC blisters are used, 91% in case of cyclic olefic blisters, in blisters made
from aclar the concentration was 97%, high density poly-ethylene bottle with
foil inner sealing membrane achieved a concentration 99%, while in cold form
aluminum strips the concentration of the tested moisture sensitive substance

26

after these stressful conditions was 100% from the initial concentration
showing full protection against degradation under these tested environmental
conditions. [75]

4.2. Protection against temperature.
It is recommended that handling and processing of pharmaceutical products
containing amoxicillin and clavulanate as active pharmaceutical ingredients
under temperature that do not exceed 25 °C

[62, 64]

, and that the storage of

clavulanic acid as a raw material should be under temperature between 2 °C –
8 °C and must also be protected from light and moisture.

[76]

It is also

generally typically reported that an increase of 10 °C in the temperature can
lead to a 2 – 5 fold increase in the degradation rate of pharmaceuticals. [77]
The crystal type, the degree of crystallinity, and the storage conditions have a
big effect on the thermal stability of beta-lactam antibiotics in solid state
condition. Increasing the degree of crystallinity of beta-lactam antibiotics will
enhance the thermal stability of the product, as the trihydrate crystal forms such
as amoxicillin trihydrate are more thermostable than the corresponding
anhydrous amorphous forms. [78]
Increasing the pH of amoxicillin trihydrate powder to be between 4.39 – 4.97
will increase the length of amoxicillin trihydrate crystals and will improve the
thermal stability, the purity, and the quality of amoxicillin trihydrate crystals.
This increase in the powder pH is directly related to the crystallization pH
during the synthesis of amoxicillin trihydrate. [79]
The application of non-aqueous solvent based film coating process will help in
protecting thermolabile compounds against the elevated temperature during the
coating and the drying processes, as the temperature and time required to
evaporate and dry the solvent is lower than the temperature and time required
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in case of aqueous based film coating. Safety and environmental issues must be
taken in consideration in this case. [67]
Also the use of vacuum dryers and freeze dryers allow a drying process at
lower temperatures because of the decreased pressure, so that these dryers are
recommended for thermo-liable drugs. [80, 81]
Protecting amoxicillin/clavulanate products against light during handling,
processing and storage will help in protecting amoxicillin/clavulanate products
against thermal degradation, as it was reported that the elevated temperature
due to energy gained because of absorbance of light is the recommended
mechanism for the degradation of clavulanic acid in light. [33]

4.3. Protection against Light.
ICH (international conference of harmonization) guidelines recommend
carrying out photo-stability studies for the active pharmaceutical ingredients
produced. These photo-stability studies are forced degradation studies applied
to the substances in solid state, solutions, or suspensions to evaluate the degree
of the photosensitivity of the substance and the degradation mechanisms. These
ICH recommended Photo-stability studies also include confirmatory studies
beside the forced degradation studies to provide information and precautions
required for handling, processing, packaging, labeling and storage of the
photosensitive drugs.

[82]

Generally as previously reported protection against

light must be provided during the handling and storage of clavulanic acid
containing pharmaceutical products. [76]
Photo-degradation of solid pharmaceuticals due to ultraviolet or visible light
irradiations depend mainly on the penetration depth and the wavelength of
these irradiations, as it was reported that only the outer external layers of
photosensitive tablets showed photo-degradation

[48]

, so that formulating the

amoxicillin/clavulanate tablets as multiple layers tablets, by which clavulanate
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is the core part

[23]

