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Abstract: Following the discovery of N-nitrosamines in a range of medicinal products, regulatory
agencies have required marketing authorization holders to undertake risk assessments for the
presence of N-nitrosamines in their drug products. This work focusses on a solution phase kinetic
model of secondary amine nitrosation that may be applied through the concept of a saturated solution
layer to consider the formation of N-nitrosamines in a solid drug product. The conservative
assumptions made in defining the reactant concentrations bias the model to overpredict the level of
N-nitrosamine formed. This overprediction is demonstrated when model predictions are compared to
testing data for the formation of nitroso-4-phenyl piperidine in a model drug product. Additionally,
comparison of the model predictions to product testing data for two Nitrosamine Drug Substance
Related Impurities (NDSRIS), a nitrosated B-blocker and the nitrosamine of a dialkylamine related
substance impurity, further confirm the tendency of the model to overpredict. These results
demonstrate that the conservative model has utility in the context of a drug product nitrosamine risk

assessment. Extension of the model to consider competing nitrosation reactions occurring within a
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drug product is discussed alongside the impact of reactant availability on the predicted rate of

nitrosation.

Introduction

Following the discovery in 2018 of dialkyl-N-nitrosamines in products containing members of the
Sartan family of drugs? there have been further findings of dialkyl-N-nitrosamines in a range of
medicinal products.>>® These findings have led to product recalls and requests from regulatory
authorities that marketing authorization holders assess their products for the presence of N-
nitrosamines.*® These calls for review, and subsequent guidance,®”® requested that the risk of
formation and or presence of nitrosamines in drug substances and drug products be assessed.
There was little evidence at the time to show that nitrasamine formation could occur within the matrix
of a solid drug product, which led a group of pharma companies to collaborate through the IQ
Consortium?® to investigate factors that could lead to nitrosation occurring within a drug product. These
experimental investigations'® and other independent studies!''? have demonstrated that N-
nitrosamine formation can occur if vulnerable amines*® are combined with nitrite containing excipients
within the matrix of a solid drug product and aided the identification of factors that could give rise to a
risk of nitrosamine formation in a solid drug product.41516

Having demonstrated that nitrosation can occur in certain cases, it is then informative to consider how
a reaction may occur between nitrite and an amine within a drug product. Aqueous nitrosation of
amines by species derived from nitrite is a well-studied reaction that has recently been reviewed,*” as
part of an evaluation of the risk of N-nitrosamine formation due to trace nitrite present in the water
used during drug substance processing. Based on a review of the published literature a general kinetic
model was proposed for the aqueous nitrosation of dialkylamines by three nitrosating agents
(dinitrogen trioxide, nitrosyl chloride® and protonated nitrous acid) derived from nitrous acid in water
(Scheme 1). The conservative nature of this model has been demonstrated versus experimental

studies of a small number of dialkylamines in aqueous solution over a range of pHs.'%2%21 The model
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may also be extended to consider alkyl anilines?? by substitution of the appropriate rate constants.*®
It is not suitable for aminopyridines and related structures as their nitrosation has been shown to

follow a different rate law.?32425

An extensive investigation of nitrosamine formation in model solid drug products has been reported,©
which laid the foundations for the following proposal. For nitrosation to occur within the matrix of a
solid drug product multiple events need to take place: nitrite contained in at least one of the excipients
is protonated to generate nitrous acid, nitrous acid reacts with at least one other species to generate
a nitrosating agent and finally the nitrosating agent nitrosates the reactive free base form of the amine
to form a N-nitrosamine. Alternatively, a nitrite precursor presernt in an excipient needs to react to
liberate nitrite which can then be transformed into a nitrosating agent. Given the multistep/
multicomponent nature of nitrosation it is highly unlikely that it could occur as a true solid-state
reaction at the interface between two particles within a solid drug product. While such reactions do
occur,?® there is little or no evidence that processes requiring three or more components can occur in
this manner. An alternative explanation for hiow nitrosation could occur may be found in the application
of the saturated solution layer concept?’ that was proposed to explain the dependence of an acid-
catalyzed decomposition reaction on temperature and humidity. This concept has been successfully
applied to the degradation of a range of salts of procaine in the solid state,?® where the extent of
reaction was found to be consistent with the solubility of the salt, the pH of a saturated solution and
the solution state pH dependent hydrolysis kinetics of procaine. The formation of a saturated solution
layer that allows bridging between the drug substance and excipient particles within a solid drug
product would provide a means by which free nitrite or nitrite from precursors in the excipients could
be mobilized, equilibrate to form a nitrosating agent and react with a secondary or primary amine?®
contained within the drug substance or an excipient. Such a process is illustrated (Figure 1) for

nitrosation by N2Os.

Nitrosation within a saturated solution layer that bridges the drug substance and excipient particles

within a solid drug product has the potential to be modelled kinetically by applying the published
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aqueous solution nitrosation model,*"'° which has been demonstrated to overpredict.1®2% 2! For this
to be possible a number of initial conditions and parameters for the simulation would need to be
defined:

e pH of the saturated solution layer,

¢ initial nitrite concentration in the saturated solution layer,

¢ initial amine concentration in the saturated solution layer,

¢ initial halide concentration in the saturated solution layer,

o pKa(s) of the amine,

¢ simulation time and temperature.

Saturated Solution Layer pH

The pH of the saturated solution layer is essentially the interstitial pH within the solid drug product
and may be measured experimentally, although techniques for making such measurements are ill
defined.*® As the model to be applied is dependernit tpon the pH of an aqueous solution, the approach
of slurrying the relevant blend of components in the minimum quantity of water and measuring the pH
of the resultant water phase has some merit.3! If several low volumes of water are used it may be
possible to identify a trend in the observed pH and extrapolate to the expected value at a water volume
of zero, which should be most representative of the true value in a saturated solution layer contained
within a solid drug product.

In the absence of a measured pH, which is the preferred approach, it is possible to estimate the pH
based on the assumption that the main buffering component present in the drug product is the drug
substance. The pH can then be estimated based on the measured or calculated pH of a saturated
solution of the drug substance. This approach is appropriate for drug substances that exhibit acid-
base chemistry and possess a high solubility, as they are likely to buffer the product pH. Caution
should be taken if applying it to poorly soluble drug substances and soluble drug substances used at
low loadings in the drug product. The presence of pH-modifying excipients such as sodium carbonate

invalidates this approach. The simulation pH has been shown to be one of the most significant
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parameters in determining nitrosation rate through parameter sensitivity analysis,?! which agrees with

the pH rate dependence of the nitrosation pathways included in the model.’

Initial Nitrite Concentration

Estimating the initial nitrite concentration in the saturated solution layer is potentially problematic.
While it is possible to estimate the nitrite content of the excipients based on batch analysis or the
Lhasa data sharing initiative,3? 3 not all of this nitrite will necessarily be available to react. However,
a conservative, worst case assessment may be made if it is assumed that all of the nitrite believed to
be present in a drug product is available to react. A comparison of the levels of vulnerable amine and
nitrite present in the drug product facilitates the calculation of a maximum theoretical yield of the N-
nitrosamine if total nitrosation occurs.

