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Abstract

Bacterial infections are still a main cause of death in children younger than 5 years, yet
few age-appropriate antibiotic formulations exist, which limits treatment options and
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compromises quality of care. In 2023, the World Health Organization (WHO) published its
first list of priority paediatric antibiotic formulations to guide research and development for
age-appropriate antibiotic formulations. Both azithromycin and nitrofurantoin are on this
list. Currently, no dispersible tablets are approved or available for these drugs and existing
liquid forms are poorly palatable and/or contain excipients of safety concern. To support
the development of age-appropriate formulations for these two antibiotics, we produced
target product profiles using WHO’s methods. For azithromycin, the optimum age-
appropriate formulation and dose is scored 100 mg dispersible tablets or an orodispersible
multiparticulate formulation, with dispersible 50 mg tablets as the minimum requirement.
For nitrofurantoin, the optimum age-appropriate formulation is an orodispersible
multiparticulate formulation or scored dispersible tablets, with dispersible tablets as the
minimum requirement. Based on the WHO recommended dosage of 4 mg/kg per day for
children for nitrofurantoin, the optimum unit dose is 5 mg. If scoring is feasible, a 10 mg
unit dose should be developed for dosing flexibility across paediatric age groups. These
profiles aim to support regulatory authorities, pharmaceutical developers, health
programmes and other stakeholders in advancing safer, effective and child-appropriate
antibiotic formulations.

Introduction

Bacterial infections continue to be among the main causes of death in children younger than 5 years
globally.! Despite the availability of several antibiotic classes, managing bacterial infections in
children is challenging, particularly in low- and middle-income countries, where access to effective
treatments and reliable microbiological diagnostics is often limited. These challenges are
exacerbated by long-standing barriers to paediatric drug development, including limited financial
incentives, low commercial interest and inadequate infrastructure for conducting clinical trials in

children.”?

One of the main problems for the treatment of children is the lack of age-appropriate
formulations. This gap restricts therapeutic options, limits safe and effective use of the treatments
available, and contributes to suboptimal care for children globally. In 2016, Member States of the
World Health Organization (WHO) adopted resolution WHA69.20 to promote innovation and
improve access to safe, effective, high-quality and affordable medicines for children.® In response,
WHO, together with its partners in the Global Accelerator for Paediatric Formulations Network, has
strengthened its commitment to expanding the availability of age-appropriate formulations. A key
initiatives supporting this commitment is the paediatric drug optimization exercise, a strategic
initiative designed to enhance the development and accessibility of age-appropriate formulations for
children. The success of this initiative regarding treatments for human immunodeficiency virus,
hepatitis C and tuberculosis underscores its potential to facilitate more rapid access to optimized
treatments.” To address the research gaps that limit access to suitable therapies for children with

bacterial infections, WHO facilitated a paediatric drug optimization exercise to prioritize drugs for
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paediatric patients to ensure safe, effective and accessible antibiotic options are available for

children.?

A key milestone in this effort was the release, in 2023, of WHQO’s first priority list of
paediatric antibiotic formulations.® This list includes antibiotics already included in the WHO Model
list of essential medicines for children and promising drugs in development. The list provides clear
direction for future research and development and focuses attention on the specific needs of
children and the need to ensure equitable access to safe, effective and age-appropriate antibiotic

treatments worldwide.®

One of the priority antibiotics is azithromycin, a macrolide antibiotic. The WHO AWaRe
(Access, Watch, Reserve) antibiotic publication recommends azithromycin as the first-choice drug
for cholera, enteric fever, gonorrhoea, sexually transmitted infections caused by Chlamydia
trachomatis, trachoma, yaws and chlamydia ophthalmia, and as the second choice for acute invasive
bacterial diarrhoea.’ These conditions are important public health concerns.’”!! Additionally,
azithromycin is one of the few choices for pertussis treatment. Of all macrolides, azithromycin has
several advantages with a long half-life and a once-daily short duration regimen.'? Infections with
macrolide-susceptible organisms are frequently treated with azithromycin. The antibiotic is widely
available and relatively inexpensive, including in low- and middle-income countries. Azithromycin
has been identified as a priority antibiotic because it can be used to treat a wide range of diseases,

treatment durations are short, it is widely available and it has few adverse events.®

Another antibiotic on the priority list is nitrofurantoin, which belongs to the nitrofuran class.
Nitrofurantoin is a legacy antibiotic that has been used to treat urinary tract infections for more than
a decade. Urinary tract infections are among the most common bacterial infections affecting
children. Nitrofurantoin has been included in the WHO Model list of essential medicines for
children'® because it is effective for both treatment and prophylaxis of lower urinary tract infections
in children.!® This antibiotic is especially valuable for children with genitourinary abnormalities
who require prolonged prophylaxis, given its wide availability and affordability.!* Nitrofurantoin is
highly effective against most Enterobacterales species responsible for urinary tract infections,
including many extended-spectrum B-lactamase-producing strains.® Due to its unique antibiotic
class, nitrofurantoin shows limited cross-resistance with other antimicrobial agents. However,

resistance has been reported in some multidrug-resistant pathogens.