will help in protecting clavulanic acid against photo-

degradation.
Photo-stabilization of solid pharmaceuticals can be achieved by the use of solid
particles with irregular surface, which can show more reflections to the
exposed light. Larger particle size and larger tablet size will decrease the total
surface area exposed to light and decrease the effect of light. Crystalline forms
of particles are more photo-stable and thermostable than the corresponding
amorphous forms. The use of ultraviolet absorbers, colorants and opacifiers
such as Eusdex 9020 for external use, Curcumin E100 and Riboflavin E101 for
oral dosage forms as excipients can increase the protection of photosensitive
substances against photo-degradation. Iron oxides as opacifier showed better
photo-protection than the widely used titanium dioxide especially for
substances sensitive to light of wavelength between 400 nm – 420 nm. By
applying film coating to the tablets supported with components that can reflect
light away or absorb the light by itself such as TiO2 preventing the photodegradation of the active pharmaceutical ingredients increasing the protection
against photo-degradation. The degree of Photo-protection provided by the film
coating depends on the thickness of the coat, the wavelength of the light, the
particle size of the used protective excipients, and the photosensitivity of the
drug. [48, 83]
It was also reported that soft gelatin capsules do not provide sufficient photoprotection to the photosensitive drugs. Tablets and hard gelatin capsules
showed more photo-protection compared to soft gelatin capsules. Increasing
the thickness of soft gelatin capsules and incorporating of photon absorbers to
the capsule shell will increase the photo-protection provided by soft gelatin
capsules. [48]
Protection of the drug from light during manufacturing and packaging can also
be provided by the use of light sources with wavelength longer than 500 nm
such as sodium vapor lamps and LED lamps. It was also reported that
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clavulanic acid is stable under LED lamps and sodium vapor lamps, and LED
light sources have the advantage of more convenient production environment
and more normal lighting conditions. [33, 84, 85]
Primary and secondary packaging materials play an important role in
protecting photosensitive drugs against photo-degradation by the use of
packaging materials, which can show resistance to the ultraviolet and visible
light irradiations such as brown glass bottles. Plastic packaging materials can
achieve photo-stabilization only by the use of pigments, coloring agents, and
substances that can absorb ultraviolet irradiations, as neat plastic alone can
show absorption of ultraviolet and visible light irradiations of wavelength
shorter than 280 nm. Aluminum foil packaging materials like aluminum strips,
tubes and bags show 100% protection against photo-degradation. The use of
cartons as secondary packaging materials will achieve very high photoprotection, as cartons serve as a strong barrier against ultraviolet and visible
light irradiations. [29, 86]

4.4. Protection against oxidation.
Generally active pharmaceutical ingredients should be studies, if they are
susceptible to oxidation by aerobic oxygen (Auto-oxidation) or not. This can be
tested by investigating the stability of the active pharmaceutical ingredient
under the environmental condition of 40% oxygen compared to the stability of
the same substance maintained under inert atmosphere at room temperature. [19]
Protection of pharmaceuticals that can be degraded by oxidation like penicillin
[87]

can be achieved by different techniques and mechanisms during handling,

processing and storage of these products. Protection from light and avoidance
of high temperatures are recommended to protect these oxidation sensitive
pharmaceutical products against oxidative degradation, as light will lead to
photo-oxidation of these active pharmaceutical ingredients and elevated
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temperatures will accelerate the rate of the oxidation degradation reactions.

[19,

30, 87]

Incorporation and the use of antioxidants as components of the formulation will
provide protection against oxidative degradation. Antioxidants work by
different mechanisms and they may be: A) water soluble antioxidants such as
sulfurous acid salts, ascorbic acid, and thiol derivatives, which can be oxidized
instead of the active pharmaceutical ingredients due to the high standard
oxidation potential of these antioxidants, B) water-insoluble antioxidants such
as alpha-tocopherol and propyl gallate, which act as free radicals scavengers
and prevent the interaction between the free radicals and the active
pharmaceutical ingredients, and C) metal-sequestering antioxidants, which can
prevent the process of free radicals formation. [19, 30, 87]
The use of solutions with pH lower than 3.5 (acidic in nature) will lead to
decrease the redox potential of the solution and increase the stability of the
products against oxidation

[87]

.However it was also reported that beta-lactam

antibiotics and clavulanic acid are exposed to acid catalyzed hydrolysis,
especially if the pH was lower than 3, so that this mechanism is not the
preferred mechanism to protect amoxicillin/clavulanate products and solutions
against oxidative degradation. [40, 34]
The replacement of air (aerobic oxygen) from the formulations and from the
primary packaging materials with inert gases such as nitrogen or carbon
dioxide and maintaining the product under inert atmosphere will protect the
active pharmaceutical ingredients against oxidative degradation.