Combining this, conservative, total level of nitrite with the free moisture content of the drug product
enables calculation of the worst-case nitrite concentration that could lead to nitrosamine formation.
For many marketed drug products there may be moisture content data available in the appropriate
packaging from stability studies. These measurements are likely to show a range of moisture levels
over time with variability between different types of packaging. Taking the lowest measured moisture
level will lead to the lowest estimated free water volume and hence the highest possible nitrite
concentration. If any of the components of the formulation are hydrates the bound water that they
contain should be subtracted from the analyzed water content to provide an estimate of the volume
of free water. This has the effect of minimizing the water volume and therefore maximizes reactant

concentrations.

Speciation of nitrite in excipients

While many excipients can contain trace nitrite®>34 it is less clear how the nitrite is presented in the
excipients. There is limited evidence,® that at least some of the nitrite is present as inorganic nitrite
in the form of salts. However, this may not be the only form present in excipients that possess alcohol
functionality as part of their chemical structure. The reaction of alcohols with nitrosating agents to

form alkyl nitrites (RONO) is well known®¢ (Scheme 2) and provides a route by which exposure of
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excipients possessing OH groups to a nitrosating agent during processing can lead to the
incorporation of ‘nitrite’ in the excipient. Alkyl nitrites are effective nitrosating agents in basic aqueous
solution and react via a bimolecular mechanism.®”*3% Under acidic aqueous acidic conditions
hydrolysis of the alkyl nitrite is faster than nitrosation and nitrosation occurs via nitrous acid based
nitrosation chemistry.4°

The alignment of the reacting groups proposed based on kinetic studies for the direct nitrosation of
dialkylamines under basic conditions®” means that a direct nitrosation reaction at a particle contact is
unlikely. It has also been shown that carbohydrates including mannitol and lactose will act as partial
inhibitors of nitrosation, due to their inability to act as direct nitrosating agents under acidic

conditions.*42

Hydrolysis of alkyl nitrites in water or transnitrosation in alcohols®*® means that the analyses carried
out on excipients® to determine their nitrite content should have measured the alkyl nitrite content in
addition to inorganic nitrite. The reported values are therefore relevant when considering nitrosation
occurring via nitrous acid-based nitrosating agents within a saturated solution layer contained within
a solid drug product. The potential presence of nitrite as alkyl nitrites in some excipients will therefore

not cause the predictions made using the model described herein to be less conservative.

Initial Amine Concentration

If the vulnerable amine is the drug substance, then it is reasonable to assume that it will be present
in the saturated solution layer at its pH dependent saturating solubility.* For amine impurities present
in the drug substance, or excipients, it is unlikely the solubility will be known, although synthetic
intermediates with a lower molecular weight than the drug substance are likely to be more soluble.
The most conservative approach for amine impurities is to assume that all of the amine(s) present
dissolve and are available to react. Vulnerable amines that are formed as degradants in the drug
product are likely to increase over time in the stored, packaged product. While this behavior can be

modelled, a simpler, more conservative approach is to assume that the amine is present throughout
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the shelf life at the maximum level allowed by the product specification at the end of the product shelf
life. Solubility models may also be applied to impurity amines when the relevant solubility is known.

Combining these levels of amines with the volume of free water present in the drug product makes it
possible to calculate the initial amine concentration(s) for a kinetic simulation. Using the aqueous
solubility of the appropriate variant fixes the amine concentration at a justifiable upper limit, while
assuming total availability of an amine in the lowest possible water volume will maximize the amine

concentration and thus the predicted rate of nitrosation when the solubility is not known.

Initial halide concentration

Trace halide in excipients does not give rise to a sufficiently high halide concentration in the saturated
solution layer to drive significant nitrosation via the nitrosyl halide in the kinetic model and therefore
need not be considered.!” However, stoichiometric halide in excipients or drug substance salts can
give rise to significant concentrations (> 10 mM) in the saturated solution layer, and therefore, they
need to be considered. In the case of a drug substance halide salt the pH dependent solubility of the
drug substance salt at the drug product pH provides an appropriate value for the halide concentration.
In the case of a halide containing excipient a measured aqueous solubility is ideal. In the absence of
a measured value a conservative assumption of total availability may be made and the approach that

has been applied (see above) to nitrite and vulnerable amine impurities applied.

Amine pKas

If the vulnerable amine is the drug substance the pKa is likely to have been measured and may be
available in the literature. Many common amines and anilines that are present as impurities, have
measured pK, values that have been compiled from the literature.** In the event that a measured pKa
can’t be found it is possible to use predictive approaches*“¢ to provide an estimate of the amine’s
pKa.

Due to the nature of the vulnerable amines used in the experimental studies, the models of aqueous
nitrosation discussed and applied herein only consider the pKa of the amino group undergoing

nitrosation. In the case of amines possessing multiple acidic and basic groups this model will in some
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cases significantly overestimate the level of N-nitrosamine formation.!® In this case the use of a more
complex pH dependent speciation model that includes all of the relevant pKas will give a more realistic
but still conservative prediction.*” Parameter sensitivity analysis?! has shown the amine pKa to be one
of the most impactful model parameters alongside pH in determining relative rates of amine
nitrosation, which originates in the pH rate dependence of amine nitrosation by nitrous acid based

nitrosating agents.*’

Simulation time and temperature

Having established conservative estimates of the initial starting conditions in the drug product of
interest, the storage conditions and shelf life define the temperature and timescale required for the
kinetic simulation. The model described herein uses a penalizing temperature dependence factor!’4®
to allow for the fact that the true temperature dependencies of all the constants used in the model are

not known.

Residual Solvents

It is possible that the drug substance contains residual solvents that may persist in the drug product.
The potential for solvent loss during the drug product process makes it difficult to predict exactly the
volume that will remain. Organic solvents may also be used in some drug product processing
operations, leading to residual organic solvents being present in the drug product. There are three
scenarios that could occur:

1. The presence of water as the residual solvent. This will have no effect upon the approach
outlined as it will be captured in the analysis of the water content of the drug product.

2. The presence of water miscible organic solvents. These will increase the volume of the
saturated solution layer and modify the polarity of the resultant mixed solvent. Firstly, this will
decrease the nitrite / nitrous acid concentration and therefore slow the rate of nitrosation. It is
also likely to enhance the solubility of neutral amines, which will increase the rate of nitrosation
for amines using a solubility model based on the solubility of the neutral molecule. For amines

applying a total availability approach the effect will be the same as for nitrite and lead to a
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reduction in rate. For salts it is likely that the solubility will be lowered leading to a reduction in
rate. Finally, given the charge generated in the transition state for the N,O3; and CINO based
pathways it is highly likely the presence of a miscible organic solvent in the saturated solution
layer will reduce the nitrosation rate constant.*® The presence of a water miscible organic
solvent is therefore expected to reduce the rate of nitrosation relative to the rate predicted
based on the volume of free water. Using the volume of free water without allowance for the
volume of residual water miscible organic solvents should therefore represent a worst case
with respect to the quantity of nitrosamine predicted to be formed.