In the AWaRe antibiotic book, nitrofurantoin is recommended as the first-choice drug for
lower urinary tract infections.” The WHO-recommended dosage of nitrofurantoin for treating

urinary tract infections in children is 4 mg/kg per day, administered in two or four divided doses for
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5 days.”!? Prophylactic treatment is recommended for recurrent urinary tract infections.
Nitrofurantoin is not recommended for more severe infections, such as upper urinary tract
infections, because these life-threatening infections pose a risk of renal damage and require

antibiotics that achieve adequate systemic concentrations, which nitrofurantoin does not provide.’

Nitrofurantoin can only be used after the neonatal period (at least 44 weeks of corrected
gestational age) because of the risk of oxidative stress causing haemolytic anaemia in neonates with
immature erythrocyte enzymes. The antibiotic has not been extensively studied in children younger
than 12 years. Additionally, nitrofurantoin has been associated with haemolytic anaemia in
individuals with glucose-6-phosphate dehydrogenase deficiency, necessitating caution in regions

where this condition is prevalent.'*

Currently, for both the antibiotics, no dispersible tablet formulations are available and the
authorized liquid forms are not palatable and contain excipients that raise safety concerns,

highlighting the need for improved paediatric formulations.

To support the development of age-appropriate formulations for these two antibiotics, we
developed target product profiles using WHO’s established methods.!> These profiles aim to inform
regulatory authorities, manufacturers, health programmes and other stakeholders about the need to
develop optimum age-appropriate formulations of oral azithromycin and nitrofurantoin according to
WHO recommendations. The comprehensive approach aims to ensure that the WHO Model list of
essential medicines for children includes formulations that are truly suitable for children, addressing

both technical and practical challenges faced in diverse health-care settings. '

Methods

We undertook a thorough review of available pharmacokinetic and dosing information, defining the
ideal characteristics of the formulation and identifying key factors for its implementation, all aimed
at speeding up the availability of child-friendly azithromycin and nitrofurantoin products. A WHO
Steering Group, composed of 11 members from eight departments across four WHO divisions, was
established to oversee this effort. The team responsible for drafting the target product profile
included experts in science, clinical practice and public health, selected to reflect WHO’s

commitment to geographic and gender balance, as well as diverse expertise.'¢

For each characteristic of the target product profile, product developers should aim to meet
the optimum criteria whenever possible. Minimum criteria are given as a fallback if the preferred

criteria are not feasible.

Azithromycin
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Assessment of existing formulations

Based on a background assessment led by WHO and Global Accelerator for Paediatric
Formulations Network,!” previously listed formulations of azithromycin, such as capsules, were
found to be inappropriate for young children because of limited dose flexibility and acceptability
issues. Although a powder for oral liquid formulation exists, excipient safety and reconstitution
requirements are problematic in low- and middle-income settings. Thus, an age-appropriate oral
formulation of azithromycin that includes safer excipients and does not require reconstitution is
needed. Dispersible preparations exist in India which suggests the potential feasibility of developing
dispersible tablets; however, these preparations are not registered or marketed in other territories

and jurisdictions.

Target product profile'®

Indication for use (compulsory)

The product should target specific indications, ideally covering chlamydial ophthalmia, trachoma,
cholera, dysentery, enteric fever, pertussis, yaws, scrub typhus and atypical pneumonia. At a

minimum, the product should target trachoma, cholera, yaws, pertussis and enteric fever.

Target population (compulsory)
The target population includes children weighing between 2.5 kg and 25.0 kg.

Safety

The active pharmaceutical ingredients should have a safety profile supported by evidence of

bioequivalence, while excipients should meet regulatory requirements for inactive ingredients. '®

Efficacy

Efficacy should be shown by establishing bioequivalence with the reference product in human

studies.

Pharmaceutical form

Since the indications for azithromycin use span the whole age spectrum, we identified the need for
formulations suitable for neonates, infants and children who are unable to swallow tablets, without
compromising shelf life and other logistical considerations (for example, transport and ease of
storage). We also considered orodispersible multiparticulate formulations (for example, sprinkles,
minitablets and granules), nasal formulations and oral films, in addition to dispersible tablets.

However, issues with drug loading for nasal and oral films limited their applicability.