[63, 87, 88]

This

mechanism is recommended for the filling of amoxicillin/clavulanate powder
preparations. [63]
Packaging materials play an important role in the protection of the products
against degradation by oxidation such as the use of amber colored glass bottles
supported with inner sealing membrane or amber colored vials with rubber
stoppers. Also the use of good sealed aluminum-aluminum strips or the use of
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packaging materials supported with antioxidant and drying materials and parts
like closure systems supported with antioxidant and silica gel. All these
techniques and mechanisms can provide protection against oxidative
degradation of pharmaceutical products. [19, 30, 87]

5. Conclusion.
Amoxicillin trihydrate and potassium clavulanate combination is one of the
most important antibiotic combinations, which have great antimicrobial
biological activity against different types of infections such as respiratory tract
infections and urinary tract infections. This antibacterial combination also
shows very high economic value.
Structure activity relationships of beta-lactam antibiotics show that minor and
small changes in the chemical structure of beta-lactam antibiotics will lead to
major and great changes in the biological activity and the stability of these
pharmaceutical products.
Stability of amoxicillin and clavulanic acid can be affected by different
environmental factors during handling, processing and storage of these
pharmaceutical products such as humidity, temperature, light and aerobic
oxygen. These factors can cause degradation to amoxicillin by different
mechanisms, which can lead to therapeutic failure.
Precautions and protective mechanisms against each of these environmental
factors should be applied during the different manufacturing steps and the
storage of amoxicillin/clavulanate pharmaceutical products in order to prevent
the expected therapeutic failure and instability due to the degradation or even
to increase the shelf life and to enhance the stability of these pharmaceutical
products, and also to develop and improve the production process.
Understanding these degradative factors and the protective methods is very
important especially in case of continuous manufacturing is required, by which
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several continuous production steps are applied such as continuous feeding,
continuous mixing, continuous compression, continuous coating and drying.
Taking all these factors in consideration will be very important to design the
right and an efficient process analytical technology methods to provide online
analysis and detection of all the possible degradative pathways, critical quality
attributes, critical process parameters and critical material attributes to achieve
a successful real time release concept to achieve the economic gain expected
from the continuous manufacturing.
Production sites should take all these degradative environmental factors in
consideration and study the stability of the product under the actual applied
environmental conditions during the production in order to define the possible
enhancements that can be applied to the process or to make sure that the
applied environmental conditions achieve the most stable product and any
other modifications will not deliver better stability or quality.
Further long term and short term studies are required to illustrate the effect of
different light sources, light wavelength, light exposure time, and aerobic
oxygen (the effect of each of these factors alone and also the effect of light and
oxygen together) on the different amoxicillin/clavulanate preparations
especially in solid state under the normal manufacturing conditions without the
presence of any other catalysts or affecting factors during the different
manufacturing steps and conditions and during the different storage conditions.

33

6. References.
1. Ebimieowei Etebu and Ibemologi Arikekpar. (2016). Antibiotics:
Classification and mechanisms of action with emphasis on molecular
perspectives. International journal of applied microbiology and biotechnology
research: 4 (90 – 101)

2. Wikipedia, The free encyclopedia, Available:
https://en.wikipedia.org/wiki/%CE%92-lactam_antibiotic
https://en.wikipedia.org/wiki/Beta-lactamase
(03.01.2017)

3. Rang. H. P., Dale M. M., Ritter J. M., Flower R. J., and Henderson G.
(2012). Rang and Dale’s pharmacology, seventh edition, section 5: Drugs used
for the treatment of infections, cancer and immunological disorders. Elsevier
Churchill Livingstone. Edinburgh, London, New York, Oxford, Philadelphia,
St. Louis, Sydney and Toronto. Page: 625 – 628.

4. Wikipedia, The free encyclopedia, Available:
https://en.wikipedia.org/wiki/Amoxicillin
https://en.wikipedia.org/wiki/Clavulanic_acid
(03.01.2017)

5. Ximin Zeng and Jun Lin. (2013). Beta-lactamase induction and cell wall
metabolism

in

Gram-negative

bacteria.

Frontiers

in

microbiology:

Antimicrobials, resistance and chemotherapy. Volume: 4, Article: 128.

34

6. Harold C. Neu and Akwung P. Fu. (1978). Clavulanic acid: A novel
inhibitor of ß-lactamases. Antimicrobial agents and chemotherapy. Volume:
14, Number: 5, Page: 650 – 655.

7. David J. Payne, Repecca Cramp, David J. Winstanley and David J. C.
Knowles. (1994). Comparative activities of clavulanic acid, sulbactam, and
tazobectam against clinically important ß-lactamases. Antimicrobial agents and
chemotherapy. Volume: 38, Number: 5, Page: 767 – 772.

8. Spencer D. Schaber, Dimitrios I. Gerogiorgis, Rohit Ramachandran, James
M. B. Evans, Paul I. Barton and Bernhardt L. Trout. (2011). Economic analysis
of integrated continuous and batch pharmaceutical manufacturing: A case
study. Industrial and engineering chemistry research. Volume: 50, Number: 17,
Page: 10083 – 10092.