3. The presence of water immiscible solvents. These will provide a second reaction compartment
in which nitrosation can occur. For neutral amines the solubility is likely to be higher than in
the aqueous phase and the majority of the amine in solution is likely to be in the reactive
unprotonated form. However, water immiscible solvents do not provide a medium in which
inorganic nitrite or its precursors in excipients may be transformed into nitrosating agents. Any
nitrosation will therefore require the transfer of the nitrosating agents formed within the
aqueous phase into the organic phase before nitrosation occurs in the organic phase. The
rate of liquid-liquid mass transfer between two immiscible liquid phases has a strong
dependence upon the interfacial surface area between the two liquids, which is at its minimum
in an unstirred system. It is therefore to be expected that the low levels of nitrosating agents
present in the aqueous phase'’ will react in that phase rather than undergoing transfer into
the organic phase. Therefore, the approach described herein of considering the free water

volume is reasonable in the presence of water immiscible residual solvents.

Scenarios considered
Three scenarios to which the model has been applied are described below:
1. The nitrosation of 4-phenylpiperidine hydrochloride 1 to form N-nitroso-4-phenylpiperidine 2

(Scheme 3) in model solid dosage products for which experimental results are available.®
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2. An example is provided in the form of the nitrosation of a -blocker, Amine 3, within an oral solid
dosage product to form a NDSRI 4. For this example, application of the model predicted that
significant levels of NDSRI formation would occur over the drug product shelf life, leading to

confirmatory testing of the marketed product for the NDSRI being carried out.

3. The nitrosation of a secondary amine impurity, Amine 5, contained within a tertiary amine drug
substance that had been demonstrated to behave as a simple trialkylamine when subjected to
nitrosating conditions,*® and therefore does not represent a risk with respect to nitrosamine
formation under trace nitrosating conditions. In this case the potentially high nitrite levels in the
tablet excipients and low, Carcinogenic Potency Categorization Approach (CPCA),*! assigned
acceptable intake (Al) of 18 ng/day for the NDSRI 6 derived from Amine Impurity 5 led to

confirmatory testing of the marketed product being undertaken.

Comparison of the predictions of the biased kinetic model described herein with the levels of
nitrosamine formation observed over time in the drug products stored under controlled conditions

enables the performance of the kinetic model to be assessed.

Methods

pH estimation

Ideally the pH of the saturated solution layer should be based on an experimental measurement,
which includes the contribution from acidic and basic excipients as well as the drug substance. In the
absence of a measured value, it is possible to estimate the pH, in some circumstances (see earlier
discussion),based on the pH of a saturated solution of the drug substance. This may be calculated by
deriving the proton condition expression for a solution of the drug substance®? and solving it
numerically, which requires the measured or predicted pKa.s of the drug substance and any salt
forming component to calculate the required pH dependent concentrations of the different ionization
states. Using this approach will provide an estimate of the pH which will display some uncertainty due

to the effect of ionic strength on the pKass and any imbalances in the stoichiometry of a salt.
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For example, the measured solubility of hydrochloride salt 1 obtained by slurrying the salt in deionized
water at 25 °C was 680 mg/mL with a measured solution pH of 3.1. Solving the proton condition
expression (Equation 1) for a 3.44 M (680 mg/mL) solution of the hydrochloride salt 1 gives a solution
pH of 4.98, which is higher than the measured value.%®

[OH] + [R,NH] - [H*] =0 (1)

Kinetic simulations for the drug products considered

The published kinetic model for the aqueous nitrosation of dialkylamines!” was modified to include a
saturating solubility model appropriate to the drug substance being considered.>* The model was
implemented in Berkeley Madonna,®® which solves the ordinary differential equations that comprise
the kinetic model alongside the algebraic expressions that describe the pH dependent speciation of
the reactants. The default Runge Kutta 4™ order numerical integration method was used with a step
size set such that the simulation time was equated to at least 100 times the step size.*®

4-Phenylpiperidine hydrochloride 1 nitrosation

The key input parameters for the biased kinetic model for each of the scenarios considered for the
drug products containing 4-phenylpiperidine are summarized below (See Table 1).

Kinetic simulations for the nitrosation of 3-Blocker 3

The drug substance, 3 was modelled based on a measured pK, of 9.4 for the vulnerable amine with
a solubility of 0.36 M at 25 °C and an estimated product pH of 7.4. Its nitrosation was considered in a
solid dosage product, that contained 0.94 nug of nitrite®” and 0.0105 mg of water in the maximum daily
dose. The formation of the NDSRI 4 in the wet processed, microcrystalline cellulose-based product
was simulated over a three-year shelf life at 25 °C with a drug product pH of 7.4.

Kinetic simulations for the nitrosation of Amine Impurity 5

Amine Impurity, 5 was modelled based on a predicted pKa of 8.8 for the vulnerable amine with a
maximum level in the drug substance of 0.015% w/w, which equates to 5.10x10® g moles of
vulnerable amine in the maximum daily dose. Its nitrosation was considered in a solid dosage product,

that contained 2.05 ug of nitrite® and 0.0288 mL of water in the maximum daily dose. The formation



Journal Pre-proof

of the NDSRI 6 in the wet processed, microcrystalline cellulose-based product was simulated over a
five-year shelf life at 25 °C with an estimated drug product pH of 4.2. Total availability of the Amine

Impurity 5 in the solution layer was assumed.

Results

Nitrosation of 4-phenylpiperidine hydrochloride 1

The results of the simulations for the 4-phenylpiperidine hydrochloride, 1 containing products are
compared (See Table 2) to the published experimental results'® obtained for the tablets produced by
wet granulation. It is clear from the comparison that the model consistently over predicts the extent of
nitrosation. Use of the measured pH of a saturated solution of 4-phenylpiperidine hydrochloride would
have resulted in an even greater degree of over prediction. The experimental results for direct
compression of the same blend are lower.1° However, they represent an identical scenario from the
point of view of kinetically simulating nitrosamine formation during product storage as the starting

reactant concentrations are the same.

A comparison of the predicted levels of nitrosation as a function of time for the high and low drug
loading model products for the maost forcing storage condition (40°C/75% RH, conditions C5 & C10 in
Table 1 respectively) shows the model to significantly and consistently over predict the extent and

rate of nitrosamine formation (Figure 2).%8

Nitrosation of the S-Blocker 3

The measured quantities of NDSRI 4 were scaled to the maximum daily dose (MDD) and were
transformed to give the percentage of the limiting reactant, nitrite reacted as a function of time,*” which
could be compared to the predicted extent of reaction from the kinetic model (Figure 3). The model
consistently over predicts the level of NDSRI 4 formed over the drug product shelf life. The model
also predicted that the level of NDSRI 4 formed would exceed its acceptable intake by the end of the

product shelf life, which supported the decision to move to product testing. The data presented
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represent analyses of retained samples of packed product stored at 25 °C and 60% RH for multiple
batches of multiple product strengths, which shared a common granule. The data show some batch-
to-batch variability, but all results were consistently less than the CPCA®! assigned limit of 1.5 ug/day
for NDSRI 4 and show formation of the NDSRI to occur in the packed product upon storage. Equations
2 and 3 show how the analytical results reported in ppm versus the drug substance were converted

to percentage nitrosation based on nitrite being the limiting reactant.

ppm N — NO /tablet X tablets/day x 10~°
mass drug substance/tablet (mg)

(2)

mass nitrosamine in MDD (g) =

100 X mass nitrosamine in MDD (g)

RMM nitrosamine (%) X moles nitrite in MDD

% nitrosation =

(3)

Nitrosation of Amine Impurity 5

The measured quantity of NDSRI 6 were scaled to the MDD and were also transformed to give the
percentage of nitrite converted to the NDSRI®’ (limiting reactant) as a function of time. Comparison of
the predicted extent of nitrosation to the measured values (Figure 4) show the model to significantly
overestimate the degree of nitrosation occurring over the five-year product shelf life. The model
predicted that NDSRI 6 would significantly exceed its Al by the end of the product shelf life. The testing
data presented represent analyses of retained samples of packed product stored at 25 °C and
60% RH for multiple batches of multiple product strengths. The data show some batch-to-batch
variability, but all results were consistently less than the CPCA>! assigned limit of 18 ng/day for NDSRI
6 and show formation of the NDSRI to occur in the packed product upon storage rather than during

drug product processing.