Thus, orodispersible multiparticulate formulations and (functionally) scored dispersible

tablets are the optimum formulations to be developed. Dispersible tablets are the minimum
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standard. If the development of functionally scored dispersible tablets is pursued, equal distribution

of active pharmaceutical ingredients should be ensured.

Unit dose

Optimum dosing for various indications of azithromycin ranges from 10 mg to 20 mg per kg of
body weight. We identified single scoring of dispersible tablets as the easiest form to break for
usage, without requiring long-term storage of the remaining pieces. We considered and modelled
various dispersible tablet sizes, including 60 mg, 80 mg, 100 mg and 120 mg. Since a single
formulation at 60 mg would require five tablets for children weighing 15 kg or more, we concluded
that the availability of functionally scored dispersible tablets sized at 100 mg would reduce the
number of tablets to be given to older children, while being compatible with weight-band dosing.
We also considered the option of double scoring. However, double scoring has several challenges,
particularly related to achieving uniform distribution of the active pharmaceutical ingredient and

difficulties associated with handling and storing tablet fragments.

Therefore, if orodispersible multiparticulate formulations are developed, or if scoring of

dispersible tablets is not feasible, 50 mg should be the dosage strength.

Weight-based dosing
The dosage form should align with WHO weight-band dosing, ideally allowing use across multiple
weight bands.

Size of the dosage form

The size of the dosage form should be adapted for children. Multiparticulate formulations should
conform with standard size guidelines and dispersible tablets should require only minimal liquid to

form a homogeneous dispersion.

Acceptability and palatability

Palatability is essential for optimum formulations for use in children. Formulations should have a
child-friendly, taste-masked flavour and good mouthfeel, confirmed through acceptability studies.
At a minimum, taste and mouthfeel should be acceptable through the use of excipients, particularly

flavours and sweeteners, commonly used in paediatric formulations.

Administration
Administration should be straightforward, requiring minimal manipulation by caregivers and
reducing opportunities for medication refusal. If supplied in bottles, packaging should have a child-

resistant cap.
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Administration device
For the optimum formulation, no administration device should be required. If a device is
unavoidable, such as a dosing cup or spoon, the minimum requirement is that it comes with simple,

easy-to-follow instructions for use, suitable for people with low literacy.

Preparation before administration

In the optimum formulation, the product should not require multistep preparation by the end-user
before administration. The antibiotic should be easy to prepare, for example, by mixing with water,
milk or food, and should have clear instructions suitable for people with low literacy. At minimum,
the product should be easy to prepare with water, milk or food, with clear instructions suitable for

people with low literacy.

Stability and storage

The optimum formulation should be suitable for all climatic zones, including Zone IVb of the
International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human
Use (that is, 30 °C and 75% relative humidity).!® The antibiotic should have a total shelf life of at
least 24 months and should not require special transport, storage or cold chain. At minimum, the
product must be able to be transported and stored easily within the supply chain, and be stored by

the end-user with no cold chain needs.

Packaging

The packaging should be compact, lightweight, easy-to-open and administer, inexpensive,
sustainable (that is, designed, produced, and disposed of in ways that minimize its environmental
impact while maintaining product safety and functionality), cost-effective to transport and child-

proof.

Cost

For the optimum formulation, the total cost of goods and landed costs should be the same as, or
lower than, existing formulations. The minimum requirement permits additional costs compared
with existing formulations, provided they remain acceptable and affordable to caregivers,

programme managers and funders.

Regulation

The optimum formulation should have a defined registration plan that follows reliable practices and
seeks global registration whenever possible. At minimum, regulatory requirements in the intended

end-user countries should be addressed from the outset.

Disability requirements for product label
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Both optimum and minimum formulations should consider end-user disabilities; the optimum
version should include accessibility features such as Braille labelling or so-called talking patient

information.

Nitrofurantoin

Assessment of existing formulations

The main problems with available formulations of nitrofurantoin are poor dose flexibility and the
frequency of administration (four times a day). The available an oral solid dosage form, 100 mg, is
unsuitable for delivering an appropriate dose to children younger than 12 years.!> A 50-mg dose
tablet preparation was therefore added to the WHO Model list of essential medicines for children in
2023.!% The oral liquid form (25 mg per 5 mL) is needed for children who are unable to swallow
tablets; however, it is not palatable, contains excipients of concern and has a short shelf life once

opened. The taste-masking in current formulations is inadequate to overcome palatability issues.

Target product profile®
Indication for use (compulsory)
The product is intended for prophylaxis of urinary tract infections and the treatment of lower

urinary tract infections, in accordance with WHO guidelines.

Target population (compulsory)
The target population includes children from 4 weeks of age (in case of preterm newborns, infants

with at least 44 weeks of corrected gestational age) up to 35 kg in weight.