9. FDA perspective on continuous manufacturing:
http://www.fda.gov/downloads/AboutFDA/CentersOffices/OfficeofMedicalPro
ductsandTobacco/CDER/UCM341197.pdf
(03.01.2017)

10. FDA guidance for industry: PAT, a framework for innovative
pharmaceutical development, manufacturing and quality assurance.
http://www.fda.gov/downloads/Drugs/Guidances/ucm070305.pdf
(03.01.2017)

11. J. P. Hou and J. W. Poole. (1971). ß-lactam antibiotics: Their
physicochemical properties and biological activities in relation to structure.
Journal of pharmaceutical sciences. Volume: 60, Number: 4, Page: 503 – 532.

35

12. A. D. Deshpande, K. G.Baheti and N. R. Chatterjee. (2004). Degradation of
ß-lactam antibiotics. Journal of current sciences. Volume: 87, Number: 12,
Page: 1684 – 1695.

13. Michael I. Page. (1992). The chemistry of ß-lactams, First edition. M. I.
Page. Chapter 2: Structure-activity relationships: chemical. Chapman & Hall,
London. Page: 79 – 101.

14. Michael I. Page. (1992). The chemistry of ß-lactams, First edition. H. C.
Neu. Chapter 3: Structure-activity relationships: biological. Chapman & Hall,
London. Page: 101 – 129.

15. A. L. Demain and N. A. Solomon. (1983). Antibiotics containing the betalactam structure II, handbook of experimental pharmacology. J. R. E. Hoover.
Chapter 14: ß-lactam antibiotics: Structure-activity relationships. SpringerVerlag, Berlin, Heidelberg, New York, Tokyo. Page: 119 – 247.

16. Malgorzata Zdzieborska, Ewa Siedlecka and Izabela Orlowska. (2016).
Examination of the stability of amoxicillin compounded suppositories and
ointments. Journal of pharmacy and pharmacology: 4 (64 – 72)

17. Wikipedia, The free encyclopedia, Available:
https://en.wikipedia.org/wiki/Humidity
(03.01.2017)

36

18. Szakonyi G. and Zelkó R. (2012). The effect of water on the solid state
characteristics

of

pharmaceutical

excipients:

Molecular

mechanisms,

measurements techniques, and quality aspects of final dosage form.
International journal of pharmaceutical investigation.Volume: 2, Number: 1,
Page: 18 – 25.

19. Shayne Cox Gad. (2008). Pharmaceutical manufacturing handbook:
Regulations and Quality. Andrew A. Webster. Chapter 7.4: Pharmaceutical
product stability. John Wiley &Sons, Inc. Hoboken, New Jersey. Page: 687 –
701.

20. Sean C. Sweetman. (2011). Martindale, the complete drug reference:
clavulanic acid, 37th edition. Pharmaceutical press, London.

21. European Pharmacopeia 8.0, Monograph: potassium clavulanate.

22. Kiron S. S., Arun Shirwaikar and Saritha M. (2011). Influence of storage
conditions on the potency of amoxicillin dispersible tablets stored in hospital
and community pharmacies in different regions of Kerala. Asian journal of
pharmaceutical and clinical research. Volume: 4, Number: 3, Page: 101 – 102.

23. Jacqueline Wardrop, Ahmad Bani Jaber and James W. Ayres. (1998).
Multiple-layer compression-coated tablets: Formulation and humidity studies
of novel chewable amoxicillin/clavulanate tablet formulations. Journalof drug
development and industrial pharmacy.Volume: 24, Number: 8, Page: 729 –
736.

37

24. Alyssa R. McIntyre and Neil S. Lipman. (2007). Amoxicillin-clavulanic
acid and trimethoprim-sulfamethoxazole in rodent feed and water: Effects of
compounding on antibiotic stability. Journal of the American association for
laboratory animal science. Volume: 46, Number:5, Page: 26 – 32.

25. Albert E. Bird. (1994). Analytical profiles of drug substances and
excipients: Amoxicillin. Volume: 23. Academic press, Inc. Surrey, UK. Page: 4
– 52.

26. Simar Preet Kaur, Rekha Rao and Sanju Nanda. (2011). Amoxicillin: A
broad

spectrum

antibiotic.

International

journal

of

pharmacy

and

pharmaceutical sciences. Volume: 3, Number: 3, Page: 30 – 37.