Note: All results are expressed as % nitrosation versus the limiting reactant as this hides the molecular

weight of the NDSRI and the precursor amine.
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Discussion
Kinetic modelling of nitrosamine formation in a solid drug product.

Results have been presented that show that the application of a kinetic model of nitrosamine formation
based on aqueous nitrous acid based nitrosation chemistry is possible within the context of a solid
drug product. Comparison of the model predictions to experimentally measured levels of nitrosamine
formation for three solid drug products have shown that the model does what it is intended to do and
overestimates the level of nitrosamine formation. This over prediction stems largely from the
conservative assumptions that have been made in defining the reactant concentrations. The following

discussion will place the model described herein in a wider context.

Previous attempts to model the formation of nitrosamines within the matrix of a solid drug product
have achieved a level of success through the application of a fitted model that has a basis in the
published aqueous kinetics of amine nitrosation.>® However, the creation of such models requires
significant quantities of experimental data to enable the fitted model to accurately predict the
availability of the reactants as a function of the storage conditions the drug product was exposed to.
This requirement for significant quantities of data relating levels of nitrosamine formation in the
product under a range of storage conditions to nitrite and vulnerable amine levels in the drug product
means that, while such models may form part of a control strategy, they are less suitable in the context

of a risk assessment due to their high data requirements.

Solution phase nitrosation kinetics have recently been used to predict nitrosation in an oral solid
dosage form based on different assumptions to those outlined herein .2 The choice of a larger solution
phase volume than we have described herein will lead to lower reactant concentrations for species
such as nitrite that are not solubility limited and therefore a lower predicted rate of nitrosamine
formation, which may cause the model predictions to be less conservative than those generated using
the model described herein. The resultant prediction of no risk was also based on a measured rate of
nitrosation for the model drug substance, which showed lower reactivity than is assumed in the

general model used in this work. Using measured rate constants in this manner may give a more



Journal Pre-proof

accurate predictive model at the cost of significant experimental work to determine the substrate
specific rate constants. Application of such constants in the modelling approach outlined herein should
still over predict the rate of nitrosamine formation due to the conservative nature of the assumptions

used to define the reactant concentrations.

In contrast, the biased kinetic model based on the saturated solution layer concept described herein
sacrifices predictive accuracy in order to lighten the requirements for measured data, so that it may
be used as part of a risk assessment process. A significant factor in biasing the model towards
overprediction of nitrosation rate is the extremely conservative assumptions made in respect of the
levels and availability of the nitrite present in the drug product. When coupled with similarly
conservative assumptions in respect of a vulnerable amine impurity the result is the significant
overprediction observed in the nitrosation of amine impurity, 5 (See Figure 4). In addition, the known
instability of solutions of nitrous acid (Scheme 4)°°% with respect to the formation nitric oxide and
nitric acid will provide an additional pathway by which the nitrite content of the saturated solution layer

may decline over time in a solid drug product.

Reactant availability

For the N.O3 pathway the potential for reactant availability to impact the rate of nitrosation of an amine
by N2O3 is illustrated in Figure 5, which shows a significant drop off in rate as the availability of the
nitrite and amine are reduced. The effect is more pronounced in the case of nitrite versus the amine
as the rate law (Scheme 1) has a second order (squared) dependence upon the nitrous acid
concentration. For instance, an availability of 50% for both the nitrite and amine will result in the
nitrosation proceeding at 12.5% of the predicted rate assuming total reactant availability. The impact
upon nitrosation by protonated nitrous acid and nitrosyl chloride, although still significant, will be less
pronounced as the rate laws for these pathways exhibit a first order dependence upon the nitrous

acid concentration.5?
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The potential impact of drug product processing conditions upon reactant availability provides a
window through which the results obtained in model drug products containing 4-phenylpiperidine
hydrochloride, 1 (Figure 2) may be viewed. From the point of view of the initial conditions used to
initiate the biased kinetic model, the nitrite concentration based on total availability is the same in the
model product produced by wet granulation as it is in the product produced by direct compression of
the excipient / drug substance blend. However, the observed levels of nitrosation are significantly
higher in the wet processed product relative to when the same blend is subjected to a dry process
(direct compression). The wet extractive methodology used to analyze excipients for nitrite®? provides
a potential explanation of this behavior, while also explaining why observed levels of nitrosation are
often lower than the theoretical maximum level.!® There are similarities between the extractive
process used to analyze excipients for nitrite and a wet granulation in that both expose the excipients
to a solvent capable of extracting nitrite contained within the excipients. This process has been
optimized in the case of excipient nitrite analysis to maximize the level of nitrite extracted, which is
unlikely to be the case in a wet granulation. In the case of a product processed in a dry process this
extraction of nitrite from the excipients into the granulating fluid will not have taken place. The
significance of this from the point of view of nitrosamine formation then becomes apparent if the
subsequent steps in a wet granulation process are considered (Figure 6). Following the wet
granulation the granules are usually dried, which will remove much of the granulation fluid, while
concentrating the extracted nitrite in any solution phase that is left behind. Total removal of the
granulation fluid will result in the nitrite, and any other species, dissolved in the granulating fluid being
left on the surface of the granules where they will be more accessible to react. In effect the wet
granulation process has the potential to make a higher proportion of the nitrite and vulnerable amine
impurities present in the granulation process available to react relative to the same blend when
subjected to a dry process. While the discussion of the application of the model discussed herein has
been limited to nitrosation occurring over the drug product shelf life, the model may be applied to
consider steps in the drug product process. Doing this supports the relative rates of nitrosation stated

in Figure 6.
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Comparison of the observed behavior in respect of extent of nitrosation to drug product processing
and storage conditions®124 to effects that are often observed during Accelerated Predictive Stability
(APS) studies®® shows that the observations are consistent with factors that promote reaction in
studies of degradation in solid dosage products. This includes the observation that degradation
processes sometimes tend to a level of degradation that is controlled by the availability of a low level,
limiting impurity. In the context of nitrosamine formation this is plausible for both trace nitrite and trace
vulnerable amine impurities, which could lead to levels of nitrosation being observed that are
significantly lower than might be expected based on the quantities of vulnerable amine and nitrite that
are present in the drug product. An example of this was observed in the study of the nitrosation of 4-
phenylpiperidine, 1 in a model product that had been prepared via a wet granulation process. In this
case the observed level of nitrosation reaches a plateau within the timescale of the study (see Figure
2), which is consistent with the result to be expected for a product where the conditions favor relatively
rapid nitrosamine formation but only a portion of the limiting reactant is available. As no allowance is
made for reactant availability in the biased kinetic model that we have described it predicts a rapid
reaction that achieves complete consumption of the limiting reactant to form a level of nitroso 4-
phenylpiperidine that is in excess of the observed level. In systems where a rapid reaction is predicted
a lower than expected level of nitrosamine can also result from complete consumption of a limiting

reactant when its level has been over estimated.