Safety
The active pharmaceutical ingredients should have a safety profile supported by evidence of

bioequivalence, while excipients should meet regulatory requirements for inactive ingredients. '®

Efficacy
Efficacy needs to be shown by establishing bioequivalence with the reference product in human

studies.

Pharmaceutical form

The optimum pharmaceutical form is orodispersible multiparticulate formulations, such as
minitablets or sprinkles. Functionally scored dispersible tablets or dispersible tablets are an
acceptable minimum. The availability of dispersible scored tablets (where the taste remains masked

after breakage) or dispersible multiparticulate formulations would overcome most of the existing
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challenges with current formulations, including the challenges related to excipients and packaging

in glass bottles.

Unit dose

Reducing the strength of the dosage form would remove the need to break tablets to deliver smaller
doses to young children. To optimize dosing, smaller dosage strengths are needed, for example,
lower than 50 mg and 100 mg. Based on background modelling, 5 mg increments are required to
deliver appropriate dosing across the weight spectrum. Thus, if orodispersible multiparticulate
formulations are developed, or if scoring of dispersible tablets is not feasible, 5 mg should be the

dosage strength.

A 10 mg tablet is the minimum dosage strength when a scored dispersible tablet is

developed.

Weight-based dosing
The dosage form should align with WHO weight-band dosing, ideally allowing use across multiple

weight bands.

Size of the dosage form
The size of the dosage form should be adapted for children. Multiparticulate formulations should
conform with standard size guidelines and dispersible tablets should require only minimal liquid to

form a homogeneous dispersion

Acceptability and palatability

Palatability is essential for optimum formulations for use in children. Formulations should have a
child-friendly, taste-masked flavour and good mouthfeel, confirmed through acceptability studies.
At a minimum, taste and mouthfeel should be acceptable through the use of excipients, particularly

flavours and sweeteners, commonly used in paediatric formulations.

Administration
Administration should be straightforward, requiring minimal manipulation by caregivers and
reducing opportunities for medication refusal. If supplied in bottles, packaging should have a child-

resistant cap.

Administration device
For the optimum formulation, no administration device should be required. If a device is
unavoidable, such as a dosing cup or spoon, the minimum requirement is that it comes with simple,

easy-to-follow instructions for use, suitable for people with low literacy.
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Preparation before administration

In the optimum formulation, the product should not require multistep preparation by the end-user
before administration. The antibiotic should be easy to prepare, for example, by mixing with water,
milk or food, and should have clear instructions suitable for people with low literacy. At minimum,

the product must allow for simple preparation with clear instructions.

Stability and storage

The optimum formulation should be suitable for all climatic zones, including Zone IVb of the
International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human
Use (that is, 30 °C and 75% relative humidity).!® The antibiotic should have a minimum shelf life of
at least 24 months and should not require special transport, storage or cold chain. At minimum, the
product must be able to be transported and stored easily within the supply chain, and be stored by

the end-user with no cold chain needs.

Packaging
The optimum packing should be compact, lightweight, easy-to-open, inexpensive, sustainable,

simple to administer, cost-effective to transport and child-proof.

Cost

For the optimum formulation, the total cost of goods and landed costs should be the same as, or
lower than, existing formulations. The minimum requirement permits additional costs compared
with existing formulations, provided they remain acceptable and affordable for caregivers,

programme managers and funders.

Regulations
The optimum formulation should have a defined registration plan that follows reliable practices and
seeks global registration whenever possible. At minimum, regulatory requirements in the intended

end-user countries should be addressed from the outset.

Disability requirements for product label
Both optimum and minimum formulations should consider end-user disabilities; the optimum
version should include accessibility features such as Braille labelling or so-called talking patient

information.

Discussion
Ensuring access to new and essential antibacterial therapies is a fundamental aspect of achieving
universal health coverage. The comprehensive approach of target product profiles for age-

appropriate formulations aims to ensure that the WHO Mode! list of essential medicines for children
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includes formulations that are truly suitable for children, addressing both technical and practical
challenges faced in diverse health-care settings. Developers are encouraged to implement access
and stewardship plans that guarantee the availability of paediatric formulations at affordable prices.
To support global access, developers should collaborate with WHO and Global Accelerator for

Paediatric Formulations Network partners where relevant.

Responsible use of antibiotics and antibiotic stewardship programmes are essential to
preserving the efficacy of new antibacterial agents. Developers should not register these products
for use in animals or plants, or create similar treatments for use in these areas. The access and
stewardship plan should be grounded in ethical promotion and distribution practices. Additionally,
manufacturing should adhere to best industry practices for managing environmental emissions to

reduce the risk of spreading antimicrobial resistance.
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