27. Mittal P. Joshi, Kanan G. Gamit, Vijay K. Parmar and Priyank P. Raval.
(2014). Studies on stability and analysis of cefixime trihydrate and potassium
clavulanate in pharmaceutical dosage form. World journal of pharmacy and
pharmaceutical sciences. Volume: 3, Number: 9, Page: 1259 – 1271.

28. Judyta Cielecka-Piontek, Magdalena Paczkowska, Przemyslaw Zalewski,
Kornelia Lewandowska and Boleslaw Barszcz. (2015). Solid-state stability and
compatibility studies of clavulanate potassium. Pharmaceutical development
and technology. Volume: 20, Number: 2, Page: 146 – 152.

29. Shayne Cox Gad. (2008). Pharmaceutical manufacturing handbook:
Regulations and Quality. Emmanuel O. Akala. Chapter 7.3: Effect of
packaging on stability of drugs and drug products. John Wiley &Sons, Inc.
Hoboken, New Jersey. Page: 641 – 687.

38

30. Sumie Yoshioka and Valentino J. Stella. (2002). Stability of drugs and
dosage forms. Chapter2: Chemical stability of drug substances. Kluwer
academic publishers, New York, Boston, Dordrecht, London, Moscow. Page: 3
– 139.

31. Abraham Salois, Iris Perez, Erwin Palma, Ethan Goolish and Yuri Griko.
(2015). Evaluation of the chemical integrity of beta-lactam antibiotics by
iodine-based assay. Journal of biosciences and medicines: 3 (91 – 99).

32. Patricia A. Bersanetti, Renata M. R. G. Almeida, Marlei Barboza, Maria
Lucia G. C. Araújo and Carlos O. Hokka. (2005). Kinetic studies on clavulanic
acid degradation. Biochemical engineering journal: 23 (31 – 36).

33. Tania Hernandez duran, Neel Ravela, Sandra Sanchez Rivero, Teresita De
Jesus Castro Sandoral, Jos Hoogmartens and Murali Pendela. (2015).
Evaluation of different light conditions in the working environment for
handling photosensitive and thermolabile compounds. International journal of
the association of official analytical chemists. Volume: 98, Number: 6, Page:
1491 – 1495.

34. Shannon M. Mitchell, Jeffrey L. Ullman, Amy L. Teel and Richard J.
Watts. (2014). pH and temperature effects on the hydrolysis of three ß-lactam
antibiotics: Ampicillin, cefalotin and cefoxitin. Science of the total
environment: 466 (547 – 555).

35.Min Su, Hua Sun, Yingying Zhao, Aidang Lu, Xiaohui Cao and Jing Kang
Wang. (2016). Degradation kinetics and mechanism of a ß-lactam antibiotic
intermediate, 6-aminopenicillanicacid, in a new integrated production process.
Journal of pharmaceutical sciences: 105 (139 – 146).

39

36. D. A. Gálico, R. B. Guerra, A. G. Legendre, E. Schnitzler, R. A.
Mendesand G. Bannach. (2013). Solid state thermal and spectroscopic studies
on the antibiotic amoxicillin trihydrate. Brazilian journal of thermal analysis.
Volume:2, Number: 1, Page: 45 – 49.

37. R. Chadha, N. Kashid and D. V. S. Jain. (2003). Kinetic studies of the
degradation of an amino-penicillin antibiotic (amoxicillin trihydrate) in
aqueous solution using heat conduction micro-calorimetry. Journal of
pharmacy and pharmacology: 55 (1495 – 1503).

38. M. Roca, L. Villegas, M. L. Kortabitarte, R. L. Althaus and M. P. Molina.
(2011). Effect of heat treatments on stability of ß-lactams in milk. Journal of
dairy science. Volume:94, Number: 3, Page: 1155 – 1164.

39. Durga Mallikarjuna Rao Tippa and Narendra Singh. (2010). Development
and validation of stability indicating HPLC method for simultaneous estimation
of amoxicillin and clavulanic acid in injection. American journal of analytical
chemistry: 1 (95 – 101).

40. Valéria Carvalho Santos, Jorge F. Brandão Pereira, Raquel Brandão Haga,
Carlota O. Rangel-Yagui, José A. Couto Teixeira, Attilio Converti and
Adalberto Pessou Jr. (2009). Stability of clavulanic acid under variable pH,
ionic strength and temperature conditions: A new kinetic approach.
Biochemical engineering journal: 45 (89 – 93).