The third example of the nitrosation of a trace impurity by trace nitrite shows the biased assumptions
used in defining the scenario for the kinetic model can lead to significant overprediction. In this case
the availability and level of nitrite as a trace reactant is potentially only part of the reason for the
observed effect. The assumptions made about the availability of the amine impurity, 5 also have the
potential to significantly impact the result. There are two factors that could potentially modify the result,
firstly, it was assumed that the amine was present at its specification limit in the drug substance rather
than using batch data, which would have allowed a less conservative position. Secondly, the amine

impurity, 5 has been assumed to all be available, which in this case is likely to be incorrect, as given
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the nature of the impurity, there is a possibility that the impurity will pack within the crystal lattice of
the drug substance. If this is the case the availability of the impurity will be controlled by the saturating
solubility of the drug substance and the extent to which the impurity forms a perfect solid solution with
the drug substance in the solid state.®® A good understanding of the location of impurities within the
drug substance®*® may therefore provide a scientific basis for restricting the availability of a
vulnerable amine impurity as a surface impurity will show differential availability with respect to an

impurity that packs within the crystal lattice.
Considering the nature of the drug product

In some solid dosage forms, which are described herein as ‘complex” drug products, the way in which
the excipients and the drug substance(s) are combined may mean that it is unnecessarily
conservative to consider that the vulnerable amine is exposed to all of the nitrite contained in the
product. For example, consider a product where the drug substance has been granulated with some
of the excipients prior to blending with extra-granular excipients and compression. The degree to
which a vulnerable amine present in the drug substance is exposed to the nitrite from the excipients
present in the granules may be different (Figure 7a) to its exposure to nitrite in the extra granular
excipients, depending upon the quantities involved. The consequences of any such inhomogeneity
should be considered as it could influence the predicted level of nitrosation positively or negatively.
This proposal is consistent with the saturated solution layer being a short-range phenomenon that
bridges between particles at a local level rather than forming a single product spanning phase that
would enable long range transport of reacting species within a solid drug product. There is also some
commonality with the surface area contact model that has been used to rationalize the relationship
between drug load and degradation rate.®>® Naturally, volatile species such as dimethylamine which
is a gas at 25 °C may reasonably be expected to show greater mobility than a drug substance or

nitrite that dissolves in the saturated solution layer.

A second scenario where not all of the nitrite and vulnerable amine may be in contact is in a fixed
dose combination product. In such products steps are often taken to keep the drug substances

present separate to minimize any complications arising from drug substance—drug substance
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interactions. Bilayer tablets (Figure 7b) and capsules containing two different types of pellets each of
which contain different drug substances are examples where the product can be considered as
containing two different compartments which should be considered separately from the point of view

of the biased kinetic model described herein.

The factors that were discussed previously regarding reactant availability and the impact of
processing methodology then apply separately to each of the reaction compartments within a complex

product.

While the discussion has focused on solid dosage forms where the excipient drug substance blend
has been compressed to form a tablet it is reasonable to apply the approach described herein to
consider nitrosation in uncompacted blends contained in capsules or vials. The results when
considering such products may be more conservative relative to a compressed blend as was

observed in the study, which generated the data shown in Figure 3.
Competitive nitrosation reactions

Several scenarios can be readily envisaged where a drug product contains multiple species that can
react with nitrosating agents. One of these is the use of scavengers!!356768 where an additive to a
drug product prevents nitrosamine formation by outcompeting the vulnerable amine for any nitrosating
agents formed in the drug product during processing or on storage. In the context of the biased kinetic
model, it is possible that a drug substance may contain multiple amine groups that could undergo
nitrosation or that the drug substance contains multiple amine impurities that could undergo
nitrosation in competition with the drug substance or each other. Many drug substances also have
the potential to react with nitrosating agents to form products other than nitrosamines,®® which may
give rise to competition for trace nitrite. The scavenging potential of such reactions can be understood

by subjecting the drug substance to appropriately designed nitrosation experiments.®®

Considering a vulnerable amine with two sites that can undergo nitrosation

Within the context of the biased kinetic model being applied to a vulnerable amine with multiple amine

groups, these sites of reaction will either be classified as an alkylamine or aniline and the appropriate
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rate constants applied to the nitrosation of each site. The extent to which each site will be available
to react will be governed by the pH dependent speciation of the vulnerable amine at the pH of the
saturated solution layer. Diamine 8, which can form an unstable primary nitrosamine 9 (NNO-1), which
will react further, or a stable nitroso piperidine derivative 10 (NNO-2) (Scheme 5) provides an
illustrative example.?® The following discussion assumes that significant nitrosation of the initial
nitrosation, products NNO-1 and NNO-2, to form a dinitroso species does not occur, which is
reasonable under trace nitrosating conditions but would not be so under synthetic nitrosating

conditions,®® when the dinitrosated product may also be formed.

In the absence of added chloride, the rates of formation of NNO-1 9 and NNO-2 10 are given by
Equations 4-5 where fy1 and fyz are the fractions of Diamine 8 that are reactive on that center at the
pH being considered. From these it is possible to calculate the fraction of the total rate of nitrosation
that is giving NNO-1 (Equation 6) and hence the fraction of rate to NNO-2. This approach can be

expanded to consider additional competing pathways subject to the considerations discussed below.
Rate NNO —1 = k1’v203 [HNOZ]Z[Am]Tle + k;qZNO; [HNO,][H]*[Am]rfy1  (4)
Rate NNO — 2 = k1’v203 [HNOZ]Z[Am]TfNZ + k;quO; [HNO,][H]*[Am]rfy2  (5)

Rate NNO — 1 _ fm
Rate NNO — 1+ Rate NNO — 2 fy1 + fnz

Fraction of Total Rate to NNO — 1 = (6)

Based on the predicted* pKas of 4.7 for the primary amine and 9.4 for the secondary amine it is
possible to calculate the speciation of Diamine 8 as a function of pH (Figure 8a) and use this to derive
the fractional rates of formation of NNO-1 and NNO-2 as a function of pH (Figure 8b). This analysis
shows that the primary amino group in Diamine 8 effectively outcompetes the secondary amine group
at pHs below 7 to give NNO-1 formation as the dominant pathway. As the pH is increased above 7
the secondary amine group in Diamine 8 begins to deprotonate, which leads to the rate of formation
of NNO-2 increasing until it reaches the maximum rate possible relative to NNO-1 formation which

occurs when the pH is sufficiently high that all of Diamine 8 is in the free base form. The assumption
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of equal rates for the formation of NNO-1 and NNO-2 from the free base form of Diamine 8 is a
fundamental consequence of the assumptions in the general solution phase nitrosation model*’:1°

when comparing alkylamines other than trialkylamines.”