41. Ilma Nugrahani, Sukmadjaja Asyarie, Sundani Nurono Soewandhi and
Slamet Ibrahim. (2007). Solid state interaction between amoxicillin trihydrate
and potassium clavulanate. Malaysian journal of pharmaceutical sciences.
Volume: 5, Number: 1, Page: 45 – 57.

40

42. Ilma Nugrahani, Sukmadjaja Asyarie, Sundani Nurono Soewandhi and
Slamet Ibrahim. (2008). The cold contact method as a simple drug interaction
detection system. Research letters in physical chemistry. Volume 2008, Article
ID: 169247, 4 Pages.

43. Ilma Nugrahani, Sukmadjaja Asyarie, Sundani Nurono Soewandhi and
Slamet Ibrahim. (2007). The antibiotic potency of amoxicillin-clavulanate cocrystals. International journal of pharmacology. Volume:3, Number: 6, Page:
475 – 481.

44. Vahdat Laleh. (2000). Factors influencing the rate of degradation of
amoxicillin sodium and potassium clavulanate in the liquid and frozen states.
PhD thesis. Curtin University of technology – school of pharmacy.

45. R. C. Jagessar, G. Ceres, Y. Ramnarine and S. Craig. (2015). Antimicrobial
potency of commercial drugs (amoxicillin, ciprofloxacin, ketoconazole and
griseofulvin) over a period of time at a selected pharmacy. World journal of
pharmacy and pharmaceutical sciences. Volume: 4, Number: 3, Page: 44- 57.

46.Joseph T. Piechocki and Karl Thoma. (2007). Pharmaceutical photostability
and stabilization technology. Joseph T. Piechocki. Chapter 1: The history of
pharmaceutical photostability development. Informa healthcare USA, Inc. New
York, London. Page: 1 – 47.

47. Joseph T. Piechocki and Karl Thoma. (2007). Pharmaceutical photostability
and stabilization technology. John M. Allen and Sandra K. Allen. Chapter 4:
Basic principles of drug photostability testing. Informa healthcare USA, Inc.
New York, London. Page: 79 - 87.

41

48. Joseph T. Piechocki and Karl Thoma. (2007). Pharmaceutical photostability
and stabilization technology. Karl Thoma and Heiko Spilgies. Chapter 16:
Photostabilization of solid and semisolid dosage forms. Informa healthcare
USA, Inc. New York, London. Page: 323 - 345.

49. Qian Zhao, Li Feng, Xiang Cheng, Chao Chen and Liqiu Zhang. (2013).
Photodegradation of amoxicillin in aqueous solution under simulated
irradiation: Influencing factors and mechanisms. Water and science
technology. Volume: 67, Number: 7, Page: 1605 – 1611.

50. Despina Dimitrakopoulou, Irene Rethemiotaki, Zacharias Frontistis,
Nikolaos P. Xekoukoulotakis, Denae Venieri and Dionissios Mantzavinos.
(2012). Degradation, mineralization and antibiotic inactivation of amoxicillin
by UV-A/TiO2 photocatalysis. Journal of environmental management: 98 (168
– 174).

51. K. Prakash, P. Narayana, K. Shanta Kumari and M. Lakshmi Narasu.
(2008). Spectrophotometric estimation of amoxicillin trihydrate in bulk and
pharmaceutical dosage form. E-Journal of chemistry: 5 (1114 – 1116).

52. Xiaoming Li, Tingting Shen, Dongbo Wang, Xiu Yue, Xian Liu, Qi Yang,
Jianbin Cao, Wei Zheng and Guangming Zeng. (2012). Photodegradation of
amoxicillin by catalyzed Fe3+/H2O2 Process. Journal of enivrironmental
sciences. Volume: 24, Number: 2, Page: 269 – 275.

53. Rajan V. Rele. (2014). Simultaneous UV-spectrophotometric estimation of
amoxicillin and carbocisteine by area under curve method in combined dosage
form. Der pharmacia letter.Volume: 6, Number: 5, Page: 1 - 7.

42

54. Fatemeh Sadat Moosavi and Touraj Tavakoli. (2016). Amoxicillin
degradation from contaminated water by solar photocatalysis using response
surface methodology (RSM). Environmental science and pollution research.
Volume: 23, Number: 22, Page: 23262 – 23270.

55. Raffaella Palmisano, Luigi Campanella and Barbara Ambrosetti. (2015).
Photo-degradation

of

amoxicillin,

streptomycin,

erythromycin

and

ciprofloxacin by UV and UV/TiO2 processes. Evaluation of toxicity changes
using a respirometric biosensor. Journal of environmental analytical chemistry.
Volume: 2, Number: 3, 5 Pages.

56. Wikipedia, The free encyclopedia, Available:
https://en.wikipedia.org/wiki/Redox
(04.01.2017)

57. Wikipedia, The free encyclopedia, Available:
https://en.wikipedia.org/wiki/Oxidizing_agent
(04.01.2017)

58. N. V. Joshi and V. S. R. Rao. (1982). Theoretical studies on ß-lactam
antibiotics VI: Conformational analysis and structure-activity relationships of
penicillin sulfoxides and cephalosporins. Journal of bioscience. Volume:4,
Number: 2, Page: 209 – 218.

59. Hideo Tanaka, Ryo Kikuchi and Sigera Torii. (1996). Chemoselective
aerobic oxidation of penicillin and cephalosporin derivatives into sulfoxides.
Tetrahedron. Volume: 52, Number: 7, Page: 2343 – 2348.

43

60. Michael C. Dodd, Hans-Peter E. Kohler and Urs Von Gunten. (2009).
Oxidation of antibacterial compounds by ozone and hydroxyl radical:
Elimination of biological activity during aqueous ozonation processes.
Environmental science and technology. Volume: 43, Number: 7, Page: 2498 –
2504.

61. Anggita Karlesa, Glen Andrew D. De Vera, Michael C. Dodd, Jihye Park,
Maria Pythias B. Espino and Yunho Lee. (2014). Ferrate (VI) oxidation of ßlactam antibiotics: Reaction kinetics, antibacterial activity changes and
transformation products. Environmental science and technology: 48 (10380 –
10389).

62. Sandhya Chaurasia, Hemendra Kumar Sharma, Nishi Prakash Jain and
Anshuli Sharma. (2012). Process validation of amoxicillin and clavulanic acid.
Journal of applied pharmaceutical science. Volume: 2, Number: 4, Page: 82 –
86.

63. Sarfaraz K. Niazi. (2009). Handbook of pharmaceutical manufacturing
formulation: Sterile products (Volume 6), second edition. Informa healthcare
USA, Inc. New York, London. Page: 185.

64. Arohi Valera, Pratik Upadhyay, Jayant Deshpande, Shreeraj Shah and
Jaymin Patel. (2013). Development of stable formulation and evaluation of
combination of amoxicillin and clavulanic acid. Journal of pharmaceutical
science and bioscientific research. Volume: 3, Number: 4, Page: 127 – 135.

44

65. Ajit S. Narang and Sai HS. Boddu. (2015). Excipient applications in
formulation: design of drug delivery. Ali R. Rajabi-Siahboomi, Marina Levina,
Sampada B. Upadhyde and Jason Teckoe. Chapter 13: Excipient selection in
oral solid dosage formulations containing moisture sensitive drugs. Springer
Cham. Heidelberg, New York, Dordrecht, London. Page: 385 – 423.

66. Sabiruddin Mirza, Inna Miroshnyk, Jyrki Heinämäki and Jouko Yliruusi.
(2008). Co-Crystals: An emerging approach for enhancing properties of
pharmaceutical solids. DOSIS. Volume: 24, Number: 2, Page: 90 – 96.

67. Sarfaraz K. Niazi. (2009). Handbook of pharmaceutical manufacturing
formulation:

Compressed

solid

products:

Tablet

coating

formulation

(Volume 1), second edition. Informa healthcare USA, Inc. New York, London.
Page: 536 - 539.

68. O. Bley, J. Siepmann and R. Bodmeier. (2009). Protection of moisturesensitive drugs with aqueous polymer coatings: Importance of coating and
curing conditions. International journal of pharmaceutics: 378 (59 – 65).

69. N. Pearnchob, J. Siepmann and R. Bodmeier. (2003). Pharmaceutical
applications of Shellac: Moisture-protective and taste-masking coatings and
extended-release matrix tablets. Drug development and industrial pharmacy.
Volume: 29, Number: 8, Page: 925 – 938.

70. Augustine O. Okhamafe and Peter York. (1983). Analysis of the
permeation and mechanical characteristics of some aqueous-based film coating
systems. Journal of pharmacy and pharmacology: 35 (409 – 415).