While a comparison of the pH dependent speciation of competing amine groups based on Equation 4
will inform as to which nitrosamine will be the dominant product at a given pH, it will not inform as to
the quantity produced. A kinetic simulation using the biased kinetic model will accomplish this and
has been carried out for illustrative purposes for a hypothetical drug product that contains 10 mg of
Diamine 8 at a loading of 10% in a tablet with an average excipient nitrite content of 1 ppm and a free
water content of 2% w/w. Simulations of the formation of NNO-1 and NNO-2 were carried out to
consider three years at 25 °C, at drug product pHs ranging from 6 to 11.%4"* The quantities of NNO-1
and NNO-2 predicted to be present in one tablet after three years at 25 °C (See Figure 8c) show total
nitrosation to occur to form 366 ng NNO-1 at pHs below 7, which makes the amino group of Diamine
8 an effective nitrite scavenger at acidic pHs. As the pH increases from pH 6 the level of NNO-2
increases to a maximum of ~4 ng at pH 7.75 before the effect of high pH on decreasing the rate of

nitrosation causes the level of nitrosamine production to fall.

Considering competition between a drug substance amine and a vulnerable amine impurity

In the previous section the competing amines were guaranteed to be in solution at a defined level in
relation to each other because they were contained within the same molecule. For competition to be
considered between vulnerable amine groups belonging to two different amines present in a solid
drug product, the amine that is being relied upon to scavenge nitrite and thus reduce the level of
nitrosation of the second vulnerable amine must be present in the saturated solution layer at the
expected concentration. This is a reasonable assumption to make if the scavenging amine is the drug
substance, as that should be present in the saturated solution layer at its saturating solubility.”? A
conservative competitive prediction can then be made for a vulnerable amine impurity by making the
assumption of total availability discussed earlier when deriving the concentration of the impurity amine

in the saturated solution layer.
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An example of such a scenario is the nitrosation of low levels of diisopropylamine (DIPA) that may be
present as an impurity in B-Blocker 3. A slight modification to Equation 6 to allow for the presence of
two different amines, Am; and Am,, gives Equation 7. Substituting into Equation 7 for DIPA being
present at a concentration of 1.2x10% M alongside B-Blocker 3 at a solubility of 0.35 M in a saturated
solution layer with a pH of 7.4 leads to a prediction that less than 0.006% of the total nitrosation rate
will be due to the formation of nitroso diisopropylamine (NDIPA).”® While this suggests that the level
of NDIPA formation is likely to be low due to B-Blocker 3 competing for the nitrite, a quantitative
conclusion requires the rate of reaction and shelf life of the product be considered. A competitive
kinetic simulation of the nitrosation of B-Blocker 3 in the presence of 1.2x10° M DIPA was carried out
and predicts that ~0.06 ng of NDIPA will be present in the MDD of B-Blocker 3 after storage of the
drug product for three years at 25 °C (Figure 9).>* A maodified simulation that considered the
nitrosation of DIPA in the absence of competition by B-Blocker 3 predicts a higher rate and that 0.1 ng
of NDIPA will be present in the MDD at the end of the product shelf life (Figure 9), showing a slight
benefit from competition in this case. When compared to the assigned acceptable intake of 1500
ng/day for NDIPA’*75 it is clear that the nitrosation of traces of DIPA that could be present in the drug
substance in the derived drug product does not give rise to a risk that the product will be contaminated

with significant levels of NDIPA and pose a risk to patient safety.’®

Rate NNO — 1 [Amy]rfn1

Fraction Rate to NNO — 1 = =
raction fate '@ Rate NNO — 1 + Rate NNO — 2 [Amy]rfu1 + [Ama]rfaz

(7)

The reason for the relatively small impact of competition in reducing the level of NDIPA predicted to
be formed in this case is due to the nitrosation of the competing drug substance, B-blocker 3, being
predicted to only consume approximately 35% of the available nitrite (Figure 3). While this causes a
reduction in rate, which may be seen in Figure 9, it does not have a particularly large impact upon the

rate of formation of NDIPA.

Considering competition between vulnerable amine drug substance impurities
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Previously we discussed the requirement for the presence of the scavenging amine to be certain for
it to be considered as a means of preventing, or limiting, the nitrosation of a vulnerable amine impurity.
As the levels of impurities present in a drug product may be expected to show variability and a degree
of uncertainty it is not safe to assume that one will be available to the saturated solution layer to
compete with other potential vulnerable amine impurities. Taking this logic further, the consideration
of multiple amine impurities competing with each other in the presence of a vulnerable amine drug
substance may not be appropriate if any of the impurities are predicted to consume a significant
fraction of the available nitrite. A series of pairwise comparisons between the drug substance and
each of the amine impurities is a more conservative approach that doesn'’t rely upon the presence of

any impurity other than the one being considered.

Formaldehyde catalyzed nitrosation

It has been proposed’’ that the formaldehyde-catalyzed nitrosation of secondary amines’®® that has
been demonstrated to be a competent pathway in solution may also represent a risk in the context of
nitrosation occurring in a solid drug product. However, there is limited data®* on which excipients
contain formaldehyde and the levels to be found, which makes carrying out a risk assessment difficult.
Furthermore, there is no evidence to validate that the reaction, which involves two trace reactants,
nitrite and formaldehyde, can give rise to a significant level of nitrosamine formation in a solid drug
product. Experimental-investigations are required to address both areas of uncertainty to determine
if formaldehyde-catalyzed nitrosation of secondary amines is an additional risk factor that needs to

be considered when conducting a drug product nitrosamine risk assessment.

In respect of the results presented herein the product with the highest risk, based on the product pH
of 7.4, of formaldehyde catalyzed nitrosation contains B-Blocker 3. The degree of over prediction
observed (Figure 3), relative to the measured levels of NDSRI 4, from a model based solely on nitrous
acid based nitrosation suggests that formaldehyde catalyzed nitrosation is not making a sufficiently

large contribution to the overall rate to lead to under prediction in this case. Comparison of
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confirmatory testing data for a range of drug products possessing a high product pH with the
nitrosamine levels predicted using the model based on nitrous acid presented herein would aid the
industry and regulators in determining if formaldehyde catalyzed nitrosation is a real risk in drug
products. If formaldehyde-catalyzed nitrosation is validated as a risk factor, it may be possible to
extend the solution phase nitrosation model applied herein to consider formaldehyde-catalyzed
nitrosation as an additional pathway by the inclusion of the appropriate reactions as this has been
demonstrated in studies of the nitrosation of dibutylamine.® The conservative, total availability,
approach outlined could be used but it is not clear that the resultant model would be of use given the
degree of overprediction this assumption can lead to for a nitrous acid based nitrosation. A better
understanding of trace reactant availability is likely to be required to make such an approach useful
in the context of assessing nitrosamine formation risk in a solid drug product. A second complicating
factor is that a general model in terms of rate and equilibrium constants can’t be proposed for the
formaldehyde-catalyzed pathway in the same way as for nitrous acid based nitrosation.'”*®* The
limited number of amines studied’®® have already shown that the equilibrium constants for the
formation of the aminol intermediate and the rate constants for the subsequent reactions involving

nitrite to form a nitrosamine are sensitive to the structure and basicity of the amine.