45

71. Enosh Mwesigwa, Graham Buckton and Abdul w. Basit. (2005). The
hygroscopicity of moisture barrier film coatings. Drug development and
industrial pharmacy: 31 (959 – 968).

72. Zaid Alzubaidi. (2009). Micro-encapsulation of potassium clavulanate.
Master thesis, University of Khartoum, 105 Pages.

73. FDA: Guidance for industry: Container closure systems for packaging
human drugs and biologics.
http://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformatio
n/guidances/ucm070551.pdf
(04.01.2017)

74. Sumtung Lee, H. George Dekay and Gilbert S. Banker. (1965). Effect of
water vapor pressure on moisture sorption and the stability of aspirin and
ascorbic acid in tablet matrices. Journal of pharmaceutical sciences. Volume:
45, Number: 8, Page: 1153 – 1158.

75. Jennifer G. Allinson, Richard J. Dansereau and Adel Sakr. (2001). The
effects of packaging on the stability of a moisture sensitive compound.
International journal of pharmaceutics: 221 (49 – 56).

76. Jennifer M. Andrews. (2001). Determination of minimum inhibitory
concentrations. Journal of antimicrobial chemotherapy. Volume: 48, Number:
1, Page: 5 – 16.

77. Priyanka Nagu and Sukhdev Singh. (2016). Effect of light, heat and air
exposure on shelf life and stability of ceftazidime. International journal of
recent scientific research. Volume: 7, Number: 1, Page: 8101 –8106.

46

78. Magali B. Hickey, Matthew L. Peterson, Eric S. Manas, Juan Alvarez,
Fredrik Haeffner and Örn Almarsson. (2007). Hydrates and solid-state
reactivity: A survey of ß-lactam antibiotics. Journal of pharmaceutical sciences.
Volume: 96, Number: 5, Page: 1090 – 1099.

79. Alireza Ghassempour, Hasan Rafati, Laleh Adlnasab, Yosef Bashour,
Homeira Ebrahimzadeh and Mohammad Erfan. (2007). Investigation of the
solid state properties of amoxicillin trihydrate and the effect of powder pH.
American association of pharmaceutical sciences PharmSciTech. Volume: 8,
Article: 93.

80. Marianthi G. Ierapetritou and Rohit Ramachandran. (2016). Process
simulation and data modeling in solid oral drug development and manufacture.
Stefan Sacher and Johannes G. Khirast. Chapter 10: An overview of
pharmaceutical manufacturing for solid dosage forms. Human press, Springer
New York, Heidelberg, Dordrecht, London. Page: 312 – 383.

81. Shivangi Singh and Navneet Verma. (2016). Taste masked orodispersible
tablets: A highly patient complaint dosage form. Asian journal of
pharmaceutical and clinical research. Volume: 9, Number: 3, Page: 385 – 391.

82. International conference of harmonization (ICH) Guideline Q1B. (1998).
Photostability testing of new active substances and medicinal products.
European medicine agency (EMA).
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/
2009/09/WC500002647.pdf
(04.01.2017)

47

83. Wikipedia, The free encyclopedia, Available:
https://en.wikipedia.org/wiki/Titanium_dioxide
(04.01.2017).

84. Joseph T. Piechocki and Karl Thoma. (2007). Pharmaceutical photostability
and stabilization technology. Joseph T. Piechocki. Chapter 3: Terminology.
Informa healthcare USA, Inc. New York, London. Page: 61 - 76.

85. Joseph T. Piechocki and Karl Thoma. (2007). Pharmaceutical photostability
and stabilization technology. Joseph T. Piechocki. Chapter 6: Sources. Informa
healthcare USA, Inc. New York, London. Page: 99 - 120.

86. Joseph T. Piechocki and Karl Thoma. (2007). Pharmaceutical photostability
and stabilization technology. Karl Thoma and Wolfgang Aman. Chapter 15:
Photostabilization by packaging. Informa healthcare USA, Inc. New York,
London. Page: 305 - 322.

87. Michael J. Akers. (1985). Drug stabilization against oxidative degradation.
Journal of chemical education. Volume: 62, Number: 4, Page: 325 – 327.

88. Michael Brown and Lewis J. Leeson. (1969). Protection of oxygensensitive pharmaceuticals with nitrogen. Journal of pharmaceutical sciences.
Volume: 58, Number: 2, Page: 242 – 245.

48