Nitrosation mediated by atmospheric NOx

Nitrosation by NOx is now recognized as a potential risk factor during drug substance and drug
product processing in regulatory guidance’ and is considered in workflows to assess the risk of
presence of nitrosamines in drug substances and drug products.® It has been proposed that NO,,

one of the components of NOx, acted as a nitrosating agent during drug product processing.8!

NOx is by nature a complex mixture of nitrogen oxides and contains variable quantities of NO and
NO; as the principal components alongside lower levels of additional species including N.O3; and N2O4
which are in equilibrium with NO and NO,.8283 Both gaseous N,O3z and N>O4 have been demonstrated

to be capable of nitrosating amines in agueous solution at high pH,8 which suggest that nitrosation
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by NOx during processing could occur through an agueous phase containing a vulnerable amine.
Work is ongoing to better understand the risk posed by NOx exposure during drug substance and

drug product processing.8¢

From a remediation point of view, it has been demonstrated that the abatement of NOx present in air
used during a wet granulation has the potential to control the level of NDMA formation during the
processing of a metformin containing product.®” NOx abatement has also been shown to influence

the level of nitroso atomoxetine formation during tablet coating.®

It is perhaps noteworthy that the model applied herein to consider three solid drug products made no
allowance for nitrosation by NOx and demonstrated significant over prediction versus the observed
level of nitrosamine formation with time. In the case of -Blocker 3 a low level of NDSRI 4, which was
insignificant versus the level formed over the shelf-life, was formed during the drug product process
which used added water and a deliberate flow of air. This low level of nitrosation during the drug
product process could be the result of nitrous acid based nitrosation due to nitrite present in the
excipients during wet processing operations (See earlier discussion) or due to exposure of the drug
product to NOx through the use of forced air during processing. The higher product pH in this scenario
should favor nitrosation by N2Oz and N2Os if that was a significant risk at the production site relative

to a more acidic product processed in the same manner.

Therefore, while nitrosation by NOXx is a risk that is not included in the biased kinetic model described
herein, its exclusion does not pose a risk for many products depending upon the conditions of the
drug product process and pH environment present in the drug product. The greatest risk of under
prediction by the model due to NOx is to be expected for products with a basic drug product pH that
are subjected to wet processing that involves the use of large volumes of air. Where product testing
data is available the presence of significant levels of a nitrosamine in the product immediately after
processing that is not predicted by the model could indicate that NOx based nitrosation is a significant

factor for that product.
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Application of a Biased Kinetic Modelling to support the assessment of nitrosamine formation in a

drug product

The examples described herein show that the proposed model is biased to overpredict the extent of
nitrosamine formation in solid drug products relative to experimentally observed levels of nitrosamine
formation. It is therefore appropriate to consider how such a model may be used in a risk assessment
process. In attempting to do this the EFPIA risk assessment workflows!® provide a framework within
which to work. The Drug Product workflow follows a stepwise process to identify if confirmatory testing

for a nitrosamine is required:
1. Could nitrosamines be present in any of the input materials?
2. Could the drug product contain a vulnerable amine?
3. Could the drug product contain a nitrosating agent or its precursor?
4. ldentify the acceptable intake of any nitrosamines that could potentially be formed

5. Asses the risk that the drug product couid contain any of the identified nitrosamines at levels

that are = 10% of the identified acceptable intake(s)

Itis in step five that the biased kinetic model we have described has utility. The first activity suggested
is to assess the maximum level of each of the nitrosamines that could form based on total
consumption of the limiting reactant (nitrite or vulnerable amine). Conservative, upper limit values for
the potential levels of nitrite®23* and vulnerable amines are often used at this point as this gives the
most robust risk assessment if a no risk conclusion can be reached. If any nitrosamine can form at =
10% of the acceptable intake it is possible that the application of the biased kinetic model of
nitrosamine formation in the MDD of the drug product could support a no risk conclusion if the level
predicted to be formed is less than 10% of the acceptable intake. If the level predicted are greater
than 10% of the acceptable intake it is possible that use of product specific data on measured levels

of the amine or nitrite may enable a prediction of less than 10%. The use of average nitrite levels still
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giving rise to significant overprediction in the 4-phenylpiperidine hydrochloride, 1 example discussed
herein supports this approach. If measured parameters are used in the biased kinetic model, it is
likely that they will become part of an appropriate control strategy. If a no risk conclusion can'’t be

supported by application of the biased kinetic model the remainder of the workflow continues.

The benefit in applying a biased, conservative model in this context is to be able to reduce the number
of cases where drug product testing will be required, thereby allowing finite resources to be focused
on testing those products that represent a greater risk. It is expected that the application of the model,
with its current conservative assumptions, will in some cases predict that levels of nitrosamine in
excess of 10% of the acceptable intake will be present. Subsequent product testing may show that
levels are actually below 10% of the acceptable intake and do not represent a risk. Such data if it can
be shared through an appropriate consortium may provide sufficient evidence to support
modifications to the availability assumptions described herein and allow a less conservative position

to be taken in some circumstances, while retaining the model’s bias towards overprediction.

Applying a no risk threshold of less than 10% of the Al to the predicted results is consistent with the
EFPIA recommended workflow for nitrosamine risk assessments.® Taken with the tendency of the
model to overpredict nitrosamine formation, demonstrated herein, it is extremely unlikely that a
product considered not to have a risk of nitrosamine formation will contain levels of a nitrosamine in
excess of the acceptable intake. Errors in the amine pKa and drug product pH, which are the scenario
parameters used in the modelling that have the biggest impact on the predicted rate, of up to one pH

unit in the least favorable direction should therefore be tolerated.

Conclusion

This work has applied a biased version of a published solution phase kinetic model of amine
nitrosation to consider nitrosamine formation occurring within a saturated solution layer contained
within a solid drug product. The assumption of total reactant availability made in defining the nitrite

concentration for the kinetic model is a significant factor in biasing the model towards over prediction.
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Comparison of the model predictions against observed levels of nitrosamine formation for a model
product containing 4-phenyl piperidine hydrochloride show the biased model to overpredict the level
of nitrosamine formation when using average excipient nitrite data from the literature. Further
evaluation of the model, using worst case nitrite levels from the Lhasa Nitrite database,**®’ has been
carried out against analytical testing data for two drug products that have been subjected to testing
for NDSRIs. In the case of a B-blocker the model consistently overpredicted the level of drug
substance derived nitrosamine formed in the drug product over three years at 25 °C. The second
comparison was for the nitrosation of a dialkylamine related substance impurity that was present at
low levels in a tertiary amine drug substance. In this case the conservative availability assumptions
made in respect of the impurity combined with those made in respect of nitrite from the excipients led
the model to significantly overpredict the level of NDSRI formed relative to product testing over a five-

year shelf life.

Competition between vulnerable amines for limited nitrite has been discussed in the context of how
one amine may act as a scavenger for nitrite and thus restrict the extent to which a second amine
undergoes nitrosation. The impact of the nature of the drug product and the drug product process on

the availability of the reactants to support a nitrosation reaction was also discussed.

Finally, we have described how the biased kinetic model could be used within the context of a drug
product nitrosamine risk assessment to demonstrate that analytical testing for some nitrosamines is
not required so that finite analytical resources could be focused on those nitrosamines that pose the

greatest risk.
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89. Scheme 1. Schematic showing the equilibria and rate laws that form the basis of the kinetic

model (Ashworth 2020) applied to the aqueous nitrosation of 4-phenyl piperidine

hydrochloride by nitrosating agents derived from nitrite.
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90.

91. Figure 1. An illustration of the processes required for a secondary amine to undergo
nitrosation by N>Os derived from nitrite present in excipients within a saturated solution layer

present in a solid drug product.
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93. Scheme 2. Nitrosation of an alcohol to form an alkyl nitrite

94.

95. Scheme 3. Siructures of the secondary amines and their derived nitrosamines considered
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96.

97. Figure 2. % Nitrosation of 4-phenylpiperidine hydrochloride based on nitrite as the limiting
reactant in model drug products stored at 40°C and 75% RH: comparison of predicted and
experimental results (a) 10% drug load with wet and dry processing (b) 0.1% drug load with

wet processing.
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98.

99. Figure 3. % Nitrosation of 3-Blocker 3 based on nitrite as the limiting reactant to form NDSRI

4 in retained samples stored at 25°C and 60% RH: Comparison of model predictions and

extent of reaction based on measured NDSRI levels.
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101. Figure 4. % Nitrosation of Amine impurity 5 based on nitrite as the limiting reactant

to form NDSRI 6 in retained samples stored at 25°C and 60% RH: a) Comparison of model

predictions and extent of reaction based on measured NDSRI levels (b) Rescaled testing

data.

3 HNO, > 2NO + HNO, + H,0

102.

103. Scheme 4. Decomposition of nitrous acid
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107. Figure 6. Schematic of a wet granulation process
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109. Figure 7. (a) Schematic showing differences in contact between a drug substance and
intra and extra-granular excipients (b) Schematic of a bilayer tablet showing two reaction
compartments due to the separation of the vulnerable amines and low and high nitrite

excipients as a result of the tablet construction.



Journal Pre-proof

@)
Hay'N
3 o~
. Hsz*
Ha
pKa1 =47 1[{ H Q
O_. N
\N/ O/
O
© H
. HB* Rate NNO-1
N NNO-1 9
Ha
pK,, = 9.4 ’I o
HoN ~
o 'NO* 0O
HoN e
@] - |\|4
B Rate NNO-2 Neo
N
H
N NO-2 10
Diamine 8 N
110.
111. Scheme 5. Competitive nitrosation of a model Diamine 8 to form two different
nitrosamines
e IF 400 0 4.00
S 075+ qeeee, | -
£ o
3 o 300 + . 1300 2
5 025 1 =
£ o » 0 4250 5
2 g [0 @
S 200 T + 200 E
@ ¢ 3
l (a) o L 1.50 §
o 1 100 + 4 100 2
5 © 0 2
< 075 1 o 0 L 0.50
g 05 + (o] o]
8 0 A 0.00
03T 6 7 8 9 10 11
2
(b) pH (c) ® NNO1 O NNO2 Fraction NNO2

112.



Journal Pre-proof

113. Figure 8. (a) Diamine 8 pH dependent speciation (b) Diamine 8 fractional rates of
nitrosation as a function of pH (c) Simulated quantities of NNO-1 and NNO-2 formed over 3
years at 25°C as a function of pH in a drug product containing 10 mg of Diamine 8 and 9x10
8 g nitrite with a saturated solution layer volume of 2x10 L based on a limiting solubility, So of

1x10° M for Diamine 8
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114,

115. Figure 9. Comparison of the level of nitroso diisopropylamine predicted to be formed

in the maximum daily dose of B-blocker 3 with and without competition for the available nitrite

by the vulnerable amine drug substance.

Table 1. Nitrosation of 4-phenylpiperidine hydrochloride 1. Summary of the storage conditions

considered using the high and low strength versions of the model drug product.
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Condition®® Mass nitrite Mass amine Temperature %RH Mass water

(mg)° (mg) 0 (mg)*
C1 5.5x10°¢ 10 30 10 1.34
C2 5.5x10° 10 30 75 6.34
C3 5.5x10° 10 40 10 1.34
C4 5.5x10° 10 40 40 3.15
C5 5.5x10° 10 40 75 6.34
C6 6x10°°¢ 0.1 30 10 1.27
C7 6x10° 0.1 30 75 6.49
C8 6x10° 0.1 40 10 1.27
C9 6x10° 0.1 40 40 3.12
C10 6x10° 0.1 40 75 6.49

a) All simulations considered a single tablet with a mass of 100 mg with a pH of 4.98, as this lowers the predicted rate of
nitrosation relative to the measured value of 3.15, with a measured amine pKa of 10.5 (potentiometric titration
(Reference 19))

b) pH dependent salt solubility model appropriate for a 1:1 salt of a strong acid and a weak base used based on the
measured solubility product — Solubility = (Ksp/far+)*.

c) Nitrite level based on mean nitrite content of the excipients used taken from the Lhasa nitrite database (See Reference
10)

d) Calculated for the stated Relative Humidity (%RH) based on a moisture sorption isotherm for the quantitative model

drug product composition using the GAB equation.
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Table 2. Comparison of simulated levels of nitrosation and experimental measurements for model

drug products containing 4-phenylpiperidine hydrochloride, 1.

Relati Percentage nitrosation (%)
Ami ve
4 Weeks 13 Weeks
ne | Tempera | humi
Predic | Experim | Experim | Predic | Experim | Experim

load | ture (°C) | dity P P P P
1on ted ental ental ted ental ental

(%)? (%R

H) (wet) (dry) (wet) (dry)

C1 10 30 10 95.0 9.6 0.7 99.9 18.5 1.0
C2 10 30 75 85.2 14.1 53 99.7 23.7 3.7
C3 10 40 10 100 24.1 1.0 100 19.1 1.0
C4 10 40 40 100 26.7 1.0 100 22.6 15
C5 10 40 75 100 325 7.1 100 37.7 11.2
C6 0.1 30 10 42.5 1.3 73.6 1.8
C7 0.1 30 75 4.0 0.9 10.4 0.9
C8 0.1 40 10 90.9 0.9 97.8 0.7
C9 0.1 40 40 59.9 1.1 84.1 0.9
C10 0.1 40 75 26.2 1.2 53.9 2.2

a) 100 mg tablet weight

b) 0.9% nitrosation had occurred during processing prior to the tablets being stored under controlled conditions for
the wet processed products. 0.5% nitrosation occurred during processing prior to the tablets being stored for the

dry processed 10% drug load variant.

c) Relative to total consumption of nitrite, the limiting reactant. For the 10% drug load (DL) product this equates to
227.5 ng of nitroso-4-phenyl piperidine, 2 which is 2275 ppb versus the tablet. For the 0.1% DL product this

equates to 248.1 ng of nitroso-4-phenyl piperidine, 2 which is 2480 ppb versus the table
